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Abstract

In this study the development of a model tracheal mucus with chemical composition and physical 

properties (bulk viscoelasticity and surface tension) matched to that of native tracheal mucus is 

described. The mucus mimetics were formulated using components that are abundant in tracheal 

mucus (glycoproteins, proteins, lipids, ions and water) at concentrations similar to those found 

natively. Pure solutions were unable to achieve the gel behavior observed with native mucus. The 

addition of a bi-functional crosslinking agent enabled control over the viscoelastic properties of 

the mucus mimetics by tailoring the concentration of the crosslinking agent and the duration of 

crosslinking. Three mucus mimetic formulations with different bulk viscoelastic properties, all 

within the normal range for non-diseased tracheal mucus, were chosen for investigation of 

surfactant spreading at the air-mimetic interface. Surfactant spread quickly and completely on the 

least viscoelastic mimetic surface, enabling the surface tension of the mimetic to be lowered to 

match native tracheal mucus. However, surfactant spreading on the more viscoelastic mimetics 

was hindered, suggesting that the bulk properties of the mimetics dictate the range of surface 

properties that can be achieved.
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INTRODUCTION

The mucosal epithelium of the large conducting airways is coated with a fluid layer known 

as airway lining fluid. The primary functions of this fluid layer are to protect the underlying 

lung tissues by trapping and clearing inhaled foreign material and to hydrate the epithelial 

cells on the mucosal surface. The airway lining fluid is able to carry out these various 

functions due to its unique structural properties. It is composed of two primary layers: a 
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periciliary layer and a mucus gel layer which lies atop the periciliary layer. The periciliary 

fluid allows unhindered movement of the cilia that extend from the cell surface to the mucus 

gel. The mucus gel layer exhibits viscoelastic behavior which assists in the entrapment of 

foreign material in the gel and provides energy storage for use in bulk transport during 

mucociliary and cough clearance.1,2 Recently, a gel-on-brush model for the airway lining 

fluid has been proposed by Button et al. in which the periciliary fluid layer is occupied by 

densely tethered macromolecules of membrane-spanning mucins and mucopolysaccharides 

that form an extracellular brush.3 This periciliary brush establishes a mesh of a pore size of 

~20 to 40 nm that prevents the penetration of the mucus gel into the periciliary space thus 

stabilizing the two distinct layers.

The mucus gel is composed of 93–97% w/w water and 3–7% w/w solids, which includes 

proteins, glycoproteins (mucins), lipids, minerals and DNA.4–6 It forms a highly crosslinked 

network due to a number of covalent and non-covalent bonds, which leads to its viscoelastic 

nature.7 Physical entanglement between the glycoproteins, proteins and DNA contribute to 

the gel network. Intra-molecular disulfide bridges covalently link glycoprotein subunits to 

form an extended mucin polymer. In addition, non-covalent linkages such as hydrogen 

bonds, ionic interactions, and Van der Waals forces aid the formation of a crosslinked 

network.

Many of the proteins and lipids found natively in the airway lining fluid are surface active. 

These molecules collect at the air-fluid interface, leading to the relatively low surface 

tension reported for the large conducting airways, ~ 30–34 mN/m, in literature.8–10 This 

surfactant film is crucial for normal function of the tracheobronchial tree in that it aids the 

penetration of foreign material (such as pathogens, environmental contaminants and 

therapeutics) into the sticky mucus gel to enhance clearance of these materials,10,11 

participates in innate lung defense,12 and reduces evaporation of the subphase.13 In the large 

conducting airways of mammalian lungs, the air-fluid interface experiences a variety of 

stresses, including shearing by air during inhalation-exhalation cycles and bulk fluid 

movement due to mucociliary and cough clearance. Knowledge of the interfacial properties 

of the airway lining fluid under stress could provide new insight into the function of these 

fluids in the large conducting airways. However, the interfacial properties of the fluids in the 

large conducting airways remain largely unstudied, despite their importance in a variety of 

physiological processes. Therefore, a better understanding of the properties of surfactants at 

the air-mucus interface would provide critical information about the function of the 

tracheobronchial tree.14–16 It has been shown that the interfacial behavior of an air-fluid 

surface is influenced by the surface composition as well as the physical properties of the 

underlying fluid.14,17 Given the viscoelastic nature of the mucus underlying the surfactant 

film at the interface,5,18–21 it is expected that the surface behavior of this fluid will be 

distinct from the commonly studied Newtonian case, where the underlying subphase is 

water.

Current models of the airway lining fluid include synthetic gels, native secretions, and in 

vitro secretions derived from cell cultures. While these models have been used successfully 

to better understand some of the functional properties of lung fluids, each has its own 

limitations. Synthetic viscoelastic gels made of polymeric materials (such as locust bean 
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gum,22 gum tragacanth,23 guar gum,24 scleroglucan,24 Polyox water-soluble resin,25 

carrageenan,22 and pig gastric mucins26 are formulated to match the bulk viscoelastic 

behavior of mucus. However, they do not match the chemical composition or surface 

properties, which are critical to our understanding of mucus function and to enable 

investigation of the interactions of mucus with foreign entities such as bacteria, drugs, and 

inhalable particles. Native secretions, on the other hand, are ideal for their chemical and 

physical properties, but suffer from difficulties in collection, inaccessibility, and large inter-

subject and intra-subject variability. Patients with certain chronic airway diseases such as 

asthma, cystic fibrosis and chronic obstructive pulmonary diseases produce large quantities 

of sputum, enabling direct removal by hypertonic saline induction or by expectoration.27,28 

The collection of mucus from patients without any known lung disease, however, is 

burdensome and results in extremely small quantities of collected fluid. Primary cultures of 

human bronchial epithelial (HBE) cells grown under an air-liquid interface are able to 

produce mucus whose composition is similar to that of native secretions.29–32 Mucus 

harvested from these cell cultures can serve as a model system in studies where small 

quantities of mucus are required. However, extensive experimental analysis where large 

quantities are required also limit the use of this model.

We set out to develop a model of the airway lining fluid that would match both the bulk and 

interfacial properties of native, non-diseased mucus to enable large-scale studies of mucus 

properties. We formulated a series of airway mucus mimetics where the chemical 

composition and concentration, bulk viscoelastic properties, and surface tension have been 

matched to that of native, non-diseased tracheal mucus. The mucus mimetics were 

developed utilizing components that are abundant in tracheal mucus (glycoproteins, 

proteins, lipids, ions and water), at concentrations similar to those found natively. The in 

vitro model mucus mimetic was crosslinked using a bi-functional crosslinking agent to 

control the viscoelastic properties of the mucus mimetic. Finally, the ability to lower the 

surface tension of the mucus mimetic to that of native tracheal mucus via surfactant 

spreading at the air-mimetic interface was studied.

MATERIALS and METHODS

Materials

Pig gastric mucin (PGM)-type III, n-hexane (99.0% purity) and glutaraldehyde (G7651, 

50% w/w solution) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO); bovine serum 

albumin (fraction V, lyophilized powder) from Spectrum (Gardena, CA); 1, 2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) from Genzyme Pharmaceuticals (Cambridge, MA); 

methanol (99.9% purity) from Fisher Scientific (Fair Lawn, NJ); and Texas Red-DHPE (1, 

2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt) from 

Invitrogen. Infasurf® was a gift from Ony, Inc. (Amherst, NY). Purified water (18 MΩ·cm) 

used in all experiments was obtained from a NANOpure Infinity Ultrapure Water System 

(Barnstead International, Northbrook, IL). All other chemical reagents were of analytical 

grade and used without further purification.
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Preparation of Uncrosslinked Mucin Solutions

A series of mucin solutions was formulated to contain 2%, 3%, 4% or 6% w/v of PGM-type 

III, 1% w/v protein (albumin), and 1% w/v DPPC in buffer (154 mM NaCl, 3 mM CaCl2, 15 

mM NaH2PO4/Na2HPO4 in water; pH 7.4). To prepare 30 ml of the mucin solution, 0.3 g 

DPPC was dispersed in 5 ml of buffer solution in an amber glass bottle for 2 hours using a 

magnetic stirrer. Then, 0.3 g albumin, PGM-type III and additional buffer solution were 

added to the amber glass bottle. Ingredients were mixed at 4°C on a tube rotator (Glas-Col, 

IN) for at least 6 days to homogenize the sample.

Preparation of Crosslinked Mucus Mimetics

To prepare the mucus mimetic, 0.3 g albumin and 1.2 g (4%) PGM-type III were added to 

28.2 ml buffer solution (154 mM NaCl, 3 mM CaCl2, 15 mM NaH2PO4/Na2HPO4; pH 7.4) 

in an amber glass bottle and mixed at 4°C on a tube rotator (Glas-Col, IN) for at least 6 days. 

The bi-functional crosslinking agent, glutaraldehyde (GA), was used to induce crosslinking 

to mucus mimetic. The bulk viscoelastic properties of the mucus mimetic were controlled by 

altering the concentration of GA added to mucus mimetic formulations (1.4%, 2.7%, 4.0%, 

5.3%, 6.5% and 21.7% w/w of total solids) and/or the crosslinking time (1 day, 2 days and 3 

days). Crosslinking of the mucus mimetic was achieved by adding the GA solution to the 

glass bottle and mixing using a tube rotator (Glas-Col, IN) at 4°C. To lower the surface 

tension at the mimetic interface, the mimetic was placed into a Langmuir trough and a 

surfactant solution containing either DPPC or Infasurf® spread onto the mimetic surface 

using a Hamilton micro-syringe (0–100 μl of a 1 mg/ml solution of DPPC in 95:5 v/v n-

hexane:methanol or 28 μL of Infasurf® suspension at a concentration of 1 mg of total 

phospholipids in 1.0 ml of 90:10 v/v chloroform:methanol). Prior to any experiments with 

the surfactant-laden mucus mimetic, the solvent was allowed to evaporate from the surface 

for 10 min.

Dynamic (Oscillatory) Bulk Rheological Analysis

The bulk viscoelastic properties of crosslinked mucus mimetics were determined using a 

controlled-stress cone and plate rheometer (RheoStress 1, Haake®; 60 mm diameter, 4° cone 

angle) maintained at 23°C via a temperature control system (Haake® F3-CH refrigerated 

circulator). A solvent trap was used to cover the sample during analysis to minimize sample 

dehydration. For each experiment, 5 ml of mimetic was loaded onto the lower plate, spread 

evenly over the entire surface area of the plate and allowed to relax and equilibrate at 23°C 

for 60 seconds. The upper cone was lowered until the gap between the cone and plate was 

0.138 mm and then the cone oscillated under the defined frequency conditions. The strain-

dependence of the mimetic over a strain range of 0.01 to 1.1 at a constant frequency (ω) of 2 

rad/sec was measured to determine the linear viscoelastic region (LVR). Within the LVR, 

the shear moduli remain constant and are independent of strain. Thus, the material response 

is independent of the magnitude of the deformation, ensuring that the observed viscoelastic 

behavior of the material is only related to its molecular structure. The point at which the 

viscoelastic moduli deviate by more than 10% from a constant (plateau) value indicated 

departure from LVR. On the basis of this test, an applied strain of 0.1, within the LVR, was 

chosen for subsequent frequency-dependent experiments. The frequency-dependence of the 
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mimetics were determined over a frequency range of 0.5 to 100 rad/sec. The response of 

each mimetic to the imposed oscillatory shear was characterized using the bulk shear storage 

(or elastic) modulus G′ and the bulk shear loss (or viscous) modulus G″. Both quantities 

were determined using RheoWin® Data Pro Manager (v.2.96). The degree of solid-like 

behavior in a material is reflected by the storage or elastic modulus (G′) and the liquid-like 

behavior is reflected by the loss or viscous modulus (G″). The response of these two moduli 

to shear frequency provides a measure of how the mimetic responds to shear forces 

generated by fluid flow. Bulk viscoelastic properties were determined for at least three 

independent samples.

Surface Tension Analysis and Modification

The surface tension of each mucus mimetic was determined using a Wilhelmy plate balance 

(KSV NIMA Instruments, Finland) or the du Noüy ring method (Sigma 70, KSV NIMA 

Instruments, Finland). The Wilhelmy plate method was used in this study to determine the 

surface tension of mucus mimetic of more liquid-like behavior, where a meniscus is formed 

on the plate perimeter and the surface tension can be measured over time. For more solid-

like materials, the Wilhelmy plate method does not provide accurate measurements and 

other techniques, such as the du Noüy ring method or contact angle measurements, must be 

used. In the Wilhelmy plate method, a platinum plate (20 mm × 10 mm) was attached to a 

force transducer and dipped into the surface of the mucus mimetic sample, oriented 

perpendicular to the interface. The force exerted by the fluid on the plate was measured and 

used to calculate the surface tension using the following equation: γ = F/ (2Lcosθ), where γ 

is the surface tension of the interface, F is the force exerted on the plate, L is the perimeter 

of the plate, and θ is the contact angle made between the interface and the plate, which is 

assumed to be zero. The surface tension was calculated using the KSV software. In the du 

Noüy ring method, a platinum iridium du Noüy ring (circumference 5.910 cm, R/r 52.94) 

was attached to the balance and put into contact with the mucus sample to a wetting depth of 

6.0 mm. The ring was then raised at a speed up of 20 mm/min and the force required to 

separate the ring from the sample directly measured by a force transducer. The surface 

tension was calculated using the equation: γ = F/ (4πR), where F is the detachment force for 

the meniscus and 4πR is the periphery of the surface in contact with the ring. At least three 

surface tension measurements were conducted for each sample.

RESULTS

Bulk Rheology of Uncrosslinked Mucin Solutions

For solutions composed of 2–6% mucins, the bulk storage modulus (G′) and bulk loss 

modulus (G″) increased as a function of frequency (Figure 1). At low frequencies (< 20 rad/

sec), both G′ and G″ exhibited an exponential increase with frequency. At higher 

frequencies (> 20 rad/sec), G′ and G″ increased linearly with frequency. No significant 

differences were observed in G′ or G″ as a function of mucin concentration. Therefore, 

control over the bulk rheological properties were not possible based on mucin concentration 

alone.
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Controlling the Bulk Viscoelastic Properties via Crosslinking

Using the crosslinking agent glutaraldehyde (GA) to induce crosslinking to the 4% mucin 

containing mimetic significantly increased the bulk viscoelastic properties of the mimetic. 

The crosslinked mucus mimetics exhibited more solid-like (elastic) behavior at all GA 

concentrations (Figure 2) and crosslinking times (Figure 3) tested, with G′ larger than G″ at 

all frequencies. Both G′ and G″ increased with increasing GA concentration and/or the 

duration of crosslinking process. The effect of increasing GA concentration from 1.4 to 

6.5% w/w of total solids on the bulk rheological properties of the mucus mimetics 

crosslinked for 3 days is illustrated in Figure 2. The addition of GA at low concentration 

(1.4 – 2.7% w/w of total solids) did not alter the viscoelastic properties of the mimetic. 

However, at GA concentrations above 2.7% w/w of total solids, both G′ and G″ increased 

with increasing GA concentration. For mimetics crosslinked using 1.4, 2.7 and 4% w/w of 

total solids of GA, both G′ and G″ increased with increasing frequency. However, this trend 

disappears at higher GA concentrations (5.3 and 6.5% w/w of total solids), where G′ 

exhibits a plateau region that extends from frequencies of about 5 rad/sec to higher 

frequencies of 60 – 80 rad/sec and G″ exhibits a plateau from about 10 rad/sec to the highest 

frequency tested (100 rad/sec). At very high frequencies (> 60 rad/sec for the 5.3% w/w of 

total solids of GA mimetic or > 80 rad/sec for the 6.5% w/w of total solids of GA mimetic), 

a decrease in G′ was observed with increasing frequency.

The bulk viscoelastic properties of the mucus mimetics varied with the duration of the 

crosslinking process (Figures 3). After 1 day of crosslinking, the mucus mimetic exhibited a 

G′ of about 10 Pa over a frequency range of 0.5 to 70 rad/sec, then a reduction in G′ at 

higher frequencies (Figure 3A). Upon crosslinking for 3 days, the storage modulus increased 

to about 40 Pa and the plateau region extended to about 85 rad/sec. After 6 days, the mucus 

mimetic exhibited a near constant G′ of about 55 Pa over the entire frequency range tested 

(0.5–100 rad/sec). Additional crosslinking time above 6 hours did not increase the storage 

modulus. Similar trends were observed for G″ (Figure 3B), where G″ increased with 

increasing the duration of crosslinking up to 3 days, with no significant change in G″ after 3 

days.

Classification of Crosslinked Mucus Mimetics

The mucus mimetic formulations examined within this study displayed rheological 

properties that were controlled by altering the crosslinker concentration and/or duration of 

crosslinking process. To represent the wide range of viscoelastic properties exhibited in 

native, non-diseased mucus samples, three mucus mimetic formulations with different bulk 

rheological properties were chosen for further study and labeled mucus mimetic 1 (MM1; 

crosslinked using 4% w/w of total solids of GA and mixed for 24 hours), mucus mimetic 2 

(MM2; crosslinked using 6.5% w/w of total solids of GA and mixed for 3 days) and mucus 

mimetic 3 (MM3; crosslinked using 21.7% w/w/ of total solids of GA and mixed for 3 

days).

Figure 4 presents the oscillation strain sweep study of the three mimetics conducted at a 

fixed frequency of 2 rad/sec. The linear viscoelastic region (LVR), where the observed 

viscoelastic properties were independent of the applied strain, for the mucus mimetic 1 
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occurred over a strain range of 0.03 to 0.12 (Figure 4A). Beyond a critical strain of 0.12, G′ 

and G″ strongly decreased with deformation and the network was disrupted. The LVR for 

the mucus mimetic 2 occurred over a strain range of 0.01 to 1.1 (Figure 4B). The LVR for 

the mucus mimetic 3 occurred over a strain range of 0.025 to 0.4. The LVR for the mucus 

mimetics 2 and 3 extended over a longer range and exhibited a higher critical strain value 

compared to that of mucus mimetic 1. This observation is consistent with mucus mimetics 2 

and 3 forming a significantly stronger crosslinked network due to the higher GA 

concentration. Similar observations have been made for other hydrated crosslinked systems, 

such as with cellulose hydrogels.33 Based on these tests, a value of an applied strain of 0.1 

was chosen and used in subsequent bulk rheological analysis.

Figure 5 presents the frequency-dependence of G′ and G″ of the three mimetics, conducted 

in the linear viscoelastic region (LVR) for the mimetic under study. Mucus mimetic 1 

(MM1) exhibited rheological characteristics of an entangled polymer solution with few 

crosslinks. Both G′ and G″ were frequency-dependent and two distinct regions in bulk 

rheological behavior were observed (Figure 5A). In region I, G′ and G″ were statistically 

equivalent at all frequencies (0.5–55 rad/sec) and both moduli increased rapidly with 

frequency. In region II, (frequencies of 55–100 rad/sec) the mimetic exhibited more elastic 

behavior where G′ dominated G″. Both moduli increased more slowly with frequency 

throughout region II. MM1 remained intact throughout the frequency range tested, with no 

apparent breakdown in the network structure.

Mucus mimetic 2 (MM2) exhibited higher G′ and G″ values at frequencies from 0–70 

rad/sec compared to MM1, but lower G′ and G″ values compare to MM1 at higher 

frequencies due to breaking of the crosslinked network (Figure 5B). G′ exhibited a broad 

plateau region across a frequency range of 0 to 70 rad/sec, similar to that observed for other 

crosslinked polymer gels. Beyond a frequency of 70 rad/sec, G′ decreased with increasing 

frequency. G″ shows a slight increase with frequency up to about 10 rad/sec, then exhibited 

a plateau from 10–55 rad/sec. Beyond 55 rad/sec, G″ exhibited inconsistent behavior, likely 

due to breaking of crosslinks in the samples.

Mucus mimetic 3 (MM3) exhibited similar behavior to MM2, indicating again the 

crosslinking of the polymeric mucins to create a gel. Both G′ and G″ were larger for MM3 

than MM2 at frequencies from 0–80 rad/sec (Figure 5C). The mimetic exhibited a broader 

plateau region which extended over a frequency range of 0–80 rad/sec for G′. Beyond a 

frequency of 80 rad/sec, G′ decreased as a function of frequency, indicating network 

breakdown at high frequency.

Altering the Surface Tension of Crosslinked Mucus Mimetics

The surface tension of MM1, measured using the Wilhelmy plate balance, was 53.3 ± 1.22 

mN/m (n=9) (Table 1). The surface tensions of MM2 and MM3 were difficult to measure 

using the Wilhelmy plate balance due to their high elasticity. Therefore, the du Noüy ring 

method was employed. The surface tensions of MM2 and MM3 were 76.83 ± 5.83 mN/m 

(n=3) and 95.04 ± 7.78 mN/m (n=3), respectively (Table 1).
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Fluorescence microscopy was used to monitor the spreading of DPPC on each of the 

mimetic surfaces. The surfactant solution was doped with Texas Red-DHPE to enable 

visualization of the fluid front during spreading. DPPC quickly spread on the MM1 surface 

and complete coverage of the surface was achieved (data not shown). As the amount of 

DPPC solution added to the surface was increased from 30 to 90 μl, the surface tension of 

the interface decreased from 47.4 to 36.4 mN/m (Table 2). The addition of 100 μl of a 1.02 

mg/ml DPPC solution to the surface lowered the surface tension of MM1 to 30.2 ± 2.4 

(n=4). This was 70.0% more than the amount of DPPC required to achieve the same surface 

tension on a water subphase. On MM2 and MM3, the surfactant drops did not spread upon 

contact with the mimetic surface, leading to a non-uniform surfactant concentration at the 

interface.

A complex surfactant, Infasurf®, was also used to alter the surface tension of MM1. 

Spreading 28 μL of Infasurf® solution (1 mg/ml of total phospholipid) at the air-mimetic 

interface led to a reduction in surface tension to 31.4 ± 3.8 mN/m (n=5) (Table 2). The 

amount of Infasurf® needed to lower the surface tension of MM1 was equivalent to that 

needed for a water subphase.

DISCUSSION

To investigate the properties of mucus, researchers have generally relied on secretions from 

individuals who overproduce mucus, i.e. those with chronic airway disease, secretions from 

canines, mucus harvested from primary cultures of human bronchial epithelial cells, or 

synthetic viscoelastic gels. While samples from canines and individuals with diseased lungs 

match the native properties of airway fluids, the small quantity of fluid obtained with each 

sample limits the number and scope of studies that can be conducted with the samples. 

Synthetic gels offer larger quantities of fluids and have been formulated to match the bulk 

rheological properties of native tracheal mucus, however they lack chemical similarity to 

normal mucus and surface properties that match native mucus. To overcome these 

limitations, we developed a series of mucus mimetics formulated using compounds found in 

native mucus and then altered the surface tension of the mimetic to match that of native, 

non-diseased tracheal mucus.

Tracheal mucus contains approximately 93–97% w/w water and 3–7% w/w solids, of which 

the solids content is about 1–3% w/w glycoproteins, 1% w/w proteins, 0.5–1% w/w lipids 

and 0.70–1.4% w/w minerals.4,5,34 Mucins are high molecular weight (2–20 × 105 Da) 

glycoproteins which are essential for maintaining the rheological properties of mucus.4 In 

the present study, we used commercially available pig gastric mucins (PGM, type III) with 

0.5–1.5% sialic acid as the glycoprotein source, due to their easy availability and similarity 

to sialic acid content in native respiratory mucus.35,36 PGM type III is partially purified 

from crude mucin via the method of Glenister et al.37 Chemical analysis of the purified 

mucin performed by Glenister et al. showed that it was comprised of 20% w/w protein 

(which makes up the mucin core), 37% hexosamine, 27% total hexose (of which 10% is 

fucose), and 6% sialic acid. The latter three components are contained in the carbohydrate 

side-chain content of the mucins and account for 70% of the mucin content. In comparison, 

respiratory glycoproteins have been observed to contain about 10–25% protein and 75–85% 
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carbohydrate.38,39 Therefore, the total protein and carbohydrate content of mucins from 

these two sources are similar. The gastric mucosa of healthy individuals primarily contains 

two secreted mucin proteins, MUC5AC and MUC6, which are characterized by the 

composition of their protein core.40 In comparison, three secreted mucin proteins, MUC2, 

MUC5AC and MUC5B, have been identified in the respiratory tract mucus of healthy 

individuals.41,42 However, MUC2 mucin is detected only at very low levels in airway 

samples. There is a commonality between gastric and respiratory mucins in that the primary 

mucin proteins from both sources are cysteine-rich and that both express MUC5AC. 

However, the differences in the expression profiles between the gastric and respiratory 

mucosa (MUC6 in gastric mucosa versus MUC5B in respiratory mucosa) may present a 

limitation of this model. In particular, it is not currently known if the different mucins form 

gels with different functional properties.43

The mucin concentration in pulmonary secretions has been evaluated in a single paper from 

1963 by Matthews et al.44 In this paper, measurements were conducted on “normal” 

secretions from nine patients, ages 55–65, that had been laryngectomized 6 months to 5 

years prior to the analysis. The mucin content from this study was estimated to be about 1–

3%. Given the wide range of bulk rheological properties that have been reported in the 

literature for healthy airway mucus, it is conceivable that the solids concentration in mucus 

across the general population may vary to a larger extent than was observed in this one 

study. In our work, we chose to work at a slightly higher concentration of mucins, i.e. a 

fixed concentration of 4%. We observed in our early studies that mucin concentration did 

not have a large effect on the bulk rheological properties when not crosslinked, however 

would be expected to increase the number of available sites for crosslinking. This would 

have a two-fold effect on the formulation of the mimetics by decreasing the crosslinking 

time required and increasing the possible range of bulk rheological properties of the 

mimetics. The protein concentration in native pulmonary secretions was reported by 

Matthews et al. to be 1% of the overall composition.45 Many types of serum proteins have 

been identified in the tracheobronchial secretions, including immunoglobulins, albumin, 

fibrinogen, lysozyme, and lactoferrin.46 Albumin is the major serum protein component in 

the secretions, making up 14% of the total protein content.47 Thus, bovine serum albumin 

(BSA) was used at a concentration of 1% in the mimetic. While this study focused on a 

single protein and mucin concentration, future studies will extend the range of 

concentrations investigated to cover a wider range of properties observed in healthy mucus.

Human airway secretions contain an ion content of 165 ± 42 mmol/1000 g sodium, 13.2 ± 

5.4 mmol/1000 g potassium, 162 ± 60 mmol/1000 g chloride, 3.1 ± 1.0 mmol/1000 g 

calcium, and 27 ± 16 mmol/1000 g phosphorous, leading to an osmolarity of 359 ± 56 

mOsmol/L.20,46 The pH of human airway mucus has been reported between 5.4–8.2.4,34 In 

the current study, an aqueous buffer (pH 7.4; osmolarity 392 mOsmol/L) containing the 

minerals sodium, chloride, calcium and phosphorus was used. Overall, the synthetic mucus 

mimetics developed in this study were composed of 4% PGM-type III, 1% BSA, 154 mM 

NaCl, 3 mM CaCl2, 15 mM NaH2PO4/Na2HPO4 and 94% water.

Native mucus is a sheer-thinning fluid that exhibits viscoelastic behavior due primarily to 

entanglement of large macromolecules and to crosslinking by covalent and non-covalent 
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bonds between the macromolecules. The frequency-dependent bulk rheological properties of 

non-diseased tracheal mucus from canines and humans has revealed average elastic moduli 

(G′) of 0.2–32 Pa at 1 rad/sec, which increase with frequency to 10–52 Pa at 100 rad/sec, 

and viscous moduli (G″) of 1–13 Pa at 1 rad/sec, which increase to 7–63 Pa at 100 rad/

sec.18,21,48,49 While these values show high variability between subjects, the trend of 

increasing the moduli with frequency existed for all samples tested. The values of G′ and G″ 

at 1 and 100 rad/sec served as the target values for the development of the mucus mimetics 

in this study. As a first attempt to match the bulk rheological properties, the ability of 

solutions of mucins (concentrations ranging from 2–6%) to form a crosslinked polymer 

network naturally (i.e. no chemical crosslinking) was investigated. While the mucin 

solutions formed loosely entangled networks, as shown by the bulk rheological 

characterization, we could not modulate the viscoelastic properties of the mimetics. This is 

line with a study by Madsen et al.50 who observed that solutions containing 15% w/w pig 

gastric mucins could not match the rheological properties of native secretions.

Since crosslinking was not induced after 6 days of mixing the mucin solutions, the bi-

functional crosslinking agent glutaraldehyde (GA) was used to induce crosslinking to the 

mucin solution. This crosslinking strategy enabled precise control over the viscoelastic 

properties of the mimetic by tailoring either the GA concentration or the duration of the 

crosslinking process. Increasing the concentration of the GA to ≥ 4% w/w of total solids and 

prolonging the duration of the crosslinking process to 3 days or longer significantly 

increased both G′ and G″ of the mimetics. In all cases, the mimetic exhibited more elastic 

behavior, as expected for a crosslinked polymer network. The extended plateau regions 

observed for highly crosslinked mimetics, i.e. those crosslinked with 5.3 to 6.5% w/w of 

total solids of GA, indicate the formation of stable covalent bonds and a gel network. This 

behavior has been observed both with non-diseased tracheal mucus51 and with mucus 

obtained from individuals with CF.52,53 The effect of GA on the rheological properties of 

bovine cervical mucus has been reported by Gelman and Meyer 54 who found that GA 

increases the elasticity of bovine cervical mucus. The researchers indicated that this increase 

in mucus elasticity was due to the formation of additional intermolecular links by the 

formation of Schiff bases between the epsilon-amino groups of the lysines in the mucin 

chains and the aldehyde groups of GA. Therefore, it is possible that the lysine content of 

mucus from different sources might produce different gels properties. Human cervical 

mucus contains about 14 lysine residues per 1000 amino acids, or 1.4% of the protein 

content of its mucins; whereas the protein content of pig gastric mucins contain about 2.2% 

lysine.55,56 This difference in lysine content can be attributed to the different MUC content 

of cervical and pig gastric mucus. It would be expected that cervical mucus, given its lower 

lysine content, would either be less crosslinked using the same quantity of GA or would 

require a longer time for crosslinking to complete.

GA has been widely used for the crosslinking of proteins,57,58 polyaminosaccharides,59,60 

and glycoproteins, including pig gastric mucins,61 inducing both covalent intra- and 

intermolecular crosslinks.62 Natively, macromolecules in the tracheal mucus form an 

entangled network, which is further crosslinked by covalent and non-covalent bonds.7 

Covalent linkages between macromolecules occur natively due to disulfide bonds and 
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cleavage of these bonds leads to breakdown of the mucus gel structure. In our study, we 

have used GA as a substitute for the disulfide bridges. Covalent crosslinking of the mucus 

mimetics with GA restricts the local fluctuations in mucin conformation, particularly when 

using high concentration of the crosslinker. The irreversibility of this bond lends the 

mimetics less susceptible to network cleavage. This is useful for the stability of the system, 

but does limit the use of the mimetic in studies where disulfide bond cleavage is important 

(such as in the study of mucolytics that disrupt disulfide bonds). Secondary bonds, including 

ionic, hydrogen and hydrophobic bonds, also play an important role in the overall structure 

of the mucus network. These linkages could occur spontaneously in our mimetics, although 

we did not attempt to control their formation in this study.

In a previous study by Celli et al., purified pig gastric mucins were crosslinked by altering 

the pH of the mimetic.63 The rheological properties of the mimetic were matched to that of 

native gastric mucus using this approach, where low pH values (2 to 4) induced gelation (G

′>G″), but higher pH values (~ 6) led to a liquid-like response. In instances where a low pH 

is advantageous, such as in the gastrointestinal tract, this model serves well. In the 

respiratory tract, where pH values have been reported to range from about 5–8, the lack of 

gelation at higher pHs would not allow the use of this model for respiratory mucus.4

In the present study, three mucus mimetic formulations were chosen for further investigation 

to determine the dependence of the each mimetic on shear frequency, which provides a 

measure of how the mimetic responds to shear forces generated by fluid flow. This property 

is of obvious relevance to the ability of respiratory mucus to withstand the shear forces 

generated in the respiratory tract due to fluid movement. MM1 exhibited bulk viscoelastic 

properties of an entangled polymer network, with G′ and G″ values increasing with 

increasing frequency. At high frequencies, G′ was slightly greater than G″, suggesting that 

more energy is stored by the mimetic than is dissipated at higher frequencies. Both MM2 

and MM3 exhibited a crosslinked gel structure, with G′ and G″ not changing considerably 

with frequency. In both cases, G′ was greater than G″ at all frequencies, until network 

breakdown occurred at very high frequencies, again showing that these mimetics can store 

energy. The ability of native mucus to store energy has been linked to proper function of the 

mucociliary escalator.2

To enable comparison to bulk rheological properties of native mucus, reported moduli 

values for non-diseased tracheal mucus obtained from canines and humans in four different 

studies18,21,48,49 were compiled together and are presented in Figures 5–7. Moduli across 

the 3 mimetics show the greatest variation at 1 rad/sec, which is in accordance with the 

variation observed in native mucus samples. At this frequency, MM1 exhibited elastic 

behavior at the lower end of the reported native mucus values, whereas MM2 and MM3 

exhibited elastic moduli at the upper end of the range. The viscous moduli of MM1 are 

slightly below native values, whereas MM2 and MM2 fall mid-range compared to native 

values. At 100 rad/sec, native samples exhibit significantly smaller variation in elastic and 

viscous moduli. All three mimetics fall within the native range at this high frequency.

The surface tension of the tracheal mucosal surface has been measured directly in horses by 

the droplet spreading method to be ~ 30–34 mN/m.8–10,64 The mucus mimetics developed in 
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this study exhibited an increase in surface tension with crosslinking. MM1 exhibited very 

low elastic and bulk moduli under low shear conditions and a relatively low surface tension 

(53–57 mN/m). The surface tension of MM1 was in good agreement with reported surface 

tension values for aqueous solutions containing bovine mucins, proteins, or polysaccharides, 

which all have surface tensions between 45 and 60 mN/m.8,65 The surface tensions of MM2 

and MM3 (79 and 95 mN/m, respectively) as measured via the Du Nuoy ring method were 

higher than that of water. These high surface tension values may be due to a high force of 

separation required to remove the ring from the mimetic surface. The du Noüy ring method 

requires an empirical correction, which accounts for the complex shape of the meniscus 

during the detachment of the ring. However, the correction factors have been developed only 

for Newtonian liquids. Therefore, the surface tension becomes less reliable as the flow 

characteristics of the sample become less Newtonian due to film slippage on the surface of 

the ring prior to detachment or cohesion of the sample. This can lead to a higher force 

required to detach the ring and thus an artificially high calculated surface tension. Therefore, 

the surface tension values are not accurate for these mimetic systems, but can be used to 

compare against published data of the surface tension of native sputum or mucus measured 

using the same technique. The surface tension values obtained for MM2 and MM3 are in 

line with a study by Albers et al. on sputum, who observed that more solid-like sputum 

surfaces were characterized by higher surface tension compared to more liquid-like sputum 

surfaces.66 None of the mimetics exhibited surface tension properties of native mucus due to 

the lack of surfactants in the mimetic. Therefore, we investigated the ability to surfactant 

addition to decrease surface tension of the mucus mimetics.

Native mucus contains a complex array of surface-active molecules. Phospholipids represent 

the second major lipid component in tracheal secretions and are the primary surface active 

component.6,67 Phosphatidylcholine is the most abundant phospholipid, with DPPC 

accounting for ~50% of the phosphatidylcholine molecular species in tracheal 

secretions.68–70 Therefore, the ability of DPPC alone to lower the surface tension of the 

mimetics was investigated. In addition, a complex surfactant, Infasurf®, which is used as a 

surfactant replacement therapy in premature infants, was investigated. Infasurf® contains 

90–94% phospholipids, of which 79% is phosphatidylcholine and the remainder is 6% 

phosphatidylglycerol, 6% neutral lipids and about 1% protein, and is a fair representation of 

the known composition of surface active molecules in secretions of the conducting airways.

DPPC added directly into the mimetic formulation did not lower the surface tension of the 

mimetic (data not shown), which might be attributed to the ability of mucins to bind non-

covalently to lipids.71 Therefore, the ability of surfactant that has been spread directly onto 

the mimetic surface to lower surface tension was measured. Spreading DPPC onto the 

surface of MM1 lowered the surface tension to ~ 30 mN/m, but required significant 

quantities of surfactant (100 μl of a 1.0 mg/ml solution). If all the DPPC molecules remained 

at the surface as a monolayer, the equivalent molecular area per molecule would be 12Å2. 

This is physically impossible given the molecular size of the DPPC polar headgroups (~ 30 

Å2), thereby suggesting the formation of multi-layers at the interface.72 In comparison, the 

surface tension of MM1 was decreased to ~30 mN/m with only 28 μl of Infasurf® 

(compared to 100 μl required for DPPC). This is equivalent to the amount of surfactant 
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required to lower the surface tension of water to 30 mN/m and indicates the relative fluidity 

of the Infasurf® solution.

We attempted to spread DPPC onto the surface of MM2 and MM3, but were unsuccessful 

given the more solid nature of the mimetics. Spreading of surfactant droplets onto 

viscoelastic surfaces is a dynamic process that is driven by the Marangoni effect, which 

requires a convective flow to push surfactant from areas of high surfactant concentration 

(low surface tension) to area of low surfactant concentration (high surface tension).73 The 

inability of solutions to spread on viscoelastic subphases has been reported by Kaneko et 

al.,74 who found that the spreading exponent (α) of a liquids decreases linearly with an 

increase in the elasticity (G′) of the underlying viscoelastic polymeric subphase. Therefore, 

the liquid forms a drop on the solid-like gel surface and does not spread to wet the surface.66 

Further studies are required to evaluate the spreading of Infasurf® onto the solid-like 

surfaces of MM2 and MM3 and to understand the surface behavior of these highly 

crosslinked mimetics.

CONCLUSIONS

A more physiologically relevant in vitro mimetic of tracheal mucus was developed by 

matching the chemical composition and key physical properties (bulk viscoelasticity and 

surface tension) of the mimetic to that of native tracheal mucus. A series of mucus mimetic 

formulations with different bulk viscoelastic properties that were within the normal range 

for non-diseased tracheal mucus were developed by tailoring of the crosslinker 

concentration and the duration of the crosslinking process. The range of bulk viscoelastic 

properties represented by the three mimetics will enable further study of the variability in 

mucus behavior across healthy individuals. By matching the surface tension of the mucus 

mimetic to that of native secretions, new insight into the surface properties of mucus, which 

remain relatively unstudied, can be obtained.
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Figure 1. 
Frequency-dependence of (A) bulk shear storage modulus, G′, and (B) bulk shear loss 

modulus, G″ for uncrosslinked mimetic solutions containing 2% (n=3), 3% (n=3), 4% (n=4) 

and 6% (n=5) mucins. Data are represented as the mean ± SD.
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Figure 2. 
Frequency-dependence of (A) bulk shear storage modulus, G′, and (B) bulk shear loss 

modulus, G″, for mucus mimetic crosslinked with varying concentrations of GA solution 

(1.4% w/w of total solids, n=3; 2.7% w/w of total solids, n=4; 4% w/w of total solids, n=5; 

5.3% w/w of total solids, n=3; and 6.5% w/w of total solids, n=5) for 3 days. Data are 

represented as the mean ± SD.
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Figure 3. 
Frequency-dependence of (A) bulk shear storage modulus, G′, and (B) bulk shear loss 

modulus, G″, for mucus mimetic crosslinked using 6.5% w/w of total solids of GA for 

varying crosslinking times (1 day, n=5; 3 days, n=5; 6 days, n=4; and 9 days, n=3). Data are 

represented as the mean ± SD.
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Figure 4. 
Strain-dependence of bulk shear storage modulus, G′, and bulk shear loss modulus, G″, at a 

fixed frequency of 2 rad/sec for (A) MM1 over a strain range of 0.03 to 1.1 (n=4), (B) MM 2 

over a strain range of 0.01 to 1.1 (n=4), (C) MM3 over a strain range of 0.01 to 1.1 (n=3). 

The linear viscoelastic region (LVR) and the critical strain are indicated by arrows. Data are 

represented as the mean ± SD.
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Figure 5. 
Frequency-dependence of bulk shear storage modulus, G′, and bulk shear loss modulus, G″, 

for (A) MM1 crosslinked using 4% w/w/ of total solids of GA for 24 hours (n=11), (B) 

MM2 crosslinked using 6.5% w/w of total solids of GA for 3 days (n=6), and (C) MM3 

crosslinked using 21.7% w/w of total solids of GA for 3 days (n=5). Data are represented as 

the mean ± SD. The range of bulk elastic (solid triangles) and viscous (open triangles) 

moduli for non-diseased mucus at 1 and 100 rad/sec are provided for comparison.
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Table 1

Surface tensions of native, non-diseased tracheal mucusand mucus mimetics 1, 2, and 3 measured using the 

Wilhelmy plate balance, du Noüy ring, or droplet spreading method.

Type of Mucus Surface Tension (mN/m) Method Used

Native tracheal mucus

31.9 ± 0.5 (n=21, horses)4

Droplet spreading method
32.5 ± 2.5 (n=10, horses)6

33.3 ± 0.7 (n=19, rats)5

32.2 ± 0.7 (n=39, guinea pigs)5

Mucus mimetic 1
53.3 ± 1.2 (n= 9) Wilhelmy plate

56.4 ± 0.4 (n=3) Du Noüy ring

Mucus mimetic 2 78.6 ± 5.8 (n=3) du Noüy ring

Mucus mimetic 3 95.0 ± 7.8 (n=3) du Noüy ring

Data are represented as the mean ± SD.
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Table 2

Surface tension and calculated surface area per surfactant molecule (if an equivalent amount of DPPC was 

added to a water subphase) after the spreading of different volumes of surfactant solution onto a MM1 or 

water subphase, measured using the Wilhelmy plate method.

Subphase/Surfactant Volume of surfactant solution added 
(μL) Surface tension (mN/m)

Equivalent surface area/DPPC molecule 
(Å2)

MM1 0 53.3 ± 1.2 (n=9) NA

MM1/DPPC 30 47.4 ± 2.1 (n=5) 40

MM1/DPPC 60 43.3 ± 2.1 (n=6) 20

MM1/DPPC 90 36.4 ± 4.1 (n=6) 13

MM1/DPPC 100 30.2 ± 2.4 (n=4) 12

Water/DPPC 36 33.2 ± 1.7 (n=12) 30

MM1/Infasurf® 28 31.4±3.8 (n=5) NA

Water/Infasurf® 28 29.2±1.0 (n=6) NA

Data are represented as the mean ± SD.
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