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Nanoparticles (NPs) offer great promise for biomedical, environmental, and clinical applications due to
their several unique properties as compared to their bulk counterparts. In this review article, we overview
various types of metal NPs and magnetic nanoparticles (MNPs) in monolithic form as well as embedded
into polymer matrices for specific drug delivery and bio-imaging fields. The second part of this review
covers important carbon nanostructures that have gained tremendous attention recently in such medical
applications due to their ease of fabrication, excellent biocompatibility, and biodegradability at both cellu-
lar and molecular levels for phototherapy, radio-therapeutics, gene-delivery, and biotherapeutics.
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Furthermore, various applications and challenges involved in the use of NPs as biomaterials are also dis-
cussed following the future perspectives of the use of NPs in biomedicine. This review aims to contribute
to the applications of different NPs in medicine and healthcare that may open up new avenues to encou-
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1. A brief history of nanostructures

Nanomaterials are materials with a dimension range less than
or equal to 10> nanometers. A nanoparticle (NP) is one-mil-
lionth of a millimeter in diameter or 10> times smaller than
the diameter of a human hair. Physics, chemistry, and engin-
eering researchers are prompted to research nanotechnology
to develop future nanoproducts as a result of interesting
phenomena happening at the nanoscale." What is the use of
nanoparticles? What sets “nano” apart? The term “nano”
refers to something that is extraordinarily tiny. When a
material’s dimension is shrunk from a large size, its qualities
initially remain the same, but minor changes occur until the
size is lowered to 10> nm where significant changes in pro-
perties occur. These dimensions have high surface-to-volume
ratios linked to the quantum size effects.” As the particle gets
smaller, a higher fraction of atoms accumulates on the surface
and grain boundaries. This raises the surface-to-volume ratio,
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rage wider research opportunities across various disciplines.

resulting in more atoms on the surface than in the crystalline
lattice.> Quantum physics, rather than classical mechanics,
governs the physical characteristics due to their minuscule
size. As the continuum transitions between the electrical
bands become distinct, the characteristics of nanomaterials
become reliant on their size. Aside from that, particle charac-
teristics like electrical conductivity and optical property, color,
and strength change greatly from their macro counterparts
due to particle size and shape.*™®

The variety of uses for nanomaterials increases as particle
size decreases to the nanoscale range.® In this respect, NPs of
noble metals and semiconductors have outstanding properties
and applications. While bulk silver (Ag) is non-toxic, silver
nanoparticles (AgNPs) seem to be likely to kill harmful bac-
teria upon contact. In addition, nanomaterials may be built
atom by atom utilizing bottom-up or top-down approaches.
Material building blocks include embedded information,
which is used throughout the production process to construct
the final product. As a result of their various characteristics,
NPs can also have combined properties that are different from
those of nanoparticles and bulk samples with the same
material. They might be employed in a variety of industries,
including nanoelectronics, sensors, and single-electron tran-
sistors. Nanoscale materials may have their optical, mechani-
cal, electrical, magnetic, and chemical characteristics altered
by small changes in size, shape, and composition.”

Nowadays, nanomaterials are the main topic of conversation
because of their potential to solve certain fundamental quantum
size effect concerns by restricting the number of free electrons,
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as well as their potential use as sophisticated materials. NPs
have been widely used in a wide range of fields, such as cosmetic
products and medicines, storage systems, fuel cells, semi-con-
ductors, catalysis, and sensor systems. Rather than treating the
entire body, only the influenced cells and tissues are treated.®™°
Nanomaterials allow the identification of defined targets, such
as specific cells or tissues, and the selection of suitable nano-
carriers to yield the desired performance while reducing adverse
effects."™'* Recent attention has been drawn to studies of metal
NPs, especially noble metal NPs because of their unique charac-
teristics among all nanoparticles. The fabrication of nano-
materials will be covered in the following paragraphs.

2. Synthesis methods of
nanoparticles

The most important and groundbreaking field in nanoscience
is the vast variety of nanomaterials. The formulation of NPs
can be achieved in two ways: (1) top-down and (2) bottom-up
methods, as highlighted in Fig. 1.

The dimension of the bulk crystal reduces down to the
range of nanometers in the top-down phase by applying
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different chemical and physical approaches. External variables,
e.g., friction and pressure, constrain the particles in the
desired shape and sizes to reduce in dimension."*'* In recent
times, for instance, many initiatives, such as ball milling, have
been used in the handling of nanoscale materials,"* including
the lithography process,'® pyrolysis process,'” and the thermo-
lysis process.'® However, the top-down techniques have some
drawbacks, e.g., large size variation, residual stresses, and
therefore more surface defects. In addition, this process is less
cost-effective because of the high-pressure environment, elev-
ated temperatures, and extremely advanced nanostructured
material processing equipment.

Ball milling consists of milling the microparticles down to
NPs by using high-energy ball milling equipment. During the
milling process, the collision amongst the balls and vials of
the mill under a certain rotating speed (revolutions per
minute, rpm) causes the breakdown of the microparticles to
NPs. Additionally, certain process parameters such as milling
atmosphere, process control media, rpm, ball-to-powder mass
ratio, milling duration, and temperature must be further opti-
mized to achieve a definite size of NPs.'>?°

Lithography is also a popular top-down method to syn-
thesize NPs and complex 2D and 3D nanoscale patterns with
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Fig. 1 Synthesis methods of various NPs and their various biomedical applications.
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better control of the structure. By introducing photolithogra-
phy, soft-lithography, imprint lithography, and scanning
probe-lithography (SPL) to a substrate surface, the desired
pattern can be electronically synthesised and processing can
be used. In the field of electronic circuit synthesis and proces-
sing of electronics components,>™>> this approach can be
used.

Pyrolysis is a further top-down technique for processing
NPs on a large scale. Organic matter is disintegrated using this
technique at a recognized maximum temperature as the pyroly-
tic temperature in the absence of an oxidizing agent, generally
300 °C-900 °C. A high-temperature and high-pressure anneal-
ing of the resulting decomposed mass produces well-defined
NPs. The obtained NPs are often aggregates with a large distri-
bution of particle sizes. This method may not be inexpensive
since it takes great pressure and temperature, but it is also
used for processing on a commercial scale.>®

In the bottom-up methods, an array of atoms is created and
stacked layer by layer until the desired structure is obtained.
These atoms, however, originate from their respective ions and
salts by reduction with appropriate chemical reagents.>”
Bottom-up nanostructures have lower surface defects and good
atomic packaging to minimize the total Gibbs free energy and
provide greater reliability compared to the top-down method,
and further expand the applications of NPs. There is a variety
of familiar approaches from bottom to top. For example, in
chemical synthesis, an effective reduction agent is typically
used for removing metal ions from their respective salts. The
popular reducing agents, such as hydrazine (N,H,), alcohol
(C,H50H), lithium aluminumhydride (LiAlH,), and sodium
borohydride (NaBH,) were reported earlier.>* ' Other chemi-
cal methods known as green synthesis methods use green sol-
vents as a reductant obtained from green plants.>* Previous
studies have demonstrated the use of the chemical reduction
process in green synthesis and the polyol synthesis
methods.>®*® Polyol methods utilize polyethylene glycol and
polyvinyl alcohols to reduce metal ions into metal NPs.** The
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polymer may also serve as a capping layer that defines the size
and shape of the resultant NPs. A similar process has been
suggested by Schulman et al. where a microemulsion consist-
ing of at least one polar and one non-polar solvent is mixed
with a stable surfactant.>® The surfactant forms the interfacial
film that separates these two layers between the polar and the
non-polar layer, producing microemulsions at this interfacial
region. The example includes water or oil as a consequence of
dispersing the oil drops into water.**

Powder metallurgy (PM) is another method that involves
top-down and bottom-up techniques to obtain the resultant
product. The first step is the milling of the powder particles
down to nanoscale followed by their densification at high
temperatures to achieve the bulk product. The milled nano-
powder is subsequently densified by high temperature sinter-
ing (hot isostatic sintering, cold iso-static sintering, and spark
plasma sintering (SPS)) methods to achieve bulk product.*

Laser ablation as a bottom-up method includes coating fab-
rication by heating, vaporizing, or sublimating a substrate by
irradiating it with a laser beam. This technique has been ben-
eficial over others because there is no need to evaporate the
excess solvent that may be used in chemical methods.*
Compared to other methods, laser ablation is faster, can
produce easily controlled sizes and shapes, and has the possi-
bility of mass production. Similarly, microwave processing is
also a method where the sample is irradiated with a microwave
source of energy.>® When irradiated in the presence of a surfac-
tant, the metallic salts decompose and lead to metal NPs.

3. Metallic and noble nanomaterials
in biomedicine

Metal NPs are unique nanoscale materials that are easy to fabri-
cate and manipulate. Owing to their powerful optical and elec-
trical characteristics, metal NPs outperform their bulk counter-
parts. NPs’ composition, shape, and size all play a role in their
attractive physico-chemical properties. The confined electronic
arrangement of metal NPs allows their use as a conducting
element in the manufacture of special micro-, and nano-devices
(e.g. single-electron tunnel diodes, nano-thermometers,
etc.).>”° Amongst metal NPs, noble metal NPs play an impor-
tant role in biomedicine, drug development, and imaging. Au,
Ag, Pt, and Pd are the noble metal NPs that have received the
most attention. Metal oxide nanoparticles (MOX), as well as
common metals and transition metals able to conduct, e.g.
CuNPs, CoNPs, NiNPs, SnNPs, and many others, have been
used in the semiconducting packaging industry.*™*?

Wet chemical methods make it simple to manufacture
CuNPs, which have been extensively researched in the last few
years. When preserved at normal temperature, CuNPs have
excellent optical and catalytic characteristics, making them
useful in biomedicine, optical imaging, and catalysis.** Due to
their catalytic activity, Pt and PANPs are also being studied.
Photocatalytic and wet chemical reduction methods are simple
synthesis techniques for producing catalytic NPs. Many indus-
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trial catalytic coupling of C-C bond processes employ Pd-
coated NPs as catalysts, including electroplating.*> PANPs are
employed as membranes to filter hydrogen in some fuel-pro-
cessing applications, as Pd is an outstanding hydrogen absor-
ber.*® Nanopatrticles of Ni are also exciting as they play a major
role in catalysis and magnetic storage. Most of these men-
tioned nanomaterials (including Au, Pd, Pt. Ag, etc.) have been
extensively utilized in a broad range of biomedical application
as photosensitizers. Particularly Au and Ag have appeared to
be important materials due to high biocompatibility, ease of
synthesis and surface functionalization, and ease of tuning of
optical and physical properties. These novel metal nano-
structures exhibit a variety of attractive characteristics, such as
powerful light absorption, scattering, and localized surface
plasmon excitations, which allow them to be used in outstand-
ing biomedical applications.”” Particularly the localized
surface plasmon resonance (LSPR) property of metal nano-
materials is widely used for cancer treatment. Intriguingly, by
modifying the size and shape of the nano-materials, the LSPR
characteristics of novel metals can indeed be altered. The
novel metal nanomaterial shows chemical and photostability
which enables longer exposure time and a wide range of exci-
tation energy. These properties allow the use of noble metals,
particularly Au and Ag nanomaterials, in biomedical appli-
cations.*” As per the field observations above, a wide range of
Au and AgNPs have indeed been routinely used during
medical applications. In the following sections, we will explore
the different processes for novel Au and AgNPs synthesis and
applications.

3.1 Gold nanoparticles (AuNPs)

The chemical element Au has an atomic number of 79 and an
atomic weight of 197 g mol ™. A large quantity of gold is gener-
ally obtained from mining, and it has long been used for orna-
mental and decorative purposes. The melting and boiling
points of Au are extraordinarily high: 1064 °C and 2807 °C,
respectively. Even though it is a non-reactive substance, it may
still be detected due to its high temperatures and electrical
properties. It has found use in electronics and medicine too,
in addition to its primary use."?

Michael Faraday’s research of Au colloids in the nanoscale
range is one of the earliest historical milestones in the
nanoscience literature, from the middle of the 19th century.
Colloidal Au is a suspension of nano-sized Au particles in a
fluid, with remarkable optical characteristics. The visual,
physical, and chemical characteristics of AuNPs are strongly
influenced by their size.*®* AuNPs’ size-dependent character-
istics spurred a slew of scientists to investigate the relationship
between size and shape.’® AuNPs have been synthesized by
chemical reduction methods in the desired size and shape for
diverse applications. Spherical AuNPs, nanorods, AuNW, and
nanocubes have a long history of study in the scientific litera-
ture. Spherical AuNPs are of particular relevance because of
the ease with which they may be synthesized and the excellent
yields that they provide.”® AuNPs, as researchers know, are
inert and excellently biocompatible materials that do not

This journal is © The Royal Society of Chemistry 2022
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oxidise easily. The chemical, optical, and electrical character-
istics of AuNPs can be easily changed by manipulating surface
morphology and surface functionalization. AuNPs were used
in various bio-imaging application areas due to their unique
localized surface plasmon resonance (LSPR) characteristics.
The size and shape of AuNPs impact their photothermal con-
version effectiveness generated by LSPR. The LSPR peaks can
be tuned by adjusting the surface morphology of AuNPs
including nanorods, nanostars, nanopyramids, and so on."”
Jiang et al. used sodium borohydride (NaBH,) and sodium
citrate (NazCgH50-) as a reducing agent as well as a capping
agent to create AuNPs ranging in size from 5 to 50 nm.
Furthermore, they studied the size-dependent photothermal
conversion efficiency. They found that the photothermal con-
version efficiency was increased from 65 to 80% when the size
of AuNPs was decreased from 50.09 to 4.98 nm.”" Yang and his
co-workers employed a one-pot photoreduction process for the
synthesis of poly(L-cysteine)-b-poly(ethylene oxide) copolymer
gold nanoparticles. They stabilized the AuNPs with 62 + 3 nm
size by using a coating of a thin copolymer layer. The authors
observed that the prepared NPs showed considerable near IR
absorption with an impressive photothermal conversion
efficiency of 62.1%.°*> Yang and co-workers prepared doxo-
rubicin hydrochloride (DOX)/mesoporous silica NPs (MSN)-Au
for chemo-photothermal synergistic therapy.®® First, they pre-
pared MSN by mixing -cetyltrimethylammonium bromide
(CTAB), sodium hydroxide (NaOH), and tetraethoxysilane
(TEOS) in the aqueous medium. Furthermore, they functiona-
lized MSN using (3-mercaptopropyl)trimethoxysilane to get
MSN-NPs with a thiol group on the surface (MSN-SH).
Secondly, they prepared AuNPs (~4 nm in size) by chemically
reducing the HAuCl, using this Na;C¢H;0, and NaBH, for
delivery of drugs; MSN-SH nanoparticles were blended into
the DOX solution, which is designated as DOX/MSN-SH. The
DOX/MSN-SH nanoparticles were disseminated in phosphate-
buffered saline water (pH ~7.4). Finally, 50 mL of NPs solution
was then poured into DOX/MSN-SH, which is transformed into
DOX/MSN-Au. Fig. 2 depicts the synthesis of mesoporous
MSN-Au interconnected by Au-S bonds.

Their findings revealed that in vitro drug release was accel-
erated in the vicinity of glutathione (GSH) or near-infrared
laser irradiation. This suggested that the DOX/MSN-Au system
is an excellent candidate for redox-responsive and near-IR-trig-
gered release of a drug. Pan and co-workers prepared Au nano-
rods using a seed-aided and surfactant-facilitated
approach.>**® The schematic illustration of the synthesis pro-
cedure of Au nanorods is shown in Fig. 3a. The prepared Au
nanorods were functionalized with TAT-type nuclear localiz-
ation signals (NLSs). The electron microscopy (TEM) images of
Au nanorods show that the average length and width are
nearly 40.5 2.1 nm and 10.5 1.7 nm, respectively, as shown in
Fig. 3b. The thiolated poly(ethylene glycol) and cysteine-con-
taining TAT peptides were used as a surface modification. The
aspect ratio of gold nanorods is approximately 3.9 nm, which
has great significance for the efficient near IR-triggered photo-
thermolysis process.

Nanoscale, 2022, 14, 3987-4017 | 3991
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Fig. 3 (a) The technique for fabricating Au nanorods, and (b) the electron microscopy (TEM) images of Au nanorods, reproduced from ref. 55 with

permission from [American Chemical Society], copyright [2017].

Khan and his collaborators created a nanocomposite of gra-
phene oxide@Au nanorod for chemo and photothermal
therapy.”® They also investigated the release of doxorubicin in
mice during tumor therapy. First, they used a modified
Hummers technique to create graphene oxide (GO) followed by
functionalizing it with a gum arabic layer (fGO-GA complex).
The seed-mediated method was employed to produce a func-

3992 | Nanoscale, 2022, 14, 3987-4017

tionalized (fGO) and Au nanorods (fGO-GNRs) conjugate. The
processes for the production of GO and Au nanorods are
depicted schematically in Fig. 4a-d. Furthermore, the
fGO@GNRs-DOX conjugate was produced by coupling of DOX
with previously produced fGO@GNRs. In vitro photothermal
killing of A549 cells was used to study the kinetics of DOX dis-
charge under near-IR illumination.

This journal is © The Royal Society of Chemistry 2022
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Reproduced from ref. 56 with permission from [Elsevier], copyright [2021].

3.2 Silver nanoparticles (AgNPs)

Currently, due to their various unique physical and biochemi-
cal characteristics, silver (Ag)NPs are receiving a lot of atten-
tion. Their superiority is due primarily to the shape, structure,
chemical composition, and crystal structures of AgNPs when
compared to the bulk form.’”®' Attempts have indeed been
undertaken to investigate their appealing characteristics and
use them in real-world antibacterial and anti-cancer thera-
peutic  applications,®®  diagnostic and  optoelectronic
devices,®*® water disinfection,’® and other pharmaceutical
applications.®” Despite the reality that silver as metallic par-
ticles possesses intriguing material characteristics and is a
moderate and plentiful renewable resource, due to various
aspects of their stability, such as oxidising in an oxygen-con-
taining liquid, the application of Ag-based nanostructures has
been restricted.®® In a nutshell, compared to stable gold nano-
particles (AuNPs), AgNPs have untapped potential.>® Prior
investigation has evidenced that the physical, optical, and cata-
lytic capabilities of Ag-NPs are heavily influenced by their size,
dispersion, morphology, shape, and surface properties, all of
which can be altered using various synthesis methods, agents
such as sodium, and stabilizers.®>*® Additionally, AgNPs are
employed for antibacterial purposes due to the antibacterial
property of Ag + ions. AgNPs’ remarkable characteristics have
permitted their application in nanomedicines, pharmacology,
biosensors, and medical technology. Several studies have
shown that AgNPs soak up electromagnetic visible and infra-

This journal is © The Royal Society of Chemistry 2022

red wavelengths ranging from 380 to 450 nm, a process termed
LSPR excitation. Park and coworkers’® evaluated the optical
properties of Ag nanoparticles of various sizes synthesised
with gallic acid utilizing biological techniques. As per the
research results, spherical Ag-nanoparticles (AgNPs) with a
particle size of 7 nm have SPR at 410 nm, and those with a dia-
meter of 29 nm have SPR at 425 nm. Moreover, 89 nm AgNPs
have a broader band with a maximum resonating wavelength
of 490 nm. The breadth of the SPR banding was shown to be
related to the sizes of NPs. For example, Lee et al. investigated
the dependencies in the sensitivities of SPR response (fre-
quency and band) that allowed NPs to detect changes in their
surroundings.”! Substantial improvement in the amplitude
and sharpness of the surface plasmon band was found in
nanorods with higher Ag content, which might lead to
improved sensing precision even with comparable plasmon
responsiveness. As a result, when compared to AuNPs, Ag-
nanorods have the benefit of being superior scatterers.

Fig. 5 shows the shape and size of Ag nanoprisms which
exhibit peak wavelengths in the range 400-850 nm. The SPR
band is shown in Fig. 5a.”> The absorption spectra of Ag
nanoprisms as measured by visible spectroscopy demonstrate
the modulation of shape and size of Ag nanoprisms by color
scattering (Fig. 5b).”*

Two main challenges in AgNP-based nanoparticles are
nanotoxicity and the environmental implications of AgNPs on
a nanometer scale. To anticipate the potential cytotoxicity of
AgNPs, it is important to examine the phase transition that
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Fig. 5 (a) Photograph and (b) optical spectrum of Ag nanoprisms. The ability to tune the plasmon resonance all across visible and near IR regions of
the spectrum is enabled by the control of the edge length of nano prisms. Reproduced from ref. 72 with permission from American Chemical
Society [2008]. (c) Dark-field microscopy of Ag and Au nano prisms. The spheres (left to right) illustrate the tunability of the scattering color of
AgNPs based on their size and shape. Reproduced from ref. 73 with permission from [Science], copyright [2021].

happens as AgNPs pass through into the intracellular sur- their chemical cytotoxic characteristic. Despite many ideas, the
roundings.®® The utilization of AgNPs as powerful anticancer mechanism of AgNPs’ antibacterial activities has yet to be
or antibacterial agents has drawn a lot of attention based on thoroughly confirmed. The potential cytotoxic mechanism can
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be summarized based on a literature review as follows: (i)
AgNP adherence to the microbial cell membranes, altering the
lipid bilayer and enhancing the cell membrane; (ii) AgNP intra-
cellular penetration; (iii) the toxicity of AgNP on cells caused
by the generation of reactive oxygen species and free radicals,
which cause damage to intracellular organs (i.e., mitochon-
dria, ribosomes, and vacuoles) and biomolecules such as DNA,
proteins, and lipids; and (iv) modulation of intracellular signal
transduction pathways in the direction of apoptosis.”* Ion
release and surface area as well as charge, concentrations, and
colloid state can influence the cytotoxic effects of AgNPs. Ag
ions can bind to thiol groups in crucial bacterial enzymes and
proteins, causing harm to cell respiration and inducing apop-
tosis. An additional method of AgNPs inducing cell death is
the production of reactive oxygen species (ROS) and free rad-
icals, as depicted in Fig. 6.

AgNPs’ cytotoxicity is primarily owing to their ability to
generate ROS species as well as free radical components such
as 0,, H,0,, OH, HOCI, and superoxide anions.”> When free
radicals interact with bacteria, they disturb the integrity of the
cell wall, which results in cell death.®* AgNPs can also grow on
the cell membrane of bacteria and penetrate it, resulting in
structural alterations to the membrane or increasing its per-
meability, which all induce cell death. Surprisingly, the
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potency of AgNPs antibacterial properties is connected to
different kinds of bacteria species, including Gram +ve and
—ve bacteria. This is an attribute of variations in the design
morphology and width of different cell walls.”® Gram-negative
bacteria, such as E. coli, are more sensitive to Ag+ ions than
Gram-positive bacteria, including S. aureus.

The variation in activity is attributable to the peptidoglycan
that is an essential element of bacterial membranes. Gram +ve
bacteria have a cell membrane that is made of a negatively
charged peptidoglycan layer that is around 30 nm wide, and
Gram-negative bacteria have such a peptidoglycan layer that is
only 3 to 4 nm thick.””’® Loo et al. tested Ag and curcumin
nanostructures against Gram +ve and —ve microbial species
and discovered that 100 ¢ mL™" NPs can disrupt established
biofilms. This formulation’s long-lasting antibacterial pro-
perties can be used in antimicrobial therapy.”® Paril et al.®
studied the antifungal effects of AgNPs and Cu nanospheres
on timber-rotting fungus. The AgNP therapy needed a rela-
tively small amount of NPs and showed great efficacy over
T. versicolor fungus in contrast to P. placenta fungi, demonstrat-
ing that AgNPs had different antifungal actions against white
and brown rot fungus, respectively. The specifics of antibacter-
ial characteristics are outside the focus of this investigation
and have been discussed elsewhere.®>%”-8!

a 1. Adhesion to the cell membrane
- Alters membrane structure & permeability

- Leakage of cellular content & ATP

- Impair transport activity

2. Penetration inside the cell

& nucleus
- Destabilize and denature proteins
- Interact with DNA

Mitochondria

3. ROS generation & cellular toxicity

- Oxidize proteins & lipids

- Mitochondrial dysfunction

- Ribosome destabilization

- Endoplasmic reticulum stress

4. Genotoxicity

- DNA base damages
- Strand breaks & mutations
- Inhibition of replication and transcription

Fig. 6 Cytotoxic mechanisms of AgNPs. (1) Adherence of AgNPs to the cells rupturing the cell membrane and modifying mass transport, (2) inside-
cell interaction of AgNPs and Ag ions to cell components (organelles and biomolecules) and modulation of the cell function, (3) production of ROS
through AgNPs and Ag ions on the inside of the cell causes cellular damage, and (4) onset of genotoxicity by AgNPs and Ag ions. Reproduced from

ref. 74 with permission under CC By 4.0 license [2019].
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4. Magnetic nanoparticles (MNPs) in
biomedicine

Although there are several pure phases of oxides in natural
deposits, the most often used MNPs are nanoscale zero-valent
irons, Fe;04, and Fe,O;. MNPs have a range of physico-
chemical characteristics due to differences in their Fe oxi-
dation states and their capacity to remove contaminants.
Amongst them, the most popular Fe;O, is a black ferro-
magnetic oxide that usually contains both Fe(u) and Fe(i). The
existence of the Fe*" state makes it an excellent e-donor and it
is used in magnetic storage. Fig. 7 depicts the many magnetic
conditions that occur during the crystallization of iron.*>%
The paramagnetic crystal generates magnetization that is
arbitrarily aligned, and the entire structure has no net magnet-
ism. Whenever a paramagnetic state is subjected to an exterior
magnetism, the moment aligns resulting in minor net crystal
magnetism. The individual magnetic moments are arbitrarily
aligned in the ferromagnetic and antiferromagnetic state in
the absence of external magnetic field, as seen here (Fig. 7).
Bulk ferromagnetism has many magnetic domains with evenly
magnetized areas. Each domain is discretized by a non-
uniform magnetization dispersion (domain walls) with a
unique magnetization vector. Because the vectors of each
region are not aligned, the net magnetic moment is minimal.
Many magnetic particle processes depend on the use of mag-
netic fields to change their features, which are dependent on
the effectiveness of the particulate magnetization as well as

Superparamagnetism

* High Saturation
Magnetization

* No Remanence

» Zero Coercivity

Remanence
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the field gradients.®® Because of their tiny radius and magneti-
zation, single-core super-paramagnetic nanoparticles are less
efficient when subjected to force. However, in the context of
multi composites, the produced magnetic field lines are good
enough to allow magnetic targets with low field strength and
steepest decent value to be used.®**®” The interactions of a
magnetic dipole-dipole and a dipole field would result in the
cluster and the generation of rather large micrometer-sized
longitudinal aggregates, resulting in a dramatic drop in
effective surface area and possible blockage of a blood cell. As
stated previously, bulk ferromagnetism comprises multiple
domains with uniformly magnetic sections. Table 1 lists sig-
nificant advancements in polymer-dressed MNPs for the bio-
medical field.®*

As the size of the magnetic particles goes down, domain
size and density reduce until a single domain remains under-
neath the critical particle diameter (~%15-20 nm) that produces
superparamagnetic metal oxide NPs.?*°>°® Superparamagnetic
metal oxide nanoparticles have piqued the interest of research-
ers owing to a couple of desirable properties, biocompatibility
and easy fabrication. Additionally, no hysteresis is generated,
leading to zero residual magnetism (Fig. 7). This characteristic
aids in preventing coagulation, which reduces the probability
of aggregation in vivo in contrast to certain other MNPs.?” The
most well-known implementations of MNPs in biomedicine
987191 The influence of physical
characteristics and the importance of physicochemical charac-
teristics in determining the efficiency of targeted delivery

are in MRI as contrast media.

-
Magnetization

Higher Saturation Magnetism

1
1
: than Paramagnetic
1
v

Magnetic Field

Superparamagnetic

Ferromagnetic
Paramagnetic

Fig. 7 Magnetic properties of ferromagnetic materials. Reproduced from ref. 84 with permission from [Elsevier], copyright [2017].
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Table 1 Recent progress in polymer decorated MNPs for biomedical applications

Hybrid polymer MNPs Applications Ref.
Chitosan functionalized Fe;O, doped rare earth nanoparticles Paclitaxel (PTX) drug delivery for lung cancer 88

Gly-copolymer-modified mesoporous silica MNPs

MNPs coated with 3-methacryloxypropyl trimethoxysilane and polymerized with

glycidylmethacrylate-grafted maleated cyclodextrin
Gold nanparticle hybrid MNPs

RGD peptide functionalized polyethylene glycol-coated magnetic hydrogel.

MNPs made of Fe;O4-carboxymethyl chitosan hybrids
N-Glycyrrhetinicacid/polyethylene glycol/chitosan/MNPs

cannot be overstated. Usually, MNPs must overcome biological
obstacles to reach their intended target: physical and physio-
logical barriers.'®® Shape, size, surfaces’ qualities, and mag-
netic properties are the primary factors that govern their be-
havior in vivo.

5. Carbon nanostructures in
biomedical applications

Graphene, the ‘miraculous material’, is a 2D structure of paper
of sp>-hybridized carbon atoms arranged in a hexagonal
honeycomb lattice (Fig. 8a). In the beginning, a few layers of
graphene were gently exfoliated from graphite, demonstrating
enormous potential in the disciplines of materials engineer-
ing, physics, chemical, biology, and many others.'***"
Following other types of carbon nanocrystal, such as fullerene
(which would be formed by trying to wrap 2D graphene into a
0D molecule, Fig. 8b), carbon nanotubes (CNTs, formed by
cylindrically rolling 2D graphene layers into 1D nanotubes,
Fig. 8c), and graphite (2D graphene sheets are stacked into

(e)

Drug delivery and magnetic resonance imaging (MRI) 89
Controlled delivery of anticancer 5-fluorouracil drug 90

DOX anti-cancer drug delivery with precision 91
Targeted delivery of the anti-cancer DOX drug 92
Rapamycin is selectively supplied to tumours. 93
Targeted brucine delivery via hepatocytes and 94

mitochondria (natural anticancer drug)

structures, Fig. 8d), the occurrence of graphene has reopened
a few interesting new disciplines in engineering.

Due to the obvious pinching off of the transport and
valence bands at the Brillouin zone corner, charge carriers in
graphene, for instance, interact like massless relativistic par-
ticulate or Dirac fermions, resulting in a linear distribution of
the wavelength range.'”® The metal-like behavior may be
adjusted to a semiconducting character by generating gra-
phene nanoribbons of variable size. Based on electron confine-
ment phenomena, graphene nanoribbons with a width less
than 10 nm showed semiconductor capabilities, but for wider
width, the characteristics are primarily reliant on the edge con-
figuration.®® Furthermore, remarkable electrical conductivity
(charge carriers mobility ~2 x 10°> em® V™' s7') is seen in gra-
phene due to sp® hybridisation of carbon atoms.''®''' At
ambient temperatures, graphene also demonstrated the
unique partially quantum Hall effect for both holes and elec-
trons."** It also has some superior mechanical strength (nearly
200 times stronger than steel) and other characteristics
(Young’s modulus ~1100 GPa), ultra-thin nanostructure (10°
times thinner than a human hair), very high surface area
(~2630 m* g '), superior heat conductivity (5000 W m~" K™"),
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Fig. 8 Schemes for graphene structure. (a) 2D graphene layer, (b) OD fullerene, (c) 1D carbon nanotubes, (d) 3D graphite, reproduced from ref. 103
with permission from [IOP Publishing], © IOP Publishing 2006, and (e) graphene derivatives reproduced from ref. 104 with permission from [Royal

Society of Chemistryl, copyright [2014].
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high stretchability, full flexibility but high insulative pro-
perties,  inherent  biocompatibility, and  chemical
inertness.'®*™%” Furthermore, the latest advancements in new
materials, cost-effectiveness, and scalable manufacturing
technologies have enabled it to become one of the most
appealing nanomaterials in different fields such as microelec-
tronics, composites, alternative energy, sensor systems, and
catalysts supports.’**™'*> Due to these aforementioned charac-
teristics, and its biocompatibility, functionalized graphene has
been applied in chemical and biological applications,**™'® a
few of which include biosensing, antibacterial/antiviral inter-
action, anti-cancer interaction, photothermal treatment
therapy (PTT), targeted pharmaceutical administration, electri-
cal stimulation of cells, and tissue culture.***7*3°

5.1 Graphene derivatives for bioimaging

Researchers have found that graphene and its derivatives have
garnered sufficient attention for biological applications when
compared to their non-medical benefits. Fig. 9a illustrates that
graphene derivatives have nearly 63% biological uses, com-
pared to 37% non-medical uses."*"'** Fig. 9b illustrates the
extensive biological uses of graphene-based materials in
various important disciplines.

Because of graphene and its derivatives’ distinct chemical,
electrochemical, optical, electrical, and electronic properties,
as well as bio-functionalizations of graphene-based nano-
materials with various biomolecules and cells, and their
increased biocompatibility, solubility and selectivity, graphene
and its derivative products show some intriguing applications
in optical/electrochemical devices, bioimaging, electronic
items, spectrometry, and a variety of other fields."*® For
example, a graphene-derived or oligonucleotide noncomplex is
used as a framework for in vivo sensing of biomolecules, DNA
detection techniques, bimolecular imaging in live -cells,
protein detection, heavy metal and pathogenic sensing, and so

(a) - 097 063

0.80
0.55

= toxicity (1.43%)

m stem cell (0.55%)
® DNA (8.97%)
m RNA(0.8%)

cancer (4.66%)

diagnisis (0.63%)

1.28

= non-medical (37.4%)

® biosensing (10.16%)

m biomedical (7.5%)

= antibacterial (1.28%)
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= drug delivery (4.06%)
= imaging (14.07%)

= photothermal therapy (0.8%)

tissue engineering (0.97%)
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on. In terms of an in vivo sensor of biological molecules, gra-
phene field effect-transistor derived sensors have been exten-
sively researched for the identification of nucleic acids, pro-
teins, etc., and growth regulators have indeed been conclus-
ively proved by using appropriately functionalized ultrathin
derivative products to nucleic acid aptamers and carbohydrates
for tracking target-specific changes in electric signals to
quality handset ratio.'*"'?* 131347137 gjg 10a depicts a sche-
matic view of the detecting of vascular endothelial growth
factor (VEGF) using N-doped graphene field-effect transistor
(FET) sensors.’*® Further, anti-immunoglobulin G is con-
nected to a TRGO surface by AgNPs and acts as the
specific recognition site for IgG coupling, as shown in
Fig. 10b."*°

Graphene FETs have emerged as a promising tool for bio-
sensing and analysis as a result (such as DNA hybridization,
hormonal catecholamine molecules, protein binding events,
heavy metals, etc.). Previous authors have demonstrated the
method of fluorescent-tagged DNA interaction with bi-func-
tional graphene for DNA detection and monitoring, where
both single-stranded (ss) and double-stranded (ds) DNA is col-
lected onto graphene sheets. Because ssDNA interacts more
vigorously than dsDNA, the fluorescence on ssDNA deterio-
rates even more, and biosensing improves. Complementary
DNA can be displaced from graphene sheets when it comes
close to the adsorbed ssDNA. Moreover, the deposited DNA on
graphene is protected from enzyme degradation, enhancing
sensor performance.™”

Owing to graphene’s aromatic system and capacity to hold
diverse ionic components onto its basal planes (which contrib-
utes to the unique capability to absorb bio-molecules), gra-
phene derivatives may become efficient biosensors in the near
future. In bio-imaging, a nanohybrid of graphene with fluo-
rescent molecules is employed as a fluorescent cellular
imaging probe in vitro and in vivo."*® Fig. 11a shows that

(b)
-3
&

\gm

_

Fig. 9 (a) Biomedical applications of graphene derivatives, reproduced from ref. 131 with permission from [American Chemical Society], copyright
[2013], (b) important fields of biomedical applications of graphene derivatives.

3998 | Nanoscale, 2022, 14, 3987-4017

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1nr07643d

Published on 31 Qunxa Garablu 2022. Downloaded on 29/01/2026 7:05:03 PM.

Nanoscale

flexible PPy-NDFLG

(b)

TRGO sheet

gate

DAN/PPy-NDFLG

View Article Online

Review

t / .
aptamer/
PPy-NDFLG %
a

aptamel- |..llll.ll.

A .

' A 2

0 0 J DR

J! Il T :
WNNg o A
1. glutaraldehyde A : .
—) ' :

v "

2. aptamer -

.

‘

:

Fig. 10 (a) Illustration of N-doped graphene FET biosensor for detection of VEGF, reproduced from ref. 135 with permission from [Wiley-VCH],
copyright [2012], (b) graphene FET schematic for detection of protein high binding occurrences, reproduced from ref. 136 with permission from

[Wiley-VCHI, copyright [2010].

(a)

200 um

Fig. 11 (a) In vitro CSLM images of Hela cells under control (top row) and treatment (bottom row, incubated with 20 mg ml™* of MFG for 24 hours)
conditions. In all of the images, the nuclei of Hela cells were stained with DAPI blue dye. A DAPI filter was used to obtain the nucleus images in (A)
and (D). A FITC filter was used to capture MFG's green fluorescence in (B) and (E). (C) and (F) are overlays of the stained nucleus and MFG fluor-
escence, respectively. (b) CLSM images of MFG distributed in a fully grown (72 hpf) zebrafish (A) fluorescence image of MFG with a FITC filter, (B)
DIC image, and (C) overlay image, reproduced from ref. 138 with permission from [Elsevier], copyright [2012].

multi-functional graphene (MFG) can be used as a bio-
degradable imaging probe after in vitro cytotoxicity testing on
HeLa cells. Fig. 11b exhibits in vivo pictures of zebrafish
treated with fluorophore MFG, and the investigation indicates
no major abnormalities, nor does it impact the survival rate
following MFG microinjection. MFG is only released into the
cytoplasm of zebrafish and shows good co-localization and

This journal is © The Royal Society of Chemistry 2022

biodistribution from the head to the tail, according to confocal
laser-scanning microscopy (CLSM)."*®

Furthermore, without even any surface preparation or
functionalization techniques, the photoluminescent properties
of graphene quantum dots (GQDs) have been explored for
internal monitoring. In fact, N-doped GQDs are now being
evaluated as a bioimaging material, with N-GQDs being
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injected into HeLa cells to demonstrate their bioimaging
quality utilizing confocal microscopy.

As can be seen in Fig. 11a, strong green fluorescence is
detected within the cells (A, B, C, D, E, and F) demonstrating
that the N-doped GQDs have now been internalised by the cell
lines and are predominantly found in the cytoplasm, implying
that they could be employed as a bioimaging probe."*’
Furthermore, the GO-MNPs composite is used to enhance the
MRI signal for in vivo and non-invasive cellular imaging.'*>***
Fig. 11b illustrates the conjugation of aminodextran-coated
Fe;0, MNPs with GO (A, B, and C), accompanied by cellular
absorption and subsequent MRI.'*® Furthermore, antibody-
coupled GO has been utilized in positron emission tomogra-
phy (PET) for tumor cells (Fig. 11c)."*?

Electrochemical sensors containing bio-macromolecules,
enzymes, and molecules (such as hydroxyl radicals, nicotin-
amide adenine dinucleotide (NAD+), dopamine, glucose, and
others) that used a nanohybrid (graphene/GO/reduced GO-
metallic/organometallic complex) also have attracted a lot of
interest."**™'*> For example, using the differential pulse vol-
tammetry approach, direct electrochemical DNA sensors based
on AuNPs/graphene film have been created. It has also been
discovered that the accepted immobilization-free biosensor
can distinguish between single- and double-misaligned DNA.
The advantage of this electrochemical process is that it is
more environmentally friendly and faster, and unlike chemical
reduction it does not contaminate the reduced material. It can
also lower the oxygen functions of the GO more effectively at
very negative potential.'*?

In mice, Ang et al. used graphene FET arrays on quartz to
detect malaria-infected red blood cells (RBCs). The incorpor-
ation of graphene FET arrays into a microfluidic channel
results in the ‘stream’ detection of malaria-infected RBCs. The
electrode was shielded by SU-8 photoresist that also serves as
the sidewall of the microfluidic channel through which cells
move. Infected RBCs produce highly sensitive capacitive
changes in graphene conductivity. As a result, infected RBCs
could be easily identified by analyzing the difference in
conductance.'*°

Interfacing graphene derivatives with micro-and nano-
materials also contributes to the construction of certain bio-
sensors for the detection of DNA, protein, and pH. Even
though the bulk of both the graphene-based medical appli-
cations described above include pure graphene, GO, and
reduced GO, certain freshly produced graphene derivatives
have also been found to have fascinating and unique uses in
biomedicine. Graphdiyne, for instance, demonstrated promis-
ing amino acid detection performance and has the potential
for biosensing applications. When the quantum electrical con-
duction properties of graphdiyne-amino acid complexes are
compared to those of pure graphdiyne, it appears that the
amino acid molecules may produce distinct alterations in
graphdiyne’s electrical conduction."®” Similarly, graphone,
semi-hydrogenated graphene with only one face of the C=C
bonds saturated with hydrogen, on either hand, is a very well-
magnetized semiconductor.'*® Because of the coexistence of
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ferromagnetic materials and ferromagnetism, hydroxylized
graphene, which is produced by having to replace the H atom
on graphene with -OH, is multiferroic. As a corollary, graphene
derivatives have been used in organic ferroelectrics,"*® bring-
ing up interesting possibilities in the realm of molecular
ferroelectricity, which now has fascinating links to biological
ferroelectricity.’>® Similarly, graphane, completely hydrogen-
ated graphene, has demonstrated superior biosensing capabili-
ties than graphene or may be used in new biosensing devices.
When compared to conventional graphene, graphane has
demonstrated distinct electrochemical behavior in the context
of oxidation or reduction of key biomarkers, also including
ascorbic acid, dopamine, and uric acid.'*!

5.2 Fullerenes, carbon nanotubes (CNTs), nanodiamonds
(NDs), and carbon dots (CDs) in biomedicine

Owing to their distinctive properties, carbon nanotubes
(CNTs), fullerenes, nanodiamonds (NDs), and carbon dots
(CDs) have been widely explored in the fields of electronics,
optics, renewable energy, and healthcare. The distinction in
shape properties arises due to the atomic hybridization (sp,
sp> or sp?) of C-atoms (Fig. 12). The structures of CNTs, fuller-
enes, NDs, and CDs are shown in Fig. 12. The different
physicochemical characteristics of various nanomaterials,
including such electrochemical and redox potential, impact
their biological activities.">***> Buckminsterfullerene (C60),
which has 60 C atoms as well as a distorted icosahedron con-
taining 20 hexagons and 12 pentagons and resembles a foot-
ball in appearance, is amongst the most researched of carbon
nanostructures.”® The C60 molecule has a diameter of
roughly 1 nm."” There are two main methods for making full-
erenes: top-down and bottom-up (through lasers or heat-

Carbon Nanotube

Fullerene

Nanodiamond

Fig. 12 Different forms of carbon nanostructures (fullerenes, CNTs,
CDs, NDs) reproduced from ref. 158 with permission from [American
Chemical Society], copyright [2015].
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induced evaporation of graphite),"””"*° and a bottom-up
approach (direct chemical synthesis from smaller aromatic
precursors).'® Furthermore, its ultrasmall size, homogeneous
dispersity, and adjustable chemical alterations are gaining
traction in biomedical investigation, particularly in medicines,
diagnostics, and biomedical image analysis."***¢!

CNTs are 1D large molecules made up of one or many
coaxial tubes of the graphitic sheet. They are primarily categor-
ized into two kinds: SWCNTs, which are made up of a single
graphitic sheet, and multiwalled CNTs (MWCNTs), which are
made up of several coaxial graphitic layers. The carbon arc-dis-
charge approach, the beam method, and the CVD technique
are the three major ways for producing CNTs.'®*'®® Because of
their unique chemical, structural, mechanical, optical, and
electrical characteristics, CNTs are an intriguing choice for bio-
logical study.'®® Owing to their high aspect ratio and multi-
functional surface features, CNTs have good drug delivery
potential. SWCNTs also show remarkable optical character-
istics due to the presence of the bandgap in semiconductive
SWCNTs, which has led to their usage in photothermal and
photodynamic treatments.'®™'®” Meanwhile, CNTs are intri-
guing materials for tissue engineering because of their excel-
lent flexibility, strength under mechanical strain, and
biocompatibility.'®* 7" Hydrophobic carbon nanotubes can be
converted to water-soluble CNTs, which are less toxic and
more biocompatible than untreated CNTs.

NDs are carbon particles with diameters ranging from 2 to
8 nm and a faceted truncated octahedral architecture."”> The
core of NDs is sp® hybridized, whereas the surface defect sites
are sp> hybridized."”>'”* Detonation NDs and high-pressure,
high-temperature NDs are two types of NDs that are commonly
used in biomedicine. Detonated NDs are produced by the
decomposition of highly explosive mixtures using negative
oxygen balance in inert gas or coolant.””*'”® Further purifi-
cation is needed to filter out the NDs amongst other allotrope
mixtures as impurities. NDs have a high surface oxygen
content (primarily carboxyl groups), which encourages better
surface potentials and aqueous colloidal dispersions without
additional functionalization.'®® It has been reported that NDs
can be rapidly eliminated from the lungs and gradually elimi-
nated from the spleen, liver, and kidney over 10 days.'”
However, CNTs had long-term retention and led to fibrosis
and pulmonary toxicity.'”® Surface functionalization of carbon
compounds increases their efficacy for several drug delivery
and imaging techniques, which widens their scope for bio-
medical applications.'””"'”8

6. Core applications of carbon
nanostructures in therapeutics

Because of their desired size range, significantly higher
surface area, adjustable surface chemistry, and the possibility
of slow release, newly functionalized carbon nanomaterials
have good drug loading, excellent biocompatibility, and
remarkable pharmaceutical effectiveness. Carbon nano-

This journal is © The Royal Society of Chemistry 2022
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materials can also be functionalized with a wide range of
medicines, such as chemotherapeutic medications, bioactive
peptides, proteins, and acids.

6.1 Chemotherapy drugs

Cancer is a diverse illness, and various patient groups may
respond to the same treatment combination in drastically
different ways.'”” Notably, because of the improved per-
meability and retention (EPR), carbon nanomaterial delivery
may achieve comparable efficacy with substantially lower
dosages compared to traditional chemotherapy medicines,
therefore minimizing the related adverse effects produced by
chemotherapy treatments. Overcoming medication efflux-
based chemoresistance is among the most common appli-
cations of carbon nanomaterials. Among them, the ABC
transporters (ATP-binding cassettes transporter) induce a
common mechanism of drug-resistant since numerous ABC
transporters are capable of effluxing drug molecules, notably
anthracyclines.””® %' Diverse studies have been done on the
ND-anthracycline complex, which somewhat improved anti-
tumor efficacy but also reduced the harmful side effects
caused by anthracyclines.'”>'8>7'% In this case, NDs seques-
tered the active molecules for a longer period than the medi-
cation alone, reducing effectiveness during the initial period.
These ND-drug complexes, on the other hand, have a delayed
but time-controlled or sustained drug-release, that also
increased overall effectiveness throughout therapy.'”® In
addition to solid tumours, ND-based administration has
been utilized to treat chemoresistant leukemia, with
improved effectiveness compared to daunorubicin individu-
ally, by circumventing efflux systems.'®® Surprisingly, anti-
angiogenic junctions have indeed been discovered in NDs
which limit tumour formation, making NDs a viable anti-
cancer drug.">'%”

Functionalized fullerenes are also useful nanocarriers for
chemotherapeutic medicines due to their optimum sizes and
hydrophobic surface characteristics. Fullerenes can quickly
pass cell membranes, which is a significant benefit.'”%*®
Some chemotherapeutic medicines (e.g., PTX and DOX) are
complexed with C60 upon this surface of the cell. The pH-sen-
sitive release mechanism is related to the significant toxicity in
HeLa cells, indicating their potential for killing cancerous
cells.

The distinctive architectures and functional surfaces of
CNTs have been considered a potential medication delivery
pathways."”®'%° various compounds with accessible functional
groups could be coupled to the modified CNTs. Hydrophobic
drugs, on the other hand, can be bound to CNTs through -
stacking or hydrophobic interaction. PTX was effectively co-
valently bonded to SWCNTs, and SWCNT-PTX had excellent
solubility and long blood circulation, while exhibiting compar-
able toxicity to Taxol. Additionally, in vivo cancer therapy exhi-
bits a substantial reduction of tumour development with few
negative impacts.'® DOX, as a chemotherapeutic medication,
was loaded into CNTs and exhibited up to 4 g DOX per 1 g of
SWCNTs via - stacking.'®" The circulatory system duration of
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the CNTs-DOX has been extended due to the polyethylene
glycol coating. Meanwhile, CNTs-DOX is susceptible to acidic
conditions while being stable at low pH, which is a desired
feature for in vivo drug administration.

6.2 Proteins and peptides

Protein-based medicines, such as monoclonal antibodies, hor-
mones, cytokines, and therapeutic peptides, have enormous
therapeutic promise. However, the physiological instability of
protein-based medicines limits their potential
applications."®*™** In other words, whenever nonspecific pro-
teases are administered in vivo, proteins can be quickly
destroyed prior to reaching their target locations. As a result,
competent delivery methods are required to increase protein
stability to achieve increased effectiveness. A variety of tech-
niques have been used to improve protein stability and thera-
peutic effectiveness using carbon nanomaterial-mediated
delivery systems via noncovalent bonding or covalent
conjugation.’®>™*°° In one study, bovine insulin was physically
adsorption-loaded onto NDs, and the ND-insulin complex dis-
sociated pH-dependently under alkaline conditions.™®” In vitro
tests revealed that the packed insulin was inactive at neutral
pH and thus dissolved only in an alkaline medium. Another
study looked into NDs’ ability to transport antibodies.*’° NDs
were found to readily bond with the antibodies and the result-
ing ND-antibody complex was found to be stable in solution
with no antibody releases also after ten days. When acclimated
to physiological circumstances, these ND-antibody complexes
were prompted to release, but the functioning of Abs was
retained during adsorption/desorption processes. CNTs were
also utilized to attach to different proteins noncovalently and
nonspecifically (~80 kDa). Following cell line uptake, the
protein—nanotube conjugates were liberated from the endo-
somal membrane and entered the cytoplasm to fulfill biologi-
cal activities.***

6.3 Gene delivery

A new treatment has gained popularity due to its capacity to
actively regulate the expressions of certain proteins that play
critical roles in disease development by introducing foreign
genetic elements into host cells. However, genetic materials
like DNA, plasmid DNA, mRNA, siRNA, and shRNA were
unstable in biological systems, posing a significant barrier to
further translations. As a consequence, creating vehicles that
may improve nucleic acid stability as well as targeted selectivity
is a critical factor in paving the road for therapeutic appli-
cations. Furthermore, due to the significant potential for
immune reaction and carcinogenicity concerns posed by viral
vectors, scientists have switched their focus to nonviral
vectors, specifically nanocarriers.>>°® Efficient nucleic acid
transport into cells and the release of nucleic acids are
required for efficient transfection.>*® Significant efforts have
been made to create carbon nanostructures suitable for gene
transfer. Notably, NDs and their complexes with propionyl-
ethylenimine (PEI) have very low toxicity and excellent biocom-
patibility, whilst also maintaining high transfection when
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trying to deliver plasmid, siRNA, and miRNA typically via ionic
attraction among both nucleic acid and PEI-modified
NDs.?°°2% In one siRNA delivery study, the ND-PEI complex
was shown to have higher transfection efficacy under biologi-
cal circumstances when compared to lipofectamine, the com-
mercial reagent for transfection, indicating the translational
promise of this biodegradable siRNA delivery method.”%*'°
Similarly, research has been carried out to construct different
complexes for gene transfer based on fullerenes.'’®>''7>!*
Maeda-Mamiya et al. developed a cationic tetraaminofullerene
with high hydrophilicity for plasmid DNA transport.>'*> Their
findings revealed that delivering the insulin 2 gene increased
plasma insulin levels while decreasing blood glucose levels in
female C57/BL6 mice. Fullerene derivatives are an excellent
therapeutic material for gene transfer. Furthermore, no acute
toxicity of the fullerene complex was found following adminis-
tration. CNTs have also shown their potential as a method for
gene transfer. Plasmid DNA was the very first form of nucleic
acid effectively transfected in vitro by CNTs. Furthermore,
CNTs have been used to transfer several types of plasmid DNA
since then, such as the green fluorescent protein (GFP)
gene.”'®>'° Notwithstanding, there has been very little in vivo
research on plasmid DNA delivered by CNTs. SWCNT-siRNA
conjugates with cleavable links were discovered by Kam et al.
to effectively transport siRNA into cells and downregulate the
targeted protein.**° Following this groundbreaking discovery,
an increasing number of studies on CNTs as an excellent plat-
form for siRNA delivery, both in vitro and in vivo, have been
conducted.?'**® The CNTSs were shown to be capable of trans-
ecting difficult cell types such as skeletal muscle cells, primary
cellular membranes, and T cells.

6.4 Photothermal therapy (PTT)

Fluorescence with emission wavelengths ranging from visible
to near-infrared allows certain carbon nanomaterials to be
used for both bioimaging and therapy. When photosensitizers
concentrate in certain tissues, electromagnetic radiation may
be used to heat the tissues, causing photocoagulation and cell
death.>®” CNTs with surface modifications can avoid detection
by the immune response. Furthermore, CNTs have high absor-
bance in the near-infrared range, which penetrates deeper into
the tissue than the visible range. Carbon nanotubes are an
excellent photothermal agent because of these benefits.
SWCNTs (single-walled carbon nanotubes) were the first
carbon nanomaterials to be developed for photothermal treat-
ment.>*® After CNTs delivered oligonucleotides to cells, a NIR
pulsed laser caused endosomal rupture, allowing the loaded
oligonucleotides to enter the nucleus. Meanwhile, constant
near-infrared radiation caused cell death. In this investigation,
SWCNTs served as both a molecular payload and a photosensi-
tizer. SWCNTs can indeed be delivered into the tumour by
intratumoral or intravenous injections."®%>*°

6.5 Photodynamic therapy (PDT)

A further remarkable photochemical characteristic of fullerene
is its photoexcitation capacity. Ground state, singlet C60 may
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absorb photons after being stimulated to triplet C60 by photo-
excitation. This transfers the stored energy to nearby oxygen
molecules, which then converts them into ROS (oxygens and
free radicals) through both energy and electron
transfer.'’239232 Apparently, ROS are very active in DNA
breakage and hence have the potential to be cytotoxic. As a
result, C60 molecules can be used as photosensitizers in
photodynamic treatment.**®> CNTs can be used to transport
photosensitizers for PDT, and a few studies have used CNTs
themselves as a photosensitizer.'®”'”! Shi et al. used pep stack
interaction to connect hyaluronic acid-modified carbon nano-
tubes (HA-CNTs) with high water solubility with HMME (PDT
agent). The resulting HMME-HA-CNTs, which possessed com-
bined photodynamic and photothermal characteristics, inhib-
ited tumour development including both in vivo and
in vitro.?*»*3°

6.6. Optical imaging

Because of their remarkable optical characteristics, carbon
nanostructures have received a lot of attention in bio-
imaging."”® SWCNTs, for example, exhibit inherent fluo-
rescence properties at different wavelengths (1000-1700 nm),
allowing them to be used for deep-tissue fluorescence
microscopy due to decreased photon scattering.>**>*® NDs
have a relatively extended fluorescence lifetime, making them
excellent for differentiating NDs-labeled fluorescence from
tissue autofluorescence.?*? Furthermore, due to their inherent
photoluminescence, fullerenes (C60) are used in fluorescence
imaging.>*°** This self-fluorescence of NDs is primarily
caused by nitrogen impurities and their assimilation into the
diamond crystal gap during the manufacturing process.>**>**
Fluorescent nanoparticles, in particular, combine the advan-
tages of quantum dots, biocompatibility, and complex surface
chemistry, making them ideal for in vivo imaging.>*®

CNTs were employed as molecular transporters in several
experiments to transfer organic fluorophores in a cell for fluo-
rescence imaging.””” Cherukuri et al. discovered the intrinsic
fluorescence of SWCNTs and photographed their intracellular
dispersion in macrophages. This research establishes a novel
technique for SWCNTs to be used in bioimaging directly
through their inherent fluorescence.”*® SWCNTs are light
enough to be observed within mice at high frame rates as
useful fluorophores. Based on this, Raman spectroscopy can
provide researchers with information about composites.
SWCNTs have a Raman peak in the graphitic band that can be
distinguished from the background autofluorescence. Because
of their high scattering cross-section, SWCNTs could be used
as spectroscopic labels and probes in biomedical imaging.
Raman spectroscopy was also used to detect SWCNT dis-
persion in different tissues of mice ex vivo, as well as to assess
SWCNT circulation via intravenous administration. In
addition, Raman imaging of CNTs was used in vivo in several
studies.***>> Overall, SWCNTs are recognized as excellent
contrast agents for thermoacoustic imaging as well as photo-
thermal imaging.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

6.7 Non-optical imaging

Carbon nanostructures are excellent light absorbers across the
entire visible and near-infrared spectrum, making them ideal
for photoacoustics. Meanwhile, because of their low fluo-
rescence quantum outputs, they could more efficiently convert
incoming photons to heat. SWCNTs were the first and most
widely used photoacoustic imaging nanostructures. Several
studies on photoacoustic imaging with SWCNTs in vivo have
been published.”*>*** One fascinating study combined nano-
composites with photoacoustic responses to Au-coated CNTs
with an absorption maximum at distinct wavelengths to gene-
rate a two-color photoacoustic image platform. Although
tumour cells differ in their own expression, the two-color
photoacoustic imaging nanoparticles system proves to be more
specific in identifying tumour cells.>>* Overall, SWCNTs are
recognized as excellent contrast agents for thermoacoustic
imaging as well as photothermal imaging.

6.8 Clinical diagnostics

Computerized tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography (PET) are commonly
used in clinical diagnostics. MRI is becoming an increasingly
common technique for diagnosing due to the unavailability of
ionizing radiation.>”> Contrast compounds are commonly used
to increase the quality and resolution of MRI. Several contrast
compounds include paramagnetic metals, e.g., Fe, Gd, and
Mn.>*® Traditional juxtaposition agents, on the other hand,
are frequently tiny molecules, and several studies have also
shown that Gd-based contrast agents can cause nephrogenic
systemic fibrosis (NSF), particularly in people with end-stage
renal disease.*®”**® As a consequence, it is critical to create
innovative MRI contrast agents with enhanced tissue selecti-
vity and safety. Facet-specific electrostatic force on NDs has
played an important role in the coordination of water mole-
cules near to the ND surface, which may be used to produce
an ND-metal complex, resulting in enhanced interactions
amongst molecules of water and metal ions in behavioral
sciences."”” Hou et al., for example, developed the ND-Mn
complex, a dual-mode contrast agent that improved both T1
(longitudinal relaxation time) and T2 (transverse relaxation
time) weighted MRL.>** These ND-Mn complexes exhibited
improved contrast imaging while decreasing the quantity of
toxic-free Mn>* ions inside the circulatory system, as proved by
utilizing an orthotopic liver cancer animal model.
Metallofullerene is a potential class of MRI contrast
agents.”®**°! The tight network comprising atoms has the
benefit of avoiding metal atoms leaking from the fullerene
cage whilst preserving all of the metals’ physical character-
istics.>®®> CNTs can potentially be utilized as a distribution plat-
form for contrast agents such as Gd*".*®> CNTs, on the other
hand, could be used as MRI agents with the metal contami-
nants at the ends acting as residual catalysts. SWCNTs were
synthesized at high pressure (30-50 atm) using Fe(CO)s as the
iron-containing catalyst precursor, resulting in iron oxide
nanoparticles connected to the ends of the SWCNTs. This pro-
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cedure is known as the HiPco technique. Researchers reported
the versatility of SWCNTs/iron oxide nanoparticles, which were
ingested by macrophage cells and visualized using MRI and
near-IR mapping.”®**

6.9 Diagnosis and theranostics

Carbon nanostructures are recognized as a cutting-edge bio-
sensing substrate due to their large surface-sensitive area and
superior optical and electrical properties.”®> In one study,
embedded digital release delivery & sensing devices on ND-
peptide complexes were proposed utilizing stimuli-responsive
devices.'®® Many of the peptides that could be selectively
broken by MMP-9 (matrix metalloproteinase-9) had also been
covalently bonded to NDs. MMP-9 is a type of endopeptidase,
whose level of expression has been demonstrated to be predic-
tive of cancer spread. Furthermore, the MMP-9-specific solid
substrate peptide was fluorescently labeled, allowing MMP-9
protease activity in cleavage of the peptides to be measured
and connected to MMP-9 activity. Notably, the formation of
ND-peptide complexes protects the peptides from protease
cleavage. This quantifiable stimuli-responsive output function,
together with improved peptide stability, provides compelling
evidence for the development of carbon nanostructures-
mediated biosensors for metastasis diagnosis.

Theranostics refers to a significant strategy that combines
therapeutic functionality with imaging in a single device.
Carbon nanomaterials-based electrochemical biosensors
provide a unique class of biosensors, with enhanced conduc-
tivity and readily investigated surface region.>®® Petrakova et al.
created a fluorescence ND-based system for nucleic acid trans-
port and label-free intracellular tracking.”’® The sensing func-
tionality was accomplished by using nitrogen-vacancy colour
centers, which offer persistent nonblinking luminosity. The
molecular procedures of binding and releasing DNA from fluo-
rescent ND surfaces will cause a change in the electrical
charge, allowing nucleic acid transfection and payload release
inside of cells to be observed. This inventive device concur-
rently innovates techniques for nucleic acid transport and
imaging while avoiding interference with cellular nucleic acid
processes.

CNTs were employed in the construction of enzyme biosen-
sing due to their high aspect ratio, which aids in biomolecular
conjugation. Glucose sensing is a significant application of
currently utilized biosensors. Under aerobic circumstances,
SWCNTs FET biosensors may monitor glucose by catalyzing
glucose to gluconic acids and hydrogen peroxide.*®” DNA bio-
sensors are another type of CNT biosensor that is frequently
utilized. The CNT-DNA complex has been created to target
various molecules based on the fact that single-strand DNA
(ssDNA) can securely attach to CNTs but double-strand DNA
(dsDNA) cannot, but SWCNTSs, in general, function as transdu-
cers in sensors, translating and amplifying DNA hybridised on
Au into an electrical signal. It was stated that SWCNT-FET
DNA sensors may be readily linked with large multiple sensors
for microscopy.>® SWCNT DNA sensing is less difficult to
develop than optical or other electrochemical techniques.
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6.10 Tissue engineering and repair

Carbon nanotubes’ shape and structure lend themselves par-
ticularly well to applications in stem cell therapy, potentially
leading to stem cell growth and banking.'”” Different cells in
the brain have been reported to grow effectively on the
scaffolds of CNTs. Chemically processed SWCNTs with nega-
tive charge were capable of attracting calcium cations, result-
ing in nucleation and the beginning of the crystallization of
hydroxyapatite (HA) as a scaffold for the development of artifi-
cial bone material.**® The advancement direction of HA can be
controlled using various bifunctional SWCNTs. MWCNTs-
coated nanowires have been shown to improve neurite
advancement of rat dorsal root ganglia (DRG) neurons as well
as tight junction kinase (FAK) expression in PC-12 (pheochro-
mocytoma) cells through neural tissue engineering.>’® Another
usage of CNT scaffolds is in heart tissue development. CNT-
incorporated photocross-linkable gel methacrylate (GelMA)
demonstrated excellent rigidity and electrophysiological capa-
bilities while lowering electrical resistance, showing potential
as cardiac scaffolding.””"

A polypyrrole (Ppy) array has also been used to regulate
stem cell activities with CNTs.>”> The Ppy array, which pro-
vided both dynamic attachment and detachment stimuli on
cell surfaces, may transition from highly adhesive hydrophobic
CNTs to less sticky hydrophilic nanotips via an electrochemical
oxidation process. NDs, in addition to CNTs, have been
created as nanocomposite hydrogels for tissue engineering,
especially stem cell-guided regeneration.””>*”* As a 3D
scaffold, a hydrogel was produced utilizing photocross-linkable
GelMA and NDs. The addition of NDs improved network
stiffness, and therefore increased the turning force produced
by human adipose cell lines. Interestingly, NDs are also used
in root canal therapy (RCT), which is currently being studied
in medical tests."”7*7>27¢

In one investigation, NDs were implanted with gutta-
percha, a benign thermoplastic polymer composed of gutta-
percha latex, zinc oxide, a radio pacifier to allow for X-ray
imaging to monitor therapy progress, and a plasticizer.””>?””
Namely, using thermoplastics for RCT obturation to prevent
reinfection and bone loss after RCT was the current standard.
Sustained apical wound healing was documented during
interventional therapy, with no reinfection or discomfort
issues.

7. Emerging high-entropy alloy NPs

High-entropy alloys (HEAs) are a new category of potential elec-
trocatalysts that have recently been identified. HEAs are single
solid solutions made up of 5 or more constituents in roughly
equal amounts, helping to bring together previously inaccess-
ible element combinations as binary or ternary metals thus
according with Hume-Rothery Rules.>”*%° The multi-element
characteristic of these alloys results in high mixing entropy,
which allows for the development of solid solutions in simpli-
fied crystal structures.®’ These characteristics imply that their
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textural complexity may provide a unique set of improved
microstructure and properties.”®> Furthermore, the low atomic
diffusivity that results from the high configuration entropy
may also provide excellent strength in corrosive catalytic sur-
roundings.*®* These properties open up a plethora of possibili-
ties for HEA-based catalyst design. Recent studies show that
HEA NPs with lower Pt content can have mass activities that
are significantly higher than Pt or C for both oxygen reduction
(ORR) and durability.?®**%* Fabrication approaches for HEAs,
on the other hand, in NP forms with large surface areas are
needed. Previously, HEAs were created using thermal tech-
niques wherein the metal ingots were rapidly chillcast to form
bulk materials.>®® Jin and colleagues recently created nanopor-
ous HEA AINiCoIrMo first before melting the ingredients
together, followed by chemically dealloying in alkaline
medium.*®” Furthermore, HEAs were synthesised as size-con-
trolled NPs using a carbothermal shock technique, in which
flash heating and cooling of metals in the presence of an NP
support was critical to their creation.?®® The majority of col-
loidal routes to metallic NPs rely on metal salt reducing, which
occurs at different rates in the case of HEAs primed with five
or more metal precursors. Synthetically, downsizing HEAs to
the nanoscale level has been difficult because most colloidal
pathways to metal NPs depend heavily on metal salt reducing,
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which takes place at varying rates.”®® Bondesgaard and col-
leagues described a colloidal method for producing HEA nano-
catalysts in an innovative solvothermal environment wherein
metal acetylacetonate precursors were deeply involved in a
CH,;COCH; + C,HsOH mixture to monitor redox reactions.?*°
Xia and colleagues investigated the heat transfer stability of
shape-tuned core-shell PAd@PtNPs using in vivo electron
microscopy. The results showed alloying of core and shell at
elevated temperatures where increased heat capacity promotes
the nanocrystal formation.*** Yang et al. discovered that deoxi-
dation and metal segregation can transform core-shell Ni@Co
NPs into alloy NiCo NPs at 600 °C.>> A universal colloid
approach for HEA NPs is still needed, but it might open up
new possibilities in catalysts and well beyond.

Recently, Chen et al. developed a controlled approach for
HEA NP synthesis based mostly on the colloidal processing of
core@shell NPs as compared to sole HEA NPs.”>® The authors
used a seed-mediated co-reduction method to create core-shell
PdCuB2@PtNiCo NPs, which would then be annealed at
extreme temperatures to promote transport, mixing, as well as
the formation of HEA NPs. Fig. 13 depicts the process diagram
again for the synthesis of HEA NPs. The average size of the
HEA NPs was 10.4-0.4 nm (Fig. 13a and b). The compositional
analysis revealed the presence of Pd, Cu, Pt, Ni, and Co in
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Fig. 13 (a) Morphology and composition analysis of PdCu B2@PtNiCo NPs. (a) TEM image, (b) particle size distribution, (c) phase analysis, (d and e)
area and line mapping reproduced from ref. 293 with permission from [Royal Society of Chemistry], copyright [2021].
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atomic fractions of 20%, 17%, 22%, 21%, and 20%, respect-
ively. The phase evolution revealed the presence of PdCu B2
phase and a face-centered solid solution structure (Fig. 13c).
Pd and Cu were found to be localised inside the core, whereas
Pt, Ni, and Co were found to be distributed on the shell
(Fig. 13d and e). However, this is only the tip of the iceberg in
terms of HEAs, as many experimental studies are being carried
out in the near future to investigate the implementations of
these HEA NPs for a wide range of applications.

8. Effects of nanomaterials on living
systems

The rapid advances in nanomaterials have raised concerns
about the potential risks associated with their use and
effective utilization on human health and the environment.
Obviously, nanoparticles are more active than their bulk
counterpart, which may necessitate further research before
they are applied to humans. Nanoparticles have been studied
in various living models, including cell models, mouse
models, and human models. According to earlier investigation,
excessive exposure can lead to accumulation in the organs. For
example, Mats Hulander et al.>** reported that noble metals
can be used as biomaterials due to their antimicrobial and
anti-allergic properties. The utilization of metals, such as
silver colloidal NPs, significantly raises the risk of night blind-
ness, shoulder pain, lung and neurological diseases. In
addition, a few other skin allergies have been reported in
association with using colloidal metal nanoparticles.>*® In the
case of plants, NPs combat pathological infections and are
used as growth adjuvants and nutrient ingredients.>***°” NPs
can be associated with agrochemicals and other substances to
deliver or regulate chemicals in plant cell walls, cells, lipid per-
oxidation, and DNA damage.>*®*°° There are many studies that
show NP toxicity to microbes, plants, and animals.****°° Zhu
et al.*®* observed that noble metals have been used as a multi-
functional cancer therapy due to their exceptional surface
plasmon responses. Furthermore, as a consequence of rapid
development of pharmaceutical industries, many hazardous
pollutants are produced as byproducts. Conventional biologi-
cal treatment presents a significant challenge in decomposing
these NPs. Due to their excellent absorption and dissociating
ability, metallic NPs easily solve such problems. In this way,
nanoparticles not only benefit human life but also help to
reduce pollution in the environment.

9. Conclusions and future remarks

Since prehistoric days, noble metal NPs and carbon nano-
structures have been found in a variety of purposes ranging
from colouring glass to treating complex mental illnesses.
Colloidal Au has a long history of usage in medicinal appli-
cations. Ag NPs have indeed been used as antibacterial agents
in biomedicine. Metal NPs show significant scattering and
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absorption of electromagnetic irradiation at the LSPR spec-
trum, making them more suitable for biomedical activities.
MNPs have shown their potential in various bioimaging tech-
niques for tumor identification and drug delivery to cells. Due
to the advancement of nanoscience and nanotechnology,
carbon nanostructures have boosted biomedicine and health-
care. The optical characteristics of carbon nanostructures are
strongly dependent on particulate shape and size for various
medical diagnostic tools such as MRI, CT, and PET.
Nanostructure patterns including nanoprisms, nanotubes, and
nano core-shells have all been used successfully in bioengi-
neering applications.

Numerous different functionalization approaches were used
to improve nanostructure dispersibility and biocompatibility
in physiological, image analysis, tissue engineering and repair,
and drug delivery areas. GNPs were also utilised in Ayurvedic
medicine as bhasma. Due to their excellent photothermal
characteristics, graphene, CNTs, and NDs nanostructures have
been used in theranostic applications. As a consequence, the
side effects of chemotherapy could be avoided. Multiple
research findings on bio-applications of metal and carbon
nanostructures are available in the literature, but there are
many limitations in this research and so many new possibili-
ties. In spite of these developments, certain obstacles to the
widespread usage of nanomaterials in biomedicine still exist.
Due to a wide distribution of sizes, a poor signal-to-noise (S/N)
ratio may be present in imaging. This can be solved by choos-
ing an optimum size and shape for each application in biome-
dicine. The NPs’ size reduction might improve their applica-
bility chances in larger biomedical fields. Functionalization of
NPs benefits their attachment to the physiological setting, cell
growth and drug delivery. In addition, greater cost and exper-
imentation techniques hinder market access. Overall, NPs,
when used with greater care and optimization, can be an
attractive alternative for advanced biological applications
because of their ability to control nanoscale structure, mor-
phology, synthesis process, and price.
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