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Abstract

Combination therapies utilize multiple mechanisms to target cancer cells in order to
minimize cancer cell survival. Graphene provides an ideal platform for combination therapy due
to its photothermal properties and high loading capacity for cancer-fighting molecules. Lipid-
functionalization of graphene extends its potential as a therapeutic platform by improving its
biocompatibility and functionality. Previous studies involving graphene demonstrated its usage as
a therapeutic vehicle; however, the effect of bare and engineered graphene structures on oxidative
stress has not been comprehensively investigated. Because oxidative stress has been linked to
cancer progression, it is vital to examine generation of reactive oxygen species (ROS) in response
to therapeutic platforms. This study functionalizes reduced graphene oxide (rGO) with lipids and
the antioxidant enzyme human manganese superoxide dismutase (hMnSOD) and presents a
detailed characterization of cellular responses to bare and functionalized rGO nanostructures in
tumorigenic and non-tumorigenic breast cell lines. Each cell type displayed distinct responses

depending on whether they were normal, non-metastatic, or metastatic cells. Bare rGO
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significantly reduced cell growth and substantially increased ROS production in all cell lines and
instigated necrosis in metastatic breast cancer cells. Cell proliferation decreased in cancerous
breast cells upon introduction of lipid-rGO, which correlated with peroxidation of lipids coating
the rGO. In contrast, lipid-rGO nanostructures had minimal impact on proliferation and lipid
peroxidation for normal breast cells. Lipid-rGO nanostructures with bound hMnSOD inhibited
proliferation of metastatic cancer cells while preventing necrosis and avoiding the negative side
effects on normal cells associated with chemotherapeutic agents. Together, the results confirm the
importance of functionalizing rGO for therapeutic applications and present an additional modality
for the usage of graphene to selectively target cancer cells.
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1. Introduction

Breast cancer is a frequently diagnosed malignancy in women and therapeutic goals aim to
eradicate tumors and prevent their recurrence.">? Although cancer therapy has improved with
advances in anticancer drug development and cancer diagnostics for early detection, issues with
drug resistance and adverse side effects limit the effectiveness of some treatments. Combination
therapy holds promise for overcoming resistance to cancer treatment and for providing a better
prognosis for cancer patients. This form of therapy utilizes multiple techniques to eliminate cancer
cells by instigating different mechanisms of cell death to inhibit the ability of cancer cells to evade
treatment. A substrate that is conducive to combination therapy and that holds the potential for

delivering maximum therapeutic power is graphene.*”



Graphene has been proposed as a substrate for cancer therapy due to its distinct high surface
area, atomic thickness, and photothermal properties.* Moreover, its capability to efficiently load
high amounts of anticancer drugs and other cancer-fighting molecules make graphene an ideal
platform for combination treatment against cancer. Previous studies of bare and modified graphene
and graphene oxide demonstrated the strong potential of these materials to hinder proliferation of
tumor cells, including lung’, breast™°, and cervical' cancers, but further evaluation of the effects
of oxidative stress in both healthy and cancer cells is needed to better understand the interactions
of 2D materials with tumorigenic and non-tumorigenic tissue.> > '"13 Additionally, the use of
graphene as a delivery vehicle for chemotherapy can result in toxic side effects to healthy tissue
due to the non-specific release of cytotoxic agents observed in previous work.> > To prevent
detrimental effects on healthy, surrounding tissue, it is crucial to develop a treatment strategy
capable of targeting cancer cells.

The addition of lipids to graphene, reduced graphene oxide (rGO) used in this study, allows
for enhanced biocompatibility and also expanded modes of functionality. Lipids allow for the
attachment and loading of a variety of components including proteins, drugs, and cell penetrating
peptides, making lipid-functionalized graphene capable of performing combination therapy and
cell targeting.'*1® Liposome-based carriers have demonstrated considerable success as therapeutic
vehicles due to their low toxicity, ability to target specific cells, increased therapeutic efficiency,
and capacity to load different types of drugs.!”! Lipid-functionalized graphene encompasses all
of the advantages of liposomal drug delivery with the additional benefits of photothermal
properties and higher surface to volume ratio. Prior studies have examined lipid-functionalized
rGO and graphene oxide as a viable platform for sensing and drug delivery.?®?” Although lipid-

functionalized rGO showed promising results for anticancer drug loading using the high loading



capacity of rGO and the ability for controlled release of drug in aqueous solutions, this platform
was not evaluated with cells.?®

Oxidative stress plays an important role in cancer development, progression, and treatment.
Cancer cells typically have significantly higher concentrations of reactive oxygen species (ROS)
and lower antioxidant enzyme activity compared to healthy cells. The imbalance of ROS
production and ROS removal has various adverse effects on cells, including lipid peroxidation,
DNA mutations, and damaged protein function. The substantial difference in oxidative stress
between tumorigenic and non-tumorigenic cells can result in divergent responses following
exposure to 2D materials and can potentially be utilized to selectively induce cell death in cancer
cells. Furthermore, it is important to characterize responses of both healthy and cancerous cells
because nano-medicine is still not entirely specific to cancer cells and can cause negative side
effects in normal tissue.?*!

One type of ROS proposed to facilitate mutations in healthy cells and metastasis in cancer
cells is superoxide. Human manganese superoxide dismutase (hMnSOD) has demonstrated
effectiveness as a tumor suppressor in a variety of cell types, including breast cells.?>* The
mechanism controlling the ability of hMnSOD to fight cancer is not fully understood, but previous
studies have suggested that this antioxidant enzyme protects against cancer progression by
increasing hydrogen peroxide production and the expression of the tumor suppressor maspin.>% 3>
37The incorporation of hMnSOD onto lipid-rGO structures expands the therapeutic ability of lipid-
rGO, and we hypothesize that naturally occurring hMnSOD will have less severe side effects on
healthy cells than chemotherapeutics.

In this work, we examine the response of three breast cell lines: MCF-10A (non-

tumorigenic), MCF-7 (cancerous, estrogen receptor positive), and MDA-MB-231 (triple negative,



metastatic) to bare and lipid-functionalized rGO. We demonstrate that each cell line has unique
proliferation, cytotoxicity, and oxidative stress responses following exposure to bare and lipid-
coated rGO and show the therapeutic benefits of hMnSOD connected to this engineered material
(Figure 1). Interestingly, lipid-rGO structures reduced cell proliferation only in cancerous cell
lines, and this correlated with peroxidation of the lipids coating rGO nanostructures that were in
contact with the tumorigenic cells. Functionalization of lipid-rGO nanostructures with hMnSOD

significantly inhibited growth of metastatic breast cancer cells while minimizing side effects on

healthy cells and ROS involved in lipid peroxidation.
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Figure 1. Characterization of lipid-rGO structures. a) Schematic depiction of hMnSOD attached
to lipid-rGO. rGO is coated with lipid monolayers and hMnSOD binds through a 6xHis-tag to lipid
head groups modified with Ni-NTA. b) Bare rGO following sonication in Nanopure water has
poor dispersion. c) Lipid-functionalized rGO formed from sonication of bare rGO with lipid
vesicles results in enhanced solubility of rGO. d) Atomic force microscopy (AFM) micrograph of
bare rGO after sonication. Inset shows an example line scan to evaluate the height of the bare rGO.
The height of rGO flakes range from 1.4 £ 0.5 nm depending on the number of graphene layers on
each flake, and the width of the flakes were 97 + 27 nm. e) AFM micrographs of lipid-rGO
structures. The height of lipid-rGO ranges from 4.8 £ 0.8 nm indicating lipid monolayer formation
on each side of the rGO flakes. The width of the lipid-rGO structures was determined to be 89 +
48 nm.



2. Materials and Methods
2.1 Synthesis of Lipid Vesicles

Lipid powders for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-
PEG2000 maleimide), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt) (18:1) DGS-NTA (Ni) were purchased from Avanti Polar Lipids.
Vesicles containing different concentrations of POPC, DGS-NTA, and DSPE-PEG2000 maleimide
were prepared using the film hydration method. Lipids were suspended in chloroform at a
concentration 25 mg/mL for POPC and 5 mg/mL for DGS-NTA (Ni) and DSPE-PEG2000
maleimide. The chloroform was then removed using a rotary evaporator with a water bath at 40
°C followed by further drying under vacuum to ensure complete removal of chloroform. The lipid
film was rehydrated with phosphate buffered saline (PBS) at a pH 7.4. The solution was then
extruded through a 200 nm track-etched membrane using a LIPEX extruder to create unilamellar
vesicles. Vesicle size was verified with dynamic light scattering (DLS) using a Malvern Zetasizer
Nano Series ZS90, and the average vesicle diameter was determined to be 180 £ 9.5 nm (Figure
S1).

For experiments with bare and lipid-rGO structures, lipid vesicles were assembled with
98.8 mol% POPC, 0.2 mol% DSPE-PEG2000 maleimide, and 1 mol% DGS-NTA (Ni). For the
lipid peroxidation assay, BODIPY 581/591 was incorporated into the vesicles at 0.15 mol%.
Experiments involving hMnSOD binding to lipid-rGO structures used lipid vesicles containing
98.8 mol% POPC, 0.2 mol% DSPE-PEG2000 maleimide, and 1 mol% DGS-NTA (Ni) and vesicles

with 94 mol% POPC, 5 mol% DSPE-PEG2000 maleimide, and 1 mol% DGS-NTA (Ni).



2.2 Preparation of Lipid-rGO and Bare rGO

The rGO used in this study was purchased from Graphenea. As reported by the
manufacturer, the rGO used had an electrical conductivity of 6,667 S/m, and a BET surface area
ranging from 422.69-499.85 m*/g. The elemental composition of the TGO powder was 77-87%
carbon, 13-22% oxygen, and contained trace amounts of hydrogen and nitrogen. Lipid-rGO
nanostructures were prepared using a previously published protocol with some modifications.? In
brief, 0.5 mg/mL of rGO in Nanopure water was sonicated for 1 hour. The sonicated rGO was then
mixed with lipid vesicle solution and placed in an ice bath and sonicated in a VWR bath sonicator
for an additional 2 hours. Following sonication, the lipid-rGO solution was centrifuged at 5,000
rpm for 15 minutes to remove rGO aggregates. The resulting supernatant containing the stable
lipid-rGO assemblies was utilized for experiments. The rGO aggregates were collected by
centrifuging at 13,400 rpm for 2 minutes, dried, and weighed to determine the amount of rGO in
the lipid-rGO nanostructures. Lipid-rGO structures were concentrated prior to addition to cells
using 30 kDa centrifugal filters, and the concentration of rGO in the lipid-rGO structures was
calculated using the volume of the concentrated lipid-rGO and the mass of rGO in the structures.
Bare rGO was prepared by sonicating rGO in a DMSO solution for 1 hour to obtain higher
dispersion of rGO. Concentrations of 1 mg/mL, 5 mg/mL, and 10 mg/mL rGO were prepared in
DMSO to add to cells at a final concentration of 10, 50, and 100 pg/mL respectively, and all
concentrations of rGO were added to cells in a 1% (v/v) DMSO solution.

2.3 Atomic force microscopy

Atomic force microscopy (AFM) experiments were carried out in air on a Bruker Icon
Instrument in PeakForce tapping mode. Measurements were performed using a ScanAsyst Air tip

with a spring constant of 0.4 N/m. The force used was 750 pN or lower for lipid-rGO samples to



avoid damaging the lipid-rGO structures. The images acquired used scan rates of 0.5 Hz and 512
pixels/line. The obtained images were then plane-fit to the first order to account for sample tilt,
and the heights and widths of bare rGO and lipid-rGO were evaluated using line scans throughout

the image.

2.4 Cell culture

The human breast cancer cell lines MDA-MB-231 (HTB-26) and MCF-7 (HTB-22) and
the non-tumorigenic human breast cell line MCF-10A (CRL-10317) were obtained from the
American Type Culture Collection (ATCC). MDA-MB-231 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Corning) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals) and 2% penicillin/streptomycin (5,000 U penicillin and 5 mg/mL streptomycin). The
MCF-7 line was maintained in Eagle’s Minimum Essential Medium (Corning) supplemented with
10% FBS, 2% penicillin/streptomycin, and 0.01 mg/mL human insulin (Sigma). The MCF-10A
line was cultured in Mammary Epithelium Basal Medium (Lonza) supplemented with 2%
penicillin/streptomycin and bovine pituitary extract (BPE), human epidermal growth factor
(hEGF), insulin, and hydrocortisone aliquots from the MEGM Mammary Epithelial Cell Growth
Medium BulletKit (Lonza). Media was replaced every 3-4 days for MDA-MB-231 and MCF-7
cells, and the media was changed every 2-3 days for MCF-10A cells. All cell lines were cultured
at 37°C in a humidified 5% COz atmosphere.

For microplate assays (LIVE/DEAD, MTS, DCFDA, and BODIPY 581/591), MCF-7 and
MCF-10A cells were cultured in 96 well plates at a density of 12,500 cells per well. MDA-MB-
231 cells were cultured in a 96 well plate at a density of 10,000 cells per well. The following
treatments were added after the cells were incubated in phenol red-free media at different time

intervals: bare-rGO and lipid-rGO at concentrations of 0, 10, 50, and 100 pg/mL. The control for



bare rGO (0 pg/mL) contained the same volume of DMSO as the 10-100 pg/mL samples to
account for any cytotoxic effects from the DMSO.
2.5 Expression and Purification of Human Manganese Superoxide Dismutase

The plasmid containing the mature amino acid sequence for the human manganese
superoxide dismutase (hMnSOD) gene was purchased from GenScript, created by gene synthesis.
The sequence was codon-optimized for growth in Escherichia coli (E. coli), and a 6xHis-tag was
incorporated at the N-terminus for purification and future attachment to Ni-NTA lipids. The
plasmid was transformed into E. coli strain Lemo21(DE3) (New England Biolabs Inc.) for growth
and expression. E. coli was grown and purified similar to a previously published protocol with
some modifications. Buffer compositions were: lysis buffer (50 mM potassium phosphate, 300
mM NaCl, 10 mM imidazole, 10 % glycerol, pH 7.8), wash buffer (50 mM potassium phosphate,
300 mM NaCl, 20 mM imidazole, pH 7.8, 10% glycerol), elution buffer (50 mM potassium
phosphate, 300 mM NaCl, 250 mM imidazole, pH 7.8, 10% glycerol), and final protein buffer (50
mM potassium phosphate, 150 mM NaCl, pH 7.8 20% glycerol). Buffer exchange and
concentration of hMnSOD following purification was performed using Amicon Ultra 0.5 mL
centrifugal tubes of 30 kDa. Concentration and purity of purified hMnSOD was evaluated using
the Bradford assay (VWR) and an SDS-PAGE gel (Figure S2) containing 12% acrylamide
following a protocol from Cold Spring Harbor.?®
2.6 LIVE/DEAD assay for cytotoxicity

The ThermoFisher LIVE/DEAD Viability/Cytotoxicity Kit was used to assess cell
cytotoxicity through the use of two fluorescent dyes to determine intracellular esterase activity and
the integrity of plasma membranes. Calcein AM is converted enzymatically to the fluorescent

calcein, producing a green fluorescence in live cells (ex/em: 495nm/515 nm) that confirms



intracellular esterase activity. Cells with damaged membranes are able to absorb ethidium
homodimer (EthD-1), which then binds to nucleic acids. This interaction increases the
fluorescence of EthD-1, making dead cells easily distinguishable by their red fluorescence (ex/em:
495 nm/635 nm). This assay was performed following the manufacturer’s protocol. The optimal
dye concentrations for calcein AM and EthD-1 were determined to be 0.5 uM and 4 pM,
respectively. Fluorescence measurements were taken using a microplate reader (Infinite 200Pro).
The gain was set to the optimal value using the microplate reader software. This optimal gain was
then used for all samples, and the percentage of dead cells was calculated following the
manufacturer’s suggested protocol. All experiments were performed in at least triplicate with 3-4
repeat wells in each set of samples. The percentage of dead cells for each treatment is reported as
mean + standard deviation.
2.7 MTS assay for cell proliferation

An Abcam MTS assay was used to determine cell proliferation by measuring the
absorbance of the formazan dye product produced from the reduction of the MTS tetrazolium
compound by viable cells. Following incubation of the cells with bare and lipid-rGO, each well
was washed three times with 200 uL phenol red-free media, and then 20 uL. Abcam MTS reagent
was added to 200 pL fresh media in each well. Cells were then incubated for one hour with the
reagent in standard cell culture conditions. A microplate reader (Infinite 200Pro) was used to
determine the absorbance of formazan at 490 nm with a reference wavelength of 650 nm. All
experiments were run in triplicate with 3-4 wells in each set of samples. The absorbances for
sample wells with the same treatment were averaged and then normalized to the control. Data are

reported as mean + standard deviation.
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2.8 DCFDA assay for oxidative stress

2’,7’-dichlorofluorescin diacetate (DCFDA) was used to measure general ROS
concentrations. DCFDA is cell permeable and becomes the highly fluorescent compound DCF
following oxidation by various types of ROS. Oxidative stress was assessed by monitoring the
increase in fluorescence of DCF (ex/em: 485 nm/ 535 nm) for a maximum of six hours following
staining using an Abcam DCFDA Cellular ROS Detection Assay Kit. Cells were cultured in 200
uL phenol red-free media for 24 hours. The wells were washed with 100 pL 1x buffer, diluted
from the 10x buffer from the Abcam DCFDA Cellular ROS Detection Assay Kit. Cells were then
incubated with 20 uM DCFDA diluted in 1x buffer in the dark at 37 °C for 45 minutes. The
DCFDA solution was then removed and cells were rinsed twice with 100 puL phenol red-free
media. Bare and lipid-rGO structures were then added to the cells to final concentrations of 0, 10,
50, and 100 pg/mL. Fluorescence was measured immediately using a microplate reader (Infinite
200Pro) with 485 nm excitation and 535 nm emission filters and monitored for six hours. All
treatments were run in triplicate with each run containing 4 wells. The fluorescence for each
treatment was normalized to the control, averaged, and the standard deviation was calculated.
2.9 Protein Activity: NBT Inhibition Assay

Protein activity for hMnSOD was assessed using the nitroblue tetrazolium (NBT)
inhibition assay. The yellow-colored, water-soluble NBT is reduced by superoxide to generate
blue formazan, which can be measured spectrophotometrically. To determine the activity, various
concentrations of hMnSOD were well-mixed in a cuvette with 1 mL NBT assay solution (Sigma)
containing 67 mM potassium-phosphate buffer (pH 7.8), 1.5 mM NBT, 0.12 mM riboflavin, and
28 mM tetramethylethylenediamine (TEMED). One mL of NBT assay solution without hMnSOD

was utilized as a control. The cuvettes were exposed equally to a fluorescent lamp, and after 30

11



seconds the reduction of NBT in the cuvettes was measured at 560 nm using a NanoDrop 2000c
spectrophotometer for roughly six minutes to obtain multiple data points in the linear range for
Aseo. The absorbance at 560 nm was plotted as a function of time, and the slopes for the control
and protein samples were calculated. The slopes for absorbance as a function of time correspond
to the degree of NBT inhibition, with a higher slope indicating a greater amount of NBT reacting
with superoxide. The percentage of NBT inhibition is calculated from:

Meontrot — Msample

% NBT inhibition = x 100

Meontrol

where m is the slope of the line for absorbance as a function of time. For the activity of the enzyme,
one unit of protein is defined as the amount of protein needed to achieve 50% NBT inhibition.
2.10 Statistical Analysis

All experiments were performed in triplicate unless otherwise indicated. The data was
represented as the mean * standard deviation. To determine statistical significance, t-tests were

used with a 95% confidence interval (p < 0.05).

3. Results and Discussion
3.1 Formation and characterization of lipid-rGO structures

Graphene provides several advantages for cancer treatment in comparison to other
platforms, such as high surface area for efficient loading of cancer-fighting molecules and its
photothermal therapy capability.”!> Functionalization of the surface of graphene increases
biocompatibility of the material and allows for the incorporation of targeting chemical moieties,
anticancer drugs, and other therapeutic molecules. Here, graphene was functionalized with lipid
molecules using a previously established protocol. Bare rGO was first sonicated to disperse large

aggregates of rGO and then was combined with lipid vesicles and sonicated again. Due to
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hydrophobic interactions, lipid tails interact with the hydrophobic surface of the rGO to form a
lipid monolayer coating the surfaces of the rGO (Figure 1a). Lipid-rGO structures were
characterized by solubility and atomic force microscopy (AFM) (Figure 1b-e). Bare rGO
displayed poor solubility in water following sonication and the solution visibly contained
aggregates of rGO (Figure 1b). After sonication of bare rGO with lipid vesicles, improved
solubility was observed (Figure 1¢). AFM scans for bare and lipid-rGO revealed heights ranging
from 1.4 + 0.5 nm for bare graphene flakes and 4.8 + 0.8 nm for lipid-rGO structures (Figure
1d,e). Widths for the bare rGO and lipid-rGO structures were determined to be 97 £ 27 nm and 89
+ 48 nm respectively. The addition of approximately four nm in height after sonication of lipid
vesicles with GO and the drastic increase in rGO solubility suggests the formation of a lipid
monolayer on both sides of the 2D material, as similarly observed from prior studies that used this
strategy.>> 283
3.2 Cell cytotoxicity and proliferation

When evaluating a platform for cancer treatment, it is essential to examine the effects of
the platform on proliferation and cytotoxicity of both normal and tumorigenic tissues to ensure
that detrimental side effects on healthy cells are minimized. Three cell lines, MCF-10A, MCF-7,
and MDA-MB-231, were used in this study to represent healthy and cancerous breast tissue as
well as different levels of cancer aggression. MCF-10A is a non-tumorigenic human breast cell
line. MCF-7 is a non-metastatic, estrogen receptor-positive breast cancer cell line, and MDA-MB-
231 is a triple negative, metastatic breast cancer cell line. MCF-10A, MCF-7, and MDA-MB-231
cells were incubated with varying concentrations of bare and lipid-functionalized rGO for 1 or 2

days, and then cell cytotoxicity and proliferation were evaluated. The controls for both cytotoxicity
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and proliferation assays contained no rGO (0 pg/mL), with the control for bare rGO containing the
same concentration of DMSO (1% v/v) that was used as a carrier to solubilize the rGO.

To examine the effects of bare and lipid-rGO on cell death, we utilized a LIVE/DEAD
assay. This assay uses two dyes to classify cells as alive (calcein AM) or dead (ethidium
homodimer-1). Ethidium homodimer-1 (EthD-1) is only able to enter the cell upon membrane
damage, a feature linked to necrosis, and therefore, the dead/EthD-1 stained cells are often
classified as necrotic cells.***> From the LIVE/DEAD assay, MCF-10A and MCF-7 cells
demonstrated no change in cytotoxicity with increasing concentration of bare and lipid-rGO when
compared to control samples, indicating no increase in detectable membrane damage following
exposure to bare and lipid-rGO (Figure 2a,b). In contrast, high concentrations of bare and lipid-
rGO resulted in an approximately three-fold increase in cell death in MDA-MB-231 cells in
comparison to control samples (Figure 2c¢). Several studies have demonstrated that cancer cells
can utilize necrosis to enhance their proliferation and survival.***> Apoptosis as opposed to
necrosis is generally considered the preferred method of cell death for cancer therapeutics,
although other mechanisms of cell death are being explored.** 4+’ To avoid unwanted side effects
on nearby tissue and to inhibit cancer progression associated with elevated necrosis, lipid-rGO
structures must be modified or used at low concentrations so that they do not trigger necrosis in
MDA-MB-231 cells.

To further explore the influence of bare and lipid-rGO on normal and malignant breast
cells, cell proliferation was examined for all cell lines using the MTS assay. Bare rGO decreased
cell proliferation in all cell lines with a greater reduction in cell division resulting from higher
concentrations of rGO (Figure 2d-f). In contrast to bare rGO treatments, lipid-rGO evoked

differential responses depending on the cell lines used. When the non-tumorigenic MCF-10A
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breast cells were incubated with lipid-rGO structures, most lipid-rGO concentrations had no effect
on proliferation, with only 100 pg/mL lipid-rGO significantly decreasing cell proliferation after
one day when compared to the control 0 pg/ml lipid-rGO sample (Figure 2d). Conversely, the
breast cancer cell lines, MCF-7 and MDA-MB-231, demonstrated a significant decline in cell
proliferation following two days of incubation with lipid-rGO at concentrations of 50 pug/mL and
100 pg/mL, with a large reduction in cell growth occurring between day 1 and day 2 (Figure 2
e,f). These findings suggest unique responses to lipid-rGO nanostructures based on the
tumorigenic state of the breast cells. Lipid-rGO structures significantly inhibited cell proliferation
after two days for cancerous breast cell lines, whereas lipid-rGO had a negligible effect on cell
proliferation in the non-tumorigenic cell line during this time period. These findings suggest that

lipid-rGO structures can selectively reduce the growth rate of tumor cells.
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Figure 2. Cytotoxicity and cell proliferation in response to bare and lipid-functionalized rGO in
cancerous and non-cancerous cells. LIVE/DEAD assay results analyzing cytotoxicity for a) MCF-
10A, b) MCF-7, and ¢) MDA-MB-231 cell lines. All concentrations of bare rGO and 100 pg/mL
of lipid-rGO at 2 days of treatment caused a significant increase in death of MDA-MB-231 cells
in comparison to the control. MCF-7 and MCF-10A cells did not demonstrate increased
cytotoxicity for any concentration of bare or lipid-rGO in comparison to control wells. MTS assay
results for cell proliferation for d) MCF-10A, e) MCF-7, and f) MDA-MB-231 cells. The cell
proliferation for each sample was normalized to the control (0 pg/mL rGO), with the control for
bare rGO treatments containing the same concentration of DMSO of 1% (v/v). Error bars represent
the standard deviation from at least three experiments. *p < 0.05 compared to the control samples

for bare and lipid-rGO structures.
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3.3 Oxidative stress and lipid peroxidation

To determine what factors influenced the decline in cell proliferation in breast cancer cells
but not healthy breast cells, we examined oxidative stress in the cells in response to bare and lipid-
modified rGO. Oxidative stress has been proposed to play a major role in cancer development and
progression, and the extent of oxidative stress and cellular responses in normal and cancerous
tissue often differs considerably, with cancer cells typically having much higher levels of ROS
compared to healthy cells.***%4° To analyze ROS generation after exposure to bare and lipid-rGO
structures, the DCFDA assay was utilized (Figure 3). This assay uses a cell permeant dye that is
oxidized upon interaction with various species of ROS to evaluate the overall level of oxidative
stress experienced by the cells relative to the control (no added treatment) for each cell line.
Incubation of cells with bare rGO caused a time-dependent increase in oxidative stress in all cell
lines, while incubation with lipid-rGO nanostructures tempered the increase in ROS in comparison
to the bare rGO. Interestingly, each cell line demonstrated a distinct profile of oxidative stress. In
MDA-MB-231 cells, the levels of oxidative stress for 50 and 100 pg/mL of bare and lipid-rGO
increased steadily for six hours. Conversely, both MCF-7 and MCF-10A cells exhibited a peak in
oxidative stress in response to high concentrations of bare rGO during the six-hour period of the
assay, with the peak of oxidative stress in MCF-10A cells occurring at approximately three hours
earlier then in MCF-7 cells. This assay indicates that MCF-10A and MCF-7 cells might be able to
better regulate ROS levels compared to MDA-MB-231 cells, because the maximum oxidative
stress increase for MDA-MB-231 cells presumably occurs beyond the time frame of this assay.
Due to the large increase of oxidative stress for all cell lines in response to bare rGO,
unfunctionalized rGO was deemed to not be a viable material for breast cancer treatment. The

considerable spike of ROS results in greater risk of mutations in non-tumorigenic tissue. Compared
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to bare rGO, the slight elevation in oxidative stress for MCF-10A following exposure of lipid-rGO

structures is more conducive to a safe and effective cancer treatment.
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Figure 3. DCFDA assay used to measure oxidative stress following incubation of MCF-10A,
MCF-7, and MDA-MB-231 with bare and lipid-functionalized rGO. This assay indicated different
time profiles of ROS generation for the three cell lines. Each sample was normalized to the control
(0 pg/mL rGO), representing the relative amount of oxidative stress for each cell line. Time
progression of ROS generation for six hours post-addition of bare and lipid-rGO for a) MCF-10A,
b) MCF-7, and c) MDA-MB-231 cells. Error bars represent the standard deviation from three
experiments.
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High oxidative stress can lead to the damage of multiple components in cells, including
DNA, proteins, and lipids. In addition, elevated levels of ROS can result in increased rates of lipid
peroxidation and disruption of cell membranes. To further study the influence of ROS levels after
the introduction of lipid-rGO structures, the extent of lipid peroxidation for the lipids coating rGO
was measured. BODIPY 581/591 was incorporated into the lipid coating on the rGO
nanostructures and then the lipid-rGO structures were added to the cells to monitor the rate of lipid
peroxidation. The concentration of rGO used for this experiment was 50 pg/mL; this concentration
of lipid-rGO caused a significant reduction in cell proliferation for the two cancer cell types. The
emission peak at 591 nm decays as the dye is oxidized and indicates lipid peroxidation. The control
used for this lipid peroxidation study was lipid-rGO structures containing BODIPY 581/591 in the
absence of cells in the respective media for each cell line. Lipid-rGO nanostructures incubated
with MCF-10A cells demonstrated minimal lipid peroxidation over a 72 hour period (Figure 4a).
In contrast, incubation of lipid functionalized-rGO with MDA-MB-231 and MCF-7 cells resulted
in a decline in fluorescence at 591 nm of the BODIPY molecule indicating a high amount of lipid
peroxidation.

The differences in the rate of lipid peroxidation correlates with the substantial decrease in
cell proliferation between 1 and 2 days for cancerous cells incubated with lipid-rGO and the
different responses in cell proliferation for lipid-rGO in non-tumorigenic and tumorigenic breast
cells. This trend demonstrates that a greater decline in fluorescence at 590 nm of BODIPY
581/591, indicative of lipid peroxidation on lipid-rGO nanostructures, corresponds to a larger
decrease in cell proliferation when compared to the control. MCF10-A cells present negligible
lipid peroxidation and reduction in cell proliferation, whereas cancer cell lines, MCF-7 and MDA-

MB-231, show decreasing cell division with increasing amount of peroxidized lipids. When lipids
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become oxidized, they have the ability to hydrogen bond with water molecules, which can change
their orientation as they rearrange themselves to interact with water. Altered lipid tail bonding
weakens the hydrophobic interactions between the once highly hydrophobic tails of the lipids and
the hydrophobic surface of rGO, likely resulting in the degradation of the lipid monolayers on
either side of graphene and the transition of lipid-rGO to bare rGO (Figure 4b). This change in
lipid orientation and decreased hydrophobic interactions can potentially expose bare rGO to the
cells. The transition of lipid-rGO nanostructures to fully or partially bare rGO most likely causes
the large decline of cell proliferation in cancer cells and the increase of necrotic cells in MDA-
MB-231.

This finding additionally has implications for liposome-based drug delivery vehicles. From
the higher levels of ROS and increased rate of lipid peroxidation in cancer cells, the lipid structure
of liposomal drug carriers can deteriorate, causing premature delivery of drug and decreased
specificity for release. It is vital that lipid-based drug carriers remain intact and leakproof until
their target is reached in order to deliver maximum therapeutic ability and avoid unwanted side

effects of the loaded anticancer drugs.
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Figure 4. Lipid peroxidation leads to damage of lipid-rGO nanostructures resulting in possible
exposure of bare rGO. a) Lipid peroxidation assay results for BODIPY 581/591-tagged lipid-rGO
in breast cell lines for a 72-hour time frame. Error bars represent the standard deviation from three
separate trials. *p < 0.05 compared to the control at the same time point. b) Model for the effect
of lipid peroxidation on lipid-rGO assemblies. When the lipid-functionalized rGO is exposed to
increased concentrations of ROS, such as with the breast cancer cell lines MCF-7 and MDA-MB-
231, peroxidation of the lipids coating the rGO occurs to a much greater extent compared to the
non-tumorigenic breast cell line, MCF-10A. Once the lipid tails have become oxidized, they have
the ability to hydrogen bond with water molecules and alter their orientation. The decrease in
hydrophobic interactions between the surface of rGO and lipid tails can potentially cause the lipid
monolayers on both sides of the graphene to dissociate, resulting in the exposure of bare rGO.
3.4 Effect of free and bound hMnSOD on cell properties

Several prior studies have demonstrated that hMnSOD can act as a tumor suppressor in a
variety of cancer cells, including breast cancer.’® 337 The overexpression of this naturally
occurring protein has selectively hindered cell division in breast cancer cells.>> Through the
utilization of hMnSOD bound to lipid-rGO nanostructures, we aimed to inhibit the growth of
cancerous breast cells with minimal side effects on non-tumorigenic breast cells and to reduce
ROS involved in lipid peroxidation. To examine the capacity of hMnSOD as a breast cancer
therapy, the activity of the purified protein and its effect on cell proliferation and viability were
evaluated.

Following characterization and optimization of the activity of bound hMnSOD (Figure
S3), the effects of free and bound hMnSOD on cell proliferation and cytotoxicity were evaluated.
The control for these experiments did not contain hMnSOD or lipid-rGO structures. The
concentration of lipid-rGO structures used for the loading of hMnSOD was 50 pg/mL of rGO.
Incubation of MDA-MB-231 cells with free and bound enzyme results in a decrease in cell
proliferation compared to the control (Figure 5). After one day, free and bound hMnSOD and

lipid-rGO treated MDA-MB-231 cells displayed a similar level of reduction in cell division with

a decline in cell proliferation to approximately 50% of the control. However, proliferation after
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two days for MDA-MB-231 cells treated with lipid-rGO structures with and without attached
hMnSOD was roughly 50% and 30% of the control value respectively, suggesting that hMnSOD
has an impact on the lipid-rGO system and/or cell division. Lipid-rGO structures with hMnSOD
were further examined in MDA-MB-231 cells, the only cell line to display increased necrosis from
LIVE/DEAD assays, to determine their influence on cytotoxicity. Interestingly, when hMnSOD
was bound to 100 pg/mL of lipid-rGO structures, no detectable increase in the percentage of
necrotic cells was observed relative to the control, whereas lipid-rGO structures without hMnSOD
resulted in elevated occurrence of necrosis as previously observed in initial LIVE/DEAD assays
(Figure 5b). Because necrosis has been associated with tumor progression, the ability of hMnSOD
to repress necrosis while inhibiting cell proliferation in metastatic cancer cells is important for
blocking cancer progression. The presence of hMnSOD limited the degree of lipid peroxidation
of the lipid coating on rGO (Figure Sc) most likely by minimizing the amount of protonated
superoxide and hydroxyl radical, two of the main reactive oxygen species involved in lipid
peroxidation that are present in this system.’*>? By decreasing the extent of lipid peroxidation of
the functionalized rGO structures, it is likely that bare rGO is not exposed to the cells in the time
frame examined, which could explain the differences in cellular responses of lipid-rGO structures
with and without hMnSOD after two days. The reduction in necrosis and the steady reduction in
cell division indicate that hMnSOD has a protective effect on the lipid-functionalization on bare
rGO that can be advantageous for maintaining intact lipid-rGO systems, reducing the amount of

necrotic cells, and inhibiting growth of metastatic breast cancer cells.
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Figure 5. hMnSOD bound to lipid-rGO structures selectively reduces proliferation, necrosis, and
lipid peroxidation in metastatic cancer cells (MDA-MB-231) while minimally affecting non-
tumorigenic cells (MCF-10A). a) MTS assay data for MCF-10A, MCF-7, and MDA-MB-231
cells. b) LIVE/DEAD assay following 2 days incubation in MDA-MB-231 cells. ¢) Lipid
peroxidation assay for the lipid coating of the lipid-rGO nanostructures in the presence and absence
of hMnSOD incubated with MDA-MB-231 cells. The control used was lipid-rGO structures
containing BODIPY 581/591 in the absence of cells in cell media. Error bars represent the standard
deviation from at least three separate experiments. *p < 0.05 compared to the control.

Conversely, cell division of MCF-7 and MCF-10A cells was not affected by free and bound
hMnSOD compared to the controls (Figure 5a). The differences in responses from the metastatic
carcinoma cells (MDA-MB-231) compared to the less aggressive cancer line (MCF-7) and the
non-tumorigenic cells (MCF-10A) may be due to the overall superoxide dismutase (SOD) levels
in the cell lines. Prior studies have demonstrated a substantial difference in total SOD activity in
MCF10-A, MCF-7, and MDA-MB-231 cell lines, with MCF-10A and MDA-MB-231 having the

highest and lowest SOD activity respectively. Furthermore, the introduction of additional SOD has

been used as a tumor suppressor in several studies. Consistent with these findings, our work shows
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that increased hMnSOD has the highest impact on cell proliferation and viability of MDA-MB-
231 cells, the cell line with the most downregulated SOD levels. Indeed, lipid-rGO functionalized
with hMnSOD selectively reduced cell growth of metastatic breast cancer cells, avoided
uncontrolled cell death, and likely preserved lipid-rGO nanostructures by preventing lipid
peroxidation. Compared to doxorubicin, a commonly used anticancer drug, hMnSOD-lipid-rGO
nanostructures reduced proliferation of the metastatic MDA-MB-231 breast cancer cells with no
harmful effects on the non-tumorigenic MCF-10A breast cells. The ability of this platform to
diminish growth of metastatic cancer cells has potential to decrease reliance on chemotherapy and

prevent its negative reactions to normal tissue.

4. Conclusions

Healthy and tumorigenic breast cells exhibit differential responses following exposure to
bare and lipid-functionalized rGO suggesting that the use of lipid-rGO structures may prove to be
a useful platform for selective cancer treatment. Bare rGO instigated higher oxidative stress and
decreased cell division in all cell lines and caused an increase in necrosis for metastatic MDA-
MB-231 breast cancer cells. The heightened ROS production and reduced cell proliferation in both
healthy and cancer cells from bare rGO make unfunctionalized rGO not suitable for cancer therapy.
Although possibly valuable in eliminating cancer cells, increased generation of ROS and necrosis
can harm the function of healthy cells and result in undesired side effects. Conversely, lipid-rGO
structures did not affect cell proliferation and viability of MCF-10A cells and caused a minimal
increase in ROS production and lipid peroxidation. The attachment of hMnSOD to lipid-rGO
demonstrated multiple benefits for the lipid-functionalized graphene system due to its ability to

impede cancer cell division without initiating necrosis and the lack of detrimental reactions with
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healthy breast cells. This platform has significant potential to be used for cancer treatment because
it selectively inhibits cell division of metastatic breast cancer cells and utilizes a natural enzyme
for increased tumor suppressor activity and protection of the lipid-functionalization on rGO.
hMnSOD attached to lipid-rGO structures used in conjunction with the photothermal effect may

prove to be a highly potent and effective system in combination therapy for elimination of tumors.
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