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Mammalian lung mucus is a complex fluid that demonstrates 

non-linear viscoelastic responses, strain-stiffening at low and 

strain-softening at large strain values, as measured using 

large amplitude oscillatory shear (LAOS) experiments. The 

mechanical properties of lung mucus reported here can be 

linked to high-strain rate physiological processes, such as 

coughing, and can guide drug delivery development. 

Mucus is a heterogeneous and gel-like material that protects several 

organs, such as the respiratory tract, GI-tract, and reproductive tract 

from bacteria, viruses, toxins, and foreign particles. The major 

components of mucus are water and mucin, which are o-linked 

glycoproteins with different monomer/oligomer configurations.1-3 
Minor quantities of cellular proteins (albumin, enzymes, and 

immunoglobulin), DNA, lipids, ions and mineral salts are also 

present in mucus.2-6 The intrinsic gel-like characteristics of mucus 

are caused by the several forms of inter- and intra-molecular bonding 

of mucus constituents. Mucus is ubiquitous in mammals, however, 

due to its complex nature, very little is known about the physical 

characteristics of mucus, particularly, the relationships between 

mechanical properties,  microstructure—including the size, assembly 

and crosslinking interaction of polymeric mucin chains7, and 

physiological functions. Here, we report the mechanical 

(viscoelastic) properties of horse (mammalian) lung mucus measured 

by using steady-shear and small-/large-strain oscillatory shear flow. 

We developed a unique experimental protocol to harvest mammalian 

mucus and our results elucidate complex rheological behavior of 

mammalian pulmonary mucus, including a strain-stiffening response 

not reported earlier. We anticipate that a better understanding of the 

horse lung mucus mechanical properties, as reported here, will be 

applicable to other mammals, including humans. These results will 

lead to the development of more-efficient drug delivery systems and 

will also provide insight on physiological processes such as 

coughing and potential changes of these physiological processes as a 

result of lung diseases.  

 Obtaining mucus samples in sufficient quantities to apply various 

characterization techniques is a significant challenge. In general, 

human and/or animal mucus is obtained using bronchoalveolar 

lavage (BAL) methods. Typically, a fiber optic bronchoscope is 

inserted into a specific bronchus tube of the lung, followed by a 

0.9% NaCl solution instillation, and fluid recovery using suction or 

syringe methods. However, using this method, only a small amount 

of mucus can be obtained. Alternatively, to obtain a significant 

quantity of sample, a lavage method was used in this study on a 

postmortem horse with a healthy respiratory tract (ESI 1). Briefly, a 

saline solution (0.9% NaCl) was infused through an endotracheal 

tube into the distal trachea and lungs of a post mortem horse. 

External compression was applied to the thorax before allowing the 

liquid to egress from the tube by lowering the animal’s head. The 

extracted liquid was subjected to multiple centrifugation steps (1 h, 

4180 rcf) until mucus was separated, as shown in Figure 1A (ESI 1). 

The mucus was immediately characterized using rheology (Fig 1B) 

and optical microscopy (Figs. 1C-E), or refrigerated (~ 4 °C) for 

later analysis.  

  The morphology of mucus dictates the mechanical properties, and a 

microstructural analysis at different pH conditions was conducted, as 

shown in Fig. 1. Interestingly, as-collected mucus, in the presence of 

physiologic saline solution, displayed mostly fiber-like structures 

(Fig. 1C). Different aliquots of centrifuged mucus fluid were 

transferred to HCl solutions (1% v/v). In an acidic pH (~ 2) 

condition, multiple fibers were shown to aggregate as compared with 

the ‘as-collected’ mucus (Fig. 1D). This behavior has been 

previously observed for gastric mucin, and is attributed to the 

hydrophobic and electrostatic interactions between mucins at low 

pH.8 By tuning the pH (5.5), these aggregates were no longer 

observed (Fig. 1E); however, a different morphological structure 

evolved. As lung mucus samples were dried, a branching structure 

was observed (ESI 2).  
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Fig 1.Mucus sample: a) obtained from centrifuging lavage solution and b) on a 

parallel-plate fixture before rheological measurements. In-situ optical 

micrographs of mucus: c) in a physiological saline solution (0.9% NaCl, pH 7.4), 

d) under acidic condition (pH 2), and e) at pH 5.5. 

 

Mucus structure depends on disulfide, electrostatic, and/or 

hydprophobic interactions, where the macromolecular mucin chains 

can self-assemble based on the environmental conditions.5 Thus, 

mammalian lung mucus morphology is very complex and dynamic, 

and is a strong function of the fluid pH and salt concentrations. The 

mechanical properties are also affected by hydration level and solids 

content of mucus. As measured by using thermogravimetric analysis 

(TGA), the total solid content for the ‘native’ horse lung mucus was 

2.16 ± 0.22 % (ESI 3), comparable to the values reported in previous 

mammalian lung mucus studies.3,5 To examine the connection 

between external environmental triggers such as commercially 

available drugs and surface-modified nanoparticles with the dynamic 

mucus constituents, further studies will characterize the 

microstructure of mucus using surface sensitive techniques as 

reported elsewhere.9-12 

Several physiological/external factors such as hypersecretion of 

airway mucus,6 recurrent airway obstruction,13 particle clearance and 

retention,14 airborne infections including bacteria and pathogens,7 

ciliary and cough transport, and subject age5 can play a significant 

role on the rheological properties of mucus. Thus, it is important to 

define mucus origin, diseases, or any external factor that could 

influence the mechanical response of the mucus gel. Gross necropsy 

findings and histopathological examination of lung sections, optical 

microscopy, and thermogravimetric analysis of the collected mucus 

confirmed that lung mucus samples from this horse were suitable for 

rheological/mechanical characterization. 

In realistic physiological scenarios, from ciliary clearance to 

coughing and sneezing, lung mucus is subjected to a range of 

shear/strain rates.1 For example, high shear-rate values (~1000 s-1) 

are reached during coughing, bronchoconstriction, or during inhaler 

administrations.5,15 Therefore, a better understanding of lung 

function, particle clearance, effective drug administration, barrier-

functional properties of mucus, and biological systems 

computational modeling16 can be gained from rheological 

characterization. 

Viscosity as a function of shear rate for three lung mucus samples 

is shown in Fig. 2 (experimental conditions: ESI 4). A non-

Newtonian shear-thinning behavior was observed for these samples. 

Similar shear-thinning behavior has been observed for mucus from 

different organs (e.g. lung, cervical, nasal) from humans and other 

mammals.5 Only a limited number of studies reported the rheological 

properties of horse lung mucus; these studies used either dynamic 

oscillatory shear measurements,9 or apparent viscosity analysis 

obtained with endoscopic scoring methods.17 As previously stated, 

during physiological processes such as coughing and sneezing, the 

shear rates can go as high as 103-104 s-1. Interestingly, at those shear 

rates mucus displays shear-thinning behavior, which facilitates 

airway clearance processes.5 

At low shear rates, the viscosity values reach a plateau and in some 

instances show a slight shear-thickening behavior. Previous studies 

have reported the shear-thickening behavior at low shear rate for 

human respiratory sputum, followed by a shear-thinning response, 

which depends on mucus points of extraction (trachea or bronchus 

tube).18 In this study, mucus was extracted from the entire lung.  

Future studies will be performed on horse lung mucus as a function 

of mucus extract locations to confirm the rheological behavior 

observed in these whole-lung mucus samples (Fig. 2). 

 
Fig. 2 Viscosity vs. shear rate for three different horse mucus samples 

demonstrating shear thinning behavior.  

Steady shear rheological measurements have a limited applicability 

for crosslinked, gel-like materials, as the inherent network structure 

can be destroyed at higher strains and strain-rates. Therefore, the 

mechanical properties of gels are commonly characterized by small 

amplitude oscillatory shear (SAOS) rheological measurements.11,19 

As several forms of physical crosslinking are present in mucus, 

oscillatory shear experiments were performed to obtain a better 

understanding of the viscoelastic properties of lung mucus. Fig.3 

displays the storage modulus (G′) and the loss modulus (G″) as a 

function of strain for a constant angular frequency (ω = 1 rad/s) for 

three replicate lung mucus samples obtained from a single 

postmortem horse. Here, G′ is higher than G″ except at very high 

strain values, indicating a gel-like (soft-solid) behavior. 

Additionally, G′ is higher than G″ at different angular frequencies 

for a constant strain (γo = 2%) (ESI 4). This behavior is likely caused 

by the physical crosslinking present in mucus samples. The plateau 

G′ values for the three samples vary from 3 – 30 Pa, indicative of the 

heterogeneous nature of mucus.5 Reported values for G′ and G″ for 

horse lung mucus, obtained with a magnetic microrheometer, varied 

between 18 – 34 Pa, and 6 – 12 Pa, respectively, the same order of 

magnitude reported here.5 

At high-strain, G′ decreases significantly, i.e., mucus shows an 

apparent strain-softening behavior. A cross-over with G″ was also 

observed, indicating disruption of mucus network structure at large-
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(1) 

(2) 

strain (Fig. 3). It was observed that mucus strain-soften at large-

strain (or large amplitude oscillatory strain) and as these results lie 

beyond the linear viscoelastic regime, mathematical framework 

developed by Ewoldt et al. was utilized to analyze large amplitude 

oscillatory shear (LAOS) data.20-24 

 
Fig 3.Storage modulus, G' (filled symbols), and loss modulus, G'' (open symbols), 

for three horse lung mucus samples measured at a constant angular frequency (ω) 

of 1 rad/s. 

The data analysis was performed using MITLaos software.21,24 

Here,  symmetry argument is applied to decompose the nonlinear 

stress response into elastic and viscous stresses. The elastic and 

viscous stresses for every cycle were then represented with an nth 

order Chebyshev polynomial of the first kind. The coefficients e1, e3 

are obtained for the elastic stress, whereas, ν1, ν3 are obtained for the 

viscous stress as shown in eqns. 1 and 2, respectively.21 
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Considering orthogonality, x = �/�� and y = ��/��� are used in a 

selected domain (-1,+1), and �� indicates the nth-order Chebyshev 

polynomial of the first kind. The elastic and viscous Chebyshev 

coefficients (en and νn, respectively) provide insight about the 

inter/intra-cycle nonlinearities. At low strain values, i.e., in the linear 

viscoelastic regime, e1 and ν1 are represented by G′ and η′.   

Figure 4 displays the smoothed stress-strain responses (Lissajous-

Bowditch curves) obtained for a representative mucus sample. For 

small strain values, typical elliptical responses were observed (Fig 

4A, inset). The response curves became distorted at higher-strain 

values, indicating nonlinear viscoelastic responses. The third elastic 

Chebyshev coefficient (e3) provides insight about the strain 

stiffening/softening behavior. As shown in Figure 4B, with increased 

strain the values of e3 initially increase and then decrease for all three 

mucus samples. This indicates that the mucus strain-stiffens slightly 

before strain-softening. 

Therefore, e3 can be used to capture the nonlinearity of mucus 

samples. Similarly, ν3 displayed mostly shear thinning behavior. 

LAOS investigations of mucus samples are rarely reported. 

However, in a recent study on gastropod pedal mucus, strain-

stiffening behavior has also been reported.21, 23 

Due to the presence of mucin fibers, stiffening behavior is expected 

as the strain increases in order to protect the lung tissue to a certain 

level of strain. However, as coughing and sneezing occur, airway 

secretion and clearance are also facilitated by the mucus layer. Thus, 

at very large strain/strain-rates when coughing occurs, 103-104 s-1,5 a 

strain-softening behavior should be expected on mucus in a healthy 

specimen as shown by LAOS results.   

 
Fig. 4 LAOS measurement data: a) Lissajous-Bowditch curves showed a 

nonlinear response at high strain values, with the inset showing the elliptical 

responses at low strain; b) the third Cheyshev coefficient, e3, as a function of 

strain (%). 

Conclusions 

Horse lung mucus is a complex biofluid with nonlinear viscoelastic 

characteristics as shown by Lissajous-Bowditch curves and LAOS 

analysis. The strain-stiffening behavior followed by a strain-

softening behavior provides new physical understanding for 

mammalian lung mucus viscoelastic behavior at large strains. These 

results can be used to model coughing and other high-strain rate 

physiological processes such as drug delivery mechanisms, particle 

transport and airway clearance inside the lung, self-assembly and 

crosslinking of mucus materials, and interactions of mucus with 

external materials.   
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