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Abstract

Advances in anticancer chemotherapy have been hindered by the lack of biocompatibility of new
prospective drugs. One significant challenge concerns water insolubility, which compromises the
bioavailability of the drugs leading to increased dosage and higher systemic toxicity. To overcome
these problems, nanodelivery has been established as a promising approach for increasing the
efficacy and lowering the required dosage of chemotherapeutics. The naturally derived compound,
parthenolide (PTL), is known for its anti-inflammatory and anticancer activity, but its poor water
solubility limits its clinical value. In the present study, we have used carboxyl-functionalized
nanographene (fGn) delivery to overcome the extreme hydrophobicity of this drug. A water-
soluble PTL analog, dimethylamino parthenolide (DMAPT), was also examined for comparison
with the anticancer efficacy of our PTL-fGn complex. Delivery by fGn was found to increase the
anticancer/apoptotic effects of PTL (but not DMAPT) when delivered to the human pancreatic
cancer cell line, Panc-1. The ICgq value for PTL decreased from 39 uM to 9.5 uM when delivered
as a mixture with fGn. The 1Cgy of DMAPT did not decrease when delivered as DMAPT-fGn and
was significantly higher than that for PTL-fGn. There were significant increases in ROS formation
and in mitochondrial membrane disruption in Panc-1 cells after PTL-fGn treatment as compared to
PTL treatment, alone. Increases in toxicity were also seen with apoptosis detection assays using
flow cytometry, ethidium bromide/acridine orange/DAPI staining, and TUNEL. Thus, fGn
delivery was successfully used to overcome the poor water solubility of PTL, providing a strategy
for improving the effectiveness of this anticancer agent.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer-related death in the USA making it
one of the most deadly forms of cancer in humans. Despite recent advancements in modern
cancer detection and treatment, the mortality rate of this cancer is almost identical to the
occurrence, with a 5-year survival rate of only 6%.1 Pancreatic cancer is known to be
extremely resistant to many widely used anti-cancer drugs, which makes it insensitive to
conventional chemotherapy.2 The most common way of administering chemotherapeutic
drugs is through the systemic pathway; as a result, drug molecules have to pass through the
vasculature and the interstitial space of the tumor before reaching tumor cells.3 These
pathways are affected by a number of factors: diffusion of the drug molecule, interaction of
the drug molecule with various intra- and extra-cellular moieties, solid tumor environment,
interstitial pressure, angiogenesis of the tumor vasculature, tumor cell density, and tumor
blood flow.* Delivery of an effective dose of drug to solid tumors becomes extremely
challenging, due to the presence of these multiple barriers. The most successful approach is
a combination of multiple classes of anti-cancer agents, but even this is only able to increase
the one-year survival rate to 35%.° Thus, the search for novel and efficacious agents to treat
pancreatic cancer continues.

Parthenolide (PTL) is a sesquiterpene lactone extracted from Tanacetumparthenium,
commonly known as feverfew. The reactive a-methylene-y-lactone moiety and epoxide ring
of PTL are capable of reacting with nucleophilic moieties on bio-molecules.8 Although PTL
has long been used as a medication for migraine headache and rheumatoid arthritis,
primarily due to its anti-inflammatory activity,’ recently, this drug has been investigated for
the treatment of several cancers, including pancreatic cancer.8 Along with its anti-
proliferative and apoptotic activity in different cancer cell lines in vitro, PTL also sensitizes
cancer cells to other anticancer agents®~11 and has been identified as a radio sensitization
agent. PTL has been shown to induce apoptosis through multiple pathways, including
oxidative stress due to ROS generation,12 mitochondrial membrane potential disruption,13
caspase activation, 1213 and NF-«B inhibition.14-17 Recently, we have shown that PTL can
selectively induce almost complete glutathione depletion and severe cell death in cancerous
CD34+ acute myeloid leukemia cells.18 Interestingly, PTL induces significantly less toxicity
and only limited, transient glutathione depletion in normal CD34+ cells. This specificity of
action in cancer cells greatly increases the appeal of this potential anti-cancer therapy;
however, the usefulness of this drug is been hampered by its poor solubility, which leads to
limited bioavailability. In an attempt to overcome this problem, the water-soluble PTL
analog, dimethylamino parthenolide (DMAPT), was developed to improve oral
bioavailability.1%-21 This PTL-derivative has been shown to be effective against acute
myeloid leukemial® in phase 1 clinical trials.

Nonetheless, there is still benefit to be gained by finding additional ways to increase the
solubility and efficacy of PTL and to increase its intracellular concentrations to effective
dosage levels. Nanotechnology represents an excellent option for solving these problems
because of the unique chemical, physical, and mechanical properties of nanomaterials. We
have shown that nanoparticles have great potential for use in the biomedical field, e.g.,
disease detection,?2 hyperthermia,23 gene delivery,24 and drug delivery.2 In fact, several
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types of nanoparticles have been used as drug carriers, including carbon nanotubes,
magnetic nanoparticles, mesoporous nanomaterials, gold nanoparticles, etc.26

Recently, graphene (Gn), a two-dimensional, sp? hybridized carbon nanomaterial with one
atomic layer, has generated considerable interest in the field of materials science;2/-33
however, its use in the biomedical field is still in the early stages of development.34 Due to
its distinctive structural features—high specific surface area and large sp2-bonded carbon
atomic plane—Gn provides an optimum platform for drug loading and delivery. For
example, the r-7 stacking ability of Gn is a desirable characteristic for most drug loading
applications.34 In addition, the surface of Gn can be chemically modified and customized
through relatively facile procedures to make it an even more customable drug-delivery tool.
Gn-oxide, with oxygen-rich functional groups on its surface, demonstrates extraordinary
biocompatibility, stability, and solubility at physiological conditions. Furthermore, targeting
biomolecules can also be added to direct the drug-particle complexes specifically to cancer
cells, which would lead to an increase in the delivery of drugs to cancer cells.

In the current study, we demonstrate the ability of carboxyl-functionalized graphene (fGn) to
enhance the delivery of the anticancer drug PTL to the pancreatic cancer cell line, Panc-1.
Apoptotic and anticancer activities were determined by measuring ROS generation,
mitochondrial health and membrane integrity, caspase activity, cell membrane permeability,
and DNA fragmentation. The PTL-fGn formulation demonstrated a significant improvement
in the anticancer/apoptotic effects in vitro as compared PTL, alone. Thus, the nanodelivery
of PTL by fGn, described here for the first time, improves the overall efficacy of PTL in
Panc-1 cells, highlighting the potential of this approach to improving the therapeutic
effectiveness of this promising anticancer agent.

Experimental Section

Synthesis and characterization of nanomaterials

Carboxyl-functionalized Graphene (fGn)—Gn was purchased from Angstron
Materials Inc. (Dayton, OH, USA). Gn (10 mg) was added to a mixture of H,SO,4 and
HNO3. The mixture was sonicated for 4-5 h and then filtered through a 0.2 pm GTTP
membrane (Millipore, USA) and washed with deionized water several times. The resulting
fGn powder was oven-dried overnight at 100°C and then placed in a vacuum dessicator. For
use in subsequent experiments, the fGn powder was re-dispersed in deionized water by
sonication.

Characterization of Gn and fGn—TEM images were collected on a field emission
JEM-2100F transmission electron microscopy (JEOL Inc.) equipped with CCD camera. The
acceleration voltage was 100 kV for the Gn and fGn analysis. Gn and fGn powder was
highly dispersed in the ethanol solution with 30 min of sonication. A few drops of
suspension were deposited on the TEM grid to dry before the analysis. Gn or fGn powders
were dispersed into deionized water with sonication about 1 hour to form 50 pg/ml stock
solutions. Certain dilutions were needed to perform the Zeta potential analysis (ZETA-
READER MARK 21, Zeta potential Instruments, Inc., Bedminster, NJ).
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Loading of PTL and DMAPT onto fGn—PTL was obtained from Sigma-Aldrich
(USA). DMAPT was synthesized from PTL as previously reported3® and was used as the
fumarate salt. PTL and DMAPT were dissolved in DMSO to create 10 mM stock solutions.
To create the PTL-fGn and DMAPT-fGn complexes, the drug was added to fGn solution in
media (final drug-fGn complex concentrations were 1, 10, 20, 30, 50, and 100 pM drug and
10 pg/ml fGn), sonicated for 1 h, and then stored at 4°C before being incubated with Panc-1
cells. The chemical structures of Parthenolide and DMAPT are given in Figure 1.

X-ray Photoelectron Spectroscopy (XPS) analysis of the PTL—fGn interactions
—XPS analysis was used to investigate the interactions between fGN and PTL. The data
were collected using a K-Alpha X-ray Photoelectron Spectrometer (XPS) system at a
background pressure of 1x1079 torr, using a monochromated Al Ka (hv = 1436.6 eV) x-ray
source. The x-ray beam used was 36W, 400 pm in diameter. Survey scans (0 — 1350 eV)
were taken of each sample at a pass energy (CAE) of 200 eV and 1 eV step size. The
collected data were referenced to the C1s’ peak to 284.5 eV based on the data obtained for
adventitious carbon grown on a glass slide. Narrow scans (25 — 40 eV width) of the peaks of
interest (C1s) were taken at pass energy of 50 eV and 0.1 eV step size to provide higher
resolution analysis of the peaks. Curve fitting was performed using Shirley, Powell, and
simplex models on the narrow scans using the Avantage V. 5.38 software.

Cell culture conditions

The human pancreatic cancer cell line, Panc-1, was purchased from the American Type
Culture Collection (ATCC; USA). Cells were cultured in in T-75 culture flasks with
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Life Technologies, USA) containing
10% fetal bovine serum and 1% penicillin-streptomycin solution in a humidified incubator
at 37°C and 5% CO,. The medium was changed every 2 to 3 days, and the cells were sub-
cultured when they reached ~90% confluence.

Analysis of fGn internalization in Panc-1 cells using Transmission Electron Microscopy

(TEM)

To visualize the internalization of fGn in Panc-1 cells, transmission electron microscopy
(TEM) was performed on sections of Panc-1 cells after treatment with to fGn. After
incubation, Panc-1 cells were fixed with 3% glutaraldehyde in 0.1 M phosphate buffer, pH
7.2, overnight at 4°C. Following fixation, the cells were vigorously rinsed with 0.1 M
phosphate buffer (pH 7.2), and put through a second fixation with 2% OsO,4 in 0.1 M
phosphate buffer for 2 h and rinsed with deionized water, followed by a final dehydration
step in ethanol solution.

The dehydrated and fixed cells were then embedded in polymerized epoxy resin, and an
ultra microtome, Model EM UC7 (Leica microsystems GmbH, Wetzlar, Germany), was
used to obtain sections with thicknesses of 0.5-1.0 um and 60-100 nm. After staining with
heavy metal (uranyl acetate and lead citrate), the 60—100 nm sections were mounted on 100
mesh formvar-carbon coated copper grids, and covered with a thin layer of carbon and
analyzed under a JEM-2100F Transmission Electron Microscope (TEM) (JEOL, Peabody,
Massachusetts, USA) with an accelerating voltage of 80k V.
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Estimating cell viability by measuring mitochondrial dehydrogenase activity—
Determination of concentration- and time-dependent cytotoxicity was carried out using the
WST-1 assay (Roche Applied Science, USA). Panc-1 cells were seeded in 96-well plates for
24 hours, after which the cells were treated with nanomaterial and/or drug. After incubation,
the treatment medium was removed, and the cells were washed 3 times with 1x PBS buffer.
100 pl of fresh complete growth medium were then added to each well, followed by 10 pl of
the WST-1 reagent. The plates were then incubated in the dark at 37°C. After 2 h,
absorbance was measured using an iMark microplate (Bio-Rad, USA) reader at a
wavelength of 450 nm. All of the control and treatment samples were run in triplicate.

Cytotoxicity of Gn and fGn in Panc-1 cells—In order to compare the cytotoxicity of
Gn to that of fGn and to select a “non-toxic” concentration for fGn to use in future
nanodelivery experiments, cells (15,000 seeded per well) were treated with increasing
concentrations (5, 10, 20, and 50 ug/ml) of Gn and fGn, for 24 h, and metabolic activity was
measured as described above.

Cytotoxicity of PTL, DMAPT, PTL-fGn and DMAPT-fGn in Panc-1 cells—In order
to compare the cytotoxicity of PTL and DMAPT to that of PTL-fGn and DMAPT-fGn, cells
were treated with increasing concentrations (0, 1, 10, 20, 50, and 100 pM) of PTL and
DMAPT and corresponding concentrations of these to compounds loaded onto fGn (10 ug/
ml). Cells (10,000 seeded per well) were incubated for 24 h, and metabolic activity was
measured as described above. PTL was delivered in DMSO and final incubations contained
<1% DMSO.

Quantitation of reactive oxygen species (ROS) levels

ROS levels were determined using 2°,7’-dichlorofluorescein diacetate dye (DCFH-DA,;
Sigma-Aldrich, USA). Briefly, Panc-1 cells were seeded (25,000 per well) in 96-well plates
for 24 hours. Cells were then incubated with increasing concentrations of PTL (either alone
or delivered by 10 mg/ml fGn) for 24 h. Cells were then washed with 1x PBS. DMEM
medium (without FBS or antibiotics) containing 20 uM of DCFH-DA dye was added to each
well, and the plate was incubated in the dark at 37°C for 30 minutes. After incubation, the
fluorescence of each well was determined using a Hybrid Multi-Mode Microplate Reader
(Synergy H1, BioTek, USA) at an excitation wavelength of 480 nm and an emission
wavelength of 528 nm. Data were analyzed using two-way ANOVA (Bonferroni post-test).

Mitochondrial membrane polarity determination

JC-1 (5’,6,6"-tetrachloro-1,1’,3,3’- tetraethylbenzimidazolylcarbocyanine iodide) dye (Life
Technologies, USA) was used to evaluate the mitochondrial membrane potential (A¥,) and
integrity of treated Panc-1 cells. Cells were seeded in an 8-chambered slide (50,000 cells per
chamber) and allowed to attach for 24 hours. Cell attachment was followed by drug or
control treatments, and slides were incubated for 24 hours. The medium was then removed
carefully, and complete DMEM medium containing 10 pug/ml of JC-1 dye was added to each
well. The slides were then incubated for 30 min. in the dark at 37°C. Next, cells were
washed with 1x PBS, and fluorescence images were taken using an Olympus TRITC (red)
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filter to visualize the J-aggregate in intact mitochondria and a FITC (green) filter to visualize
the monomeric form in the cytoplasm, in the case of lost mitochondrial membrane polarity.

Detection of Apoptosis after PTL and PTL-fGn treatment

Caspase activity detection—To determine whether PTL-Gn treatment led to cell death
via apoptosis, the levels of active caspase in treated Panc-1 cells were stained with
carboxyfluorescein (FAM) labeled-peptide-fluoromethyl ketone (FMK) caspase inhibitor
(FAM-Peptide-FMK) and assessed by either relative fluorescence or imaged using
Fluorescence microscopy. For relative fluorescence experiments, 25,000 Panc-1 cells were
seeded in each well of a black-sided, clear-bottomed, 96-well plate for 24 hours at 37°C
before drug or vehicle treatment. For imaging purposes, 50,000 cells were plated in each
chamber of an 8-chambered slide. Cells were then incubated with PTL (14 uM), fGn (10 g/
ml), or PTL-fGn (14 pM - 10 pg/ml) in 200 or 400 pl of medium for each well, respectively,
for 24 hours at 37°C. Cells without any drug treatment served as the negative control, and
100 uM etoposide were used as a positive control. Caspase activity was then measured using
the APO LOGIX Carboxyfluorescein Caspase Detection Kit (Cell Technology Inc. USA)
according to manufacturer’s instructions. Briefly, the necessary volume of (FAM-Peptide-
FMK) solution was added to each well/chamber, and the plates were incubated in the dark
for 45 min at 37°C. The cells were then washed twice with 100 pl of wash buffer (supplied
with the assay kit). 100 ul of wash buffer were then added, and fluorescence was either
measured using a Synergy H1 fluorescence microplate reader at an excitation wavelength of
485 nm and at an emission wavelength of 528 nm or imaged using an Olympus fluorescence
microscope equipped with a FITC filter. Data were analyzed using two-way ANOVA
(Bonferroni post-test).

Acridine Orange (AO)/Ethidium Bromide (EB) staining—Apoptosis was also
assessed using AO/EB staining. 150,000 Panc-1 cells were seeded in each well of a 12-well
plate. After 24 hours, drug and vehicle treatments were carried out. After treatment, cells
were collected and pelleted by centrifugation at 1,100 rpm. Cell pellets were then re-
suspended in 15 pl of fresh growth medium and 2 pl of EB/AO dye mixture (0.50 mg/ml of
EB and 0.15 mg/ml of AO in 1x PBS). The mixture was then incubated at room temperature
for a few minutes. The stained cells were placed on a slide, mounted with a cover slide, and
immediately visualized using an Olympus fluorescence microscope with a 10x objective.
Representative images were captured from random fields of view using filters appropriate
for the specific fluorescent dyes and combined using the software Cell Sens Dimension
software (Olympus, USA).

Terminal deoxynucleotidyl transferased UTPNick End Labeling (TUNEL)—
Apoptotic activity was further investigated by TUNEL, which measures DNA fragmentation
in apoptotic nuclei after PTL treatment. 100,000 Panc-1 cells were seeded in each well of a
four-chambered glass slide and incubated for 24 hours at 37°C before treatment. DNA
fragmentation was then measured using the QIA33 FragEL™ DNA Fragmentation
Detection Kit, Colorimetric-terminal deoxynucleotidyl transferase (TdT) Enzyme;
Calbiochem, USA) according to the manufacturer’s instructions. Briefly, cells were fixed,
rehydrated, and permeabilized using Proteinase K. Then endogenous peroxidase was
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inactivated, followed by equilibration and labeling of the fragmented DNA with biotin-
labeled and unlabeled deoxynucleotides using TdT. Fragmented DNA was then detected by
staining with Diaminobenzidine (DAB) solution, followed by immediate counterstaining of
live cells with methyl green. The samples were then mounted with mounting medium,
covered with coverslips, and sealed. Images were then collected using phase contrast
microscopy (Olympus BX51 Microscope).

Flow cytometry analysis after Annexin V &propidium iodide staining—A flow
cytometric assay, using fluorescein isothiocyanate (FITC)-labelled Annexin V (green
fluorescence) and propidium iodide (PI; red flourescence), was performed to determine the
percentage of apoptotic cells in treated and non-treated groups.3® Panc-1 cells were seeded
in 12-well plates (150,000 cells per well) and allowed to attach overnight. Cells were then
treated with fGn (10 pg/ml), PTL (14 uM), and PTL-fGN (14 pM - 10 pg/ml) and incubated
for 48 h at 37°C. A negative control group with medium only was also included. After
incubation, the assay was carried out according to the manufacturer’s (BioVision, Inc.)
protocol. Briefly, treated Panc-1 cells were trypsinized and centrifuged at 1100 rpm. Cell
pellets were re-suspended in 500 ul of 1x binding buffer, and 5 ul each of annexin V-FITC
and PI were added, followed by 5 minutes of incubation on ice. Each sample was analyzed
using a FACSC alibur flow cytometer (Becton Dickinson), and Cell Quest software was
used to analyze the data collected and to generate the cytogram. Differences in percentages
of stained cells between treatment conditions were assessed by one-way ANOVA followed
by a nonparametric Newman—Keuls multiple comparisons posttest using Graphpad Prism4
software. Results at P<0.05 were considered statistically significant.

Results and discussion

Analysis of Nanomaterials

Characterization of Gn an fGn—Gn used in this study was found to have 1-3 layers
and is <10 pm (x=y dimension) in size which can be observed from the TEM image (Figure
2a). The Gn used in this study was further functionalized with carboxylic acid groups to
form fGn. After sonication and functionalization, the size of the graphene decreased to
<300-500 nm (x-y dimension; Figure 2b). The surface functionalities enhance the stability
and solubility of the graphene sheets by generating negative charges on the surface with a
zeta potential of -47.6 mV.

Characterization drug-fGn complexes—In the current study, we loaded PTL onto the
surface of fGn through hydrophobic interactions. To determine the amount of PTL and
DMAPT bound to fGn, UV-Vis spectra of drug-free fGn and PTL-fGn were recorded
(Supplementary Figure 1). The successful attachment of PTL onto the fGn surface was
evidenced by the characteristic absorbance peak measured at 207 nm, and the concentration
of PTL was determined based on the intensity of this UV absorption band. A loading
efficiency of 98.7% was calculated, indicating that almost all of the PTL drug molecules
were attached to the surface of fGn. It is proposed that the hydrophobic structure of PTL
causes it to interact with the carbon surface of the nanomaterial and that the carboxylate
groups of fGn allow the PTL-fGn complexes to disperse readily in water.
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XPS analysis of the PTL—fGn interactions—In order to study the interactions
between the nanomaterial and the drug, XPS measurements of were taken of fGn, PTL, and
the PTL-fGn complex (Figure 3). XPS data for C1 peaks in the fGn show characteristic
peaks including the important -7 shake up peak at 290.5 eV. After the binding of PTL, this
-7 shake up peak is not seen. These data support the idea that the drug binds to the
nanomaterial via physical absorption (-7 stacking) as reported.3* No other remarkable
changes were seen in the spectra of fGn in the presence of PTL. This could be due to the
relatively low concentration of PTL as compared to fGn in the complex.

Analysis of fGn internalization in Panc-1 cells using TEM

Prior to using fGn for our detailed drug-delivery studies, we had to determine if fGn could
be easily taken up by Panc-1 cells. Therefore, Panc-1 cells were incubated with fGn (10
pg/ml) for 24 h, and cellular TEM micrographs were obtained (Figure 4). Based on
observation of the TEM micrographs, the fGn sheets first adhered to the cellular membrane
and were then internalized and found in the cytoplasm. There are several bonding forces
involved in the interaction of fGn with the cell membrane, e.g., electrostatic and
hydrophobic interactions.3’ The surface hydrophilic groups in fGn improve their adhesion to
the hydrophobic lipid bi-layer of cellular structures. It is not only the surface chemistry, but
the size of the fGn that influences the cellular uptake mechanism. It is postulated that, due to
its smaller size, fGn is taken up by the cell via an energy-dependent mechanism. However, it
has been shown that, if the fGn nanoparticle is as large as a few um or a number of graphene
sheets are aggregated on top of the membrane, the cellular uptake process most probably
occurs through phagocytosis.3

Estimating cell viability by measuring mitochondrial dehydrogenase activity

The WST-1 assay is a well-established and widely used assay for detecting and quantifying
the cytotoxic effects of xenobiotics by evaluating their effects on the metabolic activity of
intact cells by measuring the color change that results from the cleavage of the tetrazolium
salt, WST-1, to its formazan form by mitochondrial dehydrogenases.

Cytotoxicity of Gn and fGn—Since fGn was used in the current study primarily as a
carrier for delivery of the water-insoluble drug PTL to cancer cells, determination of the
cytotoxicity and biocompatibility of these nanomaterials was of obvious interest. The
WST-1 assay was used here to compare the cytotoxicity of Gn and fGn in Panc-1 cells after
incubation with five concentrations (0-50 pg/ml) of either Gn or fGn (Figure 5). Both forms
of graphene showed relatively low cytotoxicity at concentrations <10 pg/ml. When the
concentration was increased to 20-50 pg/ml, graphene exhibited higher cytotoxicity than
fGn. Graphene has been reported to have milder cytotoxic effects compared to other
carbonaceous nanoparticles, such as carbon nanotubes, due to the adsorption of protein
corona from the biological medium as a consequence of the large surface area.3® Overall, in
our research, graphene appeared slightly more cytotoxic than fGn at the higher
concentrations (i.e., 50 pg/ml); however, 2 way ANOVA (Bonferroni Post-test) analyses of
the data determined this difference to be statistically insignificant. Based on these
observations, fGn at a concentration of 10 pg/ml was chosen for all the drug treatment
experiments described in this study. The hydrophilic nature of the —-COOH groups on the
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surface of fGn is responsible for the uniform dispersion of fGn in the cell culture medium,
creating more contact with the cells without causing high cytotoxicity. Nevertheless, pristine
graphene induces a greater cytotoxic effect, as it has a tendency to accumulate on the
cellular membrane, producing high levels of oxidative stress at the cellular level, as
previously reported in the literature.3%

Cytotoxicity of PTL, DMAPT, PTL-fGn, and DMAPT-fGn—The ICsq values of PTL
and its water-soluble analog, DMAPT, in Panc-1 cells were determined in culture using the
WST-1 assay and compared to those for PTL-fGn and DMAPT-fGn complexes (Figure 6).
The cytotoxic effects of PTL were significantly enhanced by fGn delivery as indicated by
the significantly lower 1Csq value calculated for PTL-fGn (9.5 uM) when compared to that
for PTL alone (39 pM). The ICsq values for the more water-soluble PTL analog, DMAPT
(39 uM), and for DMAPT-fGn (34 uM) indicate that nanodelivery of this compound did not
greatly enhance its cytotoxicity. It is possible that the increased cytotoxicity exhibited by the
PTL-fGn treatment was the result of higher intracellular concentrations of PTL being
delivered to the Panc-1 cells compared to PTL treatment, alone. In the preparation of
graphene and PTL-fGn mixtures, there is the possibility of a hydrophobic interaction
between PTL and fGn, leading to graphene-mediated active delivery. However, at the same
time, the well-dispersed fGn particles are also able to promote enhanced cellular endocytosis
and phagocytosis processes,3 resulting in increased cellular uptake of free drug molecules
surrounding the cells, which were otherwise incapable of internalization. PTL, DMAPT and
their analogs promote apoptosis by inhibiting the activity of the NF-«xB transcription factor
complex, indirectly increase reactive oxygen species (ROS), and thereby down-regulate
anti-apoptotic genes under NF-xB control?. More recently8, we have shown that PTL and
DMAPT analogs also selectively induce almost complete glutathione depletion and cause
severe cell death in CD34+ acute myelogenous leukemia cells, but exhibit significantly less
toxicity in normal CD34+ bone marrow cells. PTL and DMAPT analogs perturb glutathione
homeostasis by a multifactorial mechanism, including inhibition of the key glutathione
metabolic enzymes glutamyl-cysteine ligase and glutathione peroxidase, leading to direct
depletion of glutathione. In the streptavidin pull-down assay, biotinylated parthenolide
interacts with several proteins in AML cells that are all relevant to glutathione function and
modulation of ROS. PTL interacts with the following glutathione components of the
glutathione pathway: the catalytic unit of glutamyl-cysteine ligase (GCLC), the modulatory
unit of glutamyl-cysteine ligase (GCLM), glutathione transferase (GST), glutathione
peroxidase (GPX1) and thioredoxin (TXN)8. These studies clearly show that, primitive
leukemia cells are uniquely sensitive to agents that target glutathione metabolism, resulting
in significant increases in ROS and a subsequent increase in lethal double strand DNA
breaks.

Quantitation of reactive oxygen species (ROS) levels

Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen.
Examples include superoxide radicle, hydroxyl radicle (which results from exposure to
ionizing radiation), and peroxide, as well as organic hydroperoxides such as lipid peroxides.
ROS are formed as a natural byproduct of the normal metabolism of oxygen and have
important roles in cell signaling and homeostasis. However, if ROS levels are allowed to
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increase dramatically, this may result in significant damage to cell structures. Cumulatively,
this is known as “oxidative stress”. Panc-1 cells were treated with 2',7'-
dichlorodihydrofluoresceine diacetate (DCFH-DA) dye to investigate the generation of ROS
after 24 hours of treatment with PTL (14 and 30 uM) either delivered alone or by fGn (10
ug/ml; Figure 7). The permeable DCFH-DA dye molecules travel across the cell membrane
and are hydrolyzed by cellular esterases to form non-fluorescent 2',7'-
dichlorodihydrofluorescein (DCFH), which remains inside the cells. Intracellular ROS
oxidize DCFH to form the highly fluorescent 2',7'-dichlorofluorescein (DCF) form. The
amount of fluorescent DCF formed is proportional to the intracellular amount of ROS
produced. Within 24 hours of incubation, the ROS species in the drug-treated groups
significantly increased when compared with cells treated with graphene only (p<0.001).
Although at the higher concentration (30 uM) there was no significant difference between
PTL and PTL-fGn, at the lower concentration (14 uM), PTL-fGn produced a 1.5-fold greater
amount of ROS when compared to the same concentration of PTL, alone (p<0.001). No
increase in ROS concentration was seen when cells were treated with fGn, alone.
Maintenance of the intracellular redox system is critical for the survival of a cell. This can
be disturbed by enhanced production of intracellular reactive oxygen species (ROS) or a
deficiency in the intracellular ROS buffering system, leading to the generation of oxidative
stress.40 Over-production of ROS leads to severe oxidative damage, which includes A%,
depolarization, DNA damage, protein oxidation, and peroxidation of lipids. A number of
anticancer drugs induce apoptosis by disrupting the redox system through inactivation of the
thiol buffer system and by generation of intracellular ROS.10 PTL is known to generate ROS
by modulating redox homeostasis in several cancer cell lines.#! These results could indicate
that the Panc-1 cells take-up a larger amount of the drug when delivered by fGn, due to
improved internalization by endocytosis.

Disruption of mitochondrial membrane potential by PTL and PTL-fGn

Panc-1 cells were treated with JC-1 dye to investigate mitochondrial membrane potential
(MMP, AV, after 24 hours of treatment with PTL (14 pM) either delivered alone or by fGn
(10 pg/ml; Figure 8). MMP is indicative of mitochondrial integrity and overall cellular
health. Depolarization of mitochondrial membranes or disruption of active mitochondria is
an indication of early apoptosis. JC-1 dye is a cationic, lipophilic cell membrane permeable
dye that forms a red fluorescent aggregate inside the mitochondrial matrix in healthy cells
due to the presence of the inner mitochondrial membrane electrochemical potential gradient.
Depolarization of the mitochondrial membrane causes the transition pores to opens
preventing accumulation of the dye in the mitochondrial matrix. As a result, the dye is seen
as its green (JC-1 monomer) form in the cytoplasm.

Here, untreated cells (negative control) and cells treated with fGn (10 ug/ml), alone, showed
almost no sign of MMP dissipation (Figure 8). The Panc-1 cells exposed to 14 uM PTL
exhibited comparatively more green fluorescence than the negative control and fGn
treatment; however, when the same concentration of PTL was delivered as PTL-fGn, MMP
dramatically changed, as evidenced by the bright green fluorescence generated in the few
remaining cells. The PTL-mediated ROS generation, like that observed above, has been
shown to have a significant effect on mitochondrial health.13 ROS cause the oxidation of
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proteins and lipids that are sensitive to redox oxidation, resulting in mitochondrial damage.
The JC-1 staining of these cells indicate that PTL-fGn treatment causes extensive damage to
Panc-1 mitochondria. This result is consistent with the WST-1 and ROS detection results
and further indicates that nanodelivery by fGn significantly increases the cytotoxicity of
PTL.

Detection of Apoptosis after PTL and PTL-fGn treatment

ROS plays a critical role when it comes to signaling in cancer cells. It has been shown that
over-production of ROS leads to apoptosis.#2 As a result of excessive ROS production,
mitochondrial membranes can be damaged and MMP disrupted. This could then lead to the
separation of Bax and Bcl proteins and the eventual release of cytochrome c into the
cytoplasm.*3 Once released, cytochrome c can further activate several downstream caspases,
which are cystine proteases, and are one of the key factors in apoptosis.84445 To further
investigate and compare the mechanisms of cell death induced by PTL and PTL-fGn
treatment, a series of assays to assess cellular apoptosis were carried out.

Caspase activity detection—To provide information on and compare the apoptotic
process induced by PTL and PTL-fGn in Panc-1 cells, cell permeable carboxy-fluorescein
labeled fluoromethyl ketone (FMK)-peptide caspase inhibitors, which can bind covalently to
active caspases (caspase-1, -2, -3, -4, -5, -6, -7, -8, and -9) fluorescently labeling them in
situ, were used. The fluorescence of caspase positive cells can be quantified using a
fluorescence plate reader (Figure 7b) and visualized using fluorescence microscopy (Figure
8). There was a significant increase in the levels of intracellular caspase measured by the
fluorescence plate reader in the PTL-fGn-treated group after just 4 h of incubation (P<0.05);
although both PTL and PTL-fGn groups showed significant caspase level increases after 14
h, the PTL-fGn treated Panc-1 cells showed a significantly higher level than PTL, alone
(p<0.001), or than that of the positive control (100 pM of etoposide; p<0.001). Once again,
this indicates that the cytotoxicity of PTL is significantly enhanced by fGn delivery. The
fluorescence microscopy images revealed similar results, as evidenced by the higher levels
of green fluorescence, which were generated by most of the PTL-fGn treated cells (Figure
8). The arrows in the inset of the micrograph showing PTL-fGn treatment indicate cellular
membrane blebbing and disintegration of the nuclear membrane, the classic morphology of
apoptotic cells.

AO/EB staining—AOQ/EB and DAPI staining were used to visualize and compare the
apoptotic process induced by PTL and PTL-fGn treatment (Figure 8). AO is a vital dye and
can penetrate cell membranes; EB enters cells only upon membrane disintegration. Healthy,
living cells will appear uniformly green. Cells in the early stages of apoptosis will also stain
green, but the nuclei will contain bright green spots which are a sign of chromatin
condensation and nuclear fragmentation. Late apoptotic cells, which have lost membrane
integrity, will also incorporate EB and stain orange. EB/AO staining revealed results similar
to those found in the previous experiments. PTL-fGn treated cells showed an increase in
apoptotic staining, as evidenced by the red and yellow staining, as well as the low cell
numbers.
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TUNEL assay—In order to visualize any DNA fragmentation caused by PTL treatment of
Panc-1 cells, TUNEL staining was performed (Figure 8). During apoptosis, specific
endonucleases are activated, which cause fragmentation or cleavage of genomic DNA in
response to apoptotic signals leading to the generation of free 3’-OH groups that can be
labeled with terminal deoxynucleotidyl transferase (TdT). The TdT then catalyzes the
addition of fluorescein-labeled deoxynucleotides that can be detected by microscopy. Here,
the apoptotic nuclei are stained brown by the TUNEL reaction. The PTL-fGn treated Panc-1
cells showed an enhanced amount of nicked DNA after 24 h of incubation as compared with
treatment with PTL only. These TUNEL images also support the conclusion that
nanodelivery increases the cytotoxicity of PTL in Panc-1 cells.

Flow cytometry analysis after Annexin V &propidium iodide staining—
Apoptosis in the Panc-1 cell line after 48 h of PTL and PTL-fGn treatment was measured
using flow cytometry analysis of cells stained with Annexin-V and propidium iodide (PI)
(Figure 9 and Supplemental Figure 2). Annexin-V detects apoptotic changes in the lipid
bilayers and binds to phosphatidy! serine moieties that translocate from the inner membrane
to the outer membrane during early apoptosis. Pl penetrates and stains cells that have lost
membrane integrity. This dual staining method is used to differentiate between apoptotic and
necrotic cells. According to the flow cytometry data, after 48 h of incubation with PTL-fGn,
75% of the cells were stained with Annexin-V and/or Pl which was higher than the number
of stained cells resulting from treatment with PTL, alone (45%). Also, very few cells were
found to be only stained with PI, indicating that treatment with PTL causes apoptosis and
that nanodelivery of the drug only increases this apoptotic effect. Once more, this supports
the conclusion that nanodelivery increases the cytotoxicity of PTL in Panc-1 cells.

Conclusion

The lipophilic sesquiterpene lactone, PTL, has been shown to have promise as an anticancer
agent for the treatment of both solid and hematological tumors:#6 however, its poor
solubility poses an important challenge to the clinical efficacy and widespread usage of this
drug. To solve the problem of poor bioavailability and cellular delivery, we have explored
the ability of a carbon-based 2D nanomaterial, fGn, to enhance the cellular uptake and
increase the solubility of the drug. We have shown that PTL can be loaded onto fGn
nanosheets and that Panc-1 cells exposed to this PTL-fGn complex show increased
cytotoxicity as compared to PTL, alone, as indicated by markedly lower ICsq values,
increased ROS levels, increased MMP disruption, more active caspase, and increased
staining by nuclear dyes indicative of apoptosis.

It is postulated that fGn increases the efficacy of PTL by assisting in the drug-internalization
process through two different mechanisms: i) fGn provides a highly reactive surface for the
drug adsorption based on various chemical interactions, therefore enhancing the water-
solubility of the drug and the final complexes; and ii) fGn improves cellular drug uptake into
cells, most probably through endocytosis, as carried by the graphene sheets into cells, based
on relatively intense electrostatic and hydrophobic interactions.3” Both of these
internalization processes likely produce a significant increase in intracellular drug
concentrations, resulting in increased cellular cytotoxicity at reduced drug concentrations.
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Therefore, optimization of the chemical surface functionalization of the graphene structures
could be the foundation of a technologically tunable approach by which hydrophobic drugs
can be solubilized and better delivered to the cells.

The combination of highly active drugs, a nanodelivery platform, could develop into more
bio-active nanodrugs, with positive results for the treatment of various cancers. The role of
the graphene substrate is rather diverse: it provides a surface for drug decoration, enhances
the solubility of the drug, provides a structure for facile and highly sensitive detection in
vitro and in vivo, and establishes a multifunctional platform for drug decoration and the
cancer-specific targeting molecules. However, a significant amount of work remains to be
done in order to fully understand the toxicity of the graphene itself,4” its cellular
internalization mechanisms,*8 its surface modification when in biologically relevant media
due to protein adsorption,38 and the complex interactions that take place with the subcellular
systems.49. 50

We have shown that the efficacy of the hydrophobic anticancer drug PTL can be
significantly improved in vitro using fGn nanomaterials. In addition, many other potent
anticancer agents are limited by their lack of water solubility, making their administration
difficult and limiting their efficacy. Any improvements in PTL delivery could be
extrapolated to improve the efficacy of these other drugs. This approach also has great
potential to be expanded to include the addition of targeting molecules to enhance the
specific delivery of this compound to cancer cells. Therefore, we expect that the positive
effects of fGn drug-delivery presented in this work can be further expanded for complex in
vivo cancer treatment platforms.
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Figure 1.
Structures of Parthenolide and Dimethylamino parthenolide (DMAPT) (as the fumarate salt)
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Figure2.
Transmission Electron Microscopy images of A) Graphene sheet (Gn) and B) functionalized

graphene sheet (fGn).
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XPS analysis of fGn, PTL-fGn, and PTL itself. The black traces in each graph represent the

Cl1s signal measured for each material. The peaks below the black traces represent

mathematical models of the underlying signals for each moiety (i.e. w-w shake up; C=0, C-
OH, COOH, and C-C bonds.) The upper panel contains an inset to show signal representing
- shake up more detail.
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Figure4.
Low magnification (left column) (a,b) and high magnification (right column) TEM

micrographs of fGn internalization by Panc-1 cells (c,d).
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Figureb5.

The concentrations specific cytotoxicity of Gn and fGn. The WST-1 assay was used to
determine the cytotoxicity of the carbon nanomaterials on Panc-1 cells. Data represent the
mitochondrial dehydrogenase activity of Panc-1 cells after 24 h incubation with increasing
concentrations of either Gn or fGn as a percentage of activity in untreated cells.
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Figure®6.
ICsq values for PTL, DMAPT, PTL-fGn and DMAPT-fGn delivered to Panc-1 cells. The

concentrations specific cytotoxicity of Gn and fGn was determined by performing the
WST-1 assay on Panc-1 cells after 24 h incubations.
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Figure7.
A) ROS generation. % increases in ROS levels induced by treatment with by PTL and PTL-

fGn after 24 hour incubation are shown. No increase was seen when cells were treated with
fGn (10 pg/ml) alone. B) Caspase activation. Caspase activity was measured by fluorescence
plate reader after 4 and 14 h incubation with PTL and PTL-fGn. Untreated cells and cells
treated with only fGn were included as negative controls, and etoposide (100 pM) was
included as a positive control.
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Microscopy analysis of treated cells stained to detect mitochondrial membrane integrity
(JC-1), caspase activity, cell membrane permeability (AO/EB), and DNA fragmentation
(TUNEL). Cells were imaged after treatment with PTL and PTL-fGn. Untreated cells and
cells treated with only fGn were included as controls. JC-1: Red fluorescent JC-1 aggregate
forms inside the mitochondrial matrix of cells with healthy mitochondria. Depolarization of
the mitochondrial membrane is indicated by the presence of green JC-1 monomer in the
cytoplasm. Caspase: Healthy cells are unstained (not visible). Cells with active caspases

stain green. The inset with arrows shows the apoptotic cells at higher magnification.

AO/EB: Live cells stain green (AO+), while dead/necrotic cells stain orange (EB+). Cells
stained with both dyes will appear yellow. TUNEL : Apoptotic nuclei are stained brown by
the TUNEL reaction followed by immediate counterstaining of live cells with methyl green.
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Flow cytometry analysis of treated cells to detect cell death. data were obtained in cells
treated with PTL and PTL-fGn after staining with Annexin-V and PI. Untreated cells and
cells treated with only fGn were included as controls. In the flow cytometry plots (B) the
lower left corner represents intact, live cells (unstained), the lower right corner represents
early apoptotic cells (Annexin-V+), the upper left corner represents the necrotic cells (Pl+),
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and the upper right corner represents the late apoptotic cells (Annexin-V+; Pl+) *=p<0.05;
**=p<0.01; ***=p<0.001; NS=Not Significant
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