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Abstract

In recent years, carbon nanoparticles (CNPs) have emerged as promising candidates in the field of targeted
drug delivery, offering unique structural, chemical, and functional attributes that enable precise therapeutic
interventions. This research explores the synthesis methods, drug loading and release mechanisms, and
biomedical applications of various types of CNPs—including carbon nanotubes (CNTs), graphene oxide
(GO), carbon quantum dots (CQDs), and nanodiamonds. Each of these nanomaterials provides distinct
advantages, from high surface area and modifiable surfaces to intrinsic fluorescence and excellent
biocompatibility. The study critically analyses both passive and active targeting strategies, highlighting
the Enhanced Permeability and Retention (EPR) effect and ligand-mediated delivery systems for improved
site-specific drug transport.

Introduction to Carbon Nanoparticles in Drug Delivery

Carbon-based nanomaterials have captured significant attention in the realm of biomedical science,
particularly as vehicles for drug delivery due to their unique physicochemical properties—such as
structural diversity, chemical inertness, high surface-to-volume ratio, and ease of functionalization.(1)
Among the most prominent carbon nanomaterials explored for drug delivery are carbon nanotubes (CNTs),
graphene and graphene oxide (GO), carbon quantum dots (CQDs), and nanodiamonds (NDs), each
offering distinct advantages.(2)

Carbon nanotubes possess a hollow cylindrical structure, enabling encapsulation of drugs or serving as a
scaffold for both covalent and non-covalent drug loading.(1)

Graphene oxide’s two-dimensional sheet structure, rich in oxygen-containing groups, supports versatile
surface modifications and high water dispersibility.(3)Carbon quantum dots, typically less than 10 nm in
size, provide intrinsic fluorescence, enabling real-time imaging and therapeutic monitoring alongside drug
delivery.(4)

Nanodiamonds exhibit excellent biocompatibility, chemical stability, and the capacity for sustained drug
release, making them suitable for prolonged therapeutic action.(5)

Compared to conventional drug delivery systems, carbon-based nanoparticles address critical limitations
such as poor drug solubility, rapid degradation, and non-specific distribution by enabling targeted,
controlled, and sustained drug release.(6)

Carbon nanoparticles also demonstrate low toxicity, especially after surface functionalization; oxidized
CNTs and GO, for example, show reduced cytotoxicity and prolonged systemic circulation.(7)
In preclinical settings, nanodiamonds have exhibited minimal immune response and have effectively
delivered chemotherapeutic agents without eliciting significant toxicity.(8)
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Together, these properties position carbon-based nanomaterials as a versatile and potent platform for next-
generation drug delivery, with applications spanning from oncology and infectious diseases to
personalized medicine.(1)(9)

Types of Carbon Nanoparticles Used in Targeted Drug Delivery

1. Graphene Oxide (GO) and Reduced Graphene Oxide (rGO): Drug Binding and Surface
Engineering

Graphene oxide (GO) and its reduced form (rGO) are prominent in drug delivery applications due to their
expansive surface area and the presence of oxygen-rich functional groups (e.g., hydroxyl, carboxyl), which
facilitate the binding and controlled release of therapeutic agents. Functionalization with polymers like
polyethylene glycol (PEG) enhances their biocompatibility and prolongs systemic -circulation.
Additionally, their m-conjugated structure fosters robust interactions with aromatic drug molecules,
augmenting drug-loading capacity.(10)(11)

2. Carbon Quantum Dots (CQDs): Fluorescence and Dual-Purpose Applications

Carbon quantum dots (CQDs) are nanoscale carbon particles (<10 nm) known for their inherent
fluorescence, exceptional water solubility, and low toxicity. These properties make them suitable for
theranostic applications, integrating therapeutic and diagnostic functionalities. The fluorescence of CQDs
can be tuned through synthesis methods, doping, or surface modifications, enabling real-time tracking of
drug distribution and cellular uptake. Their substantial surface area allows efficient drug loading, and
surface modifications with targeting moieties enhance precision and reduce adverse effects. (12) (13)(14)
3. Nanodiamonds: Biocompatibility and Controlled Drug Release

Nanodiamonds are ultra-nanoscale carbon particles (2—8 nm) characterized by their unique architecture
and remarkable biocompatibility. Their extensive surface area and functional groups (e.g., carboxyl,
hydroxyl) make them optimal for attaching therapeutic agents. Nanodiamonds can encapsulate drugs and
facilitate gradual release, preventing abrupt surges in medication levels—a feature advantageous for
prolonged therapies like chemotherapy. Studies have demonstrated their efficacy in transporting agents
like doxorubicin, ensuring sustained release profiles. Their stability and minimal toxicity further support
their safety in systemic drug delivery.(15)

Synthesis Methods of Carbon Nanoparticles

1. Top-Down Approaches

Top-down methods involve the breakdown of bulk carbon materials into nanoscale particles. These

techniques are generally straightforward but may result in products with heterogeneous sizes and shapes.

o Laser Ablation: This technique employs high-energy laser pulses to vaporize a carbon target, leading
to the formation of nanoparticles upon cooling. Laser ablation allows for the synthesis of carbon
nanoparticles with controlled sizes and minimal contamination.(16)

e Arc Discharge: In this method, a high current is passed between two carbon electrodes in an inert gas
atmosphere, resulting in the vaporization of carbon and subsequent formation of nanoparticles. Arc
discharge is commonly used for the production of carbon nanotubes and fullerenes.(17)

e Electrochemical Oxidation: This approach involves the electrochemical exfoliation of graphite in an
electrolyte solution, producing graphene oxide sheets that can be further processed into nanoparticles.
Electrochemical methods offer scalability and environmental friendliness. (18)
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2. Bottom-Up Approaches

Bottom-up methods construct carbon nanoparticles from molecular precursors, allowing for precise

control over size, morphology, and surface functionalities.

e Chemical Vapor Deposition (CVD): CVD involves the decomposition of hydrocarbon gases at high
temperatures in the presence of a catalyst, leading to the formation of carbon nanostructures on a
substrate. This technique is widely used for synthesizing carbon nanotubes and graphene.(19)

o Hydrothermal/Solvothermal Synthesis: These methods utilize high-temperature and high-pressure
conditions in aqueous or organic solvents to facilitate the growth of carbon nanoparticles from organic
precursors. Hydrothermal synthesis is particularly effective for producing carbon quantum dots with
tunable optical properties. (20)

e Microwave-Assisted Synthesis: Microwave irradiation provides rapid and uniform heating,
accelerating reaction rates and enabling the synthesis of carbon nanoparticles with controlled sizes and
morphologies. This energy-efficient method is gaining popularity for producing various carbon
nanomaterials.(21)

3. Green Synthesis Approaches

With growing environmental concerns, green synthesis methods have been developed to produce carbon

nanoparticles using sustainable resources and eco-friendly processes.

o Biomass-Derived Synthesis: Natural biomass materials, such as plant extracts, fruit peels, and
agricultural waste, serve as carbon sources for synthesizing nanoparticles. These methods are cost-
effective, renewable, and reduce environmental impact.(22)

o Chitosan-Based Synthesis: Chitosan, a natural polymer obtained from chitin, has been utilized as a
carbon source for synthesizing carbon nanoparticles. This approach offers biocompatibility and
potential applications in biomedical fields.(23)

Mechanisms of Drug Loading and Release

Physical Adsorption vs. Covalent Conjugation

Carbon nanoparticles (CNPs) facilitate drug loading through two primary mechanisms: physical
adsorption and covalent conjugation. Physical adsorption leverages non-covalent interactions such as n—
n stacking, hydrophobic forces, and electrostatic attractions to load drugs onto the nanoparticle surface.
This method is straightforward and preserves the structural integrity of both the drug and the carrier.
However, it may lead to premature drug release due to weaker binding forces.(24) In contrast, covalent
conjugation involves forming stable chemical bonds between the drug molecules and functional groups
on the nanoparticle surface, offering controlled and sustained drug release profiles. This approach
enhances the stability of the drug-nanoparticle complex but may require more complex synthesis
procedures. (6)

Stimuli-Responsive Drug Release

Stimuli-responsive drug delivery systems are designed to release therapeutic agents in response to specific

physiological triggers, enhancing targeted therapy and minimizing side effects.

o pH-Responsive Release: Exploiting the acidic microenvironment of tumor tissues or intracellular
compartments, pH-responsive nanoparticles release drugs preferentially in these areas. This is
achieved by incorporating acid-labile linkages or pH-sensitive materials that degrade or swell under
acidic conditions, facilitating drug release. (25)
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e Thermal-Responsive Release: Thermal-responsive systems utilize materials that undergo structural
changes at specific temperatures, such as the elevated temperatures found in tumor sites or induced by
external heating. These changes trigger the release of the encapsulated drugs.(26)

o Enzyme-Triggered Release: Certain enzymes overexpressed in pathological conditions can cleave
specific bonds in the nanoparticle structure, leading to targeted drug release. This strategy ensures that
the drug is released primarily in diseased tissues, reducing systemic toxicity.(27)

Controlled and Sustained Release Kinetics

Achieving controlled and sustained drug release is crucial for maintaining therapeutic drug concentrations
over extended periods, improving patient compliance, and reducing dosing frequency.(28) Carbon-based
nanocarriers can be engineered to modulate drug release kinetics through various strategies, such as
adjusting pore sizes, surface functionalization, and incorporating biodegradable linkers. These
modifications allow for precise control over the rate and duration of drug release.(6)

Active and Passive Targeting Strategies

Enhanced Permeability and Retention (EPR) Effect (Passive Targeting)

The EPR effect is a phenomenon where nanoparticles preferentially accumulate in tumor tissues due to
their leaky vasculature and impaired lymphatic drainage. This passive targeting mechanism allows for
higher concentrations of the therapeutic agent in the tumor site compared to normal tissues, enhancing
treatment efficacy while minimizing systemic side effects. (29)

Ligand-Mediated Targeting (Active Targeting)

Active targeting involves functionalizing nanoparticles with specific ligands that recognize and bind to
receptors overexpressed on target cells. Common ligands include antibodies, peptides, and small
molecules like folic acid. For instance, folic acid-functionalized nanoparticles can target cancer cells
overexpressing folate receptors, facilitating receptor-mediated endocytosis and enhancing intracellular
drug delivery.(30)

Magnetic and Photo-Responsive Targeting Using Hybrid Carbon Nanoparticles

Hybrid carbon nanoparticles integrated with magnetic or photo-responsive components offer advanced

targeting capabilities.(31)

e Magnetic Targeting: By incorporating magnetic nanoparticles into carbon-based carriers, external
magnetic fields can guide the nanoparticles to specific sites within the body, enhancing localization
and retention at the target site.(32)

o Photo-Responsive Targeting: Carbon nanoparticles can be engineered to respond to specific
wavelengths of light, enabling controlled drug release upon light irradiation. This approach allows for
spatial and temporal control over drug delivery, minimizing damage to surrounding healthy
tissues.(33)

Characteristics of Carbon Nanoparticles in Targeted Drug Delivery

1. High Surface Area and Drug Loading Capacity

Carbon nanoparticles, such as carbon nanotubes (CNTs), graphene, and carbon dots, possess exceptionally
high surface area-to-volume ratios. This feature allows for the efficient loading of therapeutic agents,

IJFMR250347003 Volume 7, Issue 3, May-June 2025 4



https://www.ijfmr.com/

m International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

enhancing drug delivery efficiency. For instance, CNTs have been shown to have a high drug-loading
capacity due to their large surface area and hollow structure.(34)

2. Ease of Functionalization for Targeting

The surface chemistry of CNPs can be readily modified with various functional groups, enabling the
attachment of targeting ligands such as antibodies, peptides, or small molecules. This functionalization
enhances the specificity of drug delivery to target cells or tissues. For example, functionalized CNTs have
been used to deliver drugs specifically to cancer cells, minimizing off-target effects. (35)(36)

3. Biocompatibility and Low Toxicity

Properly functionalized CNPs exhibit good biocompatibility and low toxicity, making them suitable for
biomedical applications.(37) Studies have also demonstrated that surface modifications can reduce the
cytotoxicity of CNPs and improve their compatibility with biological systems. For instance, PEGylated
graphene oxide has shown reduced toxicity and enhanced biocompatibility in vivo.(38)

4. Controlled and Stimuli-Responsive Drug Release

CNPs can be engineered to release their drug payloads in response to specific stimuli such as pH,
temperature, or redox conditions. This controlled release mechanism ensures that drugs are delivered at
the right time and location, enhancing therapeutic efficacy.(39) For example, redox-sensitive carbon
nanocarriers have been developed to release drugs in the reductive environment of tumor cells.(40)

5. Enhanced Cellular Uptake and Penetration

Due to their nanoscale size and surface properties, CNPs can efficiently penetrate cellular membranes and
deliver drugs intracellularly. This capability is crucial for targeting diseases at the cellular or subcellular
level. For instance, carbon dots have been shown to facilitate the delivery of anticancer drugs into tumor
cells effectively.(34)

6. Optical Properties for Imaging and Theranostics

Some CNPs, like carbon dots and graphene quantum dots, exhibit intrinsic fluorescence, enabling their
use in bioimaging and theranostic applications. This dual functionality allows for simultaneous drug
delivery and monitoring of therapeutic outcomes.(41) For example, fluorescent carbon dots have been
used for imaging-guided drug delivery in cancer therapy.(42)

7. Stability and Prolonged Circulation Time

CNPs can be designed to have high stability in physiological conditions, leading to prolonged circulation
times in the bloodstream. This property enhances the accumulation of drug-loaded nanoparticles at the
target site. For instance, PEGylated carbon nanomaterials have demonstrated extended blood circulation
times, improving their efficacy in drug delivery applications.(43)

Conclusion

Carbon nanoparticles provide a highly effective platform for targeted drug delivery, thanks to their large
surface area, excellent biocompatibility, and ease of functionalization. Materials like carbon nanotubes,
graphene oxide, quantum dots, and nanodiamonds enable precise, controlled drug release and improved
therapeutic outcomes, making them valuable tools in modern medicine.
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