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Abstract

Ligands such as peptides, antibodies or other epitopes bind and activate specific cell receptors, and

are employed for targeted cellular delivery of pharmaceuticals such as drugs, genes and imaging

agents. Herein, we show that oxidized graphene nanoribbons, non-covalently functionalized with

PEG-DSPE (1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N[amino(polyethyleneglycol)])

(O-GNR-PEG-DSPE) activate epidermal growth factor receptors (EGFRs). This activation

generates predominantly dynamin-dependent macropinocytosis-like response, and results in

significant O-GNR-PEG-DSPE uptake into cells with high EGFR expression. Cells with an

integrated human papillomavirus (HPV) genome also show increased uptake due to the

modulation of the activated EFGR by the viral protein E5. We demonstrate that this cell specific

uptake of O-GNR-PEG-DSPE can be exploited to achieve significantly enhanced drug efficacies

even in drug resistant cells. These results have implications towards the development of active

targeting and delivery agents without ligand functionalization for use in the diagnosis and

treatment of pathologies that overexpress EGFR or mediated by HPV.

1. Introduction

Many pharmaceutical formulations of drugs, genes and imaging agents show significant

limitations that result in low therapeutic indices (ratio of therapeutic to toxic dose). These

limitations stimulate the development of pharmaceutical delivery agents. There is now a

large body of work that documents the tremendous progress in research and development of

drug delivery agents [1–3]. A variety of micro- and nano-particles have been explored as

delivery systems, including particles synthesized from carbon (fullerenes, metallofullerenes,

carbon nanotubes and recently graphene[4–7]), ceramics, polymers, lipids, or metals and
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formed in a variety of configurations (i.e., spheres, tubes, branched structures, and shells)[8].

These systems serve as the scaffold onto which the active pharmaceutical ingredient (API) is

covalently or non-covalently loaded. Multicomponent targeted delivery systems have also

been developed, in which targeting moieties (e.g. antibodies or peptides) are covalently or

non-covalently appended onto APIs, or API- loaded micro- or nano-particles. These systems

typically target specific antigens on the cell surface to enhance the uptake of delivery

systems into specific tumor cells to improve treatment efficacy. ‘Antibody mimics’

synthesized via imprinting of specific antigens onto polymeric scaffolds are used mainly in

competitive binding assays[9]. Identification of materials that serve not only as scaffolds

that efficiently load and deliver drugs, but also activate specific cell receptors without

additional presence or functionalization of amino acid sequences or other epitopes would

constitute a significant advance in targeted delivery system design.

Recently, we evaluated the cytotoxicity of oxidized graphene nanoribbon (O-GNR)-based

formulations[10]. O-GNRs were synthesized in macroscopic amounts using an oxidative

method pioneered by Kosynkin, Tour, and co-workers that longitudinally “unzips” carbon

nanotubes[11]. O-GNR morphology is distinctly different from graphene oxide

nanoplatelets, which are synthesized using graphite and are widely used in graphene-based

cellular uptake and delivery studies [6, 12, 13]. O-GNRs (Figure 1A and B) water-

solubilized with the amphiphilic polymer PEG-DSPE to form a supramolecular complex (O-

GNR-PEG-DSPE) were incubated at various concentrations (0–400µg/ml) and time points

(24–72 hours) in four different cell lines (HeLa, MCF7, SKBR 3 and NIH3T3). O-GNR-

PEG-DSPEs were more cytotoxic to HeLa cells compared to other cell lines[10]. These

studies provided preliminary indication that enhanced uptake of O-GNR-PEG-DSPEs into

HeLa cells was an important reason for the observed differences in cytotoxicity. In this

article, we further investigated O-GNR-PEG-DSPEs uptake mechanism, and report two

surprising yet related phenomena. (1) O-GNR-PEG-DSPEs activate epidermal growth factor

receptors (EGFRs) and are taken up in significant amounts in cells with high EGFR

expression. (2) Cells with integrated human papilloma virus (HPV) genomes, which express

EGFR (at normal or elevated levels), elicit enhanced O-GNR-PEG-DSPE uptake via the

modulation of EFGR by the viral protein E5. We further demonstrate that these phenomena

lead to differential and increased intracellular drug delivery efficacy even in drug resistant

cells.

2. Methods

2.1 Synthesis and Characterization of O-GNR-DSPE-PEG formulations

Previously reported procedures were employed for the O-GNR synthesis from multi walled

carbon nanotubes (Sigma-Aldrich,St Louis, MO) and preparation of O-GNR-DSPE-PEG

dispersions.9,10 For atomic force microscopy (AFM) and TEM characterization, O-GNR-

PEG-DSPE samples diluted to 5 µg/ml using a 1:1 ethanol water mixture were probe

sonicated, (Cole Parmer Ultrasonicator LPX 750) and centrifuged at 2000 rpm for 30

minutes. The supernatant was collected and drop cast onto silicon wafers (AFM samples) or

copper grids (Ted Pella) (TEM samples) and dried overnight. AFM was performed using a

Nano Surf Easy Scan 2 AF microscope (NanoScience Instruments Inc, Phoenix, AZ),
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operating in tapping mode with a V-shaped cantilever. TEM was performed on a Tecnai Bio

Twin G transmission electron microscope (FEI, Hillsboro, OR), at 80 kV. Digital images

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

2.2 Cell Culture

Eleven cell lines were used for the various experiments. All cell lines were obtained from

ATCC (Manassas, VA, USA). HeLa, A549,MRC5,U251, A431 cells were grown in DMEM

medium, SKBR3 cells were grown in McCoy’s medium, MCF7 and CaSki cells were grown

in RPMI 1600 medium. SiHa, C33A and U87MG cells were grown in MEM media. All the

media were supplemented with 10% fetal bovine serum and 1 % penicillin-streptomycin.

Cells were incubated at 37°C in a humidified atmosphere of 5% CO2, and 95% air.

2.3 TEM of Cell Specimens

Six well plates with surfaces covered with ACLAR® film (Electron Microscopy Sciences,

Hatford, PA) were plated with HeLa, C33A and A431 cells at a density of 5× 105 cells per

plate, and exposed to O-GNR-PEG-DSPEs for 15 minutes, 30 minutes or 3 hours according

to the specific assay. For inhibitor studies, cells were first incubated with 80 µM dynasore, 3

µg/ml filipin, 50 mM EIPA or 1µM Gefitinib for 30 minutes. Next, cells were treated with

O-GNR-PEG-DSPE at 50 µg/ml concentrations for 15 minutes, 30 minutes or 3 hours. After

15 minutes, 30 minutes or 3 hours as per specific experiments, cells were fixed with 2.5%

electron microscopy grade glutaraldehyde (Electron Microscopy Sciences, Hatford, PA) in

0.1 M PBS. After fixation, films containing fixed cells were placed in 2% osmium tetroxide

in 0.1 M PBS, dehydrated through graded ethanol washes, and embedded in durcupan resin

(Sigma-aldrich, St. Louis, USA). Areas with high cell densities were blocked, cut into 80 nm

ultrathin sections using an Ultracut E microtome ( Reichert-Jung, Cambridge, UK), and

placed on formvar-coated copper grids. The sections were then viewed with a Tecnai Bio

Twin G transmission electron microscope (FEI, Hillsboro, OR) at 80 kV. Digital images

were acquired using an XR-60 CCD digital camera system. (AMT, Woburn,MA). 15 cells of

each cell line treated with O-GNR-PEG-DSPE was observed to come to a conclusion about

uptake of O-GNR-PEG-DSPE in these cell lines

2.4 Confocal Microscopy

5× 105 cells were plated in glass bottom 35 mm plates and incubated for 18 hours.

Following incubation, media was removed and replaced with serum-free media and cells

were further incubated for 24 hours. Post-incubation, cells were treated with 50µg/ml O-

GNR-PEG-DSPE for 15 minutes or 30 minutes. This step was followed by three washes

with phosphate buffered saline and fixation for 30 minutes with 2.5% glutaraldehyde. Then,

the fixed cells were treated with 0.5% Triton X-100, and washed 3 times with with PBS; this

was followed by incubation with either phallodin rhodamine (for actin) (Invitrogen) or anti-

phospho EGFR antibody with attached Alexa fluor 488(Millipore, Billerica, MA). Cells

treated with gefitinib before O-GNR-PEG-DSPE treatment, EGF treated cells, and untreated

cells were used as controls.
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2.5 Doxorubicin loading on O-GNR-PEG-DSPE

The protocol used to load doxorubicin (Dox) onto O-GNR-PEG-DSPEs was adapted from

the literature available for drug-loading for graphene. Briefly, 10 mg of Dox was mixed with

20 ml of 200µg/ml O-GNR-PEG-DSPE, bath sonicated for 60 minutes, and stirred for 24

hours. After 24 hours, the mixture was centrifuged at 13000 rpm for 60 minutes. The

supernatant containing unloaded Dox was separated from the pelleted O-GNR-PEG-DSPEs

containing loaded Dox by decantation. The amount of drug in the supernatant (i.e. drug not

loaded) was calculated using the Dox absorbance spectra from the supernatant at 490 nm

and the absorbance vs. Dox concentration standard curve. The amount of drug loaded on O-

GNR-PEG-DSPEs was calculated by subtracting the drug in the supernatant from the

starting amount of Dox (i.e., 1 mg). Drug loading efficiency (DLE) was calculated using the

following formula: DLE = [(Drug Loaded in mg) / (Weight of O-GNR-PEG-DSPE in

mg)]*100. The drug-loaded O-GNR-PEG-DSPE was resuspended in PEG-DSPE at

200µg/ml and 120 µg/ml (of O-GNR-PEG-DSPE) before being used as stock solutions for

drug delivery and drug release experiments respectively.

2.6 Doxorubicin release from O-GNR-PEG-DSPE

Bipthhalate buffer (pH 4), phosphate buffered saline (pH 7), and borate buffered saline (pH

10) were used to assess drug release from Dox-loaded O-GNR-PEG-DSPEs. One ml of a

120 µg/ml Dox-loaded O-GNR-PEG-DSPE solution was re-suspended in 10 ml of the three

different buffers to produce ~60 µg of Dox-loaded onto O-GNR-PEG-DSPE in each buffer

solution. This solution was incubated at 37°C in a water bath placed on a horizontal shaker

for 60 hours. One ml of buffer was collected every 12 hours, and the amount of Dox

released was calculated using the absorbance of the collected buffer at 490 nm and the

standard Dox absorbance vs. concentration standard curve.

2.7 Lactate Dehydogenase (LDH) Assay

This assay was conducted using a LDH release TOX-7 assay kit (Sigma-Aldrich, St Louis,

MO). Cells were plated, at a density of 5 × 103 cells per well, in 96 well cell culture plates,

and incubated for 18 hours. Following media changes, and cell treatment with Dox-loaded

O-GNR-PEG-DSPE (50µg/ml), cells were incubated at 37°C for 24 hours. After 24 hours,

media was collected from individual wells, and centrifuged at 1200 rpm for 5 minutes. Fifty

µl of the media supernatant was added to a fresh 96 well plate along with LDH assay

reagent, and incubated for 45 minutes. Absorbance values were recorded at 490 nm. The

positive control was prepared by adding 10 µl of lysis solution to control cells, 45 min

before centrifugation. LDH secretion (% of positive control) was calculated using the

formula (ODtest – ODblank)/(ODpositive – ODblank), where ODtest is the optical density of

control cells or cells exposed to O-GNR-PEG-DSPE, and ODpositive is the optical density of

the positive control cells, and ODblank is the optical density of the wells without cells.

Absorbance of culture media containing PEG-DSPE was used for baseline correction in all

groups. LDH secretion (% of Dox-loaded O-GNR-PEG-DSPE treated cells) was calculated

using the formula (ODtest – ODblank)/(ODtreatment – ODblank), where ODtest is the optical

density of the inhibited cells exposed to Dox-loaded O-GNR-PEG-DSPE, ODtreatment is the

optical density of the cells treated with only Dox-loaded O-GNR-PEG-DSPE, and ODblank
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is the optical density of the wells without cells. Absorbance of culture media containing

PEG-DSPE was used for baseline correction in all groups.

2.8 Western Blots

HeLa, A431 cells and C33A cells were plated at cell density of 1 ×105 or 5 ×105 in six well

plates and grown for 18 hours. Five ×105 A431 and C33A cells transfected with MSCV-

FLAG -HPV16 E5 plasmid (Addgene, Cambridge,MA) in six well plates were also used.

Cell lines were either left untreated or treated with O-GNR-PEG-DSPEs (50 µg/ml) for 15

minutes. Next, cells were lysed, and whole cell protein lysates were collected. Western blot

analysis for EGFR expression before and after treatment with O-GNR-PEG-DSPEs was

conducted using rabbit anti-EGFR primary antibody (Santa Cruz Biotechnology), and anti

rabbit-HRP secondary antibody (Santa Cruz Biotechnology). Western blot analysis for

activated EGFR expression before and after treatment with O-GNR-PEG-DSPE (and before

and after gefitinib and O-GNR-PEG-DSPE treatment) was performed using mouse anti-

phospho EGFR antibody (Millipore, Billerica, MA), and anti-mouse -HRP (Santa Cruz

Biotechnology Santa Cruz, CA). Four different blots for each experiment were used for

densitometry analysis using Image J and subsequent statistical analysis. Data obtained from

densitometry analysis is represented as ratio of EGFR or p-EGFR band density and

corresponding beta actin band density.

2.9 siRNA transfection of HeLa cells

One ×105 or 5 ×105 HeLa cells were plated in 96-well and 6-well plates and incubated for

18 hours. Cells were transfected with siRNA against EGFR (Santa Cruz Biotechnology,

Santa Cruz, CA) and siRNA against HPV18E5 (Qiagen) using the Fugene 6 transfection

reagent. Briefly, 1 µl of each siRNA against EGFR and siRNA against HPV18E5 were

added to 489 µl of OPTI-MEM media and 10 µl of transfection reagent to prepare 500 µl of

transfection reagent-DNA complex. One hundred µl of this complex was added to each well

of 96 well plates and 500 µl of this complex was added to each well in 6 well plates.

Transfection was allowed to proceed for 12 hours after which EGFR activation in the

transfected cells was checked with confocal miscroscopy and flow cytometry using mouse

anti-phospho EGFR primary and anti-mouse rhodamine as secondary antibody after

exposing cells to 10 ng EGF per well. Drug delivery studies in siRNA transfected cells were

conducted according to the method described in the LDH assay section. Ambion®

Silencer® Negative Control #1 siRNA was used as the negative control and untreated cells

(with and without siRNA treatment) were used as controls.

2.10 Transfection of HPV 16-E5 plasmid into A431 and C33A cells

MSCV-FLAG-HPV16-E5 plasmid was obtained from Addgene (Cambridge,MA), and

transiently transfected into A431 and C33A cells using the Fugene 6 transfection reagent.

Briefly, 2µg of the plasmid was mixed with 6 µl of Fugene 6 reagent and 94 µl of OPTI-

MEM media to form 100 µl of transfection agent-plasmid mixture. 10 µl and 50 µl of this

mixture was added to each well in 96 well plates containing 90 µl OPTI-MEM and cells and

6 well plates containing 450 µl OPTI-MEM media and cells respectively. The transfection

was allowed to proceed for 12 hours following which successful transfection was confirmed
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by fluorescence microscopy and flow cytometry. Mouse anti-flag primary (Sigma-Aldrich,St

Louis, MO) and anti-mouse-rhodamine (Sigma-Aldrich, St Louis, MO) secondary were used

for fluorescence microcopy and flow cytometry. Drug delivery studies in the MSCV-FLAG-

HPV16E5 transfected cells were conducted according to the method described under LDH

assay. Untreated cells (transfected and untransfected) were used as controls.

2.11 Flow Cytometry

Flow cytometry was used toquantify the activated EGFR expression before and after siRNA

transfection (against EGFR and HPV18 E5), and the transfection efficiency and expression

of the MSCV-FLAG-HPV16 E5 plasmid in A431 and C33A cells. To prepare for flow

cytometry, the cells were fixed using 2.5% glutaraldehyde, treated with 0.1% Triton X 100

for 5 minutes. Next, the cells were treated with appropriate antibodies, trypsinized, and

resuspended in FACS buffer (Phosphate buffered saline containing 20% fetal bovine serum).

Flow cytometry was performed immediately after all samples were prepared using a FACS

Calibur Cell Sorter (BD Biosciences, San Jose, CA). BD FACS Diva 8.0 software was used

for data analysis.

2.12 Statistics

All data are presented as mean ± standard deviation. Student‘t’ test was used to analyze the

differences among groups. Each independent experiment (n=1) was an average of three

wells done in parallel. One-way anova followed by Tukey Kramer post hoc analysis was

used for multiple comparisons between groups. All statistical analyses were performed using

a 95% confidence interval (p < 0.05).

3. Results

3.1. Water dispersed graphene nanoribbons activate epidermal growth factor receptors

We first conducted qualitative analysis of O-GNR-PEG-DSPE uptake into HeLa and three

other cell lines (MCF7, A549 and MRC5) using transmission electron microscopy (TEM).

These results suggest that HeLa cells take up O-GNR-PEG-DSPE aggregates into large

vesicular cytoplasmic structures (resembling macropinosomes) (Figure 1C and D). Uptake

seemed to be mediated through extensions from the plasma membrane, which engulfed O-

GNR-PEG-DSPE on the cell surface (Figure 1 C and D, white arrows). We also observed

large and small perinuclear vesicular structures within O-GNR-PEG-DSPE aggregates after

30 min of incubation (Figure 1 E and F) as well as a few endocytic vesicles, which formed

before the macropinocytosis-like response, (Figure 1D, yellow arrows). In comparison, other

cell lines (MCF7, MRC5 and A549) showed only small aggregates or O-GNR-PEG-DSPE

uptake (Figure S1 A , B and C).

Next, we conducted inhibitor studies in HeLa cells to investigate the uptake mechanism at

potentially safe concentrations of O-GNR-PEG-DSPE and inhibitors. Cellular analyses

using TEM indicated that although very few endocytic vesicles were observed in non-

inhibited HeLa cells treated with O-GNR-PEG-DSPE, dynasore (a dynamin inhibitor that

prevents clathrin-mediated endocytosis) could completely prevent O-GNR-PEG-DSPE

uptake (Figure S2 A and B) whereas filipin (a caveolae-mediated endocytosis inhibitor) does
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not show the same effect (Figure S2 C and D). Ethyl-isopropyl amiloride (EIPA), a

macropinocytosis inhibitor largely prevented the uptake of larger aggregates, but in a few

cases, smaller aggregates were found in endosomal vesicles even with EIPA inhibition

(Figure S2 E and F). Based on these results, we hypothesized that the uptake mechanism for

O-GNR-PEG-DSPE into HeLa cells is predominantly a dynamin-dependent

macropinocytosis-like response although dynamin-dependent clathrin-mediated endocytosis

may play a smaller role.

Investigation of actin polymerization of HeLa cells exposed to O-GNR-PEG-DSPE revealed

the presence of circular dorsal ruffles (CDRs) 15 min post exposure (Figure S3B and C,

white arrows). O-GNR-PEG-DSPE uptake was observed along CDR margins (Figure S3C,

red arrows). Several reports demonstrated dynamin-dependent CDR formation, and a

macropinocytosis-like uptake mechanism during activation and internalization of epidermal

growth factor receptors (EGFRs),[14] involving plasma membrane protrusions that

sequester a large number of ligand-bound (i.e., activated) EGFRs in large vesicular

cytoplasmic structures. We observed similar protrusions in HeLa specimens treated with O-

GNR-PEG-DSPE (Figure 1C and D). Activated EGFR uptake occurs via a complex network

of connected vesicles unlike the spherical vesicles observed in classical macropinocytosis;

localization of these vesicles is mainly perinuclear[14]. We noted O-GNR-PEG-DSPE in

structures with similar features, such as connected vesicles with perinuclear localization

(Figure 1E and F, blue arrows, black arrows point to nucleus). Thus, we performed

additional inhibitory studies in HeLa cells with gefitinib (an EGFR kinase inhibitor) to

ascertain whether O-GNR-PEG-DSPE uptake is dependent on EGFR activation and

sequestration[15]. TEM results showed no observable nanoparticles inside the cells in

cytoplasmic vesicles even after 3-hours exposure to the cells (Figure 1 G). O-GNR-PEG-

DSPE aggregates were present on the membrane (Figure 1 H), but not CDRs (Figure S3D).

Taken together, these results taken together indicated that gefitinib prevents cellular uptake

of these nanoparticles (Figure 1 E).

We next employed fluorescently tagged anti-phospho EGFR antibodies, and investigated

whether O-GNR-PEG-DSPE activates EGFR in HeLa cells, and subsequently leads to O-

GNR-PEG-DSPE uptake. HeLa cells grown in serum free media and treated with O-GNR-

PEG-DSPE showed increased green fluorescence, which is indicative of increased EGFR

activation (i.e. increased EGFR phosphorylation; Figure 2 A, B and C). O-GNR-PEG-DSPE

activated cell surface EGFR (Figure 2 D, E and F, red arrows). Our results also indicated

that O-GNR-PEG-DSPE aggregates co-localize with activated EGFR receptors in vesicles

(Figure 2 D–I). HeLa cells exposed to gefitinib prior to O-GNR-PEG-DSPE treatment failed

to show significant EGFR activation (Figure 2 J, K and L). A431 cells, which also

overexpress EGFR showed activation, albeit at lower levels (Figure S4). MCF7 cells, which

have low EGFR expression showed insignificant EGFR activation (Figure S4). Western blot

analysis of unexposed and exposed HeLa cells showed that the number of activated EGFR

receptors increased post exposure to O-GNR-PEG-DSPE. However, total EGFR content

remained the same (Figure 2S). Gefitinib pre-treatment could decrease this phosphorylation

(Figure 2T). These results provided additional corroboration that O-GNR-PEG-DSPE

uptake is dependent on EGFR activation and sequestration.
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3.2 Differential intracellular drug delivery and enhanced drug efficacies

We next performed drug delivery studies using O-GNR-PEG-DSPEs. The primary goals of

these studies were twofold: 1) to further corroborate that O-GNR-PEG-DSPE uptake of into

cells occurs via EGFR activation; 2) to determine possible reasons for higher O-GNR-PEG-

DSPE uptake by HeLa cells. An ancillary goal was to investigate the capabilities of O-GNR-

PEG-DSPEs as cell specific delivery agents. The FDA-approved anti-cancer drug

doxorubicin (Dox) was chosen for these studies because it only enters cells through passive

diffusion, and thus at low concentrations shows poor uptake into many cancer cells;[16] Dox

typically requires a delivery agent to increase efficacy. Once inside the cell, membrane-

bound p-glycoprotein (P-gp), expressed in certain cells (see Table 1), can ‘pump’ Dox out of

the cells, [16] which may in turn lead to drug resistance. Cell clones resistant to low

concentrations (treatment of cells with 20µg/ml Dox for 24 hours of Dox) were chosen.

Thus, any increase in cytotoxic effects of similar concentration (20µg/ml) of Dox loaded

onto O-GNR-PEG-DSPEs would imply increased delivery of Dox by O-GNR-PEG-DSPEs.

Dox was non-covalently loaded onto O-GNR-PEG-DSPE through simple pi-pi stacking

interactions (Figure S5A)[5]. The optimum drug loading efficiency of the O-GNR-PEG-

DSPE formulation was 40%, i.e., 0.4 mg of Dox could be loaded on 1 mg of O-GNR-PEG-

DSPE (Figure S5B). Dox release from O-GNR-PEG-DSPE took place mainly in an acidic

environment (pH, 4 to 6, 100% release in 3 days) with minimal drug release in a neutral or

basic environment (pH ≥ 7, 10% release in 3 days). Drug release at acidic pH followed first

order kinetics. Such a drug release profile is ideal for tumor drug delivery agents as the pH

of tumors is predominantly acidic (Figure S5D)[17].

In vitro drug delivery studies were conducted using 50 µl of O-GNR-PEG-DSPE solution at

a potential therapeutic dosage of 50 µg/ml (determined from previous cytotoxicity studies

for O-GNR-PEG-DSPE[10]) loaded with 40% Dox by weight (20 µg/ml); treatment duration

was 24 hours and the solution was studied in 11 cell lines (Table 1, cell line selection criteria

for these studies were based on previous results). Since HeLa is a cervical cancer cell line

with an integrated HPV genome, we chose cell lines comprised of cervical cancers cells with

or without an HPV genome, and non-cervical cancer cells with low, normal or high EGFR

expression[18–28]. Expression capability of P-gp, also known as multidrug resistant protein

1 (MDR1) expression status of the cell lines is also provided since it can also influence

accumulation and efficacy of Dox inside the cells [29–37]. We used a lactate dehydrogenase

(LDH) assay to assess cytotoxicity due to cellular delivery of Dox. LDH, a cytoplasmic

marker for membrane integrity, provides an indirect means of assessing cytotoxicity[10].

Leaky membranes of damaged or dead cells show increased LDH release into surrounding

media compared to normal intact cells. Our previous results validated this assay as a robust

assessment of cytotoxicity without any interference from O-GNR-PEG-DSPE[10]. Under

the same conditions, HeLa and CaSki cells showed ~100% greater LDH release, and SiHa

cells showed ~75% greater LDH release when both were compared to cells treated with free

Dox dispersed in PEG-DSPE (Figures 3B–F). HeLa and SiHa express normal levels of

EGFR while CaSki cells over-express EGFR. At the same loading concentration, three cell

types with high EGFR expression MDA-MB-231, A431 cells (a non cervical cancer

squamous cell carcinoma cell line of the vulva) and U251 cells (a glioblastoma cell line)
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showed ~20% and ~15% higher LDH release respectively compared to cells treated with

free Dox dispersed in PEG-DSPE. C33a, a cervical cancer cell line without the HPV

genome, and other cell lines (U87MG, MCF7, A549 and MRC5 cells) did not show a

statistically significant decrease in viability compared to free Dox (Table 1 and

Supplementary Figure S6A–F). Six cell lines that showed increased LDH release (HeLa,

CaSki, SiHa, MDA-MB-231, A431 and U251 cells) either over-express EGFR on their

surface and/or have integrated HPV genome/genomes[18, 20–22, 28]. The other cell lines

show low or normal EGFR expression [19, 23–26]. HeLa,CaSki and MDA-MB-231 cells,

that either possess integarted HPV genome/s or overexpress EGFR or both, and do not

express P-gp, exhibited the highest LDH release. Cell lines with an integrated HPV genome

(SiHa) or high EGFR expression (A431and U251 cells) that also express P-gp, also

exhibited higher LDH release compared to free drug. However, other cell lines with low or

normal EGFR expression, but do not express P-gp (MRC5, U87MG, A549, MCF7, C33A),

did not show a similar increase in LDH levels. These results indicate that cells with an HPV

genome or EGFR overexpression exhibit increased drug efficacy, even in those with p-

glycoprotein expression.

Next, drug delivery studies were performed on HeLa and CaSki cell lines after treatment

with endocytosis and macropinocytosis inhibitors. We used very low non-toxic

concentrations of cell inhibitors to ensure that any observed cell death was mainly due to

Dox-loaded O-GNR-PEG-DSPE uptake. Figure 4A–D and Figure S7 A – D shows the

salient results of these studies for HeLa cells and CaSki cells, respectively. In HeLa cells,

unexposed control cells showed approximately 40% LDH release compared to cells exposed

to the drug loaded nanoparticle (basal LDH release). HeLa cells treated with dynasore at

20µM showed no difference in LDH release. However, when HeLa cells were treated with

dynasore at 80µM, LDH release decreased to ~65% of cells exposed to the drug loaded

nanoparticle (Figure 4A). HeLa cells treated with filipin at various concentrations (1–3

µg/ml) did not show a significant decrease in LDH levels (Figure 4B). HeLa cells treated

with EIPA, at 0.25mM and 0.5mM concentrations, showed a decrease to ~80% and ~72%

LDH release, respectively (Figure 4C). HeLa cells treated with gefitinib, at 0.5µM

concentration, decreased LDH release to ~ 76%, and at 1µM to ~50% (Figure 4D)

Dynasore inhibition of dynamin prevented O-GNR-PEG-DSPE uptake by both clathrin-

mediated endocytosis and CDR-mediated vesicle formation. EIPA inhibits only

macropinocytosis-like processes (CDR-mediated vesicle formation in this case). EIPA

inhibition decreased LDH Release to ~72% of non-inhibited cells, similar to the ~65% LDH

release observed after dynasore inhibition. This comparison provided additional indication

that dynamin-dependent endocytosis might play a minor role in drug-loaded nanoparticle

uptake. Filipin, which prevents caveolae-mediated endocytosis, did not show such an effect,

thus ruling it out as an uptake mechanism. Gefitinib, a tyrosine kinase inhibitor also

decreases LDH release in response to drug-loaded O-GNR-PEG-DSPEs to ~50% that of

uninhibited cells. CaSki cells produced similar results indicating that the mechanism of O-

GNR-PEG-DSPE uptake in both cell lines was similar although CaSki cells expressed more

EGFR compared to HeLa cells (Figure S6 A – D). Further, transfection of small interfering

ribonucleic acid (siRNA) against EGFR (Figure S9) into HeLa cells also significantly

decreased cell death due to drug delivery, and corroborated the EGFR-mediated uptake
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mechanism of O-GNR-PEG-DSPEs (Figure 4E). Efficiency of EGFR inhibition in HeLa

cells was confirmed by confocal microscopy and flow cytometry (Figure S9). Flow

cytometry results indicated that si RNA transfected cells produced ~5 times less activated

EGFR compared to uninhibited cells treated with EGF (activation evidenced by increase in

fluorescence intensity from untreated control cells).

Similar drug delivery experiments on HeLa cells performed with Dox-loaded PEG-DSPE-

coated multi-walled carbon nanotubes and graphene nanoplatelets as well as Dox-loaded

Dextran or Pluronic F127 (routinely used to improve water dispersibility of carbon nanotube

and graphene nanoparticles)-coated O-GNRs failed to show the same drug delivery response

(Figure S8 A – D). O-GNRs themselves could not be used an experimental group due to

poor dispersibility and stability in buffer and media solutions.

3.3 Role of human papillomavirus E5 protein

HeLa, CaSki and SiHa cells, which showed the highest cytotoxicity during drug delivery

experiments are all squamous cervical carcinoma (SCC) cells with integrated human

papillomavirus (HPV16 or HPV18) genomes[18]. Thus, we investigated the role of the HPV

genome in mediating enhanced uptake of Dox-loaded O-GNR-PEG-DSPEs. HPV viral

proteins E5, E6 and E7 are associated with major oncogenic factors in high-risk HPV [38].

E5, a transmembrane protein, increases ligand-dependent EGFR activation and signaling

[39]. E5 functions by preventing acidification of endosomes containing internalized EGFR,

which in turn prevents EGFR degradation, and results in recycling of activated EGFR back

to the cell surface. The number of times that activated EGFRs are recycled by E5 before

being degraded is still not known. Among the above three cell lines (HeLa, CaSki and

SiHa), HPV genome incorporation is high in CaSki cells (500–600 copies), lower in SiHa

cells (1–2 copies) and moderate in HeLa cells (40–50 copies) [40]. E5 expression in these

cell lines is not proportional to the number of incorporated HPV genomes; HPV genome

incorporation is random, and often results in loss of viral genome fragments encoding E5

[41]. Although, several studies showed the presence of E5 open reading frames or E5

encoding mRNA transcripts in all three cell lines [42–44] very few studies successfully

quantified E5 protein expression in the three cell lines.

To investigate the role of E5 in O-GNR-PEG-DSPE uptake, we transiently transfected a

plasmid containing a FLAG tagged HPV16E5 gene into A431 cells (which show high EGFR

expression) and C33A cells (which show low EGFR expression); we conducted drug

delivery experiments on these transfected cells and confirmed E5 expression and

localization using confocal microscopy (with anti-FLAG antibodies) and quantification

using flow cytometry (Figure S10). The transfection efficiency was ~99.8% in A431 cells

and ~62% in C33A cells (calculated from flow cytometry results shown in Figure S10).

Results indicated that E5 over-expression in A431 cells increased the drug delivery response

(i.e., increased LDH release) by approximately 52 % (Figure 5A). We also observed a small

increase in activated EGFR in EGF-treated and HPV16E5-transfected A431 cells (Figure

5D). C33A cells transfected with FLAG tagged HPV16E5 did not show the same response

although we did see a small increase in LDH release (Figure 5B). This difference is

probably due to low EGFR expression in C33A cells compared to A431 cells. We did not
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observe increased EGFR expression or activation in transfected C33A cells (Figure 5E).

TEM images qualitatively confirmed that over-expression of HPV16E5 increased uptake of

O-GNR-PEG-DSPEs in A431 cells but not in C33A cells (Figure S11A–D). siRNA

transfection against E5 in HeLa cells (Figure S9) decreased the cytotoxic response upon

treatment with Dox loaded O-GNR-PEG-DSPEs (Figure 5C). Flow cytometry results

quantified the EGFR inhibition in response to transfection of siRNA against HPV 18 E5,

and showed, upon treatment with EGF, ~ 4.5 times lower activation of EGFR in transfected

cells compared to uninhibited cells (activation evidenced by increase in fluorescence

intensity from untreated control cells) (Figure S9) Taken together, results shown in Figure 5

indicate that presence E5 protein by itself is insufficient for high uptake of O-GNR-PEG-

DSPE. Normal or high EGFR expression is necessary to achieve significantly increased drug

efficacy. These results corroborated our hypothesis that the E5 is involved in the increased

uptake of Dox loaded O-GNR-PEG-DSPEs into HPV-mediated cells.

4. Discussion

Based on above results and existing literature regarding EGFRs,[45] and HPV E5

protein[39, 41], we propose the following two models to explain O-GNR-PEG-DSPE uptake

and drug delivery processes (Figure 6). For non-HPV cells (Figure 6A), the O-GNR-PEG-

DSPEs activate dense EGFR clusters present at different locations on cell membrane

surface. Simultaneous activation of these EGFRs results in a predominantly

macropinocytotic response leading to O-GNR-PEG-DSPE uptake along with these

receptors. Cell with high EGFR expression should contain a greater number of these EGFR

clusters. In these cells, O-GNR-PEG-DSPEs are more likely to interact with and activate

these EGFRs clusters on the membrane surface; thus, these cells show higher O-GNR-PEG-

DSPE uptake and consequently increased drug delivery and efficacy compared to cells with

normal or low EGFR expression. For cells with the HPV genome (Figure 6B), E5 prevents

degradation of activated EGFR receptors, and recycles them onto the cell surface, which

results in repetition of the uptake mechanism for nanoparticles on the cell surface or

surrounding the cells without further EGFR activation. Consequently, these cells with

normal or high EGFR expression have higher uptake capacity for Dox-loaded O-GNR-PEG-

DSPEs, and show increased cell death compared to cells with only high EGFR expression.

The exact mechanism by which O-GNR-PEG-DSPE activates EGFR requires further study.

Interaction of nanoparticles with cell surface proteins could be influenced by a variety of

physicochemical attributes including size, morphology including surface, and charge [46].

Certain nanoparticles interact with extracellular matrix components and these interactions, in

turn, activate cell receptors [46]. Recently synthetic heteropolymers, comprising of PEG

blocks non-covalently functionalized onto single walled carbon nanotubes, have also been

reported to facilitate biomolecular recognition [47]. The ‘normal’ activators for EGFRs are

EGF and transforming growth factor alpha (TGF-α),[48] EGFRs can also be activated by

other mechanisms such as reactive oxygen species (ROS) generation, cellular stress and

membrane depolarization [49]. Thus, additional experiments are underway to elucidate

potential EFGR activation mechanism(s) by O-GNR-PEG-DSPEs. Further our results

suggest that EGFR activation depends on yet to be determined physicochemical

characteristic(s) of the O-GNR-PEG-DSPE complex and that O-GNRs are a critical
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component. Further investigation is needed to determine whether our results are unique to

PEG-DSPE-coated O-GNRs[11] used in this study, or can be generalized to nanoribbons

prepared by other methods [50].

5. Conclusions

O-GNR-PEG-DSPEs activate epidermal growth factor receptors (EGFRs) and are taken up

in significant amounts in cells with high EGFR expression. This phenomena leads to

differential and increased intracellular drug delivery efficacy. For cells with high EGFR

expression, or with HPV genome, the intracellular delivery of the drug doxorubicin by O-

GNR-PEG-DSPE increases its efficacy by 100% greater compared to drug alone. Even in

cells with high EGFR expression, or with HPV genome, that express the multidrug resistant

protein 1 (MDR1), the drug efficacies increase upto 75% compared to drug alone. Drug

alone dispersed in PEG-DSPE at the same or twice the concentration loaded onto O-GNR-

PEG-DSPEs did not show any statistically significant increase in its efficacy compared to

untreated cells. Cells with integrated human papilloma virus (HPV) genomes, which express

EGFR (at normal or elevated levels), elicit enhanced O-GNR-PEG-DSPE uptake via the

modulation of EFGR by the viral protein E5. Nevertheless, the intriguing cell specific

uptake of O-GNR-PEG-DSPEs together with its other attributes (i.e., high API loading

efficiencies, API release at acidic pH, and other nanoparticle-related properties such as

enhanced permeability-and-retention (EPR) effect[8]) suggest strong potential for O-GNR-

PEG-DSPE use as a pharmaceutical delivery agent to detect or treat pathologies that

overexpress EGFR or are mediated by HPV [51]. Such a delivery agent could mitigate the

problem encountered with presently used agents such as drug resistance and toxicity to

normal cells [52, 53].
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Figure 1.
(A) Representative atomic force microscopy (AFM) image of an O-GNR (Oxidized

Graphene Nanoribbon); (B–H) Representative transmission electron microscopy (TEM)

images. (B) O-GNR morphology (black arrows). (C) HeLa cell with membrane protrusions

(white arrows) around O-GNR-PEG-DSPE DSPE (Oxidized Graphene Nanoribbons-1, 2-

distearoyl-sn-glycero-3-phosphoethanolamine-N[amino(polyethylene glycol)]) aggregates

(red arrows) after 15 minutes of incubation with O-GNR-PEG-DSPEs. (D) HeLa cell

showing O-GNR-PEG-DSPE aggregates (red arrows) on the cell surface (blue arrows) and

formation of membrane protrusions (white arrows) after 15 minutes of incubation with O-

GNR-PEG-DSPEs. The image also shows smaller endosomal structures (yellow arrows).

(E) HeLa cell showing significant uptake of O-GNR-PEG-DSPE aggregates (red arrows)

into interconnected vesicular structures (blue arrows) localized around the nucleus (black

arrow) after 30 minutes of incubation with O-GNR-PEG-DSPEs. (F) HeLa cell showing

uptake of O-GNR-PEG-DSPE aggregates (red arrows) into large and small perinuclear

vesicular structures (blue arrows; black arrow point to the nucleus) after 30 minutes of

incubation with O-GNR-PEG-DSPEs. (G) HeLa cells, exposed to 1 µM gefitinib followed

by O-GNR-PEG-DSPE treatment for 3 hours. Cells show no O-GNR-PEG-DSPE uptake

(Brown arrows indicate individual cells). (H) Higher magnification of area within the black

box in Panel (G) Large O-GNR-PEG-DSPE aggregates (red arrow) on surface of cells.

Chowdhury et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Representative fluorescence, bright field microscopy and merge images. All cells were

exposed to 50µg/ml O-GNR-PEG-DSPE for 30 minutes. (A–C) Serum deprived HeLa cells

exposed to O-GNR-PEG-DSPEs and anti-phospho epidermal growth factor receptor (EGFR)

antibody that exhibit activated EGFR receptors (green fluorescence). (D–F) Activated

surface EGFR receptors co-localized with O-GNR-PEG-DSPEs (red arrows), and activated

receptors co-localized with O-GNR-PEG-DSPEs (white arrows) in vesicles. (G–I) activated

receptors in vesicles colocalized with O-GNR-PEG-DSPEs (white arrows). (J–L) Gefitinib-

pretreated HeLa cells show no significant EGFR activation. (M–O) HeLa cells exposed to

EGF and anti-phospho EGFR antibody show activated EGFR (positive control). (P–R)
Unexposed serum-deprived HeLa cells exposed to anti-phospho EGFR antibody show low

activation of EGFR (baseline control). (S) Western blot and densitometric quantification for

EGFR activation and total EGFR before and after treatment with O-GNR-PEG-DSPEs (T)
Western blot and and densitometric quantification for EGFR activation with and without

gefitinib treatment and treatment with O-GNR-PEG-DSPEs (Scale bar=20 µm for

microscopy images).
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Figure 3.
(A–F) Lactic dehydrogenase (LDH) release after treatment with doxorubin (Dox)-loaded O-

GNR-PEG-DSPEs in the following cells: (A) HeLa. (B) CaSki. (C)SiHa (D) MDA-MB-231

(E) A431. (F) U251 cells. Untreated cells, cells treated with free dox in PEG-DSPE, and

lysed cells were additional controls. All data are normalized to LDH released from lysed

control cells. Data are presented as mean ± SD (n = 6 per group). * indicates significant

increase (p < 0.05) in LDH release compared to cells exposed to Dox in PEG-DSPE at the

same concentration as loaded onto O-GNR-PEG-DSPEs. 1= Untreated Control 2= O-GNR-

PEG-DSPE (50 µg/mL) 3= O-GNR-PEG-DSPE-Dox 4= DOX in PEG-DSPE (Same

concentration as loaded) 5= DOX in PEG-DSPE (Double concentration as loaded)
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Figure 4.
LDH Release from Dox-loaded O-GNR-PEG-DSPE treated HeLa cells exposed to the

following: (A) Dynasore. (B) Fillipin. (C) EIPA. (D) Gefitinib. (E) si RNA against EGFR.

Data are presented as mean ± SD (n = 3 per group). * indicates significant decrease (p <

0.05) in LDH release compared to uninhibited cells exposed to Dox-O-GNR-PEG-DSPEs.

All data are normalized to LDH release from non-inhibited Dox-O-GNR-PEG-DSPE-treated

cells.
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Figure 5.
(A–D) LDH Release from Dox-loaded O-GNR-PEG-DSPE treated with the following in

A431, C33A or HeLacells: (A) A431 cells transfected with HPV16 E5. (B) C33A cells

transfected with HPV16 E5. Untransfected and untreated cells were used as controls. Data

are presented as mean ± SD (n = 3 per group). * indicates significant increase (p < 0.05) in

LDH release compared to untreated control cells. All data are normalized to LDH release

from lysed control cells. (C) HeLa cells transfected with siRNA against HPV18 E5. For A,

B and C, data are presented as mean ± SD (n = 3 per group). * indicates significant decrease

(p < 0.05) in LDH release compared to uninhibited cells treated with Dox-O-GNR-PEG-

DSPE. All data are normalized to the LDH released from uninhibited Dox-O-GNR-PEG-

DSPE treated cells. (D) Western blot and densitometric quantification of EGFR activation

(phosphorylated EGFR) and expression in A431 cells before and after transfection with the

HPV 16 E5 expressing plasmid. (E) Western blot and densitometric quantification depicting

EGFR activation (phosporylated EGFR) and expression in C33A cells before and after

transfection with the HPV 16 E5 expressing plasmid after treatment with Dox-loaded O-

GNR-PEG-DSPE.
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Figure 6.
Schematic representation of mechanism of uptake postulated for O-GNR-PEG-DSPEs into

(A) EGFR overexpressing cells. O-GNR-PEG-DSPEs activate dense EGFR clusters at

different locations on cell membrane surface. Simultaneous activation of these EGFRs

results in a predominantly macropinocytotic response for uptake of O-GNR-PEG-DSPEs

along with these receptors. (B) Cells with an integrated HPV genome. E5 prevents

degradation of activated EGFR receptors, instead recycling them onto the cell surface; this
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results in a repeated uptake process without further EGFR activation and additional uptake

of on nanoparticles on the cell surface or the surrounding regions.
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Table 1

Summary of cell lines used, their EGFR and P-gp expression and drug delivery efficiency observed compared

to free drug.

Cell Line Type EGFR
Expression

Cytotoxic
Activity

P-glycoprotein
expression

HeLa HPV 18 infected cervical
carcinoma

Normal17 100% more than
free drug

Negative26

CaSki HPV 16 infected cervical
carcinoma

Over-expressed15 100% more than
free drug

Negative27

SiHa HPV 16 infected cervical
carcinoma

Normal15 75% more than
free drug

Positive27

MDA-MB
231

Breast Adenocarcinoma Over-expressed25 100% more than
free drug

Negative34

A431 Squamous Carcinoma of
vulva

Over-expressed18 20% more than
free drug

Positive28

U251 Glioblastoma Over-expressed19 15% more than
free drug

Positive31

U87MG Glioblastoma Normal20 Same as free drug Negative29

MRC5 Fibroblast cell line from fetal
lung

Normal16 Same as free drug Negative32

A549 Adenocarcinoma of alveolar
epithelia

Low-normal21 Same as free drug Positive30

MCF7 Breast Adenocarcinoma Low22 Same as free drug Positive30

C33A Cervical carcinoma not
infected by HPV

Low23 Same as free drug Positive33

EGFR expression per cell: Low=less than 40000, Normal=40000-100000 24, Overexpressed=greater than 1000000
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