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Abstract: Cancer’s pathological processes are complex and present several challenges for current chemotherapy
methods. These challenges include cytotoxicity, multidrug resistance, the proliferation of cancer stem cells, and a
lack of specificity. To address these issues, researchers have turned to nanomaterials, which possess distinct opti-
cal, magnetic, and electrical properties due to their size range of 1-100 nm. Nanomaterials have been engineered to
improve cancer treatment by mitigating cytotoxicity, enhancing specificity, increasing drug payload capacity, and im-
proving drug bioavailability. Despite a growing corpus of research on this subject, there has been limited progress in
permitting nanodrugs for medical use. The advent of nanotechnology, particularly advances in intelligent nanoma-
terials, has transformed the field of cancer diagnosis and therapy. Nanoparticles’ large surface area allows them to
successfully encapsulate a large number of molecules. Nanoparticles can be functionalized with various bio-based
substrates like RNA, DNA, aptamers, and antibodies, enhancing their theranostic capabilities. Biologically derived
nanomaterials offer economical, easily producible, and less toxic alternatives to conventionally manufactured ones.
This review offers a comprehensive overview of cancer theranostics methodologies, focusing on intelligent nano-
materials such as metal, polymeric, and carbon-based nanoparticles. | have also critically discussed their benefits
and challenges in cancer therapy and diagnostics. Utilizing intelligent nanomaterials holds promise for advancing
cancer theranostics, and improving tumor detection and treatment. Further research should optimize nanocarriers
for targeted drug delivery and explore enhanced permeability, cytotoxicity, and retention effects.
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Introduction

Despite significant advancements in medicine
and technology, the current repertoire of effica-
cious strategies for completely eradicating can-
cer remains limited. Metastasis and cancer
recurrence are prominent contributors to dis-
ability and mortality, yet there remains a dearth
of knowledge regarding the underlying mecha-
nisms [1]. Cancer is predominantly attributed to
DNA mutations [2]. In the year 2022, it is pro-
jected that there will be a total of 1,918,030
newly diagnosed cases of cancer and 609,360
deaths caused by cancer in the United States.
Among these deaths, approximately 350 indi-
viduals will succumb to lung cancer each day,
currently recognized as the primary cause of
cancer-related mortality [3]. According to the

projections made by the Global Cancer Obser-
vatory (GCO), it is anticipated that by 2030,
approximately 30 million individuals will suc-
cumb to cancer yearly [4]. As a result of the
elevated mortality rate linked to cancer, the
economic burden on families and society is
substantial. Hence, it is imperative to prioritize
the prevention, screening, diagnosis, and treat-
ment of cancer.

Nanoparticles exhibit a size distribution from
10 nm to 100 nm, thereby possessing a sub-
stantial surface area, rendering them highly
appealing for utilization in biological contexts.
The nanomaterials exhibit high mobility within
the human body, facilitating organ transloca-
tion and efficient penetration into specific tis-
sues. Nanoparticles can form conjugates with
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drug molecules, thereby facilitating the par-
ticular targeting of afflicted tissues, such as
cancer cells, for diagnostics. Nanoparticles
exhibit dimensions that are smaller in scale
compared to blood cells, and they possess a
size approximately equivalent to DNA [5]. This
facilitates enhancing their performance and
endows them with distinctive physical, chemi-
cal, and optical characteristics that render
them suitable for utilization in the medical
domain for cancer treatment and diagnosis. In
addition to being utilized for the development
of innovative methodologies, they possess the
capability to augment traditional techniques.

Medical nanotechnology makes use of materi-
als of nanoscale dimensions, typically ranging
from 1 to 100 nanometers. These materials are
employed in the development and manufacture
of pharmaceuticals and medical devices [6].
Nanomaterials have different optical, magnet-
ic, and electrical properties that distinguish
them from typical macromolecules at the
nanoscale. Nanomaterials have a high surface
area to volume ratio, increased electrical con-
ductivity, super paramagnetic capabilities, a
change in optical absorption spectra, and dif-
ferent fluorescence properties. Nanoparticles
have the potential to be employed in medi-
cine for pharmaceutical delivery and controlled
release. Notable properties include increased
permeability for crossing biological barriers
and improved biocompatibility. Nanomaterials’
unique properties suggest that they might be
employed in cancer therapy. Because of th-
eir high surface-to-volume ratio, nanoparticles
may bind to biomolecules or residues, improv-
ing the selectivity of chemical drug complexes
in targeted treatment. This, in turn, improves
the efficacy of nanomaterial-based treatments
while reducing their toxicity to normal cells [7].

Various forms of nanoparticles, including mag-
netic, carbon nanomaterials, polymeric mice-
lles, and other nanomaterials, have been used
in cancer detection and imaging due to their
diverse biological uses. Due to their distinct
characteristics, these nanoparticles have been
used in several medicinal applications. The
distinctive chemical, optical, magnetic, and
chemical characteristics of nanomaterials en-
able the creation of imaging probes that pos-
sess enhanced contrast, heightened sensitivi-
ty, regulated biodistribution, and improved spa-
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tial imaging in PET, MRI, SPECT, and ultrasound
methods [8]. Microbubbles, a kind of nanoma-
terial, serve as molecular imaging agents and
are used in ultrasonic imaging. In a particular
investigation, vascular endothelial growth fac-
tor receptor 2 and avB3-targeted microbubbles
were used for molecular ultrasound imaging.
The study successfully showed the accurate
attachment of these microbubbles to angiogen-
ic tumour blood capillaries. Efficiently identify-
ing tumours and malignancies at an early stage
continues to be a difficult task in clinical diag-
nostics. Advanced nanomaterials have great
potential in the field of early cancer detection,
diagnosis, and imaging. Metal nanoclusters
have potential use in both cancer detection
and therapy. Furthermore, scientists are inves-
tigating methods to mitigate the toxicity caused
by nanoparticles, as well as strategies for man-
ufacturing nanoparticles that are both safe and
effective for human ingestion [9].

Nanoparticles are a superior option for cancer
therapy in comparison to microparticles due to
their higher biodegradability. Nanoparticles are
unable to infiltrate regular blood arteries due to
the presence of a compact extracellular matrix.
The growth of the tumour hindered the lym-
phatic drainage due to the presence of under-
developed blood vessels formed as a result of
tumor-induced angiogenesis. The inhibited flow
of lymphatic fluid enables nanoparticles to infil-
trate specific cells. The phenomenon referred
to as “enhanced permeability and retention
effect” (EPR) is responsible for the passive tar-
geting of nanoparticles, which relies heavily on
this effect [10].

In this review, we discussed several types of
nanoparticles and nanomaterials, including
magnetic nanoparticles, carbon nanotubes,
graphene-based materials, metal nanoparti-
cles, polymeric micelles, and other carbon-
based materials, have been utilized in cancer
detection, imaging, and treatment due to their
diverse biological applications. Due to their dis-
tinctive characteristics, these nanomaterials
have been employed in various medical appli-
cations. Nanomaterials’ distinct chemical, ma
gnetic, optical, and chemical characteristics
facilitate the creation of imaging probes for
diagnosis and drug materials for cancer treat-
ment. The advancement of sophisticated nano-
materials represents a highly promising strate-
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gy for early cancer detection, diagnosis, and
treatment. Lastly, we have given a future out-
look for researchers to find new research gaps
in the latest research studies.

Nanoparticles: a crucial tool for cancer diag-
nosis

Detect breast, colon, and cervical malignanci-
es using magnetic, quantum dots, polymeric,
metallic, fullerene, liposomes, graphene, car-
bon nanotubes, or dendrimers. They are also
crucial to imaging. After crossing biological bar-
riers like cell membranes, nanoparticles spend
a lot of time floating in the blood before engag-
ing with various biological systems. To improve
tumour binding and detection, nanoparticles
may be combined with cancer-specific antibod-
ies. Nanoparticles and sensors may improve
cancer detection and diagnosis, according to
recent studies [9]. Methylation patterns and
mutation detection have been described as
markers for cancer diagnosis. Circulating tu-
mor cells, cell-free RNA, and extracellular vesi-
cles have all been proposed for clinical diagno-
sis [11], but additional research is needed.
(-Mercaptopropyl) trimethoxysilane has been
employed as a stabilizing agent for fluorescent
gold nanoclusters or superparamagnetic. Con-
jugation of the produced GNCs@MPS onto the
surface of “Fe,0,@Si0, nanoparticles” was fol-
lowed by the incorporation of “poly ethylene
glycol dimethacrylate” to create Fe,0,/GNCs
nanoprobes. HL60 cancer cells have been
shown to be receptive to absorption of [9].

Nanoparticles as diagnostic imaging agents

Medical imaging is critical in the diagnosis and
treatment of malignant tumours. Iron oxide na-
noparticles are only one kind of nanoparticle
that might be employed to enhance imaging
methods by improving optical, magnetic, acous-
tic, and structural capabilities. Several studies
have shown that introducing nanoparticles into
certain tissues improves tumour diagnostics
and surgical operations by increasing image
contrast [12]. In cryosurgery, nanoparticles
have been shown to enhance tumour and ice
ball border imaging. Because of the improve-
ment in picture quality, the ice balls may be
coated more completely, improving the thera-
peutic effect. Furthermore, in imaging applica-
tions, metallic nanoparticles prevail. Different
imaging processes may influence the metals
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utilised to create nanoparticles. Nanoparticles
are constructed of various materials and are
employed in diagnostic imaging methods [13].

MRI is widely acknowledged as the most effec-
tive noninvasive method for detecting tumors.
However, challenges arise in clinical tumor de-
tection when attempting to compare MRI sig-
nals between normal and malignant tissues for
a better understanding of the former. Magnetic
resonance imaging relies on measuring the
magnetic characteristics of hydrogen nuclei
within water molecules, offering a non-invasive
approach to medical imaging. Changes in mag-
netization caused by protons in tissues result
in unique properties for each anatomical struc-
ture. The use of contrast agents can enhance
image clarity. In addition to cancer diagnosis,
the increased permeability and retention ef-
fect associated with tumors significantly im-
prove the contrast of magnetic nanoparticles
[14-186].

Iron oxide magnetic nanoparticles are popular
choices for MRI contrast agents due to their
ability to selectively target individual cells. For
example, studies indicate that MRI can iden-
tify liver cancer by observing the intracellular
absorption of iron oxide nanoparticles by
Kupffer cells in the liver. Although these
nanoparticles exhibit low signal strength in
healthy tissue and high signal strength in tumor
tissue, they cannot enter cancer cells. Recent
research suggests that modifying nanoparticle
surfaces appropriately and incorporating tu-
mor-specific bio-oligomers can enhance nano-
particle localization inside tumors, offering
potential benefits in early detection of micro-
scopic cancers. Targeting human transferrin
with AuNanoparticles has been demonstrated
to significantly improve the efficiency of brain
tumor imaging. Researchers have effectively
detected microscopic cancers using anti-epi-
dermal growth factor receptor monoclonal
antibodies in conjunction with paramagnetic
nanoparticle probes [17, 18].

Drug delivery through nanoparticle targeting

The use of chemotherapeutic drugs has be-
come standard practice when dealing with can-
cer. However, getting these drugs to concen-
trate where they will do the best in malignant
tumors while avoiding accumulating in healthy
tissue remains a major obstacle [19]. Sub-
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stances taken orally can slow the proliferation
of cells throughout the body, including in the
bone marrow, hair follicles, intestine, and lym-
phocytes. Some potential side effects include
a decrease in bone marrow function, the on-
set of mucositis, hair loss, and even death in
extreme situations [20]. Compared to conven-
tional therapeutic approaches, targeted drug
delivery’s higher efficacy and lower incidence of
adverse effects have been shown. This proce-
dure entails actively differentiating between
normal and malignant cells for medicine ad-
ministration. Using either active or passive tar-
geting methods, several studies have shown
that nanoparticles can selectively deliver che-
motherapeutic medications to tumor cells.
Nanoparticles have been demonstrated to
have a critical function in facilitating the pre-
cise administration of immunotherapeutic ag-
ents in several experimental experiments [21].

Many pathophysiological features, such as
temperature, the surface charge of tumor cells,
pH, abnormal blood vessels, and influence pas-
sive targeting in tumor tissue [22]. Nanoparti-
cles having a diameter of around 400 nm are
easily passively transported to tumor tissue for
tumor angiogenesis, which promotes blood
vessel growth and retention [23]. However, due
to the physicochemical features of the nanopar-
ticles, the passive targeting strategy has sev-
eral drawbacks. Surface charge, hydrophobici-
ty, diameter, hydrophilicity, and molecule wei-
ght are all relevant characteristics of nanopar-
ticles. In addition, it has been demonstrated
that increased permeability and retention activ-
ity in tumor cells is insufficient when a passive
targeting strategy is used [24]. Due largely to
the constraints of passive targeting, there has
been a shift in recent years toward active tar-
geting in studying drug-delivery nanoparticles.
This change has led to a greater focus on ligand
targeting and other active targeting techni-
ques.

Active targeting, also known as ligand target-
ing, involves the incorporation of ligands spe-
cific to tumor biomarkers into nanoparticles
[25]. Nanoparticle internalization by tumor
cells through receptor-mediated endocytosis
after ligand-receptor interaction at the tumor
surface. The intracellular milieu has an acidic
pH, and certain enzymes break down the na-
noparticles, releasing the drugs within. Current
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studies often use transferrin, glycoprotein epi-
dermal growth factor receptor, and folic acid as
targeted ligands [26]. To treat mice with breast
cancer, researchers used gemcitabine-loaded
EGFR-targeted stearyl nanoparticles [27]. They
reported considerable drug enrichment and
apparent efficacy. Researchers showed that
gold nanoparticles coated with berberine hy-
drochloride may effectively deliver therapeutic
drugs to folate receptor-expressing human cer-
vical cancer cells by targeted delivery of folic
acid [28].

In recent times, the use of short interfering
RNA-mediated gene silencing therapy is one of
the most promising emerging methods for com-
bating cancer compared to traditional chemo-
therapy medications. While it is true that virus-
es may serve as carriers for siRNA delivery, it
has been shown that viral vectors can lead
to insertional mutagenesis and immunogenic
responses [29]. In contrast, it has been claim-
ed that selenium nanoparticles have significant
promise as carriers for small interfering RNA
due to the inherent properties of selenium, a
trace element. Selenium has been found to
possess the ability to diminish tumor inciden-
ce, mitigate medication toxicity, and modulate
immunological function [30]. Furthermore, the
surface of selenium nanoparticles may be mod-
ified with different tumor-targeting moieties,
i.e., hyaluronic acid, RGD peptide, and folate, to
augment their tumor-targeting capability [31].
In their study, researchers demonstrated the
remarkable targeting efficacy of selenium na-
noparticles functionalized with RGDfC peptide
toward Hela cervical cancer cells. In the con-
text of targeted medication delivery for various
cancers, RGDfC-Se@siRNA nanoparticles have
the potential to be reused due to their unique
binding ability with avB3 integrin, which is
known to be substantially expressed by a
diverse range of tumor cells [32]. The electro-
static interaction between positively charged
RGDfC-SeNanoparticles and negatively char-
ged siRNA enables a tight packaging of siRNA,
as shown in their structural arrangement. The
findings from animal investigations indicate
that RGDfC-Se@siRNA Nanoparticles can ef-
fectively clathrin-associated endocytosis to
enter tumor cells. Tumor cells can rapidly pro-
duce small interfering RNA, which effectively
suppresses the expression of relevant genes
and facilitates the production of reactive oxy-
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gen species. This process hinders the prolifera-
tion of tumor cells and promotes their pro-
grammed cell death, also known as apoptosis
[33]. Furthermore, certain types of Selenium
nanoparticles have shown remarkable biologi-
cal safety, as evidenced by their lack of discern-
ible harmful effects on vital organs like the
liver, kidney, lung, heart, spleen, and others in
murine models [34, 35].

Although various nanoparticle systems have
been developed for targeted drug delivery,
most of these applications are currently limit-
ed to cell or animal testing with little support
for clinical use. It's also important to remem-
ber that many nanoparticles are delivered with-
in the tumor. The types of nanoparticles that
may be employed efficiently for treating tumors
are restricted by the mode of administration
chosen. There is also a lack of alternate drug
delivery techniques and specialized tools for
nanoparticles.

This suggests that studying nanoparticles for
targeted medication delivery may benefit from
further investigation into various methods of
nanoparticle administration. The available evi-
dence indicates that a vascular interventional
delivery method might be effective. The sug-
gested approach relies first on medical imaging
tools to pinpoint the location of the blood artery
that nourishes the tumor. The nanoparticles
are then delivered by guide wire to the selected
tumor-feeding blood vessel. In addition, a mag-
netic field is utilized to confine the nanoparti-
cles to a specific area. Since nanoparticles are
not impacted by the presence of blood flow
inside the vessel, they may be immobilized
where they are needed. However, there are
limitations on the types of nanoparticles that
may be used for this purpose. The effective-
ness of therapy for unbound tumor cells and
micrometastasis will be reduced due to the
intentional targeting of nanoparticles, which
will modify the distribution of chemotherapeu-
tic medicines throughout the body. However,
the effect of targeting is typically enhanced,
and future studies may give clearer proof of
benefit when tailored drugs are utilized. It's
also very unlikely that anti-cancer drugs could
eliminate all tumor stem cells on their own.
More success has been shown in targeting
tumor stem cells using physical therapy adapt-
ed to nanoparticle formations’ physical proper-
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ties. The development of multifunctional nano-
particles that may act as drug carriers for cryo-
surgery, photothermal treatment, and photody-
namic therapy is thus encouraged for future
studies. Tumor therapy results may be improved
by using these multifunctional nanoparticles.

Nanoparticles in the routine diagnosis and
treatment of cancer

Nanodiagnostics utilize nanoparticles in clini-
cal diagnostics, revolutionizing early cancer
detection and increasing sensitivity [36]. Va-
rious nanomaterials, such as polymeric nano-
particles, dendrimers, carbon nanotubes, and
quantum dots, are employed in cancer diagno-
sis. Enhancing the detection capabilities of
nanoparticles involves combining them with
targeted small molecules, such as aptamers,
polysaccharides, antibodies, and peptides
(Table 1) [37]. Gold nanoparticles have been
extensively studied for their potential in cancer
detection, with recent research showing a sig-
nificant increase in fluorescence intensity for
Au-doped nanoparticles. Detection of the can-
cer biomarker carcinoembryonic antigen using
color imaging and fluorescence demonstrated
a clear red color change, establishing a limit of
detection (LOD) of 10.00 ng/mL. Further differ-
entiation in fluorescence intensity improved
the LOD to 0.10 ng/mL. Clinical samples con-
firmed the method’s viability. An immunoassay
approach was found effective in accurately
measuring the liver cancer biomarker Hsp9O0,
enhancing control over the location of immobi-
lized antibodies. Additionally, miR-377-3p and
miR-381-3p were identified as biomarkers for
colorectal cancer diagnosis [38, 39].

Metallic nanoparticles

Metallic nanoparticles, ranging in size from 1 to
100 nm, are categorized as nanoparticles,
nanowires, nanoplatelets, and nanostructures.
Their propensity for aggregation and the forma-
tion of macroscopic structures is attributed to
higher surface energy levels. To maintain stabil-
ity in a liquid environment, two main strategies
are employed. Static stabilization involves the
creation of an electrical double layer by co-
llecting negative ions, preventing nanoparticle
aggregation through repulsion. Steric stabiliza-
tion, an additional method, wraps metallic
nanoparticles in polymers, surfactants, or
ligands to prevent the formation of unwieldy
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Table 1. Role of various Nanoparticles in cancer treatments

Cancer type Results Application References
Hela cervical and breast Initial in vitro cultivation of a compound with antimicrobial and Utilize as a potent microbiological and anti-carcinogenic agent. [157]
cancer lines antitumor properties.
Lung cancer biomarker Biomarker hnRNPB1 for in vitro cancer diagnostics. Thiol crosslinking of GNP with hnRNPB1. [158]
Skin cancer Spherical Au nanoparticles with Pt nanodots had higher absor- The efficiency and photostability of nanoparticles in photothermal [159]
bance and a wider absorption bandwidth. conversion are quite outstanding.
Breast cancer Gold nanoparticles have shown potential as a diagnostic and AuNanoparticles may have improved PTT-based early-stage breast [160]
therapeutic tool for breast cancer. cancer detection and therapy for advanced breast cancers.
Glioblastoma and melanoma Minimal cytotoxicity was observed in normal cells during in vitro The treatment of glioblastoma and melanoma. [161]
cells experiments.
microRNA biology It has the potential to detect cancer under controlled laboratory Identifying microRNA-155. [9]
and animal settings.
Neuroblastoma cancer Apoptosis and oxidative DNA damage were both factors in the The initiation of programmed cell death (apoptosis) in malignant [162]
death of cancer cells caused by RA and Pt Nanoparticles (in vitro). cells.
Tumor Lowering protein absorption (in vitro) is one-way inert nanoparticle Transportation of therapeutic substances to specified places inside [163]
surfaces improve imaging. the body to view malignant tissues constitutes the field of drug
delivery for cancer imaging.
Cancer Cancer treatment with gold nanoparticles and the detection of AuNanoparticles can be easily modified with cancer cell surface [164]
Nanoparticles in drug delivery systems. receptor ligands and have a longer half-life and improved receptor-
mediated endocytosis.
Colon cancer cells The apoptotic death of cancer cells was induced in an in vitro Proton therapy simulation for cancer treatment improved in ef- [165]
experiment. fectiveness.
Cancer Platinum-based nanoplatforms for multimodal imaging in bio- Malignant tumors treated with photodynamic treatment may also [166]
medical diagnostics. benefit from using Pt(ll)-based compounds as photosensitizers.
Cervical and melanoma Gold Nanoparticles and a wide range of cancer cell lines inhibit The effects of gold nanoparticles on HelLa and A375 cells treated [167]
cancer cells cell proliferation and promote cell death. with tannic acid and green tea nanoparticles were due to apoptotic
induction.
Lung cancer Nano-enabled drug delivery devices can deliver sensitizer mol- As a result of many limitations of traditional therapies, nanotech- [168]
ecules to tumor cells to enhance radiation therapy. nology has come to the rescue.
Detection of cancer The FRET method combined with fluorescence FITC enables more FITC fluorescence induced by FRET. [38]
biomarker CEA selective detection of cancer cells.
Breast Cancer The biocompatibility of the radio enhancer is increased, and the  The nanosystem increased intracellular ROS in cancer cells and [169]
nanoparticles are stabilized. facilitated their demise when exposed to X-rays.
Cancer Since AuNanoparticles can undergo surface modifications, they Due to their malleability, AuNanoparticles could be exploited to [170]
could be used to create biocompatible and functional nano- develop cancer therapeutic nano-agents that are both safe and
agents for cancer therapy. effective.
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Metallic Nanoparticles in cancer treatment
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Figure 1. Metallic nanoparticles in cancer treatments.

chains. These stabilized metallic nanoparticles
play crucial roles in the diagnosis and treat-
ment of cancer cells (Figure 1).

Platinum nanoparticles: The medical applica-
tion of nanoscale platinum has significantly
expanded due to its intrinsic antioxidant capa-
bilities with anticancer effects, preventing tu-
mor formation. Functionalized platinum nano-
particles, when combined with specific ligands,
enhance the effectiveness of tumor targeting.
PtNanoparticles also enable optimized drug
release mechanisms and improve drug de-
livery efficiency. However, recent studies indi-
cate potential negative effects, with nanoparti-
cle accumulation observed in critical organs
and cells. Globally, platinum-based chemother-
apeutic agents like cisplatin, carboplatin, and
oxaliplatin remain widely used for cancer treat-
ment [40].

Nevertheless, the absence of precision in can-
cer therapy results in detrimental consequenc-
es and a rise in drug resistance [41]. Biote-
chnology, nanomedicine, and pharmacology
each employ platinum nanoparticles in their
respective research endeavors. Human trials
have not yet been conducted to evaluate the
efficacy of inorganic platinum nanoparticle
nanoformulations. According to Jeyaraj et al.
(2019), it is hypothesized that enhancing the
duration of circulation of platinum nanoparti-
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therapy

cles within the human body could yield greater
advantages. To achieve this, it is suggested
that coating the surfaces of these nanoparti-
cles with a biocompatible substance such as
polyvinylpyrrolidone (PVP) may be a viable
approach [42]. In an experimental investiga-
tion, DOX (doxorubicin) was employed as a rep-
resentative pharmaceutical compound to syn-
thesize platinum nanoparticles functionalized
with PVP (polyvinylpyrrolidone). The resulting
nanoparticles exhibited an octopod morpholo-
gy and uniform distribution throughout the
sample. The system was employed to enhance
the process of drug distribution and mitigate
toxicity. The platinum-DOX conjugate system
was observed to enhance both drug release
and biocompatibility. The cytotoxic capacity of
the system was evaluated using two distinct
subtypes of intrinsic breast cancer cells, name-
ly MCF-7 and MDA-MB-231. The study conduct-
ed revealed that the activation of the tumor
suppressor gene PTEN is involved in the inhibi-
tion of the PIBK/AKT signaling pathway (Figure
2) [43].

Kankala et al. hypothesized that platinum
nanoparticles can deeply infiltrate tumors and
exhibit synergistic therapeutic impacts due to
the catalytic assistance of free radical species
in the platinum nanoparticles. The ultrasmall
platinum nanoparticles were dispersed within
chitosan and loaded onto zinc-doped mesopo-
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Figure 2. Using a doxorubicin-platinum conjugate system increases PTEN expression, inhibiting the PI3K/AKT path-
way. Reproduced with permission from [43]. Copyrights (2021), RSC.

rous silica nanocarriers via self-assembly. The
loading efficiency of doxorubicin molecules into
the acidic microenvironment of the tumor was
enhanced by the presence of zinc species
incorporated into the siliceous frameworks,
eliminating the requirement for supplementary
functionalization [44]. The efficacy of antican-
cer treatment was improved through the dis-
ruption of established coordination interac-
tions between the host and guest species, as
Dhavale et al. (2021) demonstrated. The meth-
odology greatly enhanced the elimination of
tumors by enabling extensive infiltration into
deep tumor regions while concurrently produc-
ing harmful free radicals to eliminate multidrug-
resistant malignancies [45].

Gold nanopatrticles: Gold nanoparticles, with
their unique properties, find diverse biological
applications, particularly in various imaging te-
chniques. Their advantageous qualities, such
as an extended half-life in the circulatory sys-
tem, enhance tumor targeting for more precise
cancer diagnoses. Gold nanoparticles demon-
strate versatility in drug delivery, nucleic acid
transport, radiation, and photothermal abla-
tion. Their flexible synthesis, accommodating
varied sizes and shapes, contributes to their
clinical desirability, marked by reduced cytotox-
icity and enhanced biocompatibility. Several
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diagnostic tools based on gold nanoparticles
have received FDA clearance for commercial
release, with ongoing testing of numerous for-
mulations [46].

According to Umapathi et al. (2020), curcumin
and isonicotinic acid hydrazide corona function-
alized gold nanoparticles were developed to
specifically target cancer. Both LK-2 lung can-
cer cells and TIG-120 fibrillary epithelial cells
are very vulnerable to the toxicity of functional
nanoparticles. Anticancer activity (ROS) was
boosted by conjugating CUR and INH on Au-
Nanoparticles [47]. Additional research re-
vealed that the LK-2 and TIG-120 cells under-
went apoptosis and morphological alterations.
Furthermore, a comparison is made between
these nanoparticles and standard cisplatin
regarding their anticancer activity [48].

Palladium nanoparticles: Nanoparticles are
composed of palladium. Palladium nanoparti-
cles exhibit remarkable catalytic and optical
properties, making them suitable for therag-
nostic purposes. According to scientific re-
searchers, palladium nanomaterial has been
employed as a prodrug activator, photother-
mal agent, and therapy for anticancer and anti-
bacterial purposes. There have been asser-
tions regarding the cost-effective biosynthesis
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Figure 3. A. Mechanism of palladium nanoparticles activity against cancer. Reproduced with permission from
[49]. Copyrights (2021), MDPI. B. The cytotoxicity of polyvinylpyrrolidone-coated palladium nanoparticles (PVP-Pd-
Nanoparticles) against breast cancer cell lines was evaluated using the MTT assay. Reproduced with permission

from [50]. Copyrights (2020), RSC.

of palladium nanoparticles through using Sau-
di propolis. According to Al-Fakeh et al. (2021),
the palladium nanoparticles demonstrated a
half-maximal inhibitory concentration (IC50) of
104.79 ug/mL, effectively achieving a thera-
peutic effect in the treatment of MCF-7 ductal
cancer (Figure 3A) [49]. The palladium na-
noparticles have undergone modifications to
treat MCF7 breast cancer cells. This was
achieved by utilizing PVP-functionalized palla-
dium. As the dosage increased, PVP-coated
palladium nanoparticles exhibited a significant
decrease in the viability of MCF7 human bre-
ast cancer cells (Figure 3B). The hypothesized
mechanism for the induction of death by the
system involves the enzymatic activity of
Caspase3/7, which is believed to cause dam-
age to the mitochondrial membrane potential
and nuclear DNA [50].

Silver nanoparticles: Antimicrobial wound dre-
ssings, topical lotions to prevent infection, and
anticancer medicines are just a few of the many
uses for silver nanoparticles, which are growing
in popularity in biomedicine [51]. ROS, oxida-
tive stress, and DNA damage are the key pro-
cesses by which silver nanoparticles exert their
effects. Reactive oxygen species (ROS) are cru-
cial to cellular health because they maintain
homeostasis. ROS, a consequence of cellular
metabolism, plays an important role in intra-
cellular signaling networks. However, silver
nanoparticle-induced toxicity is mediated by
an increase in intracellular reactive oxygen spe-
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cies (ROS) that destroys DNA, lipids, and pro-
teins (Figure 4) [52].

After being taken in by the cell and broken
down in the acidic cytosol, silver nanoparticles
produce toxicity in the treated cells. Because of
their propensity to disrupt fundamental cellular
processes, including metabolism and cell divi-
sion, silver nanoparticles have been associated
with an increased risk of cancer and cell death
[53]. According to Muhammad et al. (2021),
adding silver nanoparticles to paclitaxel nano-
crystals increases the drug’s overall anti-can-
cer effectiveness against human cancer cells.
The organic anti-cancer medicine paclitaxel
was mixed with the inorganic tumor-targeting
agents silver nanoparticles to create nanocrys-
tals. The paclitaxel nanocrystals served as a
mold for the polydopamine (PDA) coating. The
PDA layer served as a connecting bridge for
the in-situ synthesis and deposition of silver
nanoparticles (RGDARF), and it was additional-
ly grafted with the tumor-targeting peptide
NR21. The cellular uptake efficiency, in vitro anti-
cancer efficacy, and anti-migration impact of
drug nanocrystals coated with NR1/AgNP were
considerably enhanced. The studies showed
that the effects of silver nanoparticles and
paclitaxel on NR1-receptor interaction, pH-res-
ponsive drug release, and small size were addi-
tive or synergistic. These NR1-AgNP-decorated
PTX nanocrystals struck an excellent balance
between selectivity and biocompatibility. These
nanocrystals have a significant degree of apop-
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Cytoplasm HOST CELL

Figure 4. (1) The surface protein (gp120) of both enclosed and unenveloped viruses interacts with Ag nanoparticles.
(2) Ag Nanoparticles prevent viruses from entering host cells. (3) Ag Nanoparticles impede the entrance of viruses
into the nucleus of cells. (4) By interfering with the viral DNA, AgNanoparticles prevent viral reproduction. Repro-

duced with permission from [52]. Copyrights (2021), Springer.

totic efficiency, leading to membrane lysis, nu-
clear damage, mitochondrial malfunction, an
increase in reactive oxygen species (ROS), and
double-stranded DNA breakage [54]. Umapathi
et al. (2020) and Muhammad et al. (2020)
hypothesized that activation of p53 and cas-
pase 3, as well as alteration of the Bax-to-Bcl-2
ratio, may be important to the potential acting
mechanism and molecular foundation of these
different pharmacological nanocrystals [47].

Magnetic nanoparticles

Magnetic nanoparticles, smaller than 50 nm,
exhibit strong binding affinity, featuring pro-
tons, electrons, and ions with biocompatibility
and no harmful effects. Their quick testing and
low detection limit are advantageous, and their
movement is governed by an external magnetic
field, ensuring high saturation magnetization.
Injected easily into the body, they maintain sta-
bility, allowing for tumor detection, localization,
and intracellular drug delivery. The neutral pH
in aqueous solutions further supports their sta-
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bility, making them suitable for medicinal and
environmental applications. Various synthetic
routes, including chemical and physical meth-
ods, create nanoparticles with tailored pro-
perties, such as enhanced magnetic strength
or improved medication delivery. Additionally,
functionalized magnetic nanoparticles have
been explored for cancer treatment using alter-
nating magnetic fields or near-infrared light
stimulation [55].

Due to their rapid degradation and unique cyto-
toxic mechanism when uncoated, iron oxide
nanoparticles are useful for in vivo studies.
The manipulation of magnetic spin is utilized
to generate oxygen radicals for the goal of can-
cer diagnosis, and here is where iron oxide
nanoparticles find their most common use. The
capacity to control these nanoparticles with an
external electromagnetic field should also be
addressed. The introduction of locally hazard-
ous reactive oxygen and reactive nitrogen spe-
cies may result from such manipulation. Be-
cause of this property, nanoparticles may find
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Table 2. Inorganic nanomaterials for cancer treatment

Sponsor Indication

Clinical trials

Material description

Magnablate | Prostate Cancer

NC100150/Clariscan/Feru- Microvascular imaging with MRI NCT03455283 (Not Provided)

glose/PEG-fero (Nycomed)  in tumors

NanoTherm Thermal ablation
Local ablation in glioblastoma

NCT02033447 (Ph 0)

Approved, 2010 (EMA)

Magnetically sensitive iron nanopar-
ticles for thermal ablation

USPIO Nanoparticles with a polyethyl-
ene glycol carbohydrate coating
Magnetite nanoparticles coated with
aminosilane

Ferristene Cancer gastrointestinal tract Approved, 1993 (Sweden); Discontin-  Nanoparticles of iron oxide covered
ued, 2002 with polystyrene
Diafer Deficiency in iron CKD-associated NCT02301026 (Not Provided) Ap- Colloid Iron Isomaltoside 5%
anemia proved, 2013

Radiogardase Thallium: radioactive/non-

radioactive

Ferumoxtran-10/AMI-277 Breast Cancer
Bladder cancer

Approved, 2003 (FDA)

NCT02751606 (Ph Ill)
NCT00188695 (Ph I/11) ticles

Prussian blue

Dextran T-10-coated USPIO nanopar-

CosmoFer Iron deficiency in Anemia NCT01428843 (Ph Ill), NCTO1447628 Low molecular weight iron dextran
(Ph 11), NCT02086838 (Ph IV) colloid
Monofer Malignancies; Esophageal Cancer NCT01895218 (Ph Ill), NCTO2172001 1000 colloid units of iron isomalto-
Recipients; Colorectal Cancer (Ph 1l1), NCTO3888768 (Not Appli- side, 10%

cable), (Ph IV), NCTO3957057 (Ph IlI)

MagProbe Leukemia detection

NCT01411904 (Not Applicable)

Nanoparticles of magnetic iron oxide

widespread use in the emerging area of tu-
mor therapy. This kind of treatment makes
healthy tissues less likely to have unwanted
side effects. Compared to standard antitumor
drugs, iron oxide nanoparticles loaded with
anticancer drugs have several advantages.
These benefits result from their remote con-
trollability, as shown in a mouse model of
breast cancer [56, 57]. Increasing evidence
points to miRNA-155 overexpression as a bio-
marker for breast cancer. However, there are
obstacles to mapping miRNA-155 since so few
very sensitive technologies are currently avail-
able. To solve this problem, researchers have
developed a fresh approach to producing miR-
NA-155-measuring magnetic nanoprobes in
short order [58]. According to a different study,
the longitudinal evaluation of LCDIO in malig-
nant tumors revealed an increase in tumor
cells in the bloodstream. This confirms that
MRI is a useful tool for detecting tumors.
Furthermore, there is evidence that LCDIO
has a unique distribution pattern inside tumor
cells. In areas of vigorous angiogenesis, how-
ever, LCDIO may be taken up by endothelial
cells and macrophages as well. Additionally, in
vitro cell culture investigations showed a sig-
nificant correlation between LCDIO uptake and
cancer cell growth [59]. The clinical trails of
various mangnetic nanomaterials are given in
Table 2.
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Fe,0, magnetic nanoparticles (MNanoparti-
cles) were grafted with chitosan (Figure 5A), a
naturally occurring hydrophilic and biodegrad-
able polymer, to facilitate the delivery of the
anticancer medication telmisartan (TEL). The
increased amount of TEL concentration result-
ed in heightened loading capacity and efficien-
cy (Figure 5B). The controlled release features
of drug-loaded MNP-CS (MNP-CS-TEL) varied
with pH (Figure 5C). Cytotoxicity investigations
were conducted using the MTT method to
assess the cell viability % of MNP-CS, MNP-CS-
TEL, and Free TEL on PC-3 cancer cells (Figure
5D) [44].

Incorporating MNanoparticles into self-assem-
bled hybrid nanoparticles provides benefits,
including the ability to load vast quantities of
medicines and regulate drug release. In this
setting, nickel ferrite (NFO) nanoparticles have
been employed to transport chemotherapeutic
agents. To disperse zidovudine (AZT), a polyvi-
nyl alcohol/stearic acid hybrid was employed
with a polyethylene glycol (PEG) formulation
containing NFO. Using NFO-reinforced hybrid
nanoparticles, intracellular delivery of AZT was
verified [60]. The use of environmentally friend-
ly chemistry in MNP production is also high-
lighted. Using Arabic gum as a green reagent,
nickel oxide nanoparticles were successfully
synthesized. They employed the MTT assay on
U8B7MG cancer cell lines to determine the cyto-
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Figure 5. A. Fabrication of MNP-CS-TEL. B. Drug loading capacity variation with TEL concentration (MNP-CS: 1 mg/
ml). C. Drug release profiles of MNP-CS-TEL at different pH and temperature conditions. D. In vitro cytotoxicity as-
say of MNP-CS, MNP-CS-TEL, and TEL on PC-3 human prostate cancer cell line using MTT assay. Reproduced with

permission from [44]. Copyrights (2021), Elsevier.

toxicity of nickel oxide nanoparticles. The IC50
of this drug was determined to be 37.84 g mL
when tested on US7MG cancer cells [61].

Polymeric-based nanoparticles for cancer
diagnosis and treatment

Polymeric nanoparticles are a kind of nanopar-
ticle whose size is generally between 1 and
1000 nm. Nanocapsules and nanospheres are
two examples of the different structural con-
figurations in polymer nanocomposites. These
constructions are stronger mechanically, more
electrically conductive, and more insulated
thermally and optically. Advanced fluorophores
with active pharmaceutical ingredients and
drug delivery systems may increase luminosity
while decreasing toxicity and bioaccumulation.
Microencapsulation is the gold standard for
drug delivery systems. Vaccines and tissue

5762

engineering are only two of the many areas
where polymeric nanoparticles have been put
to use. The nanoparticles protect the pharma-
ceutical molecules during drug delivery [62].
Antiviral drugs, antioxidants, vitamins, anti-
sense oligonucleotides, anticancer drugs, and
plasmid DNA are only some medications that
have been delivered with the help of natural
polymers. Synthetic polymers may be used to
create polymeric nanoparticles. Based on whe-
ther or not they decompose, these PNanopar-
ticles fall into one of two categories: biode-
gradable and non-biodegradable. In cutaneous
and transdermal medication administration
systems, non-biodegradable polyacrylates are
employed to a lower degree than biodegrad-
able polymers [63]. Transdermal medication
delivery systems have used the biodegradable
polymer poly-lactic-co-glycolic acid [64].
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The quality of optical and magnetic resonance
imaging to identify brain cancer has been
improved with the help of PNanoparticles.
Three-dimensional core-shell polymers called
dendrimers may improve targeting and achie-
ve a brain-blood-barrier crossing in this way.
Dendrimers made of poly-amidoamine have
become more popular for use in medication
delivery. Dendrimers conjugated with tamoxi-
fen are of special interest because of their
function as drug carriers [65]. In order to lower
the solution’s surface tension for polymer-
based nanoparticle synthesis, surfactants are
often used. The monomer, the fundamental
unit of a polymer, is next mixed with the surfac-
tant. Subsequently, nanoparticles are formed
as a consequence of polymerization of the
monomer.

The disadvantages of polymeric nanoparticles
are their decreased stability and their tendency
to aggregate. The characteristics mentioned
above might complicate some applications,
including drug delivery. Further, the necessity
for precise control of reaction conditions during
the creation of polymeric nanoparticles may
provide difficulties. Due to their susceptibility to
oxidation, polymeric nanoparticles can only be
used in certain situations. The necessity for
precise monitoring of reaction conditions com-
plicates scaling up polymeric nanoparticles for
commercial usage. In cancer diagnosis and
therapy, doxorubicin-loaded polymeric nanopar-
ticles that glow in the near-infrared have been
used [66]. In a different study, nanoparticles
made of 99mTc-PLA/PVA/Atezolizumab were
biodistributed to aid in the diagnosis of non-
small cell lung cancer [67].

Methotrexate (MTX) was effectively encapsu-
lated within chitosan nanoparticles (Meth-Cs-
Nanoparticles) using the ionic gelation tech-
nique, aiming to enhance the anti-cancer po-
tency of MTX. The created nanocarriers demon-
strated the ability to encapsulate hydrophilic
MTX to its fullest capacity effectively. In the
study, nanoparticles loaded with MTX were
synthesized to achieve optimal entrapment
efficiency, which was determined to be 87%.
These nanoparticles were subsequently as-
sessed for their effectiveness in combating
cancer. The in-vitro drug release study demon-
strated a significant level of controlled release
of MTX (methotrexate) in an acidic environ-

5763

ment. In the context of in-vitro cytotoxicity stu-
dies conducted on MDA-MB-231 cell lines, it
had been observed that Meth-Cs-Nanoparticles
exhibit a significant inhibitory effect on cell via-
bility. Specifically, at a concentration of 15 ug/
mL and after 24 h of incubation, Meth-Cs-
Nanoparticles inhibited 50% of cell viability.
This inhibitory effect is notably higher than the
impact observed with MTX alone. The body
weight changes of rats in disease control (sa-
line), free MTX, Cs-Nanoparticles, and Meth-
Cs-Nanoparticles groups throughout the trial
(Figure 6A and 6B). The Meth-Cs-Nanoparticles
group had a substantial drop in body weight
compared to the sick control group, Cs-Nano-
particles group, and free MTX group (P < 0.05).
Treatment group survival curves are shown in
Figure 6C. Figure 6D shows tumor volume
changes in rats treated with saline (diseased
control), free MTX, Cs-Nanoparticles, and
Meth-Cs-Nanoparticles nanoparticles. The dis-
eased control group saw a significant rise in
tumor volume from 370 to 1414 mm?. In the
free MTX group, tumor growth ranged from 270
to 885 mm?3, whereas Meth-Cs-Nanoparticles
considerably inhibited growth (197-385 mm?).
Meth-Cs-Nanoparticles decrease tumor devel-
opment more than free MTX. The tumor weight
of the Meth-Cs-Nanoparticles group was broad-
ly (P < 0.05) lower than the diseased control
group (Figure 6E). The TIR values of the Meth-
Cs-Nanoparticles and Cs-Nanoparticles groups
were 78% and 58%, respectively, whereas the
MTX group was 50%. These findings show that
Meth-Cs-Nanoparticles had remarkable anti-
tumor activity (Figure 6F). The findings sug-
gested that cancer cells have demonstrated a
high nanoparticle uptake capacity, leading to
enhanced anti-cancer effects [68].

Advantages and disadvantages of polymeric
nanoparticles

Polymeric nanoparticles possess several sig-
nificant benefits. These include their diminu-
tive dimensions, compatibility with biological
systems, ability to degrade naturally, capacity
to carry a substantial amount of medication,
minimal or absent toxicity towards healthy cells,
robust stability under physiological conditions,
capability to transport imaging agents, con-
trolled release of drugs, stability of the nanopar-
ticles-drug complex at pH levels found in bio-
logical buffers, and the facilitation of interfaces
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Figure 6. A. Before treatment: Body weight. B. After treatment: Body weight. C. Survival curve. D. Tumor volume
curve: Slower tumor growth observed in the Meth-Cs-Nanoparticles group compared to the other three groups. E.
Tumor weight comparison and tumor inhibition rate. F. Comparison of different samples.

between the nanoparticles-drug complex and
receptors [63]. In addition to these benefits,
further advantages include the simplicity of
their preparation and the ability to effectively
regulate both size and distribution. Polymeric
nanoparticles have favorable protective prop-
erties against environmental conditions when
used as carriers for encapsulated medicines.
Polymeric nanoparticles provide advantageous
characteristics such as effective medication
retention and extended blood circulation dura-
tions [69]. Polymeric nanoparticles do not pos-
sess any significant drawbacks.

Nevertheless, the primary negatives that mi-
ght be considered are the restricted targeting
capabilities and the issue of therapeutic ter-
mination. Polymeric nanoparticles have the
potential to induce autonomic imbalance dis-
turbances. Polymeric nanoparticles have been
shown to sometimes influence vascular and
cardiac functioning [70].

Carbon-based nanomaterials

Particles measuring between 1 and 100 nm
in size are considered nanoparticles [71]. The
extraordinary qualities of nanomaterials have
made them ideal for use in biomedical applica-
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tions, ushering in medical research has enter-
ed a new era. Nanomaterials are distinguished
from other substances by their superior ther-
mal and mechanical stability, greater surface-
to-volume ratio, and ease of derivatization.
Carbon is a ubiquitous component of all living
things, and it has piqued human curiosity for a
long time due to its potential uses in medicine
and environmental research (Figure 7). As a
result of advancements in nanoscience, carbon
compounds have shrunk from macroscopic to
nanoscale dimensions. Since their develop-
ment, carbon-based nanomaterials have recei-
ved extensive study and are now an integral
part of nanotechnology (Table 3). Multiple car-
bon allotropes have been reported to exist at
present, each with its own unique set of hybrid-
ization patterns (sp3, sp2, and sp) and dimen-
sional features (3D, 2D, 1D, OD) [72]. Nano-
diamonds, graphene, carbon nanocones, gra-
phene oxide, carbon nanobuds, quantum dots,
and carbon nanotubes are just some of the
newly discovered forms of carbon that have
been the subject of extensive study in recent
years. Nano-electronics theragnostics, field
emission display, energy storage, high-frequen-
cy electronics, and conversion are just some of
the many places where these allotropes and
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Figure 7. Role of Carbon-based nanoparticles and nanomaterials in cancer treatment and diagnosis.

Table 3. Various carbon materials (CNTs and Fullerenes) role in cancer treatment

Nanocomposites Cancer type Biomarkers References
Carboxyfullerenes Blood cancer MMP-2, MMP-9 [171]
MWCNTs Pancreatic cancer Carbohydrate antigen 19-9 [102]
Red-fluorescent fullerene Breast cancer Protein and changes to the fullerene scaffold’s [172]
structure lead to cytotoxic consequences.
DBCO-PEG5-NHS ester-modified CNTs Hepatocellular carcinoma Golgi protein 73 and Alpha-fetoprotein [173]
Aminofullerenes Lung cancer Hsp90p, MYH9 [174]
Zein Nanoparticles/MWCNTs HepG2 cell line H,0, monitoring HepG2 cells [175]
Fullerene (C60) The MTT experiment confirmed the cyto-  Higher cytotoxicity (in vitro) against cancer cells [176]
toxic potential of the nanocomplex in vitro was observed in the C60 + LA nanocomplex
LyP-1 conjugated siRNA/MWCNTs Pancreatic cancer Delivery of siRNA [177]
Fullerenes Pancreatic cancer Human serum albumin [178]
Functionalized CNTs HepG2 cell line Sorafenib delivery [179]

their functionalized versions have found a
home [73]. Researchers in the area of bio-
sensors have made extensive use of carbon-
based materials in recent decades, intending
to increase sensitivity and selectivity. Over
time, these materials’ use in biosensors has
expanded beyond their primary functions to
include their incorporation as electrode com-
ponents.

Fullerene

Graphene, nanoclusters, nanowires, and car-
bon nanotubes are only some of the zero-,
one-, and two-dimensional (2D) carbon com-
pounds produced to improve their potential
uses. Within the family of carbon nanostruc-
tures, fullerenes are among the most potent
components. The carbon atoms in fullerenes
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are sp2 hybridized and organized in exceeding-
ly symmetrical polyhedral clusters or cages by
fusing five- and six-membered rings. These
rings have either 70 or 60 atoms, thus the des-
ignations C70 and C60. The given numerical
value is 45. Next, in line after C60 is its stable
homolog C70, then C82, C80, C76, C74, and so
on [74, 75]. Since their discovery, fullerenes
have attracted a great deal of interest from
scientists due to their unique electrochemical
properties and stability. Geodesic and electri-
cal bonding contribute to C60 molecular stabil-
ity. In 1966, Daedalus proposed a theoretical
framework for developing a thick, hollow carbo-
naceous structure on the inside. The C60 mol-
ecule, which has an Ih symmetric soccer ball
shape, was initially introduced by Osawa in
1970. Kroto and Smalley’s definitive discovery
of fullerene C60 in 1985 was a major step for-
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ward in the scientific community. This progress
was made possible by vaporizing graphite with
a Nd: YAG laser. The compound was named
Buckminsterfullerene after the architect R.
Buckminster Fuller, whose idea was to model a
compound like a soccer ball [76, 77]. The sp2
hybridized carbon atom is an efficient electron
acceptor because of its lengthy - conjugation.
Several fields of study are now using fullerenes,
including solar cells, medicine, nanoelectron-
ics, and supercapacitors. The modest diameter
range of fullerenes (7-10) and expanded options
for surface chemical modification bode well for
their potential biological action [78].

C60 has two different bond lengths, the 6:6
ring bonds, and the 6:5 linear bonds. The for-
mer are conceivably double bonds and seem
shorter than the latter. Because C60’s pentag-
onal rings are unlikely to form double bonds,
its aromaticity is diminished, and not consid-
ered a superaromatic molecule. To conclude,
C60 structures are typically characterized by
electron-deficient alkenes possessing distinc-
tive characteristics and a heightened reactivity
towards entities that have an abundance of
electrons. The ionization potential of this par-
ticular element is measured to be 7.8 electron
volts (eV), while its electron affinity is deter-
mined to be 2.7 eV. C60 shows promise as a
good option for various electrochemical appli-
cations due to its tendency to participate in
electron transfer processes and its robust elec-
trochemical characteristics [79-81].

The most common method for producing fuller-
enes is the low-pressure vaporization and inert
gas of carbon-rich materials using an arc plas-
ma. However, this method has a relatively small
quantity of pure fullerenes [82]. Improved re-
sults and the ability to synthesize fullerenes on
a wide scale are made possible using high-fre-
quency arc plasma methods. Other synthesis
methods have been established, including re-
active precursors, vaporization, and chemical
synthesis of a carbon source [83, 84].

Since fullerenes (C60) were discovered, bio-
sensor research has dramatically shifted [85].
Researchers are interested in fullerenes be-
cause of their unique topological properties
and electrochemical features, i.e., the ability to
absorb light across a large spectrum (UV-visi-
ble), angular strain in the structure, a long trip-
let state lifetime, a photo-thermal effect, and

5766

reversible electrophilic and nucleophilic proper-
ties [86]. Consideration of the presence of
functional groups and hydrophilicity is crucial
for improving the performance of fullerene as a
mediator in a biosensing device. These charac-
teristics are essential for easing fullerene’s
incorporation into the targeted biomolecules.
However, bioconjugation with physiologically
active molecules is ineffective if these two
characteristics are missing [87]. Functionaliza-
tion strategies, including carboxy, amino, or
hydroxyl groups, are required to overcome this
difficulty. Functionalization strategies may vary
from one area of application to another.
Different biosensors (potentiometric, electro-
chemical, optical) and analytes (enzymes, pro-
teins, antigens) result in other modifications of
elemental fullerene [88]. The fullerene struc-
ture is modified by adding functional groups to
facilitate efficient interaction with the target
molecule. This will allow for a healthy flow of
electrons between the electrodes and the ana-
lyte [89]. The fullerene molecule is immobile
concerning the glucose oxidase enzyme within
the setting of a glucose biosensor. The resear-
ch claims that a positive association exists
between the concentration of immobilized
fullerenes and the sensitivity of the glucose
biosensor [90, 91]. Both potentiometric and
piezoelectric biosensors have been tested in
experiments using fullerenes for urea detec-
tion. An acrylic-based hydrogen ion membrane
was coated with a bioconjugate comprising
fullerene and urease to create a potentiometric
biosensor for urea detection. The results of the
experiments showed that the bioconjugate was
stable for a total of 140 days [92]. Fullerenes
are crucial components in several biosensors
for detecting biomolecules, including electro-
chemical, potentiometric, and piezoelectric bio-
sensors, immunosensors, and DNA sensors
[93]. Novel and notable characteristics in modi-
fying or constructing biosensors include the
capacity to quickly functionalize fullerenes,
modify signals, and switch when exposed to
light.

Carbon nanotubes

The prominence of carbon nanotubes during
the 1990s has piqued the curiosity of scien-
tists ever since. Nanostructures under consid-
eration are made from a rolled-up sheet of
graphene. Single-walled carbon nanotubes,
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double-walled carbon nanotubes, and multi-
walled carbon nanotubes have all been postu-
lated as possible forms of these structures
[94]. These materials exhibit various fascinat-
ing properties because of their small size and
cylindrical shape. Carbon nanotubes, specifi-
cally individual single-walled carbon nanotub-
es, show promising attributes that could sur-
pass conventional materials used in practical
applications.

Carbon nanotubes may have far-reaching impli-
cations for the future of biology and medicine.
Several studies have been undertaken to prove
the usefulness of these materials in their
respective fields of application [95]. Recent
research has shown the efficacy of a matrix
composed of various DNA and carbon nano-
tube combinations in identifying biomarkers
linked to gynecologic cancers. Researchers
have examined how biomarkers may change
how carbon nanotubes behave optically. It was
shown that this effect is sensitive to both the
DNA sequence and the CNTs’ chirality. There-
fore, tracking the fluorescence spectra of many
DNA-CNT hybrids may allow for the registration
of a cancer fingerprint. This research reveals
the feasibility of using nanostructures based
on functional carbon nanotubes for detecting
and treating several cancers, including pancre-
atic and liver [96].

CNTs for pancreatic cancer analysis and thera-
py: Pancreatic cancer, often known as PC in the
medical literature, is an extremely common and
deadly form of cancer that affects the pancre-
as. According to research, those diagnosed
with this illness have a very low chance of sur-
viving. It may also invade nearby tissues and
spread to other organs [97]. When standard
chemotherapy fails to control pancreatic can-
cer, surgery is typically necessary [98, 99].
However, most people with pancreatic cancer
are often diagnosed at a later stage of the dis-
ease due to the lack of clinical symptoms in the
early stages. In addition, the increased risk of
metastasis in later stages reduces the effec-
tiveness of surgical procedures [100]. Endo-
scopic ultrasonography and computed tomog-
raphy have been routinely used to diagnose
and stage pancreatic cancer [101], sometimes
combined with fine needle biopsy. However,
there are difficulties connected with using such
approaches. The effectiveness of a complex
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endoscopic surgery relies significantly on the
physicians’ expertise and the accuracy with
which they interpret CT scans. Thus, adopting
a new strategy for early identification of pancre-
atic cancer is crucial. More and more people
are interested in discovering and developing
carbon nanotube-based new nanomaterials
with different theranostic uses, especially in
the field of cancer research. In addition, they
have become more important in PC diagnosis
and treatment. Several research has focused
on the use of biomarkers for the diagnosis of
cancer. Cancers of the pancreas, bile duct,
liver, stomach, and colorectal tract may all be
reliably diagnosed with the use of carbohydrate
antigen 19-9 (CA19-9). To detect CA19-9, a
biosensor based on MWCNTs was placed on
microporous filter paper [102].

CNTs for liver cancer detection and therapy:
According to most estimates, human liver can-
cer is the sixth most common cancer world-
wide. Asia and Africa have a far greater inci-
dence of this problem than Europe. About 75%
of all cases of liver cancer are classified as
either hepatocellular carcinoma or malignant
hepatoma. Liver transplantation and surgical
intervention are the standard treatments. How-
ever, these approaches only work in the early
stages of hepatocellular carcinoma and fail
miserably after the cancer has spread [103].

Chemotherapy is now the standard of care for
this disease. The limited capacity to selectively
target liver cancer cells, the widespread devel-
opment of drug resistance, and the unpleasant
side effects of this strategy all reduce its effi-
cacy. Anti-angiogenesis drugs, such as tyrosine
Kinase inhibitors, are the mainstay of chemo-
therapeutic therapy for hepatocellular carcino-
ma. Although these drugs mainly target cancer
cells, they can have side effects on healthy
cells. These pharmaceuticals can potentially
slow the growth of normal cells throughout the
human body, including those in the bone mar-
row, the digestive system, and the hair follicles.
These problems may find a solution in the revo-
lutionary diagnostic and therapeutic strate-
gies based on nanocarriers made possible by
the development of nanotechnology. In order to
identify liver cancer, cutting-edge diagnostic
tools have been built using carbon nanotubes.
CNTs’ advantageous biochemistry and micro-
structure have been shown to facilitate the
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Figure 8. Mechanism of action of CNT-PTX on prostate cancer cell.

transport of anticancer medicines into the tar-
get cancer cells [104].

Paclitaxel (PTX), the first-line prostate cancer
treatment, was added to polyethyleneimine-
functionalized multiple-wall carbon nanotubes
(CNTs) by Edson José Comparetti et al. These
particles were then coated with PSMA antibod-
ies to target prostate cancer cells. HCT-116
LNCaP prostate cancer cells (PSMA+), CaCo-2
colon cancer cells (PSMA-), and human periph-
eral monocytes and lymphocytes (PSMA-) were
in vitro exposed to fluorescent CNT compos-
ites. Fluorescence microscopy and flow cytom-
etry showed that CNT-PTX and CNTs interact
diffusely with all cell types. Cytotoxicity analysis
showed that PTX complexed with CNTs was
more effective on the prostate (PSMA+) and
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colorectal cancer cells (PSMA-) than pure PTX
or CNTs alone (Figure 8) [104].

Carbon dots

CDs’ unique photoluminescence capabilities in
the visible region have piqued the curiosity of
the bio-imaging community [105]. This is be-
cause of their small size, passivated surface,
and remarkable fluorescence properties, which
include high photo-stability, a broad excitation
spectrum, and tunable emission characteris-
tics [106, 107]. Nanomaterials made of carbon
have the potential to streamline both imaging
and drug delivery [108]. It has been proposed
that doxorubicin delivery and fluorescence
imaging can be greatly improved by employing
GQDs-MSNs (Graphene quantum dots-Meso-
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porous silica nanoparticles) nanocomposite
nanoparticles. Using this method, scientists
can track the carrier’s location within the cell
and how the medicine is diffused from it [109].
The use of CDs could open up new paths of
investigation for studying the detection of can-
cer cells. Specially functionalized cyclodextrins
can penetrate many different kinds of cancer
cells. Because of this, fluorescence imaging
techniques can be used to probe the cancer
cells with greater efficiency. An individual rec-
ognition procedure is required to interact with
cancer cell surface groups and functional CDs
[110]. Because of their capacity to selectively
target the surface moiety of angiopep 2 found
on glioma cells, PEGylated cyclodextrins like
those stated cannot be rewritten from the
user’s description. Glioma imaging is more sen-
sitive than imaging of normal brain tissue
because of this specific recognition process
[111]. The development of biocompatible CDs
with a QY of over 20% has been the focus of
several recent research and development
efforts. These discs are designed for use in bio-
sensing and bioimaging [112].

Carbon quantum dots may be improved for bio-
imaging applications through passivation and
doping processes. CDs with a high QY could be
useful in bioimaging because of the informa-
tion they could store [113]. Carbon dots’ poten-
tial application in fluorescent bio-imaging could
be increased by incorporating heteroatoms,
which can alter their intrinsic properties and
boost the fluorescence quantum yield. Nitrogen
doping is found to increase the quantum yield
of CDs by 16% [114]. Carbon dots were studied
for their luminous qualities as a potential bio-
imaging probe in confocal microscopy. Gra-
phene quantum dots were produced from car-
bon black and used in this research [115].
Since the product displayed green fluorescence
after being taken up by MCF-7 human breast
cancer cells, we can infer that its biocompatibil-
ity is quite high [116, 117].

CDs may be used as a photosensitizer, allowing
for the easier production of reactive oxygen
species when exposed to light [118]. Short
user-provided content precludes scholarly re-
writing. Surface passivation, heteroatom dop-
ing, and the edge effect are the three ways car-
bon dots can be functionalized [119]. We used
a one-pot microwave-assisted pyrolysis app-

5769

roach to create poly-dopamine passivated fluo-
rescent carbon dots. The quantum yield of CDs
was increased by a factor of three due to the
insertion of N N-atoms, achieved without using
PDA. Because of this occurrence, we now have
a reliable photo-thermal conversion efficiency
and unprecedented compatibility with living
systems [120]. A novel drug delivery platform
using hyaluronic acid-modified carbon dot-
doxorubicin nanoparticles was synthesized ea-
sily. One-step hydrothermal treatment with cit-
ric acid and branch-PEI as core carbon source
produced CD44-targeted HA-modified carbon
dots (HA-CDs) as carriers in one hour. This
method used HA as a carbon dot, hydrophilic
group, and targeting ligand. The as-prepared
HA-CDs were loaded with doxorubicin (HA-
CD@p-CBA-DOX) through an acid-cleavable
bond, which released the drug pH-responsively.
In vitro tests, HA-CD@p-CBA-DOX showed ex-
cellent 4T1 cell cytotoxicity, hemocompatibi-
lity, and serum stability. Confocal laser scan-
ning imaging and flow cytometry showed that
4T1 cells ingested DOX-loaded nanoparticles
through HA-mediated CD44-targeting. Live
imaging revealed that HA-CD@p-CBA-DOX in-
creased tumor accumulation in vivo. In hetero-
topic and orthotopic 4T1 cell tumor models,
HA-CD@p-CBA-DOX outperformed free DOX in
vivo (Figure 9A and 9B). HA-CD@p-CBA-DOX’s
biocompatibility was further validated by blood
hematological and biochemistry tests showing
no harm. HA-CD@p-CBA-DOX offers a targeted
breast cancer treatment approach (Figure
9C-E) [121]. Table 4 gives the summary of vari-
ous carbon quantum dots nanocomposites in
the treatment of cancers.

Graphene

To facilitate the advancement of a drug delivery
system utilizing graphene oxide for the specific
objective of anticancer therapy, it is feasible to
integrate many anticancer agents, including
Doxorubicin, Paclitaxel, and methotrexate, ei-
ther onto the surface of GO or by immobilizing
them via graphene [122]. The use of nanopar-
ticles that are particular to certain cell types as
carriers for medication has shown promise in
effectively targeting cells at lower doses [123].
For example, a research investigation was car-
ried out in which aptamer-coupled magnetic
graphene oxide nanocarriers were synthesized
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Figure 9. (A) The effects of injecting free doxorubicin and HA-CD@p-CBA-DOX into tumor-bearing heterotopic 471
mice on tumor volume. (B) The effects of free doxorubicin and HA-CD@p-CBA-DOX on the body weight of heterotopic
4T1 tumor-bearing mice. Picture (C) of the tumor. (D) Tumor masses at day 15 for all groups. (E) Tumor and major
organ H&E staining after therapy. **p 0.01 and ***p 0.001 (n =5, mean SD). The 100 m scale bar represents one
hundred micrometers. Reproduced with permission from [121]. Copyrights (2020), Elsevier.

and successfully targeted the MCF-7 human
breast cancer cell line.

The nanocarriers were determined to be
extremely appropriate drug carriers for target-
ed drug delivery systems in the context of anti-
cancer treatment [124]. The effective copoly-
merization of Graphene oxide with B-cyclodex-
trin was revealed in a study by researchers. The
copolymerization procedure led to the incorpo-
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ration of two medications, methotrexate and
doxorubicin, which exhibit hydrophobic and
hydrophilic characteristics, respectively. The
copolymer demonstrated significant effective-
ness in causing cytotoxicity in cancer cells
[125]. A distinct inquiry was undertaken to pro-
duce superparamagnetic iron oxide-reduced
graphene oxide, followed by the loading of the
DOX medicine. The cancer cells demonstrate
an acidic microenvironment with a pH value of
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Table 4. Role of carbon/quantum dots against various cancers

Nanocomposite Binding force Synthesis Highlights References
HA-CD@p-CBA-DOX Acid-cleavable bond One-step hydrothermal HA-CD@p-CBA-DOX showed better in vivo anti-tumor activity in het- [121]
erotopic and orthotopic 4T1 cell tumors.
Carbon dots Non-covalent electrostatic attraction, - Their high quantum yield makes them an attractive bioimaging, [180]
Covalently bonded and H-bonding sensing and targeted chemotherapeutic option.
UCNP-GQD/TRITC GQD-UCNP and (TRITC-UCNP-GQD) Hydrothermal method Targeted mitochondrial photodynamic treatment with near-infrared [181]
covalent bonded light.
CQDs - Nucleic acid Targeting Superior in vitro efficacy of PDT for cancer cell killing. [182]
Se/N-CDs Electrostatic interaction Isothermal PDT in the nucleus made Se/N-CDs more effective in inhibiting
tumor growth in vitro and in vivo.
Lu-TP&Gd-TP/GQD-RGD  Hydrophobic interactions, and ri-it Hydrothermal method PDT, BRT, and PTT are only some of the many possible combination [183]
stacking therapies.
GrQDs Controlling oxygen content using self- Immobilization of catalase Tumor-specific accumulation, extended circulation times, and homo- [184]
enriched 02 Cell membrane coating typic targeting mechanisms directed towards malignant cells.
GQD-SS-Ce6 Disulfide bond Improved Hummers method A redox-responsive photodynamic nanosystem that effectively inhib- [185]
its tumor development.
GQDs - Peeling and exfoliating The ROS production from GQDs is much higher than that from regu- [186]
graphite flake lar photosensitizers.
GQDs@hMSN(DOX)-PEG Covalent bond Hydrothermally PDT and an improved medication delivery system. [187]
Cationic carbon dots Nucleus targeting Hydrothermal approach Enhanced cytotoxicity toward malignant cells. [188]
N-GQD-DOX-APTES Covalent bond Hydrothermal Drug delivery to the nucleus with variable PTT. [189]
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4.3. The acidic situation facilitates the efficient
release of drugs coated on graphene oxide, as
graphene has been observed to exhibit sensi-
tivity to acidic environments [126]. In a specific
investigation, graphene oxide was successfully
employed as a carrier for encapsulating doxoru-
bicin and paclitaxel, combined with hyaluronic
acid acting as the copolymer. This research’s
primary aim was to focus on breast cancer cell
lines, specifically BT-474 and MDA-MB-231.
The study’s findings demonstrated that the
drug-loaded combination successfully caused
apoptosis while exhibiting no effect on BT-474
cells that lack CD44 receptor expression [127].

Avb3 integrin was also used as a ligand in this
process to conjugate with PEG-PCL micelles
loaded with DOX. The augmentation of endocy-
tosis mediated by receptors allows the complex
to be taken up by cancer endothelial cells, as
was seen in prior work [128]. A research inves-
tigation was undertaken to examine the aug-
mented anticancer efficacy of the GE11 pep-
tide copolymer when combined with oridonin, a
graphene oxide-loaded anticancer medication.
This study aimed to enhance the internalization
of graphene oxide in esophageal cells exhibit-
ing overexpression of epidermal growth factor
receptors.

To accurately characterize breast cancer cell
lines, such as MCF-7 and MDA-MB-231, scien-
tists employed a conjugation technique involv-
ing combining graphene oxide with polyethyl-
ene glycol and folic acid. The inclusion of
substantial amounts of DOX and the subse-
quent development of characteristics like a
near-infrared light-activated heater were ob-
served through this conjugation process [129].
The potential enhancement of functionality and
effectiveness can be achieved by integrating
graphene oxide with superparamagnetic iron
oxide. The composite material, GO-Fe 0O, exhi-
bits favorable fluorescence-tracked transpor-
tation of doxorubicin, which is non-covalently
bound to GO. The conjugation process yields a
substantial loading of DOX onto GO, resulting
in a considerable 2.5-fold increase in efficacy
[130]. A detailed summary of various graphene-
based materials is given in Table 5.

Other carbon materials

Many different types of carbon-based nanoma-
terials have been studied in recent decades for
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their potential in many fields of application,
mostly owing to their desirable electrical prop-
erties. Carbon nanohorns, nanodiamonds with
a nitrogen vacancy core, nanocarbon black,
and nanofibers are only a few of the carbona-
ceous materials suggested for this purpose.
Carbon-based materials are briefly described
here.

lijima discovered carbon nanohorns in 1998;
nowadays, they are more often referred to by
their other name, “single-walled nanohorns”
[88, 131]. Conical shapes, made from sp2 car-
bon sheets, are typical of what scientists call
single-walled carbon nanohorns. These struc-
tures’ dimensions are 40-50 nm in length and
2-5 nm in width [132]. There are three unique
morphological varieties of single-walled carbon
nanohorns, and they are referred to as “bud-
like”, “dahlia-like”, and “seed-like” [133]. Na-
nohorns’ surface is a complicated mixture of
hexagons, pentagons, and heptagons, result-
ing in a wide range of chemical characteristics.
Carbon nanohorns of great purity may be pro-
duced in large quantities at room temperature.
In addition, no toxic metal catalysts are used
anywhere in the process. In addition, no fur-
ther sanitation steps are required to evaluate
their biocompatibility [134]. Significant impro-
vements in conductivity and dispersibility, as
well as remarkable field-emission characteris-
tics, semiconducting properties, and thermal
and chemical stability, are among the promi-
nent aspects of these materials. Single-walled
carbon nanohorns are very pure and lack me-
tallic components, in contrast to carbon nano-
tubes. There may be uses for these nanoparti-
cles in biosensor studies [135]. The first glu-
cose biosensor ever made employed single-
walled carbon nanohorns [136]. Nafion-SWCNH
composite material encapsulated glucose oxi-
dase, resulting in the biosensor. The Composite
Nafion-SWCNH/glucose biosensor showed very
good performance in terms of high sensitivity,
high selectivity, and low detection limit. In order
to create H,0, biosensors, single-walled carbon
nanohorns were employed as a novel and bio-
compatible substrate. Myoglobin, a heme pro-
tein, has been immobilized on the surface of
non-covalently functionalized single-walled car-
bon nanohorns in the presence of poly (styrene
sulfonate) to construct an electrochemical bio-
sensor [137].
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Table 5. Graphene-based materials for effective treatment of cancer cells

. . ) Drug loadin ’ - -
Nanocomposites Size Cancer cell line efﬁciency g Drug Used Drug loading efficiency Stability Ref
Graphene oxide/gemcitabine/montmo- 130 nm MB-231-MDA cells - Gemcitabine Within 24 hours, at a pH of Excellent physical, chemical, and thermal sta- [190]
rillonite/chitosan 7.4, 23%. bility. The time frame is not specified.
Cyclodextrin dendritic-Graphene oxide - Human breast cancer 9.8% Dox Within 144 hours, 67% at pH - [191]
cells 5.2 and 85% at pH 7.4.
Superparamagnetic graphene oxide 9.3 (x2.7)nm MCF-7, HelLa, and Caov- 75% Methotrexate pH 7.4: 46% (3.1), pH 5.5: Functional at physiological pH. Lack of con- [192]
4 cancer cell lines (3.3), 59% in 75 hours. text about stability duration.
Mesoporous silica/nanoparticles/GO/ 190 nm MDA-MB-231 cells 36.6% Topotecan  pH 5.5: 76.0%, pH 7.4: 45.0% - [193]
topotecan within 24 hours.
Cyclodextrin/cystamine/pegylated 531 nm Human liver cancer 95.5% Doxorubicin 72 hours later, 65.2% at pH Excellent resistance to the salt solution found [194]
functionalized graphene oxide cell line 7.4 and 37.6% at pH 5.3. in the human body. There is no set time limit.
Amino acids-functionalized GO foams 80 nm HepG2 and MCF-7 cell 67.55% Cisplatin Within 7 hours, 68.1% at Excellent biocompatibility and storage [195]
lines pH 7.4. stability.
Ferric oxide/Reduced graphene oxide/ 60 nm MCF-7 and A549 98% Dox Within 10 hours, 96.6% at pH - [196]
chitosan/doxorubicin cancer cells 5.5 and 10% at pH 7.4.
miRNA/-polyethylene glycol/nano-GO/  200-500 nm SKOV 3 cells, and SKOV 6% Platinum Proportion: 90% at pH 5, Excellent two-week stability in water, MES, [197]
folic acid - platinum 3 DDP cells -63% at pH 7.4. PBS, and cell media.
Under a day.
Graphene oxide/magnetic iron oxide <100 nm Human neuroblastoma/ - Doxorubicin  Within 120 hours, the propor- Increased solubility in water and stability for ~ [198]
nanoparticles SH-SY5Y cells tion is 28% at pH 7.4 and 24 hours.
45% at pH 5.5.
Paclitaxel/graphene oxide/gold Average length and Human lung cancer cell - Paclitaxel 80% after 96 h and 120 h - [199]

nanorods loaded into poly (tetrameth-
ylene ether) glycol/polyurethane

width of 34 + 3 nm
and 9.8.0 + 1.2 nm

lines/A549

under pH values of 5.5 and
7.4, respectively.
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The term “nanodiamond” is used to describe
carbon nanomaterials that have a diamond-
like crystal structure. Nanomaterials with sp3-
hybridized carbon atoms and sizes between 1
and 20 nm [138, 139]. Since the carbon atoms
in these materials typically form bonds with
hydrogen and other non-carbon elements, their
properties are more like those of biological mol-
ecules than those of bulk diamonds. Many
methods exist for synthesizing nanodiamonds,
with the explosive detonation approach being
the most common. This technique involves the
controlled detonation of an explosive mixture
of trinitrotoluene and hexogen in an oxygen-
depleted, high-temperature, and high-pressure
environment. Accordingly, “detonation NDs” is
a frequent name for these types of NDs. Optical
qualities include refractive index and excellent
optical transparency, high thermal conductivity,
high strength, and remarkable mechanical fea-
tures, including hardness and high electrical
resistivity. These are just a few of the unique
physical attributes of nanodiamonds [140]. It's
well known that nanodiamonds have the larg-
est optical bandgap of any known material and
are semiconducting [141]. Nanodiamonds are
very useful for research in various areas, such
as electronics, energy, optical computing, and
environmental science, due to their unusual
properties [142]. Nanodiamonds also show
great promise in biosensing applications due to
their high biocompatibility and low cytotoxicity.
Nanodiamonds’ functional groups on their sur-
face and very flexible core make them a promis-
ing tool for the engineering of new enzymes,
proteins, and composite materials [143, 144].
When it comes to bio-conjugation, which in-
volves molecules like metalloproteins, DNA,
antigens, and enzymes, nanodiamonds have
put out a novel proposal. Recently, a team of
scientists modified a diamond sensor using
enzymes, allowing it to detect chemical chang-
es. Urea has been detected in a number of
solutions using this modified sensor with good
results. In the process of creating an EDIS peni-
cillin sensor, researchers have also looked at
the pH-sensitive properties of O-terminated
nanodiamonds [88, 145].

Nanodiamonds with an NV core have gained
popularity in recent years as a highly sensitive
material for application in many types of bio-
sensors. The NV center is a kind of nanodia-
mond point defect. It is distinguished by the
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presence of a vacancy pair along the 111 crys-
tallographic axes and the replacement of a car-
bon atom with a nitrogen atom [146, 147].
Carbon nano black is a powder with an extreme-
ly high surface area and a very tiny particle size
distribution. Because of its high conductivity
and large surface area, this nanomaterial is
widely used in biosensing applications. Screen-
printed electrodes improved with carbon black
nanoparticles have been effectively manufac-
tured by the research team led by Arduini et al.
The electrode may now be utilized for the elec-
trochemical detection of paraoxon thanks to
the alterations made [148, 149].

One-dimensional carbon-based materials like
carbon nanofibers have recently attracted a lot
of interest from researchers and businesses
for their potential in a wide range of fields. The
size difference between carbon nanofibers and
regular carbon fibers is one possible explana-
tion for the differences between the two types
of carbon fibers. Carbon nanofibers have diam-
eters between 50 and 200 nm, whereas tradi-
tional carbon fibers often have dimensions on
the micrometer scale. To make carbon nanofi-
bers, an inexpensive electro-spinning method
is used to first prepare polymer nanofibers as
CNFs’ precursors [150]. Another method for
synthesizing CNFs is using catalytic thermal
chemical vapor deposition growth. This is the
standard approach for synthesizing cup-stack-
ed CNFs and platelet CNFs [151, 152]. The
addition of oxygenated groups, which alter the
active surface, has the potential to improve
CNF performance. Carbon nanofibers are po-
rous, have a large surface area, and can absorb
large volumes of liquid or gas. When it comes to
electrical conductivity, carbon nanofibers are
on par with carbon nanotubes. In contrast to
CNTs, CNFs have a larger functionalized sur-
face area that may be used to immobilize bio-
molecules, including proteins, enzymes, and
DNA [153]. In addition, their oxygen-containing
active spots on the surface provide for simple
functionalization [154]. As a result, functional-
ization is crucial in maximizing the potential of
biosensors by making use of their unique quali-
ties. A glucose sensor made of cellulose na-
nofibers using amperometric detection. This
research confirmed the extraordinary catalytic
activity of soluble CNFs. The electro-catalytic
activity of carbon nanofibers toward nicotin-
amide adenine dinucleotide was investigated
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[155]. They studied the whole electrochemical
behavior of NADH at a carbon electrode modi-
fied with CNFs and created an electrochemi-
cal biosensor employing CNFs as the catalyst
[149]. The oxidation potential of NADH dropped
by more than 300 mV after the change [156].
Carbon nanofibers have emerged as a frontrun-
ner in the race to develop electrochemical bio-
sensors and sensors, as shown by the studies
as mentioned above.

Conclusion and future outlook

Nanoparticles exhibit strong potential as prom-
ising materials for the advancement of novel
diagnostic and therapeutic platforms in the
field of cancer research. In the field of diagnos-
tics, the utilization of metal and carbon-bas-
ed nanoparticles (AgNanoparticles) has been
found to enhance the efficacy of biosensors.
This enhancement is achieved by augmenting
the electroactive surface area and facilitating
the rate of electron transfer in electrochemical
electrodes. Additionally, nanoparticles can also
serve as redox mediators in this context.
Nanoparticles have the potential to be investi-
gated as colorimetric probes or utilized in sur-
face plasmon resonance (SPR)--based biosen-
sors. They have been found to exhibit antitu-
moral properties that can effectively target
various cancer hallmarks, including oxidative
stress, energy metabolism, and drug resis-
tance, making them potentially valuable for
therapeutic applications. Additionally, the utili-
zation of nanoparticles in conjunction with vari-
ous conventional chemotherapeutic drugs has
been observed to potentially elicit cytotoxic
effects in cancer cells. These characteristics
have the potential to address the constraints
commonly associated with traditional chemo-
therapy of combination, such as limited drug
solubility, variations in drug pharmacokinetics,
and challenges in achieving precise spatiotem-
poral drug delivery. This is particularly notewor-
thy as nanocarrier systems based on nanopar-
ticles can be tailored for intelligent drug de-
livery. In addition to the administration of che-
motherapy, the utilization of metal nanoparti-
cles (MNanoparticles) has demonstrated en-
couraging outcomes in augmenting the efficacy
of radiotherapy and photodynamic therapy for
various forms of cancer.

In spite of the encouraging outcomes observ-
ed with nanoparticles as a novel therapeutic
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approach, their integration into clinical practice
has not been realized thus far, primarily due to
the insufficient understanding of their human-
specific behavior and toxicity. Comprehensive
nanoparticle characterization and the imple-
mentation of standardized experimental proto-
cols are imperative in order to facilitate the
comparison of findings across various research
facilities and to establish a consensus on the
toxicity and pharmacokinetics of these parti-
cles. Furthermore, it is imperative to investi-
gate novel targeting and biomimetic approach-
es, such as employing nanoparticles that are
coated with cancer cell membranes, in order to
facilitate the progress of nanoparticles toward
their clinical utilization.

Notwithstanding the advantages above, there
exist numerous barriers that hinder the clinical
implementation of therapies based on car-
bon-based materials (Graphene, CNTs, Carbon
quantum dots, and carbon nanotubes). For
example, the comprehensive investigation re-
garding the safety implications of carbon-bas-
ed materials within the human body remains
incomplete. While in vitro experiments conduct-
ed on various cell lines have provided evidence
of the safety of carbon-based materials, in vivo
tests using animal models are typically con-
ducted over a relatively brief duration. Hence,
further research is necessary to ascertain the
potential clinical application of carbon nano-
tube-based nanomedicine in the human body,
specifically with regard to its long-term safety.
Moreover, numerous techniques for modifying
carbon-based materials are considerably intri-
cate when it comes to producing them on a
large scale. Consequently, achieving controlla-
ble and reproducible industrial production of
functionalized carbon-based materials poses
an additional obstacle to their clinical applica-
tion. On the contrary, carbon quantum dots
(CQDs), which are a type of carbon nanomateri-
als, exhibit superior performance in terms of
large-scale synthesis due to their relatively
straightforward synthesis method, cost-effec-
tiveness, and environmentally friendly nature.
Regrettably, it has been observed that CQDs
exhibit toxicity that is dependent on their con-
centration, thereby imposing restrictions on
their potential applications. Hence, in order to
mitigate toxicity, it is imperative to assess and
enhance the precision of cancer cell target-
ing or targeting of tumor microenvironment
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(TME) components in carbon-based therapies.
In terms of diagnostic capabilities, graphene
and its derivatives exhibit exceptional elec-
tronic properties, making them highly promis-
ing for cancer biosensing.

Disclosure of conflict of interest
None.

Address correspondence to: Nianguo Dong, De-
partment of Cardiovascular Surgery, Union Hospi-
tal, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan 430022, Hubei,
China. E-mail: 1986xh0694@hust.edu.cn; Gaotan
Ke, Department of Radiology, Tongji Hospital, Tongji
Medical College, Huazhong University of Science
and Technology, Wuhan 430030, Hubei, China.
E-mail: tiyykegaotan@163.com

References

[1] Gallaher JA, Enriquez-Navas PM, Luddy KA,
Gatenby RA and Anderson ARA. Spatial hetero-
geneity and evolutionary dynamics modulate
time to recurrence in continuous and adaptive
cancer therapies. Cancer Res 2018; 78: 2127-
2139.

[2] FuT, Dai LJ, Wu SY, Xiao Y, Ma D, Jiang YZ and
Shao ZM. Spatial architecture of the immune
microenvironment orchestrates tumor immu-
nity and therapeutic response. J Hematol On-
col 2021; 14: 98.

[3] Siegel RL, Miller KD, Fuchs HE and Jemal A.
Cancer statistics, 2022. CA Cancer J Clin
2022; 72: 7-33.

[4] Shah SC, Kayamba V, Peek RM Jr and Heim-
burger D. Cancer control in low- and middle-
income countries: is it time to consider screen-
ing? J Glob Oncol 2019; 5: 1-8.

[5] Zhang W, Lu Y, Zang Y, Han J, Xiong Q and
Xiong J. Photodynamic Therapy and multi-mo-
dality imaging of up-conversion nanomaterial
doped with AuNPs. Int J Mol Sci 2022; 23:
1227.

[6] ChengZ, Li M, Dey R and Chen Y. Nanomateri-
als for cancer therapy: current progress and
perspectives. J Hematol Oncol 2021; 14: 85.

[7]1 Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J,
Nice EC, Xie N, Huang C and Shen Z. Enhanc-
ing the therapeutic efficacy of nanoparticles
for cancer treatment using versatile targeted
strategies. J Hematol Oncol 2022; 15: 132.

[8] YangJ, Dai D, Zhang X, Teng L, Ma L and Yang
YW. Multifunctional metal-organic framework
(MOF)-based nanoplatforms for cancer thera-
py: from single to combination therapy. Ther-
anostics 2023; 13: 295-323.

5776

)

(10]

(11]

[12]

[13]

(14]

(19]

[20]

(21]

[22]

(23]

Alrushaid N, Khan FA, Al-Suhaimi EA and Elais-
sari A. Nanotechnology in cancer diagnosis
and treatment. Pharmaceutics 2023; 15:
1025.

Abed A, Derakhshan M, Karimi M, Shirazinia
M, Mahjoubin-Tehran M, Homayonfal M, Ham-
blin MR, Mirzaei SA, Soleimanpour H, Deh-
ghani S, Dehkordi FF and Mirzaei H. Platinum
nanoparticles in biomedicine: preparation, an-
ti-cancer activity, and drug delivery vehicles.
Front Pharmacol 2022; 13: 797804.
Schiffman JD, Fisher PG and Gibbs P. Early de-
tection of cancer: past, present, and future.
Am Soc Clin Oncol Educ Book 2015; 57-65.
Smith BR and Gambhir SS. Nanomaterials for
in vivo imaging. Chem Rev 2017; 117: 901-
986.

Hou Y, Sun Z, Rao W and Liu J. Nanoparticle-
mediated cryosurgery for tumor therapy. Nano-
medicine 2018; 14: 493-506.

Liu C, Gao Z, Zeng J, Hou Y, Fang F, Li Y, Qiao R,
Shen L, Lei H, Yang W and Gao M. Magnetic/
upconversion fluorescent NaGdF4:Yb,Er nano-
particle-based dual-modal molecular probes
for imaging tiny tumors in vivo. ACS Nano
2013; 7: 7227-7240.

Gao Z,MaT, Zhao E, Docter D, Yang W, Stauber
RH and Gao M. Small is smarter: nano MRI
contrast agents - advantages and recent
achievements. Small 2016; 12: 556-576.
LaConte L, Nitin N and Bao G. Magnetic
nanoparticle probes. Mater Today 2005; 8: 32-
38.

Albanese A, Tang PS and Chan WC. The effect
of nanoparticle size, shape, and surface chem-
istry on biological systems. Annu Rev Biomed
Eng 2012; 14: 1-16.

Dixit S, Novak T, Miller K, Zhu Y, Kenney ME
and Broome AM. Transferrin receptor-targeted
theranostic gold nanoparticles for photosensi-
tizer delivery in brain tumors. Nanoscale 2015;
7: 1782-1790.

Bahrami B, Hojjat-Farsangi M, Mohammadi H,
Anvari E, Ghalamfarsa G, Yousefi M and Jadidi-
Niaragh F. Nanoparticles and targeted drug
delivery in cancer therapy. Immunol Lett 2017;
190: 64-83.

Maiyo F and Singh M. Selenium nanoparticles:
potential in cancer gene and drug delivery.
Nanomedicine (Lond) 2017; 12: 1075-1089.
Surendran SP, Moon MJ, Park R and Jeong YY.
Bioactive nanoparticles for cancer immuno-
therapy. Int J Mol Sci 2018; 19: 3877.

Prabhu RH, Patravale VB and Joshi MD. Poly-
meric nanoparticles for targeted treatment in
oncology: current insights. Int J Nanomedicine
2015; 10: 1001-1018.

Smith AM, Duan H, Mohs AM and Nie S. Bio-
conjugated quantum dots for in vivo molecular

Am J Cancer Res 2023;13(12):5751-5784


mailto:1986xh0694@hust.edu.cn
mailto:tjyykegaotan@163.com

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

5777

The role of nanoparticles in oncology

and cellular imaging. Adv Drug Deliv Rev 2008;
60: 1226-1240.

Ferreira Ddos S, Lopes SC, Franco MS and
Oliveira MC. pH-sensitive liposomes for drug
delivery in cancer treatment. Ther Deliv 2013;
4:1099-1123.

Ahmad A, Khan F, Mishra RK and Khan R. Pre-
cision cancer nanotherapy: evolving role of
multifunctional nanoparticles for cancer active
targeting. J Med Chem 2019; 62: 10475-
10496.

Farokhzad OC and Langer R. Impact of nano-
technology on drug delivery. ACS Nano 2009;
3:16-20.

Sandoval MA, Sloat BR, Lansakara-P DS, Ku-
mar A, Rodriguez BL, Kiguchi K, DiGiovanni J
and Cui Z. EGFR-targeted stearoyl gemcitabine
nanoparticles show enhanced anti-tumor ac-
tivity. J Control Release 2012; 157: 287-296.
Pandey S, Mewada A, Thakur M, Shah R, Oza G
and Sharon M. Biogenic gold nanoparticles as
fotillas to fire berberine hydrochloride using fo-
lic acid as molecular road map. Mater Sci Eng
C Mater Biol Appl 2013; 33: 3716-3722.

Li L, He S, Yu L, Elshazly EH, Wang H, Chen K,
Zhang S, Ke L and Gong R. Codelivery of DOX
and siRNA by folate-biotin-quaternized starch
nanoparticles for promoting synergistic sup-
pression of human lung cancer cells. Drug De-
liv 2019; 26: 499-508.

Zhou'Y, Yu Q, Qin X, Bhavsar D, Yang L, Chen Q,
Zheng W, Chen L and Liu J. Improving the anti-
cancer efficacy of laminin receptor-specific
therapeutic ruthenium nanoparticles (RuBB-
loaded EGCG-RuNPs) via ROS-dependent
apoptosis in SMMC-7721 cells. ACS Appl Ma-
ter Interfaces 2016; 8: 15000-15012.

Chen Q, Yu Q, Liu Y, Bhavsar D, Yang L, Ren X,
Sun D, Zheng W, Liu J and Chen LM. Multifunc-
tional selenium nanoparticles: chiral selectivi-
ty of delivering MDR-siRNA for reversal of mul-
tidrug resistance and real-time biofluorescence
imaging. Nanomedicine 2015; 11: 1773-1784.
XiaY, Xu T, Wang C, Li Y, Lin Z, Zhao M and Zhu
B. Novel functionalized nanoparticles for tu-
mor-targeting co-delivery of doxorubicin and
siRNA to enhance cancer therapy. Int J Nano-
medicine 2017; 13: 143-159.

Fu X, Yang Y, Li X, Lai H, Huang Y, He L, Zheng
W and Chen T. RGD peptide-conjugated sele-
nium nanoparticles: antiangiogenesis by sup-
pressing VEGF-VEGFR2-ERK/AKT pathway. Na-
nomedicine 2016; 12: 1627-1639.

Xia Y, Tang G, Guo M, Xu T, Chen H, Lin Z, Li Y,
Chen Y, Zhu B, Liu H and Cao J. Silencing
KLK12 expression via RGDfC-decorated sele-
nium nanoparticles for the treatment of co-
lorectal cancer in vitro and in vivo. Mater Sci
Eng C Mater Biol Appl 2020; 110: 110594.

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Xia Y, Xiao M, Zhao M, Xu T, Guo M, Wang C, Li
Y, Zhu B and Liu H. Doxorubicin-loaded func-
tionalized selenium nanoparticles for en-
hanced antitumor efficacy in cervical carcino-
ma therapy. Mater Sci Eng C Mater Biol Appl
2020; 106: 110100.

Wang X, Li J, Zhang W, Li P, Zhang W, Wang H
and Tang B. Evaluating diabetic ketoacidosis
via a MOF sensor for fluorescence imaging of
phosphate and pH. Chem Commun (Camb)
2022; 58: 3023-3026.

Kher C and Kumar S. The application of nano-
technology and nanomaterials in cancer diag-
nosis and treatment: a review. Cureus 2022;
14: e29059.

Teodor ED, Gatea F, Ficai A and Radu GL. Func-
tionalized magnetic nanostructures for anti-
cancer therapy. Curr Drug Targets 2018; 19:
239-247.

Zhai R, Gong X, Xie J, Yuan Y, Xu F, Jiang Y,
Huang Z, Dai X, Zhang Y, Qian X and Fang X.
Ultrasensitive analysis of heat shock protein
90a with antibodies orderly arrayed on a novel
type of immunoprobe based on magnetic
COFs. Talanta 2019; 191: 553-560.

Wang J, Cao F, He S, Xia Y, Liu X, Jiang W, Yu Y,
Zhang H and Chen W. FRET on lateral flow test
strip to enhance sensitivity for detecting can-
cer biomarker. Talanta 2018; 176: 444-449.
Mochida Y, Cabral H and Kataoka K. Polymeric
micelles for targeted tumor therapy of plati-
num anticancer drugs. Expert Opin Drug Deliv
2017; 14: 1423-1438.

Jeyaraj M, Gurunathan S, Qasim M, Kang MH
and Kim JH. A comprehensive review on the
synthesis, characterization, and biomedical
application of platinum nanoparticles. Nano-
materials (Basel) 2019; 9: 1719.

Patel P, Umapathy D, Manivannan S, Nadar
VM, Venkatesan R, Joseph Arokiyam VA, Pappu
S and Ponnuchamy K. A doxorubicin-platinum
conjugate system: impacts on PI3K/AKT actu-
ation and apoptosis in breast cancer cells.
RSC Adv 2021; 11: 4818-4828.

Dhavale RP, Dhavale R, Sahoo S, Kollu P, Jad-
hav S, Patil P, Dongale T, Chougale A and Patil
P. Chitosan coated magnetic nanoparticles as
carriers of anticancer drug Telmisartan: pH-re-
sponsive controlled drug release and cytotoxic-
ity studies. J Phys Chem Solids 2021; 148:
109749.

Kankala RK, Liu CG, Yang DY, Wang SB and
Chen AZ. Ultrasmall platinum nanoparticles
enable deep tumor penetration and synergis-
tic therapeutic abilities through free radical
species-assisted catalysis to combat cancer
multidrug resistance. J Chem Eng 2020; 383:
123138.

Aygun A, Gulbagca F, Ozer LY, Ustaoglu B, Al-
tunoglu YC, Baloglu MC, Atalar MN, Alma MH

Am J Cancer Res 2023;13(12):5751-5784



[47]

(48]

[49]

(50]

(51]

[52]

(53]

(54]

(55]

[56]

5778

The role of nanoparticles in oncology

and Sen F. Biogenic platinum nanoparticles
using black cumin seed and their potential us-
age as antimicrobial and anticancer agent. J
Pharm Biomed Anal 2020; 179: 112961.
Umapathi A, Navya P, Madhyastha H, Singh M,
Madhyastha R, Maruyama M and Daima HK.
Curcumin and isonicotinic acid hydrazide func-
tionalized gold nanoparticles for selective anti-
cancer action. Colloids Surf A Physicochem
Eng Asp 2020; 607: 125484.

Botteon CEA, Silva LB, Ccana-Ccapatinta GV,
Silva TS, Ambrosio SR, Veneziani RCS, Bastos
JK and Marcato PD. Biosynthesis and charac-
terization of gold nanoparticles using Brazilian
red propolis and evaluation of its antimicrobial
and anticancer activities. Sci Rep 2021; 11:
1974.

Al-Fakeh MS, Osman SOM, Gassoumi M, Rabhi
M and Omer M. Characterization, antimicrobial
and anticancer properties of palladium
nanoparticles biosynthesized optimally using
Saudi propolis. Nanomaterials (Basel) 2021;
11: 2666.

Ramalingam V, Raja S and Harshavardhan M.
In situ one-step synthesis of polymer-function-
alized palladium nanoparticles: an efficient
anticancer agent against breast cancer. Dalton
trans 2020; 49: 3510-3518.

Sondi | and Salopek-Sondi B. Silver nanoparti-
cles as antimicrobial agent: a case study on E.
coli as a model for Gram-negative bacteria. J
Colloid Interface Sci 2004; 275: 177-182.
Jain N, Jain P, Rajput D and Patil UK. Green
synthesized plant-based silver nanoparticles:
therapeutic prospective for anticancer and an-
tiviral activity. Micro Nano Syst Lett 2021; 9: 5.
De Matteis V, Malvindi MA, Galeone A, Brunetti
V, De Luca E, Kote S, Kshirsagar P, Sabella S,
Bardi G and Pompa PP. Negligible particle-spe-
cific toxicity mechanism of silver nanoparticles:
the role of Ag+ ion release in the cytosol. Nano-
medicine 2015; 11: 731-739.

Muhammad N, Zhao H, Song W, Gu M, Li Q, Liu
Y, Li C, Wang J and Zhan H. Silver nanoparti-
cles functionalized Paclitaxel nanocrystals en-
hance overall anti-cancer effect on human
cancer cells. Nanotechnology 2021; 32:
085105.

Yang Y, Yan Q, Liu Q, Li Y, Liu H, Wang P, Chen
L, Zhang D, Li Y and Dong Y. An ultrasensitive
sandwich-type electrochemical immunosensor
based on the signal amplification strategy of
echinoidea-shaped Au@Ag-Cu20 nanoparticl-
es for prostate specific antigen detection. Bio-
sens Bioelectron 2018; 99: 450-457.
Chakraborty D, Viveka TS, Arvind K, Shyam-
sundar V, Kanchan M, Alex SA, Chandrasek-
aran N, Vijayalakshmi R and Mukherjee A. A
facile gold nanoparticle-based ELISA system

[57]

(58]

[59]

[60]

[62]

[63]

[64]

[65]

[66]

[67]

for detection of osteopontin in saliva: towards
oral cancer diagnostics. Clin Chim Acta 2018;
477: 166-172.

Zeng Y, Bao J, Zhao Y, Huo D, Chen M, Yang M,
Fa H and Hou C. A sensitive label-free electro-
chemical immunosensor for detection of cyto-
keratin 19 fragment antigen 21-1 based on 3D
graphene with gold nanopaticle modified elec-
trode. Talanta 2018; 178: 122-128.

Sharma M. Transdermal and intravenous nano
drug delivery systems: present and future. Ap-
plications of targeted nano drugs and delivery
systems. Elsevier; 2019. pp. 499-550.
Sankaranarayanan S, Hariram M, Vivekanand-
han S and Ngamcharussrivichai C. Biosynthe-
sized transition metal oxide nanostructures for
photocatalytic degradation of organic dyes.
Green Functionalized Nanomaterials for Envi-
ronmental Applications. Elsevier; 2022. pp.
417-460.

Joshy K, Augustine R, Mayeen A, Alex SM,
Hasan A, Thomas S and Chi H. NiFe204/
poly(ethylene glycol)/lipid-polymer hybrid na-
noparticles for anti-cancer drug delivery. New J
Chem 2020; 44: 18162-18172.

Sabouri Z, Akbari A, Hosseini HA, Khatami M
and Darroudi M. Green-based bio-synthesis of
nickel oxide nanoparticles in Arabic gum and
examination of their cytotoxicity, photocatalytic
and antibacterial effects. Green Chem Lett Rev
2021; 14: 404-414.

Indoria S, Singh V and Hsieh MF. Recent ad-
vances in theranostic polymeric nanoparticles
for cancer treatment: a review. Int J Pharm
2020; 582: 119314.

Luo S, Lv Z, Yang Q, Chang R and Wu J. Re-
search progress on stimulus-responsive poly-
mer nanocarriers for cancer treatment. Phar-
maceutics 2023; 15: 1928.

Orel VE, Tselepi M, Mitrelias T, Rykhalskyi A,
Romanov A, Orel VB, Shevchenko A, Burlaka A,
Lukin S and Barnes CHW. Nanomagnetic mod-
ulation of tumor redox state. Nanomedicine
2018; 14: 1249-1256.

Zhou J, Meli VS, Yu-Tin Chen E, Kapre R, Na-
galla R, Xiao W, Borowsky AD, Lam KS, Liu WF
and Louie AY. Magnetic resonance imaging of
tumor-associated-macrophages (TAMs) with a
nanoparticle contrast agent. RSC Adv 2022;
12: 7T742-7756.

Vilimova |, Chourpa I, David S, Soucé M and
Hervé-Aubert K. Two-step formulation of mag-
netic nanoprobes for microRNA capture. RSC
Adv 2022; 12: 7179-7188.

Moore A, Marecos E, Bogdanov A Jr and
Weissleder R. Tumoral distribution of long-cir-
culating dextran-coated iron oxide nanoparti-
cles in a rodent model. Radiology 2000; 214:
568-574.

Am J Cancer Res 2023;13(12):5751-5784



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

The role of nanoparticles in oncology

Verma R, Singh V, Koch B and Kumar M. Evalu-
ation of methotrexate encapsulated polymeric
nanocarrier for breast cancer treatment. Col-
loids Surf B Biointerfaces 2023; 226: 113308.
Yu J, Qiu H, Yin S, Wang H and Li Y. Polymeric
drug delivery system based on pluronics for
cancer treatment. Molecules 2021; 26: 3610.
Ali I, Alsehli M, Scotti L, Tullius Scotti M, Tsai ST,
Yu RS, Hsieh MF and Chen JC. Progress in poly-
meric nano-medicines for theranostic cancer
treatment. Polymers (Basel) 2020; 12: 598.
Khan |, Saeed K and Khan |. Nanoparticles:
properties, applications and toxicities. Arab J
Chem 2019; 12: 908-931.

Scida K, Stege PW, Haby G, Messina GA and
Garcia CD. Recent applications of carbon-
based nanomaterials in analytical chemistry:
critical review. Anal Chim Acta 2011; 691:
6-17.

Dai L, Chang DW, Baek JB and Lu W. Carbon
nanomaterials for advanced energy conver-
sion and storage. Small 2012; 8: 1130-1166.
Dresselhaus MS and Dresslhaus G. Fullerenes
and fullerene derived solids as electronic ma-
terials. Annu Rev Mater Sci 1995; 25: 487-
523.

Nath N, Kumar A, Chakroborty S, Soren S,
Barik A, Pal K and de Souza FG Jr. Carbon
nanostructure embedded novel sensor imple-
mentation for detection of aromatic volatile
organic compounds: an organized review. ACS
Omega 2023; 8: 4436-4452.

Kroto HW, Heath JR, O'Brien SC, Curl RF and
Smalley RE. C60: buckminsterfullerene. Na-
ture 1985; 318: 162-163.

Vergara MN. The kaleidoscopic image as an
intersection between art and science: from
microscopic forms to cosmological models.
Transdisciplinarity. Springer; 2022. pp. 183-
206.

Yi H, Zeng G, Lai C, Huang D, Tang L, Gong J,
Chen M, Xu P, Wang H and Cheng M. Environ-
ment-friendly fullerene separation methods. J
Chem Eng 2017; 330: 134-145.

Jariwala D, Sangwan VK, Lauhon LJ, Marks TJ
and Hersam MC. Carbon nanomaterials for el-
ectronics, optoelectronics, photovoltaics, and
sensing. Chem Soc Rev 2013; 42: 2824-2860.
De La Puente FL and Nierengarten JF. Fuller-
enes: principles and applications. Royal Soci-
ety of Chemistry; 2011.

Cheng Y, Wang H, Qian T and Yan C. Interfacial
engineering of carbon-based materials for effi-
cient electrocatalysis: recent advances and
future. EnergyChem 2022; 4: 100074.

Hunter R, Ramirez-Rico J and Schnepp Z. Iron-
catalyzed graphitization for the synthesis of
nanostructured graphitic carbons. J Mater
Chem A 2022; 10: 4489-4516.

5779

(83]

(84]

[85]

(88]

(89]

[90]

[91]

[92]

(93]

[95]

Scott LT, Cheng PC, Hashemi MM, Bratcher
MS, Meyer DT and Warren HB. Corannulene. A
three-step synthesis1. J Am Chem Soc 1997;
119: 10963-10968.

Gonzalez-Aguilar J, Moreno M and Fulcheri L.
Carbon nanostructures production by gas-
phase plasma processes at atmospheric pres-
sure. J Phys D Appl Phys 2007; 40: 2361.
Kamanina N. Refractive properties of conju-
gated organic materials doped with fullerenes
and other carbon-based nano-objects. Poly-
mers (Basel) 2023; 15: 2819.

Baena JR, Gallego M and Valcarcel M. Fuller-
enes in the analytical sciences. TrAC Trends
Anal Chem 2002; 21: 187-198.

Biju V. Chemical modifications and bioconju-
gate reactions of nanomaterials for sensing,
imaging, drug delivery and therapy. Chem Soc
Rev 2014; 43: 744-764.

Das S, Saha B, Tiwari M and Tiwari DK. Diagno-
sis of cancer using carbon nano-material
based biosensors. Sens Diagn 2023; 2: 268-
289.

Afreen S, Muthoosamy K, Manickam S and
Hashim U. Functionalized fullerene (C60) as a
potential nanomediator in the fabrication of
highly sensitive biosensors. Biosens Bioelec-
tron 2015; 63: 354-364.

Gavalas VG and Chaniotakis NA. Fullerene-
mediated amperometric biosensors. Anal
Chim Acta 2000; 409: 131-135.

Kilic NM, Singh S, Keles G, Cinti S, Kurbanoglu
S and Odaci D. Novel approaches to enzyme-
based electrochemical nanobiosensors. Bio-
sensors (Basel) 2023; 13: 622.

Saeedfar K, Heng LY, Ling TL and Rezayi M. Po-
tentiometric urea biosensor based on an im-
mobilised fullerene-urease bio-conjugate. Sen-
sors (Basel) 2013; 13: 16851-16866.
Pilehvar S and De Wael K. Recent advances in
electrochemical biosensors based on fuller-
ene-C60 nano-structured platforms. Biosen-
sors (Basel) 2015; 5: 712-35.

Shen Z, Li W, Ma J, Zhang X, Zhang X, Zhang X,
Dong P, Wang S, Xu J and Zhang X. Theoretical
predictions of size-dependent Young's and
shear moduli of single-walled carbon nano-
tubes. Physica B: Condensed Matter 2021;
613: 412994.

Heller DA, Jena PV, Pasquali M, Kostarelos K,
Delogu LG, Meidl RE, Rotkin SV, Scheinberg
DA, Schwartz RE, Terrones M, Wang Y, Bianco
A, Boghossian AA, Cambré S, Cognet L, Corrie
SR, Demokritou P, Giordani S, Hertel T, Ignato-
va T, Islam MF, lverson NM, Jagota A, Janas D,
Kono J, Kruss S, Landry MP, Li Y, Martel R,
Maruyama S, Naumov AV, Prato M, Quinn SJ,
Roxbury D, Strano MS, Tour JM, Weisman RB,
Wenseleers W and Yudasaka M. Banning car-

Am J Cancer Res 2023;13(12):5751-5784



The role of nanoparticles in oncology

bon nanotubes would be scientifically unjusti-
fied and damaging to innovation. Nat Nano-
technol 2020; 15: 164-166.

[96] Yaari Z, Yang Y, Apfelbaum E, Cupo C, Settle
AH, Cullen Q, Cai W, Long Roche K, Levine DA,
Fleisher M, Ramanathan L, Zheng M, Jagota A
and Heller DA. A perception-based nanosensor
platform to detect cancer biomarkers. Sci Adv
2021; 7: eabj0852.

[97] Capula M, Mantini G, Funel N and Giovannetti
E. New avenues in pancreatic cancer: exploit-
ing microRNAs as predictive biomarkers and
new approaches to target aberrant metabo-
lism. Expert Rev Clin Pharmacol 2019; 12:
1081-1090.

[98] Mizrahi JD, Surana R, Valle JW and Shroff RT.
Pancreatic cancer. Lancet 2020; 395: 2008-
2020.

[99] Sandini M, Negreros-Osuna AA, Qadan M,
Hank T, Patino M, Ferrone CR, Warshaw AL, Lil-
lemoe KD, Sahani D and Castillo CF. Main pan-
creatic duct to parenchymal thickness ratio at
preoperative imaging is associated with overall
survival in upfront resected pancreatic cancer.
Ann Surg Oncol 2020; 27: 1606-1612.

[100] Giovannini M. The role of endoscopic ultra-
sound and associated methods (elastography,
contrast enhancement) in the diagnosis and
assessment of resectability of pancreatic can-
cer. Clinical Pancreatology for Practising Gas-
troenterologists and Surgeons 2021; 449-
459.

[101] Neoptolemos JP, Kleeff J, Michl P, Costello E,
Greenhalf W and Palmer DH. Therapeutic de-
velopments in pancreatic cancer: current and
future perspectives. Nat Rev Gastroenterol
Hepatol 2018; 15: 333-348.

[102] Jin W, Zhang R, Dong C, Jiang T, Tian Y, Yang Q,
Yi W and Hou J. A simple MWCNTs@paper bio-
sensor for CA19-9 detection and its long-term
preservation by vacuum freeze drying. Int J
Biol Macromol 2020; 144: 995-1003.

[103] Egawa H, Ohdan H and Saito K. Current status
of ABO-incompatible liver transplantation.
Transplantation 2023; 107: 313-325.

[104] Comparetti EJ, Romagnoli GG, Gorgulho CM,
Pedrosa VA and Kaneno R. Anti-PSMA mono-
clonal antibody increases the toxicity of pacli-
taxel carried by carbon nanotubes. Mater Sci
Eng C Mater Biol Appl 2020; 116: 111254,

[105] Kashyap K, Moharana M, Khan F and Pat-
tanayak SK. Organic- and inorganic-based
nanomaterials for healthcare diagnostics.
Point-of-Care Biosensors for Infectious Diseas-
es 2023; 2023: 87.

[106] Sun YP, Zhou B, Lin Y, Wang W, Fernando KA,
Pathak P, Meziani MJ, Harruff BA, Wang X,
Wang H, Luo PG, Yang H, Kose ME, Chen B,
Veca LM and Xie SY. Quantum-sized carbon

5780

dots for bright and colorful photolumines-
cence. J Am Chem Soc 2006; 128: 7756-7757.

[107] Yang ST, Wang X, Wang H, Lu F, Luo PG, Cao L,
Meziani MJ, Liu JH, Liu Y, Chen M, Huang Y and
Sun YP. Carbon dots as nontoxic and high-per-
formance fluorescence imaging agents. J Phys
Chem C Nanomater Interfaces 2009; 113:
18110-18114.

[108] Augustine S, Singh J, Srivastava M, Sharma M,
Das A and Malhotra BD. Recent advances in
carbon based nanosystems for cancer ther-
anostics. Biomater Sci 2017; 5: 901-952.

[109] Flak D, Przysiecka £, Nowaczyk G, Scheibe B,
Koscinski M, Jesionowski T and Jurga S. GQDs-
MSNs nanocomposite nanoparticles for simul-
taneous intracellular drug delivery and fluores-
cent imaging. J Nanopart Res 2018; 20: 306.

[110] Li H, Yan X, Kong D, Jin R, Sun C, Du D, Lin Y
and Lu G. Recent advances in carbon dots for
bioimaging applications. Nanoscale Horiz
2020; 5: 218-234.

[111] Ruan S, Qian J, Shen S, Chen J, Zhu J, Jiang X,
He Q, Yang W and Gao H. Fluorescent carbona-
ceous nanodots for noninvasive glioma imag-
ing after angiopep-2 decoration. Bioconjug
Chem 2014; 25: 2252-2259.

[112] Sun S, Zhang L, Jiang K, Wu A and Lin H. To-
ward high-efficient red emissive carbon dots:
facile preparation, unique properties, and
applications as multifunctional theranostic
agents. Chem Mater 2016; 28: 8659-8668.

[113] Koutsogiannis P, Thomou E, Stamatis H, Gour-
nis D and Rudolf P. Advances in fluorescent
carbon dots for biomedical applications. Adv
Phys: X 2020; 5: 1758592.

[114] Zhou J, Zhou H, Tang J, Deng S, Yan F, Li W and
Qu M. Carbon dots doped with heteroatoms for
fluorescent bioimaging: a review. Microchim
Acta 2017; 184: 343-368.

[115] Kasinathan K, Samayanan S, Marimuthu K
and Yim JH. Green synthesis of multicolour
fluorescence carbon quantum dots from sug-
arcane waste: Investigation of mercury () ion
sensing, and bio-imaging applications. Appl
Surf Sci 2022; 601: 154266.

[116] Xia X and Zheng Y. Comment on “one-step and
high yield simultaneous preparation of single-
and multi-layer graphene quantum dots from
CX-72 carbon black”. J Mater Chem 2012; 22:
21776-21776.

[117] Nangare SN, Patil AG, Chandankar SM and Pa-
til PO. Nanostructured metal-organic frame-
work-based luminescent sensor for chemical
sensing: current challenges and future pros-
pects. J Nanostructure Chem 2023; 13: 197-
242,

[118] Li B, Zhao S, Huang L, Wang Q, Xiao J and Lan
M. Recent advances and prospects of carbon

Am J Cancer Res 2023;13(12):5751-5784



The role of nanoparticles in oncology

dots in phototherapy. J Chem Eng 2021; 408:
127245.

[119] Ehtesabi H, Amirfazli M, Massah F and Bagheri
Z. Application of functionalized carbon dots in
detection, diagnostic, disease treatment, and
desalination: a review. Adv Nat Sci: Nanosci
Nanotechnol 2020; 11: 025017.

[120] Bai Y, Zhang B, Chen L, Lin Z, Zhang X, Ge D,
Shi W and Sun Y. Facile one-pot synthesis of
polydopamine carbon dots for photothermal
therapy. Nanoscale Res Lett 2018; 13: 287.

[124] Li J, Li M, Tian L, Qiu Y, Yu Q, Wang X, Guo R
and He Q. Facile strategy by hyaluronic acid
functional carbon dot-doxorubicin nanoparti-
cles for CD44 targeted drug delivery and en-
hanced breast cancer therapy. Int J Pharm
2020; 578: 119122.

[122] Liu J, Cui L and Losic D. Graphene and gra-
phene oxide as new nanocarriers for drug de-
livery applications. Acta Biomater 2013; 9:
9243-9257.

[123] Li J and Kao WJ. Synthesis of polyethylene gly-
col (PEG) derivatives and PEGylated-peptide
biopolymer conjugates. Biomacromolecules
2003; 4: 1055-1067.

[124] Hussien NA, Isiklan N and Turk M. Aptamer-
functionalized magnetic graphene oxide nano-
carrier for targeted drug delivery of paclitaxel.
Mater Chem Phys 2018; 211: 479-488.

[125] Pooresmaeil M and Namazi H. B-Cyclodextrin
grafted magnetic graphene oxide applicable
as cancer drug delivery agent: Synthesis and
characterization. Mater Chem Phys 2018; 218:
62-69.

[126] Gupta J, Prakash A, Jaiswal MK, Agarrwal A
and Bahadur D. Superparamagnetic iron ox-
ide-reduced graphene oxide nanohybrid-a ve-
hicle for targeted drug delivery and hyperther-
mia treatment of cancer. J Magn Magn Mater
2018; 448: 332-338.

[127] Pramanik N, Ranganathan S, Rao S, Suneet K,
Jain S, Rangarajan A and Jhunjhunwala S. A
composite of hyaluronic acid-modified gra-
phene oxide and iron oxide nanoparticles for
targeted drug delivery and magnetothermal
therapy. ACS Omega 2019; 4: 9284-9293.

[128] Nasongkla N, Shuai X, Ai H, Weinberg BD, Pink
J, Boothman DA and Gao J. cRGD-functional-
ized polymer micelles for targeted doxorubicin
delivery. Angew Chem Int Ed Engl 2004; 43:
6323-6327.

[129] Mauro N, Scialabba C, Agnello S, Cavallaro G
and Giammona G. Folic acid-functionalized
graphene oxide nanosheets via plasma etch-
ing as a platform to combine NIR anticancer
phototherapy and targeted drug delivery. Ma-
ter Sci Eng C Mater Biol Appl 2020; 107:
110201.

5781

[130] Gonzalez-Rodriguez R, Campbell E and Nau-
mov A. Multifunctional graphene oxide/iron
oxide nanoparticles for magnetic targeted drug
delivery dual magnetic resonance/fluores-
cence imaging and cancer sensing. PLoS One
2019; 14: e0217072.

[131] lijima S, Yudasaka M, Yamada R, Bandow S,
Suenaga K, Kokai F and Takahashi K. Nano-
aggregates of single-walled graphitic carbon
nano-horns. Chem Phys Lett 1999; 309: 165-
170.

[132] Serban BC, Bumbac M, Buiu O, Cobianu C,
Brezeanu M and Nicolescu C. Carbon nano-
horns and their nanocomposites: synthesis,
properties and applications. A concise review.
Ann Acad Rom Sci Ser Math Appl 2018; 11:
5-18.

[133]Zhu S and Xu G. Single-walled carbon nano-
horns and their applications. Nanoscale 2010;
2:2538-2549.

[134] Karousis N, Suarez-Martinez |, Ewels CP and
Tagmatarchis N. Structure, properties, func-
tionalization, and applications of carbon nano-
horns. Chem Rev 2016; 116: 4850-4883.

[135] Bagyalakshmi S, Sivakami A, Pal K, Saranku-
mar R and Mahendran C. Manufacturing of
electrochemical sensors via carbon nanoma-
terials novel applications: a systematic review.
J Nanopart Res 2022; 24: 201.

[136] Liu X, Shi L, Niu W, Li H and Xu G. Amperomet-
ric glucose biosensor based on single-walled
carbon nanohorns. Biosens Bioelectron 2008;
23: 1887-1890.

[137] Liu X, Li H, Wang F, Zhu S, Wang Y and Xu G.
Functionalized single-walled carbon nano-
horns for electrochemical biosensing. Biosens
Bioelectron 2010; 25: 2194-2199.

[138] Georgakilas V, Perman JA, Tucek J and Zboril R.
Broad family of carbon nanoallotropes: classi-
fication, chemistry, and applications of fuller-
enes, carbon dots, nanotubes, graphene,
nanodiamonds, and combined superstruc-
tures. Chem Rev 2015; 115: 4744-4822.

[139] Popov M, Khorobrykh F, Klimin S, Churkin V,
Ovsyannikov D and Kvashnin A. Surface tamm
states of 2-5 nm nanodiamond via raman
spectroscopy. Nanomaterials (Basel) 2023;
13: 696.

[140] Mildren RP. Intrinsic optical properties of dia-
mond. Opt Eng of Diamo 2013; 1: 1-34.

[141] Painter GS, Ellis DE and Lubinsky A. Ab initio
calculation of the electronic structure and opti-
cal properties of diamond using the discrete
variational method. Phys Rev B Condens Mat-
ter 1971; 4: 3610.

[142] Kirschbaum T, Petit T, Dzubiella J and Bande A.
Effects of oxidative adsorbates and cluster for-
mation on the electronic structure of nanodia-
monds. J Comput Chem 2022; 43: 923-929.

Am J Cancer Res 2023;13(12):5751-5784



The role of nanoparticles in oncology

[143] Zhang Y, Rhee KY, Hui D and Park SJ. A critical
review of nanodiamond based nanocompos-
ites: synthesis, properties and applications.
Compos B Eng 2018; 143: 19-27.

[144] Wang Y, Jaiswal M, Lin M, Saha S, Ozyilmaz B
and Loh KP. Electronic properties of nanodia-
mond decorated graphene. ACS Nano 2012; 6:
1018-1025.

[145] Abouzar M, Poghossian A, Razavi A, Williams
0, Bijnens N, Wagner P and Schoning M. Multi-
parameter sensing with nanocrystalline dia-
mond-based field-effect sensor. Biosens Bio-
electron 2009; 24: 1298-1304.

[146] Narayan J and Bhaumik A. Novel synthesis and
properties of pure and NV-doped nanodia-
monds and other nanostructures. Mater Res
Lett 2017; 5: 242-250.

[147] Joshi P, Mishra R and Narayan RJ. Biosensing
applications of carbon-based materials. Curr
Opin Biomed Eng 2021; 18: 100274.

[148] Arduini F, Forchielli M, Amine A, Neagu D, Cac-
ciotti I, Nanni F, Moscone D and Palleschi G.
Screen-printed biosensor modified with carbon
black nanoparticles for the determination of
paraoxon based on the inhibition of butyrylcho-
linesterase. Microchim Acta 2015; 182: 643-
651.

[149] Eivazzadeh-Keihan R, Noruzi EB, Chidar E, Ja-
fari M, Davoodi F, Kashtiaray A, Gorab MG,
Hashemi SM, Javanshir S and Cohan RA. Ap-
plications of carbon-based conductive nano-
materials in biosensors. J Chem Eng 2022;
442: 136183.

[150] Inagaki M, Yang Y and Kang F. Carbon nanofi-
bers prepared via electrospinning. Adv Mater
2012; 24: 2547-2566.

[151] Feng L, Xie N and Zhong J. Carbon nanofibers
and their composites: a review of synthesizing,
properties and applications. Materials (Basel)
2014; 7: 3919-3945.

[152] Sacco LN and Vollebregt S. Overview of engi-
neering carbon nanomaterials such as Carbon
Nanotubes (CNTs), Carbon Nanofibers (CNFs),
graphene and nanodiamonds and other car-
bon allotropes inside Porous Anodic Alumina
(PAA) templates. Nanomaterials (Basel) 2023;
13: 260.

[153] Wu L, MciIntosh M, Zhang X and Ju H. Ampero-
metric sensor for ethanol based on one-step
electropolymerization of thionine-carbon nano-
fiber nanocomposite containing alcohol oxi-
dase. Talanta 2007; 74: 387-392.

[154] Vamvakaki V, Tsagaraki K and Chaniotakis N.
Carbon nanofiber-based glucose biosensor.
Anal Chem 2006; 78: 5538-5542.

[155] Hwa KY and Sharma TSK. Development of
biocompatible cellulose microfiber stabilized
carbon nanofiber hydrogel for the efficient
electrochemical determination of nicotinamide

5782

adenine dinucleotide in physiological fluids. J
Electrochem Soc 2019; 166: B581.

[156] Arvinte A, Valentini F, Radoi A, Arduini F, Tam-
burri E, Rotariu L, Palleschi G and Bala C.
The NADH electrochemical detection per-
formed at carbon nanofibers modified glassy
carbon electrode. Electroanalysis 2007; 19:
1455-1459.

[157] Lopez Ruiz A, Bartomeu Garcia C, Navarro Gal-
I6n S and Webster TJ. Novel silver-platinum
nanoparticles for anticancer and antimicrobial
applications. Int J Nanomedicine 2020; 15:
169-179.

[158] Al-Fahdawi MQ, Al-Doghachi FAJ, Abdullah QK,
Hammad RT, Rasedee A, Ibrahim WN, Alshw-
yeh HA, Alosaimi AA, Aldosary SK, Eid EEM,
Rosli R, Taufig-Yap YH, Al-Haj NA and Al-Qubaisi
MS. Oxidative stress cytotoxicity induced by
platinum-doped magnesia nanoparticles in
cancer cells. Biomed Pharmacother 2021;
138:111483.

[159] Han HH, Kim SJ, Kim J, Park W, Kim C, Kim H
and Hahn SK. Bimetallic hyaluronate-modified
Au@Pt nanoparticles for noninvasive photo-
acoustic imaging and photothermal therapy of
skin cancer. ACS Appl Mater Interfaces 2023;
15: 11609-11620.

[160] Dheyab MA, Aziz AA, Khaniabadi PM, Jameel
MS, Oladzadabbasabadi N, Rahman AA, Braim
FS and Mehrdel B. Gold nanoparticles-based
photothermal therapy for breast cancer. Photo-
diagnosis Photodyn Ther 2023; 42: 103312.

[161] Wang L, Song X, Yu M, Niu L, Zhao Y, Tang Y,
Zheng B, Song X and Xie L. Serum exosomal
miR-377-3p and miR-381-3p as diagnostic bio-
markers in colorectal cancer. Future Oncol
2022; 18: 793-805.

[162] Czubacka E and Czerczak S. Are platinum
nanoparticles safe to human health? Med Pr
2019; 70: 487-495.

[163] Klebowski B, Stec M, Depciuch J, Gatuszka A,
Pajor-Swierzy A, Baran J and Parlinska-Wojtan
M. Gold-decorated platinum and palladium
nanoparticles as modern nanocomplexes to
improve the effectiveness of simulated anti-
cancer proton therapy. Pharmaceutics 2021;
13: 1726.

[164] Sargazi S, Laraib U, Er S, Rahdar A, Hassan-
isaadi M, Zafar MN, Diez-Pascual AM and Bilal
M. Application of green gold nanoparticles in
cancer therapy and diagnosis. Nanomaterials
(Basel) 2022; 12: 1102.

[165] Depciuch J, Stec M, Klebowski B, Maximenko
A, Drzymata E, Baran J and Parlinska-Wojtan
M. Size effect of platinum nanoparticles in
simulated anticancer photothermal therapy.
Photodiagnosis Photodyn Ther 2020; 29:
101594.

Am J Cancer Res 2023;13(12):5751-5784



The role of nanoparticles in oncology

[166] Li H, Cheng S, Zhai J, Lei K, Zhou P, Cai K and
Li J. Platinum based theranostics nanoplat-
forms for antitumor applications. J Mater
Chem B 2023; 11: 8387-8403.

[167] Dickson J, Weaver B, Vivekanand P and Basu
S. Anti-neoplastic effects of gold nanoparticles
synthesized using green sources on cervical
and melanoma cancer cell lines. BioNanoSci-
ence 2023; 13: 194-202.

[168] Girigoswami A and Girigoswami K. Potential
applications of nanoparticles in improving the
outcome of lung cancer treatment. Genes (Ba-
sel) 2023; 14: 1370.

[169] Rashidzadeh H, Seidi F, Ghaffarlou M, Sale-
hiabar M, Charmi J, Yaray K, Nosrati H and Er-
tas YN. Preparation of alginate coated Pt
nanoparticle for radiosensitization of breast
cancer tumor. Int J Biol Macromol 2023; 233:
123273.

[170] Nejabat M, Samie A, Ramezani M, Alibolandi
M, Abnous K and Taghdisi SM. An overview on
gold nanorods as versatile nanoparticles in
cancer therapy. J Control Release 2023; 354:
221-242.

[171] Malarz K, Korzuch J, Marforio TD, Balin K, Cal-
varesi M, Mrozek-Wilczkiewicz A, Musiol R and
Serda M. Identification and biological evalua-
tion of a water-soluble fullerene nanomaterial
as BTK kinase inhibitor. Int J Nanomedicine
2023; 18: 1709-1724.

[172] Dreszer D, Szewczyk G, Szubka M, Maron AM,
Urbisz AZ, Matota K, Sznajder J, Rost-Rosz-
kowska M, Musiot R and Serda M. Uncovering
nanotoxicity of a water-soluble and red-fluores-
cent [70]fullerene nanomaterial. Sci Total En-
viron 2023; 879: 163052.

[173] Hu D, Yang L, Deng S, Hao Y, Zhang K, Wang X,
Liu Y, Liu H, Chen Y and Xie M. Development
of nanosensor by bioorthogonal reaction for
multi-detection of the biomarkers of hepato-
cellular carcinoma. Sens Actuators B Chem
2021; 334: 129653.

[174] Huo J, Li J, Liu Y, Yang L, Cao X, Zhao C, Lu Y,
Zhou W, Li S, Liu J, Li J, Li X, Wan J, Wen R,
Zhen M, Wang C and Bai C. Amphiphilic ami-
nated derivatives of [60]fullerene as potent
inhibitors of tumor growth and metastasis. Adv
Sci (Weinh) 2022; 9: €2201541.

[175] Tavakkoli H, Akhond M, Ghorbankhani GA and
Absalan G. Electrochemical sensing of hydro-
gen peroxide using a glassy carbon electrode
modified with multiwalled carbon nanotubes
and zein nanoparticle composites: application
to HepG2 cancer cell detection. Mikrochim
Acta 2020; 187: 105.

[176] Bilobrov V, Sokolova V, Prylutska S, Panchuk R,
Litsis O, Osetskyi V, Evstigneev M, Prylutskyy Y,
Epple M, Ritter U and Rohr J. A novel nanocon-
jugate of landomycin A with C_, fullerene for

5783

cancer targeted therapy: in vitro studies. Cell
Mol Bioeng 2018; 12: 41-51.

[177] Elsayed MM, Mostafa ME, Alaaeldin E, Sarhan
HA, Shaykoon MS, Allam S, Ahmed AR and EI-
sadek BE. Design and characterisation of nov-
el Sorafenib-loaded carbon nanotubes with
distinct tumour-suppressive activity in hepato-
cellular carcinoma. Int J Nanomedicine 2019;
14: 8445-8467.

[178] Serda M, Korzuch J, Dreszer D, Krzykawska-
Serda M and Musiot R. Interactions between
modified fullerenes and proteins in cancer
nanotechnology. Drug Discov Today 2023; 28:
103704.

[179] Lin QJ, Xie ZB, Gao Y, Zhang YF, Yao L and Fu
DL. LyP-1-fMWNTs enhanced targeted delivery
of MBD1siRNA to pancreatic cancer cells. J
Cell Mol Med 2020; 24: 2891-2900.

[180] Dubey N, Dhiman S and Koner AL. Review of
carbon dot-based drug conjugates for cancer
therapy. ACS Appl Nano Mater 2023; 6: 4078-
4096.

[181] Zhang D, Wen L, Huang R, Wang H, Hu X and
Xing D. Mitochondrial specific photodynamic
therapy by rare-earth nanoparticles mediated
near-infrared graphene quantum dots. Bioma-
terials 2018; 153: 14-26.

[182] Xu N, Du J, Yao Q, Ge H, Shi C, Xu F, Xian L, Fan
J and Peng X. Carbon dots inspired by struc-
ture-inherent targeting for nucleic acid imaging
and localized photodynamic therapy. Sens Ac-
tuators B Chem 2021; 344: 130322.

[183]YangY, Chen S, LiuL, LiS, Zeng Q, Zhao X, Li H,
Zhang Z, Bouchard LS, Liu M and Zhou X. In-
creasing cancer therapy efficiency through tar-
geting and localized light activation. ACS Appl
Mater Interfaces 2017; 9: 23400-23408.

[184] Chen H, Zheng D, Pan W, Li X, Lv B, Gu W, Ma-
chuki JO, Chen J, Liang W, Qin K, Greven J, Hil-
debrand F, Yu Z, Zhang X and Guo K. Biomi-
metic nanotheranostics camouflaged with
cancer cell membranes integrating persistent
oxygen supply and homotypic targeting for hy-
poxic tumor elimination. ACS Appl Mater Inter-
faces 2021; 13: 19710-19725.

[185] Du D, Wang K, Wen Y, Li Y and Li YY. Photody-
namic graphene quantum dot: reduction con-
dition regulated photoactivity and size depen-
dent efficacy. ACS Appl Mater Interfaces 2016;
8:3287-3294.

[186] Tabish TA, Scotton CJ, Ferguson DCJ, Lin L, der
Veen Av, Lowry S, Ali M, Jabeen F, Ali M, Win-
yard PG and Zhang S. Biocompatibility and tox-
icity of graphene quantum dots for potential
application in photodynamic therapy. Nano-
medicine (Lond) 2018; 13: 1923-1937.

[187] Yang D, Yao X, Dong J, Wang N, Du Y, Sun S,
Gao L, Zhong Y, Qian C and Hong H. Design
and investigation of core/shell GQDs/hMSN

Am J Cancer Res 2023;13(12):5751-5784



The role of nanoparticles in oncology

nanoparticles as an enhanced drug delivery
platform in triple-negative breast cancer. Bio-
conjug Chem 2018; 29: 2776-2785.

[188] Chen J, Li F, Gu J, Zhang X, Bartoli M, Domena
JB, Zhou Y, Zhang W, Paulino V, C L B Ferreira
B, Michael Brejcha N, Luo L, Arduino C, Verde
F, Zhang F, Zhang F, Tagliaferro A, Olivier JH,
Zhang Y and Leblanc RM. Cancer cells inhibi-
tion by cationic carbon dots targeting the cel-
lular nucleus. J Colloid Interface Sci 2023;
637: 193-206.

[189]Ju J, Regmi S, Fu A, Lim S and Liu Q. Graphene
quantum dot based charge-reversal nanoma-
terial for nucleus-targeted drug delivery and
efficiency controllable photodynamic therapy. J
Biophotonics 2019; 12: e201800367.

[190] Farshi Azhar F, Rezaei M, Olad A and Mousaza-
deh H. The effect of montmorillonite in gra-
phene oxide/chitosan nanocomposite on con-
trolled release of gemcitabine. Polym Bull
2022; 79: 5861-5883.

[191] Mihanfar A, Targhazeh N, Sadighparvar S, Dar-
band SG, Majidinia M and Yousefi B. Doxorubi-
cin loaded magnetism nanoparticles based
on cyclodextrin dendritic-graphene oxide inhib-
ited MCF-7 cell proliferation. Biomol Concepts
2021; 12: 8-15.

[192] Taheri-Kafrani A, Shirzadfar H, Abbasi Kajani A,
Kudhair BK, Jasim Mohammed L, Mohammadi
S and Lotfi F. Functionalized graphene oxide/
Fe304 nanocomposite: a biocompatible and
robust nanocarrier for targeted delivery and
release of anticancer agents. J Biotechnol
2021; 331: 26-36.

[193] Gautam M, Thapa RK, Poudel BK, Gupta B,
Ruttala HB, Nguyen HT, Soe ZC, Ou W, Poudel
K, Choi HG, Ku SK, Yong CS and Kim JO. Aero-
sol technique-based carbon-encapsulated
hollow mesoporous silica nanoparticles for
synergistic chemo-photothermal therapy. Acta
Biomater 2019; 88: 448-461.

5784

[194] Borandeh S, Hosseinbeigi H, Abolmaali SS,
Monajati M and Tamaddon AM. Steric stabili-
zation of B-cyclodextrin functionalized gra-
phene oxide by host-guest chemistry: a versa-
tile supramolecule for dual-stimuli responsive
cellular delivery of doxorubicin. J Drug Deliv Sci
Technol 2021; 63: 102536.

[195] Ezzati N, Mahjoub AR, Shokrollahi S, Amiri A
and Abolhosseini Shahrnoy A. Novel biocom-
patible amino acids-functionalized three-di-
mensional graphene foams: as the attractive
and promising cisplatin carriers for sustained
release goals. Int J Pharm 2020; 589: 119857.

[196] Karthika V, AlSalhi MS, Devanesan S, Gopinath
K, Arumugam A and Govindarajan M. Chitosan
overlaid Fe304/rGO nanocomposite for tar-
geted drug delivery, imaging, and biomedical
applications. Sci Rep 2020; 10: 18912.

[197] Yan J, Zhang Y, Zheng L, Wu Y, Wang T, Jiang T,
Liu X, Peng D, Liu Y and Liu Z. Let-7i miRNA
and platinum loaded nano-graphene oxide
platform for detection/reversion of drug resis-
tance and synergetic chemical-photothermal
inhibition of cancer cell. Chin Chem Lett 2022;
33: 767-772.

[198] Lerra L, Farfalla A, Sanz B, Cirillo G, Vittorio O,
Voli F, Le Grand M, Curcio M, Nicoletta FP, Du-
brovska A, Hampel S, lemma F and Goya GF.
Graphene oxide functional nanohybrids with
magnetic nanoparticles for improved vector-
ization of doxorubicin to neuroblastoma cells.
Pharmaceutics 2018; 11: 3.

[199] Azerbaijan MH, Bahmani E, Jouybari MH, Has-
saniazardaryani A, Goleij P, Akrami M and Irani
M. Electrospun gold nanorods/graphene oxide
loaded-core-shell nanofibers for local delivery
of paclitaxel against lung cancer during photo-
chemotherapy method. Eur J Pharm Sci 2021;
164: 105914.

Am J Cancer Res 2023;13(12):5751-5784



