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ABSTRACT

Black carbon (BC) is an environmental pollutant of particular concern to many
international organizations for both its health effects and environmental effects. Fluorescent
carbon dots (FCDs) were chosen to be used as a surrogate to evaluate BC individually.
Characterization of the FCDs occurred with the use of dynamic light scattering (DLS), low-
resolution transmission electron microscopy (LR-TEM), high-resolution transmission electron
microscopy (HR-TEM), infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS), and
electron-paramagnetic spectroscopy (EPR). Evaluation of the optical properties were studied using
fluorescence spectroscopy. The photostability, chemical stability, and physical stability was tested
as well. The FCDs produced in this research ranged in size from 10-50 nm, exhibiting a graphene
oxide structure with suggestions of hydroxide functional groups on the surface and semiquinone-
type radicals. Fluorescence quenching was also tested. Metal ions were tested for their ability to
quench the fluorescence of the FCDs, followed by a testing of fluorescence recovery by a reducing
agent. Ferric ions were the optimal quencher, quenching 100% of the fluorescence. Only limited
fluorescence recovery was possible. Characterization of the FCDs before and after fluorescence
quenching allowed for proposal of a quenching mechanism. The proposed mechanism, involving
the stabilization of a semiquinone radical by the ferric ions is the first of its kind reported in
literature to this point. Cellular studies regarding the health effects of the FCDs, and therefore BC,
was performed on lung epithelial cells (BEAS-2B). Uptake was evaluated by confocal
fluorescence imaging and LR-TEM. Cytotoxicity was evaluated by trypan blue assay, MTT assay,
and MTS assay and revealed cytotoxic effects when FCDs are exposed to cells for long time
periods (8 hours) and high concentrations (8 mg/mL). The metal ion quencher increases the overall

toxicity of the FCDs. Through an evaluation of the GSH:GSSG ratio, no cellular oxidative stress

XV



was witnessed at short time periods, though further study is warranted. The cell studies of FCDs
in this dissertation are more comprehensive regarding time period and FCD concentration than any

found in literature.
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CHAPTER 1
INTRODUCTION

1.1 Research Goals and Aims

The World Health Organization (WHO) estimates that particulate matter (PM) air pollution
contributes to approximately 800,000 premature deaths each year as of 2011, ranking it the 13™
leading cause of mortality worldwide.l1 PM is an incredibly heterogeneous material, consisting
of extremely small particles and liquid droplets made up of acids, organic chemicals, metals, and
soil or dust particles.[l The extreme variability within PM makes it difficult to assign effects to
PM as a whole or to individual causal agents within the PM. While this holds true, there are specific
classes of materials within PM causing concern and interest, particularly PMa.s, which is PM with
a physical diameter less than 2.5 um. PM2s is known to travel faster within and deeper into the
respiratory tract than larger PM species, causing greater health concerns. A particular PM2 s species
of great interest to the Environmental Protection Agency (EPA) and the WHO is black carbon
(BC). BC is partially combusted carbonaceous material composed of a variety of materials having
a broad set of characteristics.l®! While extensive techniques and methodologies exist to analyze the
composition of PM2s as a whole, concerns are arising about the individual components and their
effects. In fact, it is becoming more obvious that mass and diameter of the PM alone might not be
able to explain the difference in health effects caused by PM2s. It is more likely the health effects
could be due to the wide range of elements and chemical functionalities present, resulting in
increased complexity in terms of composition and concentration.[” 8 Methodologies to analyze
individual components within PM2s samples are difficult to create due to an inability to isolate
individual components from within PMzs collected from environmental analysis stations. To

overcome this limitation in real-world conditions, surrogates for analysis of PM components can



be created to simulate the individual components and provide insight into their specific health
effects.

The McCarley Group, through affiliation with the Louisiana State University (LSU)
Superfund Research Program, has spent considerable time researching individual environmental
health causative agents by recreating surrogates for them in a laboratory setting to analyze them
as singular components rather than as a mosaic of thousands of components.’! Development of a
surrogate for BC would provide the ability to analyze the health effects, both in terms of mortality
of cells, as well as cellular environment, and to determine both short- and long-term effects. If this
surrogate is able to be actively monitored, it allows researchers to measure many different cellular
interactions, including uptake mechanism (if the particles are taken up by the cells), localization
within the cell, cell environmental effects, and short- and long-term cell viability. All of these
factors are necessary considerations, as many of the health effects and diseases attributed to PM2 s
and its component materials are associated with long-term extended exposure diseases, such as
cardiovascular disease in the form of increased size and rate of atherosclerotic plaque formation,
increased oxidative stress, cardiac arrhythmias, increased thrombus formation, and increased
inflammation and oxidative stress in the heart.’>*2 Complementary to cardiovascular disease,
PM2.5 can also affect the respiratory system through increased respiratory inflammation and
exhaled nitric oxide (a known measure of airway inflammation), which can lead to exacerbation
or development of respiratory diseases such as asthma and chronic obstructive pulmonary disease
(COPD).[t319]

Fluorescent monitoring of cellular interactions is a common and well understood
technique, as it offers many tunable features, such as excitation and emission wavelength,

intensity, fluorescence lifetime, and emission anisotropy. It also easily offers micrometer-scale



resolution and can offer nanometer-scale resolution and sensitivity down to the single-molecule
level by using super-resolution confocal techniques. Selecting an imaging modality best suited for
answering the question at hand, namely learning how pollutants, in the form of surrogates, interact
with living cells, is vital when designing a system for cellular analysis of a specific pollutant
through a surrogate. In the case of BC, the fluorescent material needs to mimic BC while also
allowing for efficient analysis using fluorescent microscopy techniques. Fluorescent carbon dots
(FCDs) fit the necessary characteristics, existing as carbonaceous materials similar to BC, with
elemental components comparable to those commonly found in environmentally produced BC,
thereby allowing for a high degree of control over the fluorescence mechanism through passivation
or particle modification. Beyond those characteristics, it is a commonly known feature of FCDs
that their fluorescence can be turned off and on via various, ill-defined paths, whose mechanisms
are yet to be elucidated at the molecular level.[**8] Understanding and thus being able to gain
control over the off-on mechanism would allow for sophisticated cellular analyses of the transport
and cellular impact of BC as a PM material, in the form of their surrogates. For example, by using
the known quenching of FCD fluorescence with metal ions,!**? one could take advantage of the
possibility of a fluorescence turn-on process resulting from FCD entrance into cells and their
reduction by electron-donating species, such as glutathione (GSH), reduced nicotinamide adenine
dinucleotide (NADH), or reduced nicotinamide adenine dinucleotide phosphate (NADPH).

The overall goal of my dissertation project is to design an analytical system to probe the
cellular environmental effects of BC, a form of PM2 s, through use of an FCD “turn-on” biosensor,
as seen in Scheme 1.1. To attain this goal, specific research aims are: design a synthetic approach
to create a fluorescent moieties that mimic BC, namely FCDs, followed by modification of said

FCDs with metal ions such as Cu, Ni, and Fe to turn off the fluorescence. Once accomplished, a



“turn-on” mechanism will be established through reduction of the metal ions complexed with the
FCDs upon cellular uptake by intracellular reducing agents such as GSH, NADH, or NADPH,
allowing for analysis of uptake and localization within the cell with minimal background signal
and high signal-to-noise ratio. While some of these specific aims could not be achieved, namely
the “turn-on” mechanism, an understanding of the fluorescence “turn-off” mechanism was
developed through extensive research experiments, which offer insight into the fluorescence

mechanism itself.

Human Lung Cell

a A .
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€ g S c / \FCD Sensor ON
g .2 FCD 9.9 [\
2 8 b '
o .2 Sensor 8 a \
S £ SE -\ a
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Scheme 1.1. Fluorescent carbon dots (FCDs) exposed to metal ions (represented by the black dots
bound to M*") of various identities show a complete quenching of fluorescence, as seen in the
representative fluorescence spectrum on the left side. Upon entrance of the turned-off FCDs into the
cell, the charge on the metal ion is changed by the reducing agents within (GSH and NADH),
showing a complete recovery of fluorescence in the FCDs (represented by the green dots bound to
MY*), seen in the representative fluorescence spectrum on the right.



1.2 Particulate Matter (PM) as an Environmental Pollutant

Particulate matter (PM), as an environmental pollutant, has been an issue connected to
human health going far back in our history, as described below. Notable cases include a case in
the Meuse Valley in Belgium in 1930, where several thousand people suffered acute pulmonary
failure and 60 individuals died due to sulfur dioxide gas coupled with PM from factory emissions.
Similarly, in London in 1952, sulfur dioxide gas and smoke PM caused over 3000 deaths in a
three-week period. 22 21 In these examples of large cases, the direct effects of high levels of PM
can be readily observed on a large scale. PM presence in the atmosphere, and therefore long-term
exposure, is most severe in urban centers. Unfortunately, the large populations in those urban
centers can make evaluation of health effects due to PM difficult to identify amidst the large
amount of health issues from other sources found in those large populations. PM was expressed to
be a serious public concern in 1970 when the United States of America passed the Clean Air Act,
which labels PM as a pollutant and places limits on its emission into the environment.[?* Health
studies have since become more common in connecting PM and health effects, the latter primarily
including cardiovasculart?>2"l and respiratory[?®-3%1 health effects. Systematic inflammation of the
cardiovascular system is mediated by cytokines IL-6, TNF-¢, and C-reactive protein (CRP) that
regulate inflammation. Development of acute myocardial infarction has been shown to be linked
to witnessed increases in IL-6 and CRP. Rucker et alia described elevations in both IL-6 and TNF-
a in patients exposed to PM1o 2 days subsequent.¥ Other studies have shown increases in CRP
upon exposure to both PM1o and PM2 s, once again pointing to a higher likelihood of cardiovascular
inflammation and myocardial infarction.®?34 In addition to inflammatory effects seen in the
cardiovascular system, decreases in overall respiratory function have been witnessed upon patient

exposure to increased amounts of PM. Horak et alia showed a relationship between increased



organic fractions in PM and decreased lung function parameters in what exposed to PM containing
the various amounts of organic materials.*3 One study showed the very interesting observation of
a linear relationship between increasing levels of PM in a given residential area and admissions of
residents within the area to a hospital or clinic for respiratory illness.l*! Interestingly enough, an
equal number of papers have performed similar experiments with contradictory results, finding
limited or no correlation between PM exposure and increased inflammatory response.-4% |t is
believed this apparent discrepancy results from differences in composition, variable exposure to
anti-inflammatory medications, and differences in obtaining PM exposure data. What makes PM
dangerous? Is it the size of the PM, the composition of the PM, the length of exposure, a
combination or none of the above? These questions must be answered to fully determine
countermeasures for PM exposure or motivation for preventing its production from anthropogenic
sources.

One significant factor in the danger of PM is the size of the PM itself. It has long been
known that the size of the particle in PM, better defined as the aerodynamic equivalent diameter
(AED), determines much about its overall ability to contribute to health impacts. Traditionally, the
AED allows for the classification of particles based on where the particles deposit in the human
respiratory tract: PMzg (particles less than or equal to 10 xm in size), PM2s (particles less than or
equal to 2.5 gm in size), and PMo.1 (particles less than or equal to 0.1 #m in size). In analyzing
PMyy, it is difficult to attribute health effects to individual classes within PM1o due to the large
amount of small particles that dominate the PM as compared to the smaller amount of large
particles. Though the mass of PM significantly decreases with particle diameter, the number of
particles in the ultrafine region (less than 100 nm in diameter) increases dramatically, as seen in

Scheme 1.2. PMyo, due to its large size, tends to settle in the upper respiratory tract, allowing for



the human body to easily filter and subsequently dislodge it from the nose and upper airway,
making PMo slightly less dangerous than PM2s and PMo. in terms of respiratory impacts. The
two smaller forms of PM, PM2s and PMo1, are defined as fine and ultrafine, and they tend to

accumulate much lower in the respiratory tract, particularly around the alveoli in the lungs, thereby
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Scheme 1.2 Hypothetical breakdown of PM shows that though the total mass
decreases exponentially due to ultrafine and fine particles, the number of those
particles increases proportionally.

inhibiting oxygen exchange and leading to negative respiratory effects.[*! In fact, the fine and
ultrafine PM classes have been shown to have the ability to translocate to organs other than the
lungs, including the liver, brain, and central nervous system if the exposure is sufficiently severe
and long term.[42
1.3 Black Carbon

One class of PM2s of great concern is black carbon (BC). Black carbon is an interesting
component of PM to research, considering it is hailed as one of the key atmospheric particulate

components driving climate change, air quality, and health effects. At the same time, there is no



clear definition or agreement on terminology defining its specific properties, definitions,
measurement methods, or related uncertainties.*¥] In a terminology review, Petzold et alia made
an attempt to unify the terminology regarding BC with respect to its properties and measurement
techniques. After an examination of the literature before and after the review was published, it
seems Petzold’s unification of terminology showed limited success. Their final definition for BC
requires quite a few qualifiers:
Black carbon (BC) is formally defined as an ideally light-absorbing substance
composed of carbon. The formation process is excluded from this definition because
of a variety of potential processes. While BC is mostly formed in incomplete
combustion of carbonaceous matter, it can also be a product of pyrolysis of
carbonaceous matter, i.e., the change of the chemical structure of carbonaceous
compounds from the loss of hydrogen and/or oxygen atoms at temperatures above
approximately 250 °C, of dehydration of sugar, or of heating of wood under and
oxygen-free atmosphere...[*]
This definition, while establishing some key characteristics of BC, also emphasizes that BC is
composed of an incredibly large number of categories of carbonaceous material, which is also
abundant in environmental PM. The primary factors that can be used to describe BC are
microstructure, morphology, thermal stability, solubility, and light absorption. Each of these
factors can be used to define BC and establish its characteristics.]

The microstructure of BC is primarily graphitic carbon, consisting of layered graphene-
like structures that contain a large amount of sp?-hybridized carbon, though oxygen integrated into
the structure can give a graphene oxide functionality while maintaining the sp?-hybridization rather
than diamond sp3-hybridization, Scheme 1.3. This definition is vague, with generalized terms such

as “graphite-like” and “large amount of sp? carbon” used, but it is the best definition that can be

formed from the contributions of multiple research groups studying carbonaceous materials in the

air.[*3]
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Scheme 1.3 Graphene is a carbonaceous structure made up of primarily sp2 carbon, with sp3
carbon spaced throughout. Layers of graphene form graphite. Graphene oxide is oxidized
graphene, exhibiting oxygen functionalities throughout the structure, such as oxygen, hydroxyl
groups, and carboxylic acids.

The most common method currently used to analyze the microstructure and morphology
of carbonaceous materials from the atmosphere is Raman spectroscopy. Sze et alia analyzed the
Raman spectra of different carbonaceous materials, such as briquetting graphite, synthetic
graphite, powder graphite, crystalline graphite, glassy carbon, and activated carbon to determine
characteristic Raman spectral energies (shifts) for each of these carbonaceous materials.[* The
shifts of greatest import to the research were those assigned to bulk crystalline graphite and
graphite layers near the surface of the crystals. To evaluate the methods in a real world setting,
carbonaceous materials were collected from diesel exhaust fumes and other environmental samples

in urban settings. The carbonaceous materials collected had different properties and Raman shifts,

but the shifts assigned to bulk graphite and graphite layers near the edge of the crystal were found



throughout the collected materials, implying a high level of graphite crystals present in the
particulate matter. The differences were believed to be caused by variation in particle size,
functional groups within and on the surface of the particles, and particle morphology.[*! Ivleva et
alia took it a step further, establishing a 5-spectra Raman band matching process to establish the
different amounts of BC and elemental carbon (EC) in atmospheric PM.*51 EC exists as essentially
pure carbon, rather than being chemically combined with hydrogen and/or oxygen, in amorphous
or crystalline structures.[*®! Many more groups support these findings based on Raman spectral
analysis.[*” %81 The significant characteristic imparted to BC based on its crystalline structure is
low chemical reactivity in the atmosphere, leading to its slow removal by chemical processes. This
property of BC and its closely related fellow carbonaceous material, carbon black, is extensively
known and used in many filtration and extraction processes.**-!l

BC, being mostly sp*-hybridized carbon, whether in the form of graphene or graphene
oxide, tends to form in a way that yields a structure possessing sheets similar to graphene, but the
small amount of sp>-hybridized carbon present in the BC structure gives it a morphology that is
slightly different than graphene itself. The sheets of BC are either arranged in layers of larger
sheets, similar to graphene, or are aggregated in the form of spherical “onion” shapes, with layer
upon layer forming a spherical shape, as seen in Scheme 1.4.1%!

These graphitic spheres have diameters that usually range from 10-50 nm, with surface
areas that range from 10 m? g~* to 100 m? g~*. Beyond aggregating possessing spherical clusters,
it is also a common feature of BC to have morphological features composed of aggregates of many
particles connected in a long chain, creating structures having dimensions into the micrometer
range.® The morphology of BC structures has been studied extensively by high- and low-

resolution transmission electron microscopy (HR-TEM and LR-TEM).2 %4 Further analysis into
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Scheme 1.4 Black carbon (BC) has, at its foundation, a graphitic-like structure made up of
primarily sp? carbon with some sp® carbon throughout the structure as well, as seen in a)
above. Unlike graphene, BC can also have other elements throughout its structure, giving it
the ability to form sheets as seen in b), but also to form “onion” type structures made up of
overlapping sheets of BC as seen in d).[]

the morphology and structure, and also the elemental composition, is ongoing with near-edge X-
ray absorption fine structure spectroscopy (NEXAFS). NEXAFS confirms the previously
discussed morphology and also establishes the presence of structures and functionalities, such as

aromatic hydrocarbons, quinones, carbonyl (C=0), carboxyl (COOH), and alcohol (C-OH) groups
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throughout the structures, leading BC to possess the ability to readily sorb and carry other atomic
or molecular groups when exposed to them in atmospheric conditions.

The high temperature ranges that are a part of the processes that naturally produce BC
impart a certain amount of thermal stability to the BC particles, allowing them to remain stable in
the atmosphere at varying ranges of temperatures. BC is formed by an exothermic reaction of
carbonaceous source material, which occurs between 280 °C and 500 °C. The most common
sources of BC are wildfires or the burning of other biomass, which lead to transformation of as
much as 90% of the original carbonaceous material into particulate matter in the form of BC,
depending on burning conditions.8-%°! The burning of fossil fuels is a more common source of
BC, with the amount and composition of the BC varying with the level of efficiency in the burning
of fossil fuels. Coal, the largest fossil fuel source of BC, has seen optimization of burning processes
in developed countries, leading to overall decreases in BC production. Therefore, the largest
amounts of BC are produced from coal burning in developing countries that are not in a position
to optimize burning efficiency.[5%-52 Once BC has been created, its thermal stability is a well-
known property, with no volatilization of the solid carbon nanoparticles in inert atmospheres at
temperatures up to 3800 °C. Its gasification occurs only through oxidation at temperatures
exceeding 340 °C.I%: %4 |n a more real-life study, heating and subsequent measures of thermal
stability show BC stability at temperatures ranging from 450 °C to >850 °C, depending on the
composition of both the interior and exterior of the BC.I%! This variation in thermal stability is
attributed to the stability of aromatic compounds against thermal oxidation, showing a trend of
proportionality between degree of conjugation and stability. Additionally, and more importantly,
there exists a positive correlation between the degree of molecular order and oxidative thermal

stability, with an overall trend of higher crystallinity imparting thermal stability at higher
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temperatures.[%6-% This high level of thermal stability gives BC a low reactivity in the atmosphere
and allows for a much longer atmospheric residence time.

The solubility of BC in solvents is a vital part of what classifies a material as being denoted
or classified as BC. While the origin of the solubility trends exhibited by these FCDs could not be
determined by this scientist, the lack of solubility in water as well as organic solvents, such as
ethanol and acetone, is a commonly recognized property of BC across literature.l®®72 While
references confirming the insoluble nature of BC are numerous, it is worth acknowledging the
variability in terminology and description when discussing BC again. As mentioned above,
according to most literature, BC is insoluble in water, but many papers discuss dissolved black

carbon and its existence in dissolved organic
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Scheme 1.5 Black carbon (BC), rather than existing as an insoluble environmental pollutant,
exists on a spectrum of solubility; soot (highly charred and degraded carbonaceous material)
maintains low solubility, but the slightly charred biomass is soluble.
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matter.[”>"71 Rather than thinking about BC as an insoluble substance, it seems wiser to consider a
solubility continuum, as seen in Scheme 1.5.[78]

When carbonaceous material undergoes combustion, the differences in the charring
temperature, atomic H/C and O/C ratios, and formation processes can all have an effect on the
exact type of carbonaceous material produced, though all of it can be classified as BC. When the
starting material is combusted at higher temperatures and thus more completely combusted and
charred, the result is soot that possesses low solubility in water. On the other hand, if the
combustion occurs at lower temperatures and is thus less thorough, the slightly charred biomass
produced is soluble in agueous solutions. High levels of conjugation due to large amounts of
aromatic molecules produce less soluble atmospheric BC, while more soluble atmospheric BC is
produced through interactions with ozone, generating extensive carboxylic acid groups across the
surface of the individual BC particles.[®® 71 The general insolubility of BC gives it the property of
atmospheric stability, being slow to leave the atmosphere and clouds through precipitation unless
water-soluble groups are added to the surface of the BC, such as through interactions with ozone,
as discussed previously.

The fifth and final, but arguably most significant property of BC is its light absorption. The
name black carbon is a result of the ability of the PM to strongly absorb light in the visible and
near-visible spectral ranges of the electromagnetic spectrum. BC is considered to have a mass
absorption cross section of at least 5 m?g™ at a wavelength of 550 nm.["® &1 This large absorption
cross-section makes BC the strongest absorbing of any particulate matter of significant presence
in the atmosphere. The strong light absorption properties of BC make it the ideal class of PM to
use when developing spectroscopic methods to study airborne PM.[Y In fact, the first published

use of an aethalometer to measure PM in the air was by Hansen et alia to measure BC due to its
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nature as a consistently strong-absorbing airborne PM. In fact, the aethalometer was named after
BC; its name is based on the Greek word, “oat3Aovv,” meaning, “to blacken with soot.”82 In the
process of developing the aethalometer and its use in analyzing airborne PM, BC was studied to
determine the impact of atmospheric conditions on its light absorption properties. The absorption
properties were not believed to be particle size dependent, based on scattering principles, as well
as the principles governing fractal clusters, and indeed that was proven; the absorption cross
section remained unchanged relative to particle size.[®® 84 |t was determined the most prominent
variable affecting the absorption cross section and attenuation of the BC particles was the purity
of the BC in regards to contaminants that absorb minimal light, but scatter extensively, termed
transparent in this study. When in the presence of these highly scattering transparent constituents,
light unabsorbed by the BC is continuously scattered back onto the BC until the light is absorbed,
amplifying the witnessed absorption properties.!®! The ability of BC to absorb large amounts of
light, particularly in the atmosphere, leads to the most significant impact BC has beyond health
effects: its effect on global climate.l]

As stated before, BC has the strongest light absorption per unit mass of any substance in
the atmosphere in significant quantities. This ability to absorb large amounts of light, coupled with
its long retention time in the atmosphere due to its low chemical reactivity and solubility, makes
BC an important atmospheric component influencing global climate. These effects are far
reaching, and are broken down very well by Bond et alia in Scheme 1.6.5%! The effects of BC on
climate are very complex, with BC existing within clouds contributing to both cooling and
warming effects, depending on the nucleation behavior within the cloud. Limited nucleation in the
clouds leads to increased cloud lifetime, and if BC is within the liquid clouds in significant

quantities, there is increased reflectivity, resulting in net cooling. BC can also decrease the lifetime
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Black Carbon (BC) Aerosol Processes in the Climate System

Alrcraft emissions

Scheme 1.6 Black carbon (BC) is emitted from many sources and has effects on global
climate through atmospheric effects as well as surface effects due to deposition. [

of clouds if nucleation is extensive, causing cloudlessness and resulting in net warming.®®®! The
two main impacts of BC that are not variable take place in the atmosphere and on the surface,
respectively. The atmospheric impact is a relatively simple process: with BC in the atmosphere
absorbing large amounts of solar radiation, net warming of the atmosphere occurs. If the highly
absorbing BC is centered above reflective surfaces, further atmospheric temperature increases
occur. When solar radiation reflects from the surface back into the atmosphere containing BC,

more radiation is absorbed, continuing the increase of the atmospheric temperature. Both of these
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features can couple so as to increase global surface temperature, due to solar radiation not being
able to escape back through the atmosphere, but these effects can also limit the amount of sunlight
reaching Earth’s surface. This lack of sunlight reaching the surface can result in large-scale
alterations to the hydrological cycle through changes in latent heating, convection, and large-scale
circulation patterns.®! These combined effects of BC have been theorized to cause significant
environmental impacts on large scale producers of BC and other organic pollutants, such as
increased floods in south China and increased droughts in north China, India, and Afghanistan.®’]

Highly reflective surfaces, such as snow or ice decrease the global surface temperature,
due to their low level of solar radiative absorption and high level of solar radiative reflection. When
BC deposits on these naturally reflective surfaces, that relationship shifts from highly reflective to
highly absorbing due to the large absorption coefficient of the BC, causing an increase in the
surface temperature. This heating can cause increased melt rates, increased water levels, and other
global climate changes.®® &1 In 2005, the Goddard Institute for Space Studies’ General Model-I|
Prime, coupled to a mixed-layer ocean model, predicted BC would be responsible for an increase
in the annual surface air temperature by 0.20 K globally, with that number increasing to 0.37 K if
sulfate aerosol levels in that year are added to the General Model-11 Prime predictive software.[*]
These well-established environmental and health effects of BC make it an important class of PM
for study. To that end, Study of BC health effects and biological impacts of BC begins with a study
of BC on a cellular level. Fluorescent methodologies offer an effective method to study many
facets impacting cellular health: cellular uptake, localization, and cellular environment effects.
1.4 Fluorescence Spectroscopy and Quantum Dots

Fluorescent materials used for biological analysis are varied in both their mechanisms and

excitation/emission wavelengths, providing a wide range of applications and experimental
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workflows. Of particular interest to this research are fluorescence mechanisms for biological
imaging. For fluorescent labels or trackers to be efficacious in biological studies, there are a range
of characteristics that they must possess to varying degrees dependent upon the situation:
convenient excitation with little background excitation, high molar absorption coefficient;
sufficient quantum yield; solubility in relevant buffer, media, or bodily fluids; sufficient stability;
known photophysics; and availability in sufficiently reproducible quantities. While there are
always more considerations depending on the experiment, these are the primary characteristics of
an effective biological fluorescent probe.[!

Additionally, when selecting the most appropriate fluorescent probe to use as a BC
surrogate, it is vital to ensure that it: (1) has synthesis conditions similar to those of BC production
in order to ensure the fluorescent probe resembles BC in terms of chemical and physical
microstructure and morphology, (2) possesses photo-, chemical, and thermal stability to ensure
long-term cellular studies are possible, and (3) possesses no toxicity due to an induced fluorescence
mechanism that is not found in naturally occurring atmospheric BC.

Arguably the most common fluorescent probe used to study biological materials are
organic dyes. These probes can stain individual organelles and proteins, or even the entire cell.
Recently, there has been a large push to develop fluorescent protein-based indicators, due to their
ability to respond to a much greater variety of biological events and signals, be targeted to
subcellular compartments, be introduced into a wider variety of tissues and intact organisms, and
rarely cause photodynamic toxicity.®?l In fact, the McCarley group at LSU is known for its
development of protein-activatable fluorescent probes, particularly for the targeting of hNQOL, a
quinone oxidoreductase that makes use of NADPH to remove reactive oxygen species from the

cell.[%% %4 As surrogates for BC, organic dyes meet requirement 3 with little to no innate toxicity

18



in most dyes, but requirements 1 and 2 are not met. Organic probes exist as small or large
molecules rather than nanostructures like BC, meaning their microstructure and morphology are
drastically different than BC. Additionally, organic dyes can suffer from poor photo- and thermal
stability, limiting their ability to mimic combustion formed PM and perform long-term health
fluorescent studies.[®5-%]

Quantum dots (QDs) are another successful and thoroughly studied fluorescent probe that
has generated much excitement in recent years, QDs are a type of nanostructure having dimensions
<100 nm, which typically exhibit a distinct change in optical and electronic properties with
systematic variation of particle size. A QD is zero-dimensional relative to the bulk, meaning no
dimensions of individual nanoparticles are greater than nanoscale, and the limited number of
electrons found within a QD results in discrete quantized energies in the density of states for non-
aggregated zero-dimensional structures. % 101 Beyond this technical definition, a simpler
description of QDs is that they are nanocrystal chromophores with size-dependent optical and
physiochemical properties. The materials making up these QDs are very diverse, including
semiconducting metals,[*%> 1% carbon, %4 silicon nanoparticles,*%! or even self-luminescent
organic nanoparticles.[%! The definition for QDs can be relatively broad, encompassing all of the
previously mentioned structures, but in typical terminology QDs refer to metal or silicon
fluorescent nanoparticles, as their fluorescence mechanisms are similar and well understood.
Depending on the specific type of QDs one is discussing, the qualifications for a BC surrogate is
met to varying degrees. Unfortunately, based on requirement 3, toxicity is a concern when
considering QDs as surrogates. Many papers have reported QD toxicity, resulting in cell phenotype
abnormalities or even cell death,[°"-1%1 put interestingly enough, many papers have also reported

no negative effects whatsoever.[*1%-1121 This variability in health effects witnessed upon exposure
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of cells to QDs has been proposed to be linked specifically to Cd ions within the QDs and the
stability of those Cd ions.*%1 While QDs hold great promise, any risk of cytotoxicity has to be
considered a negative factor in their evaluation as a surrogate for BC.

Carbon-based QDs present an effective dual modality considering they have the efficiency
and stability of QDs, while their carbon structure limits toxic effects from heavy metals such as
Cd. Additionally, carbon-based QDs possess a structural and chemical composition similar to that
of BC, a mixture of sp? and sp® carbon with primarily graphitic carbon structures. They also
generally contain low elemental diversity, consisting primarily of carbon, hydrogen, oxygen, and
trace nitrogen. This results in limited chemical moieties, including carboxylic acids, aromatics,
quinones, and other carbon-/oxygen-based functional groups. The difficulty in using carbon-based
QDs arises when considering their fluorescence mechanism. While the fluorescence mechanism
and resulting properties of metal-based QDs are well understood and agreed upon, carbon-based
QDs possess a fluorescence mechanism that is not uniformly agreed upon, with large variation in
the suggested mechanism across varying synthesis methods and research groups. In fact, this
discrepancy has led to many scientists referring to carbon-based QDs by a different name,
fluorescent carbon dots (FCDs). Despite the discrepancy among scientists, an understanding of the
fluorescence mechanism of QDs can allow for a subsequent understanding of the general
fluorescence properties and uses of FCDs. While the mechanism of fluorescence in QDs is
incredibly complicated, and has many exceptions and rules that govern it, a simplified explanation
follows, disregarding exceptions and complex rules for the purposes of this research.

Fluorescence in QDs is produced by excitation of an electron by an outside energy source,
in this case, a photon. When the electron absorbs the photon and is excited from the valence band

to the conduction band, the space left behind by the electron as it moves out of the valence band
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is referred to as an electron hole, which possesses a positive charge.[**®l In QDs, due to their zero
dimensional nature, when the electron and hole charge carriers are produced, both are trapped and
have well-defined energy levels.}% The Coulombic forces between the electron and hole cause
the two charge carriers to exist in an electrically neutral quasiparticle known as an exciton. In QDs,
excitons typically exist on the nanosecond scale, before the electron collapses back to its ground
state, thereby filling the hole, which releases excess energy in the form of photons, producing
fluorescence.t14

The emissions produced from this process are referred to as intrinsic state emissions. What
makes QDs special is the way that this fluorescence is governed by surface states, which are
electronic quantum states resulting from unsatisfied bonds at the surface of the QDs that result
during their synthesis. Considering QDs have extremely high surface-to-volume ratios with
roughly 15% of the atoms in a 5-nm diameter QD existing on its surface, the surfaces of QDs
possess an abundance of surface states if the synthesis method is not specifically tailored to
minimize surface states.[''%] The energies of these surface states tend to lie directly in the band-
gap of the QDs, allowing them to trap both electrons and holes.'® In general, the surface states
reduce the quantum yield of the QDs by trapping the electrons and holes, effectively quenching
formation of excitons and thus yielding radiative recombination.*”] This reduced radiative
recombination effect can be seen more drastically in “blinking,” whereupon QDs cycle from
periods of fluorescence to quenched fluorescence and back. Rather than being due to surface states
themselves, “blinking,” is believed to be the result of ionization at the surface of the particles.
Unlike surface states, which occur only in individual locations on the surface of the QDs,
ionization occurs over the entire surface of the particles. The effect of the ionization is the same as

the surface states, reducing the formation of excitons and subsequent radiative recombination,
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though spread over the entire surface, decreasing the quantum yield by a much larger
amount.t® 191 This demonstrates the ability of a charged particle or surface to disrupt the
recombination process of electron and hole, effectively quenching the fluorescence. It is worth
noting that while surface states most often reduce the quantum yield, it is possible for them to
increase the quantum yield through a process known as defect emission. This process occurs when
a surface state has trapped enough electrons and holes that it has an excess amount of those species.
If a surface state has trapped an abundance of holes, when an electron finds its way into the same
surface trap, the electron has an abundance of holes it can form an exciton with, thereby producing
fluorescence.?% As stated above, this was only a cursory review of the fluorescence mechanisms
of QDs, with many details and specific conventions not mentioned. Knowledge of the fluorescence
mechanism of metallic QDs will help with the discussion of FCDs as a technique for fluorescence
spectroscopy studies.
1.5 Fluorescent Carbon Dots

Fluorescent carbon dots (FCDs) are referred to by many names in literature, including
FCDs, carbon nanodots, carbon quantum dots, and carbon nanoparticles. FCDs are nanocarbons,
nanometer scale structures made of carbon with sizes generally below 10 nm, typically exhibiting
particle size- and excitation-dependent photoluminescence. Some other common qualities of FCDs
are excellent water solubility due to carboxylic acid surface groups, well-defined, nearly isotropic
shapes, tunable surface functionalities, and a large variety of simple, fast, and inexpensive
synthetic routes. The first FCDs were discovered accidentally during purification of single-walled
carbon nanotubes.*?!1 In the process of purifying arc-synthesized single-walled carbon nanotubes
through electrophoresis in agarose gel, two different impurities were discovered, one of which was

a set of fluorescent water-soluble carbon nanoparticles. Studies of FCDs continued thereon with a
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wide range of synthesis and purification methods being developed—one of the strengths of FCDs
as a fluorescent tool.

Synthesis methods for FCDs fall within two categories: top-down and bottom-up. Top-
down methods are those involving the cleaving or chemical breakdown of larger carbon materials
into nanoparticles, while bottom-up methods involve the formation of nanoparticles from smaller
molecular precursors. The most common top-down methods are arc discharge, laser ablation,
electrochemical approaches, and plasma treatments. Arc discharge methods were the first FCD
synthesis method used, being the method used when FCDs were discovered by Xu et alia.[*?%]
Beyond the groundbreaking work of Xu, the most referenced arc-discharge methods for FCD
production were published by Bottini et alia in a similar method as Xu: arc-discharge on single
walled carbon nanotubes.*?? In both cases, the nanoparticles produced were hydrophobic with an
oxidized outer layer, causing aggregation when dispersed in water. Unfortunately, the arc-
discharge method produces a complex mixture of varying structural compositions, making
extensive purification vital to collect only a limited amount of the desired FCDs. Due to the low
yields and complex purification needed, arc-discharge methods are not typically used in modern
FCD production. Laser ablation methods involve the laser irradiation of a carbon target. This
method was first used by Sun et alia through the irradiation of a mixture of graphite powder and
cement with a laser, followed by extensive modification.[*®! The nanoscale particles obtained after
laser ablation produced samples with no photoluminescence, necessitating modification by nitric
acid refluxing and reaction with polyethylene glycol (PEG) to produce strongly photoluminescent
FCDs. Other research groups have used similar methods involving laser ablation of a carbon
source, with the carbon source ranging from carbon targets modified with PEG200 and

mercaptosuccinic acid to graphite flakes modified with PEG1500N.123 1241 While the laser ablation
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method offers the ability to produce a wide range of nanostructures based on the regulated pulse
width of the laser, the amount of carbonaceous starting material needed is very large, and the yields
are low. The low yield is a product of extensive purification required to separate the larger, non-
fluorescent materials from the smaller fluorescent materials, similar to the shortcomings of arc-
discharge methods. Electrochemical methods involve the construction of an electrochemical cell
with a carbon source, typically high purity graphite, as the anode and a counter electrode, made of
materials such as platinum or titanium. A static potential is applied across the electrochemical cell
to stimulate the exfoliation of the graphite. The exfoliation products are then washed to ensure a
neutral pH, followed by purification through centrifugation.*?5 1261 This method produces highly
fluorescent FCDs that are easy to purify, are water soluble, and possess high thermal stability.
Top-down methods typically require extensive purification and expensive and time-consuming
setups, bottom-up methods typically offer simpler methods, while also requiring less purification.

The most common bottom-up methods are the pyrolytic, template, microwave-assisted,
chemical oxidation, and reverse micelle methods. Pyrolytic methods involve the pyrolysis, or
carbonization, of carbon precursors under high temperatures. Initially, this process was done under
high alkali or acidic conditions in order to cleave and recombine the precursors into a carbon
nanoparticle. One example of this involves the use of citric acid as a precursor, combined with
octadecene and 1-hexadecylamine in a flask held at 300 °C for 3 hours. Upon reaction, purification
of the products produced FCDs that are soluble in non-polar organic solvents and possess quantum
yields reaching 53%.1*2"1 Newer methods have been implemented that negate the need for any
chemical assistance or modification to produce FCDs. Many groups have reported that by simply
heating a carbon source, such as ascorbic acid, citric acid, sodium alginate, or watermelon peel,

highly fluorescent FCDs can be produced with very little purification or washing required, with
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the resulting materials possessing quantum yields ranging from 15-80.3%.[128-31 The template
method for producing FCDs involves a two-step process: (1) synthesis of FCDs through
calcination of a carbon source into a mesoporous template or silicon sphere, and (2) removal of
the template or sphere to obtain the FCDs. For example, Zong et alia combined a complex group
of salts and citric acid into a container of mesoporous silica spheres in a template structure, before
eventually removing the silica spheres and then the template, resulting in FCDs.[*32 There are also
template methods involving a less rigid membrane, such as using a copolymer as a soft template
built around a more rigid inner template of silica spheres. Creation of the soft template is followed
by impregnation with organic carbon sources, such as trimethylbenzene, and the eventual removal
of the template and passivation to produce the FCDs.[*33:1341 |t should also be noted that this method
is a variation of the pyrolysis methodologies, as pyrolysis is required to produce the particles within
the scaffold before removal of the scaffold itself. In fact, the pyrolysis requirement makes this
method more difficult to use, due to the added steps of creation and then eventual removal of the
template after heavy heating, though additional control of particle size and morphology is allowed
with this methodology. Additionally, highly corrosive or alkali chemicals are involved in the
etching process used to create the templates, making this method not only dangerous, but also
expensive. The microwave-assisted method is also a variation of the pyrolysis process, involving
the irradiation and rapid heating of a carbon source within a microwave to produce FCDs. A simple
example is the process of placing folic acid dissolved in diethylene glycol in a 750 W microwave
and heating for 40 sec. After removal from the microwave, the reddish-brown suspension was
purified through dialysis, producing FCDs with a quantum yield of 18.9%.**! Similar methods
were attempted in different papers, with the main variation being the carbon source, power of the

microwave, and heating time, all which resulting in FCDs with varied properties.[*36-1381 |t js
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interesting to note at this point that the slightest variation in the synthesis method produces a FCD
with different fluorescence properties, such as single versus multiple emission peaks, excitation
wavelength-independent versus dependent fluorescence, or sharp versus broad peak widths.

The chemical oxidation approach to FCD synthesis involves the treatment of carbon
precursors with a strong oxidant. In one case, hair fiber was used as the carbon precursor which,
upon treatment with sulfuric acid at 140 °C for 24 hours, produced FCDs that were highly tunable
by varying the reaction temperature.l’3® Interestingly enough, an oxidation method has been
discovered that is automatic and self-producing. By mixing a carbon source, water, and P20Os, the
reaction proceeds without heat or any other assistance, producing large, hollow FCDs up to 120
nm in diameter with excitation wavelength independent emission.[% 141 The reverse micelle
method is an interesting method involving the production of a reverse phase water-in-oil micelle,
within which the carbon precursors aggregate to produce FCDs. In one case, a solution of glucose
as the carbon precursor in water is emulsified in decane in the presence of dioctyl sodium
sulfosuccinate, a surfactant, to produce water-in-oil micelles. Inside the micelles, as the solution
evaporates due to heat, a supersaturation point is reached, upon which carbonization occurs and
FCDs are produced. As the evaporation and stress on the system increases, the micelles themselves
are weakened, eventually collapsing and releasing the FCDs.[*%21 Additionally, during the collapse
of the micelles, surface passivation of the FCDs can naturally occur from the surfactant, such as
the creation of alkyl-capped FCDs as mentioned in the method used by Linehan et alia.[***! Beyond
the synthetic method used, surface passivation is an important consideration, due to its ability to
further modify the FCDs, producing brighter fluorescence, increasing biocompatibility, and

increasing long-term stability.[*4! Surface passivation can also greatly affect the absorption and
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therefore excitation wavelength of the FCDs, such as modification with 4,7,10-trioxa-1,13-
tridecanediamine to push the absorption band into the 350 — 550 nm range for the FCDs.[*4%]

FCDs, as discussed previously, exhibit high absorbance values in the visible and ultraviolet
region. The typical range of absorption for FCDs is a band from 250-300 nm, which corresponds
to a z-7* transition peak.l**s! Though the above absorption band applies to most FCDs, the
wavelength of maximum absorbance can differ greatly based on synthesis method. For example,
most laser passivation methods produce FCDs with maximum absorbance around 280 nm,47]
while electrochemically produced FCDs have energies of emission that are slightly blue shifted in
comparison, with absorbance maxima occurring closer to 270 nm with narrow full width and half
maximum peaks,1%¢1 characteristics similar to that of microwave-produced FCDs.[**°1 While the
absorption is vital for any photoluminescence effects witnessed from FCDs, the photoluminescent
properties after the light has been absorbed are more chemically important when using FCDs as
biosensors.™% In addition to the individual synthetic method used to create the FCDs affecting
the absorbance, differences in the photoluminescent properties are also witnessed based on
synthesis method. For example, it was commonly understood that all FCDs exhibit emission
wavelengths clearly dependent upon excitation wavelength—this was considered to be a property
of all FCDs.[*> While this is true for most standard FCDs, recent reports indicate that FCDs can
be produced so as to exhibit emissions whose wavelengths are independent of the wavelength of
light used to excite the particles, establishing a gap in the fundamental knowledge thought to
govern FCDs.[135,152,153]

The exact mechanism responsible for fluorescence in FCDs is not well understood, but
some principles have been suggested in the literature. There are two main mechanisms suggested

for the fluorescence in FCDs. The first is based on defect emission due to surface charge traps on
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the FCDs, allowing unpaired electrons or holes to become trapped in a high density of other
unpaired electrons or holes, which recombine to produce fluorescence, as explained above when
discussing QDs. The second suggested mechanism is intrinsic state emissions, resulting from the
pairing of electrons and holes to form excitons, producing fluorescence from the released energy
as the exciton forms, outlined in more detail above when discussing QDs.[*>*! These theories have
been supported through experimentation with FCDs exhibiting two emission peaks, one in the blue
region (due to intrinsic state emissions) and one in the green region (due to defect state emissions).
By modifying the surface of FCDs with reducing agent NaBHya, the effective elimination of any
surface traps was ensured, and a decrease in the green emission was correspondingly seen, while
the blue remained unchanged, as one would expect if the green emission was in fact due to defect
state emissions.[*>®! Beyond this study, very little has been confirmed experimentally regarding the
fluorescence mechanism in FCDs. The prevailing theories only go so far as to say the fluorescence
is related to energy traps, recombination of electron/hole pairs, quantum confinement effects,
polyaromatic structures, edge effects, and oxygen-containing groups.[:04: 156-15]

Another interesting feature of FCDs that allows for their ability to offer detection of
individual analytes is fluorescence quenching or fluorescence recovery due to an analyte. The
guenching mechanisms are varied and can consist of static quenching, dynamic quenching, energy
transfer (including Forster resonance energy transfer, Dexter energy transfer, and surface energy
transfer), photoinduced electron transfer, and the inner filter effect. A review of all of these
guenching mechanisms is beyond the scope of this document. However, such a review is provided
by Zu et alia; for the purposes of this research, I will focus on static quenching, particularly by

metal ions.[1%]
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Static quenching occurs when a quencher interacts with the FCD to form a ground-state
complex, immediately returning any excited electrons within the FCD structure to the ground state
without emission when excited by light. Static quenching is also an ongoing process, not
quenching fluorescence for an instant, but maintaining the quenching effects over time. In
literature, FCDs have been shown to exhibit this static quenching when interacting with metal ions,
particularly iron ions (Fe), copper ions (Cu), and mercury ions (Hg). The quenching mechanism is
believed to be due to an electron transfer between the FCDs and the metal center upon binding and
creation of a complex as discussed in the static quenching definition.[*6%

Upon review of manuscripts discussing the production of FCDs for detection of metal ions
through quenching, some interesting insights can be gained. In the quenching review by Zu et alia,
different groups’ research on the use of FCDs for the analysis of Fe**/Fe?*, Hg?*, and Cu?" were
all discussed, and are outlined as follows.[*>*! In FCDs produced by Igbal et alia, they show similar
quenching when exposed to Fe®** and Fe?*, with Fe3* requiring a larger added amount to reach
maximum guenching effects, but reaching an eventual lower fluorescence intensity endpoint when
quenching reaches its maximum effect.[*°] Fong et alia reported quenching of their FCDs by Fe®*
as well, but rather than seeing similar quenching effects due to Fe?*, they expose the FCD/Fe3*
complex to a reducing agent, which produces a complete fluorescence recovery.[*3! They theorize
that by reducing the Fe®" ions to Fe?*, fluorescence is recovered, as Fe?* does not produce
quenching in the case of their FCDs. In the research of Gu et alia, their FCDs are quenched by
Hg?*, and when tested against other metal ions the presence of the metal ions does not lead to
quenching, making their FCD sensor very selective for Hg?*.['1 Interestingly enough, the Fe?*
tested by Gu et alia, showed no fluorescence quenching, but for reasons not stated, Gu et alia chose

not to test Fe%* in their publication. Wang et alia effectively quenched the fluorescence of their
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FCDs using Cu?*, even though Cu?* showed no quenching effects in any of the previous metal ion
quenching publications discussed.l*6?! |t is important to establish that these discrepancies do not
necessarily represent poorly performed experiments or false data, but rather can be due to
differences in the individual synthetic or modification processes. While an understanding of how
FCDs produced under every synthesis condition or modification process is the work of a lifetime,
studies of FCDs produced through a particular synthesis mechanism with little to no subsequent
modification can potentially give insights into the fluorescence and quenching mechanisms of
FCDs produced by that particular synthesis mechanism.

Another area that is lacking information regarding FCDs are their cellular effects. FCDs
are used throughout literature as biosensors, indeed, a review by Song et alia outlines many
different uses of FCDs as biological sensors.l*3] FCDs have been gaining much attention as
effective biological sensors for many reasons, including their size-, surface chemistry-, and
wavelength-dependent luminescence, high chemical stability, good biocompatibility, low toxicity,
up-conversion emission, and resistance to photo bleaching. Of particular interest to this research
project is the ability of the FCDs to perform as biosensors for individual analytes within cells due
to the quenching effects observed upon interaction with metal ions. For example, Zhang et alia
created nitrogen-doped FCDs that were exposed to cells, upon which Fe* in cells was detected by
measuring the fluorescence quenching that occurred when the FCDs interacted with the metal
ions.1*84 In addition to detecting analytes through a turn-off mechanism as in Zhang et alia, FCDs
can be used as turn-on probes as well. He et alia produced FCDs functionalized with MnO; sheets
that effectively quench the fluorescence of the FCDs. Upon uptake into the cell and exposure to
GSH, the MnOy is reduced to Mn?*, resulting in recovery of fluorescence, making these MnO,-

functionalized FCDs effective turn-on biosensors for GSH.[%1 While this research shows the
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promising ability of FCDs to exhibit both fluorescence turn-off and turn-on in cellular
environments, it also establishes the ability of FCDs to enter into the cell and be imaged using
fluorescence microscopy techniques.

Unfortunately, though many studies have been performed using FCDs as biosensors,
minimal studies have been done to examine the health effects resulting from the FCDs. One
example of health effect evaluation is a paper published by Wang et alia who created FCDs and
used an MTT cell viability assay to evaluate the effect of different concentrations of their particles
in media (2 mg/mL and 7 mg/mL) in cells over a time period of hours. They state that they observed
limited health effects, showing a 100% cell viability when exposed to 2 mg/mL particles and
greater than 80% when exposed to 7 mg/mL particles.*3¢1 These types of studies investigate the
toxicity of FCDs on a cellular and tissue level, but they generally evaluate only cell toxicity,
measuring cell death rather than evaluating the effect of FCDs on the cellular environment to
determine detrimental effects beyond immediate cell death. Additionally, the studies are typically
performed on time scales and concentrations not necessarily representative of all FCD biological
usage. A more thorough evaluation is needed.

The comments above are not meant to discount any research performed by other scientists,
but simply to establish how limited is our understanding of the fluorescence from and fluorescence
guenching mechanisms for FCDs. The theories proposed governing the fluorescence of FCDs and
how the synthesis, modification, or exposure to outside analytes affects that fluorescence are not
easily elucidated, with the proposed theories changing depending on identity of the reporting
research groups or simply different methodologies. Some similar trends are reported in literature,
such as the quenching mechanisms and turn-off or turn-on fluorescence. This discrepancy between

some observed processes being uniform and others being a case by case basis establishes the need
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for more studies on the properties of FCDs, in particular focusing on one synthesis mechanism at
a time, rather than trying to establish broad, all-encompassing theories for all FCDs, regardless of
synthesis methods or modifications. Essner et alia state this well:
Fluorescent carbon dots have attracted tremendous attention owing to their superlative
optical properties which suggest opportunities for replacing conventional fluorescent
materials in various application fields. Not surprisingly, the rapid pace of publication has
been accompanied by a host of critical issues, errors, controversies, and misconceptions

associated with these emergent materials, which present significant barriers to elucidating

their true nature, substantially hindering the extensive exploitation of these nanomaterials.
[153]

FCDs possess all the necessary requirements to be an effective fluorescent surrogate for
BC, as outlined above. By utilizing a bottom-up pyrolytic synthesis method with a variety of
carbon sources (sodium alginate, glucose, fructose, agarose, etc.), the pyrolytic synthesis method
can be probed to gain an understanding of the underlying fluorescent mechanism. By attempting
to use the FCDs as a turn-on sensor, the fluorescence can be quenched using metal ions and
recovered using reducing agents to better understand the fluorescence quenching mechanism.
With the FCD sensor designed and effectively produced, it yields itself to be used as a powerful
tool to probe health effects of both BC and FCDs in lung cells. This information can go a long
way to better understanding the impact of BC as a component of PM rather than the impact of
PM as a whole. Additionally, the information gained regarding FCD fluorescence mechanisms
and the health effects of FCDs is small in regard to the large field of FCDs, but is vital to
establishing a foundation from which further research can be built.
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CHAPTER 2
INSTRUMENTATION AND METHODS

2.1 Fluorescence Spectroscopy

Fluorescence spectroscopic measurements of the fluorescent carbon dots (FCDs) and
standards were made on a Perkin-Elmer FL8500, using both a single-cell holder and Peltier single-
cell temperature controller. The light source was a 150-W continuous source xenon arc lamp. For
standard excitation/emission measurements, quenching studies, and turn-on studies, a working
PMT voltage of 550 V was used in the single-cell holder with slit widths of 5 nm and 20 nm for
excitation and emission, respectively. A scan speed of 240 nm/min was used with a scan
accumulation number of 3 to reduce background noise. The detector was set to the medium
photomultiplier voltage setting (550 V) with a PMT of x8. For quantum yield studies, a working
voltage of 550 V was used with the single-cell holder, using slit widths of 2.5 nm and 2.5 nm for
excitation and emission, respectively.! A scan speed of 240 nm/min was used with an scan
accumulation number of 3 to reduce background noise. The detector was set to the medium
photomultiplier voltage setting (550 V) with a PMT of x8. The cuvette used was quartz with a
pathlength of 10 mm. After collection, the data was processed, and figures created using Origin
Lab version 8.5.1.

2.2 UV-Visible Absorption Spectroscopy (UV-Vis)

Ultraviolet-visible absorption spectra were obtained on a Cary 50-Bio UV-Visible
Spectrophotometer (UV-Vis). The UV-Vis was operated using Cary-WinUV software. When
using the Cary-WinUV Scan, it was operated in dual-beam absorbance mode on a slow speed scan
rate. The wavelength range varied depending on the sample or standard being measured. The Cary-
WinUV Simple Reads program used an integration time of 1 sec, with the wavelength of the light

being measured changing relative to the sample and experiment. For all measurements, a quartz
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cuvette with a pathlength of 10 mm was used. After collection, the data was processed, and figures
created using Origin Lab Version 8.5.1 (MicroCal).
2.3 Infrared Spectroscopy (IR)

For measurements of the FCDs to examine for chemical functional group presence, infrared
spectroscopy (IR) was performed on a Bruker Alpha Fourier transform infrared (FTIR)
spectrometer, with a room temperature deuterated triglycine sulfide (DTGS) detector, mid-IR
source (4000 to 400 cm1), and a KBr beamsplitter. A Bruker Pt-diamond ATR cell sampling
accessory was used for the analysis. The settings used for experiments are as follows: spectral
range, 4000-400 cm™1; resolution, 4 cm~*; sample scan time, 16 scans; background scan time, 16
scans; and scan speed, 10 kHz. Samples for analysis were dried under a nitrogen flow to produce
a powder. Background spectra were collected with the stainless steel plunger engaged on the
diamond window after cleaning the window with acetone and allowing it to dry to ensure a clean
background scan. Particles powder was placed on the diamond window of the ATR cell and
compressed using the stainless steel plunger assembly of the sampling module before acquiring
spectra.

2.4 Dynamic Light Scattering (DLS) and Zeta Potential (£)

For dynamic light scattering (DLS) and zeta potential (£) experiments to determine size of
the FCDs and potential aggregation effects, a Malvern Zetasizer Nano ZS (ZS3500) equipped with
a 532 nm green laser was used in the LSU Polymer Analysis Lab (PAL). FCD powders before and
after centrifugation for DLS analysis were dissolved in water or buffers and were placed in Sarstedt
polystyrene cuvettes with a pathlength of 10 mm. Solutions for measurements of £ were placed in
Zetasizer Nano Series disposable folded capillary cells (DTS1070) produced by Malvern for

analysis. Standard conditions were used to operate the Zetasizer.?
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2.5 X-Ray Photoelectron Spectroscopy (XPS)

Surface analysis of FCDs to determine elemental composition and surface functionalities
were performed using X-ray photoelectron spectroscopy (XPS). A Scienta Omicron ESCA 2SR
X-ray Photospectrometer was used for the measurements. A monochromatic aluminum X-ray
source operated at a 15 kV accelerating voltage with a 500-mm Rowland circle was used with a
power of 190 W under higher vacuum (approximately 2.04~" mbar) and 300 W power under lower
vacuum (approximately 2.04° mbar). Samples were prepared through grinding and then
compression into a flat pellet on indium foil using a razor blade. Conditions for survey scans are
as follows: 150 eV pass energy, 1200.0-0.0 eV scanning range, 100 ms dwell time, and step size
of 1 eV. Individual interest area scans were taken for the following elements under the following
conditions: Carbon: 150 eV pass energy, 298.0-278.0 eV scanning range, 1000 ms dwell time, and
step size of 0.050 eV; Oxygen: 150 eV pass energy, 542.0-522.0 eV scanning range, 1000 ms
dwell time, and step size of 0.050 eV; Nitrogen: 150 eV pass energy, 412.0-392.0 eV scanning
range, 2000 ms dwell time, and step size of 0.050 eV; Sodium: 150 eV pass energy, 1082.0-1067.0
eV scanning range, 1000 ms dwell time, and step size of 0.050 eV. The spectra were calibrated to
the C1s peak at 285.0 eV. Standards for comparison included graphite, graphene oxide, and carbon
black.®® Analysis and processing of all data was performed using CasaXPS software, with spectral
graphs produced using Origin Lab version 8.5.1 (Microcal).

2.6 Electron Paramagnetic Resonance (EPR)

To gain information about both the radicals generated on the surface of the FCDs, as well
as the oxidation state of the metal ions involved in the turn-off mechanism, electron paramagnetic
resonance (EPR) spectroscopy was performed on a Bruker EMX EPR spectrometer. The EPR was

operated with a microwave frequency of 9.95 GHz, an attenuation of 60 dB, and a microwave
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power of 2.00 mW. FCD analysis settings were based on the work of Sealy et alia, including 100
kHz field modulation and microwave power of 0.5-1.0 mW.8 Solutions for measurement were
placed into Wilmad-LabGlass X-Band Capillary EPR tubes for aqueous samples purchased from
Thomas Scientific (1187C71) and inserted into a 4-mm EPR tube before being placed into the EPR
resonator for analysis. The sample was measured in absorption mode before taking the first
derivative to obtain the g-factor spectrum.

2.7 Low-Resolution Transmission Electron Microscopy (LR-TEM)

Low-resolution TEM was performed on a JEOL JEM-1400 low-resolution transmission
electron microscope in the Shared Instrument Facility (SIF) at LSU. The LR-TEM was operated
at 120 keV accelerating voltage. Samples were prepared by dissolving FCDs in 18 M2 e cm water,
followed by pipetting 10 xL of the solution onto Formvar 100 mesh carbon-coated copper grids
from Electron Microscopy Sciences (FCF 100-Cu). Grids were allowed to dry in air overnight to
remove the water from the surface of the grid, leaving behind the FCDs. Additional preparation
steps involved using the Leica EM ACEG600 for glow discharge surface modification to allow for
minimal particle aggregation and faster drying before deposition of the FCD solution onto the grid.
The standard settings used were 12 mA current, 3.2 x 10°® mbar air pressure, 20-s exposure time,
and 0 nm sample height.

2.8 High-Resolution Transmission Electron Microscopy (HR-TEM)

High-resolution TEM was performed on a JEOL JEM-2010 high-resolution transmission
electron microscope in the SIF at LSU. The HR-TEM was operated at 200 keV accelerating
voltage. Samples were prepared by dissolving FCDs in 18 M2 e cm water, followed by pipetting
10 uL of the solution onto Formvar 100 mesh carbon-coated copper grids from Electron

Microscopy Sciences (FCF 100-Cu). Grids were allowed to dry in air overnight to remove the
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water from the surface of the grid, leaving behind the FCDs. Additional preparation steps involved

using the Leica EM ACE®600 for glow discharge surface modification to allow for minimal particle

aggregation and faster drying before deposition of the FCD solution onto the grid. The standard

settings used were 12 mA current, 3.2 x 10 mbar air pressure, 20-s exposure time, and 0 nm

sample height.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF FLUORESCENT CARBON
DOTS

3.1 Introduction

Fluorescent carbon dots (FCDs) lend themselves well to multiple biological applications
and wide-ranging studies of health effects, both at the whole-body and cellular levels.
Additionally, the high quantum yields, tunable fluorescence, chemical simplicity, and range of
synthesis pathways make them extremely versatile and applicable to study carbonaceous
pollutants. Black carbon (BC) is one component of a class of particulate matter (PM) known as
PM2s. It is a pollutant in dire need of study and evaluation, particularly on a cellular level. FCDs
hold great potential as a valuable tool for gathering select information needed about BC and its
health effects. PM is typically considered as a mosaic, studying PM gathered from the environment
with its thousands of constituent materials.™™ 2 While this can be used to help measure the effects
of environmental pollution on populations and to better understand the environmental impacts of
individual materials, they must be isolated and studied.l®! Difficulties in isolation of individual
components of PM abound, including issues pertaining to separating biological, organic, and
inorganic components.[*®! The issue is not only separating the components, but also collecting
enough of the components during the separation process and using the individual components for
testing. Designing surrogates that are chemically and structurally similar is a much simpler and
efficacious method to analyze individual PM components.

Though FCDs can be synthesized through a multitude of pathways, certain methods offer
the best chance to produce FCDs that mimic BC, particularly bottom-up methods. Top-down

methods tend to require passivation and modification, making them less likely to resemble

53



naturally occurring BC.[*1 Considering bottom-up methods, pyrolysis or thermal approaches offer
the most viable route to produce FCDs similar enough to BC to be used as surrogates.

When selecting the most appropriate thermal method for synthesis of FCDs, it is important
to consider the needs of the envisioned applications and how to modify existing approaches. Some
approaches involve the use of a carbon source, which while producing carbon nanoparticles, the
latter are not necessarily fluorescent without oxidation of the surface of the particles.l*%*? The
simpler the pyrolysis process for synthesis, the more effective the comparison between the FCDs
and BC, considering BC is produced through simple combustion processes. The other benefit of
using a bottom-up, thermal method is that the starting materials are all carbonaceous materials that
could likely be the source of naturally occurring combustion-produced BC. To that end,
investigated here are thermal routes for making FCDs that will serve as an effective analysis tool
for evaluating BC fate and its effects in cells.

3.2 Experimental Section
3.2.1 Materials

Sodium alginate was purchased from Ward’s Science (Rochester, NY). Agarose (protein
electrophoresis grade), sucrose, glucose, sodium phosphate monobasic anhydrous, and sodium
phosphate dibasic anhydrous were purchased from Fisher Scientific (Hampton, NH). Graphene
oxide was purchased from Tokyo Chemical Industries (Tokyo, Japan). Sephadex G-25 was
purchased from Sigma-Aldrich (St. Louis, MO). Water from a Barnstead Nanopure Diamond
Water System (18 M2 e cm) was used for all experiments. Qualitative filter paper 415 (25 um
pore size) and 413 (5 um pore size) were purchased from VWR International (Radnor, PA). The

quartz combustion boat was purchased from Technical Glass Products, Inc. (Painesville, OH).
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TEM grids were Formvar carbon-coated square mesh Cu, 100 Mesh, purchased from Electron
Microscopy Sciences (Hatfield, PA).
3.2.2 Synthesis

The carbon source was weighed (0.1-5 g) and placed into a quartz boat. The quartz boat
was pushed into a glass combustion tube created in the LSU glass blowing facility. The glass tube
was placed in a Lindberg/Blue M tube furnace and connected to tanks of gas (oxygen or
compressed air). The glass combustion tube was then closed and sealed using an o-ring and glass
cap that were connected to an air flow line leading into an exhaust vent. The furnace was then
activated, and the temperature was set and allowed to ramp to the desired temperature before the
time measurement was initiated. After the allotted pyrolysis time was reached, the furnace was
turned off and allowed to cool down for approximately 20 minutes. The furnace lid was then lifted,
and the glass combustion tube, quartz combustion boat, and carbon product were allowed to cool
for an additional 20-30 minutes. The quartz boat was extracted, and the carbon was rinsed out of
the boat using nanopure water into a beaker. The water/carbon solution was mixed to ensure the
maximum amount possible is dissolved before the solution was filtered by being poured through
VWR 415 filter paper. The resulting filtrate was then poured through VWR 413 filter paper. The
collected filtrate was poured into a 50-mL plastic centrifuge tube and forced to dry under a constant
flow of nitrogen gas to remove the water and dry the particles. Further purification through
ultracentrifugation is outlined in section 3.3.2.3.
3.3 Results and Discussion
3.3.1 Synthesis Conditions

The synthesis performed in this research is a bottom-up thermal pyrolysis method using

sodium alginate, after the model of Fong et alia.l*®! In that work they reported the use of sodium
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alginate as a carbon source, followed by pyrolysis of the alginate under a flow of gas at
temperatures ranging from 150-300 °C. The optimal FCD synthesis temperature reported by the
investigators was 250 °C, with the pyrolysis atmosphere not identified by the researchers.
Following the general trend of Fong’s research, the FCDs in this research were first created by
combusting 0.5 g of sodium alginate under compressed air at 250 °C for 2.5 hours. A black powder
that dissolved selectively in water to produce a dark colored liquid was produced. The particles,
once dissolved, possessed fluorescent properties, though the fluorescence signal was reported to
be weaker than desired. To optimize the synthesis, multiple conditions were tested and tabulated
in Table 3.1. Temperatures were tested ranging from 150 °C to 400 °C at times ranging from 30
minutes to 3 hours. Following a protocol similar to that proposed by Fong et alia, pyrolysis at 250
°C for 2.5 hours produced fluorescent particles. Other time periods were tested at 250 °C before
other temperatures were tested. A reaction time of 1 hour was sufficient to produce FCDs with
strong fluorescence, so a 1 hour time period was tested at other temperatures first. After evaluating
the yield and fluorescence signal generated at the different temperatures for 1 hour pyrolysis time,
different time scales were tested. At a temperature of 300 °C, results appeared similar to those
from 250 °C, so the full range of time periods was tested at that temperature. The other test
temperatures, 150 °C, 200 °C, 350 °C, and 400 °C, did not produce FCDs in similar yields or
fluorescence intensity, therefore only limited time scale studies were performed at those
temperatures. Regarding the fluorescence intensity, to avoid extensive quantum yield or
concentration optimization studies, small amounts of the FCDs were dissolved in water (0.5

mg/mL). The fluorescence was measured under the same conditions, and all spectra were
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Table 3.1 Report of the effect of synthesis conditions on produced FCDs. Multiple
temperatures and times were tested to evaluate percent yields and fluorescence
intensity of the produced FCDs. All tests were performed with the same mass of
sodium alginate, with fluorescence measured under the same conditions and
settings. Percent yields are followed by standard deviation.

Temperature Time Yield Fluorescence
1hr 65+3 % Weak
150 °C 2hr 63+5% Weak
3hbr 62+2 % Weak
1hr 63+8% Weak
200 °C 2 hr 62+3 % Medium
3hr 65+5% Weak
30 min 78+1% Strong
1hr 77+3 % Strong
250 °C 1.5hr 797 % Strong
2hr 732 % Strong
2.5hr 73+3 % Strong
3hbr 66+4 % Weak
30 min 673 % Strong
1hr 672 % Strong
1.5hr 65+3% Strong
300 °C
2hr 68+5% Medium
2.5hr 63+8% Medium
3hr 62+9% Weak
1 hour 60+3 % Weak
350 °C 2 hour 61+6 % Weak
3 hour 65+2% Weak
1 hour 52+4 % Weak
400 °C 2 hour 51+8% Weak
3 hour 47+11% Weak
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compared and grouped into three fluorescence groups (strong, medium, and weak) based on the
intensity of the signal. While not quantitative or completely comprehensive, this method was
deemed sufficient to evaluate the effect of pyrolysis temperature and time on the fluorescence of
the produced FCDs. Percent yields were evaluated by weighing the sodium alginate before it was
placed in the furnace and dividing the final mass of produced FCDs by the original mass of the
sodium alginate. The final mass of the FCDs was collected by weighing the plastic 50 mL
centrifuge tube before pouring the filtered FCD solution into the tube and allowing all the water
to evaporate off under a constant flow of nitrogen gas. Following the complete drying of the FCDs,
the centrifuge tube and FCDs were weighed to obtain the mass of the FCDs before using that value
to calculate the percent yield. All percent yields were measured 5 times for each analysis point,
and the standard deviation is reported in Table 3.1, rounded to the nearest whole number.

The evaluation of pyrolysis temperatures shows that temperatures in the middle of the
chosen range, i.e., 250 °C and 300 °C, are the most effective at producing FCDs possessing strong
fluorescence in high yields. Temperatures on the lower and upper end of the range produce FCDs
in significantly smaller quantities with lower witnessed fluorescence intensity. This can be
explained by combustion processes that naturally occur in the atmosphere and, therefore, is to be
expected. At temperatures greater than 300 °C, extensive charring of carbonaceous materials
occurs. Charring is the incomplete combustion of the carbonaceous starting material, producing
carbon materials that are insoluble in water and do not possess the highly organized structure of
the materials that result from organic carbon or the carbon produced in the vapor phase from the
carbon source as it is pyrolyzed.[*41®1 At lower temperatures, the same problem occurs, but in a
reverse process. Rather than a higher level of charring, there is less of the vapor phase organic

carbon produced, resulting in less production of the highly organized carbonaceous materials. Both
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processes result in lower production of the highly ordered carbon required to produce fluorescence,
so a pyrolysis temperature of 250 °C was determined to be the optimal pyrolysis temperature for
synthesis. Regarding the pyrolysis times, it is believed to have less impact than the temperature,
with the time only determining how long it takes for the complete amount of pyrolysis to occur.
At longer times, more extensive charring occurs, as with higher temperatures. Once a temperature
threshold has been determined where extensive charring does not occur, reaction time was tested
by decreasing the reaction time to 30 min. This reaction time produced FCDs with no diminished
fluorescence, in yields comparable to the maximum measured. Due to this, a time of 30 minutes
and a temperature of 250 °C were determined to be the optimal synthesis conditions. Evaluation
of the gas under which the heating process occurred yielded more complex results.

The choice of gas under which synthesis occurred impacted the appearance of the dried
FCDs significantly, as can be seen in Table 3.2. All gases were allowed enter the glass tube and
flow across the sodium alginate at a pressure of 30 psi. By flowing compressed air over the sodium

alginate as it was heated, a black powder that dissolved in water to produce a dark-colored solution

Table 3.2 The effect of gas under which synthesis occurred on FCDs. The effect on the
particles can be seen visually, including a different colored solution produced when the
FCDs are dissolved in water.

Particle Examole
Color P
Compressed
P . Black
Air
Oxygen Tan
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was formed. If instead oxygen gas was allowed to flow across the sodium alginate, a tan-colored
powder that dissolved in water to produce a clear and colorless solution was formed. Adjusting the
pressure of the gas flow resulted in changes as well. When the oxygen flow entering the glass tube
was reduced below 30 psi, the black particles formed again. This could suggest that the low flow
rate allowed ambient air to enter the system, resulting in the black particles. In testing the optical
and physical properties of the FCDs, as outlined below, both particles exhibited no differences. A
further evaluation is presented in the characterization section of this chapter, but for the purpose
of this discussion of optimal synthesis method, purely logistical concerns will be addressed here.
When measuring fluorescence of a solution-phase sample, the color and transparency of
the sample are crucial factors to consider. Clear, colorless solutions absorb minimal amounts of
the incident light from the excitation source as the sample is irradiated, in addition to exhibiting
elastic Rayleigh scattering in the wavelength region used in these experiments.*”] These factors
couple to mean that the fluorescent material will be allowed to absorb the maximum amount of
light, with the maximum amount of fluorescent light therefore being measured. When solutions
are darker in color and not transparent, much of the incident light is absorbed by the solution itself,
limiting the amount light available to be absorbed by the fluorescent materials. Inner-filter effect
in the dark solution can also reduce the produced fluorescence signal, both through absorbance of
the incident light as well as absorbance of produced fluorescence.l*®l Additionally, any
fluorescence produced in a clear, colorless solution can scatter minimally, but will not be absorbed,
allowing the light to be measured and observed. In darker solutions, the fluorescence produced can
be absorbed by the solution itself, limiting the fluorescence measured. These considerations can
combine to produce materials that appear less fluorescent, regardless of whether the actual

fluorescence produced is less. Figure 3.1 exhibits this principle in evaluating the FCDs produced
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under compressed air or oxygen. The maximum amount of fluorescence for the black materials
resulting from production in air resulted at a concentration of 0.06 mg/mL in water, while the
maximum amount of fluorescence obtained for the tan particles synthesized under oxygen was
obtained at a concentration of 10 mg/mL. At concentrations higher than 0.06 mg/mL, the black
particles produce a darker colored liquid that showed a decrease in the fluorescence signal,
assumed to be due to the absorption of the light by the darker colored solution. The fluorescence
intensity of the particles synthesized under oxygen increases as the concentration increases, until
a maximum is reached at 10 mg/mL, where the solution begins to darken in color as more FCDs
are added. While many fewer particles at a much lower concentration are required for the particles
synthesized under air to produce fluorescence in significant quantities, the larger amount of

fluorescence obtained from oxygen-produced FCDs makes them a more viable fluorescent probe
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Figure 3.1 Fluorescence maxima exhibited by FCDs produced under oxygen and
compressed air. The concentration was adjusted for both particles to obtain the
maximum fluorescence, which is exhibited above. The particles produced under air

are 0.06 mg/mL in water, while the particles produced under oxygen are 10 mg/mL in
water.
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for biological studies and therefore a more viable surrogate for BC. Although both the black and
tan FCDs were evaluated for their properties, for future testing, the tan FCDs produced under
oxygen were used. With pyrolysis temperature, time, and gas optimized, other carbon-based
starting materials were tested.

As outlined previously, any carbon-based substance can be used as a starting material for
the pyrolysis method of producing FCDs. While more complex materials made up of multiple
types of carbon or carbon-based materials can require extensive purification or modification,
simpler carbon-based starting materials containing few elements beyond carbon can offer FCDs
that require less purification and no modification. Based on these factors, sugars were chosen as
carbon sources for study. Agarose, sucrose, and glucose were all tested as a carbon source, using
the optimized conditions of 250 °C pyrolysis temperature and 30 minutes for heating time under a
30 psi flow of oxygen gas entering the glass tube. While all three starting materials produced FCDs
with structural and fluorescent properties similar to those produced from sodium alginate, their use
resulted in some problems. All three new starting materials produced FCDs that, when dried, rather
than forming a fine powder like that of the sodium alginate, formed a hard solid that was very
difficult to break up and extract from the centrifuge tube in which they were dried. This production
of hard, difficult to extract particles makes them difficult to use in any testing that involves solid
phase samples. When using solid phase analysis techniques, such as X-ray diffraction, X-ray
photoelectron spectroscopy, and infrared spectroscopy, more finely ground particles will allow for
more effective testing. By having solid particles that resist being ground into fine powder, effective
analysis using those techniques becomes difficult. For solution-phase analysis techniques, it is vital
to control the amount of solid particles dissolved to ensure overconcentration effects, such as

saturated detectors or inner-filter effects, and under concentration effects, mainly consisting of
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lack of detection of the sample, do not occur. The color produced was similar to that of FCDs made
from sodium alginate, though slightly darker in color, meaning the color of the solutions of
dissolved FCDs fell somewhere in between the coloring of the sodium alginate FCDs produced
under compressed air and oxygen, respectively. All of these factors combine to show the efficacy
of the synthesis conditions to produce viable FCDs from a variety of carbon sources; however, all
results support the use of sodium alginate as the carbon source for the FCDs to be examined in this
research.

The mass of starting material was also tested, beginning with a mass of 0.5 g sodium
alginate and decreasing the starting mass to as low as 0.1 g and as high as 5 g. It was found that
decreasing the starting mass below 0.5 g had no effect on the percent yield, but due to the smaller
amount of produced FCDs, using any amount less than 0.5 g in the synthesis process was
abandoned. Under the optimal synthesis conditions, when amounts greater than 0.5 g were used,
there was a decrease in the percent yield. If the pyrolysis temperature was increased, no percent
yield increase was observed, but if the heating time was increased, the percent yield increased for
starting material masses of 1 g and 2 g. Masses greater than 2 g showed a lowering of the percent
yield to approximately 50% with an increased requirement for filtration and purification processes,
so amounts greater than 2 g were abandoned as well. For starting material masses of 1 g and 2 g,
when heating times were increased to 2.5 hours, the percent yield was comparable to that of the
optimal conditions for 0.5 g. The overall time for production and isolation was found to be longer
for the protocols that used an increased amount of starting material and produced larger yields of
FCDs. Due to these factors, it was judged that though the overall amount of FCDs produced by
0.5 g starting material was less than that of 1 g or 2 g of starting material, the high throughput

afforded by the decreased heating time and drying time would allow for an increase in the overall
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production of FCDs. In conclusion, unless otherwise stated, FCDs used in this research were
produced through pyrolysis 0.5 g of sodium alginate at a temperature of 250 °C for 30 minutes
under a 30 psi flow of oxygen gas entering the glass tube.
3.3.2 Characterization

3.3.21  Optical Properties

Arguably the most important properties to characterize regarding the FCDs synthesized in this
research are the optical properties. To be an effective cellular probe, the FCDs should absorb light
and subsequently fluoresce. Studies to determine the fluorescence properties of the FCDs were
carried out on a PerkinElmer FL8500 fluorimeter. The excitation wavelength (Aex) maximum that
correlates to the region of maximum absorbance was measured, along with the emission

wavelength (Aem) maximum, as noted in Figure 3.2.
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Figure 3.2 Excitation and emission scans of ultracentrifuge purified FCDs. The
fluorescence signal was normalized to the maximum signal generated by the excitation
scan to make the spectra easy to compare and was plotted against wavelength to determine
the maximum excitation and emission wavelengths.
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In order for a material to be fluorescent, it must first absorb significant amounts of light,
therefore an analysis of absorbance and excitation of the FCDs is a vital first measurement. In
order to determine the maximum absorption range, a Cary 50-Bio UV-Visible Spectrophotometer
(UV-Vis) was used to measure the absorbance of 2 mg/mL ultracentrifuge purified FCDs dissolved
in water. The FCDs showed a high amount of absorption in the 250-350 nm energy range. This
range is in the region for which water scatters large amounts of light, so while the absorbance
could clearly be measured, it is difficult to determine how much is attributed to water and how
much to the FCDs. Background subtraction was done, subtracting the water signal to show the
absorbance due to the particles, but it was determined that once absorption was confirmed, the
more detailed analysis should focus on a study of the excitation wavelength to determine the best
wavelength to use for the fluorescence. To measure the Aex, the Aem was held at 450 nm while the
Aex Was swept from 250-375 nm to evaluate the range of high absorbance measured in the UV-Vis
spectrum. The results show a maximum Aex around 250 nm, with two shoulders at 300 nm and 350
nm. While the 250 nm wavelength produced the maximum amount of absorbance, the peak at 350
nm was chosen to be the wavelength that was used to excite the FCDs in all subsequent studies.
The reason 350 nm was chosen over 250 nm was to limit autofluorescence in biological systems.
It is well known that cytosolic proteins and enzymes fluoresce when exposed to incident light in
the blue/UV range. 1% 21 While 350 nm does not completely avoid the range of induced
autofluorescence, it was decided by this scientist that the less energetic is the excitation
wavelength, the better. The sacrifice in fluorescence intensity was deemed an acceptable loss in
an attempt to avoid extensive autofluorescence. The emission spectrum was collected by holding
the Aex at 350 nm and scanning the Aem from 375-600 nm. The spectrum has a clear peak around

450 nm and a shoulder around 500 nm. The 450 nm peak, being an intense and sharp emission
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band, was chosen as the Aem to be used moving forward. Unless otherwise stated, for the
fluorescence studies, the Aexis 350 nm and the Aem is 450 nm.

The fluorescence profile, including the spectral pattern and the maximum excitation and
emission wavelengths, can give insight into the fluorescent species responsible for the optical
properties witnessed in the FCDs. In later discussions in this chapter, the physical and chemical
characterization through TEM, IR, XPS, and EPR suggests that the FCDs are graphene oxide
nanoparticles with catechol, quinone, hydroquinone, and semiquinone radicals in various states on
the surface, and the fluorescence data supports those conclusions. Extensive fluorescence analysis
of humic materials, carbonaceous substances with quinone, phenol, catechol, and sugar moieties,
can be found in the literature.”?!! It was concluded that a specific type of humic material, fulvic
acid, typically exhibits fluorescence with a Aex maximum of 325-375 nm and a Aem maximum of
450 nm.[?21 Ariese et alia also evaluated the fluorescence of the fulvic acid materials as compared
to a quinone/hydroquinone model system.[?l Upon comparison with the quinone/hydroquinone
model system, the fluorescence pattern was similar, particularly at lower temperatures, with a
consistent Aem maximum of 450 nm witnessed in both cases. When considering any contribution
of the bulk particle to the fluorescence, graphene oxide typically exhibits fluorescence in the red
to near-IR range of light, with maximum intensity between 500-800 nm.?*l With a maximum Aex
maximum of 325 nm and a maximum Aem maximum of 450 nm, the fluorescence produced by the
FCDs matches that of the quinone/hydroguinone model system and the humic materials, furthering
the confirmation of graphene oxide nanoparticles with catechol, quinone, hydroquinone, and

semiquinone radicals in various states on the surface contributing to the fluorescence mechanism.
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In order for the potential of the FCDs to be realized regarding their being effective
biological fluorescent probes, an evaluation of the stability of the FCDs is required. First, to assess
the chemical stability of the FCDs, ultracentrifuge purified FCDs were dissolved in phosphate
buffers of various pH before the fluorescence spectrum was measured. Three different pH values
were tested: 4.1, 7.4, and 10.3. The fluorescence signal was the exact same in all three buffers, as
seen in Figure 3.3, showing that the surface functionalities, while believed to be responsible for
the fluorescence in the literature outlined in Chapter 1, are not affected by the pH significantly
enough to impact the fluorescence emission energy or intensity. This demonstrated the FCDs
should be effective regardless of the pH of the solution, which is valuable for a biological probe,
considering the different pH values that exist outside the cell, in the cytoplasm, and in various

organelles.
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Figure 3.3 Evaluation of pH on fluorescence of FCDs. FCDs were dissolved in
concentrations of 2 mg/mL in phosphate buffers of three different pH.
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Examination of FCD photostability was performed, because probes for biological systems
benefit from time-independent emission behavior. A 2 mg/mL solution of ultracentrifuge purified
FCDs was continuously irradiated for a 12-hour period by the incident laser in the fluorimeter,
with fluorescence being measured once every hour to evaluate any changes in the emission signal
due to bleaching over time; however, no decrease in the fluorescence was observed, with the results

seen in Figure 3.4 A. This experiment demonstrates that there is no significant impact of
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Figure 3.4 Evaluation of the photostability and solution phase stability of FCDs over
time. 2mg/mL FCDs dissolved in pH 7.4 phosphate buffer A) Irradiated continuously
over a 12-hour period with fluorescence measured every hour. B) FCD solution
allowed to rest on the benchtop with fluorescence measured every hour for a 24-hour
period.
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continuous irradiation on the stability of the fluorescence emission intensity. In an attempt to
evaluate the stability of the FCDs in solution over time, a solution of 2 mg/mL FCDs in phosphate
buffer at a pH of 7.4 was created and analyzed via a fluorescence emission scan every morning for
24 days with no decrease in fluorescent signal, the results can be seen in Figure 3.4. During the
time period, the solution remained sealed in a scintillation vial on the benchtop. To test the stability
of the FCDs in the solid phase, the same sample of solid FCDs was used to make a fresh solution
of 2 mg/mL ultracentrifuge purified FCDs every morning for the same 24-day period, with a
fluorescence emission scan performed to evaluate potential changes in the fluorescence emission
intensity and wavelength profile. Once again, no appreciable change occurred. These tests confirm
the high level of stability seen in the FCDs made using the protocol | developed here, which
includes chemical- and photo- stabilities.

One optical property of FCDs explored in Chapter 1 was the excitation wavelength-
dependent emission wavelength. It is commonly seen in FCDs made by other routes that as the Aex
is changed, the Aem changes.?® This property was explored in the FCDs created in this research;
the data are presented in Figure 3.5. A solution of 2 mg/mL ultracentrifuge purified FCDs in pH
7.4 phosphate buffer was prepared as outlined above. The Aex was changed from 275 nm to 400
nm, with the fluorescence intensity measured from 300-700 nm with the exact Aem range used
varying based on the Aex. The first overall trend witnessed was a change in the fluorescence
intensity, which is to be expected. As the Aex gets further from the optimal excitation wavelength
determined previously, the fluorescence intensity will decrease. This trend holds true, with the
fluorescence intensity reaching its maximum when excited at 300 nm. Furthermore, the important
observation was found that there were no changes in fluorescence intensity at the various emission

wavelengths nor were there any changes in peak emission energies. The shoulder at around 500
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nm exhibits no significant change in position as the Aex is varied. The other, more substantial peak
found at 450 nm upon excitation at 350 nm shifts slightly as the Aex changes. The emission peak is
observed at 450 nm when the solution of FCDs is excited at 350 nm, but when an excitation
wavelength where maximum absorption occurs (300 nm), the peak blue shifts, with the peak
emission occurring at 400 nm. The energy of maximum intensity is a function of wavelength; when
excited by higher energy light at 275, 300, and 325 nm, the peak is observed at 400 nm. When
excited by lower energy light at 350, 375, and 400 nm, the peak is found closer to 450 nm. This
observation is consistent with prior work with other types of FCDs, but differs from past observed
FCD behavior in that the energy shifts found here do not exhibit a continuous change with
systematic change in excitation energy. Typical FCDs show a shift in emission wavelength with
every shift in excitation wavelength; the further blue-shifted the excitation is from the absorption

maximum, the further blue-shifted is the emission. Similarly, the more red-shifted the excitation
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Figure 3.5 Effect of excitation wavelength on the emission spectra of ultracentrifuge
purified FCDs. Changes in the fluorescence emission due to changing excitation
wavelengths was probed through fluorescence emission scans of wavelengths ranging
between 300-700 nm under varying excitation wavelengths.
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is from the primary maximum absorption peak, the more red-shifted is the emission. The FCDs
prepared here exhibit properties more akin to materials possessing quantized electronic states
rather than a constantly shifting emission peak. This behavior is interesting, but not radically
different than the FCDs that have come before.
3.3.2.2  Physical and Chemical Properties

Once the FCDs were confirmed to possess desired fluorescence properties, an evaluation
of the structural properties was performed. The first evaluation of the FCDs in pH 4, 7.1, and 10.3
was by dynamic light scattering (DLS), in an attempt to determine the size of the particles in
solution. Unfortunately, outcomes from the DLS were inconclusive for providing meaningful
information about particle size in solution. Examination of DLS data using the associated
instrument software led to reported particle sizes that range from 150 nm to >300 nm, which are
sizes inconsistent with observations for FCDs prepared using pyrolysis methods in the literature,
with said values being less than 50 nm. The large sizes obtained from DLS for the materials | have
prepared are believed to be due to extensive aggregation of the FCD particles in the pH 4, 7.1, and
10.3 solution. Additionally, DLS provided some insight regarding aggregation, in the form of the
zeta potential of the particles. Zeta potential is a measure of the electrostatic potential at the
electrical double layer surrounding the nanoparticles in solution.?®! This potential gives insight
into the particles’ behavior in solution. Particles with zeta potentials between —10 mV and +10
mV are considered electrically neutral, with anything beyond those values pointing to particles
being considered as charged. The charge of the nanoparticle correlates to its tendency to aggregate,
with highly charged particles (+ 40 mV) exhibiting a large amount of repulsive force between each
other, thereby stabilizing the nanoparticles in solution and preventing their aggregation. On the

other hand, when particles are closer to zero than —30 mV or +30 mV, aggregation is highly likely,
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because the particles do not strongly repel each other.””l The zeta potential of the FCDs was
measured in phosphate buffers at pH, 4, 7.4, and 10.3 to determine if the charge is a product of the
FCD surface or is relative to the solution in which they are dissolved. Under all conditions, the
measured zeta potential was approximately —20 mV, indicating that the surface is negatively
charged, but not sufficiently so as to prevent aggregation. Based on the zeta potentials measured
under the solution conditions used here and in all biological studies, it seems likely the particles
are aggregating due to insufficient electrostatic repulsion, which results from either low intrinsic
surface charge of the FCDs or salt-induced screening of FCD surface charge. It should also be
stated that when the black particles synthesized under air were tested using this method, the results
were virtually identical, with DLS-derived sizes of greater than 150 nm and zeta potentials near
—20 mV, regardless of the pH of the buffer containing the dissolved particles. These observations
further demonstrate that the FCDs produced under different gas conditions have similar properties
overall, other than their color.

To gain another measure of FCD size, as well as more information about the structure of
the FCDs, low-resolution and high-resolution transmission electron microscopy (LR-TEM and
HR-TEM) were pursued. Initially, TEM grids were prepared through typical methodologies,
dissolving FCDs into water in amounts of 2 mg/mL before depositing 10 xL onto the surface of a
TEM grid prior to drying overnight under ambient conditions. For initial studies of size,
morphology, and chemical composition, FCDs that had not undergone ultracentrifuge purification
were used. Ultracentrifuge purified FCDs were tested and are evaluated for size, morphology, and
chemical composition in section 3.3.2.3. For initial analysis, LR-TEM was performed;
representative images are presented in Figure 3.6. As seen in the images, the morphology of the

FCDs is as expected, spherical and relatively regular. The sizes range from 20 to 50 nm. This
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Figure 3.6 Low-resolution transmission electron microscopy (TEM) images of
FCDs dissolved in water and allowed to dry on the TEM grid overnight. Black scale
bar = 100 nm.

confirms the expected size of less than 50 nm, and also confirms the sizes being measured by the
DLS experiment were not representative of the actual size of the individual FCDs. As seen in the
bottom image of Figure 3.6, aggregation of FCDs is noted, in agreement with DLS results.
However, in this case there was no salt present that would lead to electrostatic screening effects
and thus particle aggregation, assuming that the zeta potential of the FCDs has a magnitude greater
than 20 mV in pure water, which cannot be measured using the system available at LSU. As shown
in the bottom image, the particles appear to have aggregated into a particle greater than 150 nm in
size. A single FCD is readily noted in the aggregate, with a measured size that is similar to that of
those that are isolated in the top images. Thus, it is possible that the observed aggregates in the
bottom of Figure 3.6 led to the observation of larger-than-expected sizes by DLS. At the same
time, it is also highly probable that the presence of salt would lead to aggregation of FCDS such

as those in the top portion of Figure 3.6; however, attempts to perform TEM on such samples were

73



met with frustration, due to the abundance of salt crystals (not unexpected) that obscured images
of the FCDs.

To get more information regarding the FCDs, HR-TEM was employed. HR-TEM, though
more complex and time consuming, offers increased magnification and much higher resolution
than LR-TEM, giving more information than LR-TEM can offer. The increased resolution and
magnification allow for the evaluation of the lattice spacing of atoms that make up crystalline
nanoparticles. Experiments aimed at measuring the lattice spacing of particles using oxygen and
air for their formation were performed, and typical images are shown in Figure 3.7. The lattice
spacing of the atoms in the nanoparticles was determined by physically measuring a region of the
images containing lattices, counting the spaces, and then dividing the overall length by the number
of lattice spaces. This value, once determined, allowed for an evaluation of the crystal structure in
an effort to identify the material based on the unique lattice spacing for each type of known
material. Routinely observed were nanoparticles, such as those in Figure 3.7 A and B, having
crystal lattices. Particles prepared using either oxygen or air exhibit lattice spacings with a mean
value of 0.28+ 0.006 nm. This value is consistent with that for strained graphene oxide or graphene
oxide with a slightly expanded lattice due to water or other repelling functionalities contained
between faces of the crystal lattice.?!

Identifying the FCDs as being made of graphene oxide is congruent with expected
outcomes from the synthesis method, considering graphene oxide can be synthesized from thermal
processes involving carbon starting materials in the presence of oxygen.?°! Finding individual
particles to measure the lattice spacing was difficult in some regions of images, due to the large
aggregation effects observed for the FCDs in solution phase, as can be seen in Figure 3.7 C. The

crystal lattices of individual particles can be seen in the aggregate, showing the aggregates are
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indeed made up of the FCDs, but the individual lattice for each particle within the aggregate is
difficult to measure due to backscattering effects. These aggregation effects make other analysis
methods difficult to perform as well. For example, a powerful capability of HR-TEM is selected-
area electron diffraction (SAED), wherein is measured the electron diffraction pattern of a crystal
S0 as to gain more in-depth information about the identifying crystal structure of the material.
Unfortunately, due to the large level of aggregation noted for the FCDs, it was often impossible to
obtain a clear diffraction pattern from an individual crystal. When multiple diffraction patterns

from multiple crystals overlap, interference occurs, making a clear diffraction pattern impossible

Figure 3.7 High-resolution transmission electron microscopy images of FCDs. A) FCDs
produced under oxygen gas. B) FCDs produced under compressed air. C) Aggregate of FCDs
produced under oxygen gas. Scale bar = 20 nm.
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to obtain. To investigate the aggregation effects of the FCDs and in an attempt to alleviate some
of the aggregation effects, glow-discharge protocols were tested as a preparation method for the
TEM grids prior to sample deposition.

A Leica EM ACE600 was used to produce glow-discharge and charge the TEM grid before
the FCD solution was dripped onto the grid to prepare it for analysis. Glow-discharge is a method
of “wetting” the surface of the grid. In glow-discharge, the TEM grid is placed in a chamber under
vacuum to remove most air before a current is run between the cathode and anode, ionizing the
remaining gas molecules, producing negatively charged ions. These negative ions deposit on the
surface of the grid, giving the grid a surface charge it did not possess before. This charged surface
is now hydrophilic, allowing water deposited on the surface to spread over a wider surface area
and evaporate faster due to decreased surface tension.*! If the FCDs are aggregating in the
solution deposited on the TEM grid over time as the water droplet evaporates, by decreasing the
time required for the evaporation, the allowed aggregative effects should be decreased. The results
of the study can be seen in Figure 3.8. In panel A of Figure 3.8 is an image of FCDs deposited
onto TEM grids prepared without glow discharge, showing extensive FCD aggregation. However,

in Figure 3.8 B are shown the results for TEM grids prepared through glow discharge,

Figure 3.8 Testing of glow discharge to reduce aggregation using HR-TEM. A) FCD
solution deposited on a grid with no preparation. B) FCD solution deposited on a grid
that has undergone glow discharge.
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demonstrating a lesser extent of FCD aggregation. As a result, glow discharge was used for all
subsequent TEM experiments; however, the glow discharge, while allowing for less aggregation,
could not completely eliminate the observed aggregation, therefore other methods were utilized in
an effort to gain more information about the FCDs.

X-ray diffraction (XRD) was used to further assess the crystal structure of the FCDs, but
similar to that found when trying to evaluate the diffraction pattern using HR-TEM, the results
were inconclusive beyond identifying some of the elemental components of the FCDs. The XRD
was indicative of multiple crystal structures that were carbon-based with oxygen, sodium, nitrogen,
and possible other elements. The spectra gathered through XRD were too cluttered and complex
to highlight any identifying peaks. Additionally, Raman spectroscopy was used to study
carbonaceous materials to evaluate the bonding order of the carbon, allowing for the ability to
determine the makeup of carbon-based materials.*% 3 Unfortunately, due to the fluorescent nature
of the FCDs, the Raman spectroscopy was inconclusive. It is a well-known shortfall of Raman
spectroscopy that in samples that fluoresce, the fluorescent signal can mask the Raman peaks,
preventing effective analysis of the sample. Most modern Raman spectrometers are equipped with
the ability to correct for fluorescence, but unfortunately in this instance that proved to be
impossible due to the significant overlap of the fluorescent peaks from the FCDs and the Raman
scattering peaks, a result of the excitation light source having an energy that created substantial
excitation of the fluorescent material in the FCDs.

From all of these structural studies, it was determined that the particles are roughly
spherical with diameters less than 50 nm, and they possess a lattice spacing of 0.28 nm that is

consistent with graphene oxide. To learn more about the structural makeup and begin to probe the
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chemical makeup of the FCDs, infrared spectroscopy (IR), X-ray photoelectron spectroscopy
(XPS), and electron paramagnetic resonance (EPR) spectroscopy were employed.

IR spectroscopy is a proven technique to evaluate the chemical composition of a wide range
of organic materials. IR spectroscopy consists of irradiation of a sample by infrared radiation,
which is swept over a range of wavelengths of IR light. The amount of IR light absorbed or
transmitted through the sample at specific incident photon energies can aid in identification of the
individual species present, considering different chemical functional groups will absorb IR light
in different amounts and at different wavelengths. An IR spectrum of FCDs is shown in Figure
3.9. Many of the IR transitions whose peaks fall in the region less than 1500 cm™ are attributed to
the carbonaceous materials making up the bulk of the particles. The depth of penetration of infrared
light can vary from 1 to 5 mm, depending on the wavelength, meaning that when evaluating
nanoparticles, a large amount of the signal can be attributed to the bulk composition of the FCDs,
rather than analyzing the surface of the nanoparticles. In this case, which uses a reflection-

absorption technique, the evanescent wave typically penetrates beyond the IR optics sampling
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Figure 3.9 Infrared spectroscopy scan of FCDs in solid state as a dried powder.
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crystal 0.5-2 micrometers, still leading to the spectra being representative of the bulk properties of
the FCD powder. The peaks seen at 3500 and 1390 cm™ represent the O-H transitions of hydroxy!l
or alcohol functionalities, specifically the O-H stretch and bend transitions, respectively. The peak
at 1390 cm™ could also have contributions from the C-O stretch witnessed in graphene oxide.
Coupled with the peak near 740 cm™ agreeing with the wavenumbers reported in the literature to
correspond to C=0 vibrations found in graphene oxide, the presence of graphene oxide seems
highly likely.[3 34 The peak at 1750 cm is characteristic of a quinone carbonyl peak, particularly
in the instance of quinone functionalities covalently attached to graphene surfaces, closely
resembling the system that could be witnessed here.[* The presence of the bands for the O-H and
C=0 functional groups demonstrate that the FCDs contain oxygen, and along with the lower
energy carbon transitions, suggest that the purported (from TEM lattice data) graphene oxide
component of the FCDs contains alcohol groups and quinone functionalities. These functionalities
are commonly found on the surface of combustion-generated carbonaceous materials. However,
due to the bulk-sampling characteristics of the IR method, it is impossible to state with certainty
that these groups are on the exterior surface of the FCD particles. To further evaluate the chemical
makeup of the FCDs in a highly surface-sensitive manner, X-ray photoelectron spectroscopy
(XPS) was investigated.

XPS is a technique that uses X-rays to typically irradiate a solid sample, which causes
electrons within the chemical structure to be released and ejected (photoelectrons) from the
outermost surface of the sample. The amount of energy required to eject the electron, known as
the binding energy, can be used to identify the atom from which it was ejected and its binding
state, including hybridization and what elements to which it is proximal. XPS in this case was used

in angle-resolved mode, meaning that the sample is rotated to adjust the angle at which the ejected
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photoelectrons are measured. This allows for more sensitive surface analysis and less bulk
analysis, with an effective depth of analysis being less than 1 nm at higher angles of photoelectron
detection. Ejected photoelectrons are limited in their ability to escape the material for measurement
due to scattering events and their low energy. By adjusting the angle of measurement of the ejected
photoelectrons, photoelectrons ejected from the surface only of the material can be isolated.[6]
When XPS is performed, a survey scan is first performed to evaluate all the elemental peaks
present in the sample before focusing in on each individual peak to evaluate the elemental states
contained within each peak (high-resolution mode).

A survey spectrum typical of the FCDs is provided in Figure 3.10, and in it is present
several transitions associated with different elements. These include the carbon 1s peak at ~284
eV and the oxygen 1s peak at ~530 eV. While these two elemental peaks are the main interest here
and high-resolution scans were performed in those two energy ranges for the two elements of
interest, there are other elemental peaks present. The large peak at ~1070 eV is associated with the
sodium 1s transition, which is attributed to leftover sodium from the sodium alginate starting
material, which is not removed by the purification procedure. The binding energy of the sodium 1
s transition peak has a very small range of chemical shifts, making it difficult to determine the
exact binding state of the sodium if the signal is low in intensity; other proximal elements must
often be analyzed for any sodium component, with none witnessed in this instance.l” 38l
Conspicuously missing is a peak for the nitrogen 1s peak, typically found at ~400 eV, particularly
when considering the survey scan for particles produced under air. One theory regarding the black
color of FCDs when such FCDs were created under compressed air versus oxygen is that the black
color is due to the presence of nitrogen in the FCD structure. This was a theory proposed by this

scientist considering it is the element of greatest concentration present in the compressed air as
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Figure 3.10 X-ray photoelectron spectroscopy (XPS) survey scan of solid state FCDs.

compared to the pure oxygen. However, there is no XPS evidence to support such a possibility.
More important for purposes of evaluating the chemical properties of the FCDs is analysis of the
carbon 1s and oxygen 1s regions, found in Figure 3.11. The spectra were fitted with CasaXPS
software used for control of the spectrometer and analysis of the data collected. The fits were
achieved using Gaussian-Lorentzian curve algorithms after performing a Shirley-type background
subtraction.[*® 491 The fitting reveals curves that can be evaluated to determine the local bonding

environment (chemical state) of the element associated with that peak, which is shown for the C
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1s and O 1s regions, Figure 3.11. The carbon 1s spectrum reveals a large amount of C-C bonding,
as to be expected from a carbonaceous nanomaterial. In addition to the C-C bonding, C-O and
C=0 bonding is also observed, which correlates with graphene oxide type material near the surface
as well as possible oxygen-containing functional groups, such as those witnessed in graphene
surfaces exposed to quinone functionalities.®> 41 It is worth noting that if the XPS was measuring
primarily the bulk graphene oxide of the particles, the peaks for the C-O (286 eV) and C=0 (288

eV) would dominate the C 1s region. In the literature, when XPS is used to evaluate graphene
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Figure 3.11 X-ray photoelectron spectroscopy focused scans of elemental regions.
A) Carbon 1s scan. B) Oxygen 1s scan.
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oxide, the C-O and C=0 peaks make up over 60% of the total counts.?* 42 43l Considering the HR-
TEM and IR data suggests graphene oxide makes up the bulk of the FCDs, the C-C dominating
the counts in the C 1s spectra (69.76%), with C-O and C=0 to a lesser extent (20.21% and 10.03%),
denotes the measurement of the surface functionalities rather than bulk measurements. The oxygen
1s spectrum also provides information about the surface functionalities, confirming the presence
of oxygen existing as C-O and C-O-H in nearly equal parts (30.54% and 54.22% respectively),
with C-O-H slightly higher, and C=0 contributing to the oxygen spectrum as well. In particular,
the carbonyl peak seen in the oxygen 1s scan corresponds to that witnessed in quinone type
functionalities on carbon surfaces.*¥l In fact, the three peaks seen in the oxygen 1s scan and their
percent compositions (C=0 15.24%, C-O 30.54%, and C-O-H 54.22%) and overall spectral pattern
are similar to the XPS data generated from guinone containing carbonaceous materials, though the
binding energy for each peak differs depending on the individual case.** 451 All three chemical
bonding states in the C 1s and O 1s regions confirm the presence of surface alcohol and/or quinone
functionalities that were suggested by the IR spectroscopy studies. To further evaluate chemical
properties of the FCDs, EPR spectroscopy was performed to probe for the presence of radical
species (unpaired electrons).

EPR spectroscopy experiments measure for the presence of unpaired electrons in materials
by applying a magnetic field to the material and measuring the energy required to force an unpaired
electron into an alternate spin state and allow it to relax back to its natural state when irradiated by
microwave radiation.[*®! As a result, EPR is able to identify paramagnetic versus diamagnetic
inorganic materials. Importantly, when considering organic materials, it offers information
regarding any radicals present. A 5,000-G field sweep range scan was first used to evaluate for the

possible presence of a wide range of radical materials in the FCDs, Figure 3.12. In this EPR
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experiment, the magnetic field is varied over a 5,000 G, while the applied energy in the form of
microwaves was held constant at 9.95 GHz, measuring the amount of microwaves absorbed. As
the applied magnetic field is varied it will eventually reach the value required to achieve resonance
conditions wherein the difference in energy between the lower and higher electron spin states
matches that of the incident microwave radiation. This can be seen through an increase in
absorbance of the microwave radiation at a particular magnetic field strength. This specific amount
of energy and magnetic field strength can be identified and applied to determine the identity of the
electron that was excited. Although EPR spectra are collected as signal on the y-axis compared to
magnetic field strength on the x-axis, typically the data is reported as the derivative of the
absorption spectra relative to the magnetic field (dx/dB) for ease of analysis. Considering EPR
experiments can also be performed with the magnetic field held constant under a changing
microwave frequency, it is inconvenient to report the radical’s identity through the energy or
magnetic field used to cause the change in state, so the g-factor is most commonly used to identify
the radicals. The g-factor is calculated from the Zeeman equation:
hv=guBo

where hv is the applied energy, g is the g-factor, s is a constant (Bohr magneton), and By is the
applied magnetic field.*”] By using the Zeeman equation, a g-factor can be assigned to an
individual electron that should be the same regardless of whether the EPR experiment is performed
with changing magnetic field or changing microwave energy. In this experiment, it was found that
ultracentrifuge purified FCDs dissolved in water possess a transition near a g-factor of ~2.00. After
the general region of the radical was identified, a 100-G scan was performed to generate more
specific information regarding the identity of the radicals present. A response typical of the

ultracentrifuge purified FCDs is presented in Figure 3.12. The g-factor measured by the 100-G
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Figure 3.12 Electron paramagnetic resonance spectra of FCDs dissolved in water.
A) 5000 G scan. B) 100 G scan with inset of an 0-semiquinone-type radical.

scan reveals a g-value of 2.00442 + 0.00001. This observed value of 2.00442 is consistent with
that of o-semiquinone-type radicals, whose chemical structure can be seen in Figure 3.12.1%1 The
0-semiquinone-type radicals measured in this research can be a result of multiple starting phenolic
materials, but these semiquinone type radicals yield themselves to being studied through ultrafine
coupling EPR studies.[® 5% The complexity of the ultrafine coupling studies required to examine
the semiquinone-type radicals produced in this research is beyond the scope of this research,

though future work could explore the formation of the semiquinone-type radicals more thoroughly.

85



The chemical experimentation done in the form of IR, XPS, and EPR all come together to
suggest that chemically, the FCDs are graphitic carbon with oxygen throughout the structure and
quinones and/or catechol functional groups on the surface. The presence of quinones is suggested
in the IR (O-H transitions and carbonyl transitions) and XPS data (both carbon 1s and oxygen 1s
scans), additionally the presence of O-H functionalities is confirmed. The EPR data reporting the
likely presence of semiquinone-type radicals further confirms the presence of quinones and their
hydrated form, catechols. While the IR, XPS, and EPR individually are not able to accurately
confirm exactly what species is present, the three techniques create a likely picture of quinone and
catechol groups on the surface that form semiquinone-type radicals.

3.3.2.3  Dependence of Fluorescence Emission Characteristics on Particle Size

An additional factor that most FCDs are reported to possess is a change in fluorescence
properties with particle size. These changes can be represented as a decrease or increase in
fluorescence or as a shift in the emission wavelength as the particle size changes.’*581 An
evaluation of the FCDs produced in this research was done to determine what effects, if any,
particle size has on the fluorescence in the FCDs. To first evaluate the size dependence of the
fluorescent properties, the FCDs needed to be separated into different-sized particles. A size-
exclusion column was chosen to perform this separation. Sephadex G-25 is a sieving matrix
commonly used for aqueous-phase separations, with it being routinely used to separate 100-5000
M.W. materials. The Sephadex G-25 was hydrated using 18 M2 e cm water and then poured into
a plastic pipette containing cotton wool packed into the bottom of the pipette to prevent loss of the
Sephadex. After the Sephadex was added to the column and water was passed through to pack the
column, a sample of 10 mg/mL FCDs was dissolved in water and subsequently poured on top of

the Sephadex. Samples were collected over time to accumulate (collect) differently sized particles.
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Larger particles will elute early in the separation process, while smaller particles take a longer time

to elute due to their interactions with the sieving matrix.
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Figure 3.13 Fluorescence emission spectra of individual elution fractions collected
over time from the size-exclusion column. Elution fractions are in order of collection,
elution fraction 1 being the first collected, etc.

The fractions collected were each measured for their fluorescence properties in order to
correlate the fluorescent properties with purported particle size, which is based on elution time.
While 50 elution fractions were collected over the entire elution time of 20 min to ensure isolation
of various possible particle sizes, a representative sampling of the results is shown in Figure 3.13.
The most obvious result is that early collected samples exhibit no apparent fluorescence (Sample
1-Sample 9), but the later eluting fractions (assumed to possess smaller particles, Sample 10-
Sample 20) exhibit fluorescence emission spectra that are virtually the same as those of the
bulk/not separated materials but with an overall lower intensity at all energies. As the separation
continued, the intensity of the characteristic emission spectrum decreased (Sample 21-Sample 50).
Based on these observations and the assumption that the separation is efficient, it appears that there
is no dependence of emission properties (overall spectral shape) on FCD particle size. If the

separation is efficient, which it is assumed to be in this case based on the increase in fluorescence
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and subsequent decrease, it can be concluded that largest particles (early elution fractions) and
smallest particles (late elution fractions) exhibit less fluorescence. This is based on the fluorescent
property of higher concentrations of fluorescent materials resulting in higher intensities of
fluorescence. Considering the early and late elution fractions exhibit less fluorescence, but higher
concentrations of large or small materials respectively, it can be concluded that the fluorescence
of the FCDs is found in a specific size of FCD. Unfortunately, due to the limitations of sample
mass that can be separated with this size-exclusion approach, the amount of FCDs in each fraction
is very small, making their further analysis difficult at best. For example, in an attempt to evaluate
particle size in the fraction exhibiting the highest fluorescence intensity, elution fraction 24,
through use of LR-TEM, | was unable to identify sufficient particles to generate an effective size
distribution. Additionally, the process of separating a sample in a size-exclusion column is very
slow and takes a considerable amount of time. In order to obtain a sufficient amount of FCDs of
different sizes to further evaluate the effects of particle size on the fluorescence of the FCDs, an
ultracentrifuge purification method was used to purify the particles based on size.

Solutions of FCDs made by pyrolysis under oxygen gas at 20 mg/mL concentration were
prepared in 7.4 pH phosphate buffer and then transferred to centrifuge tubes. The latter were then
placed in an ultracentrifuge and centrifuged at 110,000 x g for 1.5 hr. It was noted that a black
solid was present in the bottom of the tubes, with a dark yellow-colored solution remaining above
the black solid. The supernatant solution was pipetted out of the centrifuge tube and its
fluorescence spectrum was measured using Aex 0f 350 nm and Aem 0f 450 nm. In addition, the black
solid in the tubes was found to be readily re-suspended in water, yielding a tan colored transparent
liquid. The fluorescence emission spectrum of the black solid that was re-suspended in water was

also recorded. The supernatant produced a fluorescence spectrum identical to that of the FCDs,
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Figure 3.14 Fluorescence emission spectra of FCDs before and after ultracentrifuge
purification. All samples are 2 mg/mL FCDs in pH 7.4 phosphate buffer. The black
solid is the solid material that settled out during centrifugation while the supernatant
was the liquid removed from the centrifuge tube after centrifugation and dried under
nitrogen flow to produce a solid, allowing for weighing and dissolving in buffer.

though greater in intensity. At the same time, the black solid re-suspended in water did not give
rise to any fluorescence signals (Figure 3.14). The increase in signal in the purified fluorescent
FCDs was to be expected since the same mass of each sample was dissolved, but if the
ultracentrifuge purified FCDs are made up of the smaller fluorescent particles and the larger non-
fluorescent particles are removed, more fluorescent materials should be present in the supernatant.

In order to further evaluate the physical properties of the supernatant that is fluorescent and
those of the isolated black solid that does not exhibit fluorescence, both materials were analyzed
by HR-TEM. Both the supernatant and the black solid resuspended in water were deposited onto
the TEM grid after glow discharge, as outlined above. The TEM images for both materials possess
particles with distinct sizes, but have indistinguishable lattice spacing of approximately 0.28 nm,

Figure 3.15. The particles in the fluorescent supernatant sample were 15 + 7.4 nm in size, while

the particles found in the non-fluorescent black solid sample were 30 + 11.2 nm in size (300
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Figure 3.15 Comparison of particles remaining in solution and those that were isolated
as a black solid during centrifugation: A. HR-TEM of fluorescent particles remaining
in supernatant upon centrifugation (scale bar = 20 nm). B. HR-TEM of non-fluorescent
black particles isolated by centrifugation (scale bar = 50 nm).

particles were counted and measured through HR-TEM to determine size and standard deviation).
This seems to suggest that the only difference between the fluorescent particles and non-
fluorescent particles is size, with smaller particles possessing fluorescence, while larger particles
possess no fluorescence.

To further investigate possible differences in properties of the two isolated materials, IR
spectroscopy and XPS was performed. The same procedures used for the TEM experiments were
employed to isolate the two different solids. Interestingly, there is no appreciable difference noted
in either analysis method, Figure 3.16. Experimentation by this scientist concludes that the only
difference between the FCDs isolated from the supernatant and FCDs collected in the form of the

black solid remaining after ultracentrifugation is the fluorescence and size of the FCDs.
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Figure 3.16 Comparison of infrared spectroscopy (IR) spectra and X-ray
photoelectron spectroscopy spectra between the supernatant and black solid produced
during ultracentrifuge purification. A. Oxygen 1s scan of FCDs gathered from drying
of the supernatant under nitrogen gas. B. Oxygen 1s scan of the black solid gathered
from the centrifuge tube after ultracentrifugation. C. IR spectra of the FCDs gathered
from the supernatant and the black solid.

3.4 Conclusions

BC is an environmental pollutant of high importance to society today and requires
extensive study in order to determine the health effects of BC. When attempting to study individual
components of PM, isolating one individual component can be difficult and time consuming,
particularly obtaining sufficient amounts of high enough purity for study. It was decided that rather
than trying to isolate BC and study it as collected from environmental conditions, a surrogate

would be designed to mimic BC, which would allow for in-depth investigations. FCDs were
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chosen based on their similarities to the elemental, structural, and chemical properties of BC. In
addition, FCDs possess fluorescent moieties to allow for ease of use in evaluation of cellular uptake
and environmental effects.

A bottom-up pyrolysis approach was chosen to create FCDs similar to the methods that
produce BC in the environment. By using a thermal pyrolysis process, the FCDs created should be
similar to BC in the environment. A variety of carbon sources were tested and found to lead to
successful creation of FCDs, but it was determined that sodium alginate led to production of FCDs
in the highest yield. Furthermore, it was found that the highest yield of FCDs are achieved with a
pyrolysis temperature of 250 °C and a reaction time of 30 minutes under a flow of 100% oxygen
gas at 30 psi. The resulting FCDs are found to possess fluorescence properties that hold promise
for their use as a probe in biological systems. Notably, the FCDs produced in this research show
resistance to photobleaching, and their fluorescence is unaffected by their exposure to a large range
of pH conditions. Additionally, their fluorescence is unaffected by storage in the ambient air and
solution phase for times up to 24 days. Finally, the fluorescence properties are unaltered by storage
of the solid the for 24 days, the longest time investigated.

Analyses of the structural properties of the FCDs using HR-TEM reveal a lattice spacing
of 0.28 nm, consistent with a graphene oxide crystal structure. Chemical analysis using IR and
XPS revealed oxygen-containing functional groups on the surface of the FCDs, with EPR
revealing the presence of o-semiquinone type radicals. Combined outcomes from these studies,
coupled with analysis of the fluorescence spectra, point to the presence of catechol, quinone,
hydroquinone, and semiquinone radicals. Additionally, it was revealed through extensive studies
that the FCDs designed and synthesized in this research possess a size-dependent fluorescence,

with only FCDs less than 30 nm in size producing fluorescence. The fluorescence properties of

92



these FCDs indicate potential use as a BC surrogate so as to analyze the effects of BC on biological

materials, particularly epithelial lung cells. However, the sensing capabilities of the FCDs needs

to be studied; those endeavors are described in Chapter 4.
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CHAPTER 4
EXPLORATION OF FLUORESCENCE QUENCHING AND RECOVERY
MECHANISM IN FLUORESCENT CARBON DOTS

4.1 Introduction

Fluorescent carbon dots (FCDs) have been used extensively as biological probes in a
variety of modes, such as always-on, turn-on, or turn-off.l:*! The potential benefits offered by a
turn-on probe are numerous, with this mode providing an increased signal-to-noise ratio, high
selectivity, and high sensitivity.>"1 FCDs are a particularly logical choice to use when designing
a turn-on fluorescent probe, due to the well-known ability of metal ions to quench fluorescence in
FCDs; in fact, most FCDs used in turn-off mode are based on the loss of fluorescence when
exposed to metal ions.[®1% The exact quenching mechanism is not well understood, but this could
be a result of the multitude of synthesis processes used to create FCDs, as well as the highly diverse
properties of the multitude of metal ions exposed to the FCDs.[** 121 Furthermore, there are several
theories that have been presented to describe the mechanism associated with the fluorescence from
fluorescent carbon dots made using the wide variety of synthetic conditions.

The two main types of quenching that have been observed in FCDs are static and dynamic
guenching. In dynamic quenching, the quencher must diffuse to the fluorophore and interact with
the latter during its excitation from the ground electronic energy state to the electronic energy
excited state.[**! An important note to remember about dynamic quenching is that no permanent
modification of the fluorophore occurs, although it may appear that modification has occurred
because the quenching process is ongoing. In static quenching, a non-fluorescent complex forms
as the quencher and fluorophore interact with each other while the fluorophore is in the ground
state. The exact interactions that cause the lack of fluorescence in the formed complex are not

known, but could be a result of excited-state reactions, molecular rearrangements, ground-state
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complex formation, collisional quenching, energy/electron transfer, or destruction of the group
associated with the emission process.!*4

Understanding the exact quenching mechanism is further complicated by the fact that the
mechanism of quenching could be completely different depending on the methods used to
synthesize the FCDs. It has been proposed that FCDs made with specific routes are believed to
interact with the metal ion through an electron exchange process (photo induced electron transfer,
Forster resonance electron transfer, Dexter electron transfer, etc.), which is denoted as being a
static quenching mechanism; this has been observed in multiple types of FCDs upon their
interacting with multiple types of metal ions, including those of iron, copper, and mercury.[5-%"]
Dynamic quenching mechanisms between FCDs and metal ions are much less common but have
been reported in the literature, although the exact mechanisms have not been explored.** 8 The
differences in characteristic behaviors for static and dynamic quenching allow for assignment of
the class of quenching mechanism for a particular system, but an understanding of the detailed
quenching process is not trivial to obtain. Manuscripts abound in the literature that report the
quenching effects of metal ions on a particular FCD material, but very few focus on determining
exactly how the quenching occurs. Most groups do not elucidate or provide a theory for the exact
quenching mechanism.? *1 The typical modus operandi found in these studies is upon observation
of fluorescence quenching with a given agent and assessment of its analytical capabilities, no
further research into the underlying rationale for the quenching is carried out. In the rare paper
where the quenching mechanism is probed, the research ceases upon establishment of a static or
dynamic quenching mechanism.? 14 18l

The recovery of fluorescence in FCDs by addition of another chemical species to a

guenched system is also poorly understood, considering it hinges on the exact mechanism of
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fluorescence quenching, particularly regarding static or dynamic quenching. One proposed method
to recover the fluorescence is chemical reduction of the metal ion responsible for FCD fluorescence
quenching by a reducing agent.? ¥ The process of fluorescence recovery through reduction of the
metal ion quencher implies an electron exchange is responsible for the quenching mechanism,
considering the primary difference between a metal ion and its lower oxidation state variant are
their standard reduction potentials. However, if the fluorescence quenching of FCDs by metal ions
results in a chemical complex formed between the metal ions and surface functional groups on the
FCDs, the only way to recover the fluorescence is to break apart the existing metal ion-surface
group complex.?® 2 |t js the goal of this chapter to establish an understanding of the static
guenching mechanism observed in the synthesized FCDs, as well as gaining knowledge about the
recovery process, or lack thereof, to formulate a proposed fluorescence quenching mechanism.
4.2 Experimental
4.2.1 Materials

Ethylenediaminetetraacetic acid (EDTA) anhydrous (>98.5%), iron(Ill) nitrate
nonahydrate (99+%), iron(l1l) sulfate hydrate, iron(ll) chloride tetrahydrate (98%), copper(ll)
nitrate, copper(Il) sulfate anhydrous (>99%), calcium chloride anhydrous (>97%), tin(ll) chloride
dihydrate (>99.995%), nickel(Il) chloride anhydrous (99.99%), aluminum chloride anhydrous
(99.99%), ruthenium(III) chloride hydrate (99.98%), sodium hydroxide, citric acid (=99.5%), L-
ascorbic acid, L-glutathione reduced (GSH) (>98.0%), sodium dithionite, ammonia, and 5-
sulfosalicylic acid dehydrate (>99%) were purchased from Sigma-Aldrich (St. Louis, MO).
Anhydrous sodium phosphate monobasic and anhydrous sodium phosphate dibasic were
purchased from Fisher Scientific (Hampton, NH). Water from a Barnstead Nanopure Diamond

Water System (18 M2 e cm) was used for all experiments.
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4.2.2 Fluorescence Quenching

10 mg of FCDs were dissolved in 5 mL of pH 7.4 phosphate buffer to create a 2 mg/mL
solution of FCDs. Each metal ion solution was prepared by dissolving solid metal salts in water to
create a 0.076 M solution of each metal ion. A 0.076 M EDTA solution was made by dissolving
2.22 g EDTA in water with a pH adjusted to ~10 using 0.1 M sodium hydroxide. 5 mL of the metal
ion solution was combined with 15 mL of the EDTA solution to produce 20 mL of solution with
a metal ion concentration of 0.019 M and a final EDTA concentration of 0.057 M, thus providing
a 1:3 metal ion to EDTA ratio. The fluorescence emission spectrum of 1.5 mL of the 2 mg/mL
solution of FCDs was measured using a FL8500 fluorimeter to establish a maximum fluorescence
baseline. 10 xL aliquots of a single metal ion species were added to the FCD solution followed by
pipette mixing and subsequent fluorescence measurement (Aex = 350 nm and Aem = 375-600 nm).
The process was repeated, adding 10 4L aliquots, until a fluorescence quenching maximum is
reached, and the signal decreased to a minimum. Five aliquots of 10 xL were added after the
fluorescence signal reached its minimum to ensure maximum quenching. Different metal ions were
carried out using the same experimental approach. Control experiments were also carried out using
the same experimental approach, but in the absence of FCDS.
4.2.3 Fluorescence Recovery

Solutions of 0.019 M citric acid, ascorbic acid, and GSH were prepared by dissolving each
solid reducing agent into pH 7.4 phosphate buffer. Solutions of FCDs and metal ions with
completely quenched fluorescence were measured for their fluorescence to establish a quenched
baseline. 10 xL aliquots of the reducing agent were added to the FCD/metal ion solution and
pipette mixed before measuring the fluorescence. The process was repeated until a maximum

recovered fluorescence signal was reached. Five additional aliquots of the reducing agent were
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added and mixed before measuring the fluorescence to ensure no additional fluorescence recovery
was witnessed. The experiment was repeated for each reducing agent.
4.2.4 5-sulfosalicylic acid Assay

A 10% (w/v) 5-sulfosalicylic acid (SSA) solution was created by dissolving solid SSA into
water. A 25% (v/v) solution of ammonia was prepared in pH 7.4 phosphate buffer. A 2 mg/mL
solution of FCDs was prepared in 3 mL of water, followed by the addition of 0.3 mL of the SSA
solution. The solution fluorescence was measured to establish the fluorescence maximum. The
absorbance of the solution was then measured at 500 nm on a Cary 50-Bio UV-Visible
Spectrophotometer, before the solution was allowed to rest for 15 min followed by another
absorbance measurement to ensure the reaction had sufficient time to complete itself. Then 0.3 mL
of the 25% ammonia solution was added, and the absorbance was measured at 425 nm. After 15
min elapsed to ensure the reaction had time to reach completion the absorbance was measured
again. It is important to note that each sample that was measured was a separately prepared sample,
considering the assay could not be performed continuously. Due to the pH change required in the
middle of the assay, it is impossible to perform the assay multiple times in one solution. The
samples were all prepared from the same stock solutions at the same time in order to ensure
consistency across the samples. The process was repeated for 4 different solutions as ferric ions
(FeNOsdissolved in water) were added in 60 xL increments until a total amount of 240 xL ferric
ions (0.0026 M) were added to the FCD solution. The process was then repeated on 4 more

solutions as sodium dithionite (SDT) was added in 60 L increments for a total added volume of

240 uL SDT (0.0026 M) to measure reduction of ferric ion.
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4.3 Results and Discussion
4.3.1 Fluorescence Quenching

The quenching mechanism can be complex and varies depending on the synthesis method
of the FCDs, therefore no specific quenching pathway is guaranteed among different FCDs. An
initial probe of fluorescence quenching involves an investigation to determine if quenching does
in fact occur. The first metal ion chosen to probe fluorescence quenching was ferric ion, that is
iron(111), due to the large number of experiments performed in the literature establishing it as a
quencher of FCD fluorescence.!® 22-2° The ferric ions were produced by dissolving iron(l11) nitrate
in water. 10 L (0.19 pmol) aliquots of the ferric ion solution were added to a 2 mg/mL solution
of FCDs and mixed, followed by a measurement of the fluorescence signal. The solution was
incubated in the laboratory ambient on the benchtop for 10 minutes before the fluorescence
measurement was collected, so as to ensure sufficient time for establishing the conditions needed
for the quenching process. After the addition of 70 xL (1.33 umol) of the ferric ion solution, the
fluorescence had reached approximately 50% of its original intensity; however, precipitate began
to form in the cuvette. As more ferric ion solution was added, no additional fluorescence quenching
occurred, and more precipitate formed. It was observed that once the FCDs were dissolved in the
water, the pH became basic, changing from the initial value of 7.1 of the water to 10.2 when the
FCDs were dissolved. Based on the basic pH, it was theorized that the precipitate being formed
was insoluble ferric hydroxide. As more ferric ions were added, more precipitate forms, preventing
the ferric ions from interacting with the FCDs and thus preventing additional quenching since the
ions are not in the solution any longer. To solve this problem, a phosphate buffer of pH 7.3 was

created and the ferric ion quenching experiment was repeated in the buffer rather than water. The
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phosphate buffer was chosen based on its presence in the cellular environment and use as a buffer
in a multitude of biological experiments.[26.27]

The experiment with the buffered pH yielded slightly better results, with 100 xL of the
ferric ion solution (0.019 M Fe(NO3)s in phosphate buffer at pH 7.4) quenching approximately
75% of the fluorescence intensity. After the addition of aliquots beyond 100 L (1.9 z#mol), the
same issue as before was witnessed: the production of an insoluble precipitate with no additional
quenching. The pH was measured again to ensure the buffered pH remained at 7.3, and because
the pH was confirmed to have remained the same, the hydroxide salt was no longer the problem.
The suspected difficulty in this specific circumstance was the formation of the metal phosphate
salt. To test if the metal phosphate salt was indeed the problem, a chelating ligand was chosen to
attempt to keep the metal ion in solution and prevent the formation of any salt. EDTA was chosen

for its high binding constant for a multitude of metal ions and its biocompatibility.[?% 2% To ensure
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Figure 4.1 Fluorescence quenching of FCDs by ferric ions. The maximum fluorescence
of a2 mg/mL FCD standard is reported with the maximum quenching witnessed through

the addition of 140 L ferric nitrate ion solution for a final ferric ion concentration of
0.0016 M (performed in pH 7.4 phosphate buffer with EDTA).
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every metal ion was bound by EDTA, the EDTA was added at a concentration 3 times higher than
that of the metal ion.

The ferric ion quenching experiment was repeated once again, adding 10 «L aliquots until
the addition of an aliquot made no change on the fluorescence signal. The experiment was
successful this time due to the addition of the phosphate buffer in conjunction with EDTA. When
140 uL of the ferric ion solution were added (2.66 zmol), the fluorescence signal reached its
maximum quenching with almost complete loss of fluorescence signal, seen in Figure 4.1. To
ensure the nitrate in the salt had no impact on the quenching, in addition to confirming that it was
the ferric ion that was responsible, the experiment was repeated with iron(l11) sulfate as the salt
source for the ferric ions. The experiment yielded nearly identical results as seen in Figure 4.2.
This confirms the ferric ion is responsible for the quenching, with the anion of the salt not being

involved in the process.
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Figure 4.2 Comparison of the fluorescence quenching of FCDs by iron(l1l) nitrate
and iron (I11) sulfate. The final concentration of ferric ions is 0.0016 M in both
experiments (performed in pH 7.4 phosphate buffer with EDTA).
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Other metal ions were tested for their ability and efficacy in quenching the fluorescence of
the FCDs: copper(l1), tin(I1), nickel(1l), calcium(ll), and aluminum(lI1). Aluminum and calcium
both had no measurable effect on the fluorescence of the FCDs themselves due to the large amount
of scattering observed when the fluorescence was attempted to be measured, most likely due to
the presence of the hydroxides of these two metal ions. The effect of the other metal ions can be
seen in Figure 4.3.

The tin(1l) ion showed no fluorescence guenching, but red-shifted the fluorescence peak.
Interestingly, the shift happened after the first aliquot of tin(I1) was added, but after adding 6 more
aliquots of the tin(I1) solution, no additional change was witnessed. Use of nickel(I1) and copper(1l)
both resulted in quenching similar to that seen by the ferric ion in that the spectral pattern of the
FCDs does not change as more metal ion is added, only the intensity of the signal changes.

Nickel(Il) was only able to quench the fluorescence of the FCDs by approximately 50%. The
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Figure 4.3 Fluorescence quenching of FCDs by metal ions. The maximum fluorescence
signal of a2 mg/mL FCD standard with the maximum achieved quenching of metal ions

reported here with varying volumes of metal ions added to the FCD solution (performed
in pH 7.4 phosphate buffer with EDTA).
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amount of nickel required to quench the fluorescence to that point was 9 aliquots for a total volume
of 90 uL of nickel(ll) added (1.71 wmol). Copper(ll) produced similar results, lowering the
fluorescence maximum approximately 75% after the addition of 8 aliquots of copper(ll) for a total
volume of 80 wL of copper(ll) added (1.52 umol). Based on these results, the most effective
quencher for the FCDs synthesized in this research was ferric ions in the form of iron(l11) nitrate.
Moving forward, iron (I11) nitrate dissolved in phosphate buffer with EDTA in a 1:3 metal ion to
EDTA ratio was the source of the quenching metal ion unless otherwise stated. If denoted that
complete (100%) quenching occurred, 140 wL of the ferric ion solution was added per 1.5 mL of
2 mg/mL FCD solution (0.00162 M ferric ion). If denoted that 50% quenching occurred, 70 uL of
the ferric ion solution was added to the 1.5 mL of 2mg/mL FCD solution (0.00085 M ferric ion).
With quenching of the FCD fluorescence determined to occur, experimental studies aimed at
determining the nature of the turn-on process were first initiated before starting an investigation of
the overall quenching and eventual recovery process.
4.3.2 Fluorescence Recovery

As discussed in Chapter 1, the goal of the FCD biosensor proposed here is the effective
quenching of the fluorescence of the FCD followed by the recovery of the fluorescence by reducing
species found in mammalian cells. To test the initial fluorescence recovery, ascorbic acid (formal
reduction potential, E° = +0.051 V vs SHE) was used as the reducing agent, based on research
published by Fong et alia.[? 3 311 Additional reducing agents were tested, including citric acid (E®
=+ 1.1 V vs Ag/AgCl), GSH (E® = -0.22 V vs SHE), and sodium dithionite (E® = - 0.66 V vs
SHE).32-341 The results of the initial attempt at fluorescence recovery can be seen in Figure 4.4.
The testing of AA as a potential agent to re-establish fluorescence signal in the iron-quenched

FCDs led to meager increases in the fluorescence signal. The fluorescence recovery reported in
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Figure 4.4 Fluorescence recovery after quenching by reducing agents. The
maximum fluorescence signal of a 2 mg/mL FCD standard is reported with the
maximum quenching obtained by exposure of the FCDs to ferric ions. Various

reducing agents to attempt to recover fluorescence are reported (performed in pH
7.4 phosphate buffer with EDTA).
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the research of Fong et alia was a complete recovery back to the original fluorescence before
quenching by addition of iron(ll1). In this research, that was not the result, with ascorbic acid
leading to recovery of at most 25% of the fluorescence signal for solutions having the same
concentration of FCDs and no other added materials. 50 xL of ascorbic acid was added to the
FCD/metal ion solution before maximum recovery was reached. Any additions beyond that
amount produced no changes in the fluorescence signal. To test other reducing agents that are
found readily in the cell, citric acid and GSH were tested. Citric acid was chosen because it is
found in cells as it is formed in the mitochondrion after condensation of acetate with
oxaloacetate.*® Addition of citric acid did not result in any recovery of the fluorescence (Figure
4.4), so it was abandoned as a possible reducing agent for recovering the fluorescence of Fe(lll)-

quenched FCDs. GSH is a reducing agent found in cells in the range of 1-10 mM, and was one of
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the reducing agents assumed to lead to observed recovery of fluorescence (turn-on) for FCDs upon
their uptake into cells.*8 Unfortunately, addition of GSH did not result in significant changes in
fluorescence; a fluorescence spectrum indistinguishable from that of the fully quenched FCDs was
observed (Figure 4.4). To ensure reduction of the metal ion is occurring and the lack of
fluorescence recovery is not a product of lack of reduction of the ion, sodium dithionite was tested
as a reducing agent. Sodium dithionite is a strong reducing agent (E® = - 0.66 V vs SHE) that has
been used throughout literature to reduce a wide range of species, including iron(111).B1 If sodium
dithionite cannot recover the fluorescence, then the recovery of the fluorescence is not based upon
the reduction of the metal ion, and that proved to be true considering no fluorescence recovery was
witnessed when sodium dithionite was added to the FCD/ferric ion solution. With a negative
Gibb’s free energy when considering the reduction of ferric ions by SDT, effective reduction
should be occurring. More specific testing to ensure the reduction of the metal ion was performed
using a 5-sulfosalicylic acid (SSA) assay and electron paramagnetic resonance (EPR).

When determining a method to measure the difference between the ferric (Fe**) and ferrous
(Fe?*) ions in solution, an assay method was chosen due to the ease of measurement in solution
phase and the ease of measurement in a lab setting without complex equipment. When SSA
interacts with iron ions in solution, a ferric-SSA complex is created that is red in color and absorbs
at 500 nm. The SSA binds ferric ions selectively at low pH, forming the red ferric-SSA complex
that absorbs at 500 nm, but at higher pH conditions, the SSA binds all iron ions regardless of
charge state, forming a yellow total iron-SSA complex that absorbs at 425 nm.*l To ensure
complete reaction time, the absorbance was measured before allowing the solution to rest for 15
min before measuring again, but no difference in absorbance was witnessed in any samples after

the 15 min had elapsed. In the experimental workflow, each fluorescence and absorbance
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measurement in the assay were performed on a different sample due to the nature of the assay. To
ensure consistency throughout, the solutions were prepared simultaneously from the same stock
solutions. Additionally, to ensure no dilution effects occurred, as increased amounts of ferric ions
or SDT were added, the amount of water was reduced by that much volume to ensure the final
volume of each sample was identical. The results of the assay can be seen in Figure 4.5.

The results of the measurement of the iron oxidation state as they are added to a 2 mg/mL
solution of FCDs to quench the fluorescence can be seen in Figure 4.5 A. The results are as
expected, with the absorbance signal for the yellow total iron-SSA complex increasing as more
ferric ions are added to the FCDs as the quenching of the FCD fluorescence progresses. One
concern when quenching the FCDs with ferric ions was ensuring that the ferric ions were in fact
existing as ferric ions when quenching the fluorescence of the FCDs, and this was confirmed
considering the absorbance signal from the red ferric-SSA complex increased as more ferric ions
were added. Assessment of the attempted recovery of fluorescence using SDT was the more vital
experiment, and it offered confirmation that the SDT is in fact reducing the ferric ions in solution.
As the amount of SDT added increased, the signal from the total iron-SSA complex remained
constant, which is to be expected considering the concentration of total iron in solution should not
have changed. More importantly, the absorbance signal from the red ferric-SSA complex
decreased with increasing amounts of SDT. While the assay cannot confirm quantitatively how
much of the ferric ion solution is reduced to ferrous ions, it does confirm that as more SDT is
added, more ferric ions are reduced to ferrous ions. This confirms that the reduction does not
recover the fluorescence as proposed in the literature.?l To further gain information about possible
changes in iron oxidation state, electron paramagnetic resonance (EPR) spectroscopy was used to

evaluate the possibility of reduction of ferric ions to ferrous ions.
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Figure 4.5 Results of the SSA assay experiment to measure the amount of ferric

ions and ferrous ions present in a 2 mg/mL solution of FCDs dissolved in water

during A) quenching with iron (111) nitrate (0.019 M) and B) attempted recovery

of fluorescence by SDT (0.019 M).

EPR spectroscopy measures paramagnetic species with unpaired electrons, while
diamagnetic species with paired electrons generate no EPR signal. Ferric ions possessing unpaired

electrons generate an EPR signal, as seen in Figure 4.6. The signal for the iron(l1l) standard is in

agreement with that in the literature, with the signal at low magnetic field (g-factor: 4.3 at 1600
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G) being associated with framework iron and those at higher magnetic field (g factor: 2.3 at 3000

G and g factor: 2.0 at 3400 G) due to iron in interstitial oxide or hydroxide phases and iron in

cation exchange sites,

therefore exhibit no EPR signal, also seen in Figure 4.6. The FCDs did not exhibit any significant
EPR signal that could be attributed to any ferric contaminant, but they do give rise to the EPR
signal near 3600 G, giving the radical a g-factor of approximately 2.004, corresponding to
semiquinone radicals, as discussed in Chapter 3. When the FCDs were exposed to ferric ions to
guench their fluorescence, it was found that there is no signal present that can be attributed to the
presence of ferric species. Additionally, when SDT was added in an attempt to reduce the ferric

ions and recover the fluorescence, no signal was seen. Considering that the absorbance of the

respectively.®® “°1 Ferrous ions possess paired electrons and should
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ferric-SSA complex did not change over the 15 min elapsed while the FCD/ferric ion sample rested
during the SSA assay, showing no reduction in the ferric ions, the loss of signal upon ferric ion
exposure to FCDs was not initially expected. One possible explanation for the loss in the ferric ion
EPR signal is the reduction of the ferric ions by the FCDs themselves, and while this is possible
considering the fact that if there are indeed quinone, semiquinone, or catechol groups on the
surface, they are capable of the reduction of the ferric ions, with potentials ranging from 0.91 V vs
Ag/AgNOs for some catechols to -0.79 V vs Ag/AgNOs or 0.099 V vs NHE for quinones
depending on the substitution.[**3! If instead the ferric ions are complexing with quinone or
catechol surface functionalities of the FCDs in a strong enough method to withdraw electron
density from the ferric ion, without actual reduction, the EPR behavior exhibited could be similar
to that of ferrous ions.**¢ Unfortunately, due to this subtle difference in behavior, it makes an
EPR experiment to determine reduction of ferric ions to ferrous ions difficult to apply. This does
however provide evidence for the fluorescence quenching mechanism outlined in following
sections. Due to the behavior of the ferric and ferrous ions established by both the SSA assay and
EPR, it was decided that an evaluation of the quenching potential of ferrous ions could help
determine what behavior is occurring in the quenching of these FCDs.

As mentioned previously, in literature, the recovery of fluorescence is tied to the
conversion of ferric ions to ferrous ions. This implies an innate ability of ferric ions to quench
while ferrous ions do not quench.! A study was performed to evaluate what iron species are able
to quench the fluorescence of these FCDs and the results can be seen in Figure 4.7 A. When
exposed to equal amounts of either ferric or ferrous ions, fluorescence quenching occurred. The
maximum quenched fluorescence of the FCDs by ferric ions was near complete, with the

fluorescence intensity decreased to near the baseline. However, maximum amount of fluorescence
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quenching of the FCDs by ferrous ions was only approximately 25% of the initial fluorescence.

Though the ferrous ions were not able to completely quench the fluorescence, a decrease to 25%

of the original fluorescence is not trivial and makes the proposed turn-on FCD probe possibly
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Figure 4.7 Comparison of quenching in a 2 mg/mL solution of FCDs by ferric
and ferrous ions. Fluorescence emission scans of 2 mg/mL FCDs are labeled as
standard to denote maximum fluorescence and scans of A) quenching abilities
of ferric and ferrous ions and B) comparison of quenching by iron and recovery
by ascorbic acid (performed in pH 7.4 phosphate buffer with EDTA).
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ineffective. Additionally, as can be seen in Figure 4.7 B, the limited fluorescence recovery
witnessed when quenched FCDs were exposed to ascorbic acid or other reducing agents seems to
be a property of the conversion of ferric ions to ferrous ions. Rather than the complete recovery of
fluorescence, as was predicted, the fluorescence signal is recovered to a slight extent due to the
less effective quenching of the FCDs by the ferrous ions. Once a threshold of ferric to ferrous
conversion is reached, the fluorescence recovery stops as the ferrous ions take over the quenching
process. Determination of why certain metal ions quench as compared to other metal ions in the
case of these FCDs is not a trivial matter to elucidate. To gain insight into this process, a metal ion
was chosen for investigation that possesses properties similar to iron in most regards except
reduction potential: ruthenium.

Iron and ruthenium, both existing as Group 8 elements on the periodic table, possess similar
valence electron shells, giving them similar chemical properties and binding behavior. Ruthenium
and iron both exist predominately in the +3 oxidation state, but possess very different reduction
potentials, 0.249 V vs SHE for ruthenium(lIl) and 0.77 V vs SHE for the ferric ion.*"1 A
comparison of the behavior of ferric and ruthenium(lll) ions should offer additional insight into
the quenching mechanism. The results of ruthenium quenching experiments are seen in Figure 4.8.
With the addition of 140 xL of 0.076 M ferric ions, the fluorescence quenching of 2 mg/mL FCDs
is near complete, as can be seen in Figure 4.8. With the addition of 140 xL of 0.076 M
ruthenium(I11) ions, the fluorescence is quenched to an extent similar to that produced by ferric
ions. This behavior further proves that the reduction potential of the metal ion is not the driving
factor in the fluorescence quenching mechanism, considering metal ions with reduction potentials
between those or more negative of iron(l11) and ruthenium(l11) (copper(ll): 0.34 V vs SHE and

nickel(ll): -0.25 V vs SHE) show limited quenching as well, with no clear pattern connecting
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Figure 4.8 Fluorescence emission scan of 2 mg/mL to denote the maximum
fluorescence signal as compared to maximum quenching achieved by ferric and
ruthenium (I11) ions (performed in 7.4 pH phosphate buffer with EDTA).

reduction potentials and quenching.® 41 While the recovery mechanism is more difficult to probe
considering the fluorescence was not actually recovered by any reducing agent, significant
information regarding the fluorescence quenching mechanism of the FCDs by ferric ions was
obtained, producing the proposed mechanism outlined below.
4.3.3 Proposed Mechanism

Tests were first done in an attempt to determine whether the quenching mechanism
observed in the case of FCDs and ferric ions is a dynamic or static quenching mechanism. As
mentioned earlier in this chapter, the typical way to regard dynamic quenching is that a quencher
interacts with the analyte during its existence in the excited state, preventing the energy release
from a return to ground state. This prevention of energy release can be due to the inability of the
fluorophore to return to the ground state through stabilization of an excited state.[’% It can also

result from an alternate energy pathway being created to allow for the energy to be released through
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a different pathway than fluorescence emission as the fluorophore moves from its excited state to
ground state.[**! In a static quenching mechanism, a non-fluorescent complex forms. There are two
common methods to identify a dynamic quenching mechanism: temperature controlled reactions
and ligand bonding to prevent quenching. Both were explored in this research to evaluate a static
versus dynamic quenching mechanism.

The temperature control measurements are based on the property of dynamic quenching
mechanisms to rely on collisions between the quencher and the fluorophore. If the temperature
during the experiment is increased, the molecules possess more kinetic energy and are therefore
experiencing more collisions and therefore more fluorescence quenching.l* In the case of FCDs

synthesized in this research and their interactions with ferric ions, the quenching of the
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Figure 4.9 Evaluation of fluorescence quenching of 2 mg/mL FCDs by ferric ions
at different temperatures. The fluorescence was quenched to ~50% by the ferric
ions while being held at different temperatures (performed in pH 7.4 phosphate
buffer with EDTA).
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fluorescence was measured for the same system at different temperatures, as seen in Figure 4.9. A
solution of 2 mg/mL FCDs was measured to establish a fluorescence baseline. Following this scan,
the fluorescence was quenched to 50% maximum using ferric ions as outlined above. This
experiment was performed through the exact same process at three temperatures (15 °C, 25 °C,
and 35 °C). The volume of 0.0019 M ferric ions required to quench the fluorescence to 50% of
maximum was compared across the three temperatures and was found to be the same. 70 zL of the
0.076 M ferric ion solution (1.33 zmol) reduced the fluorescence to approximately 50% in all three
experiments. This seems to suggest a dynamic quenching mechanism is not occurring in this
interaction between ferric ions and FCDs.

In the case of a static quenching mechanism, exposure of the metal ion quencher to a ligand
prevents the formation of the non-fluorescent complex, effectively inhibiting any quenching
behavior. This can be seen throughout literature as a way to identify a static quenching
mechanism.®Y In the case of Wang et alia, their graphene quantum dots are quenched by Cu (I1)
ions, and to probe the quenching mechanism, they exposed their fluorophores quenched by the Cu
(11) ions to EDTA.52 They experienced a complete fluorescence recovery after the EDTA was
introduced to the solution. This exhibited evidence that the EDTA-Cu(ll) complex prevented the
formation of the non-fluorescent FCD-Cu(ll) complex. In the case of my FCDs quenched by ferric
ions, EDTA is present in every quenching experiment that was performed with no quenching
inhibition whatsoever. This could suggest a dynamic quenching mechanism rather than a static
mechanism. At this point, one experiment suggests a dynamic quenching mechanism and one
experiment suggests a static quenching mechanism. This scientist believes a static quenching

mechanism is occurring and the experiment involving EDTA not inhibiting the fluorescence can
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be explained by the proposed mechanism to follow, with said mechanism based on a stronger-
than-EDTA coordination of iron species on the surface of the FCDs.

As concluded from the characterization experiments in Chapter 3, the FCDs exhibit what
could be quinone and catechol groups on their surfaces. The quinone/catechol functionalities are
believed to be the primary driving force behind the fluorescence quenching mechanism in this
research. An examination of possible alterations to the nature of surface functionalities was
investigated with XPS, as noted in Figure 4.10. The carbon 1s spectrum is changed both in binding
energy and surface composition for the C=0 and C-O transitions when comparing that for
iron(l11)-treated to the pristine FCDs. The binding energy of the C=0 band in the ferric-exposed
FCDs is found to be 1-2 eV lower than in the pristine FCDs, and its relative surface percentage is

lower (10.03%-2.86%) Similarly, the C-O transition of the treated FCDs is found to be 1 eV lower
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Figure 4.10 X-ray photoelectron spectroscopy in the carbon 1s and oxygen 1s
regions for FCDs before (Fluor On) and after (Fluor Off) treatment with ferric
nitrate solutions (quenching performed in pH 7.4 phosphate buffer with EDTA).
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than in the untreated materials, with the relative surface amount increased from 20.21% to 31.43%.
It is also noted that the C=0, C-O-H, and C-O transitions in the O 1s spectrum experiences changes
upon ferric ion exposure. The shift in the C-O and C-O-H peaks can be explained by Scheme 4.1.
It is a well-known property of catechol and quinone groups that they can form semiquinone
radicals in the correct conditions.*! Typically, the semiquinone radical has a very short lifetime
due to its lack of stability and converts back to the catechol or quinone group quickly. In the case
of the current experiment, it is believed that the metal ion can form a complex with the semiquinone
radical to stabilize and increase the lifetime of that radical. This increase in the lifetime, and
therefore quantity, of semiquinone radical in solution results in the quenching of the fluorescence.
This increase in the semiquinone radical could be seen in the C-O peak increases in the oxygen 1s
scan (30.54% to 65.42%) and the carbon 1s scan (20.21% to 31.43%). Further XPS study would
need to be performed to fully understand the binding energy shifts and confirm the mechanism
presented below, but there is additional evidence to support this scheme as well.

The formation of this complex would suggest a static quenching mechanism as stated
above, however if that is the case, the EDTA should be able to chelate the metal ion and prevent
quenching or recover the fluorescence. In this instance, the difference in expected behavior can be
explained by an examination of formation constants. The formation constant (log Kr) of the EDTA-

ferric ion complex is 25.1, which is typically high enough to allow EDTA to bind the ferric ion

NI(H?_O)nX+

—~—————

Scheme 4.1 Depiction of the stabilization of a semiquinone radical by a metal ion.
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strongly enough to prevent its interaction with other species. In this case, the binding constant
for the semiquinone radical-ferric ion complex could be high enough to remove the ferric ion from
the EDTA chelation and allow the formation of the non-fluorescent complex. The log Ks for the
semiquinone radical-ferric ion complex has been reported as high as 49.1°1 This could explain why
EDTA would not be able to prevent the static quenching mechanism proposed in this research.
The strong binding constant for the semiquinone radical-ferric ion complex could also be
witnessed in the data gathered from an analysis of the change in the lattice spacing of the crystal
structure when fluorescence is quenched with ferric ions, Figure 4.11. It was stated in Chapter 3
that the lattice spacing of 0.28 nm measured in the FCDs was consistent with graphene oxide
containing water within the crystal structure.® When quenched with the ferric ions, the lattice
spacing shrinks, shifting to a 0.22 nm lattice spacing. This scientist believes this can be explained
through intercalation of the ferric ions in between the graphene oxide layers. If the FCDs exist as

layered graphene oxide, as discussed in Chapter 1 and 3, then the intercalation of the ferric ions in

LAY .
Fluorescence On: Fluorescence Off:
0.28 nm |attice 0.22 nm lattice
spacing spacing
Figure 4.11 HR-TEM of FCDs before and after fluorescence quenching with ferric

ions.
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between those layers is real possibility as this type of intercalation is well reported in the
literature.[®® %1 The catechols are known to bind the ferric ion in a bidentate method in multiple
places to ideally produce an octahedral geometry.[®”] This would allow for the formation of the
semiquinone radical-ferric ion complex through interaction of the ferric ion with multiple
semiquinone radicals form different layers of the graphene oxide within the structure of the FCDs.
If this occurred, the lattice spacing would be expected to decrease as the water is displaced from
the crystal structure and the layers are pulled closer together through the formation of the
semiquinone radical-ferric ion complex. EPR was also used to evaluate this proposed mechanism.

As discussed in the characterization of the FCDs, radicals were measured in the FCDs with
a g-factor corresponding to semiquinone type radicals. The presence of semiquinone radical
production from quinone/catechol groups on the surface of the FCDs was shown through EPR,
with the quinone/catechol groups further exhibited through IR and XPS measurements. To
evaluate the stabilization of the semiquinone radicals, EPR experiments were run before and after
fluorescence quenching to evaluate the radical signal around a g-factor of 2.00442. Preliminary
results gathered by Dr. Kresmir Rupnik can be seen in Figure 4.12. While the results are
preliminary, these experiments suggest an increase in the signal of radicals with a g-factor similar
to those witnessed by semiquinone radicals in FCDs before quenching. The slight shift in g-factor
is expected as the semiquinone radical is now complexing with the ferric ions and therefore has a
different energy. More data would need to be collected to confirm these results, but they are

promising evidence to support the proposed mechanism from Scheme 4.1.
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Figure 4.12 Electron paramagnetic resonance spectroscopy of 2 mg/mL FCDs in 7.4
pH phosphate buffer to measure semiquinone radical signal before and after
fluorescence quenching with ferric ions.

4.4 Conclusions

Quenching mechanisms in FCDs typically fall into two broad categories: static and
dynamic. Dynamic quenching involves the interaction of a quencher with the FCDs while in the
excited state, preventing the emission of light as fluorescence. Static quenching mechanisms
involve the formation of a non-fluorescent complex between the quencher and the FCD. Dynamic
guenching mechanisms do not modify the FCD, while static quenching mechanisms do cause a

modification in the FCD. Evaluation of which quenching mechanism occurs in FCDs is vital to
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understand the quenching process. In the case of the quenching of FCDs synthesized in this
research by ferric ions, it is believed that a static quenching mechanism is occurring.

The FCDs were evaluated to determine what metal ions quench the fluorescence and it was
discovered that iron, copper, nickel, and ruthenium ions all quench the fluorescence of the FCDs
synthesized in this research. The most effective quencher of these FCDs was ferric ions. A
complete loss of fluorescence was produced when the FCDs were exposed to sufficient ferric ions.
An evaluation of the fluorescence recovery via reducing agents to reduce the metal ion quencher
was explored and found to be ineffective. The ineffective recovery of fluorescence is believed to
be due to the fact that although the ferric ions in solution are indeed reduced to ferrous ions, the
ferrous ions are also fluorescence quenchers. Since the fluorescence could not be recovered,
evaluation of the FCDs and their quenching mechanism was explored.

The proposed static quenching mechanism of semiquinone stabilization is supported
through multiple experiments. By adjusting the temperature at which the quenching occurred and
seeing no changes in the fluorescence quenching, dynamic quenching was disproven. Analysis of
the changes in the XPS spectrum before and after fluorescence quenching suggests the transition
from primarily catechol groups to a large amount of semiquinone radicals produced from the
catechol groups. EPR data suggests an increase in the number of semiquinone radicals after
guenching has occurred. There is a suggested stabilization of the semiquinone radicals by the ferric
ions, which is supported by the literature as these semiquinone radical-ferric ion complexes form
very strong bonds that are well reported in the literature. This establishment of a possible path of
guenching in FCDs by ferric ions is the first of its kind in the literature, indeed, it goes beyond
most research into FCD quenching as it attempts to establish an actual mechanism rather than

simply measuring the quenching. In conclusion, though more extensive research needs to be
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performed to confirm the exact mechanism, a static quenching mechanism involving the formation

and stabilization of a semiquinone radical is suggested and is the first of its kind seen in the

literature.
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CHAPTER 5
INTERACTIONS OF FLUORESCENT CARBON DOTS WITH BEAS-2B
LUNG EPITHELIAL CELLS

5.1 Introduction

As mentioned in Chapter 1, black carbon (BC) is a recognized health concern by the World
Health Organization (WHO) and the Environmental Protection Agency (EPA). Therefore,
evaluation of the effect of BC on in vitro cellular behavior is vital to gain knowledge about
understanding the role of BC in cellular death, stress, or modifications to cellular
microenvironment in vivo.[' 2 Particulate matter (PM), as a general class of materials, has
associated with it many concerns regarding its effects on cells in the body.®! The group of PM in
which BC is included, PM.s, is of particular interest, due to the small size of the materials, which
allows for deeper penetration into the respiratory system and high potential for cellular uptake.™!
The difficulty of studying PM is based on the sheer complexity of materials contained within a
sample of naturally produced and collected PM. Thus, this complexity has led to scientists focusing
on one component of PM, rather than the mosaic of compounds found within naturally occurring
environmental PM. While the potentially symbiotic interactions of multiple species within PM
could compound health effects and cause damage not witnessed with individual components, one
must understand the cellular impacts of those individual components before developing causative
relationships between the broad class of PM and observed health effects.

Studies of the health effects due to BC and PM abound in the literature, but most focus on
specific illnesses or full body responses to PM exposure. One study evaluated the relationship
between increased air pollution events and patients with an implanted cardioverter defibrillator
(ICD) in order to analyze the effect of PM on arrhythmias. The study found that the ICD intervened

to treat ventricular fibrillation or tachycardia at a 60% higher rate when patients were exposed to
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PM concentrations as high as 22 wg/m3.! Additional studies show that exposure to PM, in
particular BC, has significant impacts on cardiac function, including increased risk of cardiac
morbidity and decreased vascular reactivity.® 71 While these health effects are extremely
concerning, they do not express the full picture of what BC is actually doing in the body.

Studies of the interactions between BC and individual cells could allow for insight into the
mechanism causing these full body health effects. Some scientists agree with this assessment and
have begun studies of this nature with individual PM components.[* & These studies with PM
components tend to focus specifically on the production of an individual protein to exhibit some
cellular environment change, or focus on a particular type of cellular response. In the case of Ming
et alia, due to their familiarity with lung inflammation, they studied the body's immune response
to BC exposure by measuring changes in MAP4K4 levels. MAP4K4 is an enzyme involved in cell
processes, such as inflammation, metabolic disorders, cancer, and heart disease.[®! The group
sought to measure MAP4K4 levels and establish relationships with T-cell differentiation in
inflamed lung tissue to determine how the BC affected inflammation.[*>41 The group reported a
decrease in the MAP4K4 levels in T-cells, which caused decreased differentiation between healthy
lung cells and inflamed lung cells, lowering the overall immune response and allowing for
increased lung inflammation over time. Other groups focus rather on overall cell death due to
presence of BC particles, such as work by Hussain et alia. This group’s research focuses primarily
on cellular apoptosis (death), rather than cell environment or overall cellular effects. The group
found that apoptotic cell death was more prominent in cells exposed to BC, which was
demonstrated by many observed effects, such as membrane blebbing, apoptotic body formation,
DNA fragmentation, and caspase activation.™™>! While these studies show awareness and concern

regarding the health effects of BC, little information exists about uptake routes, if uptake occurs,
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and the overall cellular environment effects. Surrogates created to mimic the structural and
chemical effects of BC while also allowing for a fluorescent detection moiety are vital to measure
not only particle uptake, but also to monitor said uptake, analyze localization, and then measure
health effects relative to uptake or lack thereof.

Regarding cellular uptake of nano-scale materials, the cell membrane is the determining
factor in not only uptake of foreign materials, but also the general function of the cell. While the
plasma membrane of cells is known to regulate the uptake and release of nanoparticles, it is also
responsible for maintaining the homeostasis of the cell.*é1 Specifically, the uptake of nano-scale
materials through the cell membrane depends on many factors, including size, shape, and surface
charge of the materials.l!”] The effect of the size of the particles on uptake through the cell
membrane has been well studied and might be counterintuitive upon initial evaluation. One would
assume that it would be easier for smaller particles to traverse the membrane, while larger materials
are more effectively kept out. The overall conclusion from multiple research groups is that
aggregation and increased sedimentation events in nanoparticles both lead to production of
nanoparticle aggregates that result in increased cellular uptake.™*® ¥ This conclusion is based on
the realization that such larger assemblies of particles offer larger amounts of membrane receptor
sites being occupied by the assembled materials, allowing for increased membrane infolding
uptake processes, such as phagocytosis or pinocytosis. Conversely, if the particles are too large,
the enfolding cannot occur as effectively, inhibiting the uptake. Studies have also shown that the
ideal size for nanoparticle uptake is 50 nm, though the only sizes tested in this specific test were
14, 50, and 74 nm.!2%T While this study is valuable to show the impact of size of nanoparticle on
uptake into the cells, it is worth mentioning that the group attributed the effects they witnessed to

interactions between proteins and surface sites on the gold nanoparticles they used.?” These size
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and aggregative factors suggest that experimental results could change significantly when altering
the identity of the materials of the nanoparticles, including both the interior structure and the
surface sites. The type of cell can have an impact as well, considering the possible existence of
different proteins or enzymes found within or in the vicinity of different cells.

The effect of nanoparticle shape on cellular uptake has been found to be similar to that
noted for nanoparticle size on cellular uptake, with the ease of membrane enfolding and subsequent
increase in uptake resulting from increased particle-receptor interactions. For example, it is
thought that spherical particles are easier to enfold, making their uptake more efficient than rod or
other nanoparticle shapes.l?® 21 Additionally, the impact of surface charges due to innate charges
of the nanoparticles or charged functional groups on the surface of the nanoparticles cannot be
dismissed as an important factor in uptake into the cell. In general, it is reported that cationic
surface-charged particles exhibit higher uptake in nonphagocytic cells and anionic surface-charged
particles exhibit higher uptake in phagocytic cells.?? Indeed, it appears that the surface charges
and particle size are the most important factors influencing cellular uptake. Evaluation of effects
of surface charges and sizes in organic nanoparticles, inorganic nanoparticles, and liposomes
showed similar trends across all types of particles.[?]

Measurements to determine cellular health and cell death have been extensively studied
and optimized in the literature, thereby offering many options for analysis. The most commonly
used judge of cellular toxicity is that based on viability assays that measure overall cell
death/survival, and include the MTT assay,?42¢1 MTS assay,?” 28l and trypan blue cell counting
method.[?® % Both the MTT and MTS assays operate through similar methodologies, using a
yellow tetrazole compound, which upon entering cells and interacting with active mitochondria

are transformed (reduced) into a purple formazan product whose quantity can be measured using
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optical absorption. Because it is well documented that mitochondrial activity is constant in living
cells, a correlation can be drawn between the number of living cells and mitochondrial activity, if
the latter can be measured.?”] The differences between the MTT and MTS assays are the solubility
of the purple formazan compound formed and procedural steps in each method. In an MTT assay,
the formazan product is insoluble, thus requiring a step to solubilize the formazan using a
solubilization solution, such as those containing sodium dodecyl sulfate (SDS), before measuring
the absorbance of the now dissolved purple formazan solution. The structure of the MTS molecule
differs from that of the MTT, by the addition of a carboxylic acid group and a sulfonate on the
phenyl rings of the molecule, as seen in Table 5.1. These additional functionalities allow the

formazan molecule formed to be water soluble in the presence of electron coupling reagent

Table 5.1 Structures of tetrazole and formazan molecules associated with colorimetric MTT
and MTS assays for assessing the mitochondrial activity of cells. The latter is determined by
measurement of the purple formazan compound whose absorbance is measured at 490 nm.
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phenazine ethosulfate (PES).?Y The MTS assay is sometimes referred to as the one-step MTT
assay, because the solubilization step is not necessary.

As opposed to the MTS and MTT assays, the trypan blue assay selectively dyes dead cells.
Trypan blue is an azo dye that is not cell permeable, meaning if cells are alive (intact membranes),
the trypan blue cannot enter cells. Conversely, if cells have died, their membranes are
compromised and permeable, so the trypan blue enters cells and binds to intercellular proteins
inside, and effectively stains the cells. A cell counting method is employed to count stained versus
live cells to generate a percentage of live cells in a given cell sample. The trypan blue cell counting
assay has an innate shortfall in that counting dead cells (blue colored) is easily done, and extremely
reproducible and precise, while counting live cells (no color) is much more difficult and shows
more variability. Live cells are more difficult to recognize and can be easily overlooked by both
automated cell counters and scientists counting cells manually with a light microscope. This
discrepancy can skew the percent of measured live cells; therefore, many scientists recommend
the use of a two-dye method. In the two-dye method, a dye is used to label the live cells, such as
neutral red, allowing for counting of easily visible red cells and easily visible blue cells due to
trypan blue, preventing any overlook. Typically, due to the ease of use and relative accuracy,
trypan blue is used in a one-dye method to obtain cell viability data. Beyond measuring whether
cells live or die, further analysis can give information about the cellular environment, such as a
measurement of the ratio between glutathione (GSH) and its oxidized form, glutathione disulfide
(GSSG).

GSH is a tripeptide intracellular protein responsible for preventing cell damage by
removing reactive oxygen species (ROS) from the cell. ROS, when present in cells in high

concentrations, can cause oxidative stress. Oxidative stress can lead to many detrimental effects in
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cells, such as enzyme deactivation and DNA damage.l*? Glutathione peroxidase aids in removal
of excess ROS by catalyzing the reduction of ROS, such as lipid hydroperoxides to their
corresponding alcohols and hydrogen peroxide to water, through the simultaneous oxidation of
two units of GSH to form one unit of GSSG, as seen in Figure 5.1.%% Glutathione reductase
recycles GSSG back to its two units of GSH through the oxidation of NADPH to NADP?, thus by
analyzing the amount of GSSG present in a cell compared to GSH, insight about cellular health in
regard to oxidative stress can be measured. In healthy cells, greater than 90% of the GSH exists
as its reduced form, GSH, with the remaining 10% or less as its oxidized form, GSSG. This
correlates to a GSH:GSSG ratio of approximately 90:1 in live healthy cells. When cells begin to
undergo oxidative stress, the GSH is converted to GSSG at an increased rate, as the glutathione
peroxidase strives to remove the excess ROS from the cell. As oxidative stress increases, the ratio
of GSH to GSSG decreases, with the result being a ratio of 10:1 or even 1:1. By measuring the
ratio in cells as compared to a positive control (under heavy oxidative stress by the addition of

H>0>), an evaluation of oxidative stress in cells can be obtained.
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Figure 5.1 Schematic outlining the activity of the glutathione peroxidase to remove ROS
from the cell, specifically H.O> in this example, while oxidizing glutathione to glutathione
disulfide, and the recovery of glutathione by the glutathione reductase.
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An understanding of the health effects due to BC, but also caused by fluorescent carbon
dots (FCDs) as a surrogate, can give foundational knowledge that is lacking in the literature to
date. Extensive studies of cell viability using trypan blue assays, MTT assays, and MTS assays
upon exposure to varied amounts of FCDs and other components at different time periods give
information regarding overall toxicity of the materials. Additionally, by evaluating uptake and
localization through confocal fluorescence imaging and transmission electron microscopy (TEM),
information about whether BC and FCDs cause health effects from inside the cells or outside the
cells can be evaluated. Studies regarding cellular environment can also provide valuable
information about how the BC and FCDs impact the health of individual cells. All of this
information is vital to truly understand this environmental pollutant (BC) and this class of evolving
biological probes (FCDs).

5.2 Experimental Section
5.2.1 Materials

Bronchial epithelial cell growth basal medium (BEBM), supplements, and growth factors
were purchased from Lonza Group AG (Basal, Switzerland). Normocin was purchased from
Invivogen (San Diego, CA). Trypsin was purchased as phenol-red free 2.5% 10x from Thermo-
Fischer (Gibco; Waltham, MA). The mounting media used was Prolong Diamond Antifade
Mountant w/DAPI and was purchased from Thermo-Fischer (Invitrogen; Carlsbad, CA). Water
from a Barnstead Nanopure Diamond Water System (18 M2 e cm) was used for all experiments.
TEM grids were Formvar carbon-coated square mesh Cu, 100 Mesh, purchased from Electron

Microscopy Sciences (Hatfield, PA).
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5.2.2 BEAS-2B Culture

BEAS-2B human bronchial epithelial cells were purchased from the European Collection
of Authenticated Cell Cultures (ECACC) through Millipore Sigma (England). BEAS-2B cells
were originally derived from normal bronchial epithelium that was obtained by autopsy of a non-
cancerous individual. In order to produce cells in quantities for distribution, they were infected
with a replication-defective S\V40/adenovirus 12 hybrid and cloned.% The cells were grown in
Cellcoat TC flask, T75, 75 cm? flasks coated in Type 1 Collagen, purchased from Greiner Bio-
One (Austria). Unless stated otherwise, BEBM complete media, purchased as BEGM-Bulletkit
from Lonza, in addition to the antimicrobial agent Normacin was used for culturing. The complete
media includes bovine pituitary extract, insulin, retinoic acid, transferrin, triiodothyronine,
epinephrine, and human epidermal growth factor in amounts provided by Lonza. Normocin was
added to a final concentration of 100 xg mL™. The flasks were incubated under 37 °C in a 5%
C0O2/95% air humidified incubator.
5.2.3 Cellular Uptake Studies
5.2.3.1 Low-Resolution TEM Imaging

BEAS-2B cells were cultured in Type 1 Collagen-coated cell flasks under complete BEBM
media in a humidified incubator at 37 °C in a 5% CO2/95% air and allowed to reach 70%
confluence. Upon reaching 70% confluence, the media was removed and 15 mL fresh media was
added to the flask along with 2 mg/mL fluorescent carbon dots (FCDs) and the cells were incubated
at 37 °C in a 5% CO02/95% air humidified incubator for 3 h, or at 4 °C for 3 h for active transport
inhibition studies. Upon completion of 3 h, the media with FCDs was removed, and 3 mL of trypsin
(0.25%) was added to the flask. The flask with trypsin was incubated for 20 minutes under the

same incubation conditions to allow for the cells to detach from the surface of the flask. After the
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allotted time, a rubber policeman was used to scrape the bottom of the plate to aid in the removal
of the cells before extracting the trypsin and cells and placing them into a 15 mL centrifuge tube.
The cells were centrifuged at 900 rpm for 10 minutes to pellet the cells. The trypsin was removed
from the pelleted cells and replaced with 3 mL of complete media. The pellet was then prepared
for TEM imaging.

The media was removed and replaced with a fixative solution of 2% glutaraldehyde and
1% formaldehyde in 0.2 M phosphate buffer at a pH of 7.2. The cells were centrifuged under the
fixative before the fixative was removed. The pellet was then embedded in 3% agarose and the
fixative was added again before allowing the cells to sit overnight in the agarose and fixative at 4
°C. The following day, the cells were rinsed in a 0.1 M phosphate buffer at a pH of 7.2 five times
over a period of 12 h. The cells were then post-fixed in a 2% osmium tetroxide solution (highly
toxic, oxidizing agent, must be used in a fume hood) for 1 h in the dark before being rinsed three
times by deuterated H>O ( > 99.9%). Following the rinse, the cells were en bloc stained using a
solution of 1% urany| acetate in the dark for 1 h. The sample was then rinsed with deuterated H>O
(>99.9%) three more times. The cells were dehydrated in ethanol and propylene oxide (50% v/v)
and subsequently rinsed with that solution three times. The cells were then exposed to propylene
oxide (Peon-NMA resin series) for 48 h and embedded in Epon-NMA at 60 °C for 48 h. Ultra-thin
sections for TEM were cut on a Dupont Sorvall MT-2 microtome. The TEM sections were
mounted on carbon-coated copper grids and stained with Reynold’s lead citrate. The grids with
cell sections were imaged using a JEOL JEM-1400, as outlined in Chapter 2.
5.2.3.2 Fluorescent Confocal Imaging

A 6-well plate was used to prepare slides for confocal fluorescent imaging. Into each well

was placed a glass coverslip (22 x 22 mm, no. 1-1/2 Corning). Before being placed into the wells,
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the coverslips were cleaned by spraying with 70% ethanol and then exposing them to a flame from
a Bunsen burner to evaporate the ethanol and water. Then 200,000 cells were pipetted into each
well onto the glass coverslips, and each well was filled with 5 mL complete media. The 6-well
plate with cells was placed in an incubator under 37 °C in a 5% C0,/95% air humidified incubator
for 24 h to allow cells to adhere to the coverslip. After 24 h, the media was removed and 5 mL of
complete media with 2 mg/mL FCDs was added to the wells chosen to be dosed by the FCDs. At
least one well was dosed with only complete media to serve as a negative control. Additional wells
were dosed with various metal ions to quench the fluorescence of the FCDs as well as reducing
agents to recover the fluorescence. The cells were exposed to the FCDs in their various forms for
3 hunder 37 °C in a 5% CO2/95% air-humidified incubator. After the 3 h, the media was removed
and each well and coverslip was rinsed with phosphate-buffered saline (PBS) 3 times to remove
excess FCDs or other materials. Then 1 mL of 4% paraformaldehyde (PFA) was added to each
well to fix the cells. The 6-well plate with PFA was allowed to sit for 15 minutes in dark conditions
at room temperature. The PFA was removed and each coverslip was removed from the well and
placed cell side down onto a drop of Prolong Diamond Antifade Mountant on a glass slide. The
glass slides with adhered coverslips were allowed to dry overnight before imaging. Slides were
always imaged within 3 days of preparation using a Leica SP8 Confocal fluorescence microscope.
Each set of images was collected using the same settings, with Aex at 405 nm and Aem ranging from

430-500 nm. All image analyses were accomplished using Image J software.
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5.2.4 Cell Viability Studies
5.2.4.1 Trypan Blue Cell Counting Assay

A trypan blue assay was used every time cells were trypsinzied to determine the number
of cells per unit volume so that the proper number of cells could be used for experiments. Trypan
blue used purely as a viability assay follows the same procedure, as outlined below.

The cells to be counted, suspended in trypsin after extraction from a flask or plate, were
centrifuged at 900 rpm for 10 minutes to form a pellet. The trypsin was removed and replaced with
complete media and the pellet and media were vortexed to suspend the cells into the media. 10 zL
of the suspended cell solution was pipetted into a microcentrifuge tube, into which 10 xL of 4%
(w/v) trypan blue (MP Biomedical) was added as well. The tube was vortexed to mix the cell
suspension and trypan blue together before 10 4L was pipetted into each well of a Bio Rad cell
counting slide and the slide was placed into a Bio Rad TC20 automated cell counter. The cell
counter produces a number of total cells, live cells, and percent viable cells.

5.2.42 MTT Assay

Into each well of a 96-well plate containing 100 xL of complete media were pipetted
10,000 BEAS-2B cells. The 96 well-plate was incubated under 37 °C in a 5% CO2/95% air-
humidified incubator for 24 h to allow cells to adhere to the well. Wells were dosed with FCDs or
other testing materials by pipetting 50 xL of the material dissolved in complete media into the
well. For controls, 50 xL of complete media were pipetted into the well, devoid of any material.
The 96-well plate with material was incubated in an incubator under the same conditions as above
for varying time points (3 days, 2 days, 1 day, 8 h, 5 h, 3 h, 1 h, and 30 minutes). When the cells
had been exposed to the materials for the designated amount of time, the solutions were removed

from each well and replaced with 100 zL complete media and allowed to incubate for an additional
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24 h. After 24 h, 10 uL of the MTT reagent was added to each well before being incubated under
the same conditions as above for 3 h, or until a purple formazan precipitate was observed. 100 xL
of SDS was added to dissolve the formazan crystals, and the 96-well plate was incubated for 2
additional h. Absorbance of each well of the 96-well plate was then measured at 570 nm using an
Eppendorf AF2200 plate reader manufactured by Tecan.
5.24.3 MTS Assay

Into each well of a 96-well plate containing 100 xL of complete media were pipetted 5,000
BEAS-2B cells, excluding the positive control which contained no cells, representing complete
cell death. 100 xL of complete media was added to each well before the 96-well plate was
incubated under 37°C in a 5% C0O2/95% air humidified incubator for 24 h to allow cells to adhere
to the well. Wells were then dosed with FCDs or other testing materials by pipetting 50 xL of the
material dissolved in complete media into the well. For controls, 50 L of complete media was
pipetted into the well, devoid of any material. The 96-well plate with materials was incubated in
an incubator under the same conditions as above for varying time points (3 days, 2 Days, 1 Day, 8
h,5h, 3h, 1 h,and 30 minutes). After exposure for the varying time points, the media and materials
were removed from each well and replaced with 100 L of complete media. The CellTiter 96
AQueous One Solution Reagent (Promega Corporation) was thawed and 10 L of the solution was
added to each well. The plate was incubated under 37 °C in a 5% CO2/95% air-humidified
incubator for 1.5 h until a purple formazan compound was observed in solution. Absorbance of
each well was measured at 490 nm on an Eppendorf AF2200 plate reader manufactured by Tecan.
5.2.5 GSH:GSSG Assay

The GSH:GSSG ratio was determined using a glutathione assay kit purchased from

Cayman Inc. (Item No. 703002). Into each well of a collagen coated 6-well plate in 5 mL of
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Dulbecco’s modification of Eagle’s medium (DMEM) without sodium pyruvate with 4.5 g/L
glucose, L-glutamine, 10% fetal bovine serum, and 10 IU/mL penicillin were plated 500,000
BEAS-2B cells. The 6-well plate with cells was incubated under 37 °C in a 5% CO2/95% air-
humidified incubator for 24 h. Wells of the 6-well plate were then incubated under 37 °C in a 5%
C02/95% air-humidified incubator with FCDs and other materials for 3 h, or 500 uM H>0O- for 30
minutes as a positive control. After dosing, the cells were removed from each well using a rubber
policeman to scrape the wells and remove the cells manually. The cell suspension was centrifuged
at 900 rpm for 10 minutes to collect a pellet. The media was removed from the top of the pellet
and the cells were lysed by the addition of 2 mL of cold radioimmunoprecipitation assay (RIPA)
buffer to the pellet and allowed to sit for 20 minutes at 0 °C. The cells were then centrifuged at
10,000 x g for 15 minutes at 4 °C. The supernatant containing all the cellular material was removed
and deproteination was achieved by adding 2 mL of metaphosphoric acid (MPA) reagent (5 g of
MPA in 50 mL of water), followed by centrifugation at 5,000 x g for 10 minutes. The supernatant
was then collected, and 50 wL of 4 M triethanolamine (TEAM) was added per mL of supernatant
collected. Then 1 M 2-vinylpyridine dissolved in ethanol was added at a ratio of 10 xL per mL of
sample. After that step, the samples were added to the 96-well plate by pipetting 50 xL of each
sample into the appropriate wells. The assay cocktail was prepared by mixing 20 mL MES Buffer
(11.25 mL), reconstituted cofactor mixture (0.45 mL), reconstituted enzyme mixture (2.1 mL),
millipure water (2.3 mL), and reconstituted DTNB (0.45 mL). All chemicals were provided in the
kit, whose composition can be found in the procedure provided with the kit. After preparation of
the assay cocktail, 150 pL was added to each well of the 96-well plate. The 96-well plate was
incubated for 25 minutes under the same conditions as above before absorbance was measured at

410 nm using an Eppendorf AF2200 plate reader manufactured by Tecan.
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5.3 Results and Discussion
5.3.1 Cellular Uptake

As mentioned in the introduction of this chapter, cellular uptake of nanoparticles is a
process that is governed by many characteristics of the nanoparticles themselves, but the method
of uptake can vary even within the same type of particles. With this in mind, the designed surrogate
must possess characteristics as similar as possible to that of BC. The FCDs created in this research
are spherical, possess a negative surface charge, contain C, O, H, N, along with other trace
elements, and are less than 2.5 um in size. All of these factors combine to make this
sensor/surrogate as similar to BC as possible. Any uptake experienced by the FCDs can therefore
be considered comparable to that experienced by cells exposed to BC, both in uptake mechanism
and relative amount of uptake. Determining whether uptake occurs is only the first step in
analyzing the effects of a nanomaterial on cells. If the particles are confirmed to go into the cells,
an investigation of what uptake mechanism is occurring begins. Many chemicals, such as water,
carbon dioxide, and oxygen, are known to enter the cell based on a concentration gradient that
requires no energy, making it a passive transport uptake mechanism. Many larger molecules and
particles require an uptake method involving an energy-dependent process. This research strives
to determine whether FCDs, and therefore BC, are taken up by cells and attempts to establish if
the uptake is through an active or passive mechanism. The specific uptake mechanism
(phagocytosis, pinocytosis, clathrin mediated endocytosis, etc.) can be theorized by this scientist
but is beyond the scope of this research.

The possibility of cellular uptake of the FCDs was first investigated using fluorescence
confocal microscopy. The inherent fluorescence of the FCDs allows them to be a perfect probe to

measure whether they undergo cellular uptake as well as analyzing the location of the FCDs within
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the cells. The cells were dosed with 10 mg FCDs/5 mL of complete media, while a negative control
consisted of cells dosed with no FCDs, only 5 mL of complete media. Overlaid images of
fluorescence and differential interference contrast are presented in Figure 5.2 and show that the
cells exposed to FCDs have fluorescent objects present as apparent aggregates vs the negative
control.

A visual evaluation of the fluorescence images suggests that the FCDs aggregate on the
surface of the cells and undergo cellular uptake based on the fluorescence inside the cells. The
apparent increase in fluorescence from the negative control image to the FCD-exposed cells seems
to suggest fluorescence is being produced from FCDs. The small amount of background
fluorescence in the negative control seen in the cell is due to autofluorescence from organelles and
proteins within the cytoplasm excited by light in the 300-400 nm range.[ 371 The nuclei can be

clearly demarcated in the cells, thus, even though the emission wavelengths for the DAPI nuclear

Negative Control FCD Exposed Cells

BEAS-2B Cells
Fluorescence/DIC Overlap

0 um 10

Figure 5.2 Fluorescence confocal images overlaid with differential interference contrast
(DIC) images showing the presence of FCDs or lack thereof. The nuclei were stained
with DAPI nuclear stain in the FCD-exposed cell images. Aex = 405 nm and Aem = 430-
500 nm)
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stain and the FCDs overlap, the fluorescence due to the nucleus and FCDs can be clearly
differentiated. The spherical shapes seen in solution around the cells and aggregating on the cells
could be FCDs, as they are not seen in the negative control, but that cannot be absolutely confirmed
by fluorescence confocal imaging. Additionally, though the overall fluorescence signal is
increased from the negative control to the FCD-exposed cells, suggesting FCD presence in the
cells, that cannot be absolutely confirmed either. Both of these concerns produced a need for an
alternative method to confirm uptake into the cells.

Low-resolution TEM imaging (LR-TEM) can be used to visualize the cells and determine
cellular uptake much less subjectively. BEAS-2B cells were dosed with FCDs for 3 h before the
cells were prepared for imaging. The images seen in Figure 5.3 contain those for cells exposed to
FCDs as well as negative control cells exposed to no FCDs (just a change in culture media). The

TEM images above showing particles inside the cells are only a few of many showing clear images

BEAS-2B Cells

Negative
Control

Bk B

Figure 5.3 Low-resolution transmission electron microscopy images showing FCDs
within the cell. Measurements of particles in upper right image show particles of size
41.3 nm and 30.7 nm. Negative control cells show no nanoparticles inside or outside of

cells. (120 keV accelerating voltage)

147



of what appears to be FCDs inside the cells. The negative control images show no FCDs, or
anything that looks similar to FCDs anywhere in the images. The combined evidence for increased
fluorescence in cells when exposed to FCDs coupled with the clear visualization allowed by TEM
showing nanoparticles inside of cells provides strong support for the internalization of FCDs by
BEAS-2B cells.

In the LR-TEM images, FCDs were seen to be in the cells as individual particles; however,
more often they existed as aggregates of multiple particles grouped together. In Figure 5.4,
particles can be seen existing as aggregates, but can also be seen in what seems to be excretions
from the cell and within vesicles inside the cell as individual particles. This makes determining the
uptake mechanism particularly difficult, because if the particles are entering the cell as individual

particles, of sizes less than 30 nm, the mechanism will be different than that of aggregates of

BEAS-2B Cells

Aggregate FCDs

dual FCDs

ivi
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Ind

2 1

Figuré 5.4 FCDs shown in low-resolution TEM images as both aggregates and individual
particles inside the cell and when exiting and entering the cell. White dotted inset shows
FCD/membrane interactions.
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particles that has a cumulative size greater than 100 nm.8 % |nvestigation of the uptake
mechanism must begin with a differentiation of whether passive or active uptake mechanisms are
responsible. The most common active transport mechanism witnessed in the uptake of
nanomaterials is clathrin-mediated endocytosis; therefore, to measure if that process is occurring,
one can inhibit that mode of active transport and evaluate if the FCDs still enter the cell.[*"]
Unfortunately, other modes of active transport can still occur, meaning to truly evaluate whether
the transport is active or passive, one must inhibit all modes of one type of transport. By decreasing
the temperature during incubation time to 4 °C, all active transport modes are inhibited, resulting
in the conclusion that if particles still enter the cells, passive transport mechanisms dominate the
uptake pathways for the FCDs. When cells were incubated with FCDs at low temperature (4 °C),
there was no uptake witnessed among cells analyzed with LR-TEM. The media containing the
FCDs was removed before the cells were removed from the flask and centrifuged down, causing
difficulty in finding FCDs to image, however some FCDs were found and imaged outside of the
cells, as seen in Figure 5.5.

In the images collected from the cells incubated at low temperature, very few had any FCDs
in their interior. The cells incubated at higher temperature (37 °C) had FCDs throughout the cells,
both as aggregates and individual particles. This experiment strongly suggests that the uptake of
the FCDs into the cell is an active transport process, whether that be as individual particles or
aggregates. The witnessed aggregates could be formed after uptake of the individual particles, as
well as the individual particles seen resulting from a breakdown of aggregates after uptake, further
complicating evaluation of the uptake process. The exact active transport path is also difficult to
determine based on where the particles are found within the cell. Some nanoparticle clusters are

found on top of the cellular membrane, appearing to pass directly through the membrane, as seen
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Figure 5.5 Evaluation of temperature on FCD uptake by cells. Low-Resolution TEM
images of cells incubated with FCDs at low temperature (4 °C), thereby inhibiting active
transport and cells incubated with FCDs at body temperature, allowing for both modes
of cellular uptake.

in Figure 5.4 in the white dotted inset found in the top right image. Granted, due to the three-
dimensional nature of the slice of cells, the nanoparticle cluster witnessed there could be due to an
overlap of nanoparticles in the cytoplasm on a higher z-dimensional plane. Other nanoparticles
appear to be entering or leaving vesicles, such as seen in the top left image of Figure 5.4, implying
an endocytotic process for uptake of nanoparticles. An investigation of which active transport
process is occurring would require selective inhibition of each active transport pathway followed
by an evaluation of whether the FCDs entered the cells or not. However, evaluation of the
individual pathway responsible for uptake of the FCDs is beyond the scope of this research. Once
the uptake of the FCDs was confirmed, an evaluation of the health effects due to the FCDs was

pursued.
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5.3.2 Cell Viability Assays
5.3.2.1 Trypan Blue

The most common evaluation of health effects on cells is an assessment of cytotoxicity,
namely, measuring cell death caused by a material. A trypan blue assay is a simple test to perform
and gives a good baseline for evaluating cellular toxicity. Initial trypan blue studies can be seen in
Figure 5.6. The percent cell viability collected was normalized to the cell viability from a negative
control flask, exposed to no FCDs or other materials. This was done to obtain accurate data,
considering even healthy cells in healthy conditions are rarely 100% viable. The trypan blue study
shows that over a three-h period, FCD presence results in a minimal decrease in cell viability.
While the decrease is significant, the percentage of live cells in the FCD-dosed flask is still within

a reasonable range for a flask that has not been exposed to any outside material. Interestingly, by
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Figure 5.6 Percent cell viability normalized to a negative control flask with no
exposure, showing the toxicity of both FCDs and FCDs turned off with Fe3* after 3-
h exposure. The viability was gathered through trypan blue assays.
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adding the Fe®*" ions to quench the fluorescence, the toxicity of the FCDs increases. This is most
likely due to the metal ions being taken up by the cells as they complex with the FCDs. The trypan
blue assay gives a good starting point for evaluation of cytotoxicity, but MTT and MTS assays can
give a more thorough evaluation and offer higher throughput to analyze more samples with
different exposure times and concentrations.
5.3.2.2 MTT and MTS Assays

While the trypan blue assay to count viable cells is a very useful, and arguably the most
popular assay to evaluate cell viability, MTT and MTS assays offer benefits trypan blue does not.
Trypan blue assays are more effective if used with a larger number of cells, due to the fact that any
error produced in counting dead cells and missing live cells due to their natural color, can be
alleviated if larger numbers of cells are used. This means it is more effective if used with flasks of
cells, rather than the smaller quantity of cells gathered from a 6-well plate or 96-well plate. This
makes an assay involving a 96-well plate more useful for large experiments, testing a wide range
of concentrations and dosing times. The MTT assay was used to test the cytotoxicity due to FCDs
of concentrations of 0.5 mg/mL, 1 mg/mL, 2 mg/mL, 5 mg/mL, and 7 mg/mL at time periods of 1
h, 3 h,5h, 8 hr, 1 day, 2 day, and 3 day. Sadly, the step of the MTT assay where SDS is used to
dissolve the formazan crystals was not effective. Upon attempting the assay a second time, the
solubilizing of the formazan crystals was successful, but the incubation period to produce the
formazan crystals was too long and therefore had so many formazan crystals formed that it was
impossible to determine the impact of any of the tested parameters in an individual fashion. A
method was sought that would work as effectively as the MTT assay but would not require a

solubilizing step, so the MTS assay was chosen.
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As outlined in the introduction, the MTS assay is the same as an MTT assay without the
need for solubilizing the formazan; the MTS assay is sometimes referred to as a one-step MTT.
FCD concentrations include 8 mg/mL, 5 mg/mL, 2 mg/mL, 1 mg/mL, and 0.5 mg/mL at exposure
times of 3 days, 2 days, 1 day, 8 h, 5 h, and 1 h. Cells were also dosed with FCDs whose
fluorescence was quenched with Fe3* ions. The two samples chosen to test were FCDs whose

fluorescence had been quenched by approximately 50% (70 L of 0.176 M Fe(NO3)3 in phosphate

buffer at pH 7.4) and FCDs whose fluorescence had been quenched 100% (140 L of 0.176 M
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Figure 5.7 Cell viability based on the MTS assay. Data was normalized to a
negative control wherein cells were not exposed to any material. Material identity
and time points were tested in triplicate with error bars representing one standard
deviation.
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Fe(NOz)s in phosphate buffer at pH 7.4). While the graph contains a large amount of data and can
be hard to interpret, some conclusions and trends can be determined from the data in Figure 5.7.

The first and obvious trend is that cells exposed to FCDs of any concentration or
fluorescent property exhibit cell death and lack of viability when exposed for time periods greater
than 8 h. Even low concentrations of FCDs (0.5 mg/mL), amounts much smaller than used in the
literature by most scientists, 3 showed a decrease in cell viability when exposed to cells for
longer than 8 h. Additionally, there is a clear trend in increasing toxicity when cells are exposed
to higher concentrations of FCDs, with the percent viability decreasing from approximately 60%
when exposed to 0.5 mg/mL FCDs for 1 day to 15% when exposed to 8 mg/mL FCDs for 1 day.
This data seems to suggest that if research is performed using FCDs on short time scales (< 8 h)
or using low concentrations (2 mg/mL or less), the cytotoxicity due to FCDs will be minimal.
Conversely, if high concentrations of particles are used or low concentrations for extended time
periods, significant cytotoxicity can be contributed to the FCDs. Another interesting question
raised by the initial MTS data was the role the iron ions played in the cytotoxicity.

An MTS assay was performed on samples with varying iron states to attempt to evaluate
the effects of iron on the cytotoxicity, see Figure 5.8. As it appeared in the data from Figure 5.8,
the toxicity of FCDs is increased by the addition of Fe3* ions to quench the fluorescence. What is
most interesting is that the toxicity of the Fe®* ions themselves is significantly higher than when
they are complexed with the FCDs. One theory of the fluorescence turn-off mechanism is an
electron exchange between the FCDs and the Fe®* ions, thereby converting the latter to Fe?*. The
decrease in cellular toxicity upon the addition of FCDs to the Fe3* ions could suggest a decrease
in toxicity due to conversion of the Fe3* to Fe?*. This is suggested to not be the case based on the

fact that the cytotoxicity effects due to Fe* and Fe?* are statistically the same. In a simpler process,
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Figure 5.8 Cell viability based on MTS assay. The data was normalized to a
negative control where cells were unaltered by material. Materials and time points
were tested in triplicate with error bars reporting the standard deviation. Iron ion
concentrations were all 0.176 M.

if catechol groups on the surface of the FCDs act as ligands for the Fe3* ions, the Fe®* could be
rendered less toxic due to inability to bind or undergo electron exchange with components within
the cells.[** %1 To test this theory, Fe®* ions were compared to Fe** jons bound to EDTA to
determine if a decreased toxicity is provided by the presence of this ligand.

This hypothesis appears to be true, based on the fact that EDTA, when added to Fe3* ions
before exposing them to cells, significantly decreases the toxicity at time periods less than 2 days.
This behavior of ligands decreasing the toxicity of metal ions is well reported, and the fact that the

catechol/Fe®* complex has a formation constant of 10*° as compared to 10% in the Fe**/EDTA
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complex, suggests the FCDs could prevent the toxicity of the Fe3* ions more effectively than the
EDTA.[“® 471 Once the uptake of FCDs into cells was confirmed, and cytotoxicity was studied, an
evaluation of cell environment to determine a possible cause of the cytotoxicity was investigated
through a measurement of ROS via a GSH:GGSG assay.
5.3.3 GSH:GSSG Assay

The GSH:GSSG assay reveals the general level of oxidative stress experienced by cells,
with a large GSH:GSSG ratio representing cells not under oxidative stress, while a small ratio

represents cells under oxidative stress. Tests evaluating various materials and their composition
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Figure 5.9 Ratio of GSH:GSSG in BEAS-2B cells after incubation with various a
materials to represent oxidative stress of the cells. (***P<0.001)
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and their exposure to BEAS-2B cells can be seen in Figure 5.9. The highest ratio represents the
healthiest cells and is seen in the negative control and FCD dosed cells, with cells undergoing no
oxidative stress outside of the limited amount occurring naturally. This suggests that though the
FCDs possess a certain amount of cytotoxicity, as exhibited by the MTS assays, it appears to cause
no oxidative stress beyond what is typical. The FCDs when dosed with Fe®" to quench the
fluorescence show an increase in the amount of oxidative stress, but similar to the cytotoxicity
studies, show less oxidative stress than the Fe** ions alone. The trend of FCDs being less harmful
than FCDs quenched with Fe** than Fe®* alone follows in the GSH:GSSG assay as well. While the
data here is valuable, it should be noted that this study was performed with an incubation time of
3 h for all tests. Considering the FCDs began to show large levels of cytotoxicity at time periods
above 8 h suggests the oxidative stress could occur if dosed for a longer time period.
5.4 Conclusions

The results obtained from these experiments offer significant information concerning two
classes of materials. The first class is FCDs. As discussed in the Chapter 1 and the introduction of
Chapter 5, studies of FCDs, while numerous, have been limited in scope. Short time periods and
low concentrations tend to be the typical cytotoxicity tests for FCDs reported in the literature
referenced throughout this chapter. The research in this document shows that when considering
longer time periods and higher concentrations, FCDs formed through bottom-up combustion
processes are cytotoxic, reducing cell viability to as low as 10% when cells were dosed with 8
mg/mL FCDs for 3 days. In fact, the data seems to suggest that dosing times as short as 8 h at
standard concentrations for biological analysis can reduce cell viability by as much as 20%. While
various types of FCDs are a commonly used intracellular probe, the TEM data obtained and

presented here suggests that the FCDs produced in this research enter through an active transport
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mechanism, though the exact pathway is still up for determination. FCDs were also seen as
individual particles and aggregates, suggesting individual particles can cluster to become
aggregates and aggregates can divide into individual particles. In evaluating cellular environment
of BEAS-2B cells exposed to various materials, it was also determined that the oxidative stress of
cells does not increase in the short term when cells were exposed to 2 mg/mL FCDs.

Still pertaining to FCDs, interesting information was gathered regarding the effect of metal
ions on the cytotoxicity and oxidative stress induced in cells by the FCDs. A common use of FCDs
is to employ them as intracellular turn-on probes to detect reducing species, or as a turn-off probe
to detect metal ions. If FCDs are used as a turn-on probe, where cells are exposed to FCDs
quenched with a metal ion, cytotoxic effects will occur and oxidative stress will result, making
results gained from research using those particular probes possibly misleading, depending on the
aims of the research project. Alternately, when FCDs are quenched by their complexing metal
ions, the toxic effects seem to decrease as compared to the metal ions themselves. This could lead
to possible therapeutics or cellular environment stabilization agents. Additionally, the studies of
cytotoxicity comparing cells exposed to Fe**, Fe?*, FCDs quenched with Fe®*, and Fe** with added
EDTA seem to suggest that the Fe®* jons are indeed being chelated by the FCDs, with the
functionalities present acting as a ligand similar to EDTA. This outcome offers reasonable support
for the catechol binding model proposed in Chapter 4.

The second class of materials this research offers insight into is black carbon (BC). The
overall goal of this research is to evaluate health effects of BC by using FCDs as a surrogate for
BC. The characterization of the FCDs suggests that they mimic BC in structure, both chemical and
physical, meaning any health effects evaluated regarding the FCDs can easily be compared to those

theoretically produced by BC. The cells in this research were exposed to FCD concentrations as
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high as 8 mg/mL, which correlates to 0.008 g/m?; research shows exposure to BC could be in
amounts as high as 6.4 xg/m?during transport and as low as 1.2 zg/m® while sleeping.”8 While
these numbers are not representative of the amount of BC being exposed to individual cells in the
human body, they provide a valuable baseline to evaluate exposure amounts. Considering the
amounts of FCDs exposed to cells in this research are orders of magnitude less than the BC
exposure discussed above and that concentrations | have studied are toxic for cells and can cause
oxidative stress, it can be inferred BC can also cause cell death or other negative cellular effects.
This coupled with long term compounding exposure suggests severe cellular health risks. While
the health risks of BC are well reported, evaluation of individual cellular effects due to BC is
scarce. The research regarding the cellular impact of BC exposure performed in this research
provides a foundation for the evaluation and hopeful prevention or mitigation of full body health
effects in the future.
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CHAPTER 6
SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

6.1 Summary and Conclusions

The overall goal of the research presented herein was to evaluate the cellular health effects
of an environmental particulate matter (PM) pollutant, black carbon (BC), through the design,
synthesis, and study of fluorescent carbon dot (FCD) materials that are surrogates of BC. The
WHO has ranked PM as the 13" leading cause of mortality worldwide in 2011.1 Particularly
concerning is PM, known as PM_ s, which is PM that is less than 2.5 gm in size. PM2sis incredibly
complex, as it is made up of an intricate blend of materials, which makes the study of individual
components vital to understanding the effects caused by PMs.[2 31 BC as a component of PMzs
was chosen as the focus of this research based on EPA reports and extensive research about the
abundance of its negative health effects and its impact on the environment.*1 FCDs were chosen
as a surrogate of BC based on its similarities to BC with regard to chemical properties and physical
structure.®%1 FCDs were synthesized that possess a turn-off mechanism of fluorescence
quenching by metal ions. Fluorescence recovery was attempted by exposure of the FCD-metal ion
materials in solution to a reducing agent, with the goal of designing a fluorescence probe that will
turn-on when exposed to reducing agents within mammalian cells.

The initial synthesis procedure consisted of the combustion of sodium alginate in a furnace
for 2.5 h at 250 °C. Synthesis conditions were optimized by testing multiple combustion times (30
min, 1 h, 1.5 h, 2 h, 2.5 h, and 3 hr, combustion temperatures (150 °C, 200 °C, 250 °C, 300 °C,
350 °C, and 400 °C), and gas under which combustion occurred (compressed air and oxygen gas).
The optimal conditions were determined to be heating 0.5 g of sodium alginate at 250 °C for 30

min under a 30 psi flow of oxygen gas entering the combustion tube. The fluorescent properties of
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the FCDs were characterized, and it was determined that an excitation energy (Aex) of 350 nm and
emission energy (Aem) of 450 nm would be used for all fluorescence studies. The chemical stability
of the synthesized FCDs was assessed and determined through testing the fluorescence of the
FCDs at various pH points (4.1, 7, and 10.3). Their optical stability was assessed and determined
through constant irradiation of the FCDs for a 6-hour time period with no loss of fluorescence
signal. Physical stability was also examined, and it was found that there was no loss in fluorescence
signal from FCDs stored as a solid or when present in aqueous, buffered solutions over a 24-day
period of exposure to the ambient. The FCDs also exhibit a Aex -dependent fluorescence emission
intensity and wavelength. The intensity of emission increases or decreases as the Aex changes, but
the main fluorescence emission peak also shifts from its position at 450 nm. Through evaluation
of the FCDs using low-resolution transmission electron microscopy, high-resolution transmission
electron microscopy, dynamic light scattering, infrared spectroscopy, and X-ray photoelectron
spectroscopy, the FCDs were determined to be composed of graphene oxide; this conclusion is
supported mainly by the observed crystal lattice spacing of 0.28 nm found in high-resolution
electron microscopy studies, which corresponds to hydrated graphene oxide.*] The FCDs were
also determined to be approximately spherical in shape possessing dimensions of 20-100 nm. It
was determined through a particle isolation method (ultracentrifugation) that the FCD particles are
composed of two major size distributions, with one population of particle sizes (20-50 nm) being
the cause of the fluorescence noted in the FCDs produced using the methods described here, which
are similar to routes reported in the literature.[14 It was also determined that the functionalities
on the surface of the FCDs are dominated by carboxylic acid and catechol groups, with the catechol

groups forming hydroquinone radicals. The catechol groups and semiquinone radicals derived
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from them are proposed by this scientist to be responsible for the fluorescence properties of the
FCDs made here, with the fluorescence being quenched by various metal ions.

The ability of numerous metal ions to quench the fluorescence of the FCDs was tested,
including Fe**, Ni?*, Cu?*, Sn?*, Ca?*, and AI**. It was determined that the ferric ion was the most
effective quencher of the fluorescence in the FCDs, so it was used for all quenching experiments
carried out from that point onward. In an effort to move toward use of the FCDs as turn-on sensors
of biological reducing agents such as glutathione, fluorescence recovery of the FCDs through
exposure to a reducing agent was attempted with multiple agents, including ascorbic acid,
glutathione, citric acid, and sodium dithionite. In each case, fluorescence was not fully recovered
to the value for pristine FCDs (no exposure to any metal ion), with only ascorbic acid showing any
recovery. This attempted recovery of fluorescence was initially hypothesized to be feasible based
on the ability of the reducing agent to reduce the oxidation state of the metal ion quencher, thereby
affording "de-quenching” of fluorescence. To ensure that the quenching occurred, a 5-
sulfosalicylic acid assay and electron paramagnetic resonance was performed to confirm the
reduction of ferric ions to ferrous ions by the reducing agents studied above. Once the reduction
was confirmed, experiments were done to investigate the possibility of ferrous ion-induced
quenching of FCD fluorescence. In sum, the outcomes from the de-quenching/recovery studies
indicate that it is unlikely that the initially proposed FCD-based probe system can function as a
turn-on fluorescence sensor for cellular reducing agents. Based on the quenching and ineffective
recovery of the fluorescence with relevant reducing agents, a proposed quenching mechanism was
proposed. The quenching mechanism was tested, and it was determined to be static quenching that

operates through the formation of an FCD-ferric ion complex that is not fluorescent. This complex
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is suggested to result from reaction of the catechol groups on the surface of the FCDs and the ferric
ions, which leads to iron coordinated to semiquinone radical species on the surface of the FCDs.

Though the FCDs produced in this research could not be used as turn-on fluorescence
probes, they still proved to be an effective surrogate for measuring the cellular effects of BC on
cells. Studies were done to determine if the FCDs are taken up by human lung cells, in an effort to
tie the known health effects of BC to behavior of the BC surrogates made here. Confocal
fluorescence microscopy and LR-TEM confirmed the uptake of the FCDs by the lung cells.
Additional studies were done to determine the nature of FCD uptake, with the uptake process most
likely being one that is an energy-requiring one (active process). Trypan blue, MTT, and MTS
assays were all done to evaluate the cellular toxicity of the FCDs. Studies show that at short time
periods (< 8 h) and low concentrations (< 2 mg/mL) the cellular toxicity effects are minimal, but
at concentrations and times higher than those, cellular toxicity is significant and must be
considered when evaluating experimental data from studies that use FCDs at levels/times above
these values. The addition of metal ions to quench the fluorescence of the FCDs, a common
practice in the literature, increases the cellular toxicity of the probe. A straightforward approach
was taken to evaluate the effect of the FCDs on the oxidative stress of human lung cells through
measurement of the glutathione:glutathione disulfide (GSH:GSSG) ratio. The results suggest that
at short time periods (< 3 h), the FCDs do not increase the oxidative stress of the cells significantly.
Similar to the results from the cellular toxicity studies, there is an increase in the oxidative stress
in the cells after exposure to FCDs that have been quenched by metal ions.

FCDs and their applications are an extremely popular field of study, because of their
potential capabilities as useful cellular fluorescent sensors and their apparent low cytotoxicity.

Unfortunately, most of the research regarding FCDs is incomplete, with the focus being on
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individual factors of importance to the authors of the numerous studies, such as synthesis of FCDs,
evaluation of their optical properties, characterization of the FCDs, or cellular studies; a common
thread in the literature of FCDs is the limited number of manuscripts with comprehensive
evaluation of their properties and cellular impacts. This research was geared towards producing an
unprecedented view of a given type of FCDs: synthesis conditions, optical properties, quenching
properties, fluorescence recovery, and biological impact. Prior to this work the majority of the
literature focused on the ability of researchers to easily make FCDs in a multitude of methods,
with it being found that the properties of FCDs vary greatly depending on the synthetic conditions.
Additionally, establishing fluorescence and fluorescence quenching mechanisms is not a trivial
matter in the face of literature that yields FCDs with diverse properties, even when said studies
purportedly use the same synthesis methodologies as each other or this scientist.[*> > %81 This is
the first research providing evidence to support a semiquinone-iron ion quenching complex on the
surface of FCDs treated with the well-known FCD fluorescence quenching agent. In addition to
the quenching mechanism, to the knowledge of this scientist, the evaluation of the cellular effects
of FCDs in this research is more comprehensive with regard to time of exposure and particle
concentration than any found in the literature.

In addition to the evaluation of FCDs that was established by this research, the health
effects of BC must also be considered. By demonstrating the uptake of FCDs by cells in a passive
pathway, it is posited that BC of similar size and surface composition would also have a similar
uptake route by human lung cells. The observation that FCDs enter cultured human lungs cells
often used as a model for study of the impact of PM on human health point to the possibility that
the environmental pollutant BC may remain in cells of the respiratory system for extended periods

of time beyond reasons associated with its size. The fact that cells exposed to FCDs for time
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periods longer than 8 hours show increased cell death suggests that cells exposed to BC of similar
dimensions for similar times most likely exhibit increased cell death. The research also
demonstrates that cultured human lung cells exposed to FCDs in amounts greater than 2 mg/mL
show increased cell death, which corresponds to a concentration of 0.008 ng/m?*. Considering BC
breathed in daily could be as high as 6.4 xg/m? during transport and as low as 1.2 zg/m?® while
sleeping, the possible cell toxicity effects could be substantial over long exposure periods.*™ This
research provides interesting observations that provide pieces for a foundation that can be
elaborated to firmly establish the pathways of BC as a cytotoxic pollutant, to understand the
guenching mechanism of metal ions with pyrolytically produced FCDs, and identify the overall
fluorescence mechanism of the FCDs.
6.2  Future Directions

The research outlined in this document provides new foundational seeds for studies that
can be designed to more fully develop our understanding of many aspects of FCDs. The research
here strove to provide a full picture of FCD behavior for a synthetically restricted class of FCDs.
Therefore, further experimentation regarding individual parts of this research could provide more
insight. While multiple starting materials were tested and proved successful for their use in
producing FCDs, extensive studies of the properties of the FCDs should be taken up by a future
scientist. The variability in properties reported for FCDs in the literature using very similar
synthetic methodologies leads this scientist to find viable future research pathways wherein a
comprehensive study of the differences imparted on the FCDs through variation in starting material
and combustion conditions would be one significant direction for future activities. Additional
studies should also be performed to further understand the fluorescence mechanism in these FCDs.

Understanding the fluorescence mechanism and applying it to FCDs as an entire class of

169



fluorescent probes is not easily accomplished, due to the large variation in FCDs and their
properties reported in the literature. To counteract that difficulty, the fluorescence mechanism must
be explored in individual FCDs and applied to an understanding of FCDs as an entire class. In this
research, the method of quenching was based on the stabilization of a semiquinone radical by iron
ions, which implies the fluorescence quenching pathway is linked to the transition from
semiquinone to catechol and vice versa. It is important to note that others have identified the
presence of semiquinone radicals and various metal ions in atmospheric PM, with stabilization of
semiquinone radicals by metal ion species in metal oxides being a hallmark of that work.[*8-2%
Thus, it is clear from that work and the outcomes here that there is a common thread with PM
materials, and so study of routes to prevent or mitigate stabilized radical formation could be of
significant importance in the study of BC. Future directions could include modification of the
FCDs synthesized in this research to prevent or diminish radical formation/presence on the surface
of the FCDs to determine if this approach impacts the cellular health effects of the BC surrogates
and what roles radical presence/absence has on FCD emission characteristics.

The cellular studies performed in this research provide a very important foundation for the
evaluation of FCDs as well as environmental particulate matter pollutants. An active transport
uptake process was established to be occurring in cells taking up the FCDs, but the specific active
transport process occurring should be probed by a future scientist. By inhibiting specific active
transport processes and measuring uptake, the exact transport pathway can be probed and
determined.? 221 Further understanding of the uptake process of these FCDs can yield information
regarding the uptake of other forms of nanomaterials. There is some knowledge regarding the
uptake of certain nanomaterials such as nanoplastics, quantum dots, or carbon nanotubes, but a

similar picture is painted to that of FCDs, with a large amount of variability.[*-?] In addition to
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the cellular uptake, evaluation of the cytotoxic and cellular stress effects of the FCDs needs to be
more extensive. While the time periods and concentrations used to evaluate cellular toxicity in this
research are more comprehensive than any other study known to date, more investigations of their
effects are needed. Extensive studies of the cellular environment would aid in evaluation of FCDs
as a cellular probe and knowledge of BC and its effects on cells. The oxidative stress effects of the
FCDs were studied in a limited capacity in this research, but longer time periods and different
concentrations should be studied moving forward.

As stated above, this research provides a breadth of foundational knowledge regarding the
optical and physical properties of a well-defined type of FCD and the cellular effects of those
FCDs, with the outcomes being important to the community studying BC and other environmental
atmospheric pollutants. The diversity is great for directions of future investigations based on the
research in this dissertation. Further research has the potential to provide more knowledge toward
a true evaluation of FCDs as biological probes with that knowledge used to study in more depth

the underlying effects of BC on human health.
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