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A B S T R A C T

Mucoadhesion is a special case of bioadhesion in which a material adheres to soft mucosal tissues. This review 
elucidates our current understanding of mucoadhesion across length, time, and energy scales by focusing on 
relevant structural features of mucus. We highlight the importance of both covalent and non-covalent in
teractions that can be tailored to maximize mucoadhesive interactions, particularly concerning proteinaceous 
mucoadhesives, which have been explored only to a limited extent so far in the literature. In particular, we 
highlight the importance of thiol groups, hydrophobic moieties, and charged species inherent to proteins as key 
levers to fine tune mucoadhesive performance. Some aspects of protein surface modification by grafting specific 
functional groups or coupling with polysaccharides to influence mucoadhesive performance are examined. In
sights from this review offer a physicochemical roadmap to inform the development of biocompatible, protein- 
based mucoadhesive systems that can fulfil dual roles for both adhesion and delivery of actives, enabling the 
fabrication of advanced biomedical, nutritional and allied soft material technologies.

1. Introduction

Mucoadhesion is a special case of bioadhesion in which materials 
adhere to mucosal membranes [1], so that it is directly involved in, e.g., 
coating and protecting damaged tissues [2]. While mucoadhesive ma
terials are not inherently classified as high cellular uptake drug delivery 
systems [3], their prolonged residence within the mucosal environment 
may offer advantages such as localized and sustained delivery [4]. This 
offers further benefits as compared to parenteral or oral administration 
of non-mucoadhesive materials, including enhanced patient compliance 
[5] and painless drug delivery directly to the bloodstream [6]. 
Mucoadhesive properties are also pivotal in the development of mucosal 
vaccines for cancer immunotherapy [7], and for nasal drug delivery 
systems [8]. The key mechanisms that explain mucoadhesion are 
derived from the ones that underpin bio-adhesivity in general [9]. 
However, the presence of multiple length scales in mucoadhesive in
teractions [10] requires specific consideration. Here, we review the 
current literature critically to offer insights into the mechanisms for the 
mucoadhesive process, relating multiple length, strength, and time 
scales for the observed phenomena.

Substantial progress in the development of mucoadhesive materials 
is already documented in several reviews [11], encompassing how 
mucus interacts with hydrogels [12], nanocarriers [13,3], and the im
plications for transmucosal drug delivery [14]. Some reviews focused on 
the comparison between mucoadhesion and mucopenetration technol
ogies [15–17], alongside recent advances in the field for a diverse array 
of applications employing polymeric mucoadhesives such as PEG, cel
lulose derivatives, chitosan, xanthan gum, pectin, and alginate [18–22]. 
Proteins as therapeutic agents have also been incorporated in 
polysaccharide-based matrixes [23]. However, apart from lectins, 
known for their cell membrane recognitions and subsequent cellular 
adhesion [24], limited attention has been paid to protein-based 
mucoadhesives. A recent review [25] highlights the potential benefits 
of biodegradable, naturally-occurring proteinaceous materials, such as 
whey protein [26], in enhancing the bioavailability of encapsulated 
active ingredients via mucoadhesion due to their high functionality, 
biocompatibility, and cost-effectiveness. In the commercial space, a 
milk-protein-based mucoadhesive Loramyc® (Europe) is currently used 
for the oral treatment of mucosal disease i.e. candidiasis [27]. While the 
interaction between various food proteins and salivary mucins has been 
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well-documented [28–30] in the context of oral processing and sensorial 
properties, we know of no review that explores the role of proteins as 
potential mucoadhesive materials in the light of their interactions with 
mucin.

Therefore, in this review, we discuss the mechanisms of interaction 
of mucoadhesive systems with mucus across length, time, and strength 
scales with a specific focus on protein-based mucoadhesive materials. 
First, we give a comprehensive introduction to mucus, including the 
structure of mucin. We also discuss its key macro and micro-scale 
rheological properties alongside understanding its alteration owing to 
site and disease conditions. This gives us a stepping stone to understand 
the mucosal disparities across sites and disease condition to highlight 
the range of tailored properties a mucoadhesive material may need on 
site of administration. We then provide underpinning principles of the 
length, time and strength scales that may affect mucoadhesion high
lighting key covalent and non-covalent interactions. We then focus on 
mucoadhesive interactions of proteins. The impacts of surface modifi
cation of proteins, such as by grafting specific functional groups to 
enhance covalent or non-covalent interactions, are also discussed. We 
have compared the less-studied protein mucoadhesion with the more 
established landscape of glycan-based mucoadhesion, where appro
priate. Oil-based mucoadhesives, including emulsions, are outside the 
scope of this review. Informed by the importance of the multiscale un
derstanding and summarizing the various mucosal interactions, we 
pinpoint the design principles relevant to fabricating the next- 
generation protein-based mucoadhesives for advanced biomedical 
technologies.

2. Mucus: what do we know so far?

2.1. Composition, function, and structure

Mucus is a highly hydrated biological barrier [31] in an aqueous 
bioactive environment [32] that includes inorganic salts, lipids, nucleic 
acids, mucinous glycoproteins, etc. [33]. Mucin glycoproteins belong to 
the MUC gene family that, in humans, includes 21 known protein-coding 
MUC genes [34], each of which has a specific tandem repeat size on their 
amino acid sequence and is expressed within specific tissues. Mucins can 
be classified into three main groups based on their structure: secreted 
oligomeric gel-forming mucins (GFM), secreted monomeric non-gel- 

forming mucins (NGFM) and monomeric membrane- (or cell-)associ
ated mucins [35]. While secreted mucins make up the outer layer of 
mucus, membrane-associated ones are found closer to the cell walls.

Fig. 1a-b shows a schematic illustration of the general bottle-brush 
structure of secreted mucins, with a protein backbone that contains O- 
linked oligosaccharide substitutions. The protein backbone is mainly 
composed of serine, threonine and proline (s/t/p regions) [36]. Secreted 
mucins bear cysteine-rich domains (CYS), which are responsible for 
intra-domain disulfide bonds [37]. The glycan substitutions usually first 
appear with N-acetylgalactosamine (GalNAc) groups linked to serine 
and threonine. The glycan chains are further elongated, varying from 6 
to 18 monosaccharides, via repeated sequences of N-acetylglucosamine 
(GlcNAc), galactose (Gal) and N-acetyllactosamine (LacNAc) groups 
(Fig. 1b), which may be terminated with carboxyl (sialic acid) or sulfate 
groups (heparin, for example) [38], making mucins negatively-charged 
at neutral pH, with an isoelectric point (IEP) between pH 2 and 3 [39]. 
Other terminal groups include fucose, a sugar molecule that contains a 
methyl group and one fewer hydroxyl group than galactose and glucose, 
which enhances hydrophobic interactions with other materials [40,41] 
and thus may contribute to mucoadhesive performance of hydrophobic 
materials. Membrane-associated mucins relate to the cell’s glycocalyx 
formation and have other structural features, such as a characteristic 
cytoplasmic tail, epidermal growth factor (EGF) domains and trans
membrane domains [31].

In the airway epithelium, the presence of ciliated cells (Fig. 1a) is 
associated with another important aspect of the mucus hydrogel struc
ture. This structure is described as a gel-on-brush system, with distinct 
structural characteristics across different domains, namely the mucosal 
and periciliary-glycocalyceal layers [42]. The mucus gel layer, rich in 
GFM, exhibits a more ordered structure [38]. The periciliary layer (PCL), 
constituting the brush part of the system, is found closer to the mem
brane epithelial cells, where the cilia are located, containing membrane- 
bound mucins and tethered mucopolysaccharides. It is important to note 
that the membrane-associated mucins do not form highly viscous solu
tions like GFM. However, the tight mesh structure of the PCL layer 
prevents mucus from penetrating the interciliary space and plays a key 
role in controlling the water distribution between the two layers due to 
osmotic forces [42]. This dense PCL structure also has strong barrier 
properties, as evidenced by the mesh size of this layer: particles with 5 
nm in diameter can reach the cell surface, while particles with radii >40 

Fig. 1. Diagram of mucus structure (a) showing the membrane cells, cilia, and mucus gel with a schematic representation of membrane- (or cell-) bound mucins, 
secreted gel-forming mucins and secreted non-gel-forming mucins. Structural illustration of the gel-forming mucin structure (b) is represented with a purple and blue 
protein core (mostly hydrophobic regions) and green hair-like glycan chains (mostly hydrophilic regions). The glycan chains may be terminated in either polar or 
negatively charged groups represented in orange and red, respectively, depending on the pH and ionic strength of the surrounding environment. Non-polar terminal 
groups such as fucose can also be present at the termini of the glycan chains. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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nm are completely excluded from the PCL [43]. Lastly, the structure of 
this layer also allows the cilia to move and aids in defense mechanisms 
for the removal of foreign pathogens from the airways, for example.

Beyond mucus clearance, membrane-associated mucins have a 
crucial role in inhibiting viral infections due to a repulsive steric hin
drance mechanism [44], while secreted mucins do not exhibit this 
protective effect. When considering mucosal adhesion, the structure of 
the secreted mucins is therefore of utmost importance, as further dis
cussed later in this review, whilst the entire structure of the gel layer 
may impact the mucosal penetration phenomena.

2.2. Physicochemical properties of mucus

Mucus is a gelled network that coats epithelial cells, serving as a 
barrier in biological environments [45]. For humans, the range of 
thickness for the mucus layer starts at a few μm (in the ocular region) 
[46] and goes up to 1000 μm in the stomach [47]. In the oral cavity, it is 
around 100 μm [48], while the precise thickness of the mucus layer 
remains uncertain for some regions such as the small intestine [49]. 
Uncertainties in literature values probably reflect the difficulty of per
forming measurements in vivo, especially in the gastrointestinal tract, 
which has two layers, a loosely adherent one and a firmly attached layer 
[50]. The thicknesses and cell types of each mucosal layer may impact 
the systemic delivery of drugs [6].

Before we can discuss specificities of mucoadhesion, we need to 
understand mucus, and, as the following sections will show, there is no 
universal property for mucus, and the properties vary a lot depending on 
conditions at different organs. Herein, we follow Lai and co-authors [51] 
and describe some physical properties of mucus in terms of macro- and 
micro-rheology, for different body sites and health conditions. Macro
scale rheology relates to the elastic or storage modulus (G’) and to the 
viscous or loss modulus (G"), covering the non-Newtonian bulk behavior 
of mucus, while the microscale rheology pertains to the microstructural 
organization, covering pore size distribution, specific chain entangle
ments and inherent microheterogeneities.

2.2.1. Macrorheology of mucus
The viscoelastic properties of mucus are crucial for its tissue pro

tective function and are attributed to the presence of gel-forming mucins 
(GFM), whose properties are influenced by other proteins such as 
calcium-binding proteins and keratin [52]. The non-Newtonian 
behavior of mucus encompasses a shear-rate dependent behavior and 
a time dependent behavior. For mucus, the shear-rate dependence is 
characteristic of a pseudoplastic or shear-thinning material, displaying 
resistance to deformation at low shear rates and fluid-like behavior at 
higher shear rates [38]. Once sheared, the viscoelastic properties of 
mucus recover in a rapid and reversible way [51]. This recovery on the 
other hand is related to the time-dependent behavior as mucus is a 
thixotropic material with rapid recovery of gel properties after its 
disruption, as shown for pig stomach mucus [53]. These properties allow 
mucus to effectively coat and safeguard tissues, providing a barrier 
against external agents, and avoiding the gravity-induced flow towards 
the alveoli, for instance [51]. A more formal explanation of this mucus 
restructuring behavior includes its consideration as a metastable arres
ted phase separation gel [53], in which dense regions become trapped in 
less-dense regions within the gel network.

At the macroscale, under quiescent conditions, mucus generally ex
hibits a higher G’ than G". The phase angle (δ = tan− 1(Gʹ́/Gʹ)), taking 
values between 0 and 90◦, signifies the viscoelastic behavior of a gel, 
under linear rheology. A lower value of δ trending towards 0◦, corre
sponds to mucosal gels with increased elastic character. Diseased cystic 
fibrosis (CF) mucus, for instance, shows δ = 16.2 ± 0.6◦ at 1 rad/s [54]. 
Higher phase angle values approaching 90◦ indicate a lower elastic 
character, and at 90◦, the material behaves as a purely viscous material 
with both G’ and G" increasing with frequency, often following an 

approximate power-law relationships. Amongst different types of ani
mal mucus, Lai and coauthors (2009) reported a high variation in the 
phase angle values, ranging from 6 to 60 (from 0.01 to 100 rad/s) [51], 
demonstrating how significant the variations in the rheological prop
erties are throughout the literature.

Table 1 provides values for G’ in mucus from the respiratory tract at 
different angular frequencies showing how disease conditions may affect 
mucosal rheology. It has been demonstrated that evaluating G’ and G" 
values at different shear frequencies requires multiple measurements to 
improve the reliability of rheological data for human CF sputum [55]. 
Irrespective of the frequencies used, it is clear that diseases conditions 
such as purulent rhinitis and bronchitis may directly impact the G’ of 
mucus by two-three folds. Complex viscosity values, which can be ob
tained from G’ and G" values, are also reported throughout the literature 
for mucus in various disease conditions [51,56–58].

Fig. 2 illustrates schematically how apparent viscosity values vary 
for typical diseased and healthy human mucus samples. The bulk vis
cosity of mucus secretions may vary by several orders of magnitude and 
may show varying degrees of shear thinning behavior, depending on 
body site and state of health. Under chronic sinusitis conditions, nasal 
human mucus is reported to have a viscosity value varying from 1.6 Pa s 
to 0.38 Pa s between 1 and 10 Hz [56]. Some pulmonary diseases such as 
cystic fibrosis (CF) are associated with an increase in the elastic char
acter of mucus as well as increased viscosities, leading to a viscosity of 
70 Pa s at 0.2 Hz for human CF sputum [54], whilst other conditions like 
bronchorrhea may lead to a decreased mucus viscosity [60]. Comparing 
viscosity values published at different strain rates or frequencies can be 
challenging; therefore, the literature commonly presents rheological 
measurements for mucus collected from different organisms, with 
comparisons between different groups and control groups. It is impor
tant to highlight that such comparisons are only meaningful if the 
measurements are done at the same frequency or shear rate. For 
example, Bucher and coauthors demonstrated a significant increase in 
nasal mucosal viscosity for patients with postnasal drip diagnosis, when 
compared to a control group of healthy patients [61].

It is important to consider all varying factors when comparing 
literature values, including sample properties as well as experimental 
procedure and method of analysis. For example, the non-linear rheo
logical property of yield stress has been recently reviewed for mucus, 
and the obtained values for yield stress depend not only on the animal 
species, type of mucus, the region from which the mucus is taken, and 
state of health, but also on the rheological model used to fit the data 
[63]. Other sources of variability in the rheological parameters of mucus 
found in the literature arise from the use of different measurement 
techniques and from challenges in effectively controlling mucin con
centration [43]. It is also important to consider the specific experimental 
regime being evaluated since mucus exhibits both transient and per
manent interactions [64].

Some experimental parameters, such as shearing conditions (steady 
shear or dynamic oscillatory shear) and testing procedures (e.g., creep 
recovery assays to fully identify viscoelasticity) can also lead to differ
ences in results. For example, dynamic oscillatory shear (Fig. 2) is 
typically performed in the small strain limit and so does not strongly 
perturb the mucus structure, whilst steady shear might involve large 
deformations and structural reorganization of the material. As one might 

Table 1 
G’ values obtained for nasal secretions and chronic bronchitis sputum for groups 
of patients ([55,59]).

Nasal human mucus 
– Healthy

Nasal human mucus - 
Purulent Rhinitis

Bronchitis 
sputum

G’ (Pa) at 1 
rad/s

1399 ± 1.8 
[59]

689 ± 310 
[59]

520 ± 422 
[59]

G’ (Pa) at 
100 rad/s

3123 ± 2.6 
[59]

1774 ± 2.6 
[59]

980 ± 722 
[59]
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expect, for complex fluids such as mucus, the shear-thinning profile and 
the viscosity obtained as a function of shear rate in steady shearing 
conditions do not match the complex viscosities measured in an oscil
latory frequency sweep (reported in Fig. 2), i.e., the Cox-Merz rule is not 
followed. In general, the complex viscosity |η* (ω) | obtained via dy
namic oscillatory measurements is higher than the apparent viscosity 
η (γ̇) obtained using steady shearing conditions. This was reported for 
both ex-vivo porcine gastric material [65] and for rehydrated porcine 
gastric mucin solutions [66]. For mucin extracted from porcine small 
intestine, an increase in mucin concentration was responsible for a weak 
network identified only at low shear stresses (up to 3 Pa) [52]. This trend 
has also been reported for healthy non-ovulatory cervical mucus [51], 
for example, where the reported values for the |η* (ω) | are approxi
mately one order of magnitude higher when compared with η (γ̇). For 
mucus, the Cox-Merz rule fails due to transient physical interactions 
which are dominant over the covalent ones, and the resulting micro
structure depends on the deformation applied.

2.2.2. Mucus-mimetics
The use of materials capable of mimicking the mucus properties of

fers advantages such as increased sample availability, reduction in the 
use of animals, and avoidance of heterogeneity or contamination issues 
that can lead to experimental inaccuracies. The design of mucus and 
mucin mimetics focuses on reproducing specific properties of the mucus 
hydrogel, including adhesivity, coating capacity, and rheology. 
Although not within the scope of this review, mucus mimetics are 
important to study mucoadhesion, develop mucoadhesive materials, 
and perform in vitro characterization before in vivo pre-clinical trials. 
Readers may refer to previous reviews [67–69] emphasizing such 
mimetic work. To give just one example here, Wagner and coauthors 
[10] compared various physicochemical parameters of native mucus 
with gels made from purified or commercial mucins and synthetic 
polymers. They demonstrated that no single model may represent all the 
mechanical, biological, and chemical properties of mucus simulta
neously, but mucin gels can exhibit qualitatively similar properties to 
native mucus when specific characteristics are considered.

In terms of rheology, a significant challenge when using rehydrated 
mucins from freeze-dried mucus to study mucoadhesion is that these 
rehydrated materials may not have the same composition, structure, and 
rheological behavior as native mucus. The native rheological properties 
of mucus may be somewhat recaptured by cross-linking rehydrated 
mucins. For example, crosslinking porcine gastric mucin using glutar
aldehyde produces gel-like samples with bulk elastic and viscous moduli 
ranging between 10 and 100 Pa and 1–10 Pa, respectively [70]. These 
values are comparable to the desired values for native porcine gastric 
mucus. Another study used the principles of click chemical reactions 

with tetrazine or norbornene functionalization to crosslink mucins, 
resulting in implantable hydrogels that exhibit a macrogel-like rheo
logical behavior [71]. These hydrogels not only have a predominant 
elastic character but also display immune-modulating properties that 
depend on the crosslinking architecture of mucin [72]. Mucin cross
linking can also be achieved by employing a polyethylene glycol-based 
4-arm PEG-thiol (PEG-4SH) agent using MUC5B and MUC5AC from 
bovine submaxillary and porcine gastric mucins, resulting in bulk elastic 
moduli on the order of 200–400 Pa, higher than the expected values for 
human airway mucus (10–50 Pa), also composed of MUC5B and 
MUC5AC; however, dilution can reduce the G’ values [73]. Therefore, 
working with a close replica of mucus in terms of rheological properties 
is crucial to develop the just right mucoadhesive formulation.

2.2.3. Microrheology and mucus penetration
Mucoadhesion may involve mucosal penetration when multiple 

properties are combined in one material. Understanding such mucosal 
penetration phenomena requires a thorough understanding of mucus 
microstructure. Mucosal penetration is usually associated with smaller 
length scales, as the rate and extent of mucosal penetration depends on 
mucus mesh size. Microrheological experiments prove valuable in this 
regard, offering the capability to quantify local viscoelastic properties. 
To conduct such experiments, colloidal beads are suspended in the 
sample and their motion is measured, in response to an applied force, 
which can stem from intrinsic thermal fluctuations within the sample 
from or external forces. The former approach, termed passive micro
rheology, relies on the dependence of probe diffusivity on thermal 
fluctuations, enabling determination of the fluid’s viscosity [74]. 
Conversely, the latter approach involves applying external forces, such 
as magnetic fields, inducing probe movement, with the material’s 
response revealing insights into its complex viscosity.

Although some studies indirectly deduce microstructural properties 
of mucus from bulk rheological experiments [75], in reality, microscale 
phenomena such as particle permeation, bacterial colonization, and the 
subsequent response of immune cells cannot be accurately predicted due 
to the presence of microheterogeneities in the mucus [54,76–78]. 
Therefore, investigations carried out using microscopic techniques with 
fluorescent probes, enabling particle tracking microrheology measure
ments [79], are more reliable as far as mucosal penetration is concerned. 
The mucosal barrier selectivity arises from its structure and biochem
istry [80]. From a structural point of view, no matter the surface 
chemistry, if the particle is larger than the mesh-pore size of the mucosal 
network and does not have mucolytic action, it will either not permeate 
or will soon be retained. Hence, “microrheology” experiments using 
such large particles tend to deform the mucosal network and so will 
report rheology close to the macroscopic rheology with a strong elastic 
character. On the other hand, particles smaller than the mesh-pore size 

Fig. 2. Schematic representation of typical complex viscosity as a function of shear frequency plotted on logarithmic axes for different mucus samples. For the 
original values, the reader is referred to [51]. COVID-19 acute respiratory distress syndrome (ARDS) causes thick sputum samples, like CF, as reported previ
ously [62].
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can permeate mucus and their motion typically does not deform the 
mucosal network, instead being subject only to viscous drag from the 
fluid medium. Microrheology carried out with such small particles will 
report a viscous response typically quite different from the macro
rheology. As a result, microrheology measurements are strongly corre
lated with mucus penetration. Clearly, the mesh pore size directly affects 
the diffusional transport and sustained drug delivery capability of par
ticles that do not exhibit specific mucosal interaction or bio-adhesion. 
The mesh pore size of mucus can vary from 20 to 2000 nm, depending 
on the body location and health status [80]. In the specific case of 
human cervicovaginal mucus, the reported range is up to 200 nm 
[81,82].

Some key factors influencing mucosal penetration include particle 
surface chemistry and size. Regarding size, it is known that smaller 
molecules tend to diffuse through mucus [83]. In terms of surface 
chemistry, particles coated with poly(ethylene) glycol (PEG) with low 
molecular weight and dense PEGylation present diminished mucoad
hesive interactions. This allows particles with sizes up to 500 nm to 
penetrate thick mucosal layers, such as the human cervicovaginal mucus 
(CVM) and chronic rhinosinusitis mucus (CRSM) [84,85]. The expla
nation relies upon the avoidance of polymer and mucin chain inter
penetration, due to the low molecular weight, together with the dense 
coating that can shield a polymer hydrophobic core such as poly(sebacic 
acid) (PSA), preventing adhesive interactions [83,86]. To achieve 
penetration through the channels within the mucus mesh, it is funda
mental to avoid the mechanisms that typically promote strong 
mucoadhesion. In this sense, the design of the mucus penetrating system 
can be tailored based on the chemical nature of the drug or active 
ingredient being carried. For instance, hydrophobic moieties found in 
bovine serum albumin or lysozyme lead to entrapment in the mucus 
mesh due to specific interactions with mucin. In addition to PEGylation, 
another approach to enhance particle transport through human mucus 
involves coating particles with Pluronics molecules, which are triblock 

copolymers of polyethylene and polypropylene oxide [87,88]. Another 
strategy is the utilization of mucolytic agents such as papain/poly 
(acrylic acid) nanoparticles, that are capable of disrupting the mucosal 
barrier [89]. The mucolytic strategy can be particularly beneficial in the 
case of chronic diseases that increase the elastic character of mucus, 
such as in case of cystic fibrosis [51].

2.2.4. Relating macro and microscopic properties
The literature contains several reports that discuss the relationship 

between macro and micro-scale rheology in the investigation of mucus 
matrix architecture. For instance, in the specific case of CF sputum from 
patients, the use of mucolytic agents resulted in an increase in pore size 
of the mucus gel, improving the transport properties of mucus, while 
reducing its viscoelastic properties [90,76]. Lai and coauthors demon
strated that nonoxynol-9 (N9), a commercial spermicide and microbi
cide, can alter the microscale rheological parameters of human 
cervicovaginal mucus (CVM) by reducing hydrophobic interactions be
tween mucin fibers without significantly affecting its macroscopic 
viscoelasticity [91]. When comparing the ease of operation between 
macro and micro-scale rheology instruments, macrorheology experi
ments offer certain advantages, such as simplicity and the avoidance of 
bespoke instrumentation. For example, the severity of CF can be clas
sified by analyzing the storage modulus (G’) of sputum, with 88 % 
predictive efficacy [92]. New methods are also being explored to 
improve sputum handling protocols before rheological measurements, 
such as a non-destructive vortex homogenization, which can signifi
cantly reduce the variability of rheological parameters [93].

Fig. 3a compares schematically elastic and loss modulus measured on 
macro and micro scales [94]. Macrorheological properties were inves
tigated in terms of bulk G’ and G" using a conventional rheometer, and 
the microscale ones were measured using optical tweezers. As previ
ously mentioned, at the macroscale, mucus has G’ > G”, whereas it is 
opposite at smaller length scales, with G" > G’ (considering frequencies 

Fig. 3. Schematic illustration (a) Length scale of the measurement determining the rheological outcome of the gel network in mucus. b) Comparison between macro 
and micro-scale rheological properties of mucus from bronchial epithelial culture samples derived from healthy patients. The schematic representation was drawn 
based on group samples [94].
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from 0.6 to 300 rad/s) (Fig. 3b). These macrorheological parameters 
were obtained using a gap size of 128 μm at the edge of a 1◦ cone ge
ometry, and the microrheological ones using mucus-inert beads 
composed of different materials (silica, melamine resin and carboxyl
ated melamine resin), with different sizes (diameters from 1 to 5 μm). 
This allows us to deduce information about which length scales are 
being characterized, and how different length scales impact the results. 
At smaller length scales mucus is less elastic, by at least two orders of 
magnitude. Such discrepancies between macro and micro scales are 
concentration-dependent and particularly observed at lower mucin or 
mucus-simulants concentrations, where the network mesh size is large, 
becoming negligible once a certain volume fraction is reached (in this 
case, close to 1 wt%), given that at this point, the viscosity of the con
tinuum is measured by the 1–5 μm beads. Deviations from the expected 
viscoelastic response for the continuum are usually associated with 
smaller particle sizes, when the pore size matrix architecture or struc
tural inhomogeneities influence the observed results [95]. Regarding the 
relation between particle surface charge, size and the viscoelastic 
response, it was found that higher G’ and G" values were associated with 
5 μm melamine beads when compared to 3 μm carboxylate-melamine 
beads [94]. Other reports have also indicated that elasticity dominates 
the macroscale, while viscous dissipative behavior is more prominent at 
the microscale, as observed in mucus from a marine worm [96], healthy 
respiratory human mucus [97], and mucin mimetic crosslinked mate
rials [98].

Regarding structural visualization employing imaging techniques, 
Meziu et al. [99] employed environmental scanning electron microscopy 
(ESEM) and confocal laser scanning microscopy (CLSM) to contrast the 
hydrated and freeze-dried structures of mucus. Hydrated mucus 
exhibited a granular structure, whereas freeze-dried samples revealed a 
porous architecture with enlarged pore size, as observed through both 
CLSM and ESEM imaging techniques. Although this study did not delve 
into the microrheology of the mucus sample considering the two 
handling protocols, it underscores the importance of considering all 
variables when studying microrheology, including the impact of freeze- 
drying on a native mucus sample.

Considering the relationship between mucus mechanical properties 
and the length scale considered during the measurement, it is also 
important to emphasize the need to consider the appropriate length 
scales when studying mucosal systems [100] and attempting to design 
mucoadhesive materials. For instance, while at the macroscale the self- 
healing nature of mucus can be observed, at the microscale, the me
chanical properties of the gel together with specific interactions will 
dictate the diffusion of bioengineered peptides or active ingredients.

2.2.5. Impact of concentration, pH, and salts on rheological properties
Exchange of sodium (Na+) and calcium (Ca2+) ions during mucus 

secretion plays a key role in controlling mucus rheological properties. 
Replacing divalent Ca2+ ions with monovalent Na+ ions triggers a 
transition from a highly compacted state to a hydrated mucus [101]. The 
compact state reflects the ability of polyvalent cations (Ca2+ in this case) 
to cause a ‘correlation attraction’ between polyanions (segments of 
mucin in this case). When the Ca2+ are replaced by Na+, the number of 
counterions doubles once electroneutrality is achieved, increasing the 
osmotic pressure. As a consequence, water molecules move towards the 
Na+ ion-rich material, causing the gel to hydrate and expand signifi
cantly, from 1000 to 3000-fold [102]. This feature relies on bicarbonate 
secretion, which acts as a calcium-chelating agent and is also influenced 
by the pH difference between the gastric lumen (acidic) and epithelial 
surfaces (neutral) [103,104]. The addition of calcium to a mucin- 
containing biological fluid such as saliva for instance results in the for
mation of aggregates with a 6-fold higher molecular weight than the 
original oral mucin fraction [105]. The formation of high molecular 
weight aggregates induced by Ca2+ has also been observed for MUC2, 
the major colonic mucin [103]. For porcine intestine mucus, the addi
tion of Ca2+ resulted in the formation of a network with increased elastic 

character, both at the macro and microscopic scales [52].
The pH value and the presence of salts can also influence the mucosal 

structure by affecting mucin conformations [33]. The mucosal pH varies 
depending on the body surface, ranging from as low as pH 1 in the 
gastric lumen when food is being digested, to neutral pH in the respi
ratory tract and alkaline pH in the pancreas. In studies using a model of 
purified solutions of porcine gastric mucins, authors have observed a 
pH-dependent transition from a viscoelastic solution at pH 6 to a gel at 
pH 4 [106]. These results were recently reproduced for artificial mucus, 
indicating a negative correlation between mucus cross-link density and 
pH [107,108]. This pH-induced structural change explains, for example, 
how bacteria swim through the mucus layers until they reach the 
epithelial surface [109]. A recent and in-depth investigation using ex 
vivo pig gastric mucus showed that the viscoelastic properties of native 
mucus are maintained when considering pH values higher than 3 and 
lower than 8.5, highlighting the differences in using native mucus 
instead of purified mucin solutions [110]. In the specific case of diseased 
mucus in cystic fibrosis (CF), recent studies have shown that mucus 
concentration directly impacts the mucus clearance mechanism in the 
lung much more than pH does, affecting both micro and macro scales 
[111].

While for purified pig gastric mucins the viscoelastic response is 
highly pH-dependent [106], these results do not necessarily hold true for 
native human mucus. For example, Wang et al. [112] demonstrated that 
human cervicovaginal mucus (CVM) remains stable over a wide range of 
physiological pH values. This stability was observed in terms of micro
structure and bulk rheology. Although the size distribution for the pore 
sizes covered a wide range (~50 nm to >1 μm), the authors were able to 
identify that minor structural changes happen when comparing CVM 
micro/macrostructures at pH 1–2 to pH 8–9. In summary, mucus may 
vary significantly across body sites and thus one mucoadhesive might 
not fit all purposes. Nevertheless, deriving general physics behind 
adhesion to mucus is key for fabricating mucoadhesives. Having un
derstood the mucus, we next focus on principles governing mucoadhe
sion across length and timescales.

3. Principles of mucoadhesion across time and length scales

The mucoadhesive process encompasses multiple interactions 
occurring simultaneously, and gaining a comprehensive understanding 
of the forces involved can provide valuable insights into the design of the 
next generation of mucoadhesive materials. To begin, we provide a brief 
overview of macromolecular interactions and then offer a unique 
perspective on mucoadhesive interactions based on length and strength 
scales, as shown in Fig. 4. It is important to emphasize that even weak 
interaction at the individual bond level can also lead to strong adhesion 
when multiple interactions occur together (i.e., polyvalent interactions). 
This becomes especially relevant once multiple binding sites at the 
mucin structure are considered. We discuss the interaction of mucoad
hesive with mucin at smaller length scales followed by interaction of 
mucoadhesives with mucus at large length scales.

3.1. Mucin-mucoadhesive interactions at smaller length scales

Classical chemistry explains the adhesive process through various 
intermolecular interactions, categorized by distinct types of bonds or 
interaction forces, either solvent-dependent interactions or steric forces 
[113]. These include covalent, ionic, hydrophobic, hydrogen, and van 
der Waals interactions. Fig. 4a illustrates how each interaction at smaller 
length scales plays a role in the mucoadhesive process. As 95 % of the 
mucosal gel is water, the aqueous nature of mucin and the high dielectric 
constant of water prevent the classic ionic bonds as found in the rigid 
lattice of crystalline salts from happening. Nevertheless, electrostatic 
interactions (Fig. 4a) occur between the primary amino groups of 
positively-charged mucoadhesives such as chitosan [114], and nega
tively charged sialic and sulfonic acid residues, which are the terminal 
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groups on the oligosaccharide side chains. This type of interaction is 
influenced by pH, with respect to the pka values of sialic acid (2–2.6) and 
sulfuric acid (− 2). Notably, the negative charge character of mucin may 
be less predominant in the gastric environment, where the pH is around 
1.5–2.0, a condition in which other interactions with mucin are 
revealed. Once the negative charge of mucin is less-predominant, strong 
electrostatic interactions occur between negatively charged mucoad
hesives such as alginate [115] and positively charged arginine, histidine 
and lysine amino acids at the mucin core, which are exposed in non or 
lightly-glycosylated regions of the protein backbone [116].

Mucoadhesive interaction with dominance of hydrogen bonding 
(Fig. 4a) can occur either with the protein core or the glycosylated re
gions of mucin. This type of bonding is favored in mucoadhesive ma
terials containing hydrogen-bonding chemical groups, such as the 
carboxyl and hydroxyl groups found in anionic polysaccharides like 
polyacrylic acid, pectin, and alginate [9,117]. While van der Waals in
teractions are considered secondary interactions in the mucoadhesive 
process [118], hydrophobic interactions can play a significant role in 
mucoadhesion (Fig. 4b). Transitions in the character of a mucin film 
from hydrophilic to hydrophobic have been observed [119], as a 
conformational change happens from random coil to anisotropic struc
ture when the pH is shifted from 7 to 2, with the exposure of hydro
phobic residues at the lowest pH value [120]. The entrapment of 
synthetic polystyrene on mucus, for example, has been proposed as a 
hydrophobic-driven phenomenon [45].

Strong covalent bonds can form between thiolated mucoadhesives 
and cysteine-rich domains of mucus glycoproteins, containing thiol 
groups [121] (Fig. 4a). Thiolation of mucoadhesives has been achieved 

by attaching cysteine, homocysteine, 2-iminothiolane, thioglycolic acid, 
and glutathione groups to a diverse array of polymers, including poly
carbophil [121–123], alginate [124], poly(acrylic acid) [125,126], poly 
(methacrylic acid)-starch [127], carboxymethylcellulose [123], chito
san [128–130], or through the functionalization of materials like bovine 
serum albumin [131,132]. The improvement in mucoadhesive proper
ties can be attributed to the formation of disulfide bonds between the 
thiolated materials and mucin, which are structural connections 
commonly found in biological substances. These disulfide bonds can be 
formed via thiol exchange or oxidation reactions and in terms of 
strength, the improvement in the mucoadhesive properties vary from 2- 
to 140-fold [133]. Thus a combination of covalent and non-covalent 
interactions may be exploited to enhance mucoadhesive interactions 
with mucins in smaller length scales.

3.2. Mucus-mucoadhesive interactions at larger length scales

At larger length scales, the interaction can be probed between the 
mucoadhesive materials and the mucus (mucin-rich hydrogel) rather 
than the mucins. Wetting is related to the ability of a mucoadhesive 
material to spread on a substrate. If we consider the mucus as a sub
strate, the wettability of a liquid mucoadhesive will be influenced by the 
surface and interfacial energies of the mucus (Fig. 4b) as can be repre
sented by Dupré’s equation: 

WAM = γA + γM − γAM (1) 

where, thermodynamic work of adhesion WAM between two surfaces 
(A and M) is related to the surface tension of adhesive A (γA) and mucus 

Fig. 4. Interactions involved in the mucoadhesion process elucidated at (a) smaller and (b) larger length scales. At smaller length scales (a), weak electrostatic 
interactions happen when adsorbed counter-ions interact with oppositely charged mucin. The hydrophobic effect is represented in terms of non-polar groups within 
the mucoadhesive material preferring to interact with cysteine and fucose groups in mucin (in blue), rather than interacting with polar water molecules (oxygen in 
red, hydrogen in pink). Hydrogen bonds (in orange) may form with carboxyl or hydroxyl terminal groups in mucin. Strong electrostatic interactions occur directly 
between negatively charged mucoadhesive materials with positively-charged arginine, histidine, and lysine patches at the mucin protein core (in purple), or between 
positively charged materials with sulfate terminal groups at the glycosidic section of mucin molecules (in blue). Covalent (disulfide) bonds (in blue) arise from the 
interaction of free thiol groups present in mucin and in the mucoadhesive material. At larger length (and strength) scales (b), the interactions with mucus are 
dominated by polymer interpenetration, water diffusion/uptake, and wetting. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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M (γM), and to the interfacial tension between them (γAM). These surface 
and interfacial energies are, in their turn, related to the contact angle θ 
by the Young’s Eq. [134], 

cosθ =
γM − γAM

γA
(2) 

The presence of a textured and chemically heterogeneous surface 
affects the shape of liquid droplets after they adhere to a surface, and 
these wettability inhomogeneities are usually found in biosystems. 
Another important aspect to be considered is the presence of water in 
both hydrogels (mucus and mucoadhesive material), which leads to an 
impractical determination of the contact angle in the steady state [135]. 
Even so, it is still generally true that for lower contact angles, there is a 
higher affinity from the mucoadhesive for the mucosal surface [136].

Suitable wetting is a requirement for liquid and semisolid mucoad
hesives, as it indicates the material’s spreadability. For instance, when 
hydroxyethyl cellulose or vinylpyrrolidone-vinyl acetate copolymer 
(film-forming agents) were added to derivatives of acrylic acid, 
enhanced wetting properties were observed, as determined by 
measuring the advancing contact angle using the sessile drop method 
[137]. Wetting characteristics are also improved when considering non- 
flat surfaces, as a characteristic surface morphology (Fig. 4b) contributes 
to the mechanical interlocking of the mucoadhesive, which plays a role 
in the adhesion phenomena [138]. A high surface roughness leads to an 
increased contact area, thereby facilitating the adhesive process. Even 
when evaluating solid (instead of liquid) dosage forms of mucoadhe
sives, the measurement of the contact angle between biological fluids 
and the solid can aid in comprehending specific surface properties (such 
as surface energy) of the materials being used [137].

Separately, the diffusion of mucoadhesives within the mucin 
network leads to chain interpenetration and entanglement effects 
(Fig. 4b). In terms of mucoadhesive macromolecules, some important 
parameters which affect chain diffusibility include the molecular 
weight, chain length and flexibility, and presence of functional groups 
[138], along with their hydrodynamic size, mobility [139], conforma
tion, and miscibility [140]. Another important parameter is how avail
able the chains of the mucoadhesive are to form these entanglements. 
For mucoadhesive particles coated by high-density grafting of low mo
lecular weight PEG chains, a decreased mucoadhesion was found due to 
the avoidance of chain entanglements and interpenetration, while lower 
PEG grafting densities were associated with enhanced mucoadhesive 
properties [141].

In the specific case of a mucoadhesive material undergoing rapid 
gelation once exposed to aqueous environments, water uptake from the 
mucus to the gelling mucoadhesive occurs, resulting in the formation of 
an adhesive joint. This water uptake is directly linked to a rapid swelling 
behavior, which enhances the diffusion process between the polymer 
chains and mucin network, thereby increasing the mucoadhesivity 
[142]. The critical degree of hydration required to observe mucoadhe
sion has also been a subject of discussion [143,144], as data suggests 
that for some excipients, the main mechanism of active release is patch 
swelling (when with time, water uptake increases and the active is 
slowly released) [145]. A recent modeling approach for mucoadhesion 
suggested that fully swollen hydrogels are not as mucoadhesive as 
dehydrated ones, since the adhesive interaction forms due to a 
competitive interaction for the solvent that ultimately leads to water 
uptake from the mucosal layer. This hypothesis was experimentally 
validated using polyacrylamide gels, with an adhesive stress of 1 kPa 
[146]. To sum it up, larger length scale interactions between the 
mucoadhesive materials and mucus tend to be dominated by wetting, 
diffusion and interpenetration effects.

3.3. Time scale in mucoadhesion

The concept of a two-stage mucoadhesive process was derived from 
mechanisms observed for adhesion to biological surfaces [134]. Besides 

the time scale that will be described for the contact and consolidation 
stages, there is another time-dependence effect when measuring adhe
sive forces. The experimental characterization of semisolid adhesive 
materials involves performing peel and tensile tests, during which the 
interfacial toughness or tensile strength is measured [147]. For soft 
bioadhesives, some energy dissipation to the bulk occurs as the surfaces 
are being separated, due to their viscoelastic character [148]. This 
viscoelastic dissipative property is particularly important in the context 
of soft bioadhesives, as for these materials the amount of dissipation is 
closely related to the rate at which the materials are being pulled apart 
[149]. Using sufficiently low peel rates (with respect to the adhesive 
relaxation or equilibration times) would allow for these measurements 
to be performed in an equilibrium state or steady condition. On the other 
hand, experiments that use higher peel rates will be impacted by 
viscoelastic energy dissipation. In this sense, for these adhesive mea
surements, the ideal dimensionless Deborah number (De), which rep
resents the ratio between the system relaxation time and the 
measurement time [150], would be lower than 1. In this context, the 
proper design and testing of adhesive materials is closely related with 
their rheological properties, as well as with the specific bonds and in
teractions at the surface, which will be covered in section 4.

Understanding the concept of timescales in mucoadhesion is 
important for developing effective mucoadhesive materials, although it 
can be challenging to differentiate experimentally and determine the 
precise duration of each step. This is particularly relevant in certain 
body regions, like the gastrointestinal tract, where natural peristalsis 
can disrupt weaker adhesive forces before the consolidation step [151]. 
Additionally, mucus turnover (synthesis, secretion, and degradation) is a 
critical process to consider in some regions such as the intestinal tract. 
Spontaneous mucus secretion in humans occurs at a rate of approxi
mately 240 μm/h [49] at the gastrointestinal tract, and mucus turnover 
can be a limiting factor for the residence time of mucoadhesive 
materials.

3.3.1. The contact stage
The contact stage occurs when a mucoadhesive approaches the 

mucus layer, establishing an initial contact. In the case of liquid 
mucoadhesives, this stage is accompanied by wetting. Previous studies 
applied the Derjaguin, Landau, Verwey, Overbeek (DLVO) theory to 
describe bacterial adsorption to surfaces, and some authors considered 
extending the theory to explain this initial stage of the mucoadhesive 
process. This involves considering varying magnitudes of attractive and 
repulsive potentials as mucoadhesives approach mucus [1]. However, it 
is important to acknowledge that the presence of surface in
homogeneities in both the mucosal surfaces and the mucoadhesive can 
significantly impact the application of this theory when interpreting in 
vivo results.

3.3.2. The consolidation stage
The consolidation stage comes after the initial adhesive contact, and 

in this stage strong adhesion is established. Just as in the initial stage, 
the specific characteristics for the consolidation stage will vary 
depending on the size, surface properties and dosage form of the 
mucoadhesive, as well as on the nature of the interactions being formed. 
For instance, when using thermoresponsive systems with a transition 
temperature (liquid to solid viscoelastic) near 20 ◦C, the liquid wetta
bility ensures uniform distribution once exposed to the tissue. This 
wetting step is followed by a sol-gel transition, given that the human 
body temperature is around 37 ◦C, allowing prolonged adhesion (more 
than 24 h) [152].

Polymer interpenetration plays a crucial role when using mucoad
hesive polymers with long, flexible, and penetrating chains. On the other 
hand, in the case of mucoadhesives with low water content, such as poly 
(acrylic acid), water movement from the mucus gel to the mucoadhesive 
occurs due to osmotic pressure effects [1]. Other anionic materials such 
as alginate, carboxymethyl cellulose, polycarbophil and hyaluronic acid 
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have demonstrated improved mucoadhesivity after chemical modifica
tion with sulfhydryl groups. For these materials, the consolidation stage 
comprises activation by moisture, which plasticizes the system, leading 
to increased attractive forces due to van der Waals interactions and 
hydrogens bonds [153]. Fig. 4b illustrates the occurrence of the 
described processes, with wetting being relevant both in the early stages 
and during the consolidation stage, where other intermolecular in
teractions, such as hydrophobic interactions between fucose residues or 
cysteine knots from the mucin structure and the mucoadhesive material, 
can also contribute to the overall adhesion process.

Mucoadhesive formulations appear as a promising approach to 
enhance the duration for which formulations remain in contact with 
mucosal tissues [154]. This is particularly important once we consider 
the previously discussed mechanisms for mucosal clearance. Other 
alternative systems that do not interact strongly with mucus in early 
stages, such as mucus-penetrating systems, may facilitate the transport 
and delivery of active ingredients, as they may avoid some rapid 
clearance mechanisms [46,155]. However, to date, it remains unclear 
how mucoadhesive and mucus-penetrating materials compare con
cerning the residence time on mucosal surfaces and the effective release 
of active ingredients within the human mucosal system.

By introducing solid microparticles prepared from tamarind seed 
polysaccharide into a mucin solution, the approximate durations of the 
contact and consolidation stages were experimentally elucidated using 
cryogenic field emission scanning electron microscopy (cryo-FESEM) 
[156]. With this system, the contact stage happened in the initial 10 min 
following particle deposition onto the mucin layer. Subsequently, the 
consolidation stage started and persisted for 60 min post-particle- 
deposition, resulting in a smooth gel layer [156]. While the precise 
determination of the contact and consolidation stage durations remains 
experimentally limited, conceptualizing a two-stage mucoadhesion 
process helps in discerning the timings of interactions, which also 
depend on the form (dry or wet) of the mucoadhesive. Notably, for 
carbohydrate-based polymers, certain properties such as higher molec
ular weights have demonstrated an augmented mucoadhesive effect 
attributable to the formation of mesh entanglements, particularly 
evident in cellulose-based mucoadhesives [157]. Conversely, polymers 
with lower molecular weights, despite being associated with reduced 
mesh entanglement with mucin, exhibit fewer steric restraints during 
the adhesive process – which allow a higher thermodynamic work of 
adhesion than polymers with higher molecular weights [157]. The 
impact of these findings on the mucoadhesion of protein-based 
mucoadhesives remains unclear and warrants exploration in future 
studies.

3.4. The role of polymer elasticity

Another important aspect to be considered is the elasticity of the 
mucoadhesive material. However, even for synthetic materials, there is 
no general rule on the ideal elasticity for a material to adhere to mucus, 
as mucoadhesion is a multiscale phenomenon and multiple interactions 
are involved. Some insights on the impact of polymer elasticity appeared 
in the 1990s, when it was found that there was a correlation between the 
contact time of carbomer gels with the eye mucosal layer and the elastic 
properties of the gels [158]. In general, viscoelastic materials that are 
able to entangle with the mucus gel should favor mucoadhesion [9]. 
Nonetheless, excessively high cross-linking density can reduce polymer 
flexibility and, consequently, its interaction with mucins [159]. How 
this would influence the adhesion of protein and protein conjugates in 
the form of nanoparticles is a subject for future investigation. When 
considering a mucoadhesive that is stiffer than the mucus gel, theoret
ical considerations suggest that the force of mucosal adhesion is pro
portional to the square of the difference in the elastic modulus between 
the mucus and the adhesive material [146]. For the specific case of 
aqueous poly(methyl vinyl ether-co-maleic acid) (PMVE/MA), statistical 
modeling demonstrated that polymer viscoelasticity is a dominant factor 

in determining mucoadhesion [160]. For the vaginal retention of semi- 
solid materials, recent measurements of compliance over time and 
determination of the residual viscosity of various formulations were able 
to predict the vaginal retention of the formulations, which further 
demonstrates the relationship between the viscoelastic properties of 
materials and their mucoadhesivity [161]. A clear picture of how the 
deformation of mucus-interacting systems will impact on mucoadhesive 
interactions still needs to be thoroughly investigated in the future, to 
entirely describe the role of elasticity.

4. Design principles affecting mucoadhesion of proteins on 
mucosal tissues

There is an increasing interest in using proteins for mucoadhesion 
due to their biodegradability, biocompatibility, inherent presence of 
charged amino acids, and their ease of structuring by chemical and 
physical processing. Herein, we examine specifically how proteins 
adhere to mucus. We will start with studies that investigated the 
fundamental charge interactions between proteins and mucin. Subse
quently, we build on these findings considering scenarios where charge 
interactions are further combined with other contributing factors. At 
times, we refer to glycan-based mucoadhesives to shed light on certain 
research gaps in protein-based mucoadhesive materials. It is essential to 
note, however, that no study comprehensively investigate every 
conceivable way in which proteins interact with mucin, as certain in
teractions are assumed over others, due to the complexity of these soft 
systems. Table 2 and Table 3 provide an overview of studies where 
protein on its own or protein combined with glycans have been used as 
mucoadhesive materials.

4.1. Surface charge

One of the mechanisms underlying mucoadhesion is associated with 
the charge characteristics of the mucoadhesive material. This is perti
nent due to the prevailing negative charge of mucin glycoproteins across 

Table 2 
Protein-based systems interacting with mucus/mucin.

Protein 
type

Mucus/ 
mucin 
type

Condition/ 
modifications 
used

Nature of 
interaction 
(adhesive with 
mucin/mucus)

References

Gelatin Native rat 
nasal 
mucosa

Solid gelatin 
microspheres 
were used

Electrostatic 
(positively charged 
adhesive)

[162]

Native 
porcine 
intestinal 
mucosa

Thiolated 
gelatin tablets

Covalent (disulfide 
bond)

[163,164]

β-lg Mucin from 
porcine 
stomach

Cationic β-lg was 
synthesized

Electrostatic 
(positively charged 
adhesive)

[165,166]

WPI Native rat 
intestinal 
and stomach 
mucosa

Native or 
denatured WPI

Electrostatic 
(positively charged 
adhesive) at pH <
IEP 
Covalent (disulfide 
bond) for the 
denatured form

[167,168]

Keratin Mucin from 
porcine 
stomach

Kerateine and/ 
or keratose 
nanoparticles

Electrostatic 
(positively charged 
adhesive), 
hydrogen bonding, 
hydrophobic 
interactions 
Covalent (disulfide 
bond)

[169]

BSA Mucin from 
porcine 
stomach

BSA modified 
with N- 
Acetylcysteine

Covalent (disulfide 
bond)

[132]
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most biologically relevant pH values except the gastric conditions, as 
previously discussed in this review. While the most common protein- 
based mucoadhesives studies have focused on dietary proteins, 
intriguingly, the sensation of astringency in the mouth can also be 
correlated with mucosal adhesion [118]. A proposed explanation for this 
sensation is a specific mechanism closely tied to the interaction between 
negatively charged salivary mucins and positively charged proteins, 
which results in augmented friction between the surfaces within the oral 
cavity.

The isoelectric point (IEP) of the protein, the pH at which the mean 
surface charge density is zero, stands out as a crucial factor in 
mucoadhesion of proteins, as recently highlighted by comparing the 
mucoadhesive properties of a synthetic polyampholyte with a natural 
one – bovine serum albumin [175]. The adhesion to mucin is largely 
driven by proteins with high IEPs such as lysozyme, lactoperoxidase, 
and lactoferrin, as illustrated in Fig. 5a via electrostatic interactions 
[176], when compared to proteins with a lower IEP value at large ranges 
of physiologically-relevant pHs. Moreover, the presence of salt, which 
leads to screening effects of electrostatic charges in colloidal systems 
[177], may allow for the observation of additional effects, such as hy
drophobic interactions or hydrogen bonding in mucoadhesion by 
proteins.

A significant proportion of protein-based mucoadhesive work has 
focused on whey protein isolate (WPI) (Table 2), which is a complex 
mixture of proteins that includes β-lactoglobulin (β-lg), α-lactalbumin 
(α-lac), immunoglobulin G (IgG), lactoferrin (LF), serum albumin, 

proteose peptone, and caseinomacropeptide proteins [178]; its IEP is 
around 4.5 [179]. Interactions between whey proteins and mucin gly
coproteins have shown strong charge-dependency in interactions. 
Indeed at pH 6.8, both mucin glycoproteins and whey proteins carry a 
negative charge, and therefore their natural association is unlikely under 
their native state. However, when the pH is set to 3.4, salivary mucins 
remain negatively charged, while whey proteins become positively 
charged because they are below their IEP. This shift in charge charac
teristics promotes their interaction. As the pH is further decreased to 2.6, 
the net negative charge of salivary glycoproteins diminishes, leading to a 
decrease in the association between the positively charged whey pro
teins and glycoproteins [180]. Additionally, at this lower pH, mucin 
proteins may form self-assembled aggregates due to low electrostatic 
repulsive forces [181], making it harder to distinguish self-assembled 
mucin aggregates from other proteins-mucin aggregates. In another 
study, the formation of mucin-BSA complexes was attributed to elec
trostatic forces occurring at both pH 7.4 and pH 3. At pH 3, where mucin 
and BSA have opposite charges, electrostatic interactions drove 
mucoadhesion. At pH 7.4, where both mucin and BSA are negatively 
charged, it was proposed that due to the strong repulsion between the 
glycosidic chains of mucin and the surface of BSA, albumin interacted 
with the positively charged cysteine domains of mucin. This interaction 
leads to mucin-mucin binding and the assembly of multiple mucin units. 
Consequently, changes in the secondary structure of mucin were 
observed, particularly at the highest pH studied, along with an increase 
in both viscous and elastic responses of the materials [182].

Table 3 
Protein or peptide-polysaccharide-based systems interacting with mucus/mucin.

Protein/ 
peptide type

Polysaccharide 
type

Mucin type Conditions/modification used Nature of interaction (adhesive with 
mucin/mucus)

References

Homocysteine Poly(acrylic acid) Native porcine intestinal 
mucosa

Protein/polymer conjugate in the form of tablets Covalent (disulfide bond) [126]

Gelatin λ-carrageenan Mucin from porcine stomach Protein/polymer mixture in the form of films 
and microspheres

Not specified [170]

WPI Alginate Native rabbit intestinal mucosa Protein/polymer microparticles Electrostatic (negatively charged 
adhesive)

[171]

Gelatin, 
Keratin

Chitosan Native sheep buccal mucosa Proteins/polymer composite films Electrostatic (positively charged 
adhesive) 
Covalent (disulfide bond)

[172]

Lysozyme Starch Native rat intestinal and 
stomach mucosa

Lysozyme nanoparticles incorporated into 
oxidized starch microgels

Electrostatic (negatively charged 
adhesive)

[173]

BSA Chitosan Native cow buccal mucosa Thiolated BSA combined with chitosan into 
buccal patches

Electrostatic (positively charged 
adhesive) 
Covalent (disulfide bond)

[131]

Mucin Mucin glycans* Mucin from bovine 
submaxillary

Mucosome nanoparticles Not specified [174]

* Inherent glycosylation of mucin.

Fig. 5. Surface charge (a) and hydrophobicity and the presence of functional groups (b) are some of the key factors affecting the mucoadhesion of proteins.
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Recent efforts in the mucoadhesive field have also focused on 
modifying β-lg’s surface charge aiming to improve its mucoadhesive 
properties. The effect of modifying this water-soluble protein was 
compared using two cationizer agents, ethylenediamine (EDA) or pol
yethyleneimine (PEI). When compared to native β-lg, cationic β-lacto
globulin (C-β-lg) modified with PEI displayed significantly improved 
mucoadhesive properties, with an increase of more than 400 % as 
assessed by a quartz crystal microbalance with dissipation monitoring 
(QCM-D) study [166] (Table 2). Similarly, EDA-modified C-β-lg showed 
improved mucoadhesion by more than a factor of 2 [165]. These dif
ferences were attributed to variations in charge, with C-β-lg cationized 
with PEI exhibiting a higher ζ-potential of 54.2 mV, while EDA- C-β-lg 
presented a ζ-potential value of 32.4 mV, both measured at pH 7.0 
[166]. Notably, C-β-lg could be assembled into assembled nanoparticles 
when exposed to organic solvents, offering the potential for encapsu
lating, and gradually releasing active ingredients. When exposed to 
ethanol or acetone, C-β-lg self-assembled into nanoparticles with 
75–172 nm in size [165]. The size and surface properties impact directly 
on how particles interact with mucin, during the contact and consoli
dation stages of the adhesive process. Indeed, focusing on larger length 
scales (Fig. 4b), analysis of the wettability properties of these particles 
revealed that those with a higher degree of hydrophilicity exhibited 
improved mucoadhesion, while the more hydrophobic ones demon
strated enhanced cellular uptake, as measured using Caco-2 cell cultures 
[183]. Cellular uptake of particles is a complex process which involves 
size-exclusion in an internalization mechanism known as endocytosis, 
leading to the intracellular delivery of actives [184].

In a comparative study of mucosal adhesion of two milk proteins, 
casein and β-lg, it was observed that casein exhibited stronger adhesion 
to porcine mucus in an in vitro test using fluorescence microscopy; while 
β-lg was completely washed out from buccal mucosa after 20 washes 
with artificial saliva, casein was still adhered even after 50 washes 
[185]. The investigation into the underlying reasons for this difference 
revealed that β-lg possessed a higher thiol content than casein and 
greater hydrophobic characteristics, which may have been expected to 
drive greater mucoadhesion, as further discussed in the next section. 
While the thiol group in β-lg originates from the Cys-121 domain, which 
contains a free thiol group, the enhanced hydrophobic character is 
associated with the Cys-121 neighboring groups and resultant from the 
protein three-dimensional folded structure [186] (Fig. 5b). However, 
other factors contributed to the difference. ζ-potential measurements 
indicated negative charges for both proteins, with casein presenting a 
weaker surface charge compared to β-lg (− 10.6 ± 2.1 and − 22 ± 0.9 
mV, respectively). This partially explains the heightened mucoadhe
sivity observed for casein, as β-lg’s more negative charge led to 
increased repulsive interactions with the (also) negatively charged 
mucin.

Gelatin, produced by the partial hydrolysis of native collagen derived 
from animal tissues, is a protein commonly employed in the formulation 
of novel mucoadhesive platforms for drug delivery application. Gelatin 
can be utilized either on its own [162] or combined with other materials, 
such as poly(acrylic acid) [187]. Morimoto and co-authors [162] con
ducted studies involving the preparation of microspheres using acidic 
gelatin (with an IEP of 5.0) and basic gelatin (IEP of 9.0) to investigate 
their efficacy as mucoadhesive materials in vivo (Table 2). Despite both 
positively and negatively charged materials exhibiting adhesion to the 
nasal mucosa, the positively charged material showed an approximately 
one quarter increase in adhesion ability to nasal mucosa when compared 
to the negatively charged formulation. This heightened adhesiveness 
significantly contributed to the nasal absorption of salmon calcitonin, a 
peptide capable of regulating calcium homeostasis [162].

Lysozyme (LZ) is a positively charged protein found in mucosal se
cretions and on the cell walls of animals and plants, often isolated from 
chicken egg white. It serves as a natural antimicrobial agent within 
mucous gels, and the specificity of the interaction between lysozyme and 
mucin has been the subject of investigation. Due to its high isoelectric 

point (between 10 and 11) (Fig. 5a), LZ interacts with mucin through 
electrostatic interactions across a range of physiological pH values. 
However, at more acidic pH values (pH 3), the binding of LZ with pig 
gastric mucin weakens as the mucin molecules tend to self-assemble 
under these conditions. The introduction of salt to the system screens 
the charged groups on both the PGM and LZ surfaces, leading to a sig
nificant reduction in the attractive forces that drive their interaction. 
Furthermore, LZ has four intramolecular disulfide bonds, and it has been 
demonstrated that the eight thiol groups only play a role in the forma
tion of aggregates when LZ is in a denatured state. At native conditions, 
no disulfide bond formation is detected between LZ and PGM [188].

Similar to chitosan [189], positively charged proteins can be 
assembled into layer-by-layer films with mucin via comparable adsorp
tion mechanisms. Positively charged proteins, those at a pH lower than 
their IEP (such as lactoferrin at physiological pH values), strongly 
interact with the negatively charged glycosidic domains of mucin. For 
instance, proteins with a positive charge at neutral pH, such as lacto
ferrin and histatin, have been observed to form complexes with salivary 
mucin MG2 [190]. Proteins with lower IEP, like proline-rich protein 1 
and statherin, have demonstrated the ability to adsorb MUC5B when 
pre-adsorbed on surfaces like silica and hydrophobized silica [191]. 
Lindh and colleagues tested the ability of lysozyme (LZM), lactoferrin 
(LF), lactoperoxidase (LPO) or histatin 5 (HST-5) to build up multilay
ered structures with mucin. They showed how adsorbed films on hy
drophobic surfaces exhibited greater stability against desorption when 
compared to films adsorbed on hydrophilic surfaces. Both lactoferrin 
and lactoperoxidase showed increased adsorption to mucin, which was 
attributed to their larger size and positive charge at pH 7. However, only 
LPO had the capability to form multilayered structures with mucin; this 
unique ability was attributed to the higher net charge density of LPO 
compared to all the other proteins tested [192]. Further investigation 
revealed that the enzymatic activity of the adsorbed LPO experienced 
only minor variations [193], while increased viscous properties were 
observed for a mucin/LPO film associated with the highly hydrated 
mucin chains [194].

LF (IEP = 8.0–8.5) [195] exhibits binding affinity to both pig gastric 
mucins [196] and bovine submaxillary mucins [197]. In the former 
investigation, a noticeably higher quantity of lactoferrin demonstrated 
binding to mucin in comparison to β-lg, associated with the electrostatic- 
driven nature of the interaction [196]. In the latter study, lactoferrin was 
identified as playing a pivotal role in mediating interactions between 
mucin molecules, driven by electrostatic forces between mucin and the 
positively charged lactoferrin. QCM-D experiments revealed the rapid 
adsorption of lactoferrin to mucin, resulting in the sequential deposition 
of lactoferrin and mucin and the formation of a multi-layered structure. 
Experimental lactoferrin-mucin binding findings were corroborated by 
self-consistent field (SCF) calculations, which predicted the formation of 
a multi-layered complex [197]. All these pH-dependent mucosal in
teractions suggest that charge interactions tend to dominate the protein- 
based mucoadhesion landscape at smaller length scales (Fig. 4a).

4.2. The role of hydrophobicity

Besides the afore-mentioned electrostatic interactions, mucin bio
polymers strongly interact with hydrophobic substrates in a 
glycosylation-dependent manner [198], and it has been demonstrated 
that the terminal peptide domains of mucins with a hydrophobic char
acter play a key role when adsorbing at a PDMS hydrophobic surface 
[199]. Consequently, hydrophobic regions in proteinaceous materials 
(Fig. 5b) are expected to play a role when exposed to mucin, particularly 
when other forces are not the dominant driving factor. In the case of 
sodium caseinate’s interaction with pig gastric mucin (PGM), the 
strength of interactions was found to be significantly influenced by the 
pH of the solution. Sodium caseinate, a derivative of milk protein casein, 
has an IEP between 3 and 5 (Fig. 5a), so that it carries overall negative 
charges at pH 5 and positive ones at pH 3. In the pH range between the 
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IEP values of PGM and sodium caseinate, attractive interactions 
occurred due to the negatively charged nature of mucin at pH 3, leading 
to the formation of complexes. Interactions at pH 1 were less pro
nounced, and since both materials carried a positive charge at this pH, 
secondary interactions such as induced dipole forces or hydrophobic 
interactions likely played a role in explaining the observed aggregates 
[200]. Such hydrophobic interactions between mucin and proteins are 
not specific to caseinate but have been also observed in other proteins 
particularly when electrostatic interactions are minimal. Specifically, at 
pH 7, electrostatic interactions are considerably weaker due to the 
repulsion between similarly charged β-lg and mucin molecules [201]. 
Nevertheless, hydrophobic interactions become the predominant 
driving force for observed association with mucin [202], with a primary 
contribution of enthalpy, involving the repulsion of disordered water 
structures by hydrophobic regions and secondary entropic contribution, 
linked to an increase in the disorder of water structures upon contact 
with hydrophobic surfaces.

When investigating the interactions between mucin and negatively 
charged mucoadhesive agents, it is expected that the addition of sub
stances that screen electrostatic interactions (such as salts) will mitigate 
the repulsive forces between the two negatively charged surfaces; thus 
enhancing adhesion and allowing hydrophobic effects to be studied with 
a reduced influence of surface charge effects. An example of a 
hydrophobic-driven association appears in the study of the interactions 
between mucin and anionic alkyl sodium sulfates, as determined when 
using different hydrophobic chain lengths [203]. In the case of BSA, a 
protein that carries a negative charge at neutral pH, there was no 
discernible differences in its rheological behavior when interacting with 
mucin in the presence or in the absence of salt [204]. This led re
searchers to conclude that the primary mode of interaction between BSA 
and mucin is likely hydrophobic in nature [205,206]. This suggests that 
hydrophobic (Fig. 4a) interactions might be worth exploiting further in 
future studies for mucoadhesion, which tends to be largely dominated 
by probing electrostatic interactions.

4.3. Thiol groups

As previously noted, a significant mechanism facilitating mucoad
hesion involves the formation of disulfide covalent bonds between the 
free thiol groups of mucin molecules (located in the cysteine-rich sub
domains) and mucoadhesives (where present). Considerable research 
has been dedicated to thiolation of polysaccharides to enable such 
bonding and enhance mucoadhesion [207]; however, limited attention 
has been directed towards similar modification of proteins, or indeed to 
proteins inherently possessing free thiol groups such as β-lg. The amino 
acid cysteine contains a thiol functional group, and in some proteins this 
thiol group is free and therefore can be exposed by heating (Fig. 5a).

Once heat-treated, WPI for instance undergo structural alterations as 
they unfold and transform into more flexible polymeric chains, losing 
their secondary and tertiary structures. Due to the conformational 
changes, some buried groups like the thiol groups become exposed, 
which may affect the protein’s interaction with mucins (Fig. 5a). For 
instance, the mucoadhesive properties of WPI in its native and dena
tured form were investigated as a function of pH and concentration 
[167]. At a lower WPI concentration (1 wt%), and at pH levels below 
4.5, both denatured and native-state WPI exhibited interactions with 
mucin, as evidenced by turbidity and isothermal calorimetry measure
ments. These interactions are consistent with charge-induced mecha
nisms, as the two moieties are oppositely charged. However, at a higher 
concentration (10 wt%), both native and denatured WPI did not show 
significant interaction with mucin at pH 1.2. This can still be attributed 
to charge effects, considering the IEP of mucin and WPI (which fall 
between 2 and 3 and 4.5, respectively), both are positively charged, and 
they tend not to interact. Surprisingly, denatured WPI demonstrated 
attractive interactions with mucin at pH 6.8 (Table 2), where charge 
complementarity does not exist; in other words, charge effects cannot 

explain the observations. Strong interactions between denatured WPI 
and mucin were observed, leading to an increase in viscosity, and were 
attributed to two mechanisms: hydrogen bonding and the formation of 
disulfide bridges. The exposure of thiol groups in heat-denatured WPI 
enabled covalent S–S bonds to form between denatured WPI and mu
cins. Moreover, due to the enhanced flexibility of denatured WPI, 
physical interpenetration between mucin and denatured WPI was 
assumed to occur. Subsequent investigations revealed that in this 
particular scenario, the interaction strength was not dependent on the 
size of WPI, as attempts to create microparticles through calcium- 
induced aggregation did not result in increased interaction with mucin 
[167]. In another study, similar findings demonstrated that after heat
ing, the viscosity, pH and charges of WPI remained unchanged, while 
particle size increased [208]. An additional indication of the impact of 
thiol groups favoring mucoadhesion was further identified by the same 
group, as free thiol concentration was increased after WPI denaturation, 
consistent with the increased mucoadhesion [209]. Another important 
observation was the loss of the β-barrel structure, exposing hydrophobic 
regions, which might have further contributed to increased mucoadhe
sive forces [209]. The mucoadhesive properties of hybrid protein-based 
system i.e. zein-whey protein nanoparticles can also be explained by the 
formation of disulfide bonds between the thiol groups of the adhesive 
particles and mucus [210]. These thiol groups exhibit heightened 
reactivity under alkaline pH conditions, which are characteristic of the 
small intestine [211].

Besides whey proteins, thiolated derivatives of gelatin can be syn
thesized through either the reaction with 2-iminothiolane, a thiolating 
agent interacting with the primary amine groups of gelatin, or a two-step 
process involving an amination reaction followed by thiolation [163]. 
The sequential approach, in which the carboxylate groups in gelatin are 
converted to amides with a side amine on their chains prior to thiolation, 
led to a tenfold increase in thiol content when compared to gelatin ob
tained through a one-step reaction [163]. While a non-thiolated sample 
exhibited negligible mucoadhesion, the thiolated gelatin obtained via 
the two-step reaction demonstrated adhesion to mucus for up to 24 h, 
mirroring the behavior observed for thiolated chitosan. Furthermore, it 
was observed that higher molecular weights were not as good for 
mucoadhesion compared to lower ones. Specifically, the gelatin sample 
with a molecular weight of 20–25 kDa exhibited the most favorable 
mucoadhesive outcomes [163]. However, the authors underscored that 
the correlation between mucoadhesion and molecular weight is poly
mer-dependent.

Certain challenges associated with thiolated materials belonging to 
the so-called ‘first generation of mucoadhesives’ – usually hydrophilic 
polymers with thiol modifications, include their inherent low stability at 
physiological pH and susceptibility to oxidation from thiol to disulfide 
[212]. For preactivated thiolated gelatin (synthesized through an initial 
reaction with 2-iminothiolane), oxidation prior to reaching a targeted 
site may be avoided by attaching benzylic groups (mercaptonicotinic 
acid) to the sulfhydryl groups. This protective group acts as an effective 
leaving group upon contact with mucin, facilitating enhanced 
mucoadhesion. Indeed, S-protected thiolated gelatin exhibited a 
remarkable 71-fold increase in the total work of adhesion and a 70-fold 
increase in residence time at porcine mucosa compared to the unthio
lated control sample [164].

In general, the covalent attachment of thiol groups has been proven 
to enhance mucoadhesive properties of various materials. Notably, some 
thiolated materials exhibit limited stability at pH levels exceeding 5. 
Consequently, in the post-2010 era, several research groups have 
redirected their efforts from simply attaching thiol groups to mucoad
hesives towards investigating less reactive thiol ligands, such as S-pro
tected or preactivated thiomers [213], as potential mucoadhesives. 
However, it is worth noting that there is currently little literature 
available that explores how these last modifications would impact the 
mucoadhesive properties of proteins other than gelatin. Moreover, it 
remains to be studied how exploitation of inherent thiol groups present 
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in protein exposed by heat/chemical treatment vs. externally applied 
thiolation to protein would impact the strength of mucoadhesion.

4.4. Multivalent interactions

So far, we have considered individual interactions isolated from 
other contributions. However, in many cases, multiple interactions need 
to be invoked to explain experimental observations. In certain cases, 
such as the interaction between bovine submaxillary mucin (BSM) and 
the plant-based lectin jacalin (JAC), multi-layered deposited structures 
can form, displaying resistance to a wide range of pH levels and ionic 
strengths [214]. Interestingly, these structures appear to form and 
remain stable without a predominant adhesion mechanism such as 
electrostatic attraction, as they persist even in the presence of salt. 
Another example of a mucoadhesive system associated with multivalent 
interactions includes the use of keratin, a fibrous protein, which exhibits 
distinct mucoadhesive properties depending on its reduced forms, ker
atose (KOS), and kerateine (KTN). In a study involving pig gastric mucin, 
at pH 4.5, the dominant mechanisms were electrostatic attractions (in 
the case of KTN) and hydrogen bonding (for both KTN and KOS). 
However, at pH 7.4, these mechanisms are less pronounced, and disul
fide bonds become relevant in the case of KTN, while hydrophobic in
teractions play a key role in interactions with KOS [169] (Table 2).

In summary, charge interactions play a prominent role in the land
scape of protein mucoadhesion, driven by the inherent charge carried by 
proteins contingent upon the pH of the surrounding medium. Generally, 
positive charges correlate with heightened mucoadhesive behavior (i.e., 
at pH < IEP). However, numerous proteins with a high isoelectric point 
remain unexplored in terms of their mucoadhesive properties. Addi
tionally, there exists a considerable opportunity to investigate covalent 
interactions, either through intrinsic or extrinsic thiolation of protein
aceous materials. For instance, in copolymer-based mucoadhesives, the 
impact of thiolation appears to be substantial even when employing low- 
molecular-weight materials (20 kDa) [215]. Protein-based materials, 
such as thiolated BSA and gelatin (Table 2), also present promising av
enues for exploration in this regard.

5. Proteins combined with polysaccharides in mucoadhesion

Recent advances have emerged from the synergistic combination of 
proteins and mucoadhesive polysaccharides into composite materials, 
resulting in a diverse spectrum of favorable outcomes, such as protection 
against degradation of the active ingredient and improved adhesion. 
Initial reports mainly focused on the delivery of peptides or proteins via 
the mucosal route, using polysaccharides as mucoadhesive materials 
[216,217]. Subsequently, the combination of proteins and poly
saccharides as mucoadhesive materials gained attention (Table 3), 
exemplified by the combination of materials such as λ-carrageenan and 
gelatin [170] or milk/vegetal proteins with chitosan or alginate [218]. 
Combining proteins with polysaccharides can help in multiple in
teractions at short length scales (Fig. 4a) – for instance proteins focusing 
on electrostatic interactions whilst the glycan chain interacting with 
mucins via hydrogen bonding with improved wetting observed in the 
larger length scales (Fig. 4b). For instance, the ionic complexation of 
λ-carrageenan and gelatin yielded a mucoadhesive material with the 
properties of a carrier system, carrying the alkaline drug timolol maleate 
(an anti-glaucoma model active used in ophthalmic applications) [170]. 
Another bioadhesive, as described in a patent, utilized proteins of ani
mal origin (milk proteins) and vegetal origin (pea proteins) that can be 
combined with a material such as chitosan or alginate [218].

In the pursuit of encapsulating and delivering insulin through the 
oral route, researchers undertook a comparative study involving nano
particles of WPI and alginate, with a focus on their mucoadhesive 
properties. They revealed that, while there was no significant distinction 
in the percentage of adherence to mucosal surfaces between alginate and 
WPI particles, the microparticles formed by combining both alginate 

and WPI conferred protection to insulin against enzymatic degradation 
[171]. The combination of this protective effect with the mucoadhesive 
property of proteins and polysaccharides led to an enhancement in the 
oral bioavailability of insulin, and consequently in its intestinal ab
sorption [171] (Table 3).

Similarly, when granular cold-water swelling (GCWS) corn or 
tapioca starches were combined with either xanthan gum (XG) or β-lg, a 
notable increase in adhesion with mucus was observed [219]. The work 
of adhesion, measured using a texture analyzer, was determined based 
on the force-displacement curve obtained when detaching the gelled 
mucoadhesives from the intestinal mucosa of a sheep’s small intestine. 
Although the electrostatically coupled gel featuring the protein exhibi
ted comparatively lower adhesion in contrast to xanthan gum, with a 
nearly 50 % lower work of adhesion, it exhibited superior stability 
against starch retrogradation. The diminished mucoadhesive property 
within the formulation containing native β-lg is likely to come from its 
lower molecular weight relative to XG, wherein hydrogen bonds and 
physical entanglements with mucin are prevalent [219]. Even so, the 
utilization of protein systems in tandem with polysaccharides proved to 
be a valuable approach given the enhanced stabilization during cold 
storage. As in this study only native β-lg was used [219], we suggest that 
the use of β-lg in its denatured form could lead to improvements in the 
mucoadhesivity, as previously discussed in this review.

To facilitate the delivery of tetrandrine in the context of glaucoma 
treatment, bovine serum albumin (BSA) nanoparticles were coated with 
chitosan. Rheological assessments underscored the mucoadhesivity of 
the system of uncoated BSA nanoparticles with the active ingredient, as 
a nearly 40 % increase in viscosity was observed upon incubation with 
mucin [220]. This enhancement was not observed for the chitosan- 
coated nanoparticles, but ζ-potential values measurements showed 
that these interact electrostatically with mucin, indicating mucoadhe
sivity attributed to the positive charge carried by chitosan. In this study, 
BSA was chosen for its role in augmenting drug solubility and suitability 
for ocular drug delivery. Comprehensive in vitro and in vivo evaluations 
demonstrated the formulation’s biocompatibility as well as a desirable 
pharmacological response owing to the transcorneal permeation and 
drug release profile. A 5-fold increase in transcorneal permeation was 
observed upon the incorporation of a low-molecular-weight chitosan 
(50–190 kDa), when compared to the uncoated BSA-active nano
particles, attributed to the polymer’s characteristic chain flexibility that 
allows chain interpenetration with mucin [220].

In the search for nanosystems to meet specific requirements for in
testinal drug delivery, a starch microgel containing lysozyme (with the 
starch as a protective shell) was found to exhibit heightened mucoad
hesivity, particularly under conditions reflective of the intestinal pH 
environment, as determined by confocal imaging of the composite 
particles in ex vivo rat intestinal mucus [173] (Table 3). The inner 
lysozyme was assembled into positively charged micelle-like nano
particles with a diameter around 20 nm, within which the hydrophobic 
active agent, quercetin (Que), was encapsulated. The oxidized starch 
microgels presented an average diameter of 1700 nm and a negative 
surface charge, allowing the electrostatic complexation of micelles into 
the microgels. The improved mucoadhesivity was primarily attributed 
to the oxidized starch shell, which served as a safeguard shielding the 
lysozyme from degradation when exposed to acidic gastric conditions 
(in the stomach). This innovative configuration also facilitated a trans
formation from a mucus-adhering system to a mucus-penetrating one, 
releasing the quercetin-lysozyme nanoparticles in response to the in
testinal enzymatic and pH conditions, which then penetrated the mucus, 
facilitating epithelial quercetin delivery. This release could not be ach
ieved only using lysozyme due to degradation at gastric conditions, nor 
using the oxidized starch microgels alone, due to poor solubility of the 
active [173].

Furthermore, electrostatic principles governing the propensity for or 
against mucoadhesion can be strategically employed to manipulate the 
delivery and controlled release of active compounds. For instance, 
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recent research has demonstrated that a chitosan core, modified by 
surface coverage with bovine serum albumin (BSA), can be effectively 
employed to encapsulate and orally deliver carvacrol, a naturally 
occurring antimicrobial agent [221]. QCM-D showed that the BSA 
corona surrounding the chitosan core reduced the mucoadhesive 
behavior of chitosan under gastric pH conditions, as the less-adhesive 
nature of BSA prevails (inverting the combined system surface charge 
from positive to negative). This modulation facilitates the transit of the 
antimicrobial agent through the gastric phase and its subsequent tar
geted release within the intestinal phase, thereby optimizing therapeutic 
efficacy [221].

Recognition of the influence of thiol groups on mucoadhesion has led 
to the development of novel mucoadhesive agents combining proteins 
and polysaccharides. For instance, bovine serum albumin (BSA) has 
been chemically modified with thiol groups and subsequently combined 
with chitosan to create a mucoadhesive buccal patch [131]. Using this 
approach, the mucoadhesive properties arising from the positively 
charged chitosan were combined with those from the thiol groups in 
thiolated BSA, making a strongly mucoadhesive material. In comparison 
to the non-thiolated form (BSA/Chi), the thiolated patch (BSA-SH/Chi) 
exhibited superior swelling capacity and an enhanced work of adhesion. 
Importantly, both formulations demonstrated in vitro biocompatibility 
[131] (Table 3). Polysaccharides extracted from Ophiopogon japonicus 
(Mondo grass) have been effectively combined with chitosan and WPI to 
generate nanoparticles with size in the range of 300 to 1400 nm, 
depending on the chitosan molecular weight. These nanoparticles 
exhibited robust adhesion to porcine fresh small intestine mucus, as 
measured by the fluorescence intensity of labelled particles. The strong 
adhesion was primarily attributed to electrostatic interactions between 
chitosan and mucins, as well as the presence of free thiol groups in WPI, 
facilitating disulfide bridge formation with cysteine-rich domains in the 
mucus. In addition to their strong adhesion capabilities, the particles 
demonstrated in vitro protective and anti-inflammatory effects [222]. In 
other cases, chitosan was combined with protein peptides due to their 
inherent biological activities. For example, an acid-responsive hydrogel 
composed of N-acetylcysteine-grafted chitosan (CS-NAC), alginate, and 
tilapia collagen peptide as a bioactive component has been recently 
explored as a potential candidate for the treatment of gastric injuries 
induced by prolonged and excessive alcohol consumption. The 
mucoadhesivity of the CS-NAC and alginate system proved to be supe
rior when compared to a system employing non-grafted chitosan, as 
determined by a colorimetric assay that measured the in vitro binding to 
mucin in simulated gastric fluid. The enhanced adhesion was attributed 
to disulfide bond formation, increased electrostatic interactions and 
hydrogen bonding [223].

Specific studies on the mucoadhesion of food-based proteins 
(excluding WPI) with glycans have not yet been extensively reported. 
Nevertheless, lactoferrin has been effectively employed in conjunction 
with calcium pectinate and hyaluronic acid for the targeted delivery of 
rhein, an active compound known for its anti-inflammatory properties 
[224]. The combined presence of these two carbohydrates shielded 
rhein against degradation within the gastrointestinal tract. Furthermore, 
the coexistence of lactoferrin and hyaluronic acid ligands plays a pivotal 
role in facilitating substantial cellular uptake, thereby alleviating in
flammatory responses, and promoting mucosal repair, as shown by in 
vivo experiments [224]. Additionally, a thermo-responsive material 
capable of in-situ gel formation has been assessed for the delivery of 
chloramphenicol, consisting of microparticles prepared using an emul
sion as the initial template. In this example, effective mucoadhesion was 
achieved through the combination of WPI and hydroxypropyl methyl
cellulose (HPMC), and the desired thermogelling behavior was imparted 
by the incorporation of Pluronic F127 and F68 [225].

Upon combining positively-charged lactoferrin microgels with a 
negatively charged κ-carrageenan hydrogel, an increase in viscosity was 
observed in the resulting combined system. Additionally, the formed 
complex exhibited effective adsorption to a hydrophobic substrate, as 

evidenced by QCM-D assessments, wherein higher adsorption was 
recorded compared to saliva. While the authors focused on measuring 
rheological properties and lubricity rather than direct mucoadhesion, 
the mechanism by which the microgel binds to the negatively charged 
polysaccharide reflects the electrostatic nature observed in positively 
charged materials adhering to mucins [226]. Further exploration could 
assess whether the lactoferrin microgel binds to mucus, especially 
considering the contribution of κ-carrageenan as a viscosity modifier, 
aligning with the previously discussed role of elasticity in mucoadhesive 
materials.

To summarize, the combination of proteins and polysaccharides of
fers a vast array of potential interactions, as outlined in Table 3. Similar 
to hydrophilic polysaccharides employed as mucoadhesives, the mech
anisms governing mucoadhesion of these combined systems predomi
nantly involves electrostatic interactions and the formation of disulfide 
bonds (Fig. 4a). The synergy of proteins and polysaccharides introduces 
distinctive features, including the potential for encapsulation of hydro
phobic drugs within a core and the development of a responsive shell 
tailored to specific anatomical regions, such as the acidic environment of 
the stomach, facilitating the targeted delivery of the active ingredient to 
the intestine. Further exploration of how polymeric complexes con
taining positively charged and/or thiolated proteins interact with mucin 
gels holds promise for advancing the development of biocompatible and 
efficacious mucoadhesive materials.

6. Conclusions and future perspectives

This review provides a comprehensive exploration of the mucoad
hesive characteristics exhibited by proteins and draws parallels with 
traditional glycan-based mucoadhesive materials. Drawing upon the 
existing literature, we offer a unique perspective on mucoadhesion as a 
process occurring across multiple length and strength scales. Notably, at 
smaller energy and length scales, strong electrostatic interactions and 
covalent disulfide bonds are highlighted as the primary mechanisms 
responsible for robust interactions with mucus gels. At larger length 
scales, the impact of viscoelasticity has been explored in a few cases, but 
further work is needed to elucidate underlying principles as to how this 
affects mucoadhesion. Meanwhile, wetting and chain interpenetration 
behaviors are known drivers of polymeric mucoadhesion, but have not 
been fully explored in proteinaceous systems.

In the field of mucoadhesion, which encompasses a range of poly
mers - including proteinaceous, carbohydrate-based, and synthetic 
polymers - there are a few challenges that remain to be addressed. One 
major challenge is the detailed evaluation of the mucoadhesive prop
erties. Experimental evidence suggests that the selection of mucin 
significantly influences the degree of interaction with the chosen 
mucoadhesive polymeric system [227]. Our review highlights that the 
choice of mucus model is critical to the accuracy and relevance of 
selecting the right mucoadhesive polymer. For mucoadhesion studies, it 
is important to employ a mucus model that exhibits all the intrinsic 
characteristics outlined in this review. These characteristics include not 
only the chemical signature of mucins and other mucus components but 
also the reproduction of both linear and non-linear rheological proper
ties. These interactions underpin the responsiveness of mucus to envi
ronmental stimuli, such as pH or ionic strength, as well as the presence 
of the mucoadhesive material under investigation. Additional factors 
that may influence the behavior of mucoadhesives require further 
investigation, including the effects of microbial communities, enzymes, 
and other minor mucosal components which are inherently present in 
physiology.

Regarding proteins, recently, there has been emerging research on 
the ability of positively charged proteins to form layers or multilayered 
structures when interacting with mucin [197,206]. These proteins 
include bovine serum albumin, lactoperoxidase, immunoglobulin G, 
secreted immunoglobulin A, trefoil peptides [206], and proline-rich 
protein 1 [191]. Charge-induced interactions with mucin have shown 

B. Hazt et al.                                                                                                                                                                                                                                    Advances in Colloid and Interface Science 334 (2024) 103322 

14 



to be largely dependent on the IEP of the protein, however, the 
mucoadhesive properties of these proteins is yet to be thoroughly 
investigated. Beyond charge-related interactions, our synopsis relating 
strength and length scales highlights the formation of disulfide bonds by 
thiolated materials as another strong local interaction enhancing 
mucosal residence times. This mechanism is well-established for 
polysaccharide-based mucoadhesives [228] and reports have recently 
begun to emerge in protein-based systems. Certain proteins, including 
β-lg, α-lac or BSA, contain free thiol groups that may be inaccessible due 
to their three-dimensional structures; denaturation of these proteins can 
unfold their structure and expose these free thiol groups, consequently 
having a significant impact on their mucoadhesivity. For proteins 
lacking free thiol groups, a research gap emerges in terms of breaking 
disulfide bonds with reducing agents such as dithiothreitol or mercap
toethanol – an approach particularly relevant for proteins containing 
cysteine groups within their internal structure. The potential to expose 
thiol groups which are concealed or bonded in the native state is a 
distinctive feature unique to proteins, not explored in the context of 
polysaccharides as these possess glycan chains instead of cysteine 
groups. An additional perspective arises from external thiolation and the 
synthesis of S-protected thiols, an approach already applied to poly
saccharides such as chitosan or to gelatin, which offers further avenues 
for investigation and potential innovation in protein-based 
mucoadhesives.

Besides the need for a more thorough comprehension of how thio
lation impacts proteins as mucoadhesives, we note that the aspect of 
elasticity remains largely unexplored and needs further attention. Un
derstanding in this area would be highly relevant to the context of 
protein-based mucoadhesives, where elasticity may be imparted to 
varying degrees by the gelation of the proteins via thermal or ionic 
methods. Furthermore, the effects of polymer interpenetration observed 
in several polymeric cases, are not fully elucidated for mucoadhesive 
proteins, warranting further investigation. A more complete under
standing of each of multiscale effects - and their interplay - is imperative 
to the extraction of general principles underlying mucoadhesion, which 
will allow informed and targeted design of the next generation of 
biocompatible, sustainable, and effective mucoadhesive materials.

Finally, a new challenge arises when translating fundamental 
knowledge into real-life application. A recent review emphasizes that 
exploring excipients with known biocompatibility may reduce the risk of 
failure in clinical trials, which are both costly and essential for the 
transition of basic research into therapeutic products [229]. In this 
context, proteins offer potential as mucoadhesives due to their inherent 
biocompatibility. However, the effects of protein thiolation on 
mucoadhesive strength and potential immunological response remain 
unexplored and need in vitro, in vivo and pre-clinical testing before such 
materials can be used in clinical settings.
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