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Abstract
Cancer is a disease associatedwith complex pathology and one of themost preva-
lent and leading reasons for mortality in the world. Current chemotherapy has
challenges with cytotoxicity, selectivity, multidrug resistance, and the formation
of stemlike cells. Nanomaterials (NMs) have unique properties that make them
useful for various diagnostic and therapeutic purposes in cancer research. NMs
can be engineered to target cancer cells for early detection and can deliver drugs
directly to cancer cells, reducing side effects and improving treatment efficacy.
Several of NMs can also be used for photothermal therapy to destroy cancer
cells or enhance immune response to cancer by delivering immune-stimulating
molecules to immune cells ormodulating the tumormicroenvironment. NMs are
being modified to overcome issues, such as toxicity, lack of selectivity, increase
drug capacity, and bioavailability, for a wide spectrum of cancer therapies.
To improve targeted drug delivery using nano-carriers, noteworthy research is
required. Several metal-based NMs have been studied with the expectation of
finding a cure for cancer treatment. In this review, the current development and
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the potential of plant and metal-based NMs with their effects on size and shape
have been discussed along with their more effective usage in cancer diagnosis
and treatment.
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1 INTRODUCTION

Cancer is a diseased condition that involves a complex
pathophysiology and is the most prevalent and leading
cause of mortality in the world.1 Nowadays, the screen-
ing and development of potential anticancer agents is
an absolute necessity. In this regard, metal-based nano-
materials (NMs) have potential to be antitumor agents,
against a wide range of cancerous cells. NMs are defined as
the materials with dimensions less than 100 nm.2 Several
investigations have been conducted for the development
of NMs in various shapes and sizes, such as nanotubes,
nanoparticles (NPs), fibers, wires, and nanodots, depend-
ing upon the various diseases. NMs significantly improved
the diagnosis and treatment of diseases via delivery sys-
tems, imaging, and photothermal agents due to their
unique characteristics.3
Metal-based NPs, such as gold and silver, have been

frequently used in DNAhybridization detection, cell imag-
ing, protein interaction, and photothermal therapy (PTT).4
The remarkable optical characteristics, accessible surface
chemistry, and correct size scale enable silver and gold
(AuNPs) highly promising for cancer diagnostic and ther-
apeutic applications. Optimizing the size and shape of
metal-based NPs or conjugating them with certain lig-
ands/biomarkers can enhance the cancer diagnosis and
treatments.2
Drug delivery systems (DDSs) based on NMs have

been shown to improve the therapeutic efficacy of anti-
cancer treatments andminimize the side effects.5,6 Several
complications like inadequate tumor penetration capac-
ity, inappropriate and nonspecific accumulation in tissues,
early drug release into tissues, and unregulated drug
release at the target location can be overcome depend-
ing upon the DDSs that were successfully investigated
in human and animal models in both experimental and
preclinical conditions.7
NPs based DDSs have considerable potential for the

treatment of several types of cancer.8 The important tech-
nological advantages of NPs are they can be used as drug
carriers with high carrier capacity, high stability, and fea-
sibility in both hydrophobic and hydrophilic substances
and can be used in various routes of administration, for

example, oral application and inhalation route.9 NPS can
also be designed to allow controlled drug release from
the matrix. These properties of NPs enable the improve-
ment of drug bioavailability and reduction of the dosing
frequency and may resolve the problem of nonadherence
to cancer therapy.10 Materials such as polymers, either
natural (like gelatin or albumin) or synthetic (such as
polylactides or poly(alkyl cyanoacrylates)), or solid lipids
are used to make biocompatible and biodegradable NPs.
Drugs contained in NPs are typically released from the
matrix in the body through swelling, diffusion, erosion,
or degradation.11 The field of cancer diagnosis and ther-
apy has undergone various changes with the development
of nanotechnology.12 The use of NPs (1–100 nm) in the
treatment of cancer due to their drug-like properties, such
as stability, reduced toxicity, biocompatibility, enhanced
permeability along with retention effect, and specificity.13
The NPs DDs is particular and utilizes tumor and tumor
environment characteristics. NPs are able to overcome
multidrug resistance in addition to the shortcomings of tra-
ditional cancer treatment.14 Several NMs are employed in
cancer diagnosis given in Table 1.
There has been a lot of research done on different

metallic NPs for biomedical uses.40 Due to their note-
worthy inertness, nanoscale architectures, and sizes that
are comparable to many biological molecules, they are of
great interest in the biomedical area.41 Numerous applica-
tions in various areas of biomedicine have resulted from
their intrinsic properties, which include electronic, opti-
cal, physicochemical, and surface plasmon resonance and
can be changed by altering particle characteristics like size,
shape, environment, aspect ratio, and ease of synthesis.42
These include photothermal and photodynamic therapy
(PDT), imaging, sensing, targetedmedication delivery, and
the regulation of two or three applications.43 The cur-
rent review highlights metal-based NMs that have been
reported for cancer applications. The purpose of this
review is to explore the potential of NMs in cancer therapy
so that new drugs can be developed for the diagnosis and
treatment of cancer. We have also focused on plant-based
NMs that can be utilized in cancer treatment. This review
article aims to inspire researchers to develop innovative
approaches in the field of metal-based NMs for cancer
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TABLE 1 Nanomaterials (NMs) used in the diagnosis of cancer.

Nanomaterial Application Physical property
Detection
medium Conjugate References

AuNPs SNP detection SPR blueshift with NP
dispersion

Buffer ssDNA 16

AuNPs and magnetic
microparticles

PSA detection
(prostate cancer)

Magnetic separation,
high surface area

Buffer, serum Antibody and ssDNA 17

AuNPs and magnetic
microparticles

PSA detection
(prostate cancer)

NP-coated electrode
surface area

Serum, cell lysate Antibody 18

AuNPs and gold
nanorods

PSA detection
(prostate cancer)

Scattering Buffer Antibody 19

AuNPs PSA detection
(prostate cancer)

SPR blueshift with NP
dispersion

Buffer Designer peptides 20

AuNPs PSA detection
(prostate cancer)

SERS Buffer Antibody 21

AuNPs PSA detection
(prostate cancer)

SERS Serum Antibody 21

AuNPs Protease detection SPR blueshift with NP
dispersion

Buffer Designer peptides 23

AuNPs Protease detection SPR redshift with NP
aggregation

Buffer Designer peptides 23

AuNPs Kinase detection SPR redshift with NP
aggregation

Cell lysate Designer peptides 25

AuNPs Kinase detection SPR redshift with NP
aggregation

Buffer Designer peptides 26

AuNPs Biomarker and DNA
detection

Change in NP scattering
and Brownian motion
upon NP aggregation

Buffer, serum Antibody, aptamers, and
oligonucleotides

26

AuNPs Biomarker and DNA
detection

Fluorescence quenching Buffer, cell culture
medium

Aptamer (for PDGF
detection)

27

AuNPs and magnetic
microparticles

Biomarker and DNA
detection

Magnetic separation,
high surface area

Buffer Antibody and ssDNA 29

AuNPs and magnetic
microparticles

Biomarker and DNA
detection

Magnetic separation,
high surface area

Buffer, serum Antibody and ssDNA 30

Cd-free QDs Assessment of the
presence of
cancerous cells in
biopsied tissue

Photoluminescence Cell culture
medium

Anti-claudin 4 and
antiprostate stem cell
antigen

31

Oval AuNPs Assessment of the
presence of
cancerous cells in
biopsied tissue

SPR redshift with NP
aggregation

Buffer Anti-HER2 and aptamers 32

QD—AuNPs Protease detection FRET Buffer Designer peptides 33

QD-coated magnetic
microparticles

Assessment of the
presence of
cancerous cells in
biopsied tissue

Magnetic separation and
photoluminescence
(multifunctional
approach)

Cell culture
medium

EGF 34

QDs Kinase detection FRET Buffer Designer peptides—
dye-labeled antibody

35

QDs Protease detection Bioluminescence
resonance energy
transfer

Buffer, serum Designer peptide-
bioluminescent protein

36

(Continues)
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TABLE 1 (Continued)

Nanomaterial Application Physical property
Detection
medium Conjugate References

QDs Protease detection FRET Buffer, cell culture
medium

Designer peptide—dye 35

QDs Protease detection FRET Buffer Designer peptide—dye 37

QDs PSA detection
(prostate cancer)

Photoluminescence Serum Streptavidin 38

QDs SNP detection Photoluminescence Buffer ssDNA 39

Abbreviation: NP, nanoparticles.

treatment and diagnosis. By highlighting the potential of
these materials in various applications, such as drug deliv-
ery, imaging, and PTT, the article encourages researchers
to explore and develop new strategies to enhance the
potency and efficacy of metal-based NMs. Ultimately, this
could lead to the development of more effective and tar-
geted cancer therapies, improving outcomes for patients.

2 APPLICATIONS OFMETAL-BASED
NMS IN DIFFERENT TYPES OF CANCER

NMs hold a lot of promise to identify and eliminate cancer
cells along with the potential to eradicate malignant cells
with minor casualties to surrounding tissue.44 In terms
of healthcare, there is growing optimism that NMs will
lead to substantial advancements in illness treatment and
detection. Researchers have been driven to create new
nano-platforms that can execute both activities at the same
time as a result of these lofty ambitions. As a result, a
new multidisciplinary study topic called theranostics has
emerged. Iron-based graphene oxide (GO), metal oxide
magnetic nanocrystals, manganese dioxide (MnO2), black
phosphorus, MXene, and palladium (Pd) are examples of
theranostic NMs.45
NMs also assisted in the minimization of toxicity, opti-

mization in targeting, maximizing the bioactivity, and
offering a flexible way to modify the release of the encap-
sulated drug moiety.46 Meanwhile, inorganic NMs of
different metals like Au, Ag, Fe, Ce, Se, Zn, and Ti are also
used for their unique bioactivities in nanoforms. Tumor
imaging plays an essential function in the detection and
treatment of cancers like mammography. Potential appli-
cations of different NMs used in cancer therapy are given
in Table 2.47

2.1 Transition metal nanosheets

Nanosheets are made up of different metals that have
various applicabilities in different fields, such as

chemotherapy,71 significant photothermal conversion
efficiency, intensive near-IR absorption, magnetic proper-
ties, and strong X-ray attenuation properties.72 Different
contrast agents, and transition metals, have been studied
so far, because of their distinctive optical characteristics
and low toxicity.73 The nanocomposites (NCs) are also
reported to have an outstanding absorption in the near-
infrared region (NIR). Photoluminescence imaging has
substantial implications for several transition metal NCs
with small lateral dimensions.74 Transition metal NCs
made up of large-atomic-number elements that had a high
X-ray absorption potential and might be used in computed
tomography.
Transition metal dichalcogenides (TMDCs) have

recently gained a lot of interest in nanomedicine because
of their remarkable characteristics. A bottom-up solution-
phase approach has been used to synthesize titanium
disulfide (TiS2) nanosheets, a novel TMDC NM, which is
modified using polyethylene glycol (PEG) and developed
as TiS2-PEG with good physiological stabilization and low
in vitro toxicity.76
The crystallinity of NMs is an important factor in

determining their quality; however, measuring the crys-
tal structures of thin TMDC nanosheets of 10 nm via
standard in-plane X-ray diffraction (XRD) is difficult, and
high-resolution electron microscopy is usually required
to directly determine these features. Due to their strong
absorbance in the NIR, in photoacoustic imaging, TiS2-
PEG nanosheets could provide a significant contrast that
showed the high tumor uptake. A pictorial diagram of the
conventional 2D materials available for the cancer ther-
anostics, and their oncological applications is given in
Figure 1.77 In the field of cancer imaging, the use of NMs
as contrast agents has garnered significant attention due to
their unique properties. NMs can enhance the sensitivity
and specificity of various imaging techniques, such asmag-
netic resonance imaging (MRI), CT, and PET. They can
be engineered to specifically target cancer cells, thereby
minimizing the risk of false-positive results. QDs are an
example of NMs that emit bright and stable fluorescence,
making them ideal for optical imaging. Iron oxide NPs

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KUMAR et al. 5 of 26

TABLE 2 Potential nanomaterials (NMs) used in cancer therapy.

Nanomaterial Application In vivo In vitro Physical property Delivery References
AuNPs Tumor cell thermal

ablation
No data Supported Photothermal energy

conversion when
aggregated

No data 47

AuNPs Tumor cell thermal
ablation

Supported Supported Radiofrequency-
generated
heat

Local injection 48

AuNPs Radiation therapy Supported Supported High atomic number EPR 50

AuNPs Localized triggered
drug release

No data Supported Size No data 51

AuNPs Dispersion of
hydrophobic
drugs in water

No data Supported Size No data 52

AuNPs Paclitaxel drug
delivery

No data Supported Size, surface area No data 52

AuNRs Triggered release of
multiple drugs

No data No data Photothermal energy
conversion

No data 54

AuNRs Localized triggered
drug release

No data Supported Photothermal energy
conversion

No data 55

AuNRs Tumor cell thermal
ablation

No data Supported Photothermal energy
conversion

Active targeting
(anti-EGFR)

56

AuNSs Tumor cell thermal
ablation

No data Supported Photothermal energy
conversion

Nano shell-loaded
monocytes

57

AuNSs Tumor cell thermal
ablation

Supported Supported Photothermal energy
conversion

EPR-active targeting
(anti-HER2)

58

AuNSs Localized triggered
drug release

No data No data Photothermal energy
conversion

No data 59

Fullerenes Photodynamic
therapy

Supported Supported Formation of toxic
radicals under
irradiation

EPR 59

Hollow gold
nanosphere

Tumor cell thermal
ablation

Supported Supported Photothermal energy
conversion

Injection active
targeting
(anti-EGFR)

60

Liposome-embedded
magnetic NPs

Magnetically guided
drug and gene
delivery

Supported Supported Size, magnetism Intravenous injec-
tion +magnetic
guidance + active
targeting

62

Liposome-embedded
magnetic NPs

Magnetically guided
drug and gene
delivery

Supported No data Size, magnetism Intravenous injec-
tion +magnetic
guidance

62

Magnetic NPs Magnetically guided
drug and gene
delivery

Supported No data Magnetism Magnetically guided 64

Magnetic NPs Methotrexate drug
delivery

No data Supported Size, surface area Active targeting 65

Magnetic NPs Tumor cell thermal
ablation

Supported No data Neel relaxation Local injection 65

Magnetic NPs Localized triggered
drug release

No data No data Neel relaxation No data 66

Magnetic/Silica
core/shell NPs

Dispersion of
hydrophobic
drugs in water

No data Supported No data No data 68

(Continues)
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TABLE 2 (Continued)

Nanomaterial Application In vivo In vitro Physical property Delivery References
Ni-embedded carbon
nanotubes

Magnetically guided
drug and gene
delivery

No data Supported Magnetism high
surface area
nanotube shape

Magnetic guidance 68

QDs Photodynamic
therapy

No data Supported Formation of toxic
radicals under
irradiation

No data 70

QDs Drug delivery and
monitoring of
release

No data Supported FRET Active targeting 71

Abbreviation: EPR, enhanced permeability and retention.

F IGURE 1 A pictorial diagram of the conventional 2D materials available for cancer diagnosis. 2D nanomaterials (NMs) with
extraordinary physicochemical properties, large surface areas, and unique nanosheet structures have attracted tremendous interest in the field
of nanomedicine. 2D NMs, such as black phosphorus nanosheets, metal–organic framework nanosheets, nitrides and carbonitrides, transition
metal carbides, double-layered hydroxides, and transition metal dichalcogenides, have been investigated in the area of nanomedicine.

(IONPs), on the other hand, can be used as contrast agents
for MRI and are biocompatible. AuNPs are highly biocom-
patible and can be functionalized with targetingmolecules
for both optical and CT imaging. Carbon nanotubes are
highly sensitive contrast agents for both MRI and PET
imaging. NMs have the potential to revolutionize cancer
imaging by improving imaging techniques’ accuracy and
specificity, leading to better diagnosis and treatment out-
comes. They can also be utilized for targeted drug delivery,
which can improve the efficacy of cancer treatment while
minimizing side effects. Potential applications of different
NMs used in cancer imaging are given in Table 3.

2.2 Magnesium oxide nanoparticles

Magnesium oxide (MgONPs) have unique properties that
make them promising for cancer treatment. They are
biocompatible and can induce programmed cell death
(apoptosis) in cancer cells.MgONPs can inhibit the growth
and proliferation of various types of cancer cells, includ-
ing breast, colon, and lung cancer cells. They can enhance

the efficacy of chemotherapy drugs by improving drug
uptake and reducing side effects. MgONPs have also been
used in PDT, producing reactive oxygen species (ROS)
that can kill cancer cells when activated by light. How-
ever, further research is needed to determine their optimal
dosage and delivery methods and ensure their safety in
clinical settings.90 Several reports have been published
so far regarding to MgONPs and associated microparti-
cles for different activities like cellular uptake, oxidative
stress, cellular apoptosis, genotoxicity, and cytotoxicity
for various cancer and non-cancer cell lines at different
concentrations.91 According to the study, MgONPs were
found to be excellent in the treatment of cancer cell lines
and toxic only at high concentrations.92 MgONPs demon-
strated significant binding interactions with human serum
albumin (HSA) molecules via hydrophobic interactions
and found to develop minor secondary structural alter-
ations in the HSA molecules.93 MgONPs also reported for
cytotoxicity against K562 cell lines and could be useful
for delivering new anticancer drugs.94 MgONPs-mediated
apoptosis in cancer cells have been reported by the pro-
duction of ROS.91 More research on MgONPs has been
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TABLE 3 Nanomaterials (NMs) used in the imaging of cancer.

Nanomaterial Application In vivo In vitro Physical property Delivery Reference
AuNPs Early-stage therapy

monitoring
No data Support FRET No data 78

AuNPs Raman
spectroscopy tags

Support No data Surface-enhanced
Raman scattering

Intravenous injection
active targeting
(anti-EGFR)

79

AuNPs Spectral-domain
optical coherence
tomography

Support No data Strong scattering Local injection active
targeting
(anti-EGFR)

80

AuNPs X-ray contrast
agents

Support No data Opaque to X-rays Intravenous injection 81

192Au colloids Radio-labeling Support No data Radioactivity No data 82

Gold nanocages No data Support No data SPR in NIR range Intradermal injection 83

Magnetic/Au
core/shell NPs

No data Support No data Magnetism Local injection 84

Magnetic NPs MRI marker Support No data Magnetism Intravenous injection
active targeting
(anti-HER2)

85

Nanoshell magnetic
NPs

No data No data Support Magnetism of
magnetic NPs

Active targeting
(anti-HER2)

86

Paramagnetic NPs No data Support No data Magnetism Active targeting 87

QDs Lymph node tracers Support No data NIR fluorescence Intradermal injection 88

QDs Cancer imaging Support No data Photoluminescence Intravenous injection
active targeting

89

needed for anticancer activity. Rashad et al. synthesized
MgONPs and ZnONPs by solid–solid reaction method and
examined the structural properties of NPs by scanning
electron microscopy (SEM) and XRD.95 The results have
confirmed the synthesis of pure MgONPs and ZnONPs
along with their size 70 and 50 nm, respectively. Ahmed
et al. synthesized MgONPs by using a native bacterium
Enterobacter sp. RTN2 and characterized by using micro-
scopic and spectroscopic techniques.96 Karthikeyan et al.
synthesized chitosan-based MgONPs (CMgONPs) via a
green precipitation process. The prepared CMgONPs were
found spherical in shape, and the sizes of particles were
37± 2 nm.CMgONPswere investigated onMCF-7 cell lines
that showed excellent anticancer properties.97,98 Behzadi
et al. developed MgONPs that induced marginal changes
in the secondary structure of HSA protein. The prepared
MgONPs also exhibited potent cytotoxicity activity against
K562 cell lines; due to this, these NPs could be counted as
a novel agent for anticancer activity.93

2.3 Aluminum oxide nanoparticles

Aluminum oxides (Al2O3NPs) have been prepared by
laser ablation, sputtering, sol–gel, pyrolysis, hydrother-
mal, and ball milling techniques. These NPs are generally

round or nearly spherical in shape.98 Temiz and Kargın
reported that Al2O3NPs interacted with tau proteins and
created a static combination, which allowed these proteins
to fold into more compact structures. Molecular dock-
ing and molecular dynamics simulation studies showed
attachments of Al2O3NPs to the tau and facilitated some
peripheral structural rearrangements.99
The cytogenetic effects of Al2O3NPs prepared from the

plant Allium cepa were also evaluated for in vitro studies
at a wide range of different concentrations. These stud-
ies demonstrated the increased numerous chromosomal
abnormalities and a decrease in themitotic index as a func-
tion of different Al2O3NPs concentrations.100 Al2O3NPs
were also reported for the elevation in superoxide dismu-
tases functioning corresponding to the different concen-
trations which counteract the ROS production. In another
study, aluminum-doped ZnONPs have been reported for
anticancer activities against MDA-MB-231 cells via induc-
ing cell death.101 However, Subramaniam et al. reported
the anticancer effect of two different NPs, that is, zinc
oxide (ZnONPs) and aluminum oxide (ANPs), in human
colon carcinoma cells. These NPs (ZnONPs and ANPs)
showed reduced cell proliferation. On the other hand,
LDH leakage and colony formation were also assessed.
They concluded that the ZnONPs and ANPs exhibited
potent antiproliferative effects.102 Rajan et al. developed
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polyglutamic acid–modified AlNPs that were further fab-
ricated and used as cytotoxic agents in human prostate
cancer cells. AlNPs induced ROSs and mitochondrial dys-
function in PC-3 prostate cancer cells that caused cell
cytotoxicity.103

2.4 Palladium nanoparticles

Palladium (Pd) is a highly valuable metal that pos-
sesses catalytic, structural, and electroanalytical
characteristics.104 Palladium (PdNMs) are being used
as self-therapeutics and have been shown to exhibit
antibacterial and cytotoxic properties.105 When com-
pared to other bacterial strains, Escherichia coli, PdNPs
demonstrated a high level of growth inhibition against
Staphylococcus aureus, indicating that they are useful
against antibacterial agents, especially for gram-positive
bacteria.106 PdNPs mesoporous silica-supported NMs
were found to have moderately enhanced cytotoxic activ-
ity against human cancer cells.107 Against the ovarian
cancer cells, PdNPs decrease the cell viability, increasing
LDH leakage,108 enhancement of ROS generation, activa-
tion of autophagy, and cell death, with enhanced caspase-3
activity followed by DNA fragmentation demonstrated the
effectiveness of in vitro toxicity.109
ROS produced by PdNPs were the primary source of

matrix metalloproteinase impairment, which increased
the oxidative stress and cell death.110 Caspase-dependent
apoptosis is induced by PdNPs; the significant anticancer
effect requires additional research into comparable PdNPs
for the development of novel anticancer treatments. The in
vivo and in vitro animal models of different types of cancer
are needed to demonstrate the detailed mechanisms and
therapeutic potential of PdNPs.111

2.5 Gold nanoparticles

AuNPs have been widely explored due to their remark-
able biological and optical properties and can be employed
for gene and drug delivery,112 as well as for the diagnostic,
thermal ablation, and radiation augmentation purposes.113
Several chemicals are now being tested for possible medi-
cation delivery, especially in the treatment of cancer. The
ability to change the surface of AuNPs with various tar-
geting and functional chemicals significantly increases the
variety of potential biological applications, with a focus on
anticancer therapy. AuNPs have been reported to increase
the solubility and retention time in blood, to help in the
transportation of drugs, and control the release patterns of
the therapeutics.114
Functionalized AuNPs have exceptional biocompatibil-

ity and predictable bioavailability characteristics thatmake

them an excellent choice to deliver novel therapeutics.52
AuNPs used in PTT are controlled due to their unique
shape, size, structure, and, most significantly, photother-
mal characteristics.114
Gold nanorods (AuNRs) with different widths and

lengths can affect the absorption and scattering band from
visible to NIR. Thickness and core radius of AuNPs can
produce a comparable result.116 This allows the develop-
ment of AuNRs and gold nanoshells (AuNSs) with unique
properties according to the tumor’s size and location.117
Furthermore, the aggregations of AuNPs have been found
to have a considerable influence on both optical and
thermal characteristics.118 A pictorial diagram with the
concept of AuNPs in the cancer treatments is provided in
Figure 2.119
Multifunctional nano platforms that integrate thera-

peutic elements and multidisciplinary imaging are the
future of nanomedicine.120 The ultimate goal for NP-based
medicines is to enable efficient, specific in vivo drug deliv-
ery without systemic toxicity, with the dose given, and
therapeutic efficacy over time.121
Functionalized AuNPs with therapeutic and targeted

peptides could be a promising anticancer nanosystem for
improving therapeutic drug efficacy.122 To avoid filtration
in the spleen, the size of AuNPs must be less than 150 nm.
The particles should be larger than 15 nm to avoid fast
clearance by the kidneys; hence, 90 nm is in the proper size
range. For AuNPs, the best size is reported around 90 nm
for cell targeting.123 DDSs of this sort can be designed to
carry one or more medications as well as many targeting
compounds as therapeutic and diagnostic NPs for imaging
and therapeutic purposes.124 AuNPs have been used in sev-
eral applications, such as delivery, therapy, imaging, and
diagnostics application given in Figure 3.

2.6 Copper oxide nanoparticles

Copper oxide (CuONPs), a brownish–black powder,
exposed to hydrogen or carbon monoxide at elevated
temperatures, can be converted to metallic copper
with controllable size and desirable characteristics.125
CuONPs can be modified to generate innovative and
desired results. However, chemical and electrochemical
methods of NPs synthesis are generally more efficient.
On the other hand, biogenic methods for CuONPs
synthesis are gaining popularity due to their lower
cytotoxicity.126 The use of CuONPs for the identifica-
tion of biomarkers for cancer, diabetes, hypoxia, stress,
cardiac syndromes, and neurological complications was
investigated.127
CuONPs open up a new scope for the establish-

ment of in vivo and in vitro sensing and therapeutic
applications.128 CuONPs demonstrated the potency could
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KUMAR et al. 9 of 26

F IGURE 2 Mechanism involved in NCs based cancer therapeutics. AA, Anticancer agent; APA, Antiproliferative action of anticancer
agent; CCsU, Cancer cells uptake; DNC, Drug loaded in nanocomposite; DRCCs, Drug release into the cancer cells; NCsLSM,
Nanocomposites with light sensitive molecules; PDT, Photodynamic Therapy. [Source: National Cancer Institute, USA]

F IGURE 3 AuNPs have biomedical significance due to their electronic, physicochemical, and unique optical properties. The methods
that enable for real-time and high-quality imaging in in-vivo optical imaging are used to study biodistribution in living animals. Nuclear
medicine Imaging, CT, and magnetic resonance imaging (MRI). Quantative data of uptake into specific organs or tissues can also be obtained
by using PET and SPECT. The approaches provided include LSC and indirectly assessing drug concentration, only in in-vivo optimum
imaging, such as CT and MRI, can image nanoparticles (NPs) biodistribution in longitudinal studies at several points.

be boosted in a composite form to merge the various
functionalities. CuONPs have lately been examined in
various in vivo and culture cell lines due to their cyto-
toxic capabilities and gained a lot of focus in cancer
treatment.129
Fahmy et al. synthesized CuONPs gilded with GO by

using a green synthesis method, and cytotoxic activity
was found to be excellent against HCT-116 cell lines at
100 μg/mL.130 Kouhkan et al. synthesized CuONPs from
Lactobacillus casei., and results confirmed the anticancer
effects of theseNPs thatwere investigated by theGriess test
and methylthiazolyldiphenyl-tetrazolium bromide (MTT)

assays.131 This study demonstrated that the cell viability of
human cancer cells decreases when treated with CuONPs
and suggested that CuONPs may be a potential anticancer
agents.132

2.7 Nickel nanoparticles

Nickel (NiNPs) have been used as catalysts, high-density
magnetic recording media, as well as other applications
due to their remarkable structure and functionality.133
Chen et al. investigated how NiNPs and the anticancer
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10 of 26 KUMAR et al.

medication verbascoside (VB) worked together to induce
apoptosis in K562 cells, and by using an electrochemi-
cal experiment showed that NiNPs significantly aided the
uptake of VB into K562 cells.134 Exposure with VB-Ni sig-
nificantly activates apoptosis in K562 cells, as evidenced
by apoptosis labeling andDNA fragmentation. The admin-
istration of VB-NiNPs substantially prevented the growth
of tumors in mice, according to in vivo experiments.135
Increased cell apoptosis was found to be directly linked
to improved tumor growth inhibition in the animal study.
VB-NiNPs could be a revolutionary technique for care-
fully monitoring cancer cells in order to effective cancer
treatment.136
Metallic NiNPs were shown to be more cytotoxic than

fine particles in an investigation, and small particles were
found to activate phospho-Akt and Bcl-2 more than coarse
particles. Metallic NiNPs have different physicochemical
characteristics than the bulk material of the same con-
centration. Unfortunately, very less data is available about
the pathways involved in the carcinogenic consequences of
metallic NiNPs.137
NiNPs were also reported in a mouse model of malig-

nant breast cancer, which demonstrated that the NiNPs
are responsible for the suppression of tumor cell growth
in the mouse model.133 Further suggested that NiNPs
may be helpful in the discovery and development of new
anticancer nanomedicine.132 NiNPs and their shape were
found to be spherical along with the size of 16.85–49.04 nm
by incorporating the aqueous extract of Fumaria offici-
nalis. The cytotoxicity of NiNPs and antihuman ovarian
cancer activity was evaluated on the SW-626, Caov-3, SK-
OV-3, and PA-1 cell lines.137 The study further suggested
that NiNPs along with F. officinalis leaf aqueous extract
may be useful in the formulation of novel anticancer drugs
for the diagnosis of cancer.138

2.8 Zinc oxide nanoparticles

Zinc oxide (ZnONPs) have a lot of surface area due to their
size and catalytic activity.139 The physical and chemical
properties of ZnONPs are based on how they are manu-
factured. It has been reported that ZnONPs have potential
inhibitory effects on cancer cells due to their inherent
toxicity.140 It can be obtained via resulting intracellular
ROS formation and stimulating the apoptotic signaling
mechanism. ZnONPs have been demonstrated to enhance
the bioavailability of nanomedicine and resulted in the
improvement of chemotherapy.141
The uses of ZnONPs as DDSs for loading and delivering

hydrophobic anticancer agents are being investigated, and
combining it with PBA improves its absorption in tumor
tissue via interacting with the sialic acid.140 In HepG2

cells, ZnONPs also caused caspase-3 activity, DNA break-
age, ROS production, oxidative stress, and according to
research ZnONPs specifically triggered apoptosis in cancer
cells.142 The cytotoxicity of ZnONPs against several types of
cancer cells has been studied.
According to the findings, ZnONPs have unique effects

on mammalian cell viability and killed different types of
cancer cells while not affecting normal rat astrocytes and
hepatocytes.143 It has been reported that ZnONPs demon-
strated the cancer cell–specific toxicity via the destruction
of mitochondrial membrane potential and formation of
ROS, which results in the stimulation of caspase cas-
cades, and apoptosis of cancer cells.144 ZnONPs are used
as an important carrier for the sustained delivery of several
plant-based chemotherapeutics and bioactive compounds
for targeting tumor cells.145

2.9 Titanium dioxide nanoparticles

Titanium dioxide (TiO2NPs) were first prepared in the
1990s and have been used in a variety of biomedical
disciplines, such as tissue engineering and the pro-
duction of medicinal drugs.146 TiO2-based DDSs have
proved their capacity to reduce tumorigenesis risk and
improve cancer therapy in recent years. Titanium (TiNMs)
mainly are including titanium oxides, titanium sul-
fides, titanium hydrides, titanium nitrides, titanium car-
bides, and titanium-organic compounds.147 Complexes
of TiO2NPs offer a new perspective on chemotherapy;
multiomics methods based on TiO2NPs have universally
matured to target structural, molecular, and phenotypic
concentrations.148
TiO2NPs have been reported for several types of can-

cer treatment and are used in medical applications and
anticancer drug development. Their uses are found to be
in the SDT, PDT, and DDSs.149 It has been reported that
the expression of caspase-9 and caspase-3 was significantly
found to be increased at several concentrations of TiO2NPs
for 48 h. Further studies demonstrated that TiO2NPs were
found to be inhibiting A549 cell proliferation and respon-
sible for DNA damage along with the introduction of
apoptosis.150
Wang et al. provided the assay and scientific evidence

that TiO2NPs can damage DNA and induce significant
cytotoxicity and apoptosis of A549 cells. TiO2 results in the
formation of an array of ROS.151 Thismechanism is respon-
sible for cell death and found several applications in the
PDT for the diagnosis of cancer. It has been reported that
TiO2NPs were examined as photosensitizing agents in the
diagnosis ofmalignant cells. TiO2NPs alongwith theirNCs
and combinations with another bioactive molecule can be
used as photosensitizers in PDT.152
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2.10 Silver oxide and silver
nanoparticles

Silver oxide (Ag2ONPs) were prepared by using chemical
and biological approaches.153 Ag2ONPs are a remarkable
material with a lot of potential in biomedical applications.
An aqueous dispersion of Ag2ONPs produced by treating
water with flashed electrical discharges effectively pre-
vented tumor growth in in vivo.154 The prolonged systemic
influence of Ag2ONPs resulted in tumor growth regres-
sion in some cases, as demonstrated by histomorphological
research.155
The phototoxic and cytotoxic effects of Ag2ONPs were

investigated using a variety of relevant experimental
approaches on a hepatocellular (HepG2 cell line) model.
The acquired results were validated by the use of poly-
nomial fit, which confirmed the quality of fit.156 As an
anticancer agent, Ag2ONPs have unique bio interaction
features and physicochemical properties, and because
of their confined drug qualities at the needed region,
Ag2ONPs are considered to be a potential anticancer
agent.157 Karunagaran et al. synthesized spherical shaped
along with the size of 30 nm Ag2ONPs by using Bacillus
thuringiensis culture supernatant and evaluated their cyto-
toxic effect by MTT assay against Chang liver and HepG2
cell lines.158 Ag2ONPs demonstrated the dose-dependent
response on both of the cell lines. The study further
suggested that Ag2ONPs may have excellent anticancer
potential. Abbasi Kajani et al. prepared Ag2ONPs from
ethanolic and aqueous leaves extract of Rhamnus virgata
in a facile, green, cost-effective way, and their anticancer
potential was evaluated by using HUH-7 and HepG2 cell
lines.159 Significant anticancer properties were found from
the study, which was further suggested that Ag2ONPs
may be useful in the development of potential anticancer
nanomedicines.160

2.11 Iron oxide nanoparticles

IONPs are tiny particles made of iron oxide, which is a
compound of iron and oxygen.161 They have a wide range
of potential applications, including in medical imaging,
magnetic hyperthermia for cancer treatment, and as cat-
alysts in chemical reactions.162 Due to their small size,
IONPs have unique properties, such as large reactivity,
high surface area, and strong magnetic properties. How-
ever, their potential toxicity also needs to be considered
when used in biological systems.163 IONPs have been also
studied for their potential use in cancer imaging, specif-
ically, MRI.164 MRI is a powerful imaging technique that
can provide detailed images of internal organs and tissues,
including tumors. However, the contrast in the images can

be improved by using IONPs as contrast agents.165 IONPs
can be functionalized with targeting agents, such as anti-
bodies or peptides, which specifically bind to cancer cells.
These functionalized NPs can then be administered to the
patient andwill accumulate in the cancerous areas, provid-
ing a strong contrast enhancement in the MRI images.166
This can make it easier to detect and monitor the progres-
sion of cancer. Additionally, IONPs can also be used for
in vivo tracking of cells and therapeutic agents, for exam-
ple, stem cells. It is worth noting that although IONPs have
great potential in cancer imaging, more research is needed
to fully understand their safety and efficacy before they
can be widely used in the clinic.167 Moreover, there are
other imaging modalities, such as PET–MRI that can also
be used to detect cancer; IONPs can be used as tracer in
these modalities as well.168 IONPs have been studied for
their potential use in cancer treatment.169 One of the most
promising applications is magnetic hyperthermia, which
involves heating cancer cells using an alternating mag-
netic field to generate heat within theNPs.170 This heat can
damage or kill the cancer cells while minimizing harm to
healthy tissue. Additionally, IONPs can be functionalized
with targeting molecules, such as antibodies or peptides,
to specifically deliver drugs or other therapeutic agents to
cancer cells; this is known as magnetic targeted therapy.171
This can help to increase the effectiveness of treatment
while reducing side effects. Moreover, IONPs can also be
used in imaging, such as MRI, to help identify and moni-
tor the progression of cancer. IONPs can be functionalized
with targeting agents to specifically target cancer cells,
enhancing the contrast in the image, and making it eas-
ier to detect and monitor the cancer.172 IONPs have been
studied for their potential use in cancer therapy. IONPs can
be targeted to cancer cells using antibodies or other tar-
geting molecules, and they can also be directed to tumors
using magnetic fields.173 Once they reach the cancer cells,
IONPs can be used to deliver drugs or heat to the can-
cer cells, which can help to destroy them. IONPs have
also been studied as a way to enhance the effectiveness
of radiation therapy by increasing the amount of radiation
that reaches the cancer cells.174 However, more research is
required to understand the therapeutic potential of IONPs
in the chemotherapy, and more clinical studies are needed
to investigate their efficacy and safety.175 Kanipandian and
Thirumurugan synthesized AgNPs from the leaf extract of
Gossypium hirsutum to treat A549 lung cancer cell lines.
The NPs were formulated using the extract in a 1 mM
solution of silver nitrate. These AgNPs were found with
a spherical shape having the size range of approximately
40 nm. Staining with dye HOECHST 33342, the effect
of AgNPs was observed on cell lines for 3 days every
24 h. The enhanced apoptosis was observed in AgNP-
treated cell lines as compared to normal cells, which was
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confirmed via direct fluorescence microscopic analysis.
Meanwhile, AgNPs were also observed for changing the
proteins’ properties responsible for processes such as pro-
and antiapoptotic for a time-dependent manner where the
levels of p53 expression have been increased.176

3 SILICON DIOXIDE NANOPARTICLES

Silicon dioxide (SiO2NPs) are commonly utilized in
biomedicines for different diseases such as cancer as well
as consumer items, including cosmetics and sunscreens.177
SiO2NPs may be useful for the development of poten-
tial nanomedicine due to their unique structure, a size
that incorporates several functions to utilize optical prop-
erties. SiO2NPs can be used in optical imaging due to
their different optical characteristics at the micro-, nano-,
and in vivo levels using both visible and NIR.134 How-
ever, depending on the size and concentration of NPs,
SiO2NPs can have some harmful impacts on human
health.
SiO2NPs with a thyroid-stimulating hormone

receptor-targeting ligand can effectively target thy-
roid malignancy.178 In vivo, SiO2NPs reduce tumor size
while having fewer harmful side effects. This study lays
the door for efficient thyroid cancer chemotherapy.179 The
cytotoxic effect of SiO2NPs was evaluated on MCF-7 cell
lines by increasing the concentration of NPs. The apoptosis
rate was found to be increased, and the proliferation rate
was reduced.180 In this study, antitumor effects of SiO2NPs
were found to be excellent and presented as good gene
carriers for breast cancer. SiO2NPs were also reported for
the improved release rate of gene drugs and enhanced
encapsulation efficiency. It has been observed that as
increasing the concentration of SiO2NPs, its effect on
breast cancer cells was found to be increased, whereas the
damage on the normal cell was minimum.181 This study
suggested that SiO2NPs may be an excellent targeted gene
DDSs. Asiri et al. synthesized SiO2NPs conjugated with
(3-glycidyloxypropyl)trimethoxysilane (3GPS), and these
NPs were characterized on the basis of size, morphology,
SEM, thermogravimetric analysis, Fourier transform
infrared spectroscopy (FTIR), and transmission electron
microscopy (TEM).182 In this study, it was found that
SiO2NPs possess potential anticancer properties against
colon cancer.183
SiO2NPs were also investigated on HCT-116 to evalu-

ate their anticancer potential using an MTT assay. Results
demonstrated that cancer cell viability and cell prolifera-
tion were found to be decreased, and SiO2NPs caused cell
death in a dose-dependent way. SiO2NPs provide applica-
tion in the therapy of certain diseases, in vivo imaging,
and cancer diagnosis.184 Further suggested that SiO2NPs

may have applications in photodynamic therapy, in which
a lesion location is treated by irradiating it with light.
The potential for SiO2NPs to play an essential role in the
integration of light-based diagnostics and treatments.177

4 SELENIUMNANOPARTICLES

Selenium (Se) is a trace mineral used to develop sele-
nium (SeNPs) that have gained importance in the research
due to their potential anticancer properties.185 Human der-
mal fibroblasts cells at quantities up to 1 ppm, the SeNPs
demonstrate mild cytotoxicity while having anticancer
activity on human melanoma as well as glioblastoma cells
at the same range of concentrations.186 Several selenopro-
teins contain oxidoreductase function and, hence, control
the redox balance in the body. Se has limited treatment
efficacy and narrow toxicity margins, but SeNPs have
significantly reduced toxicity.187
SeNPs have been studied for possible therapeutic ben-

efits in a variety of oxidative stress. To the inflammation-
mediated diseases, such as diabetes, cancer, nephropathy,
and arthritis, and provide an acceptable transport platform
for transporting various drugs to the point of activity,188
SeNP-based techniques have shown promise in combat-
ing drug resistance and minimizing the side effects of
chemotherapeutic drugs. SeNPs provide a great platform
for transporting chemotherapeutic agents to the targeted
area. In comparison to MDA-MB 231 cells, it also influ-
ences estrogen receptor signaling in MCF-7 cell lines
that result in the enhanced production of cytochrome C,
Bax, and P-p38.189 In MCF-7 cells, SeNPs were found to
have lower binding and promote apoptosis, necrosis, and
decrease CD44 expression; they also caused disruption and
deregulation of the cytoskeleton F-actin.190 In fibrosar-
coma cell lines, SeNPs decrease the production of matrix
metalloprotein-2, which is associated with tumor inva-
sion, metastasis, and angiogenesis. Xia et al. developed
doxorubicin-based SeNPs for the treatment of non-small
lung cancer cell lines.191 Modification of SeNPs was per-
formed via the addition of cyclic peptide, Arg-Gly-Asp-
d-Phe-Cys [RGDfC]. After the modification, doxorubicin
drug was loaded, and the RGDfC-Se@DOX system was
prepared for targeting cancer cell lines. Different charac-
terizations such as TEM and FTIR were performed, and
the sizes of the particles were found to be 18 nm, having
7–12 nm average spherical particle size. Flow cytometry
was performed for the investigation of apoptosis induced
in the A549 cell lines. The resulted RGDfC-Se@DOX sys-
tem showed higher apoptosis as compared to the DOX
and Se@DOX groups. This study concluded that the nano
delivery system played a crucial role in the treatment of
lung cancer.192,193
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5 NANOCOMPOSITESWITH
MULTIPLE APPLICATIONS

Nanocomposite (NC) materials are made up of many
phases, each of which has at least one, two, or three
nanometer-scale dimensions.194 Understanding the
structure–property relationship is directly influenced by
the ratio of surface area to volume of reinforced material
utilized during NCs synthesis.195 NCs provide us with
numerous ideas for addressing problems in a variety
of fields, including healthcare, pharmaceuticals, food
packaging, electronics, and energy.196 The physical char-
acteristics of the NCs could be useful to develop new and
effective cancer-detecting sensors, tumor-imaging agents,
and cancer treatment medicines.197
Biocompatible polymers with inorganic NPs and nat-

ural or rationally designed biomolecules provide a path
toward multifunctional composite systems.198 Although
just a few of these innovations have been tested in humans,
NCs based on functionalized semiconductors and metal
have the potential to improve the cancer diagnosis and
treatment.199 With the right composition, size, and 3D
structure, NCs could be used as a powerful immune
adjuvant system.

Zinc oxide NCs (ZnONCs) are rapidly taken up by
antigen-presenting cells due to their excellent physical
and chemical properties and decomposed to release intra-
cellular Zn ions and, as a result, cause the formation
of intracellular ROS.200 Toll-like receptors identify NCs,
which effectively activate innate immune cells and drive
pro-inflammatory responses. These NCs improve antigen-
specific adaptive immune responses, such as antibody
formation and T cell responses,201 by activating antigen-
presenting cells and delivering associated antigens into
intracellular compartments. Various NPs capable of target-
ing the cell nucleus are given in Table 4.202
In vivo research using ZnONCs with distinct compo-

sitions produced encouraging proof of concept data for
developing therapeutic vaccinations against infections and
malignancies.221 The use of NCs as vaccine delivery sys-
tems and immunotherapeutic agents is still in the early
stages of research. Several difficulties are encountered,
including challenges in mass-producing NCs with con-
sistent functionalities and acceptable capabilities in a
reproduciblemanner.222 Due to a lack of expertise in nano–
bio interfacial interactions, further research is needed to
determine the possible toxicity and biodistribution of NCs
during in vivo usage.

TABLE 4 Various nanoparticles capable of targeting the cell nucleus.

Nanoparticles Targeting mechanism Size (nm) Reference
Au nanorods NLS: TAT peptide 10 × 40 203

AuNPs NLS: SV40 large T antigen 29 ± 3 204

AuNPs Positive charge 13 205

AuNPs Passive diffusion 8.5 206

AuNPs Passive diffusion 2, 6 206

Chitosan NPs Nuclear receptor: dexamethasone 25, 50 208

Compound NPs composed of the PEG–benzoic NLS: oligo-l-lysine 150 209

Copolymer NPs—poly(oligoethylene glycol
methacrylate)-block-poly(styrene-co-
vinylbenzaldehyde)

Passive diffusion Rods: 5–10 × 100–300
Worms: 5–10 × 400–700

210

Hydroxyapatite NPs Passive diffusion due to cell apoptosis 78 211

imine–oligo-l-lysine/iridium(III) metallodrug
complex

NLS: CPKKKRKV 40 212

Iron oxide nanoparticle core/mesoporous silica
shell

NLS: TAT peptide 50 213

Mesoporous organo silica NPs NLS: TAT peptide 30 214

Mesoporous silica NPs NLS: TAT peptide 25 215

Mesoporous silica NPs NLS: TAT peptide 40 216

Prussian blue NPs and AuNRs NPs open the nuclear membrane 50 and 10 × 100 217

Upconversion nanoparticle core/silica shell NLS: TAT peptide 50 218

Upconversion nanoparticle core/hollow
mesoporous silica shell

NLS: TAT peptide 50 219

Upconversion nanoparticle core/TiO2 shell NLS: TAT peptide 31 220

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 26 KUMAR et al.

TABLE 5 Plant-based nanometals in the cancer diagnosis.

Plant name Nanometal/NPs NPs size (nm) NPs shape References
Alfalfa plant (Medicago sativa) Au and Ag 20–40 Triangular and spherical 234

Aloe vera Ag 15–15.6 Spherical 235

Avena sativa Au 25–85 Spherical 236

Azadirachta indica Ag, Au 50–100 Spherical 237

Capsicum annum Ag 16–40 Spherical 238

Cinnamomum camphora Au and Ag 55–80 Spherical 239

Emblica officinalis Au and Ag 10–20 and 15–25 Spherical 240

M. sativa Zn 2–5.6 Spherical 241

M. sativa Ni/Ti 2–6 Spherical 242

Tamarind leaf extract Au 20–40 Spherical 243

Abbreviation: NPs, nanoparticles.

6 PLANT-BASED NANOMETAL IN
CANCER

The benefits of employing plants to synthesizeNPs are they
remain effectively accessible, safe, and produce a variety
of metabolites that may be useful in cancer treatment.222
A variety of plants are presently being studied because
of their significance in NPs synthesis.223 AuNPs were
synthesized by using an alfalfa plant with a size range
of 2–20 nm.224 Ag, Ni, Co, Zn, and Cu NPs also have
been synthesized inside live Brassica juncea plants (Indian
mustard), Helianthus annuus (sunflower), and Medicago
sativa (Alfalfa).225 Several plants are known to aggregate
metal concentrations that are higher in concentrations,
in comparison to others; these are referred to as hyper-
accumulators of the plants studied. TheB. juncea exhibited
a superior potential to accumulate metals and eventually
assimilate them as NPs.226 A lot of work has been done
recently in terms of plant-based reduction of metal NPs,
as well as the significance of phytochemicals. The pri-
mary important phytochemicals have also been discovered
as carboxylic acids, amides, aldehydes, ketones, flavones,
and terpenoids in the wavelength of infrared spectro-
scopic studies.227 Flavones, quinones, and organic acids
are themainwater-soluble phytochemicals that contribute
to immediate reduction.228 The phytochemicals present in
Hydrilla sp. (hydrophytes), Bryophyllum sp. (xerophytes),
and Cyprus sp. (mesophytes) and their significance in the
synthesis of AgNPs are investigated.229 The Xerophytes
were confirmed to have emodin, an anthraquinone that
undergoes the tautomerization that leads to the produc-
tions of AgNPs.230 Catechol is reported to be converted
into protocatechualdehyde and protocatechuic acid under
alkaline environments. Reactions resulted in the liberation
of hydrogen, and it was concluded that it was involved
in the production of NPs.231 The NPs synthesized using
hydrophytes,mesophytes, and xerophyteswere found to be

in the size of 2–5 nm. Some of the plant-basedNPs are listed
in Table 5.232

7 THE EFFECT OF SIZE, SHAPE, AND
SURFACE PROPERTIES OF
NANOPARTICLES

Vascular permeability diminishes as the size of NPs
increases.244 The tumor vesicles have different hole sizes
depending on the type of tumor and where it is growing.
For example, the pore diameters ofmalignancies in the cra-
nial window are significantly smaller than those found in
the dorsal chamber; the size of the NPs must be adjusted
to the type and location of the tumor.245 The shape, size,
and core chemical characteristics of NPs are all impor-
tant factors in cellular uptakes, like spherical, cubic, rod
shape, or worm shape, which have a significant impact on
cellular uptake and anticancer properties.246 When cubic,
spherical, and rodlike AuNPs are compared, spherical NPs
found to have the higher uptake in terms of weight, and
rod-shaped NPs demonstrate the large uptake in terms of
quantity.247 The circulation period improved as the size
of AuNPs increased from 5 to 25 nm. NPs aggregate into
solid tumors in cancer treatment by utilizing the enhanced
permeability and retention (EPR) effect.248 However, the
circulation time of NPs has a major impact on EPR. Large
NPs have significantly longer circulation durations, which
enables them to take advantage of the EPR effect. There-
fore, for NPs that rely on the EPR effect to localize to
tumors, particle size is important. A pictorial diagram of
different shapes ofAuNPs alongwith similar sizes and sim-
ilar shapes along with different sizes targeting cancer cells
is given in Figure 4.249
The 50 nm size of AuNPs also affects cellular uptake due

to their influence on the entropic and enthalpic character-
istics, which control the efficiency of AuNPs adherence to
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F IGURE 4 AuNPs having similar shapes, different sizes, and
different shapes, same sizes targeting cancer cells. Gold
nanoparticles (AuNPs) have been found to effectively target cancer
cells of varying shapes and sizes, and their targeting abilities and
biological effects can be tailored for different cancer applications.
For example, spherical AuNPs of varying sizes can affect their
effectiveness as drug delivery agents due to different cell uptake and
distribution patterns, whereas differently shaped AuNPs can target
different cancer cell types, potentially improving the specificity and
efficacy of cancer treatment. [Source: National Cancer Institute,
USA]

cellular receptors.250 It has been found that AuNPs with
a size of 50 nm demonstrated the highest cellular uptake,
which is required for chemotherapies.251 Spherical and
smaller NPs resulted in deeper, more uniform penetration
inside the solid tumor, and the shape and size ratio of
NPs may be important parameters in the development of
better penetrating, more efficient, nano-carriers for can-
cer therapies.252 The anticancer efficiency of AuNPs was
found to be in increasing order: stars, rods, and triangles.
The mechanisms of cellular uptake of AuNPs were inves-
tigated and found that several sizes and shapes of AuNPs
tended to use different endocytosis pathways.253 Triangle
AuNPs were found to be more effective than other NPs;
the size limit of 30 nm for spherical AuNPs indicates that
NPs smaller than 30 nm are not effective to drive the
membrane process. AuNPs in the size range of 2–100 nm
decorated with Herceptin were found to be effective in
breast cancer.254
Due to the size limitation of the NPs, a size of 60 nm in

diameter results in a shortage of receptors, and size below
10 nm is found to be rapidly eliminated.255 Several stud-

ies reported that NPs with smaller size and rod shapes
have higher binding potential due to larger contact areas
and smaller drag forces.256 In the in vivo environment,
AuNPs with different sizes and shapes interact in a differ-
ent way, and several studies demonstrated that spherical
AuNPs can improve interaction with the immune system
and stimulate toxicity, due to the similarity in shape and
size of pathogenic microorganisms. When considering the
entry of AuNPs in the cells, both shape and sizewill be very
essential.257
Cell receptors are found to be in different shapes and

sizes; due to this, there will be an advantage to design
AuNPs that can perfectly fit into the receptor site.257 A
size of 50 nm demonstrates the higher cellular uptake,
whereas a size of 20 nm or less shows the excellent tumor
penetration.258 NPs in the size of 23 nm improved in the
cellular uptake than the size of 85 nm for silica dye–doped
NPs.259
Using NPs in the medical sciences would result in

improved therapeutic efficacy, easier drug administration,
fewer unwanted side effects, lower systemic doses, and
enhanced patient quality of life and compliance.261 To
explore the NPs in clinical research, further research is
required to help in the understanding of the interaction
between the NPs and biological systems.262
The surface properties of NPs are critical for their behav-

ior in in vivo andmust be carefully considered in the design
and development of NPs for in vivo applications.263 The
surface of NPs can have a significant effect on their behav-
ior in the in vivo. Their unique surface properties, such
as the surface charge, functional groups, and chemical
composition, can affect the interactions of NPs with cells
and biomolecules in the biological system.264 The most
important aspects of the surface of NPs are the presence
of coating or functional groups. These can play a critical
role in the targeting and uptake of NPs by cells and can
also affect the circulation time and stability of NPs in the
biological system.265 For example, the presence of specific
targeting molecules such as peptides or antibodies on the
surface of NPs can improve their selectivity for specific tis-
sues or cells. Another important aspect of the surface of
NPs is the chemical composition, which can affect the tox-
icity and biocompatibility of the NPs.266 For example, NPs
made of biodegradable polymers such as PEG can have a
reduced toxicity profile and a longer circulation time in
the biological system.267 The surface charge of NPs can
also affect their behavior in the in vivo. The presence of
negatively charged NPs tends to have a higher degree of
stability in biological fluids and can be taken up more effi-
ciently by cells, whereas positively charged NPs can have
a greater tendency to aggregate and be rapidly cleared by
the reticuloendothelial system (RES).268 NPs can exhibit
a variety of behaviors in vivo, depending on their size,
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shape, composition, and surface properties. Several NPs
are taken up by cells and can be used for targeted drug
delivery, whereas others are rapidly cleared from the body
by the immune system.269 The behavior of NPs can also
be influenced by their interactions with biomolecules such
as proteins and lipids in the body. The NPs can have dif-
ferent biodistribution patterns, depending on the route of
administration, such as oral, topical, or intravenous injec-
tion. Some NPs can have specific targets such as cancer
cells, and they can also have different ADME and phar-
macodynamics. The charge of NPs can have a significant
effect on their behavior in vivo.270 Negatively charged NPs
tend to have a higher degree of stability in biological fluids
and can be taken up more efficiently by cells.271 They also
tend to interact less with proteins, which can reduce the
risk of an immune response. On the other hand, positively
charged NPs can have a greater tendency to aggregate and
can be rapidly cleared by the RES, which can limit their
circulation time in the body.272 The charge of NPs can
also affect their biodistribution patterns. Positively charged
NPs tend to accumulate in the liver and spleen, whereas
negatively charged NPs can have amore widespread distri-
bution throughout the body.273 Another important factor is
the charge density of the NPs, which can directly affect the
behavior and stability of the NPs in in vivo. High charge
density can improve the stability of the NPs and can also
enhance the toxicity along with rapid clearance.274 The
charge of NPs is an important consideration in the design
and development of NPs for in vivo applications, as it can
have a significant impact on biodistribution patterns, their
stability, and circulation time.275

8 CURRENT LIMITATIONS

NMs have the potential that can be implemented in can-
cer diagnostics and therapies.276 However, it is critical to
address the opposite side of the coin, specifically, unex-
pected harmful effects of NMs like cytotoxicity, effect
of size on toxicity, retention period, biodistribution, effi-
cacy, and physiological response, which have been widely
studied.277 Many of them appear to conflict with one
another. The lack of consistent knowledge on NMs could
cause delirium and have a severe influence on human
health.278 Although the limitations mentioned in general
are applicable toward any NP, the following instances are
specific to AuNPs. Toxicity: AuNPs toxicity to biologi-
cal systems has long been a subject of research. Surface
chemistry, shape, targeted ligand, size, elasticity, and com-
position of AuNPs all have an impact on their toxicity.279
Together with the complexity and variability of human
cells and tissues creates a challenging situation and makes
it difficult to investigate the effect and responses of the bio-

logical system to the delivery of AuNPs in a comprehensive
manner.280 The toxicity of AuNPs has been linked to their
surface charge. It was identified that positively charged
particles are more harmful than negative or neutral.
NPs are the basic building blocks for the several impor-

tant applications in the scientific fields because of their
distinct characteristics, such as targeting potential, high
surface-to-mass ratio, and capability of adsorbing and
transporting additional compounds. This qualifies them
for biomedical application.281 Application of NMs and
innovative nanotechnological development can be a suc-
cessful potential strategy. NMs improve present techno-
logical efficiency, but they can also enhance the amount
of water that can be used. On the other hand, NMs will
assist in the establishment of technologically advanced
and highly efficient treatment facilities.282 This will be
helpful to lower the cost of anticancer drugs and medi-
cation development. To meet these objectives, NMs need
to be produced at a low cost while maintaining large syn-
thesis. Reusability, stability, and workability in industrial
applications are other important considerations for their
improvement and large-scale production.283 The toxicity of
NMs in vitro and in vivo must be evaluated in both short-
and long-term approaches. Despite the fact that nanotech-
nology is the most recent industrial development, there
is certainly a requirement for strong and well standards
to be established regarding the application, release, and
processing requirements for NMs.5

9 CONCLUSION AND FUTURE
PERSPECTIVES

The greatest problems in cancer therapy have emerged
with the advancement of modern healthcare. The thera-
nostic approach, which is a combination of therapy and
diagnosis, is gaining popularity. It has been proposed as
a technique for assisting the transition from traditional,
nonspecific medicine to modern precision or personalized
treatment. Compared with conventional screening modal-
ities, for example, radionuclide and MRI, optical imaging
has several distinct benefits that make it a desirable diag-
nostic tool. Transition metal complexes have recently
gotten a lot of focus as a potential substitute to traditional
dyes in optical sensors because of their high stokes shifts,
extended lives, and simplicity of structural modification.
Because of the inherent disadvantages of optical therapy,
clinical and preclinical research studies demonstrated that
PTT alone is often difficult to destroy malignancies and
kill deep-located cancers. To improve PTT’s therapeutic
benefit while reducing its substantial adverse effects, a
new direction combining PTT with other treatment tech-
niques is desired. Due to their unique physicochemical
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features, two-dimensional TMDCs, as typical ultrathin 2D
layer NMs, have recently attracted attention in a variety of
sectors, including biomedicine.
Therefore, the development of effective and safe

chemotherapeutic agents is important, to strengthen the
quality of life, boost the rate of survival, and, most signifi-
cantly, and extending the lifespan of humans. NM-assisted
combination medicines are becoming more prevalent as
nanoscience progresses. Metal-based NPs recommended
resolving the drug resistance. These NPs interact positively
with biomolecules in the cell and can be more effectively
used in the development of potential medications for the
treatment of cancer. Metallic-based NPs have been sug-
gested to defeat cancer and to increase the effectiveness of
healing, diagnosis, photoacoustic imaging, PTT, valuable
for prophylactic, antiviral medications, and laser therapy
for cancer cells. Because of their antiviral, antibacterial,
anti-inflammatory, and antifungal properties, NPs have
a lot of potentials to be used as anticancer agents. The
molecular mechanisms and relationships that support
these kinds of characteristics are not completely explored.
The relationships of NMs with cellular and biotic ecolog-
ical systems, especially in the modification of NPs, are
another topic that requires further investigation. Finally,
there is an essential need to investigate the toxicological
and pharmacokinetics features of metal-based complexes;
these NPs are the most innovative and have potential
in the area of chemotherapeutics. In this review, the
current developments, the recent potential of the plant
and metal-based NMs, and current limits are discussed, as
well as recommendations for more effective use of NMs in
cancer therapy.

AUTH OR CONTRIBUT IONS
Literature review; writing—original draft preparation and
figures: Sunil Kumar. Editing: Abhishek Kumar Sharma,
Monu Kumar Shukla, and Gururaj K. Jayaprakash.
Rajiv K. Review: Tonk and Dinesh K. Chellappan. Con-
ceptualization: Sachin Kumar Singh, Kamal Dua, and
Faheem Ahmed. Supervision: Sanjib Bhattacharyya and
Deepak Kumar. All authors read and approved the final
manuscript.

ACKNOWLEDGMENTS
The authors express their gratitude to the Department
of Pharmaceutical Chemistry, School of Pharmaceuti-
cal Sciences, Shoolini University, Solan 173229, Himachal
Pradesh, India for the support.

CONFL ICT OF INTEREST STATEMENT
The authors declared no potential conflict of interests with
respect to the research, authorship, and/or publication of
this article.

ETH ICS STATEMENT
Not Applicable.

DATA AVAILAB IL ITY STATEMENT
Not Applicable.

ORCID
SunilKumar https://orcid.org/0000-0003-1203-7524
DeepakKumar https://orcid.org/0000-0003-2241-0054

REFERENCES
1. Kang J, La Manna F, Bonollo F, et al. Tumor microenviron-

ment mechanisms and bone metastatic disease progression of
prostate cancer. Cancer Lett. 2022;530:156-169.

2. Khan FA, Albalawi R, Pottoo FH. Trends in targeted delivery of
nanomaterials in colon cancer diagnosis and treatment. Med
Res Rev. 2022;42(1):227-258.

3. Matthews HK, Bertoli C, de Bruin RAM. Cell cycle control in
cancer. Nat Rev Mol Cell Biol. 2022;23(1):74-88.

4. Borzęcka W, Pereira PM, Fernandes R, Trindade T, Torres
T, Tomé JP. Spherical and rod shaped mesoporous silica
nanoparticles for cancer-targeted and photosensitizer delivery
in photodynamic therapy. J Mater Chem B. 2022;10(17):3248-
3259.

5. Sharma A, Shambhwani D, Pandey S, et al. Advances in
Lung Cancer Treatment Using Nanomedicines. ACS Omega.
2022;8(1):10.

6. Gong L, Yan L, Zhou R, Xie J, Wu W, Gu Z. Two-dimensional
transition metal dichalcogenide nanomaterials for combina-
tion cancer therapy. J Mater Chem B. 2017;5(10):1873-1895.

7. Gai S, Yang G, Yang P, et al. Recent advances in functional
nanomaterials for light-triggered cancer therapy. Nano Today.
2018;19:146-187.

8. Liu J, Chen S, Lv L, Song L, Guo S, Huang S. Recent progress
in studying curcumin and its nano-preparations for cancer
therapy. Curr Pharm Des. 2013;19(11):1974-1993.

9. Wang K, Shen R, Meng T, Hu F, Yuan H. Nano-drug delivery
systems based on different targeting mechanisms in the tar-
geted therapy of colorectal cancer.Molecules. 2022;27(9):2981.

10. Zhang Y, Yuan J, Zhang Q, Yan J, Ju S, Yang Y. Nano-lipid con-
trast agent combined with ultrasound-guided sgb in nursing
treatment of lymphedema after breast cancer surgery. Cell Mol
Biol (Noisy-le-Grand). 2022;68(3):189-201.

11. Ezhilarasan D, Lakshmi T, Mallineni SK. Nano-based tar-
geted drug delivery for lung cancer: therapeutic avenues and
challenges. Nanomedicine. 2022;17(24):1855-1869.

12. Qin J, Gong N, Liao Z, et al. Recent progress in mitochondria-
targeting-based nanotechnology for cancer treatment.
Nanoscale. 2021;13(15):7108-7118.

13. Raza F, Zafar H, Zhang S, et al. Recent advances in cell
membrane-derived biomimetic nanotechnology for cancer
immunotherapy. Adv Healthcare Mater. 2021;10(6):2002081.

14. Augustine R, Al Mamun A, Hasan A, et al. Imaging can-
cer cells with nanostructures: prospects of nanotechnology
driven non-invasive cancer diagnosis.Adv Colloid Interface Sci.
2021;294:102457.

15. Tan YN, Lee KH, Su X. Study of single-stranded DNA
binding protein-nucleic acids interactions using unmodified

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-1203-7524
https://orcid.org/0000-0003-1203-7524
https://orcid.org/0000-0003-2241-0054
https://orcid.org/0000-0003-2241-0054


18 of 26 KUMAR et al.

gold nanoparticles and its application for detection of single
nucleotide polymorphisms. Anal Chem. 2011;83(11):4251-4257.

16. Gessner I, Park JH, Lin HY, Lee H, Weissleder R. Magnetic
gold nanoparticles with idealized coating for enhanced point-
of-care sensing. Adv Healthcare Mater. 2022;11(2):2102035.

17. Ghorbani-Vaghei R, Veisi H, Aliani MH, Mohammadi P,
Karmakar B. Alginate modified magnetic nanoparticles to
immobilization of gold nanoparticles as an efficient magnetic
nanocatalyst for reduction of 4-nitrophenol in water. J Mol Liq.
2021;327:114868.

18. António M, Vitorino R, Daniel-da-Silva AL. Gold
nanoparticles-based assays for biodetection in urine. Talanta.
2021;230:122345.

19. Muddineti OS,GhoshB, Biswas S. Current trends in using poly-
mer coated gold nanoparticles for cancer therapy. Int J Pharm.
2015;484(1-2):252-267.

20. Usha SP, Manoharan H, Deshmukh R, et al. Attomolar ana-
lyte sensing techniques (AttoSens): a review on a decade of
progress on chemical and biosensing nanoplatforms.Chem Soc
Rev. 2021;50(23):13012-13089.

21. Mostafavi E, Zarepour A, Barabadi H, Zarrabi A, Truong LB,
Medina-Cruz D. Antineoplastic activity of biogenic silver and
gold nanoparticles to combat leukemia: beginning a new era in
cancer theragnostic. Biotechnol Rep. 2022;34:e00714.

22. Sheikhzadeh E, Beni V, Zourob M. Nanomaterial application
in bio/sensors for the detection of infectious diseases. Talanta.
2021;230:122026.

23. Kozlowski R, RagupathiA,DyerRB.Characterizing the surface
coverage of protein-gold nanoparticle bioconjugates. Bioconju-
gate Chem. 2018;29(8):2691-2700.

24. Welch EC, Powell JM, Clevinger TB, Fairman AE, Shukla
A. Advances in biosensors and diagnostic technologies
using nanostructures and nanomaterials. Adv Funct Mater.
2021;31(44):2104126.

25. Kumawat M, Madhyastha H, Umapathi A, Singh M,
Revaprasadu N, Daima HK. Surface engineered peroxidase-
mimicking gold nanoparticles to subside cell inflammation.
Langmuir. 2022;38(5):1877-1887.

26. Tabatabaei MS, Islam R, Ahmed M. Applications of gold
nanoparticles in ELISA, PCR, and immuno-PCR assays: a
review. Anal Chim Acta. 2021;1143:250-266.

27. Lin S, Liu S, Dai G, Zhang X, Xia F, Dai Y. A click-induced
fluorescence-quenching sensor based on gold nanoparticles
for detection of copper (II) ion and ascorbic acid. Dyes Pigm.
2021;195:109726.

28. Kim C, Searson PC. Detection of Plasmodium lactate dehy-
drogenase antigen in buffer using aptamer-modified magnetic
microparticles for capture, oligonucleotide-modified quan-
tum dots for detection, and oligonucleotide-modified gold
nanoparticles for signal amplification. Bioconjugate Chem.
2017;28(9):2230-2234.

29. Marin M, Nikolic MV, Vidic J. Rapid point-of-need detection
of bacteria and their toxins in food using gold nanoparticles.
Compr Rev Food Sci Food Saf. 2021;20(6):5880-5900.

30. Hu X, Xia F, Lee J, et al. Tailor-made nanomaterials for diagno-
sis and therapy of pancreatic ductal adenocarcinoma. Adv Sci.
2021;8(7):2002545.

31. Qiao J, Qi L. Recent progress in plant-gold nanoparticles fabri-
cation methods and bio-applications. Talanta. 2021;223:121396.

32. Fan J, Cheney PP, Bloch S, et al. Multifunctional thio-
stabilized gold nanoparticles for near-infrared fluorescence
detection and imaging of activated caspase-3. Curr Anal Chem.
2021;17(8):1182.

33. Tufani A, Qureshi A, Niazi JH. Iron oxide nanoparticles based
magnetic luminescent quantum dots (MQDs) synthesis and
biomedical/biological applications: a review. Mater Sci Eng C.
2021;118:111545.

34. Desmond LJ, Phan AN, Gentile P. Critical overview on the
green synthesis of carbon quantum dots and their appli-
cation for cancer therapy. Environ Sci Nano. 2021;8(4):848-
862.

35. Vizovisek M, Ristanovic D, Menghini S, Christiansen MG,
Schuerle S. The tumor proteolytic landscape: a challeng-
ing frontier in cancer diagnosis and therapy. Int J Mol Sci.
2021;22(5):2514.

36. Hameed MK, Parambath J, Kanan SM, Mohamed AA. FRET-
based fluorescent probe for drug assay from amino acid@ gold-
carbon nanoparticles. Anal Bioanal Chem. 2021;413(4):1117-
1125.

37. Jamil M, Fatima B, Hussain D, et al. Quantitative determi-
nation of creatinine from serum of prostate cancer patients
by N-doped porous carbon antimony (Sb/NPC) nanoparticles.
Bioelectrochemistry. 2021;140:107815.

38. Liu X, Fan Q, Huang W. DNA biosensors based on
water-soluble conjugated polymers. Biosens Bioelectron.
2011;26(5):2154-2164.

39. Tinajero-DíazE, Salado-LezaD,GonzalezC, et al. Greenmetal-
lic nanoparticles for cancer therapy: evaluation models and
cancer applications. Pharmaceutics. 2021;13(10):1719.

40. Khursheed R, Dua K, Vishwas S, et al. Biomedical applications
of metallic nanoparticles in cancer: current status and future
perspectives. Biomed Pharmacother. 2022;150:112951.

41. Andleeb A, Andleeb A, Asghar S, et al. A systematic review
of biosynthesized metallic nanoparticles as a promising anti-
cancer-strategy. Cancers. 2021;13(11):2818.

42. Mohapatra A, Sathiyamoorthy P, Park I-K. Metallic
nanoparticle-mediated immune cell regulation and advanced
cancer immunotherapy. Pharmaceutics. 2021;13(11):1867.

43. Kearns O, Camisasca A, Giordani S. Hyaluronic acid-
conjugated carbon nanomaterials for enhanced tumour
targeting ability.Molecules. 2021;27(1):48.

44. Lim E-K, Kim T, Paik S, Haam S, Huh Y-M, Lee K. Nanoma-
terials for theranostics: recent advances and future challenges.
Chem Rev. 2015;115(1):327-394.

45. Ahmed SF, Mofijur M, Rafa N, et al. Green approaches in
synthesising nanomaterials for environmental nanobioremedi-
ation: technological advancements, applications, benefits and
challenges. Environ Res. 2022;204:111967.

46. Hao Y, Chung CK, Yu Z, Ossendorp FA, ten Dijke P, Cruz LJ.
Combinatorial therapeutic approaches with nanomaterial-
based photodynamic cancer therapy. Pharmaceutics.
2022;14(1):120.

47. Bai X, Wang Y, Song Z, et al. The basic properties of gold
nanoparticles and their applications in tumor diagnosis and
treatment. Int J Mol Sci. 2020;21(7):2480.

48. Singh P, Pandit S, Mokkapati V, Garg A, Ravikumar V,
Mijakovic I. Gold nanoparticles in diagnostics and therapeutics
for human cancer. Int J Mol Sci. 2018;19(7):1979.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KUMAR et al. 19 of 26

49. Kefayat A, Ghahremani F, Motaghi H, Mehrgardi MA. Investi-
gation of different targeting decorations effect on the radiosen-
sitizing efficacy of albumin-stabilized gold nanoparticles for
breast cancer radiation therapy. Eur J Pharm Sci. 2019;130:225-
233.

50. Koga K, Tagami T, Ozeki T. Gold nanoparticle-coated ther-
mosensitive liposomes for the triggered release of doxorubicin,
and photothermal therapy using a near-infrared laser. Colloids
Surf A. 2021;626:127038.

51. Fan M, Han Y, Gao S, et al. Ultrasmall gold nanoparticles in
cancer diagnosis and therapy. Theranostics. 2020;10(11):4944.

52. ZhaoW, Li J, Zhong C, Zhang X, Bao Y. Green synthesis of gold
nanoparticles from Dendrobium officinale and its anticancer
effect on liver cancer. Drug Delivery. 2021;28(1):985-994.

53. SinghB, ShuklaN,Kim J,KimK, ParkM-H. Stimuli-responsive
nanofibers containing gold nanorods for on-demand drug
delivery platforms. Pharmaceutics. 2021;13(8):1319.

54. Roh YH, Eom JY, Choi DG, Moon JY, Shim MS, Bong KW.
Gold nanorods-encapsulated thermosensitive drug carriers for
NIR light-responsive anticancer therapy. J Ind Eng Chem.
2021;98:211-216.

55. Zheng J, Cheng X, ZhangH, et al. Gold nanorods: themost ver-
satile plasmonic nanoparticles. Chem Rev. 2021;121(21):13342-
13453.

56. Roach L, Booth ME, Ingram N, et al. Evaluating Phospholipid-
functionalized gold nanorods for in vivo applications. Small.
2021;17(13):2006797.

57. Tabrizi AA, Saghaei H, Mehranpour MA, Jahangiri M.
Enhancement of absorption and effectiveness of a perovskite
thin-film solar cell embeddedwith gold nanospheres.Plasmon-
ics. 2021;16(3):747-760.

58. Emamzadeh M, Pasparakis G. Polymer coated gold nanoshells
for combinational photochemotherapy of pancreatic cancer
with gemcitabine. Sci Rep. 2021;11(1):1-15.

59. Hamblin MR. Fullerenes as photosensitizers in photody-
namic therapy: pros and cons. Photochem Photobiol Sci.
2018;17(11):1515-1533.

60. Allen ALC, Efrem M, Mahalingam U, et al. Hollow gold
nanosphere templated synthesis of PEGylated hollow gold
nanostars and use for SERS detection of amyloid beta in
solution. J Phys Chem B. 2021;125(44):12344-12352.

61. Z-l Lin, J Ding, G-p Sun, et al. Application of paclitaxel-loaded
EGFR peptide-conjugated magnetic polymeric liposomes for
liver cancer therapy. Curr Med Sci. 2020;40(1):145-154.

62. Dai Y, Su J, Wu K, et al. Multifunctional thermosensitive
liposomes based on natural phase-change material: near-
infrared light-triggered drug release and multimodal imaging-
guided cancer combination therapy.ACSApplMater Interfaces.
2019;11(11):10540-10553.

63. Kumar P, Agnihotri S, Roy I. Preparation and character-
ization of superparamagnetic iron oxide nanoparticles for
magnetically guided drug delivery. Int J Nanomed. 2018;13:43.

64. Attari E, Nosrati H, Danafar H, Kheiri Manjili H. Methotrex-
ate anticancer drug delivery to breast cancer cell lines by
iron oxide magnetic based nanocarrier. J Biomed Mater Res A.
2019;107(11):2492-2500.

65. Stueber DD, Villanova J, Aponte I, Xiao Z, Colvin VL. Mag-
netic nanoparticles in biology and medicine: past, present, and
future trends. Pharmaceutics. 2021;13(7):943.

66. Cardoso VF, Francesko A, Ribeiro C, Bañobre-López M,
Martins P, Lanceros-Mendez S.Advances inmagnetic nanopar-
ticles for biomedical applications. Adv Healthcare Mater.
2018;7(5):1700845.

67. Tran TT, Tran PH. Nanoconjugation and encapsulation strate-
gies for improving drug delivery and therapeutic efficacy of
poorly water-soluble drugs. Pharmaceutics. 2019;11(7):325.

68. Goswami S, Banerjee A, Chakraborty M, De D. Synthesis
and characterization of Ni grafted RGO—a nanocompos-
ite with tunable magnetic properties. Solid State Commun.
2022;342:114602.

69. Magaela NB, Matshitse R, Babu B, Managa M, Prinsloo E,
Nyokong T. Sn (IV) porphyrin-biotin decorated nitrogen doped
graphene quantum dots nanohybrids for photodynamic ther-
apy. Polyhedron. 2022;213:115624.

70. Badıllı U, Mollarasouli F, Bakirhan NK, Ozkan Y, Ozkan SA.
Role of quantum dots in pharmaceutical and biomedical anal-
ysis, and its application in drug delivery. TrAC: Trends Anal
Chem. 2020;131:116013.

71. Presutti D, Agarwal T, Zarepour A, et al. Transition metal
dichalcogenides (TMDC)-based nanozymes for biosensing and
therapeutic applications.Materials. 2022;15(1):337.

72. Lu B, Hu S, Wu D, et al. Ionic liquid exfoliated Ti3C2T⨯

MXene nanosheets for photoacoustic imaging and synergis-
tic photothermal/chemotherapy of cancer. J Mater Chem B.
2022;10(8):1226-1235.

73. Shi T, Liu YT,Wang SS, Lv QY, Yu B. Recyclable carbon nitride
nanosheet-photocatalyzed aminomethylation of imidazo [1, 2-
a] pyridines in green solvent. Chin J Chem. 2022;40(1):97-
103.

74. Gao S, Liu Y, Liu M, Yang D, Zhang M, Shi K. Biodegradable
mesoporous nanocomposites with dual-targeting function for
enhanced anti-tumor therapy. J Control Release. 2022;341:383-
398.

75. Zhang Z, Smith L, Li W, et al. Polydopamine-coated nanocom-
posite theranostic implants for localized chemotherapy and
MRI imaging. Int J Pharm. 2022;615:121493.

76. Ren X, LiuW, ZhouH, et al. Biodegradable 2D GeP nanosheets
with high photothermal conversion efficiency for multimodal
cancer theranostics. Chem Eng J. 2022;431:134176.

77. Khoury RA, Ranasinghe JC, Dikkumbura AS, et al. Monitor-
ing the seed-mediated growth of gold nanoparticles using in
situ second harmonic generation and extinction spectroscopy.
J Phys Chem C. 2018;122(42):24400-24406.

78. Li M, Wu J, Ma M, et al. Alkyne-and nitrile-anchored gold
nanoparticles for multiplex SERS imaging of biomarkers in
cancer cells and tissues. Nanotheranostics. 2019;3(1):113.

79. Nguyen VP, Qian W, Li Y, et al. Chain-like gold nanoparticle
clusters for multimodal photoacoustic microscopy and opti-
cal coherence tomography enhanced molecular imaging. Nat
Commun. 2021;12(1):1-14.

80. Luo D, Wang X, Burda C, Basilion JP. Recent development
of gold nanoparticles as contrast agents for cancer diagnosis.
Cancers. 2021;13(8):1825.

81. KlontzasME,KakkosGA, PapadakisGZ,MariasK,Karantanas
AH. Advanced clinical imaging for the evaluation of stem cell
based therapies. Expert Opin Biol Ther. 2021;21(9):1253-1264.

82. Song KH, Kim C, Cobley CM, Xia Y, Wang LV. Near-infrared
gold nanocages as a new class of tracers for photoacoustic

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



20 of 26 KUMAR et al.

sentinel lymph node mapping on a rat model. Nano Lett.
2009;9(1):183-188.

83. Toropova YG, Zelinskaya IA, Gorshkova MN, et al. Albumin
covering maintains endothelial function upon magnetic iron
oxide nanoparticles intravenous injection in rats. J Biomed
Mater Res A. 2021;109(10):2017-2026.

84. Tong W, Hui H, Shang W, et al. Highly sensitive magnetic
particle imaging of vulnerable atherosclerotic plaque with
active myeloperoxidase-targeted nanoparticles. Theranostics.
2021;11(2):506.

85. Huang S-H, Juang R-S. Biochemical and biomedical applica-
tions of multifunctional magnetic nanoparticles: a review. J
Nanopart Res. 2011;13(10):4411-4430.

86. Vazquez-Prada KX, Lam J, Kamato D, Xu ZP, Little PJ, Ta
HT. Targeted molecular imaging of cardiovascular diseases
by iron oxide nanoparticles. Arterioscler Thromb Vasc Biol.
2021;41(2):601-613.

87. Nur İH, Keleş H, Ünlükal N, Solmaz M, Erdoğan E, Pérez W.
A new definition about the relationship of intercellular fluid
in the brain with the mandibular and parotid lymph nodes.
Microsc Res Tech. 2022;85(1):220-232.

88. Ryu I, Ryu JY, Choe G, et al. In vivo plain X-ray imaging of
cancer using perovskite quantum dot scintillators. Adv Funct
Mater. 2021;31(34):2102334.

89. Behzad F, Sefidgar E, Samadi A, Lin W, Pouladi I, Pi J.
An overview of zinc oxide nanoparticles produced by plant
extracts for anti-tuberculosis treatments. Curr Med Chem.
2022;29(1):86-98.

90. Wang Z, Tang M. Research progress on toxicity, function,
and mechanism of metal oxide nanoparticles on vascular
endothelial cells. J Appl Toxicol. 2021;41(5):683-700.

91. SunN, Ansari MJ, Lup ANK, et al. Molecular docking and den-
sity functional theory simulation: improved anti-inflammatory
and anticancer properties of celecoxib using zinc oxide and
magnesium oxide nanoclusters improved anti-inflammatory
and anticancer properties of celecoxib loaded zinc ox. Arabian
J Chem. 2022;15(2):103568.

92. Behzadi E, Sarsharzadeh R, Nouri M, et al. Albumin binding
and anticancer effect of magnesium oxide nanoparticles. Int J
Nanomed. 2019;14:257.

93. DuH,AkakuruOU,YaoC, Yang F,WuA. Transitionmetal ion-
doped ferrites nanoparticles for bioimaging and cancer therapy.
Transl Oncol. 2022;15(1):101264.

94. Rashad M, Tekin HO, Zakaly HMH, Pyshkina M, Issa SAM,
Susoy G. Physical and nuclear shielding properties of newly
synthesized magnesium oxide and zinc oxide nanoparticles.
Nucl Eng Technol. 2020;52(9):2078-2084.

95. Ahmed T, Noman M, Manzoor N, et al. Green magnesium
oxide nanoparticles-based modulation of cellular oxidative
repair mechanisms to reduce arsenic uptake and translocation
in rice (Oryza sativa L.) plants. Environ Pollut. 2021;288:117785.

96. Nejati M, Rostami M, Mirzaei H, et al. Green methods for
the preparation of MgO nanomaterials and their drug delivery,
anti-cancer and anti-bacterial potentials: a review. Inorg Chem
Commun. 2022;136:109107.

97. Karthikeyan C, Sisubalan N, Sridevi M, et al. Biocidal chitosan-
magnesium oxide nanoparticles via a green precipitation
process. J Hazard Mater. 2021;411:124884.

98. Temiz Ö, Kargın F. Toxicological impacts on antioxidant
responses, stress protein, and genotoxicity parameters of alu-
minum oxide nanoparticles in the liver of Oreochromis niloti-
cus. Biol Trace Elem Res. 2022;200(3):1339-1346.

99. Liman R, Başbuğ B, Ali MM, Acikbas Y, Ciğerci İH. Cytotoxic
and genotoxic assessment of tungsten oxide nanoparticles in
Allium cepa cells by Allium ana-telophase and comet assays. J
Appl Genet. 2021;62(1):85-92.

100. Radziun E, Wilczyńska JD, Książek I, et al. Assessment of
the cytotoxicity of aluminium oxide nanoparticles on selected
mammalian cells. Toxicol in Vitro. 2011;25(8):1694-1700.

101. Subramaniam VD, Ramachandran M, Marotta F, Banerjee A,
Sun XF, Pathak S. Comparative study on anti-proliferative
potentials of zinc oxide and aluminium oxide nanoparti-
cles in colon cancer cells. Acta Bio-Medica: Atenei Parmensis.
2019;90(2):241-247.

102. Rajan YC, Inbaraj BS, Chen BH. Synthesis and characterization
of poly (γ-glutamic acid)-based alumina nanoparticles with
their protein adsorption efficiency and cytotoxicity towards
human prostate cancer cells. RSC Adv. 2015;5(20):15126-15139.

103. Luo S, Liu Y, Zhu Y, et al. Perspectives on palladium-based
nanomaterials: green synthesis, ecotoxicity, and risk assess-
ment. Environ Sci. 2021;8(1):20-36.

104. Miklášová N, Herich P, Dávila-Becerril JC, et al. Evaluation
of antiproliferative palladium (II) complexes of synthetic bis-
demethoxycurcumin towards in vitro cytotoxicity and molecu-
lar docking on DNA sequence.Molecules. 2021;26(14):4369.

105. Jia Y, Qian D, Chen Y, Hu Y. Intra/extracellular electron trans-
fer for aerobic denitrification mediated by in-situ biosynthesis
palladium nanoparticles.Water Res. 2021;189:116612.

106. Piñón-Castillo HA, Martínez-Chamarro R, Reyes-Martínez
R, et al. Palladium nanoparticles functionalized with PVP-
quercetin inhibits cell proliferation and activates apoptosis in
colorectal cancer cells. Appl Sci. 2021;11(5):1988.

107. GautamA, Beiss V,Wang C,Wang L, Steinmetz NF. Plant viral
nanoparticle conjugated with anti-PD-1 peptide for ovarian
cancer immunotherapy. Int J Mol Sci. 2021;22(18):9733.

108. He J, Wang J, Gao S, et al. Biomineralized synthesis of palla-
dium nanoflowers for photothermal treatment of cancer and
wound healing. Int J Pharm. 2022;615:121489.

109. Gurunathan S, Kang M-H, Jeyaraj M, Kim J-H. Palladium
nanoparticle-induced oxidative stress, endoplasmic reticulum
stress, apoptosis, and immunomodulation enhance the biogen-
esis and release of exosome in human leukemiamonocytic cells
(THP-1). Int J Nanomed. 2021;16:2849.

110. Bangde P, Pant T, Gaikwad G, Jain R, Dandekar P. Trimethyl
chitosan coated palladium nanoparticles as a photothermal
agent and its in vitro evaluation in 2D and 3D model of breast
cancer cells. Colloids Surf B. 2022;211:112287.

111. Yafout M, Ousaid A, Khayati Y, El Otmani IS. Gold nanoparti-
cles as a drug delivery system for standard chemotherapeutics:
a new lead for targeted pharmacological cancer treatments. Sci
Afr. 2021;11:e00685.

112. Hosny M, Fawzy M, Abdelfatah AM, Fawzy EE, Eltaweil AS.
Comparative study on the potentialities of two halophytic
species in the green synthesis of gold nanoparticles and their
anticancer, antioxidant and catalytic efficiencies. Adv Powder
Technol. 2021;32(9):3220-3233.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KUMAR et al. 21 of 26

113. Hosny M, Fawzy M, El-Badry YA, Hussein EE, Eltaweil
AS. Plant-assisted synthesis of gold nanoparticles for
photocatalytic, anticancer, and antioxidant applications. J
Saudi Chem Soc. 2022;26(2):101419.

114. Kadkhoda J, Aghanejad A, Safari B, Barar J, Rasta SH, Davaran
S. Aptamer-conjugated gold nanoparticles for targeted pacli-
taxel delivery and photothermal therapy in breast cancer. J
Drug Delivery Sci Technol. 2022;67:102954.

115. Hai Y, Wang H, Qiu Y, et al. Optimization of endothelial
growth factor receptor monoclonal antibody-gold nanorods
photothermal therapy for laryngeal squamous cell carcinoma.
Bioengineered. 2022;13(2):3262-3274.

116. Amale FR, Ferdowsian S, Hajrasouliha S, et al. Gold nanopar-
ticles loaded into niosomes: a novel approach for enhanced
antitumor activity against human ovarian cancer. Adv Powder
Technol. 2021;32(12):4711-4722.

117. Essa N, O’Connell F, Prina-Mello A, O’Sullivan J, Marcone
S. Gold nanoparticles and obese adipose tissue microenviron-
ment in cancer treatment. Cancer Lett. 2022;525:1-8.

118. Leelavathi H, Muralidharan R, Abirami N, Tamizharasan S,
KumarasamyA, Arulmozhi R. Exploration of ZnO decorated g-
C3N4 amphiphilic anticancer drugs for antiproliferative activ-
ity against human cervical cancer. J Drug Delivery Sci Technol.
2022;68:103126.

119. Castilho ML, Jesus VPS, Vieira PFA, Hewitt KC, Raniero
L. Chlorin e6-EGF conjugated gold nanoparticles as a
nanomedicine based therapeutic agent for triple negative
breast cancer. Photodiagn Photodyn Ther. 2021;33:102186.

120. Essawy MM, El-Sheikh SM, Raslan HS, et al. Function of gold
nanoparticles in oral cancer beyond drug delivery: implications
in cell apoptosis. Oral Dis. 2021;27(2):251-265.

121. Liu XY, Wang JQ, Ashby CR Jr, Zeng L, Fan YF, Chen
ZS. Gold nanoparticles: synthesis, physiochemical properties
and therapeutic applications in cancer. Drug Discovery Today.
2021;26(5):1284-1292.

122. Ferreira-Gonçalves T, Ferreira D, Ferreira HA, Reis CP.
Nanogold-based materials in medicine: from their origins to
their future. Nanomedicine. 2021;16(30):2695-2723.

123. Pan P, Svirskis D, Rees SWP, Barker D,Waterhouse GIN,Wu Z.
Photosensitive drug delivery systems for cancer therapy: mech-
anisms and applications. J Control Release. 2021;338:446-461.

124. Asghar M, Sajjad A, Hanif S, Ali JS, Ali Z, Zia M. Comparative
analysis of synthesis, characterization, antimicrobial, antiox-
idant, and enzyme inhibition potential of roses petal based
synthesized copper oxide nanoparticles. Mater Chem Phys.
2022;278:125724.

125. Morsy EA, Hussien AM, Ibrahim MA, Farroh KY, Hassanen
EI. Cytotoxicity and genotoxicity of copper oxide nanoparticles
in chickens. Biol Trace Elem Res. 2021;199(12):4731-4745.

126. Balasubramanian S, Perumal E. Integrated in silico analysis for
the identification of key genes and signaling pathways in cop-
per oxide nanoparticles toxicity. Toxicology. 2021;463:152984.

127. Mariadoss AVA, Saravanakumar K, Sathiyaseelan A,
Venkatachalam K, Wang M-H. Folic acid functionalized
starch encapsulated green synthesized copper oxide nanopar-
ticles for targeted drug delivery in breast cancer therapy. Int J
Biol Macromol. 2020;164:2073-2084.

128. Al-Jawhari H, Bin-Thiyab H, Elbialy N. In vitro antioxidant
and anticancer activities of cupric oxide nanoparticles synthe-

sized using spinach leaves extract. Nano-Struct Nano-Objects.
2022;29:100815.

129. Fahmy HM, Ebrahim NM, Gaber MH. In-vitro evaluation of
copper/copper oxide nanoparticles cytotoxicity and genotoxic-
ity in normal and cancer lung cell lines. J Trace ElemMed Biol.
2020;60:126481.

130. Kouhkan M, Ahangar P, Babaganjeh LA, Allahyari-Devin M.
Biosynthesis of copper oxide nanoparticles using Lactobacillus
casei subsp. casei and its anticancer and antibacterial activities.
Curr Nanosci. 2020;16(1):101-111.

131. Pillai RR, Sreelekshmi P, Meera A. Enhanced biological perfor-
mance of green synthesized copper oxide nanoparticles using
Pimenta dioica leaf extract.Mater Today: Proc. 2022;50:163-172.

132. Huang Y, Zhu C, Xie R, Ni M. Green synthesis of nickel
nanoparticles using Fumaria officinalis as a novel chemothera-
peutic drug for the treatment of ovarian cancer. J Exp Nanosci.
2021;16(1):369-382.

133. Qian Y, Wang D, Tian X, et al. Synthesis of urchin-like
nickel nanoparticles with enhanced rotating magnetic field-
induced cell necrosis and tumor inhibition. Chem Eng J.
2020;400:125823.

134. Du Z, Qi Y, He J, Zhong D, Zhou M. Recent advances in
applications of nanoparticles in SERS in vivo imaging. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2021;13(2):e1672.

135. Aygun A, Gulbagca F, Altuner EE, et al. Highly active PdPt
bimetallic nanoparticles synthesized by one-step bioreduction
method: characterizations, anticancer, antibacterial activities
and evaluation of their catalytic effect for hydrogen generation.
Int J Hydrogen Energy. 2022;48(17):6666-6679.

136. Grojean M, Schwarz MA, Schwarz JR, et al. Targeted dual
inhibition of c-Met/VEGFR2 signalling by foretinib improves
antitumour effects of nanoparticle paclitaxel in gastric cancer
models. J Cell Mol Med. 2021;25(11):4950-4961.

137. Hashem AH, Al Abboud MA, Alawlaqi MM, Abdelghany TM,
Hasanin M. Synthesis of nanocapsules based on biosynthe-
sized nickel nanoparticles and potato starch: antimicrobial,
antioxidant, and anticancer activity. Starch – Stärke. 2022;74(1-
2):2100165.

138. Rambabu K, Bharath G, Banat F, Show PL. Green synthe-
sis of zinc oxide nanoparticles using Phoenix dactylifera waste
as bioreductant for effective dye degradation and antibacte-
rial performance in wastewater treatment. J Hazard Mater.
2021;402:123560.

139. Gur T, Meydan I, Seckin H, Bekmezci M, Sen F. Green syn-
thesis, characterization and bioactivity of biogenic zinc oxide
nanoparticles. Environ Res. 2022;204:111897.

140. Lee H. Molecular modeling of protein corona formation and
its interactions with nanoparticles and cell membranes for
nanomedicine applications. Pharmaceutics. 2021;13(5):637.

141. KhanMJ, AhmadA,KhanMA, Siddiqui S. Zinc oxide nanopar-
ticle induces apoptosis in human epidermoid carcinoma cells
through reactive oxygen species and DNA degradation. Biol
Trace Elem Res. 2021;199(6):2172-2181.

142. Saber M, Hayaei-Tehrani RS, Mokhtari S, Hoorzad P,
Esfandiari F. In vitro cytotoxicity of zinc oxide nanoparticles
in mouse ovarian germ cells. Toxicol in Vitro. 2021;70:105032.

143. Arathi A, Joseph X, Akhil V, Mohanan P. L-Cysteine capped
zinc oxide nanoparticles induced cellular response on ade-
nocarcinomic human alveolar basal epithelial cells using a

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



22 of 26 KUMAR et al.

conventional and organ-on-a-chip approach. Colloids Surf B.
2022;211:112300.

144. Rajeshkumar S, Kumar SV, Ramaiah A, Agarwal H, Lakshmi
T, Roopan SM. Biosynthesis of zinc oxide nanoparticles using
Mangifera indica leaves and evaluation of their antioxidant and
cytotoxic properties in lung cancer (A549) cells.EnzymeMicrob
Technol. 2018;117:91-95.

145. Vigneshwaran R, Ezhilarasan D, Rajeshkumar S. Inorganic
titanium dioxide nanoparticles induces cytotoxicity in colon
cancer cells. Inorg Chem Commun. 2021;133:108920.

146. Iqbal H, Razzaq A, Uzair B, et al. Breast cancer inhibition by
biosynthesized titaniumdioxide nanoparticles is comparable to
free doxorubicin but appeared safer in BALB/cmice.Materials.
2021;14(12):3155.

147. KarthikaC, SureshkumarR, SajiniDV,AshrafGM,RahmanM.
5-fluorouracil and curcumin with pectin coating as a treatment
regimen for titanium dioxide with dimethylhydrazine-induced
colon cancer model. Environ Sci Pollut Res. 2022;29(42):1-14.

148. Çeşmeli S, Biray Avci C. Application of titanium dioxide (TiO2)
nanoparticles in cancer therapies. J Drug Target. 2019;27(7):762-
766.

149. Nasr R, Hasanzadeh H, Khaleghian A, Moshtaghian A, Emadi
A, Moshfegh S. Induction of apoptosis and inhibition of inva-
sion in gastric cancer cells by titanium dioxide nanoparticles.
Oman Med J. 2018;33(2):111-117.

150. Wang X, Zhong X, Cheng L. Titanium-based nanomaterials for
cancer theranostics. Coord Chem Rev. 2021;430:213662.

151. Elsayed KA, AlomariM, DrmoshQ,MandaAA, Haladu SA, IO
Alade. Anticancer activity of TiO2/Aunanocomposite prepared
by laser ablation technique on breast and cervical cancers. Opt
Laser Technol. 2022;149:107828.

152. Mani M, Harikrishnan R, Purushothaman P, et al. Systematic
green synthesis of silver oxide nanoparticles for antimicrobial
activity. Environ Res. 2021;202:111627.

153. Dharmaraj D, KrishnamoorthyM, Rajendran K, et al. Antibac-
terial and cytotoxicity activities of biosynthesized silver oxide
(Ag2O) nanoparticles using Bacillus paramycoides. J Drug
Delivery Sci Technol. 2021;61:102111.

154. Kokila N, Mahesh B, Roopa K, et al. Thunbergia mysorensis
mediated nano silver oxide for enhanced antibacterial, antiox-
idant, anticancer potential and in vitro hemolysis evaluation. J
Mol Struct. 2022;1255:132455.

155. Jampilek J, Kralova K. Advances in drug delivery nanosys-
tems using graphene-based materials and carbon nanotubes.
Materials. 2021;14(5):1059.

156. Şuţan NA, Fierăscu I, Şuţan C, et al. In vitro mitodepressive
activity of phytofabricated silver oxide nanoparticles (Ag2O-
NPs) by leaves extract of Helleborus odorus Waldst. & Kit. ex
Willd.Mater Lett. 2021;286:129194.

157. Karunagaran V, Rajendran K, Sen S. Optimization of biosyn-
thesis of silver oxide nanoparticles and its anticancer activity.
Int J Nanosci. 2017;16:1750018.

158. Abbasi Kajani A, Haghjooy Javanmard S, Asadnia M,
Razmjou A. Recent advances in nanomaterials develop-
ment for nanomedicine and cancer. ACS Appl Bio Mater.
2021;4(8):5908-5925.

159. Al-Khedhairy AA, Wahab R. Silver nanoparticles: an instan-
taneous solution for anticancer activity against human

liver (HepG2) and breast (MCF-7) cancer cells. Metals.
2022;12(1):148.

160. Ali A, ZafarH, ZiaM, et al. Synthesis, characterization, applica-
tions, and challenges of iron oxide nanoparticles. Nanotechnol
Sci Appl. 2016;9:49.

161. Soetaert F, Korangath P, Serantes D, Fiering S, Ivkov R. Cancer
therapy with iron oxide nanoparticles: agents of thermal and
immune therapies. Adv Drug Delivery Rev. 2020;163:65-83.

162. Saeed M, Ren W, Wu A. Therapeutic applications of iron
oxide based nanoparticles in cancer: basic concepts and recent
advances. Biomater Sci. 2018;6(4):708-725.

163. Rosen JE, Chan L, Shieh D-B, Gu FX. Iron oxide nanopar-
ticles for targeted cancer imaging and diagnostics. Nanomed
Nanotechnol Biol Med. 2012;8(3):275-290.

164. Lacerda S, Djanashvili K, Bonnet CS. Lanthanide contain-
ing systems for molecular magnetic resonance imaging and
therapy. Supramol Chem Biomed Imaging. 2022;1:163-206.

165. Nowak-Jary J, Machnicka B. Pharmacokinetics of mag-
netic iron oxide nanoparticles for medical applications. J
Nanobiotechnol. 2022;20(1):1-30.

166. Mehta KJ. Iron oxide nanoparticles in mesenchymal stem cell
detection and therapy. Stem Cell Rev Rep. 2022;18(7):1-28.

167. Yan Y-Q, Wang H, Zhao Y. Radiolabeled peptide probe for
tumor imaging. Chin Chem Lett. 2022;33(7):3361-3370.

168. Fernández-Acosta R, Iriarte-Mesa C, Alvarez-Alminaque D,
et al. Novel iron oxide nanoparticles induce ferroptosis in a
panel of cancer cell lines.Molecules. 2022;27(13):3970.

169. Montiel Schneider MG, Martín MJ, Otarola J, et al. Biomed-
ical applications of iron oxide nanoparticles: current insights
progress and perspectives. Pharmaceutics. 2022;14(1):204.

170. Chin Y-C, Yang L-X, Hsu F-T, et al. Iron oxide@ chlorophyll
clustered nanoparticles eliminate bladder cancer by photody-
namic immunotherapy-initiated ferroptosis and immunostim-
ulation. J Nanobiotechnol. 2022;20(1):373.

171. Chen C, Ge J, Gao Y, et al. Ultrasmall superparamagnetic
iron oxide nanoparticles: a next generation contrast agent for
magnetic resonance imaging. Wiley Interdiscip Rev Nanomed
Nanobiotechnol. 2022;14(1):e1740.

172. Żuk M, Podgórski R, Ruszczyńska A, et al. Multifunctional
nanoparticles based on iron oxide and gold-198 designed for
magnetic hyperthermia and radionuclide therapy as a potential
tool for combined HER2-positive cancer treatment. Pharma-
ceutics. 2022;14(8):1680.

173. Halder J, Pradhan D, Biswasroy P, et al. Trends in iron oxide
nanoparticles: a nano-platform for theranostic application in
breast cancer. J Drug Target. 2022;30(10):1055-1075.

174. Kader A, Kaufmann JO, Mangarova DB, et al. Iron oxide
nanoparticles for visualization of prostate cancer in MRI.
Cancers. 2022;14(12):2909.

175. Kanipandian N, Thirumurugan R. A feasible approach to
phyto-mediated synthesis of silver nanoparticles using indus-
trial crop Gossypium hirsutum (cotton) extract as stabilizing
agent and assessment of its in vitro biomedical potential. Ind
Crops Prod. 2014;55:1-10.

176. Krishnan V, Prakash JS, Manigandan V, et al. Synthesis of
mesoporous SiO2 nanoparticles and toxicity assessment in
early life stages of zebrafish. Microporous Mesoporous Mater.
2022;330:111573.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KUMAR et al. 23 of 26

177. Ghazy E, Kumar A, Barani M, Kaur I, Rahdar A, Behl T.
Scrutinizing the therapeutic and diagnostic potential of nan-
otechnology in thyroid cancer: edifying drug targeting by nano-
oncotherapeutics. J Drug Delivery Sci Technol. 2021;61:102221.

178. Iranpour S, Bahrami AR, Saljooghi AS, Matin MM. Applica-
tion of smart nanoparticles as a potential platform for effective
colorectal cancer therapy. Coord Chem Rev. 2021;442:213949.

179. Akhtar N, Ilyas N, Hayat R, Yasmin H, Noureldeen A, Ahmad
P. Synergistic effects of plant growth promoting rhizobacteria
and silicon dioxide nano-particles for amelioration of drought
stress in wheat. Plant Physiol Biochem. 2021;166:160-176.

180. WuD,Wang S, YuG,ChenX.Cell deathmediated by the pyrop-
tosis pathway with the aid of nanotechnology: prospects for
cancer therapy. Angew Chem. 2021;133(15):8096-8112.

181. Asiri SM, Khan FA, Bozkurt A. Delivery of conjugated silicon
dioxide nanoparticles show strong anti-proliferative activities.
Appl Biochem Biotechnol. 2019;189(3):760-773.

182. Tabasi H, Mosavian MH, Sabouri Z, Khazaei M, Darroudi
M. pH-responsive and CD44-targeting by Fe3O4/MSNs-NH2
nanocarriers for oxaliplatin loading and colon cancer treat-
ment. Inorg Chem Commun. 2021;125:108430.

183. Choe G, Kwon H, Ryu I, Yim S. Enhanced X-ray attenuating
efficiency of silicon dioxide nanoparticleswith cesium lead bro-
mide and 2, 5-diphenyloxazole co-embedded therein. Crystals.
2021;11(12):1531.

184. Vijayakumar S, Chen J, Divya M, Durán-Lara EF,
Prasannakumar M, Vaseeharan B. A review on biogenic syn-
thesis of seleniumnanoparticles and its biological applications.
J Inorg Organomet Polym Mater. 2022;32(7):1-16.

185. Shinde V, Desai K. In vitro cytotoxicity, macromolecular
interaction and antioxidant potential of dual coated sele-
nium nanoparticles. J Biomed Mater Res B: Appl Biomater.
2022;110(6):1400-1411.

186. Cai L, Zhou S, Yu B, et al. The composites of triple-helix glu-
can nanotubes/selenium nanoparticles target hepatocellular
carcinoma to enhance ferroptosisby depleting glutathione and
augmenting redox imbalances. Chem Eng J. 2022;446:137110.

187. Fatima S, Alfrayh R, Alrashed M, Alsobaie S, Ahmad R,
Mahmood A. Selenium nanoparticles by moderating oxidative
stress promote differentiation of mesenchymal stem cells to
osteoblasts. Int J Nanomed. 2021;16:331.

188. Turovsky EA, Varlamova EG. Mechanism of Ca2+-dependent
pro-apoptotic action of selenium nanoparticles, mediated by
activation of Cx43 hemichannels. Biology. 2021;10(8):743.

189. Ferro C, Florindo HF, Santos HA. Selenium nanoparticles for
biomedical applications: from development and characteriza-
tion to therapeutics.AdvHealthcareMater. 2021;10(16):2100598.

190. Xia Y, Chen Y, Hua L, et al. Functionalized selenium nanopar-
ticles for targeted delivery of doxorubicin to improve non-
small-cell lung cancer therapy. Int J Nanomed. 2018;13:6929-
6939.

191. Kumar S, Sharma AK, Lalhlenmawia H, Kumar D. Natural
compounds targeting major signaling pathways in lung cancer.
In: Dua K, Löbenberg R, Malheiros Luzo ÂC, Shukla S, Satija
S, eds. Targeting Cellular Signalling Pathways in Lung Diseases.
Springer; 2021:821-846.

192. Shukla MK, Dubey A, Pandey S, et al. Managing apoptosis in
lung diseases using nano-assisted drug delivery system. Curr
Pharm Des. 2022;28(39):3202-3211.

193. Goktas S, Goktas A. A comparative study on recent progress
in efficient ZnO based nanocomposite and heterojunction
photocatalysts: a review. J Alloys Compd. 2021;863:158734.

194. Joseph MR, Nizam P, Gopakumar S, et al. Development
and characterization of cellulose nanofibre reinforced Aca-
cia nilotica gum nanocomposite. Ind Crops Prod. 2021;161:
113180.

195. Chang Y, He L, Li Z, et al. Designing core–shell gold and
selenium nanocomposites for cancer radiochemotherapy. ACS
Nano. 2017;11(5):4848-4858.

196. Lodhi MS, Khan MT, Aftab S, Samra ZQ, Wang H, Wei DQ.
A novel formulation of theranostic nanomedicine for tar-
geting drug delivery to gastrointestinal tract cancer. Cancer
Nanotechnol. 2021;12(1):1-27.

197. Tang Z, Gao H, Chen X, Zhang Y, Li A, Wang G. Advanced
multifunctional composite phase change materials based on
photo-responsive materials. Nano Energy. 2021;80:105454.

198. Chen G, Wu Y, Jin K, et al. A biosynthesized near-infrared-
responsive nanocomposite biomaterial for antimicrobial and
antibiofilm treatment. ACS Appl Bio Mater. 2021;4(10):7542-
7553.

199. Shilo M, Oved H, Wertheim L, et al. Injectable nanocom-
posite implants reduce ROS accumulation and improve heart
function after infarction. Adv Sci. 2021;8(24):2102919.

200. Yoon J, Shin M, Lee T, Choi J-W. Highly sensitive biosen-
sors based on biomolecules and functional nanomaterials
depending on the types of nanomaterials: a perspective review.
Materials. 2020;13(2):299.

201. Yang N, Gong F, Cheng L. Recent advances in upconversion
nanoparticle-based nanocomposites for gas therapy. Chem Sci.
2022;13(7):1883-1898.

202. Rai A, Ferreira L. Biomedical applications of the peptide deco-
rated gold nanoparticles.Crit Rev Biotechnol. 2021;41(2):186-215.

203. Drescher D, Büchner T, Schrade P, et al. Influence of nuclear
localization sequences on the intracellular fate of gold nanopar-
ticles. ACS Nano. 2021;15(9):14838-14849.

204. Arkaban H, Shervedani RK, Yaghoobi F, Kefayat A,
Ghahremani F. Imaging and therapeutic capabilities of
the AuNPs@MnCO3/Mn3O4, coated with PAA and integrated
with folic acid, doxorubicin and propidium iodide for murine
breast cancer. J Drug Delivery Sci Technol. 2022;67:102818.

205. Guo X, Wei X, Chen Z, Zhang X, Yang G, Zhou S. Multifunc-
tional nanoplatforms for subcellular delivery of drugs in cancer
therapy. Prog Mater Sci. 2020;107:100599.

206. Mostafavi E, Zarepour A, Barabadi H, Zarrabi A, Truong LB,
Medina-Cruz D. Antineoplastic activity of biogenic silver and
gold nanoparticles to combat leukemia: beginning a new era in
cancer theragnostic. Biotechnol Rep. 2022;34:e00714.

207. Dubashynskaya NV, Bokatyi AN, Golovkin AS, et al.
Synthesis and characterization of novel succinyl chitosan-
dexamethasone conjugates for potential intravitreal
dexamethasone delivery. Int J Mol Sci. 2021;22(20):10960.

208. Gonzalez M, Minnici K, Risteen B, et al. Active material
interfacial chemistry and its impact on composite magnetite
electrodes. ACS Appl Energy Mater. 2021;4(9):9836-9847.

209. Tkachenko V, Kunemann P, Malval JP, et al. Kinetically sta-
ble sub-50 nm fluorescent block copolymer nanoparticles via
photomediated RAFT dispersion polymerization for cellular
imaging. Nanoscale. 2022;14(2):534-545.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



24 of 26 KUMAR et al.

210. Hemmati K, Ahmadi Nasab N, Hesaraki S, Nezafati N. In vitro
evaluation of curcumin-loaded chitosan-coated hydroxyapatite
nanocarriers as a potential system for effective treatment of
cancer. J Biomater Sci Polym Ed. 2021;32(10):1267-1287.

211. Hu X, Jazani AM, Oh JK. Recent advances in development
of imine-based acid-degradable polymeric nanoassemblies for
intracellular drug delivery. Polymer. 2021;230:124024.

212. Pérez-Garnes M, Morales V, Sanz R, García-Muñoz RA. Cyto-
static and cytotoxic effects of hollow-shell mesoporous silica
nanoparticles containing magnetic iron oxide. Nanomaterials.
2021;11(9):2455.

213. Zhang Y, Gu Z, Liu Y, et al. Benzene-bridged organosilica
modified mesoporous silica nanoparticles via an acid-catalysis
approach. Langmuir. 2021;37(8):2780-2786.

214. Pan L, He Q, Liu J, et al. Nuclear-targeted drug delivery
of TAT peptide-conjugated monodisperse mesoporous silica
nanoparticles. J Am Chem Soc. 2012;134(13):5722-5725.

215. Li X, Jian M, Sun Y, Zhu Q, Wang Z. The peptide function-
alized inorganic nanoparticles for cancer-related bioanalytical
and biomedical applications.Molecules. 2021;26(11):3228.

216. Kim T, Zhang Q, Li J, Zhang L, Jokerst JV. A gold/silver
hybrid nanoparticle for treatment and photoacoustic imaging
of bacterial infection. ACS Nano. 2018;12(6):5615-5625.

217. Pan L, Liu J, Shi J. Cancer cell nucleus-targeting nanocom-
posites for advanced tumor therapeutics. Chem Soc Rev.
2018;47(18):6930-6946.

218. Živojević K, Mladenović M, Djisalov M, et al. Advanced meso-
porous silica nanocarriers in cancer theranostics and gene
editing applications. J Control Release. 2021;337:193-211.

219. Xu S, Liu H-W, Huan S-Y, Yuan L, Zhang X-B. Recent progress
in utilizing near-infrared J-aggregates for imaging and cancer
therapy.Mater Chem Front. 2021;5(3):1076-1089.

220. Hassanen EI, Ragab E. In vivo and in vitro assessments of
the antibacterial potential of chitosan-silver nanocomposite
against methicillin-resistant Staphylococcus aureus – induced
infection in rats. Biol Trace Elem Res. 2021;199(1):244-257.

221. Shepherd SJ, Issadore D, Mitchell MJ. Microfluidic formula-
tion of nanoparticles for biomedical applications. Biomaterials.
2021;274:120826.

222. IkramM, Javed B, Raja NI. Biomedical potential of plant-based
selenium nanoparticles: a comprehensive review on therapeu-
tic and mechanistic aspects. Int J Nanomed. 2021;16:249.

223. Shukla M. K., Das A. K., Gaurav A., Bisht D., Singh A., &
Kumar D. Recent plant-based nanomedicine and nanocarrier
for cancer treatment. Nanotechnology for Drug Delivery and
Pharmaceuticals. 2023;187-206. https://doi.org/10.1016/b978-0-
323-95325-2.00011-0

224. Iannone MF, Groppa MD, Zawoznik MS, Coral DF, van Raap
MBF, Benavides MP. Magnetite nanoparticles coated with cit-
ric acid are not phytotoxic and stimulate soybean and alfalfa
growth. Ecotoxicol Environ Saf. 2021;211:111942.

225. Bukhari A, Ijaz I, Gilani E, et al. Green synthesis of metal
and metal oxide nanoparticles using different plants’ parts for
antimicrobial activity and anticancer activity: a review article.
Coatings. 2021;11(11):1374.

226. Bharathi D, Preethi S, Abarna K, Nithyasri M, Kishore P,
Deepika K. Bio-inspired synthesis of flower shaped iron oxide
nanoparticles (FeONPs) using phytochemicals of Solanum

lycopersicum leaf extract for biomedical applications. Biocatal
Agric Biotechnol. 2020;27:101698.

227. Ovais M, Khalil AT, Islam NU, et al. Role of plant phyto-
chemicals and microbial enzymes in biosynthesis of metallic
nanoparticles. Appl Microbiol Biotechnol. 2018;102(16):6799-
6814.

228. Król A, Railean-Plugaru V, Pomastowski P, Buszewski B. Phy-
tochemical investigation of Medicago sativa L. extract and its
potential as a safe source for the synthesis of ZnO nanoparti-
cles: the proposed mechanism of formation and antimicrobial
activity. Phytochem Lett. 2019;31:170-180.

229. Gul AR, Shaheen F, Rafique R, Bal J,Waseem S, Park TJ. Grass-
mediated biogenic synthesis of silver nanoparticles and their
drug delivery evaluation: a biocompatible anti-cancer therapy.
Chem Eng J. 2021;407:127202.

230. Harshavardhan M. Therapeutic and medicinal properties of
“the silent healer” aloe vera (Aloe barbadensis Miller): a
systematic review. Res Biotica. 2021;3(2):88-93.

231. Ahmed S, Saifullah, AhmadM, Swami BL, Ikram S. Green syn-
thesis of silver nanoparticles usingAzadirachta indica aqueous
leaf extract. J Radiat Res Appl Sci. 2016;9(1):1-7.

232. Hano C, Abbasi BH. Plant-based green synthesis of nanopar-
ticles: production, characterization and applications.
Biomolecules. 2021;12(1):31.

233. Keshavarzi M, Davoodi D, Pourseyedi S, Taghizadeh S. The
effects of three types of alfalfa plants (Medicago sativa) on the
biosynthesis of gold nanoparticles: an insight into phytomin-
ing. Gold Bull. 2018;51(3):99-110.

234. Sehgal S, Kumar J. Involvement of gold and silver nanoparti-
cles in lung cancer nanomedicines: a review.MaterToday: Proc.
2022;62:6468-6476.

235. Mobaraki F, Momeni M, Jahromi M, et al. Apoptotic, antioxi-
dant and cytotoxic properties of synthesizedAgNPs using green
tea against human testicular embryonic cancer stem cells.
Process Biochem. 2022;119:106-118.

236. Al Aboody MS. Silver/silver chloride (Ag/AgCl) nanoparticles
synthesized from Azadirachta indica lalex and its antibiofilm
activity against fluconazole resistant Candida tropicalis. Artif
Cells Nanomed Biotechnol. 2019;47(1):2107-2113.

237. Kumar GD, Raja K, Natarajan N, Govindaraju K, Subramanian
K. Invigouration treatment of metal and metal oxide nanopar-
ticles for improving the seed quality of aged chilli seeds
(Capsicum annum L.).Mater Chem Phys. 2020;242:122492.

238. Du M, Huang J, Sun D, Wang D, Li Q. High catalytic stability
for COoxidation overAu/TiO2 catalysts byCinnamomumcam-
phora leaf extract. Ind Eng Chem Res. 2018;57(44):14910-14914.

239. Abdel Bar FM, Abu Habib MM, Badria FA. A new hexagal-
loyl compound from Emblica officinalis Gaertn.: antioxidant,
cytotoxicity, and silver ion reducing activities. Chem Pap.
2021;75(12):6509-6518.

240. Chen Z, Niu J, Guo Z, et al. Graphene enhances photosynthesis
and the antioxidative defense system and alleviates salinity and
alkalinity stresses in alfalfa (Medicago sativa L.) by regulating
gene expression. Environ Sci: Nano. 2021;8(9):2731-2748.

241. Chen Z, Niu J, Guo Z, et al. Integrating transcriptome and
physiological analyses to elucidate the essential biological
mechanisms of graphene phytotoxicity of alfalfa (Medicago
sativa L.). Ecotoxicol Environ Saf. 2021;220:112348.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/b978-0-323-95325-2.00011-0
https://doi.org/10.1016/b978-0-323-95325-2.00011-0


KUMAR et al. 25 of 26

242. Pusphalatha R, Ashok B, HariramN, Rajulu AV. Nanocompos-
ite polyester fabrics with in situ generated silver nanoparticles
using tamarind leaf extract reducing agent. Int J Polym Anal
Charact. 2019;24(6):524-532.

243. Shaw S, Shit G, Tripathi D. Impact of drug carrier shape, size,
porosity and blood rheology on magnetic nanoparticle-based
drug delivery in amicrovessel.Colloids Surf A. 2022;639:128370.

244. Huang D, Sun L, Huang L, Chen Y. Nanodrug delivery systems
modulate tumor vessels to increase the enhanced permeability
and retention effect. J Pers Med. 2021;11(2):124.

245. Esfe MH, Esfandeh S. Effect of capillary pressure parameter
and volume fraction of nanoparticles on EOR process in a 3D
geometry. Int Commun Heat Mass Transfer. 2022;131:105762.

246. Goodlett BL, Kang CS, Yoo E, et al. A kidney-targeted nanopar-
ticle to augment renal lymphatic density decreases blood
pressure in hypertensive mice. Pharmaceutics. 2021;14(1):84.

247. Li C, Chen L, Wang Y, et al. Protein nanoparticle-related
osmotic pressure modifies nonselective permeability of the
blood–brain barrier by increasing membrane fluidity. Int J
Nanomed. 2021;16:1663.

248. Sardar M, Ahmed W, Al Ayoubi S, et al. Fungicidal synergistic
effect of biogenically synthesized zinc oxide and copper oxide
nanoparticles against Alternaria citri causing citrus black rot
disease. Saudi J Biol Sci. 2022;29(1):88-95.

249. Tansi FL, Fröbel F, Maduabuchi WO, et al. Effect of matrix-
modulating enzymes on the cellular uptake of magnetic
nanoparticles and on magnetic hyperthermia treatment of
pancreatic cancer models in vivo. Nanomaterials. 2021;11(2):
438.

250. EneaM, Pereira E, Costa J, et al. Cellular uptake and toxicity of
gold nanoparticles on two distinct hepatic cell models. Toxicol
in Vitro. 2021;70:105046.

251. Choo P, Liu T, Odom TW. Nanoparticle shape determines
dynamics of targeting nanoconstructs on cellmembranes. J Am
Chem Soc. 2021;143(12):4550-4555.

252. Amini MA, Ahmed T, Liu F-CF, et al. Exploring the
transformability of polymer-lipid hybrid nanoparticles and
nanomaterial-biology interplay to facilitate tumor penetration,
cellular uptake and intracellular targeting of anticancer drugs.
Expert Opin Drug Delivery. 2021;18(7):991-1004.

253. Mousavi SR, Estaji S, Rostami E, Khonakdar HA, Arjmand M.
Effect of a novel green modification of alumina nanoparticles
on the curing kinetics and electrical insulation properties of
epoxy composites. Polym Adv Technol. 2022;33(1):49-65.

254. Chen X, Fan Y, Sun J, et al. Nanoparticle-mediated specific
elimination of soft cancer stem cells by targeting low cell
stiffness. Acta Biomater. 2021;135:493-505.

255. Zhang S, Yan Q, Lin J, et al. Elimination of blind zone
in nanoparticle removal on silicon wafers using a double-
beam laser shockwave cleaning process. Appl Surf Sci.
2021;539:148057.

256. Jothibas M, Paulson E, Srinivasan S, Kumar BA. The impacts
of interfacing phytochemicals on the structural, optical
and morphology of hematite nanoparticles. Surf Interfaces.
2022;29:101734.

257. Jiang M, Dai S, Wang B, et al. Gold nanoparticles synthesized
using melatonin suppress cadmium uptake and alleviate its
toxicity in rice. Environ Sci: Nano. 2021;8(4):1042-1056.

258. Bansal K, Devi N, Aqdas M, Sharma RK, Agrewala JN, Katare
O. Protein transduction domain functionalized gold nanopar-
ticles for effective delivery of potent cytotoxic agent in cancer
cells. J Mol Liq. 2021;328:115385.

259. Pazouki N, Irani S, Olov N, Atyabi SM, Bagheri-Khoulenjani S.
Fe3O4 nanoparticles coated with carboxymethyl chitosan con-
taining curcumin in combination with hyperthermia induced
apoptosis in breast cancer cells. Prog Biomater. 2022;11(1):43-54.

260. Alhussan A, Bozdoğan EPD, Chithrani DB. Combining gold
nanoparticles with other radiosensitizing agents for unlock-
ing the full potential of cancer radiotherapy. Pharmaceutics.
2021;13(4):442.

261. Kuznetsova OV, Timerbaev AR. Magnetic nanoparticles for
highly robust, facile and efficient loading of metal-based drugs.
J Inorg Biochem. 2022;227:111685.

262. Zhao Z, Ukidve A, Krishnan V, Mitragotri S. Effect of physic-
ochemical and surface properties on in vivo fate of drug
nanocarriers. Adv Drug Delivery Rev. 2019;143:3-21.

263. Verma A, Stellacci F. Effect of surface properties on
nanoparticle-cell interactions. Small. 2010;6(1):12-21.

264. Khan I, Saeed K, Khan I. Nanoparticles: properties, applica-
tions and toxicities. Arabian J Chem. 2019;12(7):908-931.

265. Zern BJ, Chacko A-M, Liu J, et al. Reduction of nanopar-
ticle avidity enhances the selectivity of vascular targeting
and PET detection of pulmonary inflammation. ACS Nano.
2013;7(3):2461-2469.

266. Kumari A, Yadav SK, Yadav SC. Biodegradable polymeric
nanoparticles based drug delivery systems. Colloids Surf B.
2010;75(1):1-18.

267. Guerrini L, Alvarez-Puebla RA, Pazos-Perez N. Surface mod-
ifications of nanoparticles for stability in biological fluids.
Materials. 2018;11(7):1154.

268. Yu T, Hubbard D, Ray A, Ghandehari H. In vivo biodistribu-
tion and pharmacokinetics of silica nanoparticles as a function
of geometry, porosity and surface characteristics. J Control
Release. 2012;163(1):46-54.

269. Feng Q, Liu Y, Huang J, Chen K, Huang J, Xiao K. Uptake,
distribution, clearance, and toxicity of iron oxide nanoparticles
with different sizes and coatings. Sci Rep. 2018;8(1):1-13.

270. Ma Y, Hong J, Ding Y. Biological behavior regulation of gold
nanoparticles via the protein corona. Adv Healthcare Mater.
2020;9(6):1901448.

271. He C, Hu Y, Yin L, Tang C, Yin C. Effects of particle size
and surface charge on cellular uptake and biodistribution of
polymeric nanoparticles. Biomaterials. 2010;31(13):3657-3666.

272. Del Rosal B, Jaque D. Upconversion nanoparticles for in vivo
applications: limitations and future perspectives.Methods Appl
Fluoresc. 2019;7(2):022001.

273. Caro C, Egea-Benavente D, Polvillo R, Royo JL, Leal MP,
García-Martín ML. Comprehensive toxicity assessment of
PEGylated magnetic nanoparticles for in vivo applications.
Colloids Surf B. 2019;177:253-259.

274. Sadat SM, Jahan ST, Haddadi A. Effects of size and surface
charge of polymeric nanoparticles on in vitro and in vivo
applications. J Biomater Nanobiotechnol. 2016;7(2):91.

275. Dikshit PK, Kumar J, Das AK, et al. Green synthesis of
metallic nanoparticles: applications and limitations. Catalysts.
2021;11(8):902.

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



26 of 26 KUMAR et al.

276. Murali A, Lokhande G, Deo KA, Brokesh A, Gaharwar AK.
Emerging 2Dnanomaterials for biomedical applications.Mater
Today. 2021;50:276-302.

277. Rana S, Kumar A. Toxicity of nanoparticles to algae-bacterial
co-culture: knowns and unknowns. Algal Res. 2022;62:102641.

278. Wang K, Jiang L, Qiu L. Near infrared light triggered ternary
synergistic cancer therapy via L-arginine-loaded nanovesi-
cles with modification of PEGylated indocyanine green. Acta
Biomater. 2022;140:506-517.

279. Leonel AG, Mansur AA, Mansur HS. Advanced functional
nanostructures based onmagnetic iron oxide nanomaterials for
water remediation: a review.Water Res. 2021;190:116693.

280. Sultana S, Alzahrani N, Alzahrani R, et al. Stability issues
and approaches to stabilised nanoparticles based drug delivery
system. J Drug Target. 2020;28(5):468-486.

281. Javed B, Ikram M, Farooq F, Sultana T, Mashwani Z-u-R,
Raja NI. Biogenesis of silver nanoparticles to treat cancer, dia-
betes, and microbial infections: a mechanistic overview. Appl
Microbiol Biotechnol. 2021;105(6):2261-2275.

282. Wiemann M, Vennemann A, Sauer UG, Wiench K, Ma-Hock
L, Landsiedel R. An in vitro alveolar macrophage assay for pre-
dicting the short-term inhalation toxicity of nanomaterials. J
Nanobiotechnol. 2016;14(1):1-27.

283. Hao Y, Chung CK, Yu Z, et al. Combinatorial therapeutic
approaches with nanomaterial-based photodynamic cancer
therapy. Pharmaceutics. 2022;14(1):120.

How to cite this article: Kumar S, Shukla MK,
Sharma AK, et al. Metal-based nanomaterials and
nanocomposites as promising frontier in cancer
chemotherapy.MedComm. 2023;4:e253.
https://doi.org/10.1002/mco2.253

 26882663, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.253 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/mco2.253

	Metal-based nanomaterials and nanocomposites as promising frontier in cancer chemotherapy
	Abstract
	1 | INTRODUCTION
	2 | APPLICATIONS OF METAL-BASED NMS IN DIFFERENT TYPES OF CANCER
	2.1 | Transition metal nanosheets
	2.2 | Magnesium oxide nanoparticles
	2.3 | Aluminum oxide nanoparticles
	2.4 | Palladium nanoparticles
	2.5 | Gold nanoparticles
	2.6 | Copper oxide nanoparticles
	2.7 | Nickel nanoparticles
	2.8 | Zinc oxide nanoparticles
	2.9 | Titanium dioxide nanoparticles
	2.10 | Silver oxide and silver nanoparticles
	2.11 | Iron oxide nanoparticles

	3 | SILICON DIOXIDE NANOPARTICLES
	4 | SELENIUM NANOPARTICLES
	5 | NANOCOMPOSITES WITH MULTIPLE APPLICATIONS
	6 | PLANT-BASED NANOMETAL IN CANCER
	7 | THE EFFECT OF SIZE, SHAPE, AND SURFACE PROPERTIES OF NANOPARTICLES
	8 | CURRENT LIMITATIONS
	9 | CONCLUSION AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


