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ABSTRACT

Combustion-derived nanomaterials are noxious ultrafine (<100 nm) aerosolized byproducts generated by human activity. They pose threats to pulmonary health due to their
small size, allowing them to penetrate deep into the alveolar regions causing detrimental
responses downstream. Indeed, an examination between nanocarbon particle exposure
and poor pulmonary health via cellular behavior was needed. I hypothesized that lowdose and long-term administrations of carbonaceous nanoparticles contribute to
respiratory conditions by irritating lung-derived cells. Responses to ultrafine black carbon
(UBC), a key component of airborne pollutants, by human lung A549 and murine lung
LA4 epithelial cells, human peripheral-blood monocytes THP1, and murine macrophages
RAW264.7 were investigated. These lines were chosen because epithelial cells and
mononuclear cells (monocytes and macrophages) are the first to come in contact with
inhaled particulate matter (PM) and contribute to stress and inflammation of pulmonary
tissues. The cells were first plated on day zero and fed fresh UBC suspended in culture
media on days one, four, and seven. The exposure regimen included three different lowlevel concentrations of UBC. On day ten, all cells were prepared for subsequent assays.
Effects on cellular viability revealed that UBC was modestly cytotoxic while ATPase and
esterase activity (termed enzyme vitality for the purpose of this study) were significantly
diminished in a dose-dependent manner. Additionally, beta-galactosidase proportionally
increased with UBC concentration compared to untreated cells, indicating that cellular
senescence was promoted across all cell types. Multiple markers of oxidative stress were
subsequently measured, showing non-uniform trends and displaying moderate
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accumulation of oxidative damage, contingent upon cell line and UBC treatment.
However, a significant induction of inner mitochondrial membrane depolarization of
human UBC-treated cells was observed; an aberrant cell-cycle progression was found
across all cells. The implemented regimen of UBC exposure elicited an imbalance of free
(reduced) glutathione, altered mitochondrial potential, and abnormal cell-cycle activity.
This method demonstrated that modifications across both species induced changes to
cellular fitness overall. The data supported that compounding nanosized black carbon
exposure could negatively affect overall pulmonary cell health by distinctively modifying
intracellular activity. Additionally, we further surmised that sustained exposure to
nanocarbon could impair innate immunity. Therefore, reactive oxygen species (ROS),
reactive nitrogen species (RNS), and cytokine levels upon continuous administrations to
3.0 μg/mL UBC after brief challenges to microbial proxies were assessed; on day 9, the
cells were succumbed to three different microbial insults (LPS, Poly I:C, and Zymosan).
On day 10, measurements demonstrated a moderate accumulation of oxidative stress,
conditional to each cell type. Thus, UBC plus microbe approach triggered pro-oxidant
levels and cytokine production across different cell types and diminished phagocytic
response by murine macrophages. Based on the results, ultrafine-PM exposure may
impair inflammatory function in response to pathogenic infections. In summation, our
findings indicated that additive nanosized UBC in combination with microbe-like
challenges may compromise cellular behavior, suggesting potential ways by which
inhalation of ultrafine-PM may contribute to or exacerbate poor pulmonary health.
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CHAPTER 1: INTRODUCTION

Respiratory health problems cover a range of illnesses: asthma, allergies/hay
fever, chronic obstructive pulmonary disease, bronchitis, and pneumonia (KarriemNorwood 2014). Studies of the El Paso, Texas border region demonstrate a particularly
high incidence of such problems in both children and adults, thus serving as motivation
to the completion of these research projects. A recent study from UT-El Paso’s
Department of Sociology and Anthropology (Grineski et al. 2014) documents that
respiratory illness rates in El Paso children are on the rise (Neas and Gonzales 2012)
compared to the rest of the USA: 17% vs. 13% for asthma, 51% vs. 31% for allergies,
and 10% vs. 7% for bronchitis. In addition, allergy/hay fever rates of El Paso children
vastly exceed the U.S. average reaching 51% vs. 10% (AAAAI 2013). The incidence of
asthma and chronic obstructive pulmonary disease or COPD in adults matches that of
the country and state; however, the incidence of allergies from adults in El Paso is
abnormally high at 68% vs. 7.8%, nationwide. Interestingly, those moving into El Paso’s
metropolitan area suffer from adverse allergic and asthmatic health where these
outcomes intensify with duration of residence in the city (Svendsen et al. 2009). El Paso’s
arid environment is very unique, where escalating respiratory ailments may potentially be
due to the proximity to the US-MX border and urban ambient atmosphere of the region.
It was my intention to use these unique characteristics as motivation behind my work. The
purpose of this research became to evaluate the health burden following chronic
exposure to particulate matter (PM) causes at the cellular level was developed. Therefore,
my specific research goal is to conduct an in vitro assessment using ultrafine black carbon
1

(UBC) as a model for nanosized pollutant and investigate its capability to irritate
pulmonary cells and to induce inflammatory pathology.
The small diameter of ambient air contaminants is both relevant and meaningful
because these very fine particles may reach across several age groups. Carbon-based
(carbonaceous) pollutants found in wind-blown particles can stimulate symptoms of
bronchitis in adults and allergies in young children that instigate higher rates of asthmarelated hospitalizations (Kelly and Fussell 2012). Furthermore, the occurrence of asthma
and respiratory health problems have been associated with ultrafine particles (UFP) in
children (Olvera et al. 2012), specifically traffic-related PM; this nanosized PM pollutant
has been found at higher percentages in elderly patients with asthma than in healthy
patients with no existing pulmonary conditions (Chalupa et al. 2004).
PM toxicity, in addition to being a size-dependent interaction with the ability to
bioaccumulate, also results from chemical compositions and physical properties
integrated within their spatial variability. Ambient particles are a heterogeneous mixture
of organic, inorganic, and biological materials (Cachon et al. 2013) that display
characteristics involved in absorbing highly toxic pollutants from a given surrounding
airshed (Michael, Montag, and Dott 2013). Deng et al. have noted that PM originating
from coal combustion includes both organic and inorganic compounds adhered to their
surface when found in industry-driven environments (Deng et al. 2013). PM toxicity can
be linked with other toxicants (Liu et al. 2019), yet the focus of my dissertation project
relies on the capability of unencumbered UBC particles to impact cell function and
contribute to inflammation. Although numerous factors play central roles in particle
behavior, cellular studies are in agreement with in vivo studies where carbon nanoparticle
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exposure in humans and animals induce pulmonary toxicity, stimulate systemic
inflammation, exacerbate respiratory conditions, and even promote cardiovascular
diseases (Lam et al. 2004). An increasing amount of compelling evidence even suggests
that pulmonary carcinogenesis may be attributed to chronic inflammation (Bourdon et al.
2012). Therefore, in vitro models have significantly contributed to the overall
understanding of UFP toxicity and can continue to serve a purpose in delineating
mechanistic processes by which the particles promote pulmonary pathology. See
Illustration 1 for a depiction of the human airway system (Canadian Centre for
Occupational Health 2019).

Illustration 1. Diagram of human respiratory airway.
Analyses have been conducted to demonstrate the harmful effects of inhalable
aerosol; these have suggested a wide variety of possible pollutants that interact with
tissue and can be deleterious in real-life scenarios. Abundant literature has shown the
negative, short-term (acute or high-dose) danger from exposure to nanosized carbon
(Bahadar et al. 2016). However, long-term (low-dose) studies linking ultrafine BC to
3

pulmonary pathology exemplifying the relevance to realistic chronic UBC contact are
lacking. Using the high number of acute studies as potential forecasts to the severity of
various undesired and detrimental consequences involving toxic pollutants, a unique
investigation must be conducted in order to explore the long-term, continuous impact from
nanoaerosol exposure to better represent more accurate physiological parameters
(Kumar et al. 2014). Thus, sub-toxic studies exploring the cumulative interactions of
nanocarbon particles and biological tissues will contribute to and help establish a
correlation between ambient air pollution and adverse lung responses. Addressing this
existing knowledge gap is of utmost importance for worldwide air-quality standards, local
environmental issues, and human-specific health factors.
The purpose of this specific research project is to evaluate the harm that long
exposure to low levels of ultrafine airborne particles (utilizing UBC as a model) causes to
lung tissue damage in murine and human epithelial cells and monocytes/macrophages. I
hypothesized that continuous 9 to 10-day exposure in the presence of sub-toxic UBC
concentrations contribute to respiratory ailments by specifically impacting lung-derived
cell function. In addition, this in vitro study aims to conduct an immunological assessment
since biological molecules produced by both immune and non-immune cells notably affect
lung pathologies. The significance of this work remains in ascertaining cellular responses
from commercially available UBC in order to investigate the interactions between
environmental pollutants and anthropogenic activities and how these may provoke and/or
sensitize patients to pulmonary irritation. Lastly, relevant findings may provide potential
therapeutic targets for the treatment of allergy-induced asthma upon additive exposure to
ambient aerosols.

4

CHAPTER 2: VIABILITY AND ENZYME IN LUNG-DERIVED CELLS
UPON CONTINUOUS EXPOSURE TO UBC

Particulate matter (PM) is one of six criteria pollutants; it is a complex mixture of
extremely small particles and liquid droplets. According to the Center for Climate &
Energy Solutions, PM can originate from natural sources such as forest fires and wind
erosion and from human activities like agricultural practices, wood burning, smokestack
releases, transportation emissions, and even discharges from construction sites (“Climate
Basics” 2018). The United States Environmental Protection Agency (US-EPA) classifies
particle pollutants by category: [1] PM10

- 2.5

or coarse particles (2.5 µm - 10 µm in

diameter) such as dust, pollen, or mold; [2] PM2.5 or fine particles (<2.5 µm) such as
combustion particles from industrial processes, organic compounds, and metals; and [3]
PM0.1 ultrafine particles or UFP (<100 nm), known as nanosized-PM, which are generated
from gasoline and diesel exhaust engine by-products (Murr and Garza 2009). The US EPA takes concern in regulating and monitoring particles 2.5 microns (µm) in diameter
because PM pollutants at this size can easily pass through the throat and nose entering
the lungs. Inhaling both fine and UFP pose severe threats to humans where the lung is
the primary target organ; these mixtures of PM particles may lead to or contribute to a
vast number of occupational or particle-influenced lung diseases (Upadhyay 2014).
Currently, only PM2.5 and PM10 are monitored and regulated across the nation by the
EPA, yet no standards exist at present for PM0.1 further highlighting the importance of
designing a project investigating carbon nanoparticles (EPA: Particulate Matter (PM)
Pollution 2018).
1

Human enterprises have remarkably increased the output and by-products of
combustion activities, augmenting the occurrence of nanosized PM in the adjacent
atmosphere and posing greater health risks. Indeed, UFP represent almost 94% of the
total particle concentrations found in the border crossing airshed at the Bridge of the
Americas (BOTA) between Chihuahua, MX and Texas, US for example (Olvera et al.
2013). While nanosized particles account for <1% of the general airborne mass of PM,
they account for a significant fraction (>90%) of PM abundance (Oberdörster 2000). Thus,
a given mass of UFP will impact a significantly larger surface area of lung tissue than will
an equal mass of bigger particles intensifying interactions between living organisms and
ultrafine aerosol.
The unique physical and chemical properties of nanosized materials alter their
interaction with biological tissues licensing them for uptake at the cellular level
(macropinocytosis),

an

uncommon

phenomenon

in

larger

materials

(Nel

2006). Oberdörster et al. highlighted a series of deposition mechanisms following the
inhalation of PM. The review indicated that respirable particle deposition is due to
diffusion (displacement upon collision in the central airway) for nanosized particles. They
estimate that out of a total amount of inhaled particles, the deposition of nanoparticles
occurring at the alveolar region is ~50% efficiency (Oberdörster, Oberdörster, and
Oberdörster 2005). The estimation was further supported with in vivo experimental data
where the majority of nanoparticles (10 - 50 nm) inhaled by rats appeared to be retained
at this deep gas exchange site. Approximately 80% of the particles were localized at
alveoli respiratory membranes, implying that alveolar macrophages cannot clear UFP
even after a 24 hr period (Oberdörster, Oberdörster, and Oberdörster et al. 2005).
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The minuscule size of UFP makes them significantly easier and highly susceptible
for cellular uptake, bioaccumulation, and transport across blood vessels; this high
propensity for promoting undesirable health effects is a risk mostly found from ultrafine
materials (Nel et al. 2006). Anthropologically, the particle size is directly related to the
severity of health-related risks affecting populations in proximity to high-traffic within
industrialized areas. Specifically, residents that are <100 meters away from congested
areas were reported to suffer from negative lung function (Upadhyay 2014). These
particles can possibly evade human defenses, translocate and/or bioaccumulate at key
sites away from the lungs, such as the heart and spleen, and may even affect the central
nervous system (Dokery et al. 2005; Donaldson et al. 2008; Kreyling et al. 2002; Li et al.
2003; Nemmar et al. 2002; Park et al. 2004). Nanosized aerosol deposit in the lower
recesses of the lung and the liver underscoring the lack of effective clearance from the
respiratory airway (Oberdörster et al. 2002). These studies are relevant and necessary to
exemplify the magnitude of pollutant contamination on the human respiratory system.
An increasing number of compelling evidence based on in vitro studies also
highlight the magnitude of the harmful effects of nanoparticles on human health. Ultrafine
black carbon monomers (about 14 nm in diameter) and carbon black aggregates (up to
260 nm in diameter) have been tested on monocytic cell lines; of these two structures,
the ultrafine version is known to alter the plasma membrane and activate inflammatory
pathways in vitro (Stone et al. 2000). Moreover, in vitro studies also suggest that
pulmonary carcinogenesis can be attributed to chronic inflammation (Bourdon et al. 2012;
Landskron et al. 2014; Wang and DuBois 2015). Therefore, in vitro models have
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significantly contributed to the overall understanding of UFP toxicity and continue to
identify how these relate to and impact pulmonary ailments.
Literature on the effects of inhalable aerosols suggests a wide variety of possible
mechanisms addressing how these pollutants cause deleterious human health outcomes
(De Haar et al. 2005; Horie et al. 2011; Jackson et al. 2012; Porter et al. 2012;
Valavanidis, Vlachogianni, and Fiotakis 2016; Yamashita et al. 2010; Yang et al. 2013;
Zhu et al. 2014). However, these studies have shown the harmful outcomes from shortterm (24 – 48 hours), high-dose (10 – 500 μg/mL) exposure to nanosized carbon.
Presently, long-term (> 1 week), low-dose (< 10 μg/mL) cumulative studies exploring the
link between chronic pulmonary pathology and ultrafine black carbon (UBC) exposure are
limited. It was my hypothesis that low-dosed, additive treatments of carbonaceous
nanoparticles alter cellular function by targeting intracellular health. To address this idea,
an in vitro exposure model was utilized to investigate cellular responses to a cumulative
exposure of nanocarbon particles. Cells were exposed to fresh concentrations of UBC
(0.3, 1.0, and 3.0 μg/mL) every three days for a total of 9 days. Cellular viability, caspase3/7 activity, enzyme vitality, and cell senescence were analyzed to assess overall
nanosized PM-induced effects. This method yielded findings showing that the three lowdose concentrations of UBC administered over a 9-day period were marginally cytotoxic
and minimally induced caspase-3/7 activity in an inverse manner. Enzyme function,
however, was markedly reduced for all cell lines in an inverse dose-dependent manner.
In addition, a state of cellular senescence was induced proportional to UBC doses. The
results indicated that most cell lines were affected by the compounding treatments of
UBC, although exposures were not severely toxic. The 9-day regimen demonstrated that
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UBC nanoparticles adversely impact mammalian cell function and that each cell line
responds uniquely, although all responses signified senescence. This further suggests
that more physiological exposures (low doses, over time) may differ from acute (highdoses) exposures by cell line, hinting that particle effects must be evaluated in a holistic
manner to ascertain their underlying mechanisms of action.

MATERIALS AND METHODS
Carbon nanomaterials. Black carbon (Vulcan XC-72) purchased from Cabot Corporation
(Billerica, MA) was used for all experiments. Carbon nanoparticles, or UBC, have been
characterized by Soto et al. by transmission electron microscopy (TEM) using a Hitachi
H-8000 analytical TEM operated at 200kV accelerating potential and fitted with a
goniometer-tilt stage, and a Noran Energy Dispersive (X-Ray) spectrometer (EDS) (Soto
et al. 2005). Carbon nanoparticles were suspended at 10 mg/mL in 1X PBS (Fisher
Scientific, Pittsburgh, PA) and were manipulated to create 1.0 mg/mL stock solutions.
These were further diluted in the appropriate cell culture media for the experimental
assays and constantly re-suspended prior to administration using a vortex (<1 min) to
minimize carbon nanoparticle agglomeration.

Cell lines and culture conditions. All four cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA). The adherent A549 and LA4 epithelial cells
were cultured in F-12K Media (Kahn’s), supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Fisher Scientific, Pittsburgh, PA). Adherent murine
macrophages RAW264.7 grown in Dulbecco’s Modified Eagle Media (DMEM), were
supplemented with 10% FBS, 1% penicillin-streptomycin, 1% sodium pyruvate, 1%
5

sodium bicarbonate, and 1% GlutaMAX from Fisher Scientific (PA). Non-adherent THP1
monocytes were cultured in Roswell Park Memorial Institute (RPMI 1640) media,
supplemented with 0.05% β-mercaptoethanol, 10% FBS, 1% penicillin-streptomycin, 1%
sodium pyruvate, and 1% GlutaMAX from Fisher Scientific (PA). The incubation
conditions were kept at 37ºC in a humidified 5% CO2 atmosphere across all cell lines.

Exposure regimen. Assays were conducted with the following five treatment groups: (1)
untreated cells; (2) H2O2-treated cells; (3) 0.3 µg/mL UBC-treated cells; (4) 1.0 µg/mL
UBC-treated cells; and (5) 3.0 µg/mL UBC-treated cells. On day 0, cells were seeded in
6-well plates (Fisher Scientific, Pittsburgh, PA) at a density of 1,500 cells per well and
allowed to equilibrate for 24 hr. On day 1, the cells were treated with the three
concentrations of UBC; two groups per cell type remained untreated to serve as controls.
On both day 4 and day 7, supernatants were removed from wells and fresh UBC-media
suspensions (0.3, 1.0, or 3.0 µg/mL UBC in fresh culture media) were re-administered to
the experimental groups; untreated control groups received just fresh media. On day 9,
one set of untreated cells were exposed to hydrogen peroxide (10 mM H 2O2) to serve as
a control for toxicity. On day 10, all five groups were harvested, centrifuged, and resuspended in 1X cold PBS and prepared for subsequent assays.

Membrane integrity assay. Cell viability was measured by propidium iodide (PI: Fisher
Scientific, Pittsburgh, PA) dye exclusion assay after 9 days of exposure to nanocarbon
particles. This method determined the number of viable cells in suspension as a function
of plasma membrane health because PI only stains the nuclei of cells with a compromised
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membrane. Following 9 days of treatment (see Exposure regimen from above), the cells
were harvested and transferred to flow cytometry tubes (Fisher Scientific, PA); each
experimental point and their corresponding controls were performed in triplicate.
Subsequently, cells were washed, re-suspended, and stained with PI at a final
concentration of 5.0 μg/mL. The samples were quickly and gently vortexed then read via
flow cytometry (Beckman Coulter FC500 Flow Cytometer Cytomics Analyzer System).
Viability percentages (% of live cells) determined as the number of PI-negative cells;
inversely, PI-positive stained cells indicated by % of dead cells.

Apoptosis/necrosis assay. The distribution of apoptotic/necrotic cellular profiles was
conducted using FITC-Annexin V/PI assay (Beckman Coulter, Miami, FL) and flow
cytometry. Following 10 days of UBC treatment (see Exposure regimen from above), the
cells were harvested and transferred to ice-cold flow cytometry tubes (Fisher Scientific,
Pittsburgh, PA). The cells were washed with ice-cold PBS and stained with 1.0 µL of
FITC-conjugated Annexin V and 5.0 µL of PI diluted in binding buffer (100 µL total
volume). Next, cells were incubated on ice in the dark for 15 min, and 400 µL of the icecold binding buffer was added. Thereafter, the cells were gently vortexed and analyzed
by flow cytometry (Beckman Coulter Cytomics FC500 Flow Cytometer Analyzer System).
Each experimental set of tubes along with the associated control tubes were examined
concurrently. Approximately 10,000 events (cells) were collected per sample and
examined via CXP software (Beckman Coulter).
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Active caspase-3/7 assay. Activation of caspase-3/7 as a measure of apoptosis by flow
cytometry protocol after exposure to nanocarbon was evaluated with the NucView® 488
Caspase-3/7 (Biotium, Inc.) assay kit. A cell membrane-permeable fluorogenic caspase
reagent was used to detect caspase-3/7 activity within live cells. Following UBC treatment
(see Exposure regimen), these were collected and homogenized in 500 µL of 1X DMEM
phenol-red free media (Gibco). 100 µL of each sample was transferred to flow cytometry
tubes (Fisher Scientific, Pittsburgh, PA) in replicates and 2.5 µL of caspase reagent was
added and dark incubated for 45 min. A 300 µL aliquot of 1X PBS was added to achieve
a final caspase reagent concentration of 5 µM. The samples were gently mixed and
immediately read with a Gallios Flow Cytometer (Beckman Coulter). Cells emitting a
green fluorescent signal denote the activation of caspase-3/7 and are apoptotic positive.
Statistics conducted against the untreated controls across all cell types. Three separate
experiments in duplicate form are depicted.

Vitality and/or enzyme assays. Biochemical enzyme activity was measured via Cell-Titer
Glo, Calcein AM, and β-Galactosidase (β–Gal) assays after nine days of continuous
exposure to nanocarbon. The cells were exposed to UBC as previously described.
Following UBC treatments, the cells were harvested, centrifuged, and re-suspended in
1,000 µL of 1X PBS; an aliquot of 50 µL for each sample was transferred to 96-well plates
(Fisher Scientific, Pittsburgh, PA) in replicates of six. Subsequently, reagents were added
according to each different biochemical kit/experiment, listed as follows (parentheses
annotate instrument used for an individual assay): Cell-Titer Glo luminescence assay
from Promega (Luminoskan Ascent Software v2.6, Thermo Fisher Scientific Ascent
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Luminometer v2.5); Calcein AM fluorescence assay from BD Pharmingen (Fluoroskan
Ascent Software v2.6, Thermo Fisher Scientific Ascent Fluorometer v2.5); Mammalian βGalactosidase (β–Gal) colorimetric assay from Thermo Fisher Scientific (SoftMax Pro
5.4.1, Molecular Devices SPECTRAmax 190 Microplate Spectrophotometer). Data for
ATPase and serine esterase displayed normalized values relative to media control,
shown as the mean of six replicates ± standard error (SEM) bars. Data for senescence
displayed normalized values relative to the media controls (100%), shown as the mean
of six replicates ± max and min values.

Statistical approach. Significant differences between both control and experimental
groups were evaluated using R Project for Statistical Computing by applying a one-way
ANOVA with a post-hoc Tukey test at a significance level of *p<0.05. If the data was not
normally distributed, a non-parametric Kruskal-Wallis with a non-parametric post-hoc
multiple comparisons test (significance level *p<0.05) was conducted to determine
statistical significance. If not statistical values were found compared to the corresponding
control, stars (*) are not included in each corresponding graph. GraphPad Prism (Project
Software v5, San Diego, CA) was used to create graphical representations of the average
values for the data collected (with ± SEM bars for enzyme vitality assays and ± max and
min bars for senescence assay).

RESULTS
To evaluate the potential impact of airborne PM to the lungs at the cellular level, an in
vitro approach using human and murine epithelial and immune cells was optimized. The
cell lines tested include human pulmonary epithelial cells (A549), human peripheral-blood
9

monocytes (THP1- macrophage precursors), murine macrophages (RAW264.7), and
murine pulmonary epithelial cell (LA4) lines. These lines were chosen because epithelial
cells and macrophages are the first to come in contact with inhaled particulate matter and
both can contribute to stress and inflammation of the pulmonary tissues (Espinosa and
Rivera 2016). Several studies have shown that airway epithelial cells express on their
surface adhesion molecules and secrete various immune molecules such as chemokines
(Beck-Schimmer et al. 2004; Madjdpour et al. 2003; Mayer et al. 2007; Pichavant et al.
2006). Of importance, macrophages are the most abundant immune cells in the lung and
play an essential role in systemic immunity of the lung (Mitchell et al. 2007). Excessive or
unwanted activation of macrophages has been implicated in respiratory disorders like
chronic obstructive pulmonary disease (COPD) and other persistent ailments such as
bronchitis and asthma (Mason et al. 2017).
I aimed to evaluate the responses of lung-derived cells to accumulating levels of
UBC in order to mirror a closer approximation of cell contact with nanosized-PM.
Generally, in vitro systems are used because they are often “easy to perform, control,
and interpret” (Stone et al. 2009). Thus, this in vitro model allowed for controlled
administration of the carbon nanomaterial at lower than published concentrations (0.3 –
3.0 μg/mL versus 10 – 300 μg/mL) for 216 hr of exposure as opposed to 24 – 48 hr.

Morphology. Ultrafine black carbon (UBC) was utilized as a model for environmental
particle insult. As published in 2006, the diameter “for any fuel combustion-producing”
particulate consists of nanostructures whose primary carbonaceous spherule ranges from
15 to 70 nm in size (Murr and Guerrero 2006). Soto et al. confirmed that black carbon
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aggregates found in wood and diesel soot are identical in their structures to commercially
prepared carbon nano-aggregates (Soto et al. 2005). The UBC utilized for these studies
was the exact same source as that described before (Murr et al. 2006); thus, the diameter
range for UBC utilized for our studies was approximately 15 – 70 nm. Moreover, as
indicated by the manufacturer, the nanomaterial was endotoxin-free.
The immediate interactions from UBC exposure with the cells in question were
recorded by capturing light microscopy images post-treatment to visualize cellular
morphology and UBC localization (Figure 1). The cells were plated on day 0; on day 1,
UBC in fresh media was administered. On days 4 and 7, media and suspended UBC was
removed from the cells and fresh UBC-media suspensions were provided. On day 9, the
cells were photographed. Overall, the UBC-exposed cells were relatively healthy. The
morphology of both human and murine epithelial cells was largely unaffected, however,
UBC seemed to preferentially aggregate on the surface of these cells forming carbon
particle clusters. Aggregation was particularly dense for the human epithelial cells. In
comparison to earlier time points (data not shown), the density of aggregates appeared
to increase with each treatment. As expected, murine macrophages appeared to
internalize the higher amounts of UBC and were also enlarged. Human monocytes
exhibited internalization of UBC at much lower densities. As with the epithelial cells, the
density of UBC increased with time, particularly for the murine macrophages (data not
shown). Although the photomicrographs depict curious UBC-cell interactions, the present
scope neither presumes to answer nanoparticle measurements nor nanostructure
dispersion upon cellular interactions. More work is certainly needed to describe this
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behavior in a non-invasive method that does not compromise the integrity of any cells or
tissues in question (Powers et al. 2007).

Figure 1. Low-dosed UBC aggregated on cell surfaces and translocated into
macrophages.
Viability. To assess the cytotoxic impact of long-term and low-dose exposure to UBC,
plasma membrane integrity was evaluated via the fluorescent vital exclusion dye
propidium iodide (PI). PI, a DNA intercalating reagent, is a highly charged molecule that
does not travel across the cell membrane of living cells (Robles-Escajeda et al. 2013).
Auto-fluorescent PI binding to DNA serves as an indicator of dead or dying cells. As
shown in Table 1 and Figure 2, the highest concentration of UBC exposure (3.0 μg/mL)
presented less viable cells in comparison to the media control for epithelial cells (Figure
2A and 2B). Little to no change in the percentage of viable cells was observed in
12

comparison to matched untreated controls for the macrophages and monocytes (Figure
2C and 2D). Thus, using a PI fluorescent marker for membrane integrity as a measure of
toxicity the UBC-treated cells were for the most part healthy. Refer to Table 1 for
additional viability-based information.
Table 1. Viable or apoptotic positive sub-populations across different cells (%).

CELL LINE

TREATMENTS
PI (-) Viability

FITC-Annexin V (+) Apoptosis

A549

Media Ctrl
H2O2 Ctrl (10mM)
0.3μg/mL UBC
1.0μg/mL UBC
3.0μg/mL UBC

40.17 ± 2.95
2.42 ± 0.40 *
27.83 ± 2.76 *
28.67 ± 3.13 *
24.92 ± 3.12 *

37.92 ± 3.60
53.33 ± 12.93
36.08 ± 1.11
35.83 ± 1.54
37.70 ± 1.79

LA4

Media Ctrl
H2O2 Ctrl (10mM)
0.3μg/mL UBC
1.0μg/mL UBC
3.0μg/mL UBC

86.00 ± 1.10
4.50 ± 0.67 *
80.08 ± 0.60
78.17 ± 0.73
73.17 ± 1.22 *

54.08 ± 5.84
58.00 ± 6.83
49.60 ± 4.14
43.70 ± 3.57
46.30 ± 4.09

RAW264.7

Media Ctrl
H2O2 Ctrl (10mM)
0.3μg/mL UBC
1.0μg/mL UBC
3.0μg/mL UBC

83.33 ± 2.69
19.17 ± 4.48 *
79.13 ± 2.43
78.13 ± 2.52
82.67 ± 2.88

8.00 ± 1.63
60.00 ± 8.69 *
19.17 ± 0.79
20.33 ± 1.41
32.17 ± 3.48 *

THP1

Media Ctrl
H2O2 Ctrl (10mM)
0.3μg/mL UBC
1.0μg/mL UBC
3.0μg/mL UBC

78.33 ± 2.64
23.00 ± 0.97 *
78.83 ± 2.88
81.17 ± 2.53
79.83 ± 2.46

11.17 ± 0.87
51.67 ± 10.42 *
10.67 ± 0.84
8.83 ± 0.75
10.00 ± 0.68

Table 1. Percentage of Cell Populations Displaying Viable and Apoptotic Trends Conducted via Flow Cytometry.
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FITC-Annexin V/PI co-staining experiments were conducted to further evaluate the
possibility of UBC-induced cell death via an apoptotic or necrotic mechanism. Annexin V
specifically binds to phosphatidylserine (PS), which is favorably localized in the inner
membrane leaflet of a live/healthy cell. In apoptotic cells, PS is translocated to the outer
membrane leaflet allowing for the discrimination between apoptotic and necrotic cells with
the utilization of fluorescein isothiocyanate (FITC) conjugated-Annexin V. Cell membrane
integrity and viability profiles were evaluated by observing cell distributions as follows:
early apoptosis, intact membrane with phosphatidylserine externalized positive to FITCAnnexin V; late apoptosis, permeable membrane and positive to both FITC-Annexin V
and PI; necrosis, loss of membrane integrity, positive to PI, but negative to FITC-Annexin
V. In reference to the dot-plots shown in Figure 3E, each quadrant indicates cell
conditions: left top (N1) denotes necrotic cells, right top (N2) depicts late apoptotic cells,
left bottom (N3) specifies viable cells with intact membranes, and right bottom (N4) shows
early apoptotic cells.
The percentages of apoptotic cells upon nine-day UBC treatment was not
significantly different for A549, LA4, or THP1 cells across all UBC concentrations (3.0
μg/mL UBC data is displayed), as shown in Figure 3A, 3B, and 3D; apoptotic profiles
statistically increased only at the 3.0 μg/mL UBC-treated RAW264.7 macrophages
(Figure 3C). See Table 1 for supplementary apoptotic (programmed cell death)
information. As a measurement of cell viability, the apoptosis/necrosis assay showed that
only the murine RAW264.7 were significantly sensitive to UBC-induced cytotoxicity.
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Figure 2. UBC affected viability as measured by cellular membrane integrity.
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Figure 3. UBC induced low-moderate apoptotic conditions as shown by FITC-Annexin V
with PI co-staining.
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Caspade-3/7.

To further evaluate the possibility of low-dose UBC induction of

cytotoxicity, the activation of caspase-3/7 was assessed. Caspase-3/7 is activated in
programmed cell death (or apoptosis) both by extrinsic (death receptor ligand) and
intrinsic (mitochondrial) pathways thus serving as a convergence point for the two
different mechanisms. As the executioner caspase, caspase-3 has virtually no activity
until it is cleaved by an initiator caspase after apoptotic signaling events have occurred
(McIIwain et al. 2013). Activation can function as a key indicator of apoptotic death. On
day 9 of exposure, the UBC-treated cells were harvested and stained for the presence of
active caspase-3/7. For both epithelial cells (A549 and LA4), the lowest concentration of
UBC (0.3 μg/mL) induced a statistically significant increase in apoptosis relative to the
untreated control; the 1.0 and 3.0 μg/mL of UBC did not (Appendix B). Moreover, none of
the UBC concentrations promoted apoptosis in human monocytes or murine
macrophages, THP1 and RAW264.7 cell lines, respectively. Although the change in
active caspase-3/7 was not statistically relevant in all cell types, a minor inverse
relationship between UBC concentration and active caspase-3/7 content was observed
across all species. Nonetheless, the caspase-3/7 data aligns with the viability data in that
the low-level UBC treatments did not appear to noticeably promote an apoptotic death.

Enzyme vitality. Overall cellular viability was moderately altered by the UBC exposure
regimen, demonstrating that at these low carbonaceous particle doses, UBC is not overtly
cytotoxic. However, a closer look into intracellular behavior was needed to decipher
additional parameters that could be susceptible to UBC. Therefore, the biochemical
activity of two cellular enzymes (metabolic vitality) was investigated upon exposure to
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long-term, low-dose treatments of UBC at various concentrations: mitochondrial ATPase
(Figure 4A) and cytoplasmic serine esterase (Figure 4B). All cell lines treated with 3.0
μg/mL UBC presented a statistically significant decrease in mitochondrial ATPase activity
in comparison to the untreated (media) control, Figure 4A. The serine esterase assay
showed significantly compromised enzyme activity at the 3.0 μg/mL UBC concentration
across all cell lines, with the exception of LA4, Figure 4B. Generally, all cell lines showed
an inverse dose-dependent change in enzyme metabolic activity (or vitality) with
increasing UBC concentrations. No statistical significances were detected for esterase in
the UBC-treated LA4 murine epithelial cells. Of importance, the enzyme vitality
measurements (Figure 4) are in stark contrast to the data for cytotoxicity (Figures 2 & 3).
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Figure 4 UBC compromised mitochondrial ATPase and cytoplasmic serine esterase
activity in a dose-dependent manner across all four cell types.
Senescence. With the cell lines presenting a remarkable phenotype of modest although
varied impact on cellular health, a marked decrease in biochemical activity was identified.
Therefore, the possibility of activating cellular senescence was investigated. Cellular
senescence is a phenomenon in which cells cease to divide and although they can no
longer proliferate, they remain metabolically active (Kirkland and Tchkonia 2017).
Senescent cells are uniquely distinct from cells in G0 in that an immunogenic and proinflammatory phenotype also stains positive for senescence-associated β-galactosidase
(β-Gal) activity (Kirkland and Tchkonia 2017). As presented in Figure 5, the data showed
a prominent induction of β-Gal upon increasing concentrations of UBC. Specifically, the
LA4, RAW264.7, and THP1 cell lines treated with the highest concentration of UBC (3.0
μg/mL) were significantly different compared to the corresponding untreated (media)
controls; see Figure 5 (B - D). In general, all cell types showed a similar behavior: directly
proportional increment of β-Gal after nine days of UBC treatments. No statistical
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significance was detected in the human A549 epithelial cells (Figure 5A). Refer to Table
2 for additional senescent phenotype-based information.
Table 2. Normalized β-galactosidase activity (senescence, %) for each distinct cell type.

CELL TYPE TREATMENTS Senescent Cells (%)
A549

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

LA4

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

THP1

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

RAW264.7

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

100.02 ± 4.74
91.62 ± 1.23
110.30 ± 14.02
128.53 ± 18.95
154.15 ± 14.67

100.00 ± 5.78
83.75 ± 0.77
116.45 ± 7.59
141.35 ± 9.93 *
172.68 ± 17.77 *

100.02 ± 6.86
39.13 ± 1.94
74.63 ± 6.09
125.78 ± 9.69 *
170.82 ± 23.69 *

99.97 ± 1.09
98.98 ± 1.22 *
111.68 ± 1.80
141.42 ± 11.30
250.75 ± 17.21 *

Table 1. Population of Senescent Phenotype (%) Across Each Cell.
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Figure 5. UBC promoted cellular senescence enhancing beta-galactosidase (β-Gal)
activity in a dose-dependent manner for all cell lines.
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DISCUSSION
The lack of data supporting the relationship between ambient particle exposure at low
and continuous doses with cellular behavior compelled the completion of this 9-day in
vitro study. Despite the moderate cytotoxic effects from UBC exposure, nanocarbon could
possibly and deleteriously affect specific metabolic components in lung-derived cell lines
due to its extremely small size. Thus, the prolonged treatments to UBC exposure over a
period of nine days was investigated in the A549, LA4, THP1, and RAW264.7 lines. Light
microscopy revealed mostly viable cells with an overlay of the pollutant on the surface of
the cells, yet without any noticeably toxic characteristics. Interestingly, the aggregation of
nanomaterial was more intense for human epithelial cells versus murine epithelial cells
and appeared to be internalized by the macrophages and somewhat by the monocytes
indicating unique cell-UBC interactions for each cell line.
Studies were first conducted to determine an optimal incubation time point for
untreated cells to remain healthy. Three different intervals and six concentrations (1.0,
3.0, 6.0, 12.5, 25, and 50 µg/mL) of UBC were chosen for a preliminary assessment.
Based on the results, the 9-day interval and UBC concentrations of 0.3, 1.0, and 3.0
µg/mL (from a sonicated stock solution of 1.0 mg/mL in 1X PBS) suspended in cell culture
media were selected for the completion of all future experiments. The 9-day time point
was selected so as to fall well beyond the stereotypical 24 – 48 hr exposure to evaluate
cytotoxicity. Of note, this chosen exposure time (10-day completion) maximized the
potential observable harm from nanocarbon treatments. The three UBC concentrations
were selected to evaluate dose-response and were based on lower concentrations more
appropriately mimicked potential pollutant presence in the lung (Oberdörster et al. 2015).
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In the three treatments, two of which were replenishments, the working UBC
concentrations increased over the course of the exposure regimen. Nonetheless, even
the cumulative doses were at least one order of magnitude lower than other in vitro
models suggesting a unique contribution to understanding nano-pollutant impact on
respiratory immune cells.

Viability. Measurement of cellular viability after low-dose exposure to UBC at the nineday mark presented unexpected outcomes. Cellular viability via PI staining showed that
low levels of UBC treatments were only moderately cytotoxic or sub-cytotoxic. As
reflected by flow cytometry, membrane integrity assays revealed similar results between
the UBC-treated and untreated media controls. No statistically significant difference in the
percentage of PI-negative cells in comparison to the untreated controls was observed for
murine macrophages (Figure 2C) and monocytes (Figure 2D). Co-staining with PI and
FITC-Annexin V followed to find the percentage of cell populations undergoing both
stages of early and late apoptosis, which have a compromised inner membrane leaflet
indicating PS externalization (Robles-Escajeda et al. 2013). The data yielded a
statistically significant increase in programmed cellular death or apoptosis but only for the
RAW264.7 murine macrophages. Therefore, based on membrane integrity and induction
of early/late apoptosis, most of the cells were not greatly affected or killed off by UBC
over a nine-day period; only the phagocytic cell line RAW264.7 presented with sensitivity
after all subsequent UBC exposures. Thus, low-level nanocarbon treatments did not
appear to be overtly toxic to most of the exposed cell types.
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Caspase-3/7 activation. To describe further nuances pertaining to viability, the potential
induction of apoptosis by UBC exposure was considered at a molecular level by
assessing the activity of caspase-3/7. This data mirrored the cellular data, indicating that
the four tested immortalized cell lines are minimally affected by a 9-day continuous low
dose exposure of UBC. Active (or positive) caspase-3/7 levels were statistically higher for
both human and murine epithelial cell lines but only at the lowest UBC concentration. This
statistical difference, coupled with the slight inverse relationship between active caspase3/7 and UBC, suggest that the cells might be adjusting to the chronic exposure where the
higher doses induced smaller deviations in the cells regarding viability. Nonetheless,
again, the data clearly indicated that low-level UBC treatments do not promote extreme
cytotoxicity for any of the tested cell lines as a function of positive caspase-3/7 activation.

Enzyme vitality.

The evaluation of other aspects of cellular activity needed to be

performed to elucidate any additional damage that UBC caused to the function of UBCtreated cells after a 9-day exposure. Due to the findings reported above, this low-dose
administration of nanocarbon was not inducing cell death in an extreme fashion.
Conversely, intracellular metabolic assays suggested a marked decrease in enzyme
vitality with increasing concentrations of UBC (Figure 4). ATPase (a mitochondrial
enzyme) catalyzes the dephosphorization of ATP and serine esterase (a cytoplasmic
proteolytic enzyme) catalyzes the hydrolysis of esters. Both are critical enzymes that
promote normal cell compartmental behavior often harnessing energy vital for
subsequent reactions.
Interestingly, when considering cellular enzyme performance by ATPase and
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serine esterase, biochemical activity induced negative responses from all four pulmonary
lines in a pollutant dose-dependent manner. Upon sustained treatments with UBC, all cell
lines showed a statistically significant decrease in mitochondrial ATPase at the highest
UBC concentration in comparison to the untreated controls. ATPase was significantly
lower across all concentrations of UBC in both murine LA4 and RAW264.7 phagocytic
cells. Cytoplasmic serine esterase activity was affected in three of the four cell lines and
was also significantly compromised with the highest UBC exposure at 3.0 μg/mL. In
particular, serine esterase activity was lost across all cell lines compared to the untreated
control and statistically significant following all three UBC doses only for the human THP1
monocytes. These adverse and varied results on internal metabolism, particular to each
cell line, hint at the notion that enzyme functionality must be closely evaluated as a
separate variable from viability.

Senescence. The distinct UBC-inflicted impact observed in the enzyme vitality data could
subsequently induce dysfunctional intracellular mechanisms; in vitro senescence in
cultured cells was tested to reveal repercussions to normal metabolic function after
prolonged exposure to nanocarbon. A reduction of enzyme activity is often an occurrence
associated with cells that are undergoing activation of a cellular senescent stage (Campisi
2003). Senescence, which is often deemed an indicator for targeted secretion of proinflammatory proteins potentially leading to chronic inflammation (Campisi et al. 2011), is
a cell condition where a permanent cell-cycle arrest could be a direct response to
numerous cellular stresses (Sharpless et al. 2015).
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An increased level of cellular β-galactosidase (β-Gal) activity is a hallmark for
depicting senescent cells (Hooten and Evans 2017). Thus, to evaluate the potential
induction of a senescence state in UBC-treated cells, senescence-associated
mammalian β-galactosidase activity was measured. In general, all cell lines exposed to
UBC showed a similar behavior: a directly proportional increase in the response of β-Gal
activity concomitant to the UBC-gradient concentrations tested (Figure 5). LA4,
RAW264.7, and THP1 cell lines treated with 3.0 μg/mL UBC were significantly different
compared to their corresponding untreated cell controls. As compared to the untreated
cells (media control), the data exhibited an elevated β-Gal activity of 1.8-fold for A549
epithelial cells, 2-fold for LA4 epithelial cells and RAW264.7 phagocytes, and 2.5-fold for
THP1 monocytes at the highest UBC concentration (3.0 μg/mL).
All cellular populations showed a similar behavior: a dose-dependent increase of
β-Gal, a hydrolase enzyme, after a prolonged period of nanocarbon irritant against both
adherent and non-adherent cells. This data showed that low-dose UBC particles elicit
senescence across all cell lines included, due to an increment of β-Gal, suggesting that
they are not completely or significantly dying but rather seem to be experiencing
proliferation arrest associated with selective changes to an intracellular biochemical
activity. This investigation does not deliver a mechanism by which the 9-day UBC
cumulative exposure induces the observed cellular changes. However, the observations
clearly indicate a slight departure from previous publications. Of particular interest is the
lack of cell death and induction of cellular senescence. The experimental outcomes do
not by any means point out a cause and effect between pollutant exposure and pulmonary
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diseases. This potential association with senescence as the prospective link is quite
provocative.
UBC exposure in vitro negatively affects pulmonary cells; due to its diverse effects
across different cells, impact on overall pulmonary health could be more complex than
anticipated since elicited pathologies may be harder to predict or treat in human subjects.
In summary, exposure to low dose nanomaterial likely sensitizes cells in vitro, potentially
predisposing the local cellular microenvironment to secondary insults in vivo, like the
emergence of asthma and exacerbation of COPD. Hence, persistent exposure to polluted
air containing ultrafine-PM likely to be inhaled and/or respired may potentially trigger
pulmonary ailments associated with environmental contaminants.
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CHAPTER 3: INTRACELLULAR DAMAGE AND CELL-CYCLE
PROFILES OF LUNG-DERIVED CELLS UPON ADDITIVE UBC
TREATMENT

The Texas Commission on Environmental Quality (TCEQ) requires that emissions
from both “point” (a single, identifiable source) and “non-point” sources should be
calculated and properly reported to the public. Although this is often difficult, the TCEQ’s
air quality division acknowledges that emissions originating from on-road mobile sources
such as combustion-related emissions from engine exhaust must be identified at the state
level (TCEQ: Sources of Air Emissions 2018). At the federal level, the National Ambient
Air Quality Standards (NAAQS) were set as part of the Clean Air Act legislation several
decades ago. The NAAQS statute established primary and secondary national air quality
standards; particulate matter or PM is included as one of six criteria air pollutants. As
stated by the United States Environmental Protection Agency (US-EPA), these outdoor
pollutants are known to harm the environment and negatively affect public health (EPA:
PM 2017; EPA: NAAQS 2019). Fine (<2.5 µm in diameter) and coarse (<10 µm diameter)
PM is closely monitored and regulated across the US by this agency (EPA: PM 2017);
moreover, exposure to a combination of these particles causes a number of nanoparticleinfluenced illnesses of the lung (Upadhyay 2014). Furthermore, no standards are
currently in place for ultrafine PM, <100 nm in diameter, or PM0.1 (EPA: PM 2017), so it
remained compulsory to devise a project investigating carbonaceous particle effects and
specifically nanocarbon particles.
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Inhaling PM0.1 inflicts severe risks to a given population, where the lung is the
primary target organ (Pacheco-Blandino, Vanner, and Buzea 2012). Pollution from PM at
this aerodynamic diameter can easily pass through the throat and into the deeper cavities
of the lung (Terzano et al. 2010). PM0.1 or nanoaerosol fractions of pollutants can originate
from natural sources such as forest fires and from human activities like agricultural
practices and transport emissions (Garza et al. 2008; Murr and Garza 2009). A local study
focusing on the El Paso airshed proximate to the Bridge of the Americas (BOTA) found
that ultrafine particles represent 95% of the total particulates at the border crossing
between Ciudad Juarez, Chihuahua, Mexico and Texas (Olvera et al. 2013) pinning local
residents at higher risks of exposure (Raysoni et al. 2011; Raysoni et al. 2013; Zora et al.
2013). Compromised functionality of the lung was reported by people living less than 100
meters away from heavy-traffic metropolitan areas (Upadhyay et al. 2014). Particle size,
or surface area, is directly related to the gravity of health-related conditions affecting
residents in proximity to economically advancing and developing regions. While
nanosized particles comprise <1% of the airborne mass of PM, they account for a
substantial fraction (>90%) of PM abundance in a given area (Oberdörster 2000). For
instance, a given mass of ultrafine PM will reach a greater surface area of lung tissue
than an equal mass of larger particles. Thus, their very minute size increases the
likelihood of probable interactions between exposed at-risk populations and ultrafine
ambient aerosol. Oberdörster et al. calculated (using a mathematically-modeled
approximation) that out of a total amount of inhaled air particles, nanosized-PM reaching
the alveolar cavity of the lung occurs at about a 50% deposition efficiency in vivo
(Oberdörster et al. 2002; Oberdörster, Oberdörster, and Oberdörster 2005).
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Ultrafine pollutants not only traveled deep into the lungs, translocated across the
blood-lung barrier, but also tend to be retained for much longer; only nanoparticles can
travel in the circulatory system and are not easily cleared from organs/tissues (Geiser and
Kreyling 2010; Sokolowska et al. 2017). In addition, up to 20% of UFP will never be
completely expelled from the body (Geiser and Kreyling 2010). Ultrafine material’s unique
characteristics enable them to be subject to accumulation, with a high propensity of
crossing the interstitium, an unfavorable singularity upon uptake of only nanosized
particles (Nel et al. 2006). The distinctive properties of nanomaterials allow these to gain
access to biological tissues and translocate them intracellularly (via internalization
processes such as macropinocytosis), an uncommon phenomenon for coarser
constituents of aerosol (Kong et al. 2013; Nel et al. 2006).
Numerous research studies have presented evidence based on in vitro
experiments stressing the importance of relating any harmful effects from nanoparticle
exposure on human health. It has been reported previously that the majority of
combustion by-products are comprised of UBC (Brauer et al. 2015; Particles 2013;
Terzano et al. 2010). Ultrafine black carbon monomers (~14 nm) and carbon black
aggregates (< 260 nm) have been tested on macrophages and monocytes; from these
two nanostructures only UFP are known to induce oxidative damage, cause nuclei
deformation/shrinkage, and even aggregation of chromatin structures seen in vitro (Kong
et al. 2013; Stone et al. 2000). Research done on inhalable aerosol pollutants indeed
provides insight to the potential pathways whereby these may cause deleterious lung
health (Chaudhuri et al. 2018; De Haar et al. 2005; Horie et al. 2011; Jackson et al. 2012;
Liu et al. 2019; Porter et al. 2012; Yamashita et al. 2010; Yang et al. 2013; Zhu et al.
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2014). Both metal oxide nanoparticles and urban UFP can easily access, transport across
the blood barrier, and remain in the tissues/organs even after 24 hr (Khanna et al. 2015);
alarmingly, these materials may even reappear at different locations via macrophagemediated transport (Møller et al. 2014; Sokolowska et al. 2017).
Moreover, in vitro studies suggest that pulmonary fibrosis and carcinogenesis can
be due to chronic inflammation brought upon by stress to internal cell components
(Bourdon et al. 2012; Landskron et al. 2014; Wang and DuBois 2015). This stress, in turn,
may contribute to a notable imbalance of antioxidants/pro-oxidants and measurable cellcycle disturbances and are all attributed to interactions with nanosized or UFP (Duan et
al. 2017; Geiser and Kreyling 2010; Rim et al. 2011). The above in vitro models have
significantly contributed in describing the stress-induced generation of reactive oxygen
species (ROS) and subsequent oxidative damage from particle deposition while also
helping to identify how these could impact downstream lung function. Nonetheless, the
research mentioned above reported the detrimental effects at much shorter time frames
(10 – 72 hours) and higher concentrations of nanocarbon exposures (10 – 500 μg/mL) in
comparison to my current work.
Presently, long-term (> 7 days), low-dose (< 10 μg/mL) in vitro studies investigating
industrial activity, pulmonary pathology, and long-term ultrafine black carbon (UBC)
remain understudied. It was my hypothesis that sustained exposure from low-level
concentrations of carbonaceous nanoparticles alter cellular function by affecting
mitochondrial fitness and modifying cellular life-cycle. Herein, I designed an in vitro
regimen to obtain a closer estimation of cellular responses from contact to ultrafine
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aerosol by investigating cellular behavior upon additive exposure to nanocarbon particles
at lower doses than typically used in vitro.
Four different cell types were exposed to increasing amounts of UBC suspended
in cell culture media (0.3, 1.0, and 3.0 μg/mL) every third day up to the completion of 10
days. These included human pulmonary epithelial cells (A549), human peripheral-blood
monocytes (THP1 - macrophage precursors), murine macrophages (RAW264.7), and
murine pulmonary epithelial cell (LA4) lines. Oxidative stress indicators, such as ROS
accumulation, free intracellular glutathione levels, mitochondrial membrane potential, as
well as, proliferative activity through cell-cycle analyses were conducted in order to
address my conjecture. Results showed that the three low-dose concentrations of UBC
administered over a 9-day period minimally induced oxidative damage yet provoked a
change in normal cell-cycle activity. GSH (reduced or free glutathione) levels severely
increased compared to the untreated control yet decreased in a pollutant-dependent
manner for all cell lines. Mitochondrial membrane health yielded depolarization across
both human lung epithelial cells and human monocytes, yet the murine phagocytes
remained in a hyperpolarized state (no significant damage to RAW264.7 mitochondrial
fitness). These results indicated that subcytotoxic treatments of UBC disturbed
intracellular health by causing moderate responses to combat pro-oxidant stress (via
intracellular GSH concentrations) and mitochondrial health alterations (via JC-1 staining).
Significant perturbations to normal cell-cycle trends/profiles for all cell types were also
reported. The 9-day exposure approach demonstrated that UBC particles adversely and
subtly deter normal mammalian cell behavior with each cell line responding distinctly.
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MATERIALS AND METHODS
Nanocarbon material.

Black carbon (Vulcan XC-72) used for our experiments was

purchased from Cabot Corporation (Billerica, MA) was utilized to conduct all experiments.
Carbon nanoparticles, or UBC, have been characterized by Soto et al. by transmission
electron microscopy (TEM) using a Hitachi H-8000 analytical TEM operated at 200kV
accelerating potential, fitted with a goniometer-tilt stage and a Noran Energy Dispersive
(X-Ray) spectrometer (EDS) (Soto et al. 2005). For all experiments included in this study,
nanocarbon suspensions of 10 mg/mL were sonicated in warm 1X PBS (Fisher Scientific,
Pittsburgh, PA) and then diluted to make 100 µg/mL stock solutions. Stock solutions were
further diluted in the appropriate cell culture media for subsequent assays and constantly
re-suspended prior to administration using a vortex to lessen particle aggregation.

Cell culture conditions. All four cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). The adherent epithelial human A549 and murine LA4
lung cells were cultured in F-12K Media (Kahn’s), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin from Fisher Scientific (Pittsburgh, PA).
Adherent murine macrophages RAW264.7 were grown in Dulbecco’s Modified Eagle
Media (DMEM), supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL
streptomycin, 1 mM sodium pyruvate, 3.7 g/L sodium bicarbonate, and 2 mM glutamine
(GlutaMAX) (Fisher Scientific, Pittsburgh, PA). Non-adherent THP1 monocytes were
cultured in Roswell Park Memorial Institute (RPMI 1640) media, supplemented with
0.05% β-mercaptoethanol, 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin, 1
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mM sodium pyruvate, and 2 mM glutamine (GlutaMAX) (Fisher Scientific, Pittsburgh, PA).
The incubation conditions were kept at 37ºC and 5% CO2 environment for all cell lines.

Exposure regimen. 6-well plates (Fisher Scientific, Pittsburg, PA) were used to seed at
a density of 1,500 cells per well on day “0” and allowed to attach for 24 hr prior to UBC
particle exposure. The following five treatment groups consist of: (1) untreated cells; (2)
H2O2-treated cells; (3) 0.3 µg/mL UBC-treated cells; (4) 1.0 µg/mL UBC-treated cells; and
(5) 3.0 µg/mL UBC-treated cells. On day 1, the cells were treated with the three
concentrations of UBC; two groups per cell type remained untreated to serve as controls.
Experimental wells were replenished with UBC (0.3, 1.0, and 3.0 µg/mL) on days “4” and
“7” where untreated control groups received just fresh media. On the ninth day, one set
of untreated wells was exposed to hydrogen peroxide (10 mM H2O2) as a positive control
for cytotoxicity in this study, unless otherwise indicated. On the tenth day, all five groups
were harvested, centrifuged, and re-suspended in 1 - 2 mL of ice-cold 1X PBS and
prepared for subsequent assays.

ROS detection using confocal imaging. Reactive oxygen species (ROS) generation was
qualitatively presented using a fluorescent dye-based assay. Digital high-resolution
fluorescence images were captured by using a confocal microscope equipped with an EC
Plan-Neofluar 40x magnification/ 1.30 oil DIC objective (LSM 700 confocal microscope,
Zeiss, New York, NY). For each sample, two fluorescence channels were utilized with
excitation/emission wavelengths of 358⁄461 for DAPI and ~644/665 nm for CellROX. For
this series of experiments, all images were equally handled and analyzed by using the
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ZEN 2009 Software (Zeiss, New York, NY). The CellROX Deep Red reagent (ThermoFisher Scientific) is cell-permeable and non-fluorescent while in the reduced state.
Following 9 days of treatment (see Exposure regimen section), the cells were collected,
washed, and transferred to conical tubes (Fisher Scientific, Pittsburgh, PA). A 1 mL
volume of 1X DMEM (phenol-red free) was used to wash the samples. A 500 µL aliquot
from this cell suspension was mixed with a 500 µL aliquot of the CellROX Deep Red
reagent to achieve a final concentration of 5 µM. The samples were first stained for 30
min using dark-incubated conditions at 37ºC then washed with 1 ml of 1X PBS.
Subsequently, the cells were counterstained with 500 µL of 10 µg/mL 4′,6-diamidino-2phenylindole (DAPI, 5 µg/mL final concentration), fixed with 500 µL of 2%
paraformaldehyde (PFA, 1% final concentration), and re-plated after 10 min on black
walled 96-well plates suitable for microscopy (Falcon, Corning Inc. Corning, NY). Colocalization is visible.

Intracellular oxidative damage. The content of intracellular stress by reduced glutathione
(free GSH) depletion after exposure to nanocarbon particles was conducted via GSH-Glo
Glutathione Assay (Promega Corporation, Madison, WI). The luminescent-based method
determined the level of free GSH from cells in suspension and directly measured antioxidants produced in response to oxidative stress. After 9 days of UBC treatment (see
Exposure regimen), the cells were harvested and transferred to white wall 96-well plates
(Fisher Scientific, Pittsburgh, PA). According to the manufacturer’s instructions, the first
component (GSH-Glo) was added and the plates incubated at room temperature (RT) for
30 min. The second component (luciferin detection reagent) was added to the wells and
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incubated at RT for an additional 10-15 min. The samples were read via Luminoskan
Ascent Software v2.6 (Thermo Fisher Scientific Ascent Luminometer v2.5). Free GSH
concentrations (in µM) were determined by interpolation from a generated GSH standard
curve. Experimental samples along with associated controls were assessed in parallel.

Mitochondrial membrane health.

Analysis of mitochondrial health after exposure to

nanocarbon was conducted via MitoProbe JC-1 Assay Kit (Life Technologies Corporation,
Carlsbad, CA) and flow cytometry. This quick-stain method determined the percentage of
cells in suspension with damaged mitochondrial membranes or depolarized profiles.
Following 9 days of UBC treatment (see Exposure regimen from above), the cells were
harvested and transferred to flow cytometry tubes (Fisher Scientific, Pittsburgh, PA) in
triplicates. 2.0 µL of JC-1 (5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide) cationic dye was added to each sample for a final concentration of 2.5
µM and then incubated at 37ºC with 5% CO2 for 30 min. The cells were rinsed in 1X PBS
and read immediately via flow cytometry (Beckman Coulter FC500 Flow Cytometer
Cytomics Analyzer System). Approximately 10,000 to 100,000 events (cells) were
acquired per sample and analyzed by utilizing CXP software (Beckman Coulter). Each
experimental sample along with the associated controls were performed in parallel.

Cytometric proliferative analysis. Perturbations to normal cellular cycle progression were
assessed using a nuclear isolation medium (NIM) containing the DNA intercalating agent,
DAPI, and flow cytometry. The NIM-DAPI reagent stains and cross-links cell nuclei
allowing the quantification of DNA content in a cell population. Lung-derived cells (1,500
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cells/well) were treated with different concentrations of UBC for 9 days (see Exposure
regimen). The cells were harvested on day 10 and rinsed in 1 mL of 1X PBS. 100 µL of
re-suspended cells in 1X DMEM (phenol-red free) and 200 µL of nuclear isolation medium
and 4',6-diamidino-2-phenylindole solution (NIM-DAPI; Beckman Coulter) were gently
mixed in flow-cytometry tubes (Fisher Scientific, Pittsburgh, PA) just before measurement
using a Gallios Flow Cytometer (Beckman Coulter). NIM-DAPI-stained cells were read
after excitation. About 1x104 to 1x105 events were collected and analyzed per sample
using the Kaluza Flow Cytometer Software (Beckman Coulter). Experimental samples
along with associated controls were similarly examined. RAW264.7 murine macrophage
cycle distributions are shown: hypodiploid, diploid, hyperdiploid, and tetraploid.

Statistical approach. Significant differences between both control groups (untreated
control and toxicity control) and the experimental groups were evaluated using R Project
for Statistical Computing by applying a one-way ANOVA with a post-hoc Tukey test at a
significance level of *p<0.05. For non-transformed data (not normally distributed), the
non-parametric Kruskal-Wallis test with non-parametric post-hoc multiple comparisons
test (significance level *p<0.05) was used to determine significance. The GraphPad Prism
(Project Software v5, San Diego, CA) application created graphical representations of the
average values for all collected data.

RESULTS
To evaluate the probable impact of airborne particulate matter to the lungs at the cellular
level, an in vitro approach using human and murine lung epithelial and immune cells to
model the pulmonary environment was conducted. The cell lines tested were chosen
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because epithelial cells and macrophages are the first to come in contact with inhaled
particulate matter and both can contribute to stress and inflammation in pulmonary tissues
(Espinosa and Rivera 2016). Of importance, airway epithelial cells are essential health
defense against bacterial and viral infections, participating in innate immunity (Hiemstra
et al. 2015); macrophages are the most abundant immune cells of the lung, essential for
systemic immune responses (Mitchell et al. 2007).
My aim was to evaluate the induction (or depletion) of oxidative biomarkers by
lung-derived cells in response to accumulating levels of UBC. This experimental regimen
consisted of controlled administrations of carbon nanomaterial suspensions at lower
concentrations (0.3 – 3.0 µg/mL) compared to higher doses reported prior to this project
(10 – 500 µg/mL). Additionally, the following studies were conducted over a longer
duration (216 hours of exposure) unlike existing literature showing acute treatments (10
– 72 hours). Thus, this project focused on investigating an in vitro nanocarbon
experimental model approximating the downstream effects from human contact with this
ambient pollutant that could, for example, be encountered throughout a daily commute.
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Confocal microscopy. Excess oxidative damage can promote the generation of reactive
oxygen species (ROS), cause stress, and elicit responses that may impact cellular health.
Consequently, ROS was determined qualitatively using microscopy and the CellROX
Deep Red dye, which generates red ROS fragments for visualization. Following 9 days
of UBC treatment, all cells were prepared and confocal images were acquired on the tenth
day. Untreated cells, 10 mM H2O2-treated cells, and the highest UBC-treated groups for
each cell type are shown/as seen in Figure 6 (A - L). Upon oxidation, a fluorogenic signal
indicating cellular oxidative stress is emitted and a visual ROS staining pattern was
recorded. The red species reflect where ROS are more heavily concentrated inside the
cell, as opposed to being diffused in the cytosol. Red species appear to be heavy in some
regions and absent in others. Human epithelial line (A549) and monocytic (THP1) media
control groups show background ROS fragments indicative of long-term incubation. Their
corresponding UBC-treated groups seemed to show less red species or more health, that
is, the cells appeared to contain a lower concentration of ROS fragments. The murine
epithelial line (LA4) showed a higher amount of ROS staining for the UBC experimental
group relative to the untreated control. On the other hand, murine RAW264.7
macrophages had a relatively equal amount of ROS species across both control groups
(media control and H2O2 control) as well as the UBC experimental group. effects.
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Figure 6. Continuous, low concentrations of UBC induced minimal ROS as depicted by
confocal microscopy.
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GSH quantification. Reduced glutathione or free GSH levels were quantified to measure
intracellular damage as a result of 9 days of continuous UBC exposures. All samples were
prepared for free GSH bioluminescent analysis on the tenth day. Media only (untreated)
cells, 10 mM H2O2-treated cells, and all three UBC-treated groups across all cell lines are
depicted in Figure 7 (A – D). Free GSH levels were between 2 and 12.5 µM for human
A549 cells and between 2.5 and 15 µM for the murine LA4 cells; between 1.0 and nearly
3.0 µM for the THP1 monocytes; and finally between 0.4 and almost 0.8 µM for the
RAW264.7 murine macrophages. Significant values showing differences between the
untreated and the UBC-treated groups were reported for the following cell lines: A549
(low-UBC level), LA4 (low-UBC level), THP1 (low- and mid-UBC levels), and for murine
RAW264.7 macrophages (low-UBC level). Both A549 and LA4 samples showed about
the same range of free GSH content (< 15 µM); the THP1 and RAW264.7 yielded less
than 3.0 µM GSH. Of note, GSH increased in most of the cells compared to the untreated
control group, yet, overall GSH concentration decreased proportional to high amounts of
UBC across all of the assayed cell types. Refer to Table 3 for additional GSH quantitation.
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Table 3. Concentration of free intracellular glutathione (in µM) in each different cell type.

CELL TYPE

TREATMENTS

GSH (µM)

A549

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

3.12 ± 0.33
7.47 ± 1.56 *
6.51 ± 1.12 *
5.26 ± 0.83
3.59 ± 0.37

LA4

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

4.64 ± 0.66
9.78 ± 1.42 *
8.50 ± 1.30 *
6.87 ± 1.26
4.64 ± 0.82

THP1

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

1.41 ± 0.04
2.42 ± 0.08 *
2.05 ± 0.06 *
1.93 ± 0.02 *
1.29 ± 0.17

RAW264.7

Media Ctrl
H2O2 Ctrl (10mM)
0.3µg/mL UBC
1.0µg/mL UBC
3.0µg/mL UBC

0.42 ± 0.01
0.63 ± 0.04 *
0.55 ± 0.04 *
0.50 ± 0.04
0.48 ± 0.03

Table 1. Free GSH Levels (µM) via Bio-luminescent Activity Across Cells.
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Figure 7. Intracellular GSH depletion was observed across all cell lines as quantified by
the luminescent-based glutathione assay.

43

JC-1 analysis.

To assess further cellular fitness after nine days of incubation,

mitochondrial health was evaluated. Mitochondrial health can be assessed using several
approaches; in this study, JC-1 dye was used to examine UBC effects on mitochondrial
membrane potential or ΔΨm. ΔΨm is commonly measured using cationic dyes, which
accumulate at the negatively charged mitochondrial matrix and can be analyzed using
cytometry. As shown in Figure 8 (A - D), the extent of mitochondrial depolarization
(damage) profiles fluctuated across the cells. In comparison to the matched untreated
controls, a statistically significant increase in mitochondrial damage was seen for A549
epithelial cells across all concentrations of UBC (Figure 8A); no change was observed for
LA4 epithelial cells (Figure 8B). For the human THP1 monocytes, a significant increase
in mitochondrial damage was seen at the highest level of UBC (Figure 8C). Finally, all
doses of UBC induced a statistical difference in mitochondrial health in the UBC-treated
murine macrophages; remarkably, the extent of health was inversely related to toxicant
concentration (Figure 8D). Thus, mitochondrial damage increased for both human A549
and THP1 monocytes, unchanged for LA4, yet reduced damage was seen in murine
RAW264.7. Refer to Table 4 for additional mitochondrial potential-based information.
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Table 4. Mitochondrial membrane potential or Δψm (undamaged, %) by cell type.
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Figure 8. UBC impacted mitochondrial health for most cell lines as measured by
cytometric mitochondrial membrane potential (Δψm).
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DNA content. Total cellular cycle distribution was investigated to evaluate any changes
to cellular conditions potentially induced by low-dose, additive UBC. Analyses were
achieved by using the nuclear isolation medium containing the DNA intercalator, DAPI,
after 9 days of contaminant exposure in cells treated with three different concentrations
of UBC (0.3, 1.0, and 3.0 µg/mL). This strategy examined the progression of each cellcycle phase by quantifying nuclear DNA content via NIM-DAPI fluorescent signal through
flow cytometry (Iglesias-Figueroa et al. 2019). Cells emitting low levels of DAPI-DNA
fluorescent signal converge with cells undergoing apoptosis potentially carrying
fragmented DNA, a sub-G0/G1 cell subpopulation. To contrast, cells with high DAPIfluorescence represented cells experiencing mitosis (Robles-Escajeda et al. 2013). In a
single-parameter flow cytometry histogram, using an FL-9 detector and 405 nm excitation
laser for DAPI, the sub-G0/G1 (hypodiploid) subpopulation is located to the left side of
the G0/G1 phase (Robles-Escajeda et al. 2016; Villanueva et al. 2018). Each dataset (per
cell line) was plotted using bar graphs to depict cell counts (y-axis) and distributed using
four cell-cycle subpopulations across five groups (x-axis), see Figure 9 (A – D).
The following analyses are based on comparing the experimental UBC-treated
cells against non-treated cells of normal cycling profile included consistently across all
tested samples. After RAW264.7 cells were exposed long-term to UBC (0.3, 1.0 and 3.0
µg/mL), changes in the sub-G0/G1 and G0/G1 phases were imperceptible and therefore
insignificant at all the UBC concentrations tested (Figure 9A, B, and D). In contrast, the
percentage of RAW264.7 cells in the S phase presented significant increments for all
UBC groups whereas a significant drop was depicted across all UBC groups in the G2/M
phase (Figure 9C). Additionally, the UBC-exposed A549 cells displayed a dose-
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dependent increase of the sub-G0/G1 population, being significantly different at the
highest UBC treatment; a significant decrease in the G0/G1 population at the highest
dose was also observed. No major modification was detected in the S phase. However,
the G2/M subpopulation was significantly decreased at both the 1.0 µg/mL and 3.0 µg/mL
UBC concentrations for the A549 cells (Figure 10). Moreover, the UBC-treated LA4 cells
exhibited a similar tendency to A549 cells, where the sub-G0/G1 subpopulation was
increased in a dose-dependent manner, significant at the 3.0 µg/mL UBC. No significant
changes to the S and G2/M phases were observed for LA4 (Figure 11). Similar to the two
previous cell lines, the UBC-treated THP1 monocytic line displayed significant increment
in the sub-G0/G1 phase at the highest UBC concentration (Figure 12). Monocytes elicited
a significant increase and decrease in the sub-G0/G1 and G0/G1 subpopulations at the
highest UBC concentration, respectively; no significant changes to the S and G2/M
phases were observed for the THP1 macrophage precursors.
In summary, the highest UBC dose at 3.0 µg/mL caused a significant increased
shift in the sub-G0/G1 and G0/G1 phases for the A549, LA4, and THP1 cells (Figure 10
- 12) but not the murine RAW264.7 macrophages (Figures 9). Additionally, across the
phagocytes, UBC induced significant anti-proliferative activity as evidenced by an arrest
in the S phase (Figure 9). Furthermore, this last anti-proliferative effect was observed
across the A549, LA4, and THP1 cycle trends but was not significant (Figure 10 - 12).
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Figure 9. UBC distorted cell-cycle distributions in a dose-dependent mode across the
RAW264.7 murine phagocytic cell line.
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Figure 10. UBC contributed to cell-cycle disturbances in three phases across the human
A549 cell line.
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Figure 11. UBC minimally affected normal cell-cycle distributions in the murine LA4 cell
line.
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Figure 12. UBC impacted normal cell-cycle distributions in two phases across the THP1
monocytic line.

DISCUSSION
Initially, studies were conducted to determine an optimal incubation time point for
untreated cells to retain their health. Three different intervals (6, 9, and 13 days) and six
concentrations (1.0 - 50 µg/mL) of UBC were chosen in this initial/preliminary
assessment. Based on this data, the 9-day interval and UBC concentrations of 0.3, 1.0,
and 3.0 µg/mL (from a solution of 1.0 mg/mL in 1X PBS) suspended in cell culture media
were selected for the completion of all future experiments. The 9-day time point was
chosen to fall beyond the stereotypical 10 – 72 hour exposure for evaluating cytotoxicity.
The initial studies indicated similar results for the 9-day and 13-day intervals; the 9 days
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of exposure maximized potential UBC impact while minimizing effects from extended
incubation. The preferred UBC levels were chosen to depict dose-responses and were
also based on previously published data, where the low concentrations approximated
potential pollutant presence in the lung (Oberdörster et al. 2015). Of note, three additive
UBC treatments increased overall UBC content over the course of our exposure model.
Nonetheless, the cumulative doses were at least one log lower in reference to other in
vitro respiratory immune models; hence, these findings contribute to understanding nanopollutants’ impact on lung-derived immortalized cells (Oberdörster et al. 2015).

Toxicant-dependent ROS. Under homeostasis, ROS are continuously produced mainly
in the mitochondria but their balance is controlled by several scavenging enzymatic
systems (Shadel and Horvath 2015). For decades, ROS has been identified as harmful
to cells, however, they are also beneficial participants as second messengers regulating
a number of signaling physiological pathways (Dunn et al. 2015; Ursini et al. 2016).
Elevated levels of ROS results in oxidative stress leading to senescence, lipid
peroxidation, and DNA damage, concurrently contributing to several human degenerative
illnesses, like chronic inflammation, neurodegenerative pathologies, aging, and cancer
(Wang et al. 2013; Zhang et al. 2015). It was reported that the mechanism of action used
by urban ambient air particulate matter (PM) eliciting DNA damage was via oxidative
stress (Risom et al. 2005; Sanchez et al. 2011; Zerbi et al. 2017). In addition, a previous
study indicated that the UFP (57 nm soot fraction) from ambient air emitted by vehicle
emissions provoked systemic oxidative stress and DNA damage (Bräuner et al. 2007).
We therefore sought to analyze intracellular ROS levels in cells exposed to UBC by using
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the CellRox Deep Red fluorescent probe and confocal microscopy approach (Figure 6).
UBC treatments resulted in significant oxidative stress in the murine LA4 epithelials as
evidenced by the fluorescent species generated by this method.
Neither the human A549 epithelial cells nor THP1 monocytes were greatly affected
by ROS upon exposure to long-term UBC. This might suggest that the two cell lines could
be protected by the accumulating treatments of UBC over a period of nine days. The
present study exhibited that UBC has the ability to induce oxidative stress mainly for the
LA4 line. These epithelial cells, originating from the thin airway external layer of the
protective barrier of cells covering the surface of the lungs, also provide its structural
integrity. In contrast, after the UBC insult on the immune system cell line (RAW264.7)
ROS levels were not dramatically altered. Macrophages and neutrophils increase the
production of ROS after detection of pathogens (Van der Heijden et al. 2015), so these
cells use ROS as critical antimicrobial mediator to eliminate bacteria (Slauch 2011). My
speculation remained that the macrophages used in this study seemed unable to
recognize the UBC quantities applied as potential pathogens and, therefore, do not
accentuate ROS production under pollutants’ presence. Again this was a qualitative
analysis whereby ROS fragments were recorded; it does not include quantitative data.
Although, additional experimentation portrays support of these images further on.

Oxidative injury detection. Despite the minimal toxicity of UBC exposure shown above
(to various degrees and specific to each cell line), I surmised that UBC could deleteriously
affect lung-derived cell lines due to ultrafine black carbon’s extremely small size.
Investigations to injury from stress-induced metabolite expressions were needed
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especially since additive and long-term nanomaterial-cellular interactions are lacking.
Intracellular damage was assessed by measuring the level of reduced GSH. Glutathione
balance is essential to the function of normal biological mechanisms, although an
imbalance in overall glutathione ratios (for instance, an increase of free GSH) can be
linked to DNA damage and apoptosis (Li et al. 2002). A change in free glutathione
concentration is of importance when assessing toxicological responses; this antioxidant
biomarker could be induced in response to ROS accumulation and potentially
nanomaterial-mediated cell death (Fu et al. 2014; Gong et al. 2014; Xin et al. 2015).
We analyzed oxidative injury as a function of antioxidant induction from cells
exposed to UBC by measuring the bioluminescent activity of intracellular glutathione, a
metabolite that may neutralize oxidative damage. Glutathione is an antioxidant capable
of preventing damage to important cellular components caused by ROS. Glutathione
exists in both reduced (glutathione - GSH) and oxidized (glutathione disulfide - GSSG)
states. In its reduced state, the thiol group of the cysteine is an electron donor;
subsequently, glutathione itself readily reacts with another reactive glutathione to form
GSSG. More than 90% of the total glutathione pool exists in healthy cells/tissue in its
reduced form (GSH) and less than 10% in its disulfide form (GSSG) (Halprin and
Ohkawara 1967; Pompella and Corti 2015). Oxidative stress prompts intracellular
glutathione production and is desired in order to keep an overall balance to the redox
status and protect intra- and extracellular environment. Certain levels of oxidative stress
and subsequent glutathione depletion serve as triggers for increased glutathione
production (to replace antioxidant activity) while addressing redox imbalance. Thus,
increased levels of free GSH can be indicative of ongoing cellular oxidative stress. Figure
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7 indicated that human (A) and murine epithelials (B) and phagocytes (D) were all
significantly higher due to UBC interactions after nine days, notably at the lowest level of
UBC, 0.3 µg/mL. Only the human THP1 monocytic line (C) showed a significant increase
in free GSH concentration compared to the untreated control for both 0.3 µg/mL and 1.0
µg/mL UBC treatments. While GSH content was higher compared to the media control
groups across all cell lines (in all UBC groups except the highest 3.0 µg/mL-toxicant
concentration), GSH depletion is observed and is directly related to UBC concentration.
That is, the highest UBC level showed nearly equal amounts to background GSH as the
untreated cell control for each line. These patterns demonstrate that UBC treatments
inflict a special phenotype across the immortalized cell lines that might suggest less
susceptibility/more protection across all lung-derived cells resulting from long-term
toxicant insult at the highest 3.0 µg/mL-UBC treatment.
The free glutathione data showed that cumulative and continuous introduction of
UBC can promote cellular oxidative stress and yet the cells appear capable of adjusting
to increasing UBC. This might also hint that a neutralizing effect is occurring in response
to the continuous presence or aggregation of the pollutant. This modification is not entirely
favorable considering the alterations imposed on cell-cycle progression, exclusive to the
murine macrophages (Figure 9), and induction of cellular senescence (Salinas et al.
under revision) in response to UBC accumulation. In summary, UBC-induced oxidative
stress did not seem to supersede the cells’ innate ability to neutralize ROS and could
suggest a unique aspect concerning maintenance of a steady-state redox balance.
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Mitochondrial health. Although UBC was not found to be particularly cytotoxic for the
immortalized cell lines, it remained possible that intrinsic cell health was negatively
impacted. Thus, cumulative exposure of epithelial cells and (pre-) phagocytes following
UBC exposure over a period of nine days was conducted. Mitochondrial membrane
potential (ΔΨm) was therefore evaluated. Mitochondria are very important organelles in
all eukaryotic cells and play a crucial role as regulators in the control of cellular
homeostasis (Kasahara and Scorrano 2014). The ΔΨm in the cell should be relatively
stable; often, alterations reflecting normal physiological activity may be present.
Sustained ΔΨm fluctuations in a cell may be injurious (Robles-Escajeda et al. 2016). An
enduring rise or fall of ΔΨm vs. normal background levels may lead to loss of viability,
causing an increment in various detrimental pathologies downstream (Zorova et al. 2018).
As an indicator for ΔΨm, the membrane-permeant JC-1 polychromatic fluorescent probe
is widely used to assess mitochondrial health and to monitoring cells with depolarized
(damaged) mitochondria via flow cytometry (Santiago-Vasquez et al. 2016).
The JC-1 approach highlighted that LA4 cells are not significantly affected by the
nanocarbon particles (Figure 8A). Murine macrophages, human monocytes, and human
epithelial cells were all compromised (Figure 8A, C, and D). The A549 and THP1 lines
showed a minimal increase in mitochondrial depolarization with higher UBC treatments;
the RAW264.7 macrophages showed an inverse dose-dependent alteration in
mitochondrial health upon UBC exposure. The data indicated that only three cell lines
presented a significant change in ΔΨm particularly at the highest concentration of UBC.
These findings supported that UBC induced a significantly adverse dose-dependent
increase to mitochondrial mechanisms (more damage to mitochondrial potential) for the
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A549 human epithelial line and non-adherent THP1 monocytes compared to the
untreated control. A general increase in mitochondrial health was unexpectedly seen for
the adherent murine RAW264.7 macrophages compared to the media control for all
concentrations of black carbon. Interestingly, an inverse dose-dependent increase
compared to each experimental UBC-treatment was observed for the RAW264.7.
Literature has suggested that some cells are capable of partially recovering from
previously depolarized states (White and Reynolds 1996); the study showed that
mitochondrial damage (or depolarization) in neurons could return to a healthy state and
appeared to be highly dependent on ion (Na+/Ca2+) channel flux.
This particular phenotype substantially lessen toxicity in culture and influence
intracellular components or receptors (White and Reynolds 1996). Mitochondrial health
trends showed significant modifications in all cell types except LA4 compared to the
untreated media control (Figure 8B). Based on this investigation, it was imperative to
report that the highest UBC treatment significantly distressed subcellular compartments
across most of the cells used in this study, yet murine macrophages seemed to
recuperate from mitochondrial damage after 9 days of UBC insult.

Cytometric proliferative analysis. Lastly, a meticulous analyses of the cell-cycle profiles
affected by long-term exposure to UBC support novel strategies to help identify additional
effects of nanoparticles on cultured lung-derived cells. Controlled cell proliferation is
fundamental for the development and homeostasis of multicellular organisms (Cecchini
et al. 2012; Matson and Cook 2017). Therefore, proliferative analyses serve as key
indicators of cellular fitness and can assist in the identification of certain proteins and
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pathways involved in the potential death or survival of cells after exposure to cytotoxic
agents (Adan et al. 2016). Formerly, it has been shown that UFP such as TiO2, elemental
carbon, commercial black carbon, diesel exhaust-PM, and urban dust cause cytoskeletal
toxicity in vitro in macrophages, which led to an impaired cell proliferation, and
compromised phagocytic activity among others (Bahadar et al. 2016; Möller et al. 2002;
Möller et al. 2005). Additionally, previous work reported that carbon nanomaterials induce
cellular cycle arrest in G1 phase, hence conveying a loss of cell viability through DNA
damage/apoptosis in human dermal fibroblasts (Patlolla et al. 2010). In the present study,
UBC treatments were administered and cell-cycle progression were evaluated through
the quantification and concurrent analysis of cellular DNA content via flow cytometry.
Overall, data demonstrated that UBC inflicted differential alterations in the cell-cycle
profile after 9 days of treatment across the diverse cell types included in this study. The
RAW264.7 murine macrophage cell line displayed an anti-proliferative effect indicated by
an arrest (or increase) in the hyperdiploid S phase shown in Figure 9 (A - D), and
consequently a decrease in the tetraploid G2/M subpopulation. This confirms that UBC
interferes with cellular synthesis. Murine macrophages were the only cell types to display
this trend in our studies and might indicate that the G2/M checkpoint involving
Cdk1/Cyclin B within the mammalian cell cycle’s regulatory machinery is affected (Mason
et al. 2017) and remains to be explored in future work.
In contrast to the murine phagocytes, the murine LA4 lung cells along with the
human A549 lung cells and THP1 monocytes displayed a dose-dependent increment in
the sub-G0/G1 apoptotic subpopulation as well as a significant decrease in the diploid
G0/G1 phase in both the A549 and THP1 cells (Figures 10 and 12). An increment of sub-
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G0/G1 and G0/G1 are indicative of DNA fragmentation and a synthesis inhibitory effect,
respectively. The A549, LA4, and THP1 lines showed no change to the S phase at all the
UBC concentrations tested. A549 cells showed a significant dose-response decline in the
G2/M subpopulation. As expected, when comparing the untreated control cells with
camptothecin-(CPT) treated cells, a positive control for cytotoxicity, significant changes
to normal cell-cycle trends were induced across almost all the cell-cycle facets and all the
cell lines reviewed. Altogether, these results indicated that UBC shifted normal cellular
cycle distributions and provoked distinct alterations across each cell type. The most
remarkable changes were for the anti-proliferative tendency (an arrest in the S phase)
observed in the RAW264.7 murine macrophages and a dosage-response increment to
DNA fragmentation/apoptotic profiles detected across the A549, LA4, and THP1
monocytes (Figures 10 - 12). This behavior could potentially indicate that the G1/S
checkpoint involving Cdk2/Cyclin E of the cell-cycle machinery might be disturbed or the
anaphase-promoting complex (APC) at the spindle checkpoint could be targeted (Mason
et al. 2017); a component for future research.
Assays observing insult from other ultrafine nanomaterials done in vitro showed
that cells could potentially benefit upon elevating ROS levels from baseline ROS (9 –
15%) to higher ROS content (29 – 33%), indicating that a counter-response was produced
within the cells’ machinery that prolongs proliferation and increases cell differentiation
(Duan et al. 2017; Kong et al. 2013). Moreover, ROS could impact intracellular signal
transduction processes by promoting moderate pro-oxidants increasing proliferating cell
nuclear antigen and elevating cellular subpopulation within the S phase (Duan et al.
2017). Thus, this study is in agreement with a currently atypical phenotype observed only
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for RAW264.7 phagocytes following a nine-day contamination period. This characteristic
discovery is not entirely favorable considering the negative alterations imposed on the
cells from diminished enzyme activity (Salinas et al. under revision) in response to longterm exposure upon UBC accumulation.
Following additive 9-day UBC, biological effects were evaluated to depict cellular
stress and proliferative activity in response to unaltered black carbon nanoparticles. In
the present investigation, low-dose, prolonged UBC exposure caused moderate ROS
protection by the cells (determined by confocal imaging) and induced minimal oxidative
damage according to each metabolite-oxidative stress measurement. Murine LA4 and
both human (A549 and THP1) cells appeared to be prone to damage from toxicant
exposure (determined by JC-1 profiles), whereas mitochondrial membrane health for
murine RAW264.7 macrophages was not severely compromised compared to the
untreated control. Interestingly, these phagocytes may be adapting to a new
hyperpolarized state. In comparison to the untreated control, RAW264.7 also indicated
an S phase arrest and significant depletion to G2/M subpopulation as validated by cellcycle cytometry. The toxicant effects provided insights on the impact to tissue culture cell
lines from nanocarbon pollutant exposure, where: ROS levels were moderately promoted
across epithelial cells; minimal low-level oxidative stress was present; damage to
mitochondrial membrane (ΔΨm) with increasing UBC was observed in human cells; and
permutations to individual cell-cycle trends were also reported. The compilation of these
measurements helped reveal unique perspectives concerning how extensive and chronic
exposure to a nanosized airborne irritant may elicit short-term impairment to various cell
lines; damage seemed unpredictably averted in this long-term in vitro approach.
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CHAPTER 4: INNATE IMMUNE RESPONSE BY LUNG-DERIVED CELLS
FOLLOWING UBC TREATMENT COMBINED WITH MICROBIAL
CHALLENGE

The World Health Organization (WHO) specifically reports that air pollution-related
deaths are closely linked to exposures to particulate matter (PM), described as a mixture
of

carcinogens,

carbon

compounds,

and

other

“health-harming

substances”

(Krzyżanowski, Kuna-Dibbert, and Schneider 2005; World Health Organization 2019).
Carbon black or ultrafine black carbon (UBC) is a soot-like PM that encompasses a
significant percentage of PM, with primary particles sized less than 100 nm (Zhang et al.
2019). Black carbon materials are in high demand for numerous industrial applications
including the production of rubber, tires, paint, toners, and printing inks (Kyjovska et al.
2015). Black carbon interactions have shown that ambient particulates pollution, precisely
from UBC exposure, can lead to serious health effects (Highwood and Kinnersley 2006).
Moreover, it has been demonstrated that accumulation of UBC in in vitro and in vivo
models causes toxicity as well as mitochondrial dysfunction and DNA damage (Gao et al.
2017; Kyjovska et al. 2015; Zhang et al. 2014). Since UBC is largely found suspended in
the atmosphere, the most common health risks associated with UBC are often lung
diseases (Laeremans et al. 2018; Pun and Ho 2019). It is known that inhalation of PM
leads to pulmonary inflammation which can subsequently spread to systemic
inflammation (Brook et al. 2004; Brown et al. 2000). Inflammation is an essential immune
response (Medzhitov 2010) and is characterized by pain, heat, redness, swelling, and
loss of function. Pulmonary inflammation is a series of biochemical reactions mainly
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triggered in response to a negative condition compromising the airways. Common
respiratory illnesses such as acute lung irritation and asthma involve inflammation in the
lungs leading to difficulty breathing, shortness of breath, cough, and wheezing (Medzhitov
2010).
According to the Canadian Centre for Occupational Health and Safety, there are
four ways particulates deposit in the lungs when inhaled. Depending on size, particulates
can be deposited through interception, impaction, sedimentation, or diffusion (Canadian
Centre for Occupational Health 2019). Small particles sized 0.5 µM or less are more
commonly deposited in the bronchial region of the lungs through sedimentation. Smaller
particles, on the other hand, can be transported by diffusion to the alveoli due to their
extremely fine size (Canadian Centre for Occupational Health 2019). Cells found in these
regions can mediate several inflammatory responses in the presence of an irritant or
antigen. Antigens are foreign substances that induce an immune response. Mast cells
found in the tracheobronchial area store inflammatory mediators, and when activated by
an antigen they may cause airway constriction, increased mucous production, and
promote coughing (Krystel-Whittemore, Dileepan, and Wood 2016). Macrophages, or
professional phagocytic cells, found in the lung include pulmonary alveolar macrophages
also play a role in maintaining lung immunity (Harmsen et al. 1985). The presence of
antigens or particulate in the lung leads to the activation of innate immunity, which is the
first line of defense against a variety of dangers stemming from external sources (Pelka
and De Nardo 2018). Innate immunity must be closely evaluated since chronic insult from
external materials in the airways may negatively alter or even impair pulmonary function.
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Due to scarce evidence concerning how long-term, low-dosed impact from UBC
burden in conjunction with short-term microbial stimulation affects human subjects, an
evaluation addressing nanocarbon presence and microbe-like challenges at the cellular
level is essential to understand pulmonary-immune function. I aimed to determine
whether UBC alone or UBC plus combined microbial proxy treatments affected the
immune response. It was my hypothesis that prolonged, low-level carbonaceous
nanoparticle exposure promoted innate immune responses by pulmonary-derived cells
after subsequent short-lived microbial challenges. The different cell types tested were:
human pulmonary epithelial cells (A549) and peripheral-blood monocytes (THP1 macrophage precursors), and murine pulmonary epithelial cells (LA4), and macrophages
(RAW264.7). To address this prediction, all cells were exposed to a 3.0 μg/mL
nanocarbon suspension every third day up to day 9. Three different microbial stimulants
were administered to the UBC-treated cells for a period of 24 hr from day 9 to day 10.
Indicator markers of innate immunity, such as ROS-induced stress, extracellular nitric
oxide or NO2- (a stable nitrite metabolite), cytokine production (pro- and antiinflammatory), and phagocytosis analyses were assessed following the additive UBC plus
microbe-like stimuli (or UBC + M)
The final section within my dissertation project was conducted to investigate innate
immune function following cumulative impact from UBC in combination with microbial
stimuli. The results indicated that continuous, subtoxic dosages of UBC in combination
with treatments of microbe-like proxies administered from the 9th to the 10th day induced
both oxidative stress and cytokine production compared to untreated cell control. In
addition, phagocytic activity was severely compromised in the RAW264.7 macrophages.
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MATERIALS AND METHODS
Nanocarbon material.

Black carbon (Vulcan XC-72) was purchased from Cabot

Corporation (Billerica, MA) and was utilized for all experiments. Carbon nanoparticles, or
UBC, have been characterized by Soto et al. by transmission electron microscopy (TEM)
using a Hitachi H-8000 analytical TEM operated at 200kV accelerating potential, fitted
with a goniometer-tilt stage and a Noran Energy Dispersive (X-Ray) spectrometer (EDS)
(Soto et al. 2005). For all experiments included in this study, nanocarbon suspensions of
10 mg/mL were sonicated in warm 1X PBS (Fisher Scientific, Pittsburgh, PA) and diluted
to 100 µg/mL. Suspensions were diluted in the appropriate cell culture media for
subsequent assays and constantly re-homogenized prior to cell administration.

Cell culture conditions. Cell lines (A549, LA4, THP1, and RAW264.7) were purchased
from the American Type Culture Collection (ATCC, Manassas, VA). The adherent
epithelial human A549 and murine LA4 lung cells were cultured in F-12K Media (Kahn’s),
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Fisher
Scientific, Pittsburgh, PA). Adherent murine macrophages RAW264.7 were grown in
Dulbecco’s Modified Eagle Media (DMEM), supplemented with 10% FBS, 100 U/mL
penicillin and 100 µg/mL streptomycin, 1 mM sodium pyruvate, 3.7 g/L sodium
bicarbonate, and 2 mM glutamine (GlutaMAX) (Fisher Scientific, PA). Non-adherent
THP1 monocytes were cultured in Roswell Park Memorial Institute (RPMI 1640) media,
supplemented with 0.05% β-mercaptoethanol, 10% FBS, 100 U/mL penicillin and 100
µg/mL streptomycin, 1 mM sodium pyruvate, and 2 mM glutamine (GlutaMAX) (Fisher
Scientific, PA). The incubation conditions were kept at 37ºC and 5% CO2.
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Exposure regimen. Six-well plates (Fisher Scientific, Pittsburgh, PA) were used to seed
at a density of 1,500 cells per well on day “0” and allowed to attach for 24 hr prior to UBCparticle treatments. The following groups consist of: (1) untreated cells; (2) 3.0 µg/mL
UBC-treated cells; (3) 3.0 µg/mL UBC+M1 cells; (4) 3.0 µg/mL UBC+M2 cells; and (5) 3.0
µg/mL UBC+M3 treated cells. On day 1, the cells were treated with the highest
concentration of UBC; one group remained untreated to serve as a “media only” control.
Experimental wells kept sustained UBC treatments (at 3.0 µg/mL) on days “4” and “7”
where untreated control groups received fresh media. On the ninth day, one set of wells
was exposed to hydrogen peroxide as a positive control for toxicity and was included as
seen in the phagocytosis analysis. The Microbial stimuli section below describes the
additive administrations of 3.0 µg/mL UBC in detail with three different microbial (M1, M2,
or M3) infections. On the tenth day, all groups were harvested, centrifuged, and resuspended in 1 - 2 mL of ice-cold 1X PBS to conduct all cellular experiments. Aliquots
involving only supernatant measurements were stored at -20ºC immediately after initial
collection; these were then assayed within 2 months.

Microbial stimuli. Following nine days of sustained UBC treatments, the cells were treated
with three Toll-like receptor (or TLR) ligands. The different TLRs were administered to the
UBC-treated cells for 24 hr (from day 9 to day 10). The following were used as proxies to
mimic microbial contaminants suspended in phenol-red free compete DMEM:
lipopolysaccharide to simulate a bacterial-like infection (or LPS); polyinosinic-polycytidylic
acid to mimic a viral-like infection (or Poly I:C); Zymosan (Zymo) of yeast origin to simulate
a fungal-like infection (Fisher Scientific, PA). The treatments for these microbes were
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handled at the following final concentrations: 0.5X LPS, 500 µg/mL Poly I:C, and 250
µg/mL Zymo. The TLR ligands that were targeted include TLR-2, 3, and 4, where LPS
binds TLR-4, Poly I:C interacts with TLR-3, and finally Zymo targets TLR-2. All TLRs in
this study are found to be membrane-bound, while only Poly I:C can be internalized into
cellular phagosomes as well. Every microbial stimulus is labeled and written throughout
the manuscript successively, as indicated: M1 (LPS), M2 (Poly I:C), and M3 (Zymo).

ROS monitored via carboxy-H2DCF-DA. ROS accumulation was measured using the
fluorescence-based 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate or carboxyH2DCF-DA (Fisher Scientific, PA) fluorescein analog reagent. The carboxy-H2DCF-DA
reagent is transformed intracellularly by esterases into a green fluorescent form
(carboxydichlorofluorescein) upon oxidation. Negative charges impede any leakage of
this fluorescent molecule. Following 9 days of UBC treatment (see Exposure regimen
section), the cells were further treated with three distinct microbes for 24 hr. After
incubation, the samples were collected, washed, and transferred to black wall 96-well
plates (Fisher Scientific, PA). Each experimental sample and corresponding control
(untreated cells) were simultaneously evaluated. The suspensions were gently mixed and
read via Fluoroskan Ascent Software v2.6 (Thermo-Fisher Scientific Ascent Fluorimeter,
v2.5) at 490 nm excitation and 520 nm emission wavelengths. ROS generation) was
determined by continuously scanning the plates over a 12 hr period (collected at time
points 240, 360, 480, 600, and 720 min) while the incubation temperature inside the
Fluorimeter remained constant at 37°C. The left panel shows linear curves for fluorimeter
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units (FU) over 720 min, and the right panel further expresses this data as the sum of
area under the curve or Σ AuC (FU∗min).

Extracellular oxidative stress. The production of a stable nitrite metabolite (NO2-) using
the Griess Reagent System (Promega Corporation, Madison, WI) was measured
spectrophotometrically

(Molecular

Devices).

The

sulfanilamide

and N-1-

napthylethylenediamine dihydrochloride (NED) colorimetric assay is used to detect the
extracellular production of the NO2- stress marker. Following 9 days of UBC treatment
(see Exposure regimen), the cells were exposed to three microbes for 24 hr. After, the
supernatants were collected and re-plated on 96-well plates (Fisher Scientific, PA). As
per the manufacturer’s instructions, sulfanilamide and NED solutions were added to all
samples uniformly. A color change was seen after the addition of NED. A microplate
reader was used to analyze the samples at 540 nm (SPECTRA max 190 Microplate
Spectrophotometer). NO2- levels were calculated (in µM) from a sodium NO2- ladder
provided by the system. Each experimental sample along with associated controls were
simultaneously examined.

Cytokine analyses.

Pro-inflammatory and anti-inflammatory cytokines were both

assessed via commercially available enzyme-linked immunosorbent assay (ELISA) kits
(BD Biosciences Pharmingen, CA and R&D Systems, MN). Interleukin-1 beta and tumor
necrosis factor alpha (IL-1β and TNF-α) as well as interleukin-4 and transforming growth
factor-1 beta (IL-4 and TGF-1β) were measured. ELISA analyses were performed
according to manufacturer protocols. In brief, clear ELISA plates (Fisher Scientific, PA)
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were coated overnight with the corresponding capture antibody at 4°C. The wells were
blocked at room temperature; the cultured supernatants from all the 3.0 µg/mL UBCtreated cells containing individual microbes (M1, M2, and M3) were added. In addition, the
plates were incubated alongside a biotin-conjugated anti-cytokine antibody followed by a
streptavidin-horseradish peroxidase conjugate (HRP-label). The TMB chromogenic
substrate solution- containing 3.3', 5.5'-tetramethylbenzidine- was used to develop a
colorimetric output after 15 – 30 min (Fisher Scientific, PA). A microplate reader was then
used to measure absorbance at a wavelength of 450 nm (SPECTRA max 190 Microplate
Spectrophotometer). Individual cytokine concentrations were concurrently calculated (in
µM) from a cytokine standard provided by each of the ELISA kits. Untreated controls
along with all experimental groups were analyzed in parallel.

Phagocytic or endocytic activity.

Cellular phagocytic activity (ability to engulf other

particles) was determined using the Vybrant Phagocytosis Assay (Life Technologies Inc.,
NY). This method measures phagocytosis by internalizing bioparticles that have been
fluorescently labeled. The fluorescently labeled particles are directly proportional to the
amount of phagocytosis or internalization activity detected across the cell samples. Cells
were seeded at a density of 1x104 per well (or 100 µL from a 1x105 cells/mL solution) in
96-well black-walled plates (Fisher Scientific, PA) and incubated for 2 hr with fluoresceinlabeled Escherichia coli Bio Particles (K-12 strain) at 37°C. The cells containing
bioparticles were subsequently treated with trypan blue in order to quench any E. coli
bioparticles that were not internalized for 1 min (fluorescent particles engulfed by the cells
are exclusively measured). The solutions were vacuum aspirated from each well; the
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plates were analyzed immediately using the Fluoroskan Ascent Software v2.6 (Thermo
Fisher Scientific Ascent Fluorimeter, v2.5) at 490 nm excitation and 520 nm emission
wavelengths. A media control, a 10 mM H2O2 control, and three respective experimental
(0.3 - 3.0 µg/mL UBC) treatments were studied concurrently.

Statistical approach. Significant differences between both control groups (untreated
control and toxicity control) and the experimental groups were evaluated using R Project
for Statistical Computing by applying a one-way ANOVA with a post-hoc Tukey Kramer
test at a significance level of *p<0.05. For non-transformed data (not normally distributed),
the non-parametric Kruskal-Wallis test and a non-parametric post-hoc multiple
comparisons test (significances at p < 0.05) was used to determine statistical significance.
The GraphPad Prism (Project Software v5, San Diego, CA) application created graphical
data of all mean values, including bars showing standard error of the mean (± SEM).
Statistical comparisons against the media control group alone are indicated by a star (*)
and against the 3.0 µg/mL-UBC alone are specified by double daggers (‡).

RESULTS
The alveolar membrane is the largest surface of the body in contact with the
outside environment. Like the skin and the gastrointestinal mucosa, the lungs are
continuously exposed to a diverse array of microbes and organic/inorganic particulate
materials (Martin and Frevert 2005). To determine if continuous exposure of lung-derived
immortalized cells to UBC induces cellular innate immune responses or alters innate
immunity, several immune parameters were measured following a 9-day in vitro regimen
of either UBC alone or UBC in combination with a microbial challenge. The cell lines
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A549, LA4, THP1, and RAW264.7 were chosen because epithelial cells and leukocytes
are the first to come in contact with inhaled particulate matter; both contribute to stress
and inflammation of pulmonary tissue (Espinosa and Rivera 2016). My goal was to
evaluate cellular innate immunity as a function of ROS accumulation, oxidative impact,
cytokine production, and phagocytosis across four lung-derived cells in response to
accumulating UBC in the presence or absence of an additional pathogen-like proxy. The
experimental model consisted of controlled administrations of carbon nanomaterial
suspensions at 3.0 µg/mL and were conducted over 240 hr. This strategy was designed
to acquire an estimate upon cellular contact with nanoaerosol by investigating cellular
performance from cumulative exposure to UBC at low concentrations, in vitro.
The innate immune system is always active and is immediately responsive, ready
to recognize and inactivate microbial products entering the lungs and other tissues. The
specificity of innate immunity, however, is relatively broad and is based on the recognition
of common microbial motifs known as pathogen-associated molecular patterns (PAMPs)
or Toll-like receptor (TLR)-ligands (Mogensen 2009). As the first line of defense against
invading microbial pathogens, recognition is dependent on a large family of pattern
recognition receptors (PRRs) or TLRs (used interchangeably) to detect the distinct
evolutionarily conserved PAMPs (Mogensen 2009). Upon PAMP recognition, PRRs
present at the cell surface signal to the host the presence of infection and trigger
proinflammatory and antimicrobial responses by activating intracellular signaling
pathways (Mogensen 2009). PRR-induced signal transduction pathways result in the
activation of gene expression and synthesis of a broad range of molecules, including
cytokines, chemokines, and immunoreceptors, which together orchestrate the early host
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response to infection (Mogensen 2009). To evaluate innate immunity, additive
nanocarbon exposure combined with microbial challenges were conducted. The proxies
used to mimic microbes (bacterial, viral, or fungal) were the TLR-4 ligand
lipopolysaccharide (LPS), the TLR-3 ligand polyinosinic-polycytidylic acid (Poly I:C), and
finally the TLR-2 ligand Zymo. LPS is a lipoglycan endotoxin from the outer membrane of
gram-negative bacteria, Poly I:C is structurally similar to double-stranded RNA present in
some viruses, and Zymo is a beta-glucan from the Sacharomyces cerevisiae yeast.
Specifically, the production of reactive oxygen species (ROS), the induction of a
stable nitrite metabolite (NO2-), and inflammatory cytokine profiles were analyzed, as was
the phagocytic/endocytic capability of the cells. Cytokines, small proteins that can be
secreted to promote an inflammatory response (Zhang and An 2007), are crucial to gather
insight concerning the immune reaction after pathogen-like substances come into contact
with resident cells. To assess whether continuous exposure to UBC could exacerbate or
inhibit any of the aforementioned innate immune responses in the presence of microbial
ligands, the 3.0 µg/mL UBC-treated cells were additionally challenged with a TLR-2, 3, or
4 ligand, Zymo, Poly I:C, and LPS, respectively. TLR-2 can be expressed on microglia,
monocytes, macrophages, leukocytes, B cells, and T cells; TLR-2 is also found in the
epithelia of air passages and pulmonary alveoli (Perros, Lambrecht, and Hammad 2011).
TLR-3 can be localized on cell surfaces and endosomes of B-cells, macrophages, natural
killer cells, fibroblasts, and some epithelial cells (Perros, Lambrecht, and Hammad 2011).
TLR-4 was expressed on the cell surface and endosomes of monocytes and
macrophages (Delneste, Beauvillain, and Jeannin 2007; Takeda and Akira 2005). In the
lung, TLR-4 was identified in alveolar/bronchial epithelial and in vascular endothelial cells
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(Perros, Lambrecht, and Hammad 2011). Microbial-ligand exposure was administered to
the cells on day 9 and incubated for 24 hr prior to conducting all subsequent
measurements involving the effects to cell-mediated innate immunity.

ROS production. Innate immunity is a non-specific response to pathogenic insult and
comprises various molecules and signals to immediately identify and clear the foreign
substance. Reactive oxygen species (ROS) produced by innate immune cells can directly
kill bacterial and fungal pathogens and can form protective barriers (Yang et al. 2013).
ROS were quantitatively assessed to show the potential impact on innate immunity from
UBC using the carboxy-H2DCF-DA assay, which provided fluorimeter units (FU)
indicating ROS production. After 9 days of continuous exposure to UBC, the cells were
prepared for ROS analysis on the tenth day. Untreated, 3.0 µg/mL UBC-treated, and 3.0
µg/mL UBC + microbe groups for each cell line are shown in Figure 13 (A - D). ROS
indicator units designated the level of cellular stress steadily increasing over a period of
12 hr (720 min). ROS reached almost 800 FU after the 720 min readings for all cells. The
data was further analyzed to depict the summation of all areas under the curve (Σ of AuC)
to assess statistical differences between every experimental group against the untreated
media control. As seen on the right panel of Figure 13, the AuC analysis found: significant
decrease in the A549 for one of the UBC + microbes group; an increase in the LA4 for
one of the UBC + microbes group; no significant effects for the THP1 in relation to the
media control; finally, a significant increase in the RAW264.7 for two of the UBC + microbe
groups. All AuC calculations indicated elevated ROS at specific experimental samples
compared to the untreated control as time progressed.
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Figure 13. Low dosages of UBC + microbes could protect cells from ROS as measured
by fluorescence-based carboxy-H2DCF-DA.
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NO2- measurement. Since immune mediators initiate biochemical signaling, another
method was used to evaluate innate immunity; the extracellular presence of nitrite or NO2was quantitated. The small radical NO2- (a stable form of nitric oxide) has a high affinity
for contact with ferrous proteins, like hemoglobin, and plays a role as an indicator of
inflammation and immunity (Archer 1993). After 9 days of cumulative UBC treatments,
the samples were treated with three different microbial products (3.0 µg/mL UBCtreated+M1-3 groups); their supernatants were collected for nitrite content analysis on the
tenth day. Untreated (media only), 3.0 µg/mL UBC-treated, and the highest UBC treated
+ microbe groups are shown for each of the cell lines in Figure 14 (A - D). Extracellular
NO2- levels were between 2.0 and 3.5 µM for A549 cells and between 2.0 and 15 µM for
LA4 cells; between 0.2 and 0.6 µM for human THP1 monocytes; and between 4.0 and 10
µM for the murine RAW264.7 macrophages. Statistically significant values between the
media control and experimental UBC + microbe treatments were found for the murine
LA4 (M1- and M2-UBC groups) and the murine RAW264.7 (M1, M2, M3-UBC groups). Both
LA4 and RAW264.7 showed a 5 - 10-fold increase in the production of NO2- (Figure 14B
and 14D). A549 and THP1 cell lines did not show statistical differences compared to their
corresponding media control but an increased behavior was still apparent across these
human cell lines (Figure 14A and 14C). Every cell type was able to produce nitric oxide
following cumulative UBC treatment and microbial challenges.
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Figure 14. UBC + microbial proxies induced extracellular NO2- content as indicated by
colorimetric-based nitrite assay.
Cytokine analyses. Cytokines released from innate immune cells play key roles in the
regulation of an immune response. These intercellular messengers are the source of
soluble regulatory signals that initiate or constrain inflammatory responses to pathogens,
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insult, or injury (Striz et al. 2014). Thus, pro- and anti-inflammatory cytokines were
evaluated as a third biomarker of innate immunity. After 9 days of cumulative UBC
treatments, the cells were treated with three different microbial proxies (3.0 µg/mL UBCtreated + M1-3 groups); accordingly, the corresponding supernatants were collected for
cytokine content assessments following the tenth incubation day. Untreated (media only),
3.0 µg/mL UBC-treated, and the highest UBC treated + M1-3 groups are shown for each
of the cell lines in Figure 15 (A - D) and Figure 16 (A - D). Figure 15 depicts cytokine
concentrations (in µM) that were induced by all cell lines in response to the highest UBC
treatment. Neither the human A549 nor the murine LA4 epithelial lung cells showed
significant effects in cytokine production (neither IL-1β nor TNF-α) compared to the media
control. THP1 monocytes expressed a significant increase in the Th1 cytokine TNF-α
(pro-inflammatory) with no change to TGF-β; the RAW264.7 macrophages expressed a
significant increase in the Th2 cytokine IL-4 (anti-inflammatory) only.
Next, cytokine presence was further assessed testing media control groups
against the 3.0 µg/mL UBC + microbial proxies (M1-3). Figure 16 depicts cytokine induction
across all cell lines in response to 3.0 µg/mL UBC-treated + microbe stimulus. The A549
epithelial cells exposed to the 3.0 µg/mL UBC treated+M1-3 groups showed a significant
increase compared to the media control for IL-1β; no change was observed for TNF-α.
The LA4 epithelial cells exposed to the 3.0 µg/mL UBC treated+M1-3 groups showed a
significant increase compared to the untreated control for both IL-1β (M1) and TNF-α
cytokines (M1). THP1 monocytes exposed to the 3.0 µg/mL UBC treated+M1-3 groups
indicated significant increments compared to the media control for IL-1β (M2,3) and TNFα cytokines (M1,2); no change was evident for TGF-β. RAW264.7 murine phagocytes
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exposed to the 3.0 µg/mL UBC treated+M1-3 groups indicated significant increments
compared to the untreated control for TNF-α (M1,3) and IL-4 (all) cytokines; no change
was evident for IL-1β. The data indicate that continuous and cumulative 3.0 µg/mL UBC
alone induced a cytokine response by both leukocytes. In addition, all cell types produced
elevated levels of cytokines following UBC treatment + microbial challenges.
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Figure 15. UBC affected cytokine induction as observed in THP1 and RAW264.7 lines.

79

Figure 16. UBC + microbial stimuli altered Th1 and Th2 cytokine production across cells.
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Phagocytic activity. Phagocytosis or endocytosis is a process whereby a cell internalizes
extracellular material by drawing the material inward while engulfing around it. This
process is a key cellular activity of innate immune cells when trying to destroy or remove
pathogens (Freeman and Grinstein 2016; Monks et al 2005). Therefore, as a final
measure of UBC impact on innate immunity, the ability of the cell lines to phagocytose
additional material following treatment with three different concentrations of UBC was
investigated. Following 9 days of cumulative UBC treatments, the cells were prepared for
phagocytic activity (endocytic activity for epithelial cells) quantitation on the tenth day.
Untreated (media only) cells, 10 mM H 2O2-treated cells, and cells treated with UBC are
shown in Figure 17. No significant modifications to phagocytic/endocytic behavior were
observed across the A549, LA4, or the THP1 monocytic cell lines. All UBC-treated cells
gave statistically relevant reduced phagocytic activity for the murine RAW264.7, where a
dose-dependent decrease compared to untreated control was observed. Furthermore,
the highest UBC concentration at 3.0 µg/mL caused the most significant change in the
macrophages’ ability to engulf foreign materials compared to the UBC-free group.
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Figure 17. UBC negatively compromised phagocytic activity in a dose-dependent mode
for murine RAW264.7 phagocytes.

DISCUSSION
The TLR ligands or PAMPs included in this project were M1 (LPS), M2 (Poly I:C),
and M3 (Zymosan or Zymo). The highest UBC concentration (3.0 µg/mL) plus three types
of microbial proxies (groups M1-3) were given to the cells; experiments were conducted
on the tenth day post-incubation. A549 and LA4 epithelial cells, originating from the thin
airway external layer of the protective barrier of cells covering the surface of the lungs,
also provide its structural integrity (Mason et al. 2017). Macrophages and neutrophils
increase the production of ROS after detection of pathogens (Van der Heijden et al. 2015),
so these cells use pro-oxidant species to eliminate bacteria (Slauch 2011). Innate immune
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responses were measured after UBC + TLR-ligand treatments as a function of producing
ROS, NO2- (a form of RNS), and inflammatory cytokines. Cytokines, excreted to fulfill
biological effects including cell proliferation, intercellular communication, and death, have
been implicated with inflammatory response, immunological conditions, and in diseases
such as cancer and neurodegenerative disorders (Mason et al. 2017). The innate immune
system consists of soluble proteins that may bind both microbial products and phagocytic
leukocytes and migrate through the bloodstream into inflammation sites. These
leukocytes ingest particulates and also kill microorganisms (Beutler 2004).
Helper T cells are found within the airway and lung parenchyma, and are
subdivided into Th1 and Th2 cells occurring with different cytokine profiles (Moldoveanu
et al. 2009). Th1 cells drive cell immunity; Th1 cytokines (IL-1β and TNF-α) produce the
pro-inflammatory responses to fight viruses, intracellular parasites, and help eliminate
cancer cells. Excessive pro-inflammatory responses can lead to uncontrolled tissue
damage. Meanwhile, Th2 cells drive humoral immunity to up-regulate antibody production
and fight extracellular organisms. Excess Th2 cytokines (IL-4, IL-5, IL-9, and IL-13) may
counteract Th1-mediated antimicrobial functionality. Equal Th1 vs. Th2 response is
crucial for immune control; a deregulated response may lead to a variety of inflammatory
conditions, like asthma and chronic bronchitis (Moldoveanu et al. 2009).
In this portion of our study, the 3.0 µg/mL UBC concentration was preferred to
portray the combined effects from additional microbial stimuli on respiratory cells. This
sustained, long-term UBC insult provided a comprehensive examination of the
detrimental impact on lung-derived immortalized cells after nano-pollutant + microbial
challenge based on a 10-day post-exposure model. ROS levels (expressed as the
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collective sum of areas under the curve, AuC) were higher for continuous UBC+M1-3
treatments; NO2- content was statistically induced for UBC plus microbe (mimics)
exposure in most cells; cytokine production was also significantly increased compared to
the untreated control depending on the microbial insult for all cell types tested. Phagocytic
activity showed a significant dose-dependent decrease only in the RAW264.7 phagocytes
following UBC treatments. UBC+M1-3 presence altered cellular conditions by causing
significant ROS production (carboxy-H2DCF-DA), elevating oxidative stress (NO2-), and
notable perturbations to normal cytokine production (Th1 vs. Th2). This approach
indicated that UBC impaired mammalian cell function, while each unique cell species
responded distinctly to individual microbial challenges, subsequently provoking
phagocytic decline across murine RAW264.7 macrophages.

ROS accumulation.

ROS can elicit extreme biological damage by modifying DNA,

proteins, and lipids. However, ROS also play diverse and beneficial roles, including
involvement in innate immunity. The classic example of this antimicrobial activity is the
destruction of microorganisms occurring in the phagolysosome of innate immune cells
when superoxide (produced by NOX2) is converted into a potent cytotoxic molecule,
hypochlorous acid, by the enzyme myeloperoxidase (Klebanoff 2005). ROS was therefore
evaluated as a measure of an innate immune response by UBC-treated cells after
microbial administrations. To assess whether continuous exposure to UBC could
exacerbate or inhibit ROS response to microbial ligands, the 3.0 µg/mL UBC-treated cells
were additionally challenged with a TLR-2, TLR-3, or TLR-4 ligand.
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In particular, intracellular formation of pro-oxidant molecules was evaluated. The
non-fluorescent indicator used in this assay readily converts to a green-fluorescent form
when the acetate groups are removed by intracellular esterases and oxidation (by ROS
activity); the fluorescent products remain intracellular due to negative charges that
impede leakage. My speculation was that the sustained UBC + microbial treatments might
incapacitate the cells from distinguishing pathogenic infections as potential danger and,
therefore, weaken or disable ROS from enhancing pro-oxidant stressors under pollutant
+ microbe additive insults. Figure 13 (A – D) represents ROS formation by the cells over
a 720 min period following immediate harvesting of the cells protocol (left panel). The
data was analyzed to determine the sum of the areas under the curve or AuC in FU∗min
(right panel) to evaluate changes to ROS levels by the cells over the entire assay. As
predicted, the results varied by cell line and gave significant differences depending on
each distinct treatment type. The Σ AuC reached almost 300,000 FU∗min across all cell
types. The human pulmonary cells (A549) produced significantly less ROS in response
to 3.0 µg/mL UBC alone and to UBC in combination with LPS (M1 group) compared to the
untreated control (Figure 13A); the murine pulmonary cells (LA4) produced significantly
more ROS when treated with UBC + Zymo (M3 group) relative to the untreated control
(Figure 13B); there was no significant difference in ROS production by human monocytes
(THP1) compared to media-only group (Figure 13C). The most noticeable ROS response
was from the murine macrophages (RAW264.7), where the 3.0 µg/mL UBC-treated group
caused a significant reduction on ROS production relative to the control, and the microbial
M1 group and M3 group (LPS, Zymo) stimulants induced a significant increase in ROS in
comparison to the untreated control (Figure 13D). Each cell type assessed seemed to be
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able to respond and produce oxidative species following the UBC and microbial
challenges; the cells are not inhibited in their ability to signal innate immune function.
The data demonstrated that cumulative administrations of the highest UBC
concentration over a 9-day period had no effect on ROS production (THP1) or may even
lead to protection (A549 and RAW264.7) relative to the media control. However, when
UBC exposure is combined with one type of TLR ligand (LPS, Poly I:C, or Zymo), the
generation of oxidative species might be impeded (no change compared to the untreated
control) or increase normally. This behavior might signal an anti-toxicity defense
mechanism that black carbon inflicted as a result of particle-media interactions between
the UBC aggregates, microbial stimulants, and the cells (Galano 2008; Galano 2010).
Due to black carbon’s adsorptive properties, UBC might act as an antioxidant supplement,
whereby the negative impact from oxidative species could be bypassed or even
neutralized (Boland et al. 2014; Niranjan and Thakur 2017). Black carbon has been
characterized in other studies and it has been shown that UBC’s properties allow them to
increase into energetically favorable, hydrophobic, non-soluble particles (increasing
nonpolar interactions) and support that nanocarbon aggregates scavenge for free radicals
(Galano 2008; Galano 2010). This behavior could explain why protection against free
radical species was observed for the UBC + microbe groups in A549 cells and to some
degree in THP1 monocytes. In summary, UBC-induced stress did not seem to supersede
the cells’ innate ability to neutralize ROS highlighting a unique aspect concerning
maintenance of a steady-state redox balance across both human cell lines.
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Oxidative impact. Despite the effects from UBC + microbe exposure shown above (to
various degrees and specific to each cell line), it was my conjecture that UBC treatments
could deleteriously affect lung-derived cell lines. Stress to the extracellular environment
was detected using the stress marker, NO2-. A change in nitrite content is of importance
when assessing toxicological responses, since it is an oxidative stress marker that could
be induced by ROS accumulation and potentially nanomaterial-mediated cell death (Fu
et al. 2014; Gong et al. 2014; Xin et al. 2015).
The first measurement of an innate immune response by UBC-treated cells was
the presence of extracellular NO2-. As shown in Figure 14, in comparison to the untreated
control, murine epithelial LA4 cells and human monocyte THP1 cells were provoked to
secrete NO2- after continuous exposure to 3.0 µg/mL UBC alone, while human epithelial
A549 cells and murine macrophage RAW264.7 cells were not. To assess whether
continuous exposure to UBC could exacerbate or inhibit NO2- responses to microbial
ligands, the UBC-treated cells were additionally challenged with PAMPs: M1, M2, or M3.
Induction of NO2- by cells following UBC varied upon cells and by PAMP types. In the
presence of M1, M2, or M3, no significant changes were observed for two of the four cell
lines. A549 responded to all three microbial stimuli in the presence of UBC; although
minimal and not statistically significant, UBC + microbes did not appear to inhibit reactivity
of the cells to yield nitrite. LA4 responded to LPS (M1) and Poly I:C (M2) in the presence
of UBC, giving a significant increase in nitrite levels compared to the media control. This
could predict a potential interaction between the responses to the nanocarbon pollutant
and to the PAMPs. All three UBC + microbe challenges were significantly decreased
compared to the UBC-treated group, as portrayed by the double daggers for LA4. In the
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leukocyte profiles, THP1 monocytes responded to all microbial stimulants but to a lesser
degree in contrast to the 3.0 µg/mL UBC alone; RAW264.7 phagocytes produced a
marked statistical increase in NO2- concentration following all three infections even in the
presence of UBC compared to the untreated control groups. The LPS (M1) and Zymo (M3)
groups for these murine macrophages yielded a statistical induction of the nitrite
metabolite compared to the 3.0 µg/mL UBC alone, as indicated by the double daggers.
Thus, the continuous and additive exposure to UBC in this in vitro model can promote
innate immunity as a function of nitrite production, mainly for the murine-specific
immortalized cells and does appear to modulate NO2- responses to TLR-2, 3, and 4 yet
again, only for some cell types.
The accumulation of nitric oxide was measured by quantifying the stable nitrite
product originating from cultured cellular supernatant ‘post-infections.’ NO2- is known to
control either the replication or the killing of intracellular microbial pathogens (Bogdan,
Röllinghoff, and Diefenbach 2000; Bogdan 2015); although it is made primarily by
macrophages to kill bacteria and parasites, nearly every type of cell produces it in the
body. Nitric oxide synthase (NOS) is a calcium-dependent enzyme that catalyzes the
release of nitric oxide in the pulmonary airway and may induce pro-inflammatory
cytokines, depending on its isoform (Ricciardolo 2003); pro-oxidants (like reactive
nitrogen species) may even amplify inflammatory responses by provoking cellular
dysfunction under this state termed “nitrosative stress” agent (Ricciardolo et al. 2004;
Ricciardolo et al. 2006). An exposure to a nanosized pollutant and subsequent infection
with a pathogen-like proxy could endanger and impair antimicrobial defenses as observed
in vivo (Arancibia et al. 2016); this could be due to a decreased expression of nitric oxide
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and even decreased phagocytic activity in alveolar macrophages. Cumulative and
additive insults of UBC + microbes can prompt extracellular stress, yet the human-derived
cells could be capable of adjusting to increasing levels of UBC. The lack of significant
NO2- metabolite in these cells (A549 and THP1) might also hint that an anti-oxidative
effect is more than likely occurring in response to continuous aggregation of the pollutant
(Arancibia et al. 2016). A study suggesting arginine bioavailability (a marker of NO
synthetic capacity) also associated with markers of inflammation (Bersani et al. 2016).
The production of NO or RNS may activate/amplify inflammatory circuits by modifying
protein structure and gene expression; this could in turn deplete arginine and arginase
causing the death of parasites, for example (Predonzani et al. 2015). Recently,
researchers have reached a consensus, where the diffusion of NO also induced an
effective parasite killing ability in both bystander cells and NO-producing cells alike
(Predonzani et al. 2015). NO and consequently NOS may not be targeted by the human
cell types, yet the murine cells (LA4 and THP1) seem to be under greater stress in the
presence of UBC + microbial stimuli. Every cell type was able to produce nitric oxide
following cumulative nanocarbon and microbial exposures, suggesting the cells are not
inhibited by UBC in their capacity to signal innate immune responses.

Cytokine responses. Cytokines are typically produced in response to PAMPs and can
act both directly and indirectly. The cytokines that have a role in innate immunity are
mainly produced by monocytes-macrophages, non-immunological cells, epithelial, or
endothelial cells (Sivangala and Sumanlatha 2015). The primary cytokines with a role in
the innate response include interleukin 1 (IL-1), IL-6, IL-12, tumor necrosis factor alpha
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(TNF-α), and interferon (IFN-) alpha (α) and beta (β). Moreover, IL-1, IL-6, and IL-12
activate leukocytes such as monocytes, macrophages and natural killer cells; they initiate
the mechanisms responsible for the elevation of body temperature; stimulate the
coagulation pathway; and fuel the synthesis of collagen and collagenase for scar tissue
formation. TNF-α mediates acute inflammation (Tisoncik et al. 2012). It increases
vascular permeability, which leads to the accumulation of fluid as well as immunoglobulins
and other blood proteins in the tissue; it causes the production of chemokines that
contribute to recruitment of leukocytes to the site of infection; and interacts with the
hypothalamus to induce fever. IFN-α/β inhibit viral replication. Together, these cytokines
limit pathogen replication, thus holding them in check while the host mounts a pathogenspecific adaptive immune response (Sivangala and Sumanlatha 2015).
To evaluate the potential pro-inflammatory activity of UBC, the production of IL-1β
and TNF-α was assessed. As shown in Figure 15, the 9-day exposure to continuous and
cumulative UBC did not provoke an innate cytokine response from the A549 or LA4 cells.
A statistically significant increase in TNF-α production was induced in THP1 cells by UBC
alone, see Figure 15C. A possible anti-inflammatory response was also tested by
measuring the production of both IL-4 and TGF-β. TGF-β is produced by all white blood
cell lineages, particularly macrophages. It is a regulatory molecule with numerous effects
on cell proliferation, differentiation, migration and survival that affect multiple biological
processes (Gadani et al. 2012); these include development, carcinogenesis, fibrosis,
wound healing, and suppression of the immune response. IL-4 is produced by mast cells,
macrophages, and specialized subsets of T cells (Gadani et al. 2012). Its primary function
is to induce differentiation of naïve helper T cells to Th2 cells (anti-inflammatory); it is also
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responsible for stimulating activated B cell and T cell proliferation, for the differentiation
of B cells into plasma cells, promoting activation of wound-healing macrophages, and
inducing B-cell class switching to IgE (Gadani et al. 2012). Notably, overproduction of IL4 is associated with allergies (Hershey et al. 1997). As shown in Figure 15D, only the
RAW264.7 were induced to secrete IL-4, an anti-inflammatory cytokine, in response to
cumulative UBC exposure. All four cell lines responded to microbial stimuli in the
presence of nanocarbon (Figure 15).
Cytokine production by lung-derived cells was also evaluated in response to UBC
in combination with TLR-2, 3, and 4 ligands as seen on Figure 16. A549 (human
epithelium) produced IL-1β in response to all three PAMPs but did not produce TNF-α
(Figure 16A). LA4 (murine epithelium) produced both IL-1β and TNF-α but only in
response to LPS (Figure 16B). THP1 (human monocytes) produced IL-1β in response to
Poly I:C and Zymo and produced TNF-α in response to LPS and Poly I:C. No significant
effect was observed for the TGF-β cytokine (Figure 16C). Lastly, RAW264.7 (murine
macrophage) produced TNF-α in response to LPS and Zymo and all microbes induced
the generation of IL-4 after M1, M2, and M3 challenges; no effect was observed for the IL1β cytokine (Figure 16D).
The data indicate that continuous and cumulative 3.0 µg/mL UBC alone induced a
cytokine response by both leukocytes. In addition, all cell types produced elevated levels
of cytokines following UBC treatment + microbial challenges, hinting that they are not
inhibited by UBC in their ability to function as innate immune cells. Together, these results
portrayed increased pro-inflammatory cytokine production and increased antiinflammatory cytokine production for only the RAW264.7 in response to continuous and
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additive exposures to UBC. Thus, no overt prevention of an innate cytokine response was
exhibited by the cells to TLR ligation in the presence of cumulative 3.0 µg/mL UBC
dosages following M1, M2, and M3 infections.

Phagocytic activity. Internalization of foreign materials upon long-term, additive exposure
to UBC remained a critical final assessment in this study. Upon deposition in the lungs,
large particles may be phagocytized by alveolar and airway macrophages; fine and
ultrafine carbon particles are retained in the lungs for a prolonged time. Ultrafine particles
(UFP) are often phagocytized; yet these may enter macrophages and epithelial cells
(Sahu, Kannan, and Vijayaraghacan 2014). Thus, UFP not only trigger local inflammatory
reactions in the lungs but may additionally cause systemic extrapulmonary damage.
These also have the capacity to inhibit phagocytosis by alveolar macrophages (Sahu,
Kannan, and Vijayaraghacan 2014).
Phagocytosis is a process whereby a cell binds to an entity it wants to engulf and
draws the item inward while engulfing around it. This function is key in the cellular activity
of innate immune cells when trying to destroy or remove pathogens. Phagocytosis differs
from other methods of endocytosis because it is very specific and depends on the cell
being able to bind and engulfs by way of cell surface receptors. Although a primary
function of monocytes and macrophages, this process can be performed by other cells
such epithelial cells (non-professional phagocytes) (Freeman and Grinstein 2016; Monks
et al. 2005). Therefore, as a final measure of UBC impact on innate immunity, the ability
of the cell lines to phagocytize additional material following treatment with three different
concentrations of UBC was investigated (Figure 17). No significant values were
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calculated for the two epithelial lines, although there was a slight increase on phagocytic
activity upon increasing UBC treatments for both. THP1 monocytes showed no significant
values, yet a minimal downward trend in phagocytic activity was observed. In contrast,
the measurements show that only the professional phagocyte RAW264.7 was
significantly affected, and that a diminished effect occurred in a dose-dependent manner.
Almost a 50% reduction is noted relative to their media control. Thus, the most phagocytic
cells in this analysis were exceptionally inhibited from ingesting foreign material when
treated with low-dosed but prolonged UBC exposure.
For the purposes of this project, phagocytosis was monitored using the Vybrant
Assay Kit which utilized fluorescent-labeled Escherichia coli bioparticles. Even though our
culture techniques were conducted similarly (using an adherent macrophage line),
specific mechanisms describing engulfment of the UBC remain unknown. A mathematical
model was developed (Richards and Endres 2014) describing a two-step phagocytic
process, crucial for its biological role in immunity. The two stages are described as an (1)
initially, slow rate of half engulfment and as a (2) rapidly, increased rate of full engulfment.
It is well documented that most NPs may be internalized by macropinocytosis if
the particle is about 50 nm in size (Arancibia et al. 2016). This uptake occurs concomitant
to generation of pro-inflammatory mediators; if there is an infection compromising this
activity, cellular impairment will follow, and antimicrobial responses prevented. Since the
cell’s phagocytic activity may be diminished, so could the production of extracellular nitric
oxide. With these results, it was recorded that low nanoparticle uptake (phagocytic activity
in macrophages) coincides with a senescent phenotype also observed (Chapter 2).
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Earlier in this chapter, it was also reported that ROS generation was not hindered
by the combined effects originating from UBC plus microbial exposures. These in vitro
studies suggested that native terminally differentiated tissue cells may not elicit the same
responses at the end, due to a modified upwards arginase activation (which yields high
PGE2 levels) and a lowered pathogen-killing capacity of the cells in question (mainly
macrophages). If both ROS and NO x levels increase yet phagocytosis is lessened, the
balance between Th1 and Th2 is also compromised (Arancibia et al. 2016; Clark et al.
2009; Gustafson et al. 2015). Arginine and by consequence the bio-availability levels of
arginase are both of special interest and further experimentation would be beneficial.
However, since nanocarbon may block the receptors often involved in internalization,
except for phagocytosis, an arginine/arginase assay may not be the proper approach to
decipher novel signaling pathways or mechanistic effects from cellular interactions upon
post-UBC with combined microbial insult.
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CHAPTER 5: CONCLUDING REMARKS

As previously mentioned in Chapter 2, cellular senescence is an irreversible state
of permanent cell cycle arrest, occurring in response to multiple noxious insults. During
senescence, cells communicate with their surrounding microenvironment by secreting
various cytokines and growth factors (Hoenicke and Zender 2012). This is termed
senescence-associated secretory phenotype or SASP (Tchkonia et al. 2013). SASP is
responsible for assembling, secreting chemokines, growth factors, proteases, and
senescent cells, yet also promote tissue deterioration (Freund et al. 2010). Thus, cellular
senescence presents two problems. The first, senescence causes a loss of tissue-repair
capacity because of cell cycle arrest in progenitor cells and second, senescent cells
produce pro-inflammatory and matrix-degrading molecules. According to the Centers for
Disease Control and Prevention, CDC, nearly 15%, or about one-in-seven, middle-aged
and older U.S. adults suffer from lung disorders such as asthma, chronic bronchitis,
emphysema, and COPD (Doney et al. 2015). The CDC also asserts that chronic lower
respiratory disease is the third leading cause of death in persons over the age of 65
(National Center for Health Statistics, 2017). Moreover, aging is the largest risk factor for
most persistent ailments, which account for morbidity and healthcare-related expense in
developed nations (Tchkonia et al. 2013).
Interestingly, age-related diseases are shown to be associated with cellular
senescence (Childs et al. 2015; Van Deursen 2014). Indeed, newer studies reveal that
targeting senescence cells may pose a viable therapeutic treatment for age-related
diseases (see Chapter 2 - 4). In Schafer et al., senescent cells, due to their inherent ability
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to cause signaling cascades driving fibro-proliferative activation in idiopathic pulmonary
fibrosis (IPF), were manipulated to selectively target and diminish the above processes
(Schafer et al. 2017). Senescent cell elimination and SASP obstruction in a murine model
have been found to improve pulmonary function, thus, indicating that this manipulation
may reduce progression of fibrotic lung disease and possibly be used as a therapeutic
method to treat IPF, ultimately facilitating wound healing progression (Schafer et al.
2017). Together, age-related disease profiles and the aforementioned study, along with
the in vitro data accumulated after conducting this project, provide a potential link between
nanocarbon pollutant exposure, age, and pulmonary ailments. The link could possibly be
cellular senescence where low-dose exposure to nanoparticulate matter induces cellular
senescence in pulmonary cells potentially contributing to poor pulmonary health.
Mitochondrial potential, mitochondrial transmembrane swelling might increase the
permeabilization of the transition pore opening at the outer membrane (Visalli et al. 2019).
The importance of ROS is most apparent in oxidative phosphorylation; almost 5% of
oxygen (O2) gets converted to O2- and then to hydrogen peroxide which contributes to the
permeability of the outer mitochondrial membrane (Visalli et al. 2019). Non-acute toxicity
of UFP also found an efficient homeostatic condition, potentially indicating that the cells
used in the present study may be able to counteract or avoid future over-production of
ROS. Although ROS stimulation is hindered, literature suggests (Visalli et al. 2019) that
functionality of the mitochondria, as well as restoration of mitochondrial responses, may
be insufficient after damage to the cell has already occurred. Hindered cellular growth
(low metabolism, little proliferation) was also supported by the increase in S and decrease
in G2/M seen by murine macrophages as well as an increase in ROS production with
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inclination to phagocytic trends shown. This may reveal an explanation to specific
measurements in my study, where long-term UBC exposure for example inflicts burden
on adherent cells. Calcium levels (mentioned previously) affect caspase signaling
proteins; cytosolic release of pro-apoptotic proteins (dependent on calcium ion fluxes)
may impair favorable energetic processes in mitochondrial function (Visalli et al. 2019).
As a result of this energetic shift, the redox imbalance may be greatly amplified by electron
(-) presence within the respiration chain (Visalli et al. 2019) and enhance subsequent
inner mitochondrial membrane depolarization (seen in A549 and THP1 human cell lines).
Due to lack of data concerning the interactions between ambient particle
exposures at low doses to cellular fitness, I was compelled to the completion of this in
vitro protocol. Investigations to injury from stress-induced markers and immune-based
mediators were needed especially since additive, long-term nanomaterial-cellular studies
are limited. Following additive 9-day UBC exposures and a 24 hr microbial insult (for a
10-day regimen), biological components were evaluated to discover cellular damage and
depict phagocytic activity in response to pristine/native and amorphous black carbon
particles. In this toxicant-induced investigations, cumulative UBC + microbial insults
caused moderate ROS protection (determined by the expression of ROS), induced
extracellular oxidative stress (by the content of NO2-), and cytokine production was
enhanced for most of the cultured cell lines used in this study. These significant findings
and the extension of the amassed outcomes may address why UBC particles are not
easily cleared from the lungs and are, in turn, highly retained inside cells.
Native or unaltered nanocarbon pollutant used here also caused a decrease in
phagocytic trends, as seen in murine RAW264.7. The observed trend could complicate
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the ability of the phagocyte to engulf particles and form internal phagosome
compartments, thus rendering the remaining cell population more vulnerable to
downstream effects upon interactions with additional foreign substances (Renwick,
Donaldson, and Clouter 2001). The sub-cytotoxic, combined effects following
compounding UBC + microbial stimuli triggered cellular impairment yet suggest
homeostatic behaviors after the 10th day. This data could help future long-term, in vitro
studies determine underlying modes of action arising from PM-associated chronic
respiratory conditions. In summary, particular interest investigating those who may
potentially be at greater susceptibility to the combined impact from ambient pollutants and
bacterial, viral, or fungal infections remain imperative.
Of importance, sustained contact with inhaled particles containing suspended
nanosized-PM may potentially exacerbate pulmonary illness resulting from anthropogenic
pollution. Chronic UBC exposure must be assessed to define clear mechanistic pathways
targeting inflammation at the cellular level linked with human chronic respiratory diseases.
.
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GLOSSARY

AAAAI: American Academy of Allergy, Asthma, and Immunology
ELISA: enzyme-linked immunosorbent assay
GSH: reduced glutathione tripeptide of L-glutamine, L-cysteine, and glycine
IFN: interferon
IL: interleukin
NAAQS: National Ambient Air Quality Standards
NP: nanoparticle
PAMP: pathogen-associated molecular pattern
PM: particulate matter
PRR: pattern recognition receptor
ROS: reactive oxygen species
RNS: reactive nitrogen species
TCEQ: Texas Commission on Environmental Quality
TGF: transforming growth factor
TLR: toll-like receptor
TNF: tumor necrosis factor
UBC: ultrafine black carbon
UFP: ultrafine particles
US-EPA: United States-Environmental Protection Agency
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APPENDIX A

I. Experimental Limitations
Rising ethical issues surrounding animal experimentation have recently caused
regulatory authorities to adopt and commit to principles (reduction, refinement, and
replacement) that recommends the use of more toxicology testing in vitro than in vivo
(Srivastava et al. 2018). Developments in basic research and quality control of various
chemical products have received further attention to the commitment of maximizing
reproducibility and credibility of results obtained from cell procedures. It was established
that regulatory guidelines should also instill six additional principles to promote agreement
across all parties who remain critical in the role of using cell and tissue systems
(Srivastava et al. 2018). One of the major challenges establishing appropriate in vivo and
in vitro techniques involves cultivating cell types (established or proliferative) in question
in the appropriate cell culture conditions or systems.
Although technically time-consuming, it is essential to represent specific and
normal microenvironments from actually corresponding tissues (Ghallab 2013).
Optimization of cell culture conditions and subsequent development of in vitro protocols
are two important initial steps to carry out cytotoxicity studies, for instance. Problems with
capturing interactions between cell populations, difficulties simulating consequences from
long exposures, extrapolating in vitro concentrations to in vivo doses, and reporting
disturbed pathways/markers in cells or detrimental effects in animals are major difficulties
facing in vitro work (Tice et al. 2013).
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In vitro assays can provide reliable, rapid, and repeatable information concerning
time-sensitive toxicity issues. While in vivo work would be difficult to absolutely replace,
cell-based models will continue to address questions that must be answered before
initiating grant proposals or preliminary findings to later expand into animal-based work.
The in vitro (high-throughput) screening of toxicant products, for example, also serves as
an example portraying the relevance of cell studies before conducting further
assessments concerning carcinogenicity, genotoxicity, etc. (Srivastava et al. 2018).
Specific to this current project, nanoparticle research is an emerging topic that continues
to be explored year after year. The research conducted on this dissertation document
focused on the effects on lung-derived cells from ultrafine black carbon (UBC) exposure.
It has been reviewed that nanosized particulate risk assessments are limited. A lack,
however, of standardized testing currently hinders the capability of researchers to target
risk analysis of nanoparticle toxicity (Kroll et al. 2009).
In future work, the study proposes changes that could help to develop more reliable
approaches in evaluating cell-based studies and toxicant exposures include: (1) a focus
on cellular by-products, like proteins and RNA and (2) a focus on marker-free technology
to measure the impact of in vitro testing. Authors continue to suggest that these
approaches

must

address

adverse

biological

effects

(i.e.,

originating

from

xenobiotic/exogenous agents) upon exposure to the native structure of the nanoparticle
under study and rather circumvent effects resulting from its own specific physicochemical
properties (Kroll et al. 2009).
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II. Confocal Microscopy.

TPMT (bright field) module set using confocal laser scanning microscopy showing both
untreated (A) RAW264.7 macrophages and after exposure (B) with UBC nanocarbon
particles at the 10-day mark. Bar = 50 microns.

123

APPENDIX B

124

APPENDIX C
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APPENDIX D

Figure

Caption

1

Low-dosed UBC
aggregated on cell
surfaces and
translocated into
macrophages.

2

UBC affected viability as
measured by cellular
membrane integrity.

3

UBC induced lowmoderate apoptotic
conditions as shown by
FITC-Annexin V with PI
co-staining.

4

UBC compromised
mitochondrial ATPase
and cytoplasmic serine
esterase activity in a
dose-dependent manner
across all four cell types.

5

UBC promoted cellular
senescence enhancing
beta-galactosidase (βGal) activity in a dosedependent manner for all
cell lines.

6

Continuous, low
concentrations of UBC
induced minimal ROS as

Further Information
Captured upon UBC treatments after the 9-day mark across
A549, LA4, RAW264.7, and THP1. The images were digitally
captured by light microscopy using a Leica Model DMIL EC3,
LED and observed with LAS EZ Leica Microsystems program at a
40x magnification: media “untreated” control, 10mM H2O2 control,
and 3.0 µg/mL UBC-treated groups are shown.
The number of live cells (viable) shown as the percentage of PInegative cells for each cell line (A - D). Data determined as the
mean of 6 replicates, representative of three independent
experiments. Statistically significant at *p ≤ 0.05 in comparison to
media control. A 1-way Anova was conducted for A549; nonparametric KW for all the other lines.
Following day 9, the cells were harvested and apoptosis/necrosis
was assessed by flow cytometry after double staining with FITCAnnexin V and PI. Percentage of apoptotic cells are shown for
each of the cells (A, B, C, and D) upon treatment with the highest
UBC concentration. A representative double-parameter flow
cytometry dot-plot for RAW 264.7 is presented (E). Dots (events)
show density quadrants. Low-density regions are designated in a
lighter number of events; high-density regions in the darker
number of events. Approximately 10,000 events were acquired
per sample. Data determined as the mean of 6 replicates,
representative of 3 independent experiments. Statistically
significant at *p ≤ 0.05 in comparison to untreated control. 1-way
Anova conducted for LA4 and RAW264.7; non-parametric KW for
all other lines.
Cells were harvested and assessed for vitality after day 9 based
on: (A) mitochondrial ATPase activity (Cell Titer-Glo) and (B)
cytoplasmic serine esterase activity (Calcein-AM). Data was
normalized to the untreated media control and displayed as the
mean of 6 replicate wells ± SEM. One of at least three
representative independent experiments are shown. Statistically
significant at *p ≤ 0.05 in comparison to media control. 1-way
Anova conducted for all four cell lines.
Following subsequent treatments, the cells were harvested and
assessed for cellular dormancy following the manufacturer’s
instructions for the mammalian β-Galactosidase kit (β-Gal
Senescence). Data was normalized to the media control and
displayed as the mean of 6 replicates. Max and min values are
depicted (±). Graphs indicate one of three representative
independent experiments. Statistically significant at *p ≤ 0.05 in
comparison to untreated media control. One-way Anova
conducted for both LA4 and RAW264.7; non-parametric KW for
other cell types.
Images captured upon UBC treatments at the day 10 mark as
described in Materials and Methods across all the various cell
types in this study. These were recorded by confocal microscopy
using an LSM 700 Confocal Microscope System (LSM 700-
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depicted by confocal
microscopy.

7

8

Intracellular GSH
depletion was observed
across all cell lines as
quantified by the
luminescent-based
glutathione assay.
UBC impacted
mitochondrial health for
most cell lines as
measured by cytometric
mitochondrial membrane
potential (Δψm).

9

UBC distorted cell-cycle
distributions in a dosedependent mode across
the RAW264.7 murine
phagocytic cell line.

10

UBC contributed to cellcycle disturbances in
three phases across the
human A549 cell line.

11

UBC minimally affected
normal cell-cycle

generation systems, Carl Zeiss) and observed with Zeiss Zen
software program at a 40X magnification: media “untreated”
control, 10 mM H2O2 control, and the highest 3.0 µg/mL UBCtreated cells are shown across all cells: A549 (A - C), LA4 (D - F),
THP1 (G - I), and RAW264.7 (J - L). Confocal images are
representative of at least 2-3 experiments.
On day 10, the cells were harvested and analyzed via the
bioluminescent-based glutathione assay (A - D). Free GSH
concentrations were calculated. Tukey graphs display the mean
of 6-8 replicates. Data represent two independent experiments.
Statistical significance displayed as *p ≤ 0.05 compared to media
control. A 1-way Anova was conducted for all cell lines.
On day 10, the cells were harvested and their mitochondrial
membrane potential was analyzed via fluorescent JC-1 staining
and flow cytometry. About 1x10 4 to 1x105 events were collected
and analyzed per sample using the CXP Software. Cell
populations (%) with healthy versus damaged mitochondria are
shown for each line (A - D). Percentages were split accordingly
between JC-1 singlets (emitting a green fluorescent signal) and
JC-1 aggregates (red fluorescent signal) displayed as the mean
of 6 replicates. Data represent three independent experiments.
Statistically significant at *p ≤ 0.05 in contrast to their
corresponding untreated media control. A non-parametric KW
was conducted for THP1 monocytes; 1-way Anova conducted for
all other cell lines.
On day 10, the cells were harvested and their proliferative activity
was analyzed. Using the NIM-DAPI protocol, all samples were
evaluated for cell cycle profiles via flow cytometry. About 1x104 to
1x105 events were collected and analyzed per sample using the
Kaluza Flow Cytometer Software. Datasets are one of 3
independent experiments performed in duplicates, n=6. Statistical
significance shown by *p ≤ 0.05 in comparison to untreated
controls. Bar graphs indicate the four cytometry gates
representing the distribution of cells in each phase of the cycle
as: (A) sub-G0/G1 or hypodiploid, (B) G0/G1 or diploid, (C) S or
hyperdiploid, and (D) G2/M or tetraploid cell subpopulations. Cell
frequency was plotted along the y-axis and the groups were
labeled on the x-axis. RAW264.7 murine macrophages are
shown here. A 1-way Anova conducted for RAW264.7 at the
G2/M phase of this study.
A549 epithelial lung cells were seeded on day zero then treated
with various concentrations of UBC as stated in Materials and
Methods. On day 10, the cells were harvested and their
proliferative activity was analyzed. Datasets are one of 3
independent experiments performed in duplicates, n=6. Statistical
significance shown by *p ≤ 0.05 in comparison to untreated
controls. Bar graphs indicate the four cytometry gates
representing the distribution of cells in each phase of the cycle
as: (A) sub-G0/G1 or hypodiploid, (B) G0/G1 or diploid, (C) S or
hyperdiploid, and (D) G2/M or tetraploid cell subpopulations. Cell
frequency was plotted along the y-axis and the groups were
labeled on the x-axis. Human-derived epithelial cells are shown.
A 1-way Anova conducted for A549 at G2.
LA4 epithelial lung cells were seeded on day zero then treated
with various concentrations of UBC as stated in Materials and
Methods. On day 10, the cells were harvested and their
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distributions in the
murine LA4 cell line.

12

UBC impacted normal
cell-cycle distributions in
two phases across the
THP1 monocytic line.

13

Low dosages of UBC +
microbes could protect
cells from ROS as
measured by
fluorescence-based
carboxy-H2DCF-DA.

14

UBC + microbial proxies
induced extracellular
NO2- content as
indicated by colorimetricbased nitrite assay.

15

UBC affected cytokine
induction as observed in
THP1 and RAW264.7.

16

UBC + microbial stimuli
altered Th1 and Th2

proliferative activity was analyzed. Datasets are one of 3
independent experiments performed in duplicates, n=6. Statistical
significance shown by *p ≤ 0.05 in comparison to untreated
controls. Bar graphs indicate the four cytometry gates
representing the distribution of cells in each phase of the cycle
as: (A) sub-G0/G1 or hypodiploid, (B) G0/G1 or diploid, (C) S or
hyperdiploid, and (D) G2/M or tetraploid cell subpopulations.
Frequency was plotted along the y-axis and the groups are
labeled on the x-axis. Murine-derived epithelial cells are shown.
1-way Anova conducted for LA4 at G2.
Human monocytes were seeded on day zero then treated with
various concentrations of UBC as stated in Materials and
Methods. On day 10, the cells were harvested and their
proliferative activity was analyzed. Datasets are one of 3
independent experiments performed in duplicates, n=6. Statistical
significance shown by *p ≤ 0.05 in comparison to untreated
controls. Bar graphs indicate the four cytometry gates
representing the distribution of cells in each phase of the cycle
as: (A) sub-G0/G1 or hypodiploid, (B) G0/G1 or diploid, (C) S or
hyperdiploid, and (D) G2/M or tetraploid cell subpopulations.
Frequency plotted along the y-axis and groups labeled on the xaxis. Human peripheral-blood monocytes are shown. 1-way
Anova conducted for THP1 at G2.
On day 10, the cells were harvested and reactive oxygen species
(ROS) was monitored for 12 hr via fluorescent-based intracellular
oxidative stress/damage. Datasets were determined as the mean
of 6 duplicates, representative of 3 independent experiments.
Statistical significance displayed as ∗p ≤ 0.05 in comparison to
media control (untreated cells). Statistical significance displayed
as ‡p ≤ 0.05 in comparison to the UBC-treated groups. ROS
indicator levels (fluorimeter units, FU) are shown for each cell line
on the left panel and the sum (Σ) of the AuC (in FU∗min) upon
treatment with the highest UBC concentration (3.0 µg/mL UBC)
on the right panel. One-way Anova were conducted for both
THP1 and RAW264.7; non-parametric KW for the two other cells.
Upon day 10, the cell supernatants were collected and the byproduct of oxidative damage was examined via the Griess
Reagent System (A - D). Stable nitrite metabolite content in µM
was calculated and the data is displayed as the mean of 8-10
replicates. Data represent at least 2 experiments completed
independently. Statistical significance displayed as ∗p ≤ 0.05 in
comparison to untreated media control. Statistical significance
displayed as ‡p ≤ 0.05 in comparison to UBC-treated group only.
One-way Anova conducted for both A549 and RAW264.7; KW for
the other cells.
Upon day 10, the cell supernatants were collected and cytokine
levels were measured via spectrometric ELISA assays (A - D).
Cytokine content in µM was calculated and the data is displayed
as the mean of 4-6 replicates. Data represent at least 2
experiments completed independently. Statistical significance
displayed as ∗p ≤ 0.05 in comparison to media control. See
Appendix C for more data.
Upon day 10, the cell supernatants were collected and cytokine
levels were quantified via ELISA colorimetric assays (A - D).
Cytokine content in µM was calculated and the data is displayed
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cytokine production
across cells.

17

UBC negatively
compromised phagocytic
activity in a dosedependent mode for
murine RAW264.7
phagocytes.

as the mean of 4-6 replicates. Data represent at least 2
experiments completed independently. Statistical significance
displayed as ∗p ≤ 0.05 in comparison to untreated control.
Appendix C for more data.
Upon day 10, the cells were harvested and assessed for
phagocytic activity via a fluorescent-based assay. The calculated
data is displayed as the mean of 6 replicates. Datasets represent
3 experiments completed individually. Normalized data in
reference to untreated control presented in percentage form (%).
Statistical significance displayed as ∗p ≤ 0.05 in comparison to
untreated control. One-way Anova conducted for A549, THP1,
and RAW264.7; non-parametric KW for the THP1 monocytes.
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