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Abstract: Mucosal tissue constitutes the largest interface between the body and the external environment, regulating the entry of
pathogens, particles, and molecules. Mucosal immunization is the most effective way to trigger a protective mucosal immune response.
However, the majority of the currently licensed vaccines are recommended to be administered by intramuscular injection, which has
obvious shortcomings, such as high production costs, low patient compliance, and lack of mucosal immune response. Strategies for
eliciting mucosal and systemic immune responses are being developed, including appropriate vaccine adjuvant, delivery system, and
bacterial or viral vectors. Biodegradable mucoadhesive nanoparticles (NPs) are the most promising candidate for vaccine delivery
systems due to their inherent immune adjuvant property and the ability to protect the antigen from degradation, sustain the release of
loaded antigen, and increase the residence time of antigen at the administration site. The current review outlined the complex structure
of mucosa, the mechanism of interaction between NPs and mucosa, factors affecting the mucoadhesion of NPs, and the application of
the delivery system based on mucoadhesive NPs in the field of vaccines. Moreover, this review demonstrated that the biodegradable
and mucoadhesive NP-based delivery system has the potential for mucosal administration of vaccines.
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Introduction

Vaccine immunization can prevent and control the spread of infectious diseases by inducing an effective protective
immune response, leading to a great improvement in the health of humans and animals." Most pathogenic microorgan-
isms invade the body through the mucosal surface. Therefore, mucosal immunization is one of the most effective
strategies against pathogenic microbial infection.”? However, only very few mucosal vaccines have been developed and
approved for clinical use in humans and animals, including intranasally administered live attenuated influenza vaccines
FluMist/Fluenz® and Nasovac™, and orally administered microbiological vaccines. The complexities of mucosal
immune regulation and the lack of appropriate antigen delivery systems to access mucosal inductive sites have remained
substantial obstacles.* A vaccine can work most efficiently if it can elicit both humoral and cellular immune responses.
However, conventional vaccines often induce antibody responses with only limited cellular immunity. Many vaccines
currently in use are directed toward systemic pathogens or toxins and are administered by intramuscular injection. The
intramuscular injection requires using a needle or micro-needle, well-trained medical professionals, and a sterile dosage
form, which have apparent shortcomings of high production costs, poor patient compliance (especially children), and
lack of mucosal immune response.” Therefore, strategies for eliciting the mucosal and systemic immune response are
being developed to replace the traditional intramuscular vaccine and improve the immune response of mucosal vaccines,
such as appropriate vaccine adjuvant, delivery system, and bacterial or viral vectors.*” Among them, the development of
safe and effective mucosal adjuvant and the delivery system remains the focus of mucosal vaccine development. It is well
known that mucosa is covered with mucus, which is a viscous gel layer found on various mucosae, such as the eyes,

nose, respiratory and gastrointestinal tract, protecting the underlying cells.®* The mucus layer provides the possibility of
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mucosal adhesion for delivery systems. Mucoadhesive nanoparticle (NP)-based delivery system has attracted much
attention in the field of mucosal vaccines because it can not only protect the loaded antigen from degradation, achieve the
optimal sustained release of antigen encapsulated in the NPs, and prolong the antigen delivery time through biological
adhesion, but also significantly enhance humoral, cellular, and mucosal immune responses.’

The mucoadhesive NP-based delivery system has received extensive attention in the development of mucosal
vaccines and promises to become a safe and effective vaccine adjuvant and delivery system. This mandates
successful vaccine delivery to the mucosal site of interest to produce a strong protective effect, which introduces
several distinct challenges in developing an efficacious vaccine. The present report discussed the latest progress in
the vaccine delivery system based on mucoadhesive NPs. This review provided valuable insights into designing
more effective mucoadhesive NP-based delivery systems to enhance their effectiveness in mucosal vaccine
development.
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Mucosal Immunity

The mucosal surface is the portal of entry to many pathogenic microorganisms and the initial transmission site of most
infectious diseases. Mucosal immunity plays a crucial role in preventing the invasion of pathogenic microorganisms
infected through the oral cavity, respiratory tract, and reproductive tract. Mucosal immunity is a complex network
composed of innate and adaptive immunities.'® The mucosal epithelial barrier provides multiple layers of protection for
innate immune cells and minimizes the risk of potential pathogen infection. Based on innate immune protection, the
adaptive immune system can be immunized through the cytoplasmic fluid depending on the specificity of the pathogen.
These two immunizations interact and work together to protect the mucosa.''

Mucosa

The mucosa is the main portal for most pathogens to enter the body. Mucosa, especially mucus, is an essential part of
mucosal adhesion. The mucosa is a moist layer wall that attaches to the surfaces of various body cavities, including the
nasal cavity, oral cavity, eyes, gastrointestinal tract, and reproductive tract. Unlike systemic immunity, mucosal immunity
occurs at the mucosal level, an antigen is derived from the mucosal cavity, and antigen-presenting cells (APCs) are
macrophages and M cells located between epithelial cells or dendritic cells in the submucosa.'

The mucosa consists of the lamina propria, above which is the epithelium. The number of layers of epithelial cells is
usually monolayer, such as in the large intestine, small intestine, and stomach, while there are multiple layers in certain
parts (such as the cornea and esophagus). The surface of the epithelial cell layer is moist due to the presence of a mucus
layer. The mucus components are relatively complex, mainly including proteins, lipids, inorganic salts, water, bacteria,
and cell debris. It is usually secreted by goblet cells and specific glands, such as the salivary, cardiac, and pyloric glands.
Mucosa protects the human body and forms a closed system to the outside world. When harmful substances invade the
human body, mucosa and mucus prevent external pathogenic factors in the body. Therefore, the mucosa is the first line of
defense of the human immune system.

Mucosal Immune System

The mucosal immune system is an essential part of body’s immune system. It primarily removes pathogenic micro-
organisms that invade the body through the mucosal surface. The mucosal immune system is the body’s first line of
defense against local mucosal infection, and it is widely distributed in the mucosal tissues of the digestive system,
respiratory system, urogenital system, and some exocrine glands.

The mucosal immune system is divided into the mucosal inductive and effector sites (Figure 1).'* At the mucosal
inductive site, antigen absorption triggers an initial immune response. After the antigen is processed and presented, it
provides a constant source of memory cells and T cells, which are then transported by the blood to distant mucosal
effector sites. The mucosal effector site is diffuse lymphoid tissues widely distributed in the LP. After the antigen is
presented to the inductive sites, activated T and B lymphocytes are induced to migrate to LP and glands to produce
specific immune responses at the mucosal effector site. For example, B lymphocytes differentiate into plasma cells and
secrete many IgA, cytotoxic T lymphocytes (CTLs) produced by T lymphocytes initiate cellular immunity, or IgG
produced by T cells initiates humoral immunity.'* In addition to inducing antigen-specific mucosal IgA and serum IgG
responses, mucosal immunity can also induce the opposite type of immune response, systemic unresponsiveness (such as
oral tolerance). These properties protect the host from pathogens. On the other hand, it causes the body to develop
immune tolerance to common food antigens and normal microorganisms.'°

Routes of Mucosal Immunization

Vaccine mimics the natural route of infection by inoculating at the mucosal sites, directly stimulating the abundant
lymphoid tissues to produce many immune-active cells and antibodies, and even cutting off the pathway of pathogenic
microorganisms invading the human body before infection.'” In addition, delivery of antigen to mucosal surfaces can
induce systemic immunity.'® Many different mucosal immunization routes are have been developed, mucosal immuni-
zation routes include digestive tract immunization (oral, sublingual, and rectal), respiratory tract immunization (nasal
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Figure | Induction and regulation of antigen-specific mucosal immune response in inductive and effector sites.

drop, spray, and intrapulmonary), genital tract immunization (vaginal), and ocular immunization.!” Table 1 shows the
routes, advantages, and disadvantages of mucosal immunization.'”'® Strategies for eliciting mucosal and systemic
immune responses should be developed, considering the advantages and disadvantages of various mucosal immune
routes.

Mucosal Adhesion
Mucosal adhesion is a particular case of adhesion, and it is defined as a state in which two materials establish an interface and
adhere to each other for a long period of time. When one of the materials is essentially mucosa, this phenomenon is called
mucosal adhesion.*® Mucosal adhesion is considered the most effective method for the selective release of drugs to mucosal
tissues. In order to enhance local drug delivery or transfer “difficult” molecules into the systemic circulation, including
proteins, peptides, and oligonucleotides, mucosal adhesion is of interest for pharmaceutical research.>’ In the mucosal
adhesion, two essential steps have been identified to describe the interaction between mucoadhesive material and mucosa. 1)
Contact stage: intimate contact between the mucosal adhesion material and the mucosa (wetting and swelling); 2)
Consolidation stage: the mucosal adhesive material penetrates the tissue or mucosal surface, and various physical and
chemical interactions occur to consolidate and strengthen the adhesive joint, resulting in prolonged adhesion (Figure 2).*
When the drug reaches the mucosal site, it will pass through the mucus according to its adhesion and diffusion properties.
Larger drugs (usually in the micron range) cannot diffuse in the mucus layer due to their steric hindrance, while they can
interact with the mucosal tissue lumen via the mucus protein chain. Small and non-mucoadhesive drugs with diameters below
the cutoff pore size of mesh structure can readily diffuse in mucus via Brownian motion.>® However, smaller drugs that are
mucoadhesive, even in small sizes, tend to get trapped in mucus. For smaller drugs, the mucin network in the “dead corner”
pocket may affect the diffusion rate. The mucous membrane has a natural clearance mechanism, which gradually removes
particles from the mucosa. Because of these particle elimination mechanisms, researchers have developed corresponding
strategies to overcome the mucus barrier and promote the diffusion and penetration of NPs for enhanced therapeutic effects.
The main strategy to achieve mucosal penetration is a hydrophilic but neutral surface, which prevents hydrophobic and
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Table | Advantages and Disadvantages of Different Mucosal Immunization Routes

Mucosal Immunization Advantages Disadvantages Examples References
Site Route
Respiratory Intranasal Easy to administer, convenient Moderate levels of cellular and Film, spray, gel, [19,20]
tract mode of remote immunization, humoral responses, risk of nanoparticles,
longer lasting, inducing distant entering nerve tissue through microparticles
mucosa to produce immune olfactory nerves, may
responses. exacerbate nasal or respiratory
inflammation.
Endotracheal Fast immunity, large immune Equipment requirements are Aerosol, dry powder, [21]
effect, wide range, painless. large, easy to waste in air. nanoparticles,
microparticles
Intrapulmonary Larger size, longer lasting. Vaccination requires facilities Aerosol, dry powder, [22]
and trained professionals. nanoparticles,
microparticles
Digestive Oral Easy to administer, convenient The extremely low pH of the | Liquid drugs, capsules, [23,24]
tract mode of remote immunization, stomach, the presence of tablets, hydrogels,
pass through the small intestine proteolytic enzymes and bile nanoparticles,
and selectively target the large | salts as well as low permeability microparticles
intestine to induce in the intestine, extra
immunoprotective immunity manufacturing procedures
comparable to that in the colon. required but not significant.
Sublingual Need less antigen, high safety High medical equipment Film, tablets, spray, gel, [25]
requirement, injection may nanoparticles,
cause secondary infections. microparticles
Rectum Inducing strong immune Vaccination requires facilities Polymer implants, [26,27]
responses in the rectum and and trained professionals, nanoparticles,
colon discomfort and accidental microparticles;
trauma. hydrogels
Reproductive Vaginal Better effect on prevention of Affected by menstrual cycle, Film, spray, gel, [28]
tract genital tract infection hormone changes Polymer implants,
nanoparticles,
microparticles
Other Ocular Good tissue immunity, high Unorganized local immunity Eye drops, injection, [29]
antibody titers hydrogel

electrostatic interactions. When the drug reaches the inner membrane of epithelial cells, it can further take effect through cell
absorption or tissue penetration.® Understanding the interaction between mucoadhesive material and mucosa is critical to
explain mucosal adhesion. The adhesion mechanism and action of mucosa have attracted much attention in vaccines and
medicine. Many different adhesion theories have been proposed, while only a combination of them can provide a satisfactory
explanation. The different theories involved in mucosal adhesion are described in Table 2.>'* In addition, by combining
different theories of mucosal adhesion, we can design the corresponding mucoadhesive NP-based delivery system as the
adjuvant of the mucosal vaccine.

Interaction Between NPs and Mucosa

The application of nanotechnology in mucosal delivery has achieved significant success. Materials with a particle size
ranging from 1 nm to 1000 nm are called NPs.>> In nanomedicine research, NPs have been used to design and develop
delivery systems for vaccines and drugs. The NP-based delivery system has obvious advantages, such as improving the
targeting of antigen/drug, protecting antigen/drug from degradation during in vivo transport, and controlling drug release
at specific sites or cells in response to specific signals.>*>” A variety of NPs, including polymer NPs, inorganic NPs,
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Figure 2 Schematic diagram of the interaction between mucoadhesive material and mucosa.

liposomes, immune-stimulating complexes (ISCOM), virus-like particles (VLPs), and self-assembled proteins, have been
developed and become potential vaccine adjuvants and delivery carriers.*®

Types of NPs
Liposomal NPs

Since liposome was first described in the 1960s, many liposomal vaccines/drugs have been approved for various diseases,

such as cancer, COVID-19, influenza, hepatitis, and fungal infections.>® Liposome is a nanocarrier composed of a lipid

bilayer and a water core.*” They can be either monolayer vesicles composed of a single phospholipid bilayer or

multilamellar vesicles composed of a multilayer concentric phospholipid shell.*! Liposome-based NPs realize vaccine/

Table 2 Theories of Mucosal Adhesion

Theory

Short Description

References

Adsorption theory

Electron theory

Fracture theory

Diffusion theory

Wetting theory

Mechanical theory

Interaction between mucosa and mucoadhesive material is related to the establishment of hydrogen bonds

and van der Waals bonds. Hydrophobic bonds and chemisorption may also contribute to mucosal adhesion.

Adhesion is established due to electrostatic attraction between negatively charged mucin and positively
charged material.

Fracture theory is probably the most commonly used theory for the measurement of mucosal adhesion
mechanics. Mucosal adhesion is related to the force required to interface the two previously joined solid
surfaces.

Mucoadhesive polymers are driven by concentration gradient differentiation and interpenetrate with mucin
fibers to form mucosal adhesion.

Describes the ability of mucoadhesive polymers (liquid or low viscosity forms) to diffuse in the mucus layer.
Mucosal adhesion can be measured by contact angle.

Adhesion is dependent on the roughness of two different surfaces

31

[32]

[32]

[33]

(8]

[34]
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drug delivery by fusing liposomes into the lipid bilayer so that the vaccine/drug is delivered to the cytoplasm. Lipid NPs
(LNPs), such as nanostructured lipid carriers, solid lipid NPs, liposomes, mixed micelles, and nanoemulsions, have been
used in vaccine/drug delivery, especially oligonucleotides, DNA, and mRNA antigens.*? The exciting results of the
COVID-19 mRNA vaccine have incredibly aroused people’s interest in the development of LNPs.*?

ISCOM

ISCOM is mainly composed of antigen, cholesterol, phospholipid, and saponin adjuvant Quil A. ISCOM is a 40 nm NP
used as a delivery system for vaccine antigens, targeting the immune system both after parenteral and mucosal
administrations.** It has been proved that ISCOM has excellent safety and tolerance in humans and animals, and it can
induce humoral and cellular immune responses.*> Using murine models and a model cancer antigen, ISCOM® vaccines
have been shown to induce potent CD8+ T lymphocytes responses to mediate protection in three different tumor models,
promote Thl-biased immunity, and induce CD8+ T lymphocytes responses in the absence of CD4+ T lymphocytes.*®
Lipophilic ISCOM containing Quil A is active by both parenteral and mucosal routes. Subcutaneous immunization of
guinea pigs with diphtheria toxoid (DT) has shown that ISCOMS-based vaccines prime protective immunity against
challenges with diphtheria holotoxin more efficiently than the equivalent doses of DT in the conventional alum vaccine.*’
ISCOMS-based vaccine adjuvant may provide a novel mucosal and systemic immunization strategy.

VLPs

VLPs are self-assembled from viral structural proteins. It is a multi-protein supramolecular structure with many characteristics of
viruses. VLPs lack the viral genome that cannot replicate, and VLP-based vaccines have the advantages of most traditional
vaccines. Therefore, VLPs have become a safe template and have been widely used in the vaccine field. Many VLP-based
vaccines are available on the market, such as hepatitis B virus vaccine (Recombivax), human Papillomavirus vaccine, and
hepatitis E virus vaccine.”® Some studies have indicated that VLP-based vaccines have excellent immune effects and poor
immunostimulatory activity,*® for example, SVA VLPs vaccine has good immune effect as same as inactived virus,”® FMDV
VLPs vaccine has same protection efficiency as conventional FMD inactived vaccine.”’ Additionally, to improve poor immu-
nostimulatory activity of VLP-based vaccine, vaccine adjuvant is included in most VLP-based vaccines formulations.”** Novel
classes of adjuvants, such as liposomes, agonists of pathogen recognition receptors, polymeric particles, emulsions, cytokines, and
bacterial toxins, can be used to further improve the immunostimulatory activity of most VLP-based vaccines.”*

Polymer NPs

Synthetic, semi-synthetic, and natural polymers, such as polylactic acid (PLA), poly (d, l-lactide-co-glycolide) (PLG), poly
(d, I-lactic-coglycolic acid) (PLGA), pullulan, polycaprolactone (PCL), and chitosan,'* have been used to prepare NPs to
deliver vaccine antigen or drug. Polymer NPs have a size range of 1-100 nm and have been widely used in the vaccine field
due to their biocompatibility, biodegradability, non-toxicity, and ability to be easily modified into desired shapes and
sizes.*™> Polymer NPs encapsulate or capture vaccine antigen and deliver it to particular cells or maintain slow antigen
release. Therefore, polymer NPs have been extensively studied in vaccines.'® Currently, many polymer NPs have been
studied and reported for mucosal vaccine advances, and studies have shown that polymer NPs can effectively deliver
envelope antigen directly to APCs and significantly enhance cellular and humoral immune responses.>®

Inorganic NPs
Inorganic NPs have the advantages of non-toxicity, good biocompatibility, and high stability. In addition, inorganic NPs
have unique physicochemical properties, such as high specific surface area and unique optical and magnetic properties,
and can be modified by various specific ligands to enhance their binding force to target cells or molecules. In addition to
the excellent controlled release effect, inorganic NPs can also protect the loaded antigen/drug from degradation and
reduce the use of antigen/drug, thereby significantly reducing the drug toxicity.>® Common inorganic NPs include silica
NPs, gold NPs, silver NPs, and metal oxide NPs.

AuNPs are chemically inert and non-toxic, making them attractive candidates as vaccine carriers. AuNPs are made by
reducing gold salt in the presence of a suitable stabilizer, and the size is controllable from 2 nm to 150 nm. Many reports
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have described the superior properties of gold NPs to provide a solid foundation for intracellular delivery of various
substances.

Silver NPs have been widely used in the medical field due to their excellent antibacterial effect. Silver NPs have been
used as molecular imaging agents, drug delivery system, diagnosis and treatment of vascular diseases, and wound
healing. In addition, silver NPs are easily absorbed by cells and have been used in dentistry due to their antibacterial
effects. However, there is currently no FDA-approved silver-based nanocarrier for drug delivery systems.

Silica nanomaterials, especially mesoporous silica NPs, have attracted people’s interest due to their potential for drug
solubility and sustained release effects. Mesoporous silica NPs are nano-silica particles with a honeycomb structure of
the hollow channel, making them have a large surface area, adjustable size, easy surface modification, biocompatibility,
low toxicity, and potential for potential sustained and controlled release. In addition, metal oxide NPs, such as Ag,0,
Zn0O, TiO,, MgO, CaO, Fe;0,4, and Fe,O; NPs, are widely used in various applications including healthcare and
cosmetics. The application of inorganic NPs in vaccines may be a strategy and platform for achieving more effective
immunity.

Mucosal Adhesion of NPs

The high specific surface area of NP results in a sharp increase in the interface that establishes the bond with the mucosa.
The adhesion between the NP and mucosa usually shows a longer interaction time. Therefore, the NPs have different
mucosal adhesion behaviors on the mucosal surface (Figure 3).>”*® When the NPs reach the mucous membrane, they
interact with the mucous membrane or diffuse through the mucus according to the characteristics of the NPs. Studies
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Figure 3 Mucosal adhesion behavior of nanoparticles on the mucosal surface.
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have shown that mucus generally does not significantly reduce the diffusion rate of small molecules. However, for
particles of 100 nm or larger, mucus can reduce the diffusion rate by several thousand times.’' The particle size is
essential for the adhesion of the NPs to the mucosa, and larger NPs (>1000 nm) cannot diffuse through the mucus layer
due to steric hindrance. For smaller NPs (200-500 nm), non-mucoadhesive NPs can quickly pass through the mucus to
reach the epithelial lining, while mucoadhesive NPs (200-500 nm) remain in the mucus due to their interaction with the
lumen layer via mucus binding. Thus, they release drugs at optimal concentrations (in the therapeutic window) for
a prolonged time. This nanoparticle delivery achieves high bioavailability with little risk of toxicity. The smaller NPs
(<100 nm) may be retained in the dead zone due to the spatial network structure of mucin, affecting the rate of diffusion
through mucus. This results in the drug being released with a considerable lag time or delay. In addition, its release
properties are uncontrollable. The mucoadhesive NP-based delivery system will play an essential role in future mucosal
vaccine research to achieve sustained antigen release and desirable immune responses.

When the NPs pass through the mucosal cavity and reach the mucosal tissue cells, the NPs face new challenges that
ultimately determine their fate. The engineered NPs, such as metal NPs, inorganic NPs, and polymer NPs, can penetrate
the cell membrane and be transported to various cells (intestinal epithelial cells, macrophages, and endothelial cells).”®
NPs are taken up by cells mainly through phagocytic pathways, including phagocytosis, clathrin-mediated endocytosis,
caveolae-dependent endocytosis, receptor-mediated absorption, and macropinocytosis, and some other non-endocytic
mechanisms, such as passive diffusion, cavitation, direct microinjection, and electroporation.®® In phagocytosis, macro-
phages, dendritic cells, and other phagocytic cells form phagosomes, which engulf solid particles, such as pathogens and
NPs (Figure 4).°' Receptor-mediated endocytosis is based on the interaction of specific receptors, which improves the
efficiency of cell interactions with NPs that recognize specific receptors. Therefore, receptor-mediated endocytosis is an
advantageous approach for many surface-engineered NPs.

On the other hand, pinocytosis is subdivided into clathrin-mediated endocytosis, pit-mediated endocytosis, and
macrocytosis. Once the NP is taken up by the cell, the fate of the NP will become more complicated. Some NPs in
the cytoplasm or trapped in vesicles enter the nucleus, mitochondria, endoplasmic reticulum, and Golgi apparatus
through unknown mechanisms. It is worth noting that many questions about the actual process and the mechanism of
NP uptake by cells are still unknown. Understanding the actual processes and mechanisms of NP uptake by cells can help
us design NPs to overcome the epithelial barrier.

Factors Affecting the Mucoadhesion of NPs

Mucosal Properties

The mucosal surface is generally an essential barrier between the body and the external environment. Mucosal barriers
and their epithelial cells have a highly complex and dynamic structure that protects the body from pathogens and toxins.
Mucus is the most distinctive feature of mucous membranes and is the main part of mucosal adhesion. The adhesion of
mucus is related to its chemical properties and natural clearance mechanism.®> Mucus distribution varies in different
mucosal sites, as shown in Table 3.

In the nasal passage, nasal mucus is renewed every 510 min.*® The renewal time of eye mucus is very fast (5-10 s), which
can remove deposited particles and toxic substances.®’ In contrast, the turnover rate of gastrointestinal mucus is much slower.
The relationship between secretion and clearance affects the thickness of different mucosal locations. In addition, the pH of
mucus also affects mucosal adhesion behavior. The pH of mucus may vary greatly depending on the location of the mucosa,
and the aggregation of mucin fibers will increase with the acidity of the environment, thereby greatly increasing the
viscoelasticity of mucus.®® Eye mucus is generally weakly alkaline, while the pH of nasal, airway, and lung mucus is
generally neutral. Vaginal mucus is acidified due to the presence of Lactobacilli, and the pH is usually between 3.5 and 4.5.*°
Mucosal adhesion is related to its clearance rate. Understanding the thickness and clearance time of the mucous layer on
different mucosal surfaces is very important for the development of mucoadhesive NPs, because they must overcome the
mucosal clearance or penetrate the mucus faster than mucus renewal and clearance in order to carry out mucosal adhesion.
Natural mucosal clearance is a challenge for mucosal adhesion-based nano delivery systems targeting the mucosal release of
vaccine/drug. However, attention should also be paid to the usefulness of the nano delivery system for mucus penetration
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when designing delivery systems for mucosal adhesion. Furthermore, overcoming the mucus barrier implies incompatible
requirements on NP surface properties.’® For example, mucus-penetrating NPs always exhibit neutral and hydrophilic surface
properties. However, hydrophilic/neutral surfaces also reduce interactions with cell membranes.”’ In contrast, positive or
hydrophobic surfaces are preferable for efficient cell internalization.”® Therefore, it is a challenge to develop a mucoadhesive
NP-based delivery system that can effectively penetrate the mucus layer and mucosal immunity.

Surface Charge

The electrostatic interaction between the charged NPs and mucosa has important biological significance. In most cases,
the presence of sialic acid and ester sulfate makes the mucus negatively charged.”> When the positively charged and
negatively charged NPs are in contact with mucus, electrostatic attraction and repulsion are observed, respectively.
Chitosan is the most widely used positively charged mucosal adhesion material.”*> The elimination rate of chitosan-
modified PLGA nanospheres encapsulating calcitonin is about one-third of that of unmodified nanospheres, indicating
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Table 3 Features of Different Mucosal Sites
Type of Mucus pH Value Clearance Time or Rate | Mucins Concentration | Mean Layer Thickness References
Ocular 75-7.8 5-10s 0.01% 3-5 um [63,64]
Nasal 6.3-6.7 5-10 min 2-3% 10—15 pm [65,66]
Buccal 6.8-7.4 0.1-1.85 mL/min 0.1-0.5% 10-100 um [67,68]
Airway 7.0 I mm/min 2-4% 15 pm [69,70]
Lung 7.0 5-10 cm/min 2-4% 5-55 pm [71,72]
Esophageal 4.0-7.0 0.2-0.3 mg/cm*/min 0.1-0.3% 95 um [73,74]
Gastric 1.0-3.0 4-5h 3% 170 um [75,76]
Small intestinal 5.9-7.5 47-270 min 1% 0-37 pm [72,77,78]
Colonic 6.2-7.6 270-300 min <5% 100 um [75,79,80]
Rectal 6.8-7.9 34h <5% 125 um [81,82]
Vaginal 3.545 6 mL/d 1-2% 20 pm [83,84]
Cervical 4.0-45 1.5 ml/d 5% 200 pm [85]

that chitosan-modified PLGA nanospheres can adhere to the epithelial cells of trachea and lung due to their mucosal
adhesion properties.’® In contrast, negatively charged or uncharged NPs can easily move through the mucus.”” The
positively charged NPs have the ability to increase mucosal adhesion, and the positively charged particles show higher
cellular uptake through endocytosis than negatively charged particles.”*® Therefore, in order to penetrate the mucus to
reach epithelial cells, it is a promising strategy to make NPs negatively charged.

Particle Size

The particle size of NPs plays an important role in mucosal adhesion. Generally, mucin fibers can form a cross-linked and
interpenetrating network structure, which affects the mucus permeability of the NPs. As mentioned above, NPs larger than the
mesh size in the mucus are blocked and cannot pass through the mucus barrier. In contrast, NPs smaller than the mesh size and
non-sticky can diffuse through mucus.” The effective diffusion rate of carboxylated polystyrene NPs in the entire extracted
natural porcine intestinal mucus is decreased with the increase of particle size (20-500 nm).'® Similarly, the low-molecular-
weight polystyrene NPs are prepared, and the transport of NPs in human respiratory mucus has been compared. The results have
found that the polystyrene NPs with a particle size of 100 nm and 200 nm can quickly penetrate into respiratory mucus, and the
polystyrene NPs with a particle size of greater than 500 nm are fixed in the mucus.'”" Therefore, it is important to control the
particle size of NPs within 200 nm.

Hydrophobicity
Hydrophobic interaction is also one of the basic mechanisms for NPs to diffuse through mucus. There are a large number of
hydrophobic segments in mucin fibers, that is, in low glycosylation regions. Therefore, the hydrophilicity of NPs plays an
important role in mucus penetration and transport. Hydrophilic NPs possess many hydrophilic functional groups, which
enables the NPs to bind to mucin through hydrogen bonds and facilitates mucus permeability. Increasing the hydrophobicity of
NPs helps the adhesion of NPs to mucus. The interaction between several NPs (silica NPs, PEGylated PLGA NPs) with
different physicochemical properties and mucin has been examined by dynamic light scattering, showing that positively
charged hydrophobic NPs can interact with mucin, while negatively charged hydrophilic NPs cannot interact with mucin.'**
Increasing the interaction between NPs and mucin can enhance mucosal adhesion. Most strategies use mucoadhesive
polymers to modify the surface of NPs. Commonly used mucosal adhesion polymer NPs, such as polyethylene glycol
(PEG),'**1% polycarbophil, carbopol, and'®'%7 polymethacrylate, can achieve mucosal adhesion through hydrogen
bonding, hydrophobic interaction, and entanglement with mucin.'®® In addition, thiolated polymers that can form
disulfide bonds with mucin are increasingly used in mucosal delivery systems because of their ability to significantly
enhance mucosal adhesion. Acetylcysteine functionalized chitosan-vitamin E succinate nanomicelles have been synthe-
sized for the oral delivery of paclitaxel, the nanomicelles significantly enhance the mucosal adhesion and permeability,

and the intestinal absorption of paclitaxel is increased by 4.5 folds.'®
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NPs Adhered to Mucosa

NPs, as the vaccine adjuvant and delivery systems, have several advantages to stimulate the host’s immune system.
Firstly, the particle size of NPs can be adjusted to prepare the optimal particle size, which is suitable for the particles to
be transported into the body and then absorbed by APCs.''" Secondly, NPs can be easily functionalized with various
ligands or peptides and be targeted for administration. Third, NPs can be formulated to control the release of antigen at

111

a specific site of the mucosal surface. The most common mucoadhesive NPs include natural cellulose, = natural

112—-114

polymers, and other mucoadhesive groups or polymers.''>™'!'7 Polymer NPs have been widely used in the delivery

of mucosal vaccines and mucosal drugs.

Natural Polymer NPs

Natural polysaccharide polymers include chitosan, alginate, inulin, dextran, pullulan, hyaluronic acid, and cyclodextrin.
Protein-based polymers include gelatin and collagen. Compared with synthetic polymers, natural polymers have ideal
properties, including biocompatibility, biodegradability, and low toxicity or non-toxicity. Studies have proved that
polymer NPs can effectively deliver antigens to APCs and significantly improve cellular, humoral, and mucosal immune
responses.' ™' Therefore, natural polymers and polymer NPs have been widely used for the delivery of mucosal
vaccines and mucosal drugs.

Due to good adhesion and permeability, chitosan has become one of the most promising natural polysaccharide
polymers. Positively charged primary amino group on chitosan will establish an ionic bond, hydrogen, and hydrophobic
bond with the negatively charged sialic acid and sulfonic acid in mucus, making chitosan a mucoadhesive biomaterial
suitable for the delivery of vaccines and drugs through mucosal administration. Chitosan NPs have been widely used in
mucosal vaccination. Inactivated avian infectious bronchitis virus (IBV) vaccine encapsulated in chitosan NPs has been
prepared by the ionic gel method, which has been administered to chickens via the eye-nose route, and the nano vaccine
induces a stronger mucosal immune response and increases the levels of IFN-y, IgA antibody, and anti-IBV IgG
antibody.'?’ Newcastle disease virus (NDV) F gene plasmid DNA encapsulated in chitosan NPs has been prepared in
our laboratory. The NPs induce stronger cellular, humoral, and mucosal immune responses than those of naked plasmid
DNA, indicating that the chitosan NPs can be used as adjuvant and delivery carriers for the DNA vaccine.'*' Alginate is
non-toxic, biodegradable, low-cost, and readily available, and it has the characteristics of mucosal adhesion, biocompat-
ibility, and non-immunogenicity. Therefore, it has been used in the delivery of vaccines.

Synthetic Polymer NPs

Currently, a variety of synthetic polymers have been used to prepare NPs. These synthetic polymer NPs are used to
protect the antigen, help the antigen reach the specified site, increase the retention time of the antigen at the target site,
and sustain slow release. N-2-Hydroxypropyl trimethyl ammonium chloride chitosan (N-2-HACC), a water solubility
chitosan derivative, has been synthesized, and the N-2-HACC NPs loaded with NDV have been prepared. The nano
vaccine has very low toxicity, high safety, and sustained release effects, and it can induce stronger cellular, humoral, and
mucosal immune responses.'*

As one of the most successfully developed biodegradable polymers, PLGA is a copolymer synthesized by the
polymerization of PLA and PGA, and is one of the most successfully developed biodegradable polymers. Due to its
biodegradability and biocompatibility, PLGA has considerable flexibility in targeted modification or functionalization
and has been used in mucosal drug delivery systems. Similarly, surface modification of anionic PLGA with mucoadhe-
sive polymers (N-[1-(2,3-dioleoyloxy) propyl]-N, N, N-trimethyl ammonium, chitosan, N-trimethyl chitosan, and
glycolchitosan) can enhance mucoadhesion and lead to a stronger mucosal immune response.'**

PEG is a polyether compound, also known as polyethylene oxide (PEO). The mucoadhesive property of PEG itself is
questionable because it lacks side groups (such as amines and carboxylic acids) that can specifically interact with mucin
components. However, PEG can form hydrogen bonds with sugar residues on glycosylated proteins, making an excellent
mucosal adhesion. The performance of PEG depends on the route of administration and the biological fluid flux. Several

attempts have been made to improve the adhesion.'**'*
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Polyacrylic acid (PAA), also known as carbomer, is a synthetic polymer of acrylic acid. Due to its good biocompat-
ibility, PAA has been approved for non-parenteral drugs. The mucosal adhesion of PAA is based on the entanglement of
physical chains between polymer and mucin, followed by hydrogen bonding or ionic interaction.'*® Compared with other
polymers, there are a large number of carboxyl groups in the side chain of PAA. Therefore, PAA may adopt a more
favorable macromolecular conformation to increase the accessibility of hydrogen bonds. Compared with the unmodified
sample, the thiolation of PAA with 1-cysteine in the presence of the cross-linking agent EDC can increase mucosal
adhesion 140 times.'?’ In addition, the mucosal adhesion of PAA-cysteine NPs is increased by six times compared with
the unmodified ones."?® The thiolation of PAA improves the bonding properties, which can be explained by the formation

of disulfide bonds between the thiol group of polymer and cysteine-rich subdomain in mucus.'®

Application of Mucoadhesive NPs in Mucosal Vaccine
Mucoadhesive nanosystems with different compositions and biological properties have been extensively studied for
vaccine, drug, protein, and gene delivery applications.

Oral Vaccine

Compared with the traditional vaccine, the mucosal vaccine avoids the pain and risk of infection caused by injections. In
general, mucosal vaccination, especially oral vaccination, can reduce costs and make immunization of large numbers of
people more feasible. Vaccines, such as protein vaccines and DNA vaccines, may be degraded when passing through the
gastrointestinal tract or mucosal layer, resulting in reduced biological activity and immune effect of the vaccine. Antigen
loaded or encapsulated in NPs can avoid being degraded by an acidic environment and metabolic enzymes in the
gastrointestinal tract. In addition, NPs have attracted scores of interest because of their small size and high surface area to
volume ratio. Therefore, NPs can easily penetrate the barriers and interact with cell membranes.'? NPs have been widely
studied in the application of vaccines because of their capability of desirable antigen release, targeting specific immune
cells, and inducing desirable immune responses.'?%!*

Over the past few years, because chitosan has the ability to adhere and reversibly destroy the tight junction of epithelial
cells, it has become a research hotspot in the field of mucosal adhesion materials.'*' Sodium alginate is an anionic
polysaccharide with good biological properties, it can easily interact with cationic chitosan NPs through electrostatic
interaction to form an electrolyte complex. A novel oral vaccine carrier based on alginate-coated LMWC NPs has been
prepared, and the carrier effectively protects the antigen from degradation in acidic media and induces mucosal immunity and
systemic immune response.'** Using chitosan and water-soluble snail mucin as natural polymers, insulin-loaded mucoadhe-
sive NPs based on mucin-chitosan complexes for oral delivery have been prepared by a self-gelling method, and the results
show that the complexes have a significant hypoglycemic effect on diabetic rats after oral administration.'>* Additionally,
HBsAg-loaded trimethyl chitosan/hydroxypropylmethylcellulose phthalate (HPMCP) has been administered orally. HPMCP
NPs not only improve the stability of acid resistance but also protect the loaded HBsAg from degradation, indicating that
HPMCP NPs can be used for oral delivery of HBsAg.'** However, although studies on mucoadhesive NPs as an oral
delivery system of vaccine seem encouraging, to date, there are still very few oral vaccines on the market.

Nasal Vaccine

The intranasal vaccine has recently become an attractive alternative to subcutaneous, intradermal, and intramuscular vaccines.
Intranasal vaccination is needle-free and non-invasive, and it can be used for mass immunization without the need for a trained
medical professional. The nasal mucosa is easily accessible and highly vascularized, and it has abundant immune cells with the
potential to induce an effective immune response. In addition, nasal administration has been reported to induce systemic and
mucosal immune responses. Despite these advantages, only a few commercially available intranasal vaccines have been
developed for clinical use in humans and animals, including intranasally administered live attenuated influenza vaccines
FluMist/Fluenz® and Nasovac™.? Large molecules have very low nasal absorption, so it is necessary to develop strategies to
improve absorption."*> Since NPs can serve as a delivery system and immunomodulator for vaccine applications, they have
been successfully applied to the field of vaccines.'* Interestingly, through the nasal route, NPs can also bypass mucus and
directly interact with mucosal cells to trigger immune responses.'*’ Using the protective antigen of anthrax as a model antigen,
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the mucosal adhesion chitosan NPs loaded with C48/80 have been prepared and evaluated, and the results show that the NPs
significantly prolong the residence time of the antigen in the nasal cavity and produce a strong systemic and mucosal
immunity."** The PLGA, chitosan-coated PLGA (C-PLGA), and glycol chitosan-coated PLGA (GC-PLGA)) NPs loaded
with HBsAg are synthesized, respectively, and GC-PLGA NPs have a long nasal cavity retention time and trigger a relatively
strong immune response.'** Another attractive aspect of nasal administration is the ability to enter the brain through the nasal
cavity, and the route is often referred to as nasal-to-brain administration.'** Moreover, in the fight against COVID-19, a new
nasal spray recombinant NDV vector vaccine is currently in clinical research, bringing us one step closer to controlling the
pandemic. The study of naturally derived nasal sprays has found that some known naturally derived ingredients have antiviral

properties. Therefore, their topical use as a nasal spray is effective in reducing the symptoms of respiratory infections.'*'

Ocular Administration
In ophthalmic applications, the NP delivery system is convenient to avoid irritation, foreign body sensation, and patient

142

discomfort. *~ Mucoadhesive NPs are an emerging therapeutic tool that can release and maintain levels of active substances

for a long time and can extend the dosing interval to several months. At present, different biomaterials, including poly-
acrylates, PLA, PLGA, ALG, hyaluronic acid, and chitosan and its derivatives, have been used in ocular drug delivery.'*?

Chitosan-based NPs can be absorbed by the cornea and conjunctival epithelium, thereby enhancing drug delivery to
the extraocular tissues and minimizing the toxicity of the drug to the eye tissue and blood flow (through systemic
absorption).'** Chitosan-based NPs have broad prospects in the treatment of extraocular diseases. Chitosan NPs loaded
with hyaluronic acid have been developed for topical ocular delivery of dexamethasone, and in vitro cumulative drug
release studies have shown that the dexamethasone can be sustained for 12 h.'*> However, the delivery system used for
ocular administration is not mucoadhesive, indicating a limitation of ocular administration. It is now recognized that
mucoadhesive polymer NPs can deliver the required drug levels to specific anterior and posterior parts of the eye in a safe
and reproducible manner at the right time. In this case, it can be ensured that better mucoadhesive NP delivery systems
will be explored in the next few years.

Lung Administration

Due to the large alveolar surface area, the low thickness of the epithelial barrier, and extensive vascularization in the
alveolar region, pulmonary delivery has become a popular method to deliver therapeutic or diagnostic drugs.'*® The use
of NPs as pulmonary delivery carriers has gained significant interest because of their ability to enter the intracellular
compartments and increase bioavailability. Although pulmonary mucosal vaccination is a promising method to induce
protection against respiratory infections, there are still many technical challenges.

NP delivery to the lungs suffers from two major drawbacks: 1) NPs, with the exception of NPs with a particle size of
<50 nm, are exhaled from the lungs; 2) NPs exhibit formulation instability due to their high surface energy, leading to NP
aggregation and/or particle-particle interaction. To overcome these issues, NPs are often applied to the lungs in the form
of suspensions. However, in this case, the size of the generated droplets will vary with the nebulizer technique, and the
applied stress during nebulization can affect the formulation stability."*’ Inhalation is the primary immune method for
pulmonary mucosal vaccination. A powder formulation for inhalation of CAFOI adjuvant has been prepared, and the
adjuvant activity is retained after drying.'*® Then, a dry powder formulation based on the tuberculosis subunit vaccine
H56/CAFO01 has been prepared by spray drying, and the results show that the subunit vaccine induces humoral immunity

and cell-mediated immune response.149

Vaginal Administration

Vaginal administration can achieve local and systemic administration.'>® Compared with conventional oral administra-
tion, vaginal administration has several advantages, including avoiding the drug degradation in the gastrointestinal tract
and liver first-pass effect.'>' Conventional drugs, such as gels, tablets, and capsules, lead to poor retention and low
efficacy due to the self-cleaning effect of the vagina.'*? In the past few years, mucoadhesive NP delivery systems for
vaginal treatment have received increasing attention. Natural and synthetic polymer NPs, including polysaccharides,
polycaprolactone, polyacrylate, and PLGA, have been used in vaginal drug delivery due to their stability, mucosal
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adhesion, and mucus penetration.>* Clotrimazole encapsulated in the PLGA-CTS NPs is used to treat vaginal infections
caused by Candida albicans, and the results show that the nano clotrimazole has good biocompatibility with vaginal

epithelial cells and can interact with mucin, indicating the NPs can be used as a vaginal drug delivery carrier.'>

Future Perspectives

Most pathogenic microorganisms enter the body at mucosal surfaces. Therefore, mucosal immune responses function as a first
line of defense. Protective mucosal immune responses are most effectively induced by mucosal immunization through oral,
nasal, rectal, or vaginal routes. In recent years, significant progress has been made in the field of mucosal vaccines. New
vaccine delivery systems, adjuvants, and immune strategies provide strong support for the development of mucosal vaccines.
However, in order to obtain the optimal vaccine mucosal immune delivery system, novel and efficient vaccine delivery
systems and alternative solutions need to be explored, indicating that the development and commercialization of mucosal
vaccines require more effort and a long time. In order to develop a safe and effective mucosal vaccine, a variety of influencing
factors need to be considered, including antigens, adjuvants, delivery systems, routes of administration, and animal models for
safety and efficacy assessment; Additionally, to obtain an effective protective mucosal immune response, we believe that the
key biological and technical aspects of mucosal vaccine design also need to be considered.

Protective mucosal immune responses are most effectively induced by mucosal immunization through oral, nasal,
rectal, or vaginal routes. However, the vast majority of vaccines in use today are administered intramuscularly or
subcutaneously. The design of mucosal vaccines requires a comprehensive understanding of the structure of the mucosal
immune system and the physical and chemical barrier properties of the mucosa. Nowadays, our understanding of
mucosal immunity and the development of mucosal vaccines have lagged behind, in part because the administration
of mucosal vaccines and the measurement of mucosal immune responses are more complicated. The dose of mucosal
vaccine that actually enters the body cannot be accurately measured because antibodies in mucosal secretions are difficult
to capture and quantity. However, research and testing of mucosal vaccines are currently accelerating, stimulated by new
information on the mucosal immune system and by the threat of the mucosally transmitted virus.

In the present review, we discussed emerging strategies that are expected to contribute to the development of a new
generation of mucosal vaccines, the main purpose of which is to maximize the effectiveness and safety of mucosal
immunity. Compared with conventional delivery systems, delivery systems based on mucoadhesive NPs have shown
great advantages. The delivery system based on mucoadhesive NPs is a promising, feasible, and safe choice for targeted
delivery and mucosal release of vaccine/drug, and these NPs are superior to traditional formulations in terms of improved
vaccine efficacy, controlled release, targeted delivery, and therapeutic effects. Moreover, the mucoadhesive NPs can also
significantly enhance the stability of the vaccine, prolong the duration of immunity, and reduce the frequency of
administration. However, the design and delivery of vaccines based on mucoadhesive NPs remain a technical challenge.
It requires the careful formulation and dosage design, combined with a suitable and efficient delivery carrier, to achieve
the requirements of crossing the physiological barrier and inducing a mucosal immune response. Here, we look forward
to an early breakthrough in the synthesis technology of vaccine delivery systems and vaccines for mucosal administra-
tion, and more mucosal vaccines will be used in clinical practice.
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