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ABSTRACT 

Simulating native mucus with model systems such as gels made from reconstituted mucin or 

commercially available polymers presents experimental advantages including greater sample 

availability and reduced inter- and intra-donor heterogeneity. Understanding whether these gels 

reproduce the complex physical and biochemical properties of native mucus at multiple length 

scales is critical to building relevant experimental models, but few systematic comparisons have 

been reported. Here, we compared bulk mechanical properties, microstructure, and biochemical 

response of mucus from different niches, reconstituted mucin gels (with similar pH and polymer 

concentrations as native tissues), and commonly used commercially available polymers. To 

evaluate gel properties across these length scales, we used small amplitude oscillatory shear, 

single-particle tracking, and micro affinity chromatography with small analytes. With the 

exception of human saliva, the mechanical response of mucin gels was qualitatively similar to that 

of native mucus. Transport behavior of charged peptides through native mucus gels was 

qualitatively reproduced in gels composed of corresponding isolated mucins. Compared to native 

mucus, we observed substantial differences in the physicochemical properties of gels reconstituted 

from commercially available mucins and the substitute carboxymethylcellulose, which is currently 

used in artificial tear and saliva treatments. Our study highlights the importance of selecting a 

mucus model system guided by the length scale relevant to the scientific investigation or disease 

application. 

INTRODUCTION 
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Mucus provides a protective layer against mechanical, chemical, and microbial insults1–4, and 

operates as a selective barrier capable of excluding foreign or harmful molecules on the basis of 

both size and biochemical properties5–7 while permitting the passage of desirable agents4,8. The 

protective functions of mucus rely on a set of physical and chemical properties that span length 

scales. At the macro-scale, bulk viscoelastic properties govern mucus' ability to lubricate and clear 

away harmful substances via processes such as coughing and mucociliary clearance (MCC). On 

the other hand, microstructural organization and biochemical patterns can impact the selective 

transport and adhesive properties of mucus in the context of passage of small molecules such as 

viruses and drug delivery vehicles. Changes in these important mucosal properties are associated 

with various physiological conditions, including cystic fibrosis (CF)5,9,10 and preterm birth11,12. 

Thus, studying mucus properties across a range of length scales is critical to understand how 

physicochemical parameters contribute to mucus function and dysfunction. Physiologically 

relevant substitute mucus systems can enable such investigative work and may have applications 

such as the treatment of diseases characterized by dry mucosal surfaces. 

The native structure and function of mucus relevant to these diverse physiological functions are 

best retained in harvested whole mucus samples. However, the high degree of heterogeneity within 

tissue samples from a given donor (human or animal), as well as between donors, may lower the 

reproducibility and interpretability of the tests performed13–15. In addition, these tissues are 

typically difficult to source and limited in quantity13,16. For these reasons, substitute materials have 

been used in place of native mucus in several studies. For instance, synthetic polymers such as 

methylcellulose have been used to simulate the mechanical properties of mucus, yet biochemically 

this polymer does not interact with microbes or other molecules in a way comparable to native 

mucus17. Another frequently used substitute is a gel reconstituted from purified native mucins1. 
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Although these gels do not feature many of the other macromolecular components (e.g. lipids, 

antibodies) of mucus, reconstituted mucin gels have been shown to recapitulate important 

mechanical properties of mucus in specific cases1. Ultimately, the applicability of a mucus model 

system may be highly dependent on the length scale relevant to the physiological process being 

interrogated. Despite this, a systematic comparison of model mucus gels and native mucus across 

multiple length scales and in different mucosal niches is lacking. 

Native mucus is composed primarily of water (~95%); it also contains lipids, salts, and proteins 

involved in defense such as immunoglobulins4. The primary structural component of mucus is the 

large glycoprotein mucin, which is composed of a protein backbone and primarily O-linked glycan 

structures arranged in a bottle brush-like fashion. These glycan structures account for ~80% of the 

molecular weight of mucin18. Within the mucin family, two important subgroups are frequently 

distinguished: 1) tethered, cell surface-associated mucins, and 2) gel-forming, oligomeric mucins 

that exist as extensively polymerized, linear molecules and reside entirely outside of the epithelial 

cell layer19. The various mucosal surfaces of the body are composed of unique ratios of one or 

several types of these mucin molecules19, and consequently possess specific mechanical and 

biochemical properties depending on their location in the body and intended physiological 

function20. Schematics of the domain structures of the three major gel-forming mucins, MUC2, 

MUC5AC, and MUC5B, along with the native mucosal tissues in which they are predominantly 

expressed, are shown in Figure 1. 
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Figure 1. Domain structures of major gel-forming mucins expressed in salivary, cervical, 

gastric, and intestinal mucus reveal distinct structural differences. Note that in this work, 

MUC5AC and MUC2 are obtained from porcine sources that are analogous to human tissues as 

indicated. The MUC5B used in this study was obtained from human sublingual gland expressions. 

All three gel-forming mucins contain Von Willibrand Factor (VWF), cysteine-rich, C-terminal 

cysteine knot, and heavily O-glycosylated proline/serine/threonine (PTS) rich domains that are 

common to all gel-forming mucins in the MUC family. Domain locations and total protein lengths 

are approximated from Dekker et al.21 This schematic highlights the mucosal niches we focus on 

in this study, but other tissues including the lungs also contain mucins. In this investigation, we 

used three experimental platforms that separately highlight distinct physicochemical features of 

mucus gels over a range of length scales (Fig. 2). We designed a systematic study to assess the 

degree to which reconstituted mucin gels, commercial mucins, and synthetic mucin-like polymers 

reproduce the properties of native mucus secretions. First, we performed small amplitude 

oscillatory shear (SAOS) flow experiments in order to assess the macroscopic rheological response 
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of the gels over length scales comparable to the size of the attached geometry (typically 8~60 mm). 

Next, we used single-particle tracking (SPT) to gain further insight into the microstructural 

organization of the gels over length scales comparable to the size of the probe particles (1 micron 

in diameter). Finally, we employed an assay that is mechanistically and conceptually similar to 

traditional affinity chromatography in order to probe matrix behavior; in this assay, mucus 

represents the stationary phase and small analytes are used as probes to assess matrix interactions. 

 

Figure 2. Schematic of the experimental approaches and readouts used to investigate the 

physicochemical properties of mucus and mucin gels at the millimeter, micrometer, and nanometer 

scales. Macrorheology, and SAOS in particular, was used to explore the bulk mechanical response 

of the various gels by interpreting the frequency-dependent storage (G’) and loss (G’’) moduli. 

SPT was used to explore the microstructures of the various gels by analyzing the heterogeneity of 

the particle trajectories and their ensemble average MSD. A microfluidic diffusion assay was used 

to explore the biochemical composition of the various gels by analyzing the diffusion profiles of 

small, positively and negatively charged peptide probes. The microfluidic diffusion schematic is 
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adapted with author permissions from Smith-Dupont et al.12, originally published in Scientific 

Reports under a Creative Commons Attribution 4.0 International license. 

MATERIALS AND METHODS 

Preparation of CMC and Sigma PGM Gels 

Industrially-purified mucin type III (M1778-100G) from porcine stomach, was purchased from 

Sigma-Aldrich (St Louis, MO). Dry mucin powder was dissolved in deionized (Milli-Q) water to 

a concentration of ~10 mg/mL. The solution was dialyzed using 20 kDa molecular weight cut-off 

dialysis tubing against four exchanges of distilled water (at 4°C) to remove salt and low molecular­ 

weight impurities. Undissolved solids were extracted via centrifugation at 10,000 x g for 10 min 

at room temperature. The supernatant was frozen in liquid nitrogen and lyophilized. Lyophilized 

aliquots were stored at -80°C until use. 

CMC sodium salt, average molecular weight = 250 kDa (CAS: 9004-32-4) was purchased from 

Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA). A solution of CMC in distilled 

water at 10 mg/mL was dialyzed against distilled water in an Amicon stirred cell (UFSC40001, 

Amicon) equipped with a 100 kDa molecular weight cut-off membrane. Dialysis was performed 

with four exchanges of water and the resulting solution was concentrated before lyophilization. 

Dried CMC was stored at -80°C until use. 

CMC or Sigma PGM was solubilized for up to two nights with gentle shaking at 4°C in deionized 

(Milli-Q) water, and gels were prepared the same day as the experiments were performed by 

combining the solubilized mucins with the appropriate buffers. The pH of the gels was modulated 

through the addition of a phosphate and sodium citrate buffer to a final concentration of 10 mM 

both, at the appropriate pH. 

Mucin purification and reconstitution of mucin hydrogels 
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We considered gels reconstituted to physiological pH levels and mucin concentrations based on 

literature reports using the three major gel-forming mucins: MUC5B, MUC5AC, and MUC2. We 

also considered the three native tissues from which mucins are purified: submandibular secretions 

(MUC5B), gastric mucus (MUC5AC), and intestinal mucus (MUC2). Although our purified 

MUC5B was not sourced from cervical mucus, we also included cervical mucus as a native 

mucosal tissue since its primary mucin component is MUC5B. 

Porcine-derived mucins were purified from fresh pig stomach scrapings (MUC5AC) or fresh pig 

intestinal scrapings (MUC2) as previously described22. Human-derived MUC5B mucin was 

purified from submandibular gland secretions following the methods described previously23. 

Briefly, the isolated mucus layer was solubilized in a sodium chloride buffer containing protease 

inhibitors and sodium azide to prevent mucin degradation and bacterial proliferation, 

respectively17, and centrifuged to remove insoluble components. The mucins were isolated using 

gel filtration chromatography on a Sepharose column (CL2B), and then concentrated, desalted, 

and lyophilized17. 

Mucins were solubilized for up to two nights with gentle shaking at 4°C in deionized (Milli-Q) 

water, and gels were prepared the same day as the experiments were performed by combining the 

solubilized mucins with the appropriate reagents. The pH of the gels was modulated through the 

addition of a phosphate and sodium citrate buffer to a final concentration of 10 mM at the 

appropriate pH. 

In the gastric niche, we compared porcine gastric mucus with MUC5AC gels reconstituted to 5 

wt% and at pH 2, values reported for the gastric lumen24,25. In order to assess the importance of 

the purification method and biochemical structure of the mucins, we also compared these results 

with Sigma PGM gels reconstituted to the preparation conditions used for the MUC5AC gel. In 
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the intestinal niche, we compared porcine intestinal mucus with MUC2 gels reconstituted to 2.5 

wt% (determined as the average of the values cited for porcine small and large intestinal mucus24). 

Although the pH in human intestines has been reported to range from slightly acidic to alkaline 

(pH 6.4-7.5)26, we performed our experiments at pH 4 due to the large pH range encountered 

physiologically during digestion between the stomach and the large intestine. 

In the oral niche, we evaluated human saliva versus MUC5B solutions at 0.05 wt% (determined 

as the approximate average of reported values27) and at pH 7 (the published pH range for saliva is 

6.2−7.4)28. Finally, although our purified MUC5B was not sourced from the cervical niche, we 

compared the response of human cervical mucus with MUC5B gels at 1.5 wt% based on the value 

reported29 at both pH 4 and pH 7. These two pH values were selected due to the variation in the 

pH of cervical mucus from slightly alkaline30 (pH 8.6) to acidic (pH 4) in the vagina, after 

acidification by lactic acid-secreting lactobacilli31. 

Native mucus preparation 

Native, whole mucus was collected from four sources: porcine stomach, porcine small intestine, 

human sublingual gland expressions, and human cervix. 

For porcine gastric mucus, previously frozen porcine stomachs were thawed on ice after being 

delivered frozen from a local slaughterhouse. Stomach contents were emptied and a spatula was 

used to scrape samples of mucus from the interior epithelium. Stomachs containing blood were 

discarded and no mucus was collected. After collection, all samples were stored on ice until flash 

frozen in liquid nitrogen and stored at -80°C until use. Prior to use, samples were thawed at 4°C. 

For porcine intestinal mucus, porcine small intestines were transported on ice from a local 

slaughterhouse. Intestines were sectioned and loosely adhered mucus was squeezed into a 

collection vial. Adhered mucus was also collected by cutting each section lengthwise and gently 
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scraping it with a spatula. After collection, all samples were stored on ice until flash frozen in 

liquid nitrogen and stored at -80°C until use. Prior to use, samples were thawed at 4°C. 

For human sublingual gland expressions, saliva was collected from volunteers after obtaining 

written informed consent. Salivary secretions were gently suctioned from underneath the tongue 

into a collection vial on ice. Volunteers had not eaten or consumed fluids for 1 h before saliva 

collection. Fresh saliva was flash cooled in liquid nitrogen and stored at -80°C. Saliva samples 

from 4-6 volunteers were thawed on ice, mixed, and homogenized via shaking at 4°C for 30 min. 

Saliva samples were divided into small aliquots to prevent repeated freeze-thaw cycles, flash 

cooled in liquid nitrogen, and stored at -80°C until use. 

Human cervical mucus was collected from ovulating women at the Women and Infants Hospital 

of Rhode Island (WHIRI) (WIHRI Approval: WIH 15-0073; MIT Approval: 1501006840R001). 

Cervical mucus was sampled after obtaining written informed consent and without restrictions on 

race, ethnicity, or spoken language. Inclusion and exclusion criteria are similar to those used by 

Smith-Dupont et al.12 Exclusion criteria were: sexually transmitted infection, intercourse within 

24 h of collection, abnormal Pap smear within the last 6 months, or cervical surgery within the last 

6 months. Patients receiving treatment for infertility and patients with polycystic ovarian syndrome 

were excluded from the current study. 

Ovulation samples were defined as a window of 36 h from a positive ovulation readout, and not 

calculated by the number of days from the last menstrual period. Ovulation was detected with a 

self-administered urine luteinizing hormone test kit (recommended kit: Clear Blue Easy, SPD 

Swiss Precision Diagnostics GmbH, Switzerland). Samples were collected during a sterile 

speculum exam, before any other procedure. If present, vaginal fluid or discharge was cleared with 

a large-tip swab (Scopette). Vaginal fluid clearance does not visually disturb the cervical mucus, 
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which is adherent to the cervical canal12. Cervical mucus was collected directly from the external 

the cervical os with a 1 mL insulin syringe. Samples were immediately flash cooled in liquid 

nitrogen and stored at -80°C. To minimize freeze-thaw cycles, samples were transported to MIT 

on ice, divided into smaller volumes, flash cooled in liquid nitrogen, and stored at -80°C until use. 

Prior to experiments, samples were thawed at 4°C. 

Macrorheological experiments 

Shear rheology tests were performed using a strain-controlled ARES-G2 rheometer (TA Instru­ 

ments, New Castle, DE, USA) with an 8 mm parallel plate fixture with a truncation gap of 200 

µm. Approximately 15 µL of solution was used for each experiment. All experiments were 

performed on a Peltier plate at 25°C. SAOS measurements were performed at a strain amplitude 

within the linear viscoelastic regime of each sample, as determined from separate strain sweep 

experiments (data not shown). 

For all experiments, a thin coating of mineral oil was placed around the edge of the sample to 

prevent evaporation. Data points for the mucin, Sigma PGM, and CMC gels denote the average of 

"up" and "down" frequency sweeps for a single sample, with the standard deviation between these 

measurements shown. For the native mucus, data points denote the average and standard deviation 

of 1-2 tissue samples, including averaging over "up" and "down" frequency ramps. For clarity, 

only the positive error bars are shown due to the logarithmic nature of the plots.  

SPT experiments 

Experimental protocol 

SPT samples were prepared by combining the mucin gels or native mucus with a microsphere 

solution at a volume ratio of 60:1 (mucin gel/mucus: microsphere solution). The microsphere 

solution was composed of fluorescent, negatively charged (carboxylated) microspheres 1 µm in 



12 

 

diameter (Magsphere, Inc., Cat No. CAF-001UM, Pasadena, CA, USA) diluted in MilliQ water at 

a volume ratio of 1:200. This strategy resulted in an overall dilution ratio of 1:12,000 for the 

microspheres. Negatively charged particles were used based on previous findings of increased 

charge-mediated diffusion impairment for positively charged (amine functionalized) particles in 

comparison to negatively charged (carboxylated or sulfated) ones in mucus and mucin gels32,33. 

All samples were subsequently vortexed for ~10 s to ensure adequate mixing, and then ~25 µL of 

sample were pipetted into borosilicate square capillaries 0.9 mm x 0.9 mm in cross-section (#8290; 

Vitrocom, Mountain Lakes, NJ, USA) to fill the tube completely. Capillaries were sealed on both 

ends using a 1:1:1 mixture of petroleum jelly, lanolin, and paraffin, and then mounted onto 

microscope slides for imaging. For the mucin, Sigma PGM, and CMC gels, three experimental 

replicates were performed for each condition. Sufficient sample was prepared to perform SPT in 

three separate particle-laden capillaries. For native mucus, the number of specimens measured 

varied between 1 and 3 depending on sample availability, and the number of experiments 

performed varied between 3 and 6. 

Imaging was performed at 30.3 frames per second for 10 s and at room temperature with a Zeiss 

Axio Observer D.l inverted microscope using a Zeiss LD Plan-Neofluar 20x/0.4 Corr Ph2 

objective lens (Carl Zeiss Microscopy GmbH, Jena, Germany) and a Hamamatsu Flash 4.0 Cl 

1440- 22CU camera (Hamamatsu Photonics, Hamamatsu City, Japan). An average of 186 particles 

were imaged for each specimen from an average of 7 movies recorded at distinct locations within 

the glass capillaries. For each image frame, particles were identified using publicly available 

MATLAB (Natick, MA) code that identifies candidate features using high-intensity matches and 

filters them using criteria such as maximum feature eccentricity and radius of gyration34,35. 

Analysis 
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The x and y positions of every validated particle in each frame were recorded using the same 

publicly available MATLAB code by the center of mass of the localized image intensity. A drift 

correction code from the same publicly available source34 was subsequently applied to all SPT 

data. This correction subtracts the center of mass motion of all of the particles in a given frame 

from each individual trajectory. Using these drift-corrected data, the time-averaged mean squared 

displacement (MSD; in one dimension) of the kth particle for a movie N images in length is given 

by22,36 

𝛥𝑥𝑘
2(𝛥𝜏) =

1

𝑁 −
𝛥𝜏
∆𝑡

∑

𝑁−
𝛥𝜏
∆𝑡

𝑖=1

[(𝑥(𝑖∆𝑡 + 𝛥𝜏) − 𝑥(𝑖∆𝑡))2],       (1) 

where ∆𝑡 is the time between successive frames and ∆𝜏 is the lag time. The ensemble average 

MSD over all K particles is then 

< 𝛥𝑥2(𝛥𝜏) >=
1

𝐾
∑

𝐾

𝑘=1

𝛥𝑥𝑘
2(𝜏).        (2) 

For normal diffusive motion such as that occurring in a homogeneous Newtonian medium with 

no fluid memory and with which the microspheres do not interact, the MSD is expected to scale 

linearly with lag time, and in one dimension the explicit form of this scaling36 is 

< 𝛥𝑥2(𝛥𝜏) >= 2𝐷𝛥𝜏,       (3) 

where 𝐷 is the translational diffusion coefficient of the microsphere in the medium. This normal 

diffusion is known as Brownian motion, and when this scaling does not hold, the diffusion is 

termed anomalous or non-Brownian36, and the MSD is generally expressed as an arbitrary, 

monotonically increasing function of the lag time, often assigned a power-law form as 

< 𝛥𝑥2(𝛥𝜏) >= 2𝐷𝛼𝛥𝜏𝛼 ,       (4) 
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where 𝐷𝛼 is a generalized diffusion coefficient37. When 𝛼 < 1, the motion of the particle is 

subdiffusive, and when 𝛼 > 1, the motion is superdiffusive36. The one-dimensional step size 

distribution for a random walk at a given lag time ∆𝜏 is a Gaussian distribution37 about a 

displacement ∆𝑥 = 0 

𝑃(∆𝑥, ∆𝜏) =
1

√4𝜋𝐷∆𝜏
𝑒−

∆𝑥2

4𝐷∆𝜏,       (5) 

where, as before, 𝐷 is the diffusion coefficient of the walker in the medium. For a Gaussian 

distribution, the kurtosis (or ratio of the 4th moment to the 2nd moment of the distribution) is 

calculated to be 

𝛽 =
〈∆𝑥4〉

〈∆𝑥2〉2
= 3,       (6) 

and hence following Evers et al.38 we define a suitable non-Gaussian parameter 𝜅 as  

𝜅 =
〈∆𝑥4〉

3〈∆𝑥2〉2
− 1.       (7) 

For normal Brownian motion, we expect 𝜅 ≪ 1. Deviations from this expression are frequently 

attributed to heterogeneity of the surrounding medium38. 

 

Analysis of matrix interactions 

Experimental protocol 

To serve as probes in a procedure conceptually analogous to affinity chromatography, two 

peptides, AK10 (Y(AK)10-NH2) and AE10 (Y(AE)10-NH2), were synthesized using solid phase 

synthesis method and labeled post-synthesis with a (5-)6-tetramethylrhodamine (TAMRA) 

fluorophore at the N-terminus. Peptides were purified using reverse-phase high-performance 

liquid chromatography. Peptide identity and extent of labeling were confirmed using matrix-
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assisted laser desorption ionization mass spectrometry. Synthesis, purification, and identification 

for both peptides were performed by the Swanson Biotechnology Center at the Koch Institute at 

MIT (Cambridge, MA, USA). According to the experiment parameters, peptides were dissolved 

to a final concentration of 4 µM in buffer containing 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) at pH 7 and 20 mM NaCl (buffer H7). For native mucus 

samples, mucin, Sigma PGM, and CMC gels, two experimental replicates were performed for each 

condition. Sufficient sample was prepared to measure transport in at least two separate 

microfluidic devices, and data was collected from 4-8 channels for each peptide.

Microfluidic devices were designed and fabricated from polydimethylsiloxane as previously 

described39,40. Devices were cured at 9°C for 48-72 h after fabrication. For the microfluidic 

diffusion assay, as previously described12, devices were bonded to microscope slides and imaged 

with a Zeiss Observer Zl inverted epifluorescence microscope equipped with a 5x objective and 

mercury lamp source. The incident light source was filtered to 568 nm to selectively excite the (5-

)6-tetramethylrhodamine fluorophore. Mucus or mucin gels were injected into the main channel. 

The bottom valve was closed to prevent flow out of the main channel. Buffer H7 was used to wash 

the inlet and outlet channels. Twenty-five microliters of 4 𝜇M peptide solution were added to the 

inlet reservoir and allowed to flow via gravitational flow. An image was acquired every 10 s for 

120 frames (20 min). Experiments were performed at least in duplicate.  

Analysis 

Images were analyzed and quantified using previously described methods12 with ImageJ (vl.47; 

Wayne Rasband, National Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/ij) and 

(v8.2.0.701; Natick, MA, USA) software. Concentration profiles from separate runs were 

manually aligned as previously reported12. Average profiles were calculated after alignment, for t 

http://imagej.nih.gov/ij)
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= l, 5, 10, and 15 min, for each preparation or specimen. For clarity, only the positive standard 

deviations of t =15 min are shown in Figures 3-6.
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RESULTS AND DISCUSSION 

We determined the macrorheological (SAOS) and SPT responses of the mucus and mucin gels 

for each physiological niche considered, along with the corresponding value of the non-Gaussian 

parameter 𝜅 at a lag time of ∆𝜏 = 0.ls and the slope of the MSD a fit at lag times of 0.03 s  ≤ ∆𝜏 ≤ 

5 s (Fig. 3-6). We also employed a microfluidic device to evaluate the diffusion of positively and 

negatively charged peptide probes into the mucus and mucin gels for each physiological niche. 

The gastric niche 

 

 

 

Figure 3. Comparison between gastric mucus, 5 wt% MUC5AC at pH 2, and 5 wt% Sigma PGM 

at pH 2. (a) Macrorheological SAOS data. Filled symbols denote the storage modulus G' and 
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unfilled symbols denote the loss modulus G''. (b) SPT data. Dashed lines denote the ensemble 

average MSD of an individual experiment, filled symbols denote the average over all experiments, 

and the gray area denotes the estimated static error of the experimental setup. Values of the non-

Gaussian parameter 𝜅 measured at a delay time of 𝛥𝜏=0.1 s are provided, along with the anomalous 

diffusion exponent 𝛼, for data lying above the noise floor. (c) Microfluidic assay of peptide 

diffusion in the presence of a mucin matrix. Microscope images of representative diffusion 

channels at t=15 min after positive or negative peptide introduction (top). Averaged concentration 

profiles calculated for the diffusion channels at t=1, 5, 10, 15 min (bottom). Diffusion of probe 

into buffer is presented in black. 

 

Reconstituted MUC5AC gels were stiffer macroscopically than gastric mucus (Fig. 3a), yet the 

response of both materials was predominantly solid-like (G'>G"), with both moduli exhibiting 

weak power-law dependencies on the oscillation frequency (𝜔), a characteristic of cross-linked 

gels with multiple length and time scales41. As evident from the ensemble average MSD of the 

individual experiments (dashed lines in Fig. 3b), the SPT results for these two samples were similar 

to each other, with the exception of one experimental replicate in the gastric mucus for which 

unusually large particle displacement was observed. This large variation between native mucus 

samples was reflected in the substantially higher value of 𝜅 (and its standard deviation) for gastric 

mucus (𝜅 = 0.86± 1.18 – reported as NA in Figure 3b, data below experimental static error limit) 

compared to the MUC5AC gel (𝜅 = 0.04± 0.04 – reported as NA in Figure 3b, data below 

experimental static error limit). It is important to note that SPT measurements for both samples lay 

within the limit of the measured static error of the experimental setup, as previously quantified by 

measuring the MSD of sample particles "immobilized" in a 3 wt% agarose gel42. The MSD 
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obtained from this experiment corresponds to the upper bound of the shaded region in Figure 3b. 

Hence, these measurements should not be interpreted quantitatively. Macroscopically, the stiffness 

of the Sigma PGM gel was nearly an order of magnitude lower than that of the MUC5AC gel, and 

the Sigma PGM also exhibited power-law dependencies of its moduli on w (Fig. 3a). 

Microscopically, as with the MUC5AC gel, the particle trajectories in the Sigma PGM gel were 

also quite homogeneous (𝜅 = 0.11± 0.02; Fig. 3b). However, unlike in the MUC5AC gel and in 

the gastric mucus, the particle motion in the Sigma PGM gel was weakly subdiffusive (𝛼 = 0.91). 

This difference in transport is in accordance with differences in microstructure43, which may 

further explain why distinct microbial behaviors in native mucin are not recapitulated by 

commercially available mucin17,44. 

In both gastric mucus and the reconstituted MUC5AC gels, the concentration profile of the 

positively charged peptide exhibited a peak at the mucus-buffer interface (Fig. 3c). This 

enrichment reflects an accumulation of the peptide in the mucus matrix, likely arising from 

electrostatic interactions between the positive peptide and the negatively charged mucin 

molecules, as previously observed in mucin gels40. In contrast, the concentration of the negative 

peptide decreased along both the reconstituted MUC5AC gel (Fig. 3c) and along gastric mucus 

channels in the microfluidic device in a way similar to the free diffusion of this particle in buffer 

(Fig. 3c), demonstrating that interactions between the negative peptides and mucus (with mucins 

in particular) were rather weak. The similar transport profiles of both peptide probes in the gastric 

mucus and the MUC5AC gel (Fig. 3c) suggest that the biochemical properties relevant to the 

transport of charged nanoscale molecules are similar in these two materials. However, the transport 

profiles of both peptides were notably less smooth in gastric mucus than in the MUC5AC gel (Fig. 

3c), which is consistent with the presence of additional non-mucin components and a more 
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heterogeneous microstructure in gastric mucus. In the reconstituted Sigma PGM gel, the positive 

peptide yielded a smaller enrichment peak at the interface than gastric mucus and the reconstituted 

MUC5AC gel, while the negative peptide was transported in a manner similar to that observed in 

gastric mucus (Fig. 3c). This difference in the concentration profiles (particularly of the positive 

peptide) between the Sigma PGM and MUC5AC gels (Fig. 3c) likely reflects structural and 

biochemical changes to the mucin molecules arising from variations in the purification protocols 

of the polymers. 

In short, the reconstituted MUC5AC gels exhibit similar rheological and biochemical properties 

to the gastric mucus samples unlike the properties measured in Sigma PGM. The purification 

processes of mucins should be carefully considered as it may substantially alter the final mucin 

product and care should be taken in interpreting experimental findings depending on the type of 

mucin used. Indeed, studies have reported varying similarity between native mucus and 

reconstituted mucin gels when using different measurement techniques, environmental 

conditions45, purification methods27,45,46, and mucosal niches. Gels reconstituted from Sigma PGM 

undergo a certain degree of proteolytic digestion during their harsh commercial purification 

process and consequently do not exhibit pH-responsiveness4,47. As a consequence, Sigma PGM 

gels have been shown to not be accurate models for porcine intestinal mucus based on the diffusion 

of drug molecules48 and 200 nm polystyrene particles with a variety of surface chemistries31. 

MUC5AC hydrogel response was predominantly solid-like (G'>G"), and showed subdiffusive 

particle motion, similar to the gastric mucus (Fig. 3a and Fig. 3b), although substantial variation 

between samples was observed in the native mucus. The MUC5AC mucin forms a selective 

hydrogel, with two distinct transport behaviors of permeability or retention, exhibited also by the 

gastric mucus. The negative analyte is transported into the gel, while the positive analyte is retained 
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at the gel interface (Fig. 3c). On the other hand, Sigma mucin was an order of magnitude less stiff 

(Fig. 3a), had weaker subdiffusive motion (i.e. MSD slopes were closer to the normal diffusion 

limit of 𝛼 = l) (Fig. 3b) and retained less positive peptide (Fig. 3c). 

 

The intestinal niche 

 

Figure 4. Mucin purified from the intestinal niche displays characteristics similar to those of 

intestinal mucus. Comparison between intestinal mucus and 2.5 wt% MUC5AC at pH 4. (a) 

Macrorheological SAOS data. Filled symbols denote the storage modulus G' and unfilled symbols 

denote the loss modulus G''. (b)SPT data. Dashed lines denote the ensemble average MSD of an 

individual experiment, filled symbols denote the average over all experiments, and the gray area 

denotes the static error of the experimental setup. Values of the non-Gaussian parameter 𝜅 

measured at a delay time of 𝛥𝜏=0.1 s are provided, along with the anomalous diffusion exponent 
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𝛼. (c) Microfluidic peptide diffusion assay. Microscope images of representative diffusion 

channels at t=15 min after positive and negative peptide introduction (top). Averaged 

concentration profiles calculated for the diffusion channels at t=1, 5, 10, 15 min (bottom). 

Diffusion of probe into buffer is presented in black. 

 

Similar to gastric mucus, substantial variations in the micro- and macrorheology of native 

intestinal mucus were observed between samples (Fig 4). However, macroscopically both the 

MUC2 gel and the native sample showed similar weak power-law dependencies of G' and G" on 

𝜔  and both were predominantly solid-like (G'>G"; Fig. 4a). Microscopically, the MUC2 gel again 

exhibited fairly homogeneous particle trajectories (𝜅 = 0.14±0.18 – reported as NA in Figure 4b, 

data below experimental static error limit) and strongly subdiffusive motion (𝛼 = 0.14 – reported 

as NA in Figure 4b, data below experimental static error limit) (Fig. 4b). As with the MUC5AC 

gel, care should be taken in interpreting these results quantitatively because the data lay below the 

estimated static error of the experimental setup. The SPT of the native specimens varied 

substantially between samples (𝜅 = 1.43±1.04), although several specimens also harbored strongly 

subdiffusive particle motion (Fig. 4b). 

Both intestinal mucus and reconstituted MUC2 gels were enriched for the positive peptide at the 

mucus-buffer interface (Fig. 4c), similar to gastric mucus and MUC5AC gels (Fig. 3c). The 

presence of numerous peaks in the transport profile of the positive peptide in intestinal mucus 

reflects the higher degree of structural complexity in this material compared to the purified MUC2 

gel and may arise from interactions between the positive peptide and additional non-mucin 

components. The positive peptide concentration profile in MUC2 had a smoother, singular 
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enrichment peak, due to the more homogeneous content and structure of this sample (Fig. 4c). The 

negative peptide established a decreasing concentration gradient in both materials reminiscent of 

the free diffusion observed in buffer (Fig. 4c). However, unlike in MUC2 gels, we detected small 

fluctuations in the transport profile of the negative probes in intestinal mucus, as well as brighter 

patches in the images of the channels (Fig. 4c). These observations highlight weak interactions 

between the negative peptides and the structurally heterogeneous intestinal mucus samples, which 

were absent from MUC2 gels (Fig. 4c) that feature a more homogeneous polymer makeup and a 

simpler hydrogel structure. However, we observed mild enrichment of the negative peptide at the 

MUC2 gel interface, which may result from partitioning of the probe due to the positive charges 

on the mucin molecules. 

Taken together, the experimental evidence show that gels reconstituted from MUC2 had similar 

rheological and biochemical properties to the intestinal mucus samples, although substantial 

heterogeneity in native intestinal mucus samples resulted in both qualitative and quantitative 

differences, particularly in the observed rheology. The MUC2 mucin hydrogel was predominantly 

solid-like and exhibited subdiffusive motion of microspheres, largely similar to intestinal mucus 

(Fig 4a and 4b). The MUC2 hydrogel accumulates positive peptide at the interface, and is 

permeable to the negative peptide, exhibiting a similar transport pattern to the intestinal mucus 

(Fig. 4c). 

The oral niche 
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Figure 5. Mucin purified from the oral niche does not exhibit characteristics identical to those of 

saliva. Comparison between human saliva, 0.05 wt% MUC5B at pH 7, and 0.05 wt% CMC at pH 

7. (a) Macrorheological SAOS data. Filled symbols denote the storage modulus G' and unfilled 

symbols denote the loss modulus G''. The gray long dashed lines denote the instrument torque limit 

based on the manufacturer’s specifications, and the short dashed lines the minimum torque limit 

obtained from previous experiments performed in our group. (b) SPT data. Dashed lines denote 

the ensemble average MSD of an individual experiment, filled symbols denote the average over 

all experiments, and the gray area denotes the static error of the experimental setup Values of the 

non-Gaussian parameter 𝜅 measured at a delay time of 𝛥𝜏=0.1 s are provided, along with the 

anomalous diffusion exponent 𝛼. (c) Microfluidic peptide diffusion assay. Microscope images of 

representative diffusion channels at t=15 min after positive and negative peptide introduction (top). 
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Averaged concentration profiles calculated for the diffusion channels at t=1, 5, 10, 15 min 

(bottom). Diffusion of probe into buffer is presented in black. 

 

The macroscopic rheological responses of the MUC5B and CMC solutions were both 

qualitatively and quantitatively different from those of human whole saliva. In particular, saliva 

displayed the characteristic trends observed in other native mucus samples of weak power-law 

dependencies of the moduli on 𝜔 (G'>G") (Fig. 5a). In response to small amplitude oscillatory 

shear deformations, both the MUC5B and CMC solutions responded essentially as liquids, with a 

linear dependence of the loss modulus on frequency and an elastic modulus lying within the low-

torque limit of the instrument at low-frequencies (Fig. 5a); this modulus had a quadratic 

dependency on 𝜔 at high frequencies (Fig. 5a), a signature of fluid inertial effects49. This 

observation suggests that unlike in other native mucus samples, the very low salivary MUC5B 

concentrations of approximately 0.05 wt% cannot fully account for the weak-gel rheological 

response of saliva, and that other components such as non-mucin proteins and salivary micelles 

may play an important role28. Microscopically, diffusive particle motion (𝛼 ≈ 1) occurred in all 

three materials along with homogeneous particle motion, with the human whole saliva sample 

exhibiting the largest degree of heterogeneity (𝜅 =0.22±0.03) (Fig. 5b). In human saliva, the 

concentration profile of the positive peptide featured a small initial decrease followed by a mild 

enrichment at the mucus-buffer interface (Fig. 5c). A similar profile was observed in the 0.05 wt% 

MUC5B gel (Fig. 5c), although we noted that working with such low-polymer concentrations 

presented difficulties at the washing and loading stages of the microfluidic experiments. Nearly 

free diffusion of the positively charged peptide occurred in the remainder of the microfluidic 
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channel for both saliva and the MUC5B gels (Fig. 5c). In contrast, the 0.05 wt% CMC gel formed 

a stronger biochemical barrier at the gel-buffer interface, which resulted in a steeper drop in the 

concentration of the positive peptide away from the interface and strongly inhibited diffusion of 

this probe into the remainder of the channel (Fig. 5c). This difference is likely due to the stronger 

anionic character of CMC compared to MUC5B. For the negatively charged peptide, a transport 

profile indicative of nearly free diffusion was detected in all three samples (Fig. 5c). 

In brief, the reconstituted MUC5B gels did not have similar macrorheological properties to 

human whole saliva, although they had similar microrheological and biochemical characteristics. 

The MUC5B hydrogel responded as a liquid unlike the weak gel response of the saliva samples 

(Fig. 5a). Both the MUC5B gel and saliva had diffusive motion of microspheres (Fig. 5b) and a 

weak enrichment of the positive peptide at the gel interface (Fig. 5c). The CMC gel responded as 

a liquid rheologically (Fig. 5a), had diffusive motion of particles (Fig. 5b) and was less permeable 

to the positive analyte (Fig. 5c). All considered, MUC5B hydrogels can simulate transport in 

saliva. However, both MUC5B and CMC could not reconstitute the saliva gel-like response at the 

low polymer concentration of 0.05 wt%. 

The cervical niche 
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Figure 6. Mucin purified from the oral niche can display characteristics similar to those of cervical 

mucus. Comparison between human cervical mucus, 1.5 wt% MUC5B at pH 4, and 1.5 wt% 

MUC5B at pH 7. (a) Macrorheological SAOS data. Filled symbols denote the storage modulus G' 

and unfilled symbols denote the loss modulus G''. The gray long dashed lines denote the instrument 

limit based on the manufacturer’s minimum torque limit and the short dashed lines denote the 

experimental limit. (b) SPT data. Dashed lines denote the ensemble average MSD of an individual 

experiment, filled symbols denote the average over all experiments, and the gray area denotes the 

static error of the experimental setup Values of the non-Gaussian parameter 𝜅 measured at a delay 

time of 𝛥𝜏=0.1 s are provided, along with the anomalous diffusion exponent 𝛼. (c) Microfluidic 

peptide diffusion assay. Microscope images of representative diffusion channels at t=15 min after 

positive and negative peptide introduction (top). Averaged concentration profiles calculated for 
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the diffusion channels at t=1, 5, 10, 15 min (bottom). Diffusion of probe into buffer is presented 

in black. 

 

In the cervical niche, similar weak power-law responses were observed in the moduli of cervical 

mucus as well as the MUC5B gels, although the reconstituted gels were softer than the native 

sample at both pH levels (Fig. 6a). The pH-sensitivity of the purified mucin gels was keenly 

demonstrated in this niche by the predominantly liquid-like response of the gel at pH 7 (G'<G") 

and solid-like response at pH 4 (G'>G", Fig. 6a). The biochemical mechanism underlying this pH 

dependence has been studied in detail for MUC5AC20,47; this dependence is believed to be due to 

the unfolding of non-glycosylated domains on the mucin molecules under acidic conditions, which 

exposes previously hidden hydrophobic moieties that facilitate the formation of additional cross-

links between the hydrophobic domains at lower pH4,20. Microscopically, all three samples led to 

fairly homogeneous particle trajectories (with 𝜅 = 0.10±0.03 for the native mucus sample, Fig. 

6b), as well as subdiffusive MSD scalings to various degrees (𝛼 = 0.44 for cervical mucus, 𝛼 = 

0.75 for MUC5B at pH 4, and 𝛼 = 0.67 for MUC5B at pH 7) (Fig. 6b). Interestingly, the particles 

were less mobile in the MUC5B gels at pH 7 than at pH 4, although these neutral samples appeared 

to be softer macrorheologically. 

In cervical mucus, a wide peak in the concentration of the positively charged peptide occurred 

at the mucus-buffer interface (Fig. 6c). This broad peak was also evident in the MUC5B gels at 

both pH 4 and pH 7 (Fig. 6c), which is suggestive of similar biochemical and structural 

environments between the native and reconstituted samples. Note, however, that the concentration 

of positive peptide at the gel-buffer interface was higher in the MUC5B gel at pH 4 than at pH 7 
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(Fig. 6c). Similar to the other physiological niches, nearly free diffusion of the negatively charged 

peptides was observed in all three gels from the cervical niche. 

In short, the reconstituted MUC5B gels possess similar rheological and biochemical properties 

to the cervical mucus samples, particularly under acidic conditions (pH = 4). At pH 4, similarly to 

the cervical mucus samples, the MUC5B mucin gels had a predominantly solid-like 

macrorheological response, and subdiffusive particle motion (Fig. 6a and 6b). MUC5B gels had 

similar permeability properties to cervical mucus, particularly under more acidic conditions (Fig. 

6c). 

 

Figure 7: Summary of the qualitative and semi-quantitative agreement in bulk mechanical 

properties agreement in microstructural organization, and biochemical interactions between 

various polymer models and native mucus for the studied niches. Green indicates qualitative and 

partially quantitative agreement, yellow indicates full or partial qualitative agreement only, and 

red indicates qualitative and quantitative disagreement. 
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CONCLUSION 

Here we employed a variety of biophysical measurements to assess and compare the 

physicochemical properties of native mucus with gels reconstituted from natively purified mucins, 

commercial mucins, and synthetic polymers. We found that across niches under certain conditions, 

reconstituted mucin gels and, less frequently, commercial mucins such as PGM or mucin 

substitutes such as CMC could qualitatively and semi-quantitatively reproduce properties of native 

mucus. Our findings are summarized in Figure 7. We note that other physiologically relevant 

parameters such as lubricity50, which we did not measure, can also be important to consider when 

considering in vitro mucus models. The non-negligible variations between native mucus samples, 

particularly seen in the intestinal and gastric niches, complicates the drawing of quantitative 

conclusions about the rheological responses of mucus and mucin gels. Further, our use of literature 

values for the pH levels and mucin concentrations of the reconstituted mucin gels also excludes 

the possibility of quantitatively comparing the responses of these materials with those of native 

mucus, which could be of interest in a broader study regarding the cause of variation between 

mucus samples. In addition to pH and concentration of mucin hydrogels, assayed here, mucus 

properties are further modulated by presence of lipids and proteins found in mucus51,52, which 

could explain a higher variability in mucus samples, compared to mucin gels.  

The ability to represent all aspects of mucus in one experimental model, including its 

mechanical, biological, and chemical properties, is experimentally challenging because it requires 

the model to be representative across multiple length scales. However, modeling a specific 

application or physiological feature of mucus may not require accuracy at all length-scales. For 

example, in the context of large-scale phenomena such as mucus clearance, the macrorheological 

properties of native mucus may be the most crucial to model to study physical processes like 
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fragmentation and dispersion. On the other hand, a mucus model system that exhibits native mucus' 

“stickiness”, permeability and related biochemical properties may be appropriate for the 

systematic study of comparatively small-scale processes such as the transport of biological 

substances (e.g., bacteria, viruses, drug-delivery vehicles) through the mucus barrier.  

To conclude, model mucus systems may allow us to better understand the role of mucus 

permeability and barrier function in health and disease. Even lab-purified mucins that successfully 

retain specific physiological features may not represent native mucus well in all applications. With 

this in mind, establishing the characteristic length scale of the system or of the process being 

studied can guide the selection of the appropriate mucin polymer model system (lab purified 

mucin, commercial mucin, or synthetic mucin) that should be used to best capture the critical 

features of native mucus that are being investigated.
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