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Abstract

Mucus is a complex hydrogel that acts as a natural barrier to drug delivery at different mucosal 

surfaces including the respiratory, gastrointestinal, and vaginal tracts. To elucidate the role mucus 

plays in drug delivery, different in vitro, in vivo, and ex vivo mucus models and techniques have 

been utilized. Drug and drug carrier diffusion can be studied using various techniques in either 

isolated mucus gels or mucus present on cell cultures and tissues. The species, age, and potential 

disease state of the animal from which mucus is derived can all impact mucus composition and 

structure, and therefore impact drug and drug carrier diffusion. This review provides an overview 

of the techniques used to characterize drug and drug carrier diffusion, and discusses the 

advantages and disadvantages of the different models available to highlight the information they 

can afford.
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1. Introduction

The gastrointestinal, respiratory, and vaginal tracts are all lined with a protective mucus 

layer that is composed of water, proteins, lipids, salts, and cellular debris[1, 2]. The main 
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structural component of the mucus layer is mucin, a highly glycosylated protein with 

oligosaccharide side chains including terminal sialic acid and sulfate residues that give 

mucin its negative charge (Fig. 1)[1, 2]. Mucins can physically and chemically (i.e. via 

intermolecular interactions) interact with each other and with other components of mucus to 

form a mesh-like structure (average pore size 10–500 nm)[3–5]. In addition to this mesh-like 

structure, mucus clearance and binding interactions can regulate microbe penetration, as 

well as drug and particle diffusion to the underlying epithelium[6, 7]. Thus, it is important to 

characterize the impact of mucus on drug or drug carrier diffusion to understand the 

significance of this barrier to drug delivery. As it is not always convenient to directly study 

the diffusion through the mucosal barrier in situ (e.g., within the human gastrointestinal 

tract), model in vitro, ex vivo, and in vivo systems can be employed. The ideal mucus model 

should recapitulate the composition and structure of native human mucus to the greatest 

extent possible; however, the selection of a model system may be limited by the ease of use, 

reproducibility, and ability to obtain specific measurements.

When considering model systems for studying drug or drug carrier transport through mucus, 

one complicating factor is the varied nature of the mucus barrier in vivo. Specifically, spatial 

organization of the mucus layer and its role are unique to the anatomical location (Fig. 2)[9]. 

In the stomach, the epithelium is lined with mucus and lipid layers which protect against 

gastric acid and enzymes[10]. In the respiratory tract, periciliary, mucus, and surfactant 

layers filter out inhaled particulates[11]. In both intestinal and vaginal tracts, an adherent and 

loosely adherent mucus layer regulates microbe and sperm motility, respectively[12–15]. 

The properties of cervical mucus and its amount also varies depending on animal species[14, 

16]. Drug and particle diffusion are also directly impacted by source specific differences in 

mucus thickness, and mucin type and glycosylation[17–20]. Reported mucus thickness 

values in small and large intestine range from 10–750 μm in humans and 100–800 μm in 

rats[12, 21–23]. In mice, the glycans on the main secreted stomach mucin (Muc5ac) were 

found to be about half neutral, with many monosulfated, but few fucosylated or sialylated 

glycans. In contrast, the main colonic mucin (Muc2) is dominated by fucosylated glycans 

and contains abundant negatively-charged sialylated and sulfated glycans[24]. Human 

cervicovaginal mucin has an increase in the amount of sialylated and sulfated glycans during 

ovulation[25–27].

Age can also impact mucus thickness and composition. For example, rat gastric mucus 

thickness increased from 52 μm at 3 days old to 97 μm at 8 weeks old[29]. Newborn rat 

small intestine (~24 hours old) glycoprotein composition differed markedly from that of 

adult rat (> 2 month old)[30]. Specifically, fucose, mannose, galactose, N-

acetylgalactosamine, and sulphate concentrations were lower in newborn rat pups compared 

to adult rats, while N-acetyglucosamine and N-acetylneuraminic acid concentrations were 

similar. Similar differences were observed between newborn (0 day) and mature (180 days) 

porcine colonic mucins, where older pigs had higher fucose and lower protein content[31]. 

In the same study, significantly higher fucose and glucosamine and lower sulfate amounts 

were observed in mucus from sow-fed vs. formula-fed 21 day old pigs, highlighting the 

potential significance of diet in impacting mucus composition. As chemical and physical 

differences in mucus can impact barrier properties, careful selection of a model system for 
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studying transport through mucus is essential for understanding the potential significance of 

the mucus barrier to drug delivery in humans.

A variety of mucus models, including native collected mucus, purified mucin preparations, 

in vitro cell cultures, and intact mucosal tissues (studied both ex vivo and in vivo), have been 

utilized to study the diffusion of drugs and particles. Mathematical models used to analyze 

diffusion through complex gel systems[32–36] can be applied to investigate the 

heterogeneous nature of the mucus gel on different time and length scales[37]. Experimental 

techniques such as multiple particle tracking (MPT) and fluorescence recovery after 

photobleaching (FRAP) track diffusion on short time and length scales, while penetration 

and bulk diffusion studies are on longer time and length scales. It is important to note that 

results for diffusion coefficients may not be the same due to the heterogeneity of the mucus 

gel at different scales. Herein, we evaluate the advantages and disadvantages of the different 

mucus models and what they can be utilized to study. We highlight findings from studies 

utilizing these different mucus models to demonstrate the information that can be obtained 

with these systems.

2. Isolated Mucus Models

2.1. Native Mucus Collection and Use

Mucus can be collected from tissues and used directly for transport studies in a variety of 

experimental configurations. Reported protocols for collecting mucus vary depending on 

anatomical source. For example, gastrointestinal mucus is gently scraped from the mucosal 

surface of excised tissue[3, 38], respiratory mucus is collected using an endotracheal 

tube[39, 40], and vaginal mucus is collected using aspiration or a menstrual collection 

device[41, 42]. The storage of native mucus at −20 °C does not result in considerable loss of 

rheological properties[43–45]. Native collected mucus has been employed in experimental 

techniques including multiple particle tracking (MPT)[3, 38, 46, 47], fluorescent recovery 

after photobleaching (FRAP)[48–51], penetration studies[52–55], and bulk diffusion 

studies[53, 56].

MPT is a non-invasive technique in which the diffusion of fluorescently labeled particles is 

tracked in a medium of interest (i.e. mucus gel) using fluorescence video microscopy [3, 38, 

46]. An image analysis algorithm (e.g., MATLAB, ImageJ) is used to detect particle 

trajectories, allowing quantification of particle dynamics through calculation of ensemble 

time-averaged mean squared displacement (<MSD>) and effective diffusivity. 

Microrheological analysis of trajectories can reveal mucus gel properties including 

microviscosity, elasticity, and heterogeneity of the local micro-environment[47, 57, 58]. As 

MPT relies on the analysis of particle motion, this method can be used to probe the 

microenvironment within mucus, as opposed to standard rheological techniques that analyze 

bulk, macroscopic properties. The particles used in MPT studies can represent drug carriers 

or drug particles, and as such, this technique provides direct information related to 

penetration of drug carriers through mucus barriers. The particle surface properties (e.g., 

chemistry and charge) and particle size can be varied to reveal the significance of these 

parameters on transport through the mucus barrier[59]. One advantage to carrying out MPT 

studies on native collected mucus, as opposed to cell cultures or excised tissue as described 
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below, is the relative ease of focusing on the particles within a thick (e.g., ~1 mm) mucus gel 

layer, without concern about whether the particles being imaged are within mucus as 

opposed to the fluid above or cells below the mucus layer. MPT studies on collected porcine 

intestinal mucus were used to reveal impact of age on mucus barrier properties. 500 nm 

carboxylate-modified fluorescent polystyrene beads were immobilized ~70% and 99.4% in 

piglet and adult pig intestinal mucus, respectively[60]. The difference in particle diffusion 

was attributed to the higher viscosity and DNA content in the pig mucus compared to the 

piglet mucus. When piglet and pig mucus specimens were treated with DNase, the percent 

of immobilized particles decreased to 23% and 36%, respectively. MPT also revealed that 

treating respiratory tract sputum collected from individuals with cystic fibrosis (CF), a 

disease characterized by increased mucus viscosity[61], with 20 mM of the mucolytic agent 

N-acetyl cysteine (NAC) decreased mucus viscoelasticity and increased diffusion transport 

rate of 200 nm polyethylene glycol (PEG)ylated particles 10-fold (Fig. 3)[62]. MPT was 

also used to demonstrate that stimuli associated with food ingestion can impact the diffusion 

of model drug carriers in mucus[63]. Increased lipid and Ca2+ concentrations, and decreased 

pH affected the local mucus microenvironment, decreasing amine-, carboxylate-, and 

sulfate-modified 200 nm particle transport rates and altered porcine intestinal mucus 

structure[59].

FRAP is another technique that can be used for quantitative analysis of diffusion (e.g., 

estimation of diffusion coefficient) through collected mucus gels. While MPT enables 

analysis of diffusion of particulate species, FRAP enables analysis of diffusion of molecules 

(e.g., proteins) as well as colloidal species (e.g., bile salt micelles, viruses, and other 

particles) too small to be detected by MPT[48, 49]. A caveat of this technique is the 

requirement for the species being tracked to be fluorescent, which can be accomplished via 

conjugation or incorporation of a fluorophore, if it is not likely to significantly alter the 

diffusion coefficient of the species of interest. In a FRAP experiment, fluorescent probes are 

added to the mucus sample, a high intensity beam is used to bleach a part of the sample, and 

recovery of fluorescence of the sample area is monitored. FRAP analysis demonstrated that 

diffusion of antibodies (IgG, IgA, and IgM) was slowed 3- to 5- fold due to low-affinity 

interactions within a mucus gel relative to diffusion in distilled water[48]. FRAP analysis 

also showed that model bile salt micelle diffusion was slowed 3-fold in mucus relative to 

buffer, while diffusion of molecular species that comprise bile micelles was not affected[49], 

indicating that bile micelles likely stay intact within the mucus barrier.

Native collected mucus can also be used to study the bulk diffusion of particles or molecules 

utilizing capillary tubes or membranes. In contrast to MPT, which is utilized to study single 

particle dynamics, capillary tubes are used to study bulk particle transport into the mucus 

gel. Again, the diffusing entity must be detectable, for example by fluorescence or radiolabel 

imaging, or by analytical techniques (e.g., high-performance liquid chromatography). 

Cervical vaginal mucus was loaded into a capillary tube, sealed on one end, and immersed 

into a suspension of poly(vinyl alcohol) (PVA) particles loaded with Nile Red (0.5% w/v)

[56]. PVA polymers with different molecular weight and degree of hydrolysis (i.e. 

proportion of ester:hydroxyl groups) were used to synthesize particles with different degrees 

of muco-adhesivity. Particle size ranged from 230–280 nm, with a higher molecular weight 

PVA resulting in larger particle size. Using MPT, the PVA particles were characterized as 
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mobile or adhesive based on their mobility through mucus as compared to adhesive 

carboxylate-modified particles and mobile PEGylated particles. Mobile and adhesive PVA 

particles had a zeta potential of approximately −4 and −18 mV, respectively. After a certain 

time, the capillary tube containing mucus and particles was washed to remove PVA particles 

that did not penetrate into the mucus gel and then placed in an extraction solution to remove 

Nile Red, which was quantified by high performance liquid chromatography to determine 

extent of particle diffusion. Mucoadhesive particles (higher degree of hydrolysis) were 

unable to penetrate, whereas mobile particles were able to diffuse into the mucus gel. In 

another study, cervical mucus was loaded into a capillary tube to study the diffusion of 

poly(lactic-co-glycolic acid) (PLGA) particles containing Coumarin 6, a fluorescent 

dye[53]. The fluorescence intensity profile was imaged and quantified at different time 

points, and then fit to a Fickian diffusion model of a solute in a semi-infinite medium by 

finite element model. PEGylated PLGA particles (100–400 nm in diameter) had a net-

neutral charge, and thus reduced electrostatic interactions with negatively-charged mucin 

fibers and a greater effective particle diffusion coefficient relative to non-PEGylated 

particles. Penetration of fluorescent particles through a native collected mucus gel can also 

be monitored using confocal microscopy[52]. A micropump nebulizer was used to 

aerosolize 100, 200, or 500 nm fluorescent carboxylate-modified nanoparticle suspensions 

onto native collected porcine pulmonary mucus (~40 μm thick) stained with fluorescent 

wheat germ agglutinin, which binds to mucin sugars N-acetyl-D-glucosamine and sialic 

acid. After aerosol deposition, only 100 nm nanoparticles were able to diffuse a measurable 

distance within the mucus layer (~ 30 μm). Both 200 and 500 nm nanoparticles were size-

excluded and were unable to diffuse into the pulmonary mucus.

Cell culture inserts (e.g., Transwells®) and dialysis membranes have also been used to 

monitor bulk drug and particle diffusion through collected mucus separating two fluid 

compartments, for example from an apical (donor) to a basolateral (acceptor) compartment 

of a cell culture well. One important consideration in these studies is that the membrane 

itself can act as a barrier to diffusion. Careful selection of filter material and cutoff size is 

important to prevent clogging and minimize loss of mucus during the experiment. This 

mucus model and setup has been used to study the influence of size, surface charge and 

hydrophobicity on particle diffusion through mucus The diffusion of paclitaxel (Ptx) through 

porcine intestinal mucus placed in a cell culture insert (mucus thickness ~446 μm) was 

enhanced when loaded into 55 nm lipid nanocapsules[54]. Although porcine intestinal 

mucus from two different animals had different water content (90.8% compared to 87.6%), 

resulting in different shear and elastic moduli, the apparent permeability (PAPP) of Ptx 

through mucus was similar for the two mucus samples. Drug carrier size impacted transport 

across mucus loaded in a cell culture insert, where 70% of 12 nm diameter self-

nanoemulsifying drug delivery systems (SNEDDs) crossed the mucus layer (929 ± 115 μm) 

compared to 8% of 456 nm diameter SNEDDs[64]. Mucus can also be sandwiched between 

two cellulose nitrate filters[45] or polycarbonate filters[65] such that it separates donor and 

acceptor chambers in a setup similar to a cell culture insert. Diffusion of the short chain fatty 

acid butyrate was slower in mucus from distal colon, which had higher fucose concentration 

and lower water content relative to mucus from proximal colon[45].
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2.2. Preparation and Characterization of Purified Mucin Solutions

While native collected mucus represents the composition and structure of mucus in vivo, the 

complex, undefined, and highly variable composition can make it difficult to interpret 

experimental results with respect to potential interactions between a diffusing entity of 

interest (e.g., drug carrier) and the mucus gel. For example, there was a 25-fold difference 

between the highest and lowest viscosity values measured in intestinal mucus samples 

collected from six different pigs[66]. Reconstituted purified mucin solutions are relatively 

defined in composition, enabling a clearer interpretation of how observations relate to 

molecular properties and interactions (e.g., enhanced barrier properties with respect to 

positively charged particles relating to electrostatic interactions with negatively-charged 

mucin sugars). As purified mucin can be purchased or prepared in bulk and reconstituted in 

solution as needed, batch-to-batch variability can be minimized. Moreover, as purified 

mucins are generally available in powdered forms, the reconstitution solution properties 

(e.g., ionic strength, composition, etc.) can be varied to allow exploration of the impact on 

mucus gel properties. Mucin gels are often reconstituted in solutions designed to mimic 

native mucus content (e.g., via inclusion of lipids)[66–68]. However, even with the addition 

of some components present in native mucus, purified mucin gels may not recapitulate the 

complex composition, structure and transport properties of native mucus. In addition, if 

proper precautions are not taken during mucin purification, mucin degradation can occur, 

with associated changes in rheological properties (i.e. gel-forming capability)[68].

There are a variety of commercially available purified mucin types that have been used to 

prepare mucin solutions and gels (Table 1). Rheological properties (i.e. viscosity, and 

storage, loss, and complex moduli) of Sigma mucin solutions reconstituted in phosphate 

buffered saline (10–60% wt/wt mucin) were lower than those of native collected pig gastric 

mucus (~5% mucin)[70]. These results indicate that the purified Sigma mucin is structurally 

not comparable to native mucus, likely due to protease degradation and associated changes 

in mucin-mucin interactions. It is also likely that the other components of mucus removed 

during the mucin purification process interact with mucins and alter mucin-mucin 

interactions and associated rheological properties. Differences between reconstituted Sigma 

mucin and native collected intestinal mucus are apparent in drug and particulate diffusion 

experiments[38, 44]. For example, the diffusion of radiolabeled model drugs (glucosamine, 

glucuronic acid, glucose, metoprolol, antipyrine, propranolol, hydrocortisone, and 

testosterone) was studied by loading a plastic syringe containing mucus with diffusion 

media, adding radio-labeled drug, and incubating at 37 °C for 20–50 hours[44]. The contents 

of the syringe were divided into 10 portions and analyzed for radioactivity. Drug diffusion 

through reconstituted 1.5% Sigma gastric mucin in 10 mM phosphate buffer was similar to 

diffusion in phosphate buffer, but faster than diffusion in native collected intestinal mucus. 

The different drug diffusion rates were attributed to the higher osmolality present in native 

collected mucus compared to the reconstituted Sigma gastric mucin. Diffusion rates of 

lipophilic drugs, in particular, were lower in native collected mucus, potentially due to their 

interaction with hydrophobic components of the mucus gel that could be lost during mucin 

purification. There has been reported variability and presence of nonmucin proteins (i.e. 

albumin, secretory immunoglobluins, lysozyme, and proline-rich proteins) in different 

batches of bovine submaxillary gland mucin and porcine gastric mucin[79]. Since Sigma 
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mucin contains non-mucin proteins, further purification using a Sephacryl S-1000 superfine 

column has been used to remove the contaminants[79].

Reconstitution of purified mucin in a chemically relevant solution is essential to mimic the 

physicochemical properties of native mucus. A simulated vaginal mucus (SVM) was 

developed to study the diffusion of drugs and particles through a fluid that was similar in pH 

and osmolarity to native fluid[67, 71]. The SVM was composed of 0.5% glucose, 0.4% 

sodium chloride, 0.2% lactic acid, 0.1% potassium hydroxide, 0.1% acetic acid, 0.04% urea, 

0.02% calcium hydroxide, 0.02% glycerol, and 1.5% wt/vol Sigma gastric mucin in water, 

and had similar viscosity to mid-cycle cervicovaginal fluid. MPT technique was used to 

track the diffusion of dapivirine-loaded polycaprolactone particles in SVM, where 

negatively-charged particles (modified with poloxamer 338 NF or sodium lauryl sulfate) 

diffused faster than positively-charged particles (modified with cetyltrimethylammonium 

bromide). A biosimilar intestinal mucus was proposed which contained 0.4% wt/wt Sigma 

gastric mucin, 3.0% lipid mixture (82% linoleic acid, 12% cholesterol, and 6% soybean 

phosphatidylcholine), 3.1% serum albumin, 3.1% immunoglobulin G, and 0.5% calf thymus 

DNA in 10 mM phosphate buffer with 0.75% Tween 80 and 0.04% sodium azide[68]. 

Diffusion of drugs (metoprolol, propranolol, hydrocortisone, and testosterone) through the 

biosimilar mucus compared more favorably with diffusion in porcine intestinal mucus than 

diffusion in Sigma mucin reconstituted in water. The differences in diffusion rates were 

attributed to the possible loss of the gel-forming ability of Sigma gastric mucin[68], which 

limits the ability of biosimilar mucus to emulate native mucus rheological properties.

Purification procedures have been developed to isolate mucin from native mucus with 

minimal degradation of mucin glycoproteins. For example, one extraction procedure begins 

with homogenization of small intestinal or gastric mucus with 0.2 M sodium chloride 

containing protease inhibitors and sodium azide, followed by cesium chloride (CsCl) density 

gradient centrifugation, dialysis, lyophilization, and finally dissolution in 10 mM sodium 

phosphate and 10 mM sodium succinate buffer (1–50 mg/mL)[73]. Mucin solutions 

prepared in this manner formed a viscoelastic gel at 25 mg/mL, which corresponds to a 

physiologically relevant concentration of gastrointestinal mucus (~2.5% wt/wt). When the 

pH of the mucin solution was dropped from 6.5 to 1, which is representative of the acidic 

stomach environment, the mobility of 505 nm carboxylate-modified microspheres within the 

gel was reduced, and the viscosity increased 100-fold. Another purification method utilizes 

Sepharose CL2B chromatography together with CsCl density gradient ultracentrifugation to 

isolate mucins[80–82]. When gastric mucus was purified using Sepharose CL2B 

chromatography, the product contained mucins (i.e. MUC5AC, MUC2, MUC5B, and 

MUC6) and non-mucin proteins (i.e. histones, actin, and albumin)[83]. The partially purified 

mucin was reconstituted in distilled water (1% w/v) buffered with 20 mM HEPES buffer at 

pH 7 and added on top of human cervical (HeLa) cells seeded in a 96-well plate. This mucin 

solution reduced the number of human papilloma virus type 16 (HPV-16) infected HeLa 

cells compared to 1% Sigma gastric mucin solution and HEPES buffer control. MPT was 

used to track the diffusion of fluorescently labeled HPV-16 viruses in the prepared gastric 

mucin solution. HPV-16 diffusion was hindered when pH was decreased from 7 to 3 due to 

gel compaction and shrinkage[28, 83]. Similarly, pulsed field gradient-nuclear magnetic 

resonance (PFG-NMR) has also been used to monitor the diffusion of PEG molecules 
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through 5 wt% purified gastric mucin in phosphate buffered saline at a pH of 1, 4, or 

7.4[82]. PEG was selected as the probe molecule since it has no specific interactions with 

the mucus gel, is represented by a single sharp band in the NMR spectra, and is readily 

available in multiple molecular weights. Results showed that mucin structure varied 

primarily with pH rather than salt concentration and temperature. At neutral pH, the mucin 

molecules form a homogeneous and porous network, while at pH 1 they form a collapsed 

heterogeneous network with polymer-dense and water-rich areas. It has been proposed that 

the changes in mucus properties observed at low pH (representative of gastric conditions) 

result from disruption of salt bridges in non-glycosylated, cysteine-rich regions of mucin 

molecules, and associated exposure of hydrophobic protein regions that can then participate 

in mucin-mucin interactions. The salt bridges, formed between negatively charged 

carboxylates and positively charged amino groups of amino acid side chains, are broken 

when negatively charged carboxylates are protonated at low pH, leading to aggregation of 

mucin fibers[84, 85].

Similar to the purification of gastrointestinal mucins, mucin can be isolated from mucus 

samples collected throughout the ovulatory menstrual cycle[26, 27, 86, 87]. In one 

purification process, cervical mucus was centrifuged to remove insoluble components, 

lyophilized, and the nondialyzable solids were reconstituted in 0.22 M sodium thiocynate 

with 0.1 M Tris at pH 7.5. Mucin concentration and composition was affected by the 

ovulatory phase; there was an increased amount of purified mucin during ovulatory phase 

(~51%) compared to follicular (~25%) and luteal (~31%) phases and sialic acid content was 

increased in pregnancy mucin compared to preovulatory and postovulatory mucin[27]. 

Increased mucin concentration correlated with increased storage modulus as measured by a 

magnetic microrheometer.

Purified mucin preparations offer the possibility of measuring interactions between drug or 

drug carriers and mucins. Isothermal titration calorimetry (ITC), a technique which 

measures the heat released or absorbed during a biomolecular binding event[88], revealed 

that binding of PLGA-PEG nanoparticles (~100 nm) with Sigma bovine submaxillary gland 

mucin decreased as a function of conjugated PEG concentration (0–25 wt% PEG). Dynamic 

light scattering was also used to determine interactions between Sigma gastric mucin and 

negatively- or positively-charged silica nanoparticles (10–15 nm diameter)[89]. Solutions 

containing nanoparticle only, mucin only, and nanoparticle mixed with mucin were analyzed 

at 37 °C with a scattering angle of 173 degrees. Positively-charged silica particles increased 

in size when mixed with mucin, indicating an electrostatic interaction between positively-

charged particles and negatively-charged mucin, while negatively-charged silica particles 

had no change in particle size when mixed with mucin, indicating no binding interaction.

3. Incorporation of Mucus or Mucus-Producing Cells in In vitro Cell 

Culture Models

As an alternative to native collected and purified mucus, cell lines that secrete mucus can be 

used to study drug and particulate diffusion. These systems may offer the advantage of a 

more physical representation of the mucus layer being in direct contact with underlying 
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cells. In vivo mucus properties change with proximity to the underlying epithelium (as 

mentioned previously)[10–13], and these effects may be captured by some in vitro cell 

culture systems. In contrast, the analyses of diffusion through native collected and purified 

mucus noted above inherently treat mucus as an isotropic medium. Cell cultures that secrete 

mucus can be grown on cell culture inserts (e.g., Transwell® inserts) to enable determination 

of drug and particle diffusion from the apical (donor) compartment, through the mucus layer 

and the cell monolayer, to the basolateral (acceptor) compartment (Fig. 4A)[90]. Drug 

concentration in the apical and basolateral compartment can be quantified by different 

analytical techniques including measurement of radioactivity or fluorescence, mass 

spectrometry or high-performance liquid chromatography. During these experiments, the 

impact of drugs and drug particles on cell monolayer integrity and tight junctions can be 

monitored via measurement of transepithelial electrical resistance (TEER). In such studies, 

both mucus and cells are contributing to the overall tissue barrier, and it can be challenging 

to assess the impact of each. Cell culture models also allow investigation of the impact of 

drugs and other stimuli on mucus secretion, which can be studied using different mucus 

stains (discussed later in this review).

3.1. Respiratory Tract In Vitro Cell Culture Models

There are a variety of transformed, cancerous, and primary bronchial epithelial cells that 

have been used to investigate drug and particle diffusion. A bronchial epithelial cell line, 

16HBE14o-, was immortalized with Simian Vacuolating Virus (SV40) large T-antigen to 

obtain cells that proliferate indefinitely[91]. The 16HBE14o- cells have differentiated 

epithelial morphology and functional tight junctions, but do not secrete airway mucins 

MUC5AC or MUC2 [92]. Although 16HBE14o- can be cultured with or without liquid in 

the apical chamber, liquid culture was required for 16HBE14o- monolayers to express 

localized zonula-occludens-1, which is an essential tight junction protein[93]. The bronchial 

carcinoma cell line, Calu-3, is a mixture of both ciliated and secretory cells that secrete 

mucin (MUC5AC) at an air-liquid interface. Similar to 16HBE14o-, Calu-3 cells can be 

cultured by two different methods: submerged in fluid and at an air-liquid interface; where 

submerged cells have shorter and thicker cilia than cells cultured at the air interface[94]. 

After Calu-3 cells were cultured on cell culture inserts for 48 hours, an air-liquid interface 

was implemented, with media in the basolateral chamber and no liquid in the apical 

chamber[95]. Polarized monolayers with a TEER > 300 Ohms*cm2 were used between day 

8 and 16 of air-liquid interface culture for drug transport studies. Drug in Bicarbonate 

Ringer’s Solution was added to the apical chamber and 100 μL of basolateral media was 

collected and analyzed for drug concentration for up to 3 hours. Permeability of drugs (e.g., 

propranolol, antipyrine) was correlated with lipophilicity, and transport rate of hydrophilic 

drugs (e.g., caffeine, hippuric acid, theophylline) was inversely related to molecular weight. 

Drug permeability through Calu-3 monolayers correlated well with apparent permeability 

(PAPP) values for primary cultured rabbit tracheal epithelial mucus secreting cells, and in 
vivo rat lung absorption experiments. Calu-3 cultures have also been utilized to study 

particle bioadhesion[96]. Microparticles (~2–4 μm diameter) composed of starch, alginate, 

chitosan, or Carbopol® 971P-NF were loaded with fluorescent bovine serum albumin 

(BSA). To investigate bioadhesivity, particles were applied to the apical culture surface and 
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washed after 0.5, 2, or 6 hours. Both alginate and starch microparticles were not adhesive 

after 0.5 hours, while chitosan and Carbopol® were both adhesive at 6 hours.

Unlike cell lines, primary airway epithelial cell cultures contain a heterogeneous cell 

population including ciliated, secretory, and basal cells that secrete tissue-specific 

mucins[97]. Primary human epithelial bronchial cells cultured on Transwell® developed 

cilia and secreted a mucus layer after 6 weeks of culture at an air-liquid interface[98]. 

Secreted mucus was collected and MPT was used to analyze the diffusion of carboxyl-

modified polystyrene particles (1 μm in diameter) in mucus. Particle mobility decreased and 

the storage and elastic moduli increased as mucus solid wt% increased from 1.5 to 5. This 

work highlighted the importance in considering particle size, where particles larger than the 

mucus mean pore size do not undergo normal Brownian diffusion. In another study, normal 

human bronchial epithelial cells, commercially available from Lonza, were cultured at an 

air-liquid interface for 6 days and expressed MUC5AC mRNA and protein 

intracellularly[99, 100]. The transport of anti-allergic drugs in media (Hank’s balanced salt 

solution buffered with 10 mM HEPES and 10 mM D-glucose) from the apical to the 

basolateral side was studied over 2 hours. Drug diffusion depended on the partition 

coefficient, where albuterol hemisulfate, a hydrophilic compound (logP = −1.58), and 

budesonide, a lipophilic compound (logP = 3.21), had PAPP values of 0.92 * 10 −6 and 9.06 

* 10−6 cm/s, respectively. In comparison, PAPP values for albuterol hemisulfate diffusion 

across monolayers grown from immortalized cell lines, 16HBE14o- and Calu-3, were 1.42 * 

10−6 and 5.33 * 10−6 cm/s, respectively. The difference in PAPP values may be attributed to 

the different physiological properties (e.g., mucus production, cell membrane permeability, 

barrier provided by tight junctions) of the primary compared to the immortalized 

monolayers.

3.2. Intestinal Tract In Vitro Cell Culture Models

The human colorectal adenocarcinoma-derived Caco-2 cell line can produce monolayers of 

enterocyte-like cells that are commonly used to study intestinal drug absorption[90]. While 

Caco-2 have membrane-bound mucins (MUC1), they do not produce secreted mucins, such 

as MUC2 and MUC5AC, the main secreted gel-forming mucins in the GIT[101]. Thus, co-

cultures of Caco-2 with mucus-producing cells, representing the mucus-secreting goblet 

cells of the intestine, are commonly utilized to capture the impact of the mucus barrier. 

Mucus producing cells include the human colon adenocarcinoma-derived cell lines, HT29, 

HT29-MTX, and HT29-FU[90, 102]. When cultured as a confluent monolayer, only a small 

proportion of HT29 cells (~5%) differentiate and secrete mucus[102]. When cultured with 

10−6 M methotrexate, HT29 irreversibly differentiates into HT29-MTX, an immortalized 

cell line that is morphologically similar to goblet cells. Mucins secreted from HT29 have a 

lower sialic acid and higher sulfate content relative to those from HT29-MTX[102]. While 

the Caco-2/HT29-MTX co-culture model is frequently used to represent the epithelial and 

mucosal barrier of the GIT, HT29-MTX cells only secrete gastric mucins MUC5AC, rather 

than MUC2. HT29-FU cells were adapted with 10−5 M 5-fluorouracil and primarily secrete 

MUC2, which are the main intestinal mucins[103]. To obtain mature, polarized monolayers 

that are morphologically and functionally similar to the native epithelium, Caco-2 can be 

cultured with mucus-producing cells (i.e. HT29-MTX, HT29-FU) for 21 days. Caco-2/
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HT29-MTX seeded at a 3:1 ratio had a mucus thickness of ~4 μm[104]. Thus, the mucus 

secreted in these in vitro cell cultures is significantly thinner than mucus layers found on 

human and mouse colonic explants (approximately 600 and 450 μm thick, respectively)[23].

To study the impact of the mucus layer on drug diffusion, (1) cultures containing mucus-

producing cells (e.g., Caco-2/HT29 co-culture) can be compared to cultures where mucus-

producing cells are omitted (e.g., Caco-2); (2) drugs can be used to stimulate mucus 

secretion, allowing comparison of the impact of different amounts of mucus; (3) the mucus 

layer can be removed by chemical methods from cultures in which mucus is produced; or (4) 

purified mucin can be added to a culture devoid of mucus-producing cells. Caco-2 and HT29 

can be co-cultured at different ratios to increase the proportion of mucus-producing cells; 

however, TEER values can decrease with an increase in the concentration of HT29 mucus-

secreting cells[105]. After 21 days of co-culture, Caco-2:HT29 at 1:0, 9:1, and 0:1 had 

TEER values of 300 ± 7.6, 263 ± 3.6, and 150 ± 3.6 Ohms*cm2, respectively. The higher 

TEER value of Caco-2 mono-cultures compared to co-cultures may reflect differences in 

propensity for paracellular (i.e. passive transport through cell junctions) drug diffusion. 

Treating cell monolayers with N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-

phenyl]glycine-1,1-dimethylethyl ester (DAPT), a Notch γ-secretase inhibitor, promoted 

goblet cell differentiation and mucus production[106]. HT29-MTX-E12, a HT19-MTX sub-

clone, had mucus layers 3–5 μm and 10–15 μm thick when cultured under standard culture 

conditions and in the presence of DAPT, respectively. N-acetyl cysteine (NAC), a mucolytic 

agent, cleaves disulfide bonds within the cross-linked mucus gel[62, 107], and thus has been 

used to remove the secreted mucus layer from cell cultures. A HT29-MTX E12 sub-clone 

monolayer can be exposed to 10 mM NAC in buffer for 1 hour at 37 °C to remove the mucus 

layer without affecting monolayer integrity. A 2-fold increase in the number of 200 nm 

polystyrene nanoparticles associated with a HT29-MTX E12 monolayer was observed after 

NAC removal of the mucus layer [108], indicating that the secreted mucus was a barrier to 

particle diffusion. Finally, mucin can be added to Caco-2 cultures, which do not secrete 

mucin, to obtain a mucus layer of specified thickness and composition. Sigma gastric mucin 

(40 mg/mL) added to Caco-2 monolayers 20 minutes prior to inoculation with Escherichia 
coli significantly inhibited bacterial translocation across the enterocyte monolayer[109].

Primary intestinal and gastric organoids can be cultured in growth factor-enriched media and 

differentiated to include epithelial cells, including goblet cells that stain positive for 

MUC2[110, 111]. Moreover, organoids grown in a 3D culture can develop morphological 

features similar to in vivo tissue, including crypt-like structures. Since the interior of the 

organoid represents the intestinal lumen, microinjection has been utilized to inject microbes, 

drugs or drug carriers into the lumen to study their interaction with the luminal (mucosal) 

surface[112]. Alternatively, intestinal organoids can be disrupted mechanically and/or 

enzymatically to partially “open” them and expose the mucosal surface to certain agents of 

interest. However, some concerns with these techniques include the low throughput and time 

associated with microinjection, and potential damage to organoids with microinjection and 

mechanical/enzymatic disruption. In addition, cultures of intestinal organoids can exhibit 

variability in organoid structure and differentiation state. Organoids can also be 

disassociated and seeded as a monolayer on cell culture insert membranes[113, 114]. Ileal 

and rectal monolayers had a mucus thickness of approximately 26 and 36 μm, 
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respectively[114], which is thinner than mucus layers in vivo (200–700 μm), but thicker than 

mucus layers on cell lines (<10 μm). Due to the limited number of studies on primary 

monolayers to date, they have not yet been well characterized with respect to differentiation 

state (e.g., number and function of goblet cells, Paneth cells, enterocytes, etc.) or their 

impact on drug or particulate diffusion.

3.3. Multi-organ Models

Recent advances in microfluidic platforms allow for the analysis of the cross-talk between 

different tissues, including mucosal tissues[92, 93]. In one on-chip organ model, airway and 

liver modules were composed of primary human bronchial epithelial cells and primary 

human hepatocytes, respectively[92]. The bronchial epithelial cells were cultured for 14 

days at an air-liquid interface, resulting in barrier function (tight junction formation, cell 

polarity) and mucus secretion rates similar to those of in vivo airway epithelium. In another 

system, human liver (i.e. human primary hepatocytes and Kupffer cells) and intestinal 

(C2BBe1 Caco-2 clone, HT29-MTX, and human primary dendritic cells) modules were used 

to study gut-liver interaction for 2 weeks[115, 116]. Endotoxemia, a condition characterized 

by the presence of circulating lipopolysaccharide (LPS), was simulated by the addition of 2 

ng/mL LPS into the circulating media. Analysis of secreted cytokines revealed non-linear 

modulation of responses (e.g., production of CXCR3 ligands) in the integrated system. A 

different microfluidic platform incorporated intestine, liver, skin and kidney modules[117]. 

EpiIntestinal™(MatTek Corporation), which is composed of enterocytes, Paneth cells, M 

cells, tuft cells, and intestinal stem cells, was incorporated as the intestine module. Glucose 

added to the apical media of the intestine module decreased 4-fold compared to dosed 

concentration. Organ-on-chip microfluidic platforms can ultimately be used to study drug 

diffusion across mucus and epithelial barriers in systems capturing effects of organ cross-

talk.

4. Tissue and Animal Models to Investigate Mucosal Drug Delivery

While native collected mucus, purified mucin, and in vitro cell cultures can be used to 

significantly increase understanding of the role mucus plays in drug delivery; ex vivo and in 
vivo studies of the mucus layer on actual tissue more fully capture the composition, 

thickness, architecture, and dynamic nature of the native mucosal environment. Drugs and 

drug delivery systems can be introduced to the GIT (e.g., by oral administration, gastric 

gavage, injection into ileal loops, or intestinal perfusion), respiratory tract (e.g., by 

inhalation or intranasal/intratracheal administration), or vaginal tract (e.g., by intravaginal 

administration) before ex vivo or in vivo analysis[118]. Ex vivo and in vivo studies can be 

conducted on tissue from different anatomical sites for the investigation of site-specific drug 

diffusion and penetration through mucus and underlying epithelium. However, both in vivo 
and ex vivo studies are limited by tissue availability and can be prone to animal to animal 

variability.
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4.1. Techniques to Analyze Mucus Thickness, Drug Absorption and Distribution on 
Excised Mucosal Tissue Samples

Tissue samples have been extracted from different animal models (e.g., lapine, murine, 

canine, ovine) and humans for analysis of mucosal barrier properties. These samples have 

been collected from several anatomical locations including the nasal mucosa[119, 120], 

trachea[121], stomach[122], intestine[123, 124], and colon[125]. Studies are often 

performed using animal models due to limited availability of human tissues. Human samples 

are mainly obtained during surgical procedures (e.g., corrective gastro-intestinal surgeries to 

resect diseased tissue or to reduce stomach volume); however, these diseased tissues likely 

have altered barrier properties[63, 126]. Human samples from the trachea and nasal mucosa 

are less readily available but can be obtained from transplant rejections[127], airway 

biopsies[128], fetal tissue[129], nasal septum surgery[130], or nasal turbinate removal[131].

Diffusion studies on excised tissue have included analysis of particle diffusion with 

MPT[63, 132], particle penetration through intact mucus on tissue by confocal 

microscopy[133–135], and molecular transport across mucus and underlying tissue using 

fluorescence spectrophotometry[136–138]. As with in vitro cell cultures, one challenge of 

conducting MPT on excised tissue specimens is ensuring that the particles being analyzed 

are within the mucus layer, which could be 10–800 μm thick depending on animal and tissue 

source. If the tissue is submerged in a solution, it may be difficult to ensure particles are 

within the mucus rather than above the mucus layer or in underlying cells. This can be 

further complicated due to complex tissue architecture, such as crypt-villus architecture 

present in the intestine, where the mucus layer does not comprise an even, flat layer but 

rather a gel coating a complex, irregular shape. To ensure particles are tracked in mucus, 

tissue topography can be visualized with fluorescence microscopy and particles can be 

added in small volumes utilizing capillary flow to negate tracking particles in areas of excess 

dosed solution. MPT technique was used to show there was no statistical difference between 

transport of 100 nm carboxylate-modified and PEGylated polystyrene particles on native 

collected mouse mucus and excised mouse tissue with an intact mucus layer[132]. Particle 

diffusion rates were found to be greater in mucus on excised small intestine relative to 

trachea, colon, and vagina[132]. Differences in transport properties with anatomical position 

may be due to variations in mucus structure (e.g., pore size), composition, and thickness. For 

example, predicted pore size based on MPT analysis and the obstruction scaling model was 

340 ± 70 nm in cervicovaginal mucus, and 150 ± 50 nm in human nasal mucus collected 

from patients with chronic rhinosinusitis, an inflammatory condition of the sinuses[139].

Intestinal mucosal permeability to fluorescein isothiocyanate (FITC)-dextran, a commonly 

used and biologically inert permeability marker, was studied using excised intestinal loops. 

The intestine was sutured at one end, injected with FITC-dextran, sutured at the other end, 

and incubated in buffer. At different times, buffer samples were collected, and fluorescence 

was measured to calculate mucosal permeability over a 6 hour time period[140]. This 

method was used to demonstrate a ~40-fold increase in permeability across the small 

intestine of rats with sodium deoxycholate-induced pancreatitis. It is noted that “mucosal 

transport” or “mucosal permeability,” as noted here, is often used to refer to permeability 

across the mucus layer together with underlying epithelium. Similar to in vitro cell culture 
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permeability studies, drug transport through mucus in in vivo and ex vivo samples is difficult 

to study in isolation, as drug can partition into the underlying epithelium. Indeed, in this last 

example, the permeability reflects the barrier properties of the mucus and underlying 

epithelium, as well as the underlying mesenchymal and muscular layers of the intestinal 

wall. Everted gut sac experiments are similar to intestinal loops, except that the excised 

intestinal segment is everted, sutured at both ends, and incubated in a buffer solution 

containing a drug or drug carrier. After the desired length of time, the tissue is opened and 

the fluorescence of the internal solution is analyzed[136–138]. This everted gut sac 

configuration was used to show that FITC-dextran transport across jejunum tissue increased 

in the presence of ac-A6D-COOH lipid-like peptides, indicating these lipid-like peptides 

increase the permeability of the jejunum[138]. Intestinal permeability after ischemia was 

measured on tissue using the everted gut sac model with and without removal of the mucus 

layer. Treatment with 10% NAC to remove mucus significantly increased FITC-dextran 

permeability in ischemia samples ~2.5-fold as compared to ischemia samples without NAC 

treatment[137], indicating the mucus layer plays a crucial role in intestinal permeability. 

While both techniques described above allow the investigation of permeability through 

tissue, the everted gut model may alter the barrier due to stretching of tissue and possible 

removal of mucus during the process of inversion.

Ussing chambers have been used to extend ex vivo tissue viability for up to 2.5 hours[141–

143], as they enable mixing and thus improved mass transport between tissue and 

surrounding medium. Similar to a cell culture insert setup, an Ussing chamber system 

consists of a donor and acceptor compartment separated by the tissue sample, with the entire 

apparatus enclosed in a temperature controlled water jacket. Both donor and acceptor 

chambers are filled with buffer (e.g., Krebs-Ringer bicarbonate buffer) through which gas 

(e.g., carbogen gas: 30% carbon dioxide, 70% oxygen) is bubbled to oxygenate the system 

and facilitate mixing. This experimental apparatus can be used to monitor tissue 

permeability, and since it enables mixing, can be used to examine simultaneous drug 

dissolution and permeation. Ussing chambers can have a horizontal or a vertical 

configuration (Fig. 4B and 4C). The vertical Ussing chamber setup can be used to 

investigate transport through a liquid-liquid interface, while the horizontal diffusion chamber 

can incorporate an air interface, for example, as present in the respiratory tract. In addition to 

increased tissue viability compared to static ex vivo tissue explant cultures, benefits of the 

Ussing chamber setup include the ability to test more conditions (e.g., drugs) per animal 

compared to in vivo experiments. However, Ussing chambers incorporating ex vivo tissue 

samples can be limited by low throughput (as compared to experiments utilizing in vitro cell 

cultures or isolated mucus specimens), and tissue variability, and limited tissue viability past 

2.5 hours, in part due to lack of capillary circulation. In a study with 25 different drugs, both 

drug physicochemical properties and anatomical location affected permeability through 

excised human tissue in Ussing chambers. For example, ximelagatran had the highest and 

lowest permeability in duodenum and ileum, respectively; while atenolol had the highest and 

lowest permeability in jejunum and colon, respectively[143].

Tissue permeability measured ex vivo using Ussing chambers can be compared to Caco-2 

permeability measured in static (cell culture insert) as well as dynamic (Ussing chamber) 

cultures. Net transport rates of ceftibuten, a Biopharmaceutics Classification System (BCS) 
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class 2 (high permeability, low solubility) drug, and mannitol across intestinal tissue were 

faster than those measured across static Caco-2 cultures in cell culture inserts[144]. 

Similarly, permeability of PEG was greater in rat ileum than in rat colon, and lowest through 

Caco-2 cells[145]. Permeabilities of angiotensin II inhibitors through rat duodenum, 

jejunum, ileum, and colon mounted in Ussing chambers were different from each other, but 

all higher than through static Caco-2 cultures[146]. When cell cultures and tissues were both 

mounted in Ussing chambers, permeation of clarithromycin, another BCS class 2 drug, was 

greater through Caco-2 cell cultures compared to excised rat intestinal tissue, potentially due 

to the additional release of mucus post-harvest[147]. Permeabilities across both the cell 

cultures and ex vivo tissue were greater than those measured in vivo[147].

Fluorescence and bright field microscopy have been used in conjunction with the Ussing 

chamber setup to investigate mucus thickness and barrier properties. Specifically, a 

suspension of fluorescent beads or charcoal particles is applied to the mucus surface and 

imaged or probed with micropipette and micromanipulator to determine mucus thickness of 

tissue mounted in an Ussing chamber. A suspension of charcoal particles on excised 

intestinal segments revealed Citrobacter rodentium infection altered mucus thickness over 

the course of infection. Tissue samples were removed and analyzed at different time points 

(days 0, 4, 10, 14, 19) after oral dosing of Citrobacter rodentium. Mucus thickness declined 

on day 4, followed by a significant increase on day 14[148]. During infection, mucin 

transcription and mucus secretion were altered, resulting in a change in mucus 

thickness[148]. The horizontal Ussing chamber setup has also been used to study the altered 

mucosal barrier in diseased tissue (e.g., ulcerative colitis (UC)) compared to healthy tissue. 

A particle suspension containing 200 and 500 nm fluorescent polystyrene particles was 

added on top of the mucosal surface of tissue from healthy and UC patients, incubated for 40 

minutes to allow particles to diffuse, and imaged using a fluorescence microscope. Particles 

that penetrated the mucus layer and were located within 120 μm of the epithelial layer were 

classified as close to the epithelium. Excised samples from healthy patients had 0% of beads 

close to epithelium, while UC patients in remission had 10% and active UC had ~40% of 

beads close to the epithelium (Fig. 5)[134]. In contrast, CF, which is characterized by mucus 

hypersecretion, had an opposite effect on particle transport. Specifically, 2 μm beads added 

to small intestinal mouse tissue were able to penetrate control mucus but unable to penetrate 

CF mucus[133].

4.2. Analysis of Absorption and Distribution After In Vivo Administration

After administration at a mucosal site, drugs and drug carriers are exposed to physiological 

stimuli (e.g., microbial, immunological, hormonal) and must overcome mucus secretion, 

clearance and binding interactions to penetrate the epithelium. A number of different 

techniques can be employed to examine the distribution of dosed drug or drug carrier after 

administration in vivo. Often, serum drug concentration levels are analyzed. In these 

analyses, the isolation of the role of mucus is again complicated, as drug must also be 

transported across the epithelial barrier, and into the capillaries, before being detected in the 

blood. For example, intestinal permeability was investigated in vivo by measuring 

fluorescence of an orally dosed FITC-labeled marker in serum at different times. Orally 

ingested chlorpyrifos (a pesticide) statistically increased intestinal permeability, with the 
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FITC-dextran marker appearing in serum samples after 330 minutes, but not in control 

animal serum throughout the 400 minute experimental time period[149].

Intestinal perfusion or closed loops[150–152] can also be used to explore mucosal 

permeability. In intestinal perfusion studies, a segment of intestine is exposed, and each end 

of the segment is cannulated[153]. The segment is then returned to the intestine, flushed 

with phosphate buffered saline, and drug or drug carrier solution is infused into the segment. 

Collected intestinal perfusate and blood samples are then analyzed for drug content by an 

appropriate technique (e.g., high-performance liquid chromatography). Absorption of 

fenofibrate powder suspensions and nano-suspensions was investigated in the duodenum, 

jejunum, ileum and colon. Anatomical position and form of suspension affected absorption 

as indicated by concentration of drug in the perfusate; absorption of powder suspensions was 

greatest in the ileum (63%) and lowest in the jejunum (49%) while absorption of nano-

suspensions was highest in the ileum (78%) and lowest in the colon (76%)[151]. In another 

study, an intestinal jejunum cannula was used to dose FITC-dextran in oil suspension (OS) 

or saline solution to study the effect of OS on intestinal mucosal permeability in rats. After 

90 minutes, there was a significant increase in FITC-dextran marker in plasma samples 

following OS administration relative to saline administration[150]. In intestinal loops, a 

segment of intestine is exposed, sutured at both ends and injected with drug or particles, 

after which the intestine can be placed back in the abdomen and incubated for a desired 

length of time. The segment can then be excised and prepped for confocal microscopy or 

histological analysis[152]. One hour post-injection, M cell-homing peptide ligand-

immobilized chitosan nanoparticles (CKS9-CNs) were localized in M cells, compared to un-

localized CNs without immobilized peptide ligands. One limitation of perfusion and closed 

loop technique is that infusion and injection into the intestine do not recapitulate the effects 

of normal gut mobility and flow of lumen contents.

Drug or drug carrier distribution can be directly visualized in vivo (e.g., via magnetic 

resonance imaging (MRI) or an in vivo Imaging System (IVIS®)[154–156]), or after tissue 

is externalized (e.g., via two-photon microscopy (TPM)[154–160]) or excised and 

straightened for ease of visualization (IVIS®)[154, 158]. After intravaginal administration, 

liposomes (7 mol% PEG) loaded with barbituric acid (BA) were monitored by diamagnetic 

chemical exchange saturation transfer MRI. Liposomes loaded with BA were retained longer 

than 90 minutes and were evenly distributed throughout the vaginal tract, while 

unencapsulated BA was retained for ~30 minutes and accumulated in clusters[154]. IVIS® 

analysis 6 hours after intravaginal administration indicated PEGylated particle fluorescence 

was steady, while the fluorescence of carboxylate-modified particles decreased to 10% of 

initial values, suggesting carboxylate-modified particles were being cleared from the vaginal 

tract[155]. IVIS® was also used to monitor orally administered fluorescent Bacteroides 
fragillis (B. fragilis) temporal-spatial distribution in the GIT[158]. Overall fluorescence 

decreased with time, but was still detectible after 96 hours. Imaging via IVIS® and MRI are 

limited by the requirement of drugs or drug carriers to be labeled with a fluorescent marker 

or MRI contrast agent, respectively. Moreover, fluorescence microscopy is only able to 

image at limited depths of tissue due to light scattering[161]. Thus tracking of single 

particles as preformed on ex vivo tissue and/or collected mucus is not possible with these 

techniques.
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To overcome limitations of in vivo imaging, tissues of interest (e.g., intestine) may be 

externalized (i.e. taken outside the body while leaving connected to surrounding tissue). To 

minimize tissue movement (e.g., peristalsis) when imaging, tissue can be immobilized by 

tissue adhesive in a humid glass imaging window. This set-up is able to maintain tissue 

viability for a relatively long period of time (~3 hours) [159]. Following intragastric dosing 

of Vibrio chlorea, TPM was used to visualize distribution and penetration into intestinal 

crypts through the wall of the intestine, without exposure of the luminal surface [157]. TPM 

uses nonlinear optical microscopy techniques to increase focal depth, allowing for the 

visualization of fluorescent components through tissues at depths up to 1.6 mm[160, 162]. In 

another study, fluorescent B. fragillis was administered by oral gavage or injected directly 

into the intestinal segment, and distribution on exposed intestinal lumen was imaged after 6 

hours by TPM[158].

The native 3D architecture of tissue (e.g., intestinal crypts and villi, intertwining of the 

intestine), and overlapping organs can complicate the imaging of drugs and drug carriers in 
vivo. Tissue excision followed by straightening or flattening can be used to clarify drug 

dispersion. After oral dosage of fluorescent B. fragilis, the GIT was excised and straightened 

at multiple time points to enable direct visualization of microbe position and movement over 

time. The highest fluorescence intensity was initially observed in the stomach and mid-

intestine (2 hours), followed by ileum and cecum (6 hours), and finally in cecum and colon 

(12 hours)[158]. After intravaginal injection, excised tissue was opened and flattened 

between two coverglass slides to reveal that uncoated liposomes (0 mol% PEG) were 

mucoadhesive and had non-uniform dispersion with areas of aggregation on the vaginal 

mucosa, while liposomes with 3 and 7 mol% PEG had increased dispersion and decreased 

aggregation [154]. Similarly, in another study, PEGylated and carboxylate-modified particles 

were distributed across 88% and 33% of the vaginal tissue, respectively[163].

4.3. Animal Models with Altered Mucus Barriers

Animal models can be highly useful for investigating the role of an altered mucus barrier in 

drug delivery, as well as the role it may play in disease or interactions with the microbiome. 

Animal models with altered mucus barriers include germ free and gene knockout animal 

models, as well animal models of specific disease states.

4.3.1. Germ Free vs. Wild Type Models—In recent years, interest in and studies 

focused on understanding the role of the microbiome in health and disease have dramatically 

increased[164–169]. While mucus controls diffusion of drugs and drug carriers to 

epithelium, it also plays the critical role of modulating interactions between the microbiome 

and underlying tissues. Germ free animals have been important for enabling studies of the 

impact of the microbiome, and their mucus barriers differ significantly from those of wild 

type animals. Germ free mice have altered mucin glycosylation[170] and expression[171–

173]; increased mucin carbohydrate concentration[174]; and decreased adherent mucus layer 

thickness[175, 176] and number of mucus-producing goblet cells[173], relative to wild type 

mice. Ileum and colon mucin expression (Muc1, Muc2, Muc3, Muc4) were restored to 

normal levels with the introduction of a murine microbiome, indicating the presence of the 

microbiome alters the mucus barrier by degrading mucin and stimulating mucin 
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secretion[174–176]. Human microbiome samples can also be introduced to germ free mice 

to make the model more relevant to human studies, however, application of human 

microbiome to a murine model did not restore ileum and colon mucin expression (Muc1, 

Muc2, Muc3, Muc4) to normal levels reported in wild type mice[171].

4.3.2. Mucin Knockout Models—Knockout (KO) animal models can be used to 

investigate the significance of specific mucins in mucosal barriers and the associated impact 

on drug delivery and absorption. Currently, there exist six mucus knockout/null animal 

models for: Muc1[176–188], Muc2[189–194], Muc5[193, 195–197], Muc13[185, 198], 

Muc16[199–201], and Muc18[202–204]. Besides mucin KO models, alternative KO models 

are available to further elucidate the role of mucin glycosylation[205, 206] and other mucus 

components (e.g., growth factors[207]) on mucus barrier properties.

Mucin KO mice were similar to wild type mice with respect to viability[178, 198, 199], 

development[198, 199, 208], fertility[178, 199, 208], and weight[190]. However, Muc KO 

animal models have other abnormalities (Table 2), primarily displaying increased levels of 

colitis and inflammation[191, 192, 198, 209] or changes in other Muc gene 

expressions[195–197]. Muc KO models have been used to investigate the role of specific 
mucins in bacterial penetration and colonization of the mucosa [180, 193], inflammatory 
response to pathogen exposure[180, 181, 185, 189, 193, 204], susceptibility to 

inflammation[176, 184–186], cancer and tumor formation[177–179, 190, 200], and rate of 

wound healing[182, 183, 201]. To measure intestinal uptake in Muc1 KO and wild type 

mice, [14C]cholesterol and [3H]palmitic acid were injected into the cannulated 

duodenum[187]. After 45 minutes, the intestine was harvested and radioactivity was 

measured, showing that intestinal absorption of cholesterol was reduced 50% in Muc1 KO 

compared to wild type mice, while palmitic acid absorption was not impacted.

4.3.3. Animal Models of Disease—Diseases associated with inflammation, including 

cystic fibrosis (CF), Hirschsprung’s disease (HD), and ulcerative colitis (UC), can be 

associated with alterations in the mucus barrier[210, 211]. CF is caused by a mutation in the 

CF transmembrane regulator (CFTR) gene, resulting in mucus overproduction and chronic 

inflammation[212, 213]. CFTR−/− KO animals have increased secretion of Muc1, number of 

goblet cells and intestinal crypts filled with mucus, and deaths due to gastrointestinal 

obstruction[214]. In a CFTR−/− mouse model, about 10% of newborn mice had a meconium 

ileus, or stool blockage of the bowel, and after 30 days, 85% of the CFTR−/− mouse pups 

died and had distended crypts, increased mucus amounts, and destroyed intestinal villi. Due 

to the short lifespan of CFTR−/− KO mice, they do not develop symptoms of CF, and thus 

cannot be utilized to study CF in the respiratory tract. Therefore, to study CF, a mouse 

model with S489× mutation of the CFTR gene was developed and challenged with 

Pseudomonas aeruginosa[215]. After 10 days of microbe exposure, adult mice showed signs 

of significant pulmonary inflammation and increased cytokine expression compared to 

normal mice.

Another disease associated with intestinal inflammation, HD, is a condition that affects the 

large intestine and is characterized by the improper development of nerve cells, absence of 

bowel movement, bacterial infection of intestinal tissue, and abdomen distension[216]. To 

Lock et al. Page 18

Adv Drug Deliv Rev. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



explore potential changes in colonic mucus barrier properties associated with HD, the colon 

was extracted from a murine HD model (11–20 day old Endothelin receptor B mutant 

(Ednrb−/−)) or wild type mice, and particle movement on tissue was analyzed using MPT. 

The average diffusion rate of 200 nm carboxylate-modified particles was decreased 1.5-fold 

in distal colonic mucus and ~7-fold in proximal colonic mucus of HD mice relative to wild 

type. Interestingly, while HD primarily affects the distal colon, an altered mucus barrier was 

also observed in the proximal colon[63].

Oral administration of dextran sodium sulphate (DSS) to rats and mice results in intestinal 

injury with features similar to human UC, a chronic inflammatory disease of the colon. Oral 

DSS dosing increased epithelial permeability, decreased mucus layer thickness, and 

upregulated chemokine and cytokine expression[217, 218]. Colitis severity was dependent 

on DSS concentration, molecular weight, length of exposure, and animal model strain, 

gender, and microbiome composition[210, 211]. After introduction of 4% DSS in chow of 

Wistar rats for 5 days, the distal colon was isolated for mannitol permeability studies using 

the Ussing chamber setup[219]. The DSS exposed tissue had higher mannitol permeability 

compared to control tissue. Interestingly, when butyrate, a short chain fatty acid, was added 

to the mucosal side in the Ussing chamber, mannitol permeability decreased through DSS 

exposed tissue, but was still higher compared to control.

5. Fixation and Characterization of Mucus Layer

As noted above, mucosal tissue samples can be fixed or frozen for structural and histological 

analysis to facilitate investigation of particle penetration and distribution and/or the impact 

of drug or drug carrier on mucus properties (e.g., structure, thickness). However, proper 

fixation is challenging and prone to artifacts due to the high concentration of water (~97%) 

present in mucus and the highly-glycosylated nature of mucin molecules. Tissue samples are 

commonly preserved in Karnovsky’s or formalin fixative, but these fixation techniques can 

result in collapse and/or removal of the mucus layer[220–222]. Thus, less common non-

aqueous fixatives, including Carnoy’s fixative[134, 222], acetone[223], and 

tetradecafluorohexane[221], have been reported to better preserve the mucus layer during 

fixation. Some protocols may include a post-fixation step with osmium tetroxide to further 

preserve the mucus layer before embedding in paraffin wax or epoxy resin and sectioning. 

These non-aqueous fixatives may aid in maintaining the mucus structure by different 

mechanisms, e.g., minimizing water movement out of the gel or mitigating surface tension 

effects[221]. Cryopreservation can also be utilized to preserve the mucus layer[224], and has 

been used to enable visualization of mucus thickness[225], mucus proteins[226], goblet 

cells[227], and particle distribution[228]. Non-fixed and fixed mucosal tissue samples may 

be embedded in optimal cutting temperature (OCT) compound, snap frozen in isopentane 

cooled with liquid nitrogen, and then sectioned. Non-chemically fixed tissue sections may 

then be fixed with 10% formalin to prevent tissue degradation[229]. One method to preserve 

tissue structure before embedding involves rapid freeze and freeze substitution[230]. Briefly, 

samples are plunge frozen in Freon™ or liquid nitrogen and then fixed with osmium 

tetroxide dissolved in acetone[223]. Tissue samples are then be embedded in epoxy resin, 

thin sectioned, and analyzed by electron microcopy. A major limitation of cryopreservation 

methods are freezing artifacts from the crystallization of water resulting in cellular 
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disruption and polymer-induced compression of mucus by the embedding medium[231]. 

Other techniques have also been utilized to preserve and visualize the mucus layer (e.g., 

cryo- or environmental scanning electron microscopy[232, 233]). Overall, proper fixation to 

preserve structure and visualization of the mucus layer at high resolution remains a 

significant challenge.

Various staining and labeling techniques are used to allow visualization of goblet cell 

depletion[234], mucin distribution, thickness, and glycosylation[148, 235], and particle 

distribution within mucus. Negatively-charged mucins can be visualized with positively-

charged Alcian blue stain[105], and neutral mucins and polysaccharides can be stained with 

Periodic acid-Schiff[106]. Specific mucins (e.g., MUC1, MUC2, MUC5ac, MUC6, and 

MUC13), can also be identified using antibodies[106]. Mucin sugars can be visualized using 

fluorescently-tagged lectins: wheat-germ agglutinin binds terminal N-acetyl-D-glucosamine 

and sialic acid[157], Ulex europaeus agglutinin-1 binds L-fucose[236], con-canavalin A 

binds α-mannose and α-glucose[237], peanut agglutinin binds galactose[238], and Dolichos 
biflorus agglutinin binds N-acetylgalactosamine[238]. Additionally, fluorescent in situ 
hybridization (FISH) can be used to identify bacterial DNA and proximity to the epithelium.

Comparison of paraffin-embedded Carnoy’s-fixed sections from colonoscopy samples 

immunostained for MUC2 demonstrated that the mucus layers from healthy individuals 

orally dosed with or without laxatives were significantly thicker than the mucus layers from 

individuals with UC[134]. After rats were orally dosed with soybean oil or phosphate 

buffered saline, paraffin-embedded Carnoy’s-fixed sections stained with lectin and 

Hoescht® showed the ingestion of soybean oil reduced penetration of 200 nm carboxylate-

modified nanoparticles[59]. In another study, cryosections of vaginal epithelium stained with 

4,6-Diamidino-2-phenylindole (DAPI) revealed that carboxylate-modified particles dosed in 

a hypotonic solution aggregated in the vaginal lumen, while PEGylated particles formed a 

continuous layer coating the entire vaginal epithelium within 10 minutes of intravaginal 

injection[155]. Cryosections of lung tissue stained with DAPI indicated similar results when 

PEGylated particles were administered. Briefly, mice were intranasally administered Cy3-

labeled gene carriers and lungs were harvested after 2 hours. PEGylated-polyethylenimine 

particles (56 nm) were uniformly dispersed at the mucosal surface, with 70% retained over 6 

hours, while uncoated-polyethylenimine particles (52 nm) were aggregated, with only 30% 

retention after 2 hours[156].

6. Summary

In summary, mucus models have been used to study the significance of mucus and the 

mucosal barrier in drug delivery (e.g., drug and drug carrier adhesion, diffusion, penetration, 

absorption, and distribution). The properties of the mucus barrier (e.g., composition, 

structure, thickness) in these models, which can impact drug delivery, depend on mucus 

source, animal species, age, and disease. The ideal mucus model should recapitulate the 

composition and structure of native human mucus to the greatest extent possible; however, 

the selection of a model system may also be guided by ease of use, reproducibility, and 

ability to obtain specific measurements. Analyses conducted using native collected mucus 

and purified mucin preparations, which can include bulk and micro-rheology, MPT, and 
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measurements of mucin-drug interactions, inherently treat mucus as an isotropic medium. In 
vitro cell culture models incorporating mucus-producing cells can be used to measure 

absorption and penetration across the mucus layer in tandem with the underlying epithelial 

layer, which acts as another barrier to drug diffusion; however, cell-secreted mucus layers in 
vitro are typically significantly thinner than those present in vivo (~10–40 μm vs. 100–700 

μm, respectively). Ex vivo tissue samples provide a snapshot of the in vivo environment 

(e.g., mucus structure and composition) and aid in investigating mucus thickness as well as 

drug penetration and absorption. Drug and drug carriers can be administered in vivo, such 

that they are exposed to representative physiological conditions, including the dynamic 

mucosal barrier. However, limited optical resolution hinders in vivo imaging of drug and 

drug carriers, and in vivo analyses are thus generally limited to monitoring of overall 

absorption or macroscopic distribution, although advanced microscopic analyses (e.g., 

intravital TPM) or extraction of tissue samples for analysis ex vivo can aid in overcoming 

this barrier. Thus, it is crucial to consider the advantages and disadvantages of the various 

models when selecting a model system to investigate the role of the mucus barrier in drug 

delivery.
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Fig. 1: 
Mucin structure has both glycosylated and non-glycosylated domains along the mucin 

backbone. Disulfide bonds cross-link mucin monomers forming a mucin mesh-like 

structure[8].
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Fig. 2. 
Anatomical distribution of mucus throughout the body[28].
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Fig. 3. 
Multiple particle tracking (MPT) conducted within mucus collected from individuals with 

cystic fibrosis (CF) revealed that N-acetyl cysteine (NAC), a mucolytic agent, altered mucus 

barrier properties. MPT was used to calculate ensemble time-averaged mean squared 

displacement (<MSD>) vs. time scale, and demonstrated that NAC addition increased 

diffusion of both 200 nm carboxylate-modified (PS) and PEGylated (PS-PEG) polystyrene 

particles in CF mucus[62].
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Fig. 4. 
Experimental set-ups for studying drug or drug carrier transport across mucosal barriers: in 
vitro static cell culture employing a Transwell® insert (A), and tissue or cell monolayer in 

Ussing chamber with gas bubbling in apical and basolateral compartments in a vertical (B) 

configuration, or air or liquid in apical compartment and perfusion in basolateral 

compartment in a horizontal (C) configuration.
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Fig. 5. 
Particle penetration at the mucosal barrier of human colonic biopsy samples from controls 

and patients with ulcerative colitis (UC) mounted in horizontal Ussing chamber. 

Representative confocal Z-stack projections of 0.5 μm (red) and 2 μm (green) beads 40 

minutes after addition to the colonic tissue (blue). Scale bars: 100 μm[134].
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Table 1:

Different commercial sources of purified mucin.

Type Supplier Reported Characteristics Literature References

Porcine stomach mucin

MyBioSource

• Partially purified mucin

• 64% mucin (dry weight)

• 2% solution has viscosity of 3.6 
centistoke and pH 3.0–5.0

Orthana Kemisk Fabrik • None available

• Characterization of 
molecular structure 
and rheological 
properties [69]

Sigma (Type II)

• Crude mixture of glycoproteins

• ≤ 1.2 % bound sialic acid

• Characterization of 
composition[70]

• Diffusion 
experiments [44, 68]

• Used in simulated 
vaginal mucus [67, 
71]

Sigma (Type III)

• Partially purified mucin[72]

• 0.5–1.5 % bound sialic acid

• Mucin purification 
and characterization 
of composition[73]

Bovine submaxillary 
gland mucin

Innovative™ Research

• MW= 40–400 kDa

• Protein moiety (36.6% of the 
molecule)

• Carbohydrate moiety (56.7% of 
the molecule)

Sigma (Type I-S) • 9–17 % bound sialic acid

• Characterization of 
mucin sialylated 
trisaccharides[74]

• Characterization of 
particle adhesion to 
mucus[75, 76]

MUC1 Sino Biological

• MW= 15.4 kDa

• Expressed in HEK293 cells

• Characterization of 
binding interaction 
with aptamer[77]

Artificial saliva Orthana Kemisk Fabrik

• Composition: 3.3–3.8 g/100 mL 
mucin from porcine gastric 
lining, 100 mg/100 mL 
methyl-4-hydroxybenzoate, 2 
mg/100 mL benzalconium 
chloride, 50 mg/100 mL 
ethylenediaminetetraacetic acid 
(EDTA) disodium salt

• pH 5.4–7.5

• Comparison of 
artificial and human 
saliva rheological 
properties[78]
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Table 2:

Characteristics of different mucin KO models.

KO Model Similarities Between Muc KO and Wild Type Characteristics Increased in Muc 
KO

Characteristics Decreased in 
Muc KO

Muc1

• Viability and fertility[178]

• Muc2 and Muc4 gene 
expression[178]

• Gallbladder size, secretion, and 
emptying function[179]

• Bacterial adherence 
to epithelium after 
Helicobacter pylori 
infection[180]

• Wound healing 
rate[182, 183]

• Pro-inflammatory 
response[176, 184–
186]

• Tumor growth 
rate[177, 178]

• Gallstone 
formation[179]

• Drug resistance 
(e.g., gemcitabine, 
etoposide)[188]

• Absorption of 
cholesterol[187]

Muc2

• Weight gain[190] • Damage in intestinal 
injury model (e.g., 
dextran sulfate 
sodium (DSS))[191]

• Onset of colorectal 
cancer[190]

• Susceptibility to 
infection[189]

• Mortality rate[189]

• Weight loss, 
mortality, and 
colonization after 
Citrobacter 
rodentium 
infection[194]

• Mucosal thickening 
and superficial 
erosions[191]

• Aberrant intestinal 
crypt morphology, 
altered cell 
maturation and 
migration[190]

• Pro-inflammatory 
response [191, 192]

• Ratio of proliferating 
to apoptotic 
cells[190, 191]

• Onset of fatty 
liver disease and 
obesity with a 
high fat diet[192]

• Epithelial barrier 
integrity after 
Salmonella 
Typhimurium 
infection[189]

Muc5

• External ocular appearance[195, 196]

• Muc1 and Muc4 gene 
expression[195, 196]

• Goblet cell number[196]

• Number of CD45+ immune 
cells[196]

• Susceptibility to 
Trichuris Muris 
infection[193]

• Late onset respiratory 
problems[195]

• Expression of Muc5b 
and Muc4[195–197]

• Corneal 
opacification[197]

• Clearance of 
Trichuris 
Muris[193]

• Tear quality[197]

• Body weight[195]

• Goblet cell 
number[195]

Muc13

• Viability, fertility, development[198] • Onset of acute colitis, 
macrophage number, 
and apoptosis in 
intestinal injury 

• IL-8 expression 
after 
Campylobacter 

Adv Drug Deliv Rev. Author manuscript; available in PMC 2019 April 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lock et al. Page 43

KO Model Similarities Between Muc KO and Wild Type Characteristics Increased in Muc 
KO

Characteristics Decreased in 
Muc KO

models (e.g., DSS)
[198]

• Tumor necrosis factor 
(TNF-α) and 
Interleukin (IL)-1β 
expression[198]

jejuni 
infection[185]

Muc16

• Viability, fertility, and development 
[199]

• IL-6 expression [201]

• Rate of wound 
healing[201]

• Macrophage 
invasion[201]

• Tumor formation 
and 
metastasis[200]

• Pancreatic ductal 
adenocarcinoma 
cell proliferation, 
colony formation 
and migration in 
vitro[200]

• Mucl 
expression[199]

Muc18

• Pro-inflammatory 
cytokine (KC and 
TNF-α) expression 
after Mycoplasma 
pneumoniae 
infection[204]

• Neutrophillic 
inflammation and 
viral load after 
humanrhino virus 
1B (HRV-1B) 
infection[203]

• IL-8 
expression[202]
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