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Abstract

Graphene and single-walled carbon nanotubes were used to deliver the natural low-toxicity drug
gambogic acid (GA) to breast and pancreatic cancer cells in vitro, and the effectiveness of this
complex in suppressing cellular integrity was assessed. Cytotoxicity was assessed by measuring
lactate dehydrogenase release, mitochondria dehydrogenase activity, mitochondrial membrane
depolarization, DNA fragmentation, intracellular lipid content, and membrane permeability/
caspase activity. The nanomaterials showed no toxicity at the concentrations used, and the
antiproliferative effects of GA were significantly enhanced by nanodelivery. The results suggest
that these complexes inhibit human breast and pancreatic cancer cells grown in vitro. This analysis
represents a first step toward assessing their effectiveness in more complex, targeted, nanodelivery
systems.
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Introduction

Cancer is one of the largest public health concerns in the United States and across the world
(Jemal et al., 2011; Siegel et al., 2013). Breast cancer consistently ranks highest in incidence
and death for women globally (Jemal et al., 2011), and more than 1 million new cases occur
worldwide each year, leading to the deaths of more than 450 000 women annually (Jemal et
al., 2011). Although survival rates for patients with breast cancer are high compared to those
for other types of cancer (Siegel et al., 2013), there is still a need for innovative new
therapies, especially for patients diagnosed with metastatic cancer.

Pancreatic cancer is another malignancy that continues to pose a significant challenge to
physicians and researchers with an incidence to mortality ratio approaching 1 (Jemal et al.,
2011; Siegel et al., 2013). In the United States, it represents the fourth major reason of
cancer death for both men and women (Siegel et al., 2013). The 5-year survival rate for
localized cancers is only 23%, and that number drops to 6% when regional and distant forms
are considered (Siegel et al., 2013). Worldwide, pancreatic cancer represents the eighth and
ninth leading causes of cancer death in males and females, respectively (Jemal et al., 2011).
The current treatment options for pancreatic cancer are similar to those for other forms of
cancer (i.e., surgery, radiation, and chemotherapy) but seldom lead to a cure and cause many
serious side-effects. The poor prognosis for pancreatic cancer is due in part to late diagnosis
and extensive metastasis; however, it is also due to poor response to therapeutics (Safioleas
and Moulakakis, 2004), caused in part by the extremely dense desmoplasia, which can
prevent standard drugs from penetrating the tumor (Tod et al., 2013). Therefore, there is a
great need for new drugs and better methods of drug delivery.

Here, we have assessed the anticancer properties of a natural, low-toxicity drug, gambogic
acid (GA), in breast (MCF-7) and pancreatic (Panc-1) cancer cells. GA is the major active
component of gamboge, the golden resin isolated from the plant Garcinia hanburyi that has
been used in traditional Eastern medicine (Chantarasriwong et al., 2010; Efferth et al.,
2007). Recent studies have shown that GA can reduce the growth rate of many kinds of
tumor cells such as leukemia (Wang LL et al., 2008), gastric cancer (Yu et al., 2006),
hepatoma (Guo et al., 2004), lung carcinoma (Wu et al., 2004), breast carcinoma (Qi et al.,
2008), and pancreatic cancer (Wang C et al., 2011, 2012) cells.

One of the limitations on the use of GA as a drug is its poor solubility (He et al., 2012) and
inadequate oral bioavailability (Zhang et al., 2013). Nanodelivery of drugs can improve their
water solubility, enhance cellular uptake, and increase formulation stability and shelf life
(De Jong and Borm, 2008). Different types of nanosized drug carriers have been described
in the literature for the delivery of GA, such as micelles (Qu et al. 2009; Saxena and
Hussain, 2012; Yu et al., 2013; Zhu et al., 2008) and superparamagnetic iron oxide
nanoparticles (Chen et al., 2009; Fang et al., 2012; Liang et al., 2010; Wang C et al., 2011).
The novelty of this work lies in the use of carbon-based nanomaterials, which we have
shown to have potential for use in various biomedical applications (Biris et al., 2011,
Karmakar et al., 2011; Mahmood et al., 2012). In this work, we have elected to evaluate two
carbon nanomaterials, graphene (Gn) and single-walled carbon nanotubes (SWCNT), as
potential carriers for GA.

J Appl Toxicol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saeed et al.

Page 3

Gn is an atom-thick carbon monolayer of sp2-bonded carbon atoms arranged in a two-
dimensional honeycomb crystal lattice—which is the essential building block of other
graphitic materials, such as fullerenes (spherical structure), SWCNT (one-dimensional
tubular structure) and graphite (three-dimensional layered structure)—that is of great interest
to scientists because of its unique physical and chemical properties (Geim and Novoselov,
2007; lijima, 1991; Novoselov et al., 2004; Zhang et al., 2012). It has also been
demonstrated that simple physisorption via n—m stacking can be employed to load drugs onto
these carbon nanomaterials (Sun et al., 2008), which makes them a very desirable material
for drug delivery. In addition, owing to the two-dimensional nature of Gn, both sides are
available for drug binding (Liu et al., 2008), and therefore provides a large specific surface
area for attachment despite its small size.

Gn and SWCNT can also be functionalized with various biomolecules. This allows the
design of specialized drug delivery systems, which have been shown to modulate
pharmacodynamics/pharmacokinetics and increase efficacy (Sundar and Prajapati, 2012).
The presence of oxygen-rich functional groups on the surfaces of Gn oxide and of SWCNT
provides enhanced biocompatibility, stability, and solubility in physiological solutions.

The majority of existing studies have reported that Gn sheets cause only minor cytotoxicity
in cell lines from various sources (Chang et al., 2011; Lee et al., 2012; Mahmood et al.,
2013; Wang K et al., 2011; Zhang L. et al., 2010; Zhang Y. et al., 2010). Specifically, Gn
oxides with a dose of less than 20 pg mI~1 did not demonstrate any toxicity in the human
fibroblast cell line, HDF, and in the same study Gn oxides at either 0.1 or 0.25 mg per
animal did not show obvious toxicity to mice (Wang K et al., 2011). It has also been
reported that (10 or 20 pg ml~1) of SWCNT did not have significant toxic effect on MLO-
Y4, HelLa, or Panc-1 cells when incubated for 24 h (Mahmood et al., 2009).

The aim of this study was to assess the cytotoxicity of GA in MCF-7 and Panc-1 cancer cells
and to determine what effect nanodelivery by either Gn or SWCNT had on the efficacy of
this promising, nontoxic, naturally derived drug. We have investigated the cytotoxicity in
these cells by measuring lactate dehydrogenase (LDH) release, mitochondrial metabolic
activity (WST-1 assay), mitochondrial membrane depolarization, and DNA fragmentation.
Change in the intracellular lipid droplet biogenesis in response to GA and its nanodelivery
were detected using Nile Red Stain. We have also examined membrane permeability and
caspase activity using flow cytometry. Such delivery of GA by either Gn or SWCNT
represents a first step toward assessing their effectiveness in more complex, targeted
nanodelivery in in vivo settings and signals their potential applications in pharmacological
and medical fields.

Materials and Methods

Main Reagents

GA (G1000) was purchased from Gaia Chemical Corporation (New Milford, CT, USA).
Panc-1 and MCF-7 cells were purchased from ATCC Collection, Inc. (Manassas, VA,
USA), and maintained in Dulbecco’s modified Eagle’s medium from the same company.
SWCNTSs (82490) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl alcohol
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(95%) was purchased from Fisher Scientific (Pittsburg, PA, USA). Unless differently
mentioned, all other reagents and chemicals were of reagent grade and purchased from
Sigma-Aldrich.

Nanostructural Materials Preparation

Gn structures were synthesized on Fe/Mo/MgO (1 : 0.1 : 110 molar ratio). The catalyst
system was prepared as previously reported (Dervishi et al., 2012). The graphitic
nanomaterials were synthesized using an RF generator in an argon methane environment.
The as-produced Gn nanostructures were purified with hydrochloric acid. For better
dispersion in an aqueous solution, the nanosized, few-layer thick Gn samples were
functionalized with carboxylic functional groups (Kim and Kim, 2010). Each solution was
continuously washed with distilled water and finally dried in an oven at 100 °C for 12 h.

Preparation of Gambogic Acid-Loaded Graphene and Single-Walled Carbon Nanotubes

Gn and SWCNT (10 pg mI~1) were mixed with GA (0.5, 0.75 and 1pug ml~1) to be described
as GA + Gn and GA + SWCNT. First, the samples were vortexed at a high speed for at least
4 h to allow the drug to bind to the nanomaterials via m—m stacking (Xu et al., 2012). The
samples were then centrifuged and washed three times with distilled water to remove the
unbound drug. The loading concentrations of the GA on Gn and SWCNT were determined
by UV-Vis absorbance at 360nm measured using a Shimadzu UV-3600 spectrophotometer
(Shimadzu Scientific Instruments, Colombia, ME, USA).

Transmission Electron Microscopy Analysis of Nanomaterials

As size and diameter play critical roles in regulating a nanoparticle’s internalization and
interaction within cells (Liu et al., 2011), transmission electron microscopy (TEM) was used
to determine the exact dimensions of the Gn sheets and SWCNT. TEM micrographs were
made using the JEOL field-emission JEM-2100 F instrument (JEOL Peabody,
Massachusetts, USA). The nanomaterial samples were separately dissolved in isopropanol
and sonicated for 30 min to form a homogeneous solution. Next, a few drops of the
suspension were deposited on a holey carbon-coated TEM grid for analysis. Selected area
diffraction patterns were collected by placing an aperture on the desired area of the TEM
micrographs (Dervishi et al., 2012).

Cell Culture and Treatment Conditions

MCF-7 and Panc-1 cells were plated in 75 cm? tissue culture flasks at a density of 10° cells
per dish and maintained in Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum and 1% penicillin + streptomycin and incubated at 37 °C in a 5% CO,
humidified incubator. Once the cells were confluent, they were EDTA trypsinized for
further experiments.

For experiments where cells were treated with Gn, SWCNT, GA + Gn, or GA + SWCNT,
nanomaterials were dispersed into growth medium at a maximum particle concentration of
10 pg mi~1 and tip-sonicated for 1 h. The cell growth medium used for plating was then
replaced with this treatment medium, and cells were incubated in the treatment media for 24
or 48 h. Fresh treatment media were prepared before each cell treatment.
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Transmission Electron Microscopy Analysis of Treated Cells

To verify that both types of nanomaterials were taken up by the cells, additional TEM was
performed on cells cultured with SWCNT and nano-Gn sheets at a concentration of 10 ug
ml~1 for 24 h. A control sample was also processed. Samples were fixed in 3%
glutaraldehyde fixative in 0.1 M phosphate buffer, pH 7.2 overnight at 4 °C. After fixation,
all of the samples were thoroughly rinsed with a 0.1 M phosphate buffer (pH 7.2), post-fixed
in 2% osmium tetroxide in 0.1 M phosphate buffer for 2 h, rinsed in distilled water, and
dehydrated in an ethanol solution. The resulting dried specimens were embedded in Spurr’s
resin, which was polymerized at 70 °C for 15 h. A thickness of 60-100 nm) was generated
for light microscopy and TEM analysis. Thin sections mounted on 200 mesh copper grids
were stained with uranyl acetate and lead citrate for TEM.

Nanomaterial Toxicity Determination

To determine which concentration of nanomaterials was most suitable for use in future
experiments, a concentration-dependent cell membrane integrity assay was performed with
both cell lines. MCF-7 and Panc-1 cells were treated with increasing concentrations of Gn or
SWCNT, and LDH release was measured at three time points up to 72 h using the LDH
assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). Briefly, MCF-7 and Panc-1
cells were seeded on to 96-well plates (25 x 103 per well) and allowed to grow for 24 h
before treatment with increasing concentrations (5, 10, 20, 50 pg ml~1) of Gn and SWCNT.
After 24, 48, and 72 h, a portion of the supernatant (100 pl) was transferred to new 96-well
plates. The plates were incubated for 30 min at room temperature on an orbital shaker. A
colorimetric absorbance was recorded at 490 nm with a reference wavelength of 520 nm
using a microplate reader for colorimetric detection (BioTek, Winooski, VT, USA). Each
experiment was performed in triplicate. Cytotoxicity is expressed relative to the basal LDH
release by untreated control cells and presented as mean + standard error of mean.

Inhibition of MCF-7 and Panc-1 Cell Viability by Gambogic Acid, Gambogic Acid +
Graphene, and Gambogic Acid + Single-Walled Carbon Nanotubes

Mitochondrial metabolic activity of MCF-7 and Panc-1 cells after administration of GA, GA
+ Gn and GA + SWCNT was determined using the WST-1 Cell Proliferation Assay Kit
(Cayman Chemical Company, Ann Arbor, MI, USA). This assay takes advantage of the
color shift that occurs after mitochondrial dehydrogenase cleaves the tetrazolium salt,
WST-1, to formazan in viable cells. Briefly, MCF-7 and Panc-1 cells were seeded on to 96-
well plates at a density of 25 x 103 cells per well and allowed to grow for 24 h before
treatment with increasing concentrations of GA (0-1 ug mI~1) at a constant Gn or SWCNT
concentration (10 pg mi~1). After 48 h incubation, 10 pl of reconstituted WST-1 mixture
were added to each well and incubated for 2 h in the dark at 37 °C. The absorbance at 450
nm was measured using a microplate reader (Biotek, Winooski, VT, USA). Wells containing
only medium and WST-1 reagent were measured as a background control. All conditions
were run in triplicate for statistical analysis. 1Csq values (the concentration of the drug that
inhibits cell viability by 50%) were calculated based on the results of the WST-1 assay.

J Appl Toxicol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saeed et al. Page 6

Determination of Mitochondrial Membrane Potential

The effects of GA, Gn, SWCNT, GA + SWCNT, and GA + Gn on mitochondrial membrane
potential (A¥m) in MCF-7 and Panc-1 cells were measured using the mitochondrion-
specific lipophilic cationic probe, fluorochrome JC-1 (%,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide; Sigma-Aldrich) (Fig. 6). MCF-7 and Panc-1
cells were incubated with GA (1 pg mi~1), Gn (10 pug mI=1), SWCNT (10 pg mI~1), GA +
Gn (1 + 10 ug mi~1), and GA + SWCNT (0.9 + 10 ug mI~1) for 24 h. After treatment, the
cells were incubated with JC-1 dye for 20 min, washed with phosphate-buffered saline, and
then visualized under fluorescence microscopy.

Cellular Death Studies Performed by Flow Cytometry

Quantification of the apoptotic cells was done using an Annexin-V-fluorescein
isothiocyanate Apoptosis Detection Kit (Biovision, Milpitas, CA, USA) and following the
manufacturer’s instructions. MCF-7 and Panc-1 cells were incubated in a medium
containing increasing concentrations of GA (0-1 pg ml™1) at a constant Gn or SWCNT
concentration (10 ug mi~1) at 37 °C for 24 and 48 h. The normal growth medium and 10 g
ml~1 (equal to the maximum amount of nanoparticle used) of the unbound nanomaterials
were used as negative controls. The cells were next collected and suspended in 500 pl of the
provided binding buffer. Cells were then treated with 5 ul Annexin-V-fluorescein
isothiocyanate and 5 pl propidium iodide and incubated at room temperature in the dark for
15 min. Cells were analyzed using a BD FacsCalibur flow cytometer and FACS Diva
software.

Nile Red Staining Assay

We chose to study the effect of our combined treatment on the accumulation of intracellular
lipid droplets in MCF-7 and Panc-1 cell lines as lipids are stored in separate droplets in the
cytosol of most eukaryotic cells and participate in different cellular mechanisms (Murphy
and Vance, 1999; Zweytick et al., 2000). Nile Red was selected for these experiments
because it has been shown to be superior to other fluorescent dyes, such as rhodamines and
nitrobenzoxadiazol, for the staining of intracellular lipids (Greenspan and Fowler, 1985;
Greenspan et al., 1985). Cells were stained with Nile Red (Sigma-Aldrich) to detect
intracellular lipid droplets. Briefly, 1 x 103 cells were seeded on to eight-well chamber
slides and incubated with GA (1 pg mI~1) and GA + Gn (Gn = 10 pg mI~1) for 48 h. Normal
growth medium and Gn were also used as negative controls. Cells were then collected, fixed
with 4% formaldehyde, rinsed three times with phosphate-buffered saline, incubated with
Nile Red stain for 15 min, and visualized by fluorescence microscopy.

DNA Fragmentation Assay
DNA fragmentation induced by GA + Gn and GA + SWCNT in MCF-7 and Panc-1 cancer
cells was assayed using the Quick Apoptotic DNA ladder Detection Kit (Biovision). Briefly,
1 x 106 cells were seeded in 35 mm dishes and incubated with GA (1 ug mI1), GA + Gn
(Gn =10 pg mI~1) and GA + SWCNT (SWCNT = 10 pg miI~1) for 48 h. Cells were then
collected and assayed according to the manufacturer’s instructions. The final DNA pellet
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was dissolved in the provided suspension buffer, separated on 1.2% agarose containing 0.5

pg mi~1 ethidium bromide, and visualized by transillumination.

Statistical Analysis

Results

All data are presented as mean + SEM. The data were analyzed using two-way analysis of

variance by Prism 5 software. P < 0.05 was considered statistically significant.

Characterization of Nanomaterials and Initial Drug Loading on the Surface of Graphene
and Single-Walled Carbon Nanotube

TEM measurements of the carbon nanomaterials indicated that the purchased SWCNT had a
diameter of 1.5-2 nm, and the few-layer Gn structures had an average size of 100-200 nm
(Fig. 1). GA was loaded onto the surface of Gn and SWCNT, and UV-Vis analysis of GA +
Gn and GA + SWCNT showed a peak at 360 nm, which is the characteristic wavelength for
the GA structure (Fig. 2). The amount of drug loaded was calculated by peak absorbance at
360 nm after subtracting the background of absorbance from Gn and SWCNT. We
determined that, after vortexing, 98% of the free GA was bound to the Gn (GA-Gn = 0.98 :
10 pg mi~1) and that 88% was bound to the SWCNT (GA-SWCNT = 0.88 : 10 pg ml™1).

Concentration-Dependent Toxicity of Graphene and Single-Walled Carbon Nanotubes and
Cellular Uptake

To determine which concentration of nanomaterials was most suitable for use in future
experiments, the concentration-dependent cell membrane integrity assay (LDH) was used
with both cell lines. Released LDH in the culture supernatants was analyzed by using a
coupled enzymatic assay that generates the transformation of a reduced tetrazolium salt
(INT) into a colored formazan product, which absorbs strongly in the spectral range of 490-
520 nm. MCF-7 and Panc-1 cells were treated with increasing concentrations of Gn or
SWCNT, and LDH release was measured after three time points up to 72 h (Fig. 3).
Although there was a modest toxicity level at high concentrations from both nanomaterials
in both cell lines, there was no significant toxicity measured at 10 ug mi=1. Our results were
in agreement with previous studies that have shown no toxicity at concentrations less than
20 pg mi~1 (Mahmood et al., 2013; Wang K et al., 2011). Therefore, 10 pg ml~1 was chosen
as the maximum concentration to be used in our study, and each cell treatment presented
here contained 10 pug ml~1 or less of nanomaterial.

Transmission Electron Microscopy Analysis of Cell Culture

To verify that both the SWCNT and Gn used as drug carriers were taken up by the cells,
TEM was performed (Fig. 4). Micrographs of PANC-1 cells were taken after 24h of
incubation with the nanomaterials. The micrographs indicated that the nanomaterials were
taken-up through the cytoplasmic membrane.
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Inhibition of MCF-7 and Panc-1 Cell Viability by Gambogic Acid, Gambogic Acid +
Graphene and Gambogic Acid + Single-Walled Carbon Nanotube

To investigate whether the nanodelivery of GA increased the efficacy of GA treatment,
MCF-7 and Panc-1 were treated with increasing concentrations of GA (0-1 ug ml™1) ata
constant Gn or SWCNT concentration (10 pug mi=1). The ICs values after 24, 48, and 72 h
of incubation with free GA were determined (48 h data shown in Fig. 5). Treatment of
Panc-1 cells resulted in ICsq values of 3.0, 1.9, and 1.2 ug mI~1 for the three time points,
respectively. These numbers were slightly higher than those seen with MCF-7 (2.6, 1.7, and
1.4 pg mi~1, respectively). GA bound to Gn and SWCNT showed significantly higher
cytotoxicity (i.e., lower ICsg values) than GA treatment alone (Fig. 5). GA + Gn treatment
was found to be slightly more effective than treatment with GA + SWCNT. ICsq values of
0.56 and 0.63 for MCF-7 and Panc-1, respectively, were seen for GA + Gn, while the cells
treated with GA + SWCNT showed 1Cs values of 0.64 and 0.68 pg ml~1 for MCF-7 and
Panc-1 cells, respectively.

Induced Disruption of Mitochondrial Membrane Potential (A¥'m) by Nanodelivered
Gambogic Acid

The JC-1 staining method was used to monitor mitochondrial health. The mitochondrial
membrane potential of MCF-7 and Panc-1 cells was detected after 24 h of treatment (Fig. 6).
As mitochondria are considered one of the key organelles that control the energy supply of
cells as well as the cellular apoptosis mechanism, any imbalance in the mitochondrial
membrane potential, A¥m, causes membrane depolarization and induces a cascade of
mitochondrion-dependent apoptotic signaling. Depolarization of mitochondrial membrane
potential interrupts the dye’s accumulation in the mitochondrial matrix, and, as a result, the
dye is dispersed in the cytoplasm. In healthy cells, JC-1 aggregates and emits red
fluorescence in mitochondria of high membrane potentials. Unhealthy cells lose their cross-
membrane electrochemical gradient, causing JC-1 to dissociate into monomers and emit
green fluorescence. The ratio of green to red fluorescence provides a dependable estimate of
mitochondrial impairment. Fluorescent microscopic images of both cell lines treated with
GA (1 ug ml=1), GA + Gn (1 + 10 pg mI~1), and GA + SWCNT (0.9 + 10 pg mI™1) clearly
show the presence of a high level of JC-1 monomer in the cytoplasm. This effect was much
more pronounced in MCF-7 than in Panc-1 cells. Panc-1 cells showed a marked increase in
the number of green cells when treated with GA + Gn or GA + SWCNT, and MCF-7 cells
showed a significant reduction in the number of cells visible after treatment with the
nanodelivered GA.

Cellular Death Study Performed by Flow Cytometry

Flow cytometry studies were performed in order to quantify the percentages of apoptotic and
necrotic cells after GA nanodelivery (Fig. 7). The percentage of dead cells after treatment
with increasing concentrations of GA + Gn and GA + SWCNT for 24 and 48 h was
significantly higher than after treatment with GA alone. In Panc-1 cells, the number of dead
cells after nanodelivery was only significantly higher at the highest concentrations. In
MCEF-7 cells, the effects were seen at lower concentrations with GA + SWCNT showing
increased toxicity starting at ~ 0.65 mg ml~1 (P < 0.001), and with GA + Gn showing
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significantly higher numbers of dead cells at all three concentrations (P < 0.001). Unbound
nanomaterials (Gn and SWCNT) had a negligible cytotoxic effect on MCF-7 and Panc-1
cells with > 90% of cells remaining viable even after 48 h. These data are in agreement with
the LDH release data presented in Fig. 3. Taken together, these results demonstrate the
increased cytotoxicity of GA + Gn and GA + SWCNT as compared to GA alone.

Lipid Droplet Detection

The effect of GA, alone and delivered by Gn, on the intracellular lipid content of MCF-7
and Panc-1 cells was assessed by staining cells with Nile Red dye after 48 h incubation with
GA, Gn, and GA + Gn (Fig. 8). The images visibly prove that the lipid droplets were
affected more by GA when delivered as GA + Gn than by GA alone. Lipid droplets serve as
lipid storage for energy generation, membrane synthesis, and protein degradation (Walther
and Farese, 2012). Therefore, the diminished levels of lipids found after treatment with GA
+ Gn revealed that Gn delivery improved the efficacy of GA in MCF-7 and Panc-1 cells.

DNA Fragmentation

DNA fragmentation induced by GA + Gn and GA + SWCNT in MCF-7 and Panc-1 cancer
cells was assessed (Fig. 9). Nuclear DNA fragmentation is considered a hallmark of
apoptosis. DNA that has degraded into nucleic acid is considered an indicator of apoptotic
cell death and occurs in response to different apoptotic stimuli in a broad range of cell types
(Rahman et al., 2013). Generally, DNA fragmentation into regions to produce 180-185 base
pairs gives the distinguishing ladder appearance in agarose gel electrophoresis (loannou and
Chen, 1996). For both MCF-7 and Panc-1 cells, nanodelivered GA induced more DNA
fragmentation than GA, alone, with GA + Gn being the most effective.

Discussion

The possible use of GA for the treatment of cancer is a growing area of study, and, while
this naturally derived drug has shown promise, its use is limited by its poor solubility (He et
al., 2012) and inadequate oral bioavailability (Zhang et al., 2013). One of bio-
nanotechnology’s many contributions to the field of drug delivery is the ability to improve
the water solubility of drugs, enhance their cellular uptake, and increase formulation
stability and shelf life (De Jong and Borm, 2008). This study reports the first use of carbon-
based nanomaterials, Gn and SWCNT, for the efficient delivery of GA to cancer cells in
vitro.

As with all medical developments, possible undesirable side-effects remain one of the major
obstacles to using Gn and SWCNT as medicinal delivery agents. A tremendous amount of
research has been dedicated to the study of the toxicity of these materials, but, to date, no
significant cytotoxicity has been reported for Gn when delivered at low concentrations. Low
concentrations of Gn oxide (less than 20 pg mi~1) did not demonstrate any toxic effect when
delivered to various cell lines (Chang et al., 2011; Lee et al., 2012; Mahmood et al., 2013;
Wang K et al., 2011). Similarly, Gn oxide did not show any obvious toxicity when delivered
in vivo to mice in concentrations of 0.1 mg or 0.25 mg (Wang K et al., 2011). All of the
nanomaterials used in this study were functionalized with carboxyl groups to ensure greater
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solubility and to prevent their agglomeration, which may interfere with their cellular
internalization. Our results demonstrated that approximately 94-95% of the cells survived
when treated with 10 pg mI= SWCNT and Gn and incubated for up to 48 h.

The effectiveness of this method of delivery is assessed by comparing cancer cell survival
and the lipid contents of cells treated with GA alone and with GA + Gn and GA + SWCNT.
Gn and SWCNT were able to lower the doses of the drug needed to inhibit the cellular
proliferation by 50% when delivered to MCF-7 and Panc-1 cell lines. More work will be
conducted to improve this approach further using molecular targeting techniques, which will
allow more precisely targeted delivery of these compounds to specific cancers and lead to
even better outcomes, as well as a reduction in systemic toxicity.

There is increasing evidence that cancer cells show specific alterations in lipid metabolism.
Lipids play an important role in cellular signaling, functioning both as hormones and
secondary messengers. In contrast to normal cells, cancer cells rely heavily on anaerobic
glycolysis for energy production (Vander Heiden et al., 2009). Specifically, cancer cells
have the capacity to synthesize their own supply of biologically active compounds of
predominantly lipid origin, such as phosphatidyl serine and other phospholipids, as well as
estrogens, androgens, farnesyl, oxysteroids, and fatty acids (Vander Heiden et al., 2009).
Therefore, Nile Red staining allowed us to evaluate the changes in lipid levels before and
after treatment with GA, as well as to compare levels between cells treated with GA alone
and with nanodelivery by either Gn or SWCNT. These experiments confirmed that the
dramatic changes in the lipid content of cancer cells were not caused by the Gn, itself, but
that the Gn delivery enhanced the cytotoxic effects of GA. This is a novel approach and can
be used for the evaluation of the effect of nanodelivery of other anticancer molecules, such
as drugs and DNA.

The method of action for GA as an anticancer drug is a growing area of study, and many
different mechanisms have been suggested. At the present, we can only speculate about how
nanodelivery may affect the mechanism of action of GA. Figure 10 illustrates our proposed
method of GA + Gn and GA + SWCNT entry into the cells and the intracellular targets
investigated here. The literature shows that GA can generate apoptosis through upregulation
of multiple proteins, including p53 (tumor protein 53) (Gu et al., 2008), Bcl-2 (B-cell
lymphoma 2) (Kasibhatla et al., 2005), TtR (transferrin receptor) (Kasibhatla et al., 2005),
and hTERT (human telomerase reverse transcriptase) (Yu et al., 2006). It has also been
shown to generate apoptosis through stimulating the expression of caspase 9 and 3 (Wang C
et al., 2011) and to inhibit tyrosine kinase receptor-mediated angiogenesis (Wang and Chen,
2012). Some or all of these pathways may be involved in producing the cytotoxic effects of
GA + Gn complexes; however, new mechanisms could also be involved. It is possible that
nanodelivery of GA to cancer cells not only increases cellular concentrations due to
improved solubility, but may also direct this compound to different molecular targets within
the cells, exposing new enzymes and receptors to the effects of this drug. For example, we
have unpublished data suggesting that GA acts as a partial agonist at cannabinoid receptors.
In normal cells, cannabinoid receptors are localized at the plasma membrane; however, in
both breast and pancreatic cancer cells, CB1 and CB2 are also translocated into the
perinuclear area within the cell (Carracedo et al., 2006). GA + Gn may deliver GA into the
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cells in such a way that increases the effectiveness of GA as a CB2 antagonist. Experiments
are in progress to investigate this option.

Conclusions

We present here data supporting the hypothesis that Gn and SWCNT can serve as an
effective nontoxic mode of delivery of GA into cancer cells. These nanomaterials were able
to induce significant improvement in GA chemotherapeutic efficiency after endocytosis. We
postulate that this increase in anticancer activity may be due in part to increasing its water
solubility and cellular uptake and possibly by directing this compound to different molecular
targets within the cell. This analysis of GA + Gn and GA + SWCNT represents a first step
toward assessing their effectiveness in more complex, targeted nanodelivery systems. These
invitro studies may then lead to more translational work to assess their potential
applications in the fields of pharmacology and medicine.
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Figure 1.
Representative transmission electron microscopy micrographs of the graphene and single-

walled carbon nanotube nanomaterials used in this study. (a) Transmission electron
microscopy micrographs of the (a) crystalline carboxylated single-walled carbon nanotube,
and (b) carboxylated nano-graphene structures synthesized on the Fe:Mo:MgO bimetallic
system. Each inset shows the same material at a higher resolution.
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LDH enzyme release from MCF-7 and Panc-1 cells treated with Gn and SWCNT. Cells
were treated with increasing concentrations of nanomaterials (1-50 pg ml~1) and
concentration-dependent toxicity of these materials after 24, 48, and 72 h of exposure was
determined based on the release of LDH from the cells. Data were collected from three
independent experiments performed in duplicate (n = 6) and presented as mean £ SEM. Gn,
graphene; LDH, lactate dehydrogenase; SWCNT, single-walled carbon nanotube.
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Figure4.
Representative photomicrographs of transmission electron microscopy of PANC-1 cells

incubated with 10 ug ml~1 of graphene (a—c) and single-walled carbon nanotubes (d). The
cells were incubated for 24 h.
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Figureb5.

WgST—l metabolic activity assay of MCF-7 and Panc-1 cells. Cells treated with GA, GA +
Gn, and GA + SWCNT and assayed for cell viability using the WST-1 metabolic activity
assay. All data are shown as the mean + SEM and were obtained from three independent
experiments performed in duplicate (n = 6). Generated data were fit to the Four Parameter
Logistics Equation using Prism 5 software (GraphPad), and the curves were interpolated
(and extrapolated) based on this equation and the understanding that the curve, which was
normalized to the untreated controls, would have a maximum of 100% and a minimum of
0% viability or total cell death. 95% confidence limits are shown. GA, gambogic acid; Gn,
graphene; SWCNT, single-walled carbon nanotube.
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Figure®6.
Representative fluorescent microscopy images of JC-1 staining of MCF-7 and Panc-1 cells

treated with GA, GA + Gn, and GA + SWCNT. MCF-7 and Panc-1 cells were incubated
with GA (1 pug mI~1), Gn (10 pg mI~1), SWCNT (10 ug mI=1), GA + Gn (1 + 10 pug mI™),
and GA + SWCNT (0.9 + 10 pg mI~1) for 24 h. The healthy mitochondria appear red (JC-1
aggregate) compared with the green J-monomer form found in the cytoplasm of cells with
low Aym. The data were obtained from three independent experiments (n = 3). GA,
gambogic acid; Gn, graphene; SWCNT, single-walled carbon nanotube.
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Figure7.

Flow cytometry analysis of MCF-7 and Panc-1 cells treated with GA, GA + Gn and GA +
SWCNT and stained with annexin-V/propidium iodide. (a) Representative histograms of
flow cytometric analysis of the two cell lines after treatment with GA (1 pg mI~1), Gn (10 g
ml~1), SWCNT (10 pg mI=1), GA + Gn (1 + 10 pg mI~1), and GA + SWCNT (0.9 + 10 pg
ml~1) for 24 h. (b) The percentage of apoptotic MCF-7 and (c) Panc-1 cells after exposure to
increasing concentrations of GA (0-1 pg ml~1) at a constant Gn or SWCNT concentration
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(10 pug miI~1) for 24 and 48 h. FITC, fluorescein isothiocyanate; GA, gambogic acid; Gn,
graphene; SWCNT, single-walled carbon nanotube.

J Appl Toxicol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saeed et al.

GA Gn Control

GA+Gn

MCF-7
DAPI Nile red

Figure8.

Page 23

PANC-1
Merged DAPI Nilered Merged
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Representative fluorescence microscopy images of MCF-7 and Panc-1 cells treated with
GA, GA + Gn and stained with DAPI and Nile Red. MCF-7 and Panc-1 cells were incubated
with GA (1 pg mI~1), Gn (10 pug mI™1), and GA + Gn (1 + 10 pg mi~1) for 48 h. DAPI-
stained nuclei appear blue, and Nile Red-stained lipids appear red. Data were obtained from
three independent experiments (n = 3). GA, gambogic acid; Gn, graphene.
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Figure9.
DNA fragmentation in MCF-7 and Panc-1 cells treated with GA, GA + Gn and GA +

SWCNT. MCF-7 and Panc-1 cells were incubated with GA (1 pg ml~1), GA + SWCNT (0.9
+ 10 pg/ml), and GA + Gn (1 + 10 pg mI~1) for 48 h, after which DNA was collected, run on
an ethidium bromide-stained agarose gel, and visualized by ultraviolet transillumination.
GA, gambogic acid; Gn, graphene; SWCNT, single-walled carbon nanotube.
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Figure 10.
Proposed method of cellular uptake and intracellular targets for GA + Gn, and GA +

SWCNT. GA, gambogic acid; Gn, graphene; MMP, mitochondrial membrane potential;
SWCNT, single-walled carbon nanotube.
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