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Abstract

Nanotechnology, defined as engineering at the nanometer scale, involves developing materials or
systems to perform a systematic arrangement for various platforms in biomedical applications. This
study presents possible applications of carbon-based nanomaterials in regenerative biomedicine, drug
delivery, and cancerous conditions. We highlight significant advancements in carbon nanotubes-based
nanotechnology, with an emphasis on carbon nanotubes, which accelerate various regenerative
therapies in the liver, nervous system, heart, vascular system, and bone tissue engineering. Using
carbon nanomaterials to deliver drugs precisely to their site of action is also one area of interest,
attracting the attention of researchers and giving great hope for carbon nanomaterials’ widespread use
in medicine. Moreover, green nanotechnology was introduced as an innovative and noninvasive
discipline in carbon-based nanomaterials for human biomedicine. It can solve the problem of using

dangerous and toxic chemical nanoscale materials.

Keywords: nano biomedicine; green nanotechnology; nanomaterial scaffolds; nanocarbon materials;

regenerative biomedicine; cancer treatments

Introduction

Several characteristics of the physical, chemical,

optical, magnetic, mechanical, electrical, and
thermodynamic properties of nanomaterials were
improved strongly compared with bulk materials [1,
2]. Additionally, nanotechnology has emerged in
fields,

agriculture, food industry, and medicine, due to

various such as environmental science,

nanoparticles’ high ratio of surface area/volume
their
properties and increase their chemical reactivity [3,

atoms, which modify physicochemical
4]. Biomedicine is an attractive application field for
nanotechnology [5]. This technology may provide
targeted therapy by modifying the nanoparticles’
surface and developing nanoscale instruments in
[6]. the

nanoscale features of tissues to improve cellular

biomedicine Nanotechnology recreates
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adhesion, migration, and differentiation [7]. Tissue
regeneration can be achieved by combining living
cells and materials to provide biological functionality
and stimulate cell proliferation using scaffolds.
Nanotechnology covers broad aspects of tissue
engineering, producing material structures that mimic
the biological structure and provide efficient delivery
systems. When mammalian cells receive signals for
tissue nanoscale

regeneration, the structured

components from the
environment are directed toward the target site.

Nanotechnology-based

surrounding  biological
products  enhance the
regeneration of damaged, cancerous, or nonfunctional
through improved
material surfaces and biological entities [8].

tissues interactions between

Carbon nanotubes (CNTs) are nanosized, carbon-
structured compounds
graphitic

with a regular, hollow

structure. Their characteristics include
having a large surface area/volume ratio, high length-
Their

diameter ranges from 1 to 100 nm. CNTs comprise

to-diameter ratio, and very low weight.

several layers of graphitic carbon concentric to each
Each atom in CNTs is bonded to three
neighboring atoms, and like graphite, CNTs have sp2

other.

bonds, which confer their unique strength. CNTs are
becoming increasingly popular as nanoscale carriers.
Discovered in 1991 by Dr. lijima [9], CNTs are
nontoxic, have excellent optical properties, and have
a significant ability to bind to other elements or
particles for greater functionality [10]. Some CNTs in
drug delivery systems share the same advantages as C-
dots, in that the tumor’s acidic environment provides
a mechanism for drug release [11]. The degree of
functionalization of carbon nanotubes varies; as a
result, the amount of drug released can be accurately
controlled [12]. Pharmaceutical CNTs appear more
dynamic in their biological applications owing to
their unique properties [13]. To overcome limitations,
such as limited solubility and maximum
biodistribution, scientists have begun to use CNTs for
targeted drug delivery to treat cancer cells [14, 15].
CNTs can easily cross various biological boundaries,
pass through the plasma membrane, and penetrate the
cytoplasm through a “small nanoneedle,” facilitating
the transport and delivery of narrow molecules or
target [16].
Additionally, the possibility of placing a large group
of biochemical substances on CNTs surface paves the

desired treatments to the tissue

way for numerous medical applications [17]. CNTs
are promising candidates due to three key features:

(1) the utilization of single-walled CNTs containing
functional groups as a biocompatible platform to
deliver therapeutic or diagnostic drugs, (2) the
continuous delivery of anticancer agent prodrug
modules organized within tumor cells in a particular
form, releasing the drug at the tumor site, and (3)
tumor identification modules attached to the nanotube
[16].
market has increased the demand for nanomaterials in

surface The fast-growing nanotechnology

recent years. The global nanomaterial trade in
nanomedicine reached 242.6 billion dollars in 2021
and is projected to grow at an annual rate of 15.3%
from 2021 to 2026, reaching 493.5 billion dollars by
2026.

This review explains the utilization of carbon-
based nanomaterials in regenerative medicine, drug
delivery, and cancer treatments, emphasizing CNTs in
tissue regeneration, and highlights the main successes
of these nanostructures’ application in biomedicine.

Emergence of Carbon-based
Nanomaterials in Biomedicine

CNTs were first discovered in 1991 in Japan [18].
Gradually, single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs) were developed, with
distinct advantages based on their structures [17].
These nanostructures can carry various drugs,
proteins, antibodies, DNA, and enzymes owing to
their large and stable surface area. Additionally,
functionalized CNTs can cross the cell membrane and
deliver biological molecules to cells or organs. These
advantages of CNTs lead to their application in drug
delivery systems, diagnosis, treatment, and targeted
therapies [19].

CNTs have emerged as powerful tools in
improving biomedical approaches for managing
numerous diseases, including cancer, liver disease,
CNTs can penetrate cell
membranes and functionalize with almost every
biomolecule or compound, allowing them to target
cells and deliver drugs under appropriate conditions.
Therefore, targeted drug delivery combined with
selective treatment directed toward the
tissues appears to be the most promising approach for

CNTs [20].

and neural disorder.

intended

In recent years, carbon nanomaterials have shown
great progress in biomedical applications through

https://www.sciopen.com/journal/2150-5578
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surface functionalization, which can specifically
target tumor tissues, increasing the therapeutic
potential and significantly reducing the adverse
effects of therapy in drug delivery [21]. CNTs-based
nanotechnology have catalyzed advancements in

treatment of various diseases.

Carbon-based nanomedicine progress in liver
regeneration

The liver is the largest organ in the body and plays a
role in bile formation, energy production, and drug
metabolism [22]. Liver transplantation is the only
treatment strategy for patients with end-stage liver
failure [23]. Although in more than 100 countries at
least one liver transplantation occurred in 2020-2021,
worldwide, most patients with life-threatening liver
disease do not have access to liver transplantation,
making biomedicine approaches a more effective
solution [24]. Three-dimensional (3D) printing and
cell therapies are promising candidates for treating
[25].
electrospun

liver diseases One nanotechnology-based

scaffolds. The
orientation of the fibers on the collector in the

method s correct
electrospinning method is essential for liver cell
growth. The collector’s condition greatly influences
the type of fibers produced and their correct
arrangement.
production of aligned nanofibers, whereas stationary
collectors result in randomly patterned nanofibers.

Rotating collectors result in the

Cellular behavior depends on the electrospun scaffold’
s surface topography. Several studies have confirmed
that the rates of proliferation and attachment of
primary hepatocyte cells on aligned nanofibers are
noteworthy [26].

CNTs have shown promising progress in the
interdisciplinary fields of nanotechnology and liver
regenerative medicine. CNTs can be incorporated into
scaffolds and hepatocytes to help regenerate liver
tissues in liver tissue engineering. This approach can
improve the treatment results of acute or chronic liver
disorders by activating normal liver function [27].
The most recent research on scaffolds used for liver
tissue engineering involves culturing cells as 3D
spheroids. By modifying traditional electrospinning
methods and shortening the fibers, Wei et al. created
CNTs have
been used in the structure of 3D liver scaffolds and in

liver cell spheroids on scaffolds [28].

the hepatic differentiation of stem cells to improve
cell affinity and mechanical strength [29]. The
arrangement of CNTs in different polymer scaffolds

has improved the porosity and mechanical strength
[30]. Additionally, CNTs in the form of nanofibers
create conductive surfaces and improve the formation
of liver cell spheroids [31]. 3D scaffolds with CNTs,
generally used for seeding liver cells, comprise
porous  scaffolds,
Cryogels®, and scaffolds designed via 3D printing or
[32]. Despite the
physicochemical properties of CNTs, their toxicity
and poor dispersion in water have been investigated

microarchitecture such as

electrospinning interesting

and noncovalent functionalization has been proposed
to increase their biocompatibility [33]. Generally,
CNT nanocomposite scaffolds have emerged as
promising frameworks for liver tissue engineering by
facilitating the regeneration of the injured liver [34].

Carbon-based nanomaterials for neural

disorder treatments

Neural injuries can seriously impair movements and
sensory reactions, jeopardizing patients’ quality of
life, and imposing critical economic burdens [35].
Compared with other tissues, the complexity of the
structure and function of the nervous system and its
gradual regeneration rate make it more challenging to
treat when an injury occurs. Common therapeutic
approaches, including autografts, allografts, and
pharmacological agents, cannot fully restore nervous
system injuries [36], the regeneration of neural tissue
at the injury site remains negligible. The major issues
of neural injury include nervous degeneration, scar
tissue formation, and loss of connections between
[37].
nanotechnology  and

neurons and surrounding cells Recent

developments  in tissue
engineering have attracted many researchers to invent
[36].
Nanomaterials present promising results in improving
cell adhesion, cell proliferation, and neuronal cell

differentiation to enhance neuron regeneration [37].

nanomaterials for neural science use

Various nanomaterial-based methods are available
to investigate, prevent, or treat neural injuries.
Nanomaterials are classified into inorganic
materials—such as metals, alloys, silica, magnetic,
upconversion nanoparticles, and quantum dots, and
organic materials—such as polymeric nanoparticles,
nanofibers, carbon-based nanomaterials (CNTs and
graphene), liposomes, micelles, and dendrimers [37].
These are

promising nanomaterials containing

suitable physicochemical properties for
neuroengineering applications; the selectivity and

specificity of each nanomaterial depend on its surface
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properties [38]. Owing to their unique properties,
nanomaterials are applied to distinct technological
challenges associated with conventional science [39].
CNTs
nervous system (CNS) diseases. Drug delivery to the

are promising nanomedicine for central
nervous system is limited by the presence of two

anatomical and biochemical dynamic barriers
separating the blood from the cerebral parenchyma:
the blood—brain barrier and the blood—cerebrospinal
fluid barrier [40]. These barriers restrict drug delivery
to the CNS, leading to inefficient diagnosis and
therapy of neurological disorders [15]. CNTs are
biocompatible and permissive substrates/scaffolds for
neural cells, thus revolutionizing neurological disease
diagnosis and treatment. CNTs are increasingly being
used as scaffolds for neuronal growth and
differentiation  [41, 42]. their
physicochemical properties, CNTs have the potential
to be employed as theranostic tools for neurological
pathologies,
Parkinson’s disease, as well as for ischemic stroke
diagnosis  and [43]. Furthermore,
researchers have achieved controlled and targeted
delivery of active pharmaceutical ingredients by

tuning the CNT surface functionality [44].

Based on

such as Alzheimer’s disease and

treatment

Carbon-based nanomaterials progress in
heart tissue engineering

Heart valve disease mortality has increased the
demand for implantable tissue-engineered heart
valves. Despite the significant progress in improving
tissue-engineered heart valve constructs, viable and
functional human implantable constructs remain
[45].
leading cause of death in many countries [46].
Cardiac myocytes with

minimal self-regenerate;

ambiguous Cardiovascular diseases are a
are differentiated cells
fundamental ability to
therefore, cardiac tissue engineering has emerged as
one of the most accurate cardiac repair mechanisms
[47]. Nanotechnology has invented new methods for
drug delivery to prevent cardiovascular disease (e.g.,
stroke or high blood pressure) [48]. Owing to the
increasing demand for heart tissue replacement and
reconstruction, cardiovascular tissue engineering has
quickly transitioned to nanotechnology [49]. The
technologies
scaffolds, 3D

microfluidics,

nano/microscale

microscale and nanoscale include

nano/microfiber-based cell-
encapsulated  hydrogels,
bioreactors, and

Additionally, computational methods for biological

micro-
biosensors.

tissue simulation have improved the functionality of
implantable tissue-engineered constructs [45]. These
methods promote the accurate delivery of growth
factors or genes to specific cells in certain tissue
synthesis  with

layer-by-layer

areas, achieve microstructure

anisotropic  arrangement  and
fabrication [50], utilize micromolding for fabricating
complex geometries of tissue-engineered heart valves
[51], and control microfluidic delivery of chemicals,

biomolecules, and nonviral gene carriers [52].

Several studies have proposed advantageous
nanomaterials for heart treatment. The CNT scaffolds
promote cardiomyocyte proliferation, maturation, and
scaffolds of CNT-based
composites can also promote cardiomyocyte growth,
electrophysiological maturation,

syncytium formation. For example, a microporous

long-term survival. 3D
and functional

and self-standing material made of
polydimethylsiloxane, containing micrometric
cavities, and integrating MWCNTs into a 3D scaffold
displayed improved viability and a more defined and
mature sarcomeric phenotype compared with the
traditional scaffolds. These properties are essential in
cardiac tissue engineering and offer novel strategies
for developing innovative cardiac repair therapies

[47].

Vascular tissue engineering progress using
carbon-based nanomaterials

Traditional vascular tissue engineering methods were
difficult,
consuming. Advances in nanotechnology improved

bioreactor-based, expensive, and time-

the structure of vascular scaffolds and induced
directed stem cell differentiation into the desired cell
type [53]. Controlling cell behavior is essential in
vascular tissue engineering. Indeed, nanotechnology
provides an appropriate environment for directing
cells toward cell differentiation and tissue assembly
using nanostructured hydrogels and scaffolds [54].
For example, type I collagen nanofibers produced by
electrospinning improve mesenchymal stem cell
proliferation [55]. in nanotechnology
approaches for rapidly fabricating vascular tissue and

Advances

eliminating bioreactors are state-of-the-art advances
in vascular tissue engineering [53].

The vascular grafts used in tissue engineering
should be covered with thrombogenic endothelial
cells. Tissue assembly includes three methods: cell
seeding of porous scaffolds, cell embedding inside

https://www.sciopen.com/journal/2150-5578
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hydrogels, and sheet assembly with rolling single-cell
layers [56]. The three main scaffold structures in
vascular tissue engineering are hydrogels, solid
porous scaffolds, and nanofibers. Nanobased scaffold
structures mimic the organization of a natural
vascular extracellular matrix (ECM), thus improving
cell attachment [57]. Interestingly, CNTs promoted
endothelial tubulogenesis, a late step during
angiogenesis. Furthermore, mechanistic
demonstrated that CNTs, but not fullerenes, could
induce integrin clustering and activate focal adhesion

studies

kinase and downstream phosphoinositide-3-kinase
signaling in endothelial cells, thus explaining the
distinct angiogenic outcomes [58].

Evidence indicates that vascular nanostructured
scaffolds containing a monolayer of stabilized lipids
[59]. Three
nanotechnology-based approaches are available to

can reduce thrombogenicity
develop thromboresistant surfaces: stabilization of
blood thromboresistant molecules to produce desired
[60],
confirmed to increase endothelial cells [61], and an
increase in the number of endothelial cells through

nanosurfaces stabilization of molecules

iron nanoparticle or magnetic microbead labeling.
Amphiphilic,  lipid-like
antithrombotic phospholipid polymers can prevent
thrombosis after implantation [62]. Polyurethane-
thromboresistant nanocomposites were also prepared

surfaces made of

by adding polyhedral oligomeric silsesquioxane [63].
Nanodrugs can target vascular occlusion sites via the
mechanical activation of blood vessels by the high
fluid shear strain in the vessel. In vitro and in vivo
studies have confirmed the efficacy of these drugs
[64].

In a tumor microenvironment, angiogenesis occurs
abnormally to meet the metabolic and nutritional
demands of cancer cell growth; therefore, regulating
angiogenesis using carbon nanostructures, including
CNTs, might treat cancer [65, 66]. Cheng et al. used
SWCNTs and three molecules, including arginine,
glycine, and aspartic acid, to modify SWCNTSs’
surface to target angiogenesis sites. The nanotubes
were loaded with thalidomide as an anti-angiogenesis
drug and rhodamine as a tracking dye. In a zebrafish
tumor model, nanoconjugates can bind to newly
formed blood vessels and inhibit
angiogenesis [67].

significantly

SWCNTs can also be used to treat cancer by
inhibiting angiogenesis. Wierzbicki et al. compared

361
the  antiangiogenic  potential  of  diamond
nanoparticles, graphite nanoparticles, graphene

nanoparticles, MWCNTs, and Cg, fullerene. Diamond
nanoparticles and MWCNTs exhibit
antiangiogenic  properties  in  the

chorioallantoic membrane. Cg4, fullerene can even
increase blood vessel formation, suggesting that the
effect of carbon nanomolecules on angiogenesis
depends on their morphology [68]. The beneficial and
adverse effects of CNTs on vascular systems remain

fewer
chicken

largely unknown and require further extensive studies
[69].

Bone tissue engineering using carbon
nanomaterials
Nanotechnology holds promise for universally

improving nanomaterials used in bone regeneration
compared with their micron-structured counterparts
[70]. Engineered nanoparticles and 3D scaffolds
facilitate new bone growth. Natural bone comprises
30% w/v organic collagen fibrils and 70% w/v
inorganic calcium phosphate crystals [71]. Advances
in nanotherapeutic approaches have led to further
manipulation of the extracellular matrix and provided
more surface
interconnected porosity for cellular proliferation and
angiogenesis [72]. Critical bone defects caused by
tumor resection, trauma, or surgery have posed
challenges to the current standard therapies [73].

appropriate chemistry  and

Bone repair mainly depends on the wound size [73].
Overall, CNTs have great potential for bone tissue
engineering. They have good strength, elasticity, and
fatigue resistance, making them good strengthening
materials in bone tissue engineering. Additionally,
CNTs with strong bonding capacity contribute to
effective load transfer and reinforce the strength and
toughness of the matrix [74]. Conversely, their porous
structure and high surface-to-volume ratio are useful
for protein absorption, cell adhesion, and drug
loading. Therefore, CNT-based materials can develop
and integrate bone healing and drug systems [75].
However, pure CNT scaffolds are unsuitable for
regenerative bone tissue culture and should be used
with other materials, such as polycaprolactone, poly-
lactic acid, or poly (lactic-co-glycolic) acid [76, 77].

The rate of bone deficiency repair exceeds the
healing capacity of osteogenic tissues, as fibrous
connective tissue tends to dominate the free space
rapidly [78].
Biodegradable polymers offer adjustable degradation

more than normal bone tissue

https://www.sciopen.com/journal/2150-5578
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rates and ease of processing and increase the overall
mechanical strength of the composite owing to their
high compressive modulus [79].
Artificial nanomaterial development to repair the

and hardness

bone’s nanoscale features can lead to promising
results in biomaterials [80].

Figure 1 represents the carbon-based nanomedicine
and tissue engineering contributing to different
systems and organs in the human body.

Carbon-based nanomaterials for

delivery

drug

The emerging discipline of nanomedicine has brought
nanotechnology and medicine together over the past
decade to develop novel therapies and improve
current treatments. Nanomedicine directs
internalization and penetration, facilitating targeted
drug delivery and combination therapy [81]. Two
factors play crucial roles in successful drug delivery:
targeting and triggering. Nanotechnology-based drug
delivery methods decrease the therapeutic dose for
cancer treatment and other diseases and minimize
their side effects. To attain this goal, drug delivery
should have the ability to specifically target tumor
cells [82]. Doxorubicin (DOX) is a common therapy
for various cancers, inducing apoptosis in cancer and

normal cells, including those in the heart and liver.

(a) Degradation NP
of collagen @ Aggregation
of collagen

Normal liver (\t\ 44 -
"/ 3 (
e Inﬂammatory‘f ﬁw

factors

NP Cirrhotic liver

(b)

—
Scaffol% Injured nerve\
Poor connections

/

Partial repair

Nerve rupture

Nerve erosion

However, nanotechnology-based compounds such as
liposomes and magnetic nanoparticles direct DOX to
the tumor area without affecting healthy cells [83].
They target tumor cells via the interaction between
ligands and receptors. Cancer cells overexpress some
molecules on their surface, distinguishing them from
normal cells. Such molecules include the epidermal
receptor, the folate receptor,
glycoproteins, and the transferrin receptor. The

growth  factor

nanoparticle surface ligands interact with cancer cell
receptors and trigger receptor-mediated endocytosis
[84]. Nanoparticles can also be modified by specific
biological and chemical groups, including amino
acids, carbohydrate monoclonal antibodies, peptides,
and vitamins, which are used to target tumor sites and
increase drug uptake [85].

Moreover, the triggered release or modulation of
drug release is another aspect that enhances drug
delivery Tumor sites have acidic
extracellular pH values [86], and pH-sensitive

nanomaterials are designed to release drugs in the

systems.

acidic cancer microenvironment. For example,
cationic liposomes modified with sorafenib and
siRNA, along with carboxymethyl chitosan, have
gained pH-sensitive properties. Nanomaterials can
also be designed with light-, enzyme-, and redox-

[87].
(c) | Al
__, B
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v
' ~[Eg
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Fig. 1 CNTs-based nanotechnology using nanoscaffolds contributes to (a) reducing liver cirrhosis symptoms, (b) assisting nerve
repair, (¢) treating heart valve diseases, (d) creating artificial vessels, and (e) helping restore severe bone trauma.

https://www.sciopen.com/journal/2150-5578


https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578

Nano Biomed. Eng., 2024, 16(3)

363

exogenous stimuli-responsive drug delivery systems
are developed and release drugs at the specific tumor
sites (Fig. 2). Endogenous stimulus nanoplatforms are
designed considering the tumor’s microenvironment,
and the nanoparticle determines the tumor’s location
and the drug release depending on the characteristics
of the microenvironment around the tumor. For
example, the tumor microenvironment is acidic, and
existing hypoxia leads to high concentrations of GSH,
ROS, and some specific enzymes. Nanoparticles
responsive to exogenous stimuli, such as magnetic
field, laser, ultrasonic waves, and temperature, are
developed, thereby enhancing their applicability in
more complex versatile scenarios [88].

Compared to other nanomaterials, CNTs appear
more dynamic in drug delivery. For example, the
main application of quantum dots is exclusively in
cancer cell imaging, whereas CNTs can be used for
imaging, drug delivery, and thermal ablation. The
shape of CNTs different drugs to be
transported by various methods, such as active
radiation, active lipid permeation, or endocytosis.
CNTs are easily attached to the cell surface and taken

allows

up by the cell membrane. Their hollow structure and
unique properties, including high drug-loading
capacity, large surface area, high mechanical strength,
and good chemical stability, make them attractive

candidates as nanoscale carriers for drug delivery [89,

Enzyme

Redox ‘ Hypoxia

In vivo

ATP

In vitro N—

Ultrasound Temperature

Magnetic Laser

Fig. 2 Schematic representation of exogenous and endogenous
stimulus-responsive nanoplatforms for tumor therapy.

90].

CNT-based drug delivery systems are widely used
for cancer treatment, given their targeting function.
CNTs can be designed to be sensitive to the tumor
microenvironment, thereby reducing multidrug
resistance and inhibiting cell proliferation and the cell
cycle in infected cancer cells [91]. Peptide-modified
SWCNTs have high antitumor effects and enhanced
targeting. CNTs also
immunization against antigens. Some substances that
are not easily delivered to the brain, such as
acetylcholine, easily delivered using
SWCNTs. However, chemical modification of
SWCNTs with amide and ester bonds allows the drug
to have a sufficient delay in drug release from water
and organic media, increasing its solubility in water

and organic media [91].

serve as carriers for

can be

Green Nanotechnology in Carbon-
based Biomedicine

The use of various nanoparticles across science and

technology has sparked increasing interest in
integrating natural and biological particles into
nanotechnology. The presence of many toxic
chemicals and the extreme environmental concerns
associated with the physicochemical production of
nanoparticles have prompted the employment of
green methods using biological sources [92]. Given
the current materials and processes involved in
nanotechnology techniques, there is a need to limit
nonrenewable resources that generate hazardous
waste. Therefore, the combination of green chemistry
with nanotechnology is highly favorable due to their
biodegradability, renewability, and low cost as
biological sources [93]. Scientists, engineers, and
entrepreneurs face challenges ranging from technical
issues in science to regulatory issues in industry. Just
as nanoscale inventions require new insights from
scientists, they also drive the development of policies
aimed at designing novel products that prioritize
human and environmental health. This recognition
has led to the development of “green nanoscience”
[94]. Green nanotechnology refers to the use of
biological sources to employ biological activities and
specificities to develop modern technology at the
nanoscale [94]. Therefore, by integrating green

nanotechnology principles, the subsequent products

https://www.sciopen.com/journal/2150-5578
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can establish safe and ecofriendly nanoparticles
their
environmental impacts, improving conservation, and

lacking toxicity in synthesis, reducing
protecting resources, and human health [94]. Many
microorganisms can produce nanostructured mineral
crystals and metallic nanoparticles with properties
similar to those of chemically synthesized materials
while focusing on the strict control of particle size,
shape, and composition. Some examples include the
formation of magnetic nanoparticles by magnetotactic
bacteria, the production of silver nanoparticles inside
the periplasmic space of Pseudomonas stutzeri, and
the formation of palladium nanoparticles using sulfate-
reducing bacteria [95]. Furthermore, actinomycetes
are prokaryotes and have the exceptional ability to
produce secondary metabolites, including antibiotics.
A novel actinomycete genus, Thermomonospora sp.,
can synthesize extracellular gold nanoparticles when
exposed to gold ions under alkaline conditions [96].
Fungi have been widely used for the biosynthesis of
with  well-defined

Compared to bacteria, fungi are preferred as a source

nanoparticles dimensions.

for producing large quantities of nanoparticles
because they secrete higher amounts of proteins,
which contributes to the higher productivity of
nanoparticle formation [97]. Moreover, plants are
even better candidates than bacteria and fungi for
nanoparticle synthesis. They were introduced for
nanoparticle synthesis owing to advantages such as
being easily available, being safe to handle, and
possessing a broad variability of metabolites [98].
Some plants are specifically used to investigate their
role in nanoparticle synthesis. Gold nanoparticles
could be synthesized using live alfalfa plants [99].
Furthermore, silver, nickel, cobalt, zinc, and copper
nanoparticles have been synthesized from live
Brassica juncea (Indian mustard), Medicago sativa
(alfalfa), and Helianthus annus (sunflower). Certain
plants, such as
concentrations of metals than others and are termed

B. juncea, accumulate higher
hyperaccumulators [100]. Carbon is one of the most
abundant elements on Earth. In recent years, various
carbon-based nanoparticles, such as carbon quantum
dots, dots, and CNTs
applications, have been introduced as one of the most

carbon with  diverse
valuable groups of nanomaterials [101]. Carbon
nanomaterials possess unique characteristics such as
remarkable electrical conductivity, a large surface
area, and excellent mechanical strength, making them

highly promising for applications across various
fields [93]. Green synthesis of carbon materials has
several advantages such as the low-cost, non-toxic
raw materials, simple operations, expeditious
[102]. Table 1

presents some examples of applications of green

reactions, renewable resources
synthesized carbon nanomaterials, including drug
delivery, regenerative medicine, tissue engineering,
and cancer treatment. The novel outcomes of green
synthesis in nanotechnology can be further explored
through in silico and in vitro research, where carbon
nanoparticle synthesis and design have displayed
potential outcomes across diverse fields [103—110].
Green nanotechnology improves the biocompatibility
of carbon nanoparticles in different biomedicine
fields.

Conclusions

Carbon-based nanomaterials have drawn much
interest in biomedical engineering due to their
distinctive physical chemical, and optical properties.
CNTs, as

nanotechnology have shown promising results in drug

integral components of cutting-edge

delivery, regenerative medicine and cancer
treatments. By modifying the surface chemistry of
CNTs, scientists can attach specific molecules that
can bind to receptors on the surface of particular cells
or tissues. This allows for the selective delivery of
therapeutic agents to the desired location within the
body, minimizing the impact on healthy cells and
reducing side effects. Innovations in controlled
release mechanisms, responsive to external stimuli or
medical conditions, will help to fabricate carbon-
based nanomaterials for effective drug delivery.
Moreover, the green synthesis of carbon-based
nanomaterials not only substantially cut the costs of
producing nanomaterials, enabling their usage on an
industrial scale, but also minimize the quantity of
trash produced, making the

process more

environmentally friendly.

This work reviews current important branches of
biomedicine through the effective and efficient use of
nanotechnology, emphasizing CNTs to facilitate the
discovery of solutions for human degenerative
problems and remarkable advances in regenerative
medicine. Therefore, conducting additional studies on
carbon-based nanotechnology will help generate new
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Table 1 A summary of the application of green nanochemistry principles for carbon materials-based drug delivery, regenerative

medicine, tissue engineering, and cancer treatment

Green carbon nanoparticles Use

Advantages Ref.

Naked carbon nanoparticles driven from
commercial food-grade honey

Carbon nanoparticles using an edible
yogu‘rt firlnk (lassi) by microwave and drug delivery
irradiation

Bioactive polysaccharides based on
graphene oxide nanoparticle drug delivery
Native bacterial cellulose combined with

functionalized multi-walled carbon

nanotubes

3D scaffold for osteoblastic cell

culture

Cross-linked hollow fluorescent carbon

. . L Cell-imaging applications
nanoparticles with green emission £ing app

Green carbon dots synthesized from
renewable biomass such as agro-waste,
plants or medicinal plants, and other
organic biomaterials

Renewable and ecofriendly carbon-based
nanomaterials

Aqueous fluorescent C-dots synthesized
from cinnamon, red chili, turmeric, and
black pepper

nanomedicine

Dental tissue engineering

treatment

Imaging sentinel lymph nodes

Potential utilization in bioimaging

Promising carrier for anticancer

Bioimaging, biosensing, and

Human glioblastoma cancer cell

Real-time high-resolution intraoperative

photoacoustic imaging in conjunction with a near- [103]
infrared probe

Successful delivery of drugs into the nuclei and its
subsequent pH-dependent activity for releasing
CNPs as promising drug delivery vehicles in
nanomedicine

Major advantages of the developed approach
include demonstrating its capability as a promising [105]
nanocarrier for biomedical applications

Bacterial cellulose-multi-walled carbon nanotube
scaffolds support osteoblast viability, adhesion,
and proliferation at higher levels compared to
traditional culture substrates

Hollow fluorescent carbon nanoparticles are a
superior fluorescent bioimaging agent based on
their low toxicity, stability, and resistance to [107]
photobleaching, compared with traditional dyes

and CdTe quantum dots

[104]

[106]

Excellent luminescence effect, strong stability, and [108]
good biocompatibility
Ideal for dental tissue engineering, due to various

functional groups [109]

Tumor cell growth inhibition properties observed

in the spice-derived C-dots [110]

concepts for the ongoing fight against cancer, heart
valve diseases, severe bone trauma, and other

diseases.
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