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Abstract: The mucus gel covers the wet epithelia that forms the inner lining of the body. It 

constitutes our first line of defense protecting the body from infections and other deleterious 

molecules. Failure of the mucus barrier can lead to the inflammation of the mucosa such as in 

inflammatory bowel diseases. Unfortunately, there are no effective strategies that reinforce the 

mucus barrier properties to recover or enhance its ability to protect the epithelium. Herein, we 

describe a mucus engineering approach that addresses this issue where we physically crosslink 

the mucus gel with low molar mass chitosan variants to reinforce its barrier functions. We tested 

the effect of these chitosans on mucus using in-lab purified porcine gastric mucins, which 

mimic the native properties of mucus, and on mucus-secreting HT29-MTX epithelial cell 

cultures. We found that the lowest molar mass chitosan variant (degree of polymerisation of 8) 

diffuses deep into the mucus gels while physically crosslinking the mucin polymers, whereas 

the higher molar mass chitosan variants (degree of polymerisation of 52 and 100) interact only 

superficially. The complexation resulted in a tighter mucin polymer mesh that slowed the 

diffusion of dextran polymers and of the cholera toxin B subunit protein through the mucus 

gels. These results uncover a new use for low molar mass mucoadhesive polymers such as 

chitosan as non-cytotoxic mucosal barrier enhancers that could be valuable in the prevention 

and treatment of mucosal diseases. 

1. Introduction 

There are over 400 square meters of epithelial surfaces that lie in the human body, including 

the lung, urinary, as well as the gastrointestinal and female reproductive tracts. These epithelial 

surfaces are covered by a mucus gel protecting them from dehydration, shear stress, and 

infections. Besides water, mucus mainly contains mucin biopolymers mixed with other 

proteins, lipids, and salts.1 Mucins are large glycoproteins, which consist of an extended central 

protein core densely decorated with oligosaccharides that can account for up to 80% of the 
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molecule’s molar mass. Mucins have a central role in the protective function of mucus, creating 

a size exclusion and affinity-based selective filter, preventing many deleterious molecules and 

pathogens from reaching the epithelial surface.2 

 

In many pathological circumstances however, the mucus gel is altered and can fail to properly 

protect the epithelium. For instance, dry eye and dry mouth diseases affect at least 8% of the 

population.3,4 The symptoms can be severely discomforting because of the loss of hydration 

and lubrication of these surfaces, but also impact health because of the increased risk of 

infections. Inflammatory bowel disease is also linked with a failure of the mucin gel to properly 

shield the epithelial surface from direct contact with commensal or pathogenic bacteria.5 

Bacterial access to the epithelium triggers an inflammatory cycle that is challenging to halt. As 

we better understand the role of mucus and mucins in these diseases, drugs are developed to 

modulate the mucus production by specialized epithelial cells.6,7 However, a more direct 

approach could consist in directly modulating the mucus layer by use of topical treatments that 

impact mucus’ properties and function. This approach is aimed at temporarily restoring a 

protective barrier and provide immediate relief from further damage. 

 

In the field of cystic fibrosis (mucoviscidosis), biochemical and chemical strategies have been 

employed to dissociate abnormally thick mucus by adding enzymes,8 oligosaccharides, 9,10 and 

mucoactive drugs.11,12 However, there have been far fewer attempts at reinforcing the mucus 

barrier. One elegant approach has been to genetically overexpress mucin or mucin-derived 

proteins in vivo, which resulted in enhanced protection against pathogens.13,14 Several simple 

compounds including short-chain fatty acids,15–17 prebiotics, probiotics, and hydrogen sulfide 

also seem to stimulate mucus production and can help maintain an uncompromised barrier in 

the intestinal tract.18 However, the mechanism of actions of these strategies are not clear and 
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could rely on direct biological effects on epithelial cells as well as physico-chemical effects on 

the mucus layer. With the aim to modify solely the mucus layer, Salzman and co-workers 

altered human and bovine cervical mucus gels by directly mixing with synthetic polymers 

including poly(ethylene glycol) (PEG), poly(vinyl pyridine) (PVP), and polyacrylic acid 

(PAA)19. Such strongly mucoadhesive and high molar mass polymers are however not ideal to 

strengthen the barrier properties of the mucus gel because their large macromolecular size limits 

their diffusion into the mucus polymer network and because their interaction with mucins over 

large length scales can cause mucin chains to coalesce. Indeed, high molar mass PVP and PEG 

facilitate monocyte migration through the mucus19, while microparticles aggregate mucins, 

increasing the average pore size of the network.20,21 Low molar mass molecules have also been 

used to modulate the physical properties of mucus. For instance, Hanes and co-workers 

discovered, that the addition of the nonionic detergent nonoxynol-9 to cervical mucus probably 

led to an unbundling of mucin macromolecules, tightening the average mesh-size of the gel, 

while preserving its macroscopic rheological properties.22 However, the mild toxicity of 

nonoxynol-9 to vaginal epithelial cells limits its applicability.23 More recently, Hansen et al. 

demonstrated the effect of hyaluronic acid for the modulation of the mucus barrier at the nano-

scale.24 

 

In this study, we explore the use of low molar mass chitosans as a topical reinforcing agent 

for the mucus layer. Chitosans are polysaccharide biopolymers composed of β-(1→4)-linked 

D-glucosamine and N-acetyl-D-glucosamine that have been used in a number of biomedical 

applications.25 Chitosans are also well-known mucoadhesive polymers, meaning they exhibit 

strong binding affinity to mucins.26 Chitosans have thus been extensively used in mucoadhesive 

drug delivery systems.25,27 However, the chitosans used in these studies are typically of high 

molar mass. Similar to other high molar mass mucoadhesive polymers, they diffuse poorly 
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within the mucus gel and tend to aggregate and compact the mucus.28,29 To our knowledge, 

there are no reports of the effect of lower molar mass chitosans on the structure and barrier 

properties of mucus. In this study, we hypothesize that lower molar mass mucoadhesive 

polymers such as chitosans might be able to diffuse into the mucus layer and alter its structure 

and functionalities, thus reinforcing its barrier properties.  

 

Using in-lab purified mucins, and mucus-producing HT29-MTX cell cultures, we found that 

fully N-deacetylated chitosans of three different number-average degrees of polymerization 

(DP = 8, 52 and 100), with number-average molar mass (Mn) ranging from 1.3 to 16.1 kDa, 

can form complexes with purified mucins. The complexation of chitosans to the mucus gel 

reinforced its barrier properties as suggested by the retarded diffusion of both dextran and the 

B subunit of the cholera toxin through the mucus. 

 

2. Experimental Section 

2.1 Pig gastric mucin purification. 

Mucins were purified from the mucosa of porcine stomachs (pig gastric mucins, PGM) 

following a previously published protocol.30 Commercially available pig gastric mucins were 

not studied in detail in this work because of their known altered biophysical properties, which 

need to be preserved in the present study.31 Briefly, the mucus was gently scraped off the 

stomach epithelium, diluted 1:5 in water supplemented with 200 mM NaCl,  as well as 5 mM 

benzamidine HCl, 1 mM 2,4' -dibromoacetophenone, 1 mM phenylmethylsulfonyl-fluoride and 

5 mM EDTA. The pH was adjusted to pH 7.4 with NaOH and the mixture added and gently 

stirred overnight at 4°C. The solution was then centrifuged, followed by ultracentrifugation to 

remove cellular and food debris before being fractionated by preparative size exclusion 

chromatography. The excluded fraction contained high molar mass and highly glycosylated 
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molecules as confirmed by periodic acid Schiff assay.32 The fractions were pooled, then 

desalted and concentrated by reversed osmosis using a 100 kDa molar mass cutoff. Finally, the 

mucins were flash frozen in liquid nitrogen and lyophilized, and stored at -20°C until used. The 

resulting mucin was shown to be composed of Muc5AC and traces of Muc5B by mass 

spectrometry (Table SI 1). 

  

Commercial bovine submaxillary mucins (BSM) used in addition to in-lab purified pig gastric 

mucus for determining chitosan mucoadhesive properties in QCM-D experiments, 

fluorescently labeled dextrans (4 kDa and 70 kDa), and fluorescein labeled cholera toxin B 

subunit were all purchased from Sigma-Aldrich.  

 

2.2 Low molar mass chitosan production and labeling 

Low molar mass chitosans were produced by nitrous acid depolymerization of commercial 

chitosan according to an adapted protocol previously described.33 Briefly, commercial chitosan 

(1g; Mn=115 kDa; Ð=2.3; degree of N-acetylation (DA) < 1%; batch 244/020208 supplied by 

Mahtani Chitosan Ldt, India) was solubilized in 50 mL of water by addition of concentrated 12 

N HCl. A freshly prepared aqueous solution of NaNO2 (GlcN/NaNO2 molar ratio = 4, 25 and 

75 for DP8, DP52 and DP100 chitosans, respectively) was added and the reaction was stirred 

for 12 h at room temperature. DP8 chitosan (0.7 g, 70 % mass yield) was obtained after 

neutralization of the solution by addition of ammonium hydroxide solution until pH ~8, 

ultrafiltration (MWCO 500), precipitation in ethanol and drying under vacuum. DP52 (0.8 g, 

80% mass yield) and DP100 (0.9 g, 90% mass yield) chitosans were obtained after precipitation 

of the solution by addition of ammonium hydroxide solution to pH ~8, several washings with 

distilled water until neutral pH and freeze-drying. The DP and the number-average molar mass 

(Mn) of chitosan samples were determined by 1H NMR (Figure SI 1) and SEC-MALLS 



  

7 

 

(Figure SI 2), respectively as previously described.33 Before use, the chitosans were dissolved 

in ultrapure water at 10 mg/mL and the pH was adjusted to 5.5 using 12 N HCl and readjusted 

if necessary using 2 N HCl or 2 N NaOH solutions mixed in by vortexing or by placing on 

shaker at 4 °C.  

 

Chitosans were labeled with fluorescein following an adapted version of a published 

protocol.34 Briefly, a 40 mg/mL solution of DP8, DP52, or DP100 chitosans were prepared in 

2 mL of ultrapure water and the pH adjusted to pH 5.5 with NaOH. 2 mL of methanol were 

then added to the solution. Fluorescein isothiocyanate (FITC) dissolved in DMSO (40 mg/mL) 

was added to the mixture at a ratio of 1 fluorescein molecule for every 50 chitosan repeat units. 

The solution was stirred for 2 hours at room temperature, then 4 volumes of ethanol were added 

to precipitate the chitosan. For the DP8 chitosan, the precipitate was obtained by a combined 

addition of ethanol and NaOH to reach pH 9. The precipitated chitosans were rinsed with 

ethanol until unconjugated FITC was removed, then lyophilized and stored at -20 °C until 

further use. 

 

2.3 Quartz crystal microbalance with dissipation monitoring (QCM-D). 

The interaction between the chitosans with either in-lab purified PGM or commercial BSM 

was examined using a QCM-D platform consisting of mucin molecules immobilized on a 

surface passivated by polyethylene glycol (PEG) layer (see supplementary information methods 

for additional details). Briefly, gold-coated QCM-D quartz crystals (Q-Sense, Sweden) were 

coated with ethanolic solutions of PEG thiol (Polypure, Norway) and PEG-biotin thiol 

(Polypure, Norway) at a molar ratio between PEG thiol and PEG-biotin thiol of 99:1. The 

surface was further functionalized with streptavidin (from Streptomyces avidinii, Sigma-

Aldrich, 25 µg/mL in 20 mM HEPES, 50 mM NaCl) then with biotinylated mucin (400 µg/mL 
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in 20 mM HEPES, 50 mM NaCl). Once the surface was functionalized with mucins, the buffer 

was changed to acidified PBS (pH 5.5). The chitosans, dissolved in acidified PBS (at 5 mg/mL, 

pH 5.5) were then injected onto the surface and let to interact with the immobilized mucins. 

The surface was then washed with acidified PBS until the stabilization of the frequency and 

dissipation values of the quartz crystal microbalance. Both signals were recorded using and E4 

QCM-D instrument (Q-Sense-Biolin Scientific AB, Sweden) at a temperature of 25 °C. Three 

independent QCM-D experiments were performed for each condition tested. 

 

2.4 Characterization of chitosan/PGM complexes by microscopy 

For complexation with chitosans, the pig gastric mucins (PGM) were first dissolved overnight 

at 10 mg/mL in ultrapure water, resulting in a weak PGM gel with a pH of about 6 as verified 

by parallel plate rheology, with the storage modulus (G’) being slightly superior to the loss 

modulus (G’’) over the range of frequencies measured (Figure SI 3). A 4 µL drop was then 

slowly pipetted into 300 µL of a 5 mg/mL chitosan solution diluted from stock in water 

(adjusted to pH 5.5 with HCl). The drop was left to interact with the chitosan solution over 1 

hour. The drop was then removed from the chitosan solution and placed in water until further 

use. The resulting chitosan/PGM complexes were observed using a stereomicroscope (Leica 

M165 FC). The partition of chitosans within the complexes was observed after the diffusion of 

FITC-labeled chitosans (5 mg/mL, dissolved in PBS adjusted to pH 5.5) into the mucin drops 

for 1 hour. The drops were then washed in PBS, and imaged in PBS at mid-height of the object 

using by confocal laser scanning microscopy (LSM510, Zeiss), using a 10 x objective. For the 

cryo-SEM observations, the chitosan-complexed mucin drops were washed in water for 5 

minutes and then deposited on an aluminum micro-plate. A detailed explanation of the method 

followed for cryo-SEM observation has been described previously.35,36 Care was taken to 

prevent sliding of samples by placing a drop of Tissue-TEK (Sakura) on the mucin drop prior 
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to the freezing in liquid nitrogen. After freezing under vacuum for 60s, the grip-holder and plate 

containing samples were immediately transferred into the cooled cryostat (ALTO 2500 cryo-

preparation chamber), a sample preparation chamber attached to the microscope (FEI Strata 

235DB dual-beam FIB/SEM) and the surface of the mucin drop exposed by fracturing with a 

precooled blade. The ice of the samples was then sublimed at -60 °C for 2 minutes.  The samples 

were sputter-coated with Au/Pd under a continuous stream of argon gas in the cryo-chamber 

using a 7 kV potential under high-vacuum for 40s. The samples were then transferred into the 

scanning electron microscope chamber and observations were performed at an electron 

acceleration voltage of 10 kV with the chamber at a temperature of -170 °C. Images were 

acquired at 5000 x magnification. 

 

2.5 HT29-MTX epithelial cell culture 

Frozen vials of HT29-MTX10-6_CelluloNet N° 566 cells were acquired from CelluloNet 

biobank BB-0033-00072 facility of SFR Biosciences (UMS3444/US8). Cells were thawed and 

sub-cultured routinely using basal medium consisting of DMEM/F12 (1:1) (1X)-Glutamax 

(Sigma-Aldrich) supplemented with heat inactivated 10 % FBS (Hyclone), 1 % 

Penicillin/Streptomycin (Sigma-Aldrich) and 1 mM sodium pyruvate (Sigma Aldrich). Primary 

expansion of the cells was done in 25 cm2 T-flasks (Sarstedt) at 37 °C in a 5 % CO2/95 % air 

atmosphere. For maintenance purposes, cells were passaged weekly using 0.25 % trypsin in 

0.53 mM EDTA (Sigma-Aldrich) after PBS washes and plated at 1:10 dilution in 75 cm2 T-

flasks (Sarstedt) at 37 ºC in a 5% CO2/95% air atmosphere. The medium was changed every 

second day in all culture conditions. Cells were routinely sub-cultured once they reached 75 % 

confluency. Cells with passaging cycles between 19-35 were used for experiments. 
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“Mature cultures” covered with a layer of mucus were used as a model mucosal surface. 

HT29-MTX cells were seeded onto 12 mm Transwell polycarbonate membranes (0.4 µm pore 

size, Corning)37 by introducing 0.2 mL of media containing 1 x 105 cells to the apical side of 

the membrane and 1 mL media to the basolateral compartment. Four days after seeding, the 

culture reached confluency and a semi-wet interface was produced by leaving 1 mL of media 

in the basolateral compartment and only 50 µL of media in the apical compartment. To enhance 

mucus production, 10 mM N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl 

ester (DAPT) (Sigma-Aldrich,) was added basolateraly and apically for 6 days after the culture 

reached confluency. Thereafter, the medium in the apical compartment was removed, while 1 

mL medium was left in the basolateral compartment. The medium was replenished every 

second day until the culture reached 30 days post confluency and the cultures were used for 

further experiments. As evidenced by histology, a non-homogenous layer of mucus started 

appearing after week-2 of culture and covered most of the surface by week-4. “Young cultures” 

were used as mucus-free controls and were obtained by culturing HT29-MTX cells for seven 

days after initial seeding in wet conditions, with media change every second day, without DATP 

treatment. In these conditions, HT29-MTX cells are reported to be essentially free of a mucus 

layer.37 

 

2.6 HT29-MTX histology 

Mature and young cells cultured on Transwell membranes were washed with PBS. The 

mature cultures were fixed by immersion in 250 µL of methanolic Carnoy's solution (methanol 

: chloroform : acetic acid (60:30:10 v/v) overnight, while a 4 % paraformaldehyde exposure for 

30 mins was used for young cultures. Embedding, sectioning, Alcian blue staining and slide 

scanning were performed at the SciLifeLab Tissue Profiling Facility at Uppsala University, 

Sweden. The membranes were cut out from the inserts, folded to prevent disturbance to the 
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mucus layer and subsequently embedded in 5 % SeaPlaque agarose (Lonza, #50100) and 

embedded in paraffin. Embedded samples were sliced in a microtome at 4 µm and collected on 

SuperFrost Plus slides, maintained at 55 °C overnight and kept frozen until further use. For 

mucin staining, slides were deparaffinized in xylene and re-hydrated in a gradient of alcohols 

to distilled water before being treated with 3 % acetic acid for 3 minutes at room temperature 

then treated with Alcian blue (1 %, Sigma-Aldrich) for 30 minutes at room temperature. 

Subsequently, slides were washed in running water for 2 minutes and then rinsed in distilled 

water before being counterstained in Mayers hematoxylin (01820, Histolab) for 5 minutes using 

the Autostainer XL (Leica). Slides were dehydrated in graded ethanol and lastly coverslipped 

(PERTEX, Histolab) using an automated glass coverslipper (CV5030, Leica). The slides were 

scanned into high-resolution digital images using a 40 x objective in an automated scanning 

system (Aperio XT, Aperio Technologies). 

 

2.7 Metabolic activity assay 

The effect of the exposure of the chitosan solutions on HT29-MTX cell cultures was 

evaluated by measuring the metabolic activity of the cell cultures. Mature cell cultures with a 

mucus layer were prepared on membranes in semi-wet conditions as described above. The cell 

culture medium was removed and 100 µL of the chitosans solubilized at a concentration of 5 

mg/mL in acidified PBS (pH 5.5) were added to the apical surface of the cultures. After 1 h of 

incubation, the chitosan solution was removed from the inserts or the wells and washed three 

times with PBS. After the treatment conditions were met, the cells were allowed to recover for 

24 h. Changes in metabolic activity were measured using a resazurin-based in vitro toxicology 

assay kit (alamarBlue, Sigma-Aldrich). A 10 % alamarBlue working solution was prepared in 

the same basal medium used for cell culture with heat-inactivated FBS at 1% final concentration 

and incubated with the cell cultures in the dark for 3 h at 37 °C in a 5 % CO2/95 % air 
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atmosphere. The reduced alamarBlue was aliquoted into a 96-well plate (NUNC) and 

fluorescent measurements (Excitation 545 nm and Emission 590 nm) were taken using a plate 

reader (BMG-CLARIOstar). All metabolic activity experiments were performed in triplicates. 

  

2.8 Testing the barrier properties of PGM complexed to chitosan. 

The barrier properties of PGM gels were assessed using fluorescently labeled dextrans 

(Sigma-Aldrich, 4 kDa and 70 kDa). First, complexes were formed as described above, then 

the drops were washed in 20 mM HEPES solution (pH 7) for 5 to 30 minutes before being 

introduced in a solution of dextran-FITC (1 mg/mL in 20 mM HEPES, pH 7). The drops were 

then imaged about 45 seconds after being introduced to the solution and every minute thereafter 

using a Zeiss LSM510 fluorescence confocal microscope with a 10 x objective. Analysis of the 

time lapse images was performed using the ImageJ image analysis software.38 To determine the 

diffusion front along the x-axis (towards the center of the drop), the fluorescence threshold was 

set as being 5 % of the fluorescence of the solution outside the mucin drop. The diffusion front 

distance was determined for each time frame as the distance between the edge of the mucin 

drop and the diffusion front. The distance of the diffusion front was linearly related to the square 

root of time and revealed a random motion type of diffusion. The slopes of diffusion front 

distance as a function of the square root of time were obtained via the linear regressions of the 

data points using the Prism software (v6, GraphPad). The diffusion of dextran-FITC into the 

chitosan/PGM complexes was measured at least four times for each condition tested. 

 

2.9 Testing barrier property of HT29-MTX mucus complexed with chitosan. 

The effect of chitosans on the mucus barrier properties was tested by measuring the uptake 

of fluorescently labeled molecules by mature HT29-MTX cultures covered with a mucus layer. 

Young cultures, devoid of mucus, were used to test the effect of chitosan on the ability of cells 
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to uptake the molecules. Cell culture medium was removed from the apical and basal side of 

mature HT29-MTX cultures on membranes in semi-wet conditions and from young cultures on 

membranes in wet conditions. The basal side was left empty, while 0.1 mL of chitosan solution 

(5 mg/mL dissolved in PBS, pH 5.5) was placed on the apical side. After 1 h, the chitosan 

solution was removed from the inserts and washed 3 times with PBS before adding either 0.1 

mL of dextran-FITC or 1 mL of FITC-Cholera-toxin B. Dextran-FITC (~4 kDa, Sigma-Aldrich) 

was dissolved PBS at 1 mg/mL, while FITC-Cholera-toxin B (Sigma-Aldrich) was dissolved at 

50 µg/mL in DMEM/F12 medium with glutamax (Sigma-Aldrich), without serum or 

antibiotics. The plates were incubated at 37 ºC in 5% CO2/95% air for 1 h then washed with 

PBS. The young cells were collected after a 15 min trypsin treatment using 0.5 mL of 0.25 % 

trypsin-EDTA at 37 ºC in 5% CO2/95% air. The mature cultures were washed with PBS and 

subsequently washed with a sodium bicarbonate-NaCl buffer (0.1 N NaCl buffered to pH 7.4 

and containing 0.1 M sodium bicarbonate and 1 mM DTT) and incubated with 0.25 mL of a 1 

mg/mL DTT for 15 min at 37 ºC in 5% CO2/95% air to break the mucus barrier and 

subsequently trypsinized similarly to the young cells. After trypsin treatment, all cells were 

spun down in a centrifuge (Eppendorf 5417C) at 4 °C for 3 mins at 1700 rcf. The supernatant 

was discarded and the pellet was resuspended in 0.3 mL of 1 % BSA-PBS and transferred to 

sample tubes for flow cytometric analysis (Galios, Beckman Coulter). A viscous gel likely 

composed of cells, mucus, and other extracellular components, would assemble in the tube if 

left for standing for long periods during experiments. To avoid this, vigorous vortexing was 

used to disrupt the clusters immediately before measurements. Data was analyzed using 

DeNovo FCS Express flow cytometry software. All samples were tested in duplicates. 

  

2.10 Quantification of chitosan complexation to PGM and HT29/MTX mucus. 
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The chitosan contained in each of the complexes was quantified using fluorescamine, which 

becomes fluorescent when bound to the primary amines of the chitosan. In a glass vial 

containing 100 µL of chitosan at 5 mg/mL, five PGM-chitosan drops of 4 µL each were formed. 

To estimate the amount of chitosan bound to the mucin drops, the concentrations of chitosan in 

the supernatant before and after complexation were measured. To do so, 2 µL of each 

supernatant sample were taken and placed in the wells of a 96 well plate, to which 48 µL of a 

200 mM MES buffer adjusted to pH 5.5 were added. Then 100 µL of fluorescamine at 2 mg/mL 

dissolved in DMSO were added to the mucin solutions and let to react for 1 hour before the 

fluorescence of each solution was measured using a microplate reader (Clario Star, BMG 

Labtech, excitation 390 nm, emission 515 nm). The concentrations of chitosans were calculated 

using a calibration curve made with samples of known chitosan concentrations. Fluorescamine 

could not be used to measure the amount of chitosan complexed to the HT29-MTX cell cultures 

due to the presence of amine containing molecules in the supernatant, most likely originating 

from the cell culture. Thus, the fluorescently labeled chitosan-FITC solutions (5 mg/mL, PBS, 

pH 5.5) were exposed to the mucus-covered HT29-MTX cell cultured on membranes in semi-

wet conditions as previously described. The fluorescence of the solution before and after 

exposure to the cells were measured to estimate the bound fraction using a microplate reader 

(Clario Star, BMG Labtech, excitation 483 nm, emission 530 nm). To estimate the amount of 

chitosan bound to the cell culture, the fluorescence values were converted to known quantities 

using a calibration curve made with known chitosan quantities. Four independent experiments 

were performed for each condition. 

  

2.11 Visualization of chitosan binding to the HT29-MTX cell model 

The distribution of chitosan on the HT29-MTX cell culture was visualized in 4-week old 

mature HT29-MTX cells cultured on membranes in semi-wet conditions. The cells were first 
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labeled using a non-toxic membrane dye (Celltracker Deep Red, Invitrogen) dissolved in media 

without serum and which was added to the basolateral side for 1 hour at 37ºC in 5% CO2/95% 

air. The cells were then exposed to chitosan-FITC solutions for 1 hour as previously described. 

After removing the chitosan, a drop of 0.5% agarose in PBS was added to the apical side to 

preserve the integrity of the mucus structures during sample processing. The cultures were then 

imaged using a laser scanning confocal microscope (LSM 800, Zeiss, Germany) and a 20 x 

objective. 

  

2.12 Statistical analysis 

The statistical differences of the data presented in Figure 3, 4, 5, and 7 and were performed 

using the Prism software (v6, GraphPad Software) tested using one-way analysis of variance 

(ANOVA) with post-hoc Tukey's range test. A significance value of alpha=0.05 was chosen. 

Datasets with significant differences to other datasets in the same figure are noted with 

asterisks. 

 

3. Results and discussion 

3.1 Low molar mass chitosans are mucoadhesive and bind mucin gels to form insoluble 

objects. 

In this study, three chitosan samples with a degree of polymerization (DP) equal to 8, 52 and 

100 were prepared by nitrous acid depolymerization from fully N-deacetylated chitosan. The 

nitrous acid depolymerization was typically performed by mixing a dilute aqueous acid solution 

of chitosan with a stoichiometric quantity of sodium nitrite at room temperature for 12 h, based 

on a previously described protocol33. At the end of the reaction, the samples were isolated and 

purified by precipitation using appropriate precipitation conditions according to the targeted 

DP. Thus, DP8 chitosan can be advantageously precipitated in ethanol, whereas chitosans DP52 
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and DP100 chitosans can be easily precipitated at pH 9 by addition of ammonium hydroxide 

solution. Finally, chitosan samples were fully characterized by 1H NMR spectroscopy (Figure 

SI 1) and SEC-MALLS (Figure SI 2), and their main chemical characteristics summarized in 

Table 1. All three chitosans were almost completely deacetylated (DA <1%), had a dispersity 

(Đ) between 1.15 and 1.33, and only differed significantly in molar mass and water solubility. 

Chitosan solubility can be affected by molar mass, degree of N-acetylation, chitosan source and 

preparation methodology39. Here, phosphate buffered saline (PBS) acidified to pH 5.5 with 

hydrochloric acid (HCl) was used in order to limit the potential toxicity of acidic buffer on cells. 

The smaller DP8 chitosan was found soluble in water regardless of the pH, while the DP52 and 

DP100 chitosans required a pH below 6 to be soluble in aqueous solutions at a concentration of 

10 mg/mL or below.  

 

Table 1. Characteristics of the chitosan samples. 

Sample DA (%) a DP a 
!"##### b 

(kDa) 

!$##### b 

(kDa) 
Ð b Water 

Solubilityc 

DP8 < 1 8 
1.5 

(±3%) 

1.3 

(±3%) 

1.15 

(±3%) 
Soluble  

DP52 < 1 52 
10.9 

(±4%) 

8.4 

(±4%) 

1.30 

(±4%) 
Soluble 
(pH< 6) 

DP100 < 1 100 
21.4 

(±4%) 

16.1 

(±4%) 

1.33 

(±4%) 
Soluble 
(pH < 6) 

 (a) was determined by 1H-NMR in D2O at 300 K, (b) was determined by SEC-MALLS in 
acetate buffer (pH 4.5), (c) the solubility tested in water with pH adjusted with HCl or NaOH 
at room temperature and a chitosan concentration of 10 mg/mL. 
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We first tested whether the three chitosan preparations could interact with mucins. The 

interaction between different chitosans and pig gastric mucins (PGM), a well characterized 

model mucin,40 was measured using quartz crystal microbalance with dissipation (QCM-D). 

QCM-D measures changes in weight on the surface of the sensor, as well as the dissipation of 

an acoustic wave which reflects the mechanical properties of the deposited layer.41 In addition, 

to assure that only mucin-chitosan interactions would be recorded, we immobilized the mucins 

on passivating layers of PEG (see methods in supplementary information).42 The QCM-D 

frequency drop indicates that all chitosan solutions could bind to the in-lab purified PGM 

(Figure 1 and Table 2). The smallest DP8 chitosan interacted strongly with the immobilized 

PGM and underwent limited dissociation during buffer washes (Figure 1). As a result, DP8 

chitosans had the largest net frequency shift compared to DP52 and DP100. The frequency to 

dissipation ratio (D/F ratio), which is highest for the more extended and hydrated films43, were 

similar for all three chitosans (Table 2). Commercial bovine submaxillary mucins (BSM) were 

also tested to inform on how broad the mucoadhesive abilities of the chitosans are (Figure SI 

4). BSM are chemically different from PGM, with lower molar mass and simpler and shorter 

glycan chains than in-lab purified PGM but also share common structural features.44 The 

mucoadhesion of the chitosans to BSM was found to be similar to the mucoadhesion to PGM, 

with the strongest shift in frequency and dissipation for DP8, followed by DP52 and DP100. 

These experiments thus confirmed the mucoadhesive nature of the three chitosans tested here, 

although we acknowledge that differences in the exact nature of the chitosan-mucin interactions 

might exist.  
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Figure 1. QCM-D measurement of the interactions between chitosan molecules (DP8, DP52, 

DP100) and biotinylated pig gastric mucins (PGM) immobilized on a PEG-biotin and 

streptavidin layer. The negative frequency shift (in –Hz) of the 5th overtone and dissipation 

variations are shown over the course of the five steps that the experiments are composed of. 1) 

Binding of streptavidin to the biotinylated PEG layer. 2) Adsorption of biotinylated mucins. 3) 

Injection of acidified PBS (pH 5.5). 4) Adsorption of chitosan (5 mg/mL, PBS, pH 5.5). 5) 

Wash with acidified PBS (pH 5.5). The average frequency shift and dissipation values for the 

chitosan adsorption of triplicate experiments are presented in Table 2. Similar experiments for 

commercial bovine submaxillary mucins (BSM) are presented in Figure SI 4. 

 

Table 2. Chitosan mucoadhesion to pig gastric mucins. 

 
DP8 chitosan 

(Mn = 1.3 kDa) 

DP52 chitosan 

(Mn = 8.4 kDa) 

DP100 chitosan 

(Mn = 16.1 kDa) 

PGM - Frequency 
(ΔHz) - 83.8 ± 4.8 -38.2 ± 2.2 -28.5 ± 0.4 

PGM - Dissipation 7.8 ± 1.1 3.9 ± 1.1 3.7 ± 2.1 

PGM - D/F ratio 0.09 0.1 0.13 

The average values and standard deviations for QCM-D frequency and dissipation shift, and 
dissipation to frequency ratio (D/F ratio) resulting from the interaction of the three chitosans 
with pig gastric mucins (PGM) bound to PEG-passivated surface. The averages and standard 
deviations are calculated from the results of three independent QCM-D experiments for each 
condition. 
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We then studied the effect of chitosan-mucin interactions on the structure and barrier 

properties of three-dimensional mucins gels, a configuration that better mimics native mucus 

than mucin anchored onto a surface. The in-lab purified PGM forms a weak physical hydrogel 

at the concentrations of 10 mg/mL as verified by parallel plate rheology (Figure SI 3), and was 

used as a model for the more complex mucus gels covering the wet epithelium.40 We found that 

when dropping weak PGM gels (10 mg/mL, pH 6) into a chitosan solution (5 mg/mL, PBS, pH 

5.5), the mucin drop immediately reacted, becoming visibly opaque and forming a defined 

capsule within seconds (see movie Figure SI 5). The mucin gel was thus quickly stabilized, 

forming an insoluble object that could be easily pipetted and manipulated (Figure 2A). 

Interestingly, commercial pig gastric mucins (Type II, Sigma-Aldrich) prepared at the same 

concentration (10 mg/mL, pH 6) only led to precipitates when introduced to the chitosan 

solution (Figure SI 6). This is owing to their known inability to form gels31,45,46 and points to 

the importance of using native-like mucin models in this context.   

 

The complexation was stopped after one hour, at which point there was no additional 

opacification of the drops. To visualize the distribution of chitosans within the mucin drops 

after one hour of contact time, the chitosans were labeled with amine reactive fluorescein 

isothiocyanate (chitosan-FITC), then placed in contact with the mucin drops and visualized by 

confocal fluorescence microscopy. The fluorescein dye has been shown to have limited 

interaction with mucus and was thus chosen as fluorescent marker throughout the study.47 The 

cross-section of the chitosan-mucin drops revealed that the smallest DP8 chitosan distributed 

more homogeneously throughout the mucin drop (Figure 2A’). A fraction of the DP52 and 

DP100 chitosan molecules could also diffuse within the mucin drop, and preferentially 

accumulated at the periphery (Figure 2C). In all samples, we noted the presence of dark zones 
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which excluded the chitosan. This was not observed in all samples and is likely due to the 

heterogeneity of purified mucin gels which can contain domains of concentrated mucin 

microgels possibly in association with other non-mucin substances such as polysaccharides and 

lipids. The distribution of the chitosan in the mucin drop depends on its ability to freely diffuse 

through the mucin network mesh. High molar mass chitosans are more likely to be sterically 

trapped and chemically bound to the mucin mesh than their smaller counterparts. In addition to 

size and number of interaction sites, the three chitosans tested here have different 

physicochemical properties. For instance, the DP8 chitosan dissolves independently of pH, 

whereas DP52 and DP100 are only soluble at pH ~6.5 and below. These differences could affect 

their diffusion kinetics and interaction with the mucin gel. For instance, mucin gels, which have 

a pH close to the solubility limit of chitosan when dissolved in water (pH ~6), could contain 

microdomains with pH higher than 6, which would reduce the solubility of the chitosan and 

hinder its progression into the gel. The deprotonated form of the chitosan would then favor the 

formation of hydrogen bonds and hydrophobic interactions over the electrostatic interactions 

that dominate when chitosans are protonated (below pH ~6.5). It is also worth noting that if the 

chitosan solutions were to significantly decrease the pH of mucus, pH change alone could lead 

to the strengthening of mucin-mucin interaction and the reinforcement of barrier properties.40 

This would be especially relevant in the pH-responsive gastric mucin gels used here. However, 

in this study, the pH of the chitosan solutions and mucus were similar (pH 5.5 for chitosans, vs 

pH 6 for mucus) to avoid that mucus stiffening could contribute to changes in the barrier 

properties. 
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Figure 2. Formation of mucin drops / chitosan complexes in solution. A) Stereomicroscope 

images of the mucin-chitosan complexes, (A’) fluorescence confocal microscopy cross section 

of the mucin drops showing the distribution of fluorescently labeled chitosan, and (A’’) cryo-

SEM image of the surface of the complexes. All cryo-SEM images are at the same 

magnification. B) Schematic representation of the formation of the complexes, with the mucin 

gel in green and chitosan solution in blue. The complexation layer is displayed in white. C) 

Fluorescence profiles of the images shown in A’ revealing an accumulation of fluorescence at 

the surface of the mucin drop for the two higher molar mass FITC-labeled chitosans. 

  

Given the clear evidence for chitosan interaction and diffusion across mucin gels, we 

hypothesized that the chitosan complexation could impact the structure of the gels. We used 

cryo-SEM to investigate the changes to the mucin gels after complexation. The sample 

preparation for electron microscopy techniques inevitably alters the native structure of mucin 

hydrogels. However, differences in the structure of the complexes (close to the surface of the 

drops) were indirectly observed by cryoSEM (Figure 2A’’). PGM complexed with DP8 
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chitosan resulted in a finer and denser morphology than when complexed with DP52 and DP100 

chitosans. In these latter conditions, large homogeneous honeycomb like structures were 

interconnected by thin network of branched membranes formed after ice crystallization. These 

differences could arise from the nature or density of the individual crosslinks formed by DP8 

chitosan compared to those formed by the larger DP52 and DP100 chitosans. Low molar mass 

chitosans could bridge mucins at local scale, resulting in a denser physical network and in the 

smaller ice grains microstructure indirectly observed by cryo-SEM after sublimation. These 

changes in gel physical structure could also be explained by invoking differences in the total 

amount of chitosan that diffused into the mucin drops. However, the quantification of the 

amount of chitosan complexed to the mucin drops did not reveal statistically significant 

differences amongst the three chitosans; around 0.3 µg of chitosan per µg of mucins (Figure 

3). 

 

 

Figure 3. Quantification of the amount of chitosans engaged in the complexation of purified 

mucin drops. Five mucin drops were formed in a 100 µL of chitosan solution. The total amount 

of chitosan complexed to the mucin was back-calculated from the chitosan concentration 

measured in the solution after contact with the mucin drops. No significant differences were 

found between the samples (p=0.312). 
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3.2 Chitosan complexation reinforces the barrier properties of PGM. 

In view of the structural changes induced by chitosan complexation, we hypothesized that the 

barrier properties of the gel could also be affected. We thus used mucin-chitosan drops to study 

the diffusion of fluorescently-labeled dextran into the complexed mucin gel. The drops were 

immersed in a solution of dextran-FITC (4 kDa or 70 kDa, 20 mM HEPES, pH 7) and the 

progression of the diffusion front was followed over time by confocal fluorescence microscopy 

(Figure 4A and Figure 4B). We chose dextrans because of their known limited interaction 

with mucins and their availability as fluorescein conjugates.48 We thus mainly probe the size 

exclusion effect of the mucin gel and not its ability to filter through affinity-based interactions. 

The progression of the two dextran-FITC molecules (4 kDa, with a Stokes radius of ~1.4 nm 

and 70 kDa, with a Stokes radius of ~3.6 nm)49 were slower in the chitosan-complexed mucin 

gel than in non-complexed mucin gels (p<0.05). In this system, DP8 chitosan led to the smallest 

decrease in the front speed of dextrans (Figure 4C). For larger DP52 and DP100 chitosans, the 

dextran molecules could hardly progress in the mucin gel complexes at the short times observed 

here (10 minutes). An increase in dextran size from 4 kDa to 70 kDa led to an expected decrease 

in front displacement speed for all conditions except for non-complexed mucin gels (Figure 

4D). The 10 mg/mL mucin gels used herein corresponds to the minimal concentration at which 

PGM extracts form physical hydrogels at pH ≤ 6 (Figure SI 3) that mimic the native mucus 

gel. However, mucus gels are likely to be more concentrated in mucins (20 to 50 mg/mL).50,51 

In these conditions, the chitosans and probes tested here would likely diffuse more slowly into 

the gels. Nevertheless, these results suggest that chitosan complexation of mucin slows the 

diffusion of dextran through the mucin gel, thereby reinforcing its barrier properties. 
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Figure 4. Diffusion of fluorescently labeled dextrans in mucin drop/chitosan complexes. (A) 

Time series of scanning confocal microscopy cross sectional images of fluorescently labeled 

dextran diffusion into mucin drops. (B) The fluorescence intensity profile of the fluorescently 

labeled dextran with the front edge locations marked with a thick vertical segment for each 

time. In the insert, the corresponding calculated front distance plotted as a function of the square 

root of time. The slope of front distance as a function of the square root of time plots for dextran 

4 kDa (C) and 70 KDa (D). Asterisks denote statistical significance with the non-complexed 

mucin condition (PGM), (p <0.05). 

 

3.3 Chitosan complexation to HT29-MTX mucus secreting epithelial cells does not 

impact their metabolic activity. 
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Although informative, the purified mucin model is an oversimplification of the native 

mucosal barrier. We next used mucus-secreting HT29-MTX cells cultured in semi-wet 

conditions to mimic more closely the native mucosal tissue.37 The mucin gel is thus replaced 

by a much more complex mucus, which is composed of mucins and other components such as 

lipids, other proteins, and carbohydrates.1,52 The mucus barrier is also structurally different, 

likely composed of a loose and a more adherent mucus layer,37 as well as cell-membrane 

tethered layer on the cell surface (glycocalyx).2 The HT29-MTX formed multicellular structures 

over seven days of culture (Figure 5A). We confirmed by histology, the presence of a 20 µm 

thick mucus layer with polarized multicellular structures, after 30 days of culture (Figure 5B). 

We also verified the presence of mucins in the secretion of mature HT29-MTX cell cultures by 

mass spectrometry (see methods in supplementary information). Mostly human Muc5AC, but 

also Muc5B and traces of Muc2 were identified in the HT29-MTX purified mucin preparations 

(Table SI 2). These are the human equivalent to the mucins found in the PGM used in the first 

part of the study (Table SI 1). Muc5AC is a major gel forming mucin, which is found also in 

the lungs, ocular and cervical mucus. In contrast to what was found for mature cultures, the 

histology images of 7 day-old cell cultures grown without mucus-secretion enhancing N-[N-

(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and in wet 

conditions showed no mucus layer as previously reported.37 These cultures are denoted “young 

cultures” and are later used as a control condition consisting of cells without a mucus layer. We 

tested the cytotoxicity of DP8, DP52, and DP100 chitosan solutions diluted in acidified PBS 

(pH 5.5) at a concentration of 5 mg/mL towards the mature cultures grown on membranes in 

semi-wet conditions (Figure 5C). The metabolic activities of the cells following exposure to 

the three chitosan solutions were not statistically different as compared to cells exposed to 

acidified PBS alone, suggesting good cytocompatibility of the chitosans (p > 0.51). Similarly, 

exposure of the chitosans solution to young HT29-MTX cells cultured on polystyrene surfaces 
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in wet conditions (i.e. in absence of a mucus layer) did not result in cytotoxicity (Figure SI 7). 

Surprisingly, complementary analyses of the effect of chitosans on the cell membrane integrity 

did show an increase of cell membrane permeability to the red-fluorescent ethidium 

homodimer-1 dye (Figure SI 8). The effect was limited for the small DP8 chitosan, but more 

prominent for the larger DP52 and DP100 chitosans. This data supports previous studies where 

the ability of chitosans to disturb the membrane integrity of epithelial cells have been reported.53 

However the well documented biocompatibility of chitosan polymers and oligomers54,55 as well 

as the good cytocompatibility of the chitosan solutions as measured by cell metabolic activity 

encouraged us to further investigate if they could be used as topical treatments to reinforce the 

natural barrier properties of the mucus layer.  

 

 

 

Figure 5. Histology of HT29-MTX cell cultures and cytocompatibility of the chitosan 

solutions. (A) Histology images of young cultures 7 days after seeding and stained with Alcian 

blue and counterstained with Mayers hematoxylin. The cells organized in multilayered 

structures devoid of a mucus layer. (B) Histology images of mature cultures 30 days after 

reaching confluency and stained with Alcian blue and counterstained with Mayers hematoxylin. 



  

27 

 

The cells became polarized and coated with a layer of adherent mucus (stained in blue). (C) 

The metabolic activity of mature HT29-MTX cultures after exposure to solutions of chitosan 

dissolved in acidified PBS (pH 5.5), at a concentration of 5 mg/mL showed no difference with 

the control exposed to acidified PBS, pH 5.5 without  chitosan (p > 0.51). 

 

3.4 Chitosan complexation reinforces the barrier properties of HT29-MTX mucus. 

We further examined the ability of chitosan solutions to reinforce the barrier properties of the 

adherent mucus gel secreted by HT29-MTX cells cultured on membranes in semi-wet 

conditions. We first tested 4 kDa fluorescently labeled dextrans for a direct comparison with 

the in vitro PGM gel system described above. Dextran is spontaneously endocytosed by HT29-

MTX cells; thus, the total fluorescence of cells can serve as an indicator of dextran diffusion 

down to and across the cell membrane. Flow cytometry analysis presented in Figure 6A and 

Figure SI 9A show that there was less uptake of dextran by mucus-covered cells than by mucus-

free cells treated with chitosan. The decrease in median fluorescence confirms the presence of 

a protective mucus layer secreted by the mature cell cultures and suggests that chitosan alone 

does not block the uptake of dextran by the cells. Complexation of DP8 chitosan to the mucus 

layer significantly decreased the median fluorescence compared to non-complexed mucus-

covered cells. However, neither DP52 nor DP100 chitosans led to significant changes in dextran 

diffusion and subsequent uptake by the cells.  

 

We then tested whether chitosan complexation would affect the diffusion of a more 

chemically complex molecule than dextrans. The cholera toxin B subunit is a non-potent 12 

kDa protein which has a strong affinity for the glycosphingolipid GM1 ganglioside of cell 

membranes56 and serves as a cell anchor to the fully functional toxin. Cholera toxin B subunit 

has an estimated isoelectric point of 8.9, which results in a net positive charge at pH 5.5 when 
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used in this system and should have limited electrostatic interactions with the chitosan 

molecules. A fluorescent cholera toxin B (F-CTB) subunit was used for easy visualization in 

this study. Here again, the complexation of DP8 chitosan with mucus led to a net decrease in 

median fluorescence of the cells when compared to mucus-covered cells (Figure 6B and 

Figure SI 9B). However, similarly to dextran, there were no clear changes in cell uptake of the 

protein when the two chitosans of higher molar masses were used to interact with the mucus 

suggesting significant differences in the interactions between HT29-MTX mucus and chitosans 

of various molar masses. 

 

 

Figure 6. Flow cytometry of HT29-MTX cells exposed to fluorescently labeled dextran 

(column A) or cholera toxin B subunit (column B). The three conditions tested are HT29-MTX 

grown for 30 days with a mucus layer (red line), HT29-MTX grown for 7 days without a mucus 
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layer and treated with the chitosans of different molar masses (black line), and HT29-MTX 

grown for 30 days with a mucus layer and treated with chitosans of different molar masses (blue 

line). The smaller DP8 chitosan, when complexed to the mucus covering the HT29/MTX cells, 

lowered the cell fluorescence for both dextran and cholera toxin B subunit, suggesting a 

reinforcement of the barrier properties. These experiments were performed in duplicate (Figure 

SI 9). 

 

These results show that the smaller DP8 chitosan can strengthen the barrier properties of 

mucus in both the in vitro PGM gel and in HT29-MTX cell-based systems, although the effect 

was more pronounced in the cell-based system. The larger chitosans were effective barrier 

enhancers in the PGM gel system but lost their effect when tested on the cell-based system. 

Although we were not able to detect any significant differences in the quantities of chitosan 

complexed to the cell system between the three chitosan sizes (Figure 7A), such a difference 

in efficacy could possibly stem from differences in adsorption of the chitosan within mucus and 

onto the cells. One can hypothesize that such discrepancies could arise from differences in 

composition and structure between PGM gels and the HT29-MTX mucus and glycocalyx. 

Mucus typically contains mucins at concentrations higher than the 10 mg/mL used for the PGM 

gels in addition to several non-mucin proteins and polysaccharides. To investigate whether low 

molar mass DP8 chitosan distributed differently in the mucus layer compared to the larger DP52 

and DP100 chitosans, fluorescence confocal imaging of the complexed HT29-MTX cultures 

after exposure to chitosan-FITC was performed (Figure 7B,B’,B’’). The fluorescence signal 

from DP8 chitosan-FITC colocalized with the fluorescence of the cells labeled with the 

Celltracker dye (Figure SI 10) and seemed to diffuse between cell layers. In contrast, in some 

areas DP52 and DP100 chitosans formed sheets that did not intermix with the cell layers, which 

is in agreement with results that demonstrate limited penetration of the DP52 and DP100 
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chitosans into PGM as seen in Figure 2A’. The complexation of chitosan with the secreted 

mucus as well as the process of sample preparation for microscopy may have removed the more 

loosely bound mucus layer. Hence, it suggests that Figure 7 depicts chitosans interacting with 

the tightly bound mucus layer and the glycocalyx. This ability of DP8 chitosan for a closer 

association around the mucus covered cells and within the cell multilayer could explain its 

better barrier enhancement in this system. Put together, these results clearly demonstrate the 

potential of reinforcing mucus layer with low molar mass chitosans, however its efficacy 

remains to be tested on native mucus samples. 

 

 

 

Figure 7. Chitosan interaction with mature HT29-MTX cultures. (A) Quantification of the 

amount of chitosans bound to mature HT29-MTX cultures covered with a mucus layer.  The 

total amounts of chitosan complexed to the cell cultures were calculated from the decrease in 
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chitosan concentration measured in the solution after contact with the cells. Confocal images 

of HT29-MTX cell layers treated with DP8 (B), DP52 (B’) and DP100 (B’’) chitosan-FITC. A 

focus plane towards the bottom of the cell layer show cells stained by Celltracker Deep Red 

dye (red color). A focus plan towards the top of the culture shows chitosan-FITC (green color). 

Cross-sectional views for all three chitosans reveal the tendency of smaller DP8 chitosan (B) to 

penetrate the mucus and cell layer more readily than the DP52 (B’) and DP100 (B’’) chitosans 

that formed layers that remained on top of the cells. Scale bar is 100 µm. Fluorescence profiles 

of the cross-sections are shown in Figure SI 10. 

 

4. Conclusions 

We have shown in this study that low molar mass chitosan molecules (DP=8) can effectively 

bind and crosslink mucin and mucus gels, thereby retarding the diffusion of molecules such as 

dextrans and the cholera toxin B subunit through the chitosan/mucin polyelectrolyte gel. The 

idea of forming a reinforced protective barrier over the epithelial cells by complexing chitosan 

molecules with mucus is attractive. In practice, it could offer a simple way to reinforce the 

altered mucosa found in inflammatory bowel diseases57 or prevent ulcer-inducing Helicobacter 

bacteria from reaching the epithelium.58 However the ability to prevent actively motile particles 

such as bacteria needs to be further verified. Importantly, the biodegradability of chitosan and 

the normal turnover of mucus would make this modification only temporary, pausing infection 

and inflammation, allowing other healing mechanisms to initiate before the newly reinforced 

barrier effects decrease. Indeed, long-term crosslinking of mucus would probably lead to 

undesirable effects, like in cystic fibrosis, where mucus’ immobility leads to bacterial 

infections.59 An important aspect of this discovery envisions the potential use of low molar 

mass chitosans to physically crosslink mucus gels. Beyond the advantage of being able to 

relatively freely diffuse through the mucus gel, low molar mass chitosan solutions have low 
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viscosity and have good solubility even at neutral pH. Although the delivery of chitosan in such 

a therapeutic strategy, in a targeted and controlled manner in vivo is challenging, previous 

successful applications of chitosans in mucosal drug delivery materials suggest it is possible to 

target chitosan-based materials to mucosal surfaces even with the presence of luminal contents 

that could interfere with such interactions.60,61 Thus, this work could open possibilities for 

numerous new mucosal treatment strategies with chitosans delivered as gels, sprays, and 

degradable or enteric capsules depending on the targeted mucosal surfaces. 

 

Supporting Information: Figure SI 1, 1H NMR spectrums of the chitosans. Figure SI 2, size-

exclusion chromatogram of the chitosans. Figure SI 3, parallel plate rheology measurement of 

a 10 mg/mL solution of pig gastric mucin dissolved in ultrapure water. Figure SI 4, QCM-D 

measurement of the interactions between chitosan molecules and immobilized biotinylated 

bovine submaxillary mucins. Figure SI 5, real time video of the injection of in-lab purified pig 

gastric mucin into a solution of chitosan. Figure SI 6, real time video of the injection of 

commercial pig gastric mucins into a solution of chitosan. Figure SI 7, metabolic activity of the 

chitosan solutions on young HT29-MTX cell cultures. Figure SI 8 live-dead assay on HT29-

MTX cells exposed to chitosans. Figure SI 9, repeat experiment of flow cytometry of HT29-

MTX cells exposed to fluorescently labeled dextran or cholera toxin B subunit. Figure SI 10, 

fluorescence profile of cross-sections of confocal images of HT29-MTX cell layers treated with 

the DP8, DP52, and DP100 chitosan-FITC. Table SI 1, mass spectrometric analysis of trypsin-

digested mucins purified from HT29-MTX secretions. Table SI 2, mass spectrometric analysis 

of trypsin-digested mucins purified from the stomach of pigs. Additional materials and methods 

sections describing QCM-D experiments, mass spectrometry experiments, size exclusion 

chromatography, and 1H NMR experiments are also provided. 
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Reinforcing mucus barrier properties with low molar mass chitosans.  
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Laurent David, Stéphane Trombotto, Thomas Crouzier 

 

 

Figure SI 1. Synthesis of chitosan samples by nitrous acid depolymerization of fully 

deacetylated chitosan and 1H NMR spectrum (300 MHz) of DP8, DP52, and DP100 chitosans 
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in D2O at 300 K. The degree of N-acetylation (DA) deduced from the data is reported in Table 

1 in the main text. 

 

 

 

Figure SI 2. Size-exclusion chromatograms in acetate buffer (pH 4.5) of DP8, DP52, and 

DP100 chitosans. The number average molar mass (Mn) the mass-average molar mass (Mw) 

and the dispersity (Đ) deduced from the measurements are shown in Table 1 in the main text. 

For detailed SEC analysis conditions, see materials and methods in SI. 
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Figure SI 3. Rheology measurement of 1% (10 mg/mL) pig gastric mucins, dissolved in 

ultrapure water overnight (resulting in a pH of around pH 6). The measurements were 

performed using a Discovery Hybrid Rheometer (TA instruments) and a 25 mm stainless steel 

plate geometry with a gap of 200 μm, and the temperature set at 20°C. The oscillation torque 

was fixed at 0.3 µN.m (previously determined to be in the region of linear response after 

performing an initial stress sweep with a constant frequency of 0.5 rad/s), and the angular 

frequency was varied from 0.1 to 10 rad/s. The results show a slightly higher storage modulus 

than loss modulus over the range of frequencies tested, which suggest that the mucin solutions 

used in the study can be considered as weak gels.  
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 DP8 chitosan 
(Mn = 1.3 kDa) 

DP52 chitosan 
(Mn = 8.4 kDa) 

DP100 chitosan 
(Mn = 16.1 kDa) 

BSM - Frequency (ΔHz) -112.4 ± 3 -40.6 ± 4.4 -31.3 ± 5.8 

BSM - Dissipation 5.5 ± 0.7 1.8 ±1.8 2.1 ±1.7 

BSM - D/F ratio 0.05 0.05 0.07 

 

Figure SI 4. QCM-D measurement of the interactions between chitosan molecules (DP8, DP52, 

DP100) and biotinylated bovine submaxillary mucins (BSM, Sigma-Aldrich) immobilized on 

a PEG-biotin and streptavidin layer. The experiment for the sample conditions were composed 

of five steps. 1) Binding of streptavidin to the biotinylated PEG layer. 2) Adsorption of 

biotinylated mucins. 3) Injection of acidified PBS (pH 5.5). 4) Adsorption of chitosan (5 

mg/mL, acidified PBS). 5) Wash with acidified PBS. The control condition was performed in 

three steps. 1) Injection of acidified PBS (pH 5.5). 2) Injection of DP8 chitosan (5 mg/mL). 3) 

Injection of acidified PBS (pH 5.5). The average values and standard deviations of three 

independent experiments are reported in the table below the graphs. 
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Figure SI 5. Real time video of the injection of 4 µl of in-lab purified pig gastric mucin (10 

mg/mL, pH 6) into a 1 mL solution of chitosan (DP = 52, pH 5.5). The video is recorded by a 

Samsung Galaxy S6 device. 

 

Figure SI 6. Real time video of the injection of 4 µl of commercial pig gastric mucins (10 

mg/mL, pH 6, Sigma Aldrich) into a 1 mL solution of chitosan (DP = 52, pH 5.5). The video is 

recorded by a Samsung Galaxy S6 device. 

 

 

Figure SI 7. Metabolic activity of the chitosan solutions on young HT29-MTX cell cultures. 

Young HT29-MTX cells were cultured on tissue culture polystyrene 24-well plates (Nunc) by 

seeding 5 x 104 cells/well followed by 7 days of culture in wet conditions. The metabolic activity 

was measured by alamar blue assay similarly to the mature cell cultures after exposure to 

solutions of chitosan dissolved in acidified PBS, at concentrations of 1, 1.5, 2, 2.5 and 5 mg/mL. 
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The results show no statistically significant differences between the chitosan treated cultures 

and the control condition which consisted in cells exposed to acidified PBS, pH 5.5  (p > 0.5). 

 

 

 

 

 

 

 

 

Immediately after exposure    24 hours after exposure 
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Figure SI 8. HT29-MTX cell were seeded on transwell inserts and cultured for 30 days until a 

layer of mucus formed on its surface as described in the materials and methods. The cells were 

then exposed to chitosan dissolved in acidified PBS (pH 5, with addition of HCl) at 5 mg/mL 

for 1 hour at 37°C (5% CO2). The cells were then gently washed once with 1 mL of PBS. In 

one condition (images to the left), the cells were immediately exposed to live-dead stain 

(calcein-AM for live cells and ethidium homodimer-1 for dead cells, ThermoFisher Scientific) 

for 15 minutes before being observed under the microscope (10x objective, Nikon Eclipse Ti). 

In another condition (images to the right), the cells were cultured for a further 24 hours in 

culturing medium, then analyzed for viability as described above. 
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Figure SI 9. Repeat experiment of flow cytometry of HT29-MTX cells exposed to fluorescently 

labeled dextran (column A) or cholera toxin B subunit (column B). The three conditions tested 

are HT29-MTX grown for 30 days with a mucus layer (red), HT29-MTX grown for 7 days 

without a mucus layer and treated with the chitosan (black), and HT29-MTX grown for 30 days 

with a mucus layer and treated with chitosan (blue). The smaller chitosan DP8 lowered the cell 

fluorescence intensity for both dextran and cholera toxin B subunit, suggesting a reinforcement 

of the barrier properties.  
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Figure SI 10. Fluorescence profile of cross-sections of confocal images of HT29-MTX cell 

layers treated with the DP8, DP52, and DP100 chitosan-FITC. The section of the image used 

for each analysis is shown to the left of the fluorescence profile.  The fluorescence signal from 

DP8 chitosan coincided with the fluorescence red dye taken up by the cells. For DP52 and 

DP100, the fluorescence was only partially overlapping with the fluorescence of the cells. The 

image analysis was performed with ImageJ (Fiji release, v 2.0.0-rc-64/1.51s), by averaging 

pixel value of the width of the image section. The fluorescence was normalized to the maximum 

fluorescence of each channel and plotted as a function of the distance from the top of the images. 

The image sections were selected for areas containing large amounts of fluorescence signal 

from chitosan. 
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Nr. Accession Description Sequence 
coverage (%) No. of unique peptides 

1 pMuc5ac_prot_201507 pig gastric mucin 5AC 28 33 

2 pMuc5b_prot_201507 pig gastric mucin 5B 4.2 1 

3 gi|816044720 
Chain A, Crystal Structure Of The Human 
Mitochondrial Chaperonin Symmetrical 'football' 
Complex 

12 4 

4 gi|180570 creatine kinase [Homo sapiens] 15 4 

5 gi|4501885 actin, cytoplasmic 1 [Homo sapiens] 20 5 

6 gi|31179 enolase [Homo sapiens] 11 3 

7 gi|525317098 MUC5AC, partial [Homo sapiens] 4 13 

8 gi|157057089 mucin 5AC, oligomeric mucus/gel-forming [Homo 
sapiens] 3 4 

9 gi|89574129 mitochondrial malate dehydrogenase 2, NAD 
[Homo sapiens] 23 5 

10 gi|5729877 heat shock cognate 71 kDa protein isoform 1 
[Homo sapiens] 7 3 

11 gi|48257098 VCP protein, partial [Homo sapiens] 5 2 

12 gi|1374792 selenium-binding protein [Homo sapiens] 6 2 

13 gi|4506667 60S acidic ribosomal protein P0 [Homo sapiens] 8 2 

14 gi|119622832 hCG1993438, isoform CRA_b [Homo sapiens] 2 2 

15 gi|21361176 retinal dehydrogenase 1 [Homo sapiens] 6 3 
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Table SI 1: Mass spectrometry analysis of trypsin digested mucins purified from the stomach of pigs (PGM). The top of the table 

denotes that the main protein identified in this sample was Muc5AC (as defined in the mucin Database Mucin (version 2.0 2015, 

accessible at http://www.medkem.gu.se/mucinbiology/databases) with a protein sequence coverage of 28 %. List of all proteins together 

with their corrresponding peptides, obtained from trypsin digestion of mucins purified from the stomach of pigs is indicated in an tabular 

file in supporting information. 

 

 

Nr. Accession Description Sequence 
coverage (%) No. of unique peptides 

1 gi|748983076 mucin-5AC precursor [Homo sapiens] 22 28 

2 gi|157057089 mucin 5AC, oligomeric mucus/gel-forming [Homo sapiens] 10 0 

3 gi|472455995 MUC5AC, partial [Homo sapiens] 7 3 

4 gi|119622831 hCG1993438, isoform CRA_a [Homo sapiens] 36 2 

5 gi|301172750 mucin-5B precursor [Homo sapiens] 6 1 

6 gi|2506877 Short=MUC-2  [Homo sapiens] 1 1 

7 gi|5174387 prominin-1 isoform 1 precursor [Homo sapiens] 4 2 
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8 gi|189054178 unnamed protein product [Homo sapiens] 4 2 

 

Table SI 2: Mass spectrometry analysis of trypsin digested mucins purified from HT29-MTX secretions. The top table denotes that the 

main protein identified in this sample was Muc5AC (gi|748983076) with a protein sequence coverage of 22 %. List of all proteins 

together with their corrresponding peptides, obtained from trypsin digestion of mucins purified from HT29-MTX secretions is indicated 

in a tabular file in supporting information. 
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Supporting Information - Materials and Methods 

 

QCM-D data of adsorption of chitosan onto immobilized mucins 

A quartz crystal microbalance with dissipation monitoring (QCM-D) system was used to develop 

a customized platform to study the interactions between mucins and different chitosan. To achieve 

this, a system composed of a protein repellant bottom layer, followed sequentially by layers of 

biotin receptors, streptavidin and biotinylated mucins was built (see Figure 1). The inherent 

antifouling properties of poly ethylene glycol (PEG) were exploited for reducing non-specific 

protein binding to the sensor surface, some of which contained an end biotin receptor to combine 

this into one assembled layer. As a linker between biotin-PEG and biotin-mucin, streptavidin was 

used due to the high affinity binding between itself and biotin.  

 

Figure 1. Schematic representation of the QCM-D multi-layered system used to test for the muco-

adhesion capabilities of chitosans.  

 

The buffer (20 mM HEPES, 50 mM NaCl) used as running buffer and for preparing all protein 

solutions, was degassed. The flow was regulated using a peristaltic pump, which produced a stable 
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flow of 0.25 mL/min for all measurements. For all experiments the temperature was set to 25°C 

and QCM-D data was acquired and analyzed with proprietary software (QSoft 401 and QTools 

301).   

5 MHz AT-cut gold-coated QCM-D quartz crystals (Q-Sense, Sweden) were cleaned in a 1:1:5 

mixture of 25% ammonia, 35% hydrogen peroxide and 40% degassed Milli-Q water for 10 minutes 

at 80°C to remove potential organic contaminants. After cleaning, they were rinsed 3x with Milli-

Q water and dried under a flow of nitrogen. An ethanol solution of 10 mM PEG-thiol (Polypure, 

Norway [structural formula: HO-(C2OH4)7-SH, MW: 386.5 Da]) and PEG-biotin thiol (Polypure, 

Norway [structural formula: biotin-NH-C2H4-(C2OH4)10-C2OH4-SH, MW: 788 Da) at a molar ratio 

between PEG-thiol and PEG-biotin thiol of 99:1 was prepared. The sensors were put in the bottom 

of a 50 mL falcon tube, covered with 1 mL of PEG-thiol solution. The incubation lasted for <16 

hours at RT and was followed by rinsing with 99.5% ethanol, rinsing with Milli-Q water and then 

drying with nitrogen gas. The sensors were then ready for QCM-D investigations of their 

antifouling properties. 

To enable assembly of the last platform layer required biotinylated mucins. For biotinylation, (+)-

Biotin N-hydroxysuccinimide ester (Sigma-Aldrich, Sweden) dissolved in DMSO was reacted 

with mucins dissolved in PBS at 10 mg/mL using a molar excess of 2000:1.  After incubation at 

4°C for 2 hours, free biotin was removed by multiple rounds of centrifugal filtration (50 kDa 

MWCO, Amicon, Merck Millipore, Germany). The resulting biotin-mucin was then lyophilized 

and ready for use. 

The immobilized mucin system was built by flowing streptavidin (from Streptomyces avidinii, 

Sigma-Aldrich, Sweden) at a concentration of 25 µg/mL in 20 mM Hepes, 50 mM NaCl solution. 
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After a rinsing step, the biotinylated mucin at 400 µg/mL was flowed in 20 mM Hepes, 50 mM 

NaCl solution. Subsequently, the surface was functionalized with mucins and ready to be used for 

mucin-chitosan interaction studies. 

 

Mass Spectrometry and data analysis 

Mucins were collected from the overlying media of HT29-MTX cells (HT29-MUC), cultured for 

30 days and purified using a similar protocol as the one used for pig gastric mucins (PGM). The 

culture media overlying mature HT29-MTX cells was collected at each media change over 3 weeks 

and pooled. 200 mL of media were centrifuged to remove cell debris, and then run through size 

exclusion columns to retrieve the larger molecules. The resultant solution was concentrated, 

desalted by cross-flow filtration (MWCO of the filter being 300 kDa) and then lyophilized. 

 

Approximately, 1 mg of lyophilized mucin (PGM and HT29-MTX derived mucins) was dissolved 

in 50 mM ammonium bicarbonate and 1% sodium deoxycholate.  Proteins were reduced by adding 

DTT solution to a final concentration of 10 mM and incubated at 50 °C for 60 min. The sample 

was then alkylated by adding 2-iodoethanol solution (final concentration, 1%) and incubated for 

30 min. at room temperature (RT) in dark. The extracted proteins were subsequently placed in pre-

wetted Microcon filter tubes (Ultracel YM-10, Millipore, USA), centrifuged at 12 000 x g for 10 

min at RT and washed three times with 50 mM ammonium bicarbonate. Trypsin (1% in 50 mM 

ammonium bicarbonate; Promega/SDS Biosciences) was then added to the sample and the reaction 

mixture was incubated overnight (~16 hrs) at 37 °C. The resulting peptides were collected in a 

new collection tube by three repeated centrifugations with 0.05 mL of 50 mM ammonium 
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bicarbonate, dried and re-dissolved in 0.1% formic acid for mass spectrometric analysis. Peptide 

analysis was done by reversed-phase liquid chromatography electrospray ionization mass 

spectrometer (LC-ESI-MS/MS), as described by Srivastava et al. (2016), using a nanoACQUITY 

ultra-performance liquid chromatography (UPLC) system coupled to a Q-TOF mass spectrometer 

(Xevo Q-TOF; Waters, Milford, MA, USA). Briefly, peptides were loaded on a C18 trap column 

(Symmetry 180 µm x 20 mm, 5 µm; Waters, Milford, MA) followed by washing with 1% (v/v) 

acetonitrile, 0.1% (v/v) formic acid at 15 µl/min for 10 min. The samples eluted from the trap 

column were separated on a C18 analytical column (75 µm x 100 mm, 1.7 µm; Waters, Milford, 

MA) at 250 nl/min using 0.1% formic acid as solvent A and 0.1% formic acid in acetonitrile as 

solvent B in a stepwise gradient: 0.1%–10% B (0–5 min), 10%–30% B (5–32 min), 30%–40% B 

(32-35 min), 40%–85% B (36-38 min), 85% B (38-40 min), 85%–0.1% B (40-42 min), and 0.1% 

B (42-60 min). The eluting peptides were sprayed in the mass spectrometer (capillary and cone 

voltages set to 2.3 kV and 35 V, respectively), and MS/MS spectra were acquired using automated 

data-directed switching between the MS and MS/MS modes using the instrument software 

(MassLynx V4.0 SP4). The four most abundant signals of a survey scan (400-1600 m/z range, 1 s 

scan time) were selected by charge state, and collision energy was applied accordingly for 

sequential MS/MS fragmentation scanning (50–1800 m/z range, 1 s scan time). The MS raw data 

files were processed using Mascot Distiller (version 2.4.3.2, Matrix Science, London, UK) and the 

resulting files were submitted to a local Mascot (Matrix Science, version 2.3.1) server using the 

NCBI database with Homo sapiens taxonomy (318827 sequences) for the HT29-MUC and using 

the Mucin Database (version 2.0 2015, accessible at 

http://www.medkem.gu.se/mucinbiology/databases) compiled by the Mucin Biology Group at the 

University of Gothenburg for the PGM. The following settings were used for the database search: 
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trypsin-specific digestion with two missed cleavage allowed, ethanolylated cysteine as fixed and 

oxidized methionine as variable modifications, peptide tolerance of 150 ppm and fragment 

tolerance of 0.3 Da. Peptides with Mascot ion scores exceeding the threshold for statistical 

significance (p<0.05) were selected. 

 

Size-exclusion chromatography (SEC) 

SEC was performed on chromatographic equipment composed of a 1260 Infinity Agilent 

Technologies pump connected to two TSK gel G2500 and G6000 columns (Tosoh Bioscience) in 

series. A multi-angle laser light scattering (MALLS) detector Dawn EOS (Wyatt Technology) 

operating at 690 nm was coupled on line to a Wyatt Optilab T-Rex differential refractometer. 

Sample solutions at 2-5 mg/mL were prepared and eluted in a AcOH (0.2 M)/AcONH4 (0.15M) 

buffer (pH= 4.5). Solutions were previously filtered through 0.22 μm pore size membranes 

(Millipore) before injection. The eluent flow rate was 0.5mL/min. The refractive index increment 

dn/dc used for molar mass calculations was equal to 0.198 cm3.g−1. 

 

1H NMR spectroscopy 

1H NMR spectra were recorded on Bruker DRX300 spectrometer (300 MHz) at 300 K, using 

trimethylsilyl-3-propionic-2,2,3,3-D4 acid sodium salt (99% atom D, TMSPA from Sigma-

Aldrich, Saint-Quentin Fallavier, France) as internal reference (δ 0.00 ppm for 1H NMR). All 

samples were dissolved at 10 mg/mL in D2O with 0.5 % (v/v) 12 N HCl, and transferred to 5 mm 

NMR tubes. 
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