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ABSTRACT

The unique physicochemical characteristics of nanoparticles (NPs), which are mostly controlled by their size and
surface charge, have made them a focus of medicinal sciences. These traits play a crucial role in determining how
nanoparticles interact with biological systems, proving their importance in therapeutic applications and drug
delivery. This review explores the intricate relationship between nanoparticle charge and size, looking at how these
characteristics affect important pharmacological aspects like drug transport, bioavailability, toxicity, and
therapeutic efficacy. Liposomes, polymeric, metallic, and nanocrystals nanoparticles are among the many types of
nanoparticles that are covered, with a focus on their special qualities and uses. In order to shed insight on their
functions in cellular absorption, systemic circulation, biodistribution, and elimination, the review critically
examines the ways in which size and charge impact pharmacokinetics and pharmacodynamics. Furthermore, it
outlines methods for maximizing these variables in order to improve medication administration, reduce side
effects, and produce superior therapeutic results. Based on current developments and studies in nanotechnology,
this review attempts to provide a thorough grasp of how adjusting the size and surface charge of nanoparticles can
help with present pharmaceutical development issues and open the door to more accurate and efficient treatment

options.
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1.0 INTRODUCTION

Materials having sizes between one and one hundred nanometers are known as nanoparticles (NPs), and they have
unique and frequently improved physicochemical characteristics when compared to their bulk counterparts. They are
especially attractive for a wide range of biomedical applications because of these nanoscale properties. A high surface-
area-to-volume ratio, adaptable surface characteristics, and the capacity to encapsulate or bind medicinal substances are
important characteristics of nanoparticles. Because of these characteristics, nanoparticles are now recognized as potent
drug delivery vehicles that enable targeted therapy, controlled release, and increased therapeutic efficacy.™ The
behavior of nanoparticles within biological systems is predominantly influenced by two fundamental factors: size and
surface charge. These parameters dictate how nanoparticles interact with cells, tissues, and biological barriers, shaping
their pharmacokinetic and pharmacodynamics characteristics. For example, size influences cellular uptake, circulation
duration, and biodistribution, while surface charge affects nanoparticle stability, potential aggregation, and interactions
with biological membranes and proteins. Understanding these critical factors is vital for developing nanoparticles that
optimize therapeutic benefits while minimizing potential adverse effects. This introduction provides a framework for an
in-depth examination of the impact of nanoparticle size and surface charge on critical elements of drug delivery,
including bioavailability, toxicity, and therapeutic efficacy. By delving into these characteristics, researchers can build

pharmacological formulations tailored to specific clinical requirements.?!

2.0 Significance of Nanoparticles in Pharmaceuticals

The solubility and bioavailability of medications that are poorly soluble can be improved by nanoparticles, which also
make it possible to distribute drugs to specific tissues in a targeted manner and alleviate systemic toxicity. Their
application encompasses various therapeutic areas, comprising as treatment of cancer, the process of developing

vaccines, and the delivery of genes.!

3.0 Properties of Nanoparticles
3.1 Size
The surface area, reactivity, and biological interactions of nanoparticles are all correlated with their size. When the

nanoparticles are smaller, they can more easily penetrate biological barriers and are frequently absorbed by cells.[

3.2 Charge

Stability of nanoparticles & interaction with biological membranes, as well as their general pharmacokinetics, are
significantly influenced by the surface charge of the particles. There is a possibility that positively charged
nanoparticles will possess enhanced cellular absorption; nevertheless, this may also result in increased toxicity.
Negatively charged nanoparticles, on the other hand, may have a lower cellular absorption but are able to be stabilized

in biological fluids.>®
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Figure 1: Schemmatic representation of properties of nanoparticles.

3.3 Mechanism of Action

3.3.1 Cellular Uptake

Size and charge of nanoparticles are effective on mechanisms that are responsible for their absorption. Endocytosis is a
process that can be used to take up smaller nanoparticles, whereas phagocytosis is a process that can be used to engulf
bigger particles. Additionally, the surface charge has the ability to modify interaction with cell membranes; affects
efficiency of uptake.["®

3.3.2 Distribution and Elimination

Depending on their size and charge, nanoparticles have the potential to be dispersed extensively throughout the body.
Large, positively charged particles are flushed out of the bloodstream more rapidly than smaller, neutral or negatively

charged nanoparticles, which remain in circulation for a longer duration.**"!
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4.0 Types of Nanoparticles

They are categorized into several categories by their composition and intended applications in pharmaceuticals. This

section expands on four major categories: liposomes, polymeric nanoparticles, metallic nanoparticles, and nanocrystals,

detailing their characteristics, advantages, and specific applications in drug delivery.™!

4.1 Liposomes

Liposomes are spherically shaped vesicles composed of phospholipid bilayers. Their capacity to encapsulate both

hydrophilic and hydrophobic medications adds to their adaptability as drug delivery systems. Usually between 50 nm to

a few micrometers. Charge can be positively, negatively, or neutrally charged, depending on the lipid composition and

surface modifications.*>**!

Advantages

e Biocompatibility: Liposomes are generally well-tolerated in biological systems.

e Targeted Delivery: The enhanced permeability and retention (EPR) effect enables passive targeting due to their
size, while surface changes allow for active targeting to specific cell types.

e Controlled Release: It is possible to program the release of a liposome's pharmacological load in response to

changes in environmental conditions, such as pH or temperature.**

Applications

e Cancer Therapy: By increasing drug accumulation in tumour tissues, liposomal chemotherapeutic formulations
(such as Doxil®) have demonstrated enhanced efficacy and fewer side effects.

e Vaccines: Liposomes can be used as adjuvants or carriers for antigens, improving immunogenicity.

e Gene Delivery: They can encapsulate nucleic acids for gene therapy applications.™

4.2 Polymeric Nanoparticles

Polymeric nanoparticles are solid colloidal particles with biocompatible polymers as their constituents. Hydrophilic and
hydrophobic medications can be incorporated into them, allowing for a variety of drug release properties. The usual
size range is 20 nm to 1000 nm. Charge of the surface charge can be modified through the choice of polymers and by

adding charged moieties, allowing for manipulation of interactions with cells and tissues.!*!

Advantages

e Versatility in Drug Loading: Different polymers optimize drug encapsulation efficiency and release kinetics.

e Controlled Release Profiles: Drug release can be tailored through polymer composition and the method of
preparation, such as solvent evaporation or nanoprecipitation.

e Targeting Capabilities: Surface modifications, such as attaching ligands, can enhance the targeting of specific

cells or tissues.!*"!

Applications

e Anticancer Drugs: Polymeric nanoparticles can improve the solubility and bioavailability of poorly soluble drugs
and provide targeted delivery to tumors.

e Protein and Peptide Delivery: They can stabilize sensitive biomolecules and control their release, which is

critical for therapeutic applications.
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e Vaccine Development: Polymeric nanoparticles can improve stability & efficacy of vaccines by facilitating

targeted immune responses.*®!

4.3 Metallic Nanoparticles
A lot of interest has been sparked by the extraordinary optical, electrical, and catalytic properties of metallic

nanoparticles, such as those made of gold, silver, and platinum.

Usually, sizes range from 1 nm to 100 nm. Their interaction with biological systems may be impacted by surface

changes and synthesis techniques that alter surface charge.!*

Advantages

e Unique Optical Properties: Surface plasmon resonance is a property of metallic nanoparticles that has imaging
and diagnostic potential.

e Targeted Therapeutics: Surface modifications allow for attachment of targeting ligands, enhancing delivery of
therapeutic agents directly to diseased cells.

e Antimicrobial Activity: Silver nanoparticles, in particular, have demonstrated significant antimicrobial properties,

making them useful in various biomedical applications.?”

Applications

e Cancer Therapy: Photothermal therapy makes use of gold nanoparticles, which specifically kill cancer cells by
absorbing light and transforming it into heat.

e Biosensing and Imaging: Their optical properties make them ideal for use in imaging modalities and as contrast
agents in diagnostics.

e Drug Delivery: To improve the solubility and targeted distribution of therapeutic compounds, metallic
nanoparticles can be used as carriers.[*

4.4 Nanocrystals

Nanocrystals are nanoscale drug particles that can be used to improve the solubility and bioavailability of drugs that

have low levels of either. They are made by reducing the size of pharmaceutical molecules to nanometers. Usually,

sizes range from 1 nm to 100 nm. Stabilizers and surfactants, which are added during the preparation process to prevent

aggregation, can alter the surface charge of nanocrystals.??

Advantages

e Enhanced Solubility: The large surface area-to-volume ratio of nanocrystals significantly increases dissolution
rate of poorly soluble drugs.

e Improved Bioavailability: Enhanced solubility translates to better absorption and higher bioavailability in the
systemic circulation.

e Stability: Surface modifications can enhance the physical stability of nanocrystals, preventing agglomeration.!

Applications
e Oral Drug Delivery: Nanocrystals can be used to formulate oral dosage forms of poorly soluble drugs, improving

their absorption.
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e Injectable Formulations: They can be employed in parenteral formulations, allowing for rapid drug action.

Topical Applications: Nanocrystals can enhance the penetration of active ingredients in topical formulations,

improving therapeutic outcomes. %!
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Figure 2: Schematic representation of Types of nanoparticles.
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5.0 Formulation Strategies

The successful application of nanoparticles in pharmaceutical formulations hinges on two key strategies: size reduction
techniques and charge modulation techniques. These approaches are critical for optimizing formulations to enhance
efficacy, stability & bioavailability.®

5.1 Size Reduction Techniques

Size reduction techniques are pivotal in the development of nanoparticles designed to improve the solubility and
bioavailability of poorly soluble drugs. Many pharmaceutical compounds, especially those classified as hydrophobic or
lipophilic, suffer from limited water solubility, which in turn hampers their absorption in the gastrointestinal tract and
diminishes their therapeutic efficacy. By reducing the particle size of these drugs to the nanometer range, their surface
area is significantly increased, which can enhance their dissolution rate in aqueous environments and facilitate their
absorption into the bloodstream.?" 2! Nanoparticles, with their small size and high surface-to-volume ratio, have the
unique ability to dissolve more readily in biological fluids, thereby overcoming one of the primary challenges of drug
delivery. This increased solubility enhances the bioavailability of drugs, ensuring that a greater proportion of the active
pharmaceutical ingredient (API) reaches the site of action, ultimately improving the therapeutic outcomes. Size
reduction also allows for more precise control over drug release profiles, enabling sustained or controlled release of the

drug, which can further optimize therapeutic efficacy and minimize side effects.”

5.2 Mechanical Milling

Mechanical milling is a widely used technique in pharmaceutical formulations for reducing the size of bulk drug
particles to the nanometer scale. This size reduction process typically involves high-energy ball mills, which utilize
mechanical forces such as impact, shear, and compression to break down larger particles into smaller, finer ones. The
mechanical milling process is particularly effective for reducing the particle size of poorly soluble or hydrophobic
drugs, which often face challenges in terms of solubility and bioavailability when used in their bulk form. By reducing
the particle size, the surface area of the drug is significantly increased, leading to enhanced dissolution rates and,
consequently, improved bioavailability. ="

The process works by placing drug particles and grinding media (such as ceramic, steel, or polymer beads) into a
milling chamber. As the chamber rotates or vibrates, the grinding media exerts intense forces on the drug particles,
causing them to collide and fracture. Over time, these repeated collisions reduce the particle size, eventually producing
nanoparticles or fine powders. The duration of the milling process, the energy input, and the nature of the grinding
media all influence the final size and characteristics of the particles. Depending on the milling conditions, the size

reduction can range from micrometers to nanometers.?

Advantages

e  Cost-Effective: Mechanical milling is relatively simple and does not require complex equipment.

e Scalability: Scaling up this technology for industrial manufacturing is a piece of cake.
Challenges:

e Polydispersity: Mechanical milling can lead to a wide size distribution of particles, which may affect the
uniformity of drug release.

e Heat Generation: Excessive heat during milling can lead to degradation of thermolabile drugs.
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5.3 High-Pressure Homogenization

High-pressure homogenization is an advanced and widely used technique in pharmaceutical formulations to achieve
uniform particle size reduction. It involves subjecting a drug suspension to extremely high pressure, typically in the
range of 100-1500 bars, and forcing it through a narrow gap, often referred to as a homogenization valve or nozzle. As
the suspension passes through this narrow gap, it experiences intense shear forces, cavitation, and impact. These
combined mechanical effects effectively break down larger drug particles into smaller, uniform nanoparticles or
microparticles.®® The process not only enhances the surface area of the particles but also improves their dissolution
rate, bioavailability, and stability, making it particularly useful for poorly water-soluble drugs. High-pressure
homogenization is highly scalable and can be applied for both small-scale laboratory formulations and large-scale

industrial production.”

Advantages
e Uniform Particle Size: This method often produces a more uniform size distribution compared to mechanical
milling.

e Enhanced Stability: The process can also stabilize the suspension by breaking down agglomerates.®

Challenges

e Equipment Costs: High-pressure homogenizers can be expensive and require significant maintenance.

e Limited to Suspensions: This technique is mainly applicable to liquid formulations, which may limit its
versatility.*®!

5.4 Solvent Evaporation

Solvent evaporation techniques are versatile and widely used methods for the preparation of nanoparticles, particularly

in the pharmaceutical industry. These techniques involve dissolving the drug or active pharmaceutical ingredient (API)

in a volatile organic solvent, which is immiscible with water. The solvent acts as a carrier medium to facilitate the

dispersion of the drug at a molecular or nanoscale level. Following this, the organic solvent is gradually evaporated,

leading to the formation of nanoparticles as the drug precipitates out of the solution. This process is highly efficient in

producing stable nanoparticles with controlled size and morphology.®”

The solvent evaporation approach can be implemented using various methods, such as nanoprecipitation or emulsion-

solvent evaporation. In the nanoprecipitation method, the drug-containing organic solvent is added to an agueous

solution under continuous stirring, resulting in the spontaneous formation of nanoparticles as the solvent diffuses into

the aqueous phase and evaporates. Alternatively, the emulsion-solvent evaporation method involves creating an oil-in-

water or water-in-oil emulsion by emulsifying the drug solution in an aqueous or organic phase, respectively. As the

solvent evaporates from the emulsion droplets, nanoparticles are formed. These techniques are advantageous for their

simplicity, scalability, and ability to encapsulate hydrophobic drugs, enhancing their solubility, stability, and

bioavailability.[*3

Advantages

e Versatile: This method can encapsulate many hydrophilic & hydrophobic drugs.

e Controlled Size: By adjusting the conditions of solvent evaporation, it is possible to control the final size of the

nanoparticles.
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Challenges

e Solvent Residue: There may be concerns regarding residual solvents in the final product, which can pose safety
risks.

e Process Complexity: The method may require careful optimization of parameters such as solvent type and

evaporation rate.

5.5 Charge Modulation Techniques

Modulating the surface charge of nanoparticles is a critical aspect of nanoparticle design and formulation, particularly
in the field of drug delivery and biomedical applications. Surface charge plays a pivotal role in determining the
behavior of nanoparticles within biological systems, as it directly affects their interactions with cellular membranes,
proteins, and other biological components. By carefully tuning the surface charge, researchers can optimize key
parameters such as cellular uptake, systemic circulation time, stability in physiological environments, and the overall

therapeutic efficacy of the nanoparticles.! %

For instance, positively charged nanoparticles often exhibit enhanced cellular uptake due to their electrostatic
interactions with the negatively charged cell membranes. However, excessive positive charge may lead to toxicity or
rapid clearance by the immune system. Conversely, negatively charged or neutral nanoparticles tend to show prolonged
circulation times and reduced immunogenicity, making them suitable for sustained drug delivery. Moreover, charge
modulation can also help improve the stability of nanoparticles by preventing aggregation through electrostatic
repulsion in colloidal systems. Techniques for modulating nanoparticle surface charge include chemical
functionalization with charged polymers, surfactants, or biomolecules, as well as manipulating the formulation
parameters during nanoparticle synthesis. The ability to control surface charge enables the development of tailored
nanoparticle systems for specific therapeutic or diagnostic applications, ensuring optimal performance and safety in

clinical settings.! !

Advantages

e Targeting Capabilities: Charged ligands can enhance specific interactions with cell receptors, facilitating targeted
drug delivery.

e Stability Improvement: To make nanoparticles more stable in biological fluids, charged groups can be added to
them.

Challenges
o Complexity of Synthesis: The functionalization process can be complex and may require multiple steps to achieve
the desired charge characteristics.

e Potential Toxicity: Some ligands may introduce cytotoxicity, necessitating careful selection and optimization.

5.6 Coating with Polymers

Coating nanoparticles with biocompatible polymers is a widely employed strategy to improve their performance and
versatility in pharmaceutical and biomedical applications. Polymers such as polyethylene glycol (PEG), chitosan,
polyvinyl alcohol (PVA), and other natural or synthetic materials are commonly used to create functional coatings on

nanoparticle surfaces. These coatings serve multiple purposes, including modifying the surface charge, enhancing

www.wjpsronline.com 452




World Journal of Pharmaceutical Science and Research Volume 3, Issue 6, 2024

colloidal stability, and providing a protective barrier against aggregation and opsonization in biological
environments.[* By carefully selecting and tailoring the polymer coating, specific characteristics can be imparted to
the nanoparticles to meet the requirements of particular applications. For instance, PEGylation, the coating of
nanoparticles with polyethylene glycol, imparts hydrophobicity to the surface, reducing nonspecific protein adsorption
and extending circulation time in the bloodstream. Similarly, positively charged polymers such as chitosan can enhance
cellular uptake through electrostatic interactions with negatively charged cell membranes, making them suitable for
targeted delivery of therapeutics. These coatings also enable further functionalization with ligands, antibodies, or other
targeting molecules, allowing for selective delivery to specific cells or tissues. The adaptability and biocompatibility of
polymer coatings make them an essential tool for designing nanoparticles with enhanced therapeutic efficacy, reduced
immunogenicity, and improved stability in complex physiological environments.**!

Advantages

e Stealth Properties: A coating's "stealth" qualities might help nanoparticles avoid detection by the immune system

and remain in the bloodstream for longer.

e Improved Bioavailability: Enhanced stability and solubility can lead to better absorption and bioavailability.

Challenges
e Coating Thickness: It is important to optimize the polymer coating thickness since it affects the kinetics of
medication release and cellular absorption.

e Cost: The materials and processes involved in coating can add to the overall cost of formulation. 4]

6.0 Toxicity Considerations

The toxicity of nanoparticles in pharmaceutical formulations is a critical concern, particularly as their unique
physicochemical properties can lead to unexpected biological interactions. Two primary factors that influence
nanoparticle toxicity are their size and charge. This section expands on how these characteristics affect cytotoxicity and
biodistribution.*°!

6.1 Cytotoxicity

Cytotoxicity refers to the ability of a substance to cause harm to cells, leading to cellular dysfunction or death. This
property is a critical consideration in the development and application of nanoparticles, particularly in the fields of drug
delivery, diagnostics, and nanomedicine. Nanoparticles, due to their small size and large surface area, interact with
biological systems in unique ways, making their potential cytotoxic effects a major area of study. The size and charge
of nanoparticles are two of the most influential factors governing their interactions with cells and tissues, thereby
impacting their cytotoxic potential. Smaller nanoparticles have a higher surface-to-volume ratio, which enhances their
reactivity and ability to penetrate cellular membranes. However, this increased reactivity can also lead to greater
production of reactive oxygen species (ROS) and other harmful byproducts that contribute to cytotoxicity. Larger
nanoparticles, while less reactive, may struggle with efficient cellular uptake or cause mechanical damage if improperly
designed.[*"8]

Similarly, surface charge plays a crucial role in determining the extent of cellular interaction. Positively charged
nanoparticles tend to exhibit stronger interactions with negatively charged cell membranes, potentially leading to

enhanced cellular uptake. However, excessive positive charge can disrupt membrane integrity, induce oxidative stress,
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and trigger inflammatory responses. On the other hand, negatively charged or neutral nanoparticles often show reduced
cytotoxicity but may have limited cellular uptake, affecting their therapeutic efficacy. Understanding the intricate
relationship between nanoparticle size, charge, and cytotoxicity is essential for designing safe and effective
nanomaterials. By optimizing these parameters, researchers can minimize adverse effects while maximizing therapeutic
benefits, paving the way for the successful integration of nanoparticles into biomedical applications.**"!

6.2 Size-Dependent Cytotoxicity

The size of nanoparticles is a critical factor influencing their interactions with biological systems, directly impacting
their cytotoxic potential. Nanoparticles, by virtue of their nanoscale dimensions, possess unique physicochemical
properties such as a high surface-to-volume ratio, quantum effects, and enhanced reactivity. These characteristics
enable them to interact more extensively with cellular and subcellular components, which can lead to both beneficial
and adverse effects.®™™ Understanding the size-dependent cytotoxicity of nanoparticles is essential for their safe and
effective use in biomedical applications, including drug delivery, imaging, and diagnostics. Smaller nanoparticles
typically exhibit higher reactivity and cellular uptake due to their ability to penetrate biological barriers and access
intracellular environments more effectively. However, this increased reactivity can also amplify cytotoxic effects, such
as the generation of reactive oxygen species (ROS), disruption of cellular membranes, and interference with normal
cellular functions. For instance, nanoparticles smaller than 10 nm can interact with DNA and organelles, potentially
causing genotoxicity and mitochondrial damage. Larger nanoparticles, while generally less reactive, may induce
cytotoxicity through mechanical damage to cells or accumulation within tissues, leading to inflammation and long-term
toxicity."? The size of nanoparticles also influences their biodistribution, clearance, and ability to evade the immune
system. Extremely small nanoparticles are often cleared rapidly by renal filtration, reducing their efficacy, whereas
larger particles may be sequestered by the mononuclear phagocyte system (MPS), triggering immune responses. Thus,
the size of nanoparticles must be carefully optimized to balance therapeutic efficacy with minimal cytotoxicity. A
comprehensive understanding of size-dependent cytotoxicity is vital for guiding the rational design and development of

nanoparticle-based systems for biomedical applications.®

6.2.1 Smaller Nanoparticles

e Increased Cellular Uptake: Smaller nanoparticles (typically below 100 nm) can more easily penetrate cellular
membranes through endocytosis or phagocytosis. This enhanced uptake can lead to higher intracellular
concentrations of the nanoparticles, resulting in greater cytotoxic effects.

e Reactive Oxygen Species (ROS) Generation: Smaller nanoparticles often exhibit higher reactivity and can
induce oxidative stress within cells, causing generation of ROS. Apoptosis and necrosis can be brought about by
ROS damage to lipids, proteins, and DNA in cells.

6.2.2 Larger Nanoparticles
e Larger nanoparticles may be less efficiently taken up by cells and may elicit a different immune response,
potentially leading to less cytotoxicity. However, they can still cause adverse effects through mechanisms such as

physical disruption of cellular structures or triggering inflammatory responses.

6.3 Charge-Dependent Cytotoxicity
The surface charge of nanoparticles is a critical determinant of their behavior in biological systems and plays a

significant role in modulating their cytotoxicity. Nanoparticles interact with cells, proteins, and other biomolecules
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primarily through electrostatic interactions, and the charge on their surface influences these interactions profoundly.
Understanding charge-dependent cytotoxicity is essential for designing nanoparticles with optimized safety and
functionality for applications in drug delivery, diagnostics, and nanomedicine. Positively charged nanoparticles tend to
exhibit higher cytotoxicity compared to their neutral or negatively charged counterparts. This is largely due to the
strong electrostatic attraction between positively charged nanoparticles and the negatively charged phospholipids in cell
membranes. Such interactions can enhance cellular uptake, making these nanoparticles effective for drug delivery.
However, excessive positive charge can lead to significant membrane disruption, increased production of reactive
oxygen species (ROS), and inflammatory responses, all of which contribute to cytotoxicity. Moreover, highly cationic
nanoparticles may cause protein denaturation and aggregation, further exacerbating their adverse effects.® Negatively
charged nanoparticles, on the other hand, often show reduced cytotoxicity due to weaker interactions with cell
membranes. While this property makes them more biocompatible, it may also limit their cellular uptake and therapeutic
efficiency. Neutral nanoparticles, with minimal charge, are typically the least cytotoxic but may face challenges in
achieving targeted delivery or effective interaction with cellular components. The extent of charge-dependent
cytotoxicity is also influenced by other factors such as nanoparticle size, shape, and the surrounding biological
environment. By precisely modulating the surface charge, either through chemical functionalization or the
incorporation of charged polymers or biomolecules, researchers can fine-tune the cytotoxic profile of nanoparticles.
This balance between therapeutic efficacy and biocompatibility underscores the importance of charge optimization in

nanoparticle design for biomedical applications.

6.3.1 Positively Charged Nanoparticles

e Enhanced Cellular Interaction: Increased cellular uptake occurs when positively charged nanoparticles interact
favorably with negatively charged cell membranes. This can result in higher cytotoxicity due to the accumulation
of nanoparticles within cells.

e Increased Membrane Disruption: The positive charge may disrupt cellular membranes, causing leakage of

intracellular components and triggering cell death pathways.

6.3.2 Negatively Charged Nanoparticles

e Negatively charged nanoparticles may have lower cellular uptake and, consequently, reduced cytotoxicity.
However, they can still induce toxicity via other mechanisms, such as inducing inflammatory responses or through
interactions with proteins in the biological milieu.

6.4 Biodistribution and Accumulation

The biodistribution of nanoparticles, or their distribution throughout the body, is a key factor in determining their
safety, therapeutic efficacy, and overall suitability for biomedical applications. As nanoparticles are introduced into the
body, their size, surface charge, and other physicochemical properties influence how they interact with biological
systems, including their ability to target specific tissues, evade clearance mechanisms, and avoid unintended
accumulation in non-target sites. A thorough understanding of these interactions is crucial for optimizing nanoparticle-
based drug delivery systems, diagnostics, and therapies. Size plays a significant role in nanoparticle biodistribution.
Smaller nanoparticles, typically below 10 nm, are often rapidly cleared by the renal system due to their ability to pass
through glomerular filtration barriers. While this minimizes long-term retention and potential toxicity, it may reduce

therapeutic efficacy by limiting systemic circulation time. Conversely, larger nanoparticles, particularly those
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exceeding 200 nm, are more likely to be sequestered by the mononuclear phagocyte system (MPS), leading to
accumulation in organs such as the liver and spleen. Intermediate-sized nanoparticles (10-200 nm) often exhibit more
favorable biodistribution profiles, striking a balance between prolonged circulation and reduced clearance. Surface
charge also significantly impacts biodistribution. Positively charged nanoparticles are more likely to interact with
negatively charged cell membranes and serum proteins, enhancing cellular uptake but also increasing the risk of rapid
clearance by the immune system or toxicity due to excessive interactions with non-target tissues. Negatively charged
and neutral nanoparticles tend to exhibit reduced protein adsorption and immune recognition, leading to prolonged
circulation times and more controlled distribution, though they may face challenges in achieving efficient cellular
uptake. Additionally, the biological environment, including blood flow dynamics, tissue permeability, and the presence
of biological barriers such as the blood-brain barrier, further modulates nanoparticle biodistribution. Strategies such as
surface functionalization with targeting ligands or polymers (e.g., polyethylene glycol) can be employed to overcome
these challenges, improving site-specific delivery and reducing off-target effects. By understanding and optimizing the
interplay between nanoparticle size, charge, and biological factors, researchers can design nanoparticles with improved
safety profiles and therapeutic outcomes.®

6.4.1 Size and Biodistribution

The size of nanoparticles is one of the most influential factors determining their biodistribution within the body.
Nanoparticles interact with various biological systems, and their ability to navigate these systems—reaching target sites
while avoiding unwanted accumulation—depends significantly on their dimensions. A precise understanding of size-
dependent biodistribution is essential for designing nanoparticles with optimized therapeutic efficacy and minimal side
effects. Nanoparticles smaller than 10 nm are often rapidly cleared from the body through renal filtration, due to their
ability to pass through the glomerular filtration barrier in the kidneys. This rapid clearance can reduce long-term
toxicity, but it also limits the systemic circulation time, which may hinder the effectiveness of therapeutic or diagnostic
nanoparticles. Conversely, nanoparticles larger than 200 nm are more likely to be recognized and sequestered by the
mononuclear phagocyte system (MPS), leading to their accumulation in organs like the liver and spleen. This size-
dependent clearance by the immune system can reduce their availability at target sites while increasing the risk of
organ-specific toxicity.!*")

Intermediate-sized nanoparticles, typically in the range of 10-200 nm, often exhibit the most favorable biodistribution
profiles for systemic therapies. These nanoparticles are small enough to evade rapid renal clearance but large enough to
avoid immediate sequestration by the MPS. Additionally, nanoparticles within this size range are better able to exploit
the enhanced permeability and retention (EPR) effect, which allows them to accumulate preferentially in tumor tissues
due to the leaky vasculature and poor lymphatic drainage of tumors. Size also affects the ability of nanoparticles to
cross biological barriers, such as the blood-brain barrier (BBB). Smaller nanoparticles, often below 50 nm, are more
likely to penetrate these barriers, making them suitable for targeting central nervous system (CNS) disorders. However,
their small size may also lead to increased distribution in non-target tissues, requiring careful design to minimize off-
target effects. To optimize the size-dependent biodistribution of nanoparticles, researchers often employ strategies such
as surface functionalization with biocompatible polymers (e.g., polyethylene glycol) or targeting ligands to improve
circulation time, enhance tissue-specific targeting, and reduce off-target accumulation. By tailoring nanoparticle size to
the specific requirements of a given application, it is possible to achieve an ideal balance between therapeutic efficacy,

safety, and controlled distribution within the body.®®
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6.4.1.1 Small Nanoparticles

e Enhanced Tissue Penetration: Smaller nanoparticles can more easily extravasate from blood vessels into
surrounding tissues, enabling better distribution in target organs. This characteristic can be advantageous for drug
delivery but may also raise concerns regarding unintentional gathering in non-target tissues.

e Accumulation in Organs: Because of the increased permeability of capillaries in organs like the lungs, liver, and

spleen, as well as their capacity to elude the immune system, small nanoparticles tend to collect in these organs.

6.4.1.2 Larger Nanoparticles

e Larger nanoparticles tend to have restricted circulation time and are more rapidly cleared from the bloodstream.
The reticuloendothelial system (RES) encompasses organs like the liver and spleen, and their accumulation there
might trigger inflammatory reactions or cytotoxic effects.™

6.5 Charge and Biodistribution
The surface charge of nanoparticles is a critical factor that significantly influences their biodistribution within the body,
affecting their interactions with cells, tissues, and the immune system. As nanoparticles circulate in the bloodstream,
their charge determines how they interact with the physiological environment, including cell membranes, proteins, and
other biological components, which in turn impacts their ability to reach target tissues or organs, and their rate of
clearance from the body. A deep understanding of charge-dependent biodistribution is essential for optimizing the
design of nanoparticles for therapeutic and diagnostic purposes. Positively charged nanoparticles tend to exhibit
enhanced interactions with negatively charged components of cell membranes due to electrostatic attraction. This can
lead to increased cellular uptake, making them effective for drug delivery. However, this enhanced uptake can also
increase their recognition by the immune system, particularly by the mononuclear phagocyte system (MPS), which can
result in rapid clearance from circulation and accumulation in organs like the liver and spleen. Additionally, the strong
electrostatic interactions between positively charged nanoparticles and cell membranes can cause membrane
destabilization or oxidative stress, contributing to potential cytotoxicity. "

6.5.1 Positively Charged Nanoparticles

e Increased Retention in Tissues: Positively charged nanoparticles may have a higher affinity for negatively charged
tissues, leading to increased retention in specific organs, like lungs & kidneys. So can enhance therapeutic effects
but may also result in toxicity in these tissues.

e Influence on Immune Response: The charge can influence how nanoparticles interact with immune cells,
potentially leading to activation of the immune response, which can have both beneficial and detrimental effects.
6.5.2 Negatively Charged Nanoparticles:

e Negatively charged nanoparticles generally demonstrate longer circulation times due to reduced interaction with
plasma proteins and immune cells. This property can enhance their therapeutic potential but may result in

accumulation in tissues over extended periods, raising concerns about chronic toxicity.

7.0 Clinical Applications
7.1 Cancer Therapy
Nanoparticles have emerged as a powerful tool in cancer therapy due to their unique physicochemical properties, such

as small size, high surface area, and the ability to be functionalized for targeted delivery. These properties enable
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nanoparticles to overcome many of the challenges associated with conventional cancer treatments, such as poor drug
solubility, nonspecific distribution, and resistance to therapeutic agents. By tailoring nanoparticles for specific
applications, they can improve the effectiveness of existing cancer therapies while minimizing side effects, ultimately
offering more precise and personalized treatment options for patients. In cancer therapy, nanoparticles can be used to
deliver anticancer drugs directly to tumor sites, thereby increasing the local concentration of the drug and reducing
systemic exposure, which minimizes adverse side effects. The small size of nanoparticles allows them to penetrate the
leaky blood vessels that characterize tumor vasculature, a phenomenon known as the enhanced permeability and
retention (EPR) effect. This targeted delivery improves the accumulation of therapeutic agents in the tumor, enhancing
their efficacy. Additionally, nanoparticles can be engineered to carry multiple therapeutic agents simultaneously,
allowing for combination therapies that target different pathways involved in tumor growth and resistance

mechanisms. !

7.2 Vaccine Development

Nanoparticles have shown great promise in advancing vaccine development due to their ability to enhance immune
responses, improve stability, and enable controlled release of antigens. Their small size, large surface area, and versatile
surface chemistry allow them to effectively mimic pathogens, facilitating the activation of both the innate and adaptive
immune systems. These properties make nanoparticles ideal carriers for vaccines, especially for those targeting

infectious diseases, cancer, and other immunological disorders.®?

7.3 Gene Delivery

Gene delivery is a critical area of biotechnology and medicine, aiming to introduce genetic material (such as DNA,
RNA, or gene-editing tools like CRISPR) into a patient's cells to treat various diseases, including genetic disorders,
cancer, and viral infections. Nanoparticles have emerged as one of the most promising vehicles for gene delivery,
offering numerous advantages in terms of targeting, controlled release, biocompatibility, and the ability to overcome
biological barriers. By incorporating genetic material into nanoparticles, the potential for safer, more efficient, and

localized gene therapies has significantly improved.

7.4 Regulatory Considerations

The unique properties of nanoparticles such as their small size, large surface area, and the ability to modify their
surface chemistry offer significant advantages for therapeutic and diagnostic applications. However, these same
properties also introduce complexities that must be carefully considered in regulatory frameworks for clinical
translation. As nanoparticles interact with biological systems in ways that differ from traditional small molecules or
macromolecules, understanding the implications of their size, charge, and other physicochemical characteristics is
crucial for ensuring their safety, efficacy, and appropriate use in clinical settings. Nanoparticles behave differently than
conventional drugs or biologics, potentially exhibiting unique toxicological profiles that arise from their nanoscale
dimensions. For example, smaller nanoparticles may have enhanced cellular uptake and tissue penetration, but they
may also accumulate in organs such as the liver, spleen, and kidneys, raising concerns regarding toxicity and long-term
effects. The surface charge of nanoparticles can further influence their interactions with cells, proteins, and immune
components, potentially leading to cytotoxicity, inflammatory responses, or immune system activation. Therefore,
regulatory agencies must assess how these properties impact the biodistribution, toxicity, and therapeutic outcomes of

nanoparticle-based therapies. In addition to the safety concerns, the efficacy of nanoparticle-based therapies must also
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be thoroughly evaluated. Nanoparticles often serve as carriers for drugs, genes, or imaging agents, and their
performance in delivering these agents to the target site is heavily dependent on their physicochemical properties.
Regulatory agencies need to develop appropriate guidelines for evaluating how these nanoparticles interact with
biological barriers, achieve targeted delivery, and release their payload in a controlled and predictable manner.
Furthermore, the use of nanoparticles in combination with other therapies, such as gene editing or immunotherapy,
adds an additional layer of complexity that requires careful consideration in clinical trials.[%*%°!

8.0 Future Directions

Advancements in nanotechnology are rapidly transforming the landscape of medicine, offering exciting possibilities for
the development of novel nanoparticles with highly optimized size, charge, and surface properties. These innovations
have the potential to revolutionize various therapeutic fields, from cancer treatment and gene therapy to vaccine
development and regenerative medicine. The ability to precisely tailor nanoparticles to achieve specific biological
interactions and deliver therapeutic payloads with unparalleled precision opens up new avenues for overcoming the
limitations of conventional drug delivery systems. One of the key future directions in nanoparticle-based therapies is
the development of "smart™ or "stimuli-responsive™ nanoparticles that can respond to specific environmental cues, such
as changes in pH, temperature, or the presence of certain enzymes. These nanoparticles are designed to release their
therapeutic cargo only under specific conditions, such as within a tumor microenvironment or in response to a
particular biomarker, thus minimizing off-target effects and improving the precision of treatment. For instance,
nanoparticles that are sensitive to the acidic environment of tumors could release anticancer drugs only at the tumor
site, thereby enhancing therapeutic efficacy while reducing systemic toxicity. Another important area of development is
the engineering of nanoparticles with tailored surface properties to enable more efficient targeting and reduced immune
recognition. By modifying the surface charge, hydrophobicity, or functionalizing nanoparticles with targeting ligands
(such as antibodies, peptides, or aptamer), it is possible to direct nanoparticles to specific cells or tissues, improving the
selectivity and efficacy of treatments. This is especially important for diseases such as cancer, where targeted drug
delivery can enhance therapeutic outcomes while minimizing damage to healthy tissues. Additionally, the ability to
deliver multiple agents simultaneously, such as chemotherapy drugs and gene-editing tools, offers the potential for

synergistic therapies that target multiple pathways of disease progression.

9.0 CONCLUSION

Nanoparticles possess a unique set of properties that significantly influence their behavior and performance in
pharmaceutical formulations. Among these properties, size and charge are two of the most critical factors that govern
their interactions with biological systems. The size of nanoparticles determines their ability to penetrate biological
barriers, their rate of clearance from the body, and their distribution within tissues. Meanwhile, the charge on the
surface of nanoparticles affects their interactions with cells, proteins, and immune components, influencing cellular
uptake, biodistribution, and potential toxicity. Together, these properties have a profound impact on the efficacy and
safety of nanoparticles in drug delivery applications. In the development of efficient medication delivery systems,
understanding how the size and charge of nanoparticles interact with the human body is paramount. Nanoparticles in
the optimal size range can exploit mechanisms such as the enhanced permeability and retention (EPR) effect, which
enables them to accumulate preferentially in tumor tissues or sites of inflammation, allowing for targeted therapy with
minimal off-target effects. The surface charge of nanoparticles is equally important, as it affects their stability in

biological fluids, their ability to cross cell membranes, and their interaction with the immune system. Both size and
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charge can also influence the release profile of the drug encapsulated within the nanoparticle, determining how quickly
or slowly the drug is delivered to the site of action. The design of nanoparticle-based drug delivery systems must
account for these critical properties to ensure optimal performance. For instance, nanoparticles that are too large may
not effectively cross biological barriers, while those that are too small may be cleared too quickly by the immune
system. Similarly, nanoparticles with a highly positive or negative charge may exhibit undesirable interactions with
serum proteins or immune cells, potentially leading to toxicity or immunogenicity. Thus, fine-tuning the size and
charge of nanoparticles is essential for developing formulations that are both effective and safe.

Continued research in nanoparticle design and optimization holds tremendous potential for advancing the efficiency
and safety of these systems in clinical applications. As researchers gain a deeper understanding of the relationship
between nanoparticle properties and their biological effects, new strategies will emerge to overcome existing
challenges, such as the rapid clearance of nanoparticles or their tendency to induce immune responses. This ongoing
research is crucial for realizing the full potential of nanoparticles in a wide range of therapeutic areas, from cancer and
gene therapy to vaccine delivery and regenerative medicine. Moreover, as nanoparticles move toward clinical
applications, regulatory agencies must establish clear guidelines to ensure their safety and efficacy. This includes
standardized testing protocols for assessing the impact of size and charge on the behavior of nanoparticles in biological
systems, as well as evaluating long-term safety. By aligning advances in nanoparticle science with regulatory
frameworks, the path will be paved for the successful integration of nanoparticles into clinical practice, providing
patients with more effective and safer treatment options. In summary, the continued exploration of the fundamental
properties of nanoparticles, particularly size and charge, is essential for the development of more efficient and safe drug
delivery systems. With ongoing research and optimization, nanoparticles hold great promise for revolutionizing the

way we treat diseases, offering personalized, targeted, and effective therapies with minimal side effects.
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