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Abstract

Carbon dots (CDs) are carbon nanoparticles typically less than 10 nm in size. They have
similar properties to the widely studied quantum dots (QDs), which are semiconductor
nanoparticles that have applications in a variety of fields, including bioimaging, photovoltaics, and
light-emitting diodes to name a few. Cadmium-derived QDs are among the most popular, but their
toxic nature has resulted in many jurisdictions imposing an outright ban on cadmium in consumer
goods. While there has been increasing interest in CDs as a more sustainable alternative to QDs,
there are considerable knowledge gaps regarding their optimal synthesis and potential in vivo
toxicity.

In our first study, we optimized the stoichiometry of a green CD synthesis resulting in
nitrogen-doped CDs with a quantum yield of 65 %. While our study confirmed the long-established
viewpoint that nitrogen-doping can increase the quantum yield of CDs, we found that a model
consisting only of the oxygen-to-carbon ratio and the fraction of total oxygen found in the CD’s
carboxyl groups was a better predictor of quantum vyield than a model that implemented the
nitrogen content of the CDs.

We then performed a direct comparison of the toxicity of nitrogen-doped and
sulfur/nitrogen-codoped CDs with CdTeQDs in the fruit fly, Drosophila melanogaster. We found
clear toxicity on larva-to-adult development with a half maximal effective concentration (ECso) of
46 mg CdTeQD per kg food whereas no toxicity from the CDs was observed over the 10 — 100
mg/kg range studied. Moreover, no toxicity was observed in the reproductive performance,
climbing ability, larvae crawling, mass, and locomotor activity of Drosophila melanogaster after
exposure to a sublethal CD concentration of 100 mg/kg and a sublethal CdTeQD concentration of

5 mg/kg.



While CDs have the potential to increase the sustainability of many applications, they are
still primarily found in a lab setting. Therefore, we examined another class of anthropogenic
carbon-based material that is more widespread in the environment and consumer goods. In the
environment, plastics can break down into microplastics and nanoplastics due to mechanical
abrasion and UV irradiation. While extensive research has been done on aquatic microplastic
pollution, few studies have researched the effects of microplastics in a terrestrial context. In our
third study, we exposed Drosophila melanogaster to high-density polyethylene (HDPE)
microplastics (<38 pum). Scanning electron microscopy also confirmed the presence of nano-sized
HDPE (median size: 228 nm). We found that the HDPE did not negatively impact the reproductive
performance of the flies over four generations and that the pupae raised on 100 mg/kg HDPE
across all generations even had a 5.7 % higher eclosion fraction than those raised on control food.
In addition, no toxicity was observed in the development of larvae into adults, climbing ability,
larvae crawling, or mass.

Our final study examined the effect of HDPE microplastics (<1 mm) and eight common
pharmaceutically active compounds found in wastewater on soil microbial community
composition, soil enzyme activity, and strawberry plant growth. The experiments were performed
outdoors over two growing seasons. We found that the compounds were able to significantly alter
the soil microbial community composition but had no effect when mixed with 100 mg/kg HDPE,
showing that the microplastics may have minimized their impact on the soil microbial community.
We also found little-to-no effects on the soil enzyme activity and plant growth.

Overall, this work contributes to our understanding of the impact of anthropogenic carbon-
based microparticles and nanoparticles in soil environments. This research advances our

understanding on the sustainable synthesis and use of CDs as a less toxic alternative to QDs. It



also advances our understanding of the effects of microplastics and nanoplastics in terrestrial

environments.



Résumé

Les points de carbone (PC) sont des nanoparticules de carbone de généralement moins de
10 nm ayant des propriétés semi-conductrice similaires aux points quantiques (PQ). Ils ont tous
deux des applications dans une variété de domaines, tel que la bioimagerie, les photovoltaiques et
les diodes électroluminescentes. Les PQ dérivés du cadmium sont parmi les plus populaires, mais
leur utilisation dans les produits de consommation a été interdite a cause de leur toxicité. Bien qu'il
y ait un intérét croissant pour les PC en tant qu'alternative plus durable aux PQ, il existe un manque
de connaissances concernant leur synthése optimale et leur toxicité potentielle.

Dans une premicre étude, nous avons optimisé la steechiométrie d'une synthése de PC par
des méthodes de chimie verte, produisant des PC dopés a I'azote avec un rendement quantique de
65 %. Nous avons découvert qu'un modele composé uniquement du rapport oxygene-carbone et
de la fraction d'oxygéne total trouvée dans les groupes carboxyle des PC était un meilleur
prédicteur du rendement quantique qu'un modele qui implémentait la teneur en azote des PC.

Nous avons ensuite comparé la toxicité des PC dopés a l'azote, et dopés au soufre et a
I'azote, avec les PQ CdTe chez Drosophila melanogaster. Le développement de la larve a 1’adulte
a été fortement impacté par les PQ CdTe, avec une concentration létale a 50 % (CLso) de 46 mg/kg,
mais aucune toxicité observée des PC avec des concentrations allant jusqu’a 100 mg/kg. Aucun
effet n’a été observé dans les performances reproductives, la capacité d'escalade, le rampement
des larves, la masse et l'activité locomotrice aprés exposition a des concentrations sous-létales de
100 mg PC/kg et de 5 mg PQ CdTe/kg.

Bien que les PC aient le potentiel d'augmenter la durabilité de nombreuses applications, ils
sont encore principalement trouvés dans des laboratoires. Par conséquent, nous avons examiné une

autre classe de matériaux a base de carbone qui est plus répandue dans I’environnement et les



produits de consommation. Dans I'environnement, les plastiques peuvent se décomposer en
microplastiques et nanoplastiques suite a lI'abrasion mécanique et l'irradiation UV. Bien que des
recherches approfondies aient été menées sur la pollution aquatique par les microplastiques,
I’effets des microplastiques en milieu terrestre reste peu étudié. Dans une troisieme étude, nous
avons exposé Drosophila melanogaster a des microplastiques et nanoplastiques en polyéthyléne
haute densité (PEHD) (<38 um). La présence de PEHD nanométrique (taille médiane : 228 nm) a
également été confirmée par microscopie a balayage électronique. Nous avons trouvé que le PEHD
n'avait pas d'impact négatif sur les performances de reproduction des mouches sur quatre
générations, mais au contraire celles-ci avaient une fraction d'éclosion supérieure de 5,7 %. De
plus, aucune toxicité n’a été observée dans le développement des larves en adultes, la capacité
d’escalade, le rampement des larves ou la masse.

Notre ¢étude finale a examiné I’effet des microplastiques PEHD (<1 mm) et de huit
composés pharmaceutique actifs présents dans les eaux usées, sur la composition de la
communauté microbienne du sol, I'activité enzymatique du sol et la croissance des fraisiers. Les
experiences ont été réalisées a I'extérieur durant deux étés. La composition de la communauté
microbienne du sol a été significativement impactée par I’exposition aux composés chimiques,
mais aucun effet n’a été trouvé lorsque ces mémes composés étaient mélangés a 100 mg/kg de
PEHD. Cela suggere que les microplastiques peuvent avoir minimisé leur impact sur la
communauté microbienne du sol. Peu ou pas d'effets ont été observés sur I'activité enzymatique

du sol et la croissance des plantes.
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Figure 5.2. Total number of (a) pupae and (b) flies that emerged from approximately 20 Drosophila
melanogaster 1% instar larvae raised in control (CTRL) food or food containing 0.1, 1, 10, or 100
mg HDPE microplastics per kg food. Mean (c) pupation and (d) eclosion time of the same eggs
described in (a) and (b), respectively. Legend labels are formatted as X-Y, where X is the
treatment, and Y is the experimental block ID. Grey squares represent the mean value of all

markers that appear in that column and error bars represent 2 x the standard error of the mean.
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tube. Mean (c) pupation and (d) eclosion time of the same eggs described in (a) and (b),
respectively. Legend labels are formatted as X-Y, where X is the stream ID as indicated in Table
5.1, and Y is the experimental block ID. Grey squares represent the mean value of all markers that
appear in that column and error bars represent 2 x the standard error of the mean. The flies were

MONITOred OVEr 4 JENEIALIONS. .......viiiiieiiie ittt et et s e e sbe e st e e te e e sbeesaeeanbeeaneas 178

xxiii
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Chapter 1: Introduction

1.1 Motivations for research

Carbon-based nanoparticles and microparticles have been gaining attention recently, both
as a potentially less toxic alternative to certain metallic nanoparticles! and due to their occurrence
in terrestrial environments.? Whereas some heavy metal nanoparticles have shown to exhibit
toxicity greater than their respective ions,® the environmental impact of carbon-based particles in
terrestrial environments is less clear. This thesis examines the applications and environmental
impacts of two classes of carbon-based nanoparticles and microparticles, carbon dots (CDs) and
high-density polyethylene (HDPE) microplastics.

Carbon dots are carbon nanoparticles typically less than 10 nm in size and share many
similar properties to quantum dots (QDs) which are typically derived from heavy metals. Both are
well known for their visible light fluorescence and superior resistance to photobleaching when
compared to organic dyes.* They also find themselves used for a variety of applications including
bioimaging,® chemical sensing,® photovoltaics,’ light-emitting diodes,? catalysis,® and more. Some
of the most popular and widely studied QDs are those derived from cadmium. Notably, CdTeQDs
are highly customizable with well established methods for functionalizing their surface and
controlling their size which in turn controls their peak excitation and emission wavelengths.
However, these remarkable features come at a cost. Cadmium is known to be highly toxic,'° and
as a result faces restrictions or outright bans in many jurisdictions for use in commercial goods.*
CDs are an attractive alternative to Cd-derived QDs since they typically have considerably lower
toxicity.! Moreover, due to their carbon-based nature, they are increasingly being synthesized from
renewable raw materials such as plants without the need for any solvents other than water.?

However, CDs have their fair share of drawbacks. While the fluorescence mechanism of QDs is



thoroughly understood to derive from the quantum confinement effect, as made evident by the size
dependence of its peak fluorescence wavelength, the underlying mechanisms for CD fluorescence
remain unclear, with most CDs exhibiting a peak fluorescence in the blue to green region of the
visible light spectrum. It also remains unclear why some CDs have very high fluorescence quantum
yields, whereas others are very low. These shortcomings prevent CDs from replacing more
tunable, heavy metal based QDs. Another concern is that although CDs are known to have less
toxicity than Cd-derived QDs, they are not entirely nontoxic. Few studies directly compare the
toxicity of CDs and QDs under similar conditions to assess their relative toxicity.

While CDs are a remarkable class of nanoparticles with the potential to be used in a variety
of applications, they are not widely used in consumer products or industrial processes and as a
result, they are not currently widespread in our environment. However, another anthropogenic
carbon-based material is found in virtually every sector of the economy and our daily lives. Plastics
have become ubiquitous in our environment due to the fact that the vast majority of plastic is either
released into the environment or ends up in a landfill upon disposal.** Over time these plastics
degrade, breaking down into smaller particles.'* Although definitions vary, microplastics are
generally considered to be plastic particles ~1 — 5000 pum in size,'® whereas smaller particles are
sometimes referred to as nanoplastics. While much of the global effort against microplastic
pollution is focused on their effects in aquatic environments such as oceans, recent advances in
detection methods have revealed that the majority of microplastic pollution is found in terrestrial
environments.? Of particular concern is how this microplastic pollution can affect agriculture.
When microplastics enter wastewater streams, they make their way to wastewater treatment plants
where they are often settled out in sewage sludge.'® This microplastic-containing sludge is then

treated and converted into biosolids which can then be applied to agricultural soils as fertilizer.!’



While research investigating the ecotoxicology of nanoplastics and microplastics has become
increasingly common, many studies are centered around commercially available polystyrene beads
due to their widespread availability. While this is a good starting point for the literature as a whole,
there exists a wide array of polymers, sizes, and shapes, that make up microplastics that require
further investigation. Moreover, due to their route of entry into agricultural soils via wastewater,
they are often found in conjunction with many common pharmaceutically active compounds such
as household drugs and antibiotics. While it is important to measure the toxicity of microplastics
themselves, we also need to understand their interactions with other compounds known for
inducing biological responses. Moreover, since macroplastics are often viewed as having little-to-
no toxicity, the effect of nanoplastics and microplastics should therefore be investigated over a
longer duration to see if trends that were not observed in acute exposure studies begin to emerge

under chronic exposure conditions.

1.2 Research objectives

The goal of this thesis is to:
e Conduct a thorough literature review on the green synthesis of CDs and identify the
knowledge gaps that must be filled to bring their performance and tunability on par with
CDs synthesized from non-renewable precursors.
e Identify the role that reactant stoichiometry plays in determining the chemical structure of
CDs and the role that the resulting chemical structure plays in fluorescence quantum yield.
e Perform a direct comparison of the toxicity of nitrogen-doped and sulfur/nitrogen-codoped

CDs with CdTe QDs in the model organism Drosophila melanogaster.



e Evaluate the effects of acute and chronic HDPE microplastic exposure on Drosophila
melanogaster.

e Determine the long-term effects of HDPE microplastic exposure on soil microbial
community composition, soil enzyme activity, and strawberry plant growth and assess their

ability to amplify or inhibit a biological response from pharmaceutically active compounds.

1.3 Contributions to original knowledge

This thesis aims to make considerable contributions towards filling current knowledge gaps
surrounding the sustainability of anthropogenic carbon-based nanoparticles and microparticles.
Chapter 2 consists of a comprehensive literature review on the green synthesis of CDs and their
applications. It concludes with an outlook of the field and suggestions of where future research
should be directed to close the knowledge gap between green synthesized CDs and those
synthesized from non-renewable compounds. This can be achieved by better understanding how
the precursors and synthesis conditions used impact the chemical structure and size of the CD, and
then how chemical structure and size may impact the ability of CDs to perform in various
applications. Chapter 3 is an investigation of the role of reactant stoichiometry and nitrogen doping
on the fluorescence quantum yield of CDs. In a green synthesis involving nine different ratios of
citric acid and phenylalanine, an optimal ratio was found which produced CDs with a quantum
yield of 65 %. While it has been well established in the CD literature that nitrogen-doping typically
increases quantum yield,® this work showed that while quantum yield can increase with nitrogen
content in the CD, it is not always the case. A model was constructed from the resulting CDs’
chemical structures as determined by X-ray photoelectron spectroscopy which found that

minimizing the oxygen-to-carbon ratio and the fraction of oxygen contained in carboxyl groups



would increase the quantum yield of the CDs. The resulting CDs were also shown to function as
Fe3* sensors.

Many studies have examined the toxicity of CDs and QDs, but few have compared the two
directly in parallel. Moreover, it is important to note that while CDs are considered less toxic than
CdTeQDs they are by no means non-toxic and in sufficiently high concentrations can induce a
toxic response depending on their chemical structure. Therefore, although it is important to
examine their toxicity under a variety of conditions, it is also necessary to have a positive control
in the form of a substance that the CD is presumably trying to replace in some application. Chapter
4 directly compares the toxicity of nitrogen-doped and sulfur/nitrogen-codoped CDs with that of
CdTeQDs in the model organism Drosophila melanogaster. By performing the comparison under
the same conditions, the relative toxicity of the nanoparticles can be better assessed. In general,
there was no toxicity observed from the CDs in the 10 — 100 mg/kg range evaluated, but the CdTe
QDs had an ECsp of 46 mg/kg food and induced considerable developmental delays. This allows
us to put into perspective the extent to which CDs may be safer to use than CdTeQDs.

Chapter 5 shifts focus to a type of anthropogenic carbon-based particle that is more
prevalent in the environment. While many studies have examined the toxicity of nanoplastics and
microplastics, the field has largely focussed on studying the effects of polystyrene nanobeads and
microbeads on aquatic organisms. This is in stark contrast to the fact that the majority of
microplastic pollution is found in terrestrial environments,? and that most plastics are made of
polyethylene or polypropylene.’* Moreover, microplastics found in the environment typically
consist of a variety of shapes and sizes, whereas commercial beads tend to have a spherical shape
and a more uniform size distribution. In addition, while it is certainly important to measure the

acute toxicity of microplastics, in the absence of such toxicity it becomes especially important to



assess the long-term or chronic effects of exposure to microplastics. This thesis studies the effects
of long-term exposure to weathered HDPE microplastics in animal, plant, and soil
microorganisms. The toxicity of HDPE microplastics in Drosophila melanogaster was evaluated.
In addition to a standard developmental toxicity assay over a concentration range of 0.1 — 10 000
mg/kg HDPE in food, which found no toxicity in larvae-to-adult development, the reproductive
performance of the flies over four generations was measured. While no toxicity was observed, the
pupae exposed to 100 mg/kg HDPE microplastics across all generations successfully eclosed into
adult flies 5.7 % more often than flies raised on control food.

A common route of entry for microplastics into agricultural soils is through biosolids or
sewage sludge.!’ Biosolids are derived from wastewater sewage sludge and therefore often contain
a variety of pharmaceutically active compounds as a result. Chapter 6 examines the effect of
microplastics and these compounds individually and together on soil microbial community
composition, soil enzyme activity, and strawberry plant growth. While the majority of microplastic
studies are conducted in a controlled environment such as an environmental chamber, this work
studied these effects over the span of two years in an outdoor study to more closely represent real-
world conditions. No overall impact was observed from any of the treatments on plant growth or
soil enzyme activity, but the pharmaceutically active compounds were able to significantly alter
the microbial community composition when compared to the control soil. However, the key
finding of this chapter was that when these pharmaceutically active compounds were added to soil
containing 100 mg/kg HDPE microplastics, there was no longer any significant difference in the

soil microbial community composition when compared to the control.
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1.5 Background on microplastics toxicity in terrestrial environments

For decades, the focus of microplastic pollution has been in the context of aquatic
environments. Images of what should otherwise be crystal clear bodies of water filled with floating
pieces of plastic quickly convey a sense of urgency towards tackling plastic pollution. However,
in recent years, studies have revealed that most microplastic pollution is found in terrestrial
environments.? Following these findings, research on the toxicity of microplastics in terrestrial
environments has been gaining traction. This section consists of a literature review of studies that
evaluated the toxicity of microplastics in terrestrial animal and plant organisms.

A variety of microplastics have shown varying forms of toxicity in animals. For instance,
Song et al. exposed Achatina fulica, a type of terrestrial snail, to 710 mg/kg polyethylene
terephthalate microplastic fibers with a mean length of 1258 pm and mean diameter of 76.3 pm.*°
They found that the microplastics induced a variety of toxic effects on the snails such as a 34.9 %
decrease in food intake, a 69.7 % decrease in excretion, and gastrointestinal tract damage in 40 %
of snails.® Another study evaluated the toxicity of nylon and PVVC microplastics (<150 um) on the
terrestrial worm Enchytraeus crypticus.?’ The study found that the microplastics were not lethal at
a concentration of 90 000 mg per kg soil.?° Moreover, the nylon microplastics exposure resulted
in a dose-dependent reduction in reproduction, whereas the PVC microplastics did not impact
reproduction.?’ The effect of polystyrene microplastics with a mean diameter of 3.3 mm, derived
from artificial plastic plants found in an urban setting for five years, on the bird, Coturnix japonica,
was also evaluated.?* It was found that these microplastics induced oxidative stress in various
organs and that the microplastics accumulated in the liver.?! Wang et al. conducted a study
exposing mice to small (1 — 10 pum) and large (50 — 100 pm) polystyrene microplastics at a

concentration of 10 mg per L drinking water.?? They found that the microplastics induced
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inflammation and necroptosis in the bladder, whereby the larger microplastics induced greater
inflammation and the smaller ones induced greater necroptosis.??

Studies have also been performed investigating the impact of microplastics on plant life.
For instance, one study examined the effect of 1000 mg/kg biodegradable polylactic acid
microplastics (0.6 — 363 um) on Lolium perenne (perennial ryegrass).?® It was found that the
polylactic acid reduced the shoot height by 19 % and germination rate by 6 %.2> Wu et al.
performed a study exposing rice (Oryza sativa L.) to polystyrene microplastics (8.5 — 30.7 pum).2*
They found that a 500 mg/L exposure of microplastics decreased the shoot length by 27 % and
shoot biomass by 40.3 %.?* Moreover, these microplastics reduced the enzyme activity of
superoxide dismutase and peroxidase, and reduced malonaldehyde content in the leaves.?* Another
study evaluated the effect of HDPE microplastics (3 um) on maize (Zea mays L.).%> An exposure
concentration of 100 mg/L resulted in a 37 % decrease in root dry biomass, 57 % decrease in shoot
dry biomass, 70 % decrease in leaf area, and a 51 % decrease in the plant height growth rate.?® Qi
et al. exposed wheat (Triticum aestivum) to low-density polyethylene microplastics and
biodegradable microplastics with a size range of 50 — 1000 um at a concentration of 10 000
mg/kg.?® They found that the biodegradable microplastics reduced the plant height while the
polyethylene microplastics did not during the day 14 — 40 period.?® By the 4-month harvest time
point, there were no differences between any of the treatments and the control.?® Another study
investigated the effects of polypropylene, polyethylene, and polyvinylchloride microplastics (<
125 um) at a concentration of 184 mg/kg on garden cress (Lepidium sativum) for 21 days.?” It was
found that there were no significant differences in the number of leaves and the shoot height,
however the polyethylene microplastics inhibited the germination of 7.1 % of seeds, whereas the

polypropylene microplastics inhibited the germination of 14.3 % of seeds.?’
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A comprehensive literature review of carbon dots is found in Chapter 2.
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Preamble to Chapter 2

Chapter 2 consists of a thorough literature review of CDs made using green synthesis
methods and their applications. The goal was to gain a better understanding of the synthesis
pipeline used in various green syntheses reported in the literature. The distribution of the
precursors, synthesis methods, and purification methods used were plotted, as well as the size,
quantum yield, peak excitation and emission wavelengths, and oxygen-to-carbon and nitrogen-to-
carbon ratios of the resulting CDs to easily visualize which properties are lacking in the green-
synthesized CD literature. The applications that these CDs were used in are also described and
discussed. We then made suggestions on where future research should be guided to diversify the
type of CDs that are being synthesized via green synthesis methods so that their performance can
match that found in CDs synthesized by traditional methods.

This chapter has been reprinted (adapted) from the open access (CC BY-NC 3.0) article
RSC Adv., 2021, 11, 25354. Copyright 2021 The Authors. Published by the Royal Society of
Chemistry. The publisher does not require permission to be obtained for the reproduction of this
publication in the author’s thesis. The only modifications are in the enumeration of the header,
figure, and table numbers whereby they have all been prefixed with “2.” to reflect their placement
in Chapter 2 of this thesis. The format of the references may also differ and the abbreviation “Fig.”
is written in full as “Figure” to maintain consistency throughout the rest of the thesis. This chapter
contains figures from third-party publications for which the appropriate permissions have been
obtained and acknowledgement can be found in their respective figure captions. Figures 2.3a-e
and 2.5 were also published by the Royal Society of Chemistry, and therefore their figure captions
do not contain the words “with permission” since they were not needed during publication.

However, appropriate permissions have been obtained for this thesis.
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Chapter 2: Green synthesis of carbon dots and their applications

Abstract

Carbon dots (CDs) are nanoparticles with tunable physicochemical and optical properties.
Their resistance to photobleaching and relatively low toxicity render them attractive alternatives
to fluorescent dyes and heavy metal-based quantum dots in the fields of bioimaging, sensing,
catalysis, solar cells, and light-emitting diodes, among others. Moreover, they have garnered
considerable attention as they lend themselves to green synthesis methods. Increasingly, one-pot
syntheses comprising exclusively of renewable raw materials or renewable refined compounds are
gaining favor over traditional approaches that rely on harsh chemicals and energy intensive
conditions. The field of green CD synthesis is developing rapidly; however, challenges persist in
ensuring the consistency of their properties (e.g., fluorescence quantum vyield) relative to
conventional preparation methods. This has mostly limited their use to sensing and bioimaging,
leaving opportunities for development in optoelectronic applications. Herein, we discuss the most
common green CD synthesis and purification methods reported in the literature and the renewable
precursors used. The physical, chemical, and optical properties of the resulting green-synthesized
CDs are critically reviewed, followed by a detailed description of their applications in sensing,
bioimaging, biomedicine, inks, and catalysis. We conclude with an outlook on the future of green
CD synthesis. Future research efforts should address the broad knowledge gap between CDs
synthesized from renewable versus non-renewable precursors, focusing on discrepancies in their
physical, chemical, and optical properties. The development of cost effective, safe, and sustainable
green CDs with tunable properties will broaden their implementation in largely untapped

applications, which include drug delivery, photovoltaics, catalysis, and more.
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Abstract Graphic

Abstract graphic 2.1. A visual depiction of the abstract for Chapter 2.

2.1 Introduction

Carbon dots (CDs) are a class of fluorescent nanomaterials, typically less than ~10 nm in
diameter, that can exhibit quantum dot-like behaviour. Since their initial discovery by Xu et al.,!
CDs are now seen as potential alternatives to traditional fluorescent dyes owing to their versatile
optical properties and resistance to photobleaching.? They also exhibit lower toxicity (both cyto-
and chemical toxicity) in comparison to certain heavy metal-based quantum dots,® speaking to
their potential for integration in biomedical applications.

Early CD syntheses employed top-down approaches whereby graphite was processed
through multiple steps using harsh chemicals to transform it into the more usable graphite oxide®
before it was broken down into nano-sized CDs.®> Bottom-up synthesis methods, whereby smaller
molecules polymerize and carbonize to form CDs, are increasingly attractive due to their ease of

implementation and tunability. Recent efforts exploit renewable raw materials (e.g., plants®), or
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renewable refined compounds (e.g., citric acid, amino acids’) to synthesize CDs. The ability to
tune and tailor the properties of CDs, prepared using sustainable materials and approaches, permits
diverse application development in areas such as sensing,® bioimaging,® antibacterials,
fluorescent patterning inks,'! and photocatalysis,*? to name a few.

This review will first define the scope of green CD synthesis, followed by a discussion of
the advantages and limitations of the various preparation methods, carbon sources, and purification
protocols used. We will then discuss the size, chemical composition, and optical properties of
green-synthesized CDs with an overview of their applications. We conclude with an outlook on

the future of green CD synthesis and the knowledge gaps that remain to be addressed.

2.2 Synthesis

2.2.1 What makes a synthesis green?

To answer this question, we will adopt aspects of the 12 Principles of Green Chemistry by
Anastas and Warner,*? specifically: (3) less hazardous chemical synthesis; (4) designing safer
chemicals; (5) safer solvents and auxiliaries; (6) design for energy efficiency; (7) use of renewable
feedstocks; and (12) inherently safer chemistry for accident prevention. These principles can be
summarized as using non-toxic renewable precursors and solvents in a CD synthesis that is safe to
perform. The synthesized CD itself should also be non-toxic and chemically stable. Although CD
synthesis is generally an energy-intensive process, lower energy synthesis methods should be
prioritized. Moreover, given the possibility of the formation of several side products and
intermediates, one must consider their safety profile to ensure their proper disposal. These
principles will guide us in the following subsections discussing previously reported green CD

syntheses.
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2.2.2 Green synthesis methods

Owing to its low cost and ease of implementation, hydrothermal synthesis is the most
common green CD preparation method. This thermal-mediated approach requires pressurized
autoclave vessels, reaction temperatures ranging from 120 — 240 °C, and reaction times of 3 — 12
h in a typical synthesis (Table 2.1). The definition of green synthesis stipulates using water
(hydrothermal), or benign organic solvents (solvothermal) such as ethanol. The solvent can also
be a renewable substance serving a dual purpose by acting as a carbon source in the synthesis (e.qg.,
walnut oil).} Solvent-free synthesis (i.e., dry heating) is usually performed at temperatures as high
as 300 °C under ambient pressure conditions (Table 2.1). Although simple to implement, these
approaches require high temperatures and long reaction times. These reaction parameters can be
readily optimized to maximize product yield and application-specific performance while

minimizing energy requirements.
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Table 2.1. Processing parameters and properties of CDs synthesized by green methods.

Carbon source Method Conditions [Sn i;e] N:C O:C ExEritr?]t]ion En[]rii;i]on QY  Ref.
Eleocharis dulcis hydrothermal 120 °C,5h 3.0 0.05 0.33 380 458 11%
Azadirachta indica hydrothermal 150 °C, 4 h 3.2 0.09 0.12 340 467 27% 16
maize hydrothermal 160 °C, 10 h 5.2 0.02 0.35 420 500 8% e
rose-heart radish hydrothermal 180 °C, 3 h 3.6 0.13 043 330 420 14% 18
Ocimum sanctum hydrothermal 180°C,4h 2.4 0.18 0.35 450 500 9% 8
scallion hydrothermal 180 °C, 12 h 35 0.12 0.27 320 418 3% 19
strawberry hydrothermal 180 °C, 12 h 5.2 0.10 0.35 344 427 6% %
pomelo hydrothermal 200 °C, 3 h 2.9 0.06 0.35 365 444 7% A
willow hydrothermal 200 °C, 3 h 1.6 0.43 0.39 360 444 6% 12
tulsi hydrothermal 200 °C, 4 h 5.0 0.10 0.89 360 435 3% u
citric acid, glutathione  hydrothermal 200 °C,4 h 6.1 0.20 0.26 340 432 5% 2
L_;&g;;f‘;gjﬁine hydrothermal ~ 200°C,8h 119 0.14 0.36 350 413 65% 7
citric acid, L-arginine  hydrothermal 200 °C, 8 h 2.7 0.11 0.17 350 440 39% =B
ginkgo hydrothermal 200 °C, 10 h 3.0 0.06 0.35 350 436 23% 6
Tamarindus indica hydrothermal ~ 210°C,5h 3.4 0.28 0.68 320 417 47% %
Allium fistulosum hydrothermal 220 °C, 3 h 4.2 0.37 0.38 412 503 10%
Abelmoschus manihot  hydrothermal 220 °C, 4 h 9.0 0.25 0.07 330 410 31% 9
Osmanthus fragrans  hydrothermal ~ 240 °C,5h 2.2 0.04 0.38 340 411 19% %
walnut solvothermal 220 °C, 24 h 12.3 0.05 1.12 360 430 15% 4
watermelon dry heating 220°C,2h 2.0 0.02 0.31 470 537 7% 21
peanut dry heating 250°C,2h 1.6 0.04 0.49 320 440 10% 28
bamboo dry heating 300°C,3h 110 0.06 1.00 313 419 5% 2
glycine, urea microwave 800 W, 3 min 3.2 0.40 0.42 320 380 13% %
lotus microwave 800 W, 6 min 9.4 0.09 0.3 360 435 19% %

QY = Quantum yield
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Microwave synthesis is advantageous as it enables direct heating of reaction mixtures,
typically using ~800 W of microwave power for only a few minutes (Table 2.1). Despite these
benefits, the entry point of microwave synthesis can be considerably more expensive as specialized
equipment is needed. However, regular household microwaves have been used®® 3! with the trade-
off of having less control over the synthesis parameters. Liu et al.*° conducted a rapid, low-energy
microwave synthesis at 800 W for 3 min; this rapid reaction time (60 — 240x faster than
hydrothermal synthesis) highlights the increased heating efficiency of microwaves. Unlike
hydrothermal synthesis that relies on conductive heat transfer, microwaves allow for direct and
selective heating via resonance with the vibrational frequencies of molecules. Therefore, a
microwave reaction is often complete before an appreciable change in temperature of an equivalent

hydrothermal synthesis is attained.

2.2.3 Carbon source

Diverse plant types are used as renewable carbon feedstocks for green CD synthesis (Figure
2.1a). The most commonly used parts of the plant are the leaves,® flowers,** 3 or roots.® Other
forms of plant biomass include shells,?® kernels,® bark,*? stalk,” and peels.?! 2" Such feedstocks
require preprocessing to reduce particle size and remove excess water. Drying the feedstock under
direct sunlight®> *® reduces energy requirements relative to conventional dehydration routes. The
use of fruit juice?® can be convenient as it provides a “ready-to-use” solution for hydrothermal
synthesis, avoiding the need to redisperse dried plant matter in water. However, this benefit comes

at the cost of the carbon diversity found in the dry feedstock.
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Figure 2.1. a) A diverse set of locally sourced renewable precursors can be used for the green synthesis of CDs.
A reference list of these images can be found in Table S2.1 of the Electronic Supplementary Information (ESI).
b) Sankey diagram showing the number of green-synthesized CD publications reporting various pathways from
carbon source to CD. For this diagram, it is assumed that the purification steps followed the order: 1) filtration,
2) centrifugation, 3) dialysis, although this was not always the case, and this assumption was made for
illustrative purposes only. A hybrid precursor indicates that both a renewable raw material and renewable
refined compound were used. The most common synthesis route uses a renewable raw material in a
hydrothermal synthesis followed by one or more purification steps. A reference list can be found in Table S2.2

of the ESI.
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Renewable refined compounds (i.e., compounds that can be synthesized through naturally
occurring bioprocesses) have also been used in CD synthesis. For instance, Zhang et al. performed
a hydrothermal CD synthesis from citric acid and the amino acid L-arginine,?® whereas Liu et al.
used urea and the amino acid glycine in a microwave synthesis of CDs.*° While renewable refined
compounds may not be as strictly green as the direct use of renewable raw materials, their synthesis
can remain sustainable. For instance, Lotfy et al. prepared citric acid with an 88% yield from the
fungus Aspergillus niger by using beet molasses, corn steep liquor, and salts as a feedstock.®” Citric
acid is also abundant in Nature, most notably in Citrus fruits, where the dry fruit mass consists of
up to 8% citric acid.®® Moreover, hybrid green syntheses have also been performed through the
mixture of renewable raw materials and renewable refined compounds, such as the use of celery

leaves and L-glutathione in a hydrothermal CD synthesis.®

2.2.4 Purification

The purification of the post-synthesis CD reaction mixture is a crucial step in the
production of carbon dots as it contains a myriad of side-products and unreacted precursors with
varying solubilities and sizes. Indeed, the removal of side-products that possess different size and
dispersibility profiles relative to the CDs, would suggest that a multi-step purification process is
typically required. Extensive purification procedures are carried out with the aim of obtaining CDs
with uniform physical and optical properties.*® Poor purification can impact CDs’ potential use in
certain applications. For instance, Essner et al. demonstrated that inadequate purification steps can
greatly impact the sensing performance of CDs due to the presence of fluorescent impurities.*!

Carbon dot purification typically relies on a combination of multiple methods. Large
insoluble matter is typically removed through centrifugation and/or filtration.?® In the former,

insoluble impurities will be found at the bottom of the tube after centrifugation — thus enabling
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easy separation from the supernatant, which typically contains the CDs. In the latter, impurities
larger than the pore size of the filter will be excluded from the filtrate. Dialysis is another
purification method which is typically performed over a 24 — 72 h period to remove any remaining
small soluble impurities.® 3! These three methods are evenly implemented (Figure 2.1b) (although

in varying order) in green CD syntheses with the goal of minimizing the presence of any impurities.

2.3 Properties

2.3.1 Size

Typically, green-synthesized CDs can be prepared with a diameter of 2 — 12 nm,** % as
measured using transmission electron microscopy (TEM). A size distribution of green-synthesized
CDs found in the literature is shown in Figure 2.2d and reveals that the majority of these CDs fall
within the lower end of this size range. Tailoring the size of these semiconductor-like dots can
enable them to confine photons via modulation of their bandgap.*? Figure 2.2a shows a typical
high-resolution TEM image of a CD (synthesized from black pepper) with crystallographic
information obtained from its lattice order and spacing.** Conversely, amorphous CDs lack a
periodic crystal lattice,?® cannot diffract electrons,* and may show an X-ray diffraction pattern

with a broad reflection (amorphous halo) that has a peak in the 20 = 23.4 — 24.6° region.*®
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Figure 2.2. (a) HR-TEM images of CDs synthesized from black pepper (inset: lattice spacing). Adapted from
Open Access ref 3. Copyright 2018 Vasimalai et al.; licensee Beilstein-Institut. (b) HR-TEM images of hollow
CDs synthesized from bovine serum albumin. The hollow design allows for this CD to be used in drug delivery
applications. Adapted with permission from ref 6. Copyright 2013 Elsevier Ltd. (c) Fluorescence spectra of a
CD synthesized from maize at different excitation wavelengths. These CDs displayed green colour at their peak
fluorescence emission. Adapted with permission from ref . Copyright 2017 Springer Science Business Media
Dordrecht. Empirical cumulative distribution function plots of (d) CD size as measured by TEM and (e)
fluorescence quantum yield. (f) Peak excitation and emission wavelengths of green-synthesized CDs. Counts
are shown next to their respective bins and indicate the number of publications reporting CDs with properties

in that bin’s range. Peak emission and excitation generally move in the same direction. A reference list can be

found in Table S2.2 of the ESI.
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A challenging aspect of TEM imaging of CDs, especially those that are amorphous, is that
their composition closely resembles that of the formvar-coated TEM grids they are typically
imaged on. Moreover, deposition on the TEM grid must be done with care to minimize aggregation
that could lead to sizing artefacts.*” Atomic force microscopy (AFM) can also be used for size
measurements, providing length, width, and height information of the CDs.” This method avoids
the contrast issues that may arise with electron microscopy of carbon nanomaterials. Ideally, both
AFM and TEM should be used in conjunction to obtain both size and topographic information. In
what concerns biological applications of CDs, dynamic light scattering measurements are critical
as they provide a hydrodynamic radius.*® This measurement is directly related to the diffusivity of
the CDs in biological environments. Independent of size, CDs can form in quasi-spherical
morphologies, including hollow CDs (Figure 2.2b) with an architecture that facilitates their use as

a drug delivery agent.*®

2.3.2 Optical properties

A characteristic property of CDs is their ability to fluoresce under UV irradiation. However,
the CD fluorescence mechanism remains a topic of debate and is suspected to vary according to
the synthesis parameters. The CD surface properties (e.g., degree of oxidation, decoration with
functional groups), size-dependant quantum confinement effect, and the incorporation of
fluorescent molecules at the CD core or surface can all impact the mechanism.*? Figure 2.2f
summarizes the excitation/emission wavelength relationship for green-synthesized CDs extracted
from 36 studies. Half of these CDs (1% — 3™ quartile) have peak excitations between 330 — 360 nm.
The CDs in this peak excitation range have corresponding emissions ranging from 410 — 467 nm.

Figure 2.2c shows the fluorescence spectra of a CD with a green colour fluorescence emission at
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500 nm upon excitation at 420 nm,*’” which is higher than the typical range. We note a general
trend of increasing peak emission wavelength with increasing peak excitation wavelength.

The ability to tailor the peak emission wavelength as a function of the excitation
wavelength is a desirable feature in bioimaging as it can minimize autofluorescence of cells and
tissues by selecting an excitation wavelength that generates fluorescence of the CD, but not of the
sample to be imaged. For instance, Zhou et al. synthesized CDs from watermelon peel with a
maximum fluorescence intensity at an excitation/emission wavelength of 470/535 nm
corresponding to a blue/green excitation/emission.?” This can be useful for imaging biological
samples with a high degree of autofluorescence under UV excitation, but with minimal
autofluorescence under blue excitation.

Carbon dot fluorescence typically involves high-energy photon absorbance and lower
energy emission; however, some CDs can undergo multiphoton excitation whereby they can
upconvert longer wavelengths of light to emit higher energy photons. This phenomenon is
desirable in applications such as bioimaging by enabling the use of lower energy excitation
wavelengths that can reduce the risk of cell damage while simultaneously enhancing penetration
depth.®® Liang et al. synthesized CDs from gelatin which, in addition to exhibiting conventional
fluorescence (Aex = 350, Xem = 430 nm), also underwent photon upconversion following 750 nm
excitation with an emission at 450 nm.*

The fluorescence quantum yield (QY) of a CD, i.e., the ratio of the number of photons
emitted to the number of photons absorbed, is a useful metric as it is theoretically independent
of concentration and instrumentation, allowing for direct comparison of QY's across the literature.
Green-synthesized CDs reportedly have QY's ranging from 3 — 75%, with a median QY of 14%

(Figure 2.2e). We have thus far praised the various benefits of using green synthesis methods to
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produce CDs. Yet, achieving high QYs using green synthesis methods lags relative to conventional
preparation approaches. For instance, one of the highest QY's achieved by a CD synthesized from
renewable raw materials is 47% using Tamarindus indica leaves.?* To our knowledge, one of the
highest QY achieved by a CD synthesized from renewable refined compounds is 75% using citric
acid and glutathione.??> However, a QY of 99% has been achieved using citric acid and the non-
renewable tris(hydroxymethyl)aminomethane.>* The observed discrepancies in QY measurements
can arise from two principal factors. Firstly, we must consider the heterogeneity of plant-based
carbon sources that often comprise a mixture of carbohydrates, lipids, proteins, and nucleic acids.
With more efficient extraction methods, it would be possible to isolate the desired starting
materials in lieu of using the whole plant. Secondly, the absolute QY values are intimately tied to
the purification protocols that serve to remove unreacted starting materials and fluorophores.*

Indeed, purification of CDs is a step in the synthesis process that has not been standardized.

2.3.3 Chemical composition

Doping CDs with a heteroatom such as nitrogen is common practice since it is known to
enhance QY by modifying the electronic properties and surface chemistry of the CDs.%? Moreover,
while the presence of oxygen in green-synthesized CDs is common due to the abundance of oxygen
in renewable raw materials and also many organic compounds, they can also impact the QY by
affecting the degree of oxidation of the CDs.” Renewable raw materials are a source of heteroatoms
such as nitrogen, sulfur, and phosphorus. X-ray photoelectron spectroscopy (XPS) is commonly
used to measure the CD elemental composition on an atomic basis. In the green CD literature, CDs
have an oxygen-to-carbon (O:C) ratio of 0.07 — 1.12, and a nitrogen-to-carbon (N:C) ratio of 0.02

—0.43 (Figure 2.3f). CDs synthesized from Allium fistulosum exhibit a sulfur-to-carbon (S:C) ratio
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of 0.11 (Figure 2.3a),°® while those prepared from Eleocharis dulcis contained traces of
phosphorus resulting in a phosphorus-to-carbon (P:C) ratio of 0.004.'® The elemental diversity of
renewable raw materials can be advantageous when synthesizing hetero-doped CDs, but
complicate our ability to tune the chemical composition of the CDs. In such cases, renewable
refined compounds should be used. Figure 2.3b, c, d, e shows a typical XPS spectra for a CD’s
different elements.

Despite being synthesized from a wide variety of precursors, half of the CDs in Figure 2.3f
have an O:C ratio in the narrow 0.31 — 0.39 region. Cellulose is a major plant component, but has
an O:C ratio of 0.83, well above the range indicated. Thermal reduction has been observed in
complex compounds similar to CDs. For example, Chen et al. were able to thermally reduce
graphene oxide with an O:C ratio of 0.48 to partially reduced graphene oxide with an O:C ratio of
0.18, as measured by XPS, using microwave irradiation.>® Therefore, it is possible that the
cellulose in plants, along with other biomolecules, is thermally reduced to a similar extent in
reported studies, leading to similar O:C ratios in the resulting CDs. Another possible explanation
for this convergence to a common O:C ratio could be that the CD is more likely to form a

chemically stable structure in this region.
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Figure 2.3. (a, b, ¢, d, &) XPS spectra of CDs showing nitrogen and sulfur doping. The use of Allium fistulosum

in synthesis gave access to an abundant and diverse set of biomolecules contained within the plant resulting in

an elementally diverse CD with a high sulfur content. Reproduced from RSC ref 2. Copyright 2019 the Centre

National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. (f) Plot showing the diverse

range of the O:C and N:C ratios of green-synthesized CDs reported in the literature. Counts are shown next to

their respective bins and indicate the number of publications reporting CDs with properties in that bin’s range.

N:C and O:C are atomic ratios. XPS data from publications were assumed to be in atomic percent whereas

elemental data from other types of instrumentation were either explicitly stated as atomic ratios or converted

from their mass ratios. A reference list can be found in Table S2.2 of the ESI.
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2.4 Applications

2.4.1 Chemical sensing

There is growing interest in CDs as inexpensive and sensitive chemical nanosensors (Table
2.2). Chemical sensing is typically performed by monitoring changes in CD fluorescence or
absorbance in the presence of a target analyte. The presence of heteroatoms can potentially
improve sensing performance and be tailored to interact with specific analytes. For instance, N/P-
doped CDs synthesized from Eleocharis dulcis juice exhibit high selectivity towards Fe3* relative
to other metals.™® The high affinity of these CDs towards Fe3* stems from the presence of nitrogen
and oxygen groups that allow for rapid chelation.® A static fluorescence quenching mechanism is
usually operative, indicating the formation of a non-radiative complex between the CD and the
metal ion.” Amin et al. synthesized CDs from date kernels, which were used to detect zoledronic
acid — an anticancer agent.® Initially, Fe** quenches the fluorescence of the CDs via the formation
of a complex.®® Subsequently, Fe*" is chelated from the CD surface by zoledronic acid thereby
restoring CD fluorescence with a 40 nM detection limit.>® This CD sensor was successfully used
in human serum, which increases its utility for routine zoledronic acid monitoring.®® Similarly,
Ramezani et al. used quince to synthesize CDs which, when coupled with MnO4", can detect
As**>* The CDs make use of the fact that MnO4 oxidizes both CDs and As*', therefore the
presence of As®* in an MnO4™ solution will result in fewer CDs being oxidized, and in turn less
fluorescence quenching.> Future research in green CD sensing may consider these unique
approaches to sensing analytes as opposed to the traditional methods which rely on direct CD-
analyte interactions. Doing so, along with gaining a deeper understanding of the role of the
physical, chemical, and optical properties of the CDs, can help improve the detection limits of

future green-synthesized CDs. Note that in Table 2.2, a fluorescence increase (FI) may originate
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from the recovery of fluorescence from a previously quenched CD or from the actual increase of

fluorescence intensity of the original CD.

Table 2.2. Summary of the sensing properties of green-synthesized CDs.

Analyte Method of detection  Limit of detection Linear range Ref.
As® FQ 2.3nM 2-12nM s
CIO FQ 16 nM 10-90 pM s
Cré* FQ 4.5 ppb 1.6 — 50 uM 1
Cu? FQ 10 nM 0-100 uMm 5
Fe?* FQ 180 nM 0-18 uM 17
Fe¥* FQ 5nM 0.01-50 pum 2
H,0; Al 35 uM 100 — 500 uM 16
Hg?* FQ 0.23nM 0.5-10nM 21
2,4,6-trinitrophenol FQ 5nM 0.025-40 uM °
adenosine triphosphate Fl 5nM 0.01 - 450 uM 3
ascorbic acid Al 1.773 uM 5-40 uM 16
dimercaptosuccinic acid FI 1.4 ng/mL 2.5-22.5ng/mL 57
chlortetracycline FQ 0.078 pg/mL 0.85-20.38 ug/mL. =
cysteamine FQ 75.6 nM 10 - 210 uM 58
doxorubicin FQ 0.4 ng/mL 1400 ng/mL %
glutathione FI 1.7 uM 0-20uM 24
glyphosate FI 12 ng/mL 0.025 - 2.5 pg/mL 60
imipramine FQ 0.6 ng/mL 1.0 - 200.0 ng/mL 34
methotrexate FQ 7nM 0.02 - 18.0 uM 10
morin FQ 0.12 uM 0.4 - 60 uM %0
penicillamine FQ 0.02 pg/mL 0.05 - 13.0 pg/mL 61
prilocaine FQ 1.8nM 2.3-400nM 62
pyridine Fl 210 nM 05-4.1uM 63
salazosulfapyridine FQ 40 nM 0.1-80 uM 6
sulfasalazine FQ 0.032 pg/mL 0.34 - 6.76 pg/mL 2
trifluralin FQ 0.5nM 0.050 — 200 uM 64
zoledronic acid FI 40 nM 0.1-10uM %

FQ = fluorescence quenching, FI = fluorescence increase, Al = absorbance increase
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2.4.2 Bioimaging

Bioimaging is one of the most studied applications of CDs due to their generally low
cytotoxicity® and resistance to photobleaching.? CDs have been used as bioimaging probes both in
vitro (e.g., in A549% and HeLa cells®) and in vivo (e.g., zebrafish®). CDs synthesized from
watermelon peels were used to image HelLa cells, demonstrating that CDs can be good candidates
for bioimaging due to their stability in aqueous solutions, small size, and strong fluorescence.?’
Some CDs exhibit excitation-dependent fluorescence allowing for their use in multicolour
fluorescence imaging. This feature can be useful when imaging cells, tissues, or organisms which
exhibit autofluorescence by allowing the user to easily switch between fluorescence wavelengths
while using a single type of CD. In doing so, the user may quickly identify a wavelength that does
not interfere with the natural fluorescence of their sample. For example, CDs derived from peanut
shells were used to image HepG2 cells using excitation wavelengths of 405, 488, and 514 nm
which resulted in blue, green, and red emission, respectively.? Similarly, CDs synthesized from
Allium fistulosum were used to image MCF-7 and K562 cells using excitation wavelengths of 405,
488, and 561 nm which resulted in blue, green, and red emission, respectively.?® CD surfaces can
also be passivated with functional groups and heteroatoms that can impact their cytotoxicity and
potential localization in cells. Dehvari et al. synthesized CDs from crab shells and functionalized
the CDs with folic acid for targeted imaging of HelLa cells that possess significantly more folate-
receptors than healthy cells.%® These CDs showed enhanced uptake in cancer cells relative to their
non-cancerous counterpart.®

CDs synthesized using green approaches have also been used for in vivo imaging. Zebrafish
embryos exhibited a ~93% survival rate (at 96 hours since fertilization) after 94 h of exposure to

<200 pg/mL CDs synthesized from gynostemma, compared to a ~97% survival rate in the control,
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showing that these CDs can be safely used for bioimaging (Figure 2.4). However, the survival rate
decreased to ~88% when the CD concentration increased to 400 pug/mL.% These CDs also showed
antioxidant properties, effectively reducing the oxidative stress in the zebrafish, which may be
partially responsible for their low toxicity.®® Altogether, their study shows the importance of
finding an optimal CD concentration which provides adequate imaging power while also

minimizing toxicity to the organism or cells to be imaged.
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Figure 2.4. Zebrafish imaging using CDs synthesized from gynostemma. It is demonstrated that the probes
localize in the digestive system. The CDs exhibit blue, green, or red fluorescence depending on the excitation

source used. Reprinted with permission from ref 5. Copyright 2019 American Chemical Society.

Most CD bioimaging probes localize in the cytoplasm and accumulate just outside the
nucleus,* %8 while some have been reported to also enter the nucleus itself.2 While these features
are sufficient for general purpose bioimaging of cells, targeting specific organelles may also be of
interest. The green synthesis of selectively localizing CDs is one area which merits further research

to expand CD bioimaging applicability.
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2.4.3 Biomedicine

CDs show promise in biomedical applications, in part due to the myriad of functional
groups that decorate their surface, which allows for active targeting. For instance, Wang et al. used
bovine serum albumin to develop a 6.8 nm hollow CD (HCD) loaded with doxorubicin.*® After 90
minutes of incubation with the doxorubicin-HCD complex, red fluorescence stemming from the
drug was observed in the nucleus of A549 cells.*® The authors proposed a mechanism whereby the
doxorubicin-HCD complex enters the cell through endocytosis and upon entering the lower pH
lysosome, the complex releases the doxorubicin which then enters the nucleus.*® Shao et al. have
also synthesized CDs from mulberry leaves which were subsequently loaded with the anti-cancer
drug lycorine.®” Their lycorine-CD platform showed enhanced cell death in the cancerous HepG2
cell line when compared to lycorine alone.’” CDs have also been used in antimicrobial
applications. For instance, CDs synthesized from henna leaves were found to be much more
effective antimicrobial agents than the bulk henna leaves against both Gram-positive

Staphylococcus aureus and Gram-negative Escherichia coli.l?

2.4.4 Ink

Inexpensive fluorescent inks for anti-counterfeiting applications (e.g., invisible security
inks) have been developed using green-synthesized CDs. For instance, CDs synthesized from
oriental plane leaves were used as fluorescent inks to print patterns that were invisible under
daylight and became visible under UV light (Figure 2.5).%8 Similarly, Wang et al. have synthesized
CDs from milk which were used as fluorescent inks.5® They were able to refill regular commercial
inkjet cartridges with their CDs which were then used to produce fluorescent patterns on

commercial paper.®® The printed patterns exhibited green and red fluorescence under 455 and 523
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nm excitation, respectively.®® In another green synthesis, Qu et al. used citric acid and urea to
produce CDs with fluorescent patterning capabilities.”® They also showed that their CDs had no
observable toxicity in bean sprouts and mice.”® As a testament to their low toxicity, they applied
their CDs on human skin and showed their use as a low-toxicity method of obtaining fingerprints.”®
Interestingly, CDs can exhibit excellent stability in printed patterns and can retain their fluorescent
properties for up to 3 months.!! However, in high-security applications, it is important that this
fluorescence remains stable for several years. Therefore, more work is required to study and extend

the long-term stability of green-synthesized CDs.

Pattern
Invisible

Figure 2.5. (a) Inkjet printing using CDs synthesized from oriental plane leaves. (b) Invisible pattern made
from CD ink under visible light. (c, d, e, f) Fluorescent patterns made from CD ink under UV light. Scale bar

=1 cm. Reproduced from RSC ref . Copyright 2013 The Royal Society of Chemistry.

2.4.5 Catalysis

With their high surface area-to-volume ratio and their versatile functional groups, CDs find
application in catalysis. CDs synthesized from willow bark were used as a photocatalyst for the
fabrication of a Au nanoparticle/reduced graphene oxide nanocomposite, demonstrating that the

CDs effectively reduced both materials.*2 The resulting nanocomposite was used in a system that
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catalyzes the reaction of glucose and oxygen into H2O- allowing it to be an indirect method of
glucose sensing via the detection of H20,.1? In another study, Essner et al. synthesized CDs from
citric acid.” They first used their CDs to reduce HAuUCIl4 to Au nanoparticle/CD hybrids at room
temperature.’* They also showed that the CDs can reduce AgNO3 to Ag nanoparticle/CD hybrids,
albeit at elevated temperatures and with NaOH.”* They further demonstrated the performance of
this Ag nanoparticle/CD hybrid as a catalyst to reduce 4-nitrophenol into 4-aminophenol in the
presence of NaBH..”* The use of waste products in green synthesis is often desirable to reduce the
overall environmental impact of the synthesis process. For instance, Shih et al. synthesized CDs
from used coffee grounds.”? The resulting CDs were used to synthesize CuzxS/CD hybrid
nanomaterials which were integrated into a modified rotating disk electrode with a higher oxygen
reduction reaction activity than its commercial Pt/C-modified counterpart.”> These studies
highlight the diverse catalytic applications of CDs, particularly towards the synthesis of novel

hybrid nanomaterials.

2.5 Conclusions and outlook

We have established what constitutes a green CD synthesis by considering some of the 12
Principles of Green Chemistry regarding the use of non-hazardous renewable materials, safe
synthesis methods, and where possible, lowered energy requirements.'® The green synthesis of
CDs is mainly performed using hydrothermal (or solvothermal), microwave, and dry heating
methods. Plants are the most common feedstock for CD synthesis, although renewable refined
compounds such as citric acid and amino acids have also been used. Purification of CDs is typically

done using a combination of filtration, centrifugation, and/or dialysis.
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Despite considerable advances in the green CD literature, several challenges need to be
addressed to improve their range of application. Demand for sensors with increasing sensitivity
requires the exploration of novel green CD detection platforms that go beyond the traditional
approach of CD-analyte interactions. For instance, a third intermediary compound can often be
used in conjunction with a CD to measure the concentration of an analyte that the CD or
intermediary alone may fail to detect. In the field of bioimaging, the need for a wide variety of
fluorescence wavelengths requires further research into the green synthesis of CDs with higher
peak excitation/emission wavelengths. Moreover, while sensing and bioimaging are the most
examined applications of green-synthesized CDs, their potential in other applications, such as
catalysis and optoelectronics, remains largely untapped.

CDs are a diverse category of nanomaterials with endless production pathways. Closing
the knowledge gap between CDs produced from green synthesis methods and those manufactured
by traditional methods requires a deeper understanding of the relationship between the CD
precursor, the synthesis and purification methods employed, the resulting CD’s physicochemical
properties, and the effect of these parameters on the performance of the CDs in various
applications. The establishment of correlations between the physical (e.g., size, shape) and
chemical (e.g., N:C, O:C) properties of a CD and the resulting optical properties (e.g., peak
excitation/emission wavelength, QY) and performance towards various applications will be

essential to advance the field.
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Table S2.1. References for images in Figure 2.1. All images are in the public domain.

Image Source
walnut https://commons.wikimedia.org/wiki/File:Walnuts_no_shell.jpg
tulsi https://commons.wikimedia.org/wiki/File:Basil-raihan.jpg

ginkgo
prickly pear
Eleusine coracana
Prosopis juliflora

Eleocharis dulcis

https://commons.wikimedia.org/wiki/File:GinkgoSaplings.jpg
https://commons.wikimedia.org/wiki/File:Prickly_Pear_Closeup.jpg
https://commons.wikimedia.org/wiki/File:Finger_millet_3_11-21-02.jpg
https://commons.wikimedia.org/wiki/File:Prosopis_juliflora.jpg

https://commons.wikimedia.org/wiki/File:Wasserkastanien.jpg

Table S2.2. References for data shown in Figures 2.1b, 2.2d, 2.2e, 2.2f, 2.3f.

Reaction Synthesis Synthesis Size

Excitation

Emission

QY

Carbon source Reagents type medium conditions method Filtration Centrifugation Dialysis [m] N:C o.Cc [nm] [m] %] Ref
glycine, urea refined compound water 800 W, 3min microwave no no yes 3.2 0.396 0.419 320 380 13 1
mulberry raw material water 200°C,6h hydrothermal yes no yes 3 0.058 0.330 320 390 - 2
L-ascorbic acid, B-alanine refined compound water 180°C,1h microwave no yes yes - 0.054 0.332 325 401 14 3
Borassus flabellifer raw material air 300°C,2h dry heating yes no no 5.1 - - 320 403 13.97 4
‘Abelmoschus manihot raw material water 220°C,4h hydrothermal yes yes no 9 0.251 0.072 330 410 30.8 5
Osmanthus fragrans raw material water 240°C,5h hydrothermal yes yes yes 223 0.041 0.376 340 411 18.53 6
citric acid, L-phenylalanine refined compound water 200°C,8h hydrothermal yes no yes 11.9 0.136 0.355 350 413 65 7
celery, L-glutathione hybrid water 200°C,4h hydrothermal yes no no 2.08 - - 340 415 53 8
Tamarindus indica raw material water 210°C,5h hydrothermal no yes yes 3.4 0.278 0.679 320 417 46.6 9
scallion raw material water 180 °C, 12 h hydrothermal no yes no 35 0.123 0.268 320 418 3.2 10
bamboo raw material air 300°C,3h dry heating yes no no 11 0.062 1.002 313 419 5.18 11
rose-heart radish raw material water 180°C,3h hydrothermal yes yes yes 36 0.130 0.429 330 420 13.6 12
Eleusine coracana raw material air 300°C,3h dry heating yes no no 5.4 - - 340 425 - 13
strawberry raw material water 180°C,12h hydrothermal yes yes no 5.2 0.102 0.354 344 427 6.3 14
walnut raw material walnut oil 220°C,24h solvothermal yes yes no 12.3 0.052 1117 360 430 145 15
cherry tomato raw material water 180°C,6h hydrothermal yes yes yes 7 - - 340 430 9.7 16
citric acid, glutathione refined compound water 200°C,4h hydrothermal no yes yes 6.1 0.202 0.261 340 432 75 17
tulsi raw material water 200°C,4h hydrothermal yes no no 5 0.100 0.886 360 435 3.06 18
lotus raw material water 800 W, 6 min microwave yes yes yes 9.41 0.085 0.533 360 435 19 19
ginkgo raw material water 200°C,10h hydrothermal yes yes yes 3 0.059 0.353 350 436 22.8 20
Prosopis juliflora raw material air 200°C,1h dry heating no yes no 5.8 - - 350 437 49 21
peanut raw material air 250°C,2h dry heating yes no no 1.62 0.040 0.494 320 440 9.91 22
citric acid, L-arginine refined compound water 200°C,8h hydrothermal no no yes 2.7 0.108 0.172 350 440 38.8 23
Bauhinia hybrid ethanol/water 1000 W, 10 min microwave no yes yes 3.4 - - 355 442 27 24
willow raw material water 200°C,3h hydrothermal no yes yes 16 0.430 0.388 360 444 6 25
pomelo raw material water 200°C,3h hydrothermal no yes no 29 0.057 0.349 365 444 6.9 26
folic acid refined compound water 180°C,3h hydrothermal no yes no 2.8 - - 380 445 3159 27
pepper raw material water 180°C,5h hydrothermal no yes yes 4.6 - - 360 450 19.3 28
Eleocharis dulcis raw material water 120°C,5h hydrothermal yes yes yes 3 0.050 0.326 380 458 11.2 29
Azadirachta indica raw material water 150 °C,4h hydrothermal no yes yes 3.2 0.088 0.120 340 467 27.2 30
potato raw material water 220°C,3h hydrothermal no yes no 11 - - 400 470 - 31
black pepper raw material water 200 °C,12h hydrothermal yes no yes 35 - - 390 489 43.6 32
maize raw material water 160°C,10h hydrothermal yes no yes 52 0.016 0.346 420 500 7.6 33
Ocimum sanctum raw material water 180°C,4h hydrothermal yes no yes 24 0.180 0.347 450 500 9.3 34
Allium fistulosum raw material water 220°C,3h hydrothermal no yes yes 4.22 0.367 0.378 412 503 10.48 35
watermelon raw material air 220°C,2h dry heating yes yes yes 2 0.015 0.308 470 537 71 36

QY = Quantum yield
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Preamble to Chapter 3

In Chapter 2, we identified the need for a better understanding of how the precursor and
synthesis conditions affect the physical and chemical properties of the CD. We further discussed
the importance of understanding how the resulting physicochemical properties of a CD can affect
their optical properties. Chapter 3 aims to close some of these knowledge gaps by determining the
role of stoichiometry in determining the chemical composition of the CD, and how the chemical
structure affects quantum yield. Chapter 2 revealed that the majority of green synthesis methods
used raw materials such as plants. We hypothesized that this may have contributed to the
homogeneity of the resulting CDs across the literature, with many plants having similar
components. In Chapter 3, we instead opted for refined chemicals that are found abundantly in the
natural environment. A hydrothermal synthesis was performed since it is a well-established
method for performing low-cost one-pot syntheses. By using citric acid and the amino acid
phenylalanine as pure compounds rather than as part of a raw material, we were afforded greater
control over the synthesis with more predictable results. By synthesizing CDs with nine ratios of
citric acid to phenylalanine, we were able to obtain nine CDs with different chemical structures
and quantum yields, synthesized under identical conditions. This allowed us to isolate the effect
of stoichiometry in determining the N:C ratio of the resulting CDs. From here, we were able to
develop a model that correlates certain chemical properties and functional groups to the
fluorescence quantum yield of the CD. A stoichiometric ratio for the synthesis was also determined
by considering the point where the N:C ratio in the reactants would be equivalent to the N:C ratio
in the resulting CD. Finally, the CDs were also shown to act as Fe3* sensors.

This chapter has been reprinted (adapted) with permission from ACS Sustainable Chem.

Eng., 2020, 8, 14, 5566-5575. Copyright 2020 American Chemical Society. The only
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modifications are in the enumeration of the header, figure, table, equation, and scheme numbers
whereby they have all been prefixed with “3.” to reflect their placement in Chapter 3 of this thesis.
The format of the references may also differ so that they are consistent with the format of the rest

of the thesis.

63



Chapter 3: Green synthesis of high quantum yield carbon dots from

phenylalanine and citric acid: Role of stoichiometry and nitrogen doping

Abstract

Despite a growing interest in carbon dots (CDs), notably for their potential as a more
sustainable, less toxic alternative to inorganic quantum dots, the critical factors affecting their
physical, chemical, and optical properties are relatively unknown, limiting their widespread use.
Herein, a one-pot hydrothermal method was used to synthesize CDs from citric acid and
phenylalanine. CDs were synthesized over a range of reactant ratios; from pure citric acid to pure
phenylalanine and seven mixed ratios in between, achieving a quantum yield (QY) as high as 65%
with a peak excitation/emission of 350/413 nm. The goal was to determine the role of
stoichiometry on the chemical and structural composition of CDs, particularly its impact on
nitrogen doping, and in turn its effect on QY. We showed that a wide range of reactant ratios tend
towards reacting in a stoichiometric 2:1 molar ratio of phenylalanine to citric acid whereby the
resulting CDs have similar chemical composition and QY. Using this ratio may lead to a more
efficient and sustainable mass production process by reducing and reusing reactant waste. The QY
of the CDs was found to be more dependant on the oxygen-to-carbon ratio and the relative amount
of carboxyl oxygen in the CD, than it was on the nitrogen-to-carbon ratio. The resulting CDs also
showed Fe®" sensing capabilities through static fluorescence quenching with a limit of detection
of 3.5 uM. This study provides new insights which may be useful for the optimization of the green

synthesis of CDs for more widespread applications.
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Abstract graphic 3.1. A visual depiction of the abstract for Chapter 3.

Synopsis
This work reveals a stoichiometric ratio for producing high quantum yield carbon dots that

can be useful for reducing reactant waste during large-scale production.

Keywords

Fluorescence, green chemistry, hydrothermal synthesis, nitrogen doping, regression analysis, static

quenching, quantum dots, nanomaterials.

3.1 Introduction

Interest in carbon dots (CDs), a type of fluorescent carbon nanoparticle, has been steadily
increasing since their discovery by Xu et al.! One advantage of using CDs over traditional
fluorescent dyes is that while dyes may experience considerable photobleaching after only a few
seconds of photon excitation, some CDs can remain fluorescent for several hours while losing little
to no fluorescence intensity.?* CD synthesis methods such as hydrothermal,®> microwave,® and dry

heating (e.g. pyrolysis or calcination),” can be made sustainable by using non-toxic, renewable,

65



organic compounds found in Nature and consequently have often been shown to exhibit lower
cytotoxicity than other quantum dots.®** This reduced cytotoxicity is best taken advantage of in
the fields of bioimaging,*? drug delivery,™® and other forms of biomedical treatment.'* In addition
to biological applications, CDs can also be used in chemical sensing,'® inks,*® films,'" light-
emitting diodes,*® catalysts,'® and solar cells.?°

Several bottom-up CD synthesis methods such as hydrothermal,® microwave,® and dry
heating (e.g. pyrolysis or calcination),” are popular in green CD synthesis since they are generally
easy to implement, inexpensive, and can be performed as a one-pot synthesis. Citric acid is a
common source of carbon in bottom-up CD synthesis, likely due to the presence of three carboxyl
groups and a hydroxyl group allowing it to react with itself and other organic compounds. Citric
acid can also be synthesized by the fungus Aspergillus niger, allowing for its production through
bioprocesses.?! Fluorescence quantum yield (QY) is an important metric that quantifies the ability
of a particle to release absorbed electromagnetic radiation as photons. A nitrogen doping agent is
commonly added in the CD synthesis process, since it has been well documented that N-doped
CDs have enhanced QY when compared to non-doped CDs.?? L-phenylalanine — a naturally
occurring amino acid and one of the key components of the popular sweetener aspartame?®® 24 —
contains a phenyl group, making it easier to produce graphene-like structures, and carboxyl and
amine groups, which can polymerize through addition-elimination reactions, making its chemical
structure advantageous for CD synthesis. It also contains nitrogen which can be used for doping
CDs to increase QY. Previously, Yang et al. performed a hydrothermal synthesis of CDs using
phenylalanine alone.?® Lijuan et al. performed pyrolysis of phenylalanine and citric acid to
synthesize graphene quantum dots for use in the anode material of lithium ion batteries.?® Shen

and Xia synthesized CDs hydrothermally from phenylalanine and NaOH.?” Pandey et al. used
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microwaves to synthesize CDs from phenylalanine, ethanol, and NaOH for the application of
haloperidol delivery.'* Wang et al. synthesized CDs hydrothermally from tryptophan,
phenylalanine, and HCI for the bioimaging of cancer cells and achieved a quantum yield of 21%.28

Significant knowledge gaps prevent CDs from replacing inorganic quantum dots in many
applications. For example, nitrogen doping is known to increase the QY of CDs by tuning their
electronic and surface properties, but the exact mechanism by which it does this is unknown.?
Moreover, there are many possible starting reagents that CDs may be synthesized from; however,
they lead to a range of properties and QYs. In this work, two types of CDs with the same atomic
ratio of nitrogen to carbon, but with remarkably different QY's, were synthesized with the intent of
gaining insight into the role of CD chemical composition and nitrogen doping on QY. We also
created an array of CDs, by varying the citric acid to phenylalanine reactant ratio, from which we
can determine the role of stoichiometry on the chemical composition of the synthesized CDs.
Gaining insight into the stoichiometry of CD synthesis and its impact on QY would help in the
development of more economical and sustainable synthesis routes, particularly for mass
production, by minimizing reactant waste. The synthesized CDs also displayed Fe* sensing

capabilities.

3.2 Experimental

3.2.1 Chemicals

Citric acid, L-phenylalanine, quinine hemisulfate salt monohydrate, AgNOs3,
HAuUCl4-3H-0, BaClz-2H,0, CaClz-2H.0, CdCl;, CoCl,:6H20, CsCl, CuCly, FeCls, LiCl, MgCly,
MnCl>-4H,0, NaCl, NaNOs, Pd(CH3COO)2, and ZnCl> were purchased from Sigma-Aldrich.

FeCl2-4H,0, HCI, KCI, KBr, KI, NaCH3COO-3H>0, NaClO4 were purchased from Thermo Fisher
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Scientific. Sulfuric acid was purchased from VWR. Reverse osmosis water (produced from a Mar

Cor Purification reverse osmosis water purification unit) was used across all the experiments.

3.2.2 Synthesis of Carbon Dots

Citric acid (from 0 to 270 mM) and phenylalanine (from 0 to 180 mM) were dissolved in
15 mL of water and placed in a glass vial which was then placed in a Teflon-lined autoclave
chamber (Hydrion Scientific, 50 mL) and heated to 200 °C for 8 h. A complete list of synthesis
concentrations can be found in Table S3.1. The resulting suspension was left to cool naturally to
room temperature. The suspension was then filtered using a 0.1 um PVDF syringe filter unit
(Millex-VV, EMD Miillipore) to remove any large particles. Approximately 10 mL of the sample
was then dialyzed in 1 L of water using a 3.5 kDa molecular weight cut-off regenerated cellulose
membrane (Spectrum Labs) for 24 h with two changes of the dialysis water to remove any
unreacted citric acid and phenylalanine, as well as any small fluorophores that may have been
generated. CDs are named based on the phenylalanine mole percent in the reactants, e.g. Pos-CDs
were made using 95 mol% phenylalanine and 5 mol% citric acid in water. A proposed mechanism

of the initial synthesis steps is shown in Scheme 3.1.
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3.2.3 Characterization

Fluorescence measurements were performed using a Horiba FluoroMax-4. UV-Vis
absorbance measurements were taken using a Thermo Fisher Scientific BioMate 3S UV-Visible
spectrophotometer. Fluorescence lifetime measurements were taken using a Horiba EasyLife X
(368 nm excitation). X-ray photoelectron spectroscopy (XPS) measurements were taken using a
Thermo Fisher Scientific K-Alpha X-Ray Photoelectron Spectrometer System. Fourier-transform
infrared (FTIR) spectroscopy measurements were performed using a PerkinElmer Spectrum Two
FTIR spectrometer with a single reflection diamond ATR. Atomic force microscopy (AFM) was
done in tapping mode using a Bruker MultiMode 8 AFM equipped with a Nanoscope V controller
using a Bruker ScanAsyst-air silicon nitride probe (nominal frequency: 70 kHz, spring constant:
0.4 N/m, tip radius: 2 nm). Transmission electron microscopy (TEM) images were obtained using
an FEI Tecnai G2 F20 TEM located at the Facility for Electron Microscopy Research at McGill
University. Raman spectroscopy was performed using a Bruker SENTERRA Il compact Raman

microscope with a He-Ne laser at a 532 nm wavelength.

3.2.4 Quantum Yield

Quantum yields were measured using the relative approach reported by Williams et al.?®
All samples had an absorbance of 0.1 or lower. Equation 3.1 was then used to determine the
guantum yield:

Fg Ap T]é

Y = QYr——— 31
Qs = Qa7 s (3.1)

where QY is the quantum yield, F is the integral of the fluorescence emission scan, A is the
absorbance, 7 is the index of refraction of the solvent, S denotes the type of sample to be analysed
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(i.e. CDs), and R denotes the reference material. The reference material was quinine sulfate in 0.1
M H2S04, which has a QY of 54.6%.%° QY fluorescence measurements were performed using an
excitation and emission slit width of 1 nm. An excitation wavelength of 350 nm was used unless

otherwise specified.

3.2.5 lon Sensing

Pos-CDs were mixed with individual salts such that the resulting mixture in water had a
CD and ion concentration of ~15 mg L™ and 1000 puM, respectively. The mixture was then
incubated for 1 hr at room temperature. An excitation wavelength of 350 nm was used, and the
fluorescence intensity was measured at an emission wavelength of 400 nm.

A linear Fe** calibration curve was generated in a similar manner with slight variations.
Pgs-CDs were mixed with FeCls such that the resulting mixture had a CD and Fe®* concentration
of ~140 mg L and up to 50 puM, respectively. The mixture was then incubated for 1 hr at room
temperature. An excitation wavelength of 350 nm was used, and fluorescence intensity was
measured at an emission wavelength of 376 nm, which provided the best limit of detection (LOD)

using Equation 3.2:3
Sy
LOD =33 (?) (32)

where Sy is the standard deviation of the response of the linear calibration curve, and S is the slope
of the linear regression.
All ion sensing fluorescence measurements were done using an excitation and emission slit

width of 2 nm.
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3.2.6 Statistical Analysis

Data is reported as the mean * 2 standard errors of the mean. Statistical significance was
measured using the Student’s t-test, with p<0.05 considered as significant. Comparisons made
between two types of CDs (e.g. Pss-CDs vs P10o-CDs) were done using an unpaired homoscedastic
t-test. Comparisons made on a CD before and after a treatment (e.g. addition of Fe**) were done

using a paired t-test.

3.3 Results and Discussion

3.3.1 Nitrogen Doping and Quantum Yield

It has been argued that nitrogen doping of CDs can greatly increase their QY.%? Figure 3.1a
shows that the QY increased as the phenylalanine mole fraction (xp) in the reactants increased from
0.00 to 0.95. However, this is only true so long as citric acid is present, whereas using only
phenylalanine (x,=1.00) in water results in a low QY. Interestingly, there is no significant
difference (p>0.05) between the QY of undoped Po-CDs (2.0£0.9%) and N-doped P100-CDs
(3.4£2.5%) indicating that citric acid and phenylalanine create higher QY CDs when together than
either reactant alone. Citric acid plays two major roles in the synthesis of CDs. It contains three
carboxyl groups and one hydroxyl group which gives it several sites to react with phenylalanine
and other citric acid molecules. Citric acid also keeps the pH of the reacting mixture low which
acts as a catalyst for addition-elimination reactions such as Fischer esterification.3? Therefore, the
absence of citric acid in the P10o-CD reaction may have caused those CDs to synthesize poorly and
could partially explain why the QY of Pgs-CDs (65+7.2%) is 19 times higher (p<0.01) than P1oo-
CDs (3.4+£2.5%). This places the QY of Pgs-CDs on the higher end of CDs synthesized using

renewable nitrogen doping agents,*® but on the lower end of those synthesized from synthetic
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nitrogen doping agents.*-*° The post-dialysis pH of the suspensions of CDs synthesized from citric
acid (i.e. all the CDs except P100-CDs) ranges from 3.4-3.7, while the suspension of P1go-CDs has
a pH of 4.6. To determine if this difference in pH could explain the vast difference in QY between
Pgs-CDs and P10o-CDs, the post-dialysis pH of the Pgs-CD and P100-CD suspensions were adjusted
to 2.4 using HCI; however, the QY of Pgs-CDs was still 11 times greater than that of P1oo-CDs
(p<0.01), confirming that the post-dialysis pH is not the primary cause for the discrepancy in QY.
In addition, the QY remains mostly unchanged in P25s-CDs, Pso-CDs, and P7s-CDs, revealing that
continuously increasing the concentration of the nitrogen doping agent does not necessarily

increase the QY at the same rate. For instance, tripling xp from 0.25 to 0.75 only increases (p<0.05)

the QY from 49+1.1% to 52+1.6%.
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Figure 3.1. (a) Quantum yield of CDs vs phenylalanine mole fraction (balance is citric acid) in water at an
excitation wavelength of 350 nm. (b) Nitrogen to carbon ratios for various phenylalanine mole fractions. Blue
diamonds represent (N:C)cp. Green curved line represents (N:C)r. Red line shows a linear trend for

0.05=<xp<0.90. (c) Quantum Yield vs (N:C)cp as determined by XPS. Error bars represent 2 standard errors of

the mean (N=3).

Figure 3.1b shows that there is a linear trend for 0.05<x,<0.90, over which the nitrogen to

carbon atomic ratio in the CDs ((N:C)cp), as determined using XPS, shows little change despite
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large changes in the nitrogen to carbon atomic ratio of the reactants ((N:C)r) and x,. Specifically,

when 0.05<x,<0.90, (N:C)cp follows the fitted function (Equation 3.3, red line in Figure 3.1b):

1

The intercept of Equation 3.3 (i.e. %) is equal to the (N:C)r when phenylalanine and citric

acid are in a 1:1 molar ratio (i.e. x, = 0.5), revealing that when there is a small amount of
phenylalanine relative to citric acid (i.e. Xp approaches 0), then phenylalanine and citric acid will
react in a 1:1 molar ratio. This shows that excess citric acid is wasted or produces low QY CDs

when X, approaches 0. Conversely, the (N:C)cp and the (N:C)r are equal to each other when xp =
%, and can be visualized by the intersection of the two functions in Figure 3.1b, indicating that a

2:1 molar ratio of phenylalanine to citric acid is the stoichiometric ratio. Oxygen and hydrogen are
not considered in this stoichiometry, since they may be added to and removed from the CD during
synthesis in the form of water molecules. These results show that the reaction tends to proceed at
a phenylalanine to citric acid molar ratio of 2:1 when 0.25<x,<0.75, and 1:1 as xp approaches 0.
Figure 3.1c shows the relationship between the measured QY and (N:C)cp. Over the range,
0<xp<0.95, the QY generally increases with (N:C)cp. As mentioned previously, P2s-CDs, Pso-CDs,
and P75-CDs have similar QYs and (N:C)cp, but their xp, and in turn, (N:C)r, varies considerably.
Figure 3.1c shows these three CDs clustered together despite covering a wide range of x,. This
further supports the mechanism proposed previously; that having 0.25<x,<0.75 during synthesis

does not change the composition or properties of the resulting CDs considerably and that
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phenylalanine and citric acid will tend towards a stoichiometric ratio at X, = % Conversely, there

is a great difference in QY between Pgs-CDs and P100-CDs despite having similar (N:C)cp.

There is little work in the literature with specific focus on the role of nitrogen doping in
enhancing the QY of CDs, particularly with regards to stoichiometry. Permatasari et al.
synthesized graphene quantum dots from citric acid and urea.** They reported that graphene
quantum dots with a larger ratio of pyridinic nitrogen to pyrrolic nitrogen exhibited more
fluorescence; however, the effect on QY was not measured. By examining the optical, chemical,
and physical properties of the CDs synthesized in this work, we hope to gain new insight into the

role of stoichiometry and nitrogen doping on QY.

3.3.2 Chemistry of CDs

Analysis of the XPS spectra reveals peaks indicating the presence of carbon, nitrogen, and
oxygen at binding energies of ~285 eV, ~400 eV, and ~532 eV, respectively. A charge correction
is applied, where needed, in the form of a binding energy region shift to account for any charge
accumulation. When considering only C, N, and O, all the CDs have a composition of
approximately 50-70% C, 0-10% N, and 20-50% O on an atomic basis (Table S3.2). A
representative example of the deconvolution of Cys, N1s, and Oss peaks for P2s-CDs, Pso-CDs, and
P75-CDs is shown in Figure S3.1 and Pgs-CDs and P100-CDs is shown in Figure S3.2.

The Cis spectra is deconvoluted using five peaks representing sp? (~284.2 eV),* sp®
(~284.9 eV),** C-N/C-O (~286.0 eV),* %5 C=N/C=0 (~287.8 eV),*6 and O-C=0 (~288.8 eV)*’
carbon. The Nys spectra is deconvoluted using three peaks representing C-NH-C (2° amine) and/or
pyridinic N (~399.6 eV), C-N(C)-C/N-C=0 (3° amine and/or amide) and/or pyrrolic N (~400.4

eV), and —NHs*/graphitic N (~401.6 eV).*® % The Oys spectra is deconvoluted using four peaks
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representing COOH (~531.1 eV), C=0 (~531.9 eV), C-O (~532.7 eV), and C-OH (~533.5 eV).%°
A detailed breakdown and analysis of the relative amounts of these bonds can be found in Table
S3.3 and the XPS Analysis section of the Supporting Information (SI).

The chemical similarity of P2s-CDs, Pso-CDs, and P7s-CDs is evident in their FTIR spectra
(Figure 3.2a), which further indicates that there is little difference between these CDs. A
comparison of the FTIR spectra of Pgs-CDs and P100-CDs (Figure 3.2b) shows four regions of
interest. Regions 1-3 are considerably more pronounced in Pgs-CDs. Pgs-CDs and P10o-CDs both
show a prominent peak in Region 4, i.e. 1260 — 890 cm™, with prominence at 1084 cm™ originating
from C-N and C-O stretching, indicating the presence of amines and alkoxy groups. Only this
last region has similar prominence among Pgs-CDs and P100-CDs, but when considered relative to
the magnitude of the other peaks (Figure S3.3), P100-CDs appear to have a greater relative amount
of the bonds associated with this peak (i.e. C-N/C-Q) than Pg5-CDs, which is consistent with the
results from XPS (Table S3.3). A detailed analysis can be found in the FTIR Analysis section of
the SI. Figure S3.4 shows the FTIR spectra for all the synthesized CDs as well as the reactants,

citric acid and phenylalanine.
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Figure 3.2. FTIR spectra of (a) P2s-CDs, Pso-CDs, and P7s-CDs and (b) Pes-CDs and P1o0-CDs. Dashed lines in
(a) are to show alignment of peaks between CD types. Shaded regions in (b) are to highlight similarities and

differences in certain regions.

A shortcoming of FTIR and XPS analyses is that peaks can often be associated with more
than one type of bond. For instance, it is difficult to assess how much of the N is in the form of a
protonated amine (—NHs") versus a graphitic form, since these two peaks are generally found at
the same location (~401.6 eV).*® % From FTIR, the strong presence of C—N, but minimal N-H in
P100-CDs suggests that nitrogen is incorporated inside the CDs in the form of a tertiary amine,
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pyridinic N, or graphitic N, as opposed to its presence on the surface as a primary or secondary
amine or a pyrrolic N. This suggests that the increase in -NHs*/graphitic N in P1go-CDs when
compared to Pgs-CDs could be due to an increase in graphitic N, instead of -NHs* as this is
supported by the FTIR spectra for the two CDs. In general, there is agreement between the FTIR
and XPS analyses in terms of the types of bonds identified. Both techniques confirm that nitrogen
doping occurs and indicate the presence of sp? and sp® carbon, as well as the presence of alkoxy,
hydroxyl, carboxyl, and carbonyl groups.

The difference in QY between Pgs-CDs and P10o-CDs may be best explained by examining
the oxygen containing groups. Zhang et al. synthesized graphene guantum dots that were not
nitrogen-doped, and found that reducing them using NaBH4 increased their QY from 2.6% to
10.1%.52 In this study, Pgs-CDs have 33% less (p<0.05) relative COOH oxygen and a 22% lower
(p<0.05) oxygen to carbon ratio (O:C)cp than P1o0-CDs, indicating that Pes-CDs are overall more
reduced than P100-CDs.

Furthermore, to illustrate the uniqueness of P10o-CDs chemical composition relative to the
other CDs synthesized in this work, a principal component analysis (PCA) was performed on the
14-dimensional XPS data (i.e. (N:C)cp, (O:C)cp, and the relative amount of each bond type in the
5 C1s features, 3 Nys features, and 4 Ois features) which captured 75% of the variance in two
principal components (Figure S3.5). From the PCA plot, Po-CDs are distinct from the rest of the
CDs, as expected, due to its lack of nitrogen. Interestingly, P100-CDs are shown to be overall, quite
dissimilar as well from the rest of the N-doped carbon dots. A multiple linear regression analysis
was performed, correlating the chemical composition of the CDs based on XPS spectra to the QY.
To determine the most important of the 14 features, we aimed to maximize the coefficient of

determination, R?, with the least number of features possible. Our analysis revealed that an
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R?=0.934 (Figure 3.3) was achievable using only 2 features, the (O:C)cp and the relative amount

of COOH oxygen (from Ogs spectra), in the form of Equation 3.4:

QY = 0.271 — 0.500z, — 0.238z, — 0.1922,7, (3.4)

where z; and z, are the standard score of the (O:C)cp and the relative amount of COOH oxygen

(from Ogxs spectra), respectively.
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Figure 3.3. Comparison of the actual QY (blue diamonds) to the QY calculated from Equation 3.4 (black line).

All of the coefficients in Equation 3.4 were negative, suggesting that an increase in either
the (O:C)cp or the relative amount of COOH oxygen would decrease the quantum yield. The
interaction term suggests a compounding effect when the two features move in the same direction.
Interestingly, if we replace the interaction term with a 3" feature, the (N:C)cp, the regression model
would only have an R?>=0.838 (Table S3.4), suggesting that the role of nitrogen comes second to
the role of oxygen in determining the QY of this set of CDs. It is worth clarifying here that the

purpose of developing this multiple linear regression was to be qualitative, as opposed to
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quantitative. It is entirely possible that the QY of a CD is dependant on features beyond the 14
features assessed here from XPS, but we still consider it interesting that the (O:C)cp and the
relative amount of COOH oxygen on their own can account for a large portion of the variance
observed in QY. The parameters and R2-values of the different permutations of the features used
to make the multiple linear regression are found in Table S3.4. Similarly, the means and standard

deviations of the features considered are found in Table S3.5.

3.3.3 Fluorescence and UV-Vis Spectroscopy

Fluorescence and absorbance measurements were performed on CD suspensions in water.
In addition to being used to calculate the QY, the fluorescence data provides the peak excitation
and emission wavelengths for a CD, while the absorbance data provides peak absorbance
wavelengths. Figure 3.4a,b compares the fluorescence intensity of Pos-CDs with P1go-CDs. A clear
difference in the peak fluorescence between the two CDs is observed. Pgs-CDs display a peak
fluorescence at an excitation/emission wavelength of 350/413 nm, while P10o-CDs peak at 315/395
nm. Although the fluorescence intensity of P10o-CDs is higher when an excitation wavelength of
315 nm is used, this is due to an increase in absorbance, and therefore the QY of the P1go-CDs
shows no significant difference (p>0.05) at an excitation wavelength of 315 nm when compared
to an excitation wavelength of 350 nm. Therefore, the shift in the peak excitation and emission
wavelengths do not explain the difference in QY. Fluorescence heat maps for P2s-CDs, Pso-CDs,
and P75-CDs (Figure S3.6) reveal that their peak intensities occur in the same general
excitation/emission region, specifically at, 345/402 nm, 345/408 nm, and 350/421 nm,
respectively. The relatively circular appearances of the heat maps demonstrate that the emission

spectra of the CDs are not strongly dependant on their excitation wavelength in the regions
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surrounding their peak excitation and emission wavelengths. For instance, over the excitation
range of 300-365 nm, Pgs-CD’s peak emission occurs between 411-415 nm. Only excitation
wavelengths of 370-400 nm begin showing excitation-dependant emission; however, the
fluorescence intensity begins to weaken as well.

The UV-Vis absorbance spectra reveal differences between Pgs-CDs and P1oo-CDs (Figure
3.4c). The ratio between the absorbance of the peak at 217 nm to the peak at 237 nm is 2.2x higher
in Pgs-CDs relative to the ratio in P1oo-CDs. A more broad-spectrum absorbance is also observed
in the 300-400 nm region. Figure 3.4d shows the similarities in the UV-Vis spectra of P2s-CDs,
Pso-CDs, and P7s-CDs. They all share their most prominent peak at 220 nm, a second peak at 237
nm, and a small peak at 334 nm.

A partial explanation for the lower QY in P100-CDs is self-quenching. The ratio of the
absorbance at 430 nm to the absorbance at 350 nm is 0.27 for Pes-CDs, but 0.62 for P10o-CDs. This
means that a larger proportion of the fluorescence that may have been generated by P10o-CDs is
reabsorbed by itself, effectively lowering its QY.

Individual fluorescence lifetimes of Pgs-CDs were significantly different (p<0.05) from
P100-CDs. Both CDs exhibited a biexponential decay with two fluorescence lifetimes (Figure
S3.7a). Pgs-CDs had a lifetime of 5.12+0.70 ns and 36.5£1.0 ns, while P1go-CDs had a lifetime of

2.51+1.38 ns and 47.7+6.8 ns.
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Figure 3.4. Fluorescence heat maps of (a) Pos-CDs and (b) P1o-CDs over a range of excitation and emission
wavelengths using an excitation and emission slit width of 3 nm. Absorbance spectra of (c) Pss-CDs and Paoo-
CDs, and (d) P25s-CDs, Pso-CDs, and P7s-CDs. Fluorescence heat maps and absorbance spectra were normalized

to their respective maximum peaks.
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3.3.4 Structural Characterization of CDs

AFM imaging (Figure 3.5a,b) indicates that Pgs-CDs have a thickness of 1.8+0.2 nm and a
diameter of 12.8+0.6 nm. The P100-CDs are larger, with a thickness of 3.7£0.5 nm and a diameter
of 17.0£1.7 nm. TEM data suggests smaller diameters than those obtained by AFM. TEM imaging
(Figure 3.5¢,d) shows that Pgs-CDs have a mean diameter of 11.9+0.6 nm, while P100-CDs have a
mean diameter of 7.2+0.4 nm. Figure S3.8 shows the histogram of the size distribution for Pgs-
CDs and P100-CDs based on TEM imaging. Possible explanations for the size discrepancy between
AFM and TEM results are provided in the Size Analysis section of the SI. Additionally, the AFM
and TEM images (Figure 3.5) indicate that our processing and purification methods did not result

in any noticeable aggregation of the CDs in water.

(b) Pio

Figure 3.5. AFM images of (a) Pss-CDs and (b) P1o0-CDs. TEM images of (c) Pes-CDs and (d) P1oo-CDs. TEM

images have been cropped to match the scale of AFM images. Uncropped images can be found in Figure S3.9.
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Although there are differences in size and thickness between Pgs-CDs and P10o-CDs, it is
difficult to determine if this factor played a role in the vast difference between their QYs. Chandra
et al. synthesized CDs from citric acid and (NH4)2HPO4 with a size of 1.5-4 nm, as measured by
TEM, and a QY of 59%.%2 This shows that it is possible to have high QYs with small CDs, making
it unlikely that size is the primary explanation for the difference in QY since other researchers
have reported smaller sizes while still having a comparable QY to Pgs-CDs.>* %°

To study the structure of the CDs, Raman spectroscopy was attempted; however, the high

fluorescence from the CDs obscured the Raman signal (Figure S3.10).56-58

3.3.5 lon Sensing

Pgos-CDs displayed metal cation sensing capabilities. Other researchers have used CDs to
detect AI¥*>° A3 50 Ay3* 0L Cré* 16 Cy2* %2 Fe2* 03 Fe3* %4 and Hg?*.% Fluorescence quenching
capabilities were tested for 1000 uM concentrations of Li*, Na*, K*, Cs*, Mg?*, Ca?*, Ba?*, Mn?*,
Fe*, Fe®*, Co?*, Pd?*, Cu?*, Ag*, Au®", Zn?*, Cd®*, CI', Br, I, CHsCOO", ClOy4, and NOs™ and the
results are summarized in Figure 3.6a. Fluorescence quenching is observed by Fe?*, Fe**, Co?",
Pd?*, Cu?*, Ag*, and Au®* at 1000 uM; however, only Fe* and Pd?* are able to completely quench
the CD fluorescence at this concentration. Fe®* plays an important role in several biological
functions and an imbalance in its concentration in the body can lead to various diseases.®
Similarly, Pd** has shown toxicity.®” Of the ions tested, Fe*" shows the greatest fluorescence
quenching capability (see Figure S3.11 for a comparison with Pd?* at concentrations below 1000
uM). The fluorescence intensity of the Pgs-CD emission spectrum decreases with increasing Fe®*

concentration (Figure S3.12a). Examining the fluorescence quenching capabilities of Fe3* reveals

83



a linear trend (Figure 3.6b) at Fe3* concentrations below 50 pM. The limit of detection for Fe* is

3.5 UM.
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Figure 3.6. Relative fluorescence of Pgs-CDs exposed to a) 1000 uM of various ions and b) Fe®* at various

concentrations. Error bars show 2 standard errors of the mean (N=3).

A new absorbance peak forms at 220 nm when Pgs-CDs are mixed with Fe3* ions (Figure

S3.12b). Moreover, the peak absorbance of the Fe** solution does not overlap with the peak

emission spectra of Pgs-CDs (Figure S3.13). Furthermore, the fluorescence lifetime of Pgs-CDs

remains unchanged after the addition of 50 pM Fe®* (Figure S3.7b). These observations suggest

that a static fluorescence quenching mechanism is in effect, whereby Fe3* ions form a complex

with the Pgs-CDs.%! Zhang et al. suggested that the presence of phenolic hydroxyl groups may

explain the fluorescence quenching of Fe**.®8 The fact that Fe?* did not quench fluorescence while
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Fe3* did, has been used creatively by other researchers to detect other oxidizing agents. For
example, Qian et al. prepared a mixture of CDs with Fe?*, which upon exposure to H202, would
get oxidized into Fe** and quench fluorescence, effectively creating an H.02 sensor.®®
Consequently, Fe®* sensing CDs can find application by either detecting the presence of Fe3*

directly, or through the oxidation of Fe?* to the fluorescence quenching Fe*".

3.4 Conclusions

Carbon dots were synthesized from citric acid and phenylalanine over a range of reactant
ratios achieving a QY as high as 65% with a peak excitation/emission of 350/413 nm. The initial
addition of phenylalanine to citric acid resulted in a great increase in QY, whereas adding more
phenylalanine increased QY at a more gradual rate. Phenylalanine reacts with citric acid in a 1:1
molar ratio as the phenylalanine mole fraction approaches zero. P2s-CDs, Pso-CDs, and P75-CDs
had comparable QYs, (N:C)cp, and FTIR, fluorescence, and UV-Vis spectra despite being
synthesized over a large range of reactant ratios. This information could be useful for the
optimization of large-scale CD synthesis, e.g. synthesis at, or near, the stoichiometric 2:1
phenylalanine to citric acid ratio could allow for the recycling of the dialysis buffer to produce
more CDs. It was found that the QY of CDs was correlated to the (O:C)cp and the relative amount
of COOH oxygen, whereby a reduction in these components resulted in an increase in QY. This
phenomenon explained why Pgs-CDs had a considerably larger QY than P100-CDs, despite both
CDs having the same (N:C)cp, revealing that nitrogen doping alone is insufficient to increase QY.
Fe®* ions exhibited static fluorescence quenching of Pgs-CDs leading to a limit of detection of 3.5

MM.
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Supporting Information

Table S3.1. Synthesis concentrations at various phenylalanine mole fractions.

Phenylalanine mole fraction | 0.00 | 0.05 | 0.10 | 0.25 | 0.50 | 0.75 | 0.90 | 0.95 | 1.00
Name Po Ps P1o Pas Pso Pss Poo Pos P100
Phenylalanine [mM] 0 13 26 60 | 108 147 168 174 180
Citric acid [mM] 270 | 250 | 231 180 | 108 49 19 9 0
Carbon [mM] 1620 | 1620 | 1620 | 1620 | 1620 | 1620 | 1620 | 1620 | 1620
Nitrogen [mM] 0 13 26 60 108 147 168 174 180
(N:C)s 0.000 | 0.008 | 0.016 | 0.037 | 0.067 | 0.091 | 0.103 | 0.107 | 0.111

Table S3.2. Summary of the elemental composition of CDs, on the basis of carbon (C), nitrogen (N), and oxygen

(O). Uncertainties show 2 standard errors of the mean (N = 3).

CD C [at%] N [at%] O [at%]

Po 504 + 31 00 + 00 496 * 25
Ps 584 + 09 39 + 01 377 * 09
P1o 607 + 46 35 + 01 358 + 18
Pas 690 + 10 52 + 01 258 + 0.1
Pso 698 + 69 54 + 06 248 * 14
P 701 + 02 60 + 01 238 + 03
Poo 699 + 02 64 + 06 237 * 05
Pos 671 + 15 91 + 01 238 + 20
P00 630 + 31 85 + 09 284 + 23
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Table S3.3. XPS data. Relative amount of sp?, sp® C-N/C-O, C=N/C=0, and O-C=0 groups from the
deconvolution of Cis peaks. Relative amount of C-NH-C/pyridinic N, C-N(C)-C/N-C=0/pyrrolic N, and -
NHs*/graphitic N groups from the deconvolution of Nis peaks. Relative amount of COOH, C=0, C-0O, and C-

OH groups from the deconvolution of O1s peaks. Uncertainties show 2 standard errors of the mean (N = 3).

Carbon [%C;s] Nitrogen [%Nis] Oxygen [%0;;]
C-N(C)-C/
C-NH-C/ -NH,*
CD sp? sp? C-N/C-O C=N/C=0 0-C=0 N-C=0/ NH; "/ COOH C=0 Cc-0 C-OH

pyridinic N pyrro_lic N draphitic N

~2842eV -~2849eV -~2860eV ~287.8eV -~2888eV | ~399.6eV ~4004eV -~4016eV |~531.1eV ~531.9eV ~532.7eV -~5335eV
Po 9+7 34 +6 25+2 4+0 29+1 0+0 0+0 0+0 8+1 47+ 5 0+4 15+1
Ps| 27 +3 32+3 13+0 7+0 201 45+ 4 2=+2 33+3 13+2 40 + 2 26=+1 22+3
Pio| 24+8 3H+7 17+1 5+2 19+2 34 +6 39+2 28+5 11+3 43+1 29+3 17+1
Pys| 45+ 2 2+1 16 £ 2 9+0 8+0 69 + 6 24+ 6 7+1 261 39+2 21+1 14 £2
Pso| 47 £1 2+1 15+1 7x1 9+1 55 +5 32+3 131 44 + 2 24+1 21+£2 11+3
P7s| 515 19+4 18+2 6+0 60 54 £2 18+2 211 3B t2 37 £2 16 + 2 11+0
Poo| 42+ 4 23+4 2 +3 70 5+0 50 £ 8 24+5 26+ 4 26 +8 402 2+6 12+2
Pgs| 46 £ 6 31+4 13+£0 7x1 22 31+10 37+x12 32+3 3B+2 42 +2 16 +0 8+1
Pioo| 42 £9 2811 25+£2 4+1 1+£0 2+8 25+2 53+8 49+12 30+11 15+1 5+2
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Table S3.4. Table of parameters and corresponding coefficient of determination (R?) of the function: QY =

Bo + B1z1 + B2z, + B3z3 + B4z12, where z; is the standard score of: (i=1) (O:C)co, (i=2) relative amount of

COOH oxygen (from Oss spectra), and (i=3) (N:C)cp.

Bo 1 B2 B3 Ba R?
0.271 -0.500 -0.238 0 -0.192 0.934
0.409 -0.309 -0.159 -0.045 0 0.838
0.409 -0.287 -0.178 0 0 0.825
0.409 -0.256 0 -0.124 0 0.640
0.409 -0.159 0 0 0 0.516
0.409 0 -0.065 0.125 0 0.152
0.409 0 0 0.075 0 0.115
0.409 0 0.029 0 0 0.017

Table S3.5. Table of means (u;) and standard deviations (a;) for the features: (i=1) (O:C)cp, (i=2) relative

amount of COOH oxygen (from O1s spectra), and (i=3) (N:C)cp. Values are used to calculate the standard score

(z;) as follows: z; = % where x; is the real value of: (i=1) (O:C)cp, (i=2) relative amount of COOH oxygen

(from Oaus spectra), and (i=3) (N:C)co.
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Figure S3.1. Cis, N1s, and O1s XPS peak deconvolution for a), d), g) P2s-CDs, b), €), h) Pso-CDs, and ¢), f), i) Pzs-

CDs, respectively.
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Figure S3.2. Cis, N1s, and O1s XPS peak deconvolution for a), ¢), e) Pes-CDs and b), d), f) P1oo-CDs, respectively.

102



—P95

——P100

Transmittance [arbitrary units]

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber [cm™]

Figure S3.3. FTIR spectra of Pos-CDs and P100-CDs. This figure shows the same data as Figure 3.2b, but the
P100-CD spectra has been normalized to match the peaks between the two CDs at ~3200 cm instead of at ~1100

cm™,
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Figure S3.4. FTIR spectra of CDs, citric acid (CA), and phenylalanine (Phe). Normalized to each spectrum’s

most prominent peak.
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Figure S3.5. Principal component analysis (PCA) of the 14-dimensional XPS data (i.e. (N:C)cp and (O:C)cp,
and the relative amount of each bond type in the 5 C1s features, 3 Nis features, and 4 Ogs features) on the first

two principal components (PCs). Percentage of total variance explained by each PC is indicated in brackets.
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Figure S3.6. Fluorescence heat maps of (a) P2s-CDs, (b) Pso-CDs, and (c) P7s-CDs, over a range of excitation
and emission wavelengths using an excitation and emission slit width of 3 nm. Fluorescence heat maps were

normalized to their respective maximum peaks.
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Figure S3.7. Fluorescence lifetime decay fit to a biexponential function of a) Pes-CD and P100-CD and b) Pes-CD

with and without 50 pM Fe®*,
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Figure S3.9. Original TEM images of (a) Pos-CDs and (b) P100-CDs as shown in Figure 3.5¢,d.
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Figure S3.10. Raman spectrum of Pgs-CDs. The fluorescence from the CDs is obscuring the Raman signal.

107



1.0 % = Pd?

E * Fe3+
08 | Ed

06 |

1/10
——
——i
Lot

02 ®
E 4 +
0.0 1 1 1 1 &
0 100 200 300 400 500 600

lon Concentration [uM]

Figure S3.11. Relative fluorescence of Pgs-CDs exposed to Fe®* and Pd?*.

(a) (b)
o — Pos — Pos
= Pos + 50 uM Fe3+ 20 Pgs + 50 uM Fe3+
;, —— Pos + 100 uM Fe3+ —— Pogs + 100 uM Fe3+
© —— 100 uM Fe3* —— 100 uM Fe3+
@ o 1.5
© (@)
> G
S o
| -
] S 1.0
€ 8
[} \ <
v \
@ \ 0.5
d
g
o
3
i 0.0
T T T T T T I T T T
400 450 500 550 600 650 200 300 400 500 600
Wavelength [nm] Wavelength [nm]

Figure S3.12. Fe®** sensing data in the form of a) fluorescence emission spectra at an excitation wavelength of

350 nm and b) absorbance spectra.

108



—— Fe®* Absorbance
Pgs Excitation
Pgs Emission

Normalized [Arbitrary Units]

T T T
200 300 400 500 600
Wavelength [nm]

Figure S3.13. Absorbance of Fe®* and fluorescence of Pgs-CDs. All spectra are normalized to their respective
maximum. Pgs-CD excitation spectra was performed at an emission wavelength of 376 nm. Pes-CD emission

spectra was performed at an excitation wavelength of 350 nm.
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XPS Analysis

Here, we discuss those statistically significant results (p<0.05) with a considerable
difference in magnitude (1.4%) between CD types. Regarding the deconvolution of the C1s spectra,
Pso-CDs have 45% more (p<0.01) O-C=0 carbon than P7s-CDs. Interestingly, P100-CDs have 92%
more (p<0.01) C-N/C-O carbon and 44% less (p<0.01) C=N/C=0 carbon than Pgs-CDs.

Concerning the deconvolution of the Nis spectra, Pso-CDs and P7s-CDs have 89% more
(p<0.01) and 301% more (p<0.01) -NHs*/graphitic N than P2s-CDs, respectively, however there
is no clear trend correlating these great variations with QY. P100-CDs also have 68% more (p<0.01)
-NHz*/graphitic N than Pgs-CDs. The overall trend indicates that for 0.25< x,<1.00, there is an
increase in -NHz*/graphitic N and a decrease in C-NH-C/pyridinic N as X, increased.

Finally, the deconvolution of the O1s spectra shows that Pso-CDs have 70% more (p<0.01)
COOH oxygen than P2s-CDs. P25-CDs and P7s-CDs have 58% more (p<0.01) and 52% more
(p<0.01) C=0 oxygen than Pso-CDs, respectively. P100-CDs have 49% more (p<0.05) COOH

oxygen and 35% less (p<0.05) C-OH oxygen than Pgs-CDs, respectively.
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FTIR Analysis

The FTIR spectra of P2s-CDs, Pso-CDs, and P7s-CDs have many common features such as
a peak at 3190 and 2920 cm representing O-H and C-H stretching, respectively, suggesting the
presence of alcohols, carboxylic acids, and alkanes. N-H stretching is also found in the 3400 —
3100 cm™ region. Further evidence of carboxylic acids and aliphatic ketones appears at the 1706
cm peak representing C=0 stretching. The peak at 1637 cm™ could be due to a mix of C=C and
C=N stretching and N-H bending suggesting the presence of conjugated or cyclic alkenes, and
amines. A peak at 1395 cm™ from O-H bending indicates the presence of alcohols. Similarly, C-
O stretching appears at 1195 cm™ suggesting the presence of tertiary alcohols or esters. Amines
are shown by C-N stretching at 1080 cm™ and may also include alkoxy C-O. Alkenes are shown
by C=C bending at 700 cm™.

A comparison of the FTIR spectra of Pgs-CDs and P100-CDs (Figure 3.2b) shows four
regions of interest. Region 1 shows a broad peak at 3710 — 2710 cm™ representing O-H stretching
from alcohols and carboxylic acids. This region is also host to various types of amines by possible
N-H stretching from 3450 — 3250 cm™. A small peak at 2920 cm indicates the presence of C-H
stretching from alkanes. Region 2 shows a set of peaks in the 1800 — 1520 cm™ region. The peak
at 1710 cm™ results from C=0 stretching indicating the presence of aliphatic ketones or carboxylic
acids, while the peak at 1630 cm™ arises from C=C stretching and N-H bending suggesting the
presence of conjugated and cyclic alkenes and amines, respectively. Region 3 shows a peak in the
1520 — 1260 cm* region for Pgs-CDs with prominence at 1385 cm™ originating from C-H bending
suggesting the presence of aldehydes and alkanes. Pgs-CDs and P1go-CDs both show a prominent
peak in Region 4, i.e. 1260 — 890 cm™, with prominence at 1084 cm™ originating from C-N and

C-O stretching indicating the presence of amines and alkoxy groups.

111



Size Analysis

Different substrates are used between the two methods, with a carbon grid used for TEM
and silicon for AFM. These different substrates may cause differences in the way the CDs deposit,
potentially resulting in varying degrees of aggregation. Another consequence of the different
substrates used is background noise. While the silicon substrate is very smooth, the carbon
substrate used for TEM, while generally pristine, is not as smooth as silicon and has approximately
the same thickness as the CDs, which results in more background noise. For this reason, particles
less than 1.5 nm in diameter are not included when calculating the mean diameter of the CDs from
TEM images. Overall, the TEM and AFM size analysis agree for Pgs-CDs, but not for P1go-CDs,

suggesting that P100-CDs may be more susceptible to aggregation on silicon.
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Preamble to Chapter 4

In Chapter 3, we showed how CDs can be synthesized from compounds that occur
abundantly in nature. While there is still much room for improvement regarding the green synthesis
of CDs as discussed in Chapter 2, our work resulted in a sustainably synthesized CD with a high
QY while simultaneously allowing us to determine which chemical features affect the fluorescence
capabilities of CDs. In addition, we also determined a stoichiometric reaction ratio of citric acid to
phenylalanine and showed the CD’s application as an Fe3* sensor. While using greener CD
synthesis methods is important, this is only part of the journey towards advancing the overall
sustainability of CDs. In Chapter 4, we evaluate the health effects that these CDs can have in the
model organism Drosophila melanogaster, the common fruit fly. Moreover, we compare these
health effects in parallel with exposure to CdTeQDs, which have become popular due to the ease
with which their size and peak fluorescence wavelengths can be tuned. Cadmium is known to be
toxic and as a result CdTeQDs have limited use outside of labs or other controlled environments,
making CDs an attractive alternative. We use the same precursors as in Chapter 3, but now in a
microwave synthesis to produce nitrogen-doped CDs. The microwave synthesis allows us to also
show that the same precursors can be used in a more energy efficient and rapid synthesis, resulting
in the production of a greater quantity of CDs in less time. In addition, we use a previously reported
method to synthesize nitrogen/sulfur-codoped CDs. Therefore, the direct comparison of two
chemically diverse CDs with CdTeQDs in measuring their developmental toxicity and ability to
impact the reproductive performance, climbing ability, mass, larvae crawling, and locomotor
activity of flies will provide more insight into the relative toxicity of these three particles without
having to compare data from different publications which often use different organisms, routes of

exposure, and concentrations.
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Chapter 4: A comparison of carbon dot and CdTe guantum dot toxicity

in Drosophila melanogaster

Abstract

Carbon dots (CDs) are carbon nanoparticles typically less than 10 nm in size, which feature
many similar properties to quantum dots (QDs). CdTeQDs are among some of the most commonly
studied QDs due to the high degree of precision with which their size can be controlled during
synthesis allowing for the fine tuning of their band gap. However, cadmium is also known to be
highly toxic, and therefore the use of cadmium in consumer goods is typically limited or outright
banned in many jurisdictions. While many studies have examined the toxicity of CDs and
CdTeQDs, few have compared both nanoparticles directly to each other under the same conditions.
Herein, we provide a direct comparison of the toxicity of nitrogen-doped CDs (NCDs), nitrogen,
sulfur co-doped CDs (SCDs), and CdTeQDs in the model organism Drosophila melanogaster
(fruit fly). We found no impact on the development of larvae into adult flies from NCDs or SCDs
in the 10 — 100 mg/kg food range measured, whereas an ECsg of 46 mg/kg CdTeQD in food was
observed. Moreover, a strong positive correlation was found between CdTeQD concentration in
food and the mean pupation and eclosion time indicating severe developmental delays as CdTeQD
concentration increased. Further sublethal experiments conducted at 100 mg/kg NCD, 100 mg/kg
SCD, and 5 mg/kg CdTeQD revealed no significant difference between any of the treatments when
evaluating reproductive performance, larval crawling, and fly climbing ability. This work
demonstrates that both NCDs and SCDs are considerably less toxic than CdTeQDs in the 10 — 100

mg/kg food range.
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4.1 Introduction

Quantum dots (QDs) are semiconductor nanoparticles that exhibit unique properties when
compared to their bulk counterparts. Notably, QDs exhibit the quantum confinement effect, a
phenomenon that links a QD’s bandgap and fluorescence spectra (within the UV, visible, and near-
infrared range) to its size.! This property, along with their reduced photobleaching compared to
organic dyes,! has enabled the use of QDs in a variety of applications such as: bioimaging,? solar
cells,® light-emitting diodes,* and chemical sensing® to name a few.

Initial QDs included CdS, CdSe, and CdTe nanocrystallites that were synthesized through
the injection of organometals into a high-temperature solvent.® However, cadmium is an element
with known toxicity, and this has translated into cadmium-derived QD toxicity as well. For
instance, Liu et al. found that CdSeQDs can accumulate in the liver of mice, inducing
morphological changes to their hepatic lobules and increased oxidative stress.” Of particular
concern is the fact that these QDs were found to be more toxic than cadmium ions, suggesting that
QD toxicity is not caused by cadmium alone. Even after coating CdSe with a less toxic compound
such as ZnS, the resulting CdSe/ZnS-QDs can still nick DNA due to free radical generation.®
Similarly, CdTeQDs have also shown similar toxic effects in mouse liver and AML12 cells causing
increased oxidative stress and apoptosis.® CdTeQDs have also shown toxicity in zebrafish,'° Hydra
vulgaris,'* and Bombyx mori.*?

Carbon dots (CDs), a type of carbon nanoparticle with quantum dot-like properties, have
emerged as a potentially safer alternative to metallic QDs. They are also being increasingly
synthesized from renewable raw materials and compounds, further increasing the sustainability of
CD use over QDs.® While the outlook on CDs is promising, much work remains before their

performance can be comparable to that of QDs, especially in optoelectronic fields, which has led
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to the bulk of CD studies exploring applications in bioimaging and chemical sensing whereby their
less toxic nature can give them an advantage over cadmium-derived QDs.3

Drosophila melanogaster, more commonly known as the fruit fly, has proven to be an
interesting model organism for the study of nanoparticle toxicity.'* For instance, it has been found
that 77 % of human disease genes have a highly similar related gene in flies.® Moreover, a single
mating pair can produce hundreds of offspring in under two weeks whereas mammalian models
produce considerably fewer offspring on the order of months.® Flies also have several structures
that play a similar role to the mammalian heart, lung, kidney, gut, and reproductive tract.*® In
addition, the effect of several central nervous system drugs on flies has been shown to be similar
to their effect on mammals.*® Common routes by which nanoparticles may result in toxicity include
ingestion, inhalation, and surface contact, leading to oxidative stress, which can in turn impact the
lifespan and fecundity of the flies and result in genotoxicity and metabolic defects.* Specifically,
CdSeQDs are known to be toxic to flies by penetrating the intestine of larvae and eventually
interacting with hemocytes, causing genotoxicity and elevated reactive oxygen species
production.t” The release of Cd?* from the QDs is thought to play a major role in the observed
toxicity.’

Few studies directly compared CD toxicity with that of Cd-derived QDs. For instance, the
toxicity of CDs and CdTeQDs has previously been evaluated in the microalgae Chlorella
pyrenoidosa.'® Herein, we evaluate and compare the toxicity of CDs and CdTeQDs in a model
animal organism Drosophila melanogaster. Moreover, we assessed the toxicity of two types of
CDs, nitrogen-doped CDs (NCDs) and sulfur, nitrogen co-doped CDs (SCDs), to determine if their

toxicity profile would differ as a result of their unique chemical functional groups.
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4.2 Experimental

4.2.1 Synthesis of NCDs

Synthesis of NCDs was done according to previously reported methods, with some
modification.'® Briefly, 7.2 g of L-phenylalanine (Sigma-Aldrich, P2126) and 2.1 g of citric acid
(Sigma-Aldrich, 251275) were added to 20 mL of MilliQ water in a glass microwave reaction vial.
The reaction mixture was placed into the microwave reactor and initially heated at 100 °C for 5
min to completely dissolve the reagents in water. Afterwards, the reaction mixture was allowed to
heat to a temperature of 200 °C for 12 min. The resulting suspension was left to cool naturally to

room temperature. The purification process is described in Section 4.2.3.

4.2.2 Synthesis of SCDs

Synthesis of SCDs was done according to previously reported methods, with some
modification.?’ Briefly, 0.689 g of L-glutathione (Sigma-Aldrich, G4251) was mixed into 20 mL
of formamide (Sigma-Aldrich, F7503). The mixture was sonicated for 15 min until it became clear.
The reaction medium was then poured into a glass microwave reactor vial and heated to 180 °C
for 5 min. The resulting suspension was left to cool naturally to room temperature. The purification

process is described in Section 4.2.3.

4.2.3 Purification of carbon and quantum dots

Purification of CDs and QDs was done according to previous methods with some
modifications.?® The CdTeQDs (PlasmaChem, PL-QDN-610) were suspended in water
(concentration: 1.4 mg/mL). The CD suspension (post-synthesis mixture) or QD suspension was

filtered using a 0.2 um nylon filter (Millipore, SLGNO033) to remove any large particles. The CD
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or QD dispersions were then dialyzed using a cellulose ester dialysis membrane with a molecular
weight cut-off of 3.5 — 5.0 kDa (Repligen, 132725) to remove unreacted materials and
intermediates from the CD suspensions, and to ensure similar sample preparation in the QD
suspensions. The samples were dialyzed in 1 L of Type 1 water over 5 days with the water changed
twice a day. Following this, the nanoparticles were filtered using a 0.2 um nylon filter to remove
any aggregates. For the control treatment, water alone was processed in the same manner and was
later added to the fly food, to ensure that all treatments were treated as similarly as possible. At
this point, the CdTeQDs remained in suspension and were diluted as needed for further use.

The SCD suspensions were washed twice with ethanol and then twice with acetone to
remove any remaining impurities (i.e., until the supernatant was colourless). On the other hand,
due to their enhanced dispersibility in ethanol, the NCD suspensions were washed four times with
acetone. The first wash consisted of a 1:10 (suspension:solvent) volume ratio. The precipitate was
collected by centrifugation at 10 000 g for 10 min and resuspended in fresh solvent for the next
wash step. The resulting material was dried overnight in an oven at 70 °C and resuspended in water

at the desired concentration.

4.2.4 Characterization of carbon dots and quantum dots

X-ray photoelectron spectroscopy (XPS) measurements were taken using a Thermo Fisher
Scientific K-Alpha X-Ray Photoelectron Spectrometer System. Fourier-transform infrared (FTIR)
spectroscopy was performed using a Nicolet iS5 FTIR spectrometer. Transmission electron
microscopy (TEM) images were obtained using a Delong LVEMS5 benchtop electron microscope

(from the McGill Institute for Advanced Materials). Quantum yields were measured using a
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FLS920 fluorescence spectrometer (Edinburgh Instruments). Fluorescence spectroscopy and UV-

vis measurements were performed using a Horiba Fluorolog-QM.

4.2.5 Drosophila melanogaster husbandry

Fruit flies were reared according to methods described previously, with some
modification.?! Drosophila melanogaster (Oregon-R strain) were reared in a food mixture
consisting of: 84.6 wt% reverse osmosis (RO) water (Type II, >1 MQ), 14.9 wt% Nutri-Fly
Bloomington Formulation powder (Diamed, GEN66-112), and 0.5 wt% sodium propionate
(Genesee Scientific, 20-271) in a Drosophila culture bottle (Carolina, 173135). These culture
bottles were kept in a Versatile Environmental Test Chamber (Panasonic, MLR-352H-PA)
operating under a day/night cycle at 60 % relative humidity at 25 °C. Days consisted of

illumination at ~1500 Ix for 12 h. Nights consisted of complete darkness for 12 h.

4.2.6 Larvae collection

When a larger quantity of flies was needed, embryo collection cages (Diamed, GEN59-
101) were set up according to methods described previously, with some modification.?? Briefly,
one packet of FlyStuff grape agar premix (Diamed, GEN47-102) was mixed into 500 mL of RO
water and autoclaved. The contents were then poured into multiple 100-mm Petri dishes (Fisher
Scientific, FB0875713). Next, 15 g of inactive dry yeast nutritional flake (Diamed, GEN62-106)
was mixed with 15 mL of RO water to create a yeast paste which was then spread onto the center
of the grape agar plate. Flies were transferred to the embryo collection cage, which was placed on
top of the grape agar plate where the flies then laid eggs. This moment is referred to as day 0. The

grape agar plate containing eggs was removed from the cage after 4 hours. Approximately 24 h

119



later, the eggs that had transformed into larvae were then used for subsequent experiments as

described in the following sections unless stated otherwise.

4.2.7 Carbon dioxide anesthesia

When a specific selection of flies was required (e.g., obtaining an equal amount of female
and male flies), flies were anesthetized with CO, on a Flystuff Flypad (Genesee Scientific, 59-
114) and sorted as needed. Total anesthesia time was restricted to less than 10 min to minimize

undesirable physiological effects on the flies.?3

4.2.8 Developmental toxicity

Developmental toxicity was measured according to previous methods with some
modifications.?? Briefly, NCDs, SCDs, or CdTeQDs were mixed into fly food such that the final
concentration in food was 0, 10, 40, 70, or 100 mg/kg. Thereafter, 10 mL of the treated or control
(CTRL) fly food was added into a 50-mL glass test tube and capped with a cotton plug.
Approximately twenty larvae were then transferred from grape agar plates into the test tube. The
number of pupae and adult flies were counted every 2 days until day 14. The CdTeQD treatments
were counted until day 16 to account for the severe developmental delays caused by the quantum
dots. We note that during the counting process, if any flies were present in the test tube, they were
removed from the test tube for counting and not returned. This allowed for accurate counting of
the flies over time by ensuring that any flies counted must have emerged during the previous 48 h.
Each treatment or control was replicated with 1 — 3 test tubes simultaneously. The entire

experiment was performed in three experimental blocks for a final count of N = 6.

120



4.2.9 Sublethal toxicity assays

The results from the developmental toxicity study allowed us to determine a sublethal
concentration of NCDs, SCDs, and CdTeQDs in food at which to measure other endpoints. The
use of a sublethal dose minimizes survivorship bias, allowing for a more reliable measure of the
sublethal toxic effects of NCDs, SCDs, and CdTeQDs. Briefly, NCDs, SCDs, or CdTeQDs were
mixed into fly food such that the final concentration was either 100 mg/kg NCD, 100 mg/kg SCD,
or 5 mg/kg CdTeQD. A control was also made. Thereafter, 10 mL of the treated or control fly food
was added into a 50-mL glass test tube and capped with a cotton plug. Each assay began with
approximately 20 first instar larvae being transferred from a grape agar plate into the test tube. The

test tube was closed with a cotton plug.

4.2.9.1 Reproductive performance assay

The reproductive performance of flies was measured according to previous methods with
some modification.?* On day 9, any adult flies present in the treated or control test tubes were
removed. Approximately 4 h later, newly emerged flies were placed under CO anesthesia. One
female and one male fly were transferred into a new test tube with control fly food (i.e., that does
not contain NCDs, SCDs, or CdTeQDs). The mating pair was transferred to a new test tube every
two days for 10 days. The number of pupae and adult flies that emerged from each test tube that
the mating pair laid eggs in was recorded 14 days after the parents first entered the test tube. Each
treatment or control was replicated with 3 — 6 test tubes simultaneously. The entire experiment

was performed in two experimental blocks for a final replicate count of 8 <N < 12.
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4.2.9.2 Larval crawling assay

The peristalsis of larvae was measured as done previously with some modifications.?? On
day 4, three larvae were removed from the treated or control test tube and, one at a time, placed on
a 100-mm Petri dish containing grape agar. The larva was allowed 30 s to adjust to their new
environment and the Petri dish was then video recorded under an Olympus SZX16 stereo
microscope for 60 s. The larva was then removed from the dish and the next larva was placed on
the grape agar plate and the cycle started again. Each treatment group had its own dish, to avoid
cross-contamination from larvae exposed to different nanoparticles. The average number of
peristaltic contractions per min of the three larvae from a single test tube was taken and represents
a single data point. Each treatment or control was replicated with three test tubes in parallel. The

entire experiment was performed in two experimental blocks for a final replicate count of N = 6.

4.2.9.3 Climbing and fly mass assay

A climbing assay was performed according to methods described previously, with some
modification.?® On day 11, the flies were transferred from the treated or control test tube to a 100-
mL graduated cylinder marked at a height of 10 cm that was then capped with a cotton plug. The
cylinder was tapped to move the flies to the bottom. The flies were then left to ascend. After 10 s,
the number of flies that crossed the 10 cm mark was video recorded and divided by the total number
of flies in the graduated cylinder. This process was performed five times. The average of these five
trials was taken and represents a single replicate of data.

The flies from the climbing assay were then placed under CO; anesthesia and separated
into male and female groups. The collective mass of each sex of flies was measured and divided

by their respective number of flies and represents a single replicate of data.
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Each treatment or control was replicated with 2 — 3 test tubes simultaneously. The entire

experiment was performed in two experimental blocks for a final replicate count of 5 <N <é6.

4.2.9.4 Locomotor activity monitoring

Locomotor activity monitoring was done according to previously reported methods with
some modifications.?® On day 11, one male fly (from a treated or control test tube) was placed in
a glass tube (outside diameter x length: 5 mm x 65 mm) with control fly food (i.e., that does not
contain NCDs, SCDs, or CdTeQDs) at one end and a cotton plug at the other end. A Drosophila
Activity Monitor (DAM2, TriKinetics) was used with 32 tubes fitted in it (8 control, 8 NCD, 8
SCD, and 8 CdTeQD). The activity monitor counted the number of times per minute that the fly
would interrupt a beam of infrared light at the middle of the tube. The flies were given 24 — 48 h
to adjust to their new environment and then flies went through 3 days of a light-dark cycle
consisting of 12 h light, 12 h dark. The experiment started at the beginning of the first 12 h light
phase. If any tube showed zero counts in the final 24 h, then the fly was presumed dead, and
removed from the analysis. Two DAM2 units ran in parallel (i.e., 16 tubes per treatment or control
simultaneously). The entire experiment was performed in two experimental blocks for a final

replicate count of 31 <N < 32 after the removal of dead flies.

4.2.10 Lightsheet imaging
Lightsheet imaging was performed on female flies taken at day 11 to determine if there was
any uptake of the NCDs, SCDs, or CdTeQDs. Flies were stored in refrigerated (4 °C) 10 % neutral-

buffered formalin for 24-48 h.
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Flies were mounted in a 1-mL syringe containing ScaleS4 with 2.0 % low melting point
agarose as developed by Hama et al.?” The index of refraction of the mounting media was adjusted
with glycerol or water until it reached a value of 1.44. The chamber of the Zeiss lightsheet Z.1
microscope was filled with ScaleS4 to ensure a consistent index of refraction with the sample. A

5% 0.1 NA objective was used for illumination and a 5x 0.16 NA objective was used for detection.

4.2.11 Statistical analysis

Data was first tested for normality of the residuals using the Shapiro-Wilk test. The data
was then tested for equal variance among groups using Bartlett’s test. If both these tests validated
the assumption of normality and equal variance, then statistical significance was measured using
an n-way analysis of variance (n-way ANOVA). If the ANOVA showed a significant difference
among treatments, then a Tukey-Kramer test was performed for sublethal toxicity assays.
However, if the data did not pass the test of normality or equal variance, then n Kruskal-Wallis H
tests were performed, followed by a Mann-Whitney U test with Bonferroni correction where
significant differences were observed for sublethal toxicity assays. For developmental toxicity
when significant differences were observed between concentrations for a given treatment and the
number of pupae or flies was monotonically decreasing with concentration, then a Hill equation
(Equation 4.1) was fit to the data to obtain a half maximal effective concentration (ECso) value.
Similarly, when significant differences in emergence time were observed between concentrations
for a given treatment, a linear regression was performed. Throughout all statistical tests, p < 0.05
was considered as significant. Data analysis and visualization was performed in Python 3.9.12

using numpy 1.21.5,% pandas 1.4.2,%° scipy 1.7.3,%° statsmodels 0.13.2,3* and matplotlib 3.5.1.%
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The Hill equation takes the form of:

X — UcrRL _ 1
Mmax = HerrL 1 4 (EC50>n (4.1)
[NP]

Where x is the number of pupae or flies after 14 days; pcrg. 1S the mean number of pupae or flies
after 14 days in the control; 4% 1S the maximum response (i.e., 0 pupae or flies), ECs, is the half
maximal effective concentration, [NP] is the concentration of NCDs, SCDs, or CdTeQDs in food;

and n is the Hill coefficient.

4.3 Results and discussion

4.3.1 Characterization of carbon and quantum dots

The size of NCDs and SCDs was measured using TEM. The NCDs had a mean size of 7.4
nm (Figure S4.1a) and the SCDs had a mean size of 7.0 nm (Figure S4.1b). The CdTeQDs were
~3.5 nm according to the manufacturer’s specifications.

The FTIR spectra for the NCDs, SCDs, and CdTeQDs can be found in Figure S4.2. From
the NCDs, the peak at 1703 cm™ is indicative of C=0 stretching stemming from the presence of
carboxylic acids and aliphatic ketones, while the presence of C-N is confirmed with the peak at
1389 cm™. The SCDs showed a broad peak centered at 3330 cm™ stemming from the symmetric
and asymmetric stretching of N-H and -OH groups, while stretching of C=0 (from amide), C-OH,
and C-N groups were observed at 1665, 1596, and 1384 cm™, respectively. The CdTeQDs had a
broad peak centered around 3400 cm™ originating from O-H stretching. The peak at 1543 cm™

corresponds to C=0 stretching, whereas the peak at 1405 cm™ corresponds to the C-O-H in-plane
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bending. The XPS spectra of the NCDs confirms that nitrogen-doping occurred (C: 52 %, O: 38
%, N: 10 %) (Figure S4.3), and the spectra for SCDs indicates that both nitrogen and sulfur doping
occurred (C: 51%, O: 27 %, N: 19 %, S: 2.9%) (Figure S4.4).

The quantum yield of the CdTeQDs, NCDs, and SCDs were 21.9 %, 17.2 %, and 7.3 %,
respectively. The fluorescence spectra of the CdTeQDs, NCDs, and SCDs is shown in Figure S4.5
with peaks at 615 nm, 482 nm, and 681 nm, respectively. For both quantum yield and fluorescence
measurements, an excitation wavelength of 561 nm was used for CdTeQDs and 405 nm for NCDs
and SCDs to match their respective excitation wavelengths used for lightsheet imaging. The UV-
Vis spectra of NCDs, SCDs, and CdTeQDs is shown in Figure S4.6. NCDs had a local peak at 340
nm and SCDs showed local peaks at 418 nm, 629 nm, and 670 nm. While the UV-Vis spectrum
of CdTeQDs is mostly monotonically decreasing, it briefly inverts at 558 — 560 nm before
continuing to decrease. This range is close to the lightsheet imaging excitation wavelength used

(i.e., 561 nm).

4.3.2 Developmental toxicity

The toxicity of the SCDs in HelLa cells was previously studied and was shown to have a
half maximal inhibitory concentration (ICso) of 148 mg/L.° We note, however, that mechanisms
involved in in vitro toxicity may differ considerably from in vivo, and the original work
demonstrated that 100 mg/L was a sufficient and safe concentration for bioimaging purposes.
Moreover, our preliminary screening of CdTeQDs indicated that the 10 — 100 mg/kg CdTeQD
concentration range would be adequate for the development of a dose-response curve. The results
of this preliminary screening are not discussed further in this study since they were performed

under different conditions with a different CdTeQD. As a result, we wanted to examine a CD
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concentration range that may be used in practice, and that also matches the relevant range over
which CdTeQD toxicity manifests. Therefore, the developmental toxicity of the NCDs, SCDs, and
CdTeQDs on 1% instar larvae’s development into pupae and adult flies was measured over the
concentration range of 10 — 100 mg/kg food. No significant difference was observed in the total
number of pupae and flies emerging from the larvae exposed to NCDs or SCDs across
concentrations (p > 0.05) (Figure 4.1a, b). We note that significant differences were observed
between experimental blocks in the NCD treatments (pupae: p = 1.9 x 10°%; flies: p = 2.3 x 107).
While several studies have examined the toxicity of CDs, few have compared them directly to
guantum dots that may be used in similar applications. We found that there was a significant
difference in the total number of pupae (p = 2.3 x 10#) and flies (p = 7.6 x 107°) emerging from
the larvae exposed to CdTeQDs (Figure 4.1a, b) at different concentrations. No significant
differences were observed between experimental blocks for both pupae and flies. Fitting data to
the Hill equation revealed that the ECso of the CdTeQDs on larval development into pupae was
74+6.0 mg/kg food, and into flies was 46+4.7 mg/kg food (mean + standard error). These curve
fits are shown in Figure S4.7. This discrepancy between the ECso values for the larval development
into pupae and flies becomes clear when examining the eclosion fraction, i.e., the fraction of pupae
that successfully eclose into flies. No significant dose-response was observed in the eclosion
fraction of pupae exposed to NCDs or SCDs (Figure S4.8). Conversely, significant differences in
the eclosion fraction of pupae were found between CdTeQD treatment concentrations (p=2.5 x 10°
) (Figure S4.8). However, since the data did not fit the shape of the Hill equation, no curve fitting
was performed on the eclosion fraction. Moreover, we note that there were no significant
differences between experimental blocks for any of the treatments when measuring the eclosion

fraction.
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Figure 4.1. Number of (a) pupae and (b) flies that emerged from approximately twenty first instar larvae raised
on 0, 10, 40, 70, or 100 mg/kg NCD, SCD, or CdTeQD treated food by day 14. The mean (c) pupation and (d)
eclosion time of the pupae and flies in (a) and (b), respectively. Grey squares represent the mean of data points
in that column and error bars represent 2 x the standard error of the mean. Legend labels have the format X-

Y where X is the treatment and Y is the experimental block ID.
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Another important metric in evaluating developmental toxicity is the time it takes for larvae
to develop into pupae and adult flies. Delays in development time can be lost when screening just
for mortality. No dose-response was observed in the mean pupation or eclosion time of larvae
exposed to NCDs (Figure 4.1c, d). We remark that significant differences were observed between
experimental blocks (p=0.037) in the mean pupation time of NCD-exposed larvae. While a
significant difference on the basis of concentration was observed from the SCDs on the mean
pupation (p=0.012) and eclosion (p=2.1 x 107%) time (Figure 4.1c, d), a linear regression revealed
that both showed a weak negative correlation (pupation: r=-0.49, eclosion: r=-0.46) (Figure S4.9).
The CdTeQDs also showed a significant difference in the mean pupation (p=4.6 x 10°) and
eclosion time (p=5.5 x 10°) (Figure 4.1c, d) across different concentrations. In this case, a linear
regression revealed a strong positive correlation for both mean pupation (r=0.94) and eclosion
(r=0.93) time (Figure S4.9). The slopes of the regressions indicated that increasing the CdTeQD
concentration in the food by 1 mg/kg would delay pupation by 83 min and eclosion by 68 min at
concentrations below 100 mg/kg. No significant differences were observed between experimental
blocks in the mean pupation or eclosion time of larvae exposed to SCD or CdTeQDs.

Interestingly, Chousidis et al. also investigated the toxicity of undoped, N-doped, and N,S
co-doped CDs in zebrafish, finding that they had an LDsp of 584 mg/L, 400 mg/L, and 150 mg/L,
respectively.®® These results are all well above the highest concentration we examined (100
mg/kg), however, Chousidis et al. did report an LD2s of 63 mg/L for the N,S co-doped CD, whereas
our SCDs did not show any developmental toxicity near this concentration.®® This further
emphasizes the importance of conducting toxicity studies in a multitude of environments and
organisms, especially when comparing results from aquatic and terrestrial organisms. While both

organisms must consume nanoparticles through their diet, the aquatic organism must also be
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submerged in it for the entirety of the exposure, allowing for the nanoparticle to enter the organism
via more routes of exposure. Moreover, Chousidis et al. synthesized their N,S co-doped CDs from
citric acid and thiourea,®® whereas we synthesized ours from glutathione and formamide, therefore
it is likely that there are chemical differences between the two CDs. Liu et al. exposed zebrafish
embryos to CDs over the 1.5 — 96 h postfertilization period, and found no significant differences
in mortality in the 50 — 200 mg/L range, however, a dose-response was observed at higher
concentrations resulting in an LCso of 257 mg/L.** Yang et al. exposed mice to CDs via a single
inhalation and found that a concentration of 5 mg/kg resulted in the survival of 80 % of mice after
15 days, whereas 100 % survival was measured in the control.*® The single dose toxicity of CDs
on mice Vvia intravenous exposure was examined by Zheng et al., finding that the LDso in female
mice was 392 mg/kg and for male mice was 358 mg/kg.%® Ambrosone et al. exposed Hydra
vulgaris to thioglycolic acid coated CdTeQDs for 72 h monitored daily.** They found that after 24
hr of exposure the LCso was 1.4 mg/L Cd equivalent, and that this dropped to 0.72 mg/L Cd
equivalent after 72 h.!! Another study found that exposing Biomphalaria glabrata embryos to 5
nM (~0.25 mg/L) CdTeQDs for 24 h resulted in 100 % of embryos being deemed unviable.®” Adult
Biomphalaria glabrata had a higher tolerance, with 100 % mortality observed 48 h after a 24-h
exposure to 400 nM (~ 20 mg/L) CdTeQDs.%” Our results, show similar trends to those found in

literature, which indicate that CdTeQDs exhibit considerably more toxicity than CDs.

4.3.3 Reproductive performance
Our developmental toxicity assay showed clear toxicity stemming from the exposure of
Drosophila melanogaster to CdTeQDs with an ECso of 46 mg/kg food. Conversely, no toxicity

was observed from the NCDs or SCDs in the 10 — 100 mg/kg range evaluated. However, there are
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many forms in which toxicity can manifest in an organism that do not necessarily lead to death.
To ensure a comprehensive evaluation of carbon dot toxicity, we measured the impact of these
particles on the reproductive performance of flies. Since no toxicity was observed in the NCDs
and SCDs, further experiments were conducted at 100 mg/kg since this concentration is known
not to induce toxicity. However, this same concentration could not be used when evaluating
CdTeQD toxicity, since we have already shown that it exhibits severe lethality and developmental
delays (Figure 4.1). Instead, we conducted further sublethal assessment of CdTeQDs at 5 mg/kg,
a concentration approximately equal to the EC: or the concentration that would result in the failure
of 1 % of larvae to successfully develop into adult flies. No significant differences between
treatments or experimental blocks were observed in the number of pupae or flies that emerged
from the eggs laid over the span of ten days (Figure 4.2). The time-series data (Figure S4.10)
showed that reproductive performance typically increased or remained approximately constant
during the 2 — 10 day period. These results indicate a lack of reproductive toxicity from these
particles at a sublethal concentration.

Han et al. examined the effect of CDs on the reproduction of Bursaphelenchus xylophilus,
and found that a 6000 mg/L concentration reduced the number of eggs laid.® A study examining
the effects of thioglycolic acid coated CdTeQDs on the reproduction of Hydra vulgaris found that
exposure to CdTeQD concentrations as low as 1 mg/L Cd for 14 days reduced their budding rate
by 42 % relative to the control.!* Another study also examined the toxicity of CdTeQDs on the
reproductive performance of Drosophila melanogaster and found a dose-dependent decline in
fecundity, fertility, and hatchability in the 1 — 100 uM (approximately 100 — 10 000 mg/L) range.*
The toxicity of CdTeQDs in Caenorhabditis elegans was investigated by Qu et al.*’ They found

no significant difference in the egg-laying rate at 5 — 25 mg/L relative to the control, but observed
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a dose-dependent decrease at 50 — 100 mg/L.*° Similarly, our results are mostly consistent with

literature showing that toxicity can vary between organisms and nanoparticles.
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Figure 4.2. Number of (a) pupae and (b) flies that emerged after allowing one female and one male fly that were
raised on CTRL (0 mg/kg), NCD (100 mg/kg), SCD (100 mg/kg), or CdTeQD (5 mg/kg) treated food to mate
for 10 days. Grey squares represent the mean of data points in that column and error bars represent 2 x the

standard error of the mean. Legend labels have the format X-Y where X is the treatment and Y is the

experimental block ID.

4.3.4 Fly mass assay

When given a fixed food source, the mass of a particular healthy organism is typically
stable and predictable. The flies in each treatment were raised on identical food sources, with the
only difference being the presence of NCDs (100 mg/kg), SCDs (100 mg/kg), or CdTeQDs (5
mg/kg). Considering that the highest of these concentrations (i.e., 100 mg/kg) is equivalent to 0.01
wt% food, we can assume that food displacement is unlikely to be a contributing factor to any

changes in mass observed. No significant differences between treatments were found in the mass
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of female flies, however the difference between experimental blocks was significant (p=0.024)
(Figure 4.3a). It is worth noting that a large contribution to this difference in blocks is due to one
particularly high mass measurement observed in block 2 (Figure 4.3a). Significant differences
between treatments (p=0.012) and experimental block (p=0.037) were observed in the mass of
male flies (Figure 4.3b). Due to the significant differences observed between blocks, we only
consider significant differences between treatments if they occur within the same block. A post
hoc analysis revealed that in block 2, the male flies raised on 100 mg/kg SCD had a significantly
greater mass (p<0.05) than those raised on 100 mg/kg NCD and the CTRL food. No significant
differences were observed between treatments in block 1. The implication of these results,
especially when considering the results in Figure S4.9 showing a significant, but weak, correlation
pointing towards larvae raised on SCDs having a slightly faster development time than the other
treatments, suggest that SCDs might elicit a minor biological response in Drosophila melanogaster

at 100 mg/kg food.
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Figure 4.3. Average mass of (a) female and (b) male flies that were raised on CTRL (0 mg/kg), NCD (100 mg/kg),
SCD (100 mg/kg), or CdTeQD (5 mg/kg) treated food. Grey squares represent the mean of data points in that
column and error bars represent 2 x the standard error of the mean. Legend labels have the format X-Y where

X is the treatment and Y is the experimental block ID.

Zheng et al. exposed mice to a daily intravenous 100 mg/kg dose of CDs for 7 days and
monitored their mass over 90 days finding no notable difference in the overall mouse mass
throughout the period evaluated.®® In a study by Du et al., CdTeQDs functionalized with
thioglycolic acid and mercapto-acetohydrazine reduced the growth rate of mice relative to the
control over the 7 days following 10 mg/kg intravenous injection of the CdTeQDs.*! Interestingly,
this reduction was no longer significantly different from the control when the CdTeQDs were
further functionalized with polyethylene glycol.** Another study also examined the toxicity of
CdTeQDs in mice and found that there were no significant differences in mass between the control
and the 4.12 — 16.5 mg/kg range measured.® Similarly, our results coincide with these literature
findings when considering the concentrations evaluated. While some significant differences were

observed, they were not present in all experimental blocks.
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4.3.5 Larvae crawling and fly climbing assays

To get a true grasp of sublethal toxicity we must look at multiple stages of development.
In the reproductive performance assay, we measured the impact that parental exposure may have
on their ability to produce offspring. We now focus on the activity of the larvae that were raised
on CTRL (0 mg/kg), NCDs (100 mg/kg), SCDs (100 mg/kg), or CdTeQDs (5 mg/kg). No
significant differences between treatments or experimental blocks were observed in the number of
contractions per minute of the larvae (Figure 4.4a). Similarly, when evaluating the climbing ability
of the flies, no significant differences between treatments or experimental blocks were observed

in the number of flies able to climb 10 cm within 10 s (Figure 4.4b).
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Figure 4.4. (a) Average number of larval contractions per minute and (b) fraction of flies able to climb 10 cm
within 10 s. Larvae and flies were raised on CTRL (0 mg/kg), NCD (100 mg/kg), SCD (100 mg/kg), or CdTeQD
(5 mg/kg) treated food. Grey squares represent the mean of data points in that column and error bars represent
2 x the standard error of the mean. Legend labels have the format X-Y where X is the treatment and Y is the

experimental block ID.
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Liu et al. examined the effect of CDs on zebrafish larvae locomotion and found no
significant difference in the distance travelled by larvae exposed to 50 — 150 mg/L CDs, but a
dose-response was observed whereby the travel distance declined in the range 200 — 2000 mg/L.3*
Similarly, Han et al. showed a decline in the number of thrashes per minute of Bursaphelenchus
xylophilus in the 4000 — 6000 mg/L CD range.® Paithankar et al. exposed Drosophila
melanogaster to CdTeQDs in the concentration range of 0.2 — 100 uM (approximately 20 — 10000
mg/L) and saw no significant difference in the climbing ability of flies when compared to the
control.®® Although the literature sometimes reports that CDs and CdTeQDs can negatively impact
the locomotion or climbing ability of organisms, these effects were typically observed at

concentrations higher than measured in our study.

4.3.6 Locomotor activity

The larvae crawling assay is useful for assessing the activity of Drosophila melanogaster
during their development into adult flies. Once adults, the climbing assay is also a convenient tool
for measuring the ability of flies to conduct a physically demanding task. One limitation to both
these assays is the relatively short time span over which data is recorded, typically on the order of
a few seconds or minutes. Using an activity monitor, we were able to monitor the movement of
adult male flies in one-minute intervals over three days. Averaging the daily activity over 72 h
removes any variance that may come from the time of day that the measurement was taken at. It
also provides an overall measure of activity since it also includes the night cycle of the flies.
Significant differences between treatments (p=0.032) and experimental blocks (p=0.024) in the
number of activity counts per day (i.e., infrared beam breaks per day) were observed (Figure 4.5).

A post hoc analysis revealed that these significant differences stemmed from the CTRL activity in
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block 1 being more than double the SCD and CdTeQD activities in block 2. However, since there
were significant differences observed between blocks, a comparison of treated flies from block 2
with the CTRL in block 1, is not very meaningful even if the difference is significant. Moreover,
Figure 4.5 clearly shows that three replicates from the CTRL in block 1 had unusually high activity

which may have skewed the mean upward.
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Figure 4.5. Locomotor activity measured as average number of infrared beam breaks per day of male flies
raised on CTRL (0 mg/kg), NCD (100 mg/kg), SCD (100 mg/kg), or CdTeQD (5 mg/kg) treated food. Grey
squares represent the mean of data points in that column and error bars represent 2 x the standard error of
the mean. The standard errors are relatively small due to the large sample size and may be difficult to see in

the figure. Legend labels have the format X-Y where X is the treatment and Y is the experimental block ID.

4.3.7 Nanoparticle uptake analysis
Nanoparticle-exposed flies were imaged using lightsheet microscopy (Figure 4.6). Due to
the difference in peak fluorescence wavelengths of the particles, different filters and excitation

wavelengths were utilized. An excitation wavelength of 405 nm with a bandpass filter at 420 —
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470 nm were used to illustrate the autofluorescence of the fruit fly. The fluorescence of the NCDs
was not evident since its emission spectrum was similar to that of the fly’s autofluorescence. On
the other hand, SCDs were visualized in red by using a 640 nm long pass filter under 405 nm
excitation. Signals stemming from the CdTeQDs were obtained using an excitation wavelength of
561 nm and a long pass filter at 640 nm. In the case of SCDs and CdTeQDs, it was apparent that

the particles were found internally and on the surface of the organism.

b) CdTeQD

Figure 4.6. Lightsheet images of female flies from day 11 raised on a) CTRL (0 mg/kg), b) CdTeQD (5 mg/kg),
c) NCD (100 mg/kg), or d) SCD (100 mg/kg) treated food. Red light shows fluorescence from SCD and
CDTeQDs. Blue fluorescence is from the fly’s autofluorescence. NCDs also emit blue light and are therefore

not easily visible.

4.4 Conclusions

While there was no developmental toxicity from NCDs or SCDs observed, a dose-

dependant toxicity was observed from the CdTeQDs with a larva-to-fly ECso of 46+4.7 mg/kg
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food (mean + standard error). We also saw no correlation between NCDs concentration and
emergence time but saw a weak negative correlation for SCDs and a strong positive correlation
for CdTeQDs indicating that CdTeQDs can delay the development of larvae into pupae and flies.
Using sublethal concentrations of 100 mg/kg for NCDs and SCDs and 5 mg/kg for CdTeQDs,
further assays concluded that the SCD-exposed male flies had a significantly greater mass than
those raised on CTRL and NCD food in experimental block 2, but not in block 1. Moreover, while
significant differences were observed between treatments in the locomotor activity of flies, these
differences occurred between blocks, and therefore were not indicative of a potential response. No
significant difference between any of the treatments when evaluating reproductive performance,
larval crawling, and fly climbing ability were observed.

This work shows that two chemically diverse carbon dots containing a variety of elements
and functional groups were considerably less toxic than CdTeQDs in the model organism
Drosophila melanogaster. Moreover, the fact that CdTeQDs showed no sublethal toxicity at 5
mg/kg but had an ECsp of just 46 mg/kg, suggests that there is a narrow range of concentrations
whereby CdTeQD toxicity rapidly increases. SCDs might induce a minor biological response in
Drosophila melanogaster at a concentration of 100 mg/kg. Further research may be warranted on
other organisms and perhaps at a higher concentration to determine the nature of this potential
response. The direct comparison of CDs and CdTeQDs allows us to gain insight into the relative

toxicity of the two types of nanoparticles.
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Figure S4.1. TEM images of a) NCDs and b) SCDs. Insets show their respective size distributions.
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Figure S4.2. FTIR spectra of CdTeQDs, NCDs, and SCDs.
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Figure S4.5. Fluorescence spectra of CdTeQDs, NCDs, and SCDs. The CdTeQDs were excited under 561 nm

light, whereas the NCDs and SCDs were excited under 405 nm.
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raised on 0, 10, 40, 70, or 100 mg/kg CdTeQD treated food by day 14. Squares represent the mean of data points
in that column and error bars represent 2 x the standard error of the mean. Legend labels have the format X-
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was fit to the corresponding data.
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Preamble to Chapter 5

We have concluded that CdTeQDs are far more toxic towards Drosophila melanogaster
than our CDs. While this is an important finding if CDs are to one day see widespread
implementation in commercial products, at the moment, CDs are mostly confined to a laboratory
setting. As a result, they are not an immediate environmental concern in the same sense as another
class of anthropogenic carbon-based nanoparticles and microparticles. Plastics have widespread
use to the point that it is difficult to imagine what life would be like today without the convenience
of lightweight, easy to shape, plastic materials. Unfortunately, the majority of this plastic ends up
being released into the environment or left in landfills at the end of their use. In both these scenarios
the plastic may break down over time into microplastics and eventually nanoplastics. Continuing
from Chapter 4 with our use of Drosophila melanogaster to evaluate CD and CdTeQD toxicity,
we now shift focus towards examining the toxicity of one of the most widely used polymers in
plastics, HDPE. Specifically, we are evaluating the toxicity of mechanically and UV-weathered
HDPE microplastics less than 38 um in size. SEM images also revealed the presence of
nanoplastics with a median size of 228 nm in the particle distribution. We performed a
developmental toxicity assay followed by further sublethal assays including a climbing assay,
larvae crawling assay, and fly mass assay. Most notably, we evaluated the long-term effects of
HDPE microplastics on reproduction over four generations of flies. The outcome of this chapter,
in conjunction with Chapter 4, provides more insight into the toxicity of anthropogenic carbon-

based particles in fruit flies.
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Chapter 5: Multigenerational effects of weathered polyethylene

microplastics on Drosophila melanogaster

Abstract

The vast majority of plastics are released into the environment or landfills once they are
no longer of use, and as a result, microplastics are now found in every corner of the Earth. To gain
a better understanding of the toxicity that may arise from such pollution, we exposed four
generations of the fruit fly, Drosophila melanogaster, to HDPE microplastics (<38 um) and
monitered their reproductive performance. We found that the eclosion fraction of pupae was 5.73
% higher (p<0.05) in the stream of flies that were fed 100 mg/kg HDPE across all generations
when compared to those fed control food. However, no toxicity was observed in the number of
pupae and flies that emerged from the eggs laid in each generation, or the mean pupation and
eclosion time of these eggs. We also observed no toxicity in the development of larvae into adult
flies (0.1 — 10 000 mg/kg HDPE), and various sublethal endpoints (100 mg/kg HDPE) such as
larvae and adult fly locomotion, and the mass of female and male flies. Although no toxicity was
observed from the HDPE microplastics, we believe the results are an important contribution to the
literature since they were performed with a large sample size and performed in multiple blocks,
allowing us to conclude with greater confidence that any toxicity in Drosophila melanogaster that

may arise from HDPE microplastics in the concentrations evaluated is likely to be minimal.
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5.1 Introduction

Upon disposal, it is estimated that 79 % of plastic is released into the environment,
including landfills.! Over time, these plastics experience photo-oxidation from solar UV radiation,
mechanical weathering through abrasions with sand and rocks initiated by ocean currents and
wind, and to a lesser extent thermal degradation.? This natural weathering of plastics produces
microplastics, which are loosely defined as plastic particles ranging from ~1 — 5000 pm in size.
Due to the widespread use of plastics, microplastics are consequently found in every corner of the
planet and their concentration in the environment can vary considerably. For instance, soil
microplastic concentrations in industrial areas can range from 300 — 67 500 mg kg*.# Conversely,
a study conducted in the Tibetan Plateau found only 48 microplastic items per kg of soil, noting
that 38 % were smaller than 50 pum and that polyethylene was the most abundant, comprising 44
— 49 % of the microplastics found in the soils.®

The toxicity of microplastics in aquatic organisms has been well documented. Some of the
most commonly examined microplastics in aquatic ecotoxicology studies are those derived from
polystyrene, with toxicity being reported in Scrobicularia plana,® Gammarus pulex,” Dolioletta
gegenbauri,® and goldfish.® However, polyethylene makes up 29 % of plastic production and 32
% of plastic waste, making it by far the most widely used plastic.® In particular, high-density
polyethylene (HDPE) comprises 13 % of total plastic waste.! Polyethylene has also shown toxicity
in aquatic organisms such as Crassostrea gigas*® and zebrafish.* While there are many studies
examining microplastic toxicity to a diverse set of aquatic organisms, far fewer studies exist
examining the toxicity of microplastics in terrestrial organisms.

Drosophila melanogaster, commonly known as the fruit fly, has long been used as a model

organism for genetics studies but is now seeing increasing use in toxicity studies.*?> Contributing
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to this rising popularity is their rapid development time, typically less than two weeks, and
relatively low maintenance, in terms of both time and cost, allowing for studies to be conducted
with a large sample size and over multiple generations. Flies also undergo distinct development
cycles starting as an egg and developing into larvae, pupae, and finally adult flies. This can allow
one to isolate which stage of development an examined substance may cause toxicity in, whether
toxicity is only observed after long-term exposure, or even over several generations. The study of
toxicity over multiple generations of a species can reveal long-term effects that could otherwise
go unnoticed in a single generation. For instance, in a study by Panacek et al. where fruit flies were
exposed to 5 mg Lt silver nanoparticles, no difference in the number of hatched flies was observed
in the first generation, but there was a sharp decline in the second generation.*3

Herein, we present our ecotoxicology study on the effects of HDPE microplastics on the
fruit fly, Drosophila melanogaster. We produced HDPE microplastics from bulk HDPE through
accelerated mechanical and ultraviolet weathering to simulate real-world weathering of plastics to
ensure our microplastics have similar properties to those found in the environment. Larvae were
raised on food containing HDPE microplastics at concentrations of 0.1, 1, 10, 100, 1000, and 10
000 mg kg, covering the wide range of microplastic concentrations found in the environment,
from remote locations, industrial zones, or pollution hotspots. Further experiments were conducted
at 100 mg kg food to measure the locomotion of larvae and adult flies, the mass of female and
male flies, and the reproductive performance of the flies over 4 generations. Lightsheet
fluorescence microscopy was also performed to assess the potential uptake of the HDPE
microplastics in the flies. We believe the comprehensive nature of this work, namely, examining

developmental toxicity over the span of 6 concentrations, as well as the multigenerational
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assessment of HDPE microplastic toxicity, provides new insights into the long-term effects of

HDPE microplastics exposure and provide data that can apply to various regions around the world.

5.2 Experimental

5.2.1 Preparation of weathered high-density polyethylene microplastics

HDPE sheets (48" x 96" x 1/16", McMaster-Carr 8619K112) were cut into squares of
approximately 4 cm x 4 cm. The HDPE squares were first rinsed with 70 vol% ethanol to remove
any oil or dust that may have accumulated on the surface through handling and storage. The HDPE
squares were then rinsed with reverse osmosis water (Type 11, >1 MQ), hereafter referred to simply
as water. Any residual water was left to be absorbed by a brown paper towel. The dry HDPE
squares were then placed in a 2500 W, 36 000 rpm, stainless steel spice grinder (Homend) and left
to run for two minutes and then turned off to allow the grinder to cool. This process was repeated
by continuing to add HDPE squares and running the grinder for two minutes at a time until the
grinder was approximately half full and there was no longer any visible difference in the fineness
of the HDPE between runs. The granular HDPE was then passed through a 38 um opening (US
Standard Mesh No. 400) stainless steel sieve (Cole-Parmer RK-59984-24) to obtain HDPE
microplastics. The HDPE microplastics (<38 pm) were then placed on an acetone-washed glass
Petri dish and placed under UV irradiation (365 nm, 25 W m2) for 14 days at 25 °C in an incubator
(INFORS HT Multitron Pro) to induce photo-oxidation.** The glass Petri dish was shaken every

two days to ensure that the HDPE was uniformly exposed to the UV light over the 14 days.
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5.2.2 Scanning electron microscopy

The resulting HDPE microplastics were then imaged using scanning electron microscopy
(SEM) to gain a better understanding of their size distribution and shape. A hydrophilic
polycarbonate membrane filter (Sterlitech PCT00147100, pore size 10 nm) with the shiny side
facing upwards was attached to an SEM stud (Ted Pella 16084-1) using carbon tape (Ted Pella
16111). Then 0.1 mg of HDPE microplastics were dispersed in 5 mL of ethanol (Les Alcools de
Commerce, UN1170). The suspension was sonicated (Fisherbrand CPXH Series Heated
Ultrasonic Cleaning Bath) for 10 minutes and subsequently 100 pL of suspension was deposited
onto the polycarbonate filter. The suspension was allowed to dry in a glass Petri dish. The
polycarbonate filter was then coated with a 2 nm layer of platinum (Leica Microsystems EM
ACEG600 Sputter Coater). SEM imaging was done using a FEI Quanta 450 environmental SEM at
5 kV and spot size 3.0. Images were taken at 100x (10 images), 1000x (15 images), and 2500%
(15 images). To determine the particle size distribution, 2495 particles were measured from eight
2500x magnification images using ImageJ software. ImageJ analysis was done starting with
background subtraction, then the threshold was adjusted, and finally, the automatic particle
counting function was used. The maximum Feret diameter was assigned as the diameter, since this
represents the largest distance between two boundary points on a particle. No large particles were

imaged in the 1000x and 2500% magnification images.

5.2.3 Fourier-transform infrared spectroscopy

The HDPE microplastics, before and after UV weathering, were analyzed under Fourier-
transform infrared (FTIR) spectroscopy to determine if any changes to the surface chemistry

occurred during the UV weathering process. FTIR spectroscopy was performed using a Thermo
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Scientific Nicolet iS5 equipped with an iD5 ATR accessory. The FTIR spectra were collected from
32 scans at a resolution of 0.4 cm, an optical velocity of 0.4747 cm s a gain of 1, and an aperture
setting of 100. The resulting data was processed using OMNIC 9.

To verify the chemical composition of the nano-sized HDPE observed under SEM, a 5 mg
mL? suspension of weathered HDPE particles in water was prepared and sonicated (Branson
CPX). It was then filtered through a 0.2 um nylon filter. The resulting suspension was then pipetted

onto the FTIR’s ATR crystal and left to dry before measuring.

5.2.4 Maintenance of Drosophila melanogaster

Drosophila melanogaster (Oregon-R strain) was raised on food consisting of 84.6 wt%
water, 14.9 wt% Nutri-Fly Bloomington Formulation powder (Diamed, GEN66-112), and 0.5 wt%
sodium propionate (Genesee Scientific, 20-271) in glass vials (Carolina, 173135) in an
environmental chamber (Panasonic MLR-352H-PA) operating under a day/night cycle at 60 %
relative humidity at 25 °C. Days consisted of illumination at ~1500 Ix for 12 h. Nights consisted
of complete darkness for 12 h.

To ensure that the flies for any given experiment were of similar age, egg collection cages
were set up. Approximately 5 g of yeast paste (2.5 g dry yeast (Diamed, GEN62-106) mixed with
2.5 g water) was spread on the center of a grape agar (Diamed, GEN47-102) plate. A fly cage
(Diamed, GEN59-101) was placed on top of the agar plate where the flies laid eggs. This moment
is referred to as day 0. After 4 hours, the flies were removed from the cage and the eggs were
allowed to age for an additional 24 hours. Any larvae that emerged from the eggs in the agar plate

were then used for subsequent experiments unless stated otherwise.
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When a specific selection of flies was required (e.g., sorting of female and male flies), flies
were anesthetized with CO> on a flypad (Genesee Scientific, 59-114) and sorted as needed. Total
anesthesia time was restricted to less than 10 min to minimize undesirable physiological effects on

the flies.!®

5.2.5 Developmental toxicity

Developmental toxicity was measured according to previous methods with some
modifications. First, 10 mL of food containing 0, 0.1, 1, 10, or 100 mg HDPE microplastics per
kg total food was dispensed into a 50-mL glass test tube. The food preparation required a step
where the food was first brought to a boil, simmered for 10 min, then cooled down. The HDPE
microplastics were mixed into the food after the simmer phase as the temperature began to decrease
to minimize any additional weathering that could have occurred at such an elevated temperature.
Once the food had cooled to room temperature and had solidified, approximately 20 first instar
larvae were transferred from the grape agar plates to the test tube which was then sealed with a
cotton plug. For each test tube, the number of pupae and flies were counted every 2 days over 14
days. If any flies were present, they were removed from the vial, and not returned, to facilitate
counting. Each treatment was done in up to four replicates (i.e., four test tubes). The entire
experiment was then repeated three times for a total of up to 12 replicates (i.e., N<12). This assay
was performed again with food containing 0, 1000, or 10 000 mg/kg HDPE. In this case, each
treatment was done in six replicates (i.e., six test tubes). The entire experiment was then repeated

twice for a total of 12 replicates (i.e., N=12).
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5.2.6 Multigenerational reproductive assay

Multigenerational toxicity was measured according to previous methods with some
modifications. First, 10 mL of food containing 0 or 100 mg HDPE microplastics per kg total food
was dispensed into a 50-mL glass test tube. Once the food had cooled to room temperature and
had solidified, approximately 20 first instar larvae were then transferred from the grape agar plates
to the test tube and the test tube was then sealed with a cotton plug. On day 9, any flies present in
the test tube were released from the test tube. After 4 hours, the newly emerged flies (FO, parental
flies) were separated into mating pairs (one female, one male) and placed into a new test tube
containing 10 mL of food with either 0 or 100 mg HDPE microplastics per kg total food.

This step reset the clock to day 0 for the new test tube since the FO flies had entered a new
test tube in which they would begin to lay eggs. On day 4, the FO mating pair was removed from
the test tube. The eggs laid by the FO flies gave rise to the first generation (F1) of flies. On day 12,
any F1 flies present in the test tube were released from the test tube. After 4 hours, the newly
emerged F1 flies were separated into mating pairs (one female, one male) and placed into a new
test tube containing 10 mL of food with either O or 100 mg HDPE microplastics per kg total food.

The process described in the preceding paragraph was continued for the second (F2), third
(F3), and fourth (F4) generation of flies. For each test tube, the number of pupae and flies were
counted every two days for 16 days. If any flies were present, they were removed from the vial,
and not returned, to facilitate counting. Each treatment was done in up to six replicates (i.e., Six
test tubes). The entire experiment was then repeated twice for a total of up to 12 replicates (i.e.,
N<12). When transferring flies to the next generation, up to three mating pairs may have been
taken from a single test tube of the previous generation. This was done to ensure that the sample

size did not decrease throughout the experiment since sometimes no potential mating pair would
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emerge during the 4 h eclosion period from some of the test tubes or in some cases the parent flies
did not produce any offspring. Table 5.1 shows an overview of the food which was fed to each

generation in each treatment stream.

Table 5.1. There are three treatment streams. This table shows the type of food, i.e., control (CTRL) or 100
mg/kg HDPE, each generation was fed for each stream. For example, BF1 flies were raised on 100 mg kg

HDPE microplastics from egg to adult.

Stream FO F1 F2 F3 F4
A CTRL CTRL CTRL CTRL CTRL
B HDPE HDPE HDPE HDPE HDPE
C HDPE CTRL CTRL CTRL CTRL

5.2.7 Larval crawling assay

Larval crawling was measured according to previous methods with some modifications.*®
First, 10 mL of food containing 0 or 100 mg HDPE microplastics per kg total food was dispensed
into a 50-mL glass test tube. Once the food had cooled to room temperature and had solidified,
approximately 20 first instar larvae were then transferred from the grape agar plates to the test tube
which was then sealed with a cotton plug. On day 4, a larva was randomly selected from the test
tube and transferred onto the center of a 100-mm grape agar Petri dish which did not contain HDPE
microplastics. The larva was given 30 s to adjust to its environment and was then video recorded
(Canon EOS Rebel SL2) under an Olympus SZX16 stereo microscope for 60 s. The plate was
slowly moved as the larva crawled such that the larva remained near the center view of the camera.
The number of peristaltic contractions performed by the larva in 60 s was recorded. This was
repeated with a total of 3 larvae from each test tube. The average number of peristaltic contractions

per minute from these three larvae was taken as one replicate (i.e., N=1). Each treatment was done
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in six replicates (i.e., six test tubes). The entire experiment was performed twice for a total of 12

replicates (i.e., N=12).

5.2.8 Climbing assay

A climbing assay was performed according to previous methods with some
modifications.’ First, 10 mL of food containing 0 or 100 mg HDPE microplastics per kg total food
was dispensed into a 50-mL glass test tube. Once the food had cooled to room temperature and
had solidified, approximately 20 first instar larvae were then transferred from the grape agar plates
to the test tube which was then sealed with a cotton plug. On day 11, the flies that emerged from
the larvae were transferred to a 100-mL glass graduated cylinder marked at a height of 10 cm
which was capped with a cotton plug. The cylinder was tapped to move the flies to the bottom.
The flies were then allowed to ascend. After 10 s, the number of unique flies that crossed the 10-
cm mark was recorded. This cycle was repeated five times for each test tube of flies to obtain an
average value recorded as the number of flies passing the 10-cm mark divided by the total number
of flies and represents one replicate (i.e., N=1). This process was video recorded (Canon EOS
Rebel SL2) so that counting could be done later. Each treatment was done in six replicates (i.e.,
six test tubes). The entire experiment was performed three times for a total of 18 replicates (i.e.,

N=18).

5.2.9 Fly mass measurements
After the flies went through the climbing assay, they were anesthetized using COg,
separated into female and male groups, and the collective mass of each sex was divided by the

number of flies for each sex from each test tube and represents one replicate (i.e., N=1). Each
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treatment was done in up to six replicates (i.e., six test tubes). The entire experiment was performed

twice for a total of up to 12 replicates (i.e., N<12).

5.2.10 Lightsheet fluorescence microscopy

The female fruit flies from the developmental toxicity study on day 10 were stored in 10
% neutral-buffered formalin for 24 hours at 4 °C. Following fixation, samples were washed with
water and stained with a solution created by adding 1 part 1 mg/mL meso-tetraphenylchlorin (TPC)
(Toronto Research Chemical T310540) dissolved in tetrahydrofuran followed by 3 parts water in
a dropwise manner. To reduce the tissue-bound dye in an organism, the fruit flies were kept in a
tissue clearing solution (adapted from Hama et al.*®) for 7 days. The clearing solution consisted of
550 g/L urea, 225 g/L sorbitol, and 50 g/L Triton-X100 in water.

Samples were imaged using a Zeiss lightsheet Z.1 microscope. Samples were mounted in
1.5 % low melting temperature agarose gel made from ScaleS4 mounting solution (240 g/L urea,
400 g/L sorbitol, 100 g/L glycerol, 150 g/L dimethyl sulfoxide in water) as described by Hama et
al.® in 1-mL syringes. The refractive index of the ScaleS4 was measured with a refractometer
and adjusted to 1.44 by adding glycerol or water as needed. The imaging chamber was filled with
liquid ScaleS4 to minimize refractive index mismatch during imaging. All imaging was done with
a 5x 0.16 NA objective for detection and 5x 0.1 NA objectives for illumination. Autofluorescence
from tissue was detected using a 405 nm laser for excitation and a 420 nm to 470 nm bandpass
filter for emission. The signal from TPC was detected using a 405 nm excitation laser and a 660

nm long-pass filter for emission.
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5.2.11 Statistical analysis

To determine if a parametric test could be used, the data was first tested for normality of
the residuals using the Shapiro-Wilk test or if there were more than 30 residuals, then a normal
distribution was assumed. The data was then tested for equal variance among groups using
Bartlett’s test, or if any of the groups had zero variance, then it was assumed that the groups do
not have equal variance. If both these tests validate the assumption of normality and equal variance,
then statistical significance was measured using an n-way analysis of variance (ANOVA) without
interaction terms. If the data did not pass the test of normality or equal variance, then n separate
Kruskal-Wallis tests were performed. Here, n represents the number of factors for which statistical
significance was being tested. If the n-way ANOVA showed a significant difference among
treatments, then a Tukey-Kramer test was performed. If the Kruskal-Wallis test showed significant
differences, then a Mann-Whitney U test with Bonferroni correction was performed. Throughout
all statistical tests, p < 0.05 was considered significant. All data analysis was performed in Python
3.9.12 using numpy 1.21.5,%° pandas 1.4.2,%° scipy 1.7.3,%! and statsmodels 0.13.2.22 Plots were
made using matplotlib 3.5.1.%2

Test tubes from which no pupae or flies emerged were not used in the calculation of mean
pupation or eclosion time (e.g., due to sterile parents in the multigenerational assay) since there
would be no time data to measure. Similarly, if no pupae emerged in a given test tube then an
eclosion fraction was not calculated. In general, no outliers were removed. Any samples that were
discarded were done so because of a known issue that occurred during handling, or for example if
the flies died before the end of the experiment (e.g., a multigenerational assay parent dying before
the 4-day mating period ended). Occasionally pupae or flies would get stuck in the food and sink

over time making them not visible. Therefore, irregularities such as there being more flies than
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pupae, an eclosion fraction greater than 1, or the cumulative number of flies eclosed decreasing
after a certain time point may occur. However, these incidences were rare, therefore we decided

to keep the raw recorded values as is.

5.3 Results and discussion

5.3.1 Size and imaging of microplastics

The HDPE microplastics were imaged using SEM and darkfield microscopy. A 38 um
mesh sieve was used to isolate the smaller microplastics which were used in the exposure studies.
However, this meant that only two dimensions of any particle or aggregate had to be below this
size allowing for larger particles to pass through in a third dimension. Figure 5.1a shows that when
the microplastics are well dispersed, many nano-sized plastic fragments are present. These nano-
sized plastics had a median size of 228 nm (Figure 5.1a-inset). However, many larger
microplastics were present as well. Figure 5.1b reveals that these larger particles may often be
aggregates of many smaller microplastics. Figure 5.1c shows a visible-light image of the HDPE
microplastics under dark-field microscopy (Olympus BX43). Using visible light allows one to see
the translucence of the microplastics, facilitating the visualization and thickness of these particles
as they twist and bend. These images, taken under various microscopy methods and
magnifications, indicate that there is a wide distribution of sizes found in our microplastics. Several
considerations need to be made from this data. For instance, on a mass basis, it is still likely that
most of the microplastics have a size closer to ~38 um, whereas on a number basis most may be
~200 nm. Another consideration is that although aggregation was observed under SEM, the
dispersibility of the microplastics may be considerably different during the food preparation where

microplastics are added as the food mixture is cooling down from a boil. The food mixture, despite
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being above room temperature at the time of HDPE addition and consisting mostly of water, has a
high viscosity and it is unclear to what extent this may affect dispersion. Finally, upon consumption
of microplastics by Drosophila melanogaster, the microplastics may further aggregate or disperse

based on the unique chemical profile in the fluids contained in various portions of the gut.

Figure 5.1. (a) SEM image showing nano-sized HDPE fragments. (a-inset) Size distribution of 2495 microplastic

fragments taken from eight SEM images at 2500x magnification. The fragments likely formed during
mechanical and/or UV weathering. We note that this histogram does not cover the entire distribution of the
microplastics used in this study, but instead focuses on the distribution of sub-micrometer sized plastic
particles. (b) SEM image showing aggregated HDPE microplastics. (c) Dark-field microscopy image of HDPE

microplastics.

5.3.2 Fourier-transform infrared spectroscopy

To assess the chemical composition of the plastic samples, FTIR spectroscopy was
performed. Three prominent peaks that are characteristic of HDPE were observed (Figure S5.1).
Peaks associated with C-H stretching of -CH,- groups were found at 2850 and 2912 cm™, while a
peak at 1470 cm™ originated from C-H bending. We note that upon weathering, there were not any
considerable changes to the microplastics with regards to the chemical functional groups observed.

The FTIR spectra of the filtered HDPE suspension confirmed that any sub-200 nm particles found
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in the HDPE suspension were, despite having a weaker signal, showing the same distinctive peaks

as HDPE.

5.3.3 Developmental toxicity

Various endpoints can be measured to evaluate the toxicity of a substance on an organism.
A major factor contributing to the popularity of Drosophila melanogaster as a model organism is
its rapid development time from egg to adult. To measure the toxicity of HDPE microplastics on
the development of Drosophila melanogaster, batches of approximately 20 first instar larvae, were
transferred to test tubes containing HDPE microplastics in concentrations of 0.1, 1, 10, and 100
mg/kg food, and in a separate set of experiments, HDPE concentrations of 1000 and 10 000 mg/kg
food. Both sets of experiments had their respective controls and were conducted separately from
each other.

Of interest was the number of pupae and adult flies that emerged from these larvae (14
days after the laying of eggs), and the amount of time it would take for them to reach the pupal
and adult stage in their development cycle. Figures 5.2a and b show that there were no significant
differences in the total number of pupae or flies that emerged from the larvae in the HDPE
concentration range of 0 — 100 mg/kg. The result is particularly meaningful since a two-way
ANOVA revealed that no significant differences based on concentration were detected in the total
pupae (p=0.174) or flies (p=0.133), even after accounting for significant differences based on
experimental block in the total pupae (p=0.011) and flies (p=0.006). Similarly, at 0, 1000 and 10
000 mg/kg HDPE in food, Figures 5.3a and b showed no significant differences on the basis of

concentration (total pupae: p=0.079; total flies: p=0.606) or experimental block (total pupae:
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p=0.267; total flies: p=0.219). This shows that even at concentrations as high as 1 wt% HDPE
microplastic in food, no toxicity was observed even with a sample size of N=12.

Another useful metric is the eclosion fraction which measures the fraction of pupae that
successfully eclose into adult flies. An eclosion fraction considerably lower than 1 could indicate
that the Drosophila melanogaster are having trouble completing their development, resulting in
death at the pupal stage. Given that there were no significant differences observed in the total
number of pupae and flies, it is not surprising that there were also no significant differences in the
eclosion fraction (Figure S5.2) based on concentration or experimental block in the 0 — 100 mg/kg
HDPE set (concentration: p=0.249; block: p=0.596) and the 0, 1000, and 10 000 mg/kg set
(concentration: p=0.538; block: p=0.278). In general, the eclosion fractions were high at all
concentrations with mean values in the range of 0.97 — 1.00, suggesting that the eclosion of
Drosophila melanogaster is unaffected by HDPE microplastics at concentrations as high as 10 000
mg/kg.

The data in the developmental toxicity assay was collected every two days over 14 days,
allowing for the calculation of mean emergence times. Figures 5.2c and d show that there were no
significant differences in the mean pupation or eclosion time of larvae in the HDPE concentration
range of 0 — 100 mg/kg on the basis of concentration (pupation: p=0.783; eclosion: p=0.070) or
experimental block (pupation: p=0.091; eclosion: p=0.389). Similarly, at 0, 1000, and 10 000
mg/kg HDPE in food, Figures 5.3c and d showed no significant differences on the basis of
concentration (pupation: p=0.687; eclosion: p=0.077) or experimental block (pupation: p=0.584;

eclosion: p=0.462).
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Figure 5.2. Total number of (a) pupae and (b) flies that emerged from approximately 20 Drosophila
melanogaster 1%t instar larvae raised in control (CTRL) food or food containing 0.1, 1, 10, or 100 mg HDPE
microplastics per kg food. Mean (c) pupation and (d) eclosion time of the same eggs described in (a) and (b),
respectively. Legend labels are formatted as X-Y, where X is the treatment, and Y is the experimental block
ID. Grey squares represent the mean value of all markers that appear in that column and error bars represent

2 x the standard error of the mean.
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Figure 5.3. Total number of (a) pupae and (b) flies that emerged from approximately 20 Drosophila
melanogaster 1% instar larvae raised in control (CTRL) food or food containing 1000 or 10 000 mg HDPE
microplastics per kg food after 14 days. Mean (c) pupation and (d) eclosion time of the same eggs described in
(a) and (b), respectively. Legend labels are formatted as X-Y, where X is the treatment, and Y is the

experimental block ID. Grey squares represent the mean value of all markers that appear in that column and
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error bars represent 2 x the standard error of the mean.

of plastic types, sizes, and concentrations. A study whereby Drosophila melanogaster were raised

Other groups have also studied the developmental toxicity of microplastics over a variety
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from egg to adult fly in 4, 10, or 20 um polystyrene microplastics in concentrations ranging from
2.604 — 2604 mg/kg food found that the viability of the eggs decreased as concentration increased
with all sizes.?* At the highest concentration, the viability of the eggs dropped from 100 % in the
control to 76 %, 82 %, and 87 %, when exposed to 4, 10, and 20 um polystyrene microplastics,
respectively, however, we note that the study concluded that this was nontoxic.?* A study by Liu
et al. found that exposing Drosophila melanogaster to 0.1 pum amino-functionalized polystyrene
particles at a concentration of 50 pg/L resulted in no significant differences in the fraction of
embryos that successfully developed into pupae or flies compared to the control.?® Likewise, the
results of our developmental toxicity assay showed that the HDPE microplastics, at concentrations
as high as 10 000 mg/kg, had no measurable impact on the mortality or development time of larvae

as they transform into pupae and then adults during the first 14 days of their life.

5.3.4 Multigenerational reproductive assay

When testing a substance for toxicity, it is important to investigate long-term effects,
especially when acute exposure shows no signs of toxicity. The developmental toxicity study
looked at toxicity over the first 14 days after the eggs were laid. Since no mortality or
developmental delays were observed, we now look over a longer time span. Multigenerational
assays can sometimes detect toxicity at concentrations that are otherwise too low to show acute
toxicity. For instance, Panacek et al. conducted a study evaluating the toxicity of silver
nanoparticles on Drosophila melanogaster.®® They found that 10 mg/L silver nanoparticle
exposure did not induce acute developmental toxicity.'® They then performed a multigenerational
study using 5 mg/L silver nanoparticles and observed no toxicity in the first generation, but a sharp

decline in the number of flies eclosed in generations 2 — 4, recovery in generations 5 — 6, and
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finally returning to levels seen in the control by generation 7.1 To measure the long-term toxicity
of HDPE microplastics on the reproductive performance of Drosophila melanogaster, mating
pairs, consisting of one female and one male fly that had eclosed less than 4 hours earlier, were
transferred to test tubes containing control food or 100 mg/kg HDPE in food. The offspring of this
mating pair were then put through the same process. This cycle was repeated for 4 generations.
Three streams of food supply were set up for this assay (Table 5.1). Stream A consisted of control
food throughout all 4 generations, while Stream B consisted of HDPE food throughout. Stream C
featured the initial parent flies that were used to start the experiment raised on HDPE, while
subsequent generations were fed control food. This was done to see if there would be any lingering
effects even after the HDPE was no longer in the food supply.

Since we are transferring mating pairs, we are now shifting focus towards measuring their
reproductive performance, rather than mortality. This is because we already know that 100 mg/kg
HDPE in food is not known to impact the development of Drosophila melanogaster, therefore any
differences in the number of pupae or flies that emerge would likely be due to differences in
reproductive performance between the mating pairs in different streams or another unmeasured
biological factor. From each generation, the total number of pupae and adult flies that would
emerge from the eggs laid by their parents after 16 days was measured. Using a three-way ANOVA
with stream, generation, and experimental block as factors, Figures 5.4a and b show that there
were no significant differences in the total number of pupae (stream: p=0.712; generation:
p=0.339; block: p=0.129) or flies (stream: p=0.493; generation: p=0.233; block: p=0.214) that
emerged throughout the assay. Interestingly, significant differences in the eclosion fraction
(stream: p=0.011; generation: p=0.332; block: p=0.052) were observed based on stream, but not

generation or experimental block (Figure S5.3). A post hoc analysis showed that stream B
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(eclosion fraction=0.929) had a significantly higher eclosion fraction (p<0.05) than stream A
(eclosion fraction=0.879) when pooling data from all generations and blocks. However, we note
that the total sample size of all stream A and B samples throughout the experiment was high
(N=83). Therefore, it is important to compare the magnitude of these differences which shows that
the eclosion fraction of stream B is only 5.73 % higher than stream A. This relatively small increase
in the context of seeing no significant differences in the total number of pupae and flies would
suggest that changes in the eclosion fraction are unlikely to be part of a larger trend, especially
when Figure S5.3 shows that most of this difference arose from Stream A — Generation 3 having
a lower eclosion fraction than most treatments.

The data in the multigenerational reproductive assay was collected every two days over a
period of 16 days allowing for the calculation of the mean emergence time of the pupae and flies.
Significant differences in the mean pupation time (stream: p=0.214; generation: p=7.55x107;
block: p=2.77x10%) and mean eclosion time (stream: p=0.104; generation: p=9.66x10""; block:
p=7.44x10%) were observed on the basis of generation and experimental block, but not stream
(Figures 5.4c and d). Post hoc analysis revealed that these differences typically arose from

generation 1 having a faster pupation and eclosion time than the other generations.
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Figure 5.4. Total number of (a) pupae and (b) flies that emerged from eggs laid by a Drosophila melanogaster
mating pair over 4 days. The eggs were laid and raised on control (CTRL) food or food containing 100 mg
HDPE microplastics per kg food. The pupae and flies were monitored over 16 days starting when the mating
pair was first isolated and transferred to their respective test tube. Mean (c) pupation and (d) eclosion time of
the same eggs described in (a) and (b), respectively. Legend labels are formatted as X-Y, where X is the stream
ID as indicated in Table 5.1, and Y is the experimental block ID. Grey squares represent the mean value of all
markers that appear in that column and error bars represent 2 x the standard error of the mean. The flies were

monitored over 4 generations.
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Few studies exist examining the effect of microplastics on Drosophila melanogaster over
multiple generations. Jimenez-Guri et al. exposed Drosophila melanogaster to control, 1 %
polyethylene, and 1 % polyvinyl chloride (PVC) food during the first generation, but only control
food in the second generation.?® In the first generation, they observed no significant differences in
the number of pupae, number of flies, eclosion fraction, mean pupation time, and mean eclosion
time between treatments.?® However, in the second generation, Drosophila melanogaster, with
parents raised on polyethylene or PVC in the first generation, had significantly shorter pupal stages
than those with parents raised on control food.?® They also found that the number of flies in the
second generation with parents raised on polyethylene was 76 % higher than those with parents
raised on the control.?® While their study showed a similar lack of any toxicity in the first
generation, some effects were observed in the second generation. This may be due to differences
in the size and concentration of the exposed particles. In our study, we use microplastics that are
< 38 pum whereas Jimenez-Guri et al. used 23 — 500 pum particles, with 90 % being > 125 pm in
size.?® Likewise, they used a concentration of 1 % polyethylene corresponding to approximately
10 000 mg/kg compared to our study which used a concentration of 100 mg/kg.?® Another study
by Liu et al. found that exposing Drosophila melanogaster parental flies to 0.1 pum amino-
functionalized polystyrene particles at a concentration of 50 pg/L resulted in female flies laying
fewer embryos.?> However, no significant differences in the female or male fly mass of the
offspring were observed compared to the control.?® A study involving the exposure of Drosophila
melanogaster to 2 um polyethylene terephthalate (PET) microplastics found that a 20 g/L exposure
resulted in a significant 50 % decrease in oviposition, whereas the decrease was not significant at
1 and 10 g/L.?" This shows the importance of covering a wide range of sizes and concentrations

when examining toxicity throughout the literature, and we believe our work adequately fills a
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relevant knowledge gap on multigenerational toxicity of HDPE microplastics in Drosophila
melanogaster.

Our results show that the HDPE microplastics are unlikely to affect the long-term
reproductive performance of Drosophila melanogaster over multiple generations. Even when
significant differences were observed, although small, it was a non-toxic response showing that

pupae raised on HDPE microplastics had a higher eclosion fraction.

5.3.5 Sublethal toxicity assays

We have shown thus far that there was no observable negative impact of the HDPE
microplastics at the concentrations tested on the development of larvae into pupae and flies, or the
reproductive performance of the flies over 4 generations. For a comprehensive investigation of
toxicity, we now turn to sublethal assays. These are assays that are designed to detect toxicity at
concentrations that do not induce death (i.e., sublethal) and would otherwise have been missed in
assays that involve counting the total number of pupae or flies that emerge after exposure. In this
work, we measured the locomotion of both larvae and adult flies and the mass of female and male
flies. Figure 5.5a shows that there were no significant differences in the number of contractions
per minute of larvae based on treatment (p=0.716) and experimental block (p=0.795). Here, the
treatment refers to the control (CTRL) or 100 mg/kg HDPE microplastics food. There were no
significant differences between CTRL and HDPE-fed flies (p=0.056) (Figure 5.5b) when
measuring the fraction of flies which were able to climb 10 cm in 10 s or less, but there were
differences between experimental blocks (p=1.48x107). There were also no significant differences
on the basis of treatment or experimental block, on the mass of female (treatment: p=0.528; block:

p=0.304) (Figure 5.5¢) or male (treatment: p=0.488, block: p=0.359) (Figure 5.5d) flies.
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Figure 5.5. (a) Average number of contractions per minute for larvae. (b) The fraction of flies able to climb 10
cm within 10 s. The average mass of (c) female and (d) male flies. Larvae and flies were raised on control
(CTRL) food or food containing 100 mg HDPE microplastics per kg food. Larvae were sampled 4 days after
eggs were laid. Adult flies were sampled 11 days after eggs were laid. Legend labels are formatted as X-Y,
where X is the treatment, and Y is the experimental block ID. Grey squares represent the mean value of all

markers that appear in that column and error bars represent 2 x the standard error of the mean.

The sublethal toxicity of microplastics in Drosophila melanogaster has also been

documented previously in the literature. A study where Drosophila melanogaster were exposed to
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4, 10, or 20 um polystyrene microplastics for 7 days in concentrations ranging from 2.604 — 2604
mg/kg food found that the percentage of flies able to climb 7 cm in 10 s decreased as concentration
increased with all sizes.?* At the highest concentration, the climbing ability of the flies showed a
significant decrease from 100 % in the control to 51 %, 56 %, and 59 %, when exposed to 4, 10,
and 20 um polystyrene microplastics, respectively.?* At 1302 mg/kg, they still observed a
significant decrease for all three microplastics, but the result was no longer significant at lower
concentrations.?* Similarly, we used < 38 um HDPE microplastics at a lower concentration of 100
mg/kg food and saw no impact on the climbing ability of the flies. However, in another study, flies
were exposed to 0.1 um and 1 pm polystyrene plastic beads at a concentration of 200 mg/L for 7
days before evaluating their climbing ability.?® Whereas 100 % of both male and female flies
passed their climbing test (i.e., ability to climb 9.5 cm within 120 s) in the control, only 80 % and
66 % of male and female flies, respectively, passed the test after exposure to the 0.1 pum
polystyrene, and only 83 % and 68 % of male and female flies, respectively, passed the test after
exposure to the 1 um polystyrene.?® The size of these plastic particles was considerably smaller
than our work, as well as the concentration being approximately double the 100 mg/kg we used.
Polystyrene is also chemically different from polyethylene and could have different biological
effects as a result.

Overall, we saw no sublethal toxicity from the HDPE microplastics at a concentration of

100 mg/kg on the locomotion of larvae and flies, or the mass of female and male flies in our work.

5.3.6 Lightsheet fluorescence microscopy
To determine if the flies were able to uptake any HDPE microplastics, on day 10, female

flies that were raised on control and 10 000 mg/kg HDPE were sampled for lightsheet imaging at
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a later date. Figure 5.6 shows that there were no signs of internalization of the microplastics,
whereby the majority of the red signal (representing HDPE) was found on the surface of the flies
(Figure 5.6b). From Figure 5.1, it was apparent that the microplastics have many different shapes
and sizes, and the varying degree to which they may aggregate creates further polydispersity. On
a mass basis, most of the particles were likely large relative to the fly's mouth, meaning it may be
possible for the flies to avoid ingestion of the larger particles. Conversely, on a number basis, the
sub-micrometer-sized particles may form the majority, but their mass concentration may have been
too low to be detected, or they might not necessarily accumulate in any internal tissues. These
results are consistent with the overall lack of toxicity observed. Although surface contact of the
HDPE microplastics occurred with the fruit fly, it was not a route of exposure capable of inducing

observed toxicity.

a)

Figure 5.6. Lightsheet images of female flies (day 10) raised on (a) control and (b) 10 000 mg/kg HDPE food.

The red signal represents HDPE and is found mainly on the surface of the flies.
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5.4 Conclusions

Several assays were performed to measure the toxicity of HDPE microplastics (<38 um)
in the fruit fly, Drosophila melanogaster. The effect of the microplastics on the development of
larvae into adult flies was measured in concentrations ranging from 0.1 to 10 000 mg/kg HDPE in
food. No toxicity was observed in the number of pupae and flies that emerged, the eclosion
fraction, or the mean pupation and eclosion time. Further assays were performed at 100 mg/kg
HDPE to be more representative of HDPE concentrations found in the environment. The effects
of chronic HDPE microplastic exposure on the reproductive performance of flies over four
generations were evaluated. The presence of HDPE microplastics in the fly food had no effect on
reproductive performance over the four generations observed in terms of the total number of pupae
and flies that emerged, and the mean pupation and eclosion time. However, the eclosion fraction
was 5.73 % higher (p < 0.05) in the stream of Drosophila melanogaster that were fed HDPE
microplastics throughout all generations when compared to those that were always fed control
food. To ensure that we did not miss certain sublethal toxic effects (e.g., toxicity that is not severe
enough to lead to a decline in the number of pupae and flies), the effect of the HDPE microplastics
on the locomotion of larvae and adult flies and the mass of female and male flies was measured.
No sublethal toxicity was observed on these endpoints after exposure to HDPE microplastics.
Overall, the lack of toxicity is not unusual. For instance, Liang et al. exposed Drosophila
melanogaster to 1 g/L polyethylene terephthalate microplastics (2 um) and found that it lengthened
the lifespan of male flies,?® suggesting that not all microplastic effects on organisms are necessarily
toxic.

We believe these results paint a comprehensive picture of the lack of toxicity from HDPE

microplastics on Drosophila melanogaster. We used a wide range of concentrations in the
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developmental toxicity assay to determine acute mortality while performing further tests at a more
environmentally relevant concentration of 100 mg/kg HDPE in food to assess multigenerational
and sublethal effects. Moreover, we performed our experiments in multiple blocks, which affords
us greater confidence in stating that no significant toxicity was observed from the HDPE

microplastics on Drosophila melanogaster.
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Supplementary information
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Figure S5.1. FTIR spectra from: HDPE suspension filtrate which passed through a 0.2 um filter, unweathered
HDPE microplastics, and UV weathered HDPE microplastics. The spectra of all samples were virtually
identical and consistent with the spectra for HDPE. “HDPE Unweathered” and “HDPE Weathered” spectra
were measured three times and one spectra from each was selected to show here as a representative sample.

“HDPE Filtrate” spectra was measured once.

191



(a) (b)

1.00 ] % 1.00 A @ a
f c
2 0.95 - + s | 0951 e
[&] [®)
o A o
Y= y=
S S 0.90 - ®
[e] - .
2 0.90 A A a -8 ®
o o
o (&)
| W Q.85 -
0.85 - © CWRL1 @ HDPE1
A CTRL-2 A HDPE-2 @ CTRL-1 © HDPE-1
e g CTRL-3 & HDPE-3 A CTRL-2 A HDPE-2 A
1 T T 1 1 0.80 T T T
0 0.1 1 10 100 0 1000 10000
Concentration [mg/kg] Concentration [mg/kg]

Figure S5.2. Eclosion fraction of Drosophila melanogaster that were raised on (a) 0, 0.1, 1, 10, or 100 mg/kg
HDPE microplastics and (b) 0, 1000, or 10 000 mg/kg HDPE microplastics. Legend labels are formatted as X-
Y, where X is the treatment, and Y is the experimental block ID. Grey squares represent the mean value of all
markers that appear in that column and error bars represent 2 x the standard error of the mean. Eclosion

fraction is defined here as the fraction of pupae that successfully eclosed into adult flies.
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Figure S5.3. Eclosion fraction of Drosophila melanogaster that were raised on three streams of food treatments
(Table 5.1). Legend labels are formatted as X-Y, where X is the stream ID as indicated in Table 5.1, and Y is
the experimental block ID. Grey squares represent the mean value of all markers that appear in that column
and error bars represent 2 x the standard error of the mean. The flies were monitored over 4 generations.

Eclosion fraction is defined here as the fraction of pupae that successfully eclosed into adult flies.
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Preamble to Chapter 6

In Chapter 5, we evaluated the toxicity of HDPE microplastics in an animal organism. Both
acute and chronic multigenerational toxicity were measured and no toxicity from the HDPE
microplastics was found in Drosophila melanogaster. To conclude the research component of this
thesis, we expand our evaluation of HDPE microplastic toxicity to strawberry plants and soil
microorganisms. Moreover, the study was conducted outdoors over the span of two years to truly
evaluate long term effects in a real-world environment. The HDPE microplastics used in Chapter
6 were sourced from the same HDPE sheet as those used in Chapter 5. Considering that no direct
toxicity was previously observed from these HDPE microplastics, we also decided to evaluate if
they can amplify or inhibit the ability of pharmaceutically active compounds to alter the soil
microbial community composition. To summarize, in Chapter 6 we examined the effect of HDPE
microplastics and pharmaceutically active compounds on soil microbial community composition,
soil enzyme activity, and strawberry plant growth. A key finding from this chapter was that
although the pharmaceutically active compounds, consisting of a variety of common household
drugs and antibiotics, were able to alter the composition of the microorganisms found in the soil
microbial community, they were unable to do so in the presence of 100 mg/kg HDPE microplastics
in soil. This shows the importance of evaluating not only the direct toxicity of microplastics, but
also their interaction with other emerging contaminants that may be present in the system being
assessed. We also showed that no toxicity was observed towards strawberry plant growth and soil
enzyme activity, and that the HDPE microplastics alone were unable to directly alter the microbial

community composition of the soil.
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Chapter 6: Effect of emerging contaminants on soil microbial
community composition, soil enzyme activity, and strawberry plant

growth in polyethylene microplastic-containing soils

Abstract

Microplastic pollution is commonly found in terrestrial ecosystems, yet few studies have
investigated their impact on agricultural soils. Herein, we examine the effects of eight common
pharmaceutically active compounds typically found in wastewater (i.e., acetaminophen, caffeine,
carbamazepine, gemfibrozil, ibuprofen, sulfamethoxazole, sulfanilamide, and triclosan) and high-
density polyethylene (HDPE) microplastics (<1 mm) on soil microbial community composition,
soil enzyme activity, and strawberry plant growth in a two-year outdoor study conducted near
Montreal, Canada. We found that the pharmaceutically active compounds were able to alter the
soil microbial community composition but were unable to do so in the presence of 100 mg/kg
HDPE microplastics. This suggests that HDPE microplastics may mitigate the impact of
pharmaceutically active compounds on the soil microbial community. Conversely, no significant
differences among treatments were observed in the Shannon’s diversity index of the soil microbial
community throughout the study. Significant differences in the soil enzyme activity among
treatments were rare. At the end of each year’s growing season, there were no significant
differences in the dry plant biomass, strawberry yield, and the number of leaves and flower stalks
between treatments. While many of the endpoints measured showed no significant differences
between treatments, we believe that sharing the results of this two-year study, performed outdoors
using environmentally relevant concentrations, is important to prevent a biased literature and the

repetition of resource intensive experiments.
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6.1 Introduction

The occurrence of microplastics (plastic particles less than 5 mm in size) in our terrestrial
and aquatic systems is an environmental problem that is expected to persist even if global plastic
use were to end.> A survey by Machado et al. found that less than 10 % of scientific publications
on microplastic pollution focused on terrestrial systems whereby most studies focused on aquatic
systems.? Meanwhile, in Europe, it is estimated that 4 — 23 times as much plastic waste is released
into continental environments when compared to oceans.® Microplastics have even been found in
remote catchments of the Pyrenees mountain range and have been shown to travel up to 95 km via
atmospheric transport.* A survey of soils from an industrial area in Sydney, Australia, found that
microplastic concentrations varied from 300 to 67 500 mg kgX.%> Moreover, besides landfills, urban
areas, and beaches, agroecosystems are suspected to be the most plastic-contaminated terrestrial
system.® For instance, Piehl et al. measured the quantity of microplastics found in agricultural soils
in which microplastic-containing fertilizers and plastic applications were never used and found
0.34 microplastic particles per kg dry soil, with polyethylene being the most common plastic.’
They hypothesized that plastics may have entered the field through manure or atmospheric
transport of plastic litter which then degraded into microplastics over time. In general, microplastic
concentrations in the environment vary greatly. A study measuring microplastic concentrations in
floodplain soils from 29 locations across Switzerland determined that the average microplastic
concentration in the soils was 5 mg kg, but could reach as high as 55.5 mg kg™.2 Despite
increasing evidence that microplastics are ubiquitous in terrestrial environments, there is little
work being done to determine their environmental and socioeconomic consequences.®

Agricultural soils can be contaminated with microplastics either directly (e.g., plastic

mulch films) or indirectly (e.g., biosolids application).! Plastic mulch films with a thickness of ~10
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pm are used to cover agricultural fields to help regulate soil temperatures, retain soil moisture, and
control the growth of weeds.® While these plastic mulch films are present on agricultural fields,
they may degrade into microplastics through abrasion and erosion.® Earthworms have also been
shown to break down microplastics into even smaller microplastics, likely through ingestion.*® UV
irradiation is also known to physically and chemically degrade certain plastics into microplastics,®
which causes anionic or other polar groups to form on their surface, increasing their potential to
interact with soil and other compounds or ions.® For instance, polyethylene microplastics have
been shown to sorb polychlorinated biphenyls and polycyclic aromatic hydrocarbons.!! Potential
human pathogens, such as Vibrio parahaemolyticus, have also been observed on various types of
microplastics.?

Biosolids application and the use of wastewater for irrigation of agricultural soils are also
becoming increasingly common.'® Microplastics that enter wastewater treatment plants generally
end up in the settled sludge which is then applied to agricultural soils as a fertilizer in the form of
biosolids.'* > Nizzetto et al. estimated that 107 000 to 730 000 tonnes of microplastics make their
way into agricultural soils through biosolids every year in North America and Europe.® Similarly,
several emerging chemical contaminants are often present in wastewater and end up in biosolids.*3
The behaviour of these contaminants may differ in the presence of plastic particles. For example,
Liu et al. found that polystyrene nanoplastics were able to enhance the transport of nonpolar and
weakly polar compounds in soil, while polar compound transport was unaffected.!’ Similarly in
our work, we chose chemical contaminants that cover a wide range of polarities to investigate their
ability to impact the soil ecosystem in the absence or presence of high-density polyethylene

(HDPE) microplastics.
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Microorganisms, such as bacteria and fungi, are an important source of soil enzymes.8
Therefore, it is important to measure changes to the soil microbial community, in conjunction with
soil enzyme activity, to determine if they play any role in observed changes in plant growth. Soil
enzyme activity has long been used as a measure of soil health due to the importance of
extracellular soil enzymes in the carbon, nitrogen, sulfur, and phosphorus cycles.'® For instance,
S-glucosidase (EC 3.2.1.21) is responsible for the degradation of organic matter and plant residues;
in particular, it degrades cellulose, providing the soil microbial community with simple sugars.®
Likewise, chitinase (EC 3.2.1.14) degrades chitin.?® Xylan 1,4--xylosidase (EC 3.2.1.37) is
involved in hemicellulose degradation.?! Alkaline (EC 3.1.3.1) and acid (EC 3.1.3.2) phosphatase
are responsible for the degradation of organophosphates.?> 2 Monitoring changes in the soil
microbial community composition and soil enzyme activity over time will allow us to gain a deeper
understanding of how selected emerging, pharmaceutically-active contaminants can affect the soil
ecosystem and strawberry plant growth in the presence and absence of HDPE microplastics.

Herein, we report our findings on the effects of eight common wastewater chemical
contaminants on soil microbial community composition, soil enzyme activity, and strawberry plant
growth in HDPE microplastic-contaminated soil in a two-year outdoor study. The chemical
contaminants covered a wide range of octanol-water partition coefficients, allowing them to
interact, to varying degrees, with the components of the soil ecosystem, water, and microplastics.
A unique aspect of our study is that the experiments were performed outdoors, and the soil was
reused in the second year after being exposed to winter conditions near Montreal, Canada.
Moreover, we measured the impact of these chemical contaminants on the soil ecosystem, in the
presence and absence of HDPE microplastics, to determine if the microplastics can influence any

effects of the chemical contaminants. We used microplastic concentrations that are typically found
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in non-urban soils as these are more representative of the concentrations one may expect to find in
agricultural soils. Strawberry plants were chosen because it is a high-value agricultural product.
The global strawberry market had a compound annual growth rate of 5 % from 2007 to 2016.2*
The inherent variability of outdoor conditions (e.g., changes in temperature, light, precipitation,
the presence of animals, etc.) may make it difficult to characterize certain system responses which

would otherwise have been detected in a controlled laboratory environment.

6.2 Experimental

6.2.1 Production of high-density polyethylene microplastics

High-density white polyethylene sheets (48" x 96" x 1/16", McMaster-Carr 8619K112) were
cut into strips of approximately 15 cm x 3 cm and washed with 70 v/v% ethanol and rinsed with
reverse osmosis water (Type Il, >1 MQ) (Mar Cor Purification reverse osmosis water purifier). In
a single batch, three strips were placed in a 500 W glass blender (T-fal Blendforce) and the blender
was filled with water until the HDPE strips were approximately half submerged. The blender was
then operated in pulse mode for up to 10 min or until there was no further visible degradation of
the HDPE strips. The contents of the blender were then passed through a ~1 mm stainless steel
mesh into a clean glass tray. The HDPE microplastics floated as a thin layer on the water in the
glass tray. To retrieve the HDPE microplastics, a scoop made from the same HDPE sheet was used
to skim the surface layer of HDPE microplastics off the water. An aluminum weighing tray was
then used to scrape any HDPE microplastics off the scoop where they were left to dry in the dark
at room temperature for several days until there was no more weight change so that the dry mass

of the HDPE microplastics could be measured before application to soils. The HDPE microplastics
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were also imaged using an Olympus SZX16 microscope to visualize the variety of microplastic
shapes produced by the blending process.

To determine the mass-weighted size distribution in each year of the experiment, the dried
HDPE microplastics were passed through a series of 500 um, 250 um, and 125 pum sieves. The

mass of HDPE microplastics retained by each sieve was recorded.

6.2.2 Preparation of contaminated soils

Soil (sand: 30 %, silt: 31 %, clay: 38 %) was collected from an agricultural site at the
Macdonald campus of McGill University (Sainte-Anne-de-Bellevue, Canada) and had a pH of 6.9
based on the pH of 8 g of soil in 40 mL of 0.01 M CacCl; solution.® Eight chemical contaminants
known to be found in wastewater and covering a range of octanol-water partition coefficients
(Kow) were examined; namely, sulfanilamide (log Kow = -0.62),% caffeine (log Kow = -0.07),2
acetaminophen (log Kow = 0.46),%” sulfamethoxazole (log Kow = 0.89),% carbamazepine (log Kow
= 2.45),% ibuprofen (log Kow = 3.97),%° gemfibrozil (log Kow = 4.24),%° and triclosan (log Kow =
4.76).3! To ensure the homogenization of these chemical contaminants in soil, 4.2 mL of a
chemical contaminants stock solution (Table S6.1) containing these mixed contaminants in
acetone was added to 220 g of soil in a glass beaker. For treatments without chemical contaminants,
the stock solution consisted of only acetone. Additional acetone was then added until the soil was
completely submerged and was then shaken to allow for mixing of the contaminants in the
suspended soil. The mixture was left to dry overnight in a fume hood after which the acetone had
evaporated, resulting in 220 g of contaminated dry soil. From this batch, 40 g of chemically
contaminated (or control) dry soil would be added to ~18 kg of fresh uncontaminated soil as

described in the following section.
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6.2.3 Strawberry field experiment

Plant pots (length x width x height: 81 cm x 22 cm x 17 cm) were wrapped in aluminum
with holes at the bottom for drainage. Pots were positioned in 6 rows and 5 columns in a
randomized design. The treatments and controls were randomly distributed such that each column
contained one pot from each treatment and two control pots. In early June 2018, 40 g of the dry
soil as prepared in section 6.2.2 (with or without chemical contaminants) and 0, 180, or 1800 mg
of HDPE microplastics were mixed with ~18 kg of fresh soil in each pot. The five treatments were:
control (CTRL), 10 mg HDPE microplastic kg™ soil (P10), 100 mg HDPE microplastic kg™ soil
(P100), chemical contaminants (C), and chemical contaminants + 100 mg HDPE microplastic kg
! soil (CP100). The concentration, log Kow, molar mass, and chemical structure of the
contaminants in C and CP100 soils are listed in Table S6.2. The soil was then transferred into an
aluminum wrapped pot and these pots were placed ~1.5 m apart from each other. Each pot was
elevated on a wooden platform that allowed for the collection of soil leachate from the bottom of
each pot into a metal container. Four strawberry bare root plants (Fragaria < ananassa cv.
Seascape) (Production Lareault Inc.) were planted into each pot with two drip irrigation sources.
Irrigation was applied on days with no rain, and fertilizers (Table S6.3) were applied twice a week
through the irrigation system. In September 2018, the end of the first year’s growing season, the
strawberry plants were removed from the pots. The pots were then covered with aluminum foil
and left outdoors. In June 2019, the start of the second year’s growing season, the pots were
uncovered, and the same treatments were reapplied to the same pots containing the same soil from
the first year by removing the soil from the pot into a wheelbarrow and mixing in the respective
amount of HDPE microplastics and/or chemical contaminants. Strawberry bare root plants were

once again planted in the same manner as the previous year. A schematic diagram of the field
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layout is shown in Figure S6.1. The placement of strawberry plants, drip irrigation, and soil

sampling locations in each pot is shown in Figure S6.2.

6.2.4 Soil sampling

Soil was sampled vertically at three locations in each pot (Figure S6.2) while ensuring that
~24 h had passed since the last rainfall or irrigation. The three soil cores (diameter x height: 1.5
cm x 12 cm) were homogenized in an aluminum tray. Soil samples were then dried in an aluminum
weighing tray overnight at room temperature. The soil was then passed through a 2-mm stainless
steel sieve to remove any large materials such as rocks or plant roots. Soil for enzyme activity
assays were used immediately. Soil for microbial community assays were stored at -80 °C until
further use. Soil used for the detection of chemical contaminants was stored at -20 °C until further
use. In each year, the soil was sampled just before the application (or reapplication for year 2) of
treatments (i.e., day 0), and after approximately 1 week, 1 month, 2 months, and 3 months. For
contaminant concentration analysis in soil samples, the soil was sampled just after the application
of the chemical contaminants at the start of each growing season to establish a starting point for C

and CP100 samples relative to the CTRL.

6.2.5 Chemical contaminants analysis

Chemical contaminants were measured over time in two types of samples: 1) excess water
that was released from holes at the bottom of the pot and subsequently captured (referred to as
leachate samples), and 2) contaminants measured in soil samples.

The extraction of contaminants from leachate samples consisted of sampling directly in the

field with a syringe, followed by filtration through a 0.22 um PTFE filter (polytetrafluoroethylene,
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Chrom4; Thuringen, Germany) into HPLC amber glass vials (Agilent Technologies). The sample
size on days 3, 8, 51, and 391 was N=3, whereas the sample size on days 366, 369, 372, and 377
was N=5.

The extraction of contaminants from soil samples consisted of shaking 1 g of soil in 2 mL
of acetonitrile for 30 min, followed by centrifugation (2240 g, 5 min, 20 °C) and filtration of the
supernatant through a 0.22 um PTFE filter into HPLC glass vials. The sample size was N=3.

Samples were analyzed using a 1290 Infinity 11 LC System coupled with a 6545 Q-TOF
mass spectrometer (Agilent Technologies) operating once in positive (ESI+) and again in negative
(ESI-) electrospray ionization modes. The liquid chromatography separation was conducted on an
InfinityLab Poroshell 120 (Phenyl-Hexyl, particle size: 2.7 um, inner diameter: 3 mm, length: 100
mm, Agilent) fitted with an InfinityLab Poroshell 120 (EC-C18, particle size: 2.7 um, inner
diameter: 3 mm, length: 100 mm, Agilent) guard column. The mobile phase (0.4 mL min™)
consisted of a mixture of water (solvent A) and acetonitrile:methanol (1:1 volume ratio, solvent
B). Both solvents contained 5 mM ammonium acetate. In positive mode, 0-0.5 min: 99 % A; 0.5-
2 min: B increased from 1 to 50 %; 2-4 min: B increased from 50 to 100 %; 4-8 min: 100 % B; 8-
9 min: 99 % A. In negative mode, 0-0.5 min: 95 % A, 0.5-3 min: B increased from 5 to 100 %; 3-
7 min: 100 % B, 7-9 min: 95 % A. The injection volume was 4 pL in ESI+ mode and 10 pL in
ESI- mode. The column temperature was maintained at 30 °C. Nitrogen was used as the drying
gas (positive mode: 150 °C, 11 L min; negative mode: 175 °C, 10 L mint). The fragmentor
voltage was 125 V. Mass spectrometry data was acquired in the 50-750 mass-to-charge ratio (m/z)
range in the full scan mode. Any sample with a signal less than 3x the standard deviation of the
blank was considered to be below the instrument detection limit (IDL). Any values recorded below

the IDL were converted to IDL/2.
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6.2.6 Soil microbial community composition

Microbial genomic DNA was extracted from soil (N=3) using a DNeasy PowerSoil Pro Kit
(QIAGEN). Double stranded DNA concentration was then quantified using a Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen) to ensure that the concentration of the samples met the submission
requirements of Genome Quebec (Montreal, Canada). Polymerase chain reaction (PCR) was
performed to amplify the extracted DNA and was sequenced using lllumina MiSeq (PE250) at
Genome Quebec using the 515F (5°-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5°-
GGACTACHVGGGTWTCTAAT-3’) primers to target the V4 region of the 16S rRNA. Data from
Genome Quebec was provided in FASTQ format. Analysis of FASTQ data was performed using
Qiime2.32 The sequence of commands used in Qiime2 to process the data and calculate the
weighted UniFrac distances (and its subsequent principal coordinate analysis (PCoA)), phylum-
level taxonomy, and Shannon’s diversity index can be found in Supplementary information —
Qiime2 commands.

In addition to the previously mentioned treatments, a pseudo-treatment was formed from a
composite sample of the uncontaminated soils (day 0), since they were sampled before any
treatments were applied. This is referred to as pre-treatment (PRE) and was only used for the

microbial community composition analysis.

6.2.7 Soil enzyme activity measurements

Soil enzyme activities were measured according to previously reported methods,3? 34 with
some modifications. Dry soil (~1.6 g) was mixed into 50 mM sodium acetate buffer (pH 6.9, ~100
mL) in a glass jar such that the final concentration of soil in buffer was 16 g L. The exact volume

of buffer was based on the measured mass of the dry soil to ensure a consistent concentration
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throughout experiments. The resulting soil slurry was placed on an orbital shaker at 240 rpm for
30 min and was then centrifuged at 4000 g for 2 min. This soil extract (i.e., the supernatant) was
then used for further analysis.

Soil extracts, containing the natural enzymes found in the soil, were mixed with 4-
methylumbelliferone (MUB) or 4-methylumbeliferyl-linked substrates (MUB-substrates) (Table
S6.4). Stock solutions of 5 MM MUB and 30 mM MUB-substrate were prepared in dimethyl
sulfoxide and stored at 4 °C. The stock solutions were diluted in 50 mM sodium acetate buffer (pH
6.9) (hereafter referred to simply as “buffer”) to a concentration of 10 pM MUB and 200 uM
MUB-substrate which was then used in the enzyme activity assay. In a 96-well black microplate
(Corning Costar), 200 L of soil extract was mixed with 50 uL of MUB, MUB-substrate, or buffer
solution. To account for the fluorescence and fluorescence quenching effects of the soil extract,
similar wells containing 200 uL buffer in place of soil extract were also prepared. The prepared
plate was kept in darkness at room temperature for 2 h (while the soil enzymes catalyze their
respective MUB-substrates), after which 10 pL of a 1 M NaOH solution was added to each well
to enhance fluorescence. The plate was then immediately analysed in a Tecan Infinite m200 Pro
microplate reader at excitation/emission wavelengths of 365/450 nm. The concentration of MUB
in buffer at the time of measurement (i.e., 1.92 uM) was shown to be within its linear fluorescence
range (Figure S6.3). CTRL samples had a sample size of N<10, whereas P10, P100, C, and CP100
treatments had a sample size of N<5. A more detailed description of the enzyme activity

calculation procedure can be found in Supplementary information - Calculation of enzyme activity.
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6.2.8 Strawberry plant growth

Data was recorded from one plant in each pot (chosen from the middle). Plant parts were
wrapped individually with aluminum foil and placed in a zippered storage bag. The samples were
stored at -20 °C or lower. The fresh mass (marketable and non-marketable) of strawberry fruit
produced by the plant over the course of the growing season was measured. The remaining plant
biomass was dried, and the dry biomass was recorded. The number of leaves and flower stalks
were counted every week. For the measurement of dry biomass (both years), strawberry yield (year
1) and the number of leaves (year 1) and flower stalks (year 1), CTRL samples had a sample size
of N=6, whereas P10, P100, C, and CP100 treatments had a sample size of N=3. For the
measurement of strawberry yield (year 2) and the number of leaves (year 2) and flower stalks (year
2), CTRL samples had a sample size of N=10, whereas P10, P100, C, and CP100 treatments had

a sample size of N=5.

6.2.9 Statistical analysis

Data is reported as the mean * 2 standard errors of the mean unless stated otherwise. For
each dependant variable at each timepoint, statistical tests were performed to determine any
significant differences between treatments at that timepoint. The following procedure applies to
these dependant variables: dry biomass, strawberry yield, number of leaves, number of flower
stalks, each enzyme’s respective activity, each chemical contaminant’s measured mass in leachate
and measured concentration in soil, Shannon’s diversity index, and phylum-level relative
abundance of the soil microbial community. The Shapiro-Wilk test was performed to verify that
the residuals of the data were normally distributed. If all the residuals were equal then the Shapiro-

Wilk test was not performed, and the data was considered not normally distributed. Bartlett’s test
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was performed to verify that the variance of the data from each treatment was equal. If any
treatment had a variance of 0, then Bartlett’s test was not performed, and it was considered that
the variance among treatments were not equal. If the data was determined to have normally
distributed residuals (Shapiro-Wilk test: p > 0.05) and equal variance among treatment groups
(Bartlett’s test: p > 0.05), then a one-way ANOVA was performed, otherwise a Kruskal-Wallis H
test was performed. If any treatment group had N < 5, and the configuration (i.e., number of
treatments and number of replicates in each treatment) could not be found in a lookup table or the
p-value would be higher than the highest p-value in the lookup table, then the result of the Kruskal-
Wallis H test was deemed insignificant in that there were no significant differences in the means
between treatments. If all the values in the data were equal (e.qg., all values were below the limit of
detection), then no significance test was performed, and a symbolic p-value of 1 was assigned to
the test. A baseline for significance was a=0.05. Since for each dependent variable, a statistical
test was performed at each timepoint, a Holm-Bonferroni correction was applied to a such that axg
< 0, whereby the correction factor was equal to the number of time points. Therefore, a result of p
< ans Was determined to be significant. Significant differences observed in a one-way ANOVA
were followed by Tukey’s HSD test. Significant differences observed in a Kruskal-Wallis H test
were followed by the Mann-Whitney U test with Bonferroni correction. Tables S6.7-S6.15 contain
the results to these tests. These tests were performed in Python 3.9.7 using numpy 1.21.2,% pandas
1.3.3,%8 scipy 1.7.1,%" and statsmodels 0.13.1 packages.® Plots were made using matplotlib 3.4.2.%°

To determine if the weighted UniFrac distances of the soil microbial communities’
amplicon sequence variants (ASVs) (i.e., 100% similarity operational taxonomic units) between

two treatments across all timepoints was significant, PERMANOVA was performed with g <0.05
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being considered significant. A principal coordinate analysis (PCoA) was performed on the

weighted UniFrac distances as well to visualize the data.

6.3 Results and discussion

6.3.1 Characterization of HDPE microplastics

Microscope images of the HDPE microplastics are shown in Figure S6.4. The mechanical
weathering caused by the blender resulted in HDPE microplastics, not only of varying size, but
also of vastly diverse shapes and aspect ratios, ranging from simple flat micrometer-sized
fragments to long twisted microfibres. Therefore, a size distribution was measured on a mass basis
by sieving the HDPE microplastics through a series of meshes and recording the mass retained by
each mesh (Table 6.1). The initial mesh size used to separate the HDPE microplastics from the
larger HDPE particles was ~1 mm. Any plastic retained by this mesh was discarded and not used
in experiments. The particle size distribution in both years was relatively similar, with decreasing

mass proportion with decreasing size.

Table 6.1. Size distribution on a mass basis of HDPE microplastics in both years of the study. Microplastics

were first passed through a ~1 mm mesh size sieve before further use.

} ) 2018 HDPE 2019 HDPE
Sieve mesh size

microplastic microplastic
> 500 um 69.8 % 79.5 %
250 — 500 pm 25.3% 17.2 %
125 — 250 pm 4.4 % 31%
<125 pum 0.4 % 0.2%

Although the size distribution shows a decrease in mass concentration as microplastic size

decreases, the opposite may be true when considering a particle count concentration. For instance,

208



a 500-um spherical microplastic would have the same mass as sixty-four 125-um spherical
microplastics. This would suggest that there could be more microplastic particles in the 125-250
pum range than there are > 500 um. A study by Wang et al. examined the distribution of several
microplastic properties in agricultural soils, whereby they also observed a trend of increasing
microplastic particle concentration as size decreased.*® They also found that polyethylene was the
most prevalent microplastic found in the soil, making up 21 % of microplastics found, followed
closely by polyamide at 20 %.%° They classified 54 % of the microplastics they found as fragments
and 27 % as fibres.*® Overall, our results confirm that we have polydisperse microplastic-sized

HDPE for our study.

6.3.2 Contaminant transport

The chemical contaminants covered a range of octanol-water partition coefficients (Kow)
(Table S6.2). The leachate and soil from the CTRL pots were examined to ascertain any
background presence of these chemical contaminants. It was found that none of the chemical
contaminants were observed in measurable quantities (i.e., none were above the instrument
detection limit) in the CTRL soils or leachate at any time point throughout the study. Overall, the
HDPE microplastics had no clear impact on the extent of these chemical contaminants leaching
from the soil (Figure 6.1, S6.5). Similarly, no significant differences in the concentration of any
of the chemical contaminants in soil between CTRL, C, and CP100 treatments at any timepoint
were observed (Figures 6.2, S6.6). We note that due to having a low sample size (N=3) in addition
to applying a Holm-Bonferroni correction, we did not have the statistical power to distinguish the
CTRL concentrations from C and CP100 soils. In year 1, most of the gemfibrozil and

sulfamethoxazole was no longer present in the soil by day 35 (Figure 6.2a,d). Similarly, ibuprofen
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was absent from the soils by day 6 (Figure S6.6¢) and caffeine was almost absent by day 69 (Figure
S6.6b). Conversely, triclosan and carbamazepine were still present in the soil for the duration of
year 1, but did show a decline in concentration over the year (Figure 6.2b,c). This indicates that
the addition of some chemical contaminants may only have a short period in which they directly
impact the soil, whereas others may stay in the soil for an extended period. However, these short-
lived contaminants may still alter the soil during their time there, which may have lasting
consequences even after they are no longer detected, for instance, by conversion into biologically

active metabolites.
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Figure 6.1. Leachate mass data for (a) gemfibrozil, (b) triclosan, (c) carbamazepine, and (d) sulfamethoxazole

in control (CTRL), chemical contaminants + 100 mg HDPE microplastic kg soil (CP100), and chemical

contaminants (C) treated soils. No leachate data was collected for the intervals including day 52 — 363, 392 —

456. For each timepoint, treatments with the same letter have no significant difference between them. Markers

represent individual replicates. Grey squares represent the means. Error bars show 2 x the standard error of

the mean.
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Figure 6.2. Concentration of (a) gemfibrozil, (b) triclosan, (c) carbamazepine, and (d) sulfamethoxazole in
control (CTRL), chemical contaminants + 100 mg HDPE microplastic kg soil (CP100), and chemical
contaminants (C) treated soils. For each timepoint, treatments with the same letter have no significant
difference between them. Markers represent individual replicates. Grey squares represent the means. Error

bars show 2 x the standard error of the mean.
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6.3.3 Effect on soil microbial community composition

The soil’s microbial community consists of a variety of bacteria, many of which play a vital
role in the cycling of nutrients — in part by releasing extracellular enzymes — which can then be
used by the plant.!® Therefore, monitoring changes to the soil microbial community composition
can help explain observations regarding soil enzyme activity and, in turn, plant growth. The most
abundant phyla were Acidobacteria (24.9 %) and Actinobacteria (22.2 %) followed by Chloroflexi
(13.5 %) and Proteobacteria (13.1 %). Values in parentheses represent the number of reads from
that phylum divided by the total reads across all samples. Phyla that represented less than 1 % of
the overall sequence counts across all samples were grouped together and labelled as “Other”.
Acidobacteria engage in the general breakdown of soil organic matter, specifically, genes have
been identified for the production of enzymes that may decompose cellulose, hemicellulose, chitin,
xylan, and lignans.*! It has also been suggested that Acidobacteria can be manipulated to increase
the productivity of agricultural crops.*! Actinobacteria has been shown to play a role in plant
growth promotion as well.*? Interestingly, some Chloroflexi bacteria are organohalide respirers,*
while forms of Proteobacteria play a role in nitrogen fixation.** Significant differences in the
phylum-level microbial community were rare, occurring only on day 35, whereby C soils had a
significantly lower relative abundance of Proteobacteria than CTRL and P10 soils, and on day
397, whereby CTRL soils had a significantly lower relative abundance of Actinobacteria than C,

CP100, and P10 soils. The complete phylum-level taxonomy data is shown in Figure 6.3.
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Figure 6.3. Soil microbial community composition based on the relative abundance of phyla found in control

(CTRL), 10 mg HDPE microplastic kg™ soil (P10), 100 mg HDPE microplastic kg™ soil (P100), chemical

contaminants + 100 mg HDPE microplastic kg™ soil (CP100), and chemical contaminants (C) treated soils. PRE

(pre-treatment) is a composite sample of the uncontaminated soils. Row labels have the following

nomenclature: A-B-C, where A is the treatment, B is the replicate 1D, and C is the timepoint.
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The alpha and beta diversity of the soils” microbial community composition based on ASVs
were assessed. There were no significant differences in the Shannon’s diversity index of the soil
microbial community (Figure S6.7) among treatments for any of the timepoints measured. A
PERMANOVA was performed on the pairwise weighted UniFrac distances of the soils” ASVs.
The complete results can be found in Table S6.5. To get an overall picture of these differences
across the entire two-year study, the soil samples obtained across all timepoints for a given
treatment were compared against the soil samples obtained across all timepoints for another
treatment. This was performed for all possible pairwise comparisons between treatments. The
chemical contaminant (C) soils had a significant weighted UniFrac distance from the CTRL
(q=0.0076), P100 (q=0.0050), PRE (q=0.0062), and CP100 (g=0.0329) treatments. The CP100
treatment also had a significant weighted UniFrac distance from the PRE (g=0.0062) soils.
However, the most noteworthy observation is the fact that although the CTRL-C pair showed a
significant distance (gq=0.0076), no significance was observed in the CTRL-P100 pair (q=0.421)
or the CTRL-CP100 pair (g=0.186). Moreover, the significant distance observed in the C-CP100
pair (q=0.0329), but not the CTRL-P100 pair (g=0.421) clearly shows that the HDPE microplastics
only play a role in the composition of the microbial community in the presence of the chemical
contaminants. This suggests that HDPE microplastics may play a role in minimizing the impact of
chemical contaminants on the microbial community composition of soils, especially since an
increase in significance (i.e., a decreasing g-value) is observed when moving from the CTRL-P100
pair (g=0.4214) to the CTRL-CP100 pair (g=0.186) to the significant CTRL-C pair (q=0.0076).
These results are similar to those found by Kleinteich et al. whereby polyethylene microplastics
were able to reduce the impact of polycyclic aromatic hydrocarbons, such as phenanthrene and

anthracene, on the bacterial community of freshwater sediments.*

215



To visualize these results, a principal coordinate analysis (PCoA) of the weighted UniFrac
distances is shown in Figure 6.4 where the C soils are clustered on the left, whereas the CTRL has
a larger cluster towards the right. We note that the first and second principal coordinate axes
combined only account for 28 % of the total variance, and therefore the significant distances
mentioned previously are not easily visible in the PCoA plot. Interestingly, Figure S6.8 shows that
changes in the soil microbial community composition over time are readily apparent. This helps
confirm the validity of our microbial community analytical methods, since these temporal changes

were easily distinguishable.
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Figure 6.4. Principal coordinate analysis (PCoA) of the weighted UniFrac distance of the soil microbial
communities’ ASVs in control (CTRL), 10 mg HDPE microplastic kg™ soil (P10), 100 mg HDPE microplastic
kg? soil (P100), chemical contaminants + 100 mg HDPE microplastic kg soil (CP100), and chemical
contaminants (C) treated soils. PRE (pre-treatment) is a composite sample of the uncontaminated soils. Ellipses
represent the zone where 95 % of samples from a bivariate normal distribution with the same mean and
covariance matrix as the respective treatment would be drawn from. Numbers in brackets indicate the amount

of variance captured by that principal coordinate (PC).
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In a study by Dunmei et al., low-density polyethylene (LDPE) with a volume-weighted mean
diameter of 37 um was applied to field soil at concentrations up to 15 g m and the soil was then
sampled after 287 days.*® They found that the addition of LDPE was associated with a significant
decrease in the abundance of various types of microarthropods and nematodes, but had no
significant impact on the overall abundance of microorganisms.*® Previously, Huang et al. exposed
soil to 76 mg kg™ LDPE microplastic films (2 mm x 2 mm x 0.01 mm) over 90 days, and observed
increasingly pronounced changes in the soil microbial community composition as the experiment
progressed.*” However, they did not see any change in the Shannon’s diversity index between the
control soil and the soil exposed to LDPE microplastics. Ren et al. exposed soil to a much higher
load of 50 000 mg kg polyethylene microplastics at two size distributions (< 13 um and < 150
pm) in separate experiments over 30 days.*® While they saw minimal changes to the Shannon’s
diversity index of the bacterial community, the larger polyethylene microplastics lowered the
diversity of the fungal community, while the smaller microplastics increased it at 3 days and 30
days. Similarly, Li et al. conducted a microplastic study on the sediments found in the Huangjinxia
Reservoir and saw no significant difference in the Shannon’s diversity index between sediment
samples containing less than 400 microplastics per kg and those sediment samples containing over
600 microplastics per kg.*°

The effects of chemical contaminants on soil microbial communities have also been assessed
previously. Feng et al. showed that 100 mg kg™ sulfamethoxazole can reduce the Shannon’s
diversity index of the soil microbial community after 7 days of exposure, but this effect
disappeared after 21 days.>° Meanwhile, Park et al. found that triclosan (10 or 50 mg kg* soil) had
a minimal effect on the soil microbial community composition and, similar to our findings,

observed that the passage of time played a greater role in soil microbial community composition

217



changes than triclosan.’! Zhang et al. found that wastewater treated with 250 ug L™ caffeine
reduced the bacterial community diversity during a 210-day exposure in a wetland system.>?
Thelusmond et al. showed that carbamazepine can decrease (0.05-5 mg kg™ soil) the Shannon’s
diversity index of soil under aerobic conditions, but can increase (0.5-5 mg kg™ soil) it under
anaerobic conditions after 14 days of exposure.>

In our study, we saw no effect of any of the treatments on the Shannon’s diversity index of
the soil microbial community (Figure S6.7). This is in agreement with scientific literature on the
impact of microplastics on the Shannon’s diversity index of soil, however, the literature suggests
that the presence of chemical contaminants can increase or decrease the Shannon’s diversity index
of the soil. Since our study consisted of an exposure involving eight chemical contaminants
simultaneously, it is perhaps not so surprising that they collectively had no effect on the microbial
biodiversity of the soils as their individual abilities to increase or decrease diversity may have
negated each other to some extent. From the weighted UniFrac distances, it was clear that the
presence of the chemical contaminants was able to significantly alter the microbial community
composition of the soil relative to the control (CTRL-C pair, g=0.0076), but was unable to
significantly change it in the co-presence of 100 mg kg* HDPE microplastics (CTRL-CP100 pair,

4=0.1862).

6.3.4 Effect on soil enzyme activity

The enzyme activity of four extracellular soil enzymes were measured. Figure 6.5 shows
the enzyme activities for p-glucosidase, chitinase, and xylan 1,4-5-xylosidase for each treatment
and timepoint. The enzyme activity for phosphatase (day 0 and day 69 onward) can be found in

Figure S6.9. No significant difference in xylan 1,4-f-xylosidase activity between treatments were
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observed at any timepoint. The only significant differences observed were on day 6 whereby
chitinase activity was significantly higher in P10 soils than CTRL and CP100 soils. Also, on day
425, p-glucosidase activity was significantly higher in CP100 and C soils when compared to CTRL
and phosphatase activity was significantly higher in C and P10 soils when compared to CTRL. It
is important to note that there were no significant differences in enzyme activity observed at day
0, which signifies that the soil in all the treatments had similar baseline enzyme activities, since
day 0 measurements were taken just before the addition of HDPE microplastics and/or chemical
contaminants.

A study by Fei et al. showed that soil containing 10 000 mg kg* LDPE microplastics (678
pum) for 50 days exhibited an increase in soil urease and acid phosphatase activity and a decrease
in fluorescein diacetate hydrolase activity.>* Furthermore, Huang et al. treated soil with a relatively
low dose of 76 mg kg* LDPE microplastic films (2 mm x 2 mm x 0.01 mm) over 90 days, and
found that urease and catalase activity increased while invertase activity showed no significant
change.*” Yang et al. showed that contamination of soil with 70 000 mg kg™ polypropylene
microplastics (<250 um) had no significant effect on g-glucosidase and urease activity, but caused
a 12 % increase in phosphatase activity over 30 days.* In a separate study, it was shown that 70
000 mg kg* polypropylene microplastics (<180 pum) contaminated soil can increase fluorescein
diacetate hydrolase activity, but does not affect phenyl oxidase activity over 30 days.*® These
studies have shown that in general, microplastics can have a variety of effects on the activity of
different soil enzymes ranging from decreasing activity to increasing it, or having no effect

altogether.
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Figure 6.5. (a) p-glucosidase, (b) chitinase, and (c) xylan 1,4-f-xylosidase activities over the course of two
growing seasons in control (CTRL), 10 mg HDPE microplastic kg soil (P10), 100 mg HDPE microplastic kg™
soil (P100), chemical contaminants + 100 mg HDPE microplastic kg™ soil (CP100), and chemical contaminants
(C) treated soils. For each time point, treatments with the same letter have no significant difference between
them. Markers represent individual replicates. Grey squares represent the means. Error bars show 2 x the

standard error of the mean.
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The observed effects of some of the chemical contaminants on soil enzyme activity have
been previously reported in the literature. Waller and Kookana measured the effects of triclosan
(1-100 mg kg* soil) on enzyme activity in clay and sandy soils.>” They found that triclosan
increased acid phosphatase activity in sandy soil, but not clay soil, and alkali phosphatase activity
was largely unaffected in both soil types. They also noted that triclosan reduced S-glucosidase
activity in sandy soil, but not clay soil, and that chitinase activity was mostly unaffected except for
a significant decrease in clay soil when exposed to 50-100 mg triclosan kg™ soil. Liu et al. also
studied the effects of triclosan (0.1-50 mg kg™ soil) and found that its initial addition to the soil
inhibits phosphatase activity, but this activity slowly recovers over time.>® They suggested that this
could be due to the degradation of triclosan in the soil over time. In a separate study,
sulfamethoxazole (1-100 mg kg™ soil) was shown to inhibit soil phosphatase activity over a 22
day exposure period.>® These studies reveal that triclosan has been shown to have variable effects
on soil enzyme activity, whereas sulfamethoxazole may decrease it. In our study, we added 1.42
mg kg sulfamethoxazole and 3.14 mg kg triclosan along with six other chemical contaminants
to soil, but significant effects were rare. This could be due to the outdoor exposure conditions of
our experiment which could have affected the transport or degradation of these chemical
contaminants in our soils. For instance, we observed greater leaching of sulfamethoxazole from
soil in year 1 relative to year 2 (Figure 6.1d). Heavy rain could also cause these contaminants to
leach out faster than they may have otherwise under drip irrigation alone or in an indoor
environmental chamber. Therefore, although the same mass of chemical contaminants was applied

to the soil in each year, the amount present at each timepoint was likely variable.
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6.3.5 Effect on strawberry plant growth

The total yield of fresh strawberries, the dry biomass of the remaining plant (i.e., without
any strawberry fruit remaining), the number of leaves, and the number of flower stalks at the end
of each year was measured (Figure 6.6). No significant differences were observed in any of these
endpoints between any of the treatments at any timepoint suggesting that any impact of the HDPE
microplastics and/or chemical contaminants on these endpoints was smaller than the general
variance that occurs from growing strawberries under outdoor conditions. This variance can be
caused by several factors such as the interaction of the strawberry plants with birds, land animals,
and insects, as well as variations in the weather, precipitation, and temperature which would not

be present in a climate-controlled lab environment.
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Figure 6.6. (@) Dry biomass of the remaining plant without any strawberry fruit, (b) total yield of fresh
strawberries, (c) number of leaves, and (d) number of flower stalks in control (CTRL), 10 mg HDPE
microplastic kg soil (P10), 100 mg HDPE microplastic kg* soil (P100), chemical contaminants + 100 mg HDPE
microplastic kg? soil (CP100), and chemical contaminants (C) treated soils. For each time point, treatments
with the same letter have no significant difference between them. Markers represent individual replicates. Grey

squares represent the means. Error bars show 2 x the standard error of the mean.

The effect of microplastics on other plant species has previously been studied. For instance,

our results are similar to those of a previous study by Meng et al. whereby soil containing 250-
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1000 pm LDPE microplastics at 25 000 mg kg™ dry soil had no significant effect on the shoot,
root, or fruit biomass of Phaseolus vulgaris L. in an outdoor experiment over approximately 4
months.®° Conversely, Pignattelli et al. examined the effect of 184 mg kg polyethylene
microplastics (< 125 pm) on garden cress (Lepidium sativum) over 21 days.%* They found that soil
containing polyethylene microplastics had a significantly higher germination inhibition of 7.1 %
when compared to 0 % in the control, and reduced shoot biomass by 38 % relative to the control
soil; however, there was no significant effect on the plant height or the number of leaves.®
Similarly, Boots et al. showed that 1000 mg kg™t HDPE microplastics (~100 pm) exposure resulted
in an 8 % reduction in perennial ryegrass (Lolium perenne) shoot growth, but only a 2.5 %
reduction in germination rate.®> While both of these studies used considerably smaller
microplastics than our work, Qi et al. examined the effect of LDPE microplastics (< 1 mm) on
wheat (Triticum aestivum) growth.®® Over a 4-month period, there was generally little or no
significant difference between wheat grown in soil contaminated with 10 000 mg kg LDPE
microplastics and the control soil over a variety of factors including: plant height, number of tillers,
number of fruits, shoot and root biomass, leaf area, number of leaves, stem diameter, and relative
chlorophyll content.5® Likewise, our results show that a similar phenomenon was observed in
strawberry plants with HDPE microplastics, in an outdoor environment over a similar time frame.
Moreover, our study was done at a lower exposure concentration than these previous studies.
When considering the chemical contaminants added to the soil, triclosan has previously been
shown to have no adverse effects on maize, soybean, and spring wheat.®* Barbera et al. exposed
rice (Oryza sativa) to a mixture of ibuprofen and caffeine which resulted in a 51 % increase in rice
grain yield.®® Conversely, sulfamethoxazole (8.0 uM in Murashige and Skoog solid medium) has

been shown to decrease the root length and shoot biomass of Arabidopsis thaliana by 95 % and
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90 %, respectively.®® In our work, we added 5.6 pmol sulfamethoxazole per kg fresh soil along
with triclosan, ibuprofen, caffeine, and other chemical contaminants at various concentrations
(Table S6.2). The combination of these growth enhancing and growth inhibiting effects as well as
the nature of the experiment being outdoors in a highly variable environment is consistent with
our results that indicate that there is no significant effect of the chemical contaminants on the dry

biomass, strawberry yield, number of leaves, and number of flower stalks (Figure 6.6).

6.4 Conclusions

The effects of eight common wastewater chemical contaminants in the presence and absence
of HDPE microplastics on soil microbial community composition, soil enzyme activity, and
strawberry plant growth were examined over a two-year period in an outdoor study. It was found
that when comparing the abundance and presence of various ASVs between treated soils across all
timepoints using a weighted UniFrac distance, the distance between the CTRL-C soils were
significant, but were not significant for the CTRL-CP100 and CTRL-P100 pairs, suggesting that
the presence of HDPE may have mitigated the ability of the chemical contaminants to alter the soil
microbial community composition. Moreover, significant differences in the soil enzyme activity,
and the phylum-level soil microbial community composition among treatments were rare. No
significant differences in the strawberry yield, plant dry biomass, the number of leaves, the number
of flower stalks, and the Shannon’s diversity index were found among treatments at any time point.

Although our two-year outdoor study largely demonstrates the lack of any overall trend of
the treatments on strawberry plant growth, soil enzyme activity, and phylum-level soil microbial
community composition, it is worth noting that this study was done in one region of the world on

one type of soil, and that these results may vary when conducted in different parts of the world,
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for example, due to different soil types, climate, etc. Moreover, although no measurable impacts
from the chemical contaminants and HDPE microplastics on strawberry yield were detected, we
did not assess the potential health effects of eating strawberries grown in such a soil.

Other researchers have also observed no effect of microplastics on Tripneustes gratilla
larvae survival;®” Lemna minor growth and photosynthetic efficiency, as well as the mortality and
mobility of Gammarus duebeni that ingested the microplastic-contaminated L. minor;
Echinogammarus marinus growth or food consumption;®® and the foraging activity and survival
of Acanthurus triostegus.’® While there were little to no significant differences among treatments
in many of the endpoints studied in this work, we believe there are several aspects that make this
study of interest. For instance, the study was designed to mimic real world conditions as closely
as possible without having to contaminate an open field. This was done by using agricultural soil
in pots outdoors over a long two-year period with environmentally relevant concentrations of
microplastics and chemical contaminants. It is also important to share “no negative effects” data
in an effort to contribute to an unbiased microplastic literature and to prevent the duplication of
similar resource-intensive experiments by other researchers.”* We believe the data presented here
is particularly important to the agriculture industry due to the widespread usage of HDPE and other
plastics in agriculture (e.g., irrigation parts, plastic mulch, etc.) and should help in deciding the

pros and cons of plastic use in agricultural soils.
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Supplementary information

Table S6.1. Chemical contaminants stock solution.

Compound Mass [mg]
acetaminophen 14.8
caffeine 41.1
carbamazepine 69.8
gemfibrozil 30.0
ibuprofen 100.5
sulfamethoxazole 677.6
sulfanilamide 199.3
triclosan 1493.5
acetone 15831.8
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Table S6.2. Spiked chemical contaminant concentration [mg per kg fresh soil] in C and CP100 pots and their

octanol-water partition coefficient (log Kow), molar mass, and chemical structure.

Concentration Molar mass .
Compound [ma/kg] log Kow [g/mol] Chemical structure
H
N
acetaminophen 0.03 0.46 151.2 Y
0O
HO
o /
\NJIN>
caffeine 0.09 -0.07 194.2 OAT N
carbamazepine 0.15 2.45 236.3 h
07 “NH;
OGS
gemfibrozil 0.06 4.24 250.3 o/\/%LOH
CHz
OH
. CHs
ibuprofen 0.21 3.97 206.3

O

H3C

N-O
0. .0
L A
sulfamethoxazole 1.42 0.89 253.3 /©/ H
H,N

@ N o
4
sulfanilamide 0.42 -0.62 172.2 HoN S\
NH>
o OH

@]
triclosan 3.14 476 289.5 /©/ @
Cl Cl
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Table S6.3. The composition of the fertilizer used on soils.

Concentrate Fertilizer Concentration [mg/L]
CaNO; 7.1
A NHNOs (34%) 0.375
Mg(NOs). 3.62
Fe (EDTA) 0.18
monopotassium phosphate (MKP) 1.6
B K250, 1.87
KNO; 0.62
Mn(S04)2 (32.5%) 0.115
ZnS04 (23%) 0.031
C Borax (11.3%) 0.058
CuS04 (24%) 0.002
Mo (39.6%) 0.011

Table S6.4. Enzyme and substrate pairings. (MUB = 4-methylumbelliferyl)

Enzyme EC number Substrate
B-glucosidase 3.2.1.21 MUB B-D-glucopyranoside
chitinase 3.2.1.14 MUB N-acetyl-B-D-glucosaminide
xylan 1,4-B-xylosidase 3.2.1.37 MUB-B-D-xylopyranoside
phosphatase 3.1.3.x MUB phosphate (free acid)
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Table S6.5. Weighted UniFrac distance of the soil microbial communities’ amplicon sequence variants pairwise

PERMANOVA results for control (CTRL), 10 mg HDPE microplastic kg? soil (P10), 100 mg HDPE

microplastic kg? soil (P100), chemical contaminants + 100 mg HDPE microplastic kg* soil (CP100), and

chemical contaminants (C) treated soils. PRE (pre-treatment) is a composite sample of the uncontaminated

soils. g < 0.05 is significant.

Group 1 Group 2 Sample size Permutations pseudo-F p-value g-value
C CP100 30 1000000 1.95 0.0110 0.0329

Cc CTRL 30 1000000 2.55 0.0020 0.0076

C P10 30 1000000 1.76 0.0265 0.0517

C P100 30 1000000 3.06 0.0003 0.0050

C PRE 18 1000000 3.70 0.0012 0.0062
CP100 CTRL 30 1000000 1.31 0.1366 0.1862
CP100 P10 30 1000000 1.26 0.1636 0.2036
CP100 P100 30 1000000 1.64 0.0315 0.0517
CP100 PRE 18 1000000 2.88 0.0012 0.0062
CTRL P10 30 1000000 0.58 0.9699 0.9699
CTRL P100 30 1000000 1.02 0.3933 0.4214
CTRL PRE 18 1000000 1.92 0.0330 0.0517
P10 P100 30 1000000 1.23 0.1764 0.2036
P10 PRE 18 1000000 2.02 0.0282 0.0517
P100 PRE 18 1000000 1.95 0.0345 0.0517
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Figure S6.1. Top-down view of outdoor layout of strawberry pots (green rectangles).
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Soil sample Strawberry plant

Irrigation Top view of pot

Mix N = 1 replicate

Figure S6.2. Approximate location of strawberry plants, irrigation, and soil sampling in each pot. The mixing
was performed in an aluminum tray near the pot, before being transferred to glassware for transportation and

further analysis in a lab setting.
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Figure S6.3. Fluorescence of 4-methylumbelliferone (MUB) in buffer at various concentrations and after NaOH
addition. This plot shows that the fluorescence of MUB is linearly correlated to its concentration when the MUB

concentration is below 1.92 uM. The highest concentration shown here is equivalent to Well C in Table S6.6.
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Figure S6.4. Images of HDPE microplastics taken under a stereomicroscope in dark-field mode.
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Figure S6.5. Leachate mass data for (a) acetaminophen, (b) caffeine, (c) ibuprofen, and (d) sulfanilamide in
control (CTRL), chemical contaminants + 100 mg HDPE microplastic kg soil (CP100), and chemical
contaminants (C) treated soils. No leachate data was collected for the intervals including day 52 — 363, 392 —
456. For each timepoint, treatments with the same letter have no significant difference between them. Markers
represent individual replicates. Grey squares represent the mean. Error bars show 2 x the standard error of

the mean.

247



(a)
0.034 \ e CTRL
acetaminophen . P00
o ¢ C
v
S 0.032 A
=
§
< 0.030 1
c
)
2 0.028 4
=
()
(9}
&
© 00261 ggs ese sso BEe SE0
T T T T T
0 6 35 69 98
Time [day]
(o)
ibuprofen
— 60 a
{=)]
<
El 1
= 40
"
£ %
c [51)
2 20
© m
=
a
= a aaa aaa aaa aaa
S 0- E+¢ EEE DED EEE EE@
o
T I 1 1 T
0 6 35 69 98
Time [day]

Concentration in soil [pg/kg]

(b)

250 - .
caffeine
a
200 - * 2
150 - S
a
'S
100 H
o
[ ] [ ]
5]
¢
504 % 1 .
4 + @
at $ a+ a !‘ aaa aaa
0 1 ] ] PED @BEO
_50 -
T T T T T
0 6 35 69 98
Time [day]

Figure S6.6. Concentration of (a) acetaminophen, (b) caffeine, and (c) ibuprofen in control (CTRL), chemical

contaminants + 100 mg HDPE microplastic kg* soil (CP100), and chemical contaminants (C) treated soils. For

each timepoint, treatments with the same letter have no significant difference between them. Markers represent

individual replicates. Grey squares represent the mean. Error bars show 2 x the standard error of the mean.
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Figure S6.7. Shannon’s diversity index of control (CTRL), 10 mg HDPE microplastic kg soil (P10), 100 mg
HDPE microplastic kg soil (P100), chemical contaminants + 100 mg HDPE microplastic kg™ soil (CP100), and
chemical contaminants (C) treated soils. PRE (pre-treatment) is a composite sample of the uncontaminated
soils. For each timepoint, treatments with the same letter have no significant difference between them. No letters
are present for PRE, since there were no other treatments to compare it to on day 0. Markers represent

individual replicates. Grey squares represent the mean. Error bars show 2 x the standard error of the mean.
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Figure S6.8. Principal coordinate analysis (PCoA) of the weighted UniFrac distance of the soil microbial
communities” amplicon sequence variants in control (CTRL), 10 mg HDPE microplastic kg soil (P10), 100 mg
HDPE microplastic kg soil (P100), chemical contaminants + 100 mg HDPE microplastic kg™ soil (CP100), and
chemical contaminants (C) treated soils. PRE (pre-treatment) is a composite sample of the uncontaminated
soils. Ellipses represent the zone where 95 % of samples from a bivariate normal distribution with the same
mean and covariance matrix as the respective treatment would be drawn from. Numbers in brackets indicate
the amount of variance captured by that principal coordinate (PC). This figure shows the same data as Figure
6.4, but with markers representing treatments and colour representing time to better illustrate the temporal

effects on the microbial community composition.
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Figure S6.9. Phosphatase activity over the course of two growing seasons in control (CTRL), 10 mg HDPE
microplastic kg soil (P10), 100 mg HDPE microplastic kg* soil (P100), chemical contaminants + 100 mg HDPE
microplastic kg* soil (CP100), and chemical contaminants (C) treated soils. Day 6 and 35 data were omitted
due to a potential contamination of the MUB-linked substrates. For each timepoint, treatments with the same
letter have no significant difference between them. Markers represent individual replicates. Grey squares

represent the mean. Error bars show 2 x the standard error of the mean.
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Calculation of enzyme activity

Enzyme activity was calculated by measuring the fluorescence from 4-methylumbelliferone
(MUB). When a 4-methylumbeliferyl-linked substrate (MUB-substrate) is exposed to soil extract,
the enzymes extracted from the soil begin to catalyze the MUB-substrate, releasing MUB in the
process. To isolate the fluorescence originating from the MUB, the background fluorescence
and/or fluorescence quenching from the soil extract and the MUB-substrate after the 2-hour
incubation period would have to be measured and subtracted. However, this is not possible, given
that the MUB-substrate readily reacts in soil extract. Therefore, a quench coefficient (g) must be
calculated which estimates the degree to which the soil extract quenches fluorescence. The net
fluorescence from the produced MUB and the remaining unreacted MUB-substrate after the 2-
hour incubation period (Fz — Ff) is then corrected using the quench coefficient to estimate what
the fluorescence of this mixture would have been without the quenching effect of the soil extract.
This value can then be subtracted by the net fluorescence of the MUB-linked substrate in buffer

(F4 — Fg). The data is then normalized as outlined below.
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Table S6.6. Each plate contained the following types of wells.

Well 200 pL 50 L 10 uL WZ'l'z:tEer
A 50 mM sodium acetate buffer | 200 uM MUB-substrate solution | 1 M NaOH 4
B soil extract 200 puM MUB-substrate solution | 1 M NaOH 2
C 50 mM sodium acetate buffer 10 uM MUB solution 1 M NaOH 4
D soil extract 10 uM MUB solution 1 M NaOH 2
E 50 mM sodium acetate buffer 50 mM sodium acetate buffer | 1 M NaOH 4
F soil extract 50 mM sodium acetate buffer | 1 M NaOH 2

The mean fluorescence F from these wells was used to calculate the enzyme activity as follows:

Where:

E =

_ Fp—Fp
q_FC_FE
Fe — Fg

¢ = 0.5 nmol MUB

(FB;FF—(FA—FE)>

e XtXcXv

E is the enzyme activity [(nmol MUB)/(h x (g soil))]

q is the quench coefficient

e is the emission coefficient [(net fluorescence) / (nmol MUB)]

t s the reaction time (~2 h, exact value recorded from timestamps)
c is the soil in buffer concentration (16 g soil / L buffer)
v is the soil extract volume (200 x 10 L)
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Qiime2 commands

giime tools import \
--type 'SampleData[PairedEndSequencesWithQuality]"' \
--input-path manifest.tsv \
--output-path paired-end-demux.gza \
--input-format PairedEndFastgManifestPhred33Vv2

giime demux summarize \
--i-data paired-end-demux.gza \
--o-visualization paired-end-demux.qzv

giime dada2 denoise-paired \
--i-demultiplexed-seqs paired-end-demux.qgza \
--p-trim-left-f 6 \
--p-trim-left-r 6 \
--p-trunc-len-f 244 \
--p-trunc-len-r 244 \
--o-table table.qgza \
--o-representative-sequences rep-segs.gza \
--o-denoising-stats denoising-stats.qgza

giime feature-table summarize \
--i-table table.qgza \
--o-visualization table.qgzv \
--m-sample-metadata-file sample-metadata.tsv

giime feature-table tabulate-segs \
--i-data rep-segs.gza \
--o-visualization rep-seqgs.qzv

giime metadata tabulate \
--m-input-file denoising-stats.qgza \
--o-visualization denoising-stats.qgzv

giime phylogeny align-to-tree-mafft-fasttree \
--i-sequences rep-sedgs.gza \
--o-alignment aligned-rep-segs.qgza \
--o-masked-alignment masked-aligned-rep-segs.gza \
--o-tree unrooted-tree.gza \
--o-rooted-tree rooted-tree.qgza

giime diversity core-metrics-phylogenetic \
--i-phylogeny rooted-tree.gza \
--i-table table.gza \
--p-sampling-depth 12462 \
--m-metadata-file sample-metadata.tsv \
—--output-dir core-metrics-results

giime tools export \

--input-path core-metrics-results/weighted unifrac pcoa results.gza \
--output-path exported-data/weighted unifrac pcoa results
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giime diversity alpha-group-significance \
--i-alpha-diversity core-metrics-results/shannon vector.qgza \
--m-metadata-file sample-metadata.tsv \
--o-visualization core-metrics-results/shannon-group-significance.qzv

giime diversity alpha-correlation \
--i-alpha-diversity core-metrics-results/shannon vector.qgza \
--m-metadata-file sample-metadata.tsv \
--o-visualization core-metrics-results/shannon-correlation.qgzv

giime diversity beta-group-significance \
--i-distance-matrix core-metrics-results/weighted unifrac distance matrix.gza \
--m-metadata-file sample-metadata.tsv \
--m-metadata-column Treatment \
--o-visualization core-metrics-results/weighted-unifrac-treatment-significance.qgzv \
--p-pairwise \
--p-permutations 1000000

giime diversity alpha-rarefaction \
--i-table table.gza \
--i-phylogeny rooted-tree.qgza \
--p-max-depth 30000 \
--m-metadata-file sample-metadata.tsv \
--o-visualization alpha-rarefaction.qgzv

giime feature-classifier classify-sklearn \
--i-classifier gg-13-8-99-515-806-nb-classifier.qza \
--i-reads rep-segs.qgza \
--o-classification taxonomy.gza

giime taxa barplot \
--i-table table.qgza \
--i-taxonomy taxonomy.gza \
--m-metadata-file sample-metadata.tsv \
--o-visualization taxa-bar-plots.qgzv

giime metadata tabulate \

--m-input-file taxonomy.qgza \
--o-visualization taxonomy.qzv
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Significance tests

Table S6.7. Significance testing for contaminants leachate samples found in Figures 6.1 and S6.5. HB = Holm-

Bonferroni.

Dependent variable Time Test Statistic p-value | awith HB correction Isp<a?
Acetaminophen 3 One-way ANOVA 0.51 0.623 0.013 FALSE
Acetaminophen 8 One-way ANOVA 0.52 0.619 0.010 FALSE
Acetaminophen 51 One-way ANOVA 0.11 0.895 0.025 FALSE
Acetaminophen 366 Kruskal-Wallis H-test 1.24 0.538 0.008 FALSE
Acetaminophen 369 One-way ANOVA 0.11 0.900 0.050 FALSE
Acetaminophen 372 One-way ANOVA 4.32 0.039 0.006 FALSE
Acetaminophen 377 One-way ANOVA 4.32 0.039 0.006 FALSE
Acetaminophen 384 Kruskal-Wallis H-test 1.85 0.396 0.007 FALSE
Acetaminophen 391 One-way ANOVA 0.33 0.733 0.017 FALSE

Caffeine 3 Kruskal-Wallis H-test 1.16 >0.1 0.025 FALSE
Caffeine 8 One-way ANOVA 0.52 0.619 0.010 FALSE
Caffeine 51 Kruskal-Wallis H-test 0.97 >0.1 0.050 FALSE
Caffeine 366 Kruskal-Wallis H-test 4.88 0.087 0.007 FALSE
Caffeine 369 One-way ANOVA 0.11 0.900 0.017 FALSE
Caffeine 372 One-way ANOVA 4.32 0.039 0.006 FALSE
Caffeine 377 One-way ANOVA 4.32 0.039 0.006 FALSE
Caffeine 384 Kruskal-Wallis H-test 1.85 0.396 0.008 FALSE
Caffeine 391 One-way ANOVA 0.33 0.733 0.013 FALSE
Carbamazepine 3 Kruskal-Wallis H-test 5.42 0.086 0.025 FALSE
Carbamazepine 8 Kruskal-Wallis H-test 5.96 0.029 0.013 FALSE
Carbamazepine 51 Kruskal-Wallis H-test 4.36 >0.1 0.050 FALSE
Carbamazepine 366 Kruskal-Wallis H-test 9.78 0.008 0.006 FALSE
Carbamazepine 369 Kruskal-Wallis H-test 9.98 0.007 0.006 FALSE
Carbamazepine 372 Kruskal-Wallis H-test 9.62 0.008 0.007 FALSE
Carbamazepine 377 Kruskal-Wallis H-test 9.42 0.009 0.008 FALSE
Carbamazepine 384 Kruskal-Wallis H-test 9.40 0.009 0.010 FALSE
Carbamazepine 391 Kruskal-Wallis H-test 5.96 0.029 0.017 FALSE
Gemfibrozil 3 Kruskal-Wallis H-test 5.42 0.086 0.007 FALSE
Gemfibrozil 8 One-way ANOVA 0.89 0.457 0.013 FALSE
Gemfibrozil 51 One-way ANOVA 0.11 0.895 0.025 FALSE
Gemfibrozil 366 Kruskal-Wallis H-test 254 0.281 0.008 FALSE
Gemfibrozil 369 One-way ANOVA 0.11 0.900 0.050 FALSE
Gemfibrozil 372 One-way ANOVA 4.32 0.039 0.006 FALSE
Gemfibrozil 377 One-way ANOVA 4.32 0.039 0.006 FALSE
Gemfibrozil 384 Kruskal-Wallis H-test 1.85 0.396 0.010 FALSE
Gemfibrozil 391 One-way ANOVA 0.33 0.733 0.017 FALSE
Ibuprofen 3 Kruskal-Wallis H-test 5.60 0.050 0.007 FALSE
Ibuprofen 8 Kruskal-Wallis H-test 5.42 0.086 0.008 FALSE
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Ibuprofen 51 Kruskal-Wallis H-test 3.47 >0.1 0.050 FALSE
Ibuprofen 366 Kruskal-Wallis H-test 1.24 0.538 0.013 FALSE
Ibuprofen 369 One-way ANOVA 0.11 0.900 0.025 FALSE
Ibuprofen 372 One-way ANOVA 4.32 0.039 0.006 FALSE
Ibuprofen 377 One-way ANOVA 4.32 0.039 0.006 FALSE
Ibuprofen 384 Kruskal-Wallis H-test 1.85 0.396 0.010 FALSE
Ibuprofen 391 One-way ANOVA 0.33 0.733 0.017 FALSE
Sulfamethoxazole 3 Kruskal-Wallis H-test 5.60 0.050 0.025 FALSE
Sulfamethoxazole 8 Kruskal-Wallis H-test 6.49 0.029 0.013 FALSE
Sulfamethoxazole 51 Kruskal-Wallis H-test 1.42 >0.1 0.050 FALSE
Sulfamethoxazole 366 Kruskal-Wallis H-test 9.50 0.009 0.008 FALSE
Sulfamethoxazole 369 Kruskal-Wallis H-test 9.62 0.008 0.006 FALSE
Sulfamethoxazole 372 Kruskal-Wallis H-test 9.62 0.008 0.006 FALSE
Sulfamethoxazole 377 Kruskal-Wallis H-test 9.62 0.008 0.007 FALSE
Sulfamethoxazole 384 Kruskal-Wallis H-test 9.44 0.009 0.010 FALSE
Sulfamethoxazole 391 Kruskal-Wallis H-test 5.96 0.029 0.017 FALSE
Sulfanilamide 3 Kruskal-Wallis H-test 5.60 0.050 0.013 FALSE
Sulfanilamide 8 Kruskal-Wallis H-test 4.36 >0.1 0.025 FALSE
Sulfanilamide 51 Kruskal-Wallis H-test 0.47 >0.1 0.050 FALSE
Sulfanilamide 366 Kruskal-Wallis H-test 8.34 0.015 0.010 FALSE
Sulfanilamide 369 Kruskal-Wallis H-test 9.42 0.009 0.008 FALSE
Sulfanilamide 372 Kruskal-Wallis H-test 9.62 0.008 0.007 FALSE
Sulfanilamide 377 Kruskal-Wallis H-test 9.78 0.008 0.006 FALSE
Sulfanilamide 384 Kruskal-Wallis H-test 10.00 0.007 0.006 FALSE
Sulfanilamide 391 One-way ANOVA 0.33 0.733 0.017 FALSE
Triclosan 3 Kruskal-Wallis H-test 3.20 >0.1 0.050 FALSE
Triclosan 8 One-way ANOVA 0.52 0.619 0.013 FALSE
Triclosan 51 One-way ANOVA 0.11 0.895 0.025 FALSE
Triclosan 366 Kruskal-Wallis H-test 474 0.093 0.008 FALSE
Triclosan 369 Kruskal-Wallis H-test 8.18 0.017 0.006 FALSE
Triclosan 372 Kruskal-Wallis H-test 5.16 0.076 0.007 FALSE
Triclosan 377 One-way ANOVA 4.32 0.039 0.006 FALSE
Triclosan 384 Kruskal-Wallis H-test 1.85 0.396 0.010 FALSE
Triclosan 391 One-way ANOVA 0.33 0.733 0.017 FALSE
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Table S6.8. Significance testing for contaminants soil samples found in Figures 6.2 and S6.6. HB = Holm-

Bonferroni.

Dependent variable Time Test Statistic p-value | a with HB correction Isp<a?
Acetaminophen 0 None (All values equal) | None (All values equal) | 1.000 0.010 FALSE
Acetaminophen 6 None (All values equal) | None (All values equal) | 1.000 0.013 FALSE
Acetaminophen 35 None (All values equal) | None (All values equal) | 1.000 0.017 FALSE
Acetaminophen 69 None (All values equal) | None (All values equal) 1.000 0.025 FALSE
Acetaminophen 98 None (All values equal) | None (All values equal) 1.000 0.050 FALSE

Caffeine Kruskal-Wallis H-test 5.79 0.029 0.010 FALSE
Caffeine Kruskal-Wallis H-test 5.79 0.029 0.013 FALSE
Caffeine 35 Kruskal-Wallis H-test 5.79 0.029 0.017 FALSE
Caffeine 69 Kruskal-Wallis H-test 3.23 >0.1 0.025 FALSE
Caffeine 98 Kruskal-Wallis H-test 2.10 >0.1 0.050 FALSE
Carbamazepine Kruskal-Wallis H-test 5.61 0.050 0.025 FALSE
Carbamazepine Kruskal-Wallis H-test 5.79 0.029 0.010 FALSE
Carbamazepine 35 Kruskal-Wallis H-test 5.61 0.050 0.050 FALSE
Carbamazepine 69 Kruskal-Wallis H-test 5.79 0.029 0.013 FALSE
Carbamazepine 98 Kruskal-Wallis H-test 5.79 0.029 0.017 FALSE
Gemfibrozil Kruskal-Wallis H-test 5.79 0.029 0.010 FALSE
Gemfibrozil Kruskal-Wallis H-test 6.16 0.029 0.013 FALSE
Gemfibrozil 35 Kruskal-Wallis H-test 2.88 >0.1 0.017 FALSE
Gemfibrozil 69 None (All values equal) | None (All values equal) 1.000 0.025 FALSE
Gemfibrozil 98 None (All values equal) | None (All values equal) | 1.000 0.050 FALSE
Ibuprofen Kruskal-Wallis H-test 2.54 >0.1 0.010 FALSE
Ibuprofen None (All values equal) | None (All values equal) | 1.000 0.013 FALSE
Ibuprofen 35 None (All values equal) | None (All values equal) 1.000 0.017 FALSE
Ibuprofen 69 None (All values equal) | None (All values equal) 1.000 0.025 FALSE
Ibuprofen 98 None (All values equal) | None (All values equal) | 1.000 0.050 FALSE
Sulfamethoxazole Kruskal-Wallis H-test 6.16 0.029 0.010 FALSE
Sulfamethoxazole Kruskal-Wallis H-test 5.79 0.029 0.013 FALSE
Sulfamethoxazole 35 Kruskal-Wallis H-test 2.00 >0.1 0.017 FALSE
Sulfamethoxazole 69 None (All values equal) | None (All values equal) 1.000 0.025 FALSE
Sulfamethoxazole 98 None (All values equal) | None (All values equal) | 1.000 0.050 FALSE
Triclosan 0 Kruskal-Wallis H-test 5.61 0.050 0.017 FALSE
Triclosan Kruskal-Wallis H-test 7.45 0.004 0.010 TRUE
Triclosan 35 Kruskal-Wallis H-test 5.61 0.050 0.025 FALSE
Triclosan 69 Kruskal-Wallis H-test 5.61 0.050 0.050 FALSE
Triclosan 98 Kruskal-Wallis H-test 6.16 0.029 0.013 FALSE
Table S6.9. Post hoc analysis for contaminants soil samples found in Figure 6.2.

Dependent variable Time Treatment1l | Treatment2 Test a Isp<a?
Triclosan 6 C CP100 Mann-Whitney U test 0.017 FALSE
Triclosan 6 CTRL C Mann-Whitney U test 0.017 FALSE
Triclosan 6 CTRL CP100 Mann-Whitney U test 0.017 FALSE

258



Table S6.10. Significance testing for enzyme activities found in Figures 6.5 and S6.9. HB = Holm-Bonferroni.

Dependent variable Time Test Statistic p-value o with HB correction Isp<a?
chitinase 0 One-way ANOVA 0.24 0.912 0.050 FALSE
chitinase 6 One-way ANOVA 7.75 0.000 0.005 TRUE
chitinase 35 Kruskal-Wallis H-test 10.10 0.039 0.006 FALSE
chitinase 69 Kruskal-Wallis H-test 1.73 0.786 0.017 FALSE
chitinase 98 One-way ANOVA 0.68 0.615 0.013 FALSE
chitinase 363 Kruskal-Wallis H-test 5.23 0.265 0.010 FALSE
chitinase 368 Kruskal-Wallis H-test 5.97 0.201 0.008 FALSE
chitinase 397 Kruskal-Wallis H-test 6.96 0.138 0.007 FALSE
chitinase 425 One-way ANOVA 3.64 0.019 0.006 FALSE
chitinase 456 One-way ANOVA 0.40 0.808 0.025 FALSE

B-glucosidase 0 Kruskal-Wallis H-test 3.03 > 0.05 0.050 FALSE
B-glucosidase 6 One-way ANOVA 212 0.111 0.008 FALSE
B-glucosidase 35 One-way ANOVA 3.66 0.018 0.006 FALSE
B-glucosidase 69 Kruskal-Wallis H-test 2.90 0.575 0.025 FALSE
B-glucosidase 98 One-way ANOVA 1.74 0.173 0.010 FALSE
B-glucosidase 363 Kruskal-Wallis H-test 7.59 0.108 0.007 FALSE
B-glucosidase 368 Kruskal-Wallis H-test 7.75 0.101 0.006 FALSE
B-glucosidase 397 Kruskal-Wallis H-test 3.65 0.456 0.013 FALSE
B-glucosidase 425 One-way ANOVA 5.02 0.005 0.005 TRUE
B-glucosidase 456 One-way ANOVA 0.82 0.525 0.017 FALSE
phosphatase 0 One-way ANOVA 1.06 0.426 0.017 FALSE
phosphatase 69 One-way ANOVA 1.83 0.154 0.010 FALSE
phosphatase 98 Kruskal-Wallis H-test 2.85 0.584 0.025 FALSE
phosphatase 363 Kruskal-Wallis H-test 9.34 0.053 0.007 FALSE
phosphatase 368 One-way ANOVA 0.71 0.591 0.050 FALSE
phosphatase 397 Kruskal-Wallis H-test 7.20 0.126 0.008 FALSE
phosphatase 425 One-way ANOVA 4.89 0.005 0.006 TRUE
phosphatase 456 One-way ANOVA 1.78 0.163 0.013 FALSE
xylan 1,4-B-xylosidase 0 One-way ANOVA 0.50 0.738 0.017 FALSE
xylan 1,4-B-xylosidase 6 One-way ANOVA 4.20 0.011 0.005 FALSE
xylan 1,4-B-xylosidase 35 Kruskal-Wallis H-test 6.11 0.191 0.007 FALSE
xylan 1,4-B-xylosidase 69 Kruskal-Wallis H-test 1.86 0.761 0.025 FALSE
xylan 1,4-B-xylosidase 98 Kruskal-Wallis H-test 2.95 0.565 0.010 FALSE
xylan 1,4-B-xylosidase 363 Kruskal-Wallis H-test 9.76 0.045 0.006 FALSE
xylan 1,4-B-xylosidase 368 One-way ANOVA 0.54 0.710 0.013 FALSE
xylan 1,4-B-xylosidase 397 Kruskal-Wallis H-test 0.74 0.947 0.050 FALSE
xylan 1,4-B-xylosidase 425 One-way ANOVA 3.17 0.032 0.006 FALSE
xylan 1,4-B-xylosidase 456 One-way ANOVA 1.60 0.206 0.008 FALSE

259



Table S6.11. Post hoc analysis for enzyme activities found in Figures 6.5 and S6.9.

Dependent variable Time Treatment 1 Treatment 2 Test o Isp<a?
chitinase 6 C CP100 Tukey's HSD 0.05 FALSE
chitinase 6 C CTRL Tukey's HSD 0.05 FALSE
chitinase 6 C P10 Tukey's HSD 0.05 FALSE
chitinase 6 C P100 Tukey's HSD 0.05 FALSE
chitinase 6 CP100 CTRL Tukey's HSD 0.05 FALSE
chitinase 6 CP100 P10 Tukey's HSD 0.05 TRUE
chitinase 6 CP100 P100 Tukey's HSD 0.05 FALSE
chitinase 6 CTRL P10 Tukey's HSD 0.05 TRUE
chitinase 6 CTRL P100 Tukey's HSD 0.05 FALSE
chitinase 6 P10 P100 Tukey's HSD 0.05 FALSE

B-glucosidase 425 C CP100 Tukey's HSD 0.05 FALSE
B-glucosidase 425 Cc CTRL Tukey's HSD 0.05 TRUE
B-glucosidase 425 C P10 Tukey's HSD 0.05 FALSE
B-glucosidase 425 C P100 Tukey's HSD 0.05 FALSE
B-glucosidase 425 CP100 CTRL Tukey's HSD 0.05 TRUE
B-glucosidase 425 CP100 P10 Tukey's HSD 0.05 FALSE
B-glucosidase 425 CP100 P100 Tukey's HSD 0.05 FALSE
B-glucosidase 425 CTRL P10 Tukey's HSD 0.05 FALSE
B-glucosidase 425 CTRL P100 Tukey's HSD 0.05 FALSE
B-glucosidase 425 P10 P100 Tukey's HSD 0.05 FALSE
phosphatase 425 C CP100 Tukey's HSD 0.05 FALSE
phosphatase 425 C CTRL Tukey's HSD 0.05 TRUE
phosphatase 425 C P10 Tukey's HSD 0.05 FALSE
phosphatase 425 C P100 Tukey's HSD 0.05 FALSE
phosphatase 425 CP100 CTRL Tukey's HSD 0.05 FALSE
phosphatase 425 CP100 P10 Tukey's HSD 0.05 FALSE
phosphatase 425 CP100 P100 Tukey's HSD 0.05 FALSE
phosphatase 425 CTRL P10 Tukey's HSD 0.05 TRUE
phosphatase 425 CTRL P100 Tukey's HSD 0.05 FALSE
phosphatase 425 P10 P100 Tukey's HSD 0.05 FALSE

Table S6.12. Significance testing for plant growth found in Figure 6.6. HB = Holm-Bonferroni, LUT = Lookup

table.

Dependent variable | Time Test Statistic p-value | a with HB correction Isp<a?
dry biomass 1 One-way ANOVA 0.56 0.698 0.025 FALSE
dry biomass 2 None (LUT unavailable) | None (LUT unavailable) N/A 0.050 FALSE
flower stalks 1 One-way ANOVA 1.42 0.283 0.050 FALSE
flower stalks 2 One-way ANOVA 2.28 0.089 0.025 FALSE

leaves 1 One-way ANOVA 1.35 0.305 0.025 FALSE
leaves 2 One-way ANOVA 0.55 0.700 0.050 FALSE
strawberries 1 One-way ANOVA 0.83 0.529 0.025 FALSE
strawberries 2 One-way ANOVA 0.15 0.960 0.050 FALSE
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Table S6.13. Significance testing for Shannon entropy found in Figure S6.7. HB = Holm-Bonferroni.

Dependent variable Time Test Statistic p-value o with HB correction Isp<a?
Shannon entropy 35 One-way ANOVA 1.14 0.392 0.017 FALSE
Shannon entropy 98 One-way ANOVA 0.85 0.523 0.025 FALSE
Shannon entropy 363 One-way ANOVA 2.72 0.091 0.010 FALSE
Shannon entropy 397 One-way ANOVA 0.12 0.970 0.050 FALSE
Shannon entropy 456 One-way ANOVA 151 0.272 0.013 FALSE

Table S6.14. Significance testing

for phylum-level relative abundance found in Figure 6.3. HB = Holm-

Bonferroni.

Dependent variable Time Test Statistic p-value o with HB correction Isp<a?
Acidobacteria 35 One-way ANOVA 0.88 0.507 0.050 FALSE
Acidobacteria 98 One-way ANOVA 1.00 0.451 0.025 FALSE
Acidobacteria 363 One-way ANOVA 4.39 0.026 0.010 FALSE
Acidobacteria 397 One-way ANOVA 1.44 0.292 0.017 FALSE
Acidobacteria 456 One-way ANOVA 1.50 0.275 0.013 FALSE
Actinobacteria 35 One-way ANOVA 2.92 0.077 0.013 FALSE
Actinobacteria 98 One-way ANOVA 0.42 0.789 0.025 FALSE
Actinobacteria 363 Kruskal-Wallis H-test 4.77 >0.05 0.050 FALSE
Actinobacteria 397 One-way ANOVA 7.92 0.004 0.010 TRUE
Actinobacteria 456 One-way ANOVA 1.08 0.415 0.017 FALSE

Chloroflexi 35 One-way ANOVA 0.74 0.587 0.017 FALSE
Chloroflexi 98 One-way ANOVA 244 0.115 0.013 FALSE
Chloroflexi 363 Kruskal-Wallis H-test 3.93 >0.05 0.025 FALSE
Chloroflexi 397 One-way ANOVA 491 0.019 0.010 FALSE
Chloroflexi 456 Kruskal-Wallis H-test 6.57 >0.05 0.050 FALSE
Crenarchaeota 35 One-way ANOVA 0.47 0.754 0.050 FALSE
Crenarchaeota 98 One-way ANOVA 2.29 0.131 0.010 FALSE
Crenarchaeota 363 One-way ANOVA 2.26 0.134 0.013 FALSE
Crenarchaeota 397 One-way ANOVA 1.36 0.315 0.025 FALSE
Crenarchaeota 456 One-way ANOVA 1.74 0.217 0.017 FALSE
Firmicutes 35 One-way ANOVA 124 0.353 0.013 FALSE
Firmicutes 98 One-way ANOVA 0.76 0.577 0.050 FALSE
Firmicutes 363 One-way ANOVA 0.85 0.524 0.025 FALSE
Firmicutes 397 One-way ANOVA 4.37 0.027 0.010 FALSE
Firmicutes 456 One-way ANOVA 1.06 0.427 0.017 FALSE

Gemmatimonadetes 35 One-way ANOVA 1.15 0.390 0.017 FALSE

Gemmatimonadetes 98 One-way ANOVA 0.36 0.830 0.050 FALSE

Gemmatimonadetes 363 One-way ANOVA 4.60 0.023 0.010 FALSE

Gemmatimonadetes 397 One-way ANOVA 1.30 0.335 0.013 FALSE

Gemmatimonadetes 456 One-way ANOVA 0.53 0.720 0.025 FALSE
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Nitrospirae 35 Kruskal-Wallis H-test 9.37 0.050 0.010 FALSE
Nitrospirae 98 One-way ANOVA 0.56 0.699 0.025 FALSE
Nitrospirae 363 One-way ANOVA 0.74 0.587 0.017 FALSE
Nitrospirae 397 One-way ANOVA 0.23 0.915 0.050 FALSE
Nitrospirae 456 One-way ANOVA 0.95 0.475 0.013 FALSE
Other 35 One-way ANOVA 0.94 0.478 0.013 FALSE
Other 98 One-way ANOVA 0.32 0.861 0.017 FALSE
Other 363 Kruskal-Wallis H-test 4.77 >0.05 0.050 FALSE
Other 397 One-way ANOVA 331 0.057 0.010 FALSE
Other 456 One-way ANOVA 0.31 0.866 0.025 FALSE
Planctomycetes 35 One-way ANOVA 221 0.140 0.013 FALSE
Planctomycetes 98 One-way ANOVA 0.59 0.675 0.050 FALSE
Planctomycetes 363 One-way ANOVA 251 0.108 0.010 FALSE
Planctomycetes 397 One-way ANOVA 211 0.154 0.017 FALSE
Planctomycetes 456 One-way ANOVA 1.53 0.266 0.025 FALSE
Proteobacteria 35 One-way ANOVA 6.10 0.009 0.010 TRUE
Proteobacteria 98 One-way ANOVA 4.12 0.031 0.013 FALSE
Proteobacteria 363 One-way ANOVA 1.26 0.349 0.025 FALSE
Proteobacteria 397 One-way ANOVA 3.90 0.037 0.017 FALSE
Proteobacteria 456 One-way ANOVA 0.69 0.616 0.050 FALSE
Verrucomicrobia 35 Kruskal-Wallis H-test 1.73 >0.05 0.025 FALSE
Verrucomicrobia 98 One-way ANOVA 0.17 0.950 0.017 FALSE
Verrucomicrobia 363 One-way ANOVA 1.64 0.239 0.010 FALSE
Verrucomicrobia 397 Kruskal-Wallis H-test 6.40 >0.05 0.050 FALSE
Verrucomicrobia 456 One-way ANOVA 0.59 0.676 0.013 FALSE
WS3 35 One-way ANOVA 1.73 0.221 0.010 FALSE

WS3 98 One-way ANOVA 0.41 0.801 0.050 FALSE

WS3 363 One-way ANOVA 1.52 0.270 0.013 FALSE

WS3 397 One-way ANOVA 1.27 0.343 0.017 FALSE

WS3 456 One-way ANOVA 0.41 0.801 0.025 FALSE
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Table S6.15. Post hoc analysis for phylum-level relative abundance found in Figure 6.3.

Dependent variable Time | Treatmentl | Treatment2 Test o Isp<a?
Actinobacteria 397 C CP100 Tukey's HSD 0.05 FALSE
Actinobacteria 397 C CTRL Tukey's HSD 0.05 TRUE
Actinobacteria 397 C P10 Tukey's HSD 0.05 FALSE
Actinobacteria 397 C P100 Tukey's HSD 0.05 FALSE
Actinobacteria 397 CP100 CTRL Tukey's HSD 0.05 TRUE
Actinobacteria 397 CP100 P10 Tukey's HSD 0.05 FALSE
Actinobacteria 397 CP100 P100 Tukey's HSD 0.05 FALSE
Actinobacteria 397 CTRL P10 Tukey's HSD 0.05 TRUE
Actinobacteria 397 CTRL P100 Tukey's HSD 0.05 FALSE
Actinobacteria 397 P10 P100 Tukey's HSD 0.05 FALSE
Proteobacteria 35 C CP100 Tukey's HSD 0.05 FALSE
Proteobacteria 35 C CTRL Tukey's HSD 0.05 TRUE
Proteobacteria 35 C P10 Tukey's HSD 0.05 TRUE
Proteobacteria 35 C P100 Tukey's HSD 0.05 FALSE
Proteobacteria 35 CP100 CTRL Tukey's HSD 0.05 FALSE
Proteobacteria 35 CP100 P10 Tukey's HSD 0.05 FALSE
Proteobacteria 35 CP100 P100 Tukey's HSD 0.05 FALSE
Proteobacteria 35 CTRL P10 Tukey's HSD 0.05 FALSE
Proteobacteria 35 CTRL P100 Tukey's HSD 0.05 FALSE
Proteobacteria 35 P10 P100 Tukey's HSD 0.05 FALSE
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Chapter 7: Comprehensive discussion

This chapter is a comprehensive discussion of Chapters 2 — 6. Whereas those chapters are
standalone chapters that could be understood without reading any other parts of this thesis, Chapter
7 aims to form a discussion around the relationship between the chapters and how they contribute
to answering the underlying research objectives outlined in Chapter 1. The limitations of any
results obtained and analyses performed are also discussed along with avenues for future work to
expand upon the findings discussed here. To avoid repetition, this chapter will mainly focus on
discussing results in the context of this thesis. For a more comprehensive discussion of results in
the context of the wider literature, please refer to the discussions contained within individual

chapters.

7.1 Gaps in the green carbon dot synthesis literature

We began with a critical review of the green CD synthesis literature in Chapter 2 to identify
knowledge gaps that are holding these CDs back from having equivalent features as those CDs
synthesized from traditional methods. For instance, we revealed that approximately 78 % of green
syntheses involved the use of renewable raw materials such as plants (Figure 2.1b). While using
raw materials is more sustainable than using refined chemicals since fewer processing steps are
required, a compromise can be made by using refined chemicals that are derived from naturally
occurring renewable resources. We demonstrated this in Chapter 3 through a green synthesis of
CDs from citric acid and phenylalanine which resulted in CDs with a quantum yield of 65 %.
While we acknowledge that renewable refined compounds that are mass-produced in Nature are
often synthesized from synthetic precursors when sold for commercial purposes, there often exists

processes to create these compounds via biosynthesis as well.! Moreover, the use of renewable

264



refined compounds that exist in the natural environment can be a good starting point for identifying
renewable raw materials that could make good potential precursors. For instance, we showed that
high quantum yields can be achieved using citric acid and phenylalanine in a synthesis. This could
lead to future research whereby water, citric acid, and phenylalanine is replaced by juice from a
citrus fruit, such as lemons, and combined with phenylalanine, making the synthesis more
sustainable overall. Going a step further, one may attempt to identify plants with high
phenylalanine content to use in a synthesis in conjunction with lemon juice.

In Chapter 2, we showed that approximately 69 % of green syntheses were performed
hydrothermally (Figure 2.1b). Indeed, we also performed a hydrothermal synthesis in Chapter 3,
and this method remains popular for good reason. Most chemical labs will have access to a heating
source that can reach temperatures up to 250 °C. A Teflon-lined autoclave chamber is a relatively
cheap type of batch reactor. Moreover, hydrothermal syntheses are typically one-pot. Overall, the
method is easy to implement and low cost to perform. However, hydrothermal synthesis times are
long, and energy is not used as efficiently as in a microwave synthesis which heats the reaction
medium directly. In Chapter 4, we repeated our citric acid and phenylalanine formula in a
microwave setting and produced CDs with a quantum yield of 17 % when synthesizing with a
solute mixture of 80 mol% phenylalanine and 20 mol% citric acid. While this is considerably lower
than the 65 % quantum yield we achieved from hydrothermal synthesis in Chapter 3, we can not
make any statistical comparison, since their quantum yields were measured using different
instrumentation and control environments. Moreover, a comparison would not tell the entire story,
since the synthesis performed in Chapter 4 was optimized more in favour of producing a larger
product yield (i.e., mass of CDs obtained), rather than quantum yield. However, such a comparison

would be interesting to make in the future under a more standardized processing and
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characterization protocol. We also note that this thesis stops short of performing a comprehensive
direct comparison of how a starting reaction media with the same precursors could potentially
result in CDs with different physicochemical properties when undergoing either a hydrothermal or
a microwave synthesis with the same purification methods. It would be a very interesting study to
conduct in the future whereby a common precursor is divided into two parts, one undergoes
hydrothermal synthesis, another microwave, and their respective outputs undergo similar
purification methods and characterization to observe differences.

Carbon dots, especially those synthesized via green synthesis methods, are perhaps best
known for their characteristic blue-violet fluorescence. In Chapter 2, we showed that 89 % of green
synthesized CDs had a peak emission wavelength less than 500 nm with the highest peak emission
wavelength being 537 nm,? falling in the green light region (Figure 2.2f). This is in stark contrast
to CdTeQDs which are readily available in a variety of peak fluorescence wavelengths with nearly
nanometer precision. Moreover, several CDs synthesized by conventional methods from synthetic
precursors have also shown emission at higher wavelengths. This phenomenon is displayed
prominently in Chapter 4, whereby the blue-violet fluorescence from the green-synthesized NCDs
was similar to the autofluorescence of the flies, but the SCDs and CdTeQDs had an easily
distinguishable red fluorescence (Figure 4.6). This lack of higher wavelength emission is an area
where green-synthesized CDs need significant improvement. One limitation may be that by
restricting oneself to compounds or raw materials found in Nature, it can become difficult to find
a combination of precursors to produce CDs with a higher peak fluorescence. Moreover,
considering that the vast majority of green CD syntheses use plant products as starting materials,
one must question how diverse these precursors truly are when many may consist of similar

components such as cellulose.
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An often-ignored aspect of CD synthesis is the relationship between synthesis inputs (e.g.,
precursor material and synthesis and purification methods) and the resulting CD output properties
(e.g., peak fluorescence, quantum yield). Moreover, there is an important intermediary factor that
needs to be studied further to understand how these inputs affect the output properties. A CD’s
physical and chemical properties are determined by the synthesis conditions. The physicochemical
properties then determine the optical properties of the CD. The general gap in the literature is
determining how one can control the physicochemical properties of CDs to achieve a certain result.
While it is beyond the scope of any thesis to answer this question in its entirety given the endless
combination of precursor, synthesis, and purification options possible, we can at the very least

contribute a few pieces to the puzzle.

7.2 Understanding the relationship between carbon dot synthesis conditions,

chemical structure, and optical properties

In Chapter 3, we performed a green CD synthesis with nine ratios of citric acid to
phenylalanine, including only citric acid and only phenylalanine. It has already been established
in the literature that nitrogen doping increases the quantum yield of CDs. This led to the question
of whether increasing the nitrogen-to-carbon ratio of the reactants will continuously increase the
quantum yield of the carbon dot. The results in Figure 3.1a were surprising, showing that the CDs
that were synthesized using a phenylalanine mole fraction of 0.1 — 0.8 had minimal differences in
their quantum yield despite having such a wide range of N:C ratios. This led us to investigate
whether the N:C ratio in the carbon dot was actually the same as the ratio found in the reactants.
Figure 3.1b showed that these two ratios are rarely equivalent. It was shown that the addition of

an initial quantity of phenylalanine results in its reaction with citric acid in a 1:1 ratio of
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phenylalanine to citric acid despite the excess citric acid. The stoichiometric ratio was revealed to
be a 2:1 ratio of phenylalanine to citric acid. At this ratio, both the reactant mixture and carbon dot
have a N:C ratio of 1:12.

Now that we have established a connection between the synthesis conditions
(phenylalanine mole fraction) and the chemical properties (N:C ratio) of the carbon dot, we come
back to the question of whether increasing nitrogen content will increase the quantum yield of a
carbon dot. Figure 3.1c shows that there is a correlation between the (N:C)cp and quantum yield,
up until only phenylalanine is used in which case the quantum yield drops considerably and breaks
the correlation. From here we developed a model (Equation 3.4, Figure 3.3) which illustrates that
there is a strong correlation between quantum yield and the (O:C)cp and the relative amount of
oxygen found in carboxyl groups. This finding clearly demonstrates that while nitrogen plays a
role in increasing the quantum yield of CDs, it is far from the only factor, nor is it necessarily the
most important, since our model makes no use of nitrogen content or the type of functional groups
the nitrogen is found in. This key finding helped us bridge gaps in the CD literature on how the
chemical composition of a CD can influence its fluorescence quantum yield.

While we did provide methods to better understand the stoichiometry of CD syntheses and
the role of the chemical structure in determining quantum yield, there are many other factors that
may be at play that were not evaluated and would be great opportunities for further research. For
instance, QDs experience the quantum confinement effect. This results in the peak fluorescence of
QDs moving to higher wavelengths as their size becomes larger. While CDs experience many QD-
like properties, the origin of their fluorescence is still not completely understood and, as a result,
their peak fluorescence wavelength does not strictly depend on their size. Therefore, understanding

how size can impact the peak fluorescence wavelengths and quantum yield of a CD can be critical
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in advancing the impact that CDs can have in a variety of applications. If one could produce
multiple CDs that differed only in size with similar chemical properties (e.g., similar FTIR and
XPS spectra) then we would be able to isolate the effect that size has on a CD’s optical properties.
However, controlling the chemical structure of a CD requires better understanding of how the
synthesis conditions affect chemical structure. These two relationships, effect of synthesis
conditions on CD physicochemical properties, and the effect of these properties on the CD optical
properties are strongly linked and both will need to be investigated thoroughly to unlock the
maximum potential of CDs, especially those made using green synthesis methods.

The ultimate goal of understanding the relationship between synthesis conditions,
physicochemical properties, and optical properties is so that these CDs can be deployed in various
applications. While the focus of Chapter 3 was to understand the role of stoichiometry and nitrogen
doping on the physicochemical and optical properties of CDs, we also demonstrated that our CDs
are capable of sensing Fe3* (Figure 3.6). However, we also acknowledge in Chapter 2 that the use
of green synthesized CDs in the applications of bioimaging and chemical sensing appears to be
taking the attention away from other applications that are in need of more research such as light-
emitting diodes and photovoltaics. Future research that reports on novel green CD syntheses
should consider examining potential optoelectronic applications, if they have the means to do so,
or if a bioimaging or chemical sensing application is to be shown, then screening for new cell
types, organisms, or compounds should be attempted, when possible, to further expand the reach

of green synthesized CDs.
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7.3 Relative toxicity of carbon dots and CdTe quantum dots in Drosophila

melanogaster

Alongside their potential to be synthesized sustainably, the other half of what makes the
advancement of CD technology worth pursuing is their reduced toxicity when compared to
cadmium-derived quantum dots. In Chapter 3, we synthesized CDs from phenylalanine and citric
acid in a hydrothermal synthesis. In Chapter 4, we used the same precursors, but in a microwave
synthesis to produce nitrogen-doped CDs (NCDs). We also used another CD that was previously
reported in the literature by Macairan et al. consisting of glutathione and formamide in a
microwave synthesis, resulting in nitrogen/sulfur-codoped CDs (SCDs).* The NCDs had not yet
been evaluated for toxicity, whereas the SCDs were found to have an ICsp value of 148 mg/L in
HeLa cells.* However, the authors did show that 100 mg/L was suitable for bioimaging purposes
without inducing considerable toxicity.* When evaluating a dose-response effect from the NCDs,
SCDs, and CdTeQDs on Drosophila melanogaster, this value became our upper limit on the
assumption that higher concentrations were unlikely to be used in a biological organism in practice.
We do acknowledge that in Chapter 3, we demonstrated a concentration dependent fluorescence
quenching from < 50 uM Fe3* when using a CD concentration of ~140 mg/L, however this was
not in a biological system, and we also demonstrated fluorescence quenching from several ions
with an ion concentration of 1000 uM and CD concentration of ~15 mg/L (Figure 3.6). A further
investigation into the minimum CD concentration needed to still be suitable for low concentration
ion sensing applications would be required if the system were to be used in a biological system.
We had also conducted preliminary experiments with CdTeQDs to assess that 10 mg/kg in food

would be the concentration where lethality would begin to be noticeable. These observations led
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to the use of 0, 10, 40, 70, and 100 mg/kg as our concentrations for evaluating the developmental
toxicity of NCDs, SCDs, and CdTeQDs in Drosophila melanogaster.

We determined that a CdTeQD concentration of 46 mg/kg in food was able to inhibit the
development of 50 % of 1% instar larvae into adult flies (Figure S4.7b). Also concerning is that
every additional 1 mg CdTeQD added per kg food would delay the emergence of adult flies by
approximately 68 minutes in the 10 — 100 mg/kg range (Figure S4.9b). This is in contrast to NCDs
and SCDs which showed no lethality or signs of developmental delays in the concentration range
measured. We note that while the concentration range studied was justified as it is unlikely that
higher concentrations would be used in practice, one limitation of our analysis is that we were
unable to calculate precise ECso values for NCDs and SCDs beyond stating that their ECso > 100
mg/kg. Moreover, SCDs showed minor signs of inducing a dose-dependent biological response
(Figure S4.9) whereby a significant, but weak, negative correlation between SCD concentration
and development time was found. Similarly male flies exposed to 100 mg/kg SCDs had a greater
mass than those raised on CTRL food, but only in the 2" experimental block (Figure 4.3b). No
significant differences were found in the 1% block. Investigating a higher concentration of SCD
could have clarified if this result was simply noise, or the start of a larger trend that would only be
observable at higher concentrations. When conducting sublethal toxicity assays at 100 mg/kg for
NCDs and SCDs and 5 mg/kg for CdTeQDs, no toxicity was found on the reproductive
performance, climbing ability, larvae crawling, fly mass, or locomotor activity of Drosophila

melanogaster.

271



7.4 Ecotoxicology of HDPE microplastics

Carbon dots have emerged as an interesting class of nanoparticles. However, much work
needs to be done before we begin to see their widespread use in consumer products. Therefore,
while it is certainly important to test for their ability to induce toxicity in organisms, they are not
currently considered a contaminant or pollutant of major concern to the environment or public
health. Plastics on the other hand are a well know carbon-based material that have become essential
in our everyday lives. Most plastics are released into the environment or landfills when disposed
of,> where they then break down into microplastics and possibly further into nanoplastics.® While
many toxicity studies exist evaluating the toxicity of nanoplastics and microplastics, efforts have
largely focused on studying their effects in aquatic environments. While such studies are certainly
valuable in furthering our understanding of the effects of microplastic pollution, there is a
disconnect with the current situation we find ourselves in, which is that the majority of
microplastics are found in terrestrial environments.” Moreover, a disproportionate fraction of
studies have evaluated the effects of polystyrene on organisms, whereas polyethylene and
polypropylene are far more prevalent.®> Given that the use of plastics has been widespread for
decades, it is generally understood that acute exposure to plastics, rarely results in toxicity. It would
be difficult to imagine a scenario where someone who holds and drinks from a plastic water bottle
everyday for a few days were to become severely ill from that action alone unless some other
contaminant, such as cadmium or lead, was found in the plastic bottle. What is not as clear, is what
the effects of such exposure are over the long term, or even over multiple generations. Moreover,
the key difference between nano- and microplastics and their macroplastic counterparts, is their
size. Specifically, nanoplastics are typically much smaller than eukaryotic cells, introducing the

potential for cytotoxicity. These considerations set the stage for Chapters 5 and 6, whereby the
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toxicity of HDPE microplastics are evaluated in animal and plant organisms, and soil
microorganisms.

The microplastics used in Chapter 5 and 6 came from the same HDPE sheet. In both
instances, the sheets were cut into small squares before undergoing mechanical weathering. In
Chapter 5 a spice grinder was used to obtain < 38 um microplastics, whereas in Chapter 6 a kitchen
blender was used to obtain < 1 mm microplastics. These sizes were selected based on their
relevance to each project. Fruit flies are small so smaller plastics which they would potentially be
able to consume were used. For example, while a 1 mm plastic particle would be considered a
microplastic to humans, to a fruit fly, it would be quite large. For context, it would be similar to
evaluating whether 50 cm wide objects made of HDPE are toxic to adult humans. Conversely, the
microplastics found in agricultural soils tend to cover a wider range of sizes. The microplastics
used in the fruit fly studies were also UV weathered, a step that was deemed unnecessary in the
agricultural study since it was performed outdoors where the soil and microplastics would be
exposed to natural UV radiation.

In Chapter 5, the developmental toxicity of HDPE microplastics on Drosophila
melanogaster was evaluated over the range of 0.1 — 10 000 mg/kg in food (Figure 5.2, 5.3). This
range was used to cover the diverse concentrations of HDPE microplastics found in the
environment, ranging from pristine environments to industrialized sites.® No developmental
toxicity was found in Drosophila melanogaster in this concentration range and no developmental
delays were observed. Further experiments were conducted at 100 mg/kg HDPE microplastics to
be better representative of the HDPE concentrations most likely to be found in the environment,
rather than focusing on highly industrialized areas. No decline in reproductive performance of the

flies over four generations was observed after exposure to HDPE microplastics (Figure 5.4).
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Moreover, no sublethal toxic effects from the HDPE microplastics were observed in the climbing
ability, larvae crawling, or fly mass as well (Figure 5.5).

In Chapter 6, soil was exposed to 100 mg/kg HDPE microplastics and pharmaceutically
active compounds, either alone or together. Similar to Chapter 5, no decline was observed in the
health of the strawberry plants throughout the two-year outdoor study from any of the treatments
(Figure 6.6). Additionally, no overall trends were observed which would distinguish the soil
enzyme activities between treatments throughout the study (Figure 6.5). The soils containing 100
mg/kg HDPE microplastics did not have a significant weighted UniFrac distance from the control
soils. In other words, the HDPE microplastics were unable to alter the composition of the
microorganisms found in the soil. However, not so surprisingly, the pharmaceutically active
compounds were able to induce a biological response in the soil microorganisms and alter their
composition. When adding the pharmaceutically active compounds to soil containing HDPE, an
interesting phenomenon was observed. In the presence of 100 mg/kg HDPE microplastics, the
pharmaceutically active compounds were no longer able to alter the soil microbial community
composition. This implies that the HDPE microplastics could potentially be inhibiting the
availability of the compounds to the soil microbial community. Future work could include
determining a mechanism behind this interaction. For instance, determining the affinity of these
compounds to adsorb to HDPE could provide an explanation. Another question to consider is
whether it is these compounds directly, or rather some metabolite of these compounds that are
interacting with the HDPE microplastics. This would be more complex to determine since there
are any number of compound-bacteria interactions that could lead to a variety of metabolites.
Another limitation of this analysis is that we did not look at how these treatments alter the number

of bacteria in the soil as a whole, but only the relative abundance of the different types of bacteria
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found in the soil. For instance, it remains unclear whether these significant changes to the soil
microbial community are due to toxicity in certain bacteria species, growth promotion, or some
combination of both. This limitation makes it difficult to state whether this ability of HDPE
microplastics to inhibit the alteration of the soil microbial community is a positive effect or a toxic
effect. However, one thing we can observe is that none of these treatments were able to
significantly affect plant growth over the two-year outdoor study, so it appears that the impact of
HDPE microplastics on our soil ecosystem was neutral.

A reoccurring limitation in Chapter 6 was that in some instances, the sample size was too
small, making certain results appear as not significant, whereas they may have been significant
with a higher replicate count. However, conducting an outdoor study is very resource and labour
intensive, requiring the transportation of hundreds if not thousands of kilograms of soil and
preparation of the field and irrigation to ensure that the soil from the experiment is contained and
does not make its way into the natural environment. Therefore, instead of suggesting an overall
higher sample size, | would recommend future outdoor studies to carefully consider which
treatments are necessary to answer the research questions proposed. For instance, in Chapter 6, the
removal of the 10 mg/kg HDPE microplastics treatment would result in the inability to make any
statements about a dose-dependent effect but could also be used to increase the sample size of
other treatments. Ultimately, there are many avenues that one can consider before embarking on a
study of this scale, but one must also be prepared for the inherently higher variance expected from
data that is obtained in an outdoor environment, and how this may impact statistical analyses
moving forward. Valuable information could also be derived from an outdoor and indoor study
being conducted in parallel. For instance, questions such as how variance is different between the

two environments, or how many extra replicates would one need per treatment to obtain a similar
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standard error on their data. This type of information can be useful for planning future studies if

the goal is to conduct multiple outdoor studies over several years.
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Chapter 8: Conclusions and summary

This chapter concludes a thorough investigation into the applications and environmental
impacts of anthropogenic carbon-based nanoparticles and microparticles. We began with a
comprehensive literature review of what constitutes a typical green CD synthesis. From there we
concluded that the vast majority of green CD syntheses were conducted hydrothermally and
typically used some form of plant matter as a carbon source. We then surveyed the physical and
chemical properties of these green-synthesized CDs obtaining a distribution of the size and O:C
and N:C ratios found in green-synthesized CDs. However, a key analysis of the CDs was from
their optical properties. It was noted that the quantum yield of green-synthesized CDs lagged those
CDs synthesized from traditional methods. Moreover, the peak emission wavelength of these CDs’
fluorescence was typically in the blue-violet zone and rarely went into green colour territory.
Longer wavelengths were exceedingly rare, with us unable to find any at the time that fit our strict
green synthesis criteria outlined in Chapter 2. This contrasts with traditionally synthesized CDs
that have a wider span of peak fluorescence wavelengths and, of course, CdTeQDs that can be
tuned during synthesis to emit virtually any visible light wavelength desired. The applications in
which these green synthesized CDs were used in focussed largely around bioimaging and chemical
sensing, with few optoelectronic applications such as photovoltaics and light-emitting diodes
compared to their traditionally synthesized counterparts. These findings collectively showed us
that the current green CD synthesis literature has become too uniform and lacks diversity. Most
green CD synthesis publications can be described as a plant undergoing a hydrothermal synthesis
to produce CDs to be used for bioimaging or chemical sensing. While there is nothing inherently
wrong with using established methods to focus research efforts on applications where CDs are

known to excel, it does leave much untapped potential in the field of optoelectronics, which is also
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the more likely category in which we can aim to replace quantum dots in consumer goods such as
television sets. By performing more green CD syntheses using renewable refined compounds (e.g.,
citric acid, amino acids, etc.), trying new synthesis routes such as microwave synthesis, and
exploring new applications, we can develop a more diverse green CD synthesis literature.

A major knowledge gap observed when surveying the literature for Chapter 2 was that there
is a general lack of understanding of how the choice of synthesis conditions impacts the resulting
CD’s chemical structure, and how that chemical structure impacts the CD’s optical properties such
as quantum yield. In Chapter 3, we performed a green hydrothermal synthesis using nine ratios of
phenylalanine to citric acid. We found that when the concentration of phenylalanine is
considerably lower than that of citric acid, the two compounds will still react in a 1:1 ratio during
synthesis. This ratio increases as the phenylalanine to citric acid ratio increases. The stoichiometric
ratio was found to be a 2:1 phenylalanine to citric acid ratio whereby the reactants and the resulting
CD have the same N:C ratio. The CDs with the highest quantum yield were created using 95 mol%
phenylalanine and 5 mol% citric acid in the solute of the precursor solution and had a quantum
yield of 65 % with a peak excitation/emission of 350/413 nm. Although we were able to confirm
that nitrogen doping does increase quantum yield, we also showed that this is not always the case.
We found that the quantum yield of our CDs had a stronger correlation with the O:C ratio and the
fraction of oxygen found in the carboxyl groups than it did with nitrogen content. We also
demonstrated that Fe** were able to quench the fluorescence of our CDs via a static fluorescence
guenching mechanism. Chapter 3 provides us with greater insight into how synthesis conditions,
in this case reactant ratios, can have a great impact on the quantum yield of a CD by influencing
its chemical structure. Moreover, the use of the stoichiometric ratio can be further investigated to

maximize the efficiency with which the reactants are used during synthesis.
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We have established that green synthesis methods are a viable route to making CDs. This
is one aspect that makes CDs an attractive alternative to inorganic quantum dots, the other is their
reduced toxicity. Here it is important to note that although carbon dots are typically less toxic than
CdTeQDs, CDs are not necessarily non-toxic altogether depending on the path through which they
were synthesized. Therefore, we believe it is important to make two considerations when
evaluating their toxicity: 1) examine a concentration range that they are likely to be used in; 2)
evaluate their toxicity in parallel with a positive control that can be used in similar applications
and is hypothesized to be more toxic than the CD being assessed. In Chapter 4, we measured the
developmental toxicity of NCDs, SCDs, and CdTeQDs on Drosophila melanogaster in the range
of 10— 100 mg/kg in food. No toxicity was observed from the NCDs or SCDs. Conversely, toxicity
from the CdTeQDs was readily apparent with an ECso of 46 mg/kg affecting the ability of larvae
to grow into adult flies. Moreover, the development of the larvae into flies was delayed by
approximately 68 minutes for every 1 mg/kg increase in CdTeQDs in the fly food. No differences
in development time were observed among NCD concentrations, however, SCDs showed a
significant, but weak, negative correlation with concentration. Further sublethal toxicity was
evaluated at 100 mg/kg for NCDs and SCDs and 5 mg/kg for CdTeQDs approximately
corresponding to the ECy of CdTeQDs. No sublethal toxicity was observed in the reproductive
performance of the flies, their climbing ability, larvae crawling, mass, or locomotor activity. This
chapter confirmed that two types of CDs with diverse elemental compositions were considerably
less toxic than CdTeQDs. Moreover, the fact that a concentration of 5 mg/kg did not result in any
measurable sublethal CdTeQD toxicity, but at 46 mg/kg it already prevents half of the larvae from
ever growing into adult flies, indicates how sensitive Drosophila melanogaster can be to changes

in CdTeQD concentration.
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In Chapter 5, we examined the toxicity of HDPE microplastics in Drosophila
melanogaster. No developmental toxicity or delays in development were observed from the HDPE
microplastics in the 0.1 — 10 000 mg/kg HDPE in food range. Further sublethal exposures were
conducted at 100 mg/kg. In particular, the flies were exposed to HDPE microplastics over four
generations and their reproductive performance was measured. No toxicity was observed
throughout the multigenerational exposure. Interestingly, the eclosion fraction of the pupae raised
on HDPE microplastics was 5.7 % higher than those raised on control food throughout the
multigenerational exposure. While the result was statistically significant, we do acknowledge that
the magnitude of this difference is low and therefore the difference may not entirely be indicative
of a larger trend whereby HDPE microplastics enhance reproduction. Moreover, the HDPE
microplastics had no effect on the climbing ability, larvae crawling, or mass of the organism.

To complete our investigation of the effects of chronic HDPE microplastic exposure, we
shift to their impact on soil microbial community composition, soil enzyme activity, and
strawberry plant growth. Up to 100 mg/kg HDPE and a mixture of pharmaceutically active
compounds (i.e., acetaminophen, caffeine, carbamazepine, gemfibrozil, ibuprofen,
sulfamethoxazole, sulfanilamide, and triclosan), alone and together, were added to soil in pots
placed outdoors over two summers. We found that the pharmaceutically active compounds were
able to alter the composition of the soil microbial community but were unable to do so in the
presence of HDPE microplastics. This suggests that the HDPE microplastics may play a role in
inhibiting the ability of the compounds to affect the soil microbial community. Strawberry plants
were grown in the soil and no effects from any of the treatments were observed on their growth.
While there were occasionally significant differences in the enzyme activity at certain time points

throughout the study, there was no clear trend over the entire time span of the experiment. This

282



work shows that HDPE microplastics may have indirect consequences on a soil ecosystem in the
presence of other compounds and more work needs to be done to investigate not only HDPE

toxicity alone, but its interaction with other emerging contaminants.
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