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Mucus is a viscoelastic gel that acts as a protective barrier for epithelial surfaces. The mucosal vehicles and adjuvants
need to pass through the mucus layer to make drugs and vaccine delivery by mucosal routes possible. The
mucoadhesion of polymer particle adjuvants significantly increases the contact time between vaccine formulations and the
mucosa,; then, the particles can penetrate the mucus layer and epithelium to reach mucosa-associated lymphoid tissues.
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| 1. Introduction

Several materials commonly used in the pharmaceutical industry are also used as mucosal vaccine adjuvants; however,
few studies have been devoted to evaluating the direct influence of mucoadhesion and mucopenetration on the strength
and quality of the antigen-specific immune responses stimulated after mucosal vaccination. Consequently, researchers
provide an overview of polymer-based particles in the following sections. Based on the available experimental findings,
researchers analyzed the association between increased mucoadhesive strength, mucosal penetrability, and enhanced
immune response quality after mucosal vaccination.

| 2. Chitosan and Chitosan Derivatives

Chitosan (CS) is a natural cationic polysaccharide obtained by the deacetylation of chitin. CS has been widely used in
various biomedical applications due to its biodegradability, biocompatibility, low toxicity, immunogenicity, and
mucoadhesive properties & The mucoadhesive properties of CS are attributed to the protonation of the amino groups
in weakly acidic media, which interact with the negatively charged sialic acid moieties of mucin. However, different
chemical processes have been applied to CS to improve its application limitations, such as high hydrophilicity, low
solubility from pH 7.4, high degree of swelling, and thermal stability 481, These modifications, in turn, are favorable to
promoting adhesion to mucosal surfaces and, as a result, enhance mucosal contact time.

For example, the chemical conjugation of CS with hydrophilic ethylene glycol branches improves solubility in water at
neutral and acid pH values and its steric stability €7, pawar and Jaganathan (2016) compared the immunogenicity of CS
NPs and glycol chitosan (GC) NPs loaded with a hepatitis B surface antigen (HBsAQ) after nasal administration in Balb/c
mice. While the anti-HBsAg antibody titer induced by HBsAg alone was minimal, HBsAg conjugated with GC NPs
significantly increased serum IgG and IgA antibody titers in nasal, saliva, and vaginal secretions, compared to the CS-
conjugated group. Splenocytes isolated from mice immunized with GC NPs and CS NPs secreted significantly higher
amounts of IL-2 and IFN-y than the control mice immunized with Alum-adsorbed HBsAg. Nasal clearance studies of
radiolabeled particles in rabbits showed a nasal cavity retention time of up to 240 min for GC NPs (20% radioactivity)
compared to 180 min for CS NPs (20% radioactivity) and 90 min for HBsAg alone (<20% radioactivity). In confirming nasal
deposition after nasal administration in mice, only formulations with GC and CS NPs were retained in the NALT at 30 min,
with higher fluorescence intensity for GC NPs than FITC-BSA (&,

Similarly, adding cross-linking agents, such as tripolyphosphate (TPP), improves the encapsulation efficiency during the
elaboration of CS NPs &, Co-crosslinked vanillin/TPP was used for developing a trivalent oral vaccine (DWPT). Studies of
the adhesion behavior of the microspheres were related to the -potential of the groups, the electrostatic interaction
between the positively charged CS and the negatively charged sialic acid of mucin, and the degree of cross-linking. Thus,
the highest swelling index was for the group with the lowest degree of cross-linking. Batches with electropositive charge
(placebo CS microspheres, diphtheria toxoid (DT) CS microspheres, and tetanus toxoid (TT) CS microspheres: ~+30 mV)
showed a higher adhesion to mucin than those with -potential around +10 mV (whole-cell pertussis (wP) CS microsphere
and trivalent (DwPT)). Antibody response in serum corresponded to the mucoadhesion of the microspheres, developing a



higher 1gG antibody titer in TT and DT batches on days 28 and 35 after immunization, followed by batches with a lower
adherence (PT: pertussis toxin). This response was consistent with that observed in saliva and intestinal secretions 9.

Other derivatives of CS have been developed to improve, specifically, absorption and bioadhesion properties. Currently,
the most used are obtained by quaternization, acylation, thiolation, and carboxymethylation . Trimethyl chitosan (TMC),
a quaternized derivative of CS with polyampholytic properties, improves CS solubility without affecting its mucoadhesive
cationic nature, reduces cytotoxicity, and enhances absorption on mucosal surfaces in a wide range of pH values,
increasing the carrying capacity L1[L2](13],

In 2010, Vyas laboratory used PLGA microparticles (MPs) coated with CS and TMC for the intranasal administration of
HBsAg to mice. While unmodified PLGA MPs had a negative {-potential (-14.4 + 1.2), the coating with CS and TMC
increased the l-potential to values between +5 mV and +10 mV for PLGA/CS MP and +10 mV and +20 mV for
PLGA/TMC MP. The authors also indicated that the {-potential directly influenced the adsorption capacity of MPs to
mucin, i.e., PLGA MPs showed insignificant mucin retention, while CS-PLGA and TMC-coated MPs had significantly
higher mucoadhesive properties. Remarkably, this increase in mucoadhesion improved the immunogenicity of the
formulation. However, PLGA/TMC MPs induced substantially higher antibody IgG titers throughout the study than
PLGA/CS MPs, both in serum and distal mucosal sites 24!, A second study found the same results with PLGA/TMC NPs
and demonstrated the adjuvanticity effect of TMC through the stimulation of dendritic cell maturation. Furthermore, TMC-
coated MPs were selectively taken up by M cells in the NALT following nasal administration compared to the FITC-BSA
solution, which would substantially explain the enhancement of vaccine formulations’ immunogenicity 231,

Another quaternized CS derivative is N-[(2-hydroxyl-3-trimethyl ammonium) propyl] CS or HTCC. HTCC polymers have
different degrees of quaternization or extent of positive charge 12, Zhang et al. prepared OVA-loaded curdlan sulfate-O-
HTCC NPs as an intranasal vaccine system. Although the inclusion of curdlan, a B-glucan capable of activating innate
immune cells via Dectin-1 receptors and TLR-4 18 could promote the antigen-specific immune response, its negative
surface charge was considered a limitation for mucosal application. For this reason, O-HTCC was added, which, in
addition to conferring a positive {-potential on the particle, improved its adhesion and subsequent internalization by
epithelial cells due to its high viscosity. The OVA—curdlan—O-HTCC complex led to higher OVA-specific CD4+ T-cell, CD8+
T-cell, and B-cell proliferation when nasally administered to mice, compared with the proliferation induced by OVA, OVA—
curdlan, OVA-CS, or CS—curdlan 4,

Carboxymethyl chitosan (CMCS) is another water-soluble CS derivative with an improved degradation rate, a desired
characteristic for its use in vivo 18, Recently, CMCS was also used to coat the surface of calcium phosphate (CaP) NPs.
The electrostatic interactions and hydrogen bonds between mucin and CaP—-CMCS—-BSA allowed in vitro adhesion close
to 90% compared to CaP—BSA adhesion (60%). Additionally, the diffusion efficiency was higher for CaP-CMCS—-BSA than
for CaP-CS—-BSA, CaP-BSA, and BSA alone. The coating with CMCS and CS improved the apparent permeability
coefficient in the mucus layer at 2 h, an index of apical to basolateral transport. Ex vivo biodistribution in a rat study
showed that CaP—-CMCS-BSA/FITC absorption was improved in the small intestine at 2 h compared to CaP-CS—
BSA/FITC, attributed to the change in surface charge caused by coating with CS and its derivative (CaP-CMCS—-BSA, (-
potential: —4.7 mV vs. CaP-CS—-BSA, (-potential: 8.5 mV). These findings are correlated with the efficacy of oral
vaccination since the levels of IgG and sIgA antibodies in sera and feces, respectively, increased after each boost in the
animals that received CaP—-CMCS—OVA compared to OVA alone 12,

For their part, methyl CS has been studied for diverse biological activities, including as tissue regeneration activator,
absorption enhancer, and mucoadhesive 29, Suksamran et al. evaluated methylated CS MPs for entrapping OVA.
Calcium alginate MPs—OVA, calcium alginate—yam starch microparticles (YMP)-OVA, and (YMP)-OVA coated with
methylated N-(4-N, N-dimethylaminocinnamyl) CS (TMgsCMs5oCS) were used in this work. The evaluation of swelling
showed that the degree and rate of swelling of the TMgsCMgoCS-coated MPs were higher than those uncoated, both in
HCL pH 1.2 and in PBS pH 7.4. Similarly, the in vitro mucoadhesion study using the everted gut sac with porcine jejunum
showed that, while the adherence percentages of calcium alginate MPs and YMP MPs were low (29.62% and 11.29%,
respectively), the coating with TMgsCMsgoCS of both particles increased mucosal adhesion during the first hour (45.64%
and 43.38%, respectively). Oral immunization resulted in significantly higher IgG and IgA levels in mice receiving OVA-
loaded TMg5CMsoCS-coated MPs, which again confirms the role of mucoadhesive polymers in immunogenicity 221,

The (-potential of the CS-based vaccines significantly influences the induction of an immune response affecting more than
one mechanism. Jesus et al. demonstrated that. after the intranasal administration of polycaprolactone/CS (PCL/CS) NPs
in C57BL/6 mice, the lowest dose of adsorbed antigen (1.5 pg HBsAgQ) induced antibody titers comparable to the dose
containing six times more adsorbed antigen (10 yg HBsAg). Furthermore, this group had the highest number of



responding animals. However, serum IgG titers were significantly low compared to previous studies with the same dose of
antigen (1.5 pg HBsAg), so the authors suggested that the decrease in (-potential (CS: +30 mV) to values close to
neutrality generated by antigen interaction (PCL/CS: +26 mV; PCL/CS: 1.5 yg HBsAg: +22 mV; PCL/CS:10 pg HBsAg:
+5.7 mV) leads to a reduced uptake in the epithelial barrier. These observations were independent of the mucoadhesive
behavior of the particles without antigen evaluated in vitro. Therefore, the authors suggested that the antigen on the
particle’s surface reduces the {-potential and hinders the interaction with mucin in vivo, avoiding particle—cell interactions
and ultimately impacting the immune response 22, Although this finding contradicts what was observed for other CS-
based particles reviewed, it highlights the importance of assessing the mucoadhesion of the polymeric system alone, as
well as the particle-entrapped antigens of interest.

| 3. Cellulose Derivatives

Carboxymethylcellulose (CMC), an anionic and water-soluble cellulose derivative (231 has been successfully used as a
mucoadhesive polymer to enhance immune responses. Hanson et al. developed CMC and alginate (ALG) wafers loaded
with the HIV gp140 protein and with a-GalSer as an adjuvant. In ex vivo tests with porcine sublingual mucosa, wafers with
a higher CMC content withstood intense mucosal washings and had a higher tissue penetration of the coupled protein
(fluorescently labeled bovine serum albumin (BSA)) compared to wafers with a higher ALG content and the free protein.
However, the presence of ALG in the formulation was necessary to maintain protein stability on the wafer. Following
sublingual administration in mice, most mucoadhesive wafers generated a greater T-cell response in the lungs and
cervical lymph nodes 24, |n other studies, it has been suggested that CMC'’s viscosity and anionic structure allows the
formation of ionic bonding and hydrogen bonds with mucin layers 221126127

| 4. Mannan-Decorated Polymeric Particles

Similar results have also been achieved using the dual immunostimulant and mucoadhesive capacity of mannan isolated
from the cell wall of Saccharomyces cerevisiae 28, Mannans present immunostimulatory activity via pathogen recognition
receptors (PRRs) in APCs. An in vivo optical imaging system, following the intranasal administration of thiolated
hydroxypropylmethylcellulose phthalate microspheres (Man-THM), showed that mannan decoration increased the
residence time of Cy5.5-conjugated OVA-loaded Man-THM in the respiratory mucosa compared to OVA alone or OVA-
loaded THM. Subsequently, the mucosal immune response was evaluated following the nasal immunization of the ApxIIA
toxin from Actinobacillus pleuropneumoniae loaded in the MPs groups. The findings also demonstrated that the
microspheres reached the lungs and secondary lymphoid tissues and induced systemic IgG and secretory IgA responses
to the ApxIlA in bronchoalveolar lavage (BAL) and nasal and vaginal washes. Although the immunostimulatory role of
mannosylation in enhancing immunogenicity has been reported 239 in this work, the authors highlighted the
mucoadhesion of the mannosylated microspheres to explain the improved immunogenicity in vivo.

| 5. Alginate Coating

Vyas and his team (2014) assessed the coating of CS MPs with alginate (A-CSMp). In contrast to most of the works
reviewed up to this point, where the positive surface charge plays a fundamental role in adhesion to mucin, alginate as an
anionic polyelectrolyte changes the {-potential of the particle to an electronegative value (-29.7 mV). FITC-BSA was
rapidly washed from rat jejunal tissues; however, the in vitro retention time in the mucosa was prolonged when FITC-BSA
was associated with A-CSMp. In the same way, in the in vivo assays, only A-CSM loaded with FITC-BSA successfully
generated uptake by M cells in Peyer’s patches. When evaluating the efficacy of the particulate system in an oral anthrax
vaccination model, high-titer anti-PA serum IgA and IgG antibodies were observed in animals receiving particles loaded
with antigens compared to the free Bacillus anthracis protective antigen 211,

Similarly, Saraf et al. loaded alginate-coated CS NPs (ACNPs) with HBsAg anchored to E. coli EH-100 lipopolysaccharide
(LPS) (LPS-HBs-ACNPs) as an adjuvant for oral administration. As expected, the alginate coating changed the {-potential
of the NPs from +45.2 mV (0.5% CS-0.1% TPP) to -26.2 mV (0.5% CS-0.1% TPP-2% alginate-2% LPS) due to the
negatively charged -COO- electrostatic interaction of the alginate on the positively charged -NH3 of the CS. Despite the -
potential's more negative values, in vitro mucoadhesion studies showed that alginate-coated NPs were more
mucoadhesive than CS NPs alone. Although anti-HBsAg serum IgG titers were higher for HB-ACNPs after oral
administration, sIgA antibody titers in mucosal secretions were higher for LPS-HBs-ACNPs. The anchoring of LPS
targeted the NPs to M cells, conferring immunogenicity to the system 2 independently of the mucoadhesive properties of
ACNPs. As in the case of LPS, any ligand can be anchored to the particulate system to target it and to allow specific
binding to M cells or mucosal epithelial cells. Excellent reviews have been conducted on this topic [B31241[35],



On the other hand, sodium alginate protects the NPs from the hostile environment of the gastrointestinal tract, the same
as the introduction of hydrophilic groups, such as hydroxyalkyls, carboxyalkyls, succinyls, and thiols, or polymer grafts,
such as PEG. In this way, Amin and Boateng (2022) proposed a system based on OVA-loaded CS NPs coated with
sodium alginate or PEG for oral vaccine administration. Both sodium alginate and PEG coatings increased the stability of
NPs upon exposure to gastric fluids with the protection of the encapsulated protein (4 h and 1 h, respectively), compared
to uncoated NPs (<30 min). After transfer into simulated intestinal fluid, both coatings showed stability for 120 h, although
with different release profiles of OVA. Increased alginate concentrations were related to a higher level of mucin binding.
According to the authors, the alginate coating ensures stability, allows a higher antigen load to reach the site for mucosal
immune response, improves mucoadhesive properties, and enhances the sustained release of antigen-loaded NPs [,

| 6. Xyloglucan

Xyloglucan (XG), a non-anionic polysaccharide and the main hemicellulose component, has been applied with Quillaja
saponins to vaccine formulations against brucellosis. While Brucella LPS was weakly immunogenic, when B. abortus
LPS-loaded XG NPs were administered nasally to Balb/c mice, higher systemic and mucosal IgG antibody levels and
mucosal IgA were induced. Increased immunogenicity was associated with a greater mucoadhesion force of the XG and

the LPS-XG NPs compared to the LPS alone, as well as the ex vivo retention of LPS-XG NPs over 24 h in goat mucosa
Eu)

As in the case of CS, XG has been previously used in pharmaceutical applications in different formulations and by
different routes, including mucosal, transdermal, and intraperitoneal, due to its biodegradability, cost-effectiveness, and
non-toxicity. Some authors have suggested that the XG molecular structure, “mucin-like,” is responsible for mucoadhesive
properties, including swelling capacity and increasing concentration-dependent viscosity 889, All these characteristics,
taken together, expand the possibility of the future use of XG in mucosal vaccinations 9,

| 7. Poly (Acrylic Acid) and its Derivatives

Poly (acrylic acid) and its derivatives have excellent mucoadhesive capacity compared to cellulose, polycarbophil,
chitosan, and pectin B4243] An example is Carbopol®, a highly cross-linked hydrophilic polymer, which provides it with
mucoadhesive and viscoelastic properties. Coucke et al. used spray-dried powders of amylopectin (Amioca®) with
polyacrylic acid (Carbopol® 974P) in different proportions (SD 0/100, 25/75, 50/50, 85/15, and 100/0) for the intranasal
administration of H3N2-inactivated influenza virus and in combination with the LTR192G adjuvant in rabbits. The
formulation SD25/75 induced the highest serum response of IgG anti-haemagglutinin compared to the formulation
SD100/0, thus highlighting the importance of polyacrylic acid. Despite this, neither SD25/75 nor SD0/100 induce a local
mucosal response. The immune response was directly related to the negative Z-potential of Carbopol® 974P and the
mucoadhesive properties of the formulations. The reticulated, predominantly elastic, or highly structured characteristics of
SD25/75 (G’ >> G”) increased the residence time in the nasal cavity. In contrast, the lowest viscosity and cross-linking of
SD100/0 were associated with a low mucosal retention 441,

| 8. y-PGA

The poly-y-glutamic acid (y-PGA)-based vaccine adjuvant, an anionic biopolymer, was used for the intranasal delivery of
the influenza fusion protein sSM2HA2 and OVA, co-administered with 3-O-desacyl-4'-monophosphory! lipid A (MPL) and
QS21 in a system denominated y-PGA/MPL/QS21(CA-PMQ). Using in vivo single-positron-emission computed
tomography imaging, it was possible to determine that y-PGA increased the OVA residence time by up to 12 h in the nasal
cavity. This signal decreased at 6 h when OVA was administered alone. This result is correlated with the higher serum
IgG, IgG1, and IgG2a antibody responses in the groups vaccinated with OVA/CA-PMQ and sM2HA2/CA-PMQ compared
to the groups that received OVA and sM2HAZ2 alone, as well as being superior to that induced by the cholera toxin used
as a mucosal adjuvant. Likewise, animals vaccinated with the antigen/CA-PMQ induced more IL-4 and IFN-y—secreting
cell populations in the spleens stimulated with OVA, sM2, and HA2 protein than mice immunized with proteins alone or the
control group. Additionally, the CA-PMQ induced high titers of SM2HA2-specific IgA antibodies at the administration and
distal sites, along with an increased survival time (80-100%) following the challenge with influenza A subtypes and
cleared pulmonary viral titers 42!, The presence of carboxyl groups within y-PGA can provide a strong interaction with the
mucus layer.

The anionic model (-35.5 mV) of Kurosaki et al. with benzalkonium chloride (BK) and y-PGA NPs in a complex with OVA
(OVA/BK/y-PGA) was used for pulmonary administration. They observed an increased fluorescence intensity in the lung
(Alexa647-OVA/BK/y-PGA) indicative of lung deposition compared to Alexa647-OVA. OVA/BK/y-PGA increased the levels



of specific IgG antibodies, while in the animals that received OVA or the vehicle (BK/y-PGA), anti-OVA IgG was not
detected. The induction of immune responses at the mucosal site was also significantly higher in the OVA/BK/y-PGA
group 18 Their study did not discuss the role of y-PGA mucoadhesion in the results obtained. However, the authors
suggest the uptake efficiency of BK/y-PGA NPs by the antigen-presenting cells in the alveolar region. Due to the high
capture efficiency of particles <2 pm in the lung %4, the adhesion phenomenon could favor the increased particle
residence time in the lung mucosa. Evaluating bioadhesive properties in these systems could help to improve rational
vaccine design using polymeric particles.

| 9. Thiolated Polymers

The previously reviewed polymer-based adjuvants could be thiolated to improve mucoadhesion. In the past two decades,
important research has been conducted using thiolated polymers or so-call “thiomers”, mainly in excipients for drug
delivery. Thiomers can interact with mucin through disulfide bonds with the cysteine-rich subdomains of mucus
glycoproteins 48], These covalent bonds are supposed to have stronger binding than the non-covalent interactions that
are formed between the polymers and the sialic acid of the mucus layer #2, improving the mucoadhesive properties of the
polymers.

Using a tensile test and rotating cylinder method to obtain compressed tablets, Roldo et al. demonstrated that increasing
the number of thiol groups covalently attached to chitosan-4-thio-butyl-amidine conjugated significantly improves
mucoadhesion compared to unmodified CS. Thiolation increased the total adhesion work (TWA, pJ) up to 100 times B9,
Similarly, thiol reactivity impacts mucopenetration. When the thiol reactivity is medium to low, extensive interpenetration
occurs in the mucus layer, with a larger interface for disulfide bond formation. Conversely, highly reactive thiols have
difficulty penetrating through the mucus because they form disulfide bonds with the mucins on the surface of the mucus
layer, facilitating their rapid removal through mucus turnover 341,

In a recent study, Sinani et al. immunized Balb/c mice with BSA-loaded NPs prepared using aminated CS (aCS) and
aminated and thiolated CS (atCS) polymers; mice were nasally immunized at 14-day intervals. At the end of the
experiment (day 253), the nanoparticles (aCS and atCS) induced a more robust systemic response, resulting in an almost
two orders of magnitude higher systemic IgG titer than the BSA/CpG ODN control, with atCS being the best. These
results are correlated with the increased mucoadhesion observed in the aCS and the atCS. Both aCS and atCS
modulated the Th2 immune response and enabled immune response at distal mucosal sites B2,

Cellulose acetate phthalate (CAP) is widely used as an enteric coating for pharmaceutical dosage forms due to its
solubility at pH values above 6 (such as in the intestines) but poor water solubility at a low pH (such as in the stomach).
After exposure to intestinal fluids, the polymer swells, with the subsequent softening or complete dissolution of the
phthalate, allowing the release of the biologically active compounds 22l Lee et al. orally immunized mice with M5BT, a
chimerical multi-epitope recombinant protein of foot-and-mouth disease virus (FMDV), alone, loaded in thiolated CAP MPs
(T-CAP), or loaded in non-thiolated MPs (CAP). In ex vivo studies in the porcine intestinal mucosa, T-CAP mucoadhesion
was 1.48-fold higher than CAP. The improvement in the mucoadhesion properties was reflected in the highest production
of antigen-specific IgG antibodies in animals that received M5BT/T CAP. Similarly, this group of animals had significantly
higher levels of anti-M5BT IgA in fecal samples at 2 and 4 weeks due to the longer transit time of antigens in the mucosa
and increased MHC class II- expression on APC in PPs, related to IgA production 4],

For cationic thiomers such as atCS, the interactions are predominantly driven by electrostatic forces. In contrast, for
anionic thiomers, such as T-CAP, interaction with the mucus occurs through hydrogen bonds, van der Waals interactions,
and chain entanglement. In both cases, the bioavailability is improved by the extension of the residence time 23, Notably,
regardless of the surface charge of the polymer particles and resulting surface forces, the thiolation of both polymers
improved in vivo immune response.

Further evidence has shown that thiomers are susceptible to thiol oxidation at pH = 5, with their effectiveness being
reduced following oral administration. Typically, thiol groups (R-SH) can form disulfide bonds with mercaptopyridine
substructures, whereby thiol groups are stabilized against oxidation and increase their reactivity. S-protected thiomers, so-
called “pre-activated”, have shown greater mucoadhesion than unprotected thiomers, according to Igbal et al. (2012) 49,
In this work, Igbal et al. synthesized a polymer with improved mucoadhesive, cohesive, and in situ gelling properties. For
this purpose, poly (acrylic acid) (PAA), PAA-cysteine (PAA-cys), and 2-mercaptonicotinic acid (2MNA) coupled with PAA-
cys (PAA-cys-2MNA) were compressed into tablets, and the mucoadhesion strength was determined by the rotating
cylinder method. Adding thiol groups improved the mucoadhesive properties 456-fold, while the S-protected thiomer



increased the contact time to 960-fold compared to unmodified PAA. These thiolated nanosized carriers and others, such
as thiolated cyclodextrins 18] are research fields that may be explored further for mucosal vaccine development.

| 10. Enhancement of Epithelial Permeability by Polymer-Based Adjuvants

Although mucoadhesive molecules improve the bioavailability of drugs and antigens administered via the mucosa, the
mucus layer still limits passage into the epithelium. The transit time of particles in the mucosa is determined by the
physiological renewal time of the secreted mucus layer B4.. Mucus turnover reduces the mucosal residence time of
particulate delivery systems because they can be trapped by the mucus and rapidly eliminated 8!, which could
compromise their effectiveness as mucosal adjuvants.

Therefore, polymer-based adjuvants are expected to adhere to the mucous layer, penetrate the epithelium, and reach the
inductive sites for mucosal immune responses before being removed. Hence, this section briefly describes the strategies
to facilitate mucus barrier penetration and improve the permeability of polymer-based adjuvants once they are in the
mucosa.

10.1. Mucus-Penetrating Particles

Particles with a low adhesion and small size, thus with few steric hindrances to the mucin network, are often referred to as
mucus-penetrating particles. Unlike mucoadhesive particles, mucus-penetrating particles seek to minimize the strength of
electrostatic and hydrophobic interactions with the mucin. Polymers with neutral or low positive charges are generally
included in the design of mucus-penetrating formulations. Several studies have reported the surface coating of particles
with PEG. PEG is used as an adhesion promoter acting at the interface to improve adhesion. Hence, PEG chains tethered
or grafted are covalently attached at one end on the polymer surface while the other is free, allowing PEG to diffuse from
the polymer network to the mucus and enhancing interpenetration [163]. Wang et al. further demonstrated the formation of
hydrogen bonds between the ether oxygen atoms of the PEG chain and glycosylated proteins of mucins. Additionally, they
reported PEG with a low molecular weight (2 and 10 kDa), near-neutral surface charge ({-potential of 2 + 4 and 1 + 3 mV,
respectively), minimized mucoadhesion by reducing hydrophobic hydrogen bonding, and electrostatic interactions to have
better mucus-penetrating properties. The authors even proposed that PEG-covered particles between -10 and -7 mV are
within the interval that defines mucoadhesive vs. mucoinert characteristics 2,

Despite its widespread use in over-the-counter drugs and vaccines, recent approaches suggest that PEG is not
immunologically inert BABLIE2]  Several authors demonstrated that introducing PEG to mucosal vaccine formulations
increases their protective efficacy 6364, Similarly, an extensive recent review explained the impact of PEGylation in terms
of biodistribution for anticipating safety and efficacy [631. Therefore, it is essential to study the tolerability and safety profile
of PEG, despite being an alternative to increased mucopenetration.

Some works have also raised doubts about coating particles with PEG due to surface modifications that can alter the
linked polymers’ physical and biological properties. Bamberger et al. evaluated the effects on APC response after
functionalizing spermine NPs with acetylated dextran (Sp-Ac-DEX) through a process called DEXylation and PEGylation.
The average particle size was considerably increased by DEXylation, with subsequent aggregation. PEGylation and
DEXylation decreased the primary amines and, therefore, the {-potential. This was reflected in the 20% reduction in the
cell viability of bone-marrow-derived dendritic cells and macrophages treated with DEXylated NPs, whereas PEGylation
treatment increased viability by 10-20% compared to unmodified NPs. However, the binding and cellular uptake of
surface-modified NPs was lower in PEGylated particles [©8],

Other polymers with mucopenetration ability are poloxamers, also known as Pluronic®. These block copolymers consist of
hydrophilic poly (ethylene oxide) (PEO), and hydrophobic block-poly (propylene oxide) (PPO) ordered in an A-B-A triblock
structure: PEO-PPO-PEQ [B7I68I69  Diaz et al. demonstrated that the addition of mucoadhesive and thermosensitive
poloxamer 407(F127)-based hydrogels to CS microspheres in a formulation for nasal and conjunctival ram immunization
improved both local and systemic humoral immune responses against the BLSOmp31 antigen, an outer membrane
protein of Brucella spp., along with the reduced excretion of Brucella ovis 9. Pastor et al. proposed a Pluronic® (PF127)
and Gantrez® AN119 thermally sensitive hydrogel for intranasal vaccine delivery since the hydrogel increases the
residence time of the antigens in the nasal epithelium, allowing their penetration into the deep skin layers of the nose thus
reaching the submucosa, where they can trigger an immune response 41,

Another type of mucopenetrant includes nanoemulsions (NEs). Di Cola et al. evaluated PEG-coated O/W NEs with
emulsified, added CS as a proposal for the nasal administration of drugs or vaccines. They observed that CS-added NE
led to a local shrinking of the mucin gel network, forming larger pores between the mucin bundles. This phenomenon does



not occur in the absence of CS. The SAXS (small-angle X-ray) monitoring of the penetration of solute CS-added NE into
the PGM showed a higher diffusion over time (20 min) through the mucus mesh. SANS (neutron scattering) confirmed
that, unlike the steric hindrance caused by the pore-like size of mucus caused by mucoinert NPs, the CS-added NE based
on Solutol® mucopenetrates by the collapse of the mucus mesh 2,

Coating dextran particles with mucopenetration properties have also been explored to improve drug administration
performance [ZBIZ4AAITE ang enhance immunoadjuvant activity in vivo . Other strategies, such as coating polymeric
particles with polydopamine (PDA) [Z8 or cell-penetrating peptides 22 used in drug delivery, might be explored and
characterized in mucosal vaccines, as well as continuing the search for new adjuvants with mucopenetrating properties.

10.2. Permeation of Polymeric Particles via the Mucus Layer

An additional consideration for the design of polymer-based particles is passing through the second barrier, the epithelial
cell membrane. The permeability of peptides, proteins, and drugs is often deficient. In this sense, absorption enhancers
have been developed, which, in addition to preventing enzymatic degradation, facilitate the opening of the epithelial
barrier and improve absorption through intracellular or paracellular mechanisms B9, Absorption and permeation
enhancers include surfactants, such as bile salts, fatty acids, phospholipids, tight junction modulators, cyclodextrins, and
detergents [BLIB2B3B4]  This group also includes mucolytic agents, such as acetylcysteine or enzymes, which can
decrease the elastic properties and dynamic viscosity of the mucus, influencing the integrity of the mucus layer 83, For
example, Zhang et al. reported the oral administration, in mice, of self-assembled nanoparticles with recombinant urease
subunit B from Helicobacter pylori, coated with a cell-penetrating peptide, and coated with PEG derivative. NPs were
transported transepithelially, improving the systemic and mucosal antibody response and the protection against H. pylori
after the challenge B8, It will be essential to continue studying absorption enhancers in mucosal vaccine formulations to
improve the immune response.

| 11. Challenges and Opportunities

For several decades, many polymer-based particles have shown promise as potential human mucosal vaccine adjuvants
due to their biodegradability, biocompatibility, and nontoxicity characteristics. Added to this is the extensive study of the
adjuvant mechanisms of particulate systems. However, in the mucosa, the mucin networks that cover the compartments
are often considered a barrier for the particles, so the mucoadhesive and mucopenetrating capacity of the polymer-based
particles often defines their adjuvant mechanism of action.

The search for polymers with better mucoadhesive properties, regardless of the polymer’s source, but focusing on the
physicochemical characterization of polymeric particles and the contribution of these properties to mucoadhesion, will
allow the rational design of mucosal vaccines. However, it is not an easy task because, on the one hand, the smallest
nanoparticles are the most mucopenetrating. Still, on the other, there is a lack of studies that suggest an ideal surface
charge or a hydrophobicity that favors adhesion. At the same time, it cannot be ignored that there are multiple other
cellular mechanisms to elicit the immune response triggered by the polymeric particles, i.e., enhanced antigen uptake,
immune cell presentation and recruitment, and traffic to lymph nodes.

Studies demonstrating the correlation between the observed immune response, the physicochemical characteristics, the
mucoadhesion, and the mucopenetration ability are scarce. More studies that examine all these factors simultaneously
are required to position mucoadhesion as another immune response mechanism necessary for designing more efficient
polymer-based particulate adjuvants.

| 12. Conclusions

The COVID-19 pandemic highlighted the need for mucosal vaccination as an effective strategy to eradicate infectious
diseases that have the mucosa as a natural route of infection. Mucoadhesion is probably the most important feature to
improve local and systemic immune responses since, by prolonging the residence time of particulate polymers in mucosal
tissues, the absorption and sometimes penetration through the mucosal epithelia are allowed and improved. In this sense,
studying the physicochemical characteristics of the polymeric particles used as mucosal vaccine adjuvants and how they
affect mucoadhesion is crucial to developing new mucosal vaccines.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Liu, Q.; Zheng, X.; Zhang, C.; Shao, X.; Zhang, X.; Zhang, Q.; Jiang, X. Antigen-conjugated N-
trimethylaminoethylmethacrylate chitosan nanoparticles induce strong immune responses after nasal administration.
Pharm. Res. 2015, 32, 22-36.

. Collado-Gonzélez, M.; Espinosa, Y.G.; Goycoolea, F.M. Interaction between chitosan and mucin: Fundamentals and

applications. Biomimetics 2019, 4, 32.

. Gong, X.; Gao, Y.; Shu, J.; Zhang, C.; Zhao, K. Chitosan-based nanomaterial as immune adjuvant and delivery carrier

for vaccines. Vaccines 2022, 10, 1906.

. Szymanska, E.; Winnicka, K. Stability of chitosan—A challenge for pharmaceutical and biomedical applications. Mar.

Drugs 2015, 13, 1819-1846.

. Safdar, R.; Aziz, A.; Arunagiri, A.; Regupathi, |.; Thanabalan, M.; Engineering, C.; Petronas, T.; Iskandar, B.S.; Ridzuan,

P.D. Potential of chitosan and its derivatives for controlled drug release applications—A review. J. Drug Deliv. Sci.
Technol. 2019, 49, 642—-659.

. Trapani, A.; Sitterberg, J.; Bakowsky, U.; Kissel, T. The potential of glycol chitosan nanopatrticles as carrier for low water

soluble drugs. Int. J. Pharm. 2009, 375, 97-106.

. Lin, F; Jia, H.; Wu, F. Glycol chitosan: A water-soluble polymer for cell imaging and drug delivery. Molecules 2019, 24,

4371.

. Pawar, D.; Jaganathan, K.S. Mucoadhesive glycol chitosan nanoparticles for intranasal delivery of hepatitis B vaccine:

Enhancement of mucosal and systemic immune response. Drug Deliv. 2016, 23, 185-194.

.Kim, E.S.; Baek, Y.; Yoo, H.; Lee, J.; Lee, H.G. Chitosan-tripolyphosphate nanopatrticles prepared by ionic gelation

improve the antioxidant activities of astaxanthin in the in vitro and in vivo model. Antioxidants 2022, 11, 479.

Walke, S.; Srivastava, G.; Routaray, C.B.; Dhavale, D.; Pai, K.; Doshi, J.; Kumar, R.; Doshi, P. Preparation and
characterization of microencapsulated DwPT trivalent vaccine using water soluble chitosan and its in-vitro and in-vivo
immunological properties. Int. J. Biol. Macromol. 2018, 107, 2044—2056.

Snyman, D.; Hamman, J.H.; Kotze, A.F. Evaluation of the mucoadhesive properties of N-trimethyl chitosan chloride.
Drug Dev. Ind. Pharm. 2003, 29, 61-69.

Pathak, K.; Misra, S.K.; Sehgal, A.; Singh, S.; Bungau, S.; Najda, A.; Gruszecki, R.; Behl, T. Biomedical applications of
quaternized chitosan. Polymers 2021, 13, 2514.

Kim, Y.H.; Yoon, K.S; Lee, S.; Park, E.; Rhim, J. Synthesis of fully deacetylated quaternized chitosan with enhanced
antimicrobial activity and low cytotoxicity. Antioxidants 2022, 11, 1644.

Pawar, D.; Goyal, A.K.; Mangal, S.; Mishra, N.; Vaidya, B.; Tiwari, S.; Jain, A.K.; Vyas, S.P. Evaluation of mucoadhesive
PLGA microparticles for nasal immunization. AAPS J. 2010, 12, 130-137.

Krishnakumar, D.; Kalaiyarasi, D.; Bose, J.C.; Jaganathan, K.S. Evaluation of Mucoadhesive nanoparticle based nasal
vaccine. J. Pharm. Investig. 2012, 42, 315-326.

Kim, H.S.; Park, K.H.; Lee, H.K.; Kim, J.S.; Kim, Y.G.; Lee, J.H.; Kim, K.H.; Yun, J.; Hwang, B.Y.; Hong, J.T.; et al.
Curdlan activates dendritic cells through dectin-1 and toll-like receptor 4 signaling. Int. Immunopharmacol. 2016, 39,
71-78.

Zhang, S.; Huang, S.; Lu, L.; Song, X.; Li, P.; Wang, F. Curdlan sulfate-O-linked quaternized chitosan nanopatrticles:
Potential adjuvants to improve the immunogenicity of exogenous antigens via intranasal vaccination. Int. J. Nanomed.
2018, 13, 2377-2394.

Lu, G.; Sheng, B.; Wang, G.; Wei, Y.; Gong, Y.; Zhang, X.; Zhang, L. Controlling the degradation of covalently cross-
linked carboxymethyl chitosan utilizing bimodal molecular weight distribution. J. Biomater. Appl. 2009, 23, 435-451.

Cao, P.; Wang, J.; Sun, B.; Rewatkar, P.; Popat, A.; Fu, C.; Peng, H.; Xu, Z.P,; Li, L. Enhanced mucosal transport of
polysaccharide-calcium phosphate nanocomposites for oral vaccination. ACS Appl. Bio. Mater. 2021, 4, 7865—-7878.

Runarsson, O.V.; Holappa, J.; Nevalainen, T.; Hjaimarsdoéttir, M.; Jarvinen, T.; Loftsson, T.; Einarsson, J.M.; Jonsdéttir,
S.; Valdimarsdéttir, M.; Masson, M. Antibacterial activity of methylated chitosan and chitooligomer derivatives:
Synthesis and structure activity relationships. Eur. Polym. J. 2007, 43, 2660-2671.

Suksamran, T.; Ngawhirunpat, T.; Rojanarata, T.; Sajomsang, W.; Pitaksuteepong, T.; Opanasopit, P. Methylated N-(4-
N,N-Dimethylaminocinnamyl) chitosan-coated electrospray OVA-loaded microparticles for oral vaccination. Int. J.
Pharm. 2013, 448, 19-27.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Jesus, S.; Soares, E.; Costa, J.; Borchard, G.; Borges, O. Immune response elicited by an intranasally delivered
HBsAg low-dose adsorbed to poly-e-caprolactone based nanoparticles. Int. J. Pharm. 2016, 504, 59—69.

Rahman, M.S.; Hasan, M.S.; Nitai, A.S.; Nam, S.; Karmakar, A.K.; Ahsan, M.S.; Shiddiky, M.J.A.; Ahmed, M.B. Recent
developments of carboxymethyl cellulose. Polymers 2021, 13, 1345.

Hanson, S.M.; Singh, S.; Tabet, A.; Sastry, K.J.; Barry, M.; Wang, C. Mucoadhesive wafers composed of binary polymer
blends for sublingual delivery and preservation of protein vaccines. J. Control. Release 2021, 330, 427-437.

Mishra, M.; Mishra, B. Mucoadhesive micropatrticles as potential carriers in inhalation delivery of doxycycline hyclate: A
comparative study. Acta Pharm. Sin. B. 2012, 2, 518-526.

Cook, S.L.; Woods, S.; Methven, L.; Parker, J.K.; Khutoryanskiy, V.V. Mucoadhesive polysaccharides modulate sodium
retention, release and taste perception. Food Chem. 2018, 240, 482-489.

Baus, R.A.; Zahir-Jouzdani, F.; Dinnhaupt, S.; Atyabi, F.; Bernkop-Schniirch, A. Mucoadhesive hydrogels for buccal
drug delivery: In vitro-in vivo correlation study. Eur. J. Pharm. Biopharm. 2019, 142, 498-505.

Li, H.S.; Shin, M.K.; Singh, B.; Maharjan, S.; Park, T.E.; Kang, S.K.; Yoo, H.S.; Hong, Z.S.; Cho, C.S.; Choi, Y.J. Nasal
immunization with mannan-decorated mucoadhesive HPMCP microspheres containing ApxIIA toxin induces protective
immunity against challenge infection with Actinobacillus Pleuropneumoiae in mice. J. Control. Release 2016, 233, 114—
125.

Luong, M.; Lam, J.S.; Chen, J.; Levitz, S.M. Effects of fungal N- and O-linked mannosylation on the immunogenicity of
model vaccines. Vaccine 2007, 25, 4340-4344.

Kreer, C.; Kuepper, J.M.; Zehner, M.; Quast, T.; Kolanus, W.; Schumak, B.; Burgdorf, S. N-glycosylation converts non-
glycoproteins into mannose receptor ligands and reveals antigen-specific T cell responses in vivo. Oncotarget 2017, 8,
6857-6872.

Mangal, S.; Pawar, D.; Agrawal, U.; Jain, A.K.; Vyas, S.P. Evaluation of Mucoadhesive carrier adjuvant: Toward an oral
anthrax vaccine. Artif. Cells Nanomed. Biotechnol. 2014, 42, 47-57.

Saraf, S.; Jain, S.; Sahoo, R.N.; Mallick, S. Lipopolysaccharide derived alginate coated hepatitis B antigen loaded
chitosan nanoparticles for oral mucosal immunization. Int. J. Biol. Macromol. 2020, 154, 466-476.

Des Rieux, A.; Pourcelle, V.; Cani, P.D.; Marchand-Brynaert, J.; Préat, V. Targeted nanoparticles with novel non-
peptidic ligands for oral delivery. Adv. Drug Deliv. Rev. 2013, 65, 833—844.

Longet, S.; Lundahl, M.L.E.; Lavelle, E.C. Targeted strategies for mucosal vaccination. Bioconjug. Chem. 2018, 29,
613-623.

Lee, N.K.; Kim, S.N.; Park, C.G. Immune cell targeting nanoparticles: A review. Biomater. Res. 2021, 25, 44.

Amin, M.K.; Boateng, J.S. Enhancing stability and mucoadhesive properties of chitosan nanoparticles by surface
modification with sodium alginate and polyethylene glycol for potential oral mucosa vaccine delivery. Mar. Drugs 2022,
20, 156.

Vyas, S.; Dhoble, S.; Ghodake, V.; Patravale, V. Xyloglucan based mucosal nanovaccine for immunological protection
against brucellosis developed by supercritical fluid technology. Int. J. Pharm. X 2020, 2, 100053.

Piqué, N.; Gomez-Guillén, M.d.C.; Montero, M.P. Xyloglucan, a plant polymer with barrier protective properties over the
mucous membranes: An overview. Int. J. Mol. Sci. 2018, 19, 673.

Campolo, M.; Lanza, M.; Filippone, A.; Paterniti, I.; Casili, G.; Scuderi, S.A.; Ardizzone, A.; Cuzzocrea, S.; Esposito, E.
Evaluation of a product containing xyloglucan and pea protein on skin barrier permeability. Skin Pharmacol. Physiol.
2020, 33, 231-236.

Dutta, P.; Giri, S.; Giri, T.K. Xyloglucan as green renewable biopolymer used in drug delivery and tissue engineering.
Int. J. Biol. Macromol. 2020, 160, 55-68.

Grabovac, V.; Guggi, D.; Bernkop-Schniirch, A. Comparison of the mucoadhesive properties of various polymers. Adv.
Drug Deliv. Rev. 2005, 57, 1713-1723.

Pérez-Gonzalez, G.L.; Villarreal-Gémez, L.J.; Serrano-Medina, A.; Torres-Martinez, E.J.; Cornejo-Bravo, J.M.
Mucoadhesive electrospun nanofibers for drug delivery systems: Applications of polymers and the parameters’ roles.
Int. J. Nanomed. 2019, 14, 5271-5285.

Lam, H.T.; Zupangi¢, O.; Laffleur, F.; Bernkop-Schniirch, A. Mucoadhesive properties of polyacrylates: Structure—
function. Int. J. Adhes. Adhes. 2021, 107, 102857.

Coucke, D.; Schotsaert, M.; Libert, C.; Pringels, E.; Vervaet, C.; Foreman, P.; Saelens, X.; Remon, J.P. Spray-dried
powders of starch and crosslinked poly(acrylic acid) as carriers for nasal delivery of inactivated influenza vaccine.
Vaccine 2009, 27, 1279-1286.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Noh, H.J.; Chowdhury, M.Y.E.; Cho, S.; Kim, J.-H.; Park, H.S.; Kim, C.-J.; Poo, H.; Sung, M.-H.; Lee, J.-S.; Lim, Y.T.
Programming of influenza vaccine broadness and persistence by mucoadhesive polymer-based adjuvant systems. J.
Immunol. 2015, 195, 2472—-2482.

Kurosaki, T.; Katafuchi, Y.; Hashizume, J.; Harasawa, H.; Nakagawa, H. Induction of mucosal immunity by pulmonary
administration of a cell-targeting nanoparticle. Drug Deliv. 2021, 28, 1585-1593.

Fedorovitch, G. Aerosol Particles in Lungs: Theoretical Modeling of Deposition and Mucociliary Clearance; IntechOpen:
London, UK, 2019; Open Access Books Built by Scientists; pp. 1-16.

Leitner, V.M.; Walker, G.F.; Bernkop-Schniirch, A. Thiolated polymers: Evidence for the formation of disulphide bonds
with mucus glycoproteins. Eur. J. Pharm. Biopharm. 2003, 56, 207-2114.

Igbal, J.; Shahnaz, G.; Dunnhaupt, S.; Miiller, C.; Hintzen, F.; Bernkop-schnirch, A. Biomaterials preactivated thiomers
as mucoadhesive polymers for drug delivery. Biomaterials 2012, 33, 1528-1535.

Roldo, M.; Hornof, M.; Caliceti, P.; Bernkop-schnu, A. Mucoadhesive thiolated chitosans as platforms for oral controlled
drug delivery: Synthesis and in vitro evaluation. Eur. J. Pharm. Biopharm. 2004, 57, 115-121.

Leichner, C.; Jelkmann, M.; Bernkop-schnirch, A. Thiolated polymers: Bioinspired polymers utilizing one of the most
important bridging structures in nature. Adv. Drug Deliv. Rev. 2019, 151-152, 191-221.

Sinani, G.; Sessevmez, M.; Gok, M.K.; Ozgiimiis, S.; Alpar, H.O.; Cevher, E. Modified chitosan-based nanoadjuvants
enhance immunogenicity of protein antigens after mucosal vaccination. Int. J. Pharm. 2019, 569, 118592.

Malm, C.J.; Emerson, J.; Hiatt, G.D. Cellulose acetate phthalate as an enteric coating material. J. Am. Pharm. Assoc.
1951, 40, 520-525.

Lee, H.B.; Yoon, S.Y.; Singh, B.; Oh, S.H.; Cui, L.; Yan, C.; Kang, S.K.; Choi, Y.J.; Cho, C.S. Oral immunization of
FMDV vaccine using PH-sensitive and mucoadhesive thiolated cellulose acetate phthalate microparticles. Tissue Eng.
Regen. Med. 2018, 15, 1-11.

Singh, I.; Rana, V. Enhancement of mucoadhesive property of polymers for drug delivery applications: A critical review.
Rev. Adhe. Adhes. 2013, 1, 271.

Schneider, H.; Pelaseyed, T.; Svensson, F.; Johansson, M.E.V. Study of mucin turnover in the small intestine by in vivo
labeling. Sci. Rep. 2018, 8, 5760.

Asim, M.H.; Nazir, 1.; Jalil, A.; Matuszczak, B.; Bernkop-schnurch, A. Tetradeca-thiolated cyclodextrins: Highly
mucoadhesive and in-situ gelling oligomers with prolonged mucosal adhesion. Int. J. Pharm. 2020, 577, 119040.

Bansil, R.; Turner, B.S. The biology of mucus: Composition, synthesis and organization. Adv. Drug Deliv. Rev. 2018,
124, 3-15.

Wang, Y.; Lai, S.K.; Pace, A.; Cone, R.; Hanes, J. Addressing the PEG mucoadhesivity paradox to engineer
nanoparticles that “slip” through the human mucus barrier. Angew. Chem. Int. Ed. Engl. 2009, 47, 9726-9729.

Karabasz, A.; Szczepanowicz, K.; Cierniak, A.; Mezyk-Kopec, R.; Dyduch, G.; Szczech, M.; Bereta, J.; Bzowska, M. In
vivo studies on pharmacokinetics, toxicity and immunogenicity of polyelectrolyte nanocapsules functionalized with two
different polymers: Poly-L-glutamic acid or PEG. Int. J. Nanomed. 2019, 14, 9587-9602.

Chen, B.M.; Cheng, T.L.; Roffler, S.R. Polyethylene glycol immunogenicity: Theoretical, clinical, and practical aspects of
anti-polyethylene glycol antibodies. ACS Nano 2021, 15, 14022—-14048.

Estapé Senti, M.; de Jongh, C.A.; Dijkxhoorn, K.; Verhoef, J.J.F.; Szebeni, J.; Storm, G.; Hack, C.E.; Schiffelers, R.M.;
Fens, M.H.; Boross, P. Anti-PEG antibodies compromise the integrity of pegylated lipid-based nanoparticles via
complement. J. Control. Release 2022, 341, 475-486.

Chang, X.; Yu, W.; Ji, S.; Shen, L.; Tan, A.; Hu, T. Conjugation of PEG-hexadecane markedly increases the
immunogenicity of pneumococcal polysaccharide conjugate vaccine. Vaccine 2017, 24, 1698-1704.

Abhyankar, M.M.; Orr, M.T.; Lin, S.; Suraju, M.O.; Simpson, A.; Blust, M.; Pham, T.; Guderian, J.A.; Tomai, M.A.;
Elvecrog, J.; et al. Adjuvant composition and delivery route shape immune response quality and protective efficacy of a
recombinant vaccine for Entamoeba histolytica. npj Vaccines. 2018, 3, 22.

Shi, D.; Beasock, D.; Fessler, A.; Szebeni, J.; Ljubimova, J.Y.; Afonin, K.A.; Dobrovolskaia, M.A. To PEGylate or not to
PEGylate: Immunological properties of nanomedicine’s most popular component, polyethylene glycol and its
alternatives. Adv. Drug Deliv. Rev. 2023, 180, 114079.

Bamberger, D.; Hobernik, D.; Konhauser, M.; Bros, M.; Wich, P.R. Surface modification of polysaccharide-based
nanoparticles with PEG and dextran and the effects on immune cell binding and stimulatory characteristics. Mol.
Pharm. 2017, 14, 4403-4416.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

Batrakova, E.V.; Kabanov, A.V. Pluronic block copolymers: Evolution of drug delivery concept from inert nanocarriers to
biological response modifiers. J. Control. Release 2008, 130, 98—-106.

Liu, D.; Yang, M.; Wang, D.; Jing, X.; Lin, Y.; Feng, L.; Duan, X. Dpd Study on the interfacial properties of PEO/PEO-
PPO-PEO/PPO ternary blends: Effects of pluronic structure and concentration. Polymers 2021, 13, 2866.

Petit, B.; Bouchemal, K.; Vauthier, C.; Djabourov, M.; Ponchel, G. The counterbalanced effect of size and surface
properties of chitosan-coated poly (isobutylcyanoacrylate) nanoparticles on mucoadhesion due to pluronic F68
addition. Pharm. Res. 2012, 29, 943-952.

Diaz, A.G.; Quinteros, D.A.; Paolicchi, FA.; Rivero, M.A.; Palma, S.D.; Pardo, R.P.; Clausse, M.; Zylberman, V.;
Goldbaum, F.A.; Estein, S.M. Mucosal immunization with polymeric antigen BLSOmp31 using alternative delivery
systems against Brucella Ovis in rams. Vet. Immunol. Immunopathol. 2019, 209, 70-77.

Pastor, Y.; Ting, |.; Luisa, A.; Manuel, J.; Gamazo, C. Intranasal delivery system of bacterial antigen using
thermosensitive hydrogels based on a pluronic-gantrez conjugate. Int. J. Pharm. 2020, 579, 119154.

Di Cola, E.; Cantu, L.; Brocca, P.; Rondelli, V.; Fadda, G.C.; Canelli, E.; Martelli, P.; Clementino, A.; Sonvico, F.; Bettini,
R.; et al. Novel O/W nanoemulsions for nasal administration: Structural hints in the selection of performing vehicles with
enhanced mucopenetration. Colloids Surf. B Biointerfaces 2019, 183, 110439.

Lopes, M.; Shrestha, N.; Correia, A.; Shahbazi, M.; Sarmento, B.; Hirvonen, J.; Veiga, F.; Seic, R. Dual
chitosan/albumin-coated alginate/dextran sulfate nanoparticles for enhanced oral delivery of insulin. J. Control.
Release 2016, 232, 29-41.

Manchanda, S.; Sahoo, P.K.; Majumdar, D.K. Mucoadhesive chitosan-dextran sulfate nanoparticles of acetazolamide
for ocular hypertension. Nanotechnol. Rev. 2016, 5, 445-453.

Ferreira, L.M.B.; Alonso, J.D.; Kiill, C.P.; Ferreira, N.N.; Buzza, H.H.; Martins de Godoi, D.R.; de Britto, D.; Assis,
0.B.G.; Seraphim, T.V.; Borges, J.C.; et al. Exploiting supramolecular interactions to produce bevacizumab-loaded
nanoparticles for potential mucosal delivery. Eur. Polym. J. 2018, 103, 238-250.

Elmowafy, E.; Soliman, M.E. International journal of biological macromolecules losartan-chitosan/dextran sulfate
microplex as a carrier to lung therapeutics: Dry powder inhalation, aerodynamic profile and pulmonary tolerability. Int. J.
Biol. Macromol. 2019, 136, 220-229.

Pirouzmand, H.; Khameneh, B.; Tafaghodi, M. Immunoadjuvant potential of cross-linked dextran microspheres mixed
with chitosan nanospheres encapsulated with tetanus toxoid. Pharm. Biol. 2017, 55, 212-217.

Poinard, B.; Lam, S.A.E.; Neoh, K.G.; Kah, J.C.Y. Mucopenetration and biocompatibility of polydopamine surfaces for
delivery in an ex vivo porcine bladder. J. Control. Release 2019, 300, 161-173.

uhl, P.; Grundmann, C.; Sauter, M.; Storck, P.; Tursch, A.; Ozbek, S.; Leotta, K.; Roth, R.; Witzigmann, D.; Kulkarni,
J.A.; et al. Coating of PLA-nanoparticles with cyclic, arginine-rich cell penetrating peptides enables oral delivery of
liraglutide. Nanomedicine 2020, 24, 102132.

Ghadiri, M.; Young, P.M.; Traini, D. Strategies to enhance drug absorption via nasal and pulmonary routes.
Pharmaceutics 2019, 11, 113.

Suzuki, H.; Kondoh, M.; Li, X.; Takahashi, A.; Matsuhisa, K.; Matsushita, K.; Kakamu, Y.; Yamane, S.; Kodaka, M.;
Isoda, K.; et al. A toxicological evaluation of a claudin modulator, the c-terminal fragment of Clostridium Perfringens
enterotoxin, in mice. Pharmazie 2011, 66, 543-546.

Moghimipour, E.; Ameri, A.; Handali, S. Absorption-enhancing effects of bile salts. Molecules 2015, 20, 14451-14473.

Zhang, H.; Huang, X.; Sun, Y.; Lu, G.; Wang, K.; Wang, Z.; Xing, J.; Gao, Y. Improvement of pulmonary absorption of
poorly absorbable macromolecules by hydroxypropyl-B-cyclodextrin grafted polyethylenimine (HP-B-CD-PEI) in rats.
Int. J. Pharm. 2015, 489, 294-303.

Zhang, T.; Li, M.; Han, X.; Nie, G.; Zheng, A. Effect of different absorption enhancers on the nasal absorption of
nalmefene hydrochloride. AAPS PharmSciTech. 2022, 23, 143.

Oh, D.W,; Kang, J.H.; Kim, Y.J.; Na, S.B.; Kwan Kwon, T.; Kim, S.; Hwan Shin, D.; Jie, G.; Shin, M.S.; Sung Kang, K.;
et al. Preparation of inhalable N-acetylcysteine-loaded magnetite chitosan microparticles for nitrate adsorption in
particulate matter. Int. J. Pharm. 2023, 630, 122454,

Zhang, Y.; Li, H.; Wang, Q.; Hao, X.; Li, H.; Sun, H.; Han, L.; Zhang, Z.; Zou, Q.; Sun, X. Rationally designed self-
assembling nanopatrticles to overcome mucus and epithelium transport barriers for oral vaccines against Helicobacter
Pylori. Adv. Funct. Mater. 2018, 28, 1802675.

Retrieved from https://encyclopedia.pub/entry/history/show/100656






