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Abstract: Mucosal tissue acts as a barrier between the human body’s internal environment and the external world. The mucosal tissue
is shielded from injurious environmental chemicals, toxins, and pathogens by a mucus layer lining above the mucosal tissue, and
meanwhile the periodic mucosal clearance accelerates the removal of mucoadhesive components. And therefore, transmucosal drug
delivery is limited. Nanocarriers for mucosal drug delivery is recently developed to enhance either long retention of drugs within the
mucus layer or rapid translocation of drugs across the mucus layer. Among all these types of drug delivery systems, mucoadhesive-to-
mucopenetrating nanocarriers transport drugs most efficiently into targeted mucosal tissues. In this review, recent progress on the
mucoadhesive-to-mucopenetrating drug delivery systems and their application are updated.
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Introduction
Mucous membrane is the main interface between the internal and external environment of the human body, which
provides adequate containment of molecules and microorganisms while maintaining the ability to absorb nutrients."
Mucous membranes cover the eye, nasopharynxes, the pulmonary airway, the gastrointestinal tract, the urogenital tract.”
Upon the mucosal surface there lines a layer of highly viscoelastic mucus secreted by epithelial cells.> The main
component of mucus is water (about 95%), with the remaining parts being glycoproteins, soluble proteins, enzymes,
lipids, and immune factors.* When foreign substances invade, they get trapped in the mucus layer due to their adsorptive
interactions with mucinous proteins via van der Waals forces, hydrogen bonds and so forth,>> and meanwhile the mucus
layer quickly removes out the trapped foreign substances in the following minutes to hours (Table 1).°"°

Compared with systemic administration, mucosal local delivery of drugs has the advantages of fewer systemic side
effects, targeted delivery to target tissues, and longer drug action time.® However, mucosally-delivered drugs may get
degraded by acid and enzymes, and limited into the superficial mucus layer due to its impermeability.*°

17,21

Three types of systems open up new possibilities for more efficient mucosal drug delivery including mucoadhe-

sive delivery systems, mucus-penetrating delivery systems,” and mucoadhesive-to-mucopenetrating delivery systems.”’
For the former two systems, they can either enhance the adhesion of drugs to the mucus layer to prolong their retention or
weaken the interaction between drugs and the mucus layer to accelerate their translocation across the mucus layer. Only
mucoadhesive-to-mucopenetrating strategy integrates both mucoadhesive delivery systems and mucus-penetrating deliv-
ery systems into one entity, which best enhance the concentration of drugs distributed underneath the mucus layer.
Currently, mucosal drug delivery systems employing a mucoadhesive-to-mucopenetrating strategy has been explored for
various mucosal tissues, including the ocular, nasal, respiratory, gastrointestinal, bladder, and vaginal mucosae. However,

only a limited number of studies have successfully integrated both mucoadhesive and mucus-penetrating properties into
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Table | Characteristics of Mucus Lining Above the Different Organ Lumens

Types of Mucus | Thickness (um) | Pore Size Clearance Time | References
Ocular 3040 550 +50 nm Within minutes [6,7]

Nasal Limited thickness | 150 = 50 nm 20 min [7-9]
Pulmonary 5-55 100nm-several ym | 10-20 min [7-9]
Gastrointestinal 100-830 200-500nm ~1-6 h [7,10-16]
Bladdery 10-20 / / [16]

Vaginal At least 10 20-200 A few hours [17-19]

a single entity. These delivery systems can be categorized into two main types. The first approach involves encapsulating
mucus-penetrating drug delivery systems within mucoadhesive formulations, thereby constructing dual-functional drug
delivery systems. The second approach entails functionalizing a delivery system with both adhesive and penetrating
ligands, enabling it to interact effectively with the mucosal environment. This paper provides a comprehensive review of
the mechanism underlying the mucoadhesive-to-mucopenetrating properties, design principles, and applications of such
dual-functional delivery systems.

Mechanism of Mucoadhesion and Mucopenetration

In general, mucoadhesive-to-mucopenetrating drug delivery systems consist of mucoadhesive and mucopenetrating
formulations. The mucus layer acts as a barrier that prevents nanoparticles from directly reaching the target epithelial
tissue. Moreover, the mucus layer gets renewed regularly, leading to the removal of nanoparticles. Therefore, it is crucial
to increase the residence time of the drugs in the mucus layer. One of the main strategies is to enhance the adsorptive
interactions between nanoparticles and the mucus layer.

The mucus layer is characterized by a negative charge and hydrophobic properties.”**> Drugs are surface-
engineered with positively charged ligands to induce electrostatic interactions.'” Natali et al developed a delivery
system that leverages the electrostatic interaction between cationic polymers and the anionic components on the
surface of the nasal mucosa, thereby achieving adhesion to the nasal mucosa.’® Additionally, adhesion can be
enhanced through van der Waals forces and hydrogen bonding interactions. In the study by Emily et al, the high
flexibility of poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP) molecular chains allows them to conform
to the irregular surface of the mucosa, increasing the number of contact points between the chains and the mucosal
surface, thereby enhancing van der Waals forces and improving adhesion.”” The use of expandable foam formula-
tions and the addition of pectin components also enhance adhesion through van der Waals forces.?®** Furthermore,
the hydroxyl groups (-OH) in PVA molecules and the amide groups (-CONH-) in PVP molecules can form hydrogen
bonds with polar groups on the mucosal surface (such as carboxyl and hydroxyl groups), thereby strengthening the
bond between the polymer and the mucosa. The formation of disulfide bonds is another mechanism that increases
adhesion, achieved by forming covalent bonds with cysteine-rich subdomains in the mucus, thus adhering to the
mucosa).”>*? Lectin-carbohydrate binding enhances adhesion based on the specific recognition and binding of
lectins to glycosylated structures, which also increases binding to tumor cells with abnormal glycosylation.®'
Physical entanglement of molecular chains with mucin increases the contact area, which is another way to enhance
adhesion. Additionally, hydrophobic interactions enhance the binding force between nanoparticles and mucin by
reducing the presence of water molecules between them (Figure 1).3%

Once drugs become mucoadhesive, they are less mucus-penetrating and merely reach underneath the mucus layer.
Mucus-penetrating drugs are generally coated with hydrophilic and net-neutral ligands.** Coating the surface of delivery
systems with densely packed Polyethylene glycol(PEG) chains creates a slippery effect, and the molecular weights of the
PEG chains should be adjusted to prevent entanglement within mucus and collapse of the chains on the surface. PEG chains
with a molecular weight of 5000-6000 Da are often preferred for this purpose.®>* In addition, studies have shown that
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Figure | The interaction between the adhesive formula and the mucous layer. The mechanism of bonding properties mainly includes lectin-carbohydrate binding, hydrogen
bonding, electrostatic interaction, disulfide bonding, hydrophobic attraction and macromolecular entanglement.

peptosomes self-assembly can also form nanoparticles with the function of penetrating the mucus layer.>>**” For example,
peptides formed by hydrolysis of a-lactalbumin (a-lac) can self-assemble into nanotubes or nanoparticles that penetrate the
mucous layer through rotational dynamics. Mucolytic enzymes represent other types of mucus-penetrating ligands because
they degrade mucous glycoproteins and reduce the steric hindrance. Mucolytic enzymes include papain, bromelain,
trypsin.*® The self-propulsion of nanomotors is also a means to enhance penetration through mucus. Zheng et al modified
the surface of nanomotors with urease. When used for bladder treatment, the urease decomposed urea to generate

propulsion, thereby facilitating the penetration of the nanomotors through the mucus layer.>”

Design Principles of Mucoadhesive-to-Mucopenetrating Drug Delivery

Systems

The application of mucoadhesive-to-mucopenetrating systems have been extended to mucosal drug delivery in various
tissues (Table 2). 23:26729-34363840-46Thig nano drug delivery system can be roughly divided into three systems. For the
first type, a dual-function delivery system can be built by incorporating both mucoadhesive and mucus-penetrating
ligands into a single delivery system. (Figure 2A). However, the surface ratio of mucoadhesive ligands and mucus-
penetrating ligands should be well modulated. For example, in a delivery system coated with 2-hydroxypropyl
methacrylamide(HPMA) as mucoadhesive ligands and polyethylene glycol (PEG) as mucus-penetrating ligands
ligand,*® PEG is a hydrophilic substance, while the poly(propylene) backbone in methacrylamide provides sufficient
hydrophobicity for the self-assembly of the polymer.*” The results showed that when the feed ratio of mPEG to HPMA
was 1:70, the mucoadhesion of the polymer became strong with its mucopenetration weakening. When the feed ratio was
adjusted to 1:150, the mucopenetration efficiency of the polymer got higher, but meanwhile its mucoadhesion got
weaker.*® To achieve optimal mucoadhesive and mucus-penetrating properties of the polymer, more precise adjustments
of the ligands responsible for these functions are required. Specifically, modifying the feed ratio to 1:100 or 1:120 might
provide a more balanced and effective combination of mucoadhesion and mucus penetration compared to the previously
discussed ratios. The second type of drug delivery system is surface-engineered with mucolytic enzymes and mucoad-
hesive ligands (Figure 2B).*° In this case, the depletion of the bioactivity of mucolytic enzymes by the fluctuation of pH
and temperature may hamper the transmucosal efficiency of the drug delivery systems. And therefore, for example,
bromelain or its conjugated delivery systems should be kept in the environment with the pH ranging from 5.5 to 8.0 and
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Table 2 Mucoadhesive-to-Mucopenetrating Systems for Mucosal Drug Delivery

Mucoadhesive Component Mucus-Penetrating Loaded Mucus- References
Component Cargo Producing
Tissue
Hydroxypropyl methacrylamide-based Polyethylene glycol(PEG) Moxifloxacin Ocular [38]
Phenylboronic acid Poly(polyethylene glycol methyl ether | Ciprofloxacin Ocular [40]

methacrylate)-co

-N-benzylacrylamide)

Cationic terpolymer of N,N-dimethylaminoethyl PEGylated anionic copolymer of Haloperidol Nasal [26]

methacrylate, methyl methacrylate and butyl methacrylic acid with ethylacrylate

methacrylate (Eudragit® EPO) (Eudragit® L100-55)

Chitosan N-trimethyl chitosan Insulin Pulmonary [34]
chloride

Thiolated chitosan Pluronic F127 Paclitaxel Gastrointestinal [35]

Poly (vinyl methyl ether/maleic anhydride) Poly(ethylene glycol) methyl ether - Paclitaxel Gastrointestinal [36]

b - poly (D, L - lactic acid)

N-trimethyl chitosan Poly(lactic-co-glycolic acid) Gemcitabine | Gastrointestinal [41]

Chitosan D-a-tocopherol poly- Sulpiride Gastrointestinal [42]
ethylene glycol 1000 succinate

Low-methoxy pectin a-lactalbumin Capsaicin Gastrointestinal [28]
microgels nanotubes
Thiolated -tetramethyl- | -piperidinyloxy a-lactalbumin Mir-31 Gastrointestinal [23]
oxidized Konjac glucomannan inhibitor,

curcumin
Oxidized Lys-nanoparticles Quercetin Gastrointestinal [43]

starch microgels

Thiolated hyaluronic acid-pluronic F127- Papain Paclitaxel Gastrointestinal [44]
lithocholic acid triblock

Wheat germ PEG Indocyanine Bladder [45]
agglutinin, 2,3-dimethylmaleic anhydride green and

aPD-LI
Hydroxyethyl cellulose- Propylene glycol- Matrine Vagina [29]
contained post-expansile embodying liposomes

hydrogel foam

Cremophor EL PEG Povidone- Vagina [46]
iodine
Poly(vinyl alcohol) (PV A) and PEGylated poly(lactic-co-glycolic acid) Etravirine Vagina [27]

poly(vinyl pyrrolidone) (PVP)

the temperature ranging from 50°C to 60°C.** The optimal pH and temperature range for bromelain activity, as
previously described, are crucial for achieving maximal efficacy. It is important to note that bromelain remains stable
at temperatures below 40°C. Conversely, exposure to higher temperatures can lead to degradation of the enzyme.
Furthermore, the influence of pH and temperature on adhesive ligands should not be overlooked. For instance, the
stability of disulfide bonds is significantly reduced under neutral and elevated temperature conditions.”® Alternatively,
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Figure 2 Strategies on how to generate a mucoadhesive-to-mucopenetrating drug delivery system. (A) Surface engineering with both mucoadhesive ligands and
mucopenetrating ligands. (B) Surface engineering with both mucoadhesive ligands and mucolytic enzymes (C) packaging a mucus-penetrating components into
a mucoadhesive formulation.

a dual-functional delivery system could be generated by incorporating mucus-penetrating delivery systems into mucoad-
hesive formulations (Figure 2C). The release of the mucus-penetrating components from mucoadhesive formulations is
a prerequisite for the next mucus-penetrating process and is generally accelerated by the degradation of mucoadhesive
formulations. For instance, the integrity of orally administered thiolated microspheres was kept for 4 hours in the
gastrointestinal tract, and approximately 40% of a-lac peptosome nanoparticles, encapsulated in the microspheres, got
released. As a result, insufficient release of the mucus-penetrating ligands eventually leads to the retention of nanopar-
ticles in the mucus layer and their removal.>> Improving the delivery efficiency of this system is contingent upon
strategies to enhance the degradation of the mucoadhesive formulation. One approach could involve decreasing the
quantity of mucoadhesive ligands, thereby reducing the stability of the nanoparticle shell. Hydrophilic-polymeric-
materials-made nanofibers acted as mucoadhesive formulations to accommodate PEGylated PLGA nanoparticles and
could release 85% of them within 30 minutes. The composite nanofibers also reduced the vaginal leakage of their loaded
nanoparticles compared with free nanoparticles and therefore prolong the retention time of nanoparticles in vagina 30
times longer after 24 hours.”” Another concern is the steric hindrance exposed to passively diffused nanoparticles in
Composite nanofibers, and the size of the liposome has a great influence on its diffusion. In addition, the crosslinking in
the composite nanofibers is dynamic, so that the pore size can change to induce more strong release of the nanoparticles.

Application of Mucoadhesive-to-Mucopenetrating Drug Delivery Systems

Ocular Mucosal Delivery

Local administration remains the most commonly used route for drug delivery to tackle ocular diseases. Unlike in other
mucus-lined organs, mucins expressed at the ocular surface undergoes a post-secretion reduction of the molecular weight
and does not aggregate into large multimers.*> And therefore, ocular mucins do not form a continuous viscous gel layer

over the cornea but move with the tear film. An additional factor that limits drug bioavailability is the more frequent tear
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film turnover (between 0.5 and 2.2 pL/min under normal conditions in human) after topical administration, causing
a rapid clearance (within 1-2 min) of the drug molecules via the nasolacrimal drainage.’ % It has been estimated that 60%
of the active ingredient can be eliminated two minutes after ocular administration, and only 1/1000 remained after 8
minutes.’’ Moreover, many types of enzymes in the ocular mucus can degrade drugs, including esterase (acetyl, butyl
and carboxy cholinesterase) and peptidase.’* Butyl cholinesterase can hydrolyze esters with more than four carbon chain
lengths,™ and peptidase catalyzes the peptides from the N-terminal of peptide substrates.>

A variety of drug delivery systems have been investigated and marketed during the past decades including prodrugs,
gels, ointments, permeation enhancers and liposomes nanocarriers.”> However, most of these drug delivery systems are
not dual-functional. Sanjay et al utilized 2-Hydroxypropyl methacrylamide (HPMA) to interact with mucus polysacchar-
ides via hydrogen bonding, electrostatic adsorption, and Van der Waals interactions, resulting in its strong adhesion to the
mucus layer.*® Additionally, polyethylene glycol was linked with HPMA by free radical polymerization technique to
induce mucus-penetration of mPEG-bHPMA nanoparticles. Their study demonstrated that the retention time of copoly-
mer nanoparticles on the eye surface was up to 6 hours, and approximately four times higher transmucosal transport of
drugs in the copolymer nanoparticles could be observed than that of free moxifloxacin (MOX). The antibacterial effect of
copolymer nanoparticles was twofold stronger that of free MOX.

Chen et al synthesized multifunctional block copolymer vesicles via self-assembly of an amphiphilic copolymer, poly
(polyethylene glycol methyl ether methacry-late)-co-Nbenzylacrylamide)-block-poly(2-methylthioethyl methacrylate) (P
(PEGMA10-co-PBA2)-b-PMTEMA25), and ciprofloxacin hydrochloride (CIP).*° A broad-spectrum antibiotic was
loaded into the hydrophilic lumen of the copolymer vesicles. Boric acid groups in phenylboronic acid (PBA) can
strongly interact with 1, 2-cis-diol groups of sialic acid, whose abundance is high in the ocular mucus layer, to prolong
the retention time. The study also examined mucous penetration of FICT-containing copolymer vesicles, and fluorescence
signals from the cornea were observed four hours after topical application. The results showed that the penetration depth
of the copolymer vesicles was about twice that of the free Fitc. In a mice model with bacterial keratitis, the antibacterial
effect of CIP-loaded vesicles was about 4 times stronger than that of free CIP.

Nasal Mucosal Delivery
The application of intranasal administration dates back centuries and was only limited to treating respiratory infections
or seasonal rhinitis. By the end of the 20™ century, intranasal administration opens new was gaining traction as an
alternative route to treat systemic conditions, such as cardiovascular indications and intranasal to brain (NTB)
administration.”® In recent years, systemic nasal drug administration has become an important treatment option.
Nasal administration offers several benefits such as bypassing first-pass metabolism, the high permeability of certain
drugs in the nasal epithelium, rapid absorption, quick onset of action, improved patient compliance and comfort, and
sustained and prolonged effects compared to oral delivery systems.’’ Nasal administration is particularly beneficial for
acid-sensitive drugs such as peptide hormones or proteins whose bioactivity can be diminished in the gastrointestinal
tract, drugs with polar active substances that are not well absorbed orally, and drugs that require enhanced permeation
to translocate physiological barriers. However, intranasal mucosal drug delivery also faces challenges. On the one
hand, the ciliary clearance mechanism, which is unique to the nasal mucosal layer (clearance time: 20 min), can
transport airborne microorganisms, dust and drugs to the throat and further to the gastrointestinal tract. On the other
hand, there are active enzymes in the nasal mucosa that may decompose and eliminate the drug.’® To current
knowledge, in the nasal mucosa there lie a diverse array of xenobiotic-metabolizing enzymes, including enzymes
from the P450-dependent metabolism pathway (eg P450 monooxygenase), Phase I enzymes (such as flavin mono-
oxygenases, aldehyde dehydrogenases, epoxide hydrolases, carboxylesterases, etc)., as well as Phase II enzymes (such
as glucuronyl and sulphate transferases, glutathione transferase).>® It is plausible to suggest that these enzymes are also
involved in the metabolism of intranasally administered small-molecule drugs, such as opioids, histamines, and
corticosteroids.®’

To achieve more efficient nasal mucosal drug delivery and to prevent foreign substances from being quickly cleared
by the mucus layer, Natalia et al developed polyethylene glycolated(PEGylated) anionic copolymer nanoparticles (PEG-
EPO-L100-55) for drug delivery into the nasal mucosa.”® EPO-L100-55 is a synthetic cationic terpolymer composed of
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N,N-dimethylaminoethyl methacrylate, methyl methacrylate and butyl methacrylate. This polymer interacts electrically
with negatively charged mucin to act as a mucoadhesive component, and polyethylene glycol was also anchored to the
particle surface to obtain “slippery” properties. Haloperidol was loaded into nanoparticles to compare the anesthetic
effect of rats. After 10 minutes of nasal administration, PEG-EPO-L100-55 nanoparticles had about three times the
paralyzing effect of EPO-L100-55 compared to unmodified nanoparticles.

Gastrointestinal Mucosal Delivery
Orally treating gastrointestinal diseases has innate advantages, but the gastric environment, active intestinal enzymes and
the impermeability of the gastrointestinal surface mucosal layer influence the effectiveness of oral drugs.’:** Oral
administration of drugs must first navigate the harsh acidic (pH 1-2) and enzymatically active environment of the
stomach.®® These conditions can rapidly compromise the stability of drug formulations, particularly those containing
proteins and peptide drugs. If the target site for drug delivery is the gastric epithelium, for either local or systemic therapy,
nanoparticles must traverse a relatively thick (ranging from 40 to 450 pm) and complex gastric mucus layer.®* The gastric
mucus forms a bilayer structure, transitioning from an outer loosely adherent, rapidly moving layer to a densely adherent,
slowly moving layer near the epithelium, with a pH gradient from the acidic environment of the gastric epithelium to
a neutral environment. If the target mucosa is located within the small intestine, nanoparticle formulations must also
withstand a pH gradient, as the pH shifts from the acidic environment of the stomach to the alkaline conditions of the
duodenum, jejunum, and ileum. In addition to proteins, lipids, and carbohydrates, the gastrointestinal tract harbors
a microbiota within the loosely adherent outer mucus layer, which can interact with the surface of nanoparticles and thus
affect the efficacy of the delivery system. Furthermore, the continuous digestion, expulsion, and replacement of the mucus
layer with newly secreted mucus can also impact the adhesion and penetration of the drug delivery system. The thickness of
the mucosal layer in the gastrointestinal tract varies; it is the thickest in the colon (approximately 830 pm thick) and thinner
in the small intestine (100500 pwm).'!363¢ The clearance times of mucus vary across different regions of the gastro-
intestinal tract, which has significant implications for the retention time and bioavailability of drug delivery systems. Mucus
in the stomach and small intestine may take approximately 6 hours to be completely renewed.®’ In contrast, the clearance
time for colonic mucus is relatively shorter, requiring about 1 hour.'* Tt has been reported that the pore size of
gastrointestinal mucus ranges from approximately 100 nm to 200 nm.°*%°

Liu et al developed bifunctional drug-carrying nanoparticles by utilizing Pluronic F127 (PF127) encapsulated in
thiolated chitosan (CS)-modified liposomes.*> The positively charged thiolated CS shell interacted with the negatively
charged mucin and sulfonic acid in the intestinal mucin via electrostatic adsorption. Moreover, thiolated CS-modified
liposomes have the capability to generate covalent S-S bonds using the free thiol groups present on thiolated CS and the
cysteine domain of mucus. This leads to the firm adhesion of liposomes to the mucus layer and an extended residence
time on the mucus surface.'®’® To achieve mucus penetration, the hydrophilic, nonionic long-chain polymer PF127
enhances the ability of nanoparticles to penetrate intestinal mucus by approximately fivefold when compared to
unmodified nanoparticles. Chen et al and Mohyeldin et al prepared nanoparticles with similar functions using chitosan
derivatives and PEG modification and achieved satisfactory results in delivering gemcitabine for breast cancer and
sulpiride depressive disorder therapy.*'**> PVMMA (poly (vinyl methyl ether/maleic anhydride)), which is a GRAS
(generally recognized as safe) excipient, also has excellent biocompatibility.”' As well, PVMMA has been reported to
show strong adhesion with the gastrointestinal tract due to the formation of carboxylic groups deriving from polyanhy-
dride residues. J.M. Irache et al have previously reported nanoparticulate systems based on PVM/MA whether loaded
with antigen or loaded with drug all had good bioadhesive property.”* Based on this, Wang et al prepared a PVMMA and
mPEG-b-PLA-based nanoplatform (PVMMA/mPEG-b-PLA) through an emulsification method, to produce biodegrad-
able and dual-functional polymeric nanoparticles. After oral administration in mice, the mucus-penetrating amount of
PVMMA/mPEG-b-PLA was approximately 1.5 times higher than that of PVMMA-free nanoparticles, and the former was
about six times more toxic to intestinal tumor cells than the latter.*®

Compared with chemically modified mucoadhesive polysaccharides, natural adhesive polysaccharides are more
environmentally friendly and biocompatible. Pectin is a mucoadhesive natural polysaccharides with abundant carboxyl
groups,”® which can form adsorptive linking with the intestinal mucus layer by electrostatic attraction. In addition,
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carriers prepared with pectin could prolong the intestinal retention time of the payload.”® o-lac can be partially
hydrolyzed and self-assembled into nanotubes (o-lac-NT). The noteworthy ability of a-lac-NT to penetrate mucus is
attributed to their rotational dynamics, which are facilitated by the shear flow and the mesh structure of mucus.” Yuan
et al prepared mucoadhesive low methoxy pectin (LMP) as microgels into which mucus-penetrating a-lac NT was loaded
(LMP-NT).?® The mucus-penetration of NT and LMP-NT across the murine intestinal mucus was evaluated, and the
fluorescence intensity of LMP-NT- labeled with Cy5 across the mucus was much greater than that delivered by NT at
60 minutes, suggesting that the LMP microgel protected NT from gastric digestion and that the released NT was highly
mucus-penetrating. Compared with free capsaicin, LMP-NT nanoparticle-delivered capsaicin can increase the damage
caused by Salmonella by approximately twofold.

In a similar way, Zhao et al prepared mucoadhesive thiolated TEMPO-oxidized Konjac glucomannan (sOKGM)
microspheres as microgels into which mucus-penetrating a-lac peptosomes was loaded, which successfully reached the
target mucosal area after oral administration.”” The microspheres improved the adhesion of the nanoparticles to the
mucus, resulting in a fourfold increase in gastrointestinal tract retention compared to that of systems without micro-
spheres. Additionally, all a-lac peptidosomes penetrated the mucus layer within 60 minutes. Li et al also investigated
drug delivery to the gastrointestinal mucosa using protein micelles.* Lysine residues were partially hydrolyzed into
amphiphiles, which then self-assembled into lysine nanoparticles. These nanoparticles were loaded into oxidized starch
microgels to create a mucoadhesive-to-mucus-penetrating drug delivery system. One hour after oral administration, the
drug delivery system covered 63.5% of the mucosal surface and remained there for 12 hours. The transmucosal amount
of the lysine nanoparticles in the microgels was approximately twice that of the lysine nanoparticles alone. Sobia et al
employed a different approach to achieve dual-functional drug delivery.** Papain-functionalized thiolated redox micelles
(PT-R-Ms) could form disulfide bonds with mucin glycoproteins and cysteine residues. Once the micelles adhered to the
mucosal surface, papain gradually degraded the mucus structure by breaking the amide bonds presented in mucin
glycoproteins to facilitate the transmucosal transport of drugs.”® However, only in vitro experiments were conducted in
this study.

Bladder Mucosal Delivery

Drugs are directly instilled into the bladder cavity through a catheter. Intravesical therapy can be used as adjuvant
chemotherapy or immunotherapy after transurethral resection of bladder tumors and is also commonly employed for
tackling benign bladder diseases, such as interstitial cystitis, overactive bladder, and urinary incontinence.”” However, its
clinical efficacy is limited, evidenced by the fact that it cannot prevent the recurrence and progression of high-risk
bladder tumors after transurethral surgery.”® The primary reason is the impermeability presented by the mucus layer and
other tissue barrier. The mucus layer serves as the first permeability barrier with a thickness ranging from 10 um to
20 um and the pore size larger than 200 nm.”**" It is rich in negatively charged sulfated polysaccharides, which bind
with core proteins.®' The bladder mucous layer differs from that found in other tissue sites, as it lacks a dynamic,
continuously secreted mucous gel layer.”” The mucus layer reinforces the resistance against shear forces, acts as a buffer
between irritants in urine and the urothelial cell membrane, and prevents the adsorption of bacteria, minerals, and
carcinogens with the urothelium.®!

Wu et al developed a dual-functional nano-based drug delivery system for intravesical use, in which wheat germ
agglutinin (WGA) acted as a mucoadhesive component via linking with glycocalyx and polyethylene glycol was also
anchored to the particle surface to obtain “slippery” properties.*’ Remarkably, WGA could hydrolyze 2.3-dimethylmaleic
anhydride (DMMA) from the nanoparticles under acidic environment to cationize the nanoparticle and afterwards enable
them more adhesive to the urinary mucus. In murine models bearing with orthotopic bladder tumors, the nanoparticle-
delivered ICG and oPD-L1 could inhibit the tumor growth twofold stronger than the ICG and oPD-L1 delivered by non-
WGA-modified nanoparticles.

Vaginal Mucosal Delivery
The vaginal mucosa forms multiple elevations known as rugae, the number of which varies with hormonal changes. The
turnover rate of the mucus layer on the vaginal surface is rapid (only a few hours), and its viscosity is also influenced by
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hormonal levels. In healthy premenopausal women, the vaginal pH is acidic, ranging from 3.8 to 4.2, while in
postmenopausal women, the vaginal pH is higher, ranging from 6 to 7.5.%? The maintenance of an acidic vaginal
environment depends on the production of lactic acid by lactobacilli, a common bacterium found in the vagina, and this
acidic environment provides conditions for environment-responsive drug delivery systems. The vagina has a dense
vascular network and a large surface area, and it is subject to the first-pass effect of the uterus. Vaginal mucosal drug
delivery can be used to deliver drugs locally to female reproductive organs, such as the vagina itself, cervix, uterus, and
even the fallopian tubes.®*®° Li et al developed an expansive hydrogel delivery system,?’ composed of propylene glycol
liposome nanoparticles (PGLNs), hydroxyethyl cellulose and sodium dodecyl sulfate, and the latter two components
could be released under compression induction to form post-expansile hydrogel foam aerosol (PEHFE). Its superior
bioadhesion properties lie in the fact that the cellulose skeleton shows the ability to form hydrogen bonds with
oligosaccharide side chains of mucin. Additionally, the subsequent expansion of the hydrogel improved mucus perme-
ability by creating a foam-like structure, significantly enhancing the penetration efficiency of the propylene glycol
liposome nanoparticles into the mucus. The penetration efficiency of PEHFL was approximately three times greater than
that of PGLN.

Conclusions and Future Perspectives

The mucosa covers the largest surface area of the human body that is exposed to the external environment, making it the
main gateway for drug absorption via topical administration. The mucus layer acts as the first line of defense against
mucosal drug delivery. Numerous nanosized drug delivery systems have been developed to enhance either the adhesion
of drugs to the mucus layer or their transmucosal efficiency. Many studies have demonstrated the effectiveness of
mucoadhesion-to-mucopenetration strategies for mucosal administration. At the same time, the efficiency of mucosal
drug delivery varies among different strategies. For example, two types of ligands are distributed on the surface of the
nanoparticles, and their functions are interdependent; therefore, dual-functional delivery systems may be less efficient
than integrating a mucus-penetrating delivery system into a mucus adhesion preparation. The development of dual-
functional drug delivery systems presents both opportunities and challenges. Achieving optimal adhesion and penetration
requires more refined adjustments in the ratio of ligands. This necessitates not only the optimization of experimental
protocols but also more rigorous validation. Additionally, the integration of penetrating ligands into adhesive ligands
must address the issue of ligand release. The efficiency of penetrating ligand release in current studies remains
suboptimal, which could significantly impact the efficacy of the drug delivery system. The regular clearance of the
mucus layer limits the penetration time of drug delivery systems. For instance, ocular mucus is cleared within minutes,
posing a significant challenge for the design of drug delivery systems employing this strategy. Furthermore, the pH
gradient present in the mucus layer of some organs requires nanoparticles to possess robust stability to withstand these
conditions. Future research should focus on enhancing the stability and release efficiency of penetrating ligands to
improve the overall performance of dual-functional drug delivery systems. Furthermore, it is important to consider the
compatibility between different formulations, as well as the impact of factors such as mucoadhesive segment viscosity,
loaded transporter softness and size, and interactions between these components on release kinetics. In addition, the
biological safety of the composite system also needs investigation to avoid normal cavity blockage. Finally, for clinical
translation, it is necessary to strictly control the preparation of the composite system.
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