Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Oxidized Graphene Nanoparticles as a Delivery System for the Bioactive Sphingolipid
Ceramide
A Dissertation Presented

by

Cassandra Suhrland
to

The Graduate School

in Partial Fulfillment of the
Requirements
for the Degree of

Doctor of Philosophy

in

Biomedical Engineering

Stony Brook University

August 2016



Copyright by
Cassandra Suhrland
2016



Stony Brook University

The Graduate School

Cassandra Suhrland

We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Dr. Balaji Sitharaman — Dissertation Advisor
Associate Professor, Department of Biomedical Engineering

Dr. Eric Brouzes - Chairperson of Defense
Assistant Professor, Department of Biomedical Engineering

Dr. Mei Lin Chan - Committee Member of Dissertation Defense
Assistant Professor, Department of Biomedical Engineering

Dr. Jean-Philip Truman - Committee Member of Dissertation Defense
Research Assistant Professor, Department of Medicine

This dissertation is accepted by the Graduate School

Nancy Goroff
Interim Dean of the Graduate School

1



Abstract of the Dissertation
Oxidized Graphene Nanoparticles as a Delivery System for the Bioactive Sphingolipid
Ceramide

by

Cassandra Suhrland

Doctor of Philosophy
in

Biomedical Engineering
Stony Brook University
2016

In recent years there has been a growing appreciation for the active functions certain lipids have
in cellular metabolism. These "bioactive lipids" have been found to be an important part of many
cell signaling processes. In particular, the bioactive sphingolipid ceramide has emerged as an
important player in cancer biology. Dysregulation of ceramide metabolism has been shown to
impart resistance to drug and radiation treatment in certain types of cancer, with low levels of
specific ceramide species conferring resistance to apoptosis. It has also been shown that restoring
levels of these ceramides in cancer cells through exogenous delivery also restores sensitivity to
radiation and drug treatment. As such, the exogenous delivery of ceramide to represents an
untapped therapeutic target for the treatment of resistant cancers. However, as a lipid, ceramide
is extremely hydrophobic and has virtually no solubility in aqueous solution; it requires a
delivery system for successful entry into cells. Current methods of ceramide delivery have
serious drawbacks, and as a result, there is currently no clinically approved method for the
therapeutic delivery of ceramide.

In this work, we present the use of oxidized graphene nanoribbons (O-GNRs) derived from
multi-walled carbon nanotubes as a delivery system for ceramide. We developed a novel method
for the noncovalent reversible loading of ceramide onto O-GNRs. Using this method, we were
able to load significant amounts of both short chain and long chain ceramides onto O-GNRs. We
found that the short-chain C¢ ceramide was able to directly induce high levels of apoptosis in
cancer cells when loaded onto O-GNRs. We also found that long chain C;¢ and C,4 ceramides
were able to modulate the resistance of cancer cells to drug and radiation treatment when loaded
onto O-GNRs. However, we found that O-GNRs have significant biological effects that interfere
with the effects of ceramide on drug and radiation treatment, suggesting a critical need to
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optimize the properties of these nanoparticles for use with ceramide. Despite these limitations,
these results represent a promising first step on the path to therapeutic delivery of ceramide.
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Figure 5.4

Effects of uptake inhibitors (I) on the viability of HeLa cells treated with C6
ceramide and C16 ceramide loaded O-GNRs (A, B) or UV irradiation and C24
ceramide loaded O-GNRs (C, D) as measured by Prestoblue. Dynasore, gefitinib,
and EIPA showed significant decreases in viability on cells treated with C16 loaded
O-GNRs and C6 (A, B). Filipin showed a significant increase in cells treated with
C16 loaded O-GNRs and C6 (B). For C24 treatment, dynasore lowered the viability
of UV-irradiated cells with C24 loaded O-GNRs (C) while treatment with gefitinib,
filipin, and EIPA showed no significant effect (C, D). * indicates significant
difference from "Untreated" and t indicates significant difference from "C6" (A, B)
or "UV" (C, D). For High and Low concentrations: for dynasore Hi = 80 uM, Lo =
40 uM; for Gefitinib Hi = 1 pM, Lo = 0.5 uM; for EIPA Hi = 0.5 mM, Lo = 0.25
mM; for Filipin, Hi = 3 ug/mL, Lo =2 pg/mL.

Figure 5.5 Effects of uptake inhibitors on apoptosis induced by C16 ceramide loaded O-GNRs

Figure 5.6

Figure 5.7

and C6 ceramide (A) or C24 ceramide loaded O-GNRs and UV irradiation (B). For
cells treated with C16 loaded O-GNRs and C6 ceramide, dynasore and EIPA
treatment led to an increase in apoptosis, filipin led to a decrease in apoptosis, and
gefitinib had no significant effect (A). For cells treated with C24 loaded O-GNRs
and UV, no inhibitor had an effect on the level of apoptosis observed (B). * indicates
significant difference from "Untreated." Concentration of inhibitors: dynasore = 80
uM, Gefitinib = 1 uM, EIPA = 0.5 mM, Filipin, = 3 pg/mL.

Confocal Microscopy images of HeLa cells treated with fluorescent C12 NBD
ceramide loaded onto O-GNRs (A-D) or fluorescent C12 NBD ceramide only (E-H).
Ceramide loaded onto O-GNRs (A) shows ceramide more localized to endosomes
after 2 hours than free ceramide (E). Cells treated with Dynasore and ceramide-
loaded O-GNRs (B) and Gefitinib and ceramide-loaded O-GNRs (C) show
significantly less fluorescence than cells not treated with inhibitors of O-GNR
uptake (A). However, cells treated with Dynasore and free ceramide (F) and
Gefitinib and free ceramide (G) show no difference than cells treated with free
ceramide alone (E). Cells treated with free ceramide and endosome disruptor
desipramine (H) show significantly less endosome localization than cells treated
with free ceramide only (E). However, cells treated with desipramine and ceramide-
loaded O-GNRs (D) show no difference in endosome localization compared to cells
treated with ceramide-loaded O-GNRs only (A).

Transmission electron microscopy images of HeLa cells incubated with ceramide
loaded O-GNRs after 24 hr. Both C16 loaded O-GNRs (A, C) and C24 loaded O-
GNRs (B, D) show high degrees of nanoparticle uptake. There is also evidence of
membrane "blebbing" (arrows) associated with the uptake mechanism (A, C).
Zoomed-in views of these regions of interest (C, D) also show O-GNRs localized to
endosomes.
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Chapter 1

Ceramide: A Review of Metabolism, Roles in Apoptosis and Cancer, and Delivery Methods



For many years, lipids have been viewed largely as passive actors in cellular metabolism,
mainly assigned to structural roles in cell membranes or for the storage of energy in adipose
tissue. However, in recent years there has been a growing appreciation for the critical, active
roles lipids play in healthy and disease states alike. In particular, the enigmatic group of lipids
known as sphingolipids has emerged as having many messengers for a wide variety of cellular
functions'™. Of these sphingolipids, ceramide has emerged as a key regulator of cellular
processes of clinical relevance’”. It has been shown that ceramide metabolism plays a large role
in the progression of cancer®, a group of diseases which are responsible hundreds of thousands of
deaths and tens of billions of dollars in healthcare costs annually’. However, as a lipid ceramide
is extremely hydrophobic, even compared to other biologically relevant lipids such as the more
familiar phospholipids. This has limited its therapeutic applications, and as a result, there are

currently no clinically available methods for the therapeutic delivery of ceramide.

In this chapter, we will review the metabolic pathways of ceramide synthesis, the role of
ceramide in apoptotic signaling, the dysregulation of ceramide metabolism in cancer, the
currently available methods for ceramide delivery, and possible avenues for new methods of

ceramide delivery.

Sphingolipid Metabolism and Ceramide
There are three major pathways of ceramide synthesis in cells. The synthesis of all
sphingolipids begins with the first major pathway, the 'de novo' pathway, which synthesizes
sphingolipids using basic fatty acids and other cofactors (Fig 1.1). This process begins with the
condensation of palmitoyl-coenzyme A (CoA) and the amino acid serine into 3-

10-12

ketosphinganine This product undergoes a reduction reaction by the enzyme 3-

ketosphinganine reductase to yield dihydrosphingosine'®'*. At this point, a second aliphatic tail



is acylated to dihydrosphingosine catalyzed by one of six ceramide synthases (CerS) and a

variable chain length fatty acyl-CoA as the substrate, yielding dihydroceramide'**'

. The specific
CerS used depends on the length of the fatty acyl-CoA aliphatic chain, and the resulting
ceramide is identified by the nomenclature C,, where n is the carbon length of the fatty acyl tail.
To convert from dihydroceramide to ceramide, the dihydroceramide desaturases (DES) create a

4,5 trans double bond into the sphingosine portion of ceramide®**

. The vast majority of enzymes
and the processes involved in de novo ceramide synthesis is contained on and localized to the

endoplasmic reticulum (Fig. 1.2)*
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Figure 1.1. Ceramide is considered to be the central hub of sphingolipid metabolism, and is
synthesized de novo from the condensation of palmitate and serine to form 3-keto-
dihydrosphingosine (not shown). In turn, 3-keto-dihydrosphingosine is reduced to
dihydrosphingosine followed by acylation by (dihydro)-ceramide synthase (also known as Lass
or CerS). Ceramide is generated by the action of desaturases. From here, ceramide can be
converted to other interconnected bioactive lipid species. The only exit pathway from the
sphingolipid pathways is mediated by sphingosine-1-phosphate (S1P) lyase, which metabolizes
S1P. Both ceramide and dihydroceramide have been shown to be bioactive and, in fact, >50
distinct molecular species may be classified as ceramide. Each may have its own separate
metabolic network, resulting in unprecedented levels of complexity in sphingolipid signalling. In
this figure, only a pathway for a generic ceramide and a generic dihydroceramide (shown in the
dotted outline box) are depicted. It does not show the multiplicity or subcellular localization of



these pathways. CDase, ceramidase; CK, ceramide kinase; DAG, diacylglycerol; GCase,
glucosyl ceramidase; GCS, glucosylceramide synthase; PC, phosphatidylcholine; SK,
sphingosine kinase; SMase, sphingomyelinase; SMS, sphingomyelin synthase; SPPase,
sphingosine phosphate phosphatase; SPT, serine palmitoyl transferase. Adapted with permission
from "Principles of bioactive lipid signalling: lessons from sphingolipids." Nature Reviews
Molecular Cell Biology (2008). Copy 2008 Nature Publishing Group.

From here ceramide serves as a sort of crossroads for the synthesis of complex
sphingolipids, which are synthesized from ceramide using specific substrates and enzymes. One
of the most abundant complex sphingolipids, sphingomyelin, is synthesized using
phosphatidylcholine and sphingomyelin synthase’*. The reverse of this reaction comprises the
second major pathway of ceramide synthesis, dubbed the 'sphingomyelinase' pathway for the
name of the enzyme that catalyzes the hydrolysis of sphingomyelin into ceramide and
phosphocholine (Fig. 1.1)*°. Unlike the enzymes of the de novo pathway, sphingomyelinases
(SMases) are located on the membranes of several subcellular structures and organelles (Fig.
1.2). Acid sphingomyelinase (aSMase) is localized mainly to lysosomes and the extracellular
leaflet, with the aSMases at each location having slightly different structures and functionality®’.
Neutral sphingomyelinases (nSMases) exist on both the inner leaflet of the plasma membrane
and outer leaflet of the mitochondria, as well as the nucleus and Golgi****. There also exists
alkaline sphingomyelinase (alkSMase), but its structure is fundamentally different from other

SMases and its role in intracellular sphingolipid metabolism and signaling is not entirely clear’*.
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1.2. De novo synthesis of sphingolipids occurs in the endoplasmic reticulum (ER) and possibly
in ER-associated membranes, such as the perinuclear membrane and mitochondria-associated
membranes (MAMs; see figure). Ceramide (Cer) formed in this compartment is transported to
the Golgi, which is the site of synthesis of sphingomyelin (SM) and glucosylceramide (GluCer),
with the latter serving as the precursor for complex glycosphingolipids (GSLs). The transport of
Cer to the Golgi occurs either through the action of the transfer protein CERT, which specifically
delivers Cer for SM synthesis, or through vesicular transport, which delivers Cer for the
synthesis of GluCer. In turn, transfer of GluCer for GSL synthesis requires the action of the
recently identified transport protein FAPP2*°. GluCer appears to be synthesized on the cytosolic
side of the Golgi, and requires flipping to the inside of the Golgi for the synthesis of complex
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GSLs, possibly with the aid of the ABC transporter, P-glycoprotein (also known as MDR1) (not
shown). Delivery of SM and complex GSLs to the plasma membrane appears to occur by
vesicular transport. Acid sphingomyelinase (aSMase) that is present in the outer membrane
leaflet or neutral SMases in the inner leaflet of the bilayer can metabolize SM to Cer and
subsequently other bioactive lipids. The mechanisms by which sphingolipids may cross lipid
bilayers are discussed in. This metabolic network also extends to the circulatory system, where
many of the enzymes (acid SMase, neutral ceramidase (CDase) and sphingosine kinase (SK))
have been detected, often in association with lipoproteins that are rich in SM and Cer.
Internalization of membrane sphingolipids proceeds through the endosomal pathway whereby
SM and GluCer may reach the lysosomal compartment, where they are degraded by the actions
of SMases and glucosidases to form Cer. Cer is hydrolysed by acid CDase to form sphingosine
(Sph). Sph may exit the lysosome, although its ionizable positive charge favours partitioning in
lysosomes. Therefore, it is postulated that the action of SK1 at or near the lysosome may be
required to 'trap' Sph through phosphorylation. Subsequent dephosphorylation by SIP
phosphatases in the ER would recycle the salvaged Sph to Cer (a similar role for SK in
delivering exogenous sphingoid bases to internal metabolic pathways has been demonstrated in
yeast). Sph formed from this salvage pathway is also sufficiently soluble in cytosol to move
among membranes. The salvage pathway is shown by the dashed arrows. 3KdhSph, 3-keto-
dihydrosphingosine; dhCer, dihydroceramide; dhSph, dihydrosphingosine; S1P, sphingosine-1-
phosphate. Adapted with permission from "Principles of bioactive lipid signalling: lessons from
sphingolipids." Nature Reviews Molecular Cell Biology (2008). Copy 2008 Nature Publishing
Group.

The third major pathway of ceramide synthesis is dubbed the 'salvage' pathway (Fig 1.1).
Similarly to the sphingomyelinase pathway, the salvage pathway regenerates ceramides from the
catabolism of complex sphingolipids, including sphingomyelin®®. However, unlike in the
sphingomyelinase pathway, the salvage pathway involves breaking down all the way to
sphingosine, which is then fed into one of the ceramide synthases to yield ceramide’”. As the
salvage pathway uses the same ceramide synthases as the de novo pathway, the locations of
synthesis are similar, with free sphingosine being trafficked mainly from lysosomal degradation

of complex sphingolipids (Fig. 1.2.).



Ceramide Signaling in Apoptosis
Although sphingolipid metabolism has been shown to be an important component of
many cell signaling processes, ceramide metabolism, in particular, has been heavily implicated
in apoptotic signaling. Apoptosis, or "programmed cell death," is an important biological process
for removing dysfunctional cells from an organism, characterized by chromatin condensation,
cell shrinkage, and a shift to a round morphology. There are many factors involved in apoptotic
signaling, but overall, apoptosis is classified into two main pathways: the extrinsic and intrinsic

pathways™®.

The extrinsic pathway is characterized by signal transduction from death receptors on the
cell surface, typically induced by specific ligands. Some of these receptor-ligand pairs include
Fas and Fas Ligand®, Tumor Necrosis Factor (TNF) Receptor 1 (TNFR1) and TNF*, and
TRAIL-R1 and TRAIL*'. Upon binding of the ligand to the receptor, the intracellular portion of
the death receptor known as the death domain binds to the Fas-associated death domain (FADD)
protein®. The FADD complex associates with procaspase-8 to create the death-induced signaling
complex (DISC) and activate the initiator caspase-8*%. This leads either directly or indirectly to

the activation of downstream caspases involved in executing the final steps of apoptosis™.

The intrinsic pathway of apoptosis is characterized by mitochondrial outer membrane
permeabilization (MOMP) and the loss of mitochondrial membrane potential (MMP), which is
considered a 'point of no return' in apoptosis where no antiapoptotic factors can 'rescue' the cell
from the induction of apoptosis*. The intrinsic pathway is triggered by intracellular stressors
such as oxidative stress or DNA damage and involves members of the Bcl-2 family. Upon
activation of the intrinsic pathway, the proapoptotic members of the Bcl-2 family, Bax and Bid,

translocate to the mitochondria and reduce MMP by disrupting the integrity of the membrane®>”
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7 There are also antiapoptotic members of the Bcl-2 family, Bcl-2 and Bel-xL, which can

inhibit the actions of the proapoptotic factors on MMP**.

Although they are distinct pathways, there exist points of crosstalk between the intrinsic
and extrinsic pathways, and both pathways can be activated simultaneously by the same
stimuli**. Eventually, both pathways converge on the activation of 'executioner' caspases -3, -6

and -7, leading to apoptosis®.

Ceramide and Effectors of Apoptosis
Ceramides have been shown to have important roles in both of these pathways of

1 . . .. . .
3031 The evidence for ceramide's critical role in apoptosis comes from three central

apoptosis
observations across many studies. The first is that ceramide accumulates during induction of
apoptotic signaling. The second is that the inhibition of this accumulation of ceramide blunts
apoptosis. The third is that external delivery of ceramide or stimulation of endogenous ceramide
production can induce or enhance apoptosis’. Of the three ceramide metabolic pathways, the de
novo and sphingomyelinase pathways have been implicated more than the salvage pathway?®,
although select studies have shown a role for the salvage pathway in inducing apoptosis®>”>. The
generation of ceramides from each of these pathways also follow different temporal patterns,
with ceramides generated from SMases being rapid and transient on the order of minutes, and de

. 4-
novo generated ceramide over the course of several hours™*>°,
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Figure 1.3. By the binding of ligand to cell surface receptors that target the activation of the
extrinsic apoptosis pathway, the intracellular death domain (DD), interacts with FAS-associated
death domain (FADD). The FADD complex interacts with procaspase 8 to form a death-inducing
signalling complex (DISC) that is required for the activation of caspase 8. Subsequently, caspase
8 cleaves BH3-interacting domain death agonist (BID) to form a truncated form, tBID, which is
capable of reducing mitochondrial transmembrane potential and activating caspase 3. An
endogenous inhibitor of apoptosis, FLICE-inhibitory protein (FLIP), which is caspase-related but
which has no protease activity, is thought to function by competing with caspase 8 for binding to
the DISC. FLIP is predominantly expressed as long (FLIPL) and short (FLIPS) splice forms.
Both FLIP splice forms are recruited to DISCs, preventing the full activation of caspase 8 and
thereby inhibiting apoptosis. FLIP has been found to be overexpressed in a number of cancers.
The intrinsic mitochondrial pathway of ceramide-induced apoptosis is mainly regulated by
caspases and BCL-2 family members. Loss of mitochondrial outer membrane potential
subsequently leads to the release of pro-apoptotic proteins: cytochrome c (Cyt c), apoptosis-
inducing factor (AIF), second mitochondria-derived activator of caspase (SMAC)—direct



inhibitor of apoptosis protein (IAP)-binding protein with low PI (DIABLO), endonuclease G
(ENDOG) and HTRA serine peptidase 2 (HTRA2; also known as OMI), which is the 'engine'
that drives the intrinsic ceramide-induced apoptosis pathway. Consequently, mitochondrial
apoptosis can be either caspase-dependent or caspase-independent. On release to the cytosol,
cytochrome c triggers caspase 3 activation through the formation of what is termed the
cytochrome c-apoptotic protease-activating factor 1 (APAF1)—caspase 9-containing apoptosome
complex, whereas SMAC-DIABLO triggers caspase 3 activation by blocking IAPs through its
amino-terminal [AP-binding motif. Similarly, AIF and ENDOG can be released from the
mitochondria on outer mitochondrial membrane permeabilization, and move to the nucleus to
promote nuclear chromatin condensation and DNA fragmentation. HTRA2 can promote
apoptosis by caspase activation through the neutralization of IAPs or by a caspase-independent
path, simply via HTRA2 protease activity. GSK3p, glycogen synthase kinase 33; HRK, harakiri;
JNK, JUN N-terminal kinase; PKC, protein kinase C; PP2A, protein phosphatase 2A; TRAIL,
TNF-related apoptosis-inducing ligand; TXNIP, thioredoxin interacting protein. Adapted with
permission from "Ceramide-orchestrated signalling in cancer cells." Nature Reviews Cancer
(2013) Copyright 2013 Nature Publishing Group.

In the extrinsic pathway, ceramide plays a critical role involving the receptors
themselves. Induction of Fas and TRAILR results in ceramide accumulation on the plasma
membrane and nucleus (Fig 1.3)°". Ceramide generated on the plasma membrane from aSMase
aggregates into ceramide-rich domains, which are involved in clustering Fas and TRAILR, a
required step in receptor-induced apoptosis®. They also assist in the formation of the DISC, and
in amplifying downstream signaling by the DISC®"®®. Some studies suggest that Fas-induced
apoptosis specifically may be ceramide dependent®’. These effects can be attenuated by the
CerS inhibitor fumonisin B1, which was able to protect leukemia cells from Fas-induced
apoptosis”. Conversely, apoptosis could not be induced in neuroblastoma cells by Fas Ligand
alone, depending on the addition of C, and Cs ceramide in order to induce apoptosis’'. Slightly
downstream of Fas, FLICE inhibitory protein (FLIP), which is an inhibitor of caspase-8 and part
of the Fas DISC, can be downregulated by ceramide’>”". Similarly to Fas signaling, resistance to
TRAIL-induced apoptosis also been shown to be linked to low levels of ceramide’*”’. This has

been partially linked to CerS6, where direct knockdown of CerS6 expression also inhibited
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TRAIL-induced apoptosis’®. Similarly, low levels of ceramide has been linked to defects in

78,79

TNFR induced apoptosis'™"". However, there are also data to suggest that ceramide alone is not

80,81

sufficient for TNF-induced apoptosis™ " . There are also data that suggest TNF and ceramide

may have distinct pa‘[hwaysgz'84

. The complexity of ceramide and TNF interaction and signaling
pathways may also suggest complicated interactions between different steps of signal
transduction, as well as signaling that involves both extrinsic and intrinsic pathways of

- 85-88
apoptosis .

In the intrinsic pathway, ceramide plays an important role as a messenger through
localization to the mitochondria, the 'center' of the intrinsic pathway (Fig. 1.3). Ceramide-rich
platforms in the plasma membrane have the ability to fuse with mitochondria, leading to
ceramide accumulation in the mitochondria and eventually to apoptosis in a process sometimes
called 'the kiss of death™*°. There also exist ER membranes that are physically joined to
mitochondria, so that it is possible for mitochondrial accumulated ceramide to be generated from
the de novo or salvage pathways and transferred directly without the need for membrane
fusion’'. There have also been some studies pointing to the possibility of ceramide-generating
enzymes localizing to mitochondrial membranes and directly synthesizing mitochondrial

ceramide directly in sit’®*">%.

MOMP, a key event in the intrinsic pathway, can be induced by ceramide through the
formation of channels that allow the leakage of small proapoptotic factors such as cytochrome
> There is also evidence for a role for Bax in the formation of these channels, where
ceramide and Bax work in a synergistic manner rather than through the actions of ceramide

97,98

alone””". Ceramide itself can aid in the translocation of Bax from the cytoplasm to the
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mitochondria through activation of p38 MAPK or AKT downregulation (Fig. 1.3)”. Ceramide

can also cause a transient, pH-driven conformational change in Bax'**'"",

102

AKT, which is associated with pro-survival effects ", can be downregulated through the

upregulation of ceramide accumulation

. This downregulation by ceramide may be dependent
upon activation by PKC('™. There is also evidence for induction of MOMP through activation of
glycogen synthase kinase 3 (GSK3p), cathepsin D, or activation of protein phosphatase 2A
(PP2A)' % These, in turn, activate caspase 2 and 8 to cleave Bid to form tBid which then
relocates to the mitochondria'®'!"'. PP2A, in particular, is an important mediator of ceramide's
induction of apoptosis''*'"*. Protein kinase C& (PKC$) is also involved in ceramide-driven
apoptosis through the release of cytochrome ¢ and activation of caspase-9''*. This ceramide

driven release can also be inhibited by the antiapoptotic Bcl-2 through blocking the action of

caspase 2111,115,116.

The MAP kinases p38 and c-Jun N-terminal kinase (JNK), which are involved in several
cell functions including apoptosis, have also been shown to be upregulated by ceramide''”"*.
This activation is mediated by thioredoxin interaction protein (TXNIP) through apoptosis signal-
regulating kinase, which acts upstream of p38 and JNK'?’. Ceramide is also involved in
activating p53, a 'tumor suppressor' which is inactivated or downregulated in many cancers'> "%,
Ceramide can also inhibit the actions of a family of proteins known as inhibitors of apoptosis
(IAPs). Ceramide can downregulate or inhibit the actions of the IAP survivin through the

expression of Bax and P53'2'%°. Ceramide also promotes the degradation of xIAP and cIAP1 to

e . .1
enhance sensitivity to apoptosis'*’.
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Dysregulation of Ceramide Metabolism in Apoptosis-Resistant Cancers
Apoptosis is an important part of cancer progression, as resistance to apoptosis is one of
the central features of cancer'”''**. Given the important roles ceramide serves in signaling
apoptosis, it comes as no surprise that ceramide metabolism is often altered and impaired in
cancer cells. This dysregulation of ceramide metabolism has been shown to impart resistance to
chemotherapeutic drugs that normally induce apoptosis, as well as other pro-apoptotic stimuli

such as radiation therapy'*>"%.

There are key enzymes in metabolic pathways of ceramide that have been shown to play
a role in resistant cancers, especially ones that deplete ceramide. One of the most important is
glucosylceramide synthase (GCS). GCS and increased glucosylceramide levels have been
implicated in several types of resistant cancers, especially breast cancer'**'*. Accordingly,
inhibition of GCS activity has been shown to sensitize resistance cancers to treatment with a
number of chemotherapeutic drugs, including doxorubicin and paclitaxel>*'*1%.
Glucosylceramide itself is not necessarily a passive actor in cancer metabolism and may play a
role in the metastasis and immune evasion in cancer, as well 147,148 Ceramidase, another enzyme
in the ceramide metabolic pathway which catalyzes the hydrolysis of ceramide into sphingosine
and free fatty acid, has also been shown to have increased activity in certain types of resistant
cancers, particularly prostate cancer'*"'>’. Ceramidase activity produces sphingosine, which can
be phosphorylated by sphingosine kinase into sphingosine-1-phosphate, a sphingolipid with
many pro-survival effects”'>®. As with GCS, targeting ceramidase activity is capable of restoring

sensitivity to apoptosis'>*'>’.
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Ceramide Delivery
Although the metabolic products of GCS and ceramidase have important biological
actions of their own, the central unifying result between them - as well a central unifying feature
of many cancers - is the depletion of ceramide levels. Given the importance of ceramide in
apoptotic signaling, it is possible that restoring levels of ceramide through exogenous delivery
may offer a way to overcome the resistance of certain cancers to treatment. There is much
evidence demonstrating that C, and Cs ceramides can reduce resistance to or enhance the

8,160

sensitivity of chemotherapeutic drugs and other pro-apoptotic stimuli™ ™. There is also evidence

that delivering longer chain ceramides such as C¢ ceramide can have a similar effect. Delivery

1! Furthermore,

of C;¢ ceramide was shown to reverse resistance to radiation in endothelial cells
Fas-resistant hepatocytes from aSMase knockout mice had their sensitivity to Fas-induced
apoptosis restored with delivery of Cs ceramide'®>. A similar effect was found in CerS-deficient
C. elegans, with sensitivity to radiation restored upon delivery of C ¢ ceramide'®. Thus, delivery
of exogenous ceramides to cells represents a potential approach to treating resistant cancers.
However, there are several challenges associated with ceramide delivery that have thus far

limited its clinical application in drug delivery, mostly relating to its lack of solubility in aqueous

solution.

Short Chain versus Long Chain Ceramide

Ceramides are often classified into two main categories: short chain and long chain
ceramides. As the names imply, this classification is based largely on the length of the fatty acyl
chain. Short chain ceramides are synthetic ceramides with a fatty acyl chain length under 12, but
most commonly Cg and C,%. Long chain ceramides refer to ceramides with a fatty acyl chain

length anywhere from 12 to 28 carbons, but most commonly of lengths C;¢ to Ca4 ceramide®.
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From a delivery perspective, there are several other differences between short chain and
long chain ceramides that further separate the two categories. First, short chain ceramides are
generally more directly cytotoxic than long chain ceramides. Second, these cytotoxic effects of
short-chain ceramides are relatively uniform across many different types of cells, whereas the
effects of long chain ceramides are can be cell specific’. Third, short chain ceramides do not
require a special delivery system: they can be dissolved in organic solvents such as ethanol or
DMSO, added directly to cell media, and enter cells with moderate efficiency. Conversely, long
chain ceramides cannot form micelles in aqueous solution, and thus have extremely poor uptake
into cells®. Fourth, the difficulties in delivering long chain ceramide has led to a majority of
studies favoring short-chain ceramides; accordingly, more methods for delivery of short chain

ceramides exist.

Despite these difficulties in delivering long chain ceramides, there does exist a 'gold
standard' for the study of long chain ceramides: the dodecane-ethanol system. First pioneered by
Jietal. in 1995, this system relies on dissolving long chain ceramides in a 98:2 ethanol:dodecane
v:v solution prior to delivery to cells'®. This system putatively overcomes ceramide's high
packing parameter and allows the formation of micelles by introducing dodecane molecules into
the structure. Since then it has been used many times to deliver long chain ceramides to cells and

further elucidate their functions and cellular effects'®"'®,

However, despite being a valuable
research tool, it would not be suitable for clinical application except in extremely limited

circumstances, necessitating the exploration of other methods.

Liposomes

Liposomes are the most widely studied and applied method for ceramide delivery, as they

most closely mimic ceramide's 'home' of cellular membranes. One of the earliest studies of the
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therapeutic ceramide liposomes was by Shabbits et al. in 2003, who examined C¢s and Cie

. : 165
ceramide liposomes

. They found that C4 ceramide liposomes containing DSPC and cholesterol
had good uptake and cytotoxicity, and that the uptake of C¢ ceramide likely occurred due to
passive exchange between the cell membrane and the liposome rather than endocytosis of the full
liposome. However, they found that liposomes offered no significant advantage in terms of

cytotoxicity compared to free C¢ ceramide in solution'®

. They also formulated C,¢ ceramide
liposomes with cholesteryl hemisuccinate and found that it initially offered a modest increase in
cytotoxicity. When they switched to a cell line that actively endocytoses liposomes, they found a

. . . .. 165
much larger increase in toxicity .

Another study by Stover and Kester in the same year used
ceramide liposomes containing Cs ceramide, the lipids DOPC and DOPE, cholesterol, and
PEGylated Cg ceramide were able to induce apoptosis more effectively than free ceramide,

demonstrating that the formulation of liposomes can have a strong effect on their efficacy (Fig

1.4)".
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Fig. 1.4. The evolution of the nanoliposome. (a) Liposomes of various lipid mixtures
(phospholipids and cholesterol) can be created at the nanoscale, less than 100 nm. (b) Second-
generation nanoliposomes can be composed of various concentrations of bioactive lipids,
including sphingolipids. (c) In addition, nanoliposomes can be created to contain therapeutic
concentrations of active pharmaceutical ingredients (API). Nanoliposomal vehicles for bioactive
lipids or APIs can then undergo surface passivation with PEG to increase biological circulation
time. (d) In addition, discrete phospholipids can be bio-conjugated with targeting molecules,
including antibodies, to create immuno-liposomes for enhanced tissue targeting. Adapted with
permission from "The therapeutic potential of nanoscale sphingolipid technologies."
Sphingolipids: Basic Science and Drug Development. Springer Vienna, 2013. Copyright
Springer Publishing 2013.



Since then there have been many attempts at different formulations, such as liposomes
incorporating the GCS inhibitor PDMP'?’, the PKC inhibitor saﬁngoll68, transferrin'®’,
PEGylated Cis ceramide'’’, and PLGA nanoparticles'’'. There have also been ceramide
liposomes encapsulating other drugs such as doxorubicin and curcumin for combinational
effects'’*! ™. Ceramide liposomes have also been tested in vivo in mouse models with substantial
success' . However, the rapid release of ceramide from these liposomes, while beneficial for
release into tissues, could also potentially limit the systemic distribution of ceramide'”®. The
effect of formulation on liposome distribution is complex, and it remains to be seen if current or

future ceramide liposome formulations can find the 'killer' combination of different elements that

will pass clinical trials and translate into an effective cancer treatment.

Other Ceramide Delivery Systems

Liposomes have dominated the effort for the therapeutic applications of ceramides, but
there have been other efforts that hold promise as delivery systems for ceramides. One such
method is the loading of calcium phosphosilicate nanoparticles (CPSNPs) with C¢ or Cyg

177,178
»"®. There has also

ceramide, which showed potent inhibitory effects on cell growth in vitro
been success using polyethyleneoxide-modified-polyepsilon-caprolactone  (PEO-PCL)
nanoparticles with C¢ ceramide in combination with paclitaxel and tamoxifen to overcome multi-

: 179-181
drug resistant cancers .

For sustained release, thermally activated linear-dendritic
nanoparticles were able to deliver Cy ceramide to MDA-MB-231 cells over the course of one
month'®. Perhaps most interesting is the use of carbon nanotubes as a delivery system for Cs
ceramide, which could be aligned and ceramide then drawn into the center, and then released in

situ using inductive heating for a 'trojan horse' style of drug delivery'™. All these of these

methods have potential for the therapeutic delivery of ceramide, but are still in the early stages of
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development. Furthermore, they all deal with the delivery of short chain ceramides in favor of
longer chain ceramides, leaving an empty niche for the development of a delivery system for

long chain ceramides that also has applications for short chain ceramides.

Graphene Oxide, Drug Delivery, and Lipid Interactions

Graphene oxide (GO) is a two-dimensional nanoparticle composed largely of carbon in a
sp” arrangement but with introduced 'defects' of moieties containing hydrogen and oxygen'**.
GO is usually synthesized from pure carbon precursors such as graphite or carbon nanotubes
(CNTs), using concentrated acids to introduce these defects, yielding oxidized graphene
nanoplatelets (GNPs) and oxidized graphene nanoribbons (O-GNRs), respectively'> %
Whereas 'pristine' graphene is extremely hydrophobic, GO has appreciable dispersibility in
aqueous solution while also retaining regions of hydrophobicity'®. This status as a 'hybrid' of
hydrophilic and hydrophobic regions - i.e. a surfactant - has previously been exploited to impart
water solubility to hydrophobic anticancer drugs such as doxorubicin, paclitaxel, camptothecin
and tamoxifen, and enhance their toxicity to cancer cells!®7 191, Furthermore, O-GNRs derived
from multiwalled CNTs (MWCNTs) have been shown to have a cell-specific uptake by
activating epidermal growth factor receptor (EGFR), which is overexpressed in many types of
cancers'*>"**. Given these properties of GO nanoparticles and O-GNRs specifically, they could
potentially serve as an excellent delivery system for ceramides (Fig. 1.5.). However, previous
loading of hydrophobic anticancer drugs has exploited a phenomenon known as 'pi-stacking'
which allows for a non-covalent reversible interaction between the aromatic structure of these

anticancer drugs and GO'®®. The long aliphatic tails of ceramide's fatty acid moieties would not

necessarily be able to interact in the same way.
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Figure 1.5 a, Representation of the gradual unzipping of one wall of a carbon nanotube to form a
nanoribbon. Oxygenated sites are not shown. b, The proposed chemical mechanism of nanotube
unzipping. The manganate ester in 2 could also be protonated. ¢, TEM images depicting the
transformation of MWCNTs (left) into oxidized nanoribbons (right). The right-hand side of the
ribbon is partly folded onto itself. The dark structures are part of the carbon imaging grid. d,

20



AFM images of partly stacked multiple short fragments of nanoribbons that were horizontally
cut by tip-ultrasonic treatment of the original oxidation product to facilitate spin-casting onto the
mica surface. The height data (inset) indicates that the ribbons are generally single layered. The
two small images on the right show some other characteristic nanoribbons. e, SEM image of a
folded, 4-mum-long single-layer nanoribbon on a silicon surface. Adapted with permission from
"Longitudinal unzipping of carbon nanotubes to form graphene nanoribbons." Nature (2009)
Copyright 2009 Nature Publishing Group.

There have been some studies that have examined the interactions between GO and
lipids. However, the majority of these studies have been focused on lipids as intact membranes in
the form of supported lipid bilayers (SLBs). The goals of these studies have focused largely
around recreating cell membranes for examining the properties of proteins or other membrane-
bound molecules, or for studying the interactions between graphene oxide and cell membranes or

195-200
. Even then, a

liposomes, often requiring composite materials and/or immobilized surfaces
review of the literature reveals no studies at all between GO and sphingolipids or ceramides.
However, the use of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) conjugated to
PEG may provide an answer for the development of GO as a delivery system for ceramide.
DSPE-PEG is a surfactant that has previously been used to impart additional water dispersibility

to GO nanoparticles'>'**2"!

. The DSPE moiety is a lipid which lays across the hydrophobic
parts of graphene and is held in place by hydrophobic interactions, while the PEG moiety is
hydrophilic and imparts additional water solubility to GO. A loading method which takes
advantage of these hydrophobic interactions could load ceramide onto GO nanoparticles without

the need for immobilization of the particles or the need to pre-form liposomes or liposomal

layers.

Conclusions
Ceramide is a unique sphingolipid with many interesting and complicated biological

properties and effects on cellular metabolism. Its importance in apoptotic signaling and cancer
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biology makes it a desirable target for therapeutic delivery. While there is much that remains to
be understood of ceramide's many signaling functions, the main limitation in developing
therapeutic applications has been in delivery systems for ceramide. The methods for delivery of
ceramide have made considerable advances in recent years, but these advances have thus far
failed to translate into clinical applications. Furthermore, the short chain ceramides have been the
focus of these innovations in delivery, while long chain ceramides have been neglected despite
many promising applications. The current state of the field for ceramide delivery leaves much
room for improvement. Graphene oxide nanoparticles have many properties that are favorable
for the loading of delivery of ceramide, and can be used in this regard given a loading method

that can overcome the challenges in working with ceramide.

The work presented in this thesis details such a method and its application in delivering
ceramide to cells. Chapter 2 describes the development of the loading method and the challenges
presented there. Chapter 3 describes the application of this method in the delivery of the short-
chain C¢ ceramide to HeLa and other cell lines using oxidized graphene nanoribbons (O-GNRs).
Chapter 4 describes an interesting property of graphene oxide to buffer ROS and prevent
ultraviolet radiation-induced apoptosis in cells, and what challenges that may present for
combinational treatment of radiation and ceramide treatment. Chapter 5 describes the delivery of
long chain ceramides Ci¢ and C,4 to HeLa cells in combination with ultraviolet radiation or Cg
ceramide treatment, and the potential obstacles that O-GNRs may present in therapeutic delivery
of these long-chain ceramides. Chapter 6 concludes the research and explores future directions

for the research at hand and the field of ceramide delivery at large.
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Chapter 2

Development of a Method for Loading Ceramides onto Oxidized Graphene Nanoribbon
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Abstract

The bioactive sphingolipid ceramide has many interesting potential applications in therapeutic
treatment. However, as a lipid, it not soluble in aqueous solution and requires a delivery system
to be delivered in vitro or in vivo. Current delivery systems have serious drawbacks, limiting the
potential of ceramide for therapeutic treatment. To this end, we have developed a method to load
ceramide onto oxidized graphene nanoribbons (O-GNRs). We found that by slowly adding water
to a solution of ethanol containing ceramide and O-GNRs, we were able to load a high amount of
ceramide onto O-GNRs. We also found that the rate of addition and the presence of sonication
were crucial to preventing undesirable effects such as the aggregation of the O-GNRs. These

data represent an important step towards the therapeutic application of ceramide.

51



Introduction

There is a lack of a good delivery method for ceramide, and the delivery methods
available often only work well for the short chain exogenous ceramides and/or cannot be adapted
at all to the longer chain ceramides'. O-GNRs represent a good potential candidate as a delivery
vehicle for ceramide due to their unique surface chemistry and amphiphilic nature®. However,
the design of such a loading method must take into account the limitations of both ceramide and
O-GNRs. Mixing different solvents together can cause O-GNRs to aggregate, and as previously
mentioned, ceramide is not soluble in aqueous solution at all. However, by accounting for these
parameters and controlling for them, we can develop a loading method that allows ceramide to
be reversibly bound to O-GNRs. We describe the development of such a method, which took
place in four main experimental steps: mixing in organic solvents, forced hydrophobic
interaction by fractional distillation, forced hydrophobic interaction with a burette, and forced
hydrophobic interaction with a syringe pump/prevention of aggregation with sonication. These
steps proceeded in a trial-and-error manner, with results from the previous step being applied to

the next step.

Chapter 2 Global Methods

Materials

Ci6-Ceramide and NBD Ceramide (C¢ N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-D-erythro-sphingosine) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). All other materials and reagents were purchased from Sigma-Aldrich (St.

Louis, MO, USA) unless otherwise noted.

Cell Culture
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HeLa cells were obtained from ATCC (Manassas, VA, USA). Cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Cells were grown at 37 °C in a humidified atmosphere of 5% carbon

dioxide.

O-GNR Synthesis

O-GNRs were synthesized from multi-walled carbon nanotubes (MWCNTs) using the
longitudinal unzipping method with centrifugation instead of filtration for purification®. Briefly,
MWCNTs (150mg) were dispersed in 30 mL of concentrated sulfuric acid. After 3 hr, 750mg of
potassium permanganate was added and then the mixture was stirred for 1 hr. The mixture was
then heated to approximately 60 °C for 1 hr in an oil bath to complete the reaction. It was then
allowed to cool to room temperature and was washed with dilute hydrochloric acid. The product
was isolated by flocculation using ethanol and ether, followed by centrifugation at 3000 rpm and

drying overnight in a vacuum oven.

Prestoblue Viability

Cells were seeded at a density of 5000 cells/well in 96 well plates. Aggregated or non-
aggregated nanoparticles were placed in each well. After 24 hours, the media was aspirated, and
each well was rinsed twice with PBS. A mixture of 10 uLL of Presto Blue Viability Reagent (Life
Technologies, Grand Island, NY, USA) and 90 pL. of DMEM with 10% FBS and 1% P/S were
added to each well and placed back in the incubator. After 2 hours, the plates were removed, and
the fluorescence intensity of each well was measured using a Molecular Devices SpectraMax
M2e (Sunnyvale, CA, USA) with an excitation wavelength of 560 nm and an emission

wavelength of 590 nm. The cell viability is expressed as a percent of the cells treated with

aggregated O-GNRs with the formula ((Itest — Ipani)/ Ucontror — Ibiank) X 100%) —100%,
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where I;.s 1s the fluorescence intensity of cells exposed to non-aggregated nanoparticles,
L.ontror 18 the fluorescence intensity of cells treated with aggregated nanoparticles, and I, 1S

the fluorescence intensity from empty wells.

Imaging of O-GNR aggregation

Low magnitude images of O-GNRs were taken in 48 well plates using a Zeiss Axiovert

200M Fluorescent Microscope (Thornwood, NY, USA) using an objective lens of 2.5x.

Mixing in Organic Solvents

Rationale

One of the first studies involving graphene as a drug delivery agent involved PEG-coated
graphene oxide and a camptothecin analogue, which led to a significant amount loaded onto the
graphene oxide nanoparticles and a significant biological effect®. This loading was based on the
pi-stacking phenomenon, where the aromatic ring structures present in graphene and
camptothecin can interact in such a way that is more energetically favorable than dissociation.
Since the fluorescently tagged NBD-ceramide contains an aromatic ring, it may be able to load

onto graphene nanoparticles using the same pi-stacking phenomenon.

Methods
50 uL of a 200 pg/mL solution of C¢ NBD ceramide in ethanol or DMSO and 250 uL of

a 1 mg/mL stock solution of O-GNRs in ethanol or DMSO were added to a SmL glass
scintillation and mixed for 24 hours on ice. After 24 hours, the solution was spun down at 13000
RPM, and the supernatant was collected. The fluorescence of the supernatant was read at an

excitation wavelength of 465 nm and an emission wavelength of 535 nm in a Molecular Devices
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SpectraMax M2e (Sunnyvale, CA, USA) in triplicate and averaged. To determine the loading
efficiency, the stock solution of NBD ceramide was diluted down by the same factor as during
the loading process, and the fluorescence was read and compared to the fluorescence of the

supernatant.

Results/Discussion

Figure 2.1 shows that there is no significant difference between the fluorescence of the
supernatant and the fluorescence of the stock solution for mixing in either ethanol or DMSO.
This is surprising considering that NBD ceramide contains a fluorescent tag with an aromatic
ring that should be able to bind to graphene via pi-stacking. These results suggest that loading
ceramide onto graphene nanoparticles cannot be accomplished using the traditional methods for

loading drugs onto graphene.
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Figure 2.1. Fluorescence measurements of NBD-ceramide loading. The supernatant after
loading in ethanol (blue) or DMSO (red) was compared to a stock solution of NBD-ceramide in
either solvent.

Fractional Distillation (Evaporative) Method

Rationale

The inability of carbon nanoparticles to load NBD ceramide in pure organic solvents
suggests that there are insufficient molecular forces to hold the aliphatic hydrocarbon of
ceramide chains to the aromatic surface chemistry of graphene oxide nanoparticles. In fact, the
inability of the NBD tag to pi stack with the graphene suggests that in a more hydrophobic

environment, the aliphatic chains may interfere with the interaction between graphene and the
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NBD tag. However, there is evidence that graphene can bind to aliphatic hydrocarbon chains.
Previously we have used the surfactant DSPE-PEG to grant oxidized graphene nanoparticles
increased dispersibility in aqueous solution. This surfactant consists of a hydrophilic
polyethylene glycol tail conjugated to a distearoyl lipid with a phosphoethanolamine headgroup.
In aqueous solution, these stearic acid tails bind to the surface of graphene oxide and are held in
place by the hydrophobic interaction between them. In other words, it is more energetically
favorable for the aliphatic stearic acid tails to remain bound to the surface of graphene than to
disassociate and form micelles. Thus it theoretically possible for ceramide to remain bound to

graphene, provided that there is a force to bind it in the first place.

It may be possible to combine these two properties of lipid/graphene interactions to bind
ceramide. By gradually shifting the environment from hydrophobic to hydrophilic, it may be
possible to force the ceramide to interact with graphene and then hold it there for delivery to a
cell, tissue, or organ. Here, we describe such a method using fractional distillation of an ethanol-
water mixture. Since ethanol has a lower boiling point than water, it should be possible to
remove ethanol selectively from a water-ethanol mixture. By changing a 90:10 ethanol/water
mixture to a lower ethanol fraction, it should be possible to remove ethanol without greatly
changing the volume of water in the mixture, shifting the environment from hydrophobic and

hydrophilic.

Methods
500 pL of a 1 mg/mL solution of O-GNRs in ethanol and 500 pL of a 200 pg/mL solution

of Cj¢ ceramide in ethanol were added to a round-bottomed flask, along with 8mL of pure

ethanol and ImL of ddH,O. To perform fractional distillation on the mixture, the flask was
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attached to a Buchi Rotavapor R-215 rotary evaporator (Postfach, Switzerland) with the pressure
set to 30 kPa and the temperature of the water bath set to 50 °C. The evaporation was allowed to
continue until the volume of the liquid was reduced to approximately 1 mL, or 10% of its

original volume, which took approximately 30 minutes.

Results/Discussion

Although the evaporation of ethanol from the solution was successful, the mixing of
water and ethanol led to an irreversible aggregation of the O-GNRs. Before beginning the
distillation procedure, the addition of a water/ethanol mixture to the mixture of ceramide and O-
GNRs in ethanol caused the O-GNRs to clump up (Fig. 2.2A). After the distillation was
completed, there was even more aggregation present (Fig. 2.2B). A 30 minute bath sonication of
the O-GNR solution did not have a significant effect on the aggregation of the O-GNRs (Fig.

2.2C).

Figure 2.2. Low magnitude images of O-GNRs after loading using the rotary evaporator. Prior
to starting the evaporation process, the O-GNRs became aggregated (A). After the loading
process, the O-GNRs remained very aggregated (B). Even after 30 minutes of sonication, the O-
GNRs did not undergo a reversal of aggregation (C).

This aggregation is a major issue for loading of drugs and other molecules onto O-GNRs.

Nanoparticle aggregation greatly reduces the surface area available for ceramide to bind.
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Additionally, aggregated nanoparticles can have drastically different biological effects and
uptake compared to well-dispersed nanoparticle solutions’. Aggregated O-GNRs at very high
concentrations do not exhibit significant toxicity while non-aggregated nanoparticles do (Fig.
2.3). There may be ways to control for this effect and successfully load ceramide onto O-GNRs
by shifting the environment from hydrophobic to hydrophilic, but the rotary evaporator does not

seem to be a good way to accomplish this.
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Figure 2.3. Cells treated with 250 pg/mL of aggregated or non-aggregated nanoparticles,
showing that aggregated nanoparticles do not have as large an effect on cells as non-aggregated
nanoparticles.

Addition of Water by Burette

Rationale

The fundamental issue with the rotary evaporator method was the introduction of water in

the initial mixture of ceramide and O-GNRs. However, by approaching the problem from the
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other direction - by starting with a mixture of O-GNRs and ceramide in a solution of pure
ethanol, and then slowly adding water to the mixture over time - it may help reduce O-GNR

aggregation.

Methods

500 pL of a 1 mg/mL solution of O-GNRs in ethanol and 500 pL of a 200 pg/mL solution
of Cj¢ ceramide in ethanol were added to a 20 mL glass scintillation vial with a PTFE-coated
magnetic stir bar and set on a magnetic stir plate with the cap left off. A 10mL burette was fixed
over the scintillation vial using a ring stand, and the knob was adjusted so that the opening was
barely visible when looking down from the top. After adjustment, 9mL of ddH,O was added to
the burette and the water was allowed to drain completely from the flask (approximately 2

hours).

Results/Discussion

Figure 2.4 shows the aggregate formation of the O-GNRs after the loading process. There
is still significant aggregate formation compared to the fractional distillation method. However,
this could be attributed to the difficulty in fine-tuning the flow rate. The flow rate of the burette
flask is exceedingly difficult to control, with small adjustments of the knob leading to a large
difference in flow rates. Furthermore, the large bore of the dropper tube results in large droplet
formation, which adds water in larger, discrete volumes. Using a method that allows for smaller
drop formation and more precise control over the flow rate may help to prevent aggregation of

nanoparticles.
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Figure 2.4. Aggregation of O-GNRs after addition of water via burette. Large amounts of
aggregation are visible near the center.

Addition of Water by Syringe Pump

Rationale

Although the burette flask did not appreciably reduce O-GNR aggregation, there are
other methods for controlled delivery of a fluid to a container. One such method is the syringe
pump, which can deliver volumes of a fluid with excellent control over the flow rate.
Furthermore, the attachment of small-bore needles to the tips allows for much smaller droplet

formation and thus smaller volumes of water added at shorter intervals.

In addition to the syringe pump, a small sonic cleaner was added to the loading process.
This sonic cleaner allows a level of sonication that may reduce O-GNR aggregation while also

not being forceful enough to interfere with the interaction between ceramide and the O-GNRs.

Methods

500 pL of a 1 mg/mL solution of O-GNRs in ethanol and 500 pL of a 200 pg/mL solution
of Cj¢ ceramide in ethanol were added to a 20 mL glass scintillation vial with a PTFE-coated

magnetic stir bar, covered with parafilm, and placed inside a Cole-Parmer sonic cleaner (Vernon
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Hills, Illinois, USA) on top of a magnetic stir plate. A 10 mL syringe connected to a 10" section
of plastic tubing and a 25 gauge needle was filled with 9 mL of water and placed on a New Era
NE-300 syringe pump (New Era Pump Systems Inc. Farmingdale, NY, USA). The water was

added to the scintillation vial over a period of 2 hours.

Two variables were examined: the rate of addition of water, and the length of sonication.
For addition rate, sonication was kept constant through the entire loading process. Three addition
rates were tested: fast to slow (7 mL/hour for 1 hour to 2 mL/hour for 1 hour), slow to fast (2
mL/hour for 1 hour to 7 mL/hour for 1 hour) and then a constant flow rate (4.5 mL/hour for the
entire 2 hours). The best flow rate was determined by aggregate formation and was then used to

test variable sonication times from O to 2 hours total in 30-minute intervals.

Results/Discussion

Figure 2.5 shows the effect of flow rate on O-GNR aggregation. Aggregation was
directly proportional to the flow rate in the first hour, with an addition of 7mL showing the most
aggregation (Fig. 2.5A) an addition of 4.5 mL showing smaller amounts of aggregates (Fig.
2.5B) and an addition of 2 mL showing very little aggregation (Fig. 2.5C). As such, a flow rate
of 2 mL in the first hour and 7 mL in the second hour was chosen to further examine the effect of

sonication on aggregate formation.
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Figure 2.5. Aggregation of O-GNRs after addition of water via syringe pump at 3 different flow
rates: (A) fast to slow (7 mL/hour for 1 hour to 2 mL/hour for 1 hour), (B) a constant flow rate
(4.5 mL/hour for the entire 2 hours), (C) and slow to fast (2 mL/hour for 1 hour to 7 mL/hour for
1 hour)

Figure 2.6 shows the effect on sonication with a flow rate of 2 mL in the first hour and 7
mL in the second hour. Without sonication, there was a significant amount of aggregation
present (Fig. 2.6A). With 30 minutes of sonication (Fig. 2.6B) and 1 hour of sonication (Fig.
2.6C), there was still significant aggregation present, although the aggregation decreased
proportionally with the length of sonication. With 1.5 hours of sonication (Fig. 2.6D) and 2 hours
of sonication (Fig. 2.6E), there was very little aggregation present, with very little difference
between the two durations of sonication. However, given the way sonication heats up the
solution during loading, as well as the potential of sonication to knock ceramide off of O-GNRs,

a sonication time of 1.5 hours was chosen for the finalized loading process.
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Figure 2.6. Aggregation of O-GNRs after addition of water via syringe pump using a flow rate
of 2 mL/hour for 1 hour, and then 7 mL/hour for 1 hour, under varying amounts of sonication.
(A) No sonication (B) 30 minutes of sonication (C) 1 hour of sonication (D) 1.5 hours of
sonication (E) 2 hours of sonication.
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Finalized loading method and quantification

500 pL of a 1 mg/mL solution of O-GNRs in ethanol and 500 pL of a 200 pg/mL solution
of Ci ceramide in ethanol were added to a 20 mL glass scintillation vial. This mixture was
bubbled with nitrogen gas and covered in parafilm to prevent oxidation of ceramide. It was then
bath sonicated for 15 minutes to allow interspersion of individual nanoparticles and ceramide

molecules.

To this solution, 9mL of double-distilled water were added using a New Era NE-300
syringe pump (New Era Pump Systems Inc. Farmingdale, NY, USA) over a period of two hours
under constant mixing. However, the water was not added at a constant rate: for the first hour,
water was added at a rate of 2 mL/hr, and for the second hour, water was added at a rate of 7
mL/hr. During the first 1.5 hrs of this loading process, the ceramide/nanoparticle mixture was
subjected to mild sonication using a sonic cleaner to prevent the clumping of nanoparticles
caused by the addition of water to ethanol. To separate ceramide-loaded nanoparticles from
unloaded ceramide, the mixture was centrifuged at 4000 RPM for at least 30 minutes in a 15mL
polypropylene conical tube. The supernatant was discarded, and the nanoparticles were washed
by resuspension in pure double-distilled water and repeating the centrifugation step, yielding

ceramide-loaded O-GNRs.

Samples were prepared for mass spectrometry by first resuspending ceramide-loaded
nanoparticles in 100% ethanol and bath-sonicating for 1 hr, to force ceramide to dissociate from
the nanoparticles. The mixture was centrifuged at 13000 rpm for 1 hr to ensure all nanoparticles
were concentrated at the bottom. 100 pL of the supernatant was extracted for mass spectrometry.

100 pL of the ceramide stock solution used for loading was also analyzed as a basis of

65



comparison to calculate loading efficiency. Samples were analyzed using a Fison's MD800 Gas
Chromatography Mass Spectrometer. The signals generated from samples were correlated to a

standard curve to calculate the exact concentration of ceramide.

Results

Mass spectroscopy revealed a loading efficiency of approximately 70% compared to the

stock solution for C¢ ceramide.

Conclusions
We have successfully developed a method that can load significant amounts of ceramide
while keeping O-GNR aggregation to a minimum. These ceramide loaded O-GNRs will be tested

for their biological effects in cells in future studies.
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Abstract

Ceramide is a type of sphingolipid that has attracted much attention as a possible anticancer
agent due to its potent pro-apoptotic effects. However, due to its extreme hydrophobicity, there is
currently no clinically approved delivery method for in vivo use as a therapeutic agent. To this
end, we have developed a novel method for loading the short-chain Cs ceramide onto oxidized
graphene nanoribbons (O-GNRs) and graphene nanoplatelets (GNPs). Mass spectrometry
revealed loading efficiencies of 57% and 51.5% for Cs ceramide onto O-GNRs and GNPs,
respectively. The PrestoBlue viability assay revealed that 100 pg/mL of C4 ceramide-loaded O-
GNRs and Cg¢ ceramide-loaded GNPs reduced HeLa cell viability by ~93% and ~76%,
respectively, compared to untreated HelLa cells, while equal concentrations of these
nanoparticles without Cg ceramide did not significantly reduce HeLa cell viability. We
confirmed that this cytotoxicity was apoptotic in nature via capase-3 activity Hoescht staining.
Using live-cell confocal imaging with the fluorescent NBD-ceramide loaded on O-GNRs, we
observed robust uptake into HeLa cells within 30 minutes while NBD-ceramide on its own was
uptaken much more rapidly. Transmission electron microscopy confirmed that C¢ ceramide-
loaded O-GNRs were entering cells. Taken together, these data show that O-GNRs are a
promising delivery agent for ceramide. To our knowledge, this study is the first to use such a

loading method.
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Introduction

Lipids have long been recognized for their passive roles in cellular metabolism as the
main constituent of cell membranes and membrane-bound organelles. However, in recent years
there has been a growing appreciation for the active roles certain lipids take in cellular processes.
Of particular interest is the group of sphingolipids known as ceramides, which have important
roles in many cell signaling processes including cell cycle progression, apoptosis, and
autophagy' ', These lipids are composed of sphingosine linked to a fatty acid by an amide bond,
and different biological effects on cells depending on the length of the fatty acid chain have been
reported'?. Ca4 ceramide, for example, generally has roles in cell proliferation and survival, while

C 16 ceramide has anti-proliferative effects and is associated with apoptosis'>™'”.

Given their interesting biological effects, there is an increased interest in using ceramides
for therapeutic applications, such as in the treatment of cancer. The addition of exogenous Ci¢
ceramide is capable of sensitizing cancer cells to radiation treatment and chemotherapy, even in
cancers previously resistant to these treatments®’. However, as a lipid, ceramide has extremely
limited solubility in aqueous solution and requires the use of a delivery agent to deliver it to
cells. Such delivery agents have been sufficient for in vitro studies of certain ceramide species
but have drawbacks that limit their usefulness for therapeutic applications. For example,
although ceramide can be dissolved in organic solvents such as DMSO to enhance their
solubility in aqueous solution', this could only work for short chain, cell permeable ceramides
such as C, and Cg ceramides??. Ceramide can also be incorporated into liposomes; however, the
synthesis of these liposomes is a complicated and sensitive process. Additionally, other lipids

and cofactors are required to form stable liposomes due to ceramide’s high packing parameter,
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putting an upper limit on the efficiency of ceramide incorporation”. Thus, there is a need for

better delivery systems for these sphingolipids.

Graphene is a versatile two-dimensional carbon nanostructure that has a number of

2% Due to its sp” hybridized

applications in disciplines ranging from electronics to biology
orbital structure, pristine graphene is very hydrophobic. However, it can be oxidized to a more
water-dispersible form while still retaining hydrophobic sp® moieties, giving rise to oxidized
graphene nanoparticles. These nanoparticles have previously been investigated as a drug delivery
platform for anticancer drugs such as doxorubicin since their large surface areas allow for high

amounts of drug binding”"*®

. Binding of these drugs is achieved through the pi-stacking
phenomenon, a reversible hydrophobic interaction between aromatic rings on graphene and the

drug molecules®.

However, these hydrophobic portions of graphene are also capable of binding non-
aromatic hydrophobic molecules; for example, it is possible to increase the dispersibility of
graphene oxide in aqueous solution using surfactants such as 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)] (DSPE-PEG)™. Thus, it is theoretically
possible for graphene oxide nanoparticles to bind ceramide given a loading method that
facilitates hydrophobic interactions between the two while also being compatible with ceramide's

extreme hydrophobicity.

Herein we describe such a method for loading the short-chain C4 ceramide onto graphene
nanoparticles. We demonstrate that by gradually shifting the environment of a ceramide-
graphene nanoparticle mixture from hydrophobic to aqueous, we are able to achieve high levels

of ceramide loading. Furthermore, we demonstrate that these ceramide-loaded nanoparticles are
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able to enter HeLa cells and induce significant toxicity. To our knowledge, this is the first

example of bioactive lipids being loaded onto graphene nanoparticles using such a method.
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Methods

Materials

C¢-Ceramide and NBD Ceramide (Cg N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-D-erythro-sphingosine) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). DSPE-PEG was purchased from NOF America Corporation (White
Plains, NY, USA). All other materials and reagents were purchased from Sigma-Aldrich (St.

Louis, MO, USA) unless otherwise noted.

O-GNR and GNP Synthesis

O-GNRs were synthesized from multi-walled carbon nanotubes (MWCNTSs) using the
longitudinal unzipping method with centrifugation instead of filtration for puriﬁcation31. Briefly,
MWCNTs (150mg) were dispersed in 30 mL of concentrated sulfuric acid. After 3 hr, 750mg of
potassium permanganate was added and then the mixture was stirred for 1 hr. The mixture was
then heated to approximately 60 °C for 1 hr in an oil bath to complete the reaction. It was then
allowed to cool to room temperature and was washed with dilute hydrochloric acid. The product
was isolated by flocculation using ethanol and ether, followed by centrifugation at 3000 rpm and

drying overnight in a vacuum oven.

GNPs were synthesized from graphite flakes using a modified Hummers Method??.

Atomic Force Microscopy Characterization

Dispersions of O-GNRs and GNPs in ethanol were diluted to 1 pg/mL, and 10 pL of

these dispersions were drop cast onto silicon wafers (Ted Pella, Inc.). The samples were
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characterized using a V-shaped AFM cantilever of frequency f. = 145-230, tip radius less than
10 nm, and spring constant k = 20-95 N/m (ACL-10, Applied NanoStructures, Inc., Mountain
View, CA, USA). Imaging was performed using a NanoSurf® EasyScan 2 FlexAFM

(NanoScience Instruments, Inc., Phoenix, AZ, USA).

Loading of Ceramide onto Carbon Nanoparticles

O-GNRs or GNPs were dispersed in 100% ethanol at a concentration of 1 mg/mL using a
bath sonicator. Cs ceramide was dispersed in 100% ethanol at a concentration of approximately
150 pg/mL. 500 pL of the nanoparticle solution (either O-GNRs or GNPs) and 500 pL of the
ceramide solution were added to a 20 mL glass scintillation vial. This mixture was bubbled with
nitrogen gas and covered in parafilm to prevent oxidation of ceramide. It was then bath sonicated

for 15 minutes to allow interspersion of individual nanoparticles and ceramide molecules.

To this solution, 9mL of double-distilled water were added using a New Era NE-300
syringe pump (New Era Pump Systems Inc. Farmingdale, NY, USA) over a period of two hours
under constant mixing. However, the water was not added at a constant rate: for the first hour,
water was added at a rate of 2 mL/hr, and for the second hour, water was added at a rate of 7
mL/hr. During the first 1.5 hrs of this loading process, the ceramide/nanoparticle mixture was
subjected to mild sonication using a sonic cleaner to prevent the clumping of nanoparticles
caused by the addition of water to ethanol. To separate ceramide-loaded nanoparticles from
unloaded ceramide, the mixture was centrifuged at 4000 rpm for at least 30 minutes in a 15mL
polypropylene conical tube. The supernatant was discarded, and the nanoparticles were washed
by resuspension in pure double-distilled water and repeating the centrifugation step, yielding

ceramide-loaded nanoparticles.
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Quantification of Loading Using Mass Spectrometry

Samples were prepared for mass spectrometry by first resuspending ceramide-loaded
nanoparticles in 100% ethanol and bath-sonicating for 1 hr, to force ceramide to dissociate from
the nanoparticles. The mixture was centrifuged at 13000 rpm for 1 hr to ensure all nanoparticles
were concentrated at the bottom. 100 pL of the supernatant was extracted for mass spectrometry.
100 pL of the ceramide stock solution used for loading was also analyzed as a basis of
comparison to calculate loading efficiency. Samples were analyzed using a Fisons MD800 Gas
Chromatography Mass Spectrometer. The signals generated from samples were correlated to a

standard curve to calculate the exact concentration of ceramide.

Cell Culture

HeLa cervical cancer cells, MDA-MB-231 breast cancer cells, and US7MG glioblastoma
cells were obtained from ATCC (Manassas, VA, USA). NIH 3T12 cells were a kind gift from
Dr. Laurie Krug. All cells except MDA-MB-231 were grown in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.
MDA-MB-231 were grown in RPMI supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were grown at 37 °C in a humidified atmosphere of 5% carbon

dioxide.

PrestoBlue Viability and Apoptosis Assays

Cells were seeded in flat-bottomed 96 well plates at a density of 5000 cells/well and were
allowed to adhere overnight. Ceramide-loaded nanoparticles (O-GNRs or GNPs) were added to
each well at various concentrations ranging from 10-100 pg/mL of nanoparticles. To ensure that
any observed decrease in viability compared to untreated cells could not be attributed to the

loading process, we repeated the loading process with only nanoparticles and incubated them
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with HeLa cells at the highest concentration used (100 pg/mL). After 24 hours, the media was
aspirated, and each well was rinsed twice with PBS. A mixture of 10 pL of Presto Blue Viability
Reagent (Life Technologies, Grand Island, NY, USA) and 90 uL of DMEM or RPMI with 10%
FBS and 1% P/S were added to each well and placed back in the incubator. After 2 hours, the
plates were removed, and the fluorescence intensity of each well was measured using a
Molecular Devices SpectraMax M2e (Sunnyvale, CA, USA) with an excitation wavelength of
560 nm and an emission wavelength of 590 nm. Lysed cells were used as a positive control, and
untreated cells were used as a negative control. The cell viability is expressed as a percent of the
lysis control with the formula ((Itest — Loiani)/ Ucontrot — Ibianic) X 100%) — 100%, where
I+0st 1s the fluorescence intensity of cells exposed to ceramide-loaded nanoparticles, I.ontror 1S
the fluorescence intensity of lysed cells, and Ip;,,, 1s the fluorescence intensity from empty

wells.

In a separate experiment, the efficacy of ceramide-loaded O-GNRs was compared to free
Cs ceramide in HeLa cells. A stock solution of C¢ ceramide in 100% ethanol or ceramide-loaded
O-GNRs in water were diluted in water to concentrations ranging from 2-10 pg/mL of Ce
ceramide. Ethanol diluted in water or O-GNRs alone served as a control for the delivery vehicle.

Viability was assessed with PrestoBlue using identical methods as described above.

Apoptosis was assessed at the highest levels of nanoparticles tested using a Biovision
Caspase 3 Fluorometric Assay (Biovision, San Francisco, CA). Fluorescence was measured
using a Molecular Devices SpectraMax M2e with an excitation of 400nm and an emission of

505nm.

Hoechst Stain for Apoptosis
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HeLa cells were seeded at a density of 7.5 x 10* cells/mL in 6 well plates and allowed to
attach overnight. Ceramide-loaded O-GNRs were added at a concentration of 40 pg/mL for 24
hrs, with non-loaded O-GNRs serving as a control. After 24 hrs, the media was removed and
saved. Cells were then rinsed with PBS (which was also saved) and then trypsinized. Detached
cells were added together with the removed DMEM and PBS, and centrifuged at 1000 rpm for 5
minutes. The pellet was resuspended in 10% paraformaldehyde until needed. To visualize
apoptotic nuclei, the cells were centrifuged and resuspended in a 1% solution of bisBenzimide H
33342 trihydrochloride for 10 minutes. Cells were imaged using a Zeiss Axio Imager M2
(Thornwood, NY, USA) with an excitation wavelength of ~350 nm and emission wavelength of

~460 nm.

Live-Cell Confocal Microscopy of HeLa Cells

To visualize the uptake of ceramide-loaded nanoparticles into cells, we loaded O-GNRs
with C¢ ceramide conjugated to 4-Chloro-7-nitrobenzofurazan (NBD-ceramide). HeLa cells
were seeded in glass-inset confocal dishes at a density of 7.5 x 10* cells/mL with 2 mL per plate
and allowed to adhere overnight. The following day, cells were placed in a LiveCell™ stage top
incubation platform (Pathology Devices Inc., Westminster, MD, USA) and NBD-ceramide-
loaded O-GNRs were added to these plates at a concentration of 40 pg/mL. As a control, cells
were also incubated with an equivalent amount of NBD-ceramide in ethanol in a separate
experiment. The cells were then imaged using a Leica TCS SP8 Laser Scanning Confocal

Microscope System (Buffalo Grove, IL, USA) over a period of one hour at two-minute intervals.

TEM Visualization of Uptake of C6 Ceramide-Loaded O-GNRs

HeLa cells were grown on ACLAR® film (Electron Microscopy Sciences, Hatfield, PA)

in 6 well plates at a density of 20000 cells per well and allowed to settle overnight. The
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following day, cells were exposed to C¢ ceramide-loaded O-GNRs for one hour. The cells were
subsequently fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in
0.1 M PBS for 15 minutes at room temperature. The films were then placed in 2% osmium
tetroxide in 0.1 M PBS, dehydrated through graded ethanol washes, and embedded using
durcupan resin. The embedded specimens were screened for areas with high cell densities, and
these areas were cut into 80 nm sections using an Ultracut E microtome (Reichert-Jung,
Cambridge, UK), and placed on formvar-coated copper grids. Sections were imaged using a
Tecnai Bio Twin G transmission electron microscope (FEI, Hillsboro, OR), at 80 kV. Images

were acquired using an XR-60 CCD digital camera system (AMT, Woburn, MA).

Statistical Analysis

Data are presented as mean + standard deviation for PrestoBlue assays (n = 6). One-way
ANOVA was used to make multiple comparisons between groups, and Tukey-Kramer post hoc
analysis was used to determine where significant differences occurred. Statistical analysis was

performed using a 95% confidence interval (p < 0.05) with GraphPad Prism.

Results

AFM Characterization

O-GNRs characterized with AFM had a size range of mainly 50-2500 nm with a high
aspect ratio characteristic of carbon nanotubes. Several particles were as long as 8000 nm (Fig.
3.1A). The thickness of these particles ranged from 4-10 nm, indicating that they were several-
layers thick. The observed dimensions for GNPs were much smaller in range, mainly between 20

and 500 nm with slightly irregular shapes and aspect ratios closer to one (Fig. 3.1B). The
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observed thickness of GNPs was comparable to O-GNRs, with thicknesses ranging between 2

and 12 nm.
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Figure 3.1. Atomic Force Microscopy images of A) O-GNRs and B) GNPs.

Cs Ceramide Loading onto Graphene Nanoparticles

Figure 3.2 displays the raw data readout of relative abundances of Cs ceramide as
determined by mass spectrometry. The readout is standardized with the stock solution as 100
(Fig. 3.2A) to which the relative abundances of C¢ ceramide loaded onto O-GNRs (Fig. 3.2B)
and GNPs (Fig. 3.2C). Although these raw data show the relative differences of O-GNR and
GNP Cg ceramide loading, the actual concentrations of ceramide found need to be determined
from a C, standard curve calculated with known concentrations of C¢ ceramide. Using this
standard curve, we determined that the loading efficiencies for O-GNRs and GNPs were
approximately 57% and 51.5%. On a mass per mass basis, this represents at least a 50% increase

.. . . . . . . . 23
in incorporation efficiency compared to C¢ ceramide incorporation into liposomes™.
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Figure 3.2. Mass spectrometry readouts showing the relative abundance of Cs ceramide over
time for A) the Cq ceramide stock solution B) C¢ ceramide loaded onto O-GNRs C) and Cg
ceramide loaded onto GNPs.
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PrestoBlue Viability and Apoptosis Assays

After determining that our loading method was loading high amounts of ceramide onto
nanoparticles, we wanted to determine if our delivery system was capable of toxicity to HelLa
cells. PrestoBlue is a resazurin dye that can be reduced by living cells to a form that fluoresces
intensely at 590 nm when excited at 560 nm. Thus, the fluorescence measured from this dye is
directly related to the level of cell viability in each well. We incubated HeLa cells with
concentrations of O-GNRs and GNPs loaded with C¢ ceramide ranging from 10-100 pg/mL of
nanoparticles. After 2 hours of incubation with PrestoBlue, we determined that Cg ceramide-
loaded O-GNRs and GNPs were significantly toxic to all concentrations tested (Figs. 3.3A, B).
For O-GNRs, 100 pg/mL greatly reduced cell viability, which was only 5.51% more viable than
the lysis control. Even at the lowest concentration tested (10 pg/mL), these cells were only 39%
more viable than lysed cells (Fig. 3.3A). For GNPs, at the highest concentration of 100 pg/mL
tested, cells were only 12.41% more viable than lysed cells, and 60.12% more viable than lysed

cells at the lowest concentration tested.
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Figure 3.3. Viability of HeLa cells assessed by PrestoBlue after 24hrs of incubation with A) Ce
ceramide-loaded O-GNRs or B) C4 ceramide-loaded GNPs. O-GNRs and GNPs not loaded with
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C¢ ceramide served as controls. * indicates significant difference from “Untreated.” f indicates
significant difference from “100 pg/mL O-GNRs/GNPs only.”

Since carbon nanoparticles are often combined with agents that increase their
dispersibility in aqueous solution, we wanted to see if using such a dispersion agent would have
any negative effect on the toxicity of our C¢ ceramide delivery system. Thus, after loading and
washing our C¢ ceramide-loaded nanoparticles, we resuspended them in a 1.2 mg/mL solution of
DSPE-PEG - which we have previously used with graphene nanoparticles — and repeated our
PrestoBlue viability assay. Figures 3.4A and 3.4B show that resuspension in DSPE-PEG did not
have a negative impact on the toxicities of C¢ ceramide-loaded O-GNRs and C¢ ceramide-loaded
GNPs, respectively. HeLa cells incubated with C4 ceramide-loaded O-GNRs were only 4.01%
and 40.5% more viable than lysed cells at concentrations of 100 pg/mL and 10 pg/mL,
respectively, which was very significant compared to the viability of untreated cells, and cells
treated with O-GNRs only (Fig. 3.4A). This toxicity was relatively the same compared to cells
incubated with C4 ceramide-loaded O-GNRs not resuspended in DSPE-PEG (Fig. 3.3A). There
was a similar result in toxicity for cells incubated with C¢ ceramide-loaded GNPs in DSPE-PEG,
with a reduction in viability of 20.82% and 69.61% at concentrations of 100 pg/mL and 10

png/mL, respectively (Fig. 3.4B).
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Figure 3.4. Viability of HeLa cells assessed by PrestoBlue after 24hrs of incubation with A) Ce
ceramide-loaded O-GNRs resuspended in PEG-DSPE or B) Cs ceramide-loaded GNPs
resuspended in PEG-DSPE. O-GNRs and GNPs not loaded with C¢ ceramide served as controls.
* indicates significant difference from “Untreated.” 1 indicates significant difference from “100
pg/mL O-GNRs/GNPs only.”

We also found that C¢ ceramide-loaded O-GNRs were significantly more toxic than Cg
ceramide in ethanol alone at concentrations of 8, 4, and 2 pg/mL (Fig. 3.5A). At the highest level
of toxicity (8 pg/mL), HeLa cell viability was 34.34% greater than lysed cells for C¢ ceramide-
loaded O-GNRs, while HeLa cell viability was 55.8% greater than lysed for C¢ ceramide alone
(Fig. 3.5A). Apoptosis, as determined by caspase-3 activity, showed that C¢ ceramide-loaded O-
GNRs, Cg ceramide-loaded GNPs, and C¢ ceramide alone had equally high levels of apoptosis
(Fig. 3.5B). GNPs and O-GNRs alone did not cause a significant increase in caspase 3 activity

(Fig. 3.5B).
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Figure 3.5. A) Viability of HeLa cells assessed by PrestoBlue after 24 hrs of incubation with Ce
ceramide-loaded O-GNRs or C4 ceramide alone. * indicates significant difference from “Cg
only” at the respective concentration. B) Apoptosis level in HeLa cells determined by caspase-3
activity. * indicates difference from "untreated."

We also tested three other cell lines with Cg ceramide-loaded O-GNRs to see how the
performance of this delivery system would compare to the results seen in HeLa cells. US7MG
and MDA-MB-231 had similar reductions in viability to HeLa cells, with all C¢ ceramide-loaded
O-GNR conditions being significantly less viable than untreated controls (Fig. 3.6A and B).
However, NIH-3T12 cells were only significantly different from untreated controls to a
concentration of 60 pg/mL (Fig. 3.6 C). This indicates that low levels of C¢ ceramide-loaded O-
GNRs were not as toxic to non-cancerous cells as they are to cancer cell lines. Cg ceramide-
loaded O-GNRs were also able to induce high levels of apoptosis in all 3 cell lines tested, as

measured by caspase-3 activity (Fig 3.6D).
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Figure 3.6. Viability of A) US7MG glioblastoma cells B) MDA-MB-231 breast cancer cells C)
NIH-3T12 fibroblasts after 24hr of treatment with C¢ ceramide-loaded O-GNRs as determined
by Prestoblue. D) Apoptosis of these cell lines after 24 hr of treatment with C¢ ceramide-loaded
O-GNRs as determined by caspase-3 activity. "*" indicates significant difference from
"untreated" control.

Hoechst Stain for Apoptosis

Although caspase-3 activity revealed that the cell death we observed from our Cg
ceramide-loaded nanoparticles was apoptotic in nature, we wanted further confirmation through
direct observation. Hoechst stain binds to DNA, and under UV light, apoptotic cells appear much

brighter than their non-apoptotic counterparts as a result of condensed chromatin and nuclear
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fragmentation. HeLa cells stained with bisbenzimide displayed bright nuclei (Fig. 3.7A) and
nuclear fragmentation (Fig. 3.7B) characteristic of apoptosis. By contrast, HeLa cells exposed to
40 pg/mL O-GNRs did not exhibit any signs of apoptosis (Fig. 3.7C) despite the presence of
high levels of O-GNRs on the surface of cells (Fig. 3.7D). This indicates that our Cs ceramide-

loaded O-GNRs, and not unloaded O-GNRs, were inducing significant levels of apoptosis.

Figure 3.7. Hoechst staining for apoptosis in HeLa cells after 24-hour exposure to C¢ ceramide-
loaded O-GNRs (A, B) or O-GNRs alone (C, D). A) Cells exposed to Cs ceramide-loaded O-
GNRs display bright nuclei after 24 hours, indicating apoptosis. B) A single cell nucleus
displaying fragmentation characteristic of apoptosis after treatment with C¢ ceramide-loaded O-
GNRs. C) Cells exposed to O-GNRs only do not demonstrate significant levels of apoptosis after
24 hours. D) A closer image of cells treated with only O-GNRs shows that these cells come in
contact with high numbers of O-GNRs (dark spots, indicated by arrows).
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Live-Cell Confocal Microscopy of Fluorescent Ceramide

Figure 3.8 shows time-lapsed images (12-minute intervals) of live HeLa cells incubated
with 40 ng/mL NBD ceramide-loaded O-GNRs. Although our prior experiments pointed to Ce
ceramide being the toxic component of our delivery system, it was not clear whether this toxicity
was being caused by entry of ceramide into cells, or if there was some other mode of toxicity
such as destabilization of the cell membrane that did not require entry of ceramide into the cells.
By using the fluorescently-tagged NBD ceramide in our delivery system and combination with
live cell imaging, it allows us to determine to which parts of the cells ceramide is localizing.
Immediately after the addition of NBD ceramide-loaded O-GNRs, there was no visible
fluorescence (Fig. 3.8A) and minimal fluorescence after 12 minutes (Fig. 3.8B). There is some
green NBD fluorescence present after 24 minutes, possibly due to some NBD-ceramide on the
O-GNRs crystallizing and falling off (Fig. 3.8C). Between 24 and 36 minutes, there is a sudden
large increase in fluorescence, with some substructures of cells being visibly highlighted by
NBD ceramide (Fig. 3.8D). This sudden increase in fluorescence is possibly related to the uptake
of O-GNRs, which are uptaken into HeLa cells in as little as 15 minutes™. The intensity of this
fluorescence continued to increase after 48 and 60 minutes, indicating that the entry of NBD
ceramide into HeLa cells did not diminish over time and possibly continued beyond the one-hour

time frame of our study (Figs. 3.8E and F).
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Figure 3.8. Time-lapsed confocal microscopy images of HeLa cells incubated with NBD
ceramide loaded O-GNRs A) after initial additional of O-GNRs (t = 0 minutes), B) after 12
minutes, C) after 24 minutes, D) after 36 minutes, E) after 48 minutes, and F) after 60 minutes.
There is no fluorescence from ceramide present initially (A) and some fluorescence present after
24 minutes have passed (B and C). There is a large increase in fluorescence between 24 minutes
and 36 minutes, possibly due to the uptake of NDB-ceramide loaded O-GNRs (D). This
fluorescence does not diminish over time, indicating a non-transient effect (E and F).

To see if there was a difference in the uptake between our C4 ceramide-loaded O-GNRs
and Cs ceramide alone, we performed the same experiment using an equal concentration of
NBD-ceramide in ethanol alone. HeLa cells incubated with NBD ceramide alone demonstrated a
rapid uptake into HeLa cells. Before addition of NBD ceramide, there was no visible
fluorescence (Supp. Fig. 3.1A). However, between the time that the NBD ceramide was added,
and we began taking images, there was already a large amount of observable fluorescence (Supp.
Fig. 3.1B). Compared to the slower increase in fluorescence seen with NBD-ceramide-loaded O-
GNRs, this rapid uptake profile with free NBD ceramide would suggest that NBD ceramide
loaded onto O-GNRs is not merely dissociating from the nanoparticles in proximity to cells, but

remaining bound to the O-GNRs and being released as the nanoparticles are uptaken by the cells.
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Supplementary Figure 3.1. Live Cell Confocal Microscopy images of HeLa cells (A) prior to
addition of NBD-ceramide and (B) after 7 minutes of exposure to NBD ceramide.

TEM of Cs Ceramide-Loaded O-GNRs Uptake into HelLa Cells

Although there were large aggregates of O-GNRs visible under confocal microscopy
(Fig. 3.8), the much smaller particles that would be actually be entering cells and delivering
ceramide were not visible from this magnification. Moreover, while we have previously shown
uptake of these particles into cells, it was not clear if the loading of ceramide onto O-GNRs were
altering the route of entry into cells, or if these nanoribbons were entering cells at all. Figure 3.9
shows TEM images of HelLa cells incubated with C¢ ceramide-loaded O-GNRs for one hour.
There was a high degree of uptake of O-GNRs, with many O-GNRs of different shapes and sizes
contained within vacuoles visible (Figs. 3.9A and 3.9B). Further examination of other HeLa cells
in the samples revealed the uptake process in progress, with the outward blebbing of the cell
membrane to surround the O-GNRs clearly visible (Figs. 3.9C and 3.9D, white arrows). This

uptake modality of O-GNRs is similar to the macropinocytotic-like process previously observed
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in HeLa cells®***. As such, it does not seem that loading ceramide onto O-GNRs affects their

entry into HeLa cells.

Figure 3.9. Transmission electron microscopy images of HeLa cells incubated with Cq
ceramide-loaded O-GNRs after one hour. A) After one hour, there are many O-GNRs present in
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the cells contained in vacuoles. B) A zoomed-in perspective shows O-GNRs of different sizes
and shapes in these vacuoles. C) Uptake of O-GNRs into HeLa cells shows the same
macropinocytotic-like features found in previous studies (indicated by arrows). D) A closer view
reveals the blebbing of the cell membrane around the O-GNRs characteristic of the
macropinocytotic-like process previously found, indicating that loading of ceramide onto O-
GNRs does not significantly alter the process by which these particles enter cells.

Discussion
Ceramide represents an untapped therapeutic target for cancer research and treatment.
Despite its potent pro-apoptotic effects, there is currently no clinically-approved in vivo method
of delivering ceramide. To this end, we have developed a method for loading the short-chain Ce

ceramide onto graphene nanoparticles.

There has been previous work studying the interaction between lipids and graphene
nanoparticles. For example, Okamoto et al. were able to form lipid bilayers on GNPs*®.
However, the procedure required formation of these liposomes prior to loading onto GNPs.
There was also a study by Hirtz et al. that used dip-pen nanolithography (DPN) to deposit
phospholipids in a spatially controlled manner to form specific patterns of lipid bilayers, which
did not require pre-formation of liposomes®’. However, as the authors note, the “ink” for
“writing” lipids onto the surface of graphene is not compatible with all lipids, and given the
hydration method used to load phospholipids, it is most likely not compatible with the
substantially more hydrophobic sphingolipids. In both cases, the purpose of the research was to
form a supported lipid bilayer more for studying lipid bilayer mechanics than directly therapeutic
goals. By comparison, our method does not rely on any specific formulation or manipulation of
lipids themselves but achieves an interface between graphene and ceramide by bulk

hydrophobicity. Moreover, although we have only tested ceramide, the theoretical basis for our

92



loading method could allow for other combinations of lipids to be loaded onto graphene

nanoparticles.

We found that O-GNRs were able to load more C4 ceramide than GNPs, representing a
difference in loading efficiencies of approximately 6.5% (Fig. 3.2). However, the reason for this
observed difference is not entirely clear. We have previously determined that O-GNRs actually
show increased oxidation and decreased the prevalence of the hydrophobic sp® carbon structure
characteristic of pristine graphene compared to GNPs*®. This conflicts with our theoretical basis
for the loading process; since the GNPs have less oxidation overall, they should be
outperforming O-GNRs regarding ceramide loading efficiency. However, the explanation may
lie in the different synthesis methods for GNPs and O-GNRs. O-GNRs are formed by the
longitudinal unzipping of carbon nanotubes using concentrated acids and potassium
permanganate, and the inside surface of innermost layer forms one of the outer surface of O-
GNRs. This surface is relatively “protected” from the oxidizing conditions, and may not undergo
extensive modification. By contrast, GNPs are synthesized by the oxidation and exfoliation of
graphite flakes, and both surfaces are more evenly exposed to acids. In other words, although O-
GNRs undergo more oxidation overall, this oxidation may be concentrated along the outer
surface and edges of the nanoparticles, leaving a greater number of hydrophobic pockets on the

inner surface and allowing more ceramide to bind.

This difference in loading is also reflected in viability as determined by PrestoBlue,
where C¢ ceramide-loaded O-GNRs generally reduced HeLa cell viability more than Cg
ceramide-loaded GNPs. Although the toxicity of both systems was relatively the same at highest
dose of 100 pg/mL, O-GNRs maintained higher toxicity all the way to the lowest dose of 10

pg/mL (Fig. 3.3). This same trend continued even when C4 ceramide-loaded nanoparticles were
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resuspended in DSPE-PEG (Fig. 3.4). Although this difference in cytotoxicity between the two
types of nanoparticles could be partly due to the differences in loading, this could also possibly
due to the selective uptake property of O-GNRs**. We have recently determined that O-GNRs
are uptaken by cells through activation of EGFR and that this process is enhanced in cells that
have an integrated HPV genome and express the viral E5 protein®. Since HeLa cells express
both EGFR and E5%, it is possible that at least the part of the difference between O-GNRs and
GNPs in cytotoxicity is attributable to the enhanced uptake of O-GNRs, especially at lower
concentrations. This is supported by the uptake of O-GNRs observed via TEM, which showed a

significant number of visible nanoparticles taken up by HeLa cells (Fig. 3.9).

Although exogenous ceramide is not normally soluble in aqueous solution, it can be
delivered in vitro to cells if it is first dissolved in an organic solvent such as ethanol. Upon
delivery to the cell, ceramide tends to localize mostly in endosomes, particularly lysosomes™.
Using live-cell confocal imaging of NBD-ceramide uptake into HeLa cells, we observed
significant fluorescence in HelLa cells in as little as 24 minutes after delivery, and a large
increase in fluorescence between the 24 minute and 36-minute time points (Fig 3.8C and D).
However, while the fluorescence at 24 minutes is more generalized and even throughout parts of
the cells, at 36 minutes there are endosomes exhibiting fluorescence (Fig. 3.8D). One possible
explanation for this phenomenon is related to the macropinocytotic-like mechanism by which O-
GNRs enter cells. Since we have previously confirmed that O-GNRs are uptaken by HeLa cells
in as little as 15 minutes®, this specific increase in fluorescence may correspond to a bulk uptake
of O-GNRs loaded with NBD-ceramide, with a subsequent bulk release of NBD-ceramide from

O-GNRs inside the macropinosome during its relatively rapid (2 - 4 minutes) maturation
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process*'. However, it is unclear what exactly what triggers the release of ceramide from the O-

GNRs.

Conclusions
We have developed a quick, easy, and reliable method for the loading of ceramide onto oxidized
graphene nanoparticles. Furthermore, we have demonstrated that these ceramide-loaded
nanoparticles can induce apoptosis in HelLa cells and that the uptake of these nanoparticles
occurs rapidly. This research represents a first step in realizing the goal of a therapeutic ceramide

cancer treatment using graphene nanoparticles as a delivery system.
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Oxidized Graphene Nanoribbons Protect HeLa Cells from UV-Induced Apoptosis Through
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Abstract
Here we report the use of oxidized graphene nanoribbons (O-GNRs) derived from carbon
nanotubes to protect HeLa cells from apoptosis induced by ultraviolet (UV) radiation. We find
that O-GNRs added to cells after exposure to UV radiation were able to protect these cells from a
loss in viability down to a concentration of 5 pg/mL. However, oxidized graphene nanoplatelets
(GNPs) derived from graphite were not able to protect HeLa cells from UV-induced viability
loss at any concentration. This property of O-GNRs was further supported by a reduction in
apoptosis determined by caspase-3 activity. We determined that this could be explained in part
by the buffering of reactive oxygen species generated from UV radiation. Taken together, these
data indicate that O-GNRs may be able to partially protect cells from UV-induced damage at

nontoxic concentrations.
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Introduction

Graphene oxide is a two-dimensional nanoparticle with many biomedical applications in
disciplines such as drug delivery, gene delivery, and biosensing'”. It is comprised largely of
carbon, but also many oxygen-containing functional groups. These oxygen-containing groups are
chemically active, and it has previously been shown that they are capable of buffering reactive
oxygen species (ROS) and preventing radiation-induced cell death®. Given that graphene oxide
nanoparticles can differ greatly in their chemical properties depending on the starting material
they were synthesized from’, it is possible that nanoparticles synthesized from different starting
materials may have differential effects on the efficacy of treatments such as ultraviolet (UV)
radiation treatment. Here we show that oxidized graphene nanoribbons (O-GNRs) derived from
carbon nanotubes can protect HelLa cells from UV-induced apoptosis, whereas oxidized

graphene nanoplatelets (GNPs) are not.
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Methods

All reagents were purchased from (Sigma-Aldrich St. Louis, MO, USA) unless otherwise
noted. O-GNRs were synthesized from multi-walled carbon nanotubes (MWCNTSs) using the
longitudinal unzipping method with centrifugation instead of filtration for purification'’. Briefly,
MWCNTs (150mg) were dispersed in 30 mL of concentrated sulfuric acid. After 3 hr, 750mg of
potassium permanganate was added and then the mixture was stirred for 1 hr. The mixture was
then heated to approximately 60 °C for 1 hr in an oil bath to complete the reaction. It was then
allowed to cool to room temperature and was washed with dilute hydrochloric acid. The product
was isolated by flocculation using ethanol and ether, followed by centrifugation at 3000 rpm and
drying overnight in a vacuum oven. GNPs were synthesized from graphite flakes using a

modified Hummers Method'!.

HeLa cells were obtained from ATCC (Manassas, VA, USA). Cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Cells were grown at 37 °C in a humidified atmosphere of 5% carbon
dioxide. For assays, cells were seeded in flat-bottomed 96 well plates at a density of 5000
cells/well and were allowed to adhere overnight. Cells were then exposed to ultraviolet (UV)
radiation at 40 mJ/cm” using a Stratagene Stratalinker. Carbon nanoparticles (O-GNRs or GNPs)

were added to each well at various concentrations ranging from 5-50 pg/mL of nanoparticles.

For viability determined by PrestoBlue, the media was aspirated after 24 hours, and each
well was rinsed twice with PBS. A mixture of 10 pL of Presto Blue Viability Reagent (Life
Technologies, Grand Island, NY, USA) and 90 uL. of DMEM with 10% FBS and 1% P/S were
added to each well and placed back in the incubator. After 2 hours, the plates were removed, and

the fluorescence intensity of each well was measured using a Molecular Devices SpectraMax
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M2e (Sunnyvale, CA, USA) with an excitation wavelength of 560 nm and an emission

wavelength of 590 nm. The cell viability is expressed as a percent of the untreated control with
the formula ((Itest — Loiani)/ Ucontrot — Ibianic) X 100%), where I;,5; is the fluorescence
intensity of cells exposed to UV and/or nanoparticles, I.ontro; 1S the fluorescence intensity of

untreated cells, and I}, 1s the fluorescence intensity from empty wells.

Caspase-3 activity was determined using a Biovision caspase-3 fluorometric assay Kkit.
Briefly, 24 hours after exposure to UV radiation, media was aspirated, and wells were gently
rinsed with PBS. After this, lysis buffer was added to each well, and the plates were incubated on
ice for 10 minutes. After this, the assay reagents were added to each well, and the plates were
placed back in 37°C. After 1 hour, the plates were removed, and the fluorescence intensity of
each well was measured using a Molecular Devices SpectraMax M2e with an excitation
wavelength of 400 nm and an emission wavelength of 505 nm. The caspase-3 activity is
expressed as a percent of the wuntreated control ~with the  formula
((Itest — Ipiani)/ Ucontror — Ibiank) X 100%) where I;.¢; is the fluorescence intensity of cells
exposed to UV and/or nanoparticles, I.,,:0; 15 the fluorescence intensity of untreated cells, and

Ipiank 1s the fluorescence intensity from empty wells.

ROS activity was measured using fluorescent ROS detector 2°,7° —dichlorofluorescein
diacetate (DCFDA). Cells were preincubated with 50 pg/mL O-GNRs for 4 hours and rinsed
twice prior to irradiation. 100 pL of PBS was left in the wells while the cells were irradiated. 30
minutes after irradiation, DCFDA in PBS was added to the cells at a final concentration of 25
uM. After 1 hour, DCFDA fluorescence was measured at an excitation of 485 nm and an

emission of 520 nm using a Molecular Devices SpectraMax M2e.
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Results

Figure 4.1 shows the PrestoBlue viability of HeLa cells after exposure to 40 mJ/cm” of
UV radiation and subsequent incubation with varying levels of O-GNRs and GNPs for 24 hours,
normalized to untreated cells. At the maximum concentration of O-GNRs tested (50 pg/mL) the
viability of cells exposed to UV radiation was 103.6% of the untreated control, while cells
exposed to UV without nanoparticles were only 62.79% as viable as untreated cells. O-GNRs
were able to significantly protect HeLa cells from UV-induced viability loss down to the lowest
concentration tested of 5 ug/mL, being 79.0% as viable as untreated cells. However, GNPs were
not able to protect HeLa cells from UV-induced viability loss at any concentration, with no
significant difference between cells treated with GNPs and cells exposed to UV without
nanoparticles. The nanoparticles themselves had no significant effect on cell viability in the

absence of UV radiation.
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Figure 4.1. Viability of HeLa cells after treatment with UV and/or nanoparticles. Cells exposed
to UV were treated with varying concentrations of O-GNRs or GNPs from 5 to 50 pg/mL, or
only exposed to UV. Cells not exposed to UV, the max concentrations of O-GNRs or GNPs, or
lysed served as controls. * Indicates significant difference from "UV Only."

12'15, we wanted to determine if O-

Because UV induces cell death through apoptosis
GNRs were increasing the viability of UV-exposed HeLa cells through apoptosis. Figure 4.2

shows the caspase-3 activity of HeLa cells treated with UV radiation and/or O-GNRs after 24
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hours, normalized to the untreated control. The caspase activity of cells exposed to UV without
O-GNRs was 1144% of the untreated control, indicating high levels of apoptosis. However,
cells treated with 50 pg/mL O-GNRs after UV exposure only showed 145.1% caspase activity of
the untreated control, which was not significantly different from the untreated control. Cells

exposed only to O-GNRs also did not show a significant increase in caspase-3 activity.
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Figure 4.2. Caspase-3 activity after exposure to UV and/or 50 pg/mL O-GNRs, or no treatment.
* indicates significant difference from "Untreated."
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We also wanted to determine if this protection from UV-induced apoptosis could be
attributed to the buffering of ROS as previously demonstrated. Figure 4.3 shows the fluorescence
of DCFDA of cells exposed to UV or no UV and O-GNRs or no O-GNRs. Cells exposed to UV
but preincubated with O-GNRs showed 293.8% the ROS activity of the untreated sample, which
was significantly different from the cells treated only with UV, which showed 411.7% the ROS
activity of the untreated cells. The O-GNRs themselves had some activation of DCFDA, with
193.9% the ROS activity as the untreated cells. However, despite this activation of DCFDA,
cells treated with UV and O-GNRs demonstrated significantly less ROS generation compared to
cells treated with only O-GNRs, indicating that protective effect of O-GNRs on HeLa cells could

be partially explained by the buffering of ROS.
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Discussion

16-20 . .
. Previous studies have

ROS generation is a crucial part of UV-induced apoptosis
indicated that the oxygen-containing side groups of graphene oxide, such as carboxyl and
hydroxyl groups, can act as antioxidants to quench free radicals such as ROS*'. The previous
study demonstrating the protective effects of graphene oxide on cells (fibroblasts) from X-ray

irradiation (which also stimulates apoptosis through the production of ROS®) preincubated

graphene oxide nanoparticles for 24 hours similarly low concentrations.

However, the study only looked at graphene oxide derived from one starting material.
Our current data suggest that not only could graphene oxide nanoparticles be administered after
exposure to radiation and offer a protective effect, but also that the potency of this protective
effect could be drastically affected by the starting material used to produce GO nanoparticles.
However, since GNPs are not as highly oxidized as O-GNRs’, it is also possible that the starting
material is not as large a factor as the final degree of oxidation. This should be tested in a future
study by comparing the protective effects of graphene oxide nanoparticles produced by different

methods and with different degrees of oxidation.

The data presented here also have implications for other types of treatment that use
graphene oxide as a delivery system. Anticancer drugs such as doxorubicin can rely on ROS

22-24 . . .
. Previous studies have examined the use of graphene

generation as a way to induce apoptosis
oxide nanoparticles as a delivery system for drugs such as doxorubicin, seemingly without any
issues arising from ROS buffering®. However, it may be possible to increase the efficacy of such
treatments by optimizing the properties of the graphene oxide used. This kind of optimization

may also give a needed edge to treatments that otherwise fail due to the ROS buffering effect

overwhelming the effects of the treatment.
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Conclusions
We have shown that O-GNRs derived from carbon nanotubes are able to protect HeLa
cells from UV-induced apoptosis through the buffering of ROS. We have also shown that GNPs
derived from the oxidation of graphite were not able to protect HeLa cells from UV-induced
apoptosis at all. Taken together, these data indicate that the starting material and degree of
oxidation for graphene oxide nanoparticles should be taken into consideration for applications

that involve ROS generation.
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Abstract

The bioactive sphingolipid ceramide has many important roles in cell signaling processes,
particularly in signaling programmed cell death in cancer. However, ceramide levels are often
impaired in multi-drug resistant (MDR) and radiation-resistant cancers due to the dysregulation
of ceramide metabolism. Restoration of ceramide levels through external delivery represents a
potential therapeutic target for the treatment of resistant cancers. However, as a lipid ceramide is
extremely hydrophobic and requires a delivery system to enter cells. Here we report the
development of a method to load significant amounts of the long chain C;s and C,4 ceramides
onto oxidized graphene nanoribbons (O-GNRs) derived from carbon nanotubes. Using O-GNRs
as a delivery for these ceramides, we were able to induce significant biological effects in HeLa
cells in conjunction with C¢ ceramide and ultraviolet radiation treatment. However, we found
that O-GNRs themselves exert significant biological effects and can interfere with the actions of
these ceramides and ultraviolet treatment. Loading of ceramides onto O-GNRs did not have a
significant effect on the entry of the nanoparticles together. Despite the need for further
improvement, these data represent an important first step in the development of O-GNRs as a

delivery system for long chain ceramides.
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Introduction

Sphingolipids comprise a broad group of lipids with many different functions and
activities'”. The backbone of these lipids is sphinganine, a long chain fatty acid with hydroxyl
groups and an amino group. This sphingoid base can be acylated at the amine group, and with a
subsequent introduction of a 4,5 trans double bond, yield ceramide®. Of all the sphingolipids,
ceramide has been revealed as one of the most biologically active, with important roles in a
number of processes including cell growth and proliferation, cell senescence, differentiation,
apoptosis, necrosis, and autophagy’’. Apoptosis specifically has been shown to have many
ceramide-dependent mechanisms in both the extrinsic pathway mediated by death ligandslo'21
and the intrinsic pathway mediated by mitochondrial outer membrane permeabilization
(MOMP)**?. 1t has also been shown to be an important part of the metabolism of many types of
cancers®’. Many anticancer drugs such as doxorubicin have been shown to induce apoptosis in
part through ceramide accumulation®®*2. Conversely, many cancers exhibit low ceramide levels
and impaired ceramide metabolism through the depletion of ceramide by overexpression of
ceramide-metabolizing enzymes such as ceramidases and glucosylceramide synthase'>**.

Therefore, the restoration of ceramide levels through external delivery may represent a potential

therapeutic target for the restoration of ceramide levels.

However, as a lipid ceramide is extremely hydrophobic, and requires a delivery system.
There has been much work devoted to the development of delivery methods for ceramide. Many
of these methods have centered around the use of the short-chain C¢ ceramide, a synthetic
ceramide analog which is a potent inducer of apoptosis*’. One of the more common methods of
short chain ceramide delivery is liposomes, which incorporate C¢ ceramide or other short chain

ceramides into constructs containing other co-factors****. However, when introduced into an
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aqueous environment ceramide rapid releases from the liposomes, limiting their systemic
delivery™. Other methods of short chain ceramide delivery have been attempted, such as calcium
phosphate nanocomposites’', thermally sensitive dendritic nanoparticles®, polyethyleneoxide-

53,54 55
~" and carbon nanotubes™. As of yet, no

modified-polyepsilon-caprolactone nanoparticles
method has been clinically approved for the therapeutic delivery of ceramide, and it remains to

be seen whether these methods can translate into therapeutic treatments.

There has been considerably less attention has been devoted to the long chain ceramides
such as Ci¢ and Cy4 ceramide, which are the endogenous ceramides that mediate biological
signaling processes. Unlike their short-chain counterparts, which can be dissolved in an organic
solvent and added to cell media to enter cells, long chain ceramides cannot form micelles in
aqueous solution and require a delivery system to be able to enter cells in significant quantities’.
It is most likely this reason that there are very few delivery methods for long chain ceramides,
despite their potent effects’>°. There are in vitro methods such as the dodecane-ethanol system
and cholesteryl phosphocholine, which can deliver Ci¢ ceramide into cells with considerable
effiiciency®®®'. They are valuable research tools, but it is not clear that they could be translated
into therapeutic delivery methods. Currently, the only system with therapeutic potential is
liposomes. Success with long chain ceramide liposomes has been mixed, with the uptake of these
liposomes sensitive to formulation and cell type™. There have also been some successes with
liposomes containing modified long chain ceramides to sensitize cancer cells to other
treatments®”. However, in general, liposome synthesis can be a tedious and error-prone process.
Despite what potential liposomes may hold, the therapeutic potential of externally-delivered long

chain ceramides is overshadowed by the lack of methods to deliver it in vitro and in vivo.
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Graphene oxide is a two-dimensional carbon nanostructure that has been explored for
many biomedical applications®”'. One of graphene oxide's features that make it desirable from a
biomedical perspective is the combination of hydrophobic and hydrophilic regions. Pristine
graphene is comprised entirely of carbon atoms in sp” arrangement, making it very hydrophobic.
The oxidation of graphene introduces many 'defects' in this structure which disrupts the aromatic

2,73
273 However, some of

groups with oxygen-containing groups such as carboxyls and hydroxyls
these aromatic groups remain, giving rise to amphiphilic molecules that have hydrophobic
groups while retaining their aqueous dispersibility. This important feature of graphene oxide has
been previously exploited in the past for the delivery of hydrophobic anticancer drugs through

the 'pi-stacking' phenomenon between aromatic groups’ = °

. It has also been shown that aliphatic
hydrocarbons are capable of binding to these hydrophobic regions. The surfactant 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)] (DSPE-PEG) has been used
to increase the dispersibility of graphene oxide nanoparticles in aqueous solution, based on the
principle that the lipid moiety DSPE binds to the hydrophobic regions of graphene while the

79-81

PEG moiety extends out into solution lending increased solubility” . Thus it is possible for an

extremely hydrophobic molecule like long chain ceramides to bind to these hydrophobic regions.

Here we describe a method for loading C;¢ and C,4 ceramides onto oxidized graphene
nanoribbons (O-GNRs) derived from carbon nanotubes. Using this facile method we were able to
load a high amount of each ceramide onto O-GNRs. We tested the ability of our ceramide loaded
O-GNRs to sensitize (Cj¢) or protect (C,4) HeLa cells from the pro-apoptotic stressors of Cg
ceramide and ultraviolet (UV) radiation. We found that the O-GNRs themselves have a number
of significant biological effects that interfere with the ability of long chain ceramides to sensitize

or protect HeLa cells from pro-apoptotic stressors. However, we found that ceramide-loaded O-
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GNRs had significantly different effects on cell viability and apoptosis compared to O-GNRs
alone. We also found that loading ceramide onto O-GNRs did not have a significant effect on the

ability of these nanoparticles to enter HeLa cells.
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Methods

Materials

Cy4 and Cy¢ ceramide and C;; NBD ceramide (N-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-D-erythro-sphingosine) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and Cayman Chemical (Ann Arbor, Michigan, USA). DSPE-PEG was
purchased from NOF America Corporation (White Plains, NY, USA). All other materials and

reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted.

O-GNR Synthesis

O-GNRs were synthesized using multi-walled carbon nanotubes (MWCNTs) and the
longitudinal unzipping method, purified by centrifugation instead of filtration”. Briefly,
MWCNTs (150mg) were dispersed in a volume of 30 mL of concentrated sulfuric acid. After 3
hr, 750mg of potassium permanganate (KmNO4) was added and then the mixture was stirred for
1 hr. Then using an oil bath, the mixture was then heated to approximately 60 °C for 1 hr to
complete the reaction. It was then washed with dilute hydrochloric acid after being allowed to
cool to room temperature. The product was isolated by flocculation using ethanol and ether,

followed by centrifugation at 3000 rpm and drying overnight in a vacuum oven.

Loading of Ceramide onto Carbon Nanoparticles

Stock solutions of O-GNRs and PEG-DSPE were dispersed in 100% ethanol at a
concentration of 1 mg/mL, while C,4 and C,¢ ceramide were dispersed in 100% ethanol at a
concentration of 2 mg/mL using a bath sonicator. 100 puL of the ceramide stock solution and
200uL of the PEG-DSPE and O-GNR solutions were added to a 20 mL glass scintillation vial,

and the volume was made to 1 mL using 100% ethanol. This mixture was bubbled with nitrogen
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gas and covered in parafilm to prevent oxidation of ceramide. It was then bath sonicated for 15

minutes to allow interspersion of individual nanoparticles and ceramide molecules.

To this solution, 9mL of double-distilled water were added using a New Era NE-300
syringe pump (New Era Pump Systems Inc. Farmingdale, NY, USA) over a period of one hour
under constant sonication. To separate ceramide-loaded nanoparticles from unloaded ceramide,
the mixture was centrifuged at 13000 rpm for at least 30 minutes. The supernatant was discarded,
and the nanoparticles were washed by resuspension in pure double-distilled water and repeating
the centrifugation step, yielding ceramide-loaded nanoparticles. For sham controls, Cis or Coq4
ceramide underwent the loading process without any nanoparticles (volume replaced by 100%
ethanol). For O-GNR controls, O-GNRs underwent the loading process without ceramide

(volume replaced by 100% ethanol).

Quantification of Loading Using Mass Spectrometry

Sample preparation for mass spectrometry was carried out by first resuspending
ceramide-loaded nanoparticles in 100% ethanol and bath-sonicating for 1 hr under nitrogen gas,
to force ceramide to dissociate from the nanoparticles. The mixture was centrifuged at 13000
rpm for 1 hr to ensure all nanoparticles were concentrated at the bottom. 100 pL of the
supernatant was extracted for mass spectrometry. 100 pL of the ceramide stock solution used for
loading was also analyzed as a basis of comparison to calculate loading efficiency. Samples were
analyzed using a Fisons MD800 Gas Chromatography Mass Spectrometer. The signals generated
from samples were correlated to a standard curve to calculate the exact concentration of

ceramide.

Particle Size Measurement
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To see the effect of the loading method on nanoparticle aggregation, the size distribution
of ceramide-O-GNR complexes was measured using a ZetaView Particlemetrix (Mebane, NC,
USA). 100 pL of each sample was diluted in approximately 13 mL of water and loaded into a
SmL syringe. 3 to 4 mL of sample was injected into the device, and 1600-2000 particles were

measured over the course of approximately 30 seconds.

Cell Culture

HeLa cells were obtained from ATCC (Manassas, VA, USA). Cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Cells were grown at 37 °C in a humidified atmosphere of 5% carbon

dioxide.

Viability and Apoptosis Assays

To assess the ability of C,4 ceramide to prevent damage to cells, and Ci¢ ceramide to
sensitize cells to other treatments, HeLa cells were seeded in flat-bottomed 96 well plates at a
density of 5000 cells/well and were allowed to adhere overnight. For cell assays, plates were
either subjected to treatment with free C¢ ceramide (25uM) or UV irradiation (40 mJ/cm?).
Immediately following Cs ceramide treatment or UV irradiation, C¢ and C,4 ceramide-loaded
O-GNRs were added to each well at various concentrations ranging from 5-40 pg/mL of
nanoparticles. After 24 hours, the media was aspirated, and each well was rinsed twice with PBS.
A mixture of 10 pL of Presto Blue Viability Reagent (Life Technologies, Grand Island, NY,
USA) and 90 pL of DMEM with 10% FBS and 1% P/S were added to each well and placed back
in the incubator. After 2 hours, the plates were removed, and the fluorescence intensity of each
well was measured using a Molecular Devices SpectraMax M2e (Sunnyvale, CA, USA) with an

excitation wavelength of 560 nm and an emission wavelength of 590 nm. Lysed cells were used
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as a positive control, and untreated cells were used as a negative control. The cell viability is

expressed as a  percent of  the lysis control with the formula
((Itest — Lyiani)/ Ucontrot — Ipiani) X 100%) — 100%, where I, is the fluorescence intensity
of cells exposed to ceramide-loaded nanoparticles, I.,ntr0; 1S the fluorescence intensity of lysed

cells, and Ip;4 1s the fluorescence intensity from empty wells.

Apoptosis was assessed at the highest levels of nanoparticles tested using a Biovision
Caspase 3 Fluorometric Assay (Biovision, San Francisco, CA). Fluorescence was measured
using a Molecular Devices SpectraMax M2e with an excitation of 400nm and an emission of

505nm.

Mass Spectrometry Quantification of Uptake

HeLa cells were seeded in 24 well plates at a density of 5x10* cells/well and allowed to
adhere overnight. O-GNRs or C¢/C,4 ceramide-loaded O-GNRs were then added to wells at a
concentration of 40 pg/mL of nanoparticles for 24 hr. Untreated cells served as a baseline to
compare to O-GNRs and ceramide-loaded O-GNRs. To extract lipids, cells were trypsinized and
centrifuged down. Cells were resuspended in 2mL of extraction buffer (15:85 viv  70%
isopropanol:ethyl acetate) vortexed for 15 seconds and spun down at 13000 rpm for 30 minutes
at 4°C. The supernatant was collected, and this procedure was repeated once more. To see how
much C;s and Cy4 ceramide was removed as part of the extraction procedure, Cis and Coyq
ceramide-loaded O-GNRs were added to 15 mL conical tubes in an equivalent volume of media
and incubated at 4 °C for 24 hours, and subjected to an identical procedure for extraction.
Sphingolipid content was measured in each sample using a Fisons MD800 Gas Chromatography

Mass Spectrometer.
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Confocal Microscopy

Ci12 NBD ceramide was loaded onto O-GNRs using the same procedure as C,4 and Cjg
ceramide. HeLa cells were seeded in glass-inset confocal dishes at a density of 7.5 x 10*
cells/mL with 2 mL per plate and allowed to adhere overnight. Cells were treated with either 5
uM fluorescent C;, NBD ceramide or an equivalent amount of fluorescent C;, NBD ceramide
loaded on O-GNRs for 2 hours and imaged using a Leica TCS SP8 Laser Scanning Confocal
Microscope System (Buffalo Grove, IL, USA). Cells were pretreated with inhibitors of O-GNR
uptake Dynasore and Gefitinib, endosome disruptor Desipramine, or no additional treatment for

30 minutes prior to the addition of ceramide or ceramide-loaded O-GNRs.

TEM

HeLa cells were grown on ACLAR® film (Electron Microscopy Sciences, Hatfield, PA)
in 6 well plates at a density of 20000 cells per well and allowed to settle overnight. The
following day, cells were exposed to Cy4 or Cjs ceramide-loaded O-GNRs for 24 hours. The
cells were subsequently fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA) in 0.1 M PBS for 15 minutes at room temperature. The films were then placed in
2% osmium tetroxide in 0.1 M PBS, dehydrated through graded ethanol washes, and embedded
using durcupan resin. The embedded specimens were screened for areas with high cell densities,
and these areas were cut into 80 nm sections using an Ultracut E microtome (Reichert-Jung,
Cambridge, UK), and placed on formvar-coated copper grids. Sections were imaged using a
Tecnai Bio Twin G transmission electron microscope (FEI, Hillsboro, OR), at 80 kV. Images

were acquired using an XR-60 CCD digital camera system (AMT, Woburn, MA).

Statistical Analysis
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Data are presented as mean + standard deviation for PrestoBlue and Caspase assays (n =
6). One-way ANOVA was used to make multiple comparisons between groups, and Tukey-
Kramer post hoc analysis was used to determine where significant differences occurred.
Statistical analysis was performed using a 95% confidence interval (p < 0.05) with GraphPad

Prism.

Results

Ceramide Loading on O-GNRs

The loading of Ci¢ ceramide onto O-GNRs as determined by mass spectrometry was
61.47% of the initial concentration in the pre-loading solution. The loading of C,4 ceramide onto
O-GNRs was 48.76% of the initial concentration in the pre-loading solution, indicating a high

level of loading for both types of ceramide.

O-GNR particle aggregation

Figure 5.1 shows the particle size aggregation data for O-GNRs before and after loading
with ceramide. Prior to loading, the average size of O-GNRs was 88.0 nm +50.2 nm, with 10%
of particles smaller than 24.8 nm, 50% smaller than 82.9 nm, and 90% smaller than 143.2 nm
(Figure 5.1B). After loading O-GNRs with PEG-DSPE but no ceramide, the average size of O-
GNRs was 85.7 nm + 63.1 nm, with 10% of particles smaller than 16.2 nm, 50% smaller than
75.2 nm, and 90% smaller than 165.9 nm (Figure 5.1B). After loading C;¢ ceramide with PEG-
DSPE, the average size of O-GNRs was 85.7 nm + 63.1 nm, with 10% of particles smaller than
15.5 nm, 50% smaller than 72.1 nm, and 90% smaller than 158.3 nm (Figure 5.1C). After
loading C,4 ceramide with PEG-DSPE, the average size of O-GNRs was 83.8 nm + 58.1 nm,
with 10% of particles smaller than 16.7 nm, 50% smaller than 73.2 nm, and 90% smaller than

156.3 nm (Figure 5.1D).
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Figure 5.1 The number of O-GNRs counted at different sizes A) prior to the loading process B)
loaded with PEG-DSPE but no ceramide C) loaded with PEG-DSPE and C¢ ceramide D) loaded
with PEG-DSPE and C,4 ceramide.

Quantification of Ceramide Uptake into HeLa cells

In order to determine how much ceramide was getting into cells, we measured the total
content of several sphingolipid species in untreated cells, cells treated with O-GNRs, cells
treated with C¢ ceramide-loaded O-GNRs, cells treated with C,4 ceramide-loaded O-GNRs, and
a sham group consisting of C;¢ and C,4 ceramide-loaded O-GNRs in an equivalent volume of
media for an equivalent amount of time, and subjected to the same extraction procedure. Table
5.1 shows the total amount of sphingosine, dihydrosphingosine, sphingosine-1 phosphate, C¢
ceramide, and C,4 ceramide for each group. For the group treated with C;¢ ceramide, there were
47.74 + 26.42 pmol of C;¢ ceramide detected in the sample, compared to an amount below the
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detection threshold for the untreated group. There was also 59.97 &+ 47.95 pmol of C¢ ceramide
detected from the sham control, indicating a high background with a large degree of variation as
well. However, for the C,4 ceramide and O-GNR groups, there were also 7.43 + 0.34 and 10.26
+ 3.22 pmol of C;s ceramide detected as well, despite no extra C;¢ ceramide being externally

delivered.

For Cyp4 ceramide there was a similar pattern. The amount of C,4 ceramide present in the
Cy4 ceramide group was 17.46 + 9.20 pmol of C,4 ceramide compared to 1.17 = 1.53 pmol of
C,4 ceramide in the untreated control. There was a very large background from the sham control
of 90.09 £11.39 pmol of C,4 ceramide There was also significantly more C,4 ceramide in the
Ci¢ ceramide group than in the untreated group, with 4.77 +£0.85 pmol of C,4 ceramide detected.
There was roughly an equivalent amount of C,4 ceramide in the O-GNR group compared to the
untreated group, with 1.40 £ 1.32 pmol of Cy4 ceramide in the O-GNR group. There was also
sphingosine and sphingosine-1 phosphate detected in the sham group, but this can be attributed

to background from the serum in the media used.
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Table 5.1 Sphingolipid quantification in HeLa cells or sham control

Lipid Quantified (pmol/total sample)

Group (n=3) Sph dhSph Sph-1P Cie Cos
Cis Mean 7.10 2.95 2.21 42.74 477
Std Dev. +0.10 +0.26 +0.41 +26.42 +0.85
Cu Mean 6.700 1.43 1.72 7.43 17.46
Std Dev. +0.60 +0.10 +0.18 +0.34 +9.20
Untreated Mean 0.43 0.0 1.47 0.0 1.17
Std Dev. +0.09 +0.0 +0.20 +0.0 +1.53
O-GNR Mean 7.62 2.28 1.28 10.26 1.40
Only Std Dev. +0.38 +0.29 +0.12 +3.22 +1.32
Sham Mean 0.58 0.0 0.75 59.97 90.09
Std Dev. +0.16 +0.0 +0.03 +47.95 +11.39

(Sph - Sphingosine, dhSph - dihydrosphingosine, Sph-1P - Sphingosine-1 Phosphate)

Viability and Apoptosis with Combinational Therapies

Prestoblue is a resazurin-based reagent that has weak fluorescence in its base, inactive
form. When incubated with cells, the dye is then processed by cells to a highly fluorescent form,
and so the level of fluorescence detected in each well roughly corresponds to the viability of cells
in that well. Figure 5.2 shows the viability of cells subjected to the pro-apoptotic stresses of

ultraviolet radiation in combinational treatment with either C¢ or C,s ceramide. UV and Cg
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ceramide experiments were conducted together as part of one large experiment with the same
controls, and statistical analysis was carried out as one large group. However, UV and Cg
ceramide, and Cy4 and C;¢ ceramide results are displayed in separate graphs for the sake of

clarity (Fig. 5.2).

Cells treated with 40 pg/mL C,4 ceramide-loaded O-GNRs and UV radiation were
significantly more viable than the untreated control, with 118.12% of the untreated control (Fig.
5.2A). At 20 pg/mL there was no difference, and at 5 pg/mL cells were only 70.68% as viable as
the untreated control. In contrast, no level of O-GNR treatment was significantly higher than the
untreated control, but at 5 pg/mL cells were only 74.5% as viable as the untreated control. Cells
treated with C,4 ceramide-loaded O-GNRs or O-GNRs but no UV were significantly higher than
the untreated control, with 136.08% and 125.43% the viability of the untreated control,
respectively (Fig. 5.2A). The sham C,4 ceramide treatment (C,4 ceramide sent through the
loading process with no O-GNRs) with UV was not significantly different from the group treated

with only UV (Fig. 5.2A).
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Figure 5.2. Viability of HeLa cells assessed by Prestoblue. Cells were treated with either UV (A,
B) or C¢ ceramide (C, D). Following treatment, cells were incubated with C,4 ceramide (A, C)
and Cj¢ ceramide (B, D) for 24 hours. O-GNRs without ceramide sent through the loading
process were used as a control. Ceramides without nanoparticles sent through loading process
(sham) were also used as controls. * indicates significant difference from “Untreated.”

Cells treated with C¢ ceramide-loaded O-GNRs and UV radiation were not significantly
different at 40 and 20 ug/mL but were only 70.14% as viable as untreated cells at 5 pg/mL (Fig
5.2B). Cells treated with only O-GNRs followed the same pattern, with no difference at 40 and

20 pg/mL but 74.51% the viability of the untreated control at 5 pg/mL (Fig. 5.2B). Cells treated

134



with Cj¢ ceramide-loaded O-GNRs were significantly more viable than the untreated control at
125.14% of the untreated control, (Fig. 5.2B). The sham C,¢ ceramide treatment (C¢ ceramide
sent through the loading process with no O-GNRs) with UV was not significantly different from

cells treated with only UV (Fig. 5.2B).

Cells treated with C,4 ceramide-loaded O-GNRs and free Cg ceramide were not
significantly different at 40 pg/mL, but were only 83.72% and 64.14% as viable as untreated
cells (Fig. 5.2C). However, between individual trials of this experiment, this pattern was not
consistent. Cells treated with O-GNRs and C¢ ceramide were not significantly different from the
untreated control at any concentration (Fig. 5.2C). Cells treated with the sham C,4 ceramide
condition and C¢ ceramide were not significantly different from cells treated with C¢ ceramide

alone (Fig. 5.2C).

Cells treated with C;¢ ceramide-loaded O-GNRs and Cg ceramide were significantly
different from the untreated control at all concentrations tested, with 53.84% the viability of the
untreated control at 40 ug/mL (Fig. 5.2D). Cells treated with the sham C;¢ ceramide control and
Ce ceramide were not significantly different from cells treated with C¢ ceramide only (Fig.

5.2D).

The apoptosis assay relies on the use of a DEVD-based substrate to measure caspase-3
activity. The substrate is weakly fluorescent until the DEVD moiety is processed by caspase-3 to
a highly fluorescent form, with the fluorescence measured at 400/505 nm excitation/emission
wavelengths corresponding to caspase-3 activity. Figure 5.3 shows the relative amount of
caspase activity of cells treated with UV or Cs ceramide plus Cjs or Cy4 ceramide-loaded O-

GNRs at the highest concentration tested of 40 ng/mL. Cells treated with C4 ceramide showed
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the highest level of apoptosis, with 432.66% the fluorescence of the untreated control (Fig.
5.3A). Of the cells treated with nanoparticles, cells treated with C,4 ceramide-loaded O-GNRs
showed the highest level of apoptosis, with 257.84% the fluorescence of the untreated control
(Fig. 5.3A). However, this was not significantly different from cells treated with C,¢ ceramide-
loaded O-GNRs or O-GNRs only (Fig 5.3A). Cells treated with UV radiation only had 420.01%
the fluorescence of the untreated control (Fig. 5.3B). However, the fluorescence of cells treated
with nanoparticles with or without ceramide were not significantly different from the untreated

control at any concentration tested (Fig. 5.3B).
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Figure 5.3. Apoptosis of HeLa cells assessed by Capase-3 activity. Cells were treated with either
C¢ ceramide (A) or UV (B). Following treatment, cells were incubated with C,4 ceramide and
Ci6 ceramide for 24 hours. O-GNRs without ceramide sent through the loading process were
used as a control. * indicates significant difference from “Untreated.”

Uptake Inhibitor Effects on Apoptosis and Viability

Because Cj¢ and C,4 ceramides are native components of cellular membranes, we wanted

to determine if they had an effect on the entry of O-GNRs into cells. We have previously
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established that O-GNRs are uptaken into HeLa cells via a macropinocytotic-like, dynamin-
dependent mechanism that relies on activation of epidermal growth factor receptor (EGFR)™.
This was determined using 4 different inhibitors of specific uptake pathways at non-lethal
concentrations: the dynamin inhibitor dynasore, the EGFR inhibitor gefitinib, the
macropinocytosis inhibitor ethylisopropylamiloride (EIPA), and the caveolae-mediated
endocytosis inhibitor filipin. Here we repeated the experiment using our ceramide-loaded O-
GNRs in conjunction with the same uptake inhibitors pretreated for 30 minutes prior to other
treatments, with viability and apoptosis measured by Prestoblue and caspase-3 activity,
respectively. We measured C¢ ceramide with only C¢ ceramide-loaded O-GNRs and UV with
only Cy4 ceramide-loaded O-GNRs because these were the only conditions tested that showed
consistent differences between ceramide loaded O-GNRs and O-GNRs without ceramide (Fig.
5.2). Cells were tested with a high and low concentration of each inhibitor (for dynasore Hi = 80
uM, Lo =40 uM; for Gefitinib Hi = 1 uM, Lo = 0.5 pM; for EIPA Hi = 0.5 mM, Lo = 0.25 mM,;

for Filipin, Hi = 3 pg/mL, Lo =2 pg/mL).

Figure 5.4 shows the effects of uptake inhibitor on C;¢ ceramide-loaded O-GNRs in
conjunction with C¢ ceramide and C,s ceramide-loaded O-GNRs in conjunction with UV
irradiation, as measured by Prestoblue. C;¢ ceramide-loaded O-GNRs with C4 ceramide and
inhibitors showed decreased viability compared to the untreated control for dynasore, gefitinib,
and EIPA at both concentrations (percent of untreated control at high concentration: 56.11% for
dynasore, 60.55% for gefitinib, 51.95% for EIPA) and were also not significantly different from
the C¢ ceramide control without uptake inhibitor (Fig. 5.4A and B). The exception was filipin,
which was not significantly different from the untreated control at either concentration tested and

was significantly different from the C4 ceramide only control; there was also no difference
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between C¢ ceramide only and C¢ ceramide with filipin, although with filipin was substantially
higher than without (Fig. 5.4B). There was also no significant effect of the uptake inhibitor on
the reduction in viability of C¢ ceramide without O-GNRs (Fig. 4.5 A and B). O-GNRs without
C16 ceramide had a similar reduction in viability compared to those with C;¢ ceramide (Fig. 5.4A

and B).
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Figure 5.4. Effects of uptake inhibitors (I) on the viability of HeLa cells treated with Cg
ceramide and C;¢ ceramide loaded O-GNRs (A, B) or UV irradiation and C,4 ceramide loaded
O-GNRs (C, D) as measured by Prestoblue. Dynasore, gefitinib, and EIPA showed significant
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decreases in viability on cells treated with C;¢ ceramide-loaded O-GNRs and C¢ ceramide (A,
B). Filipin showed a significant increase in cells treated with C¢ ceramide-loaded O-GNRs and
Ce ceramide (B). For Cy4 ceramide treatment, dynasore lowered the viability of UV-irradiated
cells with C,4 ceramide-loaded O-GNRs (C) while treatment with gefitinib, filipin, and EIPA
showed no significant effect (C, D). * indicates significant difference from "Untreated" and
indicates significant difference from "C¢" (A, B) or "UV" (C, D). For High and Low
concentrations: for dynasore Hi = 80 uM, Lo = 40 uM; for Gefitinib Hi = 1 uM, Lo = 0.5 uM;
for EIPA Hi = 0.5 mM, Lo = 0.25 mM; for Filipin, Hi = 3 pg/mL, Lo =2 pg/mL.

For Cy4 ceramide-loaded O-GNRs in conjunction with UV radiation, the only uptake
inhibitor to show significant decrease in viability between C,4 ceramide-loaded O-GNRs with or
without the inhibitor was dynasore, which had 101.11% the viability of the untreated control
with dynasore and 129.29% the viability of the untreated control without dynasore (Fig. 5.4C).
This was true of O-GNRs without C,4 ceramide as well, which had a viability of 102.86% of the
untreated control with dynasore and 120.04% the viability of the untreated control without
dynasore (Fig. 5.4C). None of the uptake inhibitors showed a significant effect on cells treated

with only UV (4.4C and D).

Figure 5.5 shows the effects of uptake inhibitors (Higher concentration tested) on
apoptosis as measured by caspase activity for Cg ceramide and C¢ ceramide-loaded O-GNRs, or
UV irradiation and C,4 ceramide. For cells treated with C¢ ceramide and C;4 ceramide-loaded O-
GNRs, cells treated with dynasore and EIPA showed an increase in apoptosis compared to the
condition without inhibitors (475.4% compared to 303.5% for dynasore, 492.19% compared to
289.6% for EIPA), filipin showed a decrease (100.62% compared to 172.07%), and gefitinib
showed no change overall (Fig. 5.5A). For cells treated with ceramide loaded O-GNRs and UV
irradiation, none of the uptake inhibitors had any effect on apoptosis between any of the

condition tested (Fig. 5.5 B).
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Figure 5.5. Effects of uptake inhibitors on apoptosis induced by C;¢ ceramide loaded O-GNRs
and Cg ceramide (A) or Cy4 ceramide loaded O-GNRs and UV irradiation (B). For cells treated
with C¢ ceramide-loaded O-GNRs and Cgs ceramide, dynasore and EIPA treatment led to an
increase in apoptosis, filipin led to a decrease in apoptosis, and gefitinib had no significant effect
(A). For cells treated with C,4 ceramide-loaded O-GNRs and UV, no inhibitor had an effect on
the level of apoptosis observed (B). * indicates significant difference from "Untreated."
Concentration of inhibitors: dynasore = 80 uM, Gefitinib = 1 uM, EIPA = 0.5 mM, Filipin, = 3
pg/mL.

Confocal Microscopy with C;; NBD Ceramide

To visualize the uptake of ceramide into cells, we used the medium chain ceramide C,
tagged with the fluorescent NBD marker. We compared C;» NBD loaded O-GNRs to Ci»
delivered by ethanol. We also tested the uptake inhibitors dynasore and gefitinib in conjunction
with these treatments to see if there would be an effect on the entry of C;; NBD loaded O-GNRs
into HeLa cells. We also tested the endosome disruptor desipramine® to see if it would have a
significant effect on the localization of C;, NBD loaded O-GNRs. Figure 5.6 shows the uptake
of C12 NBD loaded O-GNRs or C;» NBD ceramide alone into HeLa cells after 2 hours. Cells
treated with C;, NBD alone showed somewhat higher fluorescence overall (Fig. 5.6 A), with C,,
NBD loaded O-GNRs showing more localization to endosomes (Fig. 5.6 E). With pre-treatment

with the uptake inhibitors dynasore and gefitinib, there was a significant drop in the fluorescence
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of cells treated with C;; NBD loaded O-GNRs (Fig. 5.6 B and C). However, cells pre-treated
with these uptake inhibitors and subsequent treatment with C;; NBD ceramide alone saw no
significant decrease in fluorescence, indicating that they had no effect on its entry into HelLa
cells when not loaded onto O-GNRs (Fig. 5.6 F and G). When cells were pretreated with 15uM
of the endosome disruptor desipramine , there was no significant effect on cells treated with C,
NBD loaded O-GNRs (Fig. 5.6 D). However, there was a marked effect on cells treated with C;
NBD alone, with fluorescence spreading evenly throughout the cell, indicating the release of C»

NBD ceramide from endosomes (Fig. 5.6 H).
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Figure 5.6. Confocal Microscopy images of HeLa cells treated with fluorescent Ci;, NBD
ceramide loaded onto O-GNRs (A-D) or fluorescent C;; NBD ceramide only (E-H). Ceramide
loaded onto O-GNRs (A) shows ceramide more localized to endosomes after 2 hours than free
ceramide (E). Cells treated with Dynasore and ceramide-loaded O-GNRs (B) and Gefitinib and
ceramide-loaded O-GNRs (C) show significantly less fluorescence than cells not treated with
inhibitors of O-GNR uptake (A). However, cells treated with Dynasore and free ceramide (F)
and Gefitinib and free ceramide (G) show no difference than cells treated with free ceramide
alone (E). Cells treated with free ceramide and endosome disruptor desipramine (H) show
significantly less endosome localization than cells treated with free ceramide only (E). However,
cells treated with desipramine and ceramide-loaded O-GNRs (D) show no difference in
endosome localization compared to cells treated with ceramide-loaded O-GNRs only (A).

TEM of Ceramide Loaded O-GNR Uptake

To determine that ceramide loaded O-GNRs were being uptaken into cells, we obtained
transmission electron microscopy images of HeLa cells incubated with Ci¢ and C,4 ceramide-
loaded O-GNRs after 24 hours. Figure 5.7 shows the uptake of C;¢ and C,4 ceramide-loaded O-
GNRs into HeLa cells. Both C¢ ceramide-loaded O-GNRs (Fig. 5.7 A and C) and C,4 ceramide
-loaded O-GNRs (Fig. 5.7 B and D) showed high levels of uptake after 24 hr. There is also
evidence of the outward "blebbing" of the membrane characteristic of the mechanism by which
O-GNRs get uptaken into cells®® (Fig. 5.7 A and C, indicated by arrows). There is the indication

of O-GNRs being contained within endosome as large voids around them.
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Figure 5.7. Transmission electron microscopy images of HeLa cells incubated with ceramide
loaded O-GNRs after 24 hr. Both C,¢ ceramide-loaded O-GNRs (A, C) and C,4 ceramide-loaded
O-GNRs (B, D) show high degrees of nanoparticle uptake. There is also evidence of membrane
"blebbing" (arrows) associated with the uptake mechanism (A, C). Zoomed-in views of these
regions of interest (C, D) also show O-GNRs localized to endosomes.
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Discussion
Since the discovery of its bioactive properties over two decades ago™, there has been
great interest in developing ceramide for therapeutic purposes. However, much of this focus has
been on the short-chain ceramide analogs such as C¢ ceramide, which have seen several different

4,47-49,51,84.85
AT-49.51.8485  There has been

approaches to deliver it to cancer cells and induce apoptosis
considerably less attention devoted to the longer chain ceramides in the realm of therapeutic
delivery, mostly due to the difficulties associated with these ceramides in aqueous solution. To

this end, we have developed a method to load the long chain ceramides C;¢ and C,4 ceramide

onto O-GNRs.

The loading of C;s and Cps ceramides onto O-GNRs was 61.47% and 48.76%,
respectively. This loading was calculated on a mass per mass basis, whereas the loading
efficiency for liposomes is often compared on a mole per mole basis. As there is a large degree
of size variation between individual O-GNR nanoparticles (Fig. 5.1), there is not necessarily a
way to accurately calculate a molar concentration. However, the mass/mass basis of ceramide
loading onto O-GNRs was comparable to the mole/mole basis of C;4 ceramide into liposomes by
Shabbits et al. who developed liposomes containing 50% molar ration of C;¢ ceramide along

with 50% cholesteryl hemisuccinate®.

Ci6 and Cy4 ceramide were selected for this study because of their specific biological
effects. Cj¢ ceramide has generally been shown to have pro-apoptotic effects, while Cy4

. . -92
ceramide has been shown to have pro-survival effects®

. In HeLa cells specifically, a shift from
C,4 ceramide to C ¢ ceramide has been shown to increase susceptibility to apoptosis’. Given

these specific effects, we wanted to test our C;¢ and C,4 ceramide-loaded O-GNRs to see if we

could replicate this effects through external delivery along with the pro-apoptotic stressors Ce
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ceramide and UV irradiation. We were able to significantly replicate these effects to a certain
degree, although there are some caveats. We found that C,¢ ceramide-loaded O-GNRs were able
to induce a greater degree of apoptosis in conjunction with C¢ ceramide than O-GNRs alone, and
we also found that C,4 ceramide-loaded O-GNRs were able to protect cells from UV radiation
better than O-GNRs alone (Fig. 5.2). However, C¢ ceramide treatment alone was better than in
conjunction with our C¢ ceramide-loaded O-GNRs, and we found that we were not able to use
our C;¢ ceramide-loaded O-GNRs to sensitize HeLa cells to UV irradiation at all, despite much
previous evidence showing that externally delivered C,¢ ceramide is capable of sensitizing cells

57,59

to radiation (Fig 5.2). This is probably not related to the ceramides having different

biological effects than previously reported, but rather the O-GNRs themselves.

Graphene oxide nanoparticles have a large number of oxygen containing functional
groups. It has been previously demonstrated that graphene oxide nanoparticles can act as anti-
oxidants and allow the buffering of reaction oxygen species (ROS)**. ROS is an important cell
signaling mechanism that has largely pro-apoptotic effects and has been shown to be an
important mediator of both UV and Cg ceramide-induced apoptosis’*. In this case, we have
demonstrated that O-GNRs alone are capable of rescuing Hela cells from the pro-apoptotic
stressors of UV irradiation and C¢ ceramide (Fig. 5.2, 5.3). However, the effects of O-GNRs on

HelLa cells may not be limited just to buffering of ROS.

Through the quantification of several sphingolipid species after treatment with O-GNRs
and ceramide loaded O-GNRs, we found that O-GNRs had a significant effect on sphingolipid
metabolism on their own (Table 5.1). O-GNRs induced a 17.7 fold increase in the levels of
sphingosine compared to the untreated control, which is relevant for two reasons. The first has to

do with how sphingolipids are synthesized. All sphingolipids are first synthesized via the de
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novo pathway, one of three pathways for ceramide synthesis™. Although many complex
sphingolipids contain a 4,5 trans double bond in the sphingoid backbone, this step does not occur
until the conversion of dihydroceramide into ceramide by ceramide desaturase. As of yet, there
have been no mammalian 'dihydrosphingosine desaturase' enzymes elucidated, meaning that all
sphingosine is generated through the degradation of ceramide by ceramidases. Thus high
sphingosine levels may indicate that O-GNRs are increasing the activity of ceramidases, which

has been linked to apoptosis resistance***

. The second reason why high sphingosine levels are
relevant is due to the possible metabolic fates of sphingosine. Although it can be converted back
to ceramide through the salvage pathway’, it can also be phosphorylated to sphingosine-1

100
. However, we also measured

phosphate, a sphingolipid with many pro-survival effects
sphingosine-1 phosphate levels but found that cells treated with O-GNRs did not have

significantly higher levels compared to the untreated control (Table 5.1).

Through the quantification of lipids, we also found that we were significantly increasing
the levels of C¢ and Cy4 ceramides compared to untreated cells (Table 5.1). We also found that
there was a high degree of 'background' from the sham control, which was higher than the
ceramide quantified for both ceramides, although it was not significant in the case of Ci¢
ceramide (Table 5.1). There was a high degree of variability, however, and this was a measure of
the maximum possible background. In both cases, there was an extremely large difference
between how much ceramide was detected, and was theoretically put in each sample. The
detected amount of ceramide was on the order of picomoles, while the loading results would
suggest that the amount of ceramide was on the order of micromoles, a difference of several
orders of magnitude. This may indicate that there is poor release of ceramide from the

nanoparticles. One possible explanation is that the O-GNRs may be aggregating around ceramide
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during the loading process, and once inside cells, are not releasing ceramide, keeping it trapped
between 'sandwiched' layers of O-GNRs. Aggregation induced by the mixing of water and
ethanol was a major obstacle in the development of this loading method, and the particle size
data presented here may indicate that this is occurring on a microscopic level. There was a small
decrease in the number of small particles and a slight increase in the number of large particles
after loading O-GNRs compared to prior to loading (Fig. 5.1). This may indicate that some of the
smaller particles are combining with larger particles to form even larger aggregates, and trapping
the ceramide between them in the process. However this difference between before and after
loading was not large, and since the method used measures particle size only indirectly, it is

unlikely that these results are significant enough for this explanation.

We also wanted to determine if the loading of ceramide onto O-GNRs would have a
significant effect on their entry into cells. Previously we determined that O-GNRs have a
macropinocytotic-like, dynamin-dependent mechanism that relies on activation of EGFR™.
Because ceramides are important components of cellular membranes, we wanted to determine if
loading ceramides onto O-GNRs would have an effect on their uptake. We used the same uptake
inhibitors in conjunction with our ceramide loaded O-GNRs to determine if disrupting the uptake
of our ceramide loaded O-GNRs would change their effects on HeLa cell viability and apoptosis.
For C¢ ceramide treatment in conjunction with our Ci¢ ceramide-loaded O-GNRs, we found a
decrease in viability with dynasore, gefitinib, and EIPA, the three inhibitors which were
previously found to inhibit O-GNR entry into HeLa cells (Fig. 5.4A and B)*. We also found that
dynasore and EIPA caused an increase in apoptosis. Given the apparent protective effects of O-
GNRs against C¢ ceramide-induced apoptosis, these results would be consistent with these

inhibitors having the same ability to block the entry of O-GNRs into cells, indicating no
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significant change from previous results®. The exception is filipin, which was previously not
shown to have an effect on O-GNR uptake, but here was shown to have the opposite effects of
the other inhibitors (Fig. 5.4 B, Fig. 5.5). However, this could be explained by previous data
showing that filipin can inhibit the uptake of C ceramide'”', making it likely that this effect was
related to the blocking of ceramide uptake rather than O-GNR uptake. The uptake inhibitor data
for cells treated with C,4 ceramide-loaded O-GNRs and UV irradiation showed a similar pattern,
with the effects of dynasore consistent with blocking the protective effect of O-GNRs on UV-
induced apoptosis (Fig. 5.4C and D). TEM data also confirmed no significant change in the
uptake of O-GNRs due to ceramide loading, with high levels of O-GNRs visible in HeLa cells as

well as the "blebbing" of the membrane related to the uptake mechanism of O-GNRs (Fig 5.7).

Based on the data that the entry of O-GNRs was not disrupted due to ceramide loading,
we wanted to determine the fate of ceramides once they actually entered cells. For this, we used
the medium chain ceramide analog C, ceramide with the fluorescent tag NBD. Although not as
hydrophobic as its long-chain counterparts, C;, ceramide cannot enter cells as easily as short
chain ceramides such as Cg ceramide'®>. We found that Ci2 NBD loaded O-GNRs and free Ci»
had a similar uptake pattern into cells, with much of the ceramide localized to endosomes (Fig
5.7 A and E). However, we found that when uptake inhibitors were introduced, there were stark
differences in uptake, with dynasore and gefitinib-treated cells showing a marked decrease in
fluorescence from C;, NBD loaded O-GNRs (Fig 5.7 B and C) while there was no effect on free
Ci2 NBD ceramide (Fig. 5.7 F and G). This indicates that the fluorescence present in cells
treated with ceramide loaded O-GNRs was due specifically to the uptake of O-GNRs and not due
to ceramide coming off the O-GNRs and entering cells as free ceramide. We also found that the

endosome disruptor desipramine was able to release free ceramide from endosomes (Fig. 5.7 H)
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while there was no effect on the endosome localization of ceramide when it was delivered via O-
GNRs (Fig. 5.7 D). This may indicate that ceramide from O-GNRs may have a difficult time
escaping from endosomes, which may also contribute to the decreased efficacy of C;¢ ceramide-

loaded O-GNRs in inducing apoptosis.

Conclusions
We have developed a facile method for the loading of long-chain ceramides onto O-
GNRs, which are able to deliver these ceramides to cells and exert significant biological effects.
However, these O-GNRs themselves have significant biological effects on cells and reduce the
overall combinatorial effect between the long chain ceramides and UV or C¢ ceramide treatment.
Despite these limitations, O-GNRs are a promising method for the therapeutic delivery of long
chain ceramides. However, before this goal can be realized, a substantial amount of optimization

of these particles for use with ceramide is needed.
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Conclusions

Ceramide is a sphingolipid with many exciting potential applications in the treatment of
cancer and other diseases, but the realization of this potential has thus far been held back by the
lack of adequate methods for its therapeutic delivery. In Chapter 1, we reviewed the biology of
ceramide, its role in apoptosis and cancer, and the currently available methods for its delivery.
The metabolism of ceramide has been implicated in many levels of apoptotic signaling in cancer,
and low levels of ceramide are associated with cancer resistance to drug and radiation treatment.
Enzymes that metabolize cancer have also been shown to be overexpressed or upregulated in
cancers that are resistant to treatment. Many attempts have been made to exploit this knowledge
using the synthetic short-chain ceramide C¢. This ceramide is a potent inducer of apoptosis and
has been shown to be effective in sensitizing cancers that are resistant to other treatment. The
most common method of study is direct dissolution in organic solvents and subsequent addition
to aqueous solution. However, for therapeutic treatment, liposomes have been studied the most
extensively. Many different formulations of liposomes have been tried, with some more
successful than others. However, a common problem is the rapid translocation of C¢ ceramide
from the liposomes, making systemic delivery a difficult prospect. Other delivery methods have
been tried, but thus far these methods have failed to translate into potential therapeutic
applications. There have been either fewer attempts made at external delivery of long chain
ceramides such as Cj¢ or C,4 ceramide. So far the only method available with potential in vivo
applications has been liposomes, which, despite some successes, are riddled with issues such as
complex, error-prone synthesis and poor uptake into cells. Thus there is a tangible need for new
methods of ceramide delivery into cells. We suggested the use of oxidized graphene nanoribbons

(O-GNRs) derived carbon nanotubes as potential delivery systems for ceramides, due to several
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favorable properties such as the existence of hydrophobic regions along hydrophilic ones in their

structure.

In Chapter 2, we described the process for developing a method to load ceramides onto
O-GNRs. We first attempted to mix ceramides and O-GNRs together in ethanol and
dimethylsulfoxide but found that there was no significant loading of ceramides onto the
nanoparticles. We then tried fractional distillation, with ceramides and O-GNRs being placed in
a mixture of high ethanol and low water with the goal of selectively boiling the ethanol out and
forcing the ceramide to interact with the O-GNRs in more the more hydrophilic environment.
However, we found that the mixing of solvents caused a high degree of irreversible O-GNR
aggregation, which was the guiding factor for our subsequent attempts at developing a loading
method. We found that by taking the opposite approach - by adding water to a completely
hydrophilic environment using a burette - we were able to see some difference in the
aggregation, but it was still quite high. So we revised our method in two ways: first, by switching
to a syringe pump for more precision addition of water, and second, by adding in a small sonic
cleaner to reduce aggregation. We found that a combination of a two-stage addition of water (2
mL/hr for one hour, then 7 mL/hr for 1 hour) and a sonication length of 1.5 hours produced
ceramide loaded nanoparticles with a very low degree of aggregation. We found that we were
able to load 70% of the ceramide in the initial solution of the nanoparticles. We concluded that

O-GNRs could potentially be used as a delivery system for ceramides.

In Chapter 3, we tested our loading method with the short-chain C¢ ceramide. This is a
ceramide that has been widely studied for external delivery due to its ease of use. That, combined
with its direct, potent effects on cell viability, gave us a good way to test the efficacy of our

delivery system. We tested O-GNRs as well as oxidized graphene nanoplatelets (GNPs) derived

167



from graphite. We found a high degree of loading for both particles, with 57% and 51.5% for O-
GNRs and GNPs, respectively. We found that when delivered into cells, both kinds of particles
were able to greatly reduce the viability of HeLa cells and that O-GNRs were more effective than
GNPs at accomplishing this feat. We also found that there was a similar pattern in U§7MG
glioblastoma cells and MDA-MB-231 breast cancer cells tested with C4 ceramide-loaded O-
GNRs, while fibroblasts did not experience a significant reduction in viability at lower
indications, indicating that C¢ ceramide-loaded O-GNRs could possibly induce toxicity to cancer
cells while not harming normal cells nearby. We found that further solubilizing our C¢ ceramide-
loaded O-GNRs and GNPs with DSPE-PEG did not reduce their efficacy. We also found a
different uptake profile of ceramide loaded O-GNRs into HeLa cells versus free ceramide with
the fluorescently tagged Cs NBD ceramide. We found that there was not significant fluorescence
from C¢ NBD ceramide-loaded O-GNRs until 24 minutes, while there was fluorescence from
free ceramide almost immediately. We confirmed that the C4 ceramide-loaded O-GNRs were
actually entering into the cells using TEM. We concluded that O-GNRs were a promising

delivery system for short-chain ceramide analogues.

In Chapter 4, we revealed a mechanism by which O-GNRs can protect cells from
ultraviolet (UV) induced apoptosis. We found that O-GNRs had a significant effect on UV-
irradiated HeLa cell viability down to the lowest concentration tested of 5 pg/mL. We found that
GNPs were not capable of doing this at any concentration tested. We found that O-GNRs were
able to significantly reduce UV-induced apoptosis by measuring caspase-3 activity. We found
that this mechanism was dependent on the buffering of reactive oxygen species (ROS) using the
ROS detector DCFDA. We concluded that our findings were in accordance with previous studies

on this subject and that the differences observed between O-GNRs and GNPs were likely due to
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a higher degree of oxidation with O-GNRs. We also concluded that O-GNRs may have the

potential to interfere with therapeutic delivery systems that rely on ROS for signaling.

In Chapter 5, we explored the ability of O-GNRs to deliver the long chain ceramides Cjs
and C,4. We found that we were able to load 61.47% and 48.76% of the initial concentrations of
Ci6 and Cy4 ceramide, respectively. We found that were able to deliver these ceramides to HeLa
cells and induce significant biological effects in conjunction with C¢ ceramide or UV treatment
measured by the Prestoblue viability assay and caspase-3 activity assay. However, we found that
O-GNRs themselves exerted significant biological effects and interfered with C¢ ceramide and
UV treatment. Using uptake inhibitors, we were able to reverse these effects and found that the
pattern of reversal was in accordance with previous studies on the methods of O-GNR entry into
cells, indicating that the loading of ceramide on O-GNRs did not have a significant effect on
their uptake, which was further confirmed by TEM imaging. We also measured the levels of
several different sphingolipid species in HeLa cells treated with O-GNRs and ceramide-loaded
O-GNRs and found that while there were higher levels of C;¢ and C,4 ceramide measured in
their respective groups, there were also high levels of these ceramides in the background sham
control. We also observed a large effect of O-GNRs on the levels of certain sphingolipids,
indicating that their interference with UV and C¢ ceramide treatment may be due to altering
sphingolipid metabolism. Using the fluorescent C;; NBD ceramide, we found that there was a
difference in uptake between free ceramide and ceramide O-GNRs, with the O-GNR uptake
inhibitors significantly reducing their fluorescence but having no effect on free ceramide
fluorescence. We also found that the endosome disruptor had no effect on the localization of

ceramide O-GNRs while completely release free ceramide from endosomes and spreading them
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around the cells. We concluded that O-GNRs could potentially be a good delivery system for

long chain ceramides, but that there is also much optimization that needs to be done.

This work represents an important achievement in the field of therapeutic ceramide
delivery. Up until now, potential delivery methods have been few in number and with certain
drawbacks. Even liposomes - the most promising of the methods - have thus far been unable to
translate into therapeutic applications. In our work, we successfully delivered the short-chain Cg
ceramide into cells and induced apoptosis in several cell lines, yielding a system that has the
potential to be a powerful treatment for cancer. This lack of a good delivery system has also
limited the ability to understand the effects of externally delivered long chain ceramides on cells.
Here we have successfully delivered the long chain ceramides C;¢ and Cy4, revealing that C
can potentially assist in sensitizing cells to apoptosis and that C,4 can potentially protect cells
from apoptosis. Although our O-GNRs exerted significant biological effects of their own, the
ability to load significant quantities of these ceramides and introduce them into cells represents a
critical step forward into fully understanding their effects. The exact effects of these ceramides
on different types of cells remains an outstanding question in the study of ceramides, and one
that will only be able to be answered with innovation and optimization in the field of ceramide

delivery.
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Future Work
The research at hand here has had mixed outcomes in the short term. However, in the
long term, there is much potential and much room for improvement over the results currently
observed. Below we discuss some ways to improve upon O-GNRs as a delivery system for
ceramides and further elucidate the effects of O-GNRs on cells, as well alternate routes of

progression.

1) First and foremost, there needs to be an extensive study of the effects of O-GNRs on
ceramide metabolism in cancer cells. Although previous research points to an ROS-
dependent mechanism for the protective effect of graphene oxide nanoparticles on
oxidative stress, our results in Chapter 5 may point to a mechanism that may also be
mediated by sphingolipid metabolism. This study should include (but not necessarily be
limited to) quantification of the expression levels of important ceramide-metabolizing
enzymes involved in cancer resistance such as glucosylceramide synthase and
ceramidase. It should also not necessarily be limited to just O-GNRs, but also include

graphene oxide nanoparticles synthesized by different methods as well.

2) Further testing of the potential of C¢ ceramide-loaded O-GNRs should be conducted.
Although the 'holy grail' of this research is the delivery of long chain ceramides, the
delivery of short chain ceramides is a worthy goal as well. Our results indicate that O-
GNRs could be developed as a potent delivery system for C¢ ceramide. In this realm, co-
delivery with other therapeutic reagents may be a promising avenue for development. In
particular, inhibitors of ceramide-metabolizing enzymes such as glucosylceramide
synthases and ceramidases could significantly enhance the toxicity of C¢ ceramide-

loaded O-GNRs.
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3) This research should also not just be limited to ceramide. There are many lipids out
there with compelling and interesting properties. For example, in the realm of gene
transfection, cationic lipids are extremely potent transfection reagents in vitro, but have
difficulty in vivo for similar reason to other liposomes. However, if these cationic lipids
were loading onto our O-GNRs using the loading method we developed for ceramide, it
could make for a potent combination between the transfection power of these lipids and

the stability of graphene nanoparticles.
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