Metabolic Cancer Therapy Using

Graphene Drug Carriers
A study of biguanide drug effects

in cellular and zebrafish larvae model systems
by
Abdelnour H. Alhourani

Thesis submitted in fulfillment of
the requirements for the degree of
PHILOSOPHIAE DOCTOR
(PhD)

Faculty Science and Technology
Department of Chemistry, Bioscience and Environmental Engineering
2021



University of Stavanger
NO-4036 Stavanger
NORWAY

WWW.Uis.no

©2021 Abdelnour Alhourani
ISBN: 978-82-8439-045-1
ISSN:  1890-1387

PhD: Thesis UiS No. 616


http://www.uis.no/

Acknowledgements

I would like to express my sincerest gratitude and appreciation to the
following people who contributed to my knowledge and the completion of
this work.

Associate professor Hanne R. Hagland, Main supervisor, for her
unlimited support and assistance towards this work and for me personally as
a Ph.D. candidate.

Professor Lars Harfindal, Co-Supervisor, for this critical insights and
assistance that shaped this work for the better.

Professor Lutz Eichacker, for his generous contributions and advice to
this work and my personal knowledge.

Jan-Lukas Farde, my friend and research collaborator throughout this
project, with whom | had uncountable valuable discussions.

| would also like to thank my research group members and colleagues at the
center for organelle research, especially Marina Alexeeva, Tia Tidwell, Julie
Nikolaisen, Mojdeh Khakiani, Ansooya Bokil, Martin Watson, and Marcus
Roalsg, for creating a great academic environment.

Finally, | would like to thank my partner and research collaborator at home,
Aleksandra Szwedo, as well as my family members, for their patience and
support in helping me finish this journey.



Contents

ACKNOWIEAZEMENTS oottt e e etae e e e e tae e e e e rreeeeeaes 3
(60 01 =T 01 (PO P PP PPPPPPPO 4
A 1] =T or ST 6
[ o) B =0 LU 8
[ o) B0 T o 1] TR 8
O [ o o Yo [0 o Yo NPT 9
1.1. Drug delivery in cancer using nanoparticles. .......ccccceevveeeeicvveeeccieee s, 9
1.1.1 Passive targeting of TUMOIS. .....cccoviieiiiiiiieecceece e 10
1.1.2 Graphene as @ drug Carrir.......oeueereerieerieeeenee e 12
1.1.3 Production and functionalization of graphenes. .......ccccccevvevveriiennnenne 13
1.1.4 Biocompatibility of graphenes. ........ccccoeeeieieiiiieciieceeceeeee e 16
1.2. Targeting cancer metabolism, a new avenue for treatments................. 17
1.21 The altered metabolism of cancers. ........ccccoeeveeneee.
1.2.2 Targeting the mitochondria in cancer treatment. .......cccecveeveeriieennene
1.2.3 Biguanides mitochondrial effects in cancer cells.......ccccccecveeveeriieenncne 20
2 AImS and ObJECLIVES ....uueviiiiee e 22
3 SUMMAIY Of PAPEIS coocneiiieeeetteee ettt ettt e ettt e e et e e e e bt e e e e eaae e e e ereaeaeeaes 23
LT o 11 o PP PPPPPPPPPPPRPPPIRE 23
2T o 1=] ol | PP PP PPPPPPPPPPPPRPPPPR 24
LT o 1= o | | PP PPPPPPPPPRPRPPPIRE 25
4. DiSCUSSION..ceiiiitiieieiiieeeeittee e ettt e e ettt e e strt e e e snbeeessnbeeeesanbneeesnneeeesannneeess 26
4.1 Methodological considerations .......ccccccceeevieeeiivieeeriiee e e 26
41.1 Graphene handling and safety .......ccccceviviiiiieieiiiie e 26
4.1.2 Characterization of Graphene materials ........cccoceveeiiiiiiiciieeciiee e, 26
4.1.3 Functionalization of graphene
4.1.4 Chemical and biological investigation using fluorescence lifetime. .....28
4.2  Cancer metabolism and targeting of cancer stem cells. .........cccceeeuneee. 28
43.1 Targeted biguanide treatment using graphene carriers.........ccccveeeunnes 29
4.3.2 Conclusion and future perspectives .........cccocueeeecveeeniieeeiiee e 32
D REFEIENCES. ..ottt e 34



21 o] Lo = =T o] o1V R SR 52

Paper | - Metformin treatment response is dependent on glucose growth
conditions and metabolic phenotype in colorectal cancer cells............. 52

Paper Il - Improved pH-responsive release of phenformin from low defect
graphene compared to graphene oXide ..........cccccvveeeeeieecccciieeeeee e 63

Paper lll - Graphene-based phenformin carriers for cancer treatment, a
comparative study between oxidized and pegylated pristine graphene in
human cells and zebrafish.........ccooeciii e 76



Abstract

Targeting cancer metabolism is an increasingly important strategy in the fight
against cancer relapse. Metabolic drugs belonging to the biguanides family
have gained attention in cancer treatment due to their ability to target the
mitochondria of cancer cells and the chemo resistant cancer stem cells.
However, improvements on the bioavailability of biguanides are still needed
in order to incorporate them into a viable and effective treatment regimen.

To first test the effect of biguanide treatment in cancer cell lines, the effect of
the metabolic drug metformin was studied in colorectal cell line models using
high and low glucose concentration in growth media (paper 1). The results
showed that the potency of metformin was highly sensitive to the glucose
concentration used in vitro. Furthermore, standard glucose concentrations
used in cell cultures (25 mmol/L) masked the metformin response compared
to physiological glucose concentration (5mmol/L) (paper I).

The bioavailability at target site can be enhanced using nanosized drug carriers
to aid in the targeted delivery was studied. Graphene is a 2D carbon allotrope
that has been gaining increased attention since its discovery due to its unique
properties. Herein, non-oxidized graphene was modified using polyethylene
glycol (PEG) to increase hydrophilicity and compared to graphene oxide (GO)
as potential drug carriers for the biguanide phenformin. The pegylated
graphene nano sheets (PGNS) offered good biocompatibility, high binding
affinity, and a pH-responsive release of phenformin which was significantly
improved compared to graphene oxide (paper Il).

As the toxicity of drug carriers themselves may pose an issue, both PGNS and
(GO) were tested for their inherent toxicity in different cell lines and in
zebrafish larvae as an in vivo model. Additionally, both drug carriers were
loaded with phenformin and tested for toxicity compared to free phenformin
in the same model systems. The cytotoxicity and mitochondrial effects of
PGNS were lower than that of GO in the cell models tested. PGNS also offered
controlled release in acidic pH similar to that found in tumor
microenvironments. Moreover, the ability of PGNS and GO to mitigate the side
effects of phenformin was confirmed in the zebrafish larvae.



The presented data shows that PGNS have qualities that are sought after for
cancer drug delivery, making it an exciting new drug carrier to be further
explored for future metabolic treatments of cancers.
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Introduction

1. Introduction

1.1. Drug delivery in cancer using nanoparticles.

The use of nanosized drug carriers to deliver chemotherapeutic agents in
cancer treatment is a valuable avenue for research that requires further
advancements. Nanosized drug carriers promise to offer increased efficacy
and reduce the toxic effects of chemotherapeutics, relieving cancer sufferers
from avoidable treatment side effects and increasing their quality of life. An
ideal nanosized drug carrier (NDC) that can deliver on these promises is
expected to bind considerable amounts of the drug that is retained until
reaching the desired release location. The NDC should also have low cellular
toxicity and be able to evade triggering an unwanted immune response.
Additionally, the stability of the NDC should remain uncompromised during
storage and when administered to a physiological system. To meet these
expectations, careful tuning of the NDC dimensions and surface
functionalization is needed, posing further challenges.

Constant efforts are put into producing standardized NDCs to ease predicting
their effects and interactions in complex biological systems. Liposomes were
the first NDC to reach clinical use as cancer drug carriers[1], offering a
biocompatible delivery system that prolongs the drug circulation time and
could reduce side effects[2]. However, the critical targeting potential of
liposomes is compromised by aggregation and cargo leakage as well as cargo
fusion, rendering low bioavailability at tumor location[3—7]. The permeable
nature of the liposomal membranes could be exploited by hydrophobic drugs
leading to their untargeted release [8]. Even though many liposomal-based
drug formulations are now commercially available[9, 10], challenging storage
requirements[10, 11] and minimal benefits in terms of patient survivals[12]
have limited their broader use in cancer drug delivery.

Contrary to liposomes, which are made to mimic the phospholipid bilayer of
cellular membranes in eukaryotes, synthetic nanoparticles have been
developed from polymers that form a shell around its cargo. The properties of
polymeric NDCs are highly dependable on the polymer unit used to
manufacture them. Typical polymer units include polyethylene glycol (PEG),
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Introduction

polyvinylpyrrolidone, and polyethylenimine due to familiarity with their
toxicity profile[13, 14]. However, issues regarding biodegradability,
polydispersity, and low drug loading capacity hinder the clinical
implementation of polymeric-NDCs[5, 15]. Other types of NDCs including,
dendrimers, protein nanoparticles, and metallic nanoparticles, have been
developed with their advantages and disadvantages[5]. However, continuous
development and diversification of NDCs are deemed necessary by the
complexity and diversity of cancers. Importantly, it is crucial to focus on
making NDCs accessible to a broader range of patients by designing affordable
NDCs with attainable manufacturing and storage requirements that cater to
geographical regions with lower economic resources.

1.1.1 Passive targeting of tumors.

Cancer cells are driven to achieve continued growth and proliferation.
Therefore, cancer cells acquire unique features and properties that set them
aside from normal human tissues. Many of these properties, such as
decreased pH, high redox homeostasis, often a solid tumor core, and rapid
angiogenesis[9, 16], can be exploited to build NDCs that passively target these
tumors increasing the drug delivery at its immediate location. As the tumor
demand for nutrients grows, it promotes the rapid formation of a new, usually
deformed vasculature to ensure sufficient blood supply[9] (Figure 1). The
deformation gives rise to a leaky vessel structure surrounding the tumors[9].
Gap sizes observed in these vessels were widely heterogeneous, ranging from
100-2000 nm depending on the type of tumor [17].
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Figure 1 The tumor extracellular matrix (ECM) and nanoparticle accumulation.

A simplified schematic illustrating the increased angiogenesis in tumors, leading to an
exploitable leaky vasculature by nanoparticles. The ECM surrounding the tumor that recruits
additional components such as fibroblasts poses an added complexity to predict the
accumulation of nanoparticles

Additionally, tumors with solid cores cause an increase in internal pressure
that is exaggerated by the loss of an efficient interstitial relieving lymphatic
system [10]. Therefore, larger particles that reach the inner regions of the
tumor are retained for an extended period compared to smaller
molecules[18]. The combination of these two phenomena is known as the
enhanced permeability and retention effect (EPR), observed to occur in
human tumors through biopsies and radiolabeled imaging [18]. Thus, NDCs
could accumulate through vasculature gaps at the tumor site to a higher
tendency than normal tissues and remain there for prolonged periods.

Production of appropriately size-controlled NDCs is critical to exploit the EPR
effect[9]. However, the complexity of the tumor extracellular matrix can still
form an additional obstacle layer against extravasating NDCs [9]. Therefore, it
has been suggested that a further reduction in NDCs size than the approximate
vasculature gap size is needed [19]. Alternatively, using non-typical spherical
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shapes that are more flexible to change depending on the physical
environment could also be explored to overcome this issue.

It is important to consider that the high expectations of the EPR effect alone
are somewhat skewed by findings based on xenografts of highly permeable
nature that do not comply with the highly heterogeneous tumor reality [9, 18].
Multivariant analysis surveying ten years of liposomal drug delivery to tumors
showed that less than 1% of the nanoparticles end up at tumor location [20].
A high blood concentration of the nanoparticles needs to be maintained to
prevent the backward efflux of NDCs in order to increase their tumor
accumulation and efficacy [21]. This could explain the low survival benefits
seen with liposome use in cancer therapy [12]. Nonetheless, reducing the side
effects remains a compelling reason to continue using these nanoparticles
even with cancers that do not seem to have a high EPR effect [18].

The decreased pH levels in tumors, ranging from 6.4 to 6.8, compared to the
controlled 7.4 pH levels of blood and normal tissues [16, 22], is another
advantageous property for targeted drug delivery. Lower pH levels are
especially prevalent in highly glycolytic tumors that produce increased
amounts of lactic acid, making the microenvironment more acidic [16, 23].
Therefore, it would be beneficial to formulate NDCs with pH-controlled
release in relatively acidic conditions. This can be achieved by adding a pH-
sensitive shell around the drug, which can be disturbed by the acidic
environment. Alternatively, formulating NDCs with a pH-sensitive affinity
towards the drug could also serve a controlled release in relevant pHs. To that
end, several examples of pH-controlled drug carriers have been demonstrated
with varying levels of pH sensitivity [24—29].

1.1.2 Graphene as a drug carrier

The discovery of graphene in 2008 [30] has revived the interest in carbon-
based nanoparticles for drug delivery. However, carbon nanotubes (CNTs), a
close relative to graphene, have not progressed to clinical use as a drug carrier
after extensive research [31, 32], whereby toxicology studies revealed lung
toxicity in humans [33] and carcinogenic effects [34, 35]. This was true for
multi-walled CNTs, but the same was not observed with single-walled CNTs
[32, 33, 36]. CNTs and graphene are both built of hexagonal SP? carbon
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network, rolled up in a one-dimensional cylinder in the case of the CNTs but
spread as a two-dimensional sheet making up graphene sheets [37, 38] (Figure
2). This gives graphene a more accessible surface area than CNTs for a similar
number of carbon atoms. The unique properties of graphene have generated
significant excitement about this 2D material, many of which are of particular
interest to energy applications, including exceptional strength, thermal and
electrical conductivity [38—40]. However, the high adsorbing surface area [39]
and possibility for further functionalization [41], with low-cost production
methods [42], are all attractive qualities, making graphene an important NDC
option. The biomedical applications employing graphene properties extend
beyond drug delivery, where graphene-based nanoparticles have also been
studied for use in gene delivery [43, 44], photothermal therapy [45, 46],
enhanced biomedical imaging [47, 48], and the fabrication of biosensors for
medical applications [49, 50].

Figure 2 Schematic overview of carbon nanomaterials.

Top and side view of carbon nanotubes before (a) and after (b) unzipping into “pristine
graphene” (c) compared to graphene oxide (d).

1.1.3 Production and functionalization of graphenes.

The oxidized form of graphene, Graphene oxide (GO), is the most studied
graphene in biomedical applications. Available and inexpensive 3D graphite
can be converted into high amounts of 2D graphene oxide using attainable lab
production protocols in a “top-down” approach [51, 52]. GO comes with an
abundance of oxygen-bearing functional groups [53], that provide
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hydrophilicity [53, 54] and conveniently allows for further surface chemistry
modifications [55].

However, oxidation of graphene to produce GO disturbs the SP? carbon
network responsible for the unique functions that make graphene a “wonder
material” (Figure 3), reducing its electrical and thermal conductivity
significantly [53, 56]. Nonetheless, remaining “pristine areas” of pure carbon
networks, i.e., non-oxidized regions, are thought to retain some of the original
properties of graphene, which are essential for drug binding. These regions
give GO the ability to form hydrophobic interactions with aromatic molecules
[54]. However, the degree of “pristine graphene” area availability is
qguestionable in light of the standard use of Hummer’s method that relies on
strong oxidizing agents such as potassium permanganate (KMnO4) and
sodium  nitrate (NaNO3) to form highly reactive bimetallic
heptoxide dimanganese heptoxide (Mn207) in the presence of concentrated
sulfuric acid (H,S04) [51, 57, 58]. The produced GO is highly acidic and suffers
from a largely defected basal plane with reaction contaminants such as
residual manganese (Mn) [51, 59].

|II

Figure 3 Exfoliation of graphite by chemical oxidation.

Top and side schematic views of stacked graphite sheets compared to their individual
graphene oxide state after oxidation. The additional oxygen groups prevent the sheets from
restacking into graphite.
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Contrary to the mechanical methods of graphene production, GO synthesis by
Hummer’s method is an attainable process that can be performed in almost
any laboratory. Therefore, enhancing the quality of the oxidized graphene by
attempting to reverse the oxidation drawbacks of GO in a cheap and scalable
manner is an attractive approach. The chemical reduction of GO to produce
reduced graphene oxide (rGO) [60] is commonly used to produce sheets
containing less oxygen in larger quantities than possible with mechanical
production methods [61]. The chemically reduced rGO indeed contains less
oxygen than GO [40, 62], enhancing electromechanical properties [55, 63],
and is also similar to “pristine graphene,” being highly hydrophobic and likely
to aggregate [64]. Therefore, it requires stabilization either by surface
modification or surfactants before use in aqueous solutions. However, a new
set of problems arises from using reducing agents typically based on hydrazine
[65-67], which are dangerous and pose high environmental risks [61, 68]. It is
worth noting that safer and more environmentally friendly reduction reagents
have been introduced [69]. However, they pose extra costs, further
contaminations, and prolonged processing times that do not match the
effectiveness of hydrazine [68].

Figure 4 Graphene production by chemical vapor deposition.

Carbon deposition on a substrate from a carbon-containing gas phase under controlled
conditions allowing the seeding and expansion of graphene sheets while avoiding
spontaneous oxidation.

Graphene production by chemical vapor deposition (CVD) is a “bottom-up”
approach that renders large single-layer graphene sheets from gaseous
carbon precursors [70] (Figure 4). A defect-free growth of CVD graphene
requires an energetically costly thermal treatment to block the spontaneous
oxidation of the graphene sheets (%8i[53, 56]However, the potential for scaling
up CVD graphene production method towards larger quantities of “pristine
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graphene” makes it a promising approach. Plasma-enhanced treatment has
come in as a promising alternative strategy to thermal treatment for the
production of low defect “pristine graphene,” allowing high scale production
of Plasma-enhanced chemical vapor deposition (PE-CVD) graphene at lower
costs ©8i[71, 72]

The terms “graphene” and “pristine graphene” are used ambiguously in
literature in the lack of international and regulatory standards and do not
always conform to a pure graphene-based material [73, 74]. An example of
using unspecific terminology is the use of “pegylated graphene” when the
starting material is GO [75] or not clearly characterized material [76]. Such
confusion leads to contrasting reports on biocompatibility, drug binding
properties, and functionalization protocols [33, 77, 78].

1.1.4 Biocompatibility of graphenes.

Recent reports of graphene-based drug delivery have used GO/rGO with
either DOX [26, 48, 79] or Paclitaxel [80, 81]. However, conflicting reports on
the biocompatibility of graphene in these studies are probably due to the non-
homogeneity of produced graphene oxide, including different oxygenation
levels of the GO used. While “carbon-based material” might give the
impression of biocompatibility with the human body, graphene sheets have a
unique 2D structure that needs to be carefully evaluated before proceeding
with clinical use, even if built up purely out of carbon atoms [82]. To that end,
the toxicity of graphene-based drug carriers should consider impurities and
contamination from production protocols and aseptic working conditions [83,
84] that can exert additional toxicity.

Lessons learned from CNTs show that careful purification and surface
functionalization with polymers like PEG can mitigate some toxic effects and
enhance biocompatibility [36, 75, 85]. PEGylation of GO has shown to half its
liver accumulation, slightly decreasing its toxicity [86].

The toxicity and biodistribution of graphene material have been studied
depending on the intended application. Assessments of oral [87], or
subcutaneous administration [88], as well as inhalation [89-91], showed
varying degrees of toxicity based on sheet size and oxidation levels [87-91].
However, of most relevance to cancer drug delivery is the intravenous
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administration (i.v.). Agglomeration of intravenously administered GO was
shown to cause accumulation in the lungs, whereas GO sheets end up in the
liver, spleen, and bladder when well dispersed and stable [92, 93]. The
relatively more hydrophobic rGO has been found to cross the blood-brain
barrier and accumulate in the brain [94]. The sheet size is also a determining
factor for the accumulation site, with the smaller sheets ending up in the liver
to a greater extent than larger sheets [95]. However, evidence suggests that
graphene sheets can be renally cleared if they do not agglomerate to critical
sizes [96, 97].

On a cellular level, the most-reported mechanism of graphene cytotoxicity
involves the generation of reactive oxygen species due to mitochondrial
dysfunction and associated with a dissipated membrane potential [98—100].
Therefore, the assessment of cellular bioenergetics can be an essential tool to
understand the interaction of graphene with the mitochondria and its
potential to deliver drugs that target its energy-producing machinery.

1.2. Targeting cancer metabolism, a new avenue for
treatments

Mitochondrial dysfunction is observed in many cancers [101, 102], and has
been commonly portrayed as an expected consequence of cancer
growth[103]. The focus on genetic roots and predisposition led to the
production of chemotherapies that targets fast-dividing cells and inhibit their
growth [104, 105]. However, as we look for more answers and ways to treat
cancers effectively, more attention goes to the metabolism-targeted
treatments in cancers. A developing understanding of the metabolic roots of
cancers is a primary driver towards the increased investigation of cancer
metabolism and its involvement in disease progression. This opens new
avenues to use metabolic agents targeted at manipulating the mitochondria
of cancer cells, making them more susceptible for cancer treatments [105,
106].

1.2.1 The altered metabolism of cancers.

Due to their excessive growth, cancer cells require increased amounts of
proteins and fatty acids for continued cellular proliferation[101]. This constant
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production of biomolecules dictates a shift in the metabolic priorities of the
cell away from efficient use of glucose for energy production towards anabolic
processes [101, 107]. In non-proliferating cells, oxygen availability is essential
for the optimization of glucose metabolism in order to achieve a high energy
outcome in terms of ATP[108]. This is done by channeling the glycolytic end-
product pyruvate through the tricarboxylic acid (TCA) cycle, which provides
the necessary NADH and FADH; for functionality of the electron transport
chain (ETC) complexes through oxidative phosphorylation (OxPhos) to
produce ATP at the final ATP-synthase complex[101] (Figure 5).

Figure 5 Respiratory chain modulators and the effect of biguanides.

The ETC consists of four complexes. Electrons donated from TCA cycle contribute to an
electron across the ETC complexes, which is used to pump protons into the intermembrane
space and are later channeled through complex V to produce ATP. AMPK regulates glucose
uptake depending on the AMP/ATP and dictates the anabolic/catabolic state of the cell to
ensure sufficient ATP supply. Biguanides can block the electron flow by inhibiting complexes |
and Il and subsequently activating AMPK signaling.

Cells under hypoxic may switch to anaerobic glycolysis producing lactate as a
by-product of glucose breakdown to maintain ATP production exempt from
the mitochondria[108]. The loss of OxPhos metabolism in cancer cells was first
described by Otto Warburg in the 1920s, where he observed that some cancer
cells, later termed to exhibit a “Warburg” metabolism, elevating their reliance
on glycolysis to meet their energy needs, and consequently taking up
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significantly higher amounts of glucose[109—-111]. Cancer cells portraying the
Warburg phenotype attempt at halting the mitochondrial utilization of glucose
(as pyruvate), reducing oxidative phosphorylation and the high ATP yield of
the ETC in favor of aerobic glycolysis[102, 108, 109]. Pyruvate is instead
converted to lactic acid to oxidize NAD* from NADH[112]. Such metabolic
maneuver allows sustaining the excessive growth levels by exploiting a
continuous NAD* availability to maintain glycolysis and harvest its
intermediates to synthesize biomolecules needed for cellular division[101,
112]. Both of the co-enzymes NAD(H) and FAD regulate the function of
complex | and Il of the ETC, respectively, which are mutated in many cancer
cells [113-115]. This also gave these coenzymes, among others, increasing
attention to understand their role in cancer progression[116].

1.2.2 Targeting the mitochondria in cancer treatment.

Increased understanding of metabolic adaptation in cancers can lead to new
treatment methodologies aimed at overcoming chemotherapy
resistance[117, 118]. To separate the energy regulation in cancers from
biosynthesis, the ETC needs to be uncoupled from ATP production to maintain
replenishment of the TCA cycle [119-121]. This is done by upregulating
uncoupling proteins to increase the proton leak from the intermembrane
space without going through ATP synthase and therefore controlling the
consumption of the limiting adenosine diphosphate (ADP)[110, 120].
However, cancer cells can revert to OxPhos metabolism when under stressed
conditions[122, 123], making some cancer cells more chemotherapy resistant
by increasing their energetic flexibility in a similar fashion to cancer stem cells
(CSCs)[111, 119, 124]. AMP-activated protein kinase (AMPK) acts as an energy
sensor to regulate glucose intake by monitoring AMP/ATP ratio[111, 121].
AMPK controls anabolic/catabolic processes to maintain sufficient ATP levels
by regulating the signaling of the mechanistic target of rapamycin
(mTOR)[101] (Figure 5). Upregulating mTOR anabolic signaling allows cancer
cells to boost their cellular growth[101], giving AMPK-mediated inhibition of
mTOR signaling an antineoplastic effect in many cancers[121].
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1.2.3 Biguanides mitochondrial effects in cancer cells.

Biguanides have been in clinical use as diabetes medication since the
1950s[125] giving researchers years of knowledge and information to
understand their effects on a large segment of the population. Metformin
(dimethylbiguanide), a first-line type-2 diabetes medication with an annual
cohort of users that exceeds 150 millions[126], gained support as an
alternative to phenformin (N-phenethylbiguanide) in treatment of diabetes
due to its reduced side effects [125, 127]. More recently, meta-analysis on
people treated with metformin revealed a potential protective effect against
some cancers that were not associated with other in-use diabetes
medications[128, 129]. The anti-tumor potential of metformin and its analog
phenformin has been further confirmed in vitro and in vivo[130, 131].
Biguanides can activate AMPK signaling through mechanisms that are both
dependent[132] and independent [133] of complex | inhibition.

Additionally, biguanides can inhibit the mitochondrial glycerophosphate
dehydrogenase (mGPD), which is vital for regulating the cellular redox
potential and production by cytosolic reducing equivalents[134, 135]. A
disturbed AMP/ATP ratio due to complex | and Il inhibition could be an
important treatment target in many cancers that rely on OxPhos to evade
chemotherapy[117, 136, 137]. Additionally, the inhibition of complex | deplete
the critical metabolites of the TCA cycle for the tumor biosynthesis [136, 138]

Multiple clinical trials have tested the use of metformin as adjuvant treatment
in cancers with promising results[139-141]. However, the efficacy of
metformin within a therapeutic window is still a major bottleneck for its
implementation in therapy[126, 142]. This could be a reason for its
shortcomings as a sole treatment in trials using 850-2000 mg of metformin
daily[143-145], compared to higher concentration treatments in successful
preclinical studies[146, 147]. Activation of AMPK signaling in vitro by
metformin was achieved at a concentration of 50 umol/L[148]. In context, the
plasma concentration of metformin after treatment is on average estimated
to be 15 umol/L[149] with an upper therapeutic window of ~55 umol/L[150].
However, significantly higher concentrations are needed for the inhibition of
complex | [151]. The accumulation of positively charged metformin, and
similarly, phenformin in the mitochondrial matrix due to the negative
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membrane potential could result in significantly increased mitochondrial
concentrations relative serum, providing a partial inhibition of complex | by
metformin[151]. Moreover, evidence of metformin accumulation in specific
organs[152], mainly in the intestines[153], could explain the protective effect
of metformin seen in some specific cancers, which could be due to the
increased complex | inhibition that comes with higher concentrations in these
tissues.

To utilize the benefits of complex | inhibition further, interest in phenformin
as a metabolic anticancer medication has increased[154-159], with an
ongoing clinical trial to determine its safe use as adjuvant therapy
(NCT03026517). Phenformin has shown higher potency against cancer cells in
cellular [160, 161] and animal models[162, 163]. The particular interest in
adjuvant biguanides therapy in cancers comes from their ability to affect
chemotherapeutic resistant cancer stem cells or quiescent cells [164, 165] to
form an effective treatment with partner drugs that targets rapidly
proliferating cells[166]. Before moving further in biguanide use in cancer
therapy, experimental and biological factors affecting their efficacy need to be
determined to ensure better consistency and understanding of their anti-
tumor effects in future research.
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2 Aims and objectives

The main goal of this work is to optimize the use of biguanides in a preclinical
setting to target the mitochondria of cancer cells. A targeted therapy
approach incorporating graphene-based drug carriers to improve the
bioavailability of biguanides is investigated to overcome bottlenecks
preventing their implementation in therapy. The following objectives are put
forward to achieve these goals:

Identify the experimental parameters that better represent the effect
of biguanides in cancer cells in terms of mitochondrial dependency
and glucose culturing conditions.

Identify drug delivery candidates from biguanide derivates for use
with graphene-based drug carriers.

Achieve attainable production and characterization of aqueously
stabilized graphene-based carriers to be used in drug delivery
applications.

Study the interaction dynamics between graphene and phenformin in
regards to the oxidation level of graphene.

Determine biotoxicity of novel graphene materials in cellular and
animal models.

Examine the effects of graphene-based drug carrier systems in a
passive metabolic targeting approach against cancer cells while
minimizing possible side effects.
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3 Summary of Papers

Paper |

Metformin treatment response is dependent on glucose growth conditions
and metabolic phenotype in colorectal cancer cells

Background

Metformin use in cancer treatment has stalled in the past years due to
discrepancies in beneficial outcomes in clinical and preclinical studies. Earlier
in vitro attempts at elucidating the anticancer effect of metformin have been
conducted without proper consideration of critical factors, such as growth
conditions, that could lead to inconsistent results. Therefore, we investigate
metformin potency in cancer cells with different mitochondrial dependency
levels and study the effects of non-physiological glucose versus physiological
glucose concentrations on the experimental outcomes to elucidate how
metformin can be used to its best potential.

Results and considerations

Metabolic phenotyping of the colon cancer cells SW948 and SW1116 showed
that the prioris a closer representation of the “Warburg” phenotype while the
latter can better utilize its mitochondria to overcome stress conditions such as
metformin exposure. Glucose concentrations in the culture media played a
pivotal role in deciding the outcome of metformin treatment in both cell lines.
Adhering to the physiologically relevant concentrations (5mmol/L) was of
utmost importance as the commonly used high glucose (25mmol/L)
supplementation to the culture media masked the antiproliferative effects of
metformin. Therefore, we implement the use of physiological concentration
of glucose in culture media for further experimentation using metabolic drugs
in the following work. Our results indicate that metformin could be better
utilized as an adjuvant treatment in cellular phenotypes similar to SW1116 but
highly potent against phenotypes similar to SW948 as an individual treatment.
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Paper Il

Improved pH-responsive release of phenformin from low defect graphene
compared to graphene oxide

Background

Achieving effective concentrations of biguanides at tumor location is an
important milestone towards its application in cancer treatment. Graphene-
based drug carriers offer great potential, especially with the increased
material accessibility in a broader range of qualities. Therefore, we investigate
the drug carrier capabilities of two graphene-based carriers obtained by
different production methods, PE-CVD graphene and GO, in combination with
the metabolic drug phenformin. The graphene-based drug carriers are
assessed in terms of stability, binding affinity, and pH-dependent release of
phenformin.

Results and considerations

The PEGylated graphene nanosheets (PGNS) prepared from low defect PE-CVD
graphene were found to be less likely to agglomerate when loaded with
phenformin than GO. The steric stabilization in PGNS showed better
compatibility with phenformin compared to the repulsive stabilization in GO.
In addition, an excess of 4-fold increase in the binding affinity to phenformin
was observed in PGNS over GO. Increased surface defects due to a higher
oxygen content (~5-fold higher) could explain the compromised affinity in GO
compared to PGNS. Finally, phenformin release in acidic pH was elevated in
both graphene-based drug carriers compared to physiological pH but was
enhanced using the less defected PGNS sheets. This is attributed to the higher
capacity to carry on pi interactions which are pH-responsive.
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Paper Il

Graphene-based phenformin carriers for cancer treatment, a comparative
study between oxidized and pegylated pristine graphene in human cells and
zebrafish

Background

Biocompatibility assessment in biological systems is an essential step towards
implementing the use of nanoparticle drug carriers. Therefore, cellular
viability and mitochondrial toxicity of GO and PGNS were assessed in cellular
and zebrafish models. Furthermore, the efficacy of phenformin after loading
onto GO and PGNS was tested for its ability to induce antiproliferative effects
in cancer cells and whether its mitochondrial effect was sustained compared
to free phenformin in a pH-responsive release mechanism.

Results and considerations

The stability of PGNS in culture media was better than that of GO. More
importantly, PGNS exerted lower toxicity on all three cell models investigated
in our tests. Lower concentrations (<25 ug/ml) of graphene seemed to be well
tolerated by cells, with minimal effects on the mitochondria, although GO
concentrations of 100 pg/ml induced a significant reduction in the spare
respiratory capacity, indicating mitochondrial toxicity. Both GO and PGNS
demonstrated a pH-responsive release of phenformin. However, PGNS
mediated no additional toxicity, contrary to what was observed when using
GO. Further testing on zebrafish in vivo models revealed successful mitigation
of acute phenformin mitochondrial effects when loaded onto graphene. Our
findings indicate that PGNS is the better candidate for further drug carrier
exploration and may have promising potential for intravenous drug
administration.

25



Discussion

4. Discussion

4.1 Methodological considerations

The interdisciplinary nature of this work dictates the use of a wide range of
analytical methodologies that incorporates material sciences with biological
technology. Meeting the varied instrumentation demand presents a unique
challenge in a biologically specialized facility. It also brought the need to utilize
alternative methodologies to reach the experimental aims.

4.1.1 Graphene handling and safety

Even though most commercially available graphene is produced in microscale
dimensions, it remains a 2D material, making it a nanoparticle due to a
minimal (down to one atom only) third dimension. The 2D property puts
graphene in the category of nanomaterials where special safety requirements
apply, especially when working with dry material. Safety precautions, such as
working in an enclosed environment (dust box), are critical as the toxicity of
graphene is not fully explored in humans. Furthermore, PE-CVD graphene
sheets are collected under inert conditions to reduce spontaneous oxygen
functional groups formation. Therefore, further atmospheric exposure of
graphene sheets needs to be performed in inert conditions.

4.1.2 Characterization of Graphene materials

A seemingly trivial but vital aspect of working with graphene is the ability to
keep track of its concentration in solutions after dispersing. Due to the
absence of characteristic absorption peaks in the visible range, the optical
density of graphene is traditionally measured at 660 nm to estimate its
dispersion concentration. However, the absorbance spectrum of graphene is
highly dependent on its polydispersity and the thickness of graphene sheets
(number of layers) [167]. We found that using the area under the curve in the
visible range is a more stable metric to correlate with the concentration of
graphene dispersion over a one-point measurement at 660 nm.
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In terms of size, atomic force microscopy (AFM) and transmission electron
microscopy (TEM) imaging are among the most accurate methods to estimate
the lateral size of graphene sheets. However, both methods can be time-
consuming and inconvenient to incorporate in fabrication methods
development. Alternatively, Dynamic light scattering (DLS) is a high
throughput technique that is very sensitive to particle shape as it measures
particle diffusion in solution to estimate its size based on the Stokes-Einstein
equation [168]. Therefore, DLS is not able to offer an accurate size estimation
for 2D materials due to their non-spherical shape. However, Electrophoretic
light scattering used for measuring the zeta potential is not affected by particle
shape [169]. It therefore can be used to characterize graphene in different
solutions rapidly and with different functionalization to indicate its stability
and surface charge.

Another important aspect of graphene characterization is the Carbon/Oxygen
ratio. While absolute measurements are mainly possible using X-ray
photoelectron spectroscopy (XPS), and thus the most commonly used
method, we found that the changes in Carbon/Oxygen can be consistently
measured using x-ray fluorescence spectroscopy (XRF), offering an important
alternative. The choice of method relies on the access to instrumentation
during the project, and thus change of the carbon/oxygen ratio was presented
in GO versus PGNS rather than absolute ratios.

4.1.3 Functionalization of graphene

Pegylation was used in this work to achieve aqueous stabilization of PE-CVD
graphene while sparing the pi-interaction capacity of the graphene surface
that the use of potential surfactants can otherwise occupy. Additionally,
surfactants can have toxic effects on cells and be less biocompatible in a
biological environment than PEG. The 2 kDa PEG used in this study to stabilize
graphene was selected among different candidates with weights of 750, 2000,
5000, and 10000 Daltons. In our pilot experiments, the 2 kDa PEG offered
better stabilization than smaller PEG and was small enough to conveniently
wash off its excess using dialysis and filtration. Since we found that it offers
minimal blockage of the graphene surface than larger PEGs, this was the PEG
candidate used throughout the experiments.
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4.1.4 Chemical and |Dbiological investigation using
fluorescence lifetime.

The use of fluorescence lifetime imaging microscopy (FLIM) allows for a
functional investigation within the nanometer dimension using a microscope.
The technique offers superior reproducibility over intensity-based methods as
the lifetime of a fluorophore is independent of the acquisition parameters.
Using the quenching properties of graphene, FLIM can estimate the proximity
of fluorescent molecules to graphene sheets by tracking the lifetime as it
offers an alternative, faster route to dissipate the excitation energy. However,
due to the statistical nature of fluorescence lifetime calculation and the
measuring electronics limitation to a one-photon per laser pulse, a relatively
slow acquisition procedure needs to be repeated to acquire enough data
points to produce an accurate fluorescence lifetime decay. Thus, in the
zebrafish lifetime experiments (paper Ill), ensuring sufficient data within
collection while avoiding photobleaching the sample dictated the use of wider
regions of interest (ROIls) that encompass multiple organs. Further precise
segmentation of the zebrafish larvae organs can result in inconsistencies
between the samples due to variations in Z-sampling of photons and
inadequate quality of the lifetime decay due to lower number of photons.

4.2 Cancer metabolism and targeting of cancer
stem cells.

The complete eradication of cancers is difficult to achieve due to the presence
of a metabolically adaptable sub-set of cancer cells that evade most anticancer
drugs [117, 136, 164]. These cells can switch between cancerous proliferation
and quiescent survival modes in response to stress factors and could later
trigger cancer relapse [117, 118, 123]. The need to target both metabolic
phenotypes of cancer cells brings biguanides into use in cancer therapy. Its
ability to halt the ETC, which is the exact machinery necessary for both
energetic and biosynthesis processes [125, 132, 136, 151], offers an
alternative path to enhance cancer treatment.

The use of metformin as an adjuvant drug in cancer therapy has been faced
with conflicting reports on its effectiveness in preclinical tests [170, 171] and
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high discrepancy in many in vitro model systems [142, 172, 173]. The high
glucose levels (25 mmol/L) routinely used to accelerate subculturing could
offer a reason for this as it masks the effects of metformin on cancer cells
(Paper 1). This further underscores the importance of evaluating drug
responses in physiological glucose conditions (5 mmol/L). Adopting these
glucose culturing conditions was critical to better reflect on the potency of
biguanides in our experimental models. As drug loading onto NDC itself may
interfere with the cellular uptake influencing its measured potency, thus a
misrepresentation of the drug effectiveness due to high glucose levels needed
to be avoided.

It is suggested that the greatest potential of biguanides is treating
chemoresistant OxPhos phenotype exhibiting cancer cells [164, 165].
However, in a preclinical setting, the highly proliferative and more glycolytic
(SW948) colorectal cancer cells were especially responsive to mono biguanide
treatment (Paper 1). Suggesting that an effective biguanide treatment could
be sufficient alone in eliminating both proliferative and quiescent cancer cells.
However, our results indicate that millimolar concentrations of metformin are
needed to exert adequate antiproliferative effects, even in physiological
glucose conditions (Paper 1). Nonetheless, millimolar concentrations of
metformin are difficult to achieve in many tissues [150]. Alternative strategies
are needed to ensure or increase the concentration of metformin at the target
location.

4.3.1 Targeted biguanide treatment using graphene carriers

Metformin has a low toxicity profile in combination with low potency, whereas
its analog phenformin has a higher potency and is suggested to be a better
candidate with a tolerable toxicity profile for cancer treatment [17, 155, 158,
174]. Phenformin has been shown to be effective against CSCs at
concentrations much lower than metformin of 1 mM (~0.2 mg/ml) [17].
However, the plasma concentrations of phenformin, after a typical 50 mg dose
treatment, peak at 0.0002 mg/ml with a bioavailability of 11 hours [175].
Although a liposomal-phenformin formulation has shown promising effects
over the free form in vivo and in vitro [176], the higher potency of phenformin
can be further exploited when combined with an NDC that improves on the
delivery profile, such as graphene. Moreover, the aromatic ring structure in
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phenformin makes it a more suitable candidate to combine with graphene
over metformin.

The high ionic strength of phenformin makes it challenging to use in
combination with GO due to a noncompatible stabilization mechanism. The
repulsive stabilization of GO stems from the negatively charged oxygen groups
on its surface, subsequent to the chemical exfoliation of graphite by oxidizers
[42, 64]. This stabilization mechanism grants GO good aqueous dispersibility.
However, it leaves the GO sheets susceptible to agglomeration upon the
dissolution with high concentrations of positive ions, such as phenformin
(Paper Il), posing a major hindrance to its drug delivery ability and subsequent
clearance. Moreover, the high oxygen content in oxidized graphene is
implicated in increased reactive oxidative species (ROS) generation in cells,
causing toxicity. This incites the need for an alternative stabilization strategy
that is more compatible with higher ionic strength solvents and less toxic to
biological systems.

Therefore, PEGylated graphene nanosheets (PGNS), an NDC fabricated from a
highly hydrophobic and less defected PE-CVD graphene, were used in this
study as a graphene-based drug carrier after covalent functionalization with
PEG. The improved aqueous stability and phenformin binding affinity of PGNS
over GO make it a better suited NDC for phenformin delivery. The use of a PE-
CVD-based graphene carrier is of greater relevance considering the increased
availability of “pristine” graphene. Importantly, the improved binding affinity
of PGNS highlighted the significance of Pi-interactions for phenformin loading,
being responsible for over four-fold increased affinity compared to GO. As the
oxygenation level in PGNS was measured to be significantly lower than GO,
the proportion of “pristine graphene islands” containing delocalized electrons
and consequently capable of participating in Pi-interactions, should be
relatively higher. Thus, PGNS was more capable of binding phenformin (Paper

).

The benefits of using less oxidized graphene also extended to a decrease in
cytotoxicity, as observed in several cell models (paper Ill). Previous studies
have shown a correlation between cellular mitotoxicity and increased oxygen
levels in graphene [177], resulting in the generation of reactive oxidative
species (ROS) causing mitotoxicity. This is supported by our data indicating
significant mitochondrial stress in SW948 cell line after 0.1 mg/ml GO
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exposure that is not observed with similar doses of PGNS (paper Ill). It is
unclear whether the mitotoxic effect of GO would add to the therapeutic
values of phenformin in cancer cells. However, given the expected longer
circulation time of graphene itself [33, 92, 94], it would be wise to limit the
toxic contribution of the drug carrier itself, in this case, graphene, to a
minimum.

By having a pH-dependent amphiphilicity property, graphene oxide became
an attractive choice for use as an NDC in cancer treatment [24, 29, 178].
However, the underlying causes for surface changes in GO by pH, leading to
drug release, are not fully understood. The pH-dependent binding affinity of
GO has been previously attributed to weakened hydrogen bonding [24, 27—
29], “interruption” of pi-pi interactions [26], and the protonation of the
carboxylic groups on graphene oxide [25]. Most of which predict that the
binding affinity of non-oxidized graphene would be less affected by changes
in acidity. However, these claims are indirectly inferred, and we found that
PGNS had increased pH responsiveness in terms of binding affinity compared
to GO, highlighting the importance of the dominant Pi-interactions of PGNS
over other hydrophobic interactions in controlling the pH responsiveness
(Paper Il).

Even though these findings are based on the interaction kinetics with only one
drug represented by phenformin, both the enhanced adsorption capacity and
the pH responsiveness can apply to other drugs and molecules subject to pi
interactions. Thus, making “pristine graphene” use in future biomedical
applications more advantageous compared to heavily oxidized forms, such as
GO. In vitro application of the pH-responsive release confirmed that PGNS
loaded phenformin had a decreased toxicity than free phenformin at pH 7.4,
but the opposite was confirmed at the lower pH of 6 (Paper Ill). This could
suggest that phenformin would remain retained to PGNS to a higher degree in
tissues with physiological pH potentially reducing harmful side effects while
being selectively released in lower pH environments. Similar results were not
observed using GO as an NDC for phenformin, likely due to GOs own toxicity
on the cells in our in vitro setting, which has also been previously reported by
others[85]. However, in vivo testing of both PGNS and GO revealed no acute
toxic effects in zebrafish larvae. Moreover, both were able to minimize the
side effects of phenformin compared to the free drug (Paper lll). Free
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phenformin induced a significant increase in, what we believe to be, oxidized
FMN and FAD 24 hours after the injection, consistent with mitochondrial
toxicity [179, 180]. This toxicity appeared to be mitigated by loading
phenformin on either GO or PGNS, thus providing a promising platform for the
re-introduction of phenformin in clinical use as a cancer treatment.

4.3.2 Conclusion and future perspectives

The use of an attainable fabrication process to utilize non-oxidized graphene
as a drug carrier for phenformin shows considerable improvements over many
NDC systems and opens an interesting field for further investigation. The
example of PGNS being a better alternative to graphene oxide in terms of
biocompatibility and drug binding ability, should bring the implementation of
graphene in drug delivery closer to reality. Further in vivo testing of the ability
of non-oxidized graphene-based carriers to enhance the effects of the
metabolic drugs at the target site while limiting its side effects to normal cells
in more advanced models is still needed.

The use of zebrafish larvae as an in vivo model is an accessible approach that
does not require elaborate laboratory resources. It offers a promising early
testing system for assessing drug and nanoparticle toxicity. However, further
genetic modification to the zebrafish could help better understand system
effects are still needed. For example, using macrophage fluorescent zebrafish
could prove advantageous to localize graphene biodegradation pathways
within the organism. Moreover, tumor-bearing zebrafish in-vivo model would
be a logical next step to further test a graphene-based phenformin system in
order to confirm its properties in vivo.

Future concerns regarding the biomedical use of graphene need to be
carefully evaluated to reach feasibility for clinical use. In terms of
biocompatibility, a more comprehensive understanding is needed of the toxic
effect of graphene sheets under shear stress applied by the physiological
blood flow. Additionally, the by-products of graphene degradation need to be
considered for their toxicity in vitro and in vivo models. While this is an area
of active investigation for graphene oxide [36, 181], parallel evaluation is
needed for less oxidized graphene as the lack of functional groups that
modulate GO’s interactions with proteins. Furthermore, the effect of pristine
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graphene on the mitochondrial membrane potential still needs to be better
understood.

Investing in the determination of metabolic treatment susceptibility in cancer
patients could offer an improved fighting chance for chemoresistant and re-
occurrent cancer sufferers. Careful evaluation of patients' tumors is needed in
order to define viable treatment options. Metabolic flux analysis to determine
the preferred energetic pathways of cancer cells is the current method used
in research settings. However, it lacks a standardized operational procedure
approved for clinical use. Alternative strategies that include identifying
metabolically sensitive biomarkers that may guide treatment predictions
could be necessary to achieve this transition. Moreover, not all cancers exhibit
significant levels of enhanced permeability and retention that are necessary
for the passive accumulation of the NDC[182]. However, longitudinal PET
imaging may be used to determine the degree of EPR effect in tumors prior to
NDC use.

Overall, the strategy to load phenformin onto PGNS shows that it may
overcome multiple bottlenecks currently limiting the use of metabolic
treatments targeting cancers, offering a unique and much needed repurposing
of a familiar and well-studied drug that could improve the lives of cancer
sufferers.
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