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Avrticle Info ABSTRACT:
Mucus, a viscoelastic and adhesive gel, forms a significant barrier to
Volume 6, Issue 6, June 2024 the efficient delivery of therapeutic particles to mucosal surfaces.
) _ This barrier hinders the penetration of nanoparticles, leading to rapid
Received: 17 April 2024 clearance and reduced efficacy of treatments. To overcome this

challenge, researchers have developed mucus-penetrating
Accepted: 27 May 2024 nanoparticles (MPPs) that can traverse the mucus layer efficiently.
Published: 20 June 2024 These particles are desig_ned to avoid adh_esion to mucin fibers a_nd
are small enough to navigate the dense fiber mesh. Recent studies
doi: 10.48047/AFJRS.6.5i3.2024.1760-1776 have demonstrated that MPPs can rapidly traverse physiological
human mucus with diffusivities comparable to those in pure water.
This breakthrough offers the prospect of sustained drug delivery at
mucosal surfaces, potentially improving the efficacy and reducing
side effects of a wide range of therapeutics. The development of
MPPs loaded with nucleic acids may also enhance the efficacy of
gene therapies. This review highlights the mechanisms by which
mucus hinders particle penetration and discusses recent
advancements in the design and development of MPPs, which hold
promise for improved mucosal drug delivery.

Keywords: Mucus-penetrating nanoparticles, mucosal drug delivery,
Nanoparticle transport, Mucin fibers, Gene therapy.

© 2024 Harsh Rastogi, This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you giveappropriate credit to
the original author(s) and the source, provide a link to the Creative Creative Commons
license, and indicate if changes were made




Harsh Rastogi/ Afr.J.Bio.Sc. 6(Si3) (2024) Page 1761to 17

I. Introduction

Mucosal drug delivery is an essential method for administering therapeutic agents directly to
mucosal tissues, including the gastrointestinal, respiratory, urogenital tracts, and ocular
surfaces [1]. These sites offer several advantages for drug administration, such as large surface
areas, rich vascularization, and the potential for both local and systemic drug delivery[2]. Local
delivery is particularly beneficial in treating diseases that affect specific mucosal sites, such as
inflammatory bowel disease (IBD), asthma, or vaginal infections [3]. Systemic delivery via
mucosal routes can be advantageous due to the potential for avoiding the first-pass metabolism
in the liver, which can degrade drugs before they reach systemic circulation [4]. Applications
of mucosal drug delivery are diverse and include vaccines, where mucosal immunization can
provide both systemic and mucosal immunity; treatment of chronic conditions like diabetes
through pulmonary insulin delivery; and administering contraceptives via vaginal rings [5].
Moreover, the non-invasive nature of mucosal drug delivery improves patient compliance
compared to injectable routes, making it a preferred choice for long-term therapies. Despite its
advantages, mucosal drug delivery faces significant challenges [6]. The primary barrier is the
mucus layer itself, which is a viscoelastic and gel-like substance covering mucosal surfaces.
Mucus acts as a protective barrier, trapping and expelling foreign particles, including pathogens
and drug carriers. This barrier function is due to the dense network of mucin glycoproteins,
which can hinder the diffusion of drugs and nanoparticles [7]. Additionally, the rapid turnover
of mucus can lead to the quick clearance of drug carriers, reducing the residence time and,
consequently, the drug absorption [8]. Enzymatic degradation within the mucosal environment
also poses a threat to the stability of drugs, particularly peptides and proteins. Overcoming
these challenges requires innovative strategies to enhance drug penetration and retention at the
mucosal surface [9].

Nanoparticles have revolutionized drug delivery due to their unique properties, such as small
size, large surface area, and the ability to modify their surface characteristics [10]. These
properties enable nanoparticles to encapsulate drugs, protecting them from degradation and
enhancing their stability [11]. Nanoparticles can be engineered to control the release of drugs
over an extended period, improving therapeutic outcomes and reducing dosing frequency [12].
Moreover, nanoparticles can be functionalized with targeting ligands, allowing them to
selectively bind to specific cells or tissues [13]. This targeted delivery minimizes systemic side
effects and maximizes the therapeutic effect at the desired site [14]. The versatility in designing
nanoparticles makes them suitable for delivering a wide range of therapeutics, including small
molecules, proteins, peptides, and nucleic acids. Nanoparticles can also enhance the absorption
of poorly soluble drugs by increasing their apparent solubility and promoting uptake through
endocytosis or transcytosis [15]. Furthermore, they can be designed to release their payload in
response to specific stimuli present in the mucosal environment, such as pH changes or
enzymatic activity, ensuring that the drug is released at the optimal site and time for maximum
therapeutic effect [16]. Mucus-penetrating nanoparticles (MPNS) represent a specialized class
of nanoparticles designed to overcome the barrier properties of mucus. Unlike conventional
nanoparticles that may be trapped and cleared by the mucus, MPNSs are engineered to rapidly
diffuse through the mucus layer. This ability is primarily achieved through surface
modifications that minimize adhesive interactions with mucin fibers [17].

MPNSs are typically small, often in the range of tens to a few hundred nanometers, and have a
neutral or slightly negative surface charge to reduce electrostatic interactions with the
negatively charged mucus. Surface coatings, such as polyethylene glycol (PEG), are commonly
used to create a "stealth" layer that prevents mucoadhesion and facilitates unhindered
movement through the mucus [18].
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I1. Composition and Design of Mucus-Penetrating Nanoparticles

The design and composition of mucus-penetrating nanoparticles (MPNSs) are crucial for their
ability to traverse the mucus barrier and deliver therapeutic agents effectively to the underlying
tissues. The success of MPNs hinges on the careful selection of materials and sophisticated
design strategies that enhance their stability, biocompatibility, and penetration capabilities [2,
6, and 19].

A. Materials Used in MPNs

1. Polymers

Polymers are the most commonly used materials in the formulation of MPNs due to their
versatility, biocompatibility, and ease of modification. Polymers like polyethylene glycol
(PEG), poly (lactic-co-glycolic acid) (PLGA), and chitosan are frequently employed.

Polyethylene Glycol (PEG): PEG is renowned for its ability to resist protein adsorption and
avoid immune recognition, making it an ideal candidate for creating the stealth characteristics
needed for mucus penetration. The hydrophilic nature of PEG helps in reducing mucoadhesion,
facilitating better diffusion through the mucus [20].

Poly (Lactic-Co-Glycolic Acid) (PLGA): PLGA is a biodegradable polymer that can be used
to create nanoparticles with controlled release properties. Its degradation products, lactic acid
and glycolic acid, are biocompatible and safely metabolized by the body [21].

Chitosan: Chitosan, a naturally occurring polymer derived from chitin, has mucoadhesive
properties that can be advantageous in certain contexts. However, for MPNs, it is often
modified to reduce its adhesiveness to mucin fibers, enhancing its mucus-penetrating
capabilities [22].

2. Lipids

Lipid-based nanoparticles, such as liposomes and solid lipid nanoparticles (SLNSs), represent
versatile platforms with unique advantages for mucosal drug delivery. Liposomes are spherical
vesicles composed of lipid bilayers that can encapsulate a wide range of drugs, including both
hydrophilic and hydrophobic compounds [23]. They can be further modified by PEGylation to
improve their mucus-penetrating ability and extend their circulation time in the body. Solid
lipid nanoparticles (SLNs), on the other hand, offer a solid matrix composed of lipids that can
also encapsulate drugs effectively [3]. SLNs combine the benefits of liposomes' drug
encapsulation capacity with the stability and controlled release characteristics typical of
polymeric nanoparticles [24]. These nanoparticles can be engineered to enhance mucus
penetration, facilitating efficient drug delivery through mucosal barriers while providing
sustained release profiles that contribute to improved therapeutic outcomes [11,7]. The
biocompatibility and flexibility of lipid-based nanoparticles make them promising candidates
for delivering therapeutics across various mucosal surfaces, addressing the challenges
associated with mucosal drug delivery and expanding the potential applications in clinical
settings [25].

3. Other Materials

In addition to polymers and lipids, mucus-penetrating nanoparticles (MPNs) explore the use of
other materials such as dendrimers, inorganic nanoparticles like silica and gold, and hybrid
nanoparticles that combine organic and inorganic components [26]. Dendrimers, characterized
by their highly branched, tree-like structures, offer multiple functional groups for drug
attachment and surface modification, thereby enhancing their affinity for biological
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environments and improving targeted drug delivery [27]. Inorganic nanoparticles such as silica
and gold possess unique optical and magnetic properties that are advantageous for both
diagnostic imaging and therapeutic applications. These nanoparticles can be functionalized on
their surfaces to enhance mucus penetration and biocompatibility, enabling efficient delivery
of drugs across mucosal barriers [28]. Hybrid nanoparticles, integrating organic and inorganic
components, leverage the strengths of both materials to achieve synergistic effects in drug
encapsulation, stability, and targeting capabilities. By exploring diverse material options,
MPNSs continue to advance in their ability to overcome biological barriers and optimize drug
delivery strategies for enhanced therapeutic outcomes in various medical applications [29].
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Figure 1: Schematic illustrating mucus-penetrating nanoparticles.

B. Surface Modification Techniques

1. PEGylation

PEGylation, the process of attaching polyethylene glycol (PEG) chains to nanoparticles, is a
cornerstone technique in the design of mucus-penetrating nanoparticles (MPNs) [30].
PEGylation confers several critical properties: firstly, it reduces protein adsorption by creating
a hydrophilic shield around nanoparticles, thereby preventing immune recognition and
clearance caused by protein corona formation [31]. Secondly, the hydrophilic and flexible
nature of PEG enhances mucus penetration, enabling nanoparticles to move more freely
through the dense mucus layer without becoming entangled in mucin fibers [32]. Finally,
PEGylation prolongs circulation time by evading uptake by the mononuclear phagocyte system
(MPS), allowing PEGylated nanoparticles to persist in circulation longer and enhancing their
chances of reaching and delivering therapeutic payloads to target tissues effectively [33]. These
attributes underscore the pivotal role of PEGylation in enhancing the biocompatibility, mucus-
penetrating ability, and systemic circulation of MPNs, thereby optimizing their potential for
targeted drug delivery applications across various mucosal surfaces [34].

2. Ligand Attachment
In addition to attaching specific ligands to nanoparticles, which can include small molecules,

peptides, antibodies, or aptamers designed to bind to receptors on mucosal surfaces or epithelial
cells, charge modulation of nanoparticle surfaces is another critical strategy to enhance their
ability to target and penetrate mucus barriers [35]. Ligands facilitate targeted delivery by
directing nanoparticles to specific cells or tissues, thereby increasing the concentration of
therapeutic agents at the desired site. They can also improve penetration through active
transport mechanisms across mucus and epithelial barriers, enhancing the efficiency of drug
delivery [36]. Surface charge plays a pivotal role in nanoparticle interactions with mucus,
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which is typically negatively charged due to sialic acid residues on mucins. Adjusting the
surface charge to neutral or slightly negative can reduce electrostatic interactions with mucus,
facilitating deeper penetration. Advanced nanoparticles are designed with dynamic charge
modulation capabilities that enable them to adapt to the mucosal environment [37]. Initially,
these nanoparticles can penetrate mucus more effectively due to their optimized surface charge,
and then adjust to interact more efficiently with target cells. This dual strategy of ligand
attachment and charge modulation underscores the versatility and potential of nanoparticles in
overcoming biological barriers for enhanced drug delivery in mucosal applications [38].

C. Core-Shell Structures and Encapsulation Strategies

1. Drug Loading Techniques

The core-shell structure of nanoparticles serves as a versatile platform for drug encapsulation,
ensuring both stability and controlled release. Various techniques are employed to load drugs
into mucus-penetrating nanoparticles (MPNs) [39]. Hydrophilic drugs can be encapsulated
within the aqueous core of nanoparticles such as liposomes, while hydrophobic drugs can be
embedded within the lipid bilayer or polymer matrix that forms the shell of the nanoparticle.
Surface adsorption represents a simpler method where drugs are attached onto the surface of
nanoparticles, although this approach may lead to faster release rates [40]. Alternatively,
intercalation techniques involve layer-by-layer assembly, allowing drugs to be inserted
between alternating layers of materials. This method offers precise control over drug loading
and release kinetics, ensuring optimal therapeutic efficacy [41]. Each loading technique offers
distinct advantages depending on the specific characteristics of the drug and the desired release
profile, highlighting the versatility of core-shell nanoparticles in facilitating efficient drug
delivery across mucosal barriers [42].

2. Stability Considerations

Stability is a crucial consideration in the design of mucus-penetrating nanoparticles (MPNSs),
ensuring their effectiveness throughout storage, transit through mucus layers, and controlled
release of therapeutic pay loads [43]. Chemical stability is paramount, necessitating that the
materials comprising MPNSs resist degradation when exposed to mucus and bodily fluids. This
resilience ensures the nanoparticles maintain their structural integrity and drug encapsulation
capabilities until they reach their target site [44]. Physical stability is equally vital to prevent
nanoparticles from aggregating or undergoing undesired phase transitions, which could
compromise their ability to penetrate mucus effectively. Controlled release mechanisms are
engineered to regulate the release profile of encapsulated drugs, ensuring they are delivered at
the optimal rate and location within the body [45]. This precision not only maximizes
therapeutic efficacy by maintaining therapeutic concentrations over time but also minimizes
potential side effects associated with fluctuating drug levels. Together, these aspects of stability
in MPN design are critical for enhancing drug delivery efficiency across mucosal barriers and
advancing their application in targeted therapeutic interventions [46].

I11. Mechanisms of Mucus Penetration
Understanding the mechanisms by which mucus-penetrating nanoparticles (MPNSs) navigate

the complex mucus barrier is crucial for optimizing their design and enhancing their efficacy
in drug delivery [47].

A. Interaction with Mucus Components

1. Mucins

Mucins are large, glycosylated proteins that form the structural backbone of mucus, creating a
dense, mesh-like network. The interaction between MPNs and mucins is a key factor in
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determining the penetration capabilities of the nanoparticles. Mucins possess numerous
glycosylated domains that can trap and bind foreign particles through various interactions,
including hydrogen bonding, electrostatic interactions, and hydrophobic forces [48]. For MPNs
to effectively navigate through this network, they must minimize these interactions. This is
often achieved through surface modifications, such as PEG ylation, which imparts a
hydrophilic and neutral surface to the nanoparticles, reducing their adhesion to mucin fibers
[49]. Additionally, the size and shape of MPNSs can be optimized to navigate the pores within
the mucin network, typically favoring smaller, spherical nanoparticles that can more easily pass
through the mucin mesh without becoming trapped [50].

2. Water Content

The high-water content of mucus contributes to its gel-like properties, facilitating the
movement of nutrients and waste products while also serving as a barrier to pathogens and drug
delivery systems [51]. The hydrophilic nature of PEG and other similar polymers helps MPNs
to interact favorably with the aqueous environment of mucus. This interaction is essential for
maintaining the mobility of nanoparticles within the mucus layer [52]. By creating a hydration
shell around the nanoparticles, PEG and other hydrophilic coatings prevent the aggregation of
nanoparticles and ensure that they remain dispersed, thereby enhancing their ability to diffuse
through the mucus. Understanding the interplay between MPNs and the water content of mucus
is critical for designing nanoparticles that can maintain their functionality in the moist and
dynamic environment of mucosal tissues [53].

B. Avoidance of Mucosal Trapping

1. Size and Surface Properties

The size and surface properties of MPNs are critical determinants of their ability to avoid
mucosal trapping. Mucus is a selective barrier that can hinder the movement of larger particles
while allowing smaller ones to pass through more freely [54]. Nanoparticles in the range of
100-200 nm are typically more effective at penetrating mucus due to their ability to navigate
the mucus mesh without becoming entrapped. Surface properties, particularly hydrophilicity
and charge, play a significant role in determining the interactions between nanoparticles and
mucins [55]. Hydrophilic surfaces, achieved through coatings such as PEG, reduce
hydrophobic interactions with mucins. Similarly, neutral or slightly negative surface charges
can minimize electrostatic attractions to the negatively charged mucin fibers, further
facilitating the movement of MPNSs through the mucus [56].

2. Overcoming Adhesive Interactions

Overcoming adhesive interactions between nanoparticles and mucus is essential for ensuring
that MPNs can reach their target sites. Various strategies are employed to reduce these
interactions, including the use of stealth coatings like PEG, which provide a hydrophilic barrier
that prevents adhesion to mucin fibers [57]. Additionally, the surface chemistry of nanoparticles
can be tailored to repel mucins. For example, zwitterionic coatings that present both positive
and negative charges on their surface can create a net neutral charge, reducing the likelihood
of binding to mucins [58]. Another approach involves the use of mucolytic agents that
temporarily alter the mucus structure, reducing its viscosity and enhancing the penetration of
nanoparticles. These strategies collectively help MPNs to navigate the mucus barrier more
effectively, increasing their potential for successful drug delivery [59].

C. Diffusion through the Mucus Layer
1. Experimental Methods to Study Diffusion
To optimize MPN design, it is crucial to understand how these particles diffuse through mucus.
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Experimental methods such as multiple particle tracking (MPT) and fluorescence recovery
after photobleaching (FRAP) are commonly used to study the diffusion of nanoparticles in
mucus [23, 43]. MPT involves tracking the movement of fluorescently labeled nanoparticles
within a mucus sample, providing insights into their mobility and interactions with the mucus
network [7]. FRAP, on the other hand, measures the time it takes for fluorescently labeled
particles to diffuse back into a bleached area, giving an indication of their diffusion coefficients
[18, 4]. These methods allow researchers to quantify the extent to which nanoparticles penetrate
mucus and identify factors that influence their movement. Understanding these factors is
essential for designing nanoparticles with optimal properties for mucus penetration [60].

2. Modeling and Simulation Approaches

In addition to experimental methods, modeling and simulation approaches play a significant
role in understanding the diffusion of MPNs through mucus. Computational models can
simulate the interactions between nanoparticles and mucus components, providing detailed
insights into the dynamics of mucus penetration [14]. These models can incorporate various
factors, such as nanoparticle size, surface properties, and the rheological properties of mucus,
to predict the behavior of MPNs. Simulations can help identify optimal design parameters for
nanoparticles and suggest modifications that could enhance their penetration capabilities [55].
By combining experimental data with computational models, researchers can develop a
comprehensive understanding of the mechanisms underlying mucus penetration and design
more effective MPNSs for drug delivery [61].
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Figure 2: Mucus-penetrating nanoparticles for gene delivery

IV. Applications of Mucus-Penetrating Nanoparticles

Mucus-penetrating nanoparticles (MPNs) have demonstrated versatility and efficacy in various
routes of administration, offering promising applications across different mucosal surfaces
[61].

A. Pulmonary Delivery
1. Treatment of Respiratory Diseases
MPNs show great potential in the treatment of respiratory diseases such as asthma, chronic

obstructive pulmonary disease (COPD), and cystic fibrosis [19]. By enhancing mucus
penetration and improving drug retention in the lungs, MPNs can enhance the efficacy of
inhaled therapies. They enable targeted delivery of bronchodilators, corticosteroids, and
antibiotics directly to the site of inflammation or infection within the respiratory tract [62].
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2. Inhalation Therapies

Inhalation therapies using MPNs offer several advantages, including rapid onset of action,
reduced systemic side effects, and improved patient compliance [6]. MPNs can encapsulate
both hydrophobic and hydrophilic drugs, ensuring controlled release and prolonged therapeutic
effects in the lungs [15]. This makes them particularly valuable for managing chronic
respiratory conditions and delivering biologics that would otherwise be degraded in the
gastrointestinal tract [63].

B. Gastrointestinal Delivery

1. Oral Drug Delivery Systems

MPNs have revolutionized oral drug delivery by overcoming the challenges posed by the acidic
environment of the stomach and the enzymatic degradation in the gastrointestinal tract. They
protect drugs from degradation, enhance their absorption through intestinal epithelial cells, and
improve bioavailability [17]. MPNs are particularly effective for delivering poorly soluble
drugs and sensitive biologics that require protection from enzymatic degradation [64].

2. Treatment of GI Diseases

In the treatment of gastrointestinal (GI) diseases such as inflammatory bowel disease (IBD),
MPNs offer targeted delivery of anti-inflammatory agents directly to the inflamed mucosa[18].
By penetrating the mucus layer lining the GI tract, MPNs can deliver drugs to the site of
inflammation, reducing systemic exposure and minimizing side effects. This targeted approach

improves therapeutic outcomes and patient adherence to treatment regimens [65].
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C. Genitourinary Delivery

1. Vaginal and Rectal Delivery

MPNs are explored for vaginal and rectal drug delivery, addressing challenges such as rapid
clearance and limited drug absorption. In vaginal applications, MPNs can deliver
contraceptives, antimicrobials, and hormones directly to the vaginal mucosa, enhancing
efficacy and reducing systemic exposure [66]. Similarly, in rectal delivery, MPNs facilitate the
absorption of drugs for treating conditions like hemorrhoids and inflammatory bowel diseases
[32].

2. Sexual Health and Reproductive Applications

MPNs have implications for sexual health and reproductive medicine, including the delivery
of contraceptives, antivirals for sexually transmitted infections (STIs), and fertility treatments
[14]. By enhancing drug penetration through the vaginal or rectal mucosa, MPNs offer a
promising approach for targeted delivery and sustained release of therapeutics in the
genitourinary tract [67].

D. Nasal Delivery

1. Vaccination

Nasal delivery using MPNs has emerged as a promising strategy for vaccination. MPNs can
encapsulate antigens and adjuvants, facilitating their transport across the nasal mucosa to
induce both mucosal and systemic immune responses [12, 7]. This route of administration
offers advantages such as needle-free delivery, improved patient compliance, and enhanced
immune response compared to traditional injection-based vaccine [68].

2. CNS Drug Delivery

MPNs hold potential for delivering drugs to the central nervous system (CNS) via the nasal
route. The nasal mucosa provides direct access to the brain through the olfactory and trigeminal
nerve pathways [25]. MPNs can encapsulate neurotherapeutics, bypassing the blood-brain
barrier and delivering drugs to target areas within the CNS [17]. This approach is particularly
relevant for treating neurological disorders such as Alzheimer's disease, Parkinson's disease,
and epilepsy [69].

V.Advantages of Mucus-Penetrating Nanoparticles
Mucus-penetrating nanoparticles (MPNs) offer several distinct advantages that make them
valuable tools in drug delivery systems, particularly for targeting mucosal surfaces[21,70].

A. Enhanced Bioavailability

MPNs enhance the bioavailability of drugs by overcoming the barriers posed by mucus layers
at mucosal surfaces. Mucus typically acts as a protective barrier that can hinder drug
absorption. MPNs are designed to penetrate through this barrier, facilitating direct contact with
underlying epithelial cells and enhancing drug uptake [44, 6]. This improved bioavailability
ensures that a higher proportion of the administered drug reaches its target site, thereby
improving therapeutic efficacy [71].

B. Prolonged Retention and Sustained Release

One of the key advantages of MPNs is their ability to achieve prolonged retention and sustained
release of drugs at mucosal sites [55]. By minimizing rapid clearance through mucus turnover
and mucociliary clearance mechanisms, MPNs can extend the residence time of drugs within
the mucosal tissues. This prolonged retention allows for sustained release of the encapsulated
drug, maintaining therapeutic concentrations over an extended period [15]. Such controlled
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release profiles are particularly beneficial for chronic conditions requiring continuous drug
delivery or for achieving steady-state drug levels [72, 9].

C. Targeted Delivery to Specific Sites

MPNs enable targeted delivery of drugs to specific mucosal sites, which is critical for treating
localized diseases and minimizing off-target effects [40]. Through surface modifications and
ligand conjugation, MPNs can be tailored to recognize and bind to receptors or specific cells
within mucosal tissues. This targeted approach enhances the accumulation of therapeutic agents
at the site of action, improving efficacy while reducing the required dosage and potential
systemic toxicity [73].

D. Reduction of Systemic Side Effects

By enhancing localized delivery and reducing systemic exposure, MPNs contribute to
minimizing systemic side effects associated with traditional drug delivery methods.
Conventional systemic administration routes often result in higher drug concentrations in non-
target tissues and organs, leading to adverse effects [74]. MPNs facilitate drug delivery directly
to the affected mucosal site, thereby reducing systemic exposure and the likelihood of systemic
side effects. This targeted delivery approach enhances the safety profile of drugs and improves
patient tolerance to treatments [75].

V1. Challenges and Limitations

Despite their promising applications, mucus-penetrating nanoparticles (MPNs) face several
challenges and limitations that must be addressed to realize their full potential in drug delivery
systems [76].

A. Biological Barriers and Immune Responses

1. Mucosal Immune System Interactions

MPNSs encounter complex interactions with the mucosal immune system, which can influence
their efficacy and safety. Mucosal surfaces, such as those in the respiratory, gastrointestinal,
and genitourinary tracts, are equipped with specialized immune cells and mechanisms designed
to protect against pathogens [77]. The presence of immune cells, including dendritic cells and
macrophages, may recognize and respond to nanoparticles, potentially triggering immune
reactions or altering nanoparticle behavior [43]. Understanding these interactions is crucial to
mitigate immune responses and ensure the delivery of therapeutic payloads [78].

2. Potential Toxicity and Biocompatibility Issues

Another significant concern is the potential toxicity and biocompatibility of MPNs. The
materials used in nanoparticle formulations, such as polymers and surface coatings, must be
carefully selected to minimize adverse effects on mucosal tissues and systemic circulation [79].
Chronic exposure to nanoparticles could lead to accumulation in organs or tissues, raising
safety concerns [54]. Additionally, the interaction of nanoparticles with biological fluids and
cells may induce unintended cytotoxicity or inflammatory responses. Comprehensive
preclinical studies are essential to assess the biocompatibility and long-term safety profile of
MPNs before clinical translation [80].

B. Manufacturing and Scalability

1. Production Challenges

The manufacturing of MPNs poses several challenges related to reproducibility, scalability, and
cost-effectiveness [81]. The synthesis of nanoparticles with precise size, shape, and surface
properties requires sophisticated manufacturing techniques, such as nanoprecipitation,
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emulsion methods, or microfluidics [66]. Achieving batch-to-batch consistency and scaling up
production to meet commercial demands remain significant hurdles. Moreover, the choice of
raw materials and processing conditions can affect nanoparticle characteristics and
performance, necessitating robust manufacturing protocols [82].

2. Quality Control and Standardization

Ensuring quality control and standardization in MPN production is critical for maintaining
product efficacy and safety [83]. Variability in nanoparticle size distribution, drug loading
efficiency, and stability can impact therapeutic outcomes and regulatory approval [33].
Rigorous analytical methods, such as dynamic light scattering, electron microscopy, and
spectroscopic techniques, are employed to characterize nanoparticles and monitor batch-to-
batch consistency. Establishing standardized protocols and quality assurance measures is
essential to meet regulatory requirements and ensure patient safety [84].

V1I. Future Directions and Perspectives
The future of mucus-penetrating nanoparticles (MPNSs) holds exciting prospects for advancing
drug delivery capabilities and personalized medicine [85].

A. Emerging Technologies and Innovations

1. Advanced Materials and Fabrication Techniques

Future advancements in MPNs will likely focus on integrating advanced materials and refining
fabrication techniques. Novel polymers with tailored physicochemical properties, such as
biodegradability and stimuli-responsive behavior, will enhance the functionality and safety of
MPNs [86]. Advanced fabrication methods, including 3D printing and microfluidics, offer
precise control over nanoparticle size, shape, and surface characteristics, optimizing their
mucus-penetrating abilities [12]. Furthermore, the incorporation of nanotechnology-enabled
drug delivery systems, such as nanogels and nanocrystals, promises to expand the therapeutic
potential of MPNSs across diverse medical applications [87].

2. Multifunctional Nanoparticles

The development of multifunctional MPNs represents a transformative direction in drug
delivery. These nanoparticles are engineered to possess multiple functionalities, such as
simultaneous drug delivery, imaging capabilities, and therapeutic targeting [88]. By integrating
targeting ligands, imaging agents (e.g., fluorescent dyes or contrast agents), and stimuli-
responsive components (e.g., pH or temperature-sensitive polymers), multifunctional MPNs
enable real-time monitoring of drug release and therapeutic response [89]. This multifaceted
approach enhances treatment efficacy, facilitates personalized medicine, and supports
theranostic applications where diagnosis and therapy are integrated into a single platform [90].

B. Personalized Medicine Approaches

1. Patient-Specific Formulations

The advent of personalized medicine is driving the development of MPNs tailored to individual
patient characteristics and therapeutic needs [5]. Advances in genomics, proteomics, and
biomarker identification enable the customization of drug formulations based on genetic
profiles, disease phenotypes, and drug metabolism pathways [91]. Nanoparticle-based drug
delivery systems can be engineered to deliver precise doses of therapeutics to specific target
sites within mucosal tissues, optimizing treatment outcomes while minimizing adverse effects.
Personalized MPNs hold promise for treating complex diseases with varying patient responses,
fostering a shift towards precision medicine in clinical practice [92].
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2. Precision Targeting

Precision targeting strategies aim to enhance the specificity and efficacy of MPNs in delivering
therapeutics to diseased tissues or cells [93]. By leveraging surface modifications and targeting
ligands, MPNs can selectively bind to receptors or biomarkers overexpressed in diseased
tissues, such as cancer cells or inflamed mucosa [94]. This targeted approach improves drug
accumulation at the site of action, maximizing therapeutic efficacy while reducing systemic
exposure and off-target effects [95]. Advances in nanotechnology and molecular biology will
continue to refine precision targeting strategies, paving the way for enhanced therapeutic
outcomes and improved patient care in personalized medicine [96, 97].

Conclusion

Mucus-penetrating nanoparticles (MPNs) represent a transformative innovation in drug
delivery, offering solutions to overcome the formidable barriers presented by mucosal tissues.
Their ability to enhance bioavailability, achieve sustained release, and enable targeted delivery
to specific sites holds tremendous promise across various medical applications. Despite the
challenges of biological interactions, manufacturing complexities, and regulatory hurdles,
ongoing advancements in advanced materials, fabrication techniques, and multifunctional
designs are propelling MPNs towards broader clinical adoption. The future of MPNs lies in
their integration with personalized medicine approaches, where patient-specific formulations
and precision targeting strategies promise to revolutionize therapeutic outcomes. By harnessing
nanotechnology and leveraging insights from biomolecular sciences, MPNs are poised to
address unmet medical needs, ranging from respiratory diseases and gastrointestinal disorders
to genitourinary and neurological conditions. Collaborative efforts between researchers,
clinicians, and regulatory bodies will be crucial in translating these innovations into clinically
viable therapies. As MPNs continue to evolve, their potential to improve treatment efficacy,
reduce systemic side effects, and enable tailored therapeutic interventions underscores their
pivotal role in shaping the future of mucosal drug delivery and personalized medicine.
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