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Abstract

Etoposide (ETO) is a formidable chemotherapeutic agent that holds great promise for individuals
grappling with various forms of cancer, including testicular, prostate, bladder, stomach, and lung malig-
nancies. While traditional chemotherapy protocols are often accompanied by significant challenges and
discomfort for patients, recent advancements in nanotechnology are revolutionizing the administration of
etoposide by incorporating the groundbreaking properties of graphene and its derivatives. Extensive re-
search has highlighted the extraordinary potential of graphene as a targeted delivery system for anticancer
therapies. Graphene’s unique structure and biocompatibility allow it to effectively home in on cancer cells,
minimizing damage to healthy tissue. By harnessing this remarkable material, we can significantly enhance
etoposide's therapeutic effectiveness while mitigating its cytotoxic side effects. This article delves into the
exciting possibilities of employing graphene nanostructures as innovative vehicles for Etoposide delivery,
illuminating a path toward more effective and patient-friendly cancer treatment options. The integration of
advanced materials like graphene not only holds the promise of improving therapeutic outcomes but also
signifies a transformative shift in the approach to cancer treatment, offering hope for a brighter future for
patients and healthcare providers alike.
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1. Introduction

Cancer is the second leading cause of
death in the world, considered by researchers
due to its increasing growth. Chemotherapy
and surgery are the primary treatment ap-
proaches that target cancer cells. Chemo-
therapy's drawbacks include inducing high
levels of toxicity in the body (normal tissue
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and cancerous cells) by targeting cell essential
biomolecules (1).

Chemotherapy-induced peripheral
neuropathy is one of the most common com-
plications of anti-neoplastic agents. It causes
symptoms such as numbness, tingling, and
pain, especially in the arms and legs, which
make daily activities impossible. The burden
of this complication is associated with increas-
ing unemployment and decreasing annual in-
comes (2). Researchers have explored various
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drug delivery systems (DDS) to minimize the
adverse effects of chemotherapeutic agents
(3). The choice of delivery service signifi-
cantly impacts the functionality of anticancer
drugs through the cells and tissues. Targeted
drug delivery systems (TDDS) typically con-
sist of a transporter material, a targeting li-
gand, and an effective drug (4). Nanotechnol-
ogy revolutionized drug delivery approaches
and improved cancer treatment. Nanostruc-
tures with unique properties, such as increased
surface-to-volume ratio, mechanical strength,
photoelectric, active/passive targeting, and
physicochemical features caused drug bio-
availability, stability, solubility, and probable
complications (5, 6).

One of the most important chemother-
apeutic agents used to treat cancer is Etopo-
side (ETO). In this article, we will explore the
potential of graphene nanostructures (nG) as
highly effective nanocarriers for the delivery
of ETO. First, we explain the properties of eto-
poside, its pharmacology, therapeutic efficacy
and adverse effects. Then, we will delve into
the unique properties of graphene, such as its
exceptional surface area, mechanical strength,
and biocompatibility, which make it an ideal
candidate for drug delivery applications. Ad-
ditionally, we will examine recent research
findings on the interactions between graphene
and ETO, highlighting how these interactions
can enhance the drug's therapeutic efficacy
while minimizing side effects. Throughout the
discussion, we will also consider the implica-
tions of using graphene-based nanocarriers in
clinical settings and the future directions for
research in this promising field.

2. Pharmacology of Etoposide

ETO is a potent derivative of podo-
phyllotoxin, a compound that has shown sig-
nificant efficacy in the treatment of various
types of cancer (Figure 1). Specifically, ETO
is utilized in the management of acute lym-
phoblastic leukemia (ALL) and neuroblas-
toma, both of which primarily affect children.
Additionally, it is effective in treating several
solid tumors, including testicular, stomach,
and ovarian cancers, as well as lymphoma and
breast cancer. This versatility makes ETO an
important therapeutic option in oncology. (7).

ETO specifically targets the enzyme
topoisomerase II in cancer cells, playing a
crucial role in regulating the cell cycle. This
targeting is particularly effective during the
synthesis phase (S) and the early gap 2 phase
(G2), where DNA replication and preparation
for cell division occur. By inhibiting the activ-
ity of topoisomerase II, ETO disrupts the nor-
mal process of DNA replication, effectively
halting the proliferation of cancerous cells and
ultimately leading to their growth inhibition.
This mechanism makes ETO a valuable ther-
apeutic agent in the fight against cancer (8).
Also, ETO plus cisplatin is used in combina-
tion with cyclophosphamide, doxorubicin, and
vincristine regimen (9). However, subsequent
findings revealed that this medication does
not enhance survival rates in prostate cancer
patients. Consequently, its application is now
limited to a few patients who lack alternative
treatment options. The same fate has happened
to etoposide phosphate (10).

Figure 1. Chemical structure of etoposide.
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Another application of ETO is as a
DNA-damaging agent to confirm its effect on
breast cancer type 1 (BRCAT1) protein regula-
tion. We can detect breast cancer by evaluating
cytoplasmic BRCAT protein levels with ETO
induction. Increased sensitivity of BRCAI-
deficient cells to ETO could be due to specific
TOP2-linked DNA breaks (DSBs) caused by
topoisomerase II (11).

The potential drawbacks of ETO in-
clude a range of uncomfortable and serious
side effects. Patients may experience bone
marrow suppression, leading to reduced blood
cell production and increased risk of infec-
tions and anemia. Additionally, many indi-
viduals report nausea and vomiting, which can
significantly impact their quality of life during
treatment. Fever may also arise as a reaction
to the medication, indicating that the body is
responding to the treatment. Furthermore, hair
loss is a common concern, as many patients
notice thinning or complete hair loss while un-
dergoing this therapy.

Furthermore, ETO encompasses hy-
drophobicity, limited solubility in water, drug
deposition during dilution, variable bioavail-
ability ranging from 25% to 74%, and a short
half-life. Additives such as polysorbate 80 or
benzyl alcohol are employed to resolve these
challenges effectively. Benzyl alcohol serves
as a preservative and solvent, while polysor-
bate 80 acts as an emulsifier, helping to im-
prove the stability and consistency of formu-
lations.; However, they can lead to low blood
pressure and allergic reactions (8). Moreover,
ETO and cisplatin are the leading standard
cytotoxic drugs for small-cell lung cancer
(SCLC). Their role is as the components of
chemotherapy regimens affecting survival
(12). Long-term exposure to ETO enhances
toxicity in normal tissues; therefore, modified
release is necessary to mitigate side effects
and achieve the maximum therapeutic effect

(13).
2.1. Drug delivery of ETO
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ETO is a cytotoxic drug that increas-
es the production of reactive oxygen species.
However, drawbacks have been addressed be-
fore limiting its therapeutic efficacy. To solve
this problem, nanocarriers can trap ETO and
target cancerous cells of different organs. The
usual goal of nanocarriers is to improve the
pharmacological activity of therapeutic drugs
and overcome problems such as limited solu-
bility, drug accumulation, low bioavailability,
poor biological distribution, lack of selectiv-
ity, or reduction of therapeutic drug side ef-
fects (14, 15).

Stimuli-responsive strategy: This strat-
egy has been actively studied to achieve spe-
cific cancerous cell delivery and controlled
secretion of their cargoes, where endogenous
or exogenous agents can be used. The endog-
enous triggers include pH-sensitive, reactive
oxygen species-sensitive, redox-sensitive,
enzyme-sensitive, and temperature-sensitive
delivery strategies toward some disease sites,
such as tumors. Exogenous factors include
light and stimulation temperature strategies
induced by exogenous methods. Magnetic ex-
citation and X-ray strategies have also been
used to design stimulus-responsive systems.
Ultrasound can also act as a stimulus to con-
trol the release of drugs deep into the body re-
motely (16).

Stimuli-responsive systems can de-
liver drugs to the target tissue and achieve
the required drug release. This controlled
drug release has an excellent therapeutic ef-
fect. The surface properties and structures of
nanoparticles that respond to stimuli can also
be modified through intrinsic or external stim-
uli to improve cell uptake and increase pen-
etration (17).

Targeting polymeric drug delivery:
Despite significant advances in tumor target-
ing technologies, one of the main limitations
of current cancer treatments is the lack of
special biomarkers for many metastatic can-
cerous cells. A new strategy developed for tar-
geted drug delivery to cancer cells is to form
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Figure 2. Biodegradable polymers with representative monomer units for polymeric drug delivery

(18).

a physical conjugate between doxorubicin and
the A10 RNA aptamer (Figure 2) (19). The
dendrimer complex with ETO (CPX 5) shows
the typical characteristics of a sound delivery
system with a good drug loading (37%) and
significantly improved solubility. When CPX
5 is combined with ETO, it exhibits a syner-
gistic action, releasing the drug slowly over
time and considerably improving and prolong-
ing biological activity (20). To reduce ETO's
prescribed dose and systemic side effects, tar-
geted solid lipid nanoparticles containing eto-
poside hyaluronate are used, increasing ETO's
cytotoxicity in the human ovarian cancer cell
line (SK-OV-3) (21). As mentioned before,
chemotherapy with cisplatin and ETO is a
treatment regimen for small and non-small cell
lung cancer. However, this diet has high tox-
icity characteristics. Therefore, monotherapy
can be used. The challenge is that the formu-
lation of cisplatin and ETO nanoparticles has
a significant mismatch in chemical properties,
so a hydrophobic platinum prodrug can be
used, which is delivered using a nanoparticle
along with ETO. Nanoparticles loaded with
two drugs are significantly more effective than
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small-molecule chemotherapy in chemothera-
py (22).

Another study discusses the pro-
duction of methoxy poly(ethylene glycol)-
poly(lactic-co-glycolic acid) (mPEG-PLGA)
nanoparticles with optimal size to achieve co-
delivery of ETO and Paclitaxel. To avoid the
therapeutic limitations of ETO and paclitaxel,
they are prepared by simultaneous loading
using the nanoprecipitation method. mPEG-
PLGA nanoparticles with ETO and paclitaxel
were optimized using ANN, which confirmed
the optimal physicochemically (23).

Also, solid lipid nanoparticles contain-
ing Quercetin showed significant potential in
breast cancer treatment by improving the ef-
ficiency of ETO. These lipid nanoparticles
are solid and spherical with a negative charge
loaded with Quercetin. Combined Quercetin
with ETO increases the inhibition of mod-
el late-stage breast cancer cell line (MDA-
MB-231) proliferation compared to solid lipid
nanoparticles of ETO or Quercetin alone. This
combination treatment also significantly in-
creased the apoptotic pathway. It increased the
Bax/Bcl-2 gene ratio, p53 and p21 proteins,
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and activated caspase 3 and 9 enzymes. These
results indicate the potential of combination
therapy as a strategy for the treatment of breast
cancer, potentially overcoming the chemore-
sistance of ETO-resistant breast cancer (24).
Another article mentions that using
PEGylated nanoliposomes as a carrier for the
delivery of ETO leads to an increase in apop-
totic cells compared to the control group (25).

3. Graphene derivatives (GDs)

Graphene is a single-layer allotrope of
carbon hexagonal lattice in two-dimensional
shape, nG, creating new exciting opportuni-
ties in the physics and materials of dense mat-
ter (26). They have outstanding properties; for
example, they can be used to obtain sheets of
thin atomic crystals that are stable (27). Geim
and Novoselov published a simple method
for making single-layer nG (28). nG layers
are made from one or more layers of graph-
ite, which are tightly bonded by van der Waals
forces (7).

A brown color characterizes GO, while
nG is identified as black. Recent experiments
indicate that utilizing advanced technology al-
lows for the effective peeling off of nG with
the assistance of graphite oxide, resulting in
the production of nG/GO nanosheets (Figure
3) (29).

Some researchers have used nG in
drug and gene delivery, photothermal therapy,
photodynamic therapy, imaging, and ther-
anostics (30, 31). Folate receptor expression

Good
Biocompatibility
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is used in targeting, drug delivery, and tumor
cell counting. A quick and straightforward
strategy for identifying cancer cells expressed
based on selective folic acid/folate transplan-
tation with FR-positive tumor cells is to use
the folate-decorated Nitrogen-doped graphene
as the target of choice (32). nG improves the
toxicity of cancer cells and chemotherapeutic
agent uptake. The high density of oxygen-rich
functional groups facilitates functionalization,
increased biocompatibility, and drug loading
through n-m stacking, hydrogen bonding, and
electrostatic interactions (33, 34). One appli-
cation of nG is in the field of drug delivery.
nG facilitates the transport of drugs and genes,
either independently or in conjunction with
other techniques in cancer treatment (31).

3.1. Design and preparation of nG/GO

nG is prepared by complete oxidation
of pristine graphite, thermal exfoliation, and
reduction of GO (35). One way of synthesis of
nG:

A) The Scotch tape technique prepared
a large nG crystal on an oxidized Si wafer.

B) Left panel: Suspended microcrys-
tals from ultrasound graphite cutting in chlo-
roform.

Right panel: Microcrystals printed on different
layers. These films are very durable and retain
their conductivity even if folded.

C) Availability of the first nG wafers
(as 1 to 5-layer polycrystalline films) trans-
ferred to the Si wafer.

Good Thermal
and Electrical

o Conductivity

“ GO/ Rapid Charge

Carrier Mobility

Figure 3. GO laminate is rigid, flexible, transparent, and insulating
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D) Current SiC wafer with atomic ter-
races covered by a graphitic monolayer. Dou-
ble and triple layers grow in stages (30).

Today, nG physical synthesis is per-
formed at a lower cost with controlled graph-
ite oxidation (1). GO layers are single sheets
of ordinary graphite oxide synthesized from
nG layers of graphite (1). Hummer's technique
utilizes graphene oxide (GO) synthesis (Fig
4). This process involves graphite powder,
concentrated sulfuric acid (H2SO4), sodium
permanganate, sterile distilled water, hydro-
gen peroxide (H202) at a concentration of
35%, and hydrochloric acid (HCI) at 5%, and
is carried out in six distinct steps (8).

3.2. Functionalization of nG/GDs

nG is peeled off with the help of graph-
ite oxide and thus can be combined with GO.
nG coatings have unique properties and are
used as nanomaterials in industry (1, 36).

There are several structural models for
GO nanosheets with different groups contain-
ing different oxygen, which are determined
according to the raw materials and oxidation
conditions (7, 37). These groups include epox-
ides (C-O-C) and hydroxyl phenols (-OH) lo-
cated in the basal plane, carboxylic (-COOH).
They are located at the edges, where the other
carbon groups (C=0) create the property of
polar surface and hydrophilicity (1, 36).

Oxidation of nG layers of graphite
causes defects. One is oxidation in these de-
fect sites, mainly ketone and quinone-type
groups. The oxidation process also creates by-
products, such as oxidative debris, which af-
fect the stability of the nanosheets (1). Several
structural models exist for the functionaliza-
tion of GO. One is the Lerf-Klinowski model,
the most cited model for GO, with problems
(38). Carboxyl groups are shown at the edges.
The hydroxyl groups are close to each other
and cause electrical instability in the structure

(D).
3.3. Carbon-Based Nanostructures for Deliv-
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Carbon-based nanostructures (CBNS)
are an intriguing class of materials known for
their remarkable diversity and unique proper-
ties. They encompass a wide range of forms,
including amorphous carbon, which exhibits a
non-crystalline structure; diamond, prized for
its hardness and optical clarity; graphite, char-
acterized by its layered structure and excellent
conductivity; carbon nanotubes, celebrated for
their remarkable strength and electrical prop-
erties; graphene oxide, a versatile compound
with potential for numerous applications;
fullerenes, known for their spherical struc-
tures; and carbon dots, which are getting at-
tention for their fluorescence and biocompat-
ibility.

These materials are pivotal in cutting-
edge applications across various domains, in-
cluding drug delivery systems that enhance the
targeted transport of medications, advanced
imaging techniques that improve diagnostics,
and innovative tissue engineering approaches
that support cellular growth and repair. In the
realm of cancer therapy, CBNS are being ex-
plored for their potential to deliver therapeu-
tics directly to tumors. Additionally, their sen-
sitivity and selectivity make them invaluable
in biosensing applications, allowing for highly
precise detection of biological markers. Car-
bon-based nanostructures represent a thrilling
frontier in scientific and technological innova-
tion (39).

Their extraordinary mechanical prop-
erties and rigidity enable them to effectively
penetrate the tissues and extracellular matrix.
Moreover, the nontoxic characteristics of these
materials, coupled with their compatibility for
intravenous administration, position them as
effective carriers for a broad range of medi-
cations and imaging agents. However, several
challenges need to be addressed, including
their limited solubility in water, decreased
biodegradability, and potential safety issues.
Despite these hurdles, the unique properties
of these materials foster ongoing research and
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innovation, inspiring scientists to explore new
pathways for advancement in the field (40).

CBNS showcases extraordinary bio-
logical and physicochemical characteristics,
highlighting its remarkable ability to absorb
functional groups and elevate the stacking of
carbon sheets (41). These structures can be
precisely customized for specific applications
by employing surface functionalization tech-
niques. This process not only enhances their
ability to attract and retain water but also con-
trols their physical and chemical properties.
Through these adaptations, the structures can
be optimized for a wide range of uses, making
them more effective in various environments
and conditions (42). This promises a bright
future for their use in transformative technolo-
gies.

3.4. Carbon nanotubes

Carbon nanotubes (CNTs) embody re-
markable properties that position them as in-
novative carriers for drug delivery (42). With
the ability to enhance their water solubility
through modification, chitosan (CS), a natu-
rally occurring, biodegradable, and biocom-
patible polysaccharide, emerges as a power-
ful ally (43, 44). Researchers have explored
the potential of epidermal growth factor as a
specialized ligand, which has proven to great-
ly enhance the delivery and accumulation of
therapeutic drugs in tumor sites. CNTs are
usually released drugs with a pH range of 5.5-
7.5 to decrease tumor cell viability, yet we and
others. However, CNT functionalization af-
fects PH responsiveness and chemotherapeu-
tic release. This innovative approach increases
the concentration of medication at tumor sites
while minimizing exposure to healthy sur-
rounding tissues, thereby improving treatment
efficacy and reducing side effects (45).

The groundbreaking TDDS using a
complex system including epidermal growth
factor, CS, along with single-walled carbon
nanotubes, exemplifies this innovation, with
EGF as the guiding molecule and SWNTs as
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cargo for delivering ETO (46). This innova-
tive TDDS boasts a remarkably small diam-
eter of only 20 nm, allowing for precise and
efficient targeting of cancer cells. In vitro stud-
ies have demonstrated exceptional anticancer
efficacy, achieving an impressive 2.7 times
greater mortality of cancer cells compared to
the administration of free drugs. These fig-
ures underscore the effectiveness of the three
distinct treatment strategies employed in this
system. Moreover, the release profile of the
drug is particularly promising. Within just 60
minutes, the CS/SWNT with ETO formulation
released 32.4% of the encapsulated drug in a
neutral pH environment (7.4), while in a more
acidic environment (pH 5.0), which mimics
tumor conditions, the release surged to 59.3%.
This differential release underscores the po-
tential for optimized therapeutic effects in
varied physiological environments. After 720
minutes, these release rates soared to 57.5%
and 95.9%, reflecting the potential for targeted
impact. Compared to healthy tissue, the faster
release of ETO-loaded SWNTs in malignant
cells represents a leap forward in precision
medicine. For the EGF/CHI/SWNT-COOHs/
ETO complex, the active targeting ligand ini-
tially released 31.9% at pH 7.4 and 60.2% at
pH 5.0, with final release rates reaching 62.6%
and 95.0% after 720 minutes, all while pre-
serving the integrity of the complex.

In a forward-thinking follow-up study,
scientists explored the loading potential of
oxidized MWCNTs for this potent chemo-
therapeutic agent, employing electrochemi-
cal forces (47). The remarkable discovery that
this pegylated multi-walled carbon nanotube
exhibited a significantly superior binding
potential than conventional MWCNTs-PEG
emphasizes the continuous quest for improve-
ment.

3.5. Diamond nanostructures (DNPs)
Diamond nanostructures (DNPs) are

fascinating carbon-based materials character-

ized by their unique properties and small size,
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typically measuring just a few nanometers in
diameter. These nanoparticles have attracted
significant interest across a range of industries
due to their remarkable qualities, including
exceptional strength, biocompatibility, and
high surface area. As a result, DNPs are be-
ing explored for innovative applications in en-
gineering, where their durability can enhance
composite materials; in biology and biotech-
nology, where they hold promise for targeted
drug delivery and imaging; in medicine, where
they can potentially improve therapeutic out-
comes; and in cosmetics, where they may be
used to create advanced formulations that en-
hance skin health and appearance (48). Their
unique properties and nanoscale size unlock
innovative solutions and enhancements for
various applications. Recent advancements in
nanotechnology empower the modification of
DNPs, amplifying their functionality and ver-
satility (49).

One of the most remarkable traits of
DNPs is their ability to induce cell necrosis
and apoptosis, positioning them as invalu-
able tools in diagnostic and therapeutic fields.
However, using DNPs at high concentrations
calls for careful consideration of their biocom-
patibility, an issue researchers passionately ad-
dress (50). Modifying DNPs often begins with
introducing hydroxyl (-OH) groups, which
paves the way for further functionalization
and allows diverse additional chemical groups
to attach. The Fenton reaction is a widely em-
braced method for this transformative pro-
cess, generating reactive species that enhance
their capabilities. In their study, Solarska et
al. provide compelling evidence of the sub-
stantial effects that functionalized DNPs have
on human-derived non-small cell lung cancer
(NSCLC) cells. Their research reveals how
these nanoparticles interact with cancerous
cells, demonstrating potential pathways for
therapeutic applications and advancements in
cancer treatment strategies (51). Their innova-
tive experiments involved utilizing ETO and
hydroxyl groups as key modifiers to elevate
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the properties of the DNPs. In their experi-
mental process, NSCLC cells were cultured in
DMEM medium and treated with five concen-
trations of ETO, alongside the introduction of
nanopowders at concentrations between 2 and
100 pg/mL. The striking findings highlighted
a significant decrease in cell viability and in-
creased production of reactive oxygen and
nitrogen species during incubation. Further-
more, the modified detonation nanoparticles
meaningfully impacted glutathione levels
within the cells, rehabilitated the antioxidant
effectiveness, and brought oxidative stress,
emphasizing the profound interactions be-
tween the nanoparticles and the biological en-
vironment of the target cells (51).

4. Delivery of etoposide using GO

Advanced DDS utilizing graphene
derivatives have been developed to address
significant treatment challenges. GOs hold
significant promise in the field of medicine,
particularly for their ability to facilitate TDDS.
By using GOs, the release of the drug ETO
can be controlled over an extended period,
which ensures that it remains effective with-
out requiring frequent dosing. Additionally,
GOs can improve the absorption, distribution,
metabolism, excretion and toxicity (ADMET)
of ETO, meaning they enhance how the body
absorbs, distributes, metabolizes, and excretes
the drug. This dual function not only amplifies
the beneficial effects of ETO but also reduces
its potential adverse effects, making treatment
safer and more effective for patients (52). GOs
represent a promising solution for effectively
delivering chemotherapeutic agents while pro-
tecting them from degradation and immune
system clearance (52, 53).

Using GOs as a drug delivery system
transforms conventional administration meth-
ods. Directly delivering ETO to tumor sites
through GO decreases damage to normal tis-
sues and significantly lowers side effects.
These innovative systems showed a sustained
release profile over an approximately long pe-
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riod, ensuring consistent serum levels of ETO
and decreasing the regularity of dosages re-
quired.

Moreover, plate-like structures known
as GOs can significantly facilitate ETO ab-
sorption and ensure a more efficient distri-
bution. This enhanced solubility makes ETO
more readily accessible for uptake, leading to
improved therapeutic effects as it circulates
through various tissues and organs. This in-
creases the effectiveness of ETO while low-
ering its poisonousness. Combining ETO and
GOs signals a new era in developing reliable
and efficient chemotherapy (8, 54).

Etoposide is primarily used to fight
various malignancies, including hepatocellu-
lar carcinoma (Hep-G2). To elevate the thera-
peutic applications of ETO against Hep-G2
cells while safeguarding the integrity of its
apoptotic pathways, researchers Gholami and
their team embarked on an innovative journey
to explore the potential of carboxylated gra-
phene oxide (GO-COOH) as a groundbreak-
ing drug delivery carrier (8).

The research team harnessed a range
of advanced characterization techniques to
deeply evaluate the properties of ETO-loaded
graphene oxide. Scanning electron microsco-
py (SEM) and transmission electron micros-
copy (TEM) provided high-resolution images
that unveiled the material's surface morphol-
ogy and structural integrity. Ultraviolet-visible
spectroscopy (UV-Vis) revealed the material's
light absorption properties, essential for grasp-
ing its optical characteristics. Fourier-trans-
form infrared spectroscopy (FT-IR) identified
specific functional groups within the compos-
ite, deepening the understanding of its chemi-
cal nature. Further analysis with dynamic
light scattering (DLS) explored particle size
distribution, while Raman spectroscopy illu-
minated molecular vibrations, offering a pro-
found insight into the molecular structure of
the compounds.

Initial findings demonstrated that the
average size of GO was approximately 134
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nanometers (nm). Following the transforma-
tive carboxylation process aimed at enhancing
its functional capabilities, this average size
increased to 178 nm, affirming the success-
ful modification of the material's properties.
The investigations illustrated a significant re-
lationship between the concentration of GO-
COOH and its capability to load ETO. As the
GO-COOH concentration rose from 50 pg/mL
to 1000 pug/mL, the encapsulation percentage
of ETO soared from 13.6% to an astounding
83.20%, showcasing the remarkable poten-
tial of higher concentrations of GO-COOH in
drug delivery formulations.

To evaluate the cytotoxic potential of
these formulations, the researchers conducted
MTT assays, yielding half-maximal inhibitory
concentration (IC50) values that reflect their
remarkable achievements. The IC50 for ETO
alone was determined to be 61.73 pg/mL. In
comparison, the IC50 for the ETO-GO-COOH
complex significantly decreased to 40.11 pg/
mL, illustrating the enhanced potency of this
innovative formulation. Moreover, real-time
polymerase chain reaction (PCR) revealed
that ETO-loaded carboxylated GO effectively
stimulated the gene expression of apoptotic
proteins linked to cellular impairment. Re-
markably, the ETO-loaded carboxylated GO
complex exhibited far greater efficacy in in-
ducing apoptosis in Hep-G2 cells than ETO
alone, reinforcing the transformative impact
of this research. This significant finding high-
lights the incredible potential of GO-COOH
as a therapeutic agent in cancer treatment, in-
spiring hope for enhancing the delivery and ef-
fectiveness of etoposide against hepatocellular
carcinoma.

4.1. ETO targeting cancer cells using GO
Antibody-conjugated GO is a novel
approach to targeting tumor cells in can-
cer therapy (55). This method leverages the
unique properties of graphene oxide, which
can be modified to enhance its targeting ca-
pabilities. One significant advancement in this
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area is GO-TRC105, a specialized monoclonal
antibody that selectively binds to CD105. By
attaching this antibody to graphene oxide, re-
searchers can improve the accuracy of tumor
targeting, which may lead to more effective
treatments and reduced side effects (56).
Another strategy to further increase
the targeting effectiveness involves function-
alizing sulfonic acid groups with graphene
oxide (57). This modification can improve the
GO's chemical properties and stability, poten-
tially enhancing its ability to interact with tu-
mor cells. These innovations represent prom-
ising strategies for developing targeted cancer
therapies that improve patient outcomes and
minimize collateral damage to healthy tissues.

4.2. Why is GO superior to other nGs?

One issue associated with nG 1is its
potential to alter biological environments.
Numerous studies have demonstrated that the
physicochemical properties of nG, including
the size of the sheets, whether they are single-
layer or multi-layer, and the various synthesis
methods, do not significantly influence their
biological behaviors (58).

The second challenge is solubility and
stability. nG is soluble and stable in most com-
mon solvents. However, the dispersion of GO
changed after its reduction, providing better
interaction with solvents such as dichloroben-
zene and 1-chlorophthalene (7).

Several studies show that the solubil-
ity and stability of nG have increased due to
covalent and non-covalent surface function-
alization. Colloidal stability of nG has been
achieved using water-soluble materials (59).

GDs have unique properties such as
high surface-to-volume area, mechanical
strength, and flexibility, making them suit-
able for multifunctional drug systems (60). In
the pharmaceutical sciences, GDs load low-
soluble drugs while maintaining their potency
and efficacy due to their high specific surface
area,m-m accumulation, and electrostatic or hy-
drophobic interactions (7).
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Due to the unique physical and chemi-
cal properties of nG and its derivatives, such
as GO, reduced GO, carboxylated GO, and
GO-nano composites, many sciences have at-
tracted much attention (7, 61). Therefore, one
of the critical derivatives of nG is GO, which
we will discuss later.

4.3. Is GO safe for ETO's drug delivery?

Augment biocompatibility, biodegra-
dation, and other properties of GO can help
enhance the medicine on its surface without
compromising the potency and efficacy of
drugs (8, 62). To increase the biocompatibility
of GO, its surface needs to be functionalized
with oxygenated groups, such as carboxyl.
Carboxylated GO (GO-COOH) has higher
biocompatibility and safety for biological ap-
plications than GO (8, 36). Although ETO-
loaded carboxylated GO is significantly more
efficient than naked drug, both ETO-loaded
carboxylated GO and naked drug cause tox-
icity by inducing the gene expression of sev-
eral apoptotic proteins. The cytotoxicity of
GO and carboxylated GO is dose-dependent.
Carboxylated GO enhances ETO's cytotoxic
effect without affecting ETO's apoptosis path-
way (8).

Carboxylated GO increases the solu-
bility of ETO and its half-life, thus, the time of
exposure to cancer cells, which causes its tox-
icity. This means carboxylated GO improves
the pharmacokinetic properties of ETO (8).
Polyethylene glycol can be used to increase
the biocompatibility of nG or GO (31).

4.4. Is ETO-loaded GO of low systemic toxic-
ity?

GO-based nanomaterials have less
toxic function than inactive substances in
vivo. However, inhalation of nG revealed they
were inflammatory in the lung and pleural
space (63). It has previously been said that the
toxicity of ETO complexed with GO-COOH
is due to ETO itself. GO-COOH has no detri-
mental effect on ETO's anticancer mechanism
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and function. Therefore, GO-COOH can be
used as a suitable carrier for ETO. It should be
noted that the toxicity of the ETO-GO-COOH
complex is concentration-dependent. This
complex was more toxic to cancer cells at low
concentrations than free ETO.

In contrast, at higher concentrations,
the toxicity was independent of the concen-
tration factor (8). Cells exposed to ETO-GO-
COOH showed higher apoptosis than cells
exposed to free ETO. There may not be a sub-
stantial alteration in the extent of necrosis, as
the generation of reactive oxygen species and
oxidative stress contributes to the persistence
of necrotic conditions (8).

5. Experimental studies

In an experiment, three different sizes
of nG and GO were prepared. Both small and
large sizes suggestively diminished the vi-
ability of the normal cells and augmented the
impairment of nucleic acids (64). In terms of
size, large nG and GO had a more significant
effect than medium size and more impact than
small size (65). The toxicity of nG and GO
is based on different physical characteristics,
especially the size, oxidation state, and con-
centration (66). However, the effects of nG are
higher than those of GO (67). The toxicity of
GO is controversial, and some have suggested
that GO is more toxic than nG. However, there
is no doubt that nG and GO are more harm-
ful than their other derivatives. nG showed a
more vital ability to reduce survival and in-
duce acute poisoning, while GO showed ap-
parent toxicity in terms of DNA damage and
abnormal gene expression (65).

In another real-time PCR implemented
experiment, the result revealed that etoposide-
loaded carboxylated GO and the free drug
have induced cellular toxicity by inducing the
gene expression of apoptotic proteins. Howev-
er, etoposide-loaded carboxylated GO is more
efficient compared to free drugs in inducing
apoptosis. Carboxylated GO enhanced the
anticancer efficiency of ETO, while this nano-
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drug did not impact the ETO apoptotic path.
Etoposide-loaded carboxylated GO increased
the expression of five genes: APAF1, BAX,
BCL-2, Caspase 3, and P53—these proteins,
together with Caspase 9, induced by ETO in
the apoptosis pathway (8).

In one experiment, GO was injected
intravenously into mice. As a result of this in-
jection, GO accumulates in the lungs, result-
ing in pulmonary edema and granulomas (68).
After oral administration, the organs cannot
absorb PEGylated GO derivatives and are rap-
idly excreted (69). Despite the long-term pres-
ervation of intraperitoneal injection of GO and
PEGylated GO into the mouse body, no sig-
nificant toxicity was observed in the system-
atic serum biochemistry, complete blood panel
examination, or histological analysis. Granu-
loma formation, which could be induced by
intraperitoneal prolonged injected long multi-
walled carbon nanotubes, was not observed in
mice injected with high doses of GO or PE-
Gylated GO.

The results of this experiment showed
that the in vivo behaviors and toxicology of
nanomaterials, including nG, are closely re-
lated to surface coatings, size, and, most im-
portantly, how they are used (69).

6. Conclusion

This article presents an inspiring anal-
ysis of the latest articles for delivering ETO
using carbon-based nanostructures and their
transformative potential in medical treatment.
It delves into the pros and cons of ETO-DDS,
which utilizes carbon-based nanostructures
and showcases remarkable advancements in
this dynamic field. We reviewed the promis-
ing nature of GO-based technologies for ef-
fectively delivering ETO. For instance, poly-
meric-based GO functionalization of ETO
demonstrates suitable loading efficiency and
slow-release profile during a certain period,
offering hope for breast cancer patients. Cat-
ionic biological nanopolymers, such as chito-
san, significantly prolong the circulation time
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of ETO, reduce toxicity, and elevate antitumor
activity (70).

Furthermore, the potential of partially
esterifying the peripheral hydroxyl groups of
GO with specific compounds, like folic acid,
promises to enhance the efficacy of chemo-
therapeutic agents (71). However, in vivo
and clinical trials are essential for evaluating
safety profile and effectiveness. Carbon-based
structures may suggest enhanced anticancer
effectiveness with an optimized ADMET pro-
file, desirable release rate, and reduced ad-
verse effects. Nevertheless, challenges such
as instability, manufacturing scalability, and
optimal targeting remain to be addressed.

Carbon-based delivery methods—in-
cluding EGF, chitosan, and single-walled
carbon nanotube-carboxylic acids (SWNT-
COOHs)—hold immense capacity to amplify
the efficiency of this anticancer agent. While
concerns about the biocompatibility and en-
vironmental hazards of GOs linger, the jour-
ney to achieving predictable drug loading and
release profiles fosters hope for the future of
cancer treatment (72, 73). These groundbreak-
ing nanosheets encapsulate the compounds
and specifically bond to transformed cells by
several methods. Active attachment, which
implicates attaching specific receptors at the
exterior of the GO, works hand in hand with
passive targeting that leverages the enhanced
permeability and retention (EPR) effect com-
monly seen in tumors (74, 75). GO-based drug
delivery systems present a powerful opportu-
nity to boost therapeutic efficacy by enhancing
the accumulation of compounds in the micro-
environment of transformed cells while less-
ening injuries to normal cells (76).

PEGylated GO-containing anticancer
drugs have been shown to advance pharmaco-
kinetics and antitumor activity in mouse lung
cancer models (77). However, the journey of
innovation is not without its hurdles. Varia-
tions in micelle size, shape, and drug release
kinetics present several challenges that must
be navigated to achieve optimal efficacy and
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safety. The EPR effect, coupled with micelle
size, supports passive targeting of tumor tis-
sue, enhancing accumulation in tumors while
minimizing damage to healthy tissues. Main-
taining micelle stability and managing drug re-
lease rates are vital components of this evolv-
ing landscape. Polymeric GO-based delivery
methods hold tremendous promise in amplify-
ing the potency and selectivity of ETO. These
biocompatible and biodegradable polymeric
GOs facilitate the effective encapsulation of
pharmaceuticals, bringing hope through im-
proved drug delivery to tumor tissues. The
small size of polymeric GO allows for passive
targeting via the EPR effect, further increas-
ing drug accumulation in tumors and sparing
healthy tissues.

In conclusion, the tailored administra-
tion of ETO using GO heralds a new dawn of
therapeutic potential, promising improved out-
comes for cancer patients. These pathways can
direct drugs to tumor tissues precisely, ampli-
fying concentrations within cancer cells while
protecting healthy tissues from harm. Target-
ed delivery with GO alleviates the frequency
and severity of side effects and enhances the
overall treatment experience. By extending
the half-life and reducing the clearance rate of
ETO, GO-based strategies can afford a steady
and extended beneficial efficiency. Moreover,
these delivery methods can potentially over-
come drug resistance, directing ETO to tumor
cells and circumventing challenges posed by
drug efflux pumps. While the path forward
may have challenges, the promise of targeted
administration of ETO nanomedicine inspires
a commitment to advancing safety and effi-
cacy data, paving the way for regulatory ap-
proval and transformative clinical use.

Producing GO-based medication de-
livery systems may be complex and costly,
yet these challenges open the door to ground-
breaking advancements. While tumor hetero-
geneity poses obstacles in effectively deliver-
ing drugs to all tumor cells, the potential to
harness the targeted distribution of ETO in
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diverse therapeutic scenarios is promising.
GO-based drug delivery systems empower the
synergy of multiple medications, enhancing
efficacy while minimizing toxicity. By tailor-
ing these systems to the unique characteristics
of each patient's tumor, we pave the way for
precise targeted delivery. Moreover, releas-
ing imaging agents or biomarker compounds
alongside the drugs can revolutionize real-time
disease monitoring. These innovative systems
combat drug resistance and offer opportunities
to repurpose previously approved drugs in a
novel way. The TDDS for ETO could signifi-
cantly elevate cancer treatment effectiveness.
We addressed clinical challenges head-on
while exploring these strategies' benefits and
limitations. The future of ETO nanomedicine
is bright and filled with the potential for per-
sonalized chemotherapy. The current experi-
ment's efforts to enhance nanocarriers' direct-
ing and diffusion, optimize the release profile,

Etoposide-loaded Graphene Nanostructures Target Cancer Cells

and develop industrial synthesis aim to encap-
sulate diverse chemotherapeutic agents in an
individualized medicine paradigm.
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