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1 Introduction

1.1 Properties and functionalization of graphene derivatives

1.1.1 Biophysicochemical properties

2D nanomaterials have received great interest for biomedical applications in recent years,
as this family of nanomaterials has shown many unprecedented properties.[1,2] Among 2D
materials, graphene is without doubt the most widely investigated, and currently is closest
to real-world applications and market.[3,4] Due to such properties and bioactivity,
graphene-based nanomaterials have been proposed for different biomedical
applications.[3,4] Commonly used graphene derivatives including graphene, graphene
oxide (GO), reduced graphene oxide (rGO), nanographene, graphite oxide differ in their
functionality, lateral and height profiles, as well as the integrity of their m-conjugated
system (Figure 1).[5] This structural versatility differentiates their physicochemical
features and consequently their interactions with the biological systems.[6,7]

Graphite oxide is a highly oxidized form of graphene consisting layers of GO with
defected structure and many functional groups.[5] Graphite oxide was first prepared by
oxidation of graphite using a mixture of sulfuric and nitric acid, and then potassium
permanganate.[8] The graphite oxide can be subsequently exfoliated into monolayer GO
by sonication. Monolayer GO is an amphiphilic single layer graphene sheet with many
carboxyl, epoxide, and hydroxyl functional groups generated during the oxidation
process.[8] GO exhibits colloidal stability and pH-dependent negative surface charge,
attributable to the carboxyl groups. In addition, the abundant surface functionalities endow
GO with excellent water solubility and can easily be further functionalized. The basal sheet
of GO still consists of numerous unmodified hydrophobic aromatic domains, which allows
GO to be applied as a surfactant, stabilizing aromatic rings and hydrophobic molecules
through n-n stacking and hydrophobic forces. However, the intensive oxidation during the
preparation of GO results in a highly defective density, reducing its electrical, mechanical,
and thermal properties.

rGO can be obtained by thermal, chemical, or UV reduction of GO.[9] The number
of functional groups and oxygen content of GO can be greatly reduced upon reduction and
its electrical, mechanical, and thermal features to some extent recovered.[9] Due to the
elimination of oxygen, rGO is much more hydrophobic than GO.[9] Additionally,
reductive agents, such as hydrazine are toxic, which limits the bio-applications of rGO.[9]

Therefore, low toxic reducing agents are urgently required to produce biocompatible rGO.



Guo et al.[10] developed a method by which GO could be efficiently reduced to

biocompatible rGO via L-ascorbic acid.

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 1. The chemical structure of Graphene, GO and rGO.

1.1.2 Functionalization

1.1.2.1 Covalent functionalization
Although graphene sheets displayed many amazing features, functionalization is essential
to achieve better performances.[11] Because for many applications graphene derivatives
should be dispersible in organic or aqueous solvents [3-5]. High dispensability improve the
prossesibility of graphene derivatives and open a way to construct many systems out of
these 2D nanomaterials [5-7]. Pristine graphene consists entirely of aromatic rings.[3,4] In
contrast, GO has many carboxyl groups on the edges and at defect sites, with many
epoxide and hydroxyl groups on the basal plane.[8] Although these functional groups can
be largely eliminated by reduction to rGO, some will remain, particularly hydroxyl
groups.[9,10] Many methods for covalent functionalization of graphene leverage these
oxygen-containing groups rather than trying to modify the less reactive aromatic rings.[12]
However, both pristine graphene and GO can be modified by a range of reactions including
cycloaddition and radical reactions that occur on defect-free aromatic rings.[12,13]
Macromolecules, particularly polymers, bearing amino groups and hydroxyl groups
can be conjugated to GO via condensation and ring-opening reactions.[14-21] The
resulting GO derivatives possess properties of both graphene sheets and the attached
macromolecules. It has been revealed that various amino acids affect the structure and
morphology of graphene sheets differently and aliphatic amino acids increase the interlayer
spacing of graphene, while tyrosine-modified graphene presents a scrolled structure.[14]
GO can be modified via facile amidation reactions with polymers such as chitosan
(CS).[15] High concentrations of hydrophilic polymers can significantly improve the
aqueous dispersibility of the GO derivatives.[15,16] Compared with natural

macromolecules, synthetic polymers are often cheaper and easier to synthesize in bulk.



Polyethylene glycol (PEG)[17] and polyvinyl alcohol (PVA)[18] have proven to be
biocompatible and are widely employed to modify biomedical materials. PVA-grafted GO
nanocomposites have similarly been prepared via carbodiimide-activated esterification
reactions.[19] PNIPAM can be conjugated to GO sheets via “grafting to”’[20] and “grafting
from”[21] methods, creating stimuli-responsive materials.

It has been widely reported that the epoxy groups found on the GO basal plane are
susceptible to nucleophilic ring-opening reactions with amino-terminated polymers.[22-27]
Niu et al. developed an approach to covalently functionalize GO with poly-L-lysine (PLL)
through such a reaction.[22] GO nanosheets have also been functionalized with 3-
aminopropyltriethoxysilane (APTS) through this type of ring-opening reaction.[23] The
hydroxyl groups on GO can also be modified by different (macro)molecules in a process
termed post-functionalization or post-modification. 2-ureido-4[1H]-pyrimidinone was
conjugated to GO by reaction between its hydroxyl groups and isocyanate linker from the
pyrimidinone.[24] Hydroxyls can also be converted to other functional groups including
amines,[25] carboxyls,[26] or thiols[27] to facilitate further modification. GO sheets rich
with amine groups have been successfully prepared by Pumera et al. via a Bucherer-type
reaction.[25] Carboxylic or thiol groups can also be attained, as demonstrated by Yu et al.
and Pumera et al, respectively.[26,27] These can then be further modified through a wide
range of conventional organic reactions, providing a large catalog of possible products.

Direct functionalization of graphene aromatic rings is nontrivial but can be a very
powerful route to produce graphene derivatives.[11-13] More importantly, these reactions
can be used to modify both GO and pristine graphene. The degree of functionalization can
also be more flexible, as it is not determined or limited by the presence of existing
functionalities such as the carboxyl and hydroxyl groups of GO.

Cycloaddition reactions occur when two or more molecules with unsaturated bonds
combine and form a cyclic adduct.[28-34] Many papers have reported successful
cycloaddition reactions with fullerene or carbon nanotubes,[28] and in recent years these
successes have been repeated with graphene and GO, as well (Scheme 1).[29-34] Nitrene
intermediates generated by the thermal decomposition of azides can combine with the
unsaturated carbons in graphene in [2+1] cycloaddition reactions.[29] Nitrene reactions
can be used to attach many polymers with various functionalities to the basal plane of
graphene. Recently, our group developed a novel functionalization route which is suitable
for both carbon nanotubes (CNT) and graphene, based on [2+1] cycloaddition with

commercially available 2,4,6-trichloro-1,3,5-triazine and sodium azide.[32] 1,3-dipoles can



combine with dipolarophiles in graphene to form five-membered rings via a six-electron

[3+2] cycloaddition.[34]
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Scheme 1. Mechanism of the functionalization of graphene via cycloaddition. (A) [2+1]
cycloaddition; (B) [2+2] cycloaddition and (C) [3+2] cycloaddition. Reproduced with
permission.[13] Copyright 2013, Royal Society of Chemistry.

Self-initiated photografting and photopolymerization (SIPGP) was recently
demonstrated as a facile polymerization method to functionalize graphene sheets via UV
illumination without the use of initiator.[35-37] One significant benefit of SIPGP is that it
does not introduce further defects to the graphene basal plane. UV irradiation can abstract
hydrogen atoms from sp’ carbon defects in graphene, generating free radicals.[35] SIPGP
has been demonstrated with many vinyl monomers, and generates well-defined,
homogeneous, stable polymer brushes on graphene.[36] SIPGP can be used to produce
complex controlled graphene derivatives, especially in combination with other techniques.
For instance, GO-chitosan composites assembled through electrostatic interactions have
been subsequently modified by SIPGP to graft PS and PDMAEMA brushes from
photoactive sites on different surfaces, producing Janus structures. The polymer brushes
can be tuned by selection of vinyl monomers, and the thickness of the coating layer could

be tuned by the UV irradiation time.[37]

1.1.2.2 Noncovalent functionalization
Covalent functionalization of graphene sheets is very valuable, making a range of simple

and complex graphene-based composites accessible. However, covalent chemical



modifications of the graphene basal plane, including both oxidation during the preparation
of GO and covalent conjugation of molecules onto graphene or GO sheets in the post-
modification step, disrupts the continuous aromatic structure of pristine graphene
sheets.[11-13] Therefore, noncovalent modification of graphene is of great interest for
applications where the aromaticity and a preserved m system are crucial.[38] Noncovalent
functionalization is typically due to n—m stacking, hydrophobic interactions, or electrostatic
forces. It is well-known that m—m stacking can adhere molecules to each other.[39-42]
Given the very large © system of graphene, similar interactions could attach functionalities
onto its surface. In fact, graphite powder can be exfoliated into graphene sheets with
aromatic amphiphiles containing aromatic segments and hydrophilic dendrons.[39] Similar
results have been shown with the successful modification of RGO sheets with chiral
mesogenic molecules,[40] as well as with a range of pyrene moieties,[41] again via n- ©
interactions. Several attempts have been made to use n—n functionalized graphene sheets
for biological applications.[41,42]

Amphiphilic copolymers have been widely investigated as a means to enhance the
solubility and stability of hydrophobic molecules and particles in aqueous solution.[43-45]
This concept works well with hydrophobic graphene sheets to stabilize them under
physiological conditions. Hydrophobic interactions allow the formation of RGO/heparin
conjugates, where the hydrophobic portion of heparin binds to rGO, while the hydrophilic,
negatively charged segment helps stabilization of the complexes in aqueous
environments.[43] The resulting dispersion does not precipitate or aggregate even after 6
months, due to the charge repulsion.

GO sheets have a negative surface charge due to the carboxyl groups introduced
during preparation, making it possible to use electrostatic forces to bind positively charged
macromolecules onto its surface noncovalently.[46-48] Chitosan/GO complexes, formed
by these type of electrostatic interactions, can be crosslinked using genipin to produce
composite structures (GCS/GO) that can be transformed into films using solution-casting
methods.[47] The strong interaction between GO and chitosan allowed for well-dispersed,
homogeneous mixtures, which are strong candidates for biomedical applications, given that
chitosan is a biological polymer. Similar films have also been created using GO and poly-
L-lysine (PLL) to use as coatings.[48] These GO/PLL films have shown positive results in
supporting the growth of mesenchymal stem cells (MSC) and can accelerate osteogenic

differentiation.



1.2 Graphene derivatives and mammalian cells

Graphene-based nanomaterials have caused great interest for biomedical applications
including cancer therapy.[3,6,7] However, it is quite important to understand the
interaction between graphene derivatives and mammalian cells before practical
administrations.[49] Fortunately, many studies have been performed and a great deal of
knowledge about the cellular uptake, plasma membrane interaction, and organelle

interaction of graphene-based nanomaterials is already known.

1.2.1 Cellular uptake

The cellular internalization pathways of nanoparticles have been intensively investigated
and it is found that their uptake characteristics is dominated by several parameters such as
size, surface charge, and geometry (Figure 2).[50,51] Phagocytosis (particles larger than
1000 nm) and pinocytosis (soluble materials) are two main pathways and both are energy-
dependent routes. Furthermore, pinocytosis could be subdivided into four classes:
macropinocytosis (large solute macromolecules), clathrin-mediated endocytosis (particles
around 120 nm), caveolae-mediated endocytosis (particles around 60 nm), and
clathrin/caveolae-independent endocytosis (particles around 90 nm).

It was reported protein-coated graphene nanosheets (PCGO) almost followed the
same cellular uptake properties.[52] PCGO with small size (0.42 + 0.26 um) in diameter
was mainly internalized by C2C12 cells via clathrin-mediated endocytosis (CME) while
the large sheets (0.86 + 0.37 pum) preferred to enter cells by phagocytosis. Raman
microscopy was also employed to investigated the cellular uptake of GO with attached
gold NPs to enhance the intrinsic Raman signal of GO nanosheets inside cells.[53] The
results confirmed the GO sheets with small size was taken up by Ca Ski cells through
energy-dependent CME.

In addition to size, surface charge plays also a pivotal role in the cellular
internalization of NPs.[54] Attributed to their stronger affinity to the plasma membrane,
NPs with positive charge usually have higher uptake efficacy than the negatively charged
or neutral analogues. GO was also decorated with several kinds of moieties, including
PEG, BSA, and PEI to obtain graphene derivatives with different surface charges and their
corresponding cellular uptake characteristics were studied and compared.[55,56] The
results demonstrated the endocytosis efficacy of PEG- and BSA-covered GO was retarded

while huge enhancement was observed for positively charged PEI-modified GO sheets.
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Figure 2. The cellular uptake pathways of nanoparticles with different characteristics.
CPPs, cell-penetrating peptides; IgG, immunoglobulin G. Reproduced with
permission.[50] Copyright 2012, American Chemical Society.

Besides size and surface charge, it is also acknowledged that the biological behaviors
of graphene derivatives changes greatly with different cell types.[57] The cellular
internalization mechanism of PEG-covered GO nanosheets was studied with eight
inhibitors and three different cell lines (human Saos-2 osteoblasts, human HepG2
hepatocytes, and murine RAW-264.7 macrophages).[57] Their results showed
micropinocytosis was a general entry pathway for all three different cell lines.
Furthermore, microtubule-dependent pathway was another significant route for Saos-2
osteoblasts while CME played an important role in the uptake activities of HepG2
hepatocytes and RAW-264.7 macrophages.

Many reports displayed that targeting groups including folic acid, galactose, RGD
peptide, and others effectively enhance the internalization of NPs into tumor cells with
overexpressed specific acceptors on their membrane.[58-61] These ligands could also be
employed to modify graphene sheets to improve their accumulation in tumor cells. GO
decorated with aminopeptidase N (APN or CD13)-targeting ligands showed high cellular

uptake and cytotoxicity towards certain cancer cells, especially those with overexpressed



CD13 receptors.[58] Recently, some interesting studies displayed that the permeability of
plasma membrane increased a lot with the generated mild heat under near-infrared (NIR)

laser irradiation, which make it easier for the sheets to cross.[62-64]

1.2.2 Plasma membrane interaction

The cytotoxicity of graphene-based materials is a significant topic and should be taken into
consideration for further biomedical applications.[65,66] Some reports demonstrate that
functional graphene sheets exhibited low toxicity both in vitro and in vivo.[67,68] However,
others argued that graphene sheets with high concentrations would destroy the dynamics
and integrity of the plasma membrane,[69-73] which led to the death of cells with leakage
of lactate dehydrogenase (LDH).[69,70] Enthrallingly, one finding revealed the impair of
plasma membrane by GO sheets could also improve the sensitivity of cancer cells to
chemotherapeutic agents.[71-73] The interaction of graphene sheets and mammalian cells
not only damaged their membrane but also generated excessive reactive oxygen species
(ROS) and the combination of these factors resulted in a considerable toxicity for
graphene-based nanomaterials. In another study, the cytotoxicity of graphene sheets was
related with their size and shape, adding yet another wrinkle to this complex topic.[74]

Hemocompatibility is a crucial issue and should be taken into consideration where
graphene-based nanomedicine are administrated via intravenous injection. In one work,
both pristine graphene and GO exhibited low hemolysis up to 75 pug/mL.[75] However, a
contradictory conclusion was obtained by another research group, showing concentration-
dependent hemolysis ability for GO and rGO. And the hemolysis effect was highly
affected by the sizes and oxidation degree of graphene derivatives.[76]

It is widely accepted that graphene nanomaterials exhibit plasma membrane
impairment, which affords substantial cytotoxicity especially in high concentrations. Many
researchers tried to reduce the cytotoxicity of graphene sheets via protein or polymer
coverage.[77-79] The formation of protein corona could effectively mitigate the
cytotoxicity of GO by decreasing its physical interaction with plasma membrane.[77,78] In
addition to protein, biocompatible polymers, such as PEG, PVA, and PAA could also
obviously improve the biocompatibility of graphene derivatives both in vitro and in vivo
(Figure 3).[79]

It was reported that graphene sheets with larger lateral sizes (bigger than 1 um) tend
to attach onto the plasma membrane instead of penetration.[80,81] Min et al.[80]

discovered attached GO could protect cells from taking up exogenous compounds,



including nanoparticles, nucleic acids, and toxic molecules. These cytoprotective effects of
GO were confirmed by another work from Kim et al.[81] With GO pretreatment,
mesenchymal stem cell (MSC) could be protected from ROS-mediated death, thereby
improved the engraftment and therapeutic efficacy of MSCs.

A GO GO-NH,
GO-PAM GO-PAA

Figure 3. (a) Chemical structures of GO and its derivatives, including GO-NH,, GO-PAM,
GO-PAA and GO-PEG; (b) Representative AFM images with height profiles embedded.
(c) Histological examination of lungs with H&E and Masson’s trichrome staining; (d)
Histological examination of livers with H&E staining. The mice in (c) and (d) was treated
with 1 mg/kg GO materials for 14 days before tests. Dark spots represent GO-cell
complexes in livers. Blue color indicates collagen in lung for Masson’s trichrome staining.

Reproduced with permission.[79] Copyright 2016, American Chemical Society.

1.2.3 Organelles interaction

In most studies, the graphene nanomaterials are entrapped within endosome and

subsequently lysosome after their internalization. Some studies revealed that graphene



sheets with specific modifications could escape from the endosome/lysosomes and
accumulate in other organelles. However, the characteristics (i.e., functionalities, surface
charge, size, and others) of graphene derivatives to a large extent define their accumulation
and interplay with a specific cellular compartment.

It has been discussed that graphene derivatives are taken up into cells mainly via
endocytotic pathways. Therefore, endosome/lysosome played a pivotal role in the
intracellular entrapment and transportation of functionalized graphene sheets.[82-84] Guo
and his coworkers[82] observed both carbon nanotubes and graphene oxides entered in
macrophage lysosomes, and this accumulation could potentially lead to the destabilization
of lysosome membrane. It is known that the microenvironment in lysosome is acidic and
the pH is less than 5.6, while the pH of the physiological conditions is around 7.4.[85,86]
This is a fascinating characteristic and could be employed to design smart nanocarriers for
targeting drug delivery. Many therapeutic agents including doxorubicin (DOX), Chlorin e6
(Ce6), dihydroartemisinin (DH), and transferrin (Tf) could be loaded onto the basal plane
of graphene sheets.[85-91] The loading capacity is high and the systems are quite stable
under physiological conditions, while a fast release was observed in acidic surroundings,
which always resulted in efficient and targeting theranostic against tumor cells.

Mitochondria, which are called “energy factory” of the cells, play a significant role
in the metabolism and functioning of the cells. Mitochondria are strongly related with
many important cell activities including ATP synthesis, ROS generation, and initiation of
apoptotic pathways. It was found that the internalized graphene derivatives localized in
both endosomes/lysosomes and mitochondria.[72,92] The mitochondria membrane is
negatively charged, therefore, positively charged graphene derivatives with PEI coverage
could even target and accumulate in them.[56,93] Xing and his coworkers[94] showed that
graphene sheets conjugated with pyropheophorbide-a (PPa) and integrin av3 monoclonal
antibody (mAb) could also escape from the endosomes and accumulate in mitochondria.
The graphene sheets accumulated in mitochondria could cause the time-dependent
depolarization of its membrane.[92,95] The decrease in mitochondria membrane potential
could induce the decline of ATP production and thus cause the damage of F-actin
cytoskeleton assembly and inhibit the migration and invasion of metastatic tumor cells.[92]
Furthermore, graphene sheets could also enhance the production of ROS,[96,97] and this
characteristic is dominated by the oxidation degree[98,99] and size[100] of these sheets.

Other studies revealed the cytotoxicity of graphene nanomaterials came from the

10



combination of decrease in mitochondria membrane potential and over-production of
ROS.[93,101-104]

The localization of graphene derivatives in other organelles besides lysosomes and
mitochondria was also observed. Portolés et al.[105] found GO nanosheets could
accumulate on F-actin filaments after uptake, inducing oxidative stress, cell-cycle
alterations, and apoptosis. However, Cui et al.[106] reported that GO could enter several
organelles including lysosome, mitochondria, endoplasm, and cell nucleus, while, some
other researchers argued the graphene sheets with superb small size, especially graphene
quantum dots, had the ability to target and localize in cell nucleus.[107-109] The
conclusions here are quite diverse and even disputable, which may be attributed to the

different size, oxidation, and other properties of these graphene sheets.

1.3 Functionalized graphene nanosheets for cancer therapy

Graphene-based materials have been widely applied in cancer therapy, and many exciting
therapeutic concepts have been realized. However, bare graphene sheets can cause serious
hemolysis and interact with blood components through hydrophobic or electrostatic
interactions, leading to early exclusion from the body. Therefore, functionalization of
graphene sheets is necessary before their further applications for cancer therapy.
Functionalization can be summed up to be polyethylene glycol (PEG), hyaluronic acid
(HA), polyethylenimine (PEI), other polymers, protein, DNA, and inorganic NPs. And in
some cases, two or more above-mentioned modifications were employed to obtain

graphene derivatives with excellent behavior for tumor theranostic.

1.3.1 Functionalization with polyethylene glycol

Among all of the polymers for biomedical applications, PEG is no doubt the most widely
adopted candidate and has been approved for clinical trials by US Food and Drug
Administration. Similar to other NPs, PEG coverage could protect the graphene sheets
against being capture by the reticuloendothelial system (RES) cells and therefore
prolonged their blood circulation.[110] Liu and his coworkers[111] provided a detailed
protocol to functionalize rGO and nano rGO with PEG through both covalent and
noncovalent routes.

Photothermal effect is one of the significant properties of graphene derivatives and

has been employed for photothermal therapy (PTT).[62] Graphene derivatives have been
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shown to generate heat through plasmonic photothermal conversion when irradiated with
infrared low-frequency photons. GO showed obviously higher and more stable PTT than
gold nanorods (AuNRs).[18] PEG-coated graphene sheets demonstrated highly efficient
tumor passive targeting and relatively low retention in RES and efficient PTT. More
importantly, no obvious side effects were observed for the injected mice by histology,
blood chemistry, and a complete blood panel analysis. Application of PEGylated graphene
for photothermal tumor therapy was also confirmed by different groups.[112-119] One
finding showed the sizes and surface chemistry have unassailable effects on the biological
behavior of functionalized graphene sheets including antitumor therapy in vivo.[113] The
combination of radiotherapy and photothermal cancer therapy was also achieved by
labeling PEGylated rGO sheets with 1311.[114] One way to enhance the NIR absorbance
of PEGylated GO was developed by loading a NIR fluorescence dye (CySCOOH) and the
resulting graphene-based nanocomposite could serve as an effective nanoplatform for PTT
with quite low power laser irradiation.

Due to their high surface area, the loading capacity of graphene sheets toward
hydrophobic molecules is much higher than other delivery systems such as polymeric
nanocarriers.[2,6,7] Dai et al.[17] did the first attempt to adopt PEGylated GO as drug
delivery nanocarriers for water-insoluble cancer drugs SN38. Several groups have reported
successful loading and controlled release of DOX by PEGylated graphene sheets.[87,120-
123] A redox-responsive PEG detachment was introduced to enhance the release of
therapeutic agents at tumor-relevant glutathione (GSH) levels. [121] In another report,
tumor necrosis factor (TNF)-related, apoptosis-inducing ligand (TRAIL) and DOX was co-
loaded into a GO-based nanoplatform.[87] This sequentially functionalized GO
nanostructure could release its cargos, TRAIL and DOX, to their targeted sites and
consequently achieved a combination cancer treatment. As the anticancer effect of DOX is
attributed to its intercalation with DNA thus suppressing the macromolecular
biosynthesis,[87,121] the direct delivery of DOX to the DNA-enriched cellular nucleus
would hugely enhance its cytotoxicity. For this purpose, TAT peptide-conjugated
PEGylated graphene quantum dots (GQDs) were developed based on this hypothesis and
the expected outcome was observed.[122] Tumor vasculature targeting was also applied to
enhance the tumor site accumulation and drug delivery efficacy of graphene
derivatives.[123]

In addition to chemotherapy, chemo-photothermal therapy was confirmed to be more

efficient.[124-130] And the DOX-loaded PEGylated nanoGO exhibited a remarkable
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improvement of the cell killing ability for drug-resistant cancer cells.[125] Recently, a
novel strategy was developed to facilitate the penetration of a size-changeable GQDs
nanoaircraft (SCNA).[126] The nanoaircraft was stable at physiological pH while
disintegrated in the weakly acidic surroundings of the tumor’s microenvironment,
enhancing its penetration into the deep tumor tissue. Such a SCNA-based combinational
therapy strongly inhibited xenograft tumors in 18 d without serious side effects.

In addition to DOX, some other anticancer drugs also attracted the attention of
researchers, including resveratrol,[84,131] Pt(IV),[132] dihydroartemisinin,[91]
paclitaxel,[ 133] and artesunate.[ 134] Resveratrol (RV) is an anticancer drug obtained from
natural plants that has been used to induce apoptosis in several cancer cell lines.[135] It
was reported the RV-loaded PEGylated GO could efficiently suppress tumor growth both
in vitro and in vivo.[84] RV-loaded PEG-phospholipid-coated graphene sheets for cancer
therapy could also be prepared through sonication of RV and rGO in FA-PEG-based
liposome suspensions.[131] Dihydroartemisinin (DHA) was reported as an effective anti-
malarial drug in 1970s, and DHA is able to produce ROS when interacting with ferrous
ions (Fe’"), making it as an alternative tumor therapeutic agent.[91] A therapeutic
nanoplatform based on DHA and Tf-decorated nanoGO was fabricated.[91] After
internalization, ferric ions (Fe") are released and subsequently reduced to Fe*, which
could interact with DHA. The antitumor experiments demonstrated this nanodrug led to
significantly improved tumor suppression with minimal side effects in vivo.

Photodynamic therapy (PDT) is a form of phototherapy including a photosensitizing
chemical substance and irradiation, which has been proven as a powerful tumor therapy
method.[136] PEGylated-nanosized GO could cause the formation of singlet oxygen to
combine PDT and PTT for the inhibition of melanoma tumors in mice.[137] Graphene
sheets could also be employed as nanocarriers for loading of photosensitizer molecules,
including Ce6,[138-142] porphyrin derivatives,[94,143-144] and ruthenium nitrosyl.[145-
147] Ce6 which is a photosensitizer was first loaded on PEGylated GO by Liu and his
coworkers.[138] They showed that PTT effect of graphene sheets could be used for the
promoted release of Ce6 molecules, enhancing the PDT efficacy for tumors. In another
work, a redox-triggered cleavable PEG shell was introduced to accelerate the release of
Ce6 with recovered photoactivity.[139] The combination of chemotherapy and PDT was
also performed with DOX and Ce6 on PEGylated GO, and the anticancer theranostics was
quite promising.[141] Porphyrin derivatives are another kind of photodynamic agent for

cancer therapy and its tumor accumulation and the PDT efficacy could be obviously
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improved after being loaded on PEGylated GO.[143] Porphyrin derivatives can also be
covalently conjugated to the PEGylated GQDs, and the resulting theranostic
nanocomposites could be used for a combinational PTT/PDT for cancer treatment.[144] In
another interesting work, the integrin o,f3; monoclonal antibody (mAb) was linked on
PEG-covered GO nanosheets and the functionalized graphene sheets could not only target
ayPs-positive tumor cells but also translocate into mitochondria after endocytosis.[94] In
the mitochondria, loaded pyropheophorbide-a was discharged and thus the PDT result was
remarkably improved. Ruthenium nitrosyl (Ru) was recently found to be an effective
photodynamic molecule under the irradiation (450 nm) for tumor theranostic.[145-147] Ru
could be loaded on the graphene sheets via n—n stacking and hydrophobic interactions|145]
or through covalent conjugation.[146,147] Mitochondria-targeting groups, such as
triphenylphosphonium (TPP), could be jointly employed with Ru, and the PDT therapeutic

efficacy of the resulting nanoplatform was obviously enhanced.[147]

1.3.2 Functionalization with polyethylenimine

Polyethylenimine (PEI) is a positively charged polymer with a large number of
amine groups on the periphery and has been widely used for biomedical applications.[148]
The PEI-functionalized graphene sheets has also been prepared and employed for
antitumor therapy.[58,59,149-153] It was reported that PEI-covered GQD accumulate in
the nucleus region.[149] Combretastatin A4,[58] indocyanine green,[150] and
DOX[59,151] were loaded on the PEI-coating graphene sheets and remarkable tumor
suppression results were observed. A gene delivery nanoplatform based on PEG and PEI
dual-functionalized GO was developed and the diameter could be controlled by the PEI
content.[152] The nanodevice exhibited lower cytotoxicity and higher transfection
efficacy, which is promising as a novel nanomedicine for cancer gene therapy. The attempt
for combination of chemo-therapy and gene-therapy was tried with DOX and p53
plasmid.[153] DOX was loaded onto the basal plane of PEI-covered GO and p53 was
condensed by electrostatic interactions. Although DOX and p53 were simultaneously
discharged from the nanoplatform, their synergistic therapy on tumor cells was found to be
in a consecutive mode, which is fascinating and of great significance for further

investigations.
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1.3.3 Functionalization with hyaluronic acid

Hyaluronic acid (HA) is a linear carbohydrate polymer and has the specific targeting
ability for cluster determinant 44 (CD44) which is overexpressed on the plasma membrane
of many cancer cells.[154] HA has been widely employed as corona to improve the
biocompatibility and solubility of NPs including graphene sheets and simultaneously
enhances their active targeting capability.[85,155-163] Photochromic dye spiropyran (SP)
could be conjugated to HA and then GO was decorated by this modified HA to obtain
light-sentitive nanohybrids.[156] Upon irradiation with UV light (365 nm), SP was
converted to merocyanine form which a fluorescent signal could be detected by confocal
laser scanning microscope (CLSM), which made it easier to study their intracellular
localization and in vivo behaviors. In another work, a redox sensitive-linker was introduced
to develop a redox-dependent response for accelerated intracellular drug release.[157] A
dual-receptor targeting drug delivery system was developed by conjugating Arg-Gly-Asp
peptide (RGD) onto the HA-coating GO.[158] The dual targeting nanoplatform has proven
to be a promising candidate for targeted tumor therapeutics. Some other kinds of
therapeutic agents, such as 5-fluorouracil[161] and indocyanine green (ICG),[162] could
also be loaded onto the HA-covered graphene sheets to act as anticancer nanodevices.
Besides drug delivery, Lee et al. [163] made attempts to develop HA-coated GO for miR-
21 translocation. Their results demonstrated that endogenous miR-21 could be knocked
down after uptake and subsequently caused the suppressed proliferation and inhibited the

migration of cancer cells.

1.3.4 Functionalization with other polymers

In addition to the widely used PEG, PEI, and HA, many other kinds of polymers have also
been employed to functionalize graphene sheets for biological applications. These
polymers could be divided into two main categories: synthesized polymers[42,164-171]
and natural polymers.[172-181] The lipid bilayers-covered graphene nanosheets (lipo-
GNS) were developed as a cancer theranostic nanoplatform for the co-delivery of
docetaxel (DTX) and gasified perfluorohexane (PFH)).[164] It was found that ultra small
lipo-GNS (40 nm) accumulated in cells 200-fold to the lipo-GNS with the diameter of 270
nm. Their results demonstrated that this multifunctional lip-GNS is a good candidate for
combined gasification/chemo-thermotherapy tumor treatment. In another work,

phosphorylcholine oligomer-grafted perylene (perylene-PCn), was synthesized and
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covered onto rGO sheets.[42] The resulting rGO/perylene-PCn nanohybrids was water
dispersible and biocompatible and was employed as nanocarriers to deliver PTX. Amino
groups capped dendrimers,[166] polystyrene sulfonate sodium salt (PSS),[167,168] and
poly(vinylpyrrolidone) (PVP)[169-171] have also been reported to be effective modifiers

for graphene sheets and showed excellent performance for drug delivery.

Compared to the synthetic polymers, natural polymers often show higher
biocompatibility and could be obtained from natural sources. Heparin is one of
glycosaminoglycans that can be found in the plasma membrane of eukaryotic cells and has
the ability to prevent the formation of clots and eliminate the existing clots in the blood
vessel.[172] The functionalization of graphene sheets with heparin was conducted and the
coverage of heparin increased the loading capacity of rGO for DOX and its accumulation
in tumor site.[173] It was also found that DOX-loaded, heparin-decorated GO could
mitigate the cardiotoxicity coming from DOX and the pulmonary toxicity deriving from

unmodified GO.[174] Chitosan (CS) is a linear polysaccharide composed of randomly

distributed B-linked D-glucosamine and N-acetyl-D-glucosamine and could be obtained

from the chitin shells of shrimp and other crustaceans.[175] CS-PEG-conjugated
nanodimensional GO loaded with DOX demonstrated a promising antitumor effect.[30]
CS-covered GO could also be developed to deliver dicer-substrate small interfering RNA
(DsiRNA) to the targeted site in the colon with the assistance of colon-targeting group
pectin.[176] It has recently been reported glycyrrhetinic acid (GA) is a novel
mitochondria-targeting ligand and GA-modified GO could be employed as an effective
nanovehicle to delivery drugs into mitochondria.[177] Furthermore, these functional
graphene sheets could also trigger the decrease of mitochondrial membrane potential and
activate the mitochondria-mediated apoptosis pathway. Many other biocompatible natural
polymers, such as amaranth extract,[178] alginate,[179] dextrin,[180] and inulin[181] have
also been used to functionalize graphene sheets as drug delivery nanoplatforms for

antitumor therapy.

1.3.5 Functionalization with protein and DNA

Protein and DNA have also been widely employed in the development of novel
biomaterials including graphene-based nanomaterials. It was reported bovine serum

albumin (BSA)-covered nanosized rGO displayed high stability and low cytotoxicity.[182]
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The functionalized graphene sheets could be employed for both photoacoustic imaging and
photothermal therapy. Additionally, the BSA-covered GO was found to specifically bind to
endothelial growth factor (VEGF)-Aj¢s and then inhibit the proliferation, migration, and
tube formation of human vein endothelial cells.[183] Finally, VEGF-A 4s-induced blood
vessel formation could be remarkably blocked. In another interesting study, BSA-cis-
aconityl pheophorbide-a(c-PheoA) conjugate was used to coat GO with different
ratios.[ 184] Both the in vitro and in vivo results confirmed that the nanocomposite showed
higher anticancer efficacy than free PheoA. Hydrophobic antitumor drug also could be
loaded onto the BSA-coating GO to improve its therapeutic efficacy.[185-187] Ponpandian
et al.[187] developed the hydrothermal synthesis of hydroxyapatite (HAp) nanorods on GO
sheets to obtain HAp-attached GO (HAp/GO) and then BSA was covered on this
nanocomplex. The resulting BSA-decorated HAp/GO demonstrated good biocompatibility

and acted as a good nanoplatform for anticancer drug translocation.

Transferrin (Tf) which is an iron-transporting serum glycoprotein could bind to
receptors overexpressed at the plasma membrane of glioma cells.[188-190] Tf-modified
graphene(TfG) was employed as targeted delivery nanodevices and displayed a high
uptake efficiency and cytotoxicity against C6 glioma cells.[188] TfG has also been used
for radiofrequency ablation (RFA) against hepatocellular carcinoma (HCC).[189] Under
the exposure to 100 W radiofrequency, TfG could cause 4 times more death of the cells
than bare graphene. A core/shell structure was fabricated by anchoring lactoferrin onto GO
nanosheets through a double emulsion method.[191] The nanocapsules were used to
transport hydrophobic DOX to cancer cells and a burst-like release was achieved with NIR
irradiation. Furthermore, PTT eradicated not only the tumor cells under the irradiation
region but also light-omitted tumor cells, surmounting the possible tumor recurrence in

other therapies.

DNA is a molecule that carry genetic information for the growth, development,
functioning, and reproduction of all living creatures. Recent studies showed that DNA
could also be used for the modification of nanocarriers.[192,193] Oh et al.[192]
synthesized DNA polyaptamer nanothreads by rolling cycle amplification and then
anchored the receptor-specific polyaptamers onto the surface of rGO. Their results
demonstrated that these functionalized rGO was taken up by protein tyrosine kinase 7
receptor (PTK7) overexpressed leukemia cells with a higher efficacy and therefore
exhibited stronger therapeutic efficacy compared to rGO covered with scrambled

polyaptamers. In another research, GO, single-stranded DNA, and ATP aptamers were
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crosslinked and ATP-responsive DNA-graphene nanoaggregates were formed and used for
drug delivery.[193] The dissociation of the nanoaggregates could be triggered in the media
with high concentration of ATP, which could accelerate the release of loaded drugs and is

favorable for the targeted delivery of therapeutic agents.

1.3.6 Functionalization with inorganic coatings

Inorganic attachments, including Au NPs, metal oxide NPs, mesoporous silica and others,
also sparked researchers’ interest to produce graphene hybrids with fascinating properties.
An aptamer-Au NPs-hybridized GO was fabricated and was applied for PTT with NIR
light irradiation.[194] The anticancer results demonstrated that Au NPs anchored on GO
could improve the photothermal effects, and the aptamer-conjugated nanocomplex
exhibited significant therapeutic effects on MCF-7 cells at a low concentration without
severe adverse effects for healthy cells. An cell-mediated nanoparticle delivery was
proposed as an effective tumor therapeutical approach in another report.[195] Hybrid
sheets composed of Au NPs and GO were obtained and stably attached to the tumor-
tropic MSC. The loading capacity was largely enhanced and the cytotoxicity was
effectively avoided through this functionalization. In addition, it was reported that
excellent photoacoustic (PA) imaging,[118] computed tomography (CT) imaging,[168]
and surface-enhanced Raman scattering (SERS) imaging[196] could be achieved with Au
NPs/GO nanohybrids. A photodynamic agent[142,178] and chemotherapeutic
drug[129,197-199] could also be loaded on the Au NPs/graphene nanocomposites to obtain
an improved synergic theranostic effect. Targeting DNA aptamer greatly facilitated
cellular internalization of nanocomposites within cancer cells.[198] It was also reported
polyaniline shell could be covered on Au NPs to obtain core-shell nanocomposites with
stronger NIR absorption, remarkable stability, and low cytotoxicity.[199] These
nanocomposites were anchored onto GO and the resulting nanoplatforms were confirmed

to be effective for chemo-photothermal ablation of cancer cells in vitro and in vivo.

Magnetic resonance imaging (MRI) was developed as a promising approach to
visualize anatomical structures in clinical studies for early tumor detection.[200] It was
reported iron-based magnetic nanomaterials could be applied as T2 MRI contrast agents
(CAs) and they were much safer than T1 MRI CAs.[201] GO/Fe;O4 nanohybrids were
fabricated for efficient cellular MRI and the nanohybrids displayed good hydrophilicity,
less cytotoxicity, and higher MRI enhancement.[167] Furthermore, GO/Fe;04
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nanoconjugates showed a prolonged blood circulation half-life (~27.7 h) and outstanding
tumor accumulation via an enhanced permeability and retention (EPR) effect.[202] In
another work, a multimodal tumor imaging-guided, highly effective PTT was conducted
with PEG-covered rGO/iron oxide NPs(IONP).[203] Triple-modal fluorescence/MRI/PA
tomography in-vivo tumor imaging was realized with external radioactive, fluorescent
labels, and magnetic properties. Together with the successful imaging process, the
rGO/IONP  nanocomposites were applied as nanocarriers for PTT and
chemotherapy.[115,127,150,204] rGO/IONP was presented as an approach to map and
eliminate regional lymph nodes (RLN), which may serve as an alternative for lymph node

dissection by invasive surgery.[115]

Recently, mesoporous silica (MS) was introduced as a drug delivery nanocarrier
owning to its unique properties, such as tunable pore structure, good biocompatibility, and
easy surface modification.[205] However, the uncontrolled leakage of drugs from the open
silica pores could cause serious toxicity to normal cells.[205] Therefore, the conjugation of
MS onto graphene sheets is favorable for combining their advantages to develop more
effective antitumor nanoplatforms.[128,159,160,196,206-208] Therapeutic agents could be
loaded onto the graphene/MS nanosystem and polymers were conjugated as gatekeepers to
avoid the unwanted release.[128,159,160,206,207] By varying pH and laser irradiation,

targeted delivery and synergic therapy could be achieved.
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2 Scientific goals

Hyperbranched polyglycerol (hPG), which can be easily prepared by a controlled synthesis
via anionic ring-opening multi-branching polymerization (ROMBP), displays excellent
biocompatibility, chemical stability, low intrinsic viscosity, tunable blood circulation,
compact size, and other appealing features.[209,210] Although many kinds of polymers
were used to functionalize graphene sheets to obtain nanoplatforms with better properties
for biological applications, hPG seems more promising due to its bioinert properties.
Recently, a novel method to functionalize graphene sheets through triazine-mediated [2+1]
cycloaddition reaction was developed in our group. This method is suitable for successful
conjugation of (macro)molecules including hPG onto the basal plane of graphene.[32]
Therefore, in this study, I planned to prepare hPG-decorated graphene sheets with different
physiochemical properties by this method and investigate their biological interactions with
mammalian cells. With enough knowledge about their biological behaviors, these hPG-

functionalized graphene sheets could be used to construct smart antitumor nanoplatforms.

Although fascinating progresses have been achieved with functional graphene sheets
in biological applications, there were still some issues that need to be settled before further
investigations. The first challenge was to investigate the cellular uptake mechanisms of
graphene derivatives with different physiochemical properties and to elucidate the
dominant factors at this significant biointerface. There were several above-mentioned
studies that individually focused on the effects of size and surface charge of graphene
derivatives on their biological behaviors.[52-56] However, it is important to combine two
or more factors and simultaneously study them in one system. In the first project, we tried
to address this problem by preparing water dispersible hPG-covered graphene sheets with a
defined size and surface charge. Cellular uptake characteristics of graphene derivatives
were carefully investigated by confocal laser scanning microscopy (CLSM) and
fluorescence-activated cell sorting (FACS). Moreover, several inhibitors were applied to
discover the relationship between endocytosis mechanisms and the physiochemical
properties of graphene derivatives. I hoped this work could elucidate the conditions that

dominated the cellular uptake pathways and efficacy of functionalized graphene sheets.

The second challenge was to understand the release features of drug-loaded-
functionalized graphene sheets. Although the application of graphene derivatives as
therapeutic nanocarriers has been largely studied, the correlation between their

physicochemical properties and release characteristics has not been reported. The current
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triggered release strategy for graphene-based nanocarriers is mainly based on the
acidification inside the cells, which is not specific.[85-91] Furthermore, laser irradiation
can also be used to stimulate the cargo release of graphene nanovehicles,[ 124-126] but this
strategy is limited to the surface tissues owning to the low penetration of laser into the
deeper targeted organs.[211] In the second project, we prepared functionalized graphene
sheets with similar polymer coverage and size but different surface functionalities and
charges. DOX was loaded onto these graphene sheets with positively and negatively
charged coverage and its intracellular release was observed by Forster resonance energy
transfer (FRET). I hoped this design was helpful to understand the release mechanism of

therapeutic agents from the graphene surface inside the cells.

Multidrug resistance (MDR) is a serious problem nowadays as the traditional
chemotherapy usually fail when they are applied for MDR cancer cells.[212,213]
Therefore, another challenge of my Doctoral studies was to construct graphene-based
nanomedicine for the theranostic of MDR tumors. It was reported MDR usually arose from
the overexpression of ATP-binding cassette (ABC) such as P-glycoprotein (P-gP), which
could decline the cellular uptake and even actively pump out therapeutic agents from the
cytoplasm via an ATP-dependent manner.[212,213] As we know, mitochondria are the
intracellular “energy factory” and responsible for the production of ATP which is the
“biological fuel”. Therefore, suppression of the production of ATP through dysfunction of
mitochondria should be an effective strategy to surmount the MDR.[214,215] In the third
project, we synthesized and characterized a mitochondria-targeting ligand and charge-
conventional groups conjugated hPG-covered nanographene sheets (75 nm) for
overcoming MDR tumors. Our hypothesis was that this multifunctional graphene-based
nanoplatform could effectively target and accumulate in mitochondria and then disrupt this
organelle with NIR laser irradiation. Under irradiation, anticancer drugs could be

simultaneously discharged and finally the MDR would be reversed.
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Hyperthermia-

Overcoming Multiple Drug Resistance

Zhaoxu Tu,PIHaishi Qiao,® Yuting Yan,® Guy Guday,® Wei Chen,*? Mohsen Adeli,*™ and Rainer

Haag*"!

Abstract: Multidrug resistance (MDR), which leads tumors
resistance to traditional anticancer drugs, can cause the failure of
chemotherapy treatments. In this work, we present a new way to
overcome this problem using smart multifunctional graphene-based
drug delivery systems which can target subcellular organelles and
show synergistic hyperthermia and chemotherapy. Mitochondria-
targeting ligands are conjugated onto the doxorubicin-loaded,
polyglycerol-covered nanographene sheets to actively accumulate
them inside the mitochondria after charge-mediated cellular
internalization. Upon near-infrared irradiation (NIR), adenosine
triphosphate (ATP) synthesis and mitochondrial function were
inhibited and doxorubicin released into the cellular interior. The
hyperthermia-accelerated drug release led to a highly selective
anticancer efficiency, confirmed by in vitro and in vivo experiments.

2D nanomaterials including graphene, transition-metal
dichalcogenides, black phosphorus, and others have recently
gained tremendous interest for biomedical applications and
provide new insights for future cancer therapies.!" In addition to
photothermal effect and high cellular uptake, 2D nanomaterials
exhibit an extremely high loading capacity for therapeutic agents
as compared with the traditional polymer-based nanocarriers.?
Accordingly, graphene derivatives and their hybrid systems have
been used to produce nanosystems for controlled delivery of
therapeutic agents in cancer therapy.B®! Although appealing
therapeutic effects and remarkable progress in cancer therapy
have been demonstrated, control over the functionality and
physicochemical  properties of these graphene-based
nanoplatforms is crucial to address challenges such as MDR."
MDR usually arises from the overexpression of ATP-binding
cassette (ABC) such as P-glycoprotein (P-gP), and results in the
failure of traditional chemotherapy.™ P-gP remarkably inhibits
the cellular uptake and even causes an active removal of
anticancer drugs from the cytoplasm to the extracellular
surroundings via ATP-dependent pathways.! The combination
of suppressing ATP production through mitochondrial
dysfunction triggered by hyperthermia, along with releasing
therapeutic agents, should be an effective strategy to surmount
MDR.B! For example, it has been found that tumor-triggered
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nanomedicine composed of proapoptotic peptide KLAP"! or gold
nanostars are able to disrupt mitochondria with NIR irradiation
and greatly increase the anti-MDR efficacy.®?! However, side
effects, poor stability, as well as low uptake and loading capacity
are factors which limit the efficacy of these systems.[%!
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Scheme 1. (A) The chemical structure of functionalized nanographene sheets;
(B) Hyperthermia surmounting of MDR by functionalized graphene sheets.
After charge-mediated cellular internalization, graphene sheets accumulate
into the mitochondria by targeting ligands. Mitochondrial dysfunction and
accelerated drug release through hyperthermia result in MDR suppression and
efficient chemotherapy.

Due to their stability and good photothermal properties, 2232
high loading capacity,?>?d and fast cellular uptake,?-2¢6l
functionalized graphene derivatives are promising candidates for
inducing mitochondrial dysfunction. However, their size,
functionality, and dispersability in aqueous solutions are factors
that have to be optimized before proceeding for any biomedical
study. Our previous work proved that hyperbranched
polyglycerol (hPG) coverage could effectively improve the
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biocompatibility of graphene sheets, which provide a new idea
for the biological application of functional graphene sheets.®!
Recently, we have developed a method”! to produce high
quality nanographene sheets (nG) with narrow size distribution,
in a suitable regime (50 nm - 100 nm) for in vivo administration.
According to Raman spectra and other characterizations, the
composition and structure of the produced nG is close to CVD
samples,l”! leading to outstanding optoelectronic properties.
However, poor water dispersibility and functionality of the nG is
a challenge and hampers in vivo studies.”! Recently, we
implemented a new method for the controlled nondestructive
functionalization of carbon based nanomaterials through nitrene
[2+1] cycloaddition reaction at ambient conditions.®® Controlled
post-modification of the triazine-functionalized graphene sheets
by different (macro)molecules resulted in graphene sheets with
desired functionalities.®e8 In this work, nG was produced and
functionalized by triazine, and consequently post-modified with
hyperbranched polyglycerolamine (hPGnhz) according to
previously reported methods.[®! Afterwards,
triphenylphosphonium (TPP), a mitochondrial targeting ligand,®
was conjugated to the surface of the nanosystem. Polyglycerol-
functionalized nG (GP) and their analogs with TPP ligands
(GPT) were further functionalized by 2,3-dimethylmaleic
anhydride (DA) to obtain graphene derivatives with pH-triggering
surface charge conversion (GPD and GPTD, respectively).'? In
order to investigate the pH-triggered surface charge conversion
of GPTD, succinic anhydride-modified GPT (GPTS) was also
synthesized and used as a reference. Information concerning
the synthetic procedures can be found in the ESI (Scheme S1).
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Figure 1. AFM images of nG (A) and their size distribution (B) and height
profile (C); AFM images of GPTD (D) and their size distribution (E) and height
profile (F); Scale bars in full images correspond to 500 nm and the scale bars
in the amplified sections correspond to 100 nm.

The functionalized graphene sheets were characterized by
different methods (Figure 1 and Figures S1-S4). AFM images,
size and height distribution histograms of nG, GPD, GPTS, and
GPTD are displayed in Figure 1 and S2. The diameter of
products before and after functionalization is almost the same

and shows a narrow size distribution with a mean value of 75 nm.

&9

However, the average height of the graphene sheets rose from
0.65 nm to 5-6 nm upon functionalization. The efficacy of
surface charge conversion was investigated by measuring the
zeta potential of graphene sheets at different pHs (Figure S4).
While GPT and GPTS exhibited positive and negative charges in
a broad range of pH, the zeta potential of their GPTD analogues
with charge conversion ability changed abruptly from negative to
positive upon decreasing pH from 7.4 to 6.8 (Figure 2A and 2B).
Therefore, GPTD should be negatively charged in the blood
stream, leading to a longer-term circulation in body and a higher
enhanced permeability and retention (EPR) effect.l'® After
accumulation in tumor, the surface charge will become positive,
accelerating cellular uptake and inducing efficient therapeutic
delivery.l6:11

The toxicity of graphene derivatives against P-gP
overexpressed (Figure S5) multidrug resistant HeLa (HelLa-R)
cells was investigated. Positively charged GP and GPT exhibited
significant cytotoxicity at concentrations above 100 pug/mL (ESI,
Figure S6). However, negatively charged GPD, GPTD, and
GPTS displayed low toxicity up to 1.0 mg/mL. The higher toxicity
of the positively charged sheets is due to their stronger
interaction with the plasma membrane and higher cellular
uptake.®'! In order to investigate the cellular uptake of
graphene sheets and efficiency of the conjugated mitochondrial
targeting ligands, fluorescein isothiocyanate (FITC) labeled GPD,
GPTS, and GPTD (GPDg, GPTSf, and GPTDg, respectively)
were incubated with HelLa-R cells at both physiological and
tumor pH. Confocal laser scanning microscopy (CLSM) and
fluorescence-activated cell sorting (FACS) showed a significant
increase in the cellular uptake of GPD and GPTD upon a minor
reduction in pH (Figure 2C, 2D, S7 and S8). Clearly, this effect
was much lower for GPTS. This result confirms the efficiency of
surface charge conversion to improve the cellular uptake of
graphene sheets.

Intensive accumulations of GPTD in mitochondria, in
comparison with GPD, showed the efficiency of TPP as a
mitochondria targeting ligand (Figure 2E).®! Intracellular ATP
concentration of HelLa-R cells after incubation with GPD and
GPTD and exposing to NIR (808 nm) irradiation for 5 min and 10
min was investigated (Figure 2F). While ATP values were
relatively constant after irradiation in the case of GPD, it plunged
for the GPTD incubated cells. JC-1 assays also confirmed
significant disruption of mitochondrial membranes in GPTD-
incubated cells after 5 min NIR irradiation (Figure S10).

Doxorubicin (DOX) was loaded on GPD and GPTD to
produce the corresponding drug delivery nanoplatforms (GPDp
and GPTDp). Loading capacity of GPDp and GPTDp was 41.3 wt%
and 38.8 wt%, respectively (Figure S11). Their release profiles
were measured in various conditions including pH 7.4, pH 6.8,
with and without laser irradiation (Figure S12 and S13). Rate of
drug release from graphene derivatives was accelerated by NIR
irradiation, ¢34 which could result in an amplified chemotherapy
after destroying the mitochondria. In order to investigate the
anticancer activity of the free DOX, GPDp, and GPTDp, they
were incubated with HeLa-R cells and fluorescence intensity of
drug inside the cells with or without NIR irradiation was
evaluated by CLSM and FACS (Figure 3A, 3B, S14 and S15).
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Figure 2. The structure and surface charge conversion of GPTS (A) and
GPTD (B) under acid conditions; (C) CLSM images of HeLa-R cells incubated
with GPDr, GPTSF, and GPTDf in pH 7.4 and 6.8 for 24 h. Scale bars
correspond to 50 ym. (D) FACS results of HeLa-R cells after incubation with
GPDf, GPTSF, and GPTDe in pH 6.8 for 24 h. (E) CLSM images of HeLa-R
cells incubated with GPDr and GPTDr for 30 min. Images were recorded 6 h
after a washing step. Mitotracker (red) was applied to label mitochondria.
Scale bars correspond to 25 pm. (F) Relative intracellular ATP concentration
in HelLa-R cells after incubation with GPD and GPTD for 6 h. Cells were
treated with NIR laser (808 nm, 0.5 W/cm?) for 0, 5, and 10 min, and then their
intracellular ATP concentrations were measured. Data are shown as the
average * standard deviation (n = 3, student’s test, *p < 0.001).

It is reported that pretreatment of cells with graphene
quantum dots downregulates multidrug-resistant genes and
improves the chemotherapeutic efficiency intrinsically.l'?
However, the toxicity of GPDp and GPTDp without laser
irradiation was low and a strong MDR effect was observed
(Figure 3C). The reasons for such different results can be
different surface coatings, concentration, and size of graphene
derivatives as well as incubation times between our experiments
and the reported work. Figures S14 and S15 show CLSM and
FACS results, respectively, for cells without laser irradiation.
Poor fluorescence intensity of DOX confirmed low intracellular
concentrations of the drug, attributed to the powerful P-gP
pumping systemi% although fluorescence quenching by
graphene sheets should not be ignored as a factor.?¢'"1 Due to
the MDR effect, the toxicity of the free drug, GPDp and GPTDp
without irradiation was low, as was expected (Figure 3C).

Intracellular fluorescence intensity and therapeutic efficiency
of DOX delivered by GPDp and GPTDp improved dramatically
upon laser irradiation (Figure 3). While almost no difference was
found in the case of DOX-HCI, many therapeutic agents were
discharged from GPDp and GPTDp (Figure 3A). However, in the
case of GPTDp, a large quantity of DOX entered the nucleus
while very little could be found in the corresponding GPDp-
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incubated cells. The quantitative FACS results (Figure 3B) were
also in accordance with the CLSM results. GPTDp also showed
the highest toxicity (Figure 3D), successfully overcoming MDR.
Due to TPP-mediated targeting, GPTDp accumulated in
mitochondria and disrupted these organelles after NIR irradiation,
resulting in ATP suppression. This effect together with the
accelerated drug release, triggered by laser irradiation, led to
DOX uptake into the nucleus before the drug could be pumped
out to the extracellular medium. In the case of GPDp,
mitochondria were active and a major part of the released drugs
was pumped out from the intracellular medium.

GPDo

A DOXHCI GPTDo — DOX.HCI

— GPTDo

— Control
== GPDo

7 10’ 10°
Fluorenscence Intensity

0

- z
2100
w

. 0

C 1201 mmpox +o! mmcPD. mmGPTD,  D120) Empox Ho! MEGPD: EEGPTD:
1001 1 B I 100 +NIR Irradiation
&
g -
£ 80 80-
£
S 60 60
8 40 40
2 2
0= 2" 4" 6« %r g IR g gy

Concentration (ug/mL) Concentration (pg/mL)

Figure 3. (A) CLSM images of HeLa-R cells incubated with DOX.HCI, GPDp,
and GPTDp for 6 h and 12 h. Cells were irradiated by NIR laser (808 nm, 0.5
W/cm?) for 5 min after 6 h incubation times. Scale bars correspond to 25 pm.
(B) FACS results of HeLa-R cells after 12 h incubation with DOX.HCI, GPDp,
and GPTDp, respectively. NIR laser (808 nm, 0.5 W/cm?) irradiation was
performed for 5 min after the incubation of 6 h. Anticancer efficacy for HeLa-R
cells incubated with different concentrations of DOX.HCI, GPDp, and GPTDp
for 24 h without (C) and with (D) laser irradiation. Cells were irradiated by NIR
laser (808 nm, 0.5 W/cm?) for 5 min after 6 h incubation times. Data are shown
as the average * standard deviation (n = 3, student’s test, *p < 0.001, **p <
0.0001).

Biodistribution and in vivo antitumor activity of GPDp and
GPTDp with and without laser irradiation were investigated.
Figure 4A shows accumulation of Cy5-labeled GPDp and Cy5-
labeled GPTDp in tumor 24 h following injection, attributed to
EPR effect.[32:34.131

In order to elucidate the factors contributing to tumor
suppression, saline and DOX-HCI were employed as negative
and positive control groups, respectively. Furthermore, GPTD
without loaded DOX and GPTDp without laser irradiation serve
as additional controls. After laser irradiation (808 nm, 0.5 W/cm?,
5 min) the local temperature at tumor sites boosted to 60.5 °C
and 61.2 °C for GPDp and GPTDp-treated mice, respectively. In
the case of saline- and DOX-HClI-treated mice, the temperature
increase was much less substantial, at 40.5 and 40.7 °C,
respectively (Figure 4B). Tumor growth and body weight were
recorded after administration and irradiation (Figure 4C and 4D).
The tumor growth inhibition was very efficient in the case of
GPTDp boosted with laser irradiation. The average tumor volume
diminished to 3.7% in comparison with DOX.HCI group. This
result confirms the inadequacy of free anticancer drug and
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efficiency of our system for destruction of MDR Hela cells.*9
Tumors were extracted from the bodies of mice and their sizes
were visually evaluated (Figure S18). Tumors from mice treated
with GPTDp/Laser were much smaller than others and in some
cases they were too small to be extracted. Furthermore, free
drug exhibited considerable side effects, especially for heart
tissue (Figure $19).I'1 Accordingly, the body weight of the mice
decreased after injection of free DOX. This effect was negligible
for other groups (Figure 4D).

In addition, histological staining analyses demonstrated
remarkable reduction of tumor cells and more vacancies in
hematoxylin & eosin (H&E) staining slices of tumor tissue upon
GPTDp administration (Figure S20).5°1 However, compact
tumor tissue was observed for saline- and DOX-treated mice.
According to immunohistochemical staining analysis, the highest
vessel (CD31-positive staining)®? damage occurred for the
GPTDp-administrated group (Figure S20). This group also
showed the lowest tumor proliferation (Ki-67-positive cells)!'3a
and the most efficient apoptosis (TUNEL-positive cells)!'3 of
HelLa-R cells (Figure 4E).
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Figure 4. (A) In-vivo fluorescent imaging of HeLa-R tumor-bearing nude mice
24 h after intravenous injection of Cy5-labeled GPD and GPTD. The tumors
were masked by red circles; (B) Thermographic images of HelLa-R tumor-
bearing nude mice injected with saline, DOX.HCI, GPDp, and GPTDp after
exposure to NIR irradiation (808 nm, 0.5 W/cm?) for 5 min. Variations in tumor
volumes (C) and body weights (D) of HeLa-R tumor-bearing nude mice, 24 h
after intravenous injection of saline (1), DOX.HCI (2), GPTDpb (3), GPTD (4),
GPDp (5), and GPTDp (6) with and without laser irradiation. NIR irradiation (5
min, 808 nm, 0.5 W/cm?) was applied for group 1, 2, 4, 5, and 6. Each group of
nude mice (n = 6) was administered at a dose of 5 mg/kg (DOX content) at the
beginning of this therapy. Statistical significance: *p < 0.001. (E)
Immunohistochemical analysis for HeLa-R tumors. Ki-67-positive cells, and
TUNEL-positive cells are stained brown. Scale bars correspond to 500 pm.

In summary, graphene-based drug delivery systems with the
ability to disrupt mitochondria and suppress ATP production, as
well as high chemotherapeutic efficacy, were synthesized.
Despite of their high loading capacity for DOX, fast drug release
and good photothermal properties, nanographene derivatives
without mitochondrial targeting ligands did not show a significant
chemotherapeutic effect. However, graphene derivatives with
TPP ligands were able to efficiently and selectively deliver drug
to the nucleus of cells, leading to a high anticancer effect.
Precise functionalization of graphene nanosheets by bioligands
in combination with triggered release of cytotoxic drugs can
overcome the current challenges in MDR chemotherapy.
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COMMUNICATION

Multiple functionalized nanographene
sheets accumulate in mitochondria after
cellular uptake, and disrupt mitochondrial
function upon laser irradiation, leading to a
drop in ATP levels and the dysfunction of
P-glycoprotein. This enables more of the
released DOX to be delivered into the
nucleus. Our results show these multiple
functionalized graphene sheets could
overcome multidrug resistance and achieve
effective synergistic tumor therapy.
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1. Experimental

Material: Hyperbranched polyglycerol (hPG) with Mn ~ 100,000 g'mol ' was synthesized by
one-pot, ring-opening anionic polymerization (ROAP), according to a reported procedure.[1]
Graphite, cyanuric chloride, triethylamine (TEA), sodium azide, methanesulfonyl chloride,
triphenylphosphine (PPh3), (4-Carboxybutyl)triphenylphosphonium bromide (TPP), 2-(N-
morpholino)ethanesulfonic acid (MES), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC.HCI), 2,3-dimethylmaleic anhydride (DA), succinic acid (SA),
fluorescein isothiocyanate isomer I (FITC), human serum albumin (HSA), 1-methyl-2-
pyrrolidinone (NMP), N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were
purchased from Sigma-Aldrich and used directly without any further purification. Cell
counting kit-8 (CCK-8) assay, ATP determination kit (A22066), cell lysis buffer (16189) and
CellLight® fluorescent protein labeling (red) for mitochondria was bought from Thermo

Fisher Scientific. Milli-Q water was applied in all experiments.

Methods: Nuclear magnetic resonance spectroscopy (NMR) spectra were measured on a Jeol
Eclipse 500 MHz. Fourier transform infrared spectroscopy (FT-IR) spectra data were obtained
from a Jasco FT/IR-4100 spectrometer. Thermal gravimetric analysis (TGA) were recorded
on Linseis STA PT 1600 with a 10 °C/min heating rate under argon gas. Atomic force
microscopy (AFM) was performed with a MultiMode Nanoscope V scanning probe
microscopy (SPM) system (Bruker, USA). Fluorescence was measured with a JASCOFP-
6500 spectrofluorometer. Zeta potential data were obtained by NANO ZSPO (Malvern) in
PBS solution. The cell viability and ATP determination were measured using a TECAN
Infinite M200 Pro microplate reader. Confocal laser scanning microscopy (CLSM) was
recorded by Leica TCS SP8 with 63x oil-immersion objective lens and disposed by Leica
confocal software. Fluorescence-activated cell sorting (FACS) was measured with BD FACS

calibur flow cytometer (Beckton Dickinson) and processed with Flowjo software. The in vivo
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and ex vivo biodistribution imaging was measured by IVIS® spectrum, PerkinElmer (USA).
The laser irradiation was performed with diode infrared laser module (808 nm), Changchun

New Industries, CNI.

Synthesis of 30% amino-functionalized hPG (hPG(NH})302;): hPG (Mn = 10000 g/mol) (10.0
g, 1 mmol, 135 mmol hydroxyl groups) was dissolved in DMF (200 mL) and stirred at room
temperature for 1 h. Then methanesulfonyl chloride (4.18 mL, 54 mmol) and TEA (22.5 mL,
160 mmol) were added to the hPG solution at room temperature. The mixture was stirred
under nitrogen atmosphere at room temperature for 24 h. Then DMF was evaporated and
product was dissolved in methanol and dialyzed against this solvent for 24 h to obtain purified
hPG(OMs)3g. In the second step, hPG(OMs)3¢0, (5.0 g, 0.5 mmol) was dissolved in DMF
(200 mL) and sodium azide (6.52 g, 100 mmol) was added to this solution at room
temperature. The mixture was stirred at 80 °C for 24 h. The produced 30% azido-
functionalized hPG (hPG(N3)3¢,) was purified by dialysis in acetone for 24 h. In the last step,
hPG(N3)30% (5.0 g, 0.5 mmol) was dissolved in a mixture of THF and water (THF:H,0=2:1)
and PPh; (10.48 g, 40 mmol) was dissolved in the same solvent. Afterwards, the solutions
were mixed and the reaction was conducted at 45 °C for 48 h to reduce the azido groups to
amino groups. Then the reaction was cooled down and the solvent was evaporated. The
product was dissolved in methanol and dialyzed against the same solvent for 24 h to obtain

hPG(NH;)30%. The yield was about 40%.

Conjugation of hPG to nanographene sheets (nG): nG and triazine-functionalized nG (nG-
Trz) was synthesized according to a method developed in our group.[2,3] hPG decorated nG
(GP) was also prepared according to a protocol developed in our group.[4] nG-Trz (500 mg)
was dispersed in NMP (200 mL) and sonicated for 20 min to obtain a fine dispersion. Then

hPG(NH3)300 (10 g, 1 mmol) was dissolved in NMP (50mL) and added to this dispersion at
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room temperature. The mixture was stirred in an ice bath for 1 h. Then the ice bath was
removed and the mixture was stirred at room temperature for 1 day. Afterwards, the reaction
temperature was raised to 100 °C for 1 day. Finally, the reaction was cooled down and the
non-functionalized and low-functionalized nG-Trz was removed by centrifugation at 2000
rpm for 10 min. The supernatant was dialyzed in water for 2 days to obtain GP. The yield was

about 50%.

Preparation of TPP-modified GP (GPT): GP (1 g) was dispersed in MES solution (0.1 mM)
with EDC.HCI (1.29 g, 6.75 mmol). Then TPP (600 mg, 1.35 mmol) was added to the
solution and the mixture dispersion was stirred at room temperature for 24 h. Finally, the
dispersion was centrifuged at 11,000 rpm for 10 min and the precipitate was washed with

Milli-Q water by the same process to obtain GPT. The yield was about 70%.

Preparation of DA-functionalized GPT (GPTD), DA-functionalized GP (GPD) and SA-
functionalized GPT (GPTS): GPT (500 mg) was dispersed in Milli-Q water (100 mL) and
then the pH was adjusted to 8.5 with NaOH solution (0.1 M). After stirring at room
temperature for 10 min, DA (378 mg, 3.0 mmol) solution was added dropwise into the
solution. During the addition of DA, the NaOH solution (0.1 M) was added to maintain pH in
the range of 8.0-8.5. Three hours later, DA was removed by centrifugation (11,000 rpm, 10
min) and GPTD was obtained. The yield was about 70%.

GPD and GPTS were obtained through almost the same process but with different

reagents.

Conjugation of fluorescence dye (FITC) onto the surface of graphene derivatives: GPD,
GPTS and GPTD (100 mg) were dispersed in PBS (pH = 7.4) with a concentration of 1.0

mg/mL. Then FITC (1 mg) was added to this dispersion at room temperature. Subsequently,
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the mixture was stirred at room temperature for 24 h. Then the dispersion was dialysis in
Milli-Q water for 1 day to remove all free dye. The resultant products are called GPDp,

GPTSg, and GPTDg, respectively.

Preparation of DOX-loaded GPD, GPTS and GPTD: Hydrophobic doxorubicin (DOX) was
obtained according to the reported method.[5] GPTD (10 mg) was dispersed in PBS (7.4, 20
mL) and then DOX (20 mg, dissolved in 2 mL DMSO) was added dropwise into the GPTD
dispersion under stirring. The mixture was stirred overnight at room temperature and then was
dialyzed in Milli-Q water for 24 h with dialysis membrane tube (Spectra/Por MWCO = 2000).
After that the dispersion was centrifuged at 11,000 rpm for 10 min. The supernatant was
discarded and the precipitate was DOX-loaded GPTD (GPTDp). DOX-loaded GPD (GPDp)
and DOX-loaded GPTS (GPTSp) were obtained with the same protocol.

The drug loading capacity of DOX in GPDp, GPTSp, and GPTDp was calculated by
UV-vis absorption at 545 nm (Figure S10) and the calibration curve was obtained from DOX
solution with a series of DOX concentrations. The following equation was adopted to
calculate drug-loading capacity (LC):

mass of drug in nanocarriers

= 1009
total mass of DOX loaded nanocarriers % o

Release Profile of GPDp and GPTDp: 1200 ung GPTDp was dispersed in 4 mL PBS (pH =
7.4) and then equally distributed into 4 dialysis membrane tubes (Spectra/Por MWCO =
2000). Subsequently, the tubes were immersed in 4 vials with each one containing 30 mL PBS
solution (with 0.1 M HSA) (2 vials with pH = 7.4 and 2 vials with pH = 5.6, respectively).
The vials were set in a thermostatic water bath (37 °C) on a heating rotator. During the whole
experiment, 0.1 mL of media from each vial was collected for sampling every 30 min, and 0.1

mL fresh media was replenished. For two of the vials (one with pH = 7.4 and one with pH =
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5.6), near-infrared (NIR) laser irradiation (808 nm, 0.5 W/cmz) was performed for 1 min
every 30 min. The quantity of released DOX was measured by a fluorometer with excitation
at 480 nm and emission at 550 nm. The release experiments for GPTDyp in each condition
were performed in triplicate and the mean value was employed. The release experiments of

GPDp were conducted with the same protocol.

Cell culture: All cell experiments were conducted in accordance with the German genetic
engineering law and German biosafety guidelines in an approved biosafety level 1 laboratory.
Dulbecco’s modified eagle’s medium (DMEM) and fetal bovine serum (FBS) were applied
for the following tests. Human cervical cancer cells (HeLa cells) and multidrug-resistant
HeLa cells (HeLa-R cells) were obtained from Leibnitz Institute DSMZ - German Collection
of Microorganisms and Cell Cultures. HeLa-R cells were cultured in DMEM with 10% (v/v)
FBS and 1% penicillin-streptomycin and were incubated in a humidified atmosphere with 5%
CO; at 37 °C. In addition, DOX.HCI (0.5 pg/mL) was added in the culture medium to

maintain the drug-resistant characteristics.

Western Blot Analysis: The HeLa cells and HeLa-R cells was harvested and lysed on ice
before the following experiments. The mixture was centrifuged at 13000 rpm for 30 min at
4°C, and then the protein concentration in supernatant was determined with the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, USA). 40 pg total protein from each sample was
separated on a sodium dodecyl sulfate polyacrylamide gel and transferred onto a
polyvinylidene fluoride (PVDF) membrane. 5% (w/v) BSA was applied to block the PVDF
membrane and then the membrane was incubated with primary antibody (Anti-ABCBI1 rabbit
antibody, SAB2702025, Sigma USA; Anti-GAPDH, rabbit mAb, 2118S, CST, USA) in
dilution buffer overnight at 4 °C. The membranes were rinsed with Tris-buffered saline

Tween three times and incubated with goat anti-rabbit IgG HRP (Abcam, UK). The
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luminescence was detected by an enhanced ECL Western Blotting Detection kit (Thermo

Fisher Scientific, USA) with a ChemiDoc XR+UYV illuminator (Bio-Rad, USA).

CCK-8 assay: HeLa-R cells (5%10° cells/well) were seeded in 96-well plates with 100
uL DMEM and incubated for the following 24 h before the biocompatibility tests. GP, GPT,
GPD, GPTS and GPTD were firstly dispersed in the culture medium (pH=7.4) and then added
to the medium-removed 96-well plates with different concentrations (from 0.1 to 1000
pg/mL). After another 34 h incubation, all of the culture medium solutions were removed and
the wells were rinsed with PBS twice. Subsequently, 100 puL culture medium containing 10
uL CCK-8 was added to each well. After the following 4-hour incubation, 75 pL medium was
carefully transferred to a new plate in case of the influence of graphene derivatives on final
results, and the absorbance was measured at wavelength of 450 nm. Cells without any
treatment were applied as a negative control and the cytotoxicity of DOX.HCI (2 and 20
ng/mL) was tested in the same way as a positive control. Each sample was tested 3 times.

The anti-tumor test for GPDp and GPTDp was conducted by almost the same protocol
with just a change in DOX concentration from 0 to 10 pg/mL. DOX.HCI with the
corresponding concentrations was employed as a positive control. The experiments were
replicated as 2 groups and NIR laser irradiation (808 nm, 0.5 W/cm?) was applied to one the

group after 6 h incucbation for 5 min.

ATP determination assay: The standard curve for a series of ATP concentration by ATP
determination kit was calculated before the following experiments.

HeLa-R cells (1x10* cells/well) were seeded in 96-well plates with 100 uL DMEM and
incubated for the following 24 h before the ATP determination tests. GPD and GPTD were
dispersed in the culture medium (pH=6.8, 10 pg/mL) and then added to cells. All of the

experiments were replicated as 2 groups. After the incubation of the following 6 h, the culture
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medium of the first group was removed and the cells were treated with lysis buffer. However,
the cells of the other group were treated with NIR laser irradiation (808 nm, 0.5 W/cm?) for 5
min and 10 min, respectively. Then the culture medium was removed and the cells were also
treated with lysis buffer. Subsequently, the ATP determination kit was added to these cell
lysis solutions and the luminescence was measured to calculate the ATP concentration with

Platereader. Each experiment was repeated 3 times and the mean value was adopted.

Confocal Laser Scanning Microscopy (CLSM): HeLa-R cells were seeded on 8-well
plates at the density of 3 x 10* cells/well and incubated for 24 h before the following CLSM
experiments.

Cellular uptake of GPD, GPTS, and GPTD: GPDg, GPTSf, and GPTDg were dispersed
in culture medium (10 pg/mL) and then added to the cells. The cells were incubated in
different pH conditions (6.8 and 7.4) at 37 °C for 3 h and 24 h, respectively. After the desired
incubation time, the culture medium was removed, and the wells were rinsed with PBS. The
nuclei of HeLa-R cells were subsequently stained with Hoechst for 30 min before the cells
were observed with CLSM (Leica TCS SPS8). Hoechst was excited at 350 nm with the
emission at 460 nm and FITC was excited at 488 nm with the emission at 520 nm.

Intracellular localization of GPDg, GPTSE, and GPTDg: CellLight fluorescence protein
labeling (mitochondria tracker, red) was applied (2 pL per 10 cells) to label the mitochondria
of the cells 24 h before the following tests. GPDg, GPTSg, and GPTDy were dispersed in
culture medium (pH=6.8, 10 pg/mL) and then added to the cells. The culture medium was
removed after 0.5 h incubation and fresh medium was supplemented. Subsequently, cells were
incubated at 37 °C for another 6 h before the cells were observed with CLSM (Leica TCS
SP8). FITC was excited at 488 nm with the emission at 520 nm and CellLight labeling protein
(red) was excited at 560 nm with the emission at 590 nm.

JC-1 assay: The culture medium was removed and the well was rinsed with PBS before
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adding of JC-1 (20 uM in PBS). The cells were incubated with JC-1 in 37 °C for 10 min and
then rinsed with PBS twice. Subsequently, GPD, GPTS, and GPTD, which were dispersed in
culture medium (pH=6.8), were added and the test was replicated as 2 groups. After 6 hours,
one group was treated with NIR laser irradiation (808 nm, 0.5 W/em?) for 5 min. After that,
all of the medium was removed and rinsed with PBS twice before the cells were observed
with CLSM (Leica TCS SPS). JC-1 monomer was excited at 488 nm with the emission at 530
nm.

Intracellular DOX release: DOX.HCI, GPDp and GPTDp were dispersed in culture
medium (pH=6.8, DOX concentration: 4 pg/mL) and then added to the cells. These
experiments were replicated as 2 groups. The first group was incubated for 6 h and then
changed with fresh culture medium. The second group was incubated for 6 hours before they
were treated with NIR laser irradiation (808 nm, 0.5 W/cm?) for 5 min and then the cells were
further incubated with fresh medium for 24 h. Finally, all of the wells were rinsed with PBS
and the nuclei was stained with Hoechst before observation by CLSM. Hoechst was excited at
350 nm with the emission at 460 nm and DOX was excited at 488 nm with the emission at

550 nm.

Flow Cytometer: HeLa-R cells were seeded in 24-well plates (1 x 10° cells/well) and they
were incubated for 24 h before the following test. GPDg, GPTSr and GPTDg were dispersed
in culture medium (10 pg/mL) and then added to the cells. The cells were incubated for 24
hours in medium with different pH (6.8 and 7.4), respectively. After that, the culture medium
was removed and the cells were rinsed with PBS twice and then treated with trypsin/EDTA.
Cells were re-suspended in PBS after centrifugation to discard the supernatant, and then
fluorescence intensity was measured (excitation: 488 nm; emission: 520 nm) using a BD
FACS calibur flow cytometer (Beckton Dickinson).

In another intracellular DOX accumulation test, DOX.HCI, GPDp, and GPTDp were
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dispersed in culture medium (pH=6.8, DOX concentration: 4 pg/mL) and then added to the
cells. The cells were replicated as 2 groups and the first group was incubated for another 24 h
with a change to fresh medium at 6 h point. While the second group was treated with NIR
laser irradiation (808 nm, 0.5W/cm?) for 5 min after 6 h incubation and then they were put in
incubator for another 18 h. After that, all of the culture medium was removed and the cells
were rinsed with PBS twice and then treated with trypsin/EDTA. Cells were re-suspended in
PBS after centrifugation to discard the supernatant, and then fluorescence intensity was
measured (excitation: 488 nm; emission: 550 nm) using a BD FACS caliber flow cytometer

(Beckton Dickinson).

Animal and Tumor Xenograft Models: Female BALB/c nude mice (four to six weeks old)
were purchased from Model Animal Research Center Of Nanjing University (Nanjing, China),
and all animals were treated in accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals. HeLa-R cells (1x10° cells per mouse) were
subcutaneously inoculated into the right flank of nude mice to prepare the tumor-bearing mice.
Electronic caliper was used to measure the tumor size and the tumor volumes (V) were
calculated as V = a’x b/2 (a and b were the width and length of the tumor, respectively). And

the body weight of the nude mice also was recorded by an electronic balance.

In Vivo Antitumor Efficiency: When the tumor volume reached about 100 mm’, the tumor-
bearing mice were randomly divided into 6 groups (n = 6) and administrated with saline
(group 1), GPTDp (group 2), GPTD (group 3), GPDp (group 4), GPTDp (group 5), and
DOX.HCI (group 6). 24 h later, the tumors of mice in groups 1, 2, 3, 4, and 6 were irradiated
with NIR (808 nm, 0.5 W/cm?) for 5 min. The tumor size and body weight were monitored

every 2 days during the treatment. After 16 days, the mice were sacrified and the tumors and
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major organs were excised, followed by hematoxylin and eosin (H&E) staining. Furthermore,

for all of the tumors, CD31, Ki67, and TUNEL immunostaining were also applied.

105



2. Elemental analysis of nG and nG-Trz

Table S1. Elemental analysis of nG and nG-Trz.

Elemental Analysis N (%) C (%) H (%) S (%)
nG 0.022 98.2 0.338 0
nG-Trz 2.892 97.93 0.494 0

Degree of functionalization (DF) of triazine:

number of triazine groups

DF =
number of carbon atoms of graphene

1. Number of triazine groups: calculated by nitrogen percent (N wt.%) in elemental analysis;
2. Number of carbon atoms of TRGO: calculated by carbon percent (C wt.%) in elemental
analysis.

Mass of a building block (MB) in nG-Trz:

100 * 56(Mass of N atoms of one triazine group)
B 2,892 (percentage of N in TRGO — Trz)

= 1936.4

14(Mass of one N atom)

DF = =1
1936.4 (MB) — 163.5(Mass of one triazine group) /127

3. Synthesis of GPT, GPD, GPTS and GPTD

Scheme S1 displays an overview of the synthesis route of GPT, GPD, GPTS and GPTD. nG
was modified with hPG(NH,)309, through a [2 + 1] nitrene cycloaddition reaction and
nucleophilic substitution and the resulted hPG(NH,;);¢, covered nG is GP. GPT, GPD, GPTS

and GPTD were prepared based on GP according to the process in Experimental Section.
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4."H NMR spectra of the GPT

The signals at 3.4 - 4.2 ppm and 7.6 - 8.0 ppm were attributed to the protons of hPG backbone
and benzene ring of TPP group, respectively. Based on the peak area ratio, the functionalized
ratio of TPP on GPT is 4.87% (Figure S1). The singles at 3.2 — 3.4 ppm and 4.8 — 5.0 ppm

were attributed to the protons of D-methanol and D,0, respectively.
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Figure S1. The '"H NMR spectrum of GPT in D,O and D-methanol.
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5. Height-distribution histograms of nG, GPD, GPTS and GPTD

The average height of nG is around 0.65 nm, however this value increase to around 5.5 nm,

5.5 nm and 6.0 nm for GPD, GPTS and GPTD, respectively. The changes of height confirm

the successful conjugation of polymers on the surface of nanographene sheets.
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Figure S2. AFM images of GPD (A) and their size distribution (B) and height profile (C);

AFM images of GPTS (D) and their size distribution (E) and height profile (F); Scale bars

correspond to 500 nm.
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6. TGA of GPD, GPTS and GPTD
According to the TGA results, the percent of polymers in GPD, GPTS and GPTD is around
74%, 77% and 79%, respectively. The TGA data proves the percent of coating polymers on

the functionalized graphene sheets is quite high, which is favorable for the further biological

applications.
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Figure S3. The TGA of nG, GPD, GPTS and GPTD.
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7. Zeta potential of GPD, GPTS, GPTD

The zeta potential variations demonstrated GPT and GPTS exhibited positive and negative
charges in a broad range of pH, while GPTD changes from negative to positive upon
decreasing pH from 7.4 to 6.8. This pH-conventional characteristic is helpful for the long
circulation in the blood stream (pH=7.4), while enhance the cellular uptake efficacy after

accumulation in tumor (pH=6.8).[6]

—o— GPT, pH=7.4 —o—GPT, pH=6.8 —— GPT, pH=5.0
—5— GPTS, pH=7.4 —— GPTS, pH=6.8 —— GPTS, pH=5.0
249 —0—GPTD, pH=7.4 —o— GPTD, pH=6.8 —— GPTD, pH=5.0

27 o
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Figure S4. Zeta potentials of GPT, GPTS and GPTD with different incubation time at pH 7.4,

6.8, and 5.0.

111



8. Western blot assay
The overexpression of P-glycoprotein (P-gP) on the plasma membrane of HeLa-R cells was

confirmed by western blot assay.

Hela Cells Hela-R Cells

pgp NN

Figure S5. Western blotting analysis of P-gP among HeLa and HeLa-R cell lines.

9. Biocompatibility tests
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Figure S6. The biocompatibility tests of GP, GPT, GPD, GPTS and GPTD obtained from the
CCK-8 assay of HeLa-R cells after 24 h treatment. The cells without any treatments was
considered as negative control and the cells treated with DOX.HCI (2 pg/mL and 20 pg/mL)

was considered as positive control.
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10. Cellular uptake efficiency

pH=7.4

pH=6.8

Figure S7. CLSM images of HeLa-R cells incubated for 3 h with GPDg, GPTSE, and GPTDg

(10 pg/mL) in pH 7.4 and pH 6.8 culture medium, respectively. Scale bars correspond to 50

pm.
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Figure S8. FACS results of HeLa-R cells after 24 h incubation with GPDg, GPTSE, and

GPTDr (10 pg/mL) in culture medium (pH 7.4), respectively.
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11. Photothermal effect

The temperature of the GPD and GPTD solution (100 and 1000 pg/mL in PBS) rapidly
increased under the NIR irradiation (808 nm, 0.5 W/cm?) while the temperature of GPD and
GPTD with low concentration (15 pg/mL in PBS) only displayed mild increase under the

same condition.
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Figure S9. Heat-generation kinetics of GPD and GPTD dispersed in PBS with different

concentrations under NIR irradiation (808 nm, 0.5 W/cm?). Pure PBS was used as control.

12. JC-1 assay

The disruption of mitochondrial membranes was studied by JC-1 assay. As a cationic dye, JC-
1 can accumulate in mitochondria to form aggregates (red fluorescence) in healthy cells, and
disperse in cytoplasm as monomer (green fluorescence) if mitochondria was damaged.[7] As
shown in Figure S10, the green fluorescence enhanced a lot after the treatment with GPTD
and irradiation. These variations confirmed the mitochondria-targeting and the following

mitochondria-disruption (with irradiation) ability of TPP-conjugated graphene derivatives.
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Figure S10. The CLSM images of HeLa-R cells after 6 h incubation with GPD, GPTS and

GPTD (10 pg/mL). Scale bars correspond to 50 pm.

13. Characterization of GPDp and GPTDp
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Figure S11. (a) The calibration curve of DOX in PBS with the absorption at 545 nm; (b) the

loading capacity of GPDp and GPTDyp, the data was calculated by UV-vis absorption.
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14. Release profile
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Figure S12. In vitro release profile of DOX from the GPDyp at 37 °C in various conditions.

NIR laser irradiation (808 nm, 0.5 W/cm?) was applied 1 min every 30 min for two of the

profiles. Means = SD (n = 3).
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Figure S13. In vitro release profile of DOX from the GPTDp at 37 °C in various conditions.

NIR laser irradiation (808 nm, 0.5 W/cm?) was applied 1 min every 30 min for two of the

profiles. Means = SD (n = 3).

116



15. Intracellular DOX release
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Figure S14. CLSM images of HeLa-R cells incubated for 6 h and 24 h with DOX.HCI, GPDp

and GPTDp (DOX concentration is 4 pg/mL), respectively. No NIR laser irradiation was

performed during the whole incubation. Scale bars correspond to 25 pm.
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Figure S15. FACS results of HeLa-R cells after 24 h incubation with DOX.HCI, GPDp, and
GPTDp (DOX concentration is 4 pg/mL), respectively. No NIR laser irradiation was

performed during the whole incubation.
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16. Photothermal effect of GPD and GPTD

The photothermal therapeutic effect of GPD and GPTD is not significant when their
concentration is below 15 pg/mL, which could be attributed to their limited photothermal
effect in low concentration (Figure S9). This result certified the function of graphene sheets in

the synergic therapy is mainly disruption of mitochondria and enhance the chemotheraputical

effect of DOX.
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Figure S16. Anticancer therapeutic efficacy of GPD, and GPTD against HeLa-R cells after
incubation of 24 h with different concentrations. NIR laser (808 nm, 0.5 W/cm?) irradiation
was performed for 5 min after the incubation of 6 h. Data are showed as the average +

standard deviation (n = 3, student’s test).
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17. In vivo photothermal effect
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Figure S17. In vivo heat generation kinetics of tumors in nude mice injected with saline,

GPDp, GPTD and GPTDy, (5 mg/kg DOX) under NIR irradiation (808 nm, 0.5 W/cm?).
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18. Ex vivo tumor photos

Saline+Laser

GPTDgtLaser

GPDpt+Laser

GPTD +Laser

GPTD,

DOX.HCl+Laser

Figure S18. Photos of the tumors extracted from the mice bearing HeLa-R tumor at the end of

the experiment. The circles mean the tumors were too small to be isolated.
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19. Tissue staining
The damage for heart tissue is obvious in DOX.HCI treated mice while this side effect is hard

to find in other experimental groups.

Saline DOX.HCI GPDo+Laser GPTDo+Laser

Figure S19. Hematoxylin & eosin (H&E) staining images of heart tissues, liver tissues,
spleen tissues, lung tissues and kidney tissues under light microscopy. Scale bars correspond

to 500 um.
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GPDo+Laser GPTDo+Laser

Figure S20. H&E staining and CD31 staining images of tumor tissues under light

microscopy. Scale bars correspond to 500 pm.
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4 Summary and outlook

In this thesis, functionalized graphene sheets were synthesized and their cellular uptake
features, drug release properties, and anti-MDR ability were investigated and some
significant conclusions were obtained. Hyperbranched polyglycerol (hPG) was
successfully conjugated to the graphene backbone that was functionalized by nitrene
through a [2+1] cycloaddition reaction. The resulting hPG-coating graphene sheets showed
high polymer coverage, controllable size, good water dispersibility, excellent
biocompatibility and can be easily post-functionalized. Amination and sulfation was
applied to obtain positively charged and negatively charged graphene sheets, respectively.
Furthermore, functionalized graphene sheets could be broken down into smaller sizes by
horn sonication with corresponding time frames. In my first project, the cellular uptake
characteristics of these graphene derivatives with similar polymer content, but different
size and surface charges were investigated. It was found that large functionalized graphene
sheets (1 um) were preferable taken up via a phagocytic pathway, regardless of their
surface charges. However, surface charge is a dominant factor for their small analogs (200
nm size). Small graphene sheets with positive charges mainly entered into the cells through
clathrin-mediated endocytosis (CME), while this pathway did not play a significant role for
the small ones with negative charge. Because of the surface charge, the negatively charged
and positively charged graphene derivatives displayed size-independent and size-
dependent uptake efficacy. Moreover, our results also revealed the cellular internalization
of hPG-conjugated graphene sheets is negligible for all the sizes, which is attributed to the

protein-resistant feature of hPG and low nonspecific interactions with biointerfaces.

In the next project, we prepared graphene sheets with similar polymer content, size
(around 150 nm), but different functionalities and surface charges according to our
established protocol of the first project. The hydrophobic anticancer drug, DOX, was
loaded onto these graphene derivatives and a pH-sensitive dye was connected onto their
surface and employed as an antenna to receive strong signals from the acidic cell
compartments. It was found that these functionalized graphene sheets with different
functionalities underwent the same cellular uptake and acidification process, while their
intracellular release properties were fundamentally different. The protonation of DOX in
acidic conditions decreased their hydrophobic and n-n stacking interaction with graphene
backbone and facilitated its release from both sheets with different surface charges.

However, protonated DOX was positively charged and exhibited attractive and repulsive

123



electrostatic interactions with negatively charged and positively charged hPG-conjugated
graphene derivatives, respectively. While the release of DOX was accelerated by repulsive
electrostatic force in the case of positive sheets, many of them were trapped on the surface
of negative sheets via attractive electrostatic interactions. Therefore, the overall release rate
and therapeutic effect was much higher in the first case. This study revealed that
intracellular location and release features of the therapeutic agents are a function of their

hydrophobic and electrostatic interactions with the graphene-based nanocarriers.

In the third project, a graphene-based delivery nanoplatforms was introduced to
overcome the newly-emerging MDR in tumor cells. Triphenylphosphonium and 2,3-
dimethylmaleic anhydride were conjugated onto the hPG-covered nanographene sheets to
achieve mitochondria targeting and charge-convention properties. The average size of
these functionalized nanographene sheets were around 75 nm with a narrow size-
distribution, which was favorable for their accumulation in tumor site owning to the widely
confirmed EPR effect. After internalization, these nanosheets targeted the mitochondria
and finally disrupted them under laser irradiation, leading to the plunge of adenosine
triphosphate (ATP) synthesis. Without enough “biological fuel,” the P-gP lost its function
and the MDR was successfully reversed. Both of the in vitro and in vivo antitumor results
confirmed these functionalized graphene sheets could effectively surmount the
troublesome MDR tumors and remarkably promote the synergic antitumor theranostic
efficacy. Moreover, serious side effects caused by chemotherapy agents could also be

avoided with these graphene-based nanocarriers.

During the doctoral studies, my work focused on the biological behavior of graphene
derivatives and their potential application for antitumor therapy. Many promising results
were obtained and several critical problems were addressed, including the cellular uptake
properties, intracellular release features, and anti-MDR theranostic. These outcomes
revealed that the biological behaviors of functionalized graphene sheets could be adjusted
by their physiochemical characteristics and MDR reversal therapy could be achieved
though the rational design of graphene-based nanoplatforms, which is of great significance

for the future development of graphene-based nanomaterials for bioapplications.
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S Zusammenfassung und Ausblick

In dieser Arbeit wurden hPG-beschichtete Graphene synthetisiert und deren
Fahigkeit zur zelluliren Aufnahme, Wirkstofffreisetzung und anti-MDR-Féhigkeit
untersucht und daraus einige signifikante Schlussfolgerungen gezogen. hPG wurde
erfolgreich auf Graphen aufgebracht, welches zuvor {iber eine [2 + 1] -Cycloaddition mit
Nitren funktionalisiert wurde. Die hPG-beschichteten Graphenfolien zeigten eine hohe
Polymerdichte, kontrollierbare Grofle, gute Wasserdispergierbarkeit, ausgezeichnete
Biokompatibilitdt und konnen weiter funktionalisiert werden. Durch Aminierung und
Sulfatierung wurden positiv geladene bzw. negativ geladene Graphenderivate erzeugt.
Weiterhin konnten funktionalisierte Graphenschichten durch Ultraschallbehandlung durch
Teilung zerkleinert werden. In meinem ersten Projekt wurden die zelluldren
Aufnahmeeigenschaften von Graphenderivaten mit &hnlichem Polymergehalt, aber
unterschiedlicher Gréfe und Oberflichenladung untersucht. Es wurde festgestellt, dass
groBe funktionalisierte Graphene (1 pm) bevorzugt iiber einen Phagozytoseweg
aufgenommen werden, unabhédngig von ihrer Oberflichenladung. Allerdings ist die
Oberflachenladung ein dominanter Faktor fiir ihre kleinen Analoge (200 nm GrdfB3e).
Kleine Graphene mit positiven Ladungen traten hauptsédchlich durch Clathrin-vermittelte
Endozytose (CME) in die Zellen ein, wihrend dieser Weg fiir die kleinen mit negativen
Ladungen keine bedeutende Rolle spielte. Aufgrund der Oberflichenladung zeigten die
negativ geladenen und positiv geladenen Graphenderivate eine groBenunabhingige und
groflenabhingige Aufnahmewirkung. Dariiber hinaus haben unsere Ergebnisse auch
gezeigt, dass die zelluldre Internalisierung von hPG-bedeckten Graphenen fiir alle Grof3en
vernachléssigbar ist, was auf die proteinresistente Eigenschaft von hPG und der geringen

unspezifischen Interaktion mit Biogrenzfldchen zuriickzufiihren ist.

Im néchsten Projekt haben wir Graphene mit dhnlichem Polymergehalt, Gro3e (ca.
150 nm), aber unterschiedlichen Funktionalititen und Oberflichenladungen nach unserem
im ersten Projekt etablierten Protokoll hergestellt. Auf diese Graphenderivate wurde das
hydrophobe Krebsmedikament DOX geladen und ein pH-empfindlicher Farbstoff auf
deren Oberfldche aufgebracht. Es wurde festgestellt, dass die funktionalisierten Graphene
mit unterschiedlichen Funktionalititen einen gleichen zelluldiren Aufnahme- und
Versauerungsprozess durchlaufen, wihrend sich ihre intrazellulire Freisetzung
unterscheiden. Die Protonierung von DOX unter sauren Bedingungen verringerte ihre
hydrophobe und n-m stacking Interaktion mit dem Graphen und erleichtert seine

Freisetzung aus beiden Schichten mit unterschiedlichen Oberflachenladungen. Protoniertes
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DOX war jedoch positiv geladen und zeigte attraktive und abstoBende elektrostatische
Wechselwirkungen mit negativ geladenen bzw. positiv geladenen hPG-konjugierten
Graphenderivaten. Wiéhrend die Freisetzung von DOX bei positiven graphenen durch
abstoBende elektrostatische Kréfte beschleunigt wurde, wurden viele von ihnen durch
attraktive elektrostatische Wechselwirkungen auf der Oberfldche von negativen graphenen
eingeschlossen. Dadurch war die Freisetzung und der therapeutische Effekt im ersten Fall
viel hoher. Die Studie ergab, dass die intrazelluldren Lokalisierungs- und
Freisetzungseigenschaften der Therapeutika eine Funktion ihrer hydrophoben und

elektrostatischen Wechselwirkungen mit den graphenbasierten Nanocarriern sind.

Im Abschlussprojekt wurden graphenbasierte Nano-Transportplattformen vorgestellt,
um das neu entstchende MDR-Puzzle zu iiberwinden. Triphenylphosphonium und 2,3-
Dimethylmaleinsdureanhydrid wurden auf die hPG-bedeckten Nanographene konjugiert,
um Mitochondrien gezielt und ladungskonventionell zu erreichen. Die durchschnittliche
GroBe dieser funktionalisierten graphene lag bei etwa 75 nm mit einer engen
GroBenverteilung, was flir ihre Akkumulation in der Tumorstelle, die den weit verbreiteten
EPR-Effekt besitzt, giinstig war. Nach der Internalisierung zielen diese Nanoblitter auf die
Mitochondrien und zerstorten sie schlielich unter Laserbestrahlung, was zum Abbruch der
Adenosintriphosphat (ATP)-Synthese fiihrte. Ohne geniigend "biologischen Treibstoff"
verlor der P-gP seine Funktion und der MDR wurde erfolgreich umgekehrt. Sowohl die in
vitro- als auch die in vivo-Antitumorergebnisse bestétigten, dass diese funktionalisierten
Graphene die MDR-Tumore effektiv {iberwinden wund die synergistische
antitumortherapeutische Wirksamkeit fordern konnten. Dariiber hinaus kdnnten mit diesen
graphenbasierten = Nanocarriern auch  schwerwiegende  Nebenwirkungen  durch

Chemotherapeutika vermieden werden.

Wihrend der 4-jdhrigen Promotion beschiftigte ich mich mit dem biologischen
Verhalten von Graphenderivaten und ihrer moglichen Anwendung in der
Antitumortherapie. Nach der langwierigen und anstrengenden Arbeit erhielten wir viele
vielversprechende Ergebnisse und es wurden mehrere kritische Probleme angesprochen,
einschlieBlich ~ der  zelluliren = Aufnahmeeigenschaften, der  intrazelluldren
Freisetzungseigenschaften und der Anti-MDR-Theranostik. Diese Ergebnisse zeigten, dass
das biologische Verhalten von funktionalisierten Graphenen durch ihre physikochemischen
Eigenschaften angepasst werden kann und die MDR-Umkehrtherapie durch das Design
von graphenbasierten Nanoplattformen erreicht werden kann, was fiir die zukiinftige
Entwicklung von graphenbasierten Nanomaterialien fiir Bioanwendungen von grofer

Bedeutung ist.

126



6 Abbreviations

GO
rGO
CS
PEG
PVA
PLL
APTS
CNT
SIPGP
GCS/GO
MSC
PCGO
CME
APN
NIR
LDH
ROS
DOX
DH

Tf
PPa
mAb
HA
PEI
RES
PTT
AuNRs
GSH
TNF
TRAIL
GQDs
SCNA
RV
DHA
PDT
Ceb
Ru
TPP
CD44
SP

graphene oxide
reduced graphene oxide
chitosan
polyethylene glycol
polyvinyl alcohol
poly-L-lysine
3-aminopropyltriethoxysilane
carbon nanotubes
self-initiated photografting and photopolymerization
chitosan/GO complexes
mesenchymal stem cells
protein-coated graphene nanosheets
clathrin-mediated endocytosis
aminopeptidase N
near-infrared
lactate dehydrogenase
reactive oxygen species
doxorubicin
dihydroartemisinin
transferrin
pyropheophorbide-a
monoclonal antibody
hyaluronic acid
polyethylenimine
reticuloendothelial system
photothermal therapy
gold nanorods
glutathione
tumor necrosis factor
TNF-related, apoptosis-inducing ligand
graphene quantum dots
size-changeable GQDs nanoaircraft
resveratrol
dihydroartemisinin
photodynamic therapy
chlorin e6
ruthenium nitrosyl
triphenylphosphonium
cluster determinant 44
spiropyran
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CLSM
RGD
ICG
lipo-GNS
DTX
PFH
perylene-PCn
PSS
PVP

CS
DsiRNA
GA
BSA
HAp
TG
RFA
HCC
PTK7
PA

CT
SERS
MRI
CAs
EPR
RLN
MS

hPG
ROMBP
FACS
FRET
MDR
ABC
P-gP
ATP

confocal laser scanning microscope
Arg-Gly-Asp peptide

indocyanine green

lipid bilayers-covered graphene nanosheets
docetaxel

gasified perfluorohexane
phosphorylcholine oligomer-grafted perylene
polystyrene sulfonate sodium salt
poly(vinylpyrrolidone)

chitosan

dicer-substrate small interfering RNA
glycyrrhetinic acid

bovine serum albumin
hydroxyapatite

Tf-modified graphene

radiofrequency ablation
hepatocellular carcinoma

protein tyrosine kinase 7 receptor
photoacoustic

computed tomography
surface-enhanced Raman scattering
magnetic resonance imaging

contrast agents

enhanced permeability and retention
regional lymph nodes

mesoporous silica

hyperbranched polyglycerol
ring-opening multi-branching polymerization
fluorescence-activated cell sorting
forster resonance energy transfer
multidrug resistance

ATP-binding cassette

P-glycoprotein

adenosine triphosphate
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