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Introduction

Abstract

Mucosal drug delivery systems offer significant advantages in administering
therapeutics directly to mucosal surfaces, enhancing local treatment efficacy
while minimizing systemic side effects. However, the mucus layer, which
protects these surfaces, poses a substantial barrier to effective drug delivery
due to its viscous and adhesive properties that hinder the diffusion of
conventional drug formulations. To address this challenge, the development
of mucus-penetrating nanoparticles (MPNs) has emerged as a
groundbreaking strategy. MPNs are engineered with specific characteristics,
such as optimal size, surface charge, and hydrophilicity, enabling them to
navigate through the mucus barrier efficiently. These nanoparticles can be
modified with surface coatings, like polyethylene glycol (PEG), to reduce
mucoadhesion and enhance their diffusivity. Key findings indicate that
MPNSs significantly improve the bioavailability and therapeutic outcomes of
drugs delivered to mucosal surfaces, such as the respiratory, gastrointestinal,
reproductive, ocular, and nasal tracts. Clinical studies have demonstrated the
potential of MPNs in treating various conditions, including respiratory
diseases, gastrointestinal disorders, sexually transmitted infections, and
ocular diseases, by providing targeted and sustained drug release. The
implications for future research are profound, as ongoing advancements in
nanoparticle technology and personalized medicine promise to further
enhance the efficiency and specificity of mucosal drug delivery systems.
Additionally, addressing the challenges of safety, biocompatibility,
regulatory compliance, and large-scale manufacturing will be crucial in
translating these innovations from the laboratory to clinical practice. The
continued exploration and optimization of MPNs are poised to revolutionize
mucosal drug delivery, offering new hope for improved patient outcomes
and expanded therapeutic possibilities.

Keywords: mucus-penetrating nanoparticles, drug delivery, mucosal
barriers, nanoparticle design, personalized medicine, stimuli-responsive
nanoparticles.

Mucosal drug delivery systems have gained considerable attention over recent decades due to
their potential to provide localized treatment at mucosal surfaces, which are the primary entry
points for many pathogens and are involved in various physiological processes[1]. These
surfaces include the respiratory tract, gastrointestinal tract, genitourinary tract, and ocular and
nasal cavities[2]. Delivering drugs directly to these sites can enhance the therapeutic effect
while minimizing systemic side effects, making mucosal drug delivery an attractive approach
for treating a range of conditions.One of the major advantages of mucosal drug delivery is its
ability to bypass the first-pass metabolism, which is a significant barrier for oral drug
delivery[3,4]. This metabolism occurs in the liver, where a substantial portion of the drug can
be metabolized before reaching systemic circulation, reducing its effectiveness. Additionally,
mucosal delivery can facilitate a faster onset of action and improve patient compliance by
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providing non-invasive and easily administrable formulations, such as sprays, drops, and
suppositories[5].

Despite its advantages, mucosal drug delivery faces several challenges primarily due to the
presence of the mucus layer, which acts as a protective barrier[6]. This layer, composed of
glycoproteins called mucins, along with water, ions, and other molecules, is designed to trap
and eliminate foreign particles, including pathogens and particulate matter[7]. The
viscoelastic properties of mucus make it highly effective in protecting mucosal surfaces but
simultaneously pose significant obstacles to drug delivery.One of the primary challenges is
the mucus's rapid turnover rate[8]. The mucus layer is continuously secreted and shed, which
can quickly remove drug formulations before they have the chance to penetrate the
underlying epithelium. Furthermore, the mucus layer is highly adhesive, trapping particulate
drug carriers and preventing their effective diffusion[9]. This mucoadhesion can drastically
reduce the bioavailability of drugs, limiting their therapeutic potential. Additionally, the
mucus layer varies in thickness, composition, and turnover rate across different mucosal
surfaces and under different pathological conditions[10]. For instance, the mucus in the lungs
is more viscoelastic compared to the relatively fluid mucus in the gastrointestinal tract. These
variations necessitate tailored approaches to drug delivery that can address the specific
characteristics of the mucus at each site[11].

To overcome the formidable barrier posed by mucus, researchers have developed mucus-
penetrating nanoparticles (MPNs). These nanoparticles are specifically engineered to
navigate through the mucus layer and deliver drugs effectively to the underlying tissues. The
concept of MPNs hinges on optimizing several key properties, including particle size, surface
charge, and hydrophilicity[12].The particle size of MPNSs is critical, as particles that are too
large may be trapped by the dense mesh of the mucus network. Typically, MPNs are designed
to be small enough (usually in the range of 100-500 nanometers) to pass through the mucus
pores. Surface charge also plays a crucial role; neutral or slightly negatively charged
nanoparticles are less likely to interact electrostatically with the negatively charged mucins,
reducing mucoadhesion[13]. Hydrophilicity is another important factor; hydrophilic surfaces
can prevent protein adsorption and further reduce interactions with mucus.One of the most
common strategies to achieve mucus penetration is the modification of nanoparticle surfaces
with polyethylene glycol (PEG), a process known as PEGylation[14]. PEGylation imparts a
"stealth” characteristic to nanoparticles, allowing them to diffuse through the mucus without
being trapped. This modification has been shown to significantly enhance the transport of
nanoparticles across the mucus barrier, leading to improved drug delivery outcomes[15].The
development of MPNs has also involved the use of other materials and surface coatings that
exhibit muco-inert properties. For instance, nanoparticles can be coated with surfactants or
other hydrophilic polymers that enhance their ability to penetrate mucus[16]. Advances in
nanotechnology have enabled the precise control over these properties, facilitating the
creation of highly effective MPNSs tailored for specific mucosal applications.This review aims
to provide a comprehensive overview of the current state of research and development in the
field of mucus-penetrating nanoparticles for mucosal drug delivery. It will explore the
fundamental principles underlying the design and function of MPNs, examining how their
physicochemical properties influence their ability to navigate the mucus barrier.
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1. Mucosal Barriers and Their Implications for Drug Delivery
1.1. Structure and Function of Mucus

Mucus is a complex and dynamic viscoelastic gel that coats and protects the epithelial
surfaces of the respiratory, gastrointestinal, genitourinary, ocular, and nasal tracts[17]. It is
primarily composed of water (about 95%), glycoproteins known as mucins, lipids, proteins,
salts, and various cells and cellular debris. Mucins, which are high molecular weight
glycoproteins, are the primary structural components that give mucus its gel-like
properties[18,5]. These mucins are extensively glycosylated, providing them with a high
degree of hydration and resistance to proteolytic degradation.Mucins are produced by goblet
cells in the epithelial layer and submucosal glands. The structure of mucins involves a protein
backbone with dense regions of O-linked oligosaccharides, which are responsible for the
formation of a gel network[19]. This network is capable of trapping and immobilizing
particulates, including pathogens and environmental pollutants, due to its size-exclusion
properties and adhesive nature.In addition to mucins, mucus contains various proteins such as
enzymes, antibodies, and antimicrobial peptides that contribute to its protective functions.
Lipids, although present in smaller quantities, play a role in maintaining the barrier properties
of mucus by preventing dehydration and facilitating the formation of a hydrophobic
layer[20,7,8].

Role of Mucus in Protecting Mucosal Surfaces

The primary role of mucus is to protect mucosal surfaces from mechanical damage,
pathogens, and environmental toxins through several mechanisms[21]. Firstly, mucus acts as
a physical barrier by trapping and immobilizing particles, bacteria, and viruses, thereby
preventing them from reaching the underlying epithelial cells and causing infections or
damage[22]. Secondly, its high water content maintains hydration of epithelial surfaces,
essential for their proper function, and provides lubrication to reduce friction and prevent
mechanical injury[23]. Thirdly, mucus contains immunoglobulins (especially 1gA),
lysozymes, lactoferrin, and antimicrobial peptides that neutralize pathogens, forming a
critical part of the innate immune response[24,2]. Fourthly, while mucus blocks large
molecules, it selectively permits the diffusion of nutrients, gases, and other essential small
molecules necessary for cellular function. Lastly, mucus serves as a habitat for commensal
microbiota, beneficial microorganisms that regulate microbial populations by outcompeting
pathogens, thereby contributing to the maintenance of mucosal health[25].

1.2. Barriers to Drug Delivery

Physical and Chemical Barriers Presented by Mucus

The protective functions of mucus, crucial for maintaining mucosal health, also present
substantial hurdles for effective drug delivery. These challenges stem from both the physical
and chemical properties of mucus[26]. Firstly, its viscoelastic nature, formed by a network of
mucin proteins, results in high viscosity and elasticity, impeding the penetration of drug
particles. These particles can become ensnared in the mucin meshwork, hindering their
movement through the mucus layer due to entanglement and adhesive interactions with
mucins[27]. Secondly, mucins' extensive glycosylation leads to hydrophilic and potentially
electrostatic interactions with drug molecules, causing mucoadhesion where drugs adhere to
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the mucus surface rather than diffusing through it[28]. Thirdly, mucus undergoes continual
production and shedding, with varying turnover rates across different mucosal surfaces. This
rapid turnover mechanism can swiftly eliminate drug formulations before they reach their
intended target cells, particularly evident in the respiratory tract where ciliary action
expedites mucus clearance[29]. Fourthly, mucus composition and thickness vary significantly
depending on anatomical location and pathological conditions, such as the thicker, more
viscous mucus observed in cystic fibrosis patients' lungs, exacerbating the challenge of drug
penetration[30]. Lastly, the mucus layer's chemical environment, characterized by a slightly
acidic pH and containing enzymes and ions, poses additional hurdles by potentially degrading
or inactivating drug molecules, especially susceptible are peptide and protein drugs
vulnerable to enzymatic degradation by proteases and glycosidases[31].

Impact on Drug Absorption and Efficacy

The barriers posed by mucus significantly impact the absorption and efficacy of drugs
targeted at mucosal surfaces. These effects manifest in several ways: firstly, drug particles
trapped and adhered within the mucus layer reduce the amount reaching epithelial cells,
necessitating higher doses that may pose toxicity risks[32]. Secondly, drugs requiring rapid
action, like asthma rescue medications, face delays penetrating the mucus barrier,
compromising their timely efficacy. Thirdly, varying mucus composition and thickness lead
to inconsistent drug delivery, affecting therapeutic predictability and dosing precision[33].
Fourthly, enzymatic degradation within mucus, especially for peptides and proteins, reduces
drug concentrations and efficacy, exacerbated by the acidic environment altering drug
properties. Lastly, mucus interference hampers drugs' ability to target specific receptors on
epithelial cells, undermining their precision and therapeutic effectiveness[34].

Strategies to Overcome Mucus Barriers

To overcome the challenges posed by mucus barriers in drug delivery, several innovative
strategies have been developed. Mucus-Penetrating Nanoparticles (MPNs) are engineered
with optimized particle size, surface charge, and hydrophilicity to effectively navigate
through the mucus layer without being trapped or degraded, thereby enhancing drug transport
to underlying tissues[35]. Mucoadhesive polymers offer another approach by enhancing drug
retention at mucosal surfaces while balancing adhesion to prevent excessive sticking[31]. Co-
delivery of enzyme inhibitors alongside drugs protects against enzymatic degradation within
mucus, particularly beneficial for fragile peptide and protein drugs[36]. pH-sensitive drug
delivery systems are designed to remain stable in the acidic mucus environment but release
their cargo in response to pH changes near epithelial cells, ensuring optimal drug efficacy[2].
Surface modifications, such as PEGylation, alter the surface properties of drug particles to
minimize interactions with mucus components and improve penetration. Additionally,
surfactants can reduce the viscoelasticity of mucus, thereby facilitating easier drug diffusion
through the mucosal barrier[12]. These strategies collectively aim to enhance drug
bioavailability, ensure targeted delivery, and improve therapeutic outcomes in mucosal drug
delivery applications[37,1].

2. Design and Development of Mucus-Penetrating Nanoparticles

The development of mucus-penetrating nanoparticles (MPNs) represents a significant
advancement in the field of drug delivery, particularly for targeting mucosal surfaces.
Effective MPNs are designed to navigate the complex and protective mucus layer, ensuring
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that therapeutic agents reach the underlying epithelial cells[38].

Conventional micro- and nanoparticles (CPs)
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Figure 1: Generalized Graphical Depiction of Mucus Layer Dynamics and Fate of Particle
Types upon Topical Administration: Microparticles and Conventional Nanoparticles Adhere
to the Outer Mucus Layer and are Cleared via Mucociliary Clearance; Mucus-Penetrating
Particles (MPPs) Evade Adhesion in the Rapidly Cleared Outer Layer, Achieve Uniform
Distribution, and Penetrate Towards the Membrane-Associated Layer.

2.1. Characteristics of Effective MPNs

Size, Surface Charge, and Hydrophilicity

The design of MPNs hinges on optimizing several key physicochemical properties, namely
size, surface charge, and hydrophilicity. These characteristics significantly influence the
ability of nanoparticles to penetrate mucus.

1. Size: The size of nanoparticles is crucial for mucus penetration. Mucus is composed of a
network of mucin fibers with pore sizes typically ranging from 100 to 500 nanometers. To
effectively penetrate this network, MPNs must be sufficiently small, generally around 200
nanometers or less. Larger particles are more likely to become entangled in the mucin mesh,
hindering their movement and reducing their bioavailability[39].

2. Surface Charge: The surface charge of nanoparticles affects their interaction with the
negatively charged mucin fibers. Positively charged particles tend to adhere strongly to
mucus due to electrostatic interactions, which can trap them within the mucus layer. Neutral
or slightly negatively charged nanoparticles are preferable as they reduce these electrostatic
interactions, enhancing their ability to diffuse through the mucus[40].

3. Hydrophilicity: Hydrophilic surfaces can help nanoparticles navigate the mucus barrier by
reducing interactions with mucin fibers. Hydrophilic nanoparticles are less likely to be
adsorbed onto the mucin network, facilitating their movement through the mucus. This
property is often achieved by coating the nanoparticles with hydrophilic polymers, such as
polyethylene glycol (PEG)[41].
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Importance of Particle Design in Mucus Penetration

The design of nanoparticles is integral to their function and effectiveness in drug delivery.
Effective particle design ensures that MPNs can traverse the mucus layer and deliver their
therapeutic payload to the target site.

1. Avoiding Mucus Adhesion: By carefully designing nanoparticles with the right size,
surface charge, and hydrophilicity, researchers can minimize adhesion to mucus. This design
consideration is essential for ensuring that MPNs can move freely through the mucus to reach
the epithelial cells[42].

2. Controlled Release: The design of MPNs often includes mechanisms for controlled drug
release. Once the nanoparticles reach the mucosal surface, they should release their payload
in a controlled manner to ensure sustained therapeutic effects. This can be achieved through
various techniques, such as pH-sensitive coatings or biodegradable polymers[43].

3. Targeting Capabilities: Advanced MPNs may also incorporate targeting ligands on their
surface to enhance their specificity for certain cell types or tissues. This targeting can
improve the efficacy of drug delivery and reduce side effects by ensuring that the therapeutic
agents are delivered precisely where they are needed[44].

2.2. Strategies for Enhancing Mucus Penetration

To enhance the penetration of nanoparticles through mucus, several strategies have been
developed, focusing on surface modifications and the use of muco-inert materials.

PEGylation and Other Surface Modifications

1. PEGylation: One of the most effective and widely used strategies for enhancing mucus
penetration is the modification of nanoparticles with polyethylene glycol (PEG), a process
known as PEGylation. PEGylation imparts a hydrophilic and neutral surface to the
nanoparticles, which reduces their interactions with mucin fibers[45]. This "stealth” property
allows PEGylated nanoparticles to diffuse through the mucus more freely. Additionally,
PEGylation can increase the stability and circulation time of nanoparticles in the body, further
enhancing their therapeutic potential[46].

2. Surface Coatings with Hydrophilic Polymers: Besides PEG, other hydrophilic polymers
can be used to coat nanoparticles and improve mucus penetration. Polymers such as polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), and polysaccharides like hyaluronic acid and
chitosan derivatives can also reduce mucoadhesion and enhance diffusion through
mucus[47].

3. Zwitterionic Coatings: Zwitterionic materials, which contain both positive and negative
charges, can create a highly hydrophilic and non-fouling surface on nanoparticles. These
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coatings can reduce protein adsorption and interactions with mucin fibers, facilitating mucus
penetration[48].
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Figure 2: (a) Schematic illustrating the mucoadhesive and mucus-penetrating strategy with
developed nanoparticles. Mucoadhesive nanoparticles (b) are good at catching the surface of
mucous membrane whereas the mucus-penetrating nanoparticles (c) transport more
effectively through the mucus layer.

Use of Muco-Inert Materials

1. Nanoparticles with Low Mucoadhesion: Using materials that naturally exhibit low
mucoadhesion is another strategy for enhancing mucus penetration. Materials such as
polylactic-co-glycolic acid (PLGA) and certain lipids can be used to fabricate nanoparticles
that are less likely to stick to the mucus[49].

2. Surfactants and Detergents: Incorporating surfactants and detergents into nanoparticle
formulations can reduce the viscoelastic properties of mucus, making it less of a barrier.
Surfactants can disrupt the mucin network and decrease the mucus's cohesive forces,
allowing nanoparticles to move through more easily[50].

3. Bio-Inspired Designs: Drawing inspiration from natural mucus-penetrating entities, such
as certain bacteria and viruses, researchers have designed nanoparticles that mimic these
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organisms' surface properties. For example, nanoparticles with surface proteins or peptides
that mimic those of mucus-penetrating pathogens can be engineered to enhance
penetration[51].

2.3. Methods of Synthesis

The synthesis of MPNs involves various techniques that allow precise control over their size,
surface properties, and drug loading capacity. These methods include both top-down and
bottom-up approaches[52].

Common Techniques for Nanoparticle Preparation

1. Emulsion-Solvent Evaporation: This technique involves creating an emulsion of the drug
and polymer solution in an aqueous phase, followed by solvent evaporation. The resulting
nanoparticles can be optimized for size and surface properties. This method is widely used
for producing polymeric nanoparticles, such as PLGA nanoparticles[53].

2. Nanoprecipitation: Nanoprecipitation involves the precipitation of nanoparticles from a
polymer solution upon the addition of a non-solvent. This technique is simple and effective
for producing nanoparticles with a narrow size distribution. It is particularly suitable for
hydrophobic drugs[54].

3. Self-Assembly: Certain amphiphilic molecules can self-assemble into nanoparticles in an
aqueous environment. Liposomes and micelles are examples of self-assembled nanoparticles
that can encapsulate both hydrophobic and hydrophilic drugs. This method allows for the
easy incorporation of targeting ligands and surface modifications[55].

4. Spray Drying: Spray drying involves the atomization of a drug-polymer solution into a hot
drying chamber, resulting in the formation of nanoparticles. This method is suitable for
scaling up the production of nanoparticles and can be used to encapsulate a wide range of
drugs[56].

5. Electrospinning: Electrospinning is a technique used to produce nanofibers and
nanoparticles by applying a high voltage to a polymer solution. The resulting fibers can be
processed into nanoparticles with controlled size and morphology. This method is useful for
creating nanoparticles with high surface area and controlled release properties[57].

Encapsulation Methods for Various Drugs

1. Hydrophobic Drugs: Hydrophobic drugs can be encapsulated within the hydrophobic core
of nanoparticles using techniques such as nanoprecipitation and emulsion-solvent
evaporation. These methods protect the drug from degradation and enhance its solubility and
bioavailability[58,25].
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2. Hydrophilic Drugs: Encapsulating hydrophilic drugs can be more challenging due to their
tendency to leak from the nanoparticles. Techniques such as self-assembly into liposomes and
micelles or using double emulsion methods can effectively encapsulate hydrophilic drugs. In
the double emulsion technique, the hydrophilic drug is first emulsified in an organic phase,
which is then emulsified again in an aqueous phase to form stable nanoparticles[14,7].

3. Proteins and Peptides: Encapsulating proteins and peptides requires gentle techniques to
preserve their biological activity[13]. Methods such as coacervation, where a polymer and
protein solution are mixed to form coacervates that are then hardened into nanoparticles, are
effective. Encapsulation can also be achieved using self-assembly into liposomes or
nanoparticles formed by ionic gelation[32].

4. Nucleic Acids: Delivering nucleic acids, such as DNA, RNA, and siRNA, involves
encapsulating these molecules within nanoparticles to protect them from degradation and
facilitate cellular uptake[22]. Techniques such as complexation with cationic polymers or
lipids, followed by nanoparticle formation, are commonly used. These methods can produce
nanoparticles that efficiently deliver nucleic acids to target cells[59].

Quiality Control and Characterization

Ensuring the quality and consistency of MPNs involves rigorous characterization of their
physicochemical properties. Key parameters to assess include:

1. Particle Size and Size Distribution: Techniques such as dynamic light scattering (DLS)
and transmission electron microscopy (TEM) are used to measure particle size and size
distribution. A narrow size distribution is essential for consistent mucus penetration and drug
delivery[19].

2. Surface Charge (Zeta Potential): The surface charge of nanoparticles, measured by zeta
potential analysis, provides insight into their stability and interaction with mucus. Neutral or
slightly negative zeta potentials are preferable for mucus penetration[31].

3. Surface Morphology: Scanning electron microscopy (SEM) and TEM provide detailed
images of nanoparticle morphology, revealing surface characteristics and structural
integrity[44].

4. Drug Loading and Encapsulation Efficiency: High-performance liquid chromatography
(HPLC) and other analytical techniques quantify the amount of drug loaded into
nanoparticles and determine the encapsulation efficiency. This information is crucial for
dosing and therapeutic efficacy[20].

5. Stability and Release Profiles: Stability studies assess the shelf life of nanoparticles, while
in vitro release studies determine the drug release kinetics. These studies ensure that
nanoparticles remain effective over time and release their payloads in a controlled
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manner[39].
3. Mechanisms of Mucus Penetration

Effective drug delivery through mucosal surfaces requires a comprehensive understanding of
the mechanisms by which nanoparticles (NPs) can penetrate the mucus barrier.

3.1. Diffusion through Mucus
Theoretical Models and Experimental Studies

Diffusion through mucus is a critical mechanism for nanoparticle transport. Theoretical
models and experimental studies provide insights into how nanoparticles move through the
mucus layer.

1. Theoretical Models: The diffusion of nanoparticles through mucus can be described by
Fick's laws of diffusion, which quantify the relationship between the concentration gradient
and the rate of particle movement. These models help predict the behavior of nanoparticles
based on their size, surface properties, and the viscosity of the mucus[60].

2. Experimental Studies: Experimental techniques such as fluorescence recovery after
photobleaching (FRAP), particle tracking microrheology, and multiple particle tracking
(MPT) have been used to study nanoparticle diffusion in mucus[29,8]. FRAP involves
photobleaching a region of fluorescently labeled mucus and measuring the time required for
fluorescence recovery, which indicates the diffusion rate of nanoparticles. MPT involves
tracking the motion of individual nanoparticles in real time to provide detailed information on
their trajectories and diffusion coefficients[61].

Role of Particle Size and Surface Properties

The size and surface properties of nanoparticles play a crucial role in their ability to diffuse
through mucus.

1. Particle Size: Smaller nanoparticles generally diffuse more readily through the mucus
network due to their ability to navigate the pore sizes of the mucin mesh. Studies have shown
that nanoparticles smaller than 200 nm can penetrate mucus more effectively than larger
particles. However, extremely small nanoparticles (less than 50 nm) may also face challenges
due to rapid clearance and potential for deeper penetration beyond the target site[62].

2. Surface Properties: Surface charge and hydrophilicity significantly impact the interaction
of nanoparticles with mucus[18]. Neutral or slightly negative surface charges are preferable
to minimize electrostatic interactions with the negatively charged mucins. Hydrophilic
surfaces, achieved through modifications such as PEGylation, reduce mucoadhesion and
enhance diffusivity. For instance, PEGylated nanoparticles demonstrate improved diffusion in
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mucus due to their reduced tendency to bind to mucin fibers[63,6].
3.2. Overcoming Mucus Adhesion

Overcoming mucus adhesion is essential for enhancing the penetration of nanoparticles
through the mucus barrier. This can be achieved by reducing mucoadhesiveness and
enhancing diffusivity through various surface modifications.

Reducing Mucoadhesiveness through Surface Modifications

1. PEGylation: PEGylation involves attaching polyethylene glycol (PEG) chains to the
surface of nanoparticles. PEGylation creates a hydrophilic and neutral surface that reduces
the interaction with mucin fibers, thereby decreasing mucoadhesion[21]. This modification
enhances the ability of nanoparticles to diffuse through the mucus. PEGylation has been
widely studied and demonstrated to significantly improve the transport of nanoparticles in
mucus[64].

2. Zwitterionic Coatings: Zwitterionic materials, which possess both positive and negative
charges, provide a highly hydrophilic and non-fouling surface[37]. Zwitterionic coatings can
minimize protein adsorption and interactions with mucin fibers, leading to improved mucus
penetration. These coatings are particularly effective in reducing mucoadhesion while
maintaining the stability and biocompatibility of nanoparticles[65].

3. Hydrophilic Polymers: Coating nanoparticles with hydrophilic polymers such as polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), and hyaluronic acid can also reduce
mucoadhesion. These polymers create a hydrated layer around the nanoparticles, preventing
them from sticking to the mucus and facilitating their movement through the mucin
network[66].

Enhancing Diffusivity with Hydrophilic Coatings

1. Hydrophilic Polymer Coatings: As mentioned, hydrophilic polymer coatings are effective
in enhancing the diffusivity of nanoparticles. The hydrated layer formed by these polymers
reduces friction and interactions with mucin fibers, allowing nanoparticles to move more
freely through the mucus. For example, nanoparticles coated with hyaluronic acid have
shown enhanced diffusion in the vaginal and nasal mucus[67].

2. Surface Functionalization: Surface functionalization with specific molecules or ligands
that interact favorably with the mucus environment can further enhance diffusivity. For
instance, functionalizing nanoparticles with mucin-mimetic glycopolymers can create a
lubricated surface that mimics the natural components of mucus, reducing resistance to
movement[68].

3. Bio-Inspired Strategies: Drawing inspiration from naturally occurring mucus-penetrating
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entities, such as certain bacteria and viruses, researchers have developed nanoparticles that
mimic these organisms' surface properties. For example, nanoparticles designed to mimic the
surface proteins of mucus-penetrating viruses can exhibit enhanced diffusivity by leveraging
similar mechanisms used by these pathogens to navigate through the mucus[69].

4. Applications of Mucus-Penetrating Nanoparticles

Mucus-penetrating nanoparticles (MPNs) have emerged as a revolutionary tool in drug
delivery systems, offering significant advancements across various medical fields. Their
ability to traverse the mucus barrier efficiently has opened new avenues for treating diseases
affecting mucosal surfaces[70].

4.1. Respiratory Drug Delivery

MPNSs have shown great promise in the field of respiratory drug delivery. Various case studies
and clinical trials highlight their potential in treating respiratory diseases such as asthma,
chronic obstructive pulmonary disease (COPD), and cystic fibrosis.

1. Asthma and COPD: Inhalable MPNs have been developed to deliver corticosteroids and
bronchodilators directly to the lungs[5]. Clinical trials have demonstrated that these
nanoparticles can improve drug deposition in the lower respiratory tract, leading to enhanced
therapeutic outcomes and reduced systemic side effects. For instance, a study using
PEGylated nanoparticles for the delivery of budesonide, a common asthma medication,
showed improved lung retention and efficacy compared to traditional inhalers[71].

2. Cystic Fibrosis: MPNs have been employed to deliver antibiotics and gene therapy agents
to the lungs of cystic fibrosis patients[22]. These nanoparticles can penetrate the thick mucus
characteristic of cystic fibrosis, allowing for more effective treatment. Clinical trials with
MPN-based antibiotic delivery systems have shown increased drug concentrations at the
infection site and better clinical outcomes[72].

Benefits for Treating Respiratory Diseases
The benefits of using MPNs for respiratory drug delivery are manifold:

1. Enhanced Drug Penetration: MPNs can penetrate the thick mucus present in various
respiratory diseases, ensuring that the drug reaches the target site more effectively[10].

2. Improved Drug Retention: By navigating through the mucus and reaching the epithelial
surface, MPNs can provide sustained drug release, improving treatment efficacy and reducing
dosing frequency[19].

3. Reduced Side Effects: Targeted delivery to the lungs minimizes systemic exposure and
potential side effects, enhancing patient safety and compliance[73].
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4.2. Gastrointestinal Drug Delivery

Targeted Delivery Systems for GI Disorders

The gastrointestinal (GI) tract presents unique challenges for drug delivery due to its harsh
environment and protective mucus layer. MPNs have been developed to overcome these
barriers and enhance the treatment of GI disorders[74].

1. Inflammatory Bowel Disease (IBD): MPNs designed to release anti-inflammatory drugs,
such as corticosteroids and biologics, directly at the site of inflammation in conditions like
Crohn's disease and ulcerative colitis have shown promising results. These nanoparticles can
penetrate the mucus layer and deliver drugs precisely where they are needed, reducing
systemic side effects[75].

2. Colon Cancer: MPNs have been explored for targeted delivery of chemotherapeutic agents
to the colon. By encapsulating drugs in nanoparticles designed to release their payload in the
presence of specific enzymes or pH conditions found in the colon, these systems can enhance
the local concentration of the drug and improve therapeutic outcomes[76].

Enhanced Absorption of Oral Medications

1. Oral Bioavailability: MPNs can enhance the oral bioavailability of poorly soluble drugs by
protecting them from degradation in the Gl tract and facilitating their absorption through the
mucus barrier. For example, nanoparticles encapsulating hydrophobic drugs have shown
improved absorption and bioavailability compared to conventional formulations[77].

2. Controlled Release: MPNs can be engineered to provide controlled release of medications,
improving the therapeutic profile and reducing the frequency of dosing. This is particularly
beneficial for chronic conditions requiring long-term medication.

4.3. Reproductive Health and Genital Tract Applications
Drug Delivery for Sexually Transmitted Infections (STIs)

MPNs offer a novel approach for the prevention and treatment of sexually transmitted
infections (STIs) by ensuring that therapeutic agents can effectively penetrate the genital tract
mucus[78].

1. Antiviral and Antibacterial Agents: Nanoparticles designed to deliver antiviral drugs for
HIV or antibacterial agents for chlamydia and gonorrhea can penetrate the mucus barrier and
maintain higher drug concentrations at the site of infection. This targeted delivery enhances
the effectiveness of the treatment and reduces the likelihood of resistance[79].

2. Microbicides: MPNs have been developed for the delivery of microbicides, which are
substances that reduce the risk of STI transmission. These nanoparticles can provide
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sustained release of the microbicide, offering prolonged protection[80].
Use in Fertility Treatments and Contraception

1. Fertility Treatments: MPNs can be used to deliver hormones and other drugs involved in
fertility treatments directly to the reproductive tract, improving the efficacy of treatments
such as in vitro fertilization (IVF).

2. Contraception: Nanoparticles have been explored for delivering contraceptive agents in a
controlled manner. For example, MPNs can be used to release hormonal contraceptives
slowly over time, providing a long-lasting contraceptive effect without the need for daily
administration[81].

4.4. Ocular and Nasal Drug Delivery
Advantages in Treating Eye and Nasal Conditions

The ocular and nasal mucosal surfaces present unique challenges for drug delivery due to the
presence of protective mucus and the need for precise targeting.

1. Ocular Drug Delivery: MPNs have been developed to improve the treatment of eye
conditions such as glaucoma, age-related macular degeneration, and ocular infections. By
penetrating the mucus layer and delivering drugs directly to the corneal or retinal tissues,
these nanoparticles enhance drug bioavailability and therapeutic outcomes[14,19]. For
instance, nanoparticles loaded with anti-glaucoma medications have shown improved
intraocular pressure reduction and prolonged drug action compared to conventional eye
drops[82].

2. Nasal Drug Delivery: The nasal route is advantageous for delivering drugs to the central
nervous system and for treating nasal and sinus conditions[18]. MPNs can enhance the
absorption of drugs through the nasal mucosa, providing rapid onset of action and improved
bioavailability. Nasal delivery of MPNs loaded with analgesics, anti-inflammatory agents,
and vaccines has shown significant benefits in terms of efficacy and patient compliance[83].

Innovations in Formulation and Administration

1. Formulation Techniques: Advances in formulation techniques have enabled the
development of MPNs with optimized properties for ocular and nasal delivery. Techniques
such as electrospinning and spray drying have been used to create nanoparticles with
controlled release profiles and enhanced stability[84].

2. Administration Methods: Innovative administration methods, such as mucoadhesive gels
and nasal sprays, have been developed to improve the delivery of MPNs. These methods
ensure that the nanoparticles remain in contact with the mucosal surface for extended periods,
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enhancing drug absorption and therapeutic efficacy[85].
5. Future Directions and Emerging Trends

The field of mucus-penetrating nanoparticles (MPNs) is rapidly evolving, with ongoing
innovations poised to significantly enhance their effectiveness and expand their applications.

5.1. Innovations in Nanoparticle Technology
Next-Generation MPNs with Enhanced Functionalities

The development of next-generation MPNSs focuses on incorporating advanced functionalities
to improve drug delivery efficiency and therapeutic outcomes.

1. Stimuli-Responsive MPNs: These nanoparticles are designed to respond to specific stimuli
such as pH, temperature, or enzymatic activity[12]. This responsiveness allows for targeted
drug release at the desired site of action, minimizing side effects and enhancing therapeutic
efficacy. For instance, MPNs that release their payload in response to the acidic environment
of an inflamed tissue can provide targeted anti-inflammatory treatment[86].

2. Multifunctional MPNs: Incorporating multiple therapeutic agents or functionalities into a
single nanoparticle can address complex diseases that require combination therapies[7].
Multifunctional MPNs can carry drugs, imaging agents, and targeting ligands simultaneously,
enabling combined therapy and diagnostic (theranostic) capabilities. This approach is
particularly beneficial for diseases like cancer, where simultaneous treatment and monitoring
can significantly improve patient outcomes[87].

3. Biodegradable and Biocompatible MPNs: Developing MPNs from biodegradable and
biocompatible materials ensures that they do not accumulate in the body and are safely
metabolized or excreted. Advances in material science, such as the use of biodegradable
polymers and lipids, contribute to the safety and efficacy of these nanoparticles[29,5].

Integration with Other Drug Delivery Systems

MPNSs can be integrated with other drug delivery systems to create hybrid platforms that
maximize therapeutic benefits:

1. Hydrogel-Based Systems: Combining MPNs with hydrogels can provide a sustained and
controlled release of drugs. Hydrogels can protect the nanoparticles and facilitate their
penetration through the mucus layer, while the MPNs ensure targeted delivery once they
reach the mucosal surface[88].

2. Microneedle Arrays: Microneedle patches incorporating MPNs offer a minimally invasive
method for delivering drugs through the skin. This approach can be particularly useful for
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vaccines and other therapeutics that benefit from direct delivery to the bloodstream or
lymphatic system[4,55].

3. Liposome and Vesicle Systems: MPNs can be incorporated into liposomes or other
vesicular systems to enhance their stability and drug-loading capacity. These hybrid systems
can improve the bioavailability of encapsulated drugs and provide more controlled release
profiles[89].

5.2. Personalized Medicine and MPNs
Tailoring Nanoparticles to Individual Patient Needs

Personalized medicine aims to tailor treatments to individual patients based on their unique
genetic, environmental, and lifestyle factors. MPNs can play a crucial role in this paradigm
by offering customized drug delivery solutions:

1. Genetic Profiling: By utilizing genetic information, MPNs can be designed to deliver
drugs that specifically target molecular pathways altered in a patient’s disease. For example,
MPNSs can be loaded with siRNA or CRISPR-Cas9 components to modulate gene expression
in a personalized manner[90].

2. Biomarker-Based Targeting: Identifying specific biomarkers associated with a patient’s
condition can guide the design of MPNs that target these markers. This targeted approach
ensures that the therapeutic agents are delivered precisely where they are needed, enhancing
efficacy and reducing side effects[24].

Advances in Precision Medicine

The integration of MPNs with precision medicine techniques can revolutionize healthcare by
providing highly specific and effective treatments:

1. Tailored Drug Formulations: Advances in nanoparticle technology allow for the
development of drug formulations that are specifically tailored to an individual’s disease
profile. This customization can lead to more effective treatments with fewer adverse
effects[64].

2. Real-Time Monitoring and Adjustment: MPNs can be designed with embedded sensors or
imaging agents that provide real-time feedback on drug delivery and therapeutic response.
This information can be used to adjust treatment regimens dynamically, ensuring optimal
therapeutic outcomes[91].

5.3. Research Gaps and Opportunities

Identifying Areas for Further Investigation
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Despite significant advancements, several research gaps need to be addressed to fully realize
the potential of MPNs:

1. Long-Term Safety and Toxicity: More studies are needed to understand the long-term
safety and potential toxicity of MPNs, particularly concerning their accumulation and
degradation in the body[45].

2. Mechanisms of Mucus Interaction: Further research is required to elucidate the detailed
mechanisms by which MPNSs interact with and penetrate mucus. This knowledge can guide
the design of more efficient nanoparticles[54].

3. Clinical Translation: Bridging the gap between laboratory research and clinical
application is critical. This involves scaling up the production of MPNs, ensuring their
stability and efficacy in larger populations, and navigating regulatory challenges[92].

Potential for Interdisciplinary Research
Interdisciplinary collaboration can drive the development of innovative MPN technologies:

1. Material Science and Engineering: Collaborations with material scientists and engineers
can lead to the discovery of new materials and fabrication techniques that enhance the
properties of MPNs[39].

2. Biomedical Research: Partnerships with biomedical researchers can facilitate the
integration of MPNs with biological systems, improving their functionality and therapeutic
potential[55].

3. Clinical and Translational Medicine: Working closely with clinicians and translational
researchers can ensure that MPN technologies are designed with practical applications in
mind, speeding up the path from bench to bedside[93].

Conclusion

Mucus-penetrating nanoparticles (MPNSs) represent a groundbreaking advancement in drug
delivery technology, offering tailored solutions to overcome the formidable barriers presented
by mucosal surfaces. The meticulous design of MPNSs, focusing on size, surface charge, and
hydrophilicity, enables them to navigate through the complex mucus layer with enhanced
efficiency, thereby improving drug bioavailability and therapeutic efficacy. Applications
across respiratory, gastrointestinal, reproductive health, ocular, and nasal domains highlight
the versatility and potential of MPNs to revolutionize treatment paradigms for diverse
diseases. Innovations such as stimuli-responsive and multifunctional MPNs, coupled with
integration into hybrid delivery systems, promise further enhancements in targeted therapy
and personalized medicine. The prospect of tailoring MPNs to individual patient needs
through genetic profiling and biomarker-based targeting opens new avenues for precision
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medicine, ensuring treatments are not only effective but also minimize side effects. However,
continued research is crucial to address challenges such as long-term safety, scale-up for
clinical translation, and interdisciplinary collaboration to optimize MPN design and
application. With ongoing advancements and concerted efforts in these areas, MPNs are
poised to play a pivotal role in the future of healthcare, offering hope for more effective,
patient-friendly, and personalized therapeutic interventions that improve outcomes and
quality of life for patients worldwide.
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