
ABSTRACT 

This work presents a novel approach to assess mucoadhesion of pharmaceutical excipient liquid 
dispersions onto ex vivo mucosae. This was done by small deformation rheology. The viscosity 
of aqueous dispersions of two pharmaceutically relevant excipients, chitosan and polyethylene 
oxide, was investigated when applied onto ex vivo intestinal, buccal, and sublingual porcine 
mucosal tissue. Our results demonstrate promising insight obtained by using a new in vivo-
relevant approach to evaluate local and region-specific mucoadhesion of dispersions intended 
for mucosal application, although further optimisation of the method is required to achieve its 
full potential. 

 

INTRODUCTION 
Mucosal drug delivery holds great potential to improve both efficacy and safety of numerous 
drugs. Moreover, it is a more patient-friendly alternative to invasive drug administration by 
injections. However, the mucosal epithelium also presents a great permeation barrier that must 
be overcome to ensure sufficient drug absorption. A common strategy to improve drug 
permeation across mucosal barriers is to include mucoadhesive excipients in drug delivery 
systems1. This strategy ensures longer residence time at the mucosae, consequently maintaining 
a high concentration of drug at the site of absorption, hereby improving drug permeation across 
the barrier.   

 Various biophysical methods, including small deformation rheology, can be used to 
evaluate and explore the potential of mucoadhesive excipients and formulations. Previously, 
Hassan and Gallo (1990) successfully developed a rheological method for in vitro assessment 
of mucin-polymer bioadhesive strength by measuring the viscosity of polymer-mucin 
combinations and subtracting the contributions of the individual components. This method has 
been widely used for assessing the interaction of mucoadhesive excipients with mucin 
dispersions2, biosimilar mucus3, and isolated native mucus4,5. However, ex vivo mucosae were 
not applied in such investigations. Methods that involve ex vivo mucosal tissue often rely on 
indirect evaluations of mucoadhesion by quantification of drug loss after washout by liquid 
flow6,7. 
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Mucus is a complex viscoelastic barrier, and its properties depend on the anatomical origin. 
For example, throughout the gastrointestinal tract, mucus is generally divided into a firmly 
membrane-bound layer and a more loosely adherent matrix composed of amongst other secreted 
mucins; and the rheological properties of the mucus and its composition have been shown to 
depend on its interregional localization8. Furthermore, the complexity of the mucosae barrier, 
this being the mucosal epithelium, the mucus layer, and the highly complex interplay occurring 
between these, is obviously only partly represented when only using isolated mucus and/or 
mucin solutions in vitro. More representative models and novel approaches are therefore needed 
to achieve a better understanding on the interaction of therapeutic drugs, excipients, and drug 
delivery systems with the mucosae.  

Inspired by the simpler rheological approach first developed by Hassan and Gallo (1990), 
the aim of this study was to develop a rheology-based method to evaluate mucoadhesion of 
dissolved or dispersed excipients on ex vivo mucosal tissue from different anatomical sites. Such 
an ex vivo method would benefit from more closely representing the full complexity of the 
mucosae in vivo, especially considering the regional differences of its multiple layers. It was 
hypothesized that mucoadhesion of excipients is not only attributed to interactions with mucus 
and its different components, but also to interactions with the underlying mucosal epithelium.  

 

METHODS 

Materials 
Chitoceuticals chitosan 95/100 (degree of deacetylation 96%, Mw 100 250 kDa) was purchased 
from Heppe Medical Chitosan (Halle, Germany). Polyethylene oxide (Mw 900 kDa, PEO), 

 and acetic acid anhydride  was 
from Sigma Aldrich (St. Louis, MO, USA). Loctite® Power Flex gel was purchased from 
Henkel (Ballerup, Denmark). Sandpaper (38728, K120, 93 mm) was purchased from Millarco 
A/S (Lystrup, Denmark). 
(ELGA LabWater, High Wycombe, UK) was used. 
 
Sample preparation  
Aqueous dispersions of 2 % (w/w) chitosan with 0.7 % (w/w) acetic acid in ultrapure water and 
2 % (w/w) PEO were prepared in ultrapure water and stirred at room temperature for two days 
prior to the rheology experiment to ensure that the polymers were completely dispersed. 
 
Isolation of porcine tissue  
The isolation of porcine tissue was conducted according to the authorization for the use of 
animal by-products and derived products for research and diagnosis approved by the Danish 
Veterinary and Food Administration (license number DK-13-oth-931833). Surplus intestines 
from healthy pigs, 40  70 kg ( immediately 
after euthanization: 1 - 3 m jejunum was isolated distal to the ligament of Treitz, both ends of 
the isolated intestine were clamped and the tissue was kept on ice until further use (up to 8 h 
after isolation). Sections of isolated jejunum (approximately 5 cm) were cut and carefully 
opened along the mesentery line of the intestine, without affecting the mucosae (Fig. 1-B). 
Portions of the jejunum with food debris were discarded. For experiments performed on 
intestinal tissue without mucus layer, the mucus was very gently scraped of the intestinal surface 
with a glass slide. From the same pig, surplus tongue and cheeks were isolated and kept hydrated 
in PBS on ice until use (up to 8 h after isolation). Porcine tongues and cheeks were trimmed 





Data analysis 
The experiments using jejunum and buccal mucosae were run in quadruplicate (N=4, n=1-2), 
the tests of jejunum without mucus were run in triplicate (N=3, n=1) and the experiments with 
only the test solutions (polymer dispersions) were run in triplicates, twice per batch (N=3, n=2). 
The experiments using sublingual mucosae were run in triplicate when evaluating chitosan 
(N=3), but only in duplicate when evaluating PEO (N=2) due to limited tissue availability. The 
average viscosity was plotted with error bars as standard error of the mean (SEM). Except in 
case of PEO on sublingual mucosae for which only the average viscosity was plotted, without 
error bars.  
 

RESULTS 
The mucoadhesion of chitosan and PEO, two pharmaceutically relevant excipients, was 
evaluated by measuring the viscosity of the excipients in the presence of ex vivo porcine 
mucosae. Chitosan is positively charged under acidic conditions due to the protonation of the 
amino groups of this polysaccharide, which provides a strong electrostatic interaction with the 
negatively charged components of the mucus8,9. In addition, hydrophobic interactions and 
hydrogen bonds also contribute to the strong mucoadhesion of chitosan10. PEO is a synthetic 
neutral polymer, and in contrast to chitosan, it is highly water-soluble at neutral pH and only 
binds weakly to mucins11,12. Chitosan and PEO were chosen for proof-of-concept of the novel 
ex vivo rheology-based method, as they represent different degrees of mucoadhesion i.e., as a 
positive (chitosan) and negative (PEO) control of mucoadhesion. 

The viscosity of chitosan and PEO was measured on ex vivo mucosae from different 
anatomical sites, i.e., the small intestine, cheek, and tongue. Interactions of the polymers with 
the mucosae are expected to result in an increase in viscosity because of restriction in fluid flow 
due to the binding of the polymers to the mucosae. The viscosity was recorded by applying a 
broad range of shear rates, as the methodology was in the first step of development. 
Furthermore, the oral cavity shear rate, in general, is considered to be between 1 and 1000 s-1, 
but it is also very contested and variable13,14 and in the jejunum the physiologically relevant 
range is between 1 and 10 s-1 15. Different tendencies were seen from viscosity measurements 
from different anatomical sites. When evaluated on jejunum mucosa, chitosan presents higher 
viscosity than PEO, as expected, since chitosan is known to display stronger mucoadhesive 
properties (Fig. 2-A). It should be noted that a difference in viscosity over the entire range of 
shear rate applied is also observed for the control samples, chitosan, and PEO liquid dispersions 
(no mucosae), but this difference is much less pronounced (Fig. 2-D), indicating that the 
presence of the intestinal mucosae influences the mucoadhesion of the polymers. Surprisingly, 
a similar difference between the viscosity of the same two polymers is not observed on the 
sublingual (Fig. 2-B) and the buccal epithelium (Fig. 2-C). The viscosity of PEO is slightly 
lower than the viscosity of chitosan on sublingual mucosa, but no difference in the viscosity of 
chitosan and PEO was measured when lower shear rates were applied, i.e., shear rates in the 
intestinal physiological relevant range (1 to 10 s-1).  

The role of mucus was briefly investigated due to the differences observed between the 
mucosae. Sublingual and buccal mucosal sections were kept submerged in PBS until use to 
maintain the tissue viability, hydration, and integrity during handling and cutting. This causes a 
significant washout of the saliva from the mucosal surface and thus also likely removes the 
mucus layer to a great extent. Excess buffer was removed before the addition of the polymer 
samples, but even small differences in the level of hydration and handling of the sublingual and 
buccal mucosae could affect the viscosity measurements. In contrast, handling the jejunum was 



gentler, meaning that the mucus layer was preserved to a much larger extent, keeping both 
loosely and firmly adherent mucus. In general, chitosan and PEO show the same trend both in 
the presence and absence of the mucus layer on the intestinal tissue (Fig. 2-A), yet with a higher 
recorded viscosity for chitosan compared to that of PEO. Furthermore, when the mucus layer 
of the jejunum was removed, the viscosity of PEO decreased slightly more than in the case of 
chitosan, especially in the low shear rate range, which, as mentioned previously, represents a 
more physiologically relevant shear rate for this anatomical origin. Thus, it is suggested that the 
mucoadhesion of chitosan is related not only to interactions of the polymers with the mucus 
matrix, but also with the underlying epithelial layer. This is in accordance with previous 
investigations, as chitosan binds to integrins present on the cell membranes of the epithelial 
layer 16,17, which also contributes to greater mucoadhesion. 
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Drug delivery across the mucosae is generally very specific to the exact anatomical region, 
especially when the delivery systems include mucoadhesive excipients with the aim of 
maintaining a drug concentration gradient at the absorption site. Furthermore, drug delivery 
systems can be tailored and tuned to enhance permeation across mucosae, but to do so, it is 
important to rely on in vivo-relevant models comprising all interregional variability of and 
within the mucosae. This novel ex vivo rheology-based approach is promising for investigating 



the mucoadhesion of excipients to a specific region of the gastrointestinal tract without 
disturbing the mucosae. There is minimal handling and perturbance of the mucosae during the 
isolation of the gastrointestinal tissue and sample preparation. Although this rheology-based 
approach still requires optimization, the method can represent a sensitive way to investigate the 
interactions of excipients or drug delivery systems with mucosae, considering its complexity 
throughout the entire gastrointestinal tract. This is a key aspect in the field of drug delivery 
when investigating biological responses to excipients, especially when taking into consideration 
the great heterogenicity of mucosae in vivo.  

 

CONCLUSION 
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