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Abstract of the Dissertation

GRAPHENE NANORIBBONS ELICIT CELL SPECIFIC UP TAKE AND DRUG

DELIVERY VIA ACTIVATION OF EPIDERMAL GROWTH FACTOR RECEPTORS

by
Sayan Mullick Chowdhury
Doctor of Philosophy
in
Molecular and Cellular Biology
Stony Brook University

2014

Ligands such as peptides, antibodies or other ggstdind and activate specific cell receptors,
and can be employed for targeted cellular delivdrpharmaceuticals such as drugs, genes and
imaging agents. In this dissertation, | invesegdiein vitro and hematological compatibility of
oxidized graphene nanoribbons, non-covalently fionelized with PEG-DSPE (1, 2-distearoyl-
snglycero-3-phosphoethanolamine-N[amino(polyethytgpeol)]) (O-GNR-PEG-DSPE) and
evaluate its potential as a drug delivery agenth@digh, O-GNR-PEG-DSPE was found to
interact with RBC membrane and induce structurainges in them, they did not affect other
hematological parametens vitro studies showed that these particles activate epalegrowth
factor receptors (EGFRs) and elicit cell specifitake and concentration dependent toxicity in
cells over-expressing these receptors. Receptavadon was found to occur through a
mechanism involving membrane depolarization anduinfof extracellular C&. This

activation generates a dynamin-dependent macroyiosis-like response, and results in



significant O-GNR-PEG-DSPE uptake into cells witighh EGFR expression. Cells with an
integrated human papillomavirus (HPV) genome alkows increased uptake due to the
modulation of the activated EFGR by the viral prote5. | demonstrate that this cell specific
uptake of O-GNR-PEG-DSPE can be exploited to aehgggnificantly enhanced drug efficacies
even in drug resistant cells and xenograft tumdrkese results have implications towards the
development of active targeting and delivery ageviteout ligand functionalization for use in

the diagnosis and treatment of pathologies that-express EGFR or mediated by HPV.
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Organization of Dissertation

The ultimate goal of this doctoral research isvale@ate the potential of graphene nanoribbons as
a chemotherapeutic drug delivery agent. To this #nd dissertation will discuss tle vitro and
hematological toxicity of these nanostructures,l@ptheir uptake mechanism in cell lines, and
evaluate their chemotherapeutic drug delivery &fficy in vitro andin vivo. Based on the data
reported in subsequent chapters, the introducti@apter is aimed at providing a brief overview
of EGFR, its role in inducing cancer, treatmentiapu available clinically and the importance of
chemotherapy. This chapter also explains the inapod of drug delivery agents and the
advantages that graphene provides as a drug delgent. The second and third chapter of this
dissertation introduces graphene nanoribbons amtua@es theirin vitro and hematological
toxicity respectively. The fourth chapter explotee mechanism of cellular uptake of these
nanostructures and reports theiwitro targeted drug delivery efficiency in multiple clfies by
utilizing the uptake mechanism. The fifth chaptparts than vivo drug delivery efficiency of
graphene nanoribbons and also presents the malduadis of the uptake mechanism of the
particles. The sixth and last chapter providesctheclusion of the work completed and potential

future directions of this reported work.



Chapter 1

INTRODUCTION

1.1EGFR and its role in cancer

Epidermal growth factor receptors (EGFR) (also knag HER1 and ErbB1) are glycoprotein
trans-membrane receptors (polypeptide containin@6lhmino acids) comprised of an
extracellular ligand binding domain, an intracdalulkinase domain, and a trans-membrane
hydrophobic anchor sequence (Figure 1)(Voldborgletl997). These receptors are part of the
ErbB family which also includes three other typek receptors (ErbB2, ErbB 3 and
ErbB4)(Erjala et al., 2006). All members of the Briamily of receptors contain a tyrosine
kinase domain that gets activated on ligand bingHngphara et al., 2012). There are eight
known ligands that can activate EGFR. These ameemial growth factor (EGF), transforming
growth factor alpha (TGF-Alpha), Epigen, Neuregilfy heparin binding EGF like growth
factor, betacellulin, amphiregulin and epiregulie(iiksen et al., 2013). On ligand binding, the
EGF receptors transform from an inactive monomiterian active dimeric state by dimerization
with another monomeric receptor of its own kindrfealimerization i.e. EGFR with EGFR), or
another member of the Erb B family (heterodimer@dg(Yarden and Schlessinger, 1987).
EGFR dimerization activates the tyrosine kinase aanof the receptors resulting in auto-
phosphorylation of several tyrosine residues inGherminal domain of the receptors (Tyrosines
992, 1045, 1068, 1148 and 1173)(Downward et aB4L9Post auto-phosphorylation, activation
of several downstream signaling cascades are tedtidhrough proteins that can bind the
phosphor tyrosine through their Sldomains(Oda et al., 2005). The downstream cascades

initiated include MAPK (Mitogen activated proteimkse), JNK (Janus kinase) and Akt (Protein



kinase B) pathways(Oda et al., 2005). These patbwake part in cell growth, proliferation,
migration, adhesion and DNA synthesis(Figure 1)(Cadaal., 2005). After activation, the
receptors are internalized into vesicular endosastrattures(Rush et al., 2012). However, even
after internalization, the phosphorylated EGFRti$ catalytically active and can interact with
downstream signaling proteins(Wang et al., 2002)esé endosomal structures containing
internalized EGFR have to be acidified to merge the lysosome for degradation of EGFR and
attenuation of signaling(Wang et al.,, 2002). EGRBnaling attenuation is initiated by
ubiquitination of EGFR tail protruding into the oplasm from the endosomes(Sigismund et al.,
2013). This ubiquitination results in recognitiohtbe EGFR sorting complex that directs the
EGFR containing endosomes to the lysosomes(Sigidnainal., 2013). Compromise of this
ubiquitination and degradation pathway often resiitEGFR recycling back to the membrane

and continuation of signaling(Alwan et al., 2003).

Epidermal growth factor receptor activation andutsit signaling cascades are responsible for
promoting growth and proliferation in cells(Carpemand Cohen, 1979, Mitsudomi and Yatabe,
2010). Hence, aberrations in their expressionyaitin and signaling pathways can result in
abnormal cellular growth (i.e. formation of tumanscancerous growth)(Nicholson et al., 2001,
Mitsudomi and Yatabe, 2010). Cancer formation uUguashkes place due to increased

proliferation of cells, cell invasion, metastasiggsistance to apoptosis and increased
angiogenesis, all of which are directly or indikgectinfluenced by enhanced EGFR

signaling(Figure 1)(Baselga, 2002). As such, caaaused due to mutations in EGFR are
highly infiltrative and aggressive in nature(Nicbmh et al., 2001). Enhancement of EGFR
signaling occurs due to either amplification or atisin of the EGFR gene(Voldborg et al.,

1997). Three types of deletion mutations of the RGxtracellular domain have been reported



to cause cancerous growth(Voldborg et al., 199QFRvI represents a mutated EGFR with
completely deleted extracellular domain that dossrespond to EGF but remains constitutively
active(Voldborg et al., 1997). EGFR vll represeatsnutated EGFR with 83 aa deletion in
domain IV of the extracellular domain, found primham glioblastoma (Voldborg et al., 1997).
EGFRvVIII represents a mutated EGFR that does naaodomain | and Il (amino acids 6-273)
of the extracellular domain. This deletion resittsover-amplification of this mutated EGFR,
contributing in enhanced EGFR signaling(Voldborgakt 1997). Also, EGFRuvIII fails to get
internalized after activation, thus prolonging #gnaling cascade. Similar mutations leading to
EGFR over-expression in cells have been identifeed the cause for several kinds of
cancer(Voldborg et al., 1997). EGFR over-expressmireported in most cases of breast
cancer(Rimawi et al., 2010), non small cell lunga=a and glioblastoma multiformae (Rusch et
al., 1997, Barker Il et al., 2001). Human papillomrais mediated cancers (cervical cancer, head
and neck cancer, vulvar cancer etc) have also sle@nn to over-express these receptors(Kim et
al., 2007). The most important and frequently ssddincogenic EGFR mutations are those in its
intracellular tyrosine kinase domain (Tang et 2005, Wang et al., 2006). Mutations in the
tyrosine kinase domain of EGFR may activate theseptors without their ligand, keeping the
receptor constitutively active(Wang et al., 200@&ldborg et al., 1997). Some mutations like
those in the C-terminal amino acids 957-1022 (megufor endocytosis) has been reported to
enhance EGFR signaling by preventing their endatytoubiquitination and degradation

(Voldborg et al., 1997).



1.2Human Papilloma Virus mediated EGFR over expressitugnors

Human papilloma viruses (HPV) are small, non ernyetb DNA viruses that belong to the
papovaviridaefamily of viruses(Parkin., 2006). Clinical, sciditt and epidemiological data
suggests that HPV infection accounts for ~5.2% aifcees worldwide, (Schiffman et al.,
2007)including cervical, vulvar, penile, and oropmmeal cancer (Schiffman et al., Mufioz et
al., 2004, Watson et al., 2008). Till date, momntitwelve oncogenic, high risk HPV strains have
been identified. Among these stains, HPV16 and HBVcause majority of the HPV related
cancers (~70%)(Mufioz et al., 2004, Watson et aD828chiffman et al.). Although, currently,
cervical cancer is the most common form of HPV iaed cancer, research indicates that by
2020 oropharyngeal cancer will take over as thditeaform of HPV mediated cancer in the

United States(Chaturvedi et al., 2011).

The human papilloma virus genome contains a dostbdeded DNA that can code for 8 proteins
which are named early (E) or late (L) accordingttie time in the viral life cycle they are
expressed. E1, E2, E4 and E5 proteins are impofoaneplication of the viral genome in the
host. E1 plays a role in preventing the viral geadnom integrating into the host, and along
with E2 initiates the viral gene expression. E6 &7dare the two primary oncoproteins which
inactivate tumor suppressing p53 and pRb protesspeactively. (Yim and Park, 2005). The
hydrophobic E5 protein down regulates the majotobmmpatibility complex 1(MHC1) to
prevent infected cells from being eliminated throdlge immune system and also plays a role in
ligand activated cell proliferation through the @gimal growth factor receptors(Chen et al.,
2004). E1 and E2 regulate the production of theaB@ E7 oncoproteins to prevent possible
cancerous growth. L1 and L2 are capsid proteins dha produced only when viral genome

needs to be packaged before leaving the host @etal., 2009).
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HPV can infect, develop and reproduce in keratitexyor keratin producing epithelial cells
only(Delvenne et al., 2001). The capsid proteinthefvirus, L1 and L2, play an important role
in the uptake of the viruses through interactionhwheparan sulphate proteoglycans on the
surface of host cells (Rommel et al., 2005). Reestdence also suggests that integrin-alpha 6
acts as a co-receptor in the uptake mechanism éBghis et al., 2003). It has been reported that
in vivo, virions initially bind to the basement membranéobe they move into the keratinocyte
or epithelial cell population. Howevein vitro the virions show a direct receptor mediated

uptake (Horvath et al., 2010, Da Silva et al., 2007

Once inside the cell the HPV amplifies its genomamaintain ~ 50 copies per infected cell
(Meyers et al., 2002). At this point the virus nenpose to remain latent inside the host cells, or
it may start proliferating and subsequently showngipms of infection. HPV genome
amplification is usually a tightly regulated prosethat changes with the stage of epithelial
differentiation. Keratinocytes and outer epithel@er cells contain ~1000 copies of the HPV
episome, and also produce the L1 and L2 proteinshypackage the HPV genome for release
(Zhao et al., 1998, Finnen et al., 2003). HPVrajecan last from months to 20 years or more.
In cervical cancer, latency period between HPVdtiée and low grade cervical dysplasia is~5
years and between low grade lesions to the devednpof invasive cancer is ~15 years (Meijer
et al., 2000). Low grade lesions are characterimepresence of the HPV genome as an episome
whose protein expression is independent of the gesbme. E6 and E7 oncoproteins are not
expressed at the low grade lesion stage (Lee,e2@l1). The conversion of a low grade lesion
into a high grade lesion is characterized by irdggn of the HPV genome into the host genome
such that transcription of HPV genome is reguldigdoth HPV and host regulatory elements.

This invasive stage is characterized by increagg@dession of E6 and E7 oncoproteins due to



loss of E1 and E2 expression which normally regutae level of these oncoproteins (Cricca et
al.,, 2009, Collins et al., 2009). This increasegression of the oncoproteins also lead to

genomic instability that results in genome inteigratind finally progression to malignancy.

The HPV E5 is a hydrophobic, trans-membrane, 8haracid poly-peptide that is unable to
immortalize kerationocytes, but increases the fan@tive life of these cellm vitro (Barbaresi et
al., 2010). In some studies it has been shownithatesence of the ligand, HPV E5 inhibits the
down regulation of EGFR (Figure 2) (Ashby et alQ02). This inhibition of EGFR down
regulation takes place in the endosomal compartimece the EGFR in endocytosed. E5 acts on
the ATPases to prevent endosomal acidification lagdce prevention of EGFR degradation
(Figure 2)(Ashby et al., 2001). This result in & 2imes increase in EGFR expression and
phosphorylation on the surface of the cells aEGER is recycled back to the surface. HPV E5
expression in an infected cell depends on the stag#PV infection and also the portions and
number of HPV genomes that has fused with the g@sbme (Figure 2)(Tsai and Chen, 2003).
In the initial stages of infection when the HPV gemes are present mainly as episomes, E5
protein is highly expressed in the cells (Muto let2011). On integration the expression of E5
depends on the number of integrated HPV E5 genofves.HPV 16 cell lines SiHa and CaSki
have ~1-2 and ~500-600 HPV genomes integrated in hbst genome and produce
corresponding amounts of E5 protein whereas Hellls ¢tave 40-50 HPV-18 integrated
genomes (Samama et al., 2002). A recent study uEIngPV-16 positive tissue samples has
shown that E5 protein was primarily expressed enltwer third of the epithelium in low-grade
squamous intraepithelial lesions (SILs) and thraugtihe whole epithelium in high-grade SILs

(Chang et al., 2001).



1.3 Treatment for EGFR over-expressing cancers

The main treatment options for cancer are useigifaBng pathway inhibitors, antibodies
against over-expressed receptors, surgery, cheraptheand radiation therapy or their
combination(Recht et al., 1996, Woodburn, 1999 thoice of treatment is dependent on the
type of tumor, its physiological location and stagéts diagnosis (Sant et al., 2009, Heidenreich
et al., 2011, Flehinger et al., 1992). If it is pie to take the tumor out of the body then suyrger
is usually the preferred choice. This is usually tlase if the tumor growth is detected early and
the cancer has not spread to other organs(Flehetgdr, 1992, Ohgami et al., 1999). In case of
late diagnosis (i.e. detection at the invasive estaghemotherapy and radiation therapy are the
preferred choices(Paik et al., 2000, Shah and lttydi@95). Also, in case of surgery, it might
not be possible to remove the complete tumor from hody and hence chemotherapy and
radiation therapy need to be used for removal efrdmnant tumor cells(Roth et al., 1994). A
treatment option that has been considered for EG¥&-expressing tumors includes use of
antibodies against the receptors(Ciardiello andorar 2008). Anti EGFR antibodies bind to the
ligand binding pocket of the receptors, thus blogkigand mediated EGF activation(Ciardiello
and Tortora, 2008). Two anti-EGFR antibodies Cetab (a mouse human IgG1 antibody) and
Panitumumab (humanized IgG2 antibody) have beerlwidsed for this purpose.(Ciardiello
and Tortora, 2008) However, several forms of primand acquired resistance have been
reported for antibody based treatment of EGFR exgressing tumors(Chong and Janne, 2013).
BRAF (B-Raf) mutation and PTEN (Phosphatase ansingmomolog) deletion are two common
mechanisms of primary resistance to antibody treatnn colon cancer (Laurent-Puig et al.,
2009, Sartore-Bianchi et al., 2009). Similarly memisms of acquired resistance in colon cancer

include S492R mutation (Figure 3) and alternatigthway activation [e.g. KRAS (K-Ras) and



MET (Mesenchymal—epithelial transition) pathwaynzation] (Montagut et al., 2012, Diaz Jr et
al., 2012, Misale et al., 2012, Liska et al., 201H9r cancers caused due to mutations in the
tyrosine kinase domain of EGFR, tyrosine kinasebitdrs like gefitinib, erlotinib and sunitinib
have been used(Ghoreschi et al., 2009). Similantibody treatment, both primary and acquired
resistance to tyrosine kinase inhibitors has bdmeiwed in different cancers(Chong and Janne,
2013). For example, in lung cancer, T790M mutafibigure 3) or BIM (a member of Bcl-2
family of proteins) deletion is responsible formary resistance.(Ng et al., 2012, Inukai et al.,
2006, Wu et al., 2011) The T790M mutation can éls@n acquired resistance to tyrosine kinase
inhibitor treatment(Kobayashi et al., 2005). Activa of the alternate pathways like DAPK
(Death associated protein kinase), BRAF (B-Raf§i 3AK2 (Janus Kinase 2) are also acquired
resistance to tyrosine kinase inhibitors (Ohashalgt2012, Harada et al., 2012, Koch et al.,
2012). Studies have shown that all patients of gatic, colorectal, lung and head and neck
cancer receiving antibody or tyrosine kinase irtbibi treatment ultimately develop
resistance(Chong and Janne, 2013). Hence chemad@tion therapies are usually the more

effective methods for treatment of tumors with ap@moaic EGFR mutation or over-expression.

1.4 Detection and treatment of HPV induced cancers

The common methods for detection of a HPV infectiaclude Pap smear tests, colposcopy and
direct inspection for HPV DNA in patient cell sarapl(Denny et al., 2000). Vaccines have been
invented for prevention of HPV infections in botlales and females. However, these vaccines
need to be taken early in life (21 years for malé 26 years for female) (Hutchinson and Klein,

2008). Once the HPV infection has progressed tcaraus lesion stage the current methods of



treatment include surgery, radiation therapy andnudtherapy. Surgery procedures include
cryosurgery, loop electrosurgical excision procegetectrocautery and laser therapy. However,
survival rate for patients is very low, and funotb outcomes are often compromised in these
surgical procedures. Thus, the patient often reguaither radiation therapy or chemotherapy
(Wang et al., 2012). Sub-lethal doses of radiatlmerapy are also used in combination with
surgery, alone or with chemotherapy for tumors Wwtaannot be operated (Worden et al., 2008).
Chemotherapy is the most common approach for teyatrof HPV mediated cancers and
depending on the stage of the cancer it may bditstemode of treatment before surgery or
radiation therapy (Smith et al., 2011). Hycamtird amsplatin were approved for therapy of
cervical cancer by FDA in 2006. Presently, cisplas the most frequently used drug for
chemotherapy of HPV mediated cancers. Howeverntestadies have showed that EGFR over-
expressing HPV mediated cancers are less respomsiygesent chemotherapy treatments
compared to other tumors (Kumar et al., 2008). Tinetser chemotherapeutic methods need to

be developed for treatment of HPV mediated canbatsfrequently over-express EGFR.

1.5 Drug delivery agents for chemotherapy

The major drawback to systemic chemotherapy has theceffect that anti-cancer drugs have on
non-cancerous cells. There are multiple classesheimotherapy drugs: alkylating agents,
antimetabolites, anthracyclines etc (Yeh et alQZ@&nd each has its own set of negative effects
on healthy tissue. Alkylating agents have been shdw cause long term bone marrow
damage(van Os et al., 1998) and even leukemidewhthracyclines can permanently damage

the heart (Suter and Meier, 2002he problem of negative effects on healthy tissuéurther
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compounded by the poor cellular uptake shown by ymeancer cells for a variety of
chemotherapeutic drugs such as doxorubicin, a cartynsed anthracycline(Kik et al., 2009).
One of the major limitations of these drugs isttihai therapeutic index (ratio of the lethal dose
to the effective dose of a drug) (Haley and FrenR8D8, Gombotz and Pettit, 1995). The two
leading reasons for the low therapeutic index valee (a) low drug concentrations at the target
site (solid tumors) upon systemic administration¢g §b) systemic toxicity on normal tissues
leading to potentially severe side effects on pasi¢Haley and Frenkel, 2008). The major reason
for low drug concentrations at target site is lowugl bioavailability due to binding of
hydrophobic drug to proteins. Thus, drug deliverstams have been developed that improve the
bioavailability of the drug and alter the drug'sdistribution to improve its accumulation at the
tumor site. These drug delivery agents, which ar@niym micro and nanoparticles, are
characterized by efficient drug loading and delvér target site. The various categories of
nanoparticles that have been explored in this tegarlude metal based nanoparticles (gold,
silver) (Chan, 2007, Anandhakumar et al., 201p)dIbased nanoparticles (liposome, micelles)
(Drummond et al., 1999, Liu et al., 2000) dendrisg@&illies and Frechet, 2005), polymer based
nanoparticles (Haxton and Burt, 2009), biologicahoparticles (viruses)(Ren et al., 2010),and
carbon based nanoparticles (carbon nanotubes,reéie, graphene) (Elhissi et al., 2011,
Zakharian et al., 2005, Zhang et al., 2010). ThHevely of drug to the tumor site using these
nanoparticles can happen by either an active oassiye uptake mechanism (Danhier et al.,
2010). The passive diffusion or convection of nartple through leaky tumor vasculature into
the tumor is referred as passive delivery. Nanagest due to their sizes, gain access to the
tumor interstitium and can be retained in the tufeorextended times, and this phenomenon is

known as the enhanced permeability-and-retentid?R)E{Gombotz and Pettit, 1995). EPR has
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been proposed as the dominant phenomena respofwilitee higher drug delivery efficacy of
the nanoparticles by passive tumor uptake mechaniBhe active nanoparticle uptake
mechanism is based on targeted drug delivery. Natiolg based drug delivery systems that
target tumors have been under investigation farraber of years also because of the advantages
they provide in terms of controlled drug releasd atreased effectiveness of drug delivery to
target sites. To ensure the drug loaded nanopestmie targeted to the tumor site specifically,
they are functionalized with antibodies, peptidad aarbohydrate moieties. The receptors for
these attached moieties are often over-expressehiors and thus these nanopatrticles are taken
up in the tumors. Nanoparticles with biocompatibteatings have also been utilized for the
delivery of drugs by evading the immune systemyRa@lctic Acid (PLA), Poly Lactic Acid co
Glycolic Acid (PLGA) and Poly ethylene glycol (PEGased micro and nanoparticles have been
approved by the FDA for drug delivery applicatiofMakadia and Siegel, 2011). Recently,
DOXIL, a doxorubicin (chemotherapeutic drug) lipps®formulation has been approved by the
FDA for drug delivery applications also (Barenh@912). Genexol-PM, a micelle based agent
for delivery of the drug paclitaxel has also beéAFapproved for treatment of breast cancer
(Oerlemans et al., 2010).

Currently, the chemotherapeutic treatment of EGRRr-expressing (which includes HPV
induced) cancers is either through oral ingestiomtavenous injection of the drug. However,
there are no FDA approved drug delivery agents kwloan target chemotherapeutic drugs
specifically to EGFR over-expressing tumors. Tlibere is a critical need for the development

of such an agent.
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1.6 Graphene as a delivery agent

Graphene is a two-dimensional planar carbon namdsiie which is made up of a densely
packed network of Sghybridized carbon atoms arranged in a honeyconystair lattice
formation (Geim and Novoselov, 2007, Novoselovlgt2004, Liu et al., 2010, Paratala et al.,
2012). This material has attracted a great deahttdntion due to its unique nanoscopic
properties, and for its potential in various matkeand biomedical science applications (Schedin
et al.,, 2007, Lin et al.,, 2011, Sordan et al.,, 2008 scientific significance and potential
transformative impact were underscored by the 20&dbel Committee with the award of the
Nobel Prize in Physics for work on ‘the thinnestten@al known’. A recent report also predicts

that graphene may overtake carbon nanotubes in eoohapplications (Paratala et al., 2012).

The physical and chemical properties of graphenkenitaparticularly useful for a variety of
imaging, therapeutic and drug-delivery applicatjorsd thus, it can be considered a
multifunctional nanoparticle (Sun et al., 2008). Amentioned earlier, efficient delivery of
chemotherapeutic drugs into cancer cells needsgbeof drug delivery agents because of three
main reasons. Firstly, most chemotherapeutic dewgshydrophobic in nature, have very low
solubility in physiological solvents and needs &odarried by an agent. Secondly, drug delivery
agents can load high volumes of drug onto themsdtwedelivery. Thirdly, drug delivery agents
can deliver loaded drugs to specific target sies increasing the specificity of the drug action.
Graphene has proved to be better than other dripdeagents in all three areas mentioned.
Graphene oxide, the oxidized form of graphene @dibpersed well in physiological solutions
because of the carboxylic, hydroxyl and epoxideugsoon its surface and is the form of
graphene mainly used for drug delivery purposeté8in et al., 2007). The external carbon

sheath of graphene can be covalently or non-cothalemctionalized with biological moieties
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that target specific cell or tissues types andf@armaceutical agents (Sun et al., 2008, Huang et

al., 2011).

The other advantage that graphene provides over dting delivery agents is its high aromatic
drug loading capacity (Sun et al., 2008). The hgtobic drug loading of graphene is possible
because of the stacking of aromatic rings of theydpi-pi stacking) on the flat bed of carbon
atoms that graphene provides (Figure 4)(Sun g2@08). This kind of non covalent attachment
of graphene has its own advantages including eaisgltw release of the drug when in an acidic
environment (in cancer cells)(Sun et al., 2008)wStelease of the drug ensures that there is a
continuous release of the drug for a better andiefit chemotherapeutic treatment. Moreover,
graphene can be functionalized covalently or noratsmtly (e.g. hydrophobic interactions) very
easily by ligands which can increase the aquealslisy of graphene or target the graphene to
cancer tissues. Solubilizing and targeting ligantsy include monoclonal antibodies, lipids,
folic acid, proteins and carbohydrate moieties WwHielp in the uptake of graphene into cancer
cells by endocytosis (Figure 4) (Sun et al., 2088ang et al., 2011). The exact circumstance
under which the drug release occurs is also veportant because drug release in tissues other

than target tissues will cause unwanted cell death.

As mentioned earlier, drug loading on graphenegeig/ high. Although functionalization of
graphene to facilitate targeting decreases its tlvading capacity it is still much higher than
other drug delivery agents ( e.g. most liposomagdtelivery agents can load ~10% w/w of the
drug (Fattal et al., 1991%un et alwere the first group to show that nanographenetshare
biocompatible and can be used to load high amoohtiydrophobic aromatic drug (e.g.
doxorubicin and SN38)(Sun et al.,, 2008). Functimagéilon of the graphene sheets with

antibodies was also achieved by this group so ttatgraphene sheets could be specifically
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targeted to cancer cells (Raji B cell ymphoma)n®tial., 2008). To provide better stabilization
in physiological solvents the same group reportaactionalization of graphene oxide with
amine terminated PEG. The PEG coating, being bipatimle by itself provided further
biocompatibility to the graphene structures ang tivere used to transport drugs into colorectal
cancer cells (HCT-116) (Huang et al.,, 2011). Anotiveay to make graphene oxide
physiologically more stable is functionalizationthvichitosan (Bao et al., 2011). 5-fluorouracil
could be successfully loaded and delivered on shitofunctionalized graphene (Fan et al.,
2013). Mixed drug treatment of cancer is very gyxadmmon practice to treat cancer. To see if
mixed drug loading of graphene is possibleng et alisedfolic acid conjugated nano graphene
oxide to load with mixed anti-cancer drugs andwdgkd them to cancer cells(Zhang et al.,
2010).Yang et ahave achieved a dual targeting system of graplbased drug delivery in
which they have attached super paramagneti©fi® graphene and then further functionalized
it with folic acid (Yang et al., 2011). Dual targegy was achieved by both the folic acid (folic
acid receptors are over expressed in cancer @il$)oy a guided magnetic field which would
guide the super paramagnetic particle attachednhgreg oxide into the cancer cells. Previous
work from the same groupréng et ak009) where they had used only;Bg to functionalize
graphene oxide had yielded a drug(doxorubicin) ilogdof ~ 1.08 mg/mg of graphene
oxide(Yang et al., 2009). However, on attachmenthef folic acid/ FgO, the drug loading
decreased to ~ 0.387 mg/mg of graphene oxide indgc#tat additional functionalization was
taking up space on the graphene oxide and thugiregldrug loading(Yang et al., 2011). Thus,
drug loading and functionalization for targeting@iseto have inverse relationship. One has to be
compromised to achieve the other. As mentionedeeathe release of the drug at the right place

and in the right conditions is important to detevenhow efficient the drug delivery i¢ang et

15



al found out that drugs loaded on graphene oxidesete drugs efficiently only at an acidic pH
(pH 4) and the release over time decreased grgdasibne went from acidic to basic pH (Yang
et al., 2011). Similar results with other drugs adifferent functionalization has been
demonstrated in other studidgapa et al)(Rana et al., 2011). Alternately, the space betwe
graphene sheets can be filled with biologically amant atoms and molecules (Figure 5)
(Paratala et al., 2012). Here, the graphene a@sbasiogical cargo vehicle which transports and
delivers imaging and/ or therapeutic agents (Fig)rd-urthermore, graphene itself can be used
as a therapeutic agent by exploiting its uniquespd@a properties. For example, the strong
optical absorption properties of graphene in treble or near infrared region could facilitate
tumor ablation with targeted hyperthermia of graghecontaining cells (Huang et al.,,
2011).0Other advantages of using graphene for tketappurposes, and as delivery vehicles
include its nanoscale size, which enhances itsitiete and permeability into diseased tissues
(e.g. tumors.). Additionally, its large surface arallows attachment of multiple functional
groups for the targeted delivery of multiple thexaic entities (Huang et al., 2011). Work is just
beginning on the idea of harnessing graphene aBematherapeutic agent for the targeted
treatment of cancer. The multifunctional charasters of this material may allow it to overcome

some of the problems that chemotherapeutics heferad to date.

Many recent studies have shown that once injeat@d/o, graphene shows passive targeting and
accumulation in tumors. This is probably becausisathin dimensions and small size. Yang et
al showed that pegylated graphene oxide accumytagdsrably in mice xenograft tumors when

injected though the tail vein (Yang et al., 201Md)ao et al repeated this study and in addition
showed that drug loaded graphene nanoparticlebearsed for effective passive targeting and

chemotherapy of tumors (Miao et al., 2013). Simataudies by Yue et al have shown same
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results in mice because of the previously mentidBB& (enhanced permeation and retention)
effect (Yue et al., 2013). These studies indich& tirug loaded graphene nanostructures would
be very efficient as agents for passive accumulatiotumors where they can be taken up into

tumor cells and thus increase bioavailability af thaded drug inside the tumor.

1.7 Graphene Nanoribbons

Previous biomedical research using graphene basedstructures including the studies
discussed in section 1.6 have focused on grapheneed from oxidation and exfoliation of
graphite. Recently, graphene nanoribbon, a new fofngraphene, has been synthesized by
oxidative unzipping of multiwalled carbon nanotulf@47]. These graphene nanostructures,
apart from being structurally different from gragghiderived graphene also contain more
carboxyl and hydroxyl groups on their surface [118¢nce, graphene nanoribbons should be
potentially easier to functionalize for targetiragnd improvement of their stability in biological
media. However, currently, there are no reportediss that explore the potential biomedical
applications of this particular form of graphenéeTglobal aim of this and subsequent chapters
of this dissertation is to test the biocompatipilif these nanostructures and assess their ability

to deliver chemotherapeutic drugsvitro andin vivo.
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1.10 Figures
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and intercalated with M ions. (Images from Paratala et al 2012 and MulGtiowdhury et al

2013)
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Chapter 2

GRAPHENE NANORIBBONS AND THEIRIN —=VITRO TOXICITY

Preface
Portions of this chapter have been reproduced from

Mullick Chowdhury S, Lalwani G, Zhang K, Yang JY, Neville K, SitharamBnCell specific
cytotoxicity and uptake of graphene nanoribbonentiterials. 2013;34:283-93 with permission

from Elsevier publishing group.

The authors listed in the above manucript haverimuttons towards the data reported in this

chapter.
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2.1 Introduction

Graphene, a two-dimensional (2-D) carbon nanostrachas attracted a great deal of attention
due to its unique nanoscopic properties, and hasvishpotential for various material, and
biomedical science applications (Novoselov et 2004, Liu et al., 2010, Schedin et al., 2007,
Lin et al., 2011, Sordan et al., 2009, Sun et28l08, Huang P, 2011, Yang et al., 2009, Paratala
et al., 2012). Recent reports predict that graphemght overtake carbon nanotubes in
commercial applications(Geim and Novoselov, 200#yaluation of the cyto- and bio-
compatibility is necessary to develop graphene material forin vitro or in vivo biomedical
applications. Additionally, in the future, use bkte materials for a wide range of commercial

materials science applications will increase thespmlity of their release into the environment.

Compared to carbon nanostructures such as fullergidakamura and Isobe, 2003),
metallofullerenes (Sitharaman and Wilson, 2007) eadon nanotubes (Lacerda et al., 2006,
Liu et al., 2009b), few reports are available oa tbxicity of graphenen vitro (Singh et al.,
2011, Sasidharan et al., 2011, Chang et al., 2@b)in vivo (Yang et al., 2010, Wang et al.,
2011) Solution-based techniques based on the modifiedrier's method (chemical oxidation
of graphite followed by ultrasonic cleavage) haweei used in the synthesis of graphene
nanoparticles for these toxicity studies, as thiégywapreparation of graphene in macroscopic
amounts necessary for these studies and eventpitamns (Hummers and Offeman, 1958).
Recently, Kosynkin, Tour, and co-workers have payad an oxidative method that allows the
synthesis of graphene nanoparticles in macroscapicunts by the longitudinal unzipping of
multi walled carbon nanotubes (Kosynkin et al., 200 hese nanoparticles referred as graphene

nanoribbons may also be suitable for a varietyiomedical applications provided they are cyto-
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, and bio-compatible. In this chapter, | assess,emaluate the cytotoxicity of oxidized-graphene
nanoribbons (O-GNRs) water-solubilized with the &ippilic polymer PEG-DSPE (hereafter
referred to as O-GNR-PEG-DSPE) at various conceotis (0-400pg/ml) and time points (24-

72 hours) in four different cell lines (HeLa, MCFSKBR, NIH3T3).

2.2 Materials and Methods

2.2.1 Synthesis of oxidized graphene nanoribbonsfalations:

O-GNRs were synthesized from multi walled carbonatabes (Sigma Aldrich, New York)
using a slight modification (centrifugation was dider purification rather than filtration) of the
previously reported procedure (Kosynkin et al., D0®riefly, multi walled carbon nanotubes
(MWCNTSs) (150 mg) were suspended in 30ml of corregatl sulphuric acid ((60;) for 2-4
hours. Potassium permanganate (KMNZb0mg, 4.75 mmol) was added, and the mixture was
stirred for 1 hour. The reaction was heated at @& 7n an oil bath for an additional 1 hour until
completion, cooled to room temperature, and washig dilute aqueous hydrochloric acid.
Ethanol and ether were added for flocculation, @redproduct was isolated by centrifugation at

3000 rpm for 30 minutes. The sample was then drieainight in a vacuum oven.

Dried O-GNR samples were weighed, and disperse@mh of PEG-DSPE(1,2-distearogh
glycero-3-phosphoethanolamine-N-[amino(polyethylghgcol)]) solution (best dispersion was
achieved using 1.2 mg/ml of PEG-DSPE), or DI watenbtain the different concentrations. The
dispersions were first bath sonicated (Ultrasooic&S30H, Fischer Scientific,Pittsburgh, PA)
for 15 minutes followed by probe sonication for 18fconds (2 seconds on and 1 second off

cycle, 20% amplitude, Cole Parmer UltrasonicatoX LF50) to ensure homogenous O-GNR
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suspensions. Freshly-prepared O-GNR-PEG-DSPE fatrons were used for all the cell

studies.

2.2.2 Raman Spectroscopy

Raman spectra of O-GNRs was obtained using an EmWwaw Raman-L Spectrophotometer
equipped with a CCD detector, and a 532 nm la$@&0% of maximum laser strength (500mW).
Samples were prepared by dissolving 10ug of O-GNR4 ml of PEG-DSPE solution
(containing 1.2 mg of PEG-DPSE). The Raman speftREG-DSPE solution was used as the

baseline.

2.2.3 Sample preparation for Transmission Electricroscopy

Samples for high resolution transmission electrasrascopy (HRTEM) were prepared by
dispersing the O-GNR in 1:1 mixture of water/etHabg probe sonication for 1 min (Cole
Parmer Ultrasonicator LPX 750) followed by ultragéngation at 5000 rpm for 5 mins. The
supernatant was dropped onto 300 mesh size, haxdey lcarbon grids on a copper support (Ted
Pella, Inc.Redding, CA). HRTEM was performed using JOEL 210@fh-resolution analytical
TEM (Center for Functional Nanomaterials, BrookhaWational Laboratory) at an accelerating

voltage of 200kV.

2.2.4 Cell Culture
Four different cell lines Henrietta Lacks cells {ld¢ derived from cervical cancer, National
Institute of Health 3T3(NIH-3T3) mouse fibroblagtlls, Sloan Kettering breast cancer cells

(SKBR3) and Michigan cancer foundation-7 breastcearcells ( MCF7) were used in the
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experiments. All cell lines were obtained from AT{Klanassas, VA, USA). Hela cells and
NIH-3T3 mouse fibroblasts were grown in DMEM mediu®KBR3 cells were grown in
McCoy’s medium and MCF7 cells were grown in RPMIO@6medium. All the media were
supplemented with 10% fetal bovine serum and 1 %icpkn-streptomycin. Cells were

incubated at 3T in a humidified atmosphere of 5% &@nd 95% air.

2.2.5 Alamar Blue Assay

Cell viability in terms of mitochondrial integritgnd overall cellular metabolism was measured
by alamar blue assay (Invitrogen, Grand Island, .N3glls from the three different cell lines
(SKBR3, MCF7 and Hela) were plated at 5 X d€lls per well in 96 well plates, and incubated
for 18 hours. Before commencing with the assay,m&tlia was replaced with 200ul of fresh
media in each well. 50ul of O-GNR PEG-DSPE stodkitsms at various concentrations were
added to every well for a final treatment concedrmra of 10pug/ml, 50pg/mil, 100pg/ml,
200pg/ml, 300pg/ml and 400pg/ml. The cells weralated at 37C for 24, and 48 hours. After
each time point, the media was removed, and wedlge wnsed twice with Dulbecco’s phosphate
buffer saline (DPBS) before adding 100ul of fresédma, and 10ul of Alamar Blue reagent. The
plates were again incubated for 2 hours atC37luorescence readings of the wells were
recorded by Cytofluor fluorescence multiwell plageader (Series H4000 PerSeptive Biosystems,
Framingham, MA) with excitation at 530 nm, and eia at 580 nm. Fluorescence reading for
cells in the culture medium containing only PEG-[ESRas used for baseline correction. The
cell viability in terms of % of control cells is pressed as the percentage qfs(F Foian/(Feontrol

— Fyank),Where Rt is the fluorescence of the cells exposed to nhhon sample, &niolis the

35



fluorescence of the unexposed control sample apgk IS the fluorescence of the wells without

any cells.

2.2.6 Neutral Red Assay

Cell viability in terms of lysosomal integrity waseasured by neutral red assay (Sigma-Aldrich,
New York). SKBR3, MCF7 and HelLa cells were platéd x 1 cells per well in 96 well cell
culture plates, and incubated for 18 hours. Neh, ¢ell culture media from each well was
removed, and replaced with 200 pl of fresh mediail&r to the Alamar Blue assay, 50ul of O-
GNR-PEG-DSPE stock solutions at various concepitnativere added to every well for a final
treatment concentration of 10pg/ml, 50pg/ml, 106pg200ug/ml, 300pug/ml, and 400ug/ml.
The cells were incubated at°87for 24 and 48 hours. After each time point, thedia was
removed, and the wells were rinsed multiple timéb WPBS. After the DPBS washes, 100ul of
fresh media was added to each well along with 16fprdeutral red reagent (0.33% in DPBS),
followed by incubation for 2 hours at %7. The neutral red reagent was removed, and celts w
treated with 100ul of Neutral red assay fixative fomin followed by 100ul of Neutral Red
assay solubilization reagent. Absorbance of culmexdia containing O-GNR-PEG-DSPE at
490nm was used for baseline correction in all tleeigs. Absorbance readings of the plates were
taken in a BIOTEK ELx 800 absorbance micro plasdes at 490 nm. Cell viability in terms of
% of control cells is expressed as (&D- ODyank)/(ODcontrol — ODyian), Where OR is the
optical density of the cells exposed to nanoribbample, ORynioiiS theoptical density of the

control sample, and Qfankis the optical density of the wells without anyise
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2.2.7 Trypan Blue Assay

Cell mortality of SKBR3, MCF7 and HelLa cells wasestigated byrypan blue assay. All the 3
cell lines were plated in 6-well culture platesaatconcentration of focells per well, and
incubated for 18 hours prior to media change, arR@GNIR-PEG-DSPE treatment. The wells
were incubated with O-GNR-PEG-DSPE solutions atceatrations of 10ug/ml, 50ug/ml,
100pg/ml, 200ug/ml, 300pg/ml, and 400ug/ml for Iuds. Next, the cells were trypsinized
using with 300ul trypsin—-EDTA solution. The supernatant was mixeith trypsin detached
cells, and centrifuged at 1500 rpm for 3 minutasl df trypan blue reagent was added to the
pellet, and the cells were counted using a hemaugter. Cell mortality (%) was expressed as
the percentage of dead cells out of the total nurobeells. Cells cultured in the absence of O-
GNR-PEG-DSPE served as control. Mortality of célighe presence of DSPE-PEG was also

tested.

2.2.8 Lactate Dehydrogenase Assay

Membrane integrity of cells exposed to O-GNR-PEGESwas evaluated by lactate
dehydrogenase assay (LDH) Kit (Sigma-Aldrich, Newrk). SKBR3, MCF7 and Hela cells
were plated at a density of 5 x*1@lls per well in 96 well cell culture plates, andubated for

18 hours. Post media changes, and treatments aktlseat O-GNR-PEG-DSPE concentrations
(10-400ug/ml similar to the previous assays, tHis egere incubated at 8C for 24, 48, and 72
hours). After each time point, media was collecliesn individual wells, and centrifuged at
1200 rpm for 5 minutes. 50ul of the media supemntatas added to a fresh 96 well plate along
with LDH assay reagent, and incubated for 45 mmuide absorbance values were recorded at

490 nm. Positive control was prepared by addingull6f lysis solution to the control cells, 45
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min before centrifugation. The LDH leakage (% adspive control) is expressed as the
percentage of (Ot~ ODyjank)/(ODpositive— ODyiank), Where ORxgis the optical density of the
control cells, or cells exposed to O-GNR-PEG-DSPB,siivelS the optical density of the
positive control cells, and Qlais the optical density of the wells without celksbsorbance of

culture media containing PEG-DSPE was used forlinagseorrection in all the groups.

2.2.9 Clonogenic assay

Cell division and colony forming capacity of thellseexposed to the O-GNR-PEG-DSPE
formulations were evaluated using clonogenic asbil.a and MCF7 cells were plated at a
density of 50 cells per well in 6 well plates. Aft#8 hours of incubation, old media was
removed, and 1.6 ml of fresh media along with 400fivarious O-GNR-PEG-DSPE stock
solutions was added to yield final treatment cotregions of 1pg/ml, 10ug/ml and 30ug/mi.
The cells were incubated at °87 for 7 days, and media was changed every 2 dayst P
incubation, the culture media was removed, celleeveeibjected to multiple DPBS washes, and
fixed using ice cold methanol. Cell colonies wernewed, and imaged by a bright-field
microscope (Axiovision 4.0, Zeiss, Germangglls cultured without O-GNR-PEG-DSPE or with
PEG-DSPE served as the controls.

Image processing toolbox in MATLAB was used to difgrthe sizes of each of the colonies
obtained after O-GNR-PEG-DSPE treatment. Brieflyght field images were subjected to a
series of image processing steps such as thresfgolddge detection, contrast enhancement,
median filtering, erosion, and dilation followed lmpantification of the region properties.

Colony area, computed using image processing (scpiaels) was converted to [irhased on
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the pixel area, scale and magnification of the Hirfgeld images. Multiple colonies were

analyzed for every O-GNR-PEG-DSPE treatment group

2.2.10 Live Cell Assay

The toxicity of O-GNR-PEG-DSPE on HelLa and NIH 3déls was assessed by a LIVE cell
assay using Calcein-AM fluorescence as the indickmolive cells. NIH 3T3 and HelLa cells
were plated at a density of 5 x*I&lls per well in 96 well cell culture plates fds hours, were
subjected to media changes, and treated with tBNA-PEG-DSPE at concentrations between
10-250ug/ml.. The cells were incubated at@Tor 24 hours in the presence of the O-GNR-
PEG-DSPEs. Next, the cell culture media was remgoaed the wells were subjected to multiple
DPBS washes. 100l of Calcein AM (2uM) was addeelich well, and incubated at°87for 1
hour. Fluorescence readings of the plates weragdedausing Cytofluor fluorescence multiwell
plate reader (PerSeptive Biosystems, Framingham), &A&xcitation, and emission wavelengths
of 485 and 530 nm, respectively. Cells lysed bwttreent with lysis solution served as the
negative control (). Cell without O-GNR-PEG-DSPE treatment servedpasitive control

(Fmax). The percentage of viable cells was calculated @gwfe-Fmin)/ (Fmax - Fmin) X 100.

2.2.11 TEM of cells incubated with the O-GNR-PEG-BE formulations

Six well plates with surfaces covered with ACLAR®@nT (Electron Microscopy Sciences,
Hatford, PA) were plated with cells at a densityprf10 cells per plate, and exposed to O-GNR-
PEG-DSPE for 3 hours. At the end of three hourdls cgere fixed with 2.5% electron

microscopy grade glutaraldehyde (Electron Microgc8giences, Hatford, PA) in 0.1 M PBS.
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After fixation, the films containing fixed cells we placed in 2% osmium tetroxide in 0.1 M
PBS, dehydrated through graded ethanol washes,earidded in durcupan resin (Sigma-
Aldrich, St. Louis, USA). Areas with high cell detiss were blocked, cut into 80 nm ultra-thin
sections using an Ultracut E microtome ( Reichaertg) Cambridge, UK), and placed on
formvar-coated copper grids. The sections were thiewed with a Tecnai Bio Twin G

transmission electron microscope (FEI, Hillsbor®)Oat 80 kV. Digital images were acquired
using an XR-60 CCD digital camera system. (AMT, Wioh MA). 12 cells per treatment

condition were analyzed.

2.2.12 Cell Attachment

The effect of O-GNR-PEG-DSPE on the attachmenteds was tested by incubating Hela,
MCF7, and SKBR3 cells with 10pg/ml of nanopartickes 48 hours, and comparing the

remaining number of cells to that of the untreatentrol (Figure 11).

MCF7, Hela, or SKBR3 cells were plated at 25 X t8lls per plate in 10 cm plates, and
incubated for 24 hours. 1 ml of O-GNR PEG-DSPEIlstmution was added to each plate for a
final treatment concentration of 10pg/ml. The @atkere incubated for 48 hours, after which the
cell media was removed, the plate were washed phaltimes with DPBS. The cells were then

trypsinized, and their number counted using a hgtooteter.
2.2.13 ROS generation

The production of reactive oxygen species (ROS)armal cells is greatly increased when they
are under stress. ROS generation in HeLa celts M@F7 cells treated with 20ug/ml, and 40

pg/ml O-GNR-PEG-DSPE were quantified using 2', i¢htbrofluorescin diacetate (Sigma
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Aldrich) (Figure 12).2', 7’-dichlorofluorescin diacetate is cell permieakand oxidized in the
presence of ROS to produce green fluorescence. flmeescence intensity is directly

proportional to the amount of ROS produced.

MCF7 or HeLa cells were plated at 25 X &6lls per well in 96 well plates, and incubated¥ér
hours. Before commencing with the assay, old media replaced with 200 pl of a 20 uM
working solution of 2', 7’-dichlorofluorescin dideg¢e in each well, and incubated for 45
minutes. Next, this solution was replaced by 200fDPBS (containing 10% FBS) followed by
addition of 50 pl of O-GNR PEG-DSPE stock solusiadio each well for final treatment
concentrations of 20pg/ml, or 40pug/ml. The O-GNEGPDSPE concentrations were incubated
for 2 hours, and then aspirated out. The wells weashed with DPBS, and 200ul of DPBS
(with 10% FBS) was added to each well. Fluoreseeradings of the wells were recorded by a
Cytofluor fluorescence multiwell plate reader (8sri H4000 PerSeptive Biosystems,
Framingham, MA) with excitation at 485 nm and enoissat 530 nm. Fluorescence reading for
cells in the culture medium containing only PEG-[ES#as used as the untreated control.

2.2.14 Depletion of media

The effect of O-GNR-PEG-DSPE on the depletion ofdimevas tested by incubating Hela,
MCF7 or SKBR3 cells to media pre-exposed to theoparticles (Figure 13). Media for the
three different cell lines (DMEM, RPMI or McCoy’sedium) were prepared by exposing the
media to 100pg/ml O-GNR-PEG-DSPE for 4 hours foddwoy removal of the nanoparticles

using high speed centrifugation. The supernatastwgad as the cell culture media.

MCF7, HelLa or SKBR3 cells were plated at 25 ¥ t@lls per plate in 10 cm plates, and

incubated for 24 hours. Next the old media wasasgd by the media pre-exposed to O-GNR-
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PEG-DSPE, and incubated for 48 hours. Following thcubation, the cells were trypsinized,
and cell number was counted using a hemocytomé&ells grown in normal media were

considered as the untreated control.

2.2.15 Statistical Analysis

All data are presented as mean + standard devidgtion 4 for trypan blue assay, and n = 6 for
all other assays). Square root transformation wseduto transform percentage data to
approximate a normal distribution, and these tamnséd data were used for further statistical
analyses. Students‘t’ test was used to analyzeiffierences among groups. One-way anova
followed by Tukey Kramer post hoc analysis was useanultiple comparisons between groups.

All statistical analyses were performed using a ¥@af#fidence intervalp(< 0.05.

2.3 Results

2.3.1 TEM and Raman Spectroscopy O-GNRs

Figure 1A displays a low resolution TEM microgragitowing multiple O-GNRs. As seen in the
figure, the graphene nanoribbons have fully unziplpgers of graphene sheets. The TEM image
clearly shows that the nanoribbons are multilayefaadows) due to the unzipping of the
MWCNTSs. The graphene oxide nanoribbons structupeags mostly uniform and smooth, with
few defects. Analyses of multiple TEM images shdattO-GNRs have an average width of
125- 220 nm, and lengths between of 500 — 2500Figuire 1B, C and D are representative high
resolution TEM (HRTEM) images of the synthesizeds®Rs that show straight smooth edges

with no edge-roughness. The inter-layer spacingraphene sheets measured from HRTEM
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micrograph is ~ 0.34 nm, which is in agreement With values reported for pristine graphene

(Miyazaki H, 2008).

Figure 2A shows a representative Raman spectrutheoO-GNRs. The spectrum shows the
characteristic G band at 1580 ¢rattributed to the doubly degeneratg &ate and the D band at

1332 cnf, attributed to the zone boundary phonons (Fergal., 2006). Figure 2B shows a

digital photograph of O-GNRs dispersed in watePBG-DSPE solution (6 mg PEGSPE in 5

ml of water) at a concentration of 1 mg/ml, and tkepdisturbed for 3 hours. The O- GNRs

dispersed in the PEG-DSPE solution appear darkel,h@mogenous than those dispersed in

water.

2.3.2 Alamar Blue Assay

In this fluorescence-based assay, the non-fluontsdge Alamar blue (resazurin) acts as an
electron acceptor for enzymes like nicotinamidenaue dinucleotide phosphate (NADP), and is
converted to a pink fluorescent dye. The amountari-fluorescence to fluorescence conversion
is dependent on the metabolic state of cells. bs®d metabolic activity produces more
conversion, and hence more fluorescence. Figurar®AB show the plot of percent cell viability
as a function of O-GNR-PEG-DSPE concentration (@0:4/ml) at the 24, and 48 h time point,
respectively. At both the time points, all the #hieell types showed a decrease in cell viability
with increase in incubation concentrations andldhgest decrease in cell viability was observed
at the maximum incubation concentration of 4gfnl. At this concentration, the SKBR3 cells
shows ~ 10% and 22% decrease in cell viability at24 and 48 h time point, respectively.

MCF7 cells show a 15% and 20% decrease in cellilitialat the 24 and 48 h time point,
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respectively. At the same incubation concentratitel,a cells show a 60%, and 63% decrease in
cell viability at the 24 and 48 h time point, resipeely. 50% cell death was observed for the

HeLa cells at 20@g/ml incubation concentration at both the time pin

2.3.3 Neutral Red assay

In this colorimetric assay, healthy cells take apd store the neutral red dye in lysosomes,
which is released in the presence of solubilizabiofier(Repetto et al., 2008). Healthy cells with
intact lysosomes hold more neutral red dye thanl de#ls, or cells undergoing apoptosis. Figure
4A and 4B shows the viability of 3 cell lines (SKBRMCF7 and Hela), incubated with the O-
GNR-PEG-DSPE solutions for 24 and 48 hours at aunatons between 10-400ug/ml. At both
the time points, all the three cell types showedearease in cell viability with increase in
incubation concentrations. At the highest concéisinaof 40Qug/ml, SKBR3 cells show
maximum cell death with 17% and 20% decrease invcability, and MCF7 cells show a 20%
and 22% decrease in cell viability at the 24 andhd@r time point, respectively. HelLa cells
show a 60%, and 58% decrease in cell viabilityhat 24 and 48 hour time point, respectively.
50% cell death was observed for the HeLa cell©8u@ml incubation concentration at both the

time points.

2.3.4 Trypan Blue Assay

This assay is based on the principle of dye exatusp differentiate between living, and dead
cells. Living cells with intact cell membranes peets the trypan blue dye from entering them,
whereas dead cells with compromised leaky cell ntamds allow the dye to pass through. This

allows dead cells stained by the dye to be visadliznder a bright field microscope. Figure 5
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shows the cell mortality (cell death) observedhe 8 cell lines (SKBR3, MCF7 and HelLa),
when incubated with 10-400pg/ml O-GNR-PEG-DSPE temiufor 12 hours. Also included are
the results of the controls; untreated cells, agits dreated with only the PEG-DSPE solution.
The controls do not show any noticeable cell daatine three cell types. MCF7 cells show no
cell death at 10ug/ml, ~5% cell mortality at 50ug/erhd no statistically significant increase
upto 400pg/ml treatment concentrations. SKBR3 cglew ~5% cell mortality at 10pg/ml
incubation concentration, and a dose -dependem¢ase with ~ 13% cell death at 400pug/ml
treatment concentration. HelLa cells show ~5% celbrtality at 10pg/ml incubation
concentration and a dose-dependent increase with% &Il death at the highest treatment

concentration of 400ug/ml.

2.3.5 LDH Assay

This assay measures the cytosolic enzyme lactatgldegenase (LDH) released in the media by
dying cells possessing compromised cell membrahhs. released LDH oxidizes lactate to
pyruvate which converts iodonitrotetrazolium (INdhesent in the assay reagent to formazan; a
water soluble molecule with an absorbance peak9an@ (Lewinski et al., 2008), readily
detectable by optical absorption spectroscopy.reigh-C shows %LDH release from the three
cell lines incubated with various concentrationSetGNR-PEG-DSPE (10-400ug/ml), for 24,
48 and 72 h. The results of the controls; untreatdts and cells treated with only the PEG-
DSPE solution are also shown. The controls (urgckatlls) shows different LDH release with
SKBR3 and Hela cells showing slightly higher LDHegese at the three time points (24,48 and
72 hours) compared to MCF7 cells which does notvsay statistically significant increase in

%LDH release with increase in O-GNR-PEG-DSPE intohaconcentrations, at all the three
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time points (Figure 6A-C). At the highest appliezhcentration (400ug/ml), MCF7 cells show
the maximum LDH release of ~45% LDH compared totpasicontrol ( lysis solution) at the 24
hour time point, which remains almost same (~40%hat72 hour time point. SKBR3 cells also
show no statistically significant increase in %LDélease with increase in O-GNR-PEG-DSPE
incubation concentrations, at all the three timenggo(Figure 6A-C). SKBR3 cells incubated
with 400pug/ml O-GNR-PEG-DSPE solution show a LDkase of ~45% at the 24 and 48 hour
time point which increases to ~55% at the 72 hauetpoint. HeLa cells show an increase in
%LDH release with increase in O-GNR-PEG-DSPE intobaconcentrations, at all the three
time points (Figure 6A-C). They show ~95% LDH rekeasd the 24 hour time point when

compared to positive control, which increases t05% at the 72 hour time point.

2.3.6 Clonogenic Assay

The clonogenic assay is a widely-a@@pbhethod to quantify the proliferation rate, angacity

of colony formation of cancer cells in presencené or more xenobiotic compounds (Franken
et al., 2006). The colony forming capacity of adiudual cancer cell can be assessed by either
counting the number of colonies or by estimating #ize of the colonies produced by the
individual cells at various concentrations of thenabiotic compound. Figure 7 shows
representative bright-field optical images of Hedrad MCF7 cell colonies after 7 days. These
images are of control groups (untreated cells dy ®EG-DSPE solution) and experimental
groups (cells incubated with O-GNR-PEG-DSPE sohgiat various concentrations). Figure 7A
and Figure 7B are bright-field images of HeLa ostlonies formed by the control cells
(untreated cells). Figure 7C and Figure 7D arehpiggld images of HelLa cell colonies formed

when cells were incubated with only the PEG-DSPHEtsm. Figure 7E-H show colonies of
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HelLa cells formed by cells incubated with 1pg/my(fFe 7E-F), and 10ug/ml (Figure 7G-H) of
O-GNR-PEG-DSPE solution. HelLa cell colonies, dlloéismaller sizes compared to controls
could only be observed for cell incubated at thesecentrations. At the O-GNR-PEG-DSPE
incubation concentration of 30ug/ml, individual Hekells could be observed till day 3 of
incubation. However, no observable cell coloniesenabserved at day 7(results not shown).
MCF7 cell colonies formed in the absence (contimd presence of O-GNR-PEG-DSPE
solution (incubated at 30pug/ml concentration) drews in Figures 7 1-J and K-L, respectively.
Qualitatively, from the images, the MCF7 cell cotasizes for all groups were similar. Image
processing performed to calculate the colony dregufe 7M ) showed no significant difference
between the untreated control (HeLa and MCF7 gelgLa cells treated with only PEG-DSPE
, and MCF7 cells incubated with 30pg/ml O-GNR-PEGHE (average colony area ~ 3-8 X 10
unt). However, HelLa cells showed smaller colony amfas 1.5x16 pnt and 1x16 pun? at

incubation concentrations of 1 and 10ug/ml respelti

2.3.7 Live Cell Assay

The LIVE cell assay involves the addition of catc&iM. Esterases found inside the cytoplasm
of living cells cleave the acetomethoxy group (AM)m calcein-AM, and entrap the calcein
inside living cells, which emits green fluorescenand can be quantified to assess cell viability
(Bratosin et al., 2005). Figure 8 shows the cedlbuity of NIH-3T3, and HeLa cells, when
incubated with increasing concentrations of O-GNEGFDSPE formulations for 24 hours. Both
the cell types showed a decrease in cell viabitth increase in incubation concentrations.

However, the decrease in cell viability with ingeain incubation concentration was much

47



steeper for the Hela cells compared NIH 3T3 celisthe highest incubation concentration

(250ug/ml), ~85% of the NIH-3T3 cells, and ~60% af HhelLa cells remain viable.

2.3.8 Cellular Uptake

Representative TEM images of HeLa and MCF7 cetiabated with 20pg/ml O-GNR-PEG-
DSPE solution are shown in Figure 9, and Figured€pectively. Figure 9 A shows O-GNR-
PEG-DSPE aggregates (yellow arrow) at the peripbtayHelLa cell. The same image also
shows O-GNR-PEG-DSPEs located in a pit with the brame enveloping around it suggesting
that this aggregate is getting endocytosed (blt@e). A part of the membrane from the same
cell can also be seen moving towards a larger ggtgdred arrows) suggesting a
macropinocytotic mode of uptake being also predagtre 9 B shows a HelLa cell with its
cytoplasm (red arrows) moving towards the O-GNR-HESPEs (yellow arrow), and engulfing
them in a mechanism similar to macropinocytosigufg@ 9 C shows large O-GNR-PEG-DSPE
aggregates inside a HelLa cell. The aggregatesatesed within a vesicular structure (red
arrows) lying outside the nucleus. The structuressanilar in appearance to early endosomes
(endosomal matrix is less dense matrix than cyssp)avhich generally transport endocytosed
material to lysosomes after maturation. Figure BBwss another vesicle carrying the O-GNR-
PEG-DSPEs. Analysis of multiple TEM images indisateat most of the O-GNR-PEG-DSPEs
uptaken into the HelLa cells were present in vesiglighin the cell, and rarely found outside the
cells. Additionally, no O-GNR-PEG-DSPE aggregatesexfound inside the nucleus of the
Hela cells, or associated with any cellular orgiselFigure 9E and F shows TEM images of
HelLa cells incubated with 20pug/ml O-GNR-PEG-DSPE2# hours. The images show swollen

intracellular vesicles (Figure 9E), and disruptéasma membrane (Figure 9F) shown with red
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arrows) commonly observed in necrotic cells. Feg® A —B shows MCF 7 cells with most of
the O-GNR-PEG-DSPE aggregates (yellow arrows)enpériphery of the cells, and no or very
few aggregates within the cells. Figure 10 C sh@aGNR —PEG-DSPE aggregates (circled in
red) lying between two MCF-7 cells (nucleus showtinwlack arrows). Figure 10 D shows the
morphology of MCF7 cells exposed to the O-GNR-PE&PEs. The cells appear healthy, and

do not show any apparent changes in the gross rolmgh

2.4 Discussion

The objective of this study was to assess, anduatalthe cytotoxicity of O-GNR-PEG-DSPE
formulations. Towards this end, O-GNR-PEG-DSPE tsmhs at various concentrations (0-400
pg/ml) were treated at various time points (24-02ire) on four different cell lines (HelLa,
MCF7, SKBR and NIH3T3). The four cells were choserce, they are widely accepted model
cell lines used for screening vitro cytotoxicity, and cytocompatibility (Clothier et.a1997).
The TEM images (Figure 1) clearly show multilayeftadows) O-GNRs due to the unzipping of
the MWCNTSs. The starting material, MWCNTs, have arter diameter o40- 70 nm Upon
unzipping, the MWCNTs should open up completeh&ve breadths of ~ 125 — 220 nmx
diameter). The analysis of the TEM images (15 nabons were analyzed) indicates that the
width of the graphene nanoribbons is ~125-220 nmg¢hwis in the range expected for fully flat
ribbons. The Raman spectrum (Figure 2A) shows armpoominent D-band peak compared to
the raman spectrum of multiwalled carbon nanotukesrted previously by our group, due to
increased disorder in the “splomains, and reduction of the crystal size dueotilation
(Kosynkin et al.,, 2009, Lalwani et al.,, 2013). Tl&GNR-PEG-DSPE solutions were

homogeneous, and stable up to the 3 hour time gbigure 2B). The O-GNRs dispersed in
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water settled down with time. Nevertheless, atathé of 3 hours, substantial amounts (~50%) of
O-GNRs still remained in the solution. This obséosais in line with other reports (Sun et al.,
2008). The presence of carboxyl and hydroxyl graalpsg the edges of the nanoribbons leads
to their increased dispersibility in water (Kosymket al., 2009). However, the O-GNRs
flocculate in presence of ionic salts typically g@et cell culture media. Thus, addition of a
biocompatible coating such as PEG-DSPE stabilibes @-GNRs, and prevents them from

settling down in biological media.

The initial cyto-toxicity screening of O-GNR-PEG-BE formulations were done with SKBR3,
MCF7, and Hela cells using various assays thawadiilssessment of its effects on cell anatomy
and physiology. These assays provide informationcelh metabolism (alamar blue), cell
machinery (neutral red), cell membrane integritypfl), cell mortality (trypan blue), and cell
proliferation (clonogenic assay), which are direcindirect indicators of cytotoxicity. All these
assays require living cells to firmly adhere to sueface of the tissue culture wells. Thus, before
these assays were performed, the four cell lines weubated with 10pug/ml nanoribbons for 48
hours to confirm that the presence of the O-GNR-BEBPEs does not affect the attachment of
the cells to the substrate. No significant change=ll number were observed when compared to
untreated or control cells after multiple DPBS wesskFigure 11). Thus, any observed decrease
in cell viability cannot be attributed to live cellletaching from the substrates upon exposure to
O-GNR-PEG-DSPE formulations. Although there areorepabout the interactions of carbon
nanotubes with alamar blue and neutral red dyesK@b al., 2009), the high solubility of the
O-GNR-PEG-DSPE formulations allows them to getlgasised via DPBS washes before the

commencement of assays. Thus, these assays dsilawtany nanopatrticle interference.
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The results of all five assay indicate that the RRGPEG-DSPE have a dose- and time-
dependent cytotoxic effect on the MCF7, SKBR3 amd.&lcell lines. In general the cytotoxic

effects increased with increase in incubation cotregion, and incubation time. However, the
degree of cytotoxicity was significantly lower inQ#7 or SKBR3 cells compared to HelLa cells.
The results of the Alamar blue (indicator of cealulmetabolism) and Neutral red assays
(indicator of lysosomal integrity) on the MCF7 dKBBR3 cells taken together show that, upto 48
hours, ~100% of these cells remain viable, whenhated at10pg/ml concentration. There is
decrease in cell viability above this concentrati@md ~78% are viable at the highest
concentration (400ug/ml). These results for the M@Rd SKBR3 cells are further corroborated
by LDH (indicator of cell membrane integrity), afidypan blue (indicator of cell death) assay.
The LDH assay for both these cell lines shows reeise in LDH release at concentration upto
10pg/ml compared to controls, or cells treated witily PEG-DSPE solution, but increase at
higher concentrations. The trypan blue assay shovstatistically significant increase in cell

mortality upto 10pug/ml, and a marginal (upto 13% death) increase at higher concentrations.
The cell mortality values for the trypan blue asaey approximately half the values observed in
other assays because of a media change at thew&im® point to avoid cell death due to

nutrient depletion which removed the dead, andathetéh cells at that time point. The results of
the four assays taken together indicate that tleNR-PEG-DSPE formulations show no toxic
effects on the MCF7 and SKBR3 cells upto 10pg/mid dow cytotoxicity even at higher

concentrations (400ug/ml) over a period of 48 hours
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In contrast, the alamar blue, neutral red, tryplaie,band LDH assay results of HelLa cells taken
together indicate O-GNR-PEG-DSPE formulation affiaet cell viability at all concentrations,
and time points. At lowest incubation concentrati®ug/ml, the % cell death was between 5-
25% cell (depending on the time point, and theygssad steeply increased with concentration
with the CDQyp values> 100pg/ml depending on the assay, and time poinis $ubstantially
increased cytotoxicity of the O-GNR-PEG-DSPE foratns on Hela cells compared to other

cancer cell lines was further corroborated by tlen@genic assay.

The Clonogenic assay results (Figure 7) seven dégs the treatment of HelLa cells with 1-
30ug/ml of O-GNR-PEG-DSPE solution clearly show eddspendent decrease in the cell
colony sizes with no colony formation at the 30plgimcubation concentration. No such
decrease was observed at these concentrationsefdd€F7 cells, or the controls. The decrease
in the colony sizes at 1pg/ml compared to the aeik controls suggests that the O-GNR-PEG-
DSPE formulations may have a long term adversectetie atleast a small percentage of HelLa

cells even at these low incubation concentration.

The effects of the O-GNR-PEG-DSPE formulations waiteo investigated on NIH3T3
fibroblasts cells (a normal non-cancer cell linshg the LIVE cell assay. The results (Figure 8)
indicate the viability of the NIH3T3 cells is afted in a manner similar to those observed for
the MCF7 and SKBR3 cells; no toxic effects at 1@plg/and low toxicity at higher
concentrations (upto 250ug/ml) over a 24 hour peridne LIVE cells results for the HeLa cells
were similar to the results of the other assays; foxicity at 10pg/ml and steep increase in

toxicity with increase in concentration. Thus, tesults of the various assays indicate that the O-
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GNR-PEG-DSPE formulations show a differential (l@ghcytotoxic response on HelLa cells

compared other cancer or normal cells investigatehis study.

The significantly higher toxicity exhibited by Hel@ells may be attributed either to greater
reactive oxygen species (ROS) generation, depletidhe nutrients in the culture media due to
their absorption or adsorption by the nanopasiate the greater cellular uptake of the O-GNR-
PEG-DSPEs nanoparticles into the HelLa cells (Clerag., 2011). ROS production in a cell is
dependent on its stress levels, and may even inckltdeath. HeLa and MCF7 cells incubated
20pg/ml of O-GNR-PEG-DSPE solution for 2 hours (R@®duction under stress starts
immediately, and can be quantified within 1-2 hywisowed similar ROS production (Figure
12). Thus, ROS generation may not be the major reasoobigerved differences in cytotoxicity
between the Hela cells, and other cell lines. Oepleof the nutrients in the culture media due
to the presence of carbon nanotubes has been sh@aeme reports to be another reason for the
observed cytotoxicity (Guo et al., 2008, Liu et 2009a). To test this hypothesis, 100ug/ml of
O-GNR-PEG-DSPE solution was added to the cell oaltuedia for 48 hours. O-GNR-PEG-
DSPEs were removed by high speed ultra-centrifagatand the media was used to culture
SKBR3, MCF7 and HelLa cells. All the cells showedmal growth without any signs of
cytotoxicity (Figure 13). Thus, the observed diffieces in cytotoxicity for the HelLa cells, and

other cell lines cannot be attributed to the déphedf media nutrients

Greater cellular uptake of the O-GNR-PEG-DSPEs partizles into the HelLa cells and their
unfavorable interactions with the cell machineramother possible explanation and TEM results

of HeLa or MCF7 cells support this hypothesis. Te#ular uptake and localization of the O-
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GNR-PEG-DSPEs into HeLa, and MCF7 cells investigdte TEM showed that the HelLa cells
(Figure 9) uptake greater amounts of O-GNR-PEG-DxS&tnpared to MCF7 cells (Figure 10).
MCF7 cells showed little or no uptake (Figure 1BA-and similar results were obtained for the
other cell types (SKBR3 and NIH3T3 cells; result$ shown). It could also be inferred from the
TEM images that HelLa cells possibly uptake O-GNRSHESPES through both endocytotic,
and macropinocytotic pathways (Figure 9 A-B). Theges also suggest that larger aggregates
of O-GNR-PEG-DSPE were being uptaken by the manomyitotic pathway, while smaller
aggregates were uptaken through the endocytotioMagt The images also show that vesicular
structures similar to early endosomes take up tHeNR-PEG-DSPEs (Figure 9 C-D). Early
endosomes generally mature to form late endosonméshviuse with the lysosome. However,
association of the endosomal vesicles containinGNIR-PEG-DSPE with any organelles
(including lysosome) were not observed after 3 &anfr incubation. Also, the O-GNR-PEG-
DSPE containing vesicles were not observed indidenucleus. The morphology of the HelLa
cells incubated with the O-GNR-PEG-DSPEs (Figureaf F) was similar to cells undergoing
necrotic cell death; ruptured cell membrane andlswaesicles. MCF7 cells incubated with the
O-GNR-PEG-DSPEs appear healthy (Figure 10D), andod@how any apparent changes in the
gross morphology. While the TEM images provide iprglary indications of possible uptake
and cell death mechanism in HelLa cells in the preseof the O-GNR-PEG-DSPEs, clearly
more thorough investigations are needed, and amerdly underway to understand both the

mechanism of uptake, and cell death.

Evaluation of the cyto- and bio-compatibility iscessary to develop any new material ifor

vivo biomedical applications.(Williams, 2008) Some luédse same considerations will influence
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toxicity of these materials if released to the emwvinent. There is now a wide body of research
available that documents the toxicity and cellitesssesponses of carbon nanostructures such as
fullerenes, metallofullerenes and carbon nanotuiasgle-walled and multi-walled carbon
nanotubes) (Sitharaman and Wilson, 2007, Liu e2809b, Lacerda et al., 2006, Nakamura and
Isobe, 2003). These reports show that the struc(erg. spherical, tubular), chemical
composition (e.qg. pristine, functionalized), andtsesis method (e.g. chemical vapor deposition,
arc-discharge) are some of key factors that infteetine toxicity and tissue response for these
carbon nanostructures. For instance, it has bgentesl that pristine (hydrophobic) fullerenes or
carbon nanotubes elicit adverse toxic effects atikissue responses including reactive oxygen
stress, inflammation, and immune response whiletianalized water-soluble fullerenes and
carbon nanotubes mitigate these serious effecte(tda et al., 2006, Sitharaman and Wilson,
2007) In the case of graphene, relatively littierkvhas been done to assess their toxic effacts
vitro (Singh et al., 2011, Sasidharan et al., 2011, Cletrgg., 2011) andh vivo (Yang et al.,
2010, Wang et al., 2011) compared to other carlbammostructures. All these reports are on
graphene nanoplatelets prepared by the modified miers method (oxidation of graphite by
potassium permanganate, and strong acids followeahdrhanical exfoliation) or variations of
this technique. These reports indicate that graphmamoparticles, depending on their chemical
composition, and synthesis method, show diversecesffon cells and tissues. Sasidharan et al.
report thatin vitro pristine thermally-exfoliated graphene and thosacfionalized with
carboxylic acid groups shows differential toxiceeffs. Pristine graphene nanoparticles have cell
death 50 values (Gg) of ~50ug/ml, and functionalized graphene nanoglagido not possess
any toxicity even at 300pg/ml concentrations. Chah@l. showin vitro that graphene oxide

nanoparticles show no cytoxicity at dosages up @6ug/ml, and a slight decrease in cell
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viability above this concentration, which is attribd to oxidative stress. Singh et al. shiow
vitro that the graphene oxide prepared from potassiufaorate show strong aggregatory
response in platelets at concentrations down tdr2ldysing rodents, Yang et al. and Wang et
al. have investigateth vivo toxicity at dosages up to 20 mg/kg of pristinepirene oxide
nanoparticles, and those functionalized with watduble biocompatible polymer polyethylene
glycol. Their results show neither pristine nondtional graphene oxide show any toxic effects,
nor do they have any adverse reactions on thenait@rgans at concentrations as high as 20
mg/kg. One should note that it is difficult to cpane the cytotoxic effects of O-GNR-PEG-
DSPEs with these various vitro studies, as these studies used different grapbgmiesis
method, different cell types, and different solifilg agents for dispersing the graphene
nanoparticles. Nevertheless, the results of thislystsuggest that water-solubilized graphene
nanoribbons (O-GNR-PEG-DSPE) prepared from carlaomotubes have a significant different
toxicity profile compared to graphene nanoplatetppred by the modified Hummer's method
or its variation. The results should also provideidglines on the range of non-toxic
concentrations that maybe suitable for potentighging and drug delivery applications. For
instance, recent studies show that O-GNRs show ipeoras advanced contrast agents for
magnetic resonance imaging (MRI) [9] such as callMRI, wherein cells will be labeled ex
vivo with these nanoparticles, and tracked in MoyoMRI. Thus, this study offers insights into

the concentration suitable for teg vivolabeling of cells for this, and other similar apptions.
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2.5 Conclusion

The cytotoxic screening of O-GNRs water-solubilizedh PEG-DSPE, using six different
assays, in four representative cell lines; HeL&H48T3, SKBR and MCF7 showed that these
cell lines significantly differed in their responte O-GNR-PEG-DSPE formulations; assessed
and evaluated using various endpoints (lactate dlelggnase (LDH) release, cellular
metabolism, lysosomal integrity and cell proliféeva) for cytotoxicity. In general, all the cells
showed a dose-dependent (10-400ug/ml) and timendepé (12-48 h) decrease in cell viability.
However, the degree of cytotoxicity was signifidgmower in MCF7 or SKBR3 cells compared
to HelLa cells. These cells were 100% viable upttid@&s, when incubated at 10pg/ml O-GNR-
PEG-DSPE concentration, and showed decrease iwviabllity above this concentration with
~78% of cells viable at the highest concentratid®d0(#&y/ml). In contrast, significant cell death
(5-25% cell death depending on the time point, #wedassay) was observed for HeLa cells even
at a low concentration of 10ug/ml. The decreaseeih viability was steep with increase in
concentration with the Cfg values> 100pg/ml depending on the assay, and time point.
Transmission electron microscopy of the varioussaeeated with the O-GNR solutions show
higher uptake of the O-GNR-PEG-DSPEs into HelLascelbmpared to other cell types.
Additional analysis indicates that this increaspthke is the dominant cause of the significantly
higher toxicity exhibited by HeLa cells. The resuduggest that water-solubilized O-GNR-PEG-
DSPEs have a heterogeneous cell-specific cytotgxicand have significantly different
cytotoxicity profile compared to graphene nanogéet prepared by the modified Hummer's
method (graphene nanoparticles prepared by oxiatd graphite, and its mechanical

exfoliation) or its variations.
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2.7 Figures

Figure 1. (A) Representative low resolution TEM image shagvimultiple oxidized graphene
nanoribbons (O-GNR). (B-D) High Resolution TEM nagraphs of graphene oxide
nanoribbons at 200kV. (B) Image depicting unzippfigarbon nanotubes to form O-GNR. (C)
Corresponding high resolution image of the highkgh area revealing multiple layers of
oxidized graphene nanoribbon. (D) Further high Ieggm micrograph of image (C) revealing
Van-der-Waal thickness of ~ 0.34 nm, correspondingdividual graphene layers. Scale bars:

(B) 20 nm, (C) 5 nm and (D) 2 nm.
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Figure 2: (A) The Raman spectra of O-GNR-PEG-DSPE showiegtiaracteristic D and G
peaks of graphene at 1332 &nand 1580 crl. (B) Digital photograph of O-GNRs dispersed in
water (left image) or PEG-DSPE solution (right irepgt a concentration of 1 mg/ml, and kept

undisturbed for 3 hours.
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=p < 0.05 between groups at that particular conceatrat
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Figure 4: The Neutral red assay to assess the cell viglofiHeLa, MCF7 and SKBR3 cells
incubated with PEG -DSPE(control) and various O-GRERG-DSPE (10-400 pg/ml)
concentrations at (A) 24 and (B) 48 hours. . aapresented as mean +SD (n = 6 per group).

* = p< 0.05 between groups at that particular conceatrat
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Figure 5: Trypan Blue Assay for assessing cell mortalityHaLa, SKBR and MCF 7 cells
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Figure 6: %LDH release (normalized to LDH release fromitias control; cells incubated with
lysis buffer for 45 min) in HeLa , SKBR and MCFé&lls following incubation with various O-
GNR-PEG-DSPE (10-400ug/ml) concentrations at (A)(®3 48 and (C) 72 hours. . Data are
presented as mean +SD (n = 6 per group). p < 0.05 between groups at that particular
concentration.
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Figure 7: Representative bright-field optical microscopyames after 7 days of (A-B) HelLa cell
colonies formed from control cells (untreated QellfC-D) HeLa cell colonies formed after
individual HelLa cells were initially incubated wittimly PEG-DSPE solution; (E-F) HelLa cell
colonies formed after individual HelLa cells werdially incubated with 1pg/ml O-GNR-PEG-
DSPE’s; (G-H) Hela cell colonies formed after indival HelLa cells were initially incubated
with 10pug/ml O-GNR-PEG-DSPE'’s; (I-J) MCF7 cell coles formed from control cells
(untreated cells); (K-L) MCF7 cell colonies formafter individual MCF7 cells were initially
incubated with to 30pug/ml O-GNR-PEG-DSPE solutin) Quantified colony areas for HelLa
cells (Control, incubated with to only PEG-DSPE émeéted with 1pg/ml and 10pug/ml O-GNR-
PEG-DSPE solutions), and MCF7 cells (Control, aedted with 30pg/ml O-GNR-PEG-DSPE
solution).Data are presented as mean + SD (n = §rpep). * =p < 0.05 between groups. All

the optical images images have a size bar of 200 pm
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Figure 8 % Cell Viability (normalized to viability of cedl exposed to PEG-DSPE) using Live
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Figure 9: TEM images of a HeLa cell incubated with 20pug®GNR-PEG-DSPE solution for
3 hours.(A) O-GNR-PEG-DSPE aggregates at the perypbf the cell (blue arrows). (B) Cell
membrane protruding towards and engulfing large NIRGPEG-DSPE aggregates (red arrows).
(C-D) O-GNR-PEG-DSPE aggregates enclosed in larg®plasmic vesicles similar to
endosomes (red arrows). (E-F) HelLa cells after sumo to 20pug/ml O-GNR-PEG-DSPEs

(yellow arrow) for 24 hours with (E) swollen vess| and (F) ruptured plasma membrane (red
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arrows) suggesting the cells are undergoing nexrdd cells per treatment conditions were

analyzed.

Figure 10. Representative TEM images of MCF-7 cells incubhatéth 20pug/ml O-GNR-PEG-

DSPE solution for 3 hours. (A-C) O-GNR-PEG-DSBfellow arrows) aggregates in the
periphery of MCF7 cells. (D) MCF7 cells exposed2@ug/ml O-GNR-PEG-DSPEs for 24
hours show no uptake or changes in the cellulaphawogy. 12 cells per treatment condition

was analyzed
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Figure 11: Percentage (%) cell count (normalized to contrdsaxposed to only PEG-DSPE)
of HeLa, MCF7, and SKBR3 cells incubated with a ®FGPEG-DSPE concentration of

10pg/ml for 48 hours. Data are presented as meBn(rS 3 per group).
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Figure 12 Percentage (%) ROS generation (normalized to R@Buction of control cells
exposed to only PEG-DSPE) using fluorescence bR€28 quantification assay in HeLa and
MCF7 cells incubated with 10pg/ml or 20pg/ml of ®H&PEG-DSPEs ) for 2 hours. Data are

presented as mean +SD (n = 6 per group).
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Figure 13 Percentage (%) cell count (normalized to contrdlsaexposed to normal media) of
HelLa, MCF7 or SKBR3 cells after incubation with needre-exposed to an O-GNR-PEG-DSPE

concentration of 100pg/ml for 48 hours. Data aessented as mean +SD (n = 3 per group).
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Chapter 3

HEMATOLOGICAL TOXICITY OF GRAPHENE NANORIBBONS

3.1 Introduction

Interaction of cells and proteins with nanoparscie tissues or circulating body fluids (blood,
lymph, cerebrospinal fluid) often governs the bgial effects of nanoparticlés-vivo.(Lynch

and Dawson, 2008, Fischer and Chan, 2007) Deperatinthe route and extent of exposure,
nanoparticle-cell interactions can result in unvednand detrimental effects.(Deng et al., 2010)
Such effects are dependent on the size, shapayechad surface characteristics of nanoparticles
(Deng et al., 2010, Lynch et al., 2009, Deng et24109). The type of interaction (i.e. direct cell
interaction or indirect interaction after conjugattiwith other proteins) may also influence the
effects observed.(Deng et al., 2010, Lynch e28l09) Binding of proteins to nanoparticles may
result in disruption of protein structure, unfolgiof proteins or aggregation of proteins.(Lynch
and Dawson, 2008, Deng et al., 2010) It may alsal ® unwarranted activation of cellular
receptors, resulting in a variety of responsesgeddmg on the particular nanoparticle-protein
interaction.(Deng et al.,, 2010) Thus, proper charaation of nanoparticle-protein and
nanoparticle-cell interactions must be performefbt@eany nanoparticle can be deemed suitable

for biomedical use.

The use of nanoparticles fam-vivo biomedical applications often involves their inmgaous,

intramuscular and intra-peritoneal injection. Than result in interaction of the particles with
different components of the circulatory system uidahg blood proteins, clotting factors, blood
cells and components of the immune and allergyoresp system. Thus hematological toxicity of

74



nanoparticles is a very important part of its olletaxicological assessment. Hematological
toxicity of nanoparticles has been extensively gtigated in recent years. Reports suggest that
manifestation of nanoparticle-induced hematologioaicity may vary and include increased or
decreased cell counts (red and white blood celtdjyation or inhibition of the immune response
system, hemolysis, endothelial dysfunction and rgide responses. For example, gold
nanoparticles(Zhang et al., 2011), depending oir Hiee elicit an increase or decrease in red
and blood cell count(Zhang et al., 2011). Iron exiditanium dioxide, Silica and Carbon black
nanoparticles have been shown to induce inflammadimd endothelial dysfunction (Zhu et al.,
2011, Montiel-Davalos et al., 2012, Duan et al., 2013, Vesterdal et al., 20Zc oxide
nanoparticles have been shown to activate immusigorse(Adamcakova-Dodd et al., 2014).
Polymeric nanoparticles have been shown to decressamine release(Tahara et al., 2012).
Single walled carbon nanotube (SWCNT) dispersidapending on their aggregation status, can
induce either vaso-constrictory or vaso-dilatorgp@nses in arterioles although exposure to the

particles produced endothelial dysfunction in thereles(Frame et al., 2014).

Graphene based nanoparticles have shown promisthdoapeutic drug delivery and imaging
applications. Graphene (a.k.a graphene oxide ophgree nanoplatelets) synthesized from
graphite using Hummers method (also known as grapim@anoplatelets) has been extensively
investigated in vitro and in vivo. (Sun et al., 80@hang et al., 2010) Studies have examined
thein vitro cellular as well as hematological toxicity of timarticular form of graphene.(Chang
et al., 2011, Wang et al., 2011a, Chowdhury et2413)We recently reported that dextran
functionalized graphene nanoplatel@iscrease histamine release from rat mast cellslanas
12-20% increase in complement activation at highmceatrations (>7 mg/ml)(Chowdhury et al.,

2013). However, graphene nanoplatelets, unlike 8W& did not cause endothelial
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dysfunction(Chowdhury et al., 2013, Frame et &114). These and other studies on other carbon
nanoparticles such as fullerenes and metallofulks@ alawani and Sitharaman, 2013), indicate
that structure, chemical composition (pristine, diiomalized of carbon nanoparticles play an
important role in their cellular interactions andgsaciated hematotoxicity. Thus, structurally
different carbon nanoparticles should be examinddvidually to better understand their specific

hematotoxic responses.

Graphene nanoribbons (O-GNR) synthesized by oxieatinzipping of multiwalled carbon
nanotubes(Kosynkin et al., 2009) have also recestiywn promise for bio-imaging and drug
delivery applications(Paratala et al.,, 2012, Chawghet al., 2014). These graphene
nanoparticles are structurally different from grapé nanoplatelets (O-GNRs are more oxidized
compared to graphene nanoplatelets) (Mullick Chawglret al., 2012, Mullick Chowdhury et
al.,, 2014, Kosynkin et al., 2009). Also, the stunet of O-GNR edges are different from
graphene nanoplatelets due to the difference irsthing material.(Kosynkin et al., 2009) In
Chapter 2, a detailed analysis of the cellular kgtand toxicity of water solubilized O-GNR
(coated by PEG-DSPE and henceforth called O-GNR-BEBE) showed that they have a cell
specific uptake and toxicity effect with high uptakand toxicity specifically in HelLa
cells(Mullick Chowdhury et al., 2012). These resultere significantly different from those that
of graphite derived graphene showing that diffeeeincsource, structure and defects results in a
difference in how these particles interact withfetént cells(Mullick Chowdhury et al., 2012).
However, beforein vivo toxicology and pharmacology studies on these nariocfes are

conducted, a thorough vitro hematological toxicity assessment of these pagid necessary.
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In this chapter, | report the effects of interactiof O-GNR-PEG-DSPE with red blood cells
(RBC’s) and other cellular and protein componeritblood vascular system like binding to
albumin, activation of platelets and complementeysproteins, release of histamine from mast
cells, cytokine release and interaction with endti cells. Knowledge of the specific effects of
O-GNR-PEG-DSPE will provide an idea about potertoaicity issues with these particles and

will also help choose a safe dose range for fubiwenedical applications.

3.2 Materials and Methods

3.2.1 O-GNR Synthesis

O-GNRs were synthesized from multi-walled carbonatabes (MWCNTS) (Sigma-Aldrich,
Length=5-9um) using reported previously oxidative longitudinakzipping method as reported
in the last chapter.(Mullick Chowdhury et al., 20k®synkin et al., 2009)

O-GNRs used in this study were characterized uBiagsmission Electron Microscopy.

3.2.2 Transmission Electron Microscopy

Samples for transmission electron microscopy weepared by dispersing the O-GNR in 1:1
mixture of water/ethanol by bath sonication for inrfollowed by ultracentrifugation at 5000
rom for 5 mins. The supernatant was dropped ontéoonvar coated copper grids. The grids
were then viewed with a Tecnai Bio Twin G transmoisselectron microscope (FEI, Hillsboro,
OR), at 80 kV. Digital images were acquired usimgXR-60 CCD digital camera system.

(AMT, Woburn, MA)
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3.2.3 Cell Culture

RBL-2H3 rat mast cells and Human umbilical vein @thélial cells) were obtained from ATCC
(Manassas, VA, USA). RBL-2H3 cells and grown in imam essential medium with sodium
pyruvate, non-essential amino acids and supplementth 15% fetal bovine serum.1%
penicillin-streptomycin was used as antibiotic. Humumbilical vein endothelial cells were
grown in F-12K medium supplemented with 10% FBSOuMmI heparin and 3&/ml
endothelial cell growth supplement. Both cell limege incubated at 8C in a humidified

atmosphere of 5% CQand 95% air.

3.2.4 Protein Binding

Pierce BCA protein assay kit was used to draw redsta curve for different concentrations (0-2
mg/ml) of Human serum albumin (HSA). HSA (2 mg/migas incubated with 10g/ml and
80ug/ml O-GNR (no PEG-DSPE coating) andufinl and 8Qg/ml O-GNR-PEG-DSPE on a
shaker for 1 hour at 37C. Following the incubation all four samples weeatifuged at 3000
rpm for 30 minutes to pellet the O-GNR and O-GNR=PBSPE along with any bound protein.
The supernatant was collected and the concentrafigroteins in the supernatant from each
sample was estimated using Pierce BCA protein akgayrhermo Scientific, Waltham, MA)
and the standard curve using a Evolution 300 UV-4piectrophotometer (Thermo Scientific,

Waltham, MA).
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3.2.5 Interaction with Red blood cells

1 ml human whole blood collected from a non-smokimgle individual (obtained from
Biochemed, Winchester, VA) and centrifuged at 25@@ for 10 minutes to separate red blood
cells and plasma. The red blood cells were sepheatd diluted in 10 ml of phosphate buffered
saline. 2 ml of the diluted red blood cells wereubated with 2pg/ml of O-GNR-PEG-DSPE or
left untreated (control) on a shaker for 3 hour8A&C. At the end of three hours, cells were
centrifuged at 2500 rpm for 5 minutes and fixedhwR.5% electron microscopy grade
glutaraldehyde (Electron Microscopy Sciences, Hdif®A) in 0.1 M PBS. After fixation, the
red blood cells were placed in 2% osmium tetroxid®.1 M PBS, dehydrated using ethanol
washes, and embedded in durcupan resin (SigmaehldSt. Louis, USA). The fixed and
dehydrated red blood cells were blocked, cut ifiang ultra-thin sections using an Ultracut E
microtome (Reichert-Jung, Cambridge, UK), and pat formvar-coated copper grids. The
sections were then viewed with a Tecnai Bio Twirtr@hsmission electron microscope (FEI,
Hillsboro, OR), at 80 kV. Digital images were aagui using an XR-60 CCD digital camera

system. (AMT, Woburn, MA)
3.2.6 Blood cell Hemolysis
A. Cell morphology analysis

1 ml whole human blood collected from a non-smokingle (obtained from BioChemed,
Winchester, VA) was treated with 2§ml, 8Qg/ml and 16Qg/ml O-GNR-PEG-DSPE
formulation or left untreated for 3 hours. The teghor untreated blood was centrifuged at 2500
rpm for 10 minutes to separate the blood cell camepts. 2001 of the blood cell component

was poured into 2 ml of isotonic buffer, and 15gfilthe resultant solution was streaked and
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fixed on a microscopic slide for imaging. The ob& slides were viewed under a bright-field
microscope (Axiolab Microscope, Carl Zeiss, Thorodpo NY). Polyethyleneimine (PEI), a
known hemolytic agent was used as negative posdordgrol, and phosphate buffered saline

treated normal blood was used as negative control.

B. Hemoglobin release analysis

Release of hemoglobin from ruptured or lysed redotl cells on exposure to various
concentrations of O-GNR-PEG-DSPE was assessed hyethod developed by McNe#t
al(Dobrovolskaia et al., 2008) . Briefly 2 ml of wiedblood (Biochemed, Winchester, VA) was
centrifuged at 2500 rpm for 15 minutes, and reddloells were separated out. The red blood
cells obtained as a pellet was carefully resuspnales ml of phosphate buffered saline. O-
GNR-PEG-DSPE was added to the suspensions to rme@wotentrations of 20, 40, 80 and
16Qug/ml and incubated for 3 hours. Following this step mixture were centrifuged at 2500
rpm for 15 minutes and the supernatants were rechdwaricyanide along with bicarbonate was
added to the removed supernatant, and incubatéesl fmnutes. The absorbance of the resultant
mixture was measured at 540 nm using an Evolut@h 3V-VIS Spectrophotometer (Thermo
Scientific, West Palm Beach, FL). Cells treatedhwREG-DSPE alone were utilized as a
negative control and cells treated with a known dlgtic agent Triton X 100 (1%) for 60

minutes were used as positive control.

3.2.7 Histamine release from mast cells

For this assay RBL-2H3 cells (1@ells per well in 48 well plates) were sensitized pre-
treatment with anti-2,4 dinitrophenyl (anti-DNP)Egntibody (0.5 mg/ml) for 1 hour at %7

80



following which the cells were treated with PEG-ESEL.2 mg/ml), O-GNR-PEG-DSPE (10,
20, 40 and 8@y/ml) and DNP-BSA (for inducing histamine releaseQuantification of
histamine release from RBL-2H3 cells treated wiEGPDSPE, O-GNR-PEG-DSPE and DNP-
BSA was done using a histamine-O-pthalaldehyde (@fdction which produces a fluorescent
product. This assay procedure has been reportetpsty in detail by our group(Chowdhury et
al., 2013). Briefly, in the first part of the assapy histamine released from O-GNR-PEG-DSPE
treated activated RBL-2H3 cells was collected artaorganic phase from cell media treated with
0.4 N HCIQ, The histamine collected into the organic phaghes returned to agueous phase.
In the final step histamine in aqueous phase isugated with OPT to produce a complex with
excitation at 360 nm and emission at 450 nm. Theréiscence intensity produced is directly
proportional to the amount of histamine that hagnbeeleased. The fluorescence of the
histamine-OPT conjugate was assessed at 450 nnsiemiafter excitation at 360 nm in a
Cytofluor fluorescence multiwell plate reader (8sri H4000 PerSeptive Biosystems,

Framingham, MA).

3.2.8 Platelet activation

Immunoclone Pl(Platelet Factor 4) ELISA kit (American Diagnostic, Stamford, CT) was
used to assess platelet activation in terms afl®&Fls in whole human blood after treatment
with 20ug/ml, 4Qug/ml and 8Qg/ml O-GNR-PEG-DSPE. Briefly, 1 ml human whole kdoo
collected from two non-smoking male individuals r@edter called Blood sample 1 and Blood
sample 2) (obtained from Biochemed, Winchester, WA} treated with the three concentrations
of O-GNR-PEG-DSPE or left untreated (control). Thasma from these untreated and treated
samples was collected after centrifugation of theole blood samples at 2500 rpm for 30
minutes. Plasma samples collected were dilutedtiimes using sample diluents provided with
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the kit. 0.2 ml of each plasma sample was incubttedl hour in anti-Pfcoated wells following
which each well was washed five times with 0.3 nalstv solution provided in the kit. Post
washing 0.2 ml of anti PF4—Horse radish peroxidadeP) immunoconjugate was added to each
well and incubated for 1 hour. Following this inatibn the wells were washed again (5 times,
using 0.3 ml wash solution each time). 0.2 ml of B'Bubstrate /peroxidase substrate (3, 3’, 5,
5-Tetramethylbenzidine) was then added to thesvelt 5 minutes at room temperature and 50
pul of 0.45 M HSQO, was added, and incubated for 10 minutes to temeitiae reaction.
Absorbance of each well was measured at 450 nnyg wsimicrowell plate reader (ELx 800,

BIOTEK,Winooski, VT).

3.2.9 Activation of complement proteins

Microvue SC5b-9 and Bb plus ELISA kits (Quidel Corgtion, San Diego, CA)was used to
assess total complement activation and complenativation through the alternate pathway in
whole human blood after treatment withp8@ml, 4Qug/ml and 8Qg/ml O-GNR-PEG-DSPE.
Briefly, 1 ml human whole blood collected from twon-smoking male individuals (obtained
from Biochemed, Winchester, VA) was treated with three concentrations of O-GNR-PEG-
DSPE or left untreated (control). The plasma frdrase untreated and treated samples was
collected after centrifugation of the whole bloaiples at 2500 rpm for 30 minutes. Plasma
samples from blood sample 1 were diluted five tirard from blood sample 2 were diluted 3
times using sample diluents provided with the Kit.thl of diluted treated and control samples

were incubated for 1 hour in each well of anti han®C5b 9/Bb coated micro well strip.
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Following this step which each well was washed fimees with 0.3 ml wash solution provided
in the kit and 0.05 ml of anti SC5b9—-HRP Immunocgate/Bb-HRP immunoconjugate was
added to each well and incubated for 30 minutes. Walls were washed again (5 times, using
0.3 ml wash solution each time) and 0.1 ml of TMBg&rate /peroxidase substrate (3, 3’, 5, 5'-
Tetramethylbenzidine) was added to the wells foniiButes at room temperature and 0.1ml of
0.45 M HSO, was added, and incubated for 10 minutes to tetenitie reaction. Absorbance of
each well was measured at 450 nm using a micrqMagk reader (ELx 800, BIOTEK,Winooski,

VT).

3.2.10 TNF-Alpha and IL-10 Release

Human TNF-Alpha and IL-10 ELISA kits (Invitrogen,r&hd Island, NY)were used to assess
cytokine release in terms ®Limor Necrosis Factor-Alpha and Interleukin-10 ask in whole
human blood after treatment withi2ml, 4Qug/ml and 8@g/ml O-GNR-PEG-DSPE. Briefly, 1
ml human whole blood collected from two non-smokimgle individuals) (obtained from
Biochemed, Winchester, VA) was treated with the¢hconcentrations of O-GNR-PEG-DSPE
or left untreated (control) for 1 hour. The wholeddl samples and controls were centrifuged at
2500 rpm for 30 minutes and the plasma was colleftten each. Wells coated with anti human
TNF-Alpha/ Anti IL-10 antibody were prepared by auy 50ul of incubation buffer provided
with the kit; 50ul of the plasma samples (from teglaand control) were then transferred to the
appropriate wells, and incubated at room temp ftwo@rs. The wells were then aspirated and
washed 4 times with wash buffer provided with thie(&.3ml per well per wash). 0.1 ml of
biotinylated anti-TNF-Alpha/IL-10 was then pipettedo the wells, and mixed. The wells were
left to incubate at room temp for 2 hours. The sselere then aspirated and washed 4 times with
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wash buffer provided with the kit. 0.1 ml of strayatdin-HRP working solution was added to the
wells, and then left to incubate at room temp fOrn3inutes. The wells are then aspirated and
washed 4 times (0.3ml per well per wash). 0.1 abitized chromogen solution provided with
the kit was then added to each well, then lefhtubate at room temp for 30 minutes in the dark.
0.1ml of stop solution was added to the wells, dredwells were read using an Infinite M200

multiwell plate reader (Tecan Group, MorrisvilleCNat 450nm absorbance.

3.2.11 Effect on endothelial cells
A. TEM of endothelial cells exposed to O-GNR-PEG-BIS

Six well plates with surfaces covered with ACLAR@nT (Electron Microscopy Sciences,

Hatford, PA) were plated with cells at a density6af 10 cells per plate, and exposed to 40
png/ml O-GNR-PEG-DSPE for 12 hours. At the end altwe hours, cells were fixed with 2.5%
electron microscopy grade glutaraldehyde (ElecMacroscopy Sciences, Hatford, PA) in 0.1 M
PBS. After fixation, the films containing fixed teere placed in 2% osmium tetroxide in 0.1
M PBS, dehydrated through graded ethanol washeseambedded in durcupan resin (Sigma-
aldrich, St. Louis, USA). Areas with high cell déres were blocked, cut into 80 nm ultra-thin
sections using an Ultracut E microtome ( Reichertg) Cambridge, UK), and placed on
formvar-coated copper grids. The sections were thiewed with a Tecnai Bio Twin G

transmission electron microscope (FEI, Hillsbor®&®)Oat 80 kV. Digital images were acquired

using an XR-60 CCD digital camera system. (AMT, Wioh) MA)
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B. Cell Viability using Presto Blue Assay

Cell viability in terms of mitochondrial integritgnd overall cellular metabolism was measured
by presto blue assay (Invitrogen, Grand Island, .N&fQman umbilical vein endothelial cells
were plated at 6 x E@ells per well in 96 well plates, and incubated 1& hours. Before
commencing with the assay, old media was repladéd 1#%60ul of fresh media in each well.
50ul of O-GNR PEG-DSPE stock solutions at variooiscentrations were added to every well
for a final treatment concentration of 200ug/mip@G/ml, 300 g/ml, 400ug/ml, 500ug/ml and
600ug/ml. The cells were incubated af@7or 24 hours. After the 24 hr time point, mediasw
removed, and wells were rinsed twice with Dulbesgohosphate buffer saline (DPBS) before
adding 100ul of fresh media, and 10ul of PrestceBRagent. The plates were again incubated
for 2 hours at 3. Fluorescence readings of the wells were recousaty a Spectra Max M3
multimode microplate reader (Molecular Devices, iSwmale, CA) with excitation at 530 nm,
and emission at 580 nm. Fluorescence reading ity icethe culture medium containing only
PEG-DSPE was used for baseline correction. Thevadility in terms of % of control cells is
expressed as the percentage k(¥ Foiank)/(Fcontrol— Folank),Where kstis the fluorescence of the
cells exposed to nanoribbon samplgnfeiis thefluorescence of the unexposed control sample

and Rank is the fluorescence of the wells without any cells

3.2.12 Statistical Analysis
All data are presented as mean+standard deviaBomdent't’ test was used to analyze the
differences among groups. All statistical analysese performed using a 95% confidence

interval p < 0.05.
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3.3 Results

Characterization

3.3.1 Transmission Electron Microscopy

Figure 1 is a representative TEM image of graphearoribbon obtained after complete
unzipping of a multi walled carbon nanotufiéne size of the obtained nanoribbons varied from

500-1500 nm (n=15 particles).

3.3.2 Protein binding

Figure 2 shows the binding of human serum albumi®4GNR without PEG-DSPE coating and
O-GNR-PEG-DSPE at two different concentrations. dkbance of the proteins in the
supernatant of O-GNR without PEG-DSPE coating thiods (~67%) lower than unexposed
control protein at both 1@/ml and 8@g/ml concentration. Coating with PEG-DSPE increases
the concentration of proteins in the supernatant%0% lower than unexposed values for

80ug/ml and ~33% lower than unexposed values for thg/bdl concentration.

3.3.3 Interaction with Red blood cells

The effect of interaction of red blood cells withGNR-PEG-DSPE was evaluated through
transmission electron microscopy images of cebated with the nanoparticles. Figure 2A-D

represents transmission electron microscopy imagfesed blood cells before and after
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incubation with O-GNR-PEG-DSPE. Figure 2 E-H atestrations representing corresponding
TEM image of the RBC’s (the red portion in eachufig indicates the cross section showed on
the corresponding TEM image). Figure 2A and 2E shtive cross section of an untreated blood
cell used as control. Figure 2B and F shows a R@€racting with O-GNR-PEG-DSPE (red
arrows). The figure suggests that the RBC has itestoncave shape on the side where it
interacts with the membrane. Figure 2C and G shavi@BC interacting with O-GNR-PEG-
DSPE (red arrows) on the surface of the cells. drbes section shows complete loss of concave
nature on one side and partial loss on the otlder. siigure 2D and H shows a RBC interacting
with O-GNR-PEG-DSPE on the membrane as well asseardf the cells (red arrows). The cross
section shows complete loss in bi-concave natuckfammation of circular cross section not
characteristic of normal RBC’s. Also, visible amdfpusions from the red blood cell membrane

(red arrows).

Figure 3 are transmission electron microscopy irmagfgowing the effects of O-GNR-PEG-

DSPE interaction on the surface of RBC’s. Figures3®dws the direct interaction between the
edges of O-GNR-PEG-DSPE and cell membrane (blackva). Figure 3B and 3C also show
the direct interaction between the edges of O-GNEGSPE and cell membrane (black
arrows). Membrane disintegration / ruffling is alsloserved at the sites (red arrows) in Figure
3B and C. Figure 3D shows direct interaction of tipld O-GNR-PEG-DSPE with the cell

membrane (black arrows).A depression in the celmbrane at the site of interaction (red
arrows) is observed in the same figure. Figure B R show protrusions from RBC membrane

near the sites where it interacts with O-GNR-PEG2BES%red arrows).
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3.3.4 Blood cell Hemolysis

Figure 4 shows the effect of incubation of O-GNRERPBSPE with RBC’s on hemolysis of the
cells analysed usingbright field optical microscopyd quantification of total hemoglobin
released on treatment. Figure 4A-E are brightfagltical miscroscopy images of red blood cells
treated with different concentrations of the nambgas. Figure 4A represents the untreated
control cells (black arrows) and Figure 4B représdine lysed control cells (lysed with Triton x
100). Figure 4C, representing the RBC’s treatett @fhig/ml O-GNR-PEG-DSPE shows mostly
structurally unaltered cells (black arrows) witleav cells present that show change in shape
(red arrows) (compared to 4A). Figure 4D, reprasgnthe RBC’s treated with &@/ml O-
GNR-PEG-DSPE showed presence of more cells withgdth shape (red arrows). However, no
lysed cells were observed for both concentratibigure 4E, which represents the RBC'’s treated
with 16Qug/ml O-GNR-PEG-DSPE, had the largest number okaogith changes in cell shape
and dimensions (red arrows). Lysed cells were bserved at this concentration either. Figure
4F represents the quantification of hemoglobin astel from RBC’s exposed to various
concentrations (0-16@/ml) of O-GNR-PEG-DSPE. Results from the quardiiicn of
hemoglobin released showed very small increask sieatment concentrations. The absorbance
of the product (at 540 nm) obtained after treatnoémeleased hemoglobin with ferricyannide (in
presence of bicarbonate) showed a very small iserélom ~0.048 to ~0.08 for change of O-
GNR-PEG-DSPE treatment concentration fromudfl to 16Qg/ml) indicating very little
hemoglobin was released in the supernatants. Irpaoson, lysed RBCs (using Triton X 100)
showed an absorbance of ~1.4 indicating a large atnoluhemoglobin in the supernatant.

Figure 4F represents one lysed RBC showing a disdtumembrane (red arrows) and O-GNR-
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PEG-DSPE on the surface (black arrows). It shoddnbted that very few lysed cells were
observed in transmission electron microcopy andhiiield images of RBC'’s treated with O-

GNR-PEG-DSPE.

3.3.5 Mechanism of RBC membrane disruption

Figure 5 is a schematic showing the probable pesyre steps through which O-GNR-PEG-
DSPE induces structural changes in the red blotisl @ed the fate of the structurally modified

cells. The figure shows the entire RBC as welltascross section for each step. The figure
shows that O-GNR-PEG-DSPE interacts with red bloell membranes (black arrows) to alter
their membrane integrity, which can be evidencedngmbrane protrusions from the red blood
cell membrane (green arrows). Complete disruptidh® membrane integrity leads to formation
of spherically shaped RBC’s that are indentifiedd ataken out of circulation by the

reticuloendothelial (RES) system.

3.3.6 Effect on mast cells: Histamine release

Figure 6A shows the effect of O-GNR-PEG-DSPE treatnon histamine release from activated
RBL-2H3 rat mast cells evaluated through the reezshistamine from activated and induced
RBL-2H3 cells and estimated using histamine-OPTctiea that produces a fluorescent
conjugate. The results indicate that O-GNR-PEG-D§Ps&ied upto 8§@/ml) did not induce an

increase in histamine release compared to unindaoetiol. PEG-DSPE alone did not induce
histamine release either. The positive control. D&P-BSA) treated cells showed a ~40%

increase in histamine release compared to untreatedol.
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3.3.7 Effect on platelets: PHelease

Figure 6B represents the effects of O-GNR-PEG-D&B&ment on platelet activation in two
different samples of whole human blood evaluatedenrms of Pk levels in the blood post
nanoparticle treatment. The P& heparin binding and deactivating protein isrtiast abundant
protein found in platelets. It is released into gh@sma once platelets are activated. Hence PF
concentration in plasma is an efficient markergtatelet activation in blood. The figure shows
that there was no statistically significant changePF, levels on treatment with the three

concentrations of O-GNR-PEG-DSPE.

3.3.8 Interaction with complement proteins

Figure 6 C and D represents the total complementagion in terms of SC5b9 protein levels in
plasma, and alternate pathway activation in terfraboprotein levels in plasma, on treatment of
whole human blood from two individuals with incrggsconcentrations of O-GNR-PEG-DSPE.
All forms of complement activation lead to formatiof SC5b9 and hence it is considered an
excellent marker for analysis of total complemestivation. Bb protein is an activation product
specific for activation of the alternate pathwaigufe 6B shows that there was no significant
change in the levels of Bb protein in blood fortak treatment concentrations of O-GNR-PEG-
DSPE. Figure 6D shows that concentrations uptpg8fl of O-GNR-PEG-DSPE did not

significantly alter the levels of SC5b9 in bloodbafth individuals.

3.3.9 Effect on macrophages and monocytes: TNF-Adpdnd IL-10 Release

Figure 6 E and F represents the release of TNFphalnd IL-10 respectively from whole
human blood of two individuals treated or not tegbtvith O-GNR-PEG-DSPE. Figure 6E

shows that there is no significant difference ie tielease of TNF-Alpha from untreated or
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treated cells in both blood samples. Figure 6F shihat there is a decrease in IL-10 release (by
~5-7%) for blood sample 1 and (~8-10%) for blood da@pon exposure to all concentrations of

O-GNR-PEG-DSPE.

3.3.10 TEM of endothelial cells exposed to O-GNR®PBSPE

Figure 7 A-D are representative transmission ed@ctnicroscopy images of Human umbilical
vein endothelial cells treated with O-GNR-PEG-DSBE12 hours. Figure 7A shows O-GNR-
PEG-DSPE aggregates (red arrow) near the cell namab(yellow arrow). Membrane

protrusions (blue arrow) from the cells can alsoobserved. Figure 7B shows O-GNR-PEG-
DSPE aggregates (red arrow) being uptaken througmbrane protrusions (cell membrane
indicated with yellow arrows and protrusions indexh with blue arrows). Figure 7C and D
shows Human umbilical vein endothelial cells witksicles (black arrows) containing uptaken

O-GNR-PEG-DSPE aggregates (red arrows). The aathlbnane is indicated with yellow arrow.

3.3.11 Cell Viability using Presto Blue Assay

Figure 7E shows the viability of Human umbilicaliveendothelial cells treated with different
concentrations of O-GNR-PEG-DSPE (0-600ug/ml) esta@ld using the presto blue assay. The
results obtained show a concentration dependeméase in cell viability. Treatment of Human
umbilical vein endothelial cells with the two lowe®ncentrations of O-GNR-PEG-DSPE tested
(100-200ug/ml) resulted in a decrease in viabitijy 15-18%. Treatment of Human umbilical
vein endothelial cells with the two highest concativn of O-GNR-PEG-DSPE tested (500-

600ug/ml) resulted in a decrease in cell viabihyy32-40%.
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3.4 Discussion

The aim of this study was to investigate the irdkom between graphene nanoribbons and the
cellular and protein components of the blood vascutystem. Graphene nanoribbons,
synthesized from MWCNT vary in dimensions dependinghe size of the starting material (i.e.
MWCNT) and the time of oxidation(Kosynkin et alQ@). Our group has previously shown
that graphene nanoribbons can vary in size betve@®®1500 nm(Mullick Chowdhury et al.,
2012). Representative TEM images (Figure 1) showaplgene nanoribbons of size ~1.5 um
obtained from unzipping of MWCNT varying in sizetlveen 5-9 um. Figure 1A also shows the

ribbon like morphology of the unzipped nanotubes.

Graphene nanoparticles, due to their inherent Ipjtbbicity have been difficult to get into
aqueous suspension. Also, graphene particles haee shown to interact with and attach to
proteins, making it difficult for use in biomedicapplications involving intravenous
injections(Tan et al., 2013). As such, researchax® used hydrophilic groups to functionalize
graphene particles before using them for biomedagglications (Tan et al., 2013, Sun et al.,
2008, Wang et al., 2011b, Liu et al., 2008). Rdgemur group has shown that non-covalent
functionalization of graphene nanoribbons with DSFES (forming O-GNR-PEG-DSPE)

increases their stability in aqueous suspensionlildChowdhury et al., 2012).

Almost immediately after injection into the bloodesam, nanoparticles come in contact with the
repertoire of proteins in blood resulting in thenhation of a “corona” of proteins around the
particles. Reports also show that proteins boundnanoparticle surface influence their
biodistribution and uptake into immune competend g@magocytotic cells. Thus, the protein

composition of the corona will influence the toXmgical effects observed. To neutralize the
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protein binding, (especially in charged nanopagticivhich bind more proteins compared to
neutral nanoparticles) nanoparticles are often tfanalized with hydrophilic polymers like

PEG.

The PEG-DSPE functionalization of O-GNR showed acentration dependent decrease in
interactions between albumin (the most abundartepran blood) and nanoribbons (Figure 1B).
However, on PEG-DSPE functionalization the pro®iGNR binding could be decreased, but

not completely eliminated (Figure 1B).

Due to the dynamics of blood flow, O-GNR-PEG-DSBEGe injected intravenously will come

in contact with the red blood cells (RBC) (whicle dhe most abundant cells in blood). RBC’s
are devoid of nucleus and are characterized by thetoncave shape(Zarda et al., 1977).
Maintenance of the bi-concave shape is essentiahfivement of red blood cells through blood
vessels and capillaries(Zarda et al., 1977). TBE€ Rhembrane is supported by a cytoskeleton
made up of spectrin, actin and ancillary proteiskgrin, protein 4.1 etc) that support the bi-
concave shape(Agre and Parker, 1989). Analysigadscsection of RBC’s using TEM before

and after interaction of the cells with O-GNR-PEGHRE showed that the particles can deform
the RBC biconcave structure (Figure 2). Post 3 hooaubation with the O-GNR-PEG-DSPE

particles, red blood cells, which interacted witle particles (evidenced by presence of O-GNR-
PEG-DSPE on the membrane or inside the cells) sthaitber loss of biconcave structure on
one side (Figure 2B and Figure 2C) or complete tdssconcave structure (Figure 2D). On loss
of biconcave structure the RBC’s formed cells whaech similar to spherocytes i.e spherical red
blood cells(Peters and Lux, 1993). Spherocytesamsidered abnormal cells and removed from
circulation by the reticulo endothelial system(Wijld970). Detailed analysis of the interaction

between the RBC membrane and O-GNR-PEG-DSPE shthaéanost interactions took place
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on the cell membrane with sharp edges interactiitig thve membrane directly (Figure 3A). Itis
possible that the sharp edges from O-GNR-PEG-D3®#taict directly with the cytoskeleton
and disrupt its structure. This can be evidencedfthe observation of ruffling/disintegration
around the area in the membrane where O-GNR-PEGED&®racts with the cell (Figure 3B-
C). Also, in some cases depression of the cell mangbwas observed at the site of interaction
(Figure 3D). Disruption of the cellular cyto-skelkearchitecture may take place by several other
mechanisms also. For example, graphene nanoparacéehydrophobic in nature and recently
polymer nanoparticles have been shown to disrupf RBucture due to their hydrophobicity
(Shima et al., 2014). Recently, our group has alsmwn that O-GNR-PEG-DSPE can interact
with and activate EGF receptors(Mullick Chowdhuttyat, 2014). Although RBC’s do not
express EGFR, it is possible that O-GNR-PEG-DSHEt&acting with some essential proteins
in the cytoskeleton (like protein 4.1, spectrinfimmr ankyrin) and modulating its activity
(through modifications like phosphorylation) to shthe effects observed(Manno et al., 2005,
Eder et al., 1986). The membrane dynamics of RB(és usually very tightly regulated and
extensions from /fragementation of the membrantasearis not observed due to the rigid cyto-
skeletal structure(Banerjee et al., 1998). As soni@mbrane extensions from RBC’s imply a
breakdown in cyto-skeletal structure. Such exterssizvere observed near the area of the
membrane where RBC’s interacted with O-GNR-PEG-DSPigure 3E-F), implying cyto-
skeletal disruption or membrane fragmentation attarastic of spherocyte formation (Jacob,

1969).

Membrane penetration and cyto-skeletal disruptian tead to hemolysis (Barshtein et al.,
2011). In two recent studies, graphene nanopastehel MWCNT’s have been shown to induce

hemolysis by disrupting the cell membrane(Menglet2®12, Liao et al., 2011). Our group has
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previously shown that functionalization of grapheramoplatelets with dextran can mitigate the
observed hemolysis in graphene(Chowdhury et al. 3R0Brightfield images of RBC’s exposed
to O-GNR-PEG-DSPE showed a concentration deperidergase in the number of deformed
cells, further proving that interaction with O-GNFEG-DSPE leads to disruption in RBC
structure (Figure 4A-E). However, very few lysedisevere observed (on comparison with
Triton x 100 treated cells) showing that althougltiscchange in shape there is no cell lysis
(Figure 4A-E). This was further proved by quangation of hemoglobin released on treatment of
cells with O-GNR-PEG-DSPE. Very small increase @amloglobin release was observed, even
for cells treated with upto 160pg/ml O-GNR-PEG-DSfgure 4F). Although rare, TEM of
cells exposed to O-GNR-PEG-DSPE showed eviden@efefv hemolysed cells (Figure 4G is

provided as a representative).

From the data obtained through TEM and hemolysidiss it can be predicted that binding of
O-GNR-PEG-DSPE to RBC'’s leads to cyto-skeletalugiton either due to the hydrophobic
interactions of the particles with membrane, dimegiture of cyto-skeletal elements or changes
in molecular level (e.g. unwanted phosphorylatioh proteins that lead to structural
disintegration of the cytoskeleton). The cyto-stadleisruption leads to loss of biconcave shape
of the RBC’s leading to the gradual formation ohegmcyte like structures (Figure 5) Also,
membrane extensions from RBC’s can be observed tduthe disrupted cytoskeleton or
membrane fragmentation. Cross section of RBC’s shitne change from biconcave to round
spherocyte structures (Figure 5). However, lysistltdé spherocytes does not take place.
Sperocytes are considered unfit for circulation arelgenerally removed by macrophages of the

the reticulo-endothelial system. We assume thedaahls produced after interaction of RBC’s
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with O-GNR-PEG-DSPE is removed by a similar mecsianvithout lysis in circulation (Figure

5).

Since interaction of red blood cells with O-GNR-RBSPE causes changes in the structure of
RBC'’s it was essential to see if interaction withes blood cells and proteins could cause any
detrimental effects. Although, the chances of exdt@on of O-GNR-PEG-DSPE with other blood
cells (white blood cells, platelets) and proteigsniplement proteins) would be lower than
RBC'’s (as total volume of RBC’s in blood is muchylmer compared to the other cells and

proteins), these cells dictate functioning of tfimenunity and allergen response system.

Release of histamine is the major allergen respsystem in the human body(Akdis and Blaser,
2003). It is a bioactive amine that once releasedioteract with receptors on cells of different
tissues to produce different physiological and platical effects(Weiss et al., 1932). Histamine
is stored as granules in circulating basophils eadt cells that need to be activated (through
immunoglobulin E) and induced by an allergen beftirey can release the stored histamine
through de-granulation(Dvorak and Galli, 1987).ehattion of some nanoparticles with mast
cells has been reported to activate histamine selésading to an allergen response(Chen et al.,
2012). Very few studies have studied the effectgrafpphene structures on histamine release.
Recently, it has been reported by our group tha@obsure of dextran coated graphene oxide
nano-platelets to both mast cells and human blaxilts in decreased histamine release
compared to unexposed controls(Chowdhury et aL3p®ince structurally O-GNR-PEG-DSPE
is significantly different from nanoplatelets it éssential to understand the effects of O-GNR-
PEG-DSPE interaction on histamine release from weltg. Our results show that uptou@dml

O-GNR-PEG-DPE does not induce histamine releasexposure to rat mast cells. This result
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indicates that different graphene structures cadye different effects on exposure to the same

cells or tissues.

Platelets in blood circulate in their inactive foamd are activated through breakage or disruption
in the endothelium of blood vessels(Gresele e@D3). Activation of platelets ultimately leads
to the clotting of blood at the site of endothelilbreakage(Gresele et al., 2003). Foreign
particles in blood might lead to activation as wall interacting directly with the platelets and
inducing their activation cascade(Radomski et24lQ5). Carbon based nanopatrticles like single
and multiwalled carbon nanotubes and graphene tetetgis have been previously shown to
activate blood platelets leading to platelet aggtieg and formation on clots(Meng et al., 2012,
Semberova et al., 2009, Singh et al., 2011). Gtoteed without breakage in endothelium might
result in blockage of blood flow through the vessetl hence may prove fatal(WU and HOAK,
1975). However, exposure of O-GNR-PEG-DSPE conagafrs (upto 80ug/ml) did not
significantly alter the level of activation of pédé¢ts in whole human blood. This indicates that

interaction of platelets does not induce the atbwecascade in platelets.

Activation of the complement proteins in blood 13 inportant biocompatibility test for most
materials to be used for biomedical applicationls@din et al., 2007). The complement system
represents a set of multiple proteins that arelwadin the immunological response to foreign
bodies or antigens(Nilsson et al., 2007). The thre®n pathways involved in complement
activation are the classical pathway (where antm@ibody complexes are formed that lead to a
cascade of protein cleavage reactions resultinthenactivation of the complement system),
alternate pathway (which does not involve formatioh antigen antibody complex but
spontaneous activation of the protein cleavagetiteecin response to the antigen) and the lectin

pathway (which is initiated by mannose bindingilettinding to antigens)(Nilsson et al., 2007).
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Biomaterials once injecteth-vivo usually trigger the alternate or lectin pathway dot not
usually affect the classical pathway(Nilsson et a007). Multiple nanoparticles have been
shown to activate the complement system, resulimdhypersensitivity reactions that are
common in case of unwanted activation of complensgstem. For example, pegylated single
walled carbon nanotubes have been reported toasetihe complement system through the
lectin pathway(Hamad et al., 2008) and pegylatedil®oliposomal nanoparticles activate the
alternate pathway(Chanan-Khan et al., 2003). Timscates that irrespective of biocompatible
coating, different nanoparticles may activate thmmplement pathway through different
mechanisms depending on their structure. Recemwtly, group has shown that dextran
functionalized graphene nanoplatelets shows smalease in complement activation (12-20%).
Our results show that O-GNR-PEG-DSPE does not mdactivation of any form of the
complement system in the two blood samples tesibis indicates that interaction of the O-
GNR-PEG-DSPE particles with the complement proteloss not result in induction of the
protein cleavage cascade. This is probably duehto REG-DSPE coating present which

decreases such activation inducing interactions.

Macrophages and monocytes are part of the immusemythat along with their role of
phagocytosis also regulate the release of prormfiatory or anti-inflammatory cytokines in
response to a pathogen or irritant(Schutte et2@l09). Normally, a balance between pro and
anti-inflammatory cytokines is maintained in thedp(Barton, 2008). On encountering an
antigen, the balance is shifted either towardsipilammatory or anti-inflammatory cytokines
depending on the type of antigen encountered wighmalltaneous decrease in the other kind of
cytokine(Barton, 2008). Thus, a change in the dmuim would mean the macrophages or

monocytes have been activated to release theskirmg$o Incubation with O-GNR-PEG-DSPE
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did not lead to an increase in TNF-Alpha releasprainflammatory cytokine) in whole blood

(Figure 6E). However, a small decrease in IL-10d4ati-inflammatory cytokine) release (by 5-
10%) was observed (Figure 6F). However, calculatibtotal protein content from absorbance
readings and standard curve provided with the lkitwed that the concentration of I1L-10 (~1

pg/ml) for both control and treated blood samples within the normal limits (< 3 pg/ml).

Intravenous injection of O-GNR-PEG-DSPE would mdéaat injected particles will come in
contact with endothelial cells lining the blood sels. Once injected, the endothelial cells at the
site of injection would be subject to several tinmggher concentration of O-GNR-PEG-DSPE
compared to the steady state concentration in bémbieved after several passes through the
circulatory system.(Frame et al., 2014, Chowdhurgle 2013) Thus, it is essential to evaluate
the toxicity of these particles on endothelial £€llo this end, we treated Human Umbilical Vein
Endothelial cells with O-GNR-PEG-DSPE. Direct exjes of particles does not mimic the
actual situation where O-GNR-PEG-DSPE will flowofad with the blood) over these cells.
However, it would give us an idea about endothae&l-GNR-PEG-DSPE interaction, and the
concentration of the particles that is toxic to ahelial cells. Results showed that the
endothelial cells can take up large amounts the&€&NB-PEG-DSPE aggregates into vesicular
structures by producing cell membrane protrusidfiguie 7 A-D). Also, a concentration of
treatment dependent decrease in cell viability alaserved (Figure 7E). The toxicity observed
might be due to the high uptake of O-GNR-PEG-DSP&tmation of large number of uptake
vesicles (as seen in the TEM images) might affeet regular functioning of cell organelles
resulting in the observed concentration dependcityxi However, the CE of O-GNR-PEG-
DSPE was much higher than the largest concentrafi@GNR-PEG-DSPE tested (600ug/ml)

(Figure 7E). Although, the lowest concentratiorteadg100ug/ml) produced a ~15% decrease in
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viability treatment of the cells compared to unteela controls increasing the treatment

concentration by 500ug/ml decreased the cell vtgthly ~25% more only.

3.5 Conclusion

In conclusion, results from this study suggest tBaGNR-PEG-DSPE can interact with red
blood cells in circulation to alter their structurategrity. However, this change in structural
integrity does not cause red blood cell hemolysiden non flow conditions. Hemolysis of the
structurally altered RBC’s under flow conditiongeaftreatment with the nanoparticles will
require further investigation. O-GNR-PEG-DSPE daoes affect histamine release from mast
cells, PF4 activation in platelets and does nou@edcomplement activation. However, a small
decrease in anti-inflammatory cytokine levels whsavved. Treatment of endothelial cells with
O-GNR-PEG-DSPE showed high uptake of these pasticieendothelial cells. This opens
avenues for development of these particles as agentdrug or gene delivery to endothelial
cells. However, with increasing concentration, ardase in endothelial cell viability was
observed probably due to the inhibition of the nalreell processes by uptaken O-GNR-PEG-

DSPE.

Contribution: Justin Fang has contribution in the data preskintéhis chapter.
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3.6 Figures
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Figure 1 (A) Representative image of GNR-PEG-DSPE nanoparticledd on unzipping of a
MWCNT (B) Concentration of human serum albumin in the supamaf O-GNR and O-GNR-
PEG-DSPE (at 10pg/ml and 80ug/ml) treated proteliation centrifuged for 30 minutes at 3000
rpm. Concentration of the untreated but centrifugedtrol protein solution is provided as a

reference.
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Figure 2
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Figure 2 Representative TEM images and illustration of ried cells treated or untreated with
O-GNR-PEG-DSPE. (A and E) Representative TEM imageskillustration of cross section of
red blood cells not treated with O-GNR-PEG-DSPEaf(i#8l F) Representative TEM image and
illustration of cross section of a red blood cedlated with PEG-DSPE showing loss of concave
shape on one side. (C and G) Representative TENdraad illustration of cross section of a red
blood cell treated with PEG-DSPE showing loss aficave shape on both sides. (D and H)
Representative TEM image and illustration of cresstion of a red blood cell treated with PEG-
DSPE showing formation of a spherical cross seatioa to loss of structural integrity of the
cells. O-GNR-PEG-DSPE particles are indicated witd arrows whereas protrusions/

fragmentation from the membrane are indicated bliéick arrows.
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Figure3
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Figure 3 Representative TEM images of red blood cells shgumteraction of RBC membrane
with O-GNR-PEG-DSPE. (A) Representative TEM imafe@ oed blood cell showing edges of
O-GNR-PEG-DSPE interact with RBC membrane. (B-Cpriesentative TEM images of red
blood cells showing membrane disintegration/rufflifred arrows) at the site of surface
interaction (D) Representative TEM images of redodl cells showing membrane depression
(red arrows) at the site to interaction. (E-F) Repntative TEM images of red blood cells
showing membrane protrusions/fragmentations neasites where cell membrane interacts with
O-GNR-PEG-DSPE. O-GNR-PEG-DSPE particles are inéicavith blue arrows whereas
protrusions/ fragmentation from the membrane amicated with red arrows. The site of

interaction of RBC membrane with O-GNR-PEG-DSPHiglas is indicated with black arrows.
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Figure 4
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Figure 4. (A) Representative image of untreated control nkxbd cells. (B) Representative
image showing hemolysed cells treated with polyletie imine. (C-E) Representative images
of blood cells treated with 0-166/ml GNR-PEG-DSPE, respectively. (F) Supernatahtained
after centrifuging red blood cell suspensions #éatith GNR-PEG-DSPE formulations, or
Triton X 100 for 45 minutes. (G) Absorbance valoésthe supernatants at 540 nm obtained after
conversion of the hemoglobin present to cyanometiggobin. Scale bar (A-E) = 200 um for
image (H)Representative Transmission Electron Micopy image of a hemolysed red blood

cell treated with O-GNR-PEG-DSPE
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Figure 5

RES

Figure 5 Schematic showingrobable mechanism of RBC membrane disruption anadtion
of spherocyte like structuregragmentation from disrupted RBC’s is indicated hwgreen

arrows and O-GNR-PEG-DSPE is indicated with blatkwes.

112



Figure 6
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Figure 6 (A) Histamine release from activated and induced RBB«2lls treated O-GNR-PEG-
DSPE (0-8Qg/ml) formulations for 45 min(B) Plateletactivation assay presented in terms of
PF, production in whole human blood from two individsiahcubated at 0-8@/ml GNR-PEG-
DSPE concentrations for 45 mifC) Total complement activation assay presented imgewf
Sc5b-9 protein production in human whole blood fritmo individuals treated with various O-
GNR-PEG-DSPE (0-80ug/ml) concentratigby. Alternate complement pathway activation in
terms of Bb protein production in two human whol®odd samples treated with various
concentrations of O-GNR-PEG-DSPE (0:80ml). (E) Pro-inflammatory cytokine release assay
presented in terms of TNF-Alpha release in wholen&w whole blood from two individuals
treated with various O-GNR-PEG-DSPE (0x80nl) concentrations(F) Anti-inflammatory
cytokine release assay presented in terms of ltel€ase in whole human blood from two
individuals treated with various O-GNR-PEG-DSPE 8@:g/ml) concentrations. Data are
presented as mean +SD (n = 4 per group)p*<=0.05 between untreated control and particular

treatment group.

116



Figure 7
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Figure 7

Representative TEM images of human umbilical veidaghelial cells treated with 40ug/ml O-
GNR-PEG-DSPE for 12 hours showing .(A) O-GNR-PESHFE aggregates (red arrows) at the
periphery of the cell (yellow arrows). (B) Cell mbrane protrusions (blue arrows) moving
towards and engulfing large O-GNR-PEG-DSPE aggesgaed arrows). (C-D) O-GNR-PEG-
DSPE aggregates (red arrow) enclosed in large [agopc vesicles (black arrows). Yellow
arrows in all the images represent the cell mensragE) % Cell Viability (normalized to
viability of untreated cells) using Presto Blue &gsn human umbilical vein endothelial cells
incubated with various O-GNR-PEG-DSPE (0-600ugiohcentrations for 24 hours. Data are
presented as mean +SD (n = 5 per group). Alltrireat groups showeg < 0.05 when

compared to untreated control.
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Chapter 4
MECHANISM OF UPTAKE AND IN VITRO DRUG DELIVERY STUDIES

WITH GRAPHKEE NANORIBBONS

Preface

Portions of this chapter have been reproduced from

Mullick Chowdhury, S, Mannepalli, P. & Sitharaman, B. Graphene Narmmiis Elicit
Cell Specific Uptake and Delivery Via Activation Bpidermal Growth Factor Receptor
Enhanced by Human PapillomaVirus E5 Protéicta Biomaterialia(2014) with
permission from Elsevier publishing.

The authors listed in the above manucript haverimuttons towards the data reported in this

chapter.
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4.1 Introduction

Many pharmaceutical formulations of drugs, genes @maging agents show significant
limitations that result in low therapeutic indicéstio of therapeutic to toxic dose). These
limitations stimulate the development of pharmaicalitdelivery agents. There is now a large
body of work that documents the tremendous progimesesearch and development of drug
delivery agents (Sant et al., 2012, Hubbell andgean2013, Bae and Park, 2011). A variety of
micro- and nano-particles have been explored asvelgl systems, including particles
synthesized from carbon (fullerenes, metallofue®e carbon nanotubes and recently
graphene(Lalwani and Sitharaman, 2013, Liu et241Q9, Bitounis et al., 2013, Frame et al.,
2014)), ceramics, polymers, lipids, or metals aadnkd in a variety of configurations (i.e.,
spheres, tubes, branched structures, and shellsy(ldad Frenkel, 2008). These systems serve
as the scaffold onto which the active pharmaceutimgredient (API) is covalently or non-
covalently loaded. Multi-component targeted delveystems have also been developed, in
which targeting moieties (e.g. antibodies or pegs)care covalently or non-covalently appended
onto APIs, or API- loaded micro- or nano-particl@hese systems typically target specific
antigens on the cell surface to enhance the umth#lelivery systems into specific tumor cells to
improve treatment efficacy. ‘Antibody mimics’ syesized via imprinting of specific antigens
onto polymeric scaffolds are used mainly in contpetibinding assays(Vlatakis et al., 1993).
Identification of materials that serve not onlysaaffolds that efficiently load and deliver drugs,
but also activate specific cell receptors withaddiional presence or functionalization of amino
acid sequences or other epitopes would constitusgy@ificant advance in targeted delivery

system design.
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In chapter 2, we had evaluated the cytotoxicitgxatlized graphene nanoribbon (O-GNR)-based
formulations(Mullick Chowdhury et al., 2013). Inatihchapter O-GNRs were synthesized in
macroscopic amounts using an oxidative method gi@tkby Kosynkin, Tour, and co-workers
that longitudinally “unzips” carbon nanotubes(Kokynet al., 2009). O-GNR morphology is
distinctly different from graphene oxide nanoplats] which are synthesized using graphite and
are widely used in graphene-based cellular uptakledalivery studies (Bitounis et al., 2013,
Kanakia et al., 2013, Chowdhury et al., 2013). Redtom the in vitro toxicity study reported

in Chapter 2 had shown that O-GNRg(re 1A and B) water-solubilized with the

amphiphilic polymer PEG-DSPE to form a supramolacabmplex (O-GNR-PEG-DSPE) when
incubated at various concentrations (0-400ug/md)tane points (24-72 hours) in four different
cell lines (HeLa, MCF7, SKBR 3 and NIH3T3) were mawytotoxic to HeLa cells compared to
other cell lines(Mullick Chowdhury et al., 2013Jhese studies provided preliminary indication
that enhanced uptake of O-GNR-PEG-DSPEs into Hella was an important reason for the
observed differences in cytotoxicity. In this cheapive further investigate the O-GNR-PEG-
DSPEs uptake mechanism, and report two surprigghgeyated phenomena. (1) O-GNR-PEG-
DSPEs activate epidermal growth factor recepto@@HES) and are taken up in significant
amounts in cells with high EGFR expression. (2)€eith integrated human papilloma virus
(HPV) genomes, which express EGFR (at normal aragdel levels), elicit enhanced O-GNR-
PEG-DSPE uptake via the modulation of EFGR by tha protein E5. We further demonstrate
that these phenomena lead to differential and as&eé intracellular drug delivery efficacy even

in drug resistant cells.
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4.2. Materials and Methods

4.2.1Synthesis and Characterization of O-GNR-DSPE® formulations

Previously reported procedures were employed fer GaGNR synthesis from multi walled
carbon nanotubes (Sigma-Aldrich, St Louis, MO) gm@paration of O-GNR-DSPE-PEG
dispersions [9, 10]. For atomic force microscopy¥kA and TEM characterization, O-GNR-
PEG-DSPE samples diluted to 5pug/ml using a 1:1nethaater mixture were probe sonicated,
(Cole Parmer Ultrasonicator LPX 750) and centrifligg 2000 rpm for 30 minutes. The
supernatant was collected and drop cast onto silicafers (AFM samples) or copper grids (Ted
Pella) (TEM samples) and dried overnight. AFM yasformed using a Nano Surf Easy Scan 2
AF microscope (NanoScience Instruments Inc, Phoeky, operating in tapping mode with a
V-shaped cantilever. TEM was performed on a Teddiai Twin G transmission electron
microscope (FEI, Hillsboro, OR), at 80 kV. Digitatages were acquired using an XR-60 CCD
digital camera system (AMT, Woburn, MA).

4. 2.2 Cell Culture

Eleven cell lines were used for the various expenits based on their EGFR expression. All cell
lines were obtained from ATCC (Manassas, VA, USAgLa, A549,MRC5,U251, A431 cells
were grown in Dulbecco’s Modified Eagle medium, SXKBcells were grown in McCoy’s
medium, MCF7 and CaSki cells were grown in RPMIA@&@edium. SiHa, C33A and US7MG
cells were grown in Minimum Essential medium (MEMJl the media were supplemented with
10% fetal bovine serum and 1 % penicillin-streptomy Cells were incubated at %7 in a

humidified atmosphere of 5% G@nd 95% air.
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4.2.3 TEM of Cell Specimens

Six well plates with surfaces covered with ACLAR®@nT (Electron Microscopy Sciences,
Hatford, PA) were plated with HeLa, C33A and A42lisat a density of 5x 2@ells per plate,
and exposed to O-GNR-PEG-DSPEs for 15 minutes, Bites or 3 hours according to the
specific assay. For inhibitor studies, cells warstfincubated with 80 uM dynasore, 3ug/mi
filipin, 50 mM EIPA or 1uM Gefitinib for 30 minuteNext, cells were treated with O-GNR-
PEG-DSPE at 50ug/ml concentrations for 15 minl@8sninutes or 3 hours. After 15 minutes,
30 minutes or 3 hours as per specific experimeogdls were fixed with 2.5% electron
microscopy grade glutaraldehyde (Electron Microsc8piences, Hatford, PA) in 0.1 M PBS.
After fixation, films containing fixed cells werdgeed in 2% osmium tetroxide in 0.1 M PBS,
dehydrated through graded ethanol washes, and eletheén durcupan resin (Sigma-aldrich, St.
Louis, USA). Areas with high cell densities weredied, cut into 80 nm ultrathin sections using
an Ultracut E microtome ( Reichert-Jung, Cambridg&), and placed on formvar-coated
copper grids. The sections were then viewed witfeaenai Bio Twin G transmission electron
microscope (FEI, Hillsboro, OR) at 80 kV. Digitahages were acquired using an XR-60 CCD
digital camera system. (AMT, Woburn, MA}5 cells of each cell line treated with O-GNR-
PEG-DSPE was observed to come to a conclusion alppake of O-GNR-PEG-DSPE in these
cell lines

4.2.4 Confocal Microscopy

5x 10 cells were plated in glass bottom 35 mm plates iandbated for 18 hours. Following
incubation, media was removed and replaced withinsdree media and cells were further
incubated for 24 hours. Post-incubation, cells wezated with 50ug/ml O-GNR-PEG-DSPE for

15 minutes or 30 minutes. This step was followedthrge washes with phosphate buffered
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saline and fixation for 30 minutes with 2.5% glaldehyde. Then, the fixed cells were treated
with 0.5% Triton X-100, and washed 3 times with PBS8s was followed by incubation with
either phallodin rhodamine (for actin) (Invitrogesr)anti-phospho EGFR antibody with attached
Alexa fluor 488(Millipore, Billerica, MA). Cells tated with gefitinib before O-GNR-PEG-
DSPE treatment, EGF treated cells, and untreatésiveere used as controls.

4.2.5 Doxorubicin loading on O-GNR-PEG-DSPE

The protocol used to load doxorubicin (Dox) ontdGBR-PEG-DSPEs was adapted from the
literature available for drug-loading for grapheBeefly, 10 mg of Dox was mixed with 20 ml
of 200pg/ml O-GNR-PEG-DSPE, bath sonicated for @@uies, and stirred for 24 hours. After
24 hours, the mixture was centrifuged at 13000 fpn60 minutes. The supernatant containing
unloaded Dox was separated from the pelleted O-GRE-DSPEs containing loaded Dox by
decantation. The amount of drug in the superngtantdrug not loaded) was calculated using
the Dox absorbance spectra from the supernatad9@tnm and the absorbance vs. Dox
concentration standard curve. The amount of drugddd on O-GNR-PEG-DSPEs was
calculated by subtracting the drug in the supemdi@m the starting amount of Dox (i.e., 1
mg). Drug loading efficiency (DLE) was calculatesing the following formula: DLE = [(Drug
Loaded in mg) / (Weight of O-GNR-PEG-DSPE in mgfjél The drug-loaded O-GNR-PEG-
DSPE was resuspended in PEG-DSPE at 200ug/ml addgi2l (of O-GNR-PEG-DSPE)
before being used as stock solutions for drug dgfiand drug release experiments respectively.
4. 2.6 Doxorubicin release from O-GNR-PEG-DSPE

Bipthalate buffer (pH 4), phosphate buffered saljpld 7), and borate buffered saline (pH 10)
were used to assess drug release from Dox-loadéiR-PEG-DSPEs. One ml of a 120ug/mi

Dox-loaded O-GNR-PEG-DSPE solution was re-suspende@l0 ml of the three different
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buffers to produce ~60 pg of Dox-loaded onto O-GNEGFDSPE in each buffer solution. This
solution was incubated at %7 in a water bath placed on a horizontal shake6@hours. One
ml of buffer was collected every 12 hours, andgh®unt of Dox released was calculated using
the absorbance of the collected buffer at 490 nmd #re standard Dox absorbance vs.

concentration standard curve.

4.2.7 Lactate Dehydrogenase (LDH) Assay

This assay was conducted using a LDH release T@Xsay kit (Sigma-Aldrich, St Louis, MO).
Cells were plated, at a density of 5 x> H@lls per well, in 96 well cell culture plates, and
incubated for 18 hours. Following media changesd, @il treatment with Dox-loaded O-GNR-
PEG-DSPE (50ug/ml), cells were incubated &tC3tr 24 hours. After 24 hours, media was
collected from individual wells, and centrifuged1®00 rpm for 5 minutes. Fifty pl of the media
supernatant was added to a fresh 96 well plategaldth LDH assay reagent, and incubated for
45 minutes. Absorbance values were recorded an#f0The positive control was prepared by
adding 10ul of lysis solution to control cells, 45 min befarentrifugation. LDH secretion (% of
positive control) was calculated using the form@@iest — ODpjank)/(ODpositive = ODblank), Where
ODystis the optical density of control cells or cellgpesed to O-GNR-PEG-DSPE, and
ODpositive IS the optical density of the positive controllsebnd ORjankis the optical density of
the wells without cells. Absorbance of culture naediontaining PEG-DSPE was used for
baseline correction in all groups. LDH secretion ¢¢#dox-loaded O-GNR-PEG-DSPE treated
cells) was calculated using the formula (@B ODyjani)/(ODyeatment— ODbiank), Where ORstis
the optical density of the inhibited cells expostml Dox-loaded O-GNR-PEG-DSPE,

ODyeatmentlS the optical density of the cells treated witilyoDox-loaded O-GNR-PEG-DSPE,
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and ODRQankis the optical density of the wells without cellsbsorbance of culture media
containing PEG-DSPE was used for baseline cormreati@ll groups.

4.2.8 Western Blots

Hela, A431 cells and C33A cells were plated at defisity of 1 x10or 5 x1G in six well plates
and grown for 18 hours. Five x1®431 and C33A cells transfected with MSCV- FLAG -
HPV16 E5 plasmid (Addgene, Cambridge,MA) in six wpthtes were also used. Cell lines were
either left untreated or treated with O-GNR-PEG-BSK50ug/ml) for 15 minutes. Next, cells
were lysed, and whole cell protein lysates werdect#d. Western blot analysis for EGFR
expression before and after treatment with O-GNSRESPES was conducted using rabbit anti-
EGFR primary antibody (Santa Cruz Biotechnology) anti rabbit-HRP secondary antibody
(Santa Cruz Biotechnology). Western blot analysisdctivated EGFR expression before and
after treatment with O-GNR-PEG-DSPE (and before aftel gefitinib and O-GNR-PEG-DSPE
treatment) was performed using mouse anti-phosgdieREantibody (Millipore, Billerica, MA),
and anti-mouse -HRP (Santa Cruz Biotechnology Sé@mte, CA). 4 different blots for each
experiment were used for densitometry analysis gudmage J and subsequent statistical
analysis. Data obtained from densitometry analigsigpresented as ratio of EGFR or p-EGFR

band density and corresponding beta actin bandtgiens

4.2.9 Presto Blue Assay for Cell Viability

Cell viability of HeLa cells exposed to differerdrecentrations of the four inhibitors Dynasore,
Fillipin, EIPA and Gefitinib was measured by prebtoe assay using a method discussed in the
previous chapter (Invitrogen, Grand Island, NY)ieBy, HeLa cells were plated at 6 x*Idells

per well in 96 well plates, and incubated for 24iis0 Before commencing with the assay, old
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media was replaced with 180ul of fresh media inheaell. 20ul of inhibitor solutions at
different concentrations were added to every welhs to reach the target concentration when
diluted in the media. The concentrations testedyed from 0-10QM for dynasore, 04og/ml

for fillipin, 0-1 mM for EIPA and 0-2:M for gefitinib. The cells were incubated at’G7for 24
hours. After 24 hours, media was removed, and wekse rinsed twice with Dulbecco’s
phosphate buffer saline (DPBS) before adding 2@dffesh media, and 20ul of Presto Blue
reagent. The plates were then incubated for 2 hatu8$’C. Fluorescence readings of the wells
were recorded using a Spectra Max M3 multimode opiate reader (Molecular Devices,
Sunnyvale, CA) with excitation at 530 nm, and emissat 580 nm. Fluorescence reading for
cells in the culture medium containing only PEG-[ESRas used for baseline correction. The
cell viability in terms of % of untreated contra¢lls is expressed as the percentage @t (F
Folank/ (Feontrol — Folank),Where kst is the fluorescence of the cells exposed to nhbon sample,
Feontrol IS thefluorescence of the unexposed control sample angk I5 the fluorescence of the
wells without any cells.

4.2.10 siRNA transfection of HelLa cells

One x16 or 5 x10 HelLa cells were plated in 96-well and 6-well ptatnd incubated for 18
hours. Cells were transfected with siRNA againsFRGSanta Cruz Biotechnology, Santa Cruz,
CA) and siRNA against HPV18ES5 (Qiagen) using thgdfne 6 transfection reagent. Briefly, 1
pl of each siRNA against EGFR and siRNA against H8E5 were added to 489 pl of OPTI-
MEM media and 10 pl of transfection reagent to preps00 pl of transfection reagent-DNA
complex. One hundred pl of this complex was addeshth well of 96 well plates and 500 pul of
this complex was added to each well in 6 well @al@ansfection was allowed to proceed for 12

hours after which EGFR activation in the transfdcteells was checked with confocal
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miscroscopy and flow cytometry using mouse antigph® EGFR primary and anti-mouse
rhodamine as secondary antibody after exposing ¢elll0 ng EGF per well. Drug delivery
studies in siRNA transfected cells were conductabiling to the method described in the LDH
assay section. Ambion®ilencer®Negative Control #1 siRNA was used as the negaiwerol

and untreated cells (with and without siRNA treatthevere used as controls.

4.2.11 Transfection of HPV 16-E5 plasmid into A4ahd C33A cells and wt EGFR plasmid
into C33A cells

MSCV-FLAG-HPV16-E5 plasmid and wt EGFR expressingsmid (plasmid 11011) was
obtained from Addgene (Cambridge,MA), and tran$jemainsfected into A431 and C33A cells
using the Fugene 6 transfection reagent. Brieflyg &f the plasmid was mixed with 6 pl of
Fugene 6 reagent and 94 pl of OPTI-MEM media tanfd00 pl of transfection agent-plasmid
mixture.10 pl and 50 pl of this mixture was adde@ach well in 96 well plates containing 90 pl
OPTI-MEM and cells and 6 well plates containing 45800PTI-MEM reduced serum media
(Life Technologies, Carlsbad, CA) and cells respebtt. The transfection was allowed to
proceed for 12 hours following which successfuhsfaction was confirmed by fluorescence
microscopy and flow cytometry. Mouse anti-flag aMiduse anti-EGFR primary antibodies
(Sigma-Aldrich,St Louis, MO) and anti-mouse-rhodaeni(Sigma-Aldrich, St Louis, MO)
secondary were used for fluorescence microcopyflamd cytometry. Drug delivery studies in
the MSCV-FLAG-HPV16E5 and EGFR transfected cellsreveonducted according to the
method described under LDH assay. Untreated dedlsgfected and untransfected) were used as

controls.
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4.2.12 Cell Counting

Cell proliferation of normal C33A cells and wt EGRfasmid transfected C33A cells after 24

hours was compared by cell counting. Briefly, 15%ténsfected and non —transfected cells were
plated in 10 cm cell culture plates and allowedtow for 4 hours. After 4 hours the media was
changed with fresh media and the cells were alloteegrow undisturbed for 24 hours. After

this period the cells were trypsinized and cell bers were counted using a hemocytometer.

4.2.13 Flow Cytometry

Flow cytometry was used for quantification of aated EGFR expression before and after
SiRNA transfection (against EGFR and HPV18 E5) ali as to quantify transfection efficiency
and expression of the MSCV-FLAG-HPV16 E5 and wt BQ#tasmid in transfected A431 and
C33A cells. To prepare for flow cytometry, thelselere fixed using 2.5% glutaraldehyde and
excess glutaraldehyde was washed away , treateddvili%o Triton X 100 for 5 minutes followed
by treatment with appropriate antibodies, trypsdiz and resuspended in FACS buffer
(Phosphate buffered saline containing 20% fetalriogerum). Flow cytometry was performed
immediately after all samples were prepared usiRg@S Calibur Cell Sorter (BD Biosciences,

San Jose, CA). BD FACS Diva 8.0 software was useddta analysis.

2.12 Statistics
All data are presented as mean * standard deviaBtrdent’s’ test was used to analyze the
differences among groups. Each independent expetifnel) was an average of three wells

done in parallel. One-way ANOVA followed by Tukeydtner post hoc analysis was used for
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multiple comparisons between groups. All statisti@aalyses were performed using a 95%

confidence intervalg < 0.05.

4.3. Results

4.3.1. Water dispersed graphene nanoribbons acevepidermal growth factor receptors

We first conducted qualitative analysis of O-GNRG?BSPE uptake into HeLa and three other
cell lines (MCF7, A549 and MRC5) using transmissiglactron microscopy (TEM). These
results suggest that HelLa cells take up O-GNR-PEBPRD aggregates into large vesicular
cytoplasmic structures (resembling macropinosorffégure 1C and D. Uptake seemed to be
mediated through extensions from the plasma membnahich engulfed O-GNR-PEG-DSPE
on the cell surfaceFgure 1 C and D, white arrows). We also observed large and small
perinuclear vesicular structures within O-GNR-PEGHE aggregates after 30 min of incubation
(Figure 1 E and B as well as a few endocytic vesicles, which formieefore the
macropinocytosis-like responsesiqure 1D, yellow arrows). In comparison, other cell lines
(MCF7, MRC5 and A549) showed only small aggregate®-GNR-PEG-DSPE uptak€&igure

2 A, Band Q.

Next, we conducted inhibitor studies in HelLa catisinvestigate the uptake mechanism at
potentially safe concentrations of O-GNR-PEG-DSPE ahibitors. Cellular analyses using
TEM indicated that, although, both macropinocyt@itd endocytic vesicles were observed in
non-inhibited HelLa cells treated with O-GNR-PEG-ESRynasore (a dynamin inhibitor that
prevents clathrin-mediated endocytosis) could cetep) prevent O-GNR-PEG-DSPE uptake
(Figure 3 A and B) whereas filipin (a caveolae-mediated endocytogigitor) did not show the

same effectKigure 3 C and D. Ethyl-isopropyl amiloride (EIPA), a macropinoogts inhibitor
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largely prevented the uptake of larger aggregdtesjn a few cases, smaller aggregates were
found in endosomal vesicles even with EIPA inhdnti(Figure 3 E and F). Based on these
results, we hypothesized that the uptake mechafosif®-GNR-PEG-DSPE into Hela cells is
predominantly a dynamin-dependent macropinocytidsss-response although dynamin-
dependent clathrin-mediated endocytosis may pEmaller role.

Investigation of actin polymerization of HeLa cedisposed to O-GNR-PEG-DSPE revealed the
presence of circular ruffles 15 min post expostiigure 4 B and C white arrows). O-GNR-
PEG-DSPE uptake was observed along ruffle mardiitggi{e 4 C, red arrows). Several reports
demonstrated dynamin-dependent ruffle formationd am macropinocytosis-like uptake
mechanism during activation and internalization epidermal growth factor receptors
(EGFRs),(Orth, 2006) involving plasma membranerpidns that sequester a large number of
ligand-bound (i.e., activated) EGFRs in large wasic cytoplasmic structures. We observed
similar protrusions in HelLa specimens treated VQHGNR-PEG-DSPEHigure 1C and D).
Activated EGFR uptake occurs via a complex netwadr&onnected vesicles unlike the spherical
vesicles observed in classical macropinocytosigalipation of these vesicles is mainly
perinuclear(Orth, 2006). We noted O-GNR-PEG-DSPEtinctures with similar features, such
as connected vesicles with perinuclear localizafiogure 1E and F, blue arrows, black arrows
point to nucleus). Thus, we performed additionaibitory studies in HeLa cells with gefitinib
(an EGFR kinase inhibitor) to ascertain whether RR=PEG-DSPE uptake is dependent on
EGFR activation and sequestration(Kitazaki et 2005). TEM results showed no observable
nanoparticles inside the cells in cytoplasmic Mesieven after 3-hours exposure to the cells

(Figure 1 G). O-GNR-PEG-DSPE aggregates were present on thnebna@e Figure 1 H), but
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not ruffles Figure 4D). Taken together, these results taken togethdcatet that gefitinib
prevents cellular uptake of these nanopartidlégufe 1 E).

We next employed fluorescently tagged anti-phosi®FR antibodies, and investigated
whether O-GNR-PEG-DSPE activates EGFR in HelLa calisl subsequently leads to O-GNR-
PEG-DSPE uptake. HeLa cells grown in serum freeianaad treated with O-GNR-PEG-DSPE
showed increased green fluorescence, which is atidee of increased EGFR activation (i.e.
increased EGFR phosphorylatiofigure 5 A, B and Q. O-GNR-PEG-DSPE activated cell
surface EGFRKigure 5 D, E and F, red arrows). Our results also indicated that ORGREG-
DSPE aggregates co-localize with activated EGFRptecs in vesiclesHigure 5 D-I). HeLa
cells exposed to gefitinib prior to O-GNR-PEG-DStirEatment failed to show significant EGFR
activation Figure 5 J, K and L). A431 cells, which also over express EGFR shoaatvation,
albeit at lower levelsHigure 6). MCF7 cells, which have low EGFR expression shibwe
insignificant EGFR activatiorHjgure 6). Western blot analysis of unexposed and expostdH
cells showed that the number of activated EGFRptecs increased post exposure to O-GNR-
PEG-DSPE. However, total EGFR content remained stiw@e Figure 55). Gefitinib pre-
treatment could decrease this phosphorylatiéigufe 5T). These results provided additional
corroboration that O-GNR-PEG-DSPE uptake is depeinden EGFR activation and
sequestration.

4.3.2 Differential intracellular drug delivery ané&nhanced drug efficacies

We next performed drug delivery studies using O-GREG-DSPESs. The primary goals of these
studies were twofold: 1) to further corroboratett@aGNR-PEG-DSPE uptake of into cells
occurs via EGFR activation; 2) to determine possitdasons for higher O-GNR-PEG-DSPE

uptake by HelLa cells. An ancillary goal was to stgate the capabilities of O-GNR-PEG-
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DSPEs as cell specific delivery agents. The FDAraygd anti-cancer drug doxorubicin (Dox)
was chosen for these studies because it only ecédissthrough passive diffusion, and thus at
low concentrations shows poor uptake into many eanells;(Arora et al., 2012) Dox typically
requires a delivery agent to increase efficacy. €Omtside the cell, membrane-bound p-
glycoprotein (P-gp), expressed in certain celle (Bable 1), can ‘pump’ Dox out of the cells,
(Arora et al., 2012) which may in turn lead to ginesistance. Cell clones resistant to low
concentrations (treatment of cells with 20pug/ml Oox 24 hours of Dox) were chosen. Thus,
any increase in cytotoxic effects of similar cortcation (20pg/ml) of Dox loaded onto O-GNR-
PEG-DSPEs would imply increased delivery of DoxX»%NR-PEG-DSPEs.

Dox was non-covalently loaded onto O-GNR-PEG-DSPEough simple pi-pi stacking
interactions Figure 7A)(Liu et al., 2009). The optimum drug loading effiecy of the O-GNR-
PEG-DSPE formulation was 40%, i.e., 0.4 mg of Dould be loaded on 1 mg of O-GNR-PEG-
DSPE Figure 7 B). Dox release from O-GNR-PEG-DSPE took place myainl an acidic
environment (pH, 4 to 6, 100% release in 3 day#) wiinimal drug release in a neutral or basic
environment (pH> 7, 10% release in 3 days). Drug release at agHidollowed first order
kinetics. Such a drug release profile is idealtéonor drug delivery agents as the pH of tumors is
predominantly acidicKigure 7D)(Gerweck et al., 2006).

In vitro drug delivery studies were conducted usingub0f O-GNR-PEG-DSPE solution at a
potential therapeutic dosage of 50ug/ml (determiimenh previous cytotoxicity studies for O-
GNR-PEG-DSPE(Mullick Chowdhury et al.,, 2013)) loddwith 40% Dox by weight (20
pag/ml); treatment duration was 24 hours and thetsol was studied in 11 cell line$gble 1,

cell line selection criteria for these studies wbesed on previous results). Since Hela is a

cervical cancer cell line with an integrated HP\hg®e, we chose cell lines comprised of
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cervical cancers cells with or without an HPV geeomnd non-cervical cancer cells with low,
normal or high EGFR expression(Bachran et al., 26iine, 2012, Berkers et al., 1991, Defize
et al., 1988, Stea et al., 2003, Bonavia et all02&irotnak et al., 2000, Abourbeh et al., 2012,
Meira et al., 2011, Wong, 2005, Cai et al., 20@pression capability of P-gp, also known as
multidrug resistant protein 1 (MDR1) expressiortistaof the cell lines is also provided since it
can also influence accumulation and efficacy of stde the cells (De Rosa et al., 2004, Biing
et al., 1994, Li et al., 2006, Zhou et al., 201dHetner et al., 1998, Jacobs et al., 2011, \&lar
al., 2012, Lutterbach et al., 1998, Mutoh et &00&). We used a lactate dehydrogenease (LDH)
assay to assess cytotoxicity due to cellular defivid Dox. LDH, a cytoplasmic marker for
membrane integrity, provides an indirect meanssseasing cytotoxicity(Mullick Chowdhury et
al., 2013). Leaky membranes of damaged or dead shbibw increased LDH release into
surrounding media compared to normal intact c€lls. previous results validated this assay as a
robust assessment of cytotoxicity without any ifieemce from O-GNR-PEG-DSPE(Mullick
Chowdhury et al., 2013). Under the same condifittesLa and CaSki cells showed ~100%
greater LDH release, and SiHa cells showed ~75%teagrd2DH release when both were
compared to cells treated with free Dox disperse®kEG-DSPE (igures 8 B-F) HelLa and
SiHa express normal levels of EGFR while CaSkisceller-express EGFR. At the same loading
concentration, three cell types with high EGFR egpron MDA-MB-231, A431 cells (a non
cervical cancer squamous cell carcinoma cell linthe vulva) and U251 cells (a glioblastoma
cell line) showed ~20% and ~15% higher LDH releaspeetively compared to cells treated
with free Dox dispersed in PEG-DSPE. C33a, a cahvancer cell line without the HPV
genome, and other cell lines (UB7MG, MCF7, A549 BIRICS cells) did not show a statistically

significant decrease in viability compared to fi@ex (Table 1 and Figures 9A-F). Six cell
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lines that showed increased LDH release (HelLa, C&tda, MDA-MB-231, A431 and U251
cells) either over-express EGFR on their surfaced/@an have integrated HPV
genome/genomes(Bachran et al., 2010, Berkers, €i98l1, Defize et al., 1988, Stea et al., 2003,
Cai et al., 2008). The other cell lines show lownarmal EGFR expression (Home, 2012,
Bonavia et al., 2010, Sirotnak et al., 2000, Abetrbet al., 2012, Meira et al., 2011).
HelLa,CaSki and MDA-MB-231 cells, that either poss@segarted HPV genome/s or over
express EGFR or both, and do not express P-gpbigadhithe highest LDH release. Cell lines
with an integrated HPV genome (SiHa) or high EGKRression (A431and U251 cells) which
also express P-gp, exhibited higher LDH releasepeawed to free drug as well. However, other
cell lines with low or normal EGFR expression, batnot express P-gp (MRC5, U87MG, A549,
MCF7, C33A), did not show a similar increase in LD#els. These results indicate that cells
with an HPV genome or EGFR over expression exlilwmteased drug efficacy, even in those
with p-glycoprotein expression.

Next, drug delivery studies were performed on Hahd CaSki cell lines after treatment with
endocytosis and macropinocytosis inhibitors. Weduggy low non-toxic concentrations of cell
inhibitors to ensure that any observed cell deatls mainly due to Dox-loaded O-GNR-PEG-
DSPE uptakéFigure 11).Figure 12 A-D and Figure 13 A-Dshows the salient results of these
studies for HelLa cells and CaSki cells, respectivil HelLa cells, unexposed control cells
showed approximately 33% LDH release comparedadysed control cells. HelLa cells treated
with dynasore at 20uM showed no difference in L2kase from the non-inhibited cells treated
with dox loaded O-GNR-PEG-DSPEhown in Figure 9E ~75% of lysed control cell}.
However, when Hela cells were treated with dynastr&0uM, LDH release decreased to

~65% of cells exposed to the drug loaded nanoparffegure 12 A). HelLa cells treated with
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filipin at various concentrations (1-3pug/ml) didtrshow a significant decrease in LDH levels
(Figure 12B). Hela cells treated with EIPA, at 0.25mM and OMbrooncentrations, showed a
decrease to ~80% and ~72% LDH release, respecti#edyre 12C). Hela cells treated with
gefitinib, at 0.5uM concentration, decreased LDHease to ~ 76% and at 1uM to ~50%
(Figure12D)

Dynasore inhibition of dynamin prevented O-GNR-PEGPE uptake by both clathrin-mediated
endocytosis and ruffle-mediated vesicle formati&tPA inhibits only macropinocytosis-like
processes (ruffle-mediated vesicle formation irs tbase). EIPA inhibition decreased LDH
Release to ~72% of non-inhibited cells, similar he ~65% LDH release observed after
dynasore inhibition. This comparison provided addil indication that dynamin-dependent
endocytosis might play a minor role in drug-loadeahoparticle uptake. Filipin, which prevents
caveolae-mediated endocytosis, did not show suckffact, thus ruling it out as an uptake
mechanism. Gefitinib, a tyrosine kinase inhibitétsoadecreases LDH release in response to
drug-loaded O-GNR-PEG-DSPEs to ~50% that of unimdbicells. CaSki cells produced
similar results indicating that the mechanism oGR-PEG-DSPE uptake in both cell lines
was similar although CaSki cells expressed moreREEGdmpared to HelLa cell&igure 9 A-D).
Further, transfection of small interfering riboreicl acid (SiRNA) against EGFRFigure 15)

into HelLa cells also significantly decreased celtth due to drug delivery, and corroborated the
EGFR-mediated uptake mechanism of O-GNR-PEG-D{PEsre 12E). Efficiency of EGFR
inhibition in HelLa cells was confirmed by confocaicroscopy and flow cytometryr{gure 15).
Flow cytometry results indicated that si RNA tratdéd cells produced ~5 times less activated
EGFR compared to uninhibited cells treated with E@Etivation evidenced by increase in

fluorescence intensity from untreated control ¢ellBrug delivery experiments with C33A cells
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transfected with a plasmid expressing wt EGFR sldowesmall increase in drug delivery
efficiency compared to untransfected cells showiraj the EGFR expression might play a role
in the slightly higher delivery response in thensfected cells. Transfection in these cells was
confirmed by flow cytometryKigure 10 A). Cell count analysis showed that the higher LDH
release was not due to higher growth rate of theAC&lls transfected with EGFR as both cell
lines showed similar growth after 24 houFsgure 10B).

Similar drug delivery experiments on HelLa cellsfpened with Dox-loaded PEG-DSPE-coated
multi-walled carbon nanotubes and graphene nareptatas well as Dox-loaded Dextran or
Pluronic F127 (routinely used to improve water disgility of carbon nanotube and graphene
nanoparticles)-coated O-GNRs failed to show theesdrag delivery respons€iQure 14 A-D).
O-GNRs themselves could not be used an experimgntaip due to poor dispersibility and

stability in buffer and media solutions.

4.3.3 Role of human papillomavirus E5 protein

HelLa, CaSki and SiHa cells, which showed the higlogs$otoxicity during drug delivery
experiments are all squamous cervical carcinomaCjSCells with integrated human
papillomavirus (HPV16 or HPV18) genomes(Bachraralet 2010). Thus, we investigated the
role of the HPV genome in mediating enhanced upt#kBox-loaded O-GNR-PEG-DSPEs.
HPV viral proteins E5, E6 and E7 are associatetl miajor oncogenic factors in high-risk HPV
(Boulenouar et al., 2010). E5, a transmembraneeprotincreases ligand-dependent EGFR
activation and signaling (DiMaio and Mattoon, 2Q0&}» functions by preventing acidification
of endosomes containing internalized EGFR, whichumm prevents EGFR degradation, and

results in recycling of activated EGFR back to ttedl surface. The number of times that
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activated EGFRs are recycled by E5 before beingadiegl is still not known. Among the above
three cell lines (HelLa, CaSki and SiHa), HPV genameerporation is high in CaSki cells (500-
600 copies), lower in SiHa cells (1-2 copies) aratlarate in HeLa cells (40-50 copies)(Samama
et al., 2002). E5 expression in these cell linesoisproportional to the number of incorporated
HPV genomes; HPV genome incorporation is randord,aten results in loss of viral genome
fragments encoding E5 (Tsai, 2003). Although, salvetudies showed the presence of E5 open
reading frames or E5 encoding mRNA transcripts lintraee cell lines (Baker et al., 1987,
Bauer-Hofmann et al., 1996, Sherman et al., 1982y few studies successfully quantified E5
protein expression in the three cell lines.

To investigate the role of E5 in O-GNR-PEG-DSPEalupt we transiently transfected a plasmid
containing a FLAG tagged HPV16E5 gene into A431sa@vhich show high EGFR expression)
and C33A cells (which show low EGFR expression);ceaducted drug delivery experiments
on these transfected cells and confirmed E5 exjmresand localization using confocal
microscopy (with anti-FLAG antibodies) and quartfiion using flow cytometryHigure 16).
The transfection resulted in ~99.8% transfectiorciefficy in A431 cells and ~62% transfection
efficiency in C33A cells (calculated from flow cyhetry data shown in Figure 16). Results
indicated that E5 over-expression in A431 cellsreased the drug delivery response (i.e.,
increased LDH release) by approximately 52 Ptgire 17A). We also observed a small
increase in activated EGFR in EGF-treated and HEBiBansfected A431 cell§igure 17D).
C33A cells transfected with FLAG tagged HPV16ES5 dat show the same response although
we did see a small increase in LDH reledsgyre 17B). This difference is probably due to low
EGFR expression in C33A cells compared to A431scélfe did not observe increased EGFR

expression or activation in transfected C33A cé@iggure 17E). TEM images qualitatively
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confirmed that over-expression of HPV16E5 increasatdke of O-GNR-PEG-DSPEs in A431
cells but not in C33A celld{gure 18A-D). TEM images of HPV16ES5 transfected A431 cells
also showed evidence of interconnected vescilesasong the O-GNR-PEG-DSPE. siRNA
transfection against E5 in HelLa cellsiqure 15 decreased the cytotoxic response upon
treatment with Dox loaded O-GNR-PEG-DSPH3g(re 17C). Flow cytometry results for
qguantification of EGFR inhibition in response tartsfection of siRNA against HPV 18 E5
showed that transfected cells showed ~ 4.5 timesde8vated EGFR compared to uninhibited
cells when treated with EGF (activation evidencgdirizrease in fluorescence intensity from
untreated control cells)F{gure 15 Taken together, results shown in Figure 17 indidhat
presence E5 protein by itself is insufficient faghn uptake of O-GNR-PEG-DSPE. Normal or
high EGFR expression is necessary to achieve gignify increased drug efficacy. These
results corroborated our hypothesis that the E3vislved in the increased uptake of Dox loaded
O-GNR-PEG-DSPEs into HPV-mediated cells.

4.4 Discussion

Based on above results and existing literaturerdagg EGFRs,(Abulrob et al., 2010) and HPV
E5 protein(DiMaio and Mattoon, 2001, Tsai, 2003 mropose the following two models to
explain O-GNR-PEG-DSPE uptake and drug deliverg@ssesKigure 19). For non-HPV cells
(Figure 19A), the O-GNR-PEG-DSPEs activate dense EGFR clugisgsent at different
locations on cell membrane surface. Simultaneouwadion of these EGFRs results in a
predominantly macropinocytotic response leadingOt&sNR-PEG-DSPE uptake along with
these receptors. Cell with high EGFR expressiomlshoontain a greater number of these EGFR
clusters. In these cells, O-GNR-PEG-DSPEs are rikeby to interact with and activate these

EGFRs clusters on the membrane surface; thus, #eke show higher O-GNR-PEG-DSPE
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uptake and consequently increased drug deliveryefinthcy compared to cells with normal or
low EGFR expression. For cells with the HPV gendRigure 19B), E5 prevents degradation of
activated EGFR receptors, and recycles them omt@é¢H surface, which results in repetition of
the uptake mechanism for nanoparticles on the stefiace or surrounding the cells without
further EGFR activation. Consequently, these oglth normal or high EGFR expression have
higher uptake capacity for Dox-loaded O-GNR-PEG-B§Pand show increased cell death
compared to cells with only high EGFR expression.

The exact mechanism by which O-GNR-PEG-DSPE aetsv&GFR requires further study.
Interaction of nanoparticles with cell surface pm$ could be influenced by a variety of
physicochemical attributes including size, morphglancluding surface, and charge (Deng et
al., 2010). Certain nanoparticles interact with rasgllular matrix components and these
interactions, in turn, activate cell receptors (Peet al., 2010). Recently synthetic
heteropolymers, comprising of PEG blocks non-cawlfefunctionalized onto single walled
carbon nanotubes, have also been reported totéeilbiomolecular recognition (Zhang et al.,
2013). The ‘normal’ activators for EGFRs are E@HE &ansforming growth factor alpha (TGF-
a),(Henriksen et al., 2013) EGFRs can also be aeiivAy other mechanisms such as reactive
oxygen species (ROS) generation, cellular stress membrane depolarization (Chen et al.,
2006). Thus, additional experiments are underwayelteidate potential EFGR activation
mechanism(s) by O-GNR-PEG-DSPEs. Further our messiiggest that EGFR activation
depends on yet to be determined physicochemicahctaistic(s) of the O-GNR-PEG-DSPE
complex and that O-GNRs are a critical componemtthiér investigation is needed to determine
whether our results are unique to PEG-DSPE-coat&NBs(Kosynkin et al., 2009) used in this

study, or can be generalized to nanoribbons prddgayether methods (Jiao et al., 2010).
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4.5 Conclusions

O-GNR-PEG-DSPEs activate epidermal growth facteepéors (EGFRs) and are taken up in
significant amounts in cells with high EGFR express This phenomena leads to differential
and increased intracellular drug delivery effica€gr cells with high EGFR expression, or with
HPV genome, the intracellular delivery of the drdgxorubicin by O-GNR-PEG-DSPE
increases its efficacy by 100% greater comparedrig alone. Even in cells with high EGFR
expression, or with HPV genome, that express th#&idnug resistant protein 1 (MDR1), the
drug efficacies increase upto 75% compared to dfage. Drug alone dispersed in PEG-DSPE
at the same or twice the concentration loaded @HGNR-PEG-DSPEs did not show any
statistically significant increase in its efficacgmpared to untreated cells. Cells with integrated
human papilloma virus (HPV) genomes, which expfe&$R (at normal or elevated levels),
elicit enhanced O-GNR-PEG-DSPE uptake via the naithd of EFGR by the viral protein ES.
This cell specific uptake of O-GNR-PEG-DSPEs anbenotfactors like high drug loading
capacity, acidic pH dependent release kinetics,usmgue nanoscopic properties that allow it to
enter and stay inside tumors due to the enhaneedgability-and-retention (EPR) effect(Haley
and Frenkel, 2008)) indicate that these partickss loe highly potent as a delivery agent for
cancers that over express EGFR or are mediatedPy (Siddiqui et al., 2012). O-GNR-PEG-
DSPE has the potential to be developed as an dlgantcan mitigate common problems of
chemotherapy like non specific toxicity and resmise to drug treatment (Ogino et al., 2007,

Lynch et al., 2007).
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4.7 Tables

Table 1
Cell Line Type EGFR Cytotoxic P-glycoprotein
Expression expression
Activity
HeLa HPV 18 infected cervical Normal®’ 100% more than Negative?®®
carcinoma free drug
CaSki HPV 16 infected cervical Over-expressed™ 100% more than Negative®’
carcinoma free drug
SiHa HPV 16 infected cervical Normal®™ 75% more than Positive®’
carcinoma free drug
MDA-MB- Breast Adenocarcinoma Over-expressed® 100% more than Negative®*
231 free drug
A431 Squamous Carcinoma of Over-expressed™® 20% more than Positive®®
vulva free drug
U251 Glioblastoma Over-expressed™® 15% more than Positive®
free drug
U8S7MG Glioblastoma Normal® Same as free drug Negative?®
MRC5 Fibroblast cell line from fetal Normal*® Same as free drug Negative®
lung
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A549 Adenocarcinoma of alveolar Low-normal® Same as free drug Positive®
epithelia
MCF7 Breast Adenocarcinoma Low? Same as free drug Positive®
C33A Cervical carcinoma not Low?® Same as free drug Positive®
infected by HPV

EGFR expression per cell: Low=less than 40000, Normal=40000-100000 4 Overexpressed=greater than 1000000

Table 1: Summary of cell lines used, their EGFR and P-gpression and drug delivery efficiency

observed compared to free drug.
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4.7 Figures

Figure 1. (A) Representative atomic force microscopy (AFM) imafjiean O-GNR (Oxidized
Graphene NanoribbonjB-H) Representative transmission electron microsco@M)limages.
(B) O-GNR morphology (black arrowsYC) HelLa cell with membrane protrusions (white
arrows) around O-GNR-PEG-DSPE DSPE (Oxidized Graph¢anoribbons-1, 2-distearogsh
glycero-3-phosphoethanolamine-N [amino (polyethglgtycol)]) aggregates (red arrows) after
15 minutes of incubation with O-GNR-PEG-DSP&3) Hela cell showing O-GNR-PEG-DSPE
aggregates (red arrows) on the cell surface (bigava) and formation of membrane protrusions
(white arrows) after 15 minutes of incubation Wi?hRGNR-PEG-DSPEs. The image also shows
smaller endosomal structures (yellow arrowWg) HelLa cell showing significant uptake of O-
GNR-PEG-DSPE aggregates (red arrows) into vesicsiarctures (blue arrows) localized
around the nucleus (black arrow) after 30 minutemaubation with O-GNR-PEG-DSPE:)

HelLa cell showing uptake of O-GNR-PEG-DSPE agge=géted arrows) into large and small
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perinuclear vesicular structures (blue arrows; bblacow point to the nucleus) after 30 minutes
of incubation with O-GNR-PEG-DSPHE%) Hela cells, exposed to 1 uM gefitinib followed by
O-GNR-PEG-DSPE treatment for 3 hours. Cells showORGNR-PEG-DSPE uptake (Brown
arrows indicate individual cellsfH) Higher magnification of area within the black bhoxPanel

(G) Large O-GNR-PEG-DSPE aggregates (red arrovguoface of cells.
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Figure 2. Representative transmission electron microscoM)limages. All cells were treated
with 40pg/ml O-GNR-PEG-DSPE (Oxidized Graphene Nénbons-1, 2-distearoydn-glycero-
3-phosphoethanolamine-N[amino(polyethylene glygdi) 30 minutes(A) MCF 7 cells show
no uptake of O-GNR-PEG-DSPEB) A549 cells show uptake of small O-GNR-PEG-DSPE
aggregates (yellow arrow]C) MRCS5 cells show no uptake of O-GNR-PEG-DSPEs ¢yell
arrows). Black arrows point to the cell nucleus] &fue arrows to the cell membrane. 12 cells

for each cell line were analyzed for uptake.
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Figure 3. Representative TEM images. All cells were treatdti 40pug/ml O-GNR-PEG-DSPE
for 30 minutes(A & B) Dynasore treated HelLa cells showing particleshendurface of the
cells, with no evidence of macropinocytosis or enyiosis-like responsefC & D) Filipin
treated HelLa cells show O-GNR-PEG-DSPE uptake qyelrrows).(E and F) EIPA treated
cells that show uptake of smaller particles in eswahoes (yellow arrow), and exclusion of larger
particles (red arrow). Black arrows point to thdl oecleus while blue arrows indicate the cell

membrane. . 12 cells per inhibitor were analyzedifiiake.
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Figure 4. Representative fluorescence microscopy images sigoagtin microtubules. O-GNR-
PEG-DSPE incubation concentration in all the stsishas = 50ug/m(A) Phalloidin staining of
actin microtubules shows no ruffling in unexposezl_H cells(B) Circular ruffles (white
arrows) in HelLa cells after O-GNR-PEG-DSPE expog8@eminutes)(C) Presence of O-GNR-
PEG-DSPE (yellow arrows) along the margin of tHfles (white arrows)(D) Absence of
ruffles in HelLa cells, which were pretreated widfiginib, after O-GNR-PEG-DSPE exposure

(30 minutes). 10 cells were analyzed per treatroendition.

152



FLUORESCENCE BRIGHTFIELD MERGE

S UNTREATED TREATED UNTREATED TREATED
0-GNR-PEG-DSPE p-EGFR — EGFR -
B-Actin [ . B-Actin  —
£ 08 g1
3 0.7 5 09
0-GNR-PEG-DSPE 5 06 < 038 [ _
2 o5 & 07 .
d Y ® 06
£ 04 z 05
Qo3 G 4
2 2 w 03
2 01 g 0z
X ¥ = U g ® 0.1
O-GNR-PEG-DSPE 55, e 1
UNTREATED  TREATED UNTREATED TREATED

L TREATED

+GEF -GEF

GEFITINIB+
0-GNR-PEG-DPE p-EGFR o
pActn
E 0.8
g o7
s 0.6
EGF 3 0.5
T 04
w
O 03
w
2 92
2 01 :
g \ |
x 9
UNTREATED +GEF -GEF

CONTROL TREATED

Figure 5. Representative fluorescence, bright field micrpgcand merge images. All cells were
exposed to 50ug/ml O-GNR-PEG-DSPE for 30 minu{@sC) Serum deprived HelLa cells
exposed to O-GNR-PEG-DSPEs and anti-phospho epalegnowth factor receptor (EGFR)
antibody that exhibit activated EGFR receptors €gréuorescence)D-F) Activated surface
EGFR receptors co-localized with O-GNR-PEG-DSPEd érrows), and activated receptors co-
localized with O-GNR-PEG-DSPEs (white arrows) insiekes. (G-l) activated receptors in
vesicles co localized with O-GNR-PEG-DSPEs (whitews). (J-L) Gefitinib-pretreated HelLa
cells show no significant EGFR activatidivl-O) Hela cells exposed to EGF and anti-phospho
EGFR antibody show activated EGFR (positive cohtr(f-R) Unexposed serum-deprived
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HelLa cells exposed to anti-phospho EGFR antiboaywslow activation of EGFR (baseline
control). (S) Western blot and densitometry quantification forARGactivation and total EGFR
before and after treatment with O-GNR-PEG-DSRE}) Western blot and densitometry
quantification for EGFR activation with and withogefitinib treatment and treatment with O-

GNR-PEG-DSPEs (Scale bar=20 pum for microscopy isage
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Figure 6. Representative fluorescence, bright field and nekrgeroscopy images. All cells

were treated with 5@/ml O-GNR-PEG-DSPE for 15 minuté&-C) Serum deprived A431 cells
were exposed to O-GNR-PEG-DSPEs and anti-phosphberepal growth factor receptor

(EGFR) antibody that exhibit activated EGFRs (griheorescence). Each figure shows 4 panels
with individual cells(D-F) Serum deprived A431 cells treated with EGF showveiciiyated EGF
receptors(G-1) Serum deprived untreated A431 cells showing no EGé&tiRvation.(J-1) EGF
deprived MCF7 cells exposed to O-GNR-PEG-DSPE shgwiinimal EGFR activation. Size

bar=20um.
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drug release from O-GNR-PEG-DSPE.
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Figure 10 (A) Flow cytometry mediated quantitative analysis oGHR expression in
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Figure 12. LDH Release from Dox-loaded O-GNR-PEG-DSPE tredtkdda 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 gro@ip).LDH Release from Dox-loaded O-GNR-PEG-DSPE
treated C33A cells untransfected or transfected wiEGFR plasmid. * indicates significant decre@@se
< 0.05) in LDH release compared to uninhibitedscebposed to Dox-O-GNR-PEG-DSPEs. All data are

normalized to LDH release from lysed control cells.
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Figure 14. LDH release from HelLa cells treated with the Doaded nanoparticles under the
following conditions:A) Multiwalled Carbon Nanotubes-PEG-DSKB) Graphene
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data are normalized to the LDH released from lys®drol cells.
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Figure 15. Representative bright field and fluorescence mmwpyg images depicting EGFR
activation in EGF treated Hela cells transfectethwhe following: (A) Phosphate buffered
saline (control)(B) siRNA against EGFR(C) siRNA against E5. Size bar=20n. (D) Flow
cytometry mediated quantitative analysis of acBdaEGFR in Untreated cells, only EGF treated
cells, EGF treated cells transfected with siRNAimsfaEGFR and EGF treated cells transfected
with siRNA against HPV18 E5. Plasmid expression wssessed using a mouse anti-phospho

EGFR antibody and a rhodmine tagged goat-anti msesendary antibody.
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Figure 16. Representative bright field and fluorescence mumwpy images depicting
expression of MSCV-HPV16E5-FLAG plasmid in the doling cell lines(A) A431 cells.(B)
C33A cells. Flow cytometry mediated quantitativealgmis of transfection efficiency and

expression of MSCV-HPV16E5-FLAG plasmid (€) untransfected and transfected A431 cells

(D) untransfected and transfected C33A cells. Hthgxpression was assessed using a mouse

anti-flag antibody and a rhodmine tagged goat4aatise secondary antibody. Size bars:20
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Figure 17. (A-D) LDH Release from Dox-loaded O-GNR-PEG-DSPE treatid the following

in A431, C33A or HelLa cells(A) A431 cells transfected with HPV16 E@) C33A cells
transfected with HPV16 E5. Untransfected and uteckaells were used as controls. Data are
presented as mean +SD (n = 3 per group). * indcatgnificant increasep(< 0.05) in LDH
release compared to untreated control cells. Ath dae normalized to LDH release from lysed
control cells.(C) HelLa cells transfected with siRNA against HPV18 Hwor A, B and C, data
are presented as mean +SD (n = 3 per group). tates significant decreage< 0.05) in LDH
release compared to uninhibited cells treated ViDibx-O-GNR-PEG-DSPE. All data are
normalized to the LDH released from uninhibited B@&¥GNR-PEG-DSPE treated cell@D)

Western blot and densitometric quantification of/RGactivation (phosphorylated EGFR) and
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expression in A431 cells before and after trangfacwith the HPV 16 E5 expressing plasmid.
(E) Western blot and densitometry quantification depgetEGFR activation (phosporylated
EGFR) and expression in C33A cells before and ditansfection with the HPV 16 E5

expressing plasmid after treatment with Dox-loa@e@NR-PEG-DSPE.
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Figure 18. Representative high-resolution TEM images of A48#l C33A cells. All cells were
treated with 4pg/ml O-GNR-PEG-DSPE for 30 minute§A) O-GNR-PEG-DSPE aggregate
uptake into small vesicles of A431 cells (yellowrcavs). (B) A431 cells transfected with
MSCV- HPV16ES plasmid show O-GNR-PEG-DSPEs in smaalll large vesicular structures
(yellow arrows).(C and D) C33A cells and C33A cells transfected with MSCV \HBES
plasmid cells, respectively, do not show O-GNR-PB&RPE aggregate uptake; instead O-GNR-
PEG-DSPEs remain on the surface of the cells. Béaiabws point to the cell nucleus, and blue

arrows to the cell membrane.12 cells per analysedype of cell line.
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Figure 19. Schematic representation of mechanism of uptalsufaed for O-GNR-PEG-
DSPEs intdA) EGFR over expressing cells. O-GNR-PEG-DSPEs detidanse EGFR clusters
at different locations on cell membrane surfaceaubianeous activation of these EGFRs results
in a predominantly macropinocytotic response fotakp of O-GNR-PEG-DSPEs along with
these receptorgB) Cells with an integrated HPV genome. E5 prevestgadation of activated
EGFR receptors, instead recycling them onto thesteface; this results in a repeated uptake
process without further EGFR activation and addaiouptake of on nanoparticles on the cell

surface or the surrounding regions
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Chapter 5

IN VIVO DRUG DELIVERY AND MECHANISM OF EGFR ACTIVATION

5.1 Introduction

Epidermal growth factor receptors (EGFR) play ayverportant role in initiation of intracellular
signaling cascades that ultimately lead to incréasetabolism, growth and cell division related
effects(Yarden, 2001, Wells, 1999). Thus, to awaigrrant growth and cell division, the body
controls the number of EGFR activated at a pawdictime, and the time span of activation of
each receptor. This is achieved through controlimggnumber of receptors that are expressed on
the cell surface; use of ligands (EGF and relaigahts) designed to specifically activate these
receptors and initiation of degradation mechanisonsthe activated receptors (Alwan et al.,
2003, Yarden, 2001, Wells, 1999). However, mutaionthe genes coding these receptors can
lead to their over-expression on the cell surfassulting in over-activation of signaling
cascades (Barker Il et al., 2001, Bhargava et2805). Similarly, mutations in the receptors,
especially in its tyrosine kinase domain and exstatar domain can lead to ligand free
constitutive activation of the receptors(Nishikagtaal., 1994, Voldborg et al., 1997). This can
lead to different kinds of cancers depending ontik®ue type and the extent of up regulation.
For example, over-expression or mutation of epidérgrowth factor receptors in breast and
lung tissue may lead to formation of breast camiacand non small cell lung carcinoma
respectively(Nicholson et al., 2001, Dimri et &007, Paez et al., 2004, Brabender et al., 2001,

Mukohara et al., 2003). Similarly EGFR over-expi@sr mutation along with other factors in
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glial cells can lead to formation of glioblastomalltiiormae (Barker 1l et al., 2001, Ohgaki and

Kleihues, 2007, Shinojima et al., 2003).

The existence of over-expression or mutation of E&feptors in multiple forms of cancer has
made it a very attractive target for anti cancesrdpeutic measures. Antibodies have been
designed to directly bind the ligand binding pockét EGF receptors, thus competitively
inhibiting ligand binding and receptor activatiowofiher et al., 2004, Cai et al., 2007). Tyrosine
kinase inhibitors have also been designed to Hwedtyrosine kinase domain and inhibit their
activation in receptors containing its mutant citasvely active form (Paez et al., 2004,
Maemondo et al., 2010). However, as mentionedhiap@er 1, mutations resulting in resistance
have been found in to occur in cancers receiviegeahreatments (Gazdar, 2009, Sordella et al.,
2004, Pao et al., 2005, Normanno, 2013, Bardedi &#nne, 2012). This results in cancer cells
becoming unresponsive to these treatments. Heheeyatherapy, radiation therapy and surgery

are the primary methods for treatment of EGFR eelaancers.

A negative aspect of untargeted chemotherapy ig ti@n-specific toxicity on normal non-
cancerous tissue(Erban and Lau, 2006, Curigliarel.e012). Hence, as an alternative to the
above mentioned treatments, and to utilize the E€déptor over-expression in tumors, drug
delivery agents functionalized with antibodies thisid to EGF receptors have also been created
to achieve targeted chemotherapeutic drug delidaggiot et al., 2003, Mamot et al., 2006).
However, since these agents also rely on recepbolirty, resistance causing mutations in the
extracellular ligand binding domain can potentiaf§ect uptake of the agents into cancer cells.
As such, for targeted therapy of EGFR over-expngssiancers, a chemotherapeutic drug
delivery agent that can cause EGFR activation iadéent of receptor binding and get uptaken

into the cells in the process will be the mostogdfit.
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Activation of EGFR, which occurs through receptiustering, is usually initiated through ligand
binding(Wells, 1999). However, ligand independertivation of EGFR can take place through
several other processes that can initiate clugieafrEGFR. A study by Yu et al showed that in
serum free media, association of EGFR with integroould initiate EGFR clustering and
activation(Yu et al., 2000). Takahashi et al shoveedimilar observation with extracellular
matrix glycans and ErbB3 (a receptor belonging BFR family)(Takahashi et al., 2008).
Oxidative stress has also been shown induce phodphon and activation of EGFR in multiple
studies (Wang et al., 2000, Takeyama et al., 2008hinaka and Yabe-Nishimura, 2001).
Membrane depolarization has also can also be @&dausigand free EGFR activation as shown
in PC12 cells and cardiomyocytes(Ca influx depetjd€édwick et al., 1997, Rosen and

Greenberg, 1996) and vascular smooth muscle ¢&snflux independent)(Norton et al., 2013).

In some recent studies it has been shown that matcps can lead to the ligand free activation
of EGF receptors. For example, in lung epithelialls; Unfried et al showed that ultrasmall
carbon nanoparticles can interact with EGFR andgnm directly to initiate growth related
signaling cascades (Unfried et al., 2008, Rauchl.et2013). In another study, Sydlé al
showed that both ultrafine carbon black and siliaaoparticles (both ~14 nm in size) initiated
either pro-growth or pro-apoptosis pathways dependin the way they interacted with
EGFR(Sydlik et al., 2006, Rauch et al., 2013). Aeotstudy showed that PM 2.5 particles could
bind to the EGF receptors and initiate signalingdieg to ERK mediated amphiregulin
expression and initiation of an autocrine loop tkastains receptor signaling for a long
time(Blanchet et al., 2004, Rauch et al., 2013)vds later indentified that this EGFR activation
was initiated through ROS production in the cellsexposure to the particles(Blanchet et al.,

2004, Rauch et al., 2013). Small negatively char§BtONs have also been shown to activate
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EGFR without ROS production probably through receptross-linking(Rauch et al., 2012,
Rauch et al., 2013). Although these studies hawsvshthat it is possible to activate EGFR
receptors with nanoparticles no study has expldréde receptor activation by these particles
can influence their mechanism of uptake and if tzat be utilized to specifically deliver drugs

to EGFR over-expressing cells.

In the last chapter | have shown that O-GNRs (@negb by oxidative unzipping of multi walled
carbon nanotubes) functionalized with PEG-DSPEaxdivate EGFR and gets uptaken into cells
over-expressing EGF receptors. This phenomenon bmarutilized to specifically deliver
chemotherapeutic drugs loaded onto O-GNR-PEG-DSFEAFR over-expressing cancer cells
or HPV induced cancers that modulate EGFR recydlingugh the E5 protein. However, those
studies were done on cells lines only and the tffebserved needs to be validated in a setting
that better mimics the tumor milieu. To this endthis chapter, | report the results from drug
delivery and uptake studies with O-GNR-PEG-DSPHrimune-compromised mice containing
HelLa and MCF7 xenograft tumors. | also focus odifig a mechanism for EGFR activation by
O-GNR-PEG-DSPE so that | can gather a better utadwiimg of the drug delivery process and

gauge the potential of the particles as a delieggnt that can overcome resistance.

5.2 Materials and Methods
5.2.1 Animal Care and Induction of xenograft tumors

All the experiments were performed according toghelelines of Institutional Animal Care and
Use Committee at Stony Brook University, NY. Hetells and MCF7 cells were plated at a
density of 3x168 cells in 10 cm plates and grown in Dulbecco’s Miedif Eagle Medium

(DMEM) and Roswell Park Memorial Institute (RPMl)edtia respectively. The cells were

grown to confluency after which the media was reetband replaced with fresh media. The
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cells were allowed to grow for 6 hrs in fresh mediter which they were trypsinized and
resuspended in equal volumes of DPBS and Cornintgigeematrix to a concentration of 5
x10’ cells/ml. Immunocompromised male mice were injectitti 200p1 of each cell suspension

on each flank and allowed to grow for 4 weeks.

5.2.2 Drug Loading onto Graphene Nanoribbons

The protocol used to load doxorubicin (Dox) ontoGRR-PEG-DSPEs was the same as
reported in Chapter 4. Briefly, 1 mg of Dox was edxwith 2 ml of 500pug/ml O-GNR-PEG-

DSPE, bath sonicated for 30 minutes, and stirredd& hours. Post 48 hours of stirring, the
mixture was centrifuged at 14000 rpm for 45 minwded the supernatant containing unloaded
Dox was separated from the pelleted O-GNR-PEG-DS&i&tgaining loaded Dox using a

pipette. The amount of drug in the supernatant ireg not loaded) was calculated using the
Dox absorbance spectra from the supernatant at ff0and the absorbance vs. Dox
concentration standard curve shown in Chapter 4.arhount of drug loaded on O-GNR-PEG-
DSPEs was calculated by subtracting the total dnupe supernatant from the starting amount
of Dox (i.e., 1 mg). The drug-loaded O-GNR-PEG-DSR&s resuspended in PEG-DSPE at
500pg/ml (of O-GNR-PEG-DSPE) before being usedtaskssolutions for drug delivery and

drug release experiments respectively.

5.2.3 Tumor Injection studies

Post 4 weeks of tumor growth the size of each tuwes measured using calipers andubof
50Qug/ml drug loaded O-GNR-PEG-DSPE, hDof PEG-DSPE, 5@l of 50Q:g/ml O-GNR-
PEG-DSPE and 50l of free Dox in PEG-DSPE were injected directltpid tumors each in the

HeLa and MCF7 xenograft tumors (n=4). Tumor sizexewmeasured again 3 days after
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injection of the particles using calipers. Tumotume was calculated according to the formulae

V=[W(2)x L]/2 where V is the volume of the tumor, Wthe width and L is the length.

5.2.4 Histology

Tumors removed from mice were fixed for 24 hoursiroynersing into 4% paraformaldehyde
Post fixation, the tumors were cut into 3 mm segserll the tumors were dissected
symmetrically for consistency. Tumor segments wisen dehydrated using graded ethanol
washes and then paraffin-embedded for further gsiog. 5Sum sections from each paraffin
embedded tumor sample were cut using a microtordestained with Hematoxylin and Eosin
(H&E) for histological evaluation. Digital photo oibscopy was performed using a bright field

microscope at 400x and 100x magnification.

5.2.5 Drug delivery studies

Drug delivery in terms of cell death was conducteing a LDH release TOX-7 assay kit
(Sigma-Aldrich, St Louis, MO) using a method disset$ in the last chapter. Briefly, HelLa cells
were plated, at a density of ldells per well, in 96 well cell culture plates, aatbwed to grow

for 24 hours. After 24 hours, the media was charigedther normal DMEM or DMEM without

ca* and the cells were treated with 1) different coniions of Dox-loaded O-GNR-PEG-
DSPE (10pg/ml, 25ug/ml 50pug/ml and 75ug/ml), forturs at 377C. 2) Dox loaded O-

GNR-PEG-DSPE at 50pg/ml, O-GNR-PEG-DSPE at 50ugREG-DSPE and Dox in PEG-
DSPE (at the same concentration as loaded and eldhbl concentration of loaded) 3) Dox
loaded O-GNR-PEG-DSPE at 50ug/ml after pretreatroehelLa cells with 65 nM, 130 nM and
200nM anti EGFR antibody specific to the ligand danmg pocket of EGFR(Santa Cruz
Biotechnology,Santa Cruz, CA). After 24 hours, naedlias collected from individual wells, and

centrifuged at 1200 rpm for 5 minutes. 50 pl of thedia supernatant was added to wells in a
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fresh 96 well plate along with LDH assay reagent] axcubated for 45 minutes. Absorbance
values were recorded at 490 nm. The positive cbmies prepared by adding 10 of lysis
solution to control cells, 45 min before centriftiga. LDH secretion (% of positive control) was
calculated using the formula (QR— ODyjank)/(ODposiive = ODbiank), Where ORs:is the optical
density of control cells or cells exposed to O-GRRG-DSPE, and Qlaiiveis the optical
density of the positive control cells, and gRXis the optical density of the wells without cells.
Absorbance of culture media containing PEG-DSPE used for baseline correction in all
groups. LDH secretion (% of Dox-loaded O-GNR-PEGPESreated cells) was calculated using
the formula (ORst— ODyjank)/(ODyeatmen— ODbiank), Where ORtis the optical density of the
inhibited cells exposed to Dox-loaded O-GNR-PEG-BSPDyeamentdS the optical density of
the cells treated with only Dox-loaded O-GNR-PEGHES and ORlank is the optical density of
the wells without cells. Absorbance of culture naediontaining PEG-DSPE was used for

baseline correction in all groups

5.2.6 Confocal Microscopy

7x 1@ cells were plated in glass bottom 35 mm plates modbated for 24 hours. Post

incubation, media was removed and replaced witshfraedia and cells were further incubated
for 24 hours. Following this,

1) Cells were treated with 130 nM anti EGFR antipadd then exposed to either 50pug/ml O-
GNR-PEG-DSPE or EGF (10 nM)(Life Technologies, Slaad, CA) for 15 minutes. This step

was followed by three washes with phosphate buffesadine and fixation for 30 minutes with

2.5% glutaraldehyde(Electron Microscopy Scienceatfield,PA). Then, the fixed cells were

treated with 0.5% Triton X-100, and washed 3 timvits PBS; this was followed by incubation

with anti-phospho EGFR antibody with attached Aléwar 488(Millipore, Billerica, MA).
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2) Media was replaced with 200 ul of a 20uM workinduson of 2', 7’-dichlorofluorescin
diacetate (Sigma Aldrich, Grand Island, New York) aach well and incubated for 1 hour.
Following this incubation, the solution was remowaad the wells were washed thrice with
DPBS. The cells were then treated with 10pg/ml,g28yl, 50pug/ml and 75ug/ml O-GNR-PEG-
DSPE for 15 minutes. The nanoparticles were themved using 3 washes of DPBS and the
cells were fixed with 2.5% glutaraldehyde beforagimg.

3) Cells were treated with 10pg/ml, 25ug/ml, 50pdgand 75ug/ml O-GNR-PEG-DSPE
followed by immediate addition of 50nM voltage séme dye DIBAC(3) (Life Technologies,
Carlsbad, CA) in KRH buffer for 15 minuteShis step was followed by removal of the
nanoparticles and DiBA{and three washes with phosphate buffered saline.célts were then

fixed for 30 minutes with 2.5% glutaraldehyde befonaging.

4) Cells were loaded with Fura 2-AM(Sigma Aldriédrand island, New York) by treating them

with a 0.02 mM Fura 2-AM solution in DPBS for 60mmates followed by its removal and three
washes with DPBS. The cells were then treated B0{log/ml and 100pug/ml O-GNR-PEG-DSPE
for 15 minutes followed by their removal with mple washes of DPBS. The cells were then

fixed for 30 minutes with 2.5% glutaraldehyde befonaging.

Imaging was done using a Zeiss LSM 510 META NLO thwton laser microscope system.
Quantification of fluorescence in confocal imageaswlone using Image J with 15 cells per

treatment group (n=15).

5.2.7 Oxidative stress

Oxidative stress in terms of ROS generation aftemminutes incubation with O-GNR-PEG-

DSPE was Hela cells. Cells were plated at 5%#&ls per well in 96 well plates, and incubated
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for 24 h. After 24 h, media was replaced with 2000fta 20uM working solution of 2', 7'-
dichlorofluorescin diacetate (Sigma Aldrich, Graigland, New York) in each well, and
incubated for 1 h. This solution was replaced by g0of DPBS (containing 10% FBS) followed
by addition of 50 pl of different concentrations ©GNR-PEG-DSPE to each well for final
treatment concentrations of 10, 15, 25 and 50ugfim. O-GNR solutions were incubated for 15
minutes, and aspirated out. The wells were wash#dWBS, and 200 pl of DPBS (with 10%
FBS) was added to each well. Fluorescence readigbe wells were recorded using a
Cytofluor fluorescence multiwell plate reader (8sri H4000 PerSeptive Biosystems,
Framingham, MA) with excitation at 485 nm and emaissat 530 nm. Untreated cells were used

as a control.

5.2.8 Statistics
All data are presented as mean +standard deviaBtrdent's’ test was used to analyze the
differences among groups. All statistical analysesse performed using a 95% confidence

interval p < 0.05.

5.3 Results
5.3.1 Tumor Drug delivery

Efficiency of drug delivery by O-GNR-PEG-DSPE innagraft tumors was evaluated by the
change in tumor volume and morphological analysihe tumors injected with the drug loaded
nanoparticles. Efficient drug delivery to the tuncetls would decrease tumor volume because of
cell death whereas low drug delivery will not béeato inhibit increase in tumor volume. HelLa
cell tumors grew slower than the MCF7 tumors anthenday of injections the HelLa cell tumors
had an average volume of 0.5+0.12 fnhereas MCF7 tumors had a volume of 0.8+0.2mm

Figure 1 shows the change in volume of HeLa and MCE&l xenograft tumors in immune-
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compromised mice injected directly injected with JH0of drug loaded O-GNR-PEG-DSPE and
other controls (50 pl of O-GNR-PEG-DSPE, 50 ul fef Dox at the same concentration as
loaded in PEG-DSPE, and 50 pl of PEG-DSPE). Figéreepresenting the data for HeLa cell
xenografts shows that only the HelLa tumors injeetéd control showed significant increase in
size over the next 3 days. Untreated Hela cell terircreased in volume by 38+13 rhrkleLa
tumors treated with PEG-DSPE, O-GNR-PEG-DSPE shoavethcrease in tumor volume by
32+27 mni and 34+31 mrirespectively. Free drug in PEG-DSPE showed an @serén tumor
volume by 19410 mrh In contrast to the control injected cells, thaglioaded O-GNR-PEG-
DSPE showed a decrease in tumor volume by 31+16 fRigure 1B representing the data from
MCF7 xenografts shows that all MCF xenograft tumsiewed significant increase in size. .
Untreated MCF7 cell tumors increased in volume by3 mn?. MCF7 tumors treated with
PEG-DSPE, O-GNR-PEG-DSPE showed an increase inrtuotome by 52+41 mfhand 6312
mm® respectively. Free drug in PEG-DSPE and drug loa@e@NR-PEG-DSPE showed an
increase in tumor volume by 45+29 rhmnd 17+21 mrhrespectively. Figure 2 shows bright
field images of histological sections from the Hektall xenograft tumors stained with
hematoxylin and eosin. Histology sections of thé.dlaumors showed that drug loaded O-GNR-
PEG-DSPE treated HelLa tumors (Figure 2C-E, whiteves) showed higher number of necrotic
cells compared other treatments (untreated cetlsvstt as reference, other treatments showed
similar number of necrotic cells as untreated sg@tigure 2A-B, white arrows). Also, fibrosis
was observed in the HelLa tumors treated with doagléd O-GNR-PEG-DSPE (Figure 2E,
yellow arrows). MCF7 tumors did not show any moiplgecal change in the cells for all five

treatment groups and hence are not shown.
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5.3.2 Direct receptor binding

Treatment of cells with anti EGFR antibodies th&ick the ligand binding domain of the
receptor followed by EGFR activation and drug dafywstudies on the antibody treated cells was
done to assess if O-GNR-PEG-DSPE acts an EGFRdigad activates the receptor through
the ligand binding domain. Figure 3 shows the tedubm two separate studies that evaluate the
activation of EGFR and drug delivery efficiency HelLa cells (pretreated with anti EGFR
antibody) in response to O-GNR-PEG-DSPE and driagldd O-GNR-PEG-DSPE treatment
respectively. Figure 3 A-C represents fluorescebaght field and merge images of HelLa cells
treated with EGF after pre-treatment with anti-EGBRtibody (that blocks ligand binding
domain of EGFR). The confocal images show almostflnorescence indicating very little
EGFR activation due to the EGFR blocking antibodiegure 3 D-F represents fluorescence,
bright field and merge images of HeLa cells treat#tt O-GNR-PEG-DSPE after pre-treatment
with anti-EGFR antibody (that blocks ligand bindidgmain of EGFR). The images show high
fluorescence, especially in the areas where O-GERB-PSPE is being internalized into the cell
(red arrows). Figure 3G represents the drug deliedficiency of drug loaded O-GNR-PEG-
DSPE on Hela cells pretreated with increasing comagons of anti-EGFR antibody (that
blocks ligand binding domain of EGFR). Results stibat LDH release in untreated Hela cells
was ~68% of lysed control cells. In comparison, LB#kase in 65nM, 130 nM and 200 nM

antibody treated cells was ~63%, ~64% and ~66% ofllgsatrol cells respectively.

5.3.3 Drug delivery at different O-GNR-PEG-DSPE ammntrations

Drug delivery efficiency of different O-GNR-PEG-DERoncentrations in HeLa was calculated

by cell death induced by drug loaded patrticlesitierént concentrations. Figure 4 shows the
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drug delivery efficiency of different concentratonf O-GNR-PEG-DSPE evaluated by LDH
release assay. Increasing LDH release implies asang cell death due to higher drug delivery.
Results show that LDH release was directly propogi to concentration of treatment.
Treatment of the HelLa cells with igml O-GNR-PEG-DSPE resulted in ~ 36% LDH release
compared to lysed control cells. Similarly, treatmnef the cells with 25g/ml, 5Qug/ml and
75ug/ml O-GNR-PEG-DSPE resulted in ~47%, ~65% and ~75%l LIRelease compared to

lysed control cells respectively.

5.3.4 Oxidative stress

Oxidative stress in terms of reactive oxygen sme¢ROS) production induced by different
concentrations of O-GNR-PEG-DSPE was investigagdgu2’,7'—dichlorofluorescin diacetate
(DCFDA)(Eruslanov and Kusmartsev, 2010). DCFDA desely diffuse into cells and upon
entry get deacetylated by cellular esterases tonafloorescent compound. This non fluorescent
compound can then react with ROS in the cell todpce highly fluorescent 2’, 7'—
dichlorofluorescin (DCF)(Eruslanov and Kusmarts€®10). Thus, higher amounts of ROS
produced in the cell will produce increased fluoexe. Figure 5 shows the oxidative stress
generated in terms of ROS production in HelLa dedlated with increasing concentrations of O-
GNR-PEG-DSPE. Figure 5A-D are representative caifgnages of HelLa cells treated with
different nanoparticle concentrations and showshange in fluorescence intensity due to ROS
production. Figure 5E represents data obtained fnauiti well plate fluorescence assay using
DCFDA for quantification of ROS in HelLa cells tredt with O-GNR-PEG-DSPE
concentrations. Results show that all tested cdarateons produced ROS values above 150% of
untreated cells. However, no statistical differemceROS production was found in all the

concentrations tested.
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5.3.5 Membrane depolarization

The membrane depolarization of HeLa cells expose®@4GNR-PEG-DSPE was investigated
using the voltage sensitive dye DiBAQ). Entry of DIBAG, (3) into cells depends on the
depolarization status of its membrane i.e incre@psdi@polarization leads to increased uptake of
the dye into the cells(Yamada et al., 2001). Oradeert up into cells DIBAE (3) can bind
intracellular proteins or cell organelle membrateexhibit fluorescence(Yamada et al., 2001).
Thus, higher membrane depolarization would meahéertidluorescence in the cells. Figure 6
shows the representative images and fluorescenaetification of DIBAG (3) in HelLa cells
treated with different concentrations of O-GNR-PBGPE. Figure 6A-E shows that increasing
concentration of nanoparticle treatment producedeising DIBAG (3) fluorescence in HeLa
cells. Figure 6F shows the fluorescence quantiboatof the images in Figure 6A-E.
Quantification results also show a concentratiorDeENR-PEG-DSPE dependent increase in

fluorescence intensity in the HelLa cells.

5.3.6 Membrane depolarization induced €antry

The necessity of membrane depolarization induced €wry for EGFR activation by O-GNR-
PEG-DSPE was evaluated by treating the drug lodd€eNR-PEG-DSPE to Hela cells in
normal and C# free media, and the change in intracellulaf*@m treating cells with different
O-GNR-PEG-DSPE concentrations was evaluated usimg BE-AM assay. Fura 2-AM is cell
permeable dye that can enter cells and bind" @ms to form a complex with a distinct
excitation and emission spectra very different fitsrunbound form(Roe et al., 1990). Thus in a

cell pre-loaded with Fura-2AM increased Gé concentration will result in increase in
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fluorescence due greater Fura 2-AM £0zomplex formation(Roe et al., 1990). Figure 7veho
the drug delivery efficiency of O-GNR-PEG-DSPE ieltd cells grown in both normal media
and C&" free media. Figure 7A shows that HeLa cells granvnormal media produced ~ 100%
more cell death compared to free drug at the samneentration as loaded (similar to what is
reported in Chapter 4). Figure 7B shows that He¢lis grown in C&" free media produced
~36% more cell death compared to free drug at theeszoncentration as loaded onto the O-

GNR-PEG-DSPE in these experiments.

Figure 8 shows the increase in intracellulaf'Gans in Fura 2-AM loaded Hela cells treated
with increasing concentrations of O-GNR-PEG-DSPEgufe 8A-C shows the representative
confocal images of the cells whereas Figure 8D shitve quantification of the fluorescence in
these cells. Results show that fluorescence irtiemsi50ug/ml and 10Qg/ml O-GNR-PEG-

DSPE treated cells were respectively ~5 times antihies higher compared to untreated cells.

5.4 Discussion

The purpose of this study was two-fold. Firstlyvanted to investigate if O-GNR-PEG-DSPE
can activate EGFR receptors iniarnvivo tumor environment and subsequently get interndlize
in EGFR over-expressing tumor cells to accompligdhlly efficacious chemotherapeutic drug
delivery. Secondly, | wanted to investigate the hagism of EGFR activation by O-GNR-PEG-
DSPE. A recenin-vivo study in mice exploring the tissue bio-distributiof O-GNR-PEG-
DSPE reported that these particles were rapidlgrtakp and excreted from the liver and finally
filtered to be excreted from the body through uflineet al., 2014). The study concluded that O-
GNR-PEG-DSPE is safe fam-vivo biomedical applications even at high concentratiiasted
upto 20@g/ml)(Lu et al., 2014). Till date there is no refgatin vivo study that has explored the
efficiency of O-GNR-PEG-DSPE as a drug deliveryrdge
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For initial in vivo evaluation of drug delivery efficiency, xenografiors provide a suitable and
highly researched model(Bae and Park, 2011). Aedeer in tumor growth is a direct indication
that the drug delivery system is highly efficaci(@mse and Park, 2011). In this study HelLa and
MCF7 cells were chosen as the cell lines for indgotenograft tumors as these cell lines had
produced drastically opposite responses duringrthatro drug delivery studies. While HelLa
cells treated with 50pug/ml drug loaded O-GNR-PEGPESroduced ~100% more cell death
compared to free drug, MCF7 cells treated at tieeseoncentration produced the same amount
of cell death as free drug (discussed in ChapterThe probable reason for this was the
activation of EGF receptors on Hela cells by O-GRES-DSPE that leads to the uptake of
these drug loaded patrticles. MCF7 cells, which Have EGFR expression, did not show the
same response. For timevivo study, the drug loaded O-GNR-PEG-DSPE along wa&tltontrols
were injected into different tumors. Once pres@side the tumor interstitium, uptake of the
drug loaded particles into cells and resultant deith depends on the efficiency of the cells in
taking up these particles(Bryce et al., 2009). Hedla xenograft tumors treated with drug
loaded O-GNR-PEG-DSPE showed a significant decreetsenor size, three days after the first
injection (Figure 1A). This was probably because itteLa cells in the tumor took up the drug
loaded particles similar to vitro studies. In contrast, MCF7 tumors treated wité tiug
loaded particles showed significant increase ine sswer the same period (Figure 1B).
Histological evidence also suggested morphologd@nges in the Hela cells indicating
necrosis due to the drug treatment (Dox inducdsdesith through binding the genetic material
and causing necrosis) (Figure 2). However, MCF a&Howed no changes in cell morphology
as they were not affected by the drug loaded pestigot shown). Normal tumor growth was

observed in PEG-DSPE, free drug in PEG-DSPE andNB-BEG-DSPE treated cells in

184



xenograft tumors of both cell lines (Figure 1). §Buggests that they do not individually play a
role in the toxicity observed in the HelLa cell xgrafts treated with drug loaded O-GNR-PEG-
DSPE. It is only when the drug loaded O-GNR-PEG-BSRre taken up in the cells that the

toxicity is observed, reinforcing the observatidmsn thein vitro study.

Similar to any other drug, it is essential to usteend the underlying mechanism of EGFR
activation by O-GNR-PEG-DSPE before it can be zii for clinical applications in the future.
Knowledge of the activation mechanism will not ohiglp in assessing the pharmacodynamics
of the drug delivery agent(Moreno et al., 2010) &b help in identifying other applications and
potential toxicity of the agent(Kedmi et al., 20IDeng et al., 2011). It may also help in
modifying the structure of the particle in the figdor more efficacious drug delivery. Epidermal
growth factor receptors can get activated by séweerhanisms including the normal ligand
binding pathway and other pathways that induce ptecedimerization and clustering like
oxidative stress and membrane depolarization(Ssinigsr, 2002, Wells, 1999, Wang et al.,
2000, Takeyama et al., 2000, Zwick et al., 1997yeéent study has also shown that magnetic
nanoparticles targeted to EGFR using antibodies icaince clustering and activation of
EGFR(Bharde et al., 2013). Epidermal growth factmeptors can be activated by eight different
ligands which directly bind the extracellular domaif the receptor(Willmarth et al., 2009). It is
possible that O-GNR-PEG-DSPE can act as a structoiraic of one of these ligands and
activates these receptors by direct receptor binddtocking the ligand binding domain of EGF
receptors with anti-EGFR antibodies could not deseethe drug delivery efficiency of the
particles in HelLa cells suggesting that O-GNR-PE&PE is not a ligand for the receptors
(Figure 3G). This was further confirmed by preseatactivated EGFR in confocal images of

O-GNR-PEG-DSPE treated HelLa cells whose ligandibgndomain was blocked by anti-EGFR
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antibody (Figure 3D-F). Successful ligand blockvmgs confirmed in EGF treated blocked cells

which showed no activation of EGFR (Figure 3 A-C).

Several studies have shown that oxidative stressiraduce activation of EGFR. Khaet al
showed that kD, induced oxidative stress can result in aberransphorylation and activation
of EGFR which prevents endocytosis and degradaifothe receptors resulting in prolonged
receptor signaling(Khan et al., 2006). Takeyaghaal showed that exogenous,®} leads to
EGFR activation mediated mucin synthesis in NCBRiZells(Takeyama et al., 2000). Pets

al showed that UV induced ROS generation leads tovadmin of EGFR signaling in
keratinocytes (Peus et al., 1998). Waasitgal showed that oxidative stress induces EGFR
dependent Akt activation that improves cell survimeHeLa cells(Wang et al., 2000). Fisclegr

al provided a possible mechanism for oxidative stressliated EGFR activation wherein
oxidative stress was shown to cause ADAM proteasiwadion leading to cleavage of pro-
heparin binding EGF that leads to EGFR activatisulier et al., 2004). In several reports,
graphene based nanostructures have been showas® exidative stress in cell lines exposed to
them(Chang et al.,, 2011). At high treatment conedions, oxidative stress from graphene
nanostructures leads to cyto-toxicity and genoeitiZzhang et al., 2010, Akhavan et al., 2012).
The geno-toxicity observed is often due to intetiaupof cell cycle related pathways(Akhavan et
al., 2012). Since direct receptor interaction isthe mechanism of EGFR activation by O-GNR-
PEG-DSPE, | investigated oxidative stress due 8NIR-PEG-DSPE as a possible mechanism
for EGFR activation. Chemotherapeutic drug delivetudies on HelLa cells at different
treatment concentrations of Dox loaded O-GNR-PE@&PShowed a concentration dependent
increase in cell death (Figure 4). Hence, if oxidastress is responsible for the high uptake and

drug delivery, oxidative stress generation shousb de concentration dependent (i.e. higher
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concentrations produce higher amounts of oxidasivess). Results showed that, although O-
GNR-PEG-DSPE did induce oxidative stress, it wascoacentration dependent. Increasing the
treatment concentration from 10 to 50pug/ml did leaid to increased oxidative stress in HeLa
cells (Figure 5E). This was further confirmed bynforal images of cells treated with different

concentrations of O-GNR-PEG-DSPE (Figure 5A-D).isT$uggested that oxidative stress was
not the mechanism of O-GNR-PEG-DSPE mediated EGétiRRation. It should be mentioned

here that previous studies reported in Chapteraluating oxidative stress generation in HelLa
cells exposed to O-GNR-PEG-DSPE for 2 hours shoavedncentration dependent increase in
oxidative stress. However, we are only concerng the 15 minute time point reported here as

we had observed O-GNR-PEG-DSPE uptake into Hella wgthin 15 minutes of incubation.

Membrane depolarization has been linked to abeE&#R phosphorylation and activation in
several studies(Zwick et al., 1997, Rosen and Gergn 1996). Membrane depolarization is
defined as any change in the negative resting mamebpotential because of the influx of
positively charged ions. Zwickt al, Rosenet al and Bartelet al showed that membrane
depolarization in PC12 cells can lead to furthdluinof C&* ions that initiates downstream
signaling cascades leading to phosphorylation mfsipe kinase and activation of EGFR(Bartel
et al., 1989, Zwick et al., 1997, Rosen and Greepld€®96). However, Nortoet al showedthat
membrane depolarization in vascular smooth musale ander chronic hypoxia leads to EGFR
activation independent of &4anflux suggesting a different mechanism of EGFRvation from
the previous three studies(Norton et al., 2013)arAjfrom EGFR tyrosine kinase, membrane
depolarization has also been shown to induce plooglaition of glycogen synthase kinas@ B

neuroblastoma cells(Lee et al., 2005).
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In several recent studies nanoparticles have beanrsto induce cell membrane depolarization
by interacting with the membrane and altering tlmesting membrane potential (Arvizo et al.,
2010, Lin et al., 2008, Zhao et al., 2009). Theeekf depolarization induced depends on the
surface chemistry of the particle, especially antiype of material, its size and charge(Arvizo et
al., 2010). Linet al showed that 13nm AD; particles showed more membrane depolarization
than 30 nm AIO; particles in A549 cells(Lin et al., 2008). In comipan to both AIO; particles
similar CeQ particles caused less membrane depolarization{Lah ,e2008). Gold nanoparticles
have also been shown to induce membrane depolarizat CP70 and A2780 cell lines leading
to CdZentry into the cells(Arvizo et al., 2010). A retstudy by Talukdaet al showed that O-
GNR-PEG-DSPE contains large number of carboxyl laydtoxyl groups on its surface making
the surface negatively charged. The negative chamgle surface was significantly higher than
PEG-DSPE functionalized graphene nanoplateletdegited from graphite which did not show
the same drug delivery response as O-GNR-PEG-DSHHE(dar et al.,, 2014). The negative
charge of O-GNR-PEG-DSPE can potentially interaith the membrane of the cells making the
resting membrane potential less negative (i.e. dimdy membrane depolarization). Hence, |
investigated the potential of O-GNR-PEG-DSPE inugidg membrane depolarization in HeLa

cells.

Studies with the voltage sensitive dye DiBfgbowed that there was a concentration dependent
increase in DiBAGfluorescence indicating that treatment with increggoncentrations led to
higher membrane depolarization and hence highey etthe dye into the cells (Figure 6).
Confocal images and their fluorescence intensitgngjtication showed higher fluorescence in

100pg/ml treated cells compared to lower conceotrat (Figure 6). This suggested that
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membrane depolarization was probably the mechatogmvhich O-GNR-PEG-DSPE could

activate the EGFR receptors.

In both excitable and non-excitable cells, memératepolarization results in entry of
extracellular C¥ into the cells(Monteith et al., 2007, Chakrabartd Chakrabarti, 2006). This
C&* entry can potentially lead to growth and prolifema promoting events like activation of
EGFR signaling(Arvizo et al., 2010). Hence, | invgated if O-GNR-PEG-DSPE treatment
induced EGFR activation and O-GNR-PEG-DSPE uptakes va direct consequence of
membrane depolarization induced®Centry in to the cells. Drug delivery experimentsiormal
media (DMEM) containing Cashowed ~100% more cell death in Hela cells compardtee
drug in O-GNR-PEG-DSPE as reported previously (FEglA). In contrast, repeating the same
drug delivery experiment in cell media without’Caesulted in a decrease of the drug delivery
efficiency (i.e. cell death) to ~35% of free drugREG-DSPE (Figure 7B). This indicated that
extracellular C& may be essential for the uptake of drug loaded NIRGPEG-DSPE through
EGFR activation. This was further confirmed by FufeM based analysis of Gaentry into
cells treated with different concentrations of O{&GREG-DSPE. Confocal images of Fura 2-
AM loaded Hela cells showed concentration of O-GRIRG-DSPE treatment dependent
increase in fluorescence (Figure 8A-C). In compmaristo untreated cells, fluorescence
guantification showed ~8 times increase in fluoeese intensity in cells treated with 1.@@m|
O-GNR-PEG-DSPE (Figure 8D). This result suggestt @-GNR-PEG-DSPE treatment leads
to C&" entry from the extracellular space and this in@daisitracellular C& entry might be

responsible for the EGFR activation observed aattnent with O-GNR-PEG-DSPE.

Activation of EGFR receptors by negatively chargeaynetic particles has been reported before
by Rauch et al They found that these particles activated theptus through a non oxidative
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stress dependent pathway(Rauch et al., 2012)ptissible that these particles have a membrane
depolarization dependent pathway for EGFR activat&s in case of O-GNR-PEG-DSPE.
However, further investigation will be necessaryuttderstand how charge, shape and size of

particles affect membrane depolarization by nartopes.

5.5 Conclusion

Results from this study suggest that iheitro drug delivery efficiency of O-GNR-PEG-DSPE
(evidenced by high cell death shown in Chapterodijctbe repeated im vivo studies with HelLa
xenograft tumors. This shows that highly efficas@nd cell specific drug delivery through O-
GNR-PEG-DSPE can be achieved even in the tumoroemstironment. This is critical for
further clinical development of the particle as gl delivery agent. Investigation of the
mechanism through which O-GNR-PEG-DSPEs enter EGFR-expressing cells indicates that
these particles, probably because of their negatinaege, can depolarize cell membranes. This
membrane depolarization leads to entry of extratalicalcium into the cell and results in EGFR
activation on the cell surface through activatidrseveral signaling mechanisms. Activation of
large number of EGFR on the cell surface leads éonbrane protrusions that engulf the O-
GNR-PEG-DSPE along with the activated EGFR receptdp the cells (Figure 9). This leads to
the high drug delivery efficiency of O-GNR-PEG-DSRE cells over-expressing EGFR.
Moreover, the fact that O-GNR-PEG-DSPE can acti&BFR without direct ligand binding
makes it an excellent choice for a drug delivergrdagin EGFR over expressing tumors as
mutations leading to resistance will not affect tingtake and drug delivery through these

particles.

190



5.6 References

Akhavan, O., Ghaderi, E. & Akhavan, A. 2012. Siapenhdent genotoxicity of graphene
nanoplatelets in human stem ceBsomaterials,33, 8017-8025.

Alwan, H. A., Van Zoelen, E. J. & Van Leeuwen, J. 2003. Ligand-induced lysosomal
epidermal growth factor receptor (EGFR) degradatisnpreceded by proteasome-
dependent EGFR de-ubiquitinatialmurnal of Biological Chemistry278 35781-35790.

Arvizo, R. R., Miranda, O. R., Thompson, M. A., Batk, C. M., Bhattacharya, R., Robertson,
J. D., Rotello, V. M., Prakash, Y. & Mukherjee, Z010. Effect of nanoparticle surface
charge at the plasma membrane and beysado letters10, 2543-2548.

Bae, Y. H. & Park, K. 2011. Targeted drug delivémytumors: myths, reality and possibility.
Journal of Controlled Releas&b3 198.

Bardelli, A. & Janne, P. A. 2012. The road to resise: EGFR mutation and cetuxim&lature
medicine 18, 199.

Barker Il, F. G., Simmons, M. L., Chang, S. M., ®s, M. D., Larson, D. A., Sneed, P. K.,
Wara, W. M., Berger, M. S., Chen, P. & Israel, M. 2001. EGFR overexpression and
radiation response in glioblastoma multiformeternational Journal of Radiation
Oncology* Biology* Physics$h1, 410-418.

Bartel, D. P., Sheng, M., Lau, L. F. & Greenberg, B 1989. Growth factors and membrane
depolarization activate distinct programs of eadgponse gene expression: dissociation
of fos and jun inductiorGenes & developmerg, 304-313.

Bharde, A. A., Palankar, R., Fritsch, C., Klaver, Kanger, J. S., Jovin, T. M. & Arndt-Jovin,
D. J. 2013. Magnetic Nanopatrticles as Mediatord.ighnd-Free Activation of EGFR
Signaling.PloS oneg, e68879.

Bhargava, R., Gerald, W. L., Li, A. R., Pan, Q.},lR., Ladanyi, M. & Chen, B. 2005. EGFR
gene amplification in breast cancer: correlationhwapidermal growth factor receptor
MRNA and protein expression and HER-2 status argkraie of EGFR-activating
mutations Modern pathology18, 1027-1033.

Blanchet, S., Ramgolam, K., Baulig, A., Marano&Baeza-Squiban, A. 2004. Fine particulate
matter induces amphiregulin secretion by bronchpihelial cellsAmerican journal of
respiratory cell and molecular biolog®0, 421-427.

Bonner, J., Giralt, J., Harari, P., Cohen, R., 3o@&, Sur, R., Rabin, D., Azarnia, N., Needle, M.
& Ang, K. 2004. Cetuximab prolongs survival in pgetis with locoregionally advanced
squamous cell carcinoma of head and neck: a pHastutly of high dose radiation
therapy with or without cetuximald.Clin Oncol,22, 5507a.

Brabender, J., Danenberg, K. D., Metzger, R., SdengP. M., Park, J., Salonga, D., Hdlscher,
A. H. & Danenberg, P. V. 2001. Epidermal growthtémaeceptor and HER2-neu mRNA
expression in non-small cell lung cancer is coteglawith survival.Clinical Cancer
Researchy, 1850-1855.

Bryce, N. S., Zhang, J. Z., Whan, R. M., Yamamobto& Hambley, T. W. 2009. Accumulation
of an anthraquinone and its platinum complexesaincer cell spheroids: the effect of
charge on drug distribution in solid tumour modéleem. Commun2673-2675.

Cai, W., CHen, K., He, L., Cao, Q., Koong, A. & @heX. 2007. Quantitative PET of EGFR
expression in xenograft-bearing mice using 64Celab cetuximab, a chimeric anti-
EGFR monoclonal antibodyEuropean journal of nuclear medicine and molecular
imaging,34, 850-858.

191



Chakrabarti, R. & Chakrabarti, R. 2006. Calciutmasiing in norexcitable cells: Ca2+ release
and influx are independent events linked to twesipla membrane Ca2+ entry channels.
Journal of cellular biochemistry@9, 1503-1516.

Chang, Y., Yang, S.-T., Liu, J.-H., Dong, E., Waig, Cao, A., Liu, Y. & Wang, H. 2011. In
vitro toxicity evaluation of graphene oxide on A5délls. Toxicology letters200 201-
210.

Curigliano, G., Cardinale, D., Suter, T., PlatasiotG., De Azambuja, E., Sandri, M.,
Criscitiello, C., Goldhirsch, A., Cipolla, C. & Raj F. 2012. Cardiovascular toxicity
induced by chemotherapy, targeted agents and helaggy: ESMO Clinical Practice
Guidelines Annals of Oncology23, vii1l55-viil66.

Deng, Z. J., Liang, M., Monteiro, M., Toth, I. & kihin, R. F. 2011. Nanoparticle-induced
unfolding of fibrinogen promotes Mac-1 receptoriation and inflammationNature
nanotechnologys, 39-44.

Dimri, M., Naramura, M., Duan, L., Chen, J., Ort€gava, C., Chen, G., Goswami, R.,
Fernandes, N., Gao, Q. & Dimri, G. P. 2007. Modglbreast cancer—associated c-Src
and EGFR overexpression in human MECs: c-Src an&REGooperatively promote
aberrant three-dimensional acinar structure andsive behaviorCancer research67,
4164-4172.

Erban, J. K. & Lau, J. 2006. On the toxicity of otwherapy for breast cancer—the need for
vigilance.Journal of the National Cancer Institut@g, 1096-1097.

Eruslanov, E. & Kusmartsev, S. 2010. IdentificatafrROS using oxidized DCFDA and flow-
cytometry.Advanced Protocols in Oxidative Stress3pringer.

Fischer, O. M., Hart, S., Gschwind, A., Prenzel, &\UlIrich, A. 2004. Oxidative and osmotic
stress signaling in tumor cells is mediated by ADAlvbteases and heparin-binding
epidermal growth factoMolecular and cellular biology24, 5172-5183.

Gazdar, A. 2009. Activating and resistance mutatiohEGFR in non-small-cell lung cancer:
role in clinical response to EGFR tyrosine kinagahitors.Oncogene28, S24.

Kedmi, R., Ben-Arie, N. & Peer, D. 2010. The systeroxicity of positively charged lipid
nanoparticles and the role of Toll-like receptdandmmune activationBiomaterials,31,
6867-6875.

Khan, E. M., Heidinger, J. M., Levy, M., Lisanti,.MP., Ravid, T. & Goldkorn, T. 2006.
Epidermal growth factor receptor exposed to oxigatistress undergoes Src-and
caveolin-1-dependent perinuclear traffickingournal of Biological Chemistry28],
14486-14493.

Lee, Y.-l., Seo, M., Kim, Y., Kim, S.-Y., Kang, UG., Kim, Y.-S. & Juhnn, Y.-S. 2005.
Membrane depolarization induces the undulating phowsylation/dephosphorylation of
glycogen synthase kinas@,3and this dephosphorylation involves protein phasases
2A and 2B in SH-SY5Y human neuroblastoma celtsurnal of Biological Chemistry,
280, 22044-22052.

Lin, W., Stayton, I., Huang, Y.-W., Zhou, X.-D. && Y. 2008. Cytotoxicity and cell membrane
depolarization induced by aluminum oxide nanopksian human lung epithelial cells
A549. Toxicological and Environmental ChemistBg, 983-996.

Lu, Y.-J., Lin, C.-W., Yang, H.-W., Lin, K.-J., We¥.-P., Sun, C.-L., Wei, K.-C., Yen, T.-C.,
Lin, C.-l. & Ma, C.-C. M. 2014. Biodistribution ofPEGylated graphene oxide
nanoribbons and their application in cancer cheimmtgthermal therapyCarbon, 74,
83-95.

192



Maemondo, M., Inoue, A., Kobayashi, K., Sugawara,38zumi, S., Isobe, H., Gemma, A,
Harada, M., Yoshizawa, H. & Kinoshita, I. 2010. {@efb or chemotherapy for non—
small-cell lung cancer with mutated EGFRew England Journal of Medicin&62
2380-2388.

Mamot, C., Drummond, D. C., Greiser, U., Hong, Kirpotin, D. B., Marks, J. D. & Park, J. W.
2003. Epidermal growth factor receptor (EGFR)-teggeimmunoliposomes mediate
specific and efficient drug delivery to EGFR-and E&¥IlI-overexpressing tumor cells.
Cancer researchf3, 3154-3161.

Mamot, C., Ritschard, R., Kiung, W., Park, J. W.ryiH@ann, R. & Rochlitz, C. F. 2006. EGFR-
targeted immunoliposomes derived from the monodlanéibody EMD72000 mediate
specific and efficient drug delivery to a varietyoolorectal cancer cellSournal of drug
targeting,14, 215-223.

Monteith, G. R., McAndrew, D., Faddy, H. M. & RobeiThomson, S. J. 2007. Calcium and
cancer: targeting Ca2+ transpdytiture Reviews Cancer, 519-530.

Moreno, D., Zalba, S., Navarro, |, Tros de llarduyC. & Garrido, M. J. 2010.
Pharmacodynamics of cisplatin-loaded PLGA nanogagi administered to tumor-
bearing miceEuropean Journal of Pharmaceutics and Biopharmacsyui4, 265-274.

Mukohara, T., Kudoh, S., Yamauchi, S., Kimura, Yoshimura, N., Kanazawa, H., Hirata, K.,
Wanibuchi, H., Fukushima, S. & Inoue, K. 2003. Eeqmion of epidermal growth factor
receptor (EGFR) and downstream-activated peptidlesiigically excised non-small-cell
lung cancer (NSCLC).ung Cancer41, 123-130.

Nicholson, R., Gee, J. & Harper, M. 2001. EGFR andcer prognosiguropean journal of
cancer,37, 9-15.

Nishikawa, R., Ji, X.-D., Harmon, R. C., Lazar,&, Gill, G. N., Cavenee, W. K. & Huang, H.
1994. A mutant epidermal growth factor receptor ocwn in human glioma confers
enhanced tumorigenicityProceedings of the National Academy of Scien@&sy/727-
7731.

Nishinaka, T. & Yabe-Nishimura, C. 2001. EGF recejERK pathway is the major signaling
pathway that mediates upregulation of aldose redaecexpression under oxidative stress.
Free Radical Biology and Medicing], 205-216.

Normanno, N. 2013. The S492R EGFR ectodomain nautasi never detected in KRAS wild-
type colorectal carcinoma before exposure to EGFéhaulonal antibodiesCancer
biology & therapy,14, 1143-1146.

Norton, C. E., Broughton, B. R., Jernigan, N. L.aér, B. R. & Resta, T. C. 2013. Enhanced
depolarization-induced pulmonary vasoconstrictiohofving chronic hypoxia requires
EGFR-dependent activation of NAD (P) H oxidaseARtioxidants & redox signaling,
18, 1777-1788.

Ohgaki, H. & Kleihues, P. 2007. Genetic pathwaygricmary and secondary glioblastonidne
American journal of pathology, 70 1445-1453.

Paez, J. G., Janne, P. A,, Lee, J. C., Tracy, 18ylieh, H., Gabriel, S., Herman, P., Kaye, F. J.,
Lindeman, N. & Boggon, T. J. 2004. EGFR mutatiomgung cancer: correlation with
clinical response to gefitinib theragycience304, 1497-1500.

Pao, W., Miller, V. A., Politi, K. A., Riely, G. JSomwar, R., Zakowski, M. F., Kris, M. G. &
Varmus, H. 2005. Acquired resistance of lung adareceomas to gefitinib or erlotinib is
associated with a second mutation in the EGFR kidasnainPLoS medicinez, e73.

193



Peus, D., Vasa, R. A., Meves, A., Pott, M., Beyefe Squillace, K. & Pittelkow, M. R. 1998.
H202 is an important mediator of UVB-induced EGEeggtor phosphorylation in
cultured keratinocytedournal of Investigative Dermatolog¥10, 966-971.

Rauch, J., Kolch, W., Laurent, S. & Mahmoudi, M.130 Big signals from small particles:
regulation of cell signaling pathways by nanop&tcChemical reviews113 3391-
3406.

Rauch, J., Kolch, W. & Mahmoudi, M. 2012. Cell typeecific activation of AKT and ERK
signaling pathways by small negatively-charged netignnanoparticles.Scientific
reports, 2.

Roe, M., Lemasters, J. & Herman, B. 1990. Assestwofdrura-2 for measurements of cytosolic
free calciumCell calcium,11, 63-73.

Rosen, L. B. & Greenberg, M. E. 1996. Stimulatiérgwth factor receptor signal transduction
by activation of voltage-sensitive calcium channd®oceedings of the National
Academy of Science33, 1113-1118.

Schlessinger, J. 2002. Ligand-induced, receptoriaied dimerization and activation of EGF
receptorCell, 110 669-672.

Shinojima, N., Tada, K., Shiraishi, S., Kamiryo, Kochi, M., Nakamura, H., Makino, K., Saya,
H., Hirano, H. & Kuratsu, J.-l. 2003. Prognosticluea of epidermal growth factor
receptor in patients with glioblastoma multiforn@ancer research63, 6962-6970.

Sordella, R., Bell, D. W., Haber, D. A. & Settlemah 2004. Gefitinib-sensitizing EGFR
mutations in lung cancer activate anti-apoptotithpays.Science305 1163-1167.

Sydlik, U., Bierhals, K., Soufi, M., Abel, J., Sasj R. P. & Unfried, K. 2006. Ultrafine carbon
particles induce apoptosis and proliferation in kag epithelial cells via specific
signaling pathways both using EGF-Rmerican Journal of Physiology-Lung Cellular
and Molecular Physiology91, L725-L733.

Takahashi, M., Yokoe, S., Asahi, M., Lee, S. H., W., OSUMI, D., MIYOSHI, E. &
TANIGUCHI, N. 2008. N-glycan of ErbB family plays crucial role in dimer formation
and tumor promotionBiochimica et Biophysica Acta (BBA)-General Sulsjiet78Q
520-524.

Takeyama, K., Dabbagh, K., Shim, J. J., Dao-PickUEki, I. F. & Nadel, J. A. 2000. Oxidative
stress causes mucin synthesis via transactivatiepidermal growth factor receptor: role
of neutrophilsThe Journal of Immunolog$64 1546-1552.

Talukdar, Y., Rashkow, J. T., Lalwani, G., Kanaks,& Sitharaman, B. 2014. The effects of
graphene nanostructures on mesenchymal stem Bilieaterials,35, 4863-4877.

Unfried, K., Sydlik, U., Bierhals, K., Weissenbery, & Abel, J. 2008. Carbon nanopatrticle-
induced lung epithelial cell proliferation is meid by receptor-dependent Akt
activation. American Journal of Physiology-Lung Cellular and Istular Physiology,
294, L.358-L.367.

Voldborg, B. R., Damstrup, L., Spang-Thomsen, MP&ulsen, H. S. 1997. Epidermal growth
factor receptor (EGFR) and EGFR mutations, functind possible role in clinical trials.
Annals of Oncologyg, 1197-1206.

Wang, X., McCullough, K. D., Franke, T. F. & Hollmg N. J. 2000. Epidermal growth factor
receptor-dependent Akt activation by oxidative strenhances cell survivdlournal of
Biological Chemistry275 14624-14631.

Wells, A. 1999. EGF receptofhe international journal of biochemistry & celldbogy, 31, 637-
643.

194



Willmarth, N. E., Baillo, A., Dziubinski, M. L., Wson, K., Riese II, D. J. & Ethier, S. P. 20009.
Altered EGFR localization and degradation in hunizeast cancer cells with an
amphiregulin/EGFR autocrine looellular signalling,21, 212-219.

Yamada, A., Gaja, N., Ohya, S., Muraki, K., Narith, Ohwada, T. & Imaizumi, Y. 2001.
Usefulness and limitation of DIBAC4 (3), a voltagensitive fluorescent dye, for the
measurement of membrane potentials regulated loyniginant large conductance Ca2+-
activated K+ channels in HEK293 celldhe Japanese journal of pharmacolo§g, 342-
350.

Yarden, Y. 2001. The EGFR family and its ligand$iuman cancer: signalling mechanisms and
therapeutic opportunitieEuropean journal of canceB7, 3-8.

Yu, X., Miyamoto, S. & Mekada, E. 2000. Integrirplah 2 beta 1-dependent EGF receptor
activation at cell-cell contact site®urnal of Cell Sciencd,13 2139-2147.

Zhang, Y., Ali, S. F., Dervishi, E., Xu, Y., Li, ZCasciano, D. & BIRIS, A. S. 2010.
Cytotoxicity effects of graphene and single-wall rbman nanotubes in neural
phaeochromocytoma-derived PC12 cellss Nano4, 3181-3186.

Zhao, J., Xu, L., Zhang, T., Ren, G. & Yang, Z. 20thfluences of nanoparticle zinc oxide on
acutely isolated rat hippocampal CA3 pyramidal nesrNeurotoxicology30, 220-230.

Zwick, E., Daub, H., Aoki, N., Yamaguchi-Aoki, YTinhofer, I., Maly, K. & Ullrich, A. 1997.
Critical role of calcium-dependent epidermal grovdictor receptor transactivation in
PC12 cell membrane depolarization and bradykingnaing. Journal of Biological
Chemistry 272 24767-24770.

195



5.6 Figures
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Figure 1 Change in volume of (A) HelLa xenograft tumors [BEF7 xenograft tumors injected
with 50 ul each of Dox loaded O-GNR-PEG-DSPE, PEG-DSPE, O-BEB-DSPE and Free
Dox in PEG-DSPE or left untreated. n=4. Data preskras mean+standard deviation. * =

p<0.05 and represents a statistically significaffiéence from untreated cells.
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Figure 2 (A-E)Hematoxylin and Eosin stained hisggi@ections of HeLa xenograft tumors (A-
B) Untreated (C-E) injected with 50 of Dox loaded onto O-GNR-PEG-DSPE. White arrows
indicate necrotic cells. Yellow arrows indicate Q{&PEG-DSPE and red arrows indicate

fibrosis
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Figure 3. Representative fluorescence, bright field and mergges of HelLa cells treated with
130 nM anti-EGFR antibody and exposed to (A-C) EBH) O-GNR-PEG-DSPE. (G) Lactate
dehydrogenase release after treatment of with didsior(Dox)-loaded O-GNR-PEG-DSPEs to
untreated or anti-EGFR antibody treated HelLa c&kd arrows indicate EGFR activation and

yellow arrows indicate cells. N=4. Data presentedh@an+standard deviation
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Figure 4 Lactate dehydrogenase release after treatment elfaHcells with different
concentrations of doxorubin-loaded O-GNR-PEG-DSRE4.Data presented as mean+standard

deviation.
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Figure 5 Representative DCFDA fluorescence images of Hedlls ¢reated with (A) 10pg/ml
(B) 15pg/ml (C) 25pug/ml (D) 50ug/ml O-GNR-PEG-DSHed arrows indicate individual cells
(E) Multiwell plate based DCFDA fluorescence assayielLa cells exposed to 10-50ug/ml O-

GNR-PEG-DSPE. N=4. Data presented as mean+staddsaiation
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Figure 6 Representative DIBAL3) fluorescence images of HelLa cells treated \WAthOpg/ml

(B) 10pg/ml (C) 25ug/ml (D) 50pg/ml (E) 75ug/ml ONB-PEG-DSPE. Red arrows indicate
individual cells (E) Quantification of fluorescenfrem representative images of each treatment
group. 15 cells from each treatment group wereyaedl for fluorescence quantification. Data
presented as mean + standard deviation * indicaesficant increasep(< 0.05) in fluorescence
intensity compared to untreated cells.
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release compared to cells exposed to Dox in PEGED&Pthe same concentration as loaded
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CONCLUSION AND FUORE DIRECTIONS

This dissertation explores the suitability of grapé nanoribbons (O-GNR) for biomedical
applications by finding itsn vitro toxicity, hematological compatibility, and mechsmi of
uptake in different cell lines and blood. We algplere the potential of these particles as agents

for cell specific drug delivery by utilizing theiiptake mechanism.

O-GNRs were non-covalently coated with PEG-DSPHEntwease their stability in water and
decrease protein binding in both cell culture medr blood. O-GNR-PEG-DSPEs were
significantly more soluble in water as well as salcompared to un-functionalized O-GNR'’s.
Also, significant decrease in albumin binding wdssearved in the PEG-DSPE functionalized
particles. However, even after PEG-DSPE functi@adilbn, increasing concentration did result
in increased protein binding albeit lesser than whéunctionalized nanostructures. Toxicity
screening performed using 5 assays tested (alalwey neutral red, trypan blue, LDH release,
clonogenic assay and live cell assay) on four loedls (HeLa, MCF7, SKBR3 and NIH3T3)

indicated that O-GNR-PEG-DSPEs have a dose-deptaddntime-dependent, and differential
cytotoxic effects on the four cell lines .Hela, #oited greater toxicity compared to the other

cell lines in all the 5 assays. TEM images of aglecimens showed higher uptake of the O

GNR-PEG-DSPE formulations into HelLa cells compacedther cells, which show very little or
no uptake. The higher uptake could affect the tallmachinery of HelLa cells, and is probably
the major reason for observed differences in cyioity results between Hela, and other cell
lines. The results of this study suggested that NOR& synthesized from CNTs have a cell-
specific cytotoxic effect and significantly differe cytotoxicity profile compared to graphene

nanoparticles prepared by the modified Hummer'shakt(graphene nanoparticles prepared by
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oxidation of graphite, and its mechanical exfoba)i or its variations. Exposure of O-GNR-
PEG-DSPE to red blood cells showed that nanopestead blood cell interaction can result in
structural changes to the red blood cells. Thesgctsiral changes (probably caused due to
interaction of the particles with cytoskeletal etts of the red blood cells) can potentially lead
to formation of spherocyte like structures. Howevkeis structural change in RBC’s did not lead
to hemolysis in red blood cells. Evaluation of #ffects of O-GNR-PEG-DSPE on other aspects
of the hematological system showed that exposutbesie particles to whole blood did not lead
to increase in histamine release or platelet antinaAlso, no increase in complement activation
was observed. Although, no change was observeteirieivels of pro-inflammatory cytokine
TNF-Alpha a small decrease (~5-10%) was observéddrevels of anti-inflammatory cytokine
IL-10. Treatment of O-GNR-PEG-DSPE’s to human urallvein endothelial cells showed that
a decrease of ~15% cell viability at 100 pg/ml an@%4at 600 pg/ml. Transmission electron
microscopy analysis showed that the endothelids acaduld take up large amounts of these
particles in vesicular structures. Overall, both ith vitro and hematological toxicity suggested
that concentrations ~50ug/mL are relatively nondofar biomedical applications. However,
further steps should be taken to minimize RBC-nartigle interactions. Since toxicity analysis
of HelLa cells had showed high uptake in these ,cdéligher detailed analysis of uptake
mechanism of O-GNR-PEG-DSPE in these cells indit#tat on coming in contact with the
particles, HelLa cells initiated membrane protrusiothat engulfed O-GNR-PEG-DSPE
aggregates into large vesicular macropinosomeslikectures. Use of inhibitors to assess uptake
showed that nanoparticle uptake maybe a dynamierdkgmt macropinocytosis like process.
Also, during the uptake process formation of ciaculorsal ruffles were observed on staining the

actin filaments. Previous studies have shown thyaiachin dependent macropinocytosis like
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uptake and dorsal ruffle formation during activatiand uptake to epidermal growth factor
receptors(Orth et al., 2006). Further analysis dyfacal miscroscopy and western blots (using
anti activated EGFR antibodies) showed that O-GNEGHDSPES activate epidermal growth
factor receptors (EGFRs) and are taken up in sagmt amounts in cells with high EGFR
expression. This phenomenon coupled to the fadt (& NR-PEG-DSPE’s can load high
amounts of aromatic drugs through pi stacking adgons leads to differential and increased
intracellular drug delivery efficacy in EGFR overpeessing cells. Results showed that, in cells
with high EGFR expression or with integrated HPWhg®e [Cells with integrated human
papilloma virus (HPV) genomes, which express EGBRnrmal or elevated levels), elicit
enhanced O-GNR-PEG-DSPE uptake via the modulatfi&F&GR by the viral protein E5], the
intracellular delivery of the drug Dox by O-GNR-PHISPE increases its efficacy by 100%
greater compared to drug alone. Even in cells with EGFR expression, or with HPV
genome, that express the multidrug resistant prdi§dMDR1), the drug efficacies increase upto
75% compared to drug alone. Drug alone dispersedE®G-DSPE at the same or twice the
concentration loaded onto O-GNR-PEG-DSPEs did ruiws any statistically significant

increase in its efficacy compared to untreatedscell

Further evaluation of the mechanism of EGFR adtvatiue to O-GNR-PEG-DSPE treatment
showed that EGFR activation does not occur dueirectdreceptor binding of the particle,

although, treatment of increasing concentrationOeGNR-PEG-DSPE leads to increasing
uptake and drug delivery. Also, O-GNR-PEG-DSPE mid show a concentration dependent
increase in oxidative stress (which has been regomt some studies to cause ligand free
activation of EGFR) indicating that it is not thause for EGFR activation(Wang et al., 2000).

Membrane depolarization has also been shown assailj® mechanism for ligand free
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activation of EGFR. Treatment of increasing coneditns of O-GNR-PEG-DSPE showed
increasing membrane depolarization (evaluated uaingltage sensitive dye in HelLa cells)
indicating that membrane depolarization may becthese for EGFR activation in O-GNR-PEG-
DSPE treated cells(Zwick et al., 1997). A possitdason for this might be the negative zeta
potential on O-GNR-PEG-DSPE due to the large nurobéydroxyl and carboxyl groups on its
surface that causes temporary depolarization ofcdllemembrane on coming in contact with

it(Talukdar et al., 2014).

In vivo study in xenograft tumors of MCF7 and HelLa celiswed that Dox loaded O-GNR-

PEG-DSPE could significantly retard tumor growthHalLa xenograft tumors but not in MCF7
xenograft tumors establishing the cell specificalqptand drug delivery of O-GNR-PEG-DSPE.
Free drug in PEG-DSPE, PEG-DSPE alone as well @&NG-PEG-DSPE did not retard tumor

growth in either type of xenograft tumors.

This intriguing cell specific uptake of O-GNR-PEGSPESs together with its other attributes (i.e.,
high drug loading efficiencies, drug release atdiacipH, and other nanoparticle-related
properties such as enhanced permeability-and-rete(EPR) effect(Haley and Frenkel, 2008))
suggest strong potential for the use of O-GNR-PE&RE as a pharmaceutical delivery agent to
treat pathologies that over-express EGFR or araateztiby HPV (Siddiqui et al., 2012). Such a
delivery agent could mitigate the problem encowedewrith presently used agents such as drug

resistance and toxicity to normal cells (Oginolet2007, Lynch et al., 2007).

Confirmation of HPV infection is usually done thghupap smear tests(Clarke and Anderson,
1979). However, pap smear tests can only confirril Hiection at the later stages when there is

histological evidence of the viral infection andgibie changes in cell morphology(Clarke and
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Anderson, 1979). Since O-GNR-PEG-DSPE particleswshayh uptake in HPV mediated
tumors (due to the modulation of EGFR by the vipbtein E5), O-GNR-PEG-DSPE
(functionalized with a fluorescent or other tagatttnhances contrast in imaging modalities) can
be used for early detection of HPV infection (sifieis expressed as soon as the viral genome
starts proliferating). Thus there is potential velop alternative to pap smear tests using these

particles.

O-GNR-PEG-DSPE’s consist of several sheets of gnaphstacked together using weak
interactions. The gaps between these sheets caasllg intercalated and coordinated with trace
amounts of agents that can enhance contrast dumaging. Examples of such agents include
Mn?* for MRI and lodine ions for enhancement of cortinsCT(Paratala et al., 2012, Lalwani

et al., 2014). Moreover, graphene itself has NIRoabng capabilities leading to contrast
enhancement during photoacoustic imaging(Wang.eR@l3). This property of O-GNR-PEG-

DSPE, along with its high drug loading and deliveapacity in EGFR over-expressing and HPV

induced cancer cells, can be utilized for imagelgditherapy of cancer.

In recent years gene therapy has been explorediyus research groups as a treatment option
for cancer. Therapeutic gene delivery allows regtaent of a mutated gene(Roth and Cristiano,
1997), production of therapeutic proteins (fromiviried genes) inside target cells (Tremblay et
al., 2012), delivery of inhibitory RNA for down-ratation of a mutated or over-expressed gene
(Medarova et al., 2007, Liu et al., 2007, Chu et2006) and in some cases for “suicide therapy”
to guide the diseased cells towards apoptosis(Mi@rg@l2). Due to the pi bonds present on O-
GNR surface they can also be used to load genedterral onto on them. This is possible

because purines and pyrimidines in DNA and RNA aonpi bonds which can be utilized to

stack them on the O-GNR surface. Similar to druigveey, the loaded genes on O-GNR can be
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specifically delivered to EGFR over-expressing tusmr HPV induced tumors for efficient gene
therapy. Hence the potential of O-GNR'’s as a geslaty agent can also be explored in the

near future.

In the future, further development of O-GNR-PEG-[ES3 a drug delivery agent would require
more detailed toxicological analysis of these n&motures in terms of detailed
pharmacodynamics, pharmacokinetics and dose rargjitige drug loaded particles. A recent
study has shown that O-GNR-PEG-DSPE, on intravemgastion, accumulates mostly in the
liver(Lu et al., 2014). However, accumulation w#sodound to occur in other tissues like heart
and kidney(Lu et al., 2014). The tissue specifieat of the nanoparticles that accumulate in
different organs have to be completed in detadrisure complete pharmacodynamic knowledge
of the particles. Pharmacokinetics plays an impdntale in determining the potential toxicity or
safe dosage of any drug delivery agent(SheineiSagicher, 2000). It also provides an idea about
the primary mode of excretion or removal of thetipls(Sheiner and Steimer, 2000). However,
to get the complete idea about the metabolism, vaihrand maximum tolerated dose of O-GNR-
PEG-DSPE, both pharmacodynamic and pharmacokingtemation will be needed(Sheiner

and Steimer, 2000).

During intravenous injection of drug delivery agenthe vessel at the site of injection is
subjected to several times higher concentratiothefagent compared to the steady state blood
concentration(Frame et al., 2014, Chowdhury et24113). Hence, these vessels are prone to
endothelial dysfunction if the concentration of thgcted agent exceeds its maximum tolerated
level(Frame et al., 2014, Chowdhury et al., 20IBus, a detailed analysis of endothelial effects
due to injection of different concentrations of OH&PEG-DSPE injection needs to be

completed. This can be done by direct injectionasfous concentrations of O-GNR-PEG-DSPE
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onto arterioles and measuring their vasodilatorg &asoconstrictory response over time in
response acetlylcholine, adenosine and phenyleplasrpreviously reported by Frame et al and

Chowdhury et al(Chowdhury et al., 2013, Frame g8l14).

During flow of the O-GNR-PEG-DSPE through bloode tmanoparticles will also be subject to

hemodynamic shear stress due to blood flow(Nod#edl., 1991). This shear stress may lead to
disintegration of the particles resulting in unwexhtoxicity. It has recently been shown that
structural disintegration increases toxicity of OH&s. Hence, proper characterization and
toxicity assessment of the disintegration prodt®ny) of O-GNR’s formed due to shear stress

in blood flow needs to be completed.

To be developed for clinical applications, moralepth physicochemical characterization is also
needed for the drug loaded O-GNR-PEG-DSPEs. Intiave injection of O-GNR-PEG-DSPEs
would mean that they would flow along with bloodarvarious blood vessels. Thus, it is very
important to determine the value of the viscosmgmolarity and patition coefficient of different
concentrations of the nanoparticle. It is extremdifficult to inject solutions with higher
viscosity than blood and if injected may cause auasi problems in renal output and
perfusion.(Lancelot et al., 2002) Osmolarity oé t9-GNR-PEG-DSPE solutions also affects
vasodilation, vasoconstriction and release of veesgin in the blood vessels(Vogler et al., 1995,
Barrett and Carlisle, 1993). Hyper osmolar solwiarsually produce more pain at injection
site(Vogler et al.,, 1995). Partition coefficient B measure of the hydrophobicity or
hydrophilicity of the particles and determines hsbddbution of the particles(Vogler et al., 1995,

Caravan, 2009).
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Future work to develop this nanoparticle as a dtativery agent for EGFR over-expressing
tumors would involve furthen vivo drug delivery studies in orthotopic (EGFR over4egsing)
tumor models of mice. Orthotopic tumors provide arenrealistic model for tumor growth, and
drug delivery studies in them would further prowe tefficacy of this agent after intravenous
injection(Burgos et al., 2003). Orthotopic tumordets to be utilized for this study should be
tumors induced in breast tissue or lung tissue ¢wlare the most common areas for cancers
over-expessing EGFR)(de Palazzo et al., 1993, Méteal., 1994). Orthotopic tumors for head
and neck cancers have also been reported recestlgnase models for HPV mediated
tumors(Masood et al., 2013). This orthotopic tumadel can be used for checking O-GNR-

PEG-DSPE drug delivery efficacy in HPV mediated dusn

The versatility of O-GNR-PEG-DSPE also needs te&t@blished in terms of loading different
chemotherapeutic drugs on its surface. Till now [Pax anthracycline drug) and lucanthone (a
thioxanthanone drug) has been loaded onto O-GNR-BEBE with high loading
efficiency(Chowdhury et al., 2014). Depending oe trug being loaded, the loading protocol
may need to be optimized to ensure maximum loadhgp, due to the varying number of pi
bonds forming between O-GNR-PEG-DSPE and diffe@mmatic drugs the drug release
characteristics will also be different. Hencejsitnecessary to characterize the drug release
properties of each loaded drug to get an idea alelahse of the drugs in circulation after

intravenous injection.

Although, membrane depolarization andCentry is the probable mechanism for activation of
EGFR, the events that lead to EGFR activationisaftom the mechanism of €aentry needs
to be further investigated. Similar to our findingshas been shown that in PC12 cells, that

membrane depolarization induced calcium influx esdhirough voltage gated channels (Zwick
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et al., 1997). It remains to be seen if a simil@chanism occurs in other cells which shows high
uptake of O-GNR-PEG-DSPE. However, HelLa cells docomtain voltage gated channels and
some other mechanism may be at play for EGFR ditiivan terms of C& entry. Also,

signaling events occurring downstream of Gantry that lead to the EGFR activation need to be

better characterized.

In conclusion, it can be said that O-GNR-PEG-DSR&\s promise for a variety of applications
in biomedicine including targeted drug and genevdegy to EGFR over-expressing and HPV
mediated cancers as well as an agent for imageeduiderapy. They are multi-functional
particles that can provide the solution to severahet needs in the field of cancer drug delivery
like low drug loading and tumor cell uptake. Altlgby | have provided an initial toxicological
screening of these particles in this dissertatiomher characterization of its possible toxic
effects is still needed. If the maximum toleratiede of these particles shows enough efficacy in
both large and small animal models, this deliveggrda has the potential to be a high impact

discovery in the field of drug delivery.
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