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Abstract

Orally delivered drugs and nutrients must diffuse through mucus to enter the circulatory system, 

but the barrier properties of mucus and their modulation by physiological factors are generally 

poorly characterized. The main objective of this study was to examine the impact of 

physicochemical changes occurring upon food ingestion on gastrointestinal (GI) mucus barrier 

properties. Lipids representative of postprandial intestinal contents enhanced mucus barriers, as 

indicated by a 10 – 142-fold reduction in the transport rate of 200 nm microspheres through 

mucus, depending on surface chemistry. Physiologically relevant increases in [Ca2+] resulted in a 

2 - 4-fold reduction of transport rates, likely due to enhanced cross-linking of the mucus gel 

network. Reduction of pH from 6.5 to 3.5 also affected mucus viscoelasticity, reducing particle 

transport rates approximately 5 – 10-fold. Macroscopic visual observation and micro-scale lectin 

staining revealed mucus gel structural changes, including clumping into regions into which 

particles did not penetrate. Histological examination indicated food ingestion can prevent 

microsphere contact with and endocytosis by intestinal epithelium. Taken together, these results 

demonstrate that GI mucus barriers are significantly altered by stimuli associated with eating and 

potentially dosing of lipid-based delivery systems; these stimuli represent broadly relevant 

variables to consider upon designing oral therapies.
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1. INTRODUCTION

Mucus consists of a highly branched protein network, the major structural component of 

which is mucin glycoproteins [1]. Mucus also contains approximately 2% lipids and 90-95% 

salts, cells, electrolytes, other cellular debris, and water [2, 3]. Intestinal mucus functions as 

a robust barrier to control the passage of harmful molecules and organisms such as bacteria, 

but allows efficient transport of nutrients across the epithelium. These conflicting functions 

are significant to establishing effective drug and nutrient transport across intestinal mucosa 

[4].

Ingested lipids are known to impact intestinal absorption. Most nutrients are lipid soluble; 

vitamins and cholesterol are solubilized in mixed micelles, which are formed from food-

associated levels of bile salts and phospholipids [5]. The influence of lipids on orally 

delivered drug compound absorption across intestinal mucosa originates in part from 

colloidal structures the lipids form.[6] Lipids are also endogenously present in mucus, and 

include cholesterol, ceramide, palmitic acid, stearic acid, oleic acid, linoleic acid, and other 

free fatty acids [7, 8]. It has been demonstrated that removal of lipids from airway mucus 

significantly alters viscoelastic properties [9, 10]. Extraction of lipids from gastric mucus led 

to 80-85% decrease in viscosity [11]. Lipid content and composition are also known to 

affect the viscoelasticity in expectorated airway secretions from cystic fibrosis patients [12, 

13]. Furthermore, enhancement of mucociliary transport capacity has been correlated with 

the recovery of phospholipid content in airway mucus [14]. However, in spite of the 

tremendous physiological relevance of exposure of intestinal mucus to lipid mixtures 

originating from food or drug delivery systems, the potential impact of exogenous lipids on 

barrier properties of intestinal mucus has not been explored. Mineral salts are also associated 

with food intake, and comprise a mass percentage up to 1% in mucus [2]. Mucus properties 

depend in part on ionic interactions between mucins, and salts can thus directly alter mucus 

structure [15-17]. Monomers of the main secreted intestinal mucin, MUC2, form 

intermolecular links with [Ca2+] that increase mucus viscoelasticiy [17, 18]. After food 

arrival, [Ca2+] concentration varies in the small intestine. Reported calcium ion 

concentration prior to eating is between 4 to 5 mM, and it could reach up to 20 mM after 

eating [19]. While multiple reports have demonstrated the impact of [Ca2+] on physical 

properties of mucin solutions [16, 17], the impact of exogenous [Ca2+] on transport through 

native intestinal mucus has not been characterized.

Gastrointestinal pH also plays an important role in modulating drug delivery and nutrient 

absorption [20]. After food arrival, median small intestinal pH is approximately 5.4, whereas 

median fasting pH is close to 6.1. However, pH values fluctuate between individuals from a 

minimum as low as pH 3.1 to a maximum of pH 6.7 [21]. Acidity is known to alter gastric 

mucin solution rheological and structural properties [22]. Decreasing pH has been 

demonstrated to induce gastric mucin aggregation and increase gastric mucin solution 

viscosity [23, 24]. It has been suggested that this is due to neutralization of glycosidic 

residues, however analysis of native and deglycosylated gastric mucin aggregation at low 

pH using atomic force microscopy indicated that oligosaccharide side chains are not 

required for mucin aggregation to occur [25]. It is unclear if similar pH effects are also 
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observed in intestinal mucus, especially as the main gel-forming mucin in intestine (MUC2) 

is different from that in stomach (MUC5AC).

In this investigation, the impact of exposure to lipids and physicochemical stimuli, including 

pH and [Ca2+] variations, associated with eating on particle transport through intestinal 

mucus has been investigated using microstructural analysis and real-time multiple particle 

tracking (MPT). MPT is a powerful technique that enables probing of particle-environment 

interactions by tracking the motion of hundreds of individual microspheres [26, 27]. 

Diffusive particle transport is relevant as it probes the barrier properties of mucus 

microenvironment, in particular to micro-scale entities such as drug delivery systems or 

microbes. Particle solutions containing lipids, varied pH levels, and varied [Ca2+] were 

directly exposed to native mucus collected from porcine small intestine, or intact excised 

small intestine tissue from mouse. Impact of exposure to stimuli in vivo was tested by oral 

dosing of lipids to rat.

In summary, while it has been indicated that endogenous lipids impact mucus viscoelastic 

properties, and [Ca2+] and pH changes are significant to mucin solution viscoelastic 

properties, the majority of relevant studies have been conducted on mucins isolated from 

non-intestinal (e.g., airways, stomach) anatomical sites. This is particularly important given 

the variations in mucins expressed at different anatomical locations [28]. The impact of 

exogenous lipids and other physicochemical intestinal lumen changes associated with food 

intake on transport properties of intestinal mucus have not been characterized. Here, we 

utilize MPT and structural analysis to demonstrate that food-associated physicochemical 

stimuli significantly alter barrier properties of intestinal mucus, with important implications 

pertaining to physiological control of exposure to ingested microparticles and microbes, and 

oral drug delivery.

2. MATERIALS AND METHODS

2.1. Preparation and Characterization of Microspheres and Test Media

Fluorescently labeled yellow-green FluoSpheres (Invitrogen Molecular Probes, Carlsbad, 

CA) were used to prepare particle suspensions. Amine-, carboxylate-, and sulfate-modified 

microspheres (200 nm diameter, 2% solids in distilled water with 2 mM azide) were diluted 

in various test media (Table 1)[29] for a final particle concentration of 0.0025 wt.-%. The 

different particle surface functionalities were utilized to test the impact of varied chemistries 

on interaction with mucus components during transport through mucus. Fed intestinal state 

was mimicked with maleate buffer (pH 6.5, 10 mM CaCl2), 12 mM bile salt (sodium 

taurodeoxycholate, NaTDC), 4 mM phospholipids (lecithin), and a lipid mixture comprised 

of 35 mM soybean oil, 30 mM sodium oleate, and 15 mM monoglycerol. Solution was 

mixed on a stirring plate at 37 ºC with a continuous magnetic stirring at 300 rpm. 

Physiologically relevant pH values of 5.5 and 6.5 were obtained by adjusting NaOH 

concentration in maleate buffer (10 mM in CaCl2) to 30 mM and 40 mM. A low pH of 3.5, 

indicating extreme conditions in the upper intestine where stomach contents are released, 

was obtained by not adding NaOH into maleate buffer. [Ca2+] concentrations of 5, 10, and 

20 mM at pH 6.5 were achieved by changing CaCl2 concentration in maleate buffer. The 
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particle sizes and zeta potentials (ζ-potentials) of the polystyrene microspheres were 

determined using dynamic light scattering (SI text).

2.2. Native Mucus Collection and Preparation

Porcine intestines (Research 87, Boylston, MA) were obtained from a local abattoir within 2 

hours of slaughter. Native mucus was scraped with a spatula from pig jejunum and stored at 

−80°C until use, as previously described [30].

2.3. Ex vivo Preparation of Excised Mouse Intestine

Intestinal tissue segments approximately 1 cm in length were taken approximately 10 cm 

from the exit of the stomach, corresponding to the jejunum, from 3 week old FVB/N type 

mice. Mice were euthanized via CO2. Intestine fragments were cut open to expose the 

intestinal lumen, and placed into a chamber on a microscope slide maintained in a 

humidified environment.

2.4. In vivo Dosing of Lipid

Male rats (Sprague-Dawley), 70-90 days old, 300-375 g in weight, were dosed 2 ml of 

control (water) or test lipid system (soybean oil) by oral gavage. Prior to dosing, the soybean 

oil was stained with 0.01% Sudan IV solution, allowing for observation of soybean oil 

solution in the gastrointestinal tract using fluorescence microscopy after oral dosing. Rats 

were anesthetized using 2.5-3% isoflurane vapor according to IACAUC approved protocols. 

The abdominal cavity was entered by way of a 2 cm midline abdominal skin incision 

positioned 1 cm below the diaphragm along the linea alba. Using a 22 gauge needle, 50 μl 

carboxylate-modified microspheres 200 nm in diameter diluted in PBS (0.0025 wt.-%) were 

injected into the duodenal lumen. Rats were kept anesthetized under 2.5% isoflurane on a 

warm blanket for 30 min to allow microspheres to disperse throughout the lumen. Intestinal 

(jejunum) tissue segments approximately 1 cm in length were excised approximately 10 cm 

from the exit of the stomach. Microspheres were imaged using fluoresence microscopy of 

intact tissue for tracking experiments. Approximately 1 cm segments of duodenum were 

collected for histology.

2.5. MPT of Microspheres in Intestinal Mucus

The trajectories of fluorescently labeled microspheres were captured and recorded with a 

frame rate of 30 fps for 20 s using a 12.5 megapixel cooled Olympus DP70 digital color 

camera (Olympus, Center Valley, PA) mounted on an inverted Olympus IX51 microscope 

attached with X-Cite 120 fluorescence system (EXFO, Mississauga, Ontario, Canada). 

Excised tissue obtained after in vivo exposure to stimuli or for ex vivo exposure was placed 

within chambers formed by 0.8 mm deep silicone gaskets (Grace Bio-Labs) attached to 

microscope slides. Scraped mucus was placed within non-fluorescent 8-well polystyrene 

medium chambers (Thermo Fisher Scientific, Rochester, NY). Diluted particle suspension 

(10 μl, 0.0025% wt/vol) was deposited with minimal perturbation onto approximately 200 μl 

of scraped native mucus or 10 mm excised mouse explant tissue segments. The mucosal 

specimens were covered and equilibrated for 2 h at 25 °C in a humid chamber prior to 

microscopy. Trajectories of at least 100 microspheres were analyzed for each experiment 
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and three experiments were performed from three different mucus specimens for each 

experimental setup to account for mucus variability. Trajectories for each particle type were 

generated using the feature point detection and tracking algorithm of the ParticleTracker 

ImageJ plugin developed by Sbalzarini et al [31]. Particle coordinates were transformed into 

time-averaged MSD as MSD = [x(t+τ)-x(t)]2 + [y(t+τ)-y(t)]2 and effective diffusivities 

(Deff) as Deff = MSD/(4τ) where x(t) and y(t) represent the microsphere coordinates at a 

given time, and τ is the time scale. The extent of particle interaction with the mucus gel 

network was determined by fitting particle MSD vs. time scale to MSD = 4D0τα, where α is 

the anomalous exponent indicating particle motion obstruction and D0 is time independent 

diffusion coefficient [27]. Data represent the ensemble average of three separate 

experiments. A one tailed, unequal variance Student's t-test was used to evaluate 

significance (P < 0.05). Particle diffusion coefficients were also used to estimate the fraction 

of microspheres expected to penetrate intestinal mucus layers of given thickness using a 

numerical integration of Fick's second law: δC/dt = Deff δ2C/δx2 where C is the 

concentration of particles, t is time and x is position [32].

2.6. Analysis of Mucus Structure

Scraped porcine mucus (80 μl) was stained with 4 μl of 10 μg/ml lectin from Ulex europaeus 

agglutinin (UEA-1) conjugated with TRITC (Sigma Aldrich- L4889). After 20 min 

incubation in a dark humid chamber, 4 μl of yellow-green fluorescently labeled carboxylate-

modified microspheres (diameter: 0.2 μm) diluted in test medium was added as a model 

particulate system and allowed to diffuse into the mucus for 2 h in a dark humid chamber. 

Structure visualized via lectin staining and relative positions of mucus and microspheres 

were assessed using a Zeiss LSM 700 confocal microscope. Macro-scale changes in mucus 

structure were visually observed and imaged for each type of preparation.

2.7. Histology

Rat small intestine specimens obtained after in vivo oral dosing were fixed in Carnoy's 

solution (60% ethanol, 30% chloroform and 10% glacial acetic acid) for 2 hours at 4°C [33, 

34]. Specimens were embedded in paraffin, and 5 μm thick sections were stained using 

UEA-1 lectin conjugated with TRITC (25 μg/ml) to detect mucins and Hoescht 33342 (10 

μg/ml) to image nuclei using a Zeiss LSM 700 confocal microscope.

3. RESULTS

3.1. Impact of lipids on particle transport

Intestinal contents characteristic of the fed state, including model bile and partially digested 

triglyceride, markedly hindered particle transport through collected porcine intestinal mucus 

(Figure 1). Coordinates of fluorescently labeled polystyrene microspheres with differing 

surface chemistry were captured using real-time MPT and transformed into time-averaged 

mean squared displacements (MSDs) at various time scales (Figure 1A-C), which were 

used to calculate effective diffusivities and viscous/elastic moduli, and to estimate particle 

penetration percentages across physiologically relevant thicknesses of mucus (supporting 
information (SI) text). The ensemble-average particle transport rates decreased with time, 

as expected in a heterogeneous medium such as mucus. At a time scale of 1 s, amine-, 
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carboxylate-, and sulfate modified microspheres dosed to mucus in lipid contents mimicking 

the fed state were 3-, 30- and 2- fold slower, respectively, than microspheres dosed to mucus 

in maleate buffer (Figure 1A-C). Average α values, parameters modeling MSD dependence 

on time scale reflective of diffusive (α = 1) or sub-diffusive (α < 1) motion, were reduced 

from 0.46 to 0.018, 0.74 to 0.09, and 0.87 to 0.36 for amine-, carboxylate-, and sulfate-

modified microspheres, respectively, dosed in fed state compared to maleate buffer, 

highlighting the high degree of transport hindrance by the presence of lipids.

In an attempt to uncouple the effects of lipid digestion products from effects of bile 

components in fed state medium, transport of microspheres in maleate buffer containing 

model bile components (NaTDC and phosphatidylcholine) only was also studied. In the 

fasted state, bile salt and phospholipid (BS/PL) concentrations are approximately 5 mM and 

1.25 mM, respectively, rising to 12 mM and 4 mM upon eating, when food-associated lipids 

(mainly triglycerides) are introduced. Transport analyses indicate that both food-associated 

triglycerides and elevated bile levels play an important role in modulating the properties of 

the gastrointestinal mucus barrier. Microspheres dosed to mucus in model bile were less 

mobile compared to those dosed in maleate buffer solution. At a time scale of 10 s, the 

ensemble-average Deff of amine-, carboxylate- and sulfate-modified microspheres were 

reduced 2.5, 4, and 5.5-fold, respectively, in the presence of BS/PL (Figure S1A-C). 

However, comparison to fed state reveals significant impact of lipids in addition to BS/PL. 

Ensemble averaged effective diffusivities of microspheres at τ = 10 s were hindered 4, 35, 

and 2-fold, respectively, in fed state medium relative to maleate buffer with BS/PL.

To probe structural changes in the porcine mucus gel network upon addition of lipids, the 

time scale-dependent displacements were used to quantify the frequency-dependent viscous 

or loss modulus, G″, and elastic or storage modulus G′ (SI Text). For all microspheres 

studied, gastrointestinal mucus poses higher elastic modulus than viscous modulus, 

indicating a gel-like network structure. Furthermore, the increase in elastic modulus with 

addition of lipids is greater than that of viscous modulus, indicating strengthening of the 

mucus gel (Figure S2).

There were moderate changes in particle size when particles were diluted in the various test 

media, as measured by dynamic light scattering (Figure S3). However, experimentally 

measured changes in diffusivity when microspheres are dosed to mucus in different media 

are larger than changes expected due to particle size (SI Table 1). Diffusion coefficients 

were predicted to be reduced 1.1-, 1.27-, and 1.28-fold for amine-, carboxylate-, and sulfate-

modified microspheres dosed in fed state medium relative to maleate buffer, compared to 

10-, 142-, and 10-fold experimentally measured reductions upon dosing to mucus. These 

results indicate that the experimentally measured changes in diffusivities are not only due to 

changes in particle size.

Particle mobilities when dosed to mucus in maleate buffer were inversely related to surface 

potential (Figure S3). Cationic amine-modified microspheres (9.19 ± 1.98 mV) had the 

lowest ensemble-average Deff (0.00575 μm2/s), while anionic carboxylate-modified 

microspheres had an intermediate zeta potential (−13.3 ± 1.5 mV) and Deff (0.04342 μm2/s), 

and sulfate-modified microspheres had the most negative zeta potential (−21.2 ± 2.1 mV) 
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and ensemble averaged Deff (0.06205 μm2/s) at a time scale of 1 s. Fed state intestinal 

contents slightly decreased measured surface potential of carboxylate- (−14.8 ± 2.5 mV) and 

sulfate-modified microspheres (−24.4 ± 1.6 mV), while decreasing ensemble averaged Deff 

to (0.00133 μm2/s) and (0.02184 μm2/s), respectively, at a time scale of 1 s, indicating 

surface potential was not responsible for observed changes in particle transport in fed state 

medium exposed to mucus.

To determine if lipids would have a similar effect on mucus that was intact on intestinal 

tissue, the mucosal surface of a mouse intestinal explant collected immediately after 

sacrifice was exposed to microspheres diluted in fed state medium or maleate buffer. 

Intestinal contents characteristic of the fed state reduced transport rates (as reflected in 

<MSD>) of microspheres over 5-fold compared to buffer at a time scale of 10 s (Figure 
2A). To further test if similar effects would be seen with oral dosing of oil in vivo, 

microspheres were injected into the duodenum of rats 1 hour after orally dosing soybean oil 

or water (control). Oral dosing of soybean oil reduced microsphere transport rate 10-fold at a 

time scale of 10 s (Figure 2B).

Ultimately, the significance of changes in mucus barrier properties depends on the ability of 

various entities, including drug carrier systems, microbes, etc., to reach the underlying 

epithelium. The thickness of the mucus lining the gastrointestinal tract varies from 10 to 200 

m.[35, 36] Percent penetration of a dosed particle population across a mucus barrier of a 

given thickness can be estimated using a mathematical model based on Fick's second law 

and effective diffusivities of microspheres (Figure S4). In the absence of lipids, 

carboxylate- and sulfate-modified microspheres are predicted to partially penetrate mucus 

layers up to ~100 m thick in about an hour, a time frame on the same order as the mucus 

turnover rate, reported to be 50-270 min [37], whereas amine–modified microspheres are 

predicted to not penetrate mucus layers greater than ~40 m thick. Upon addition of food-

associated lipids, estimated predicted particle penetration significantly decreases, as 

carboxylate- and amine-modified microspheres cannot penetrate mucus layers greater than 

~20 m, and sulfate-modified microspheres partially penetrate through a 50 m mucus layer 

(Figure S4A).

To assess translation of ex vivo results to actual oral dosing of lipids, rats were orally dosed 

soybean oil or water (control) 1 hour before dosing microspheres directly to the duodenum. 

Duodenum segments were collected 1 hour after dosing microspheres, fixed, and processed 

for histology. The microspheres dosed post-soybean oil ingestion were not able to reach the 

epithelial surface, while those dosed post-water ingestion reached the epithelial surface, as 

evidenced by visualization of numerous microspheres within the epithelium (Figure 3).

3.2. Influence of [Ca2+] and pH on particle transport

Exposure of intestinal mucus to physiologically relevant increases in [Ca2+] and decreases in 

pH provided additional evidence that food-associated stimuli enhance mucus barrier 

properties. With increasing [Ca2+], the mobility of all types of microspheres in intestinal 

mucus decreased (Figure 1D-F).
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At a time scale of 10 s, the ensemble-average effective diffusivity Deff of amine-, 

carboxylate-, and sulfate-modified microspheres dosed at [Ca2+] of 20 mM were 3-, 4-, and 

2-fold lower, respectively, than those of the same microspheres dosed at [Ca2+] of 5 mM 

(Figure S1D-F). The decrease in diffusivity with an increase in [Ca2+] translated to a 

decrease in estimated particle penetration (Figure S4B). At a mucus layer thickness of 50 

μm, predicted carboxylate- and sulfate- modified particle penetration decreases from 

approximately 31% to 18% and 45% to 37%, respectively, with an increase in [Ca2+] from 

10 mM to 20 mM. It was again predicted that very few amine-modified microspheres would 

penetrate a 50 μm thick mucus layer within 1 h of dosing at both [Ca2+] = 10 mM and 20 

mM.

Given the similarity in reported mucus mesh and particle sizes, it is likely that enhanced 

mucin cross-linking and associated mucus structural changes are responsible in large part for 

observed impact of [Ca2+] on transport. However, impact of medium [Ca2+] on particle 

surface potential and size may also contribute. With an increase in [Ca2+] from 5 mM to 20 

mM, zeta potential of cationic amine-modified microspheres increased from 7.74 ± 1.65 mV 

to 14.56 ± 2.19 and anionic carboxylate- and sulfate-modified particle zeta potential values 

increased from −16.2 ± 1.12 mV to −5.13 ± 0.96 mV and −24.6 ± 1.5 mV to −8.45 ± 2.05 

mV, respectively (Figure S3B). Thus, electrostatic interactions between mucus proteins and 

microspheres were potentially responsible for decreases in amine-modified particle effective 

diffusivities from 0.0053 μm2/s to 0.0021 μm2/s and carboxylate- and sulfate-modified 

particle effective diffusivities from 0.065 μm2/s to 0.018 μm2/s and 0.079 μm2/s to 0.041 

μm2/s, respectively (Figure S1D-F). Furthermore, effective diameters of all microspheres 

increased upon addition of [Ca2+] from 5 mM to 20 mM (Figure S5B). However, changes 

in diffusivity of microspheres in maleate buffer from [Ca2+] = 5 mM to 20 mM expected 

based on particle size change indicated that other factors likely contribute to observed 

changes in diffusivities. Effective diffusivity decreases of 1.07-, 1.12-, and 1.14-fold for 

amine-, carboxylate-, and sulfate-modified microspheres dosed in buffer at [Ca2+] = 20 mM 

relative buffer at [Ca2+] = 5 Mm are expected based on Stokes-Einstein equation 

calculations (Table S1), compared to 3-, 4-, and 2-fold experimental reductions.

As the pH of the dosing solution decreases, particle mobility becomes more hindered 

(Figure 1G-I). At a time scale of 10 s, amine-, carboxylate-, and sulfate-modified particle 

ensemble averaged effective diffusivities were reduced 5.5-, 10.2-, and 10.8- fold, 

respectively, with a decrease of pH from 6.5 to 3.5 (Figure S1G-I). Estimations of particle 

penetration again indicate that acidic conditions strongly impact the significance of a 

physiologically relevant mucus barrier thickness to particle translocation (Figure S4C). At 

pH 6.5, carboxylate-, and sulfate-modified microspheres would be able to partially penetrate 

a 100 μm mucus layer, whereas at pH 3.5 all microspheres are essentially not able to 

penetrate mucus layer over 50 μm thick.

Zeta potential measurements were moderately dependent upon the pH of the medium 

(Figure 3C). Highly acidic environment (pH 3.5) significantly alters particle surface charge 

relative to pH 5.5 and 6.5, which could influence particle diffusivities. At pH 3.5, cationic 

amine-modified microspheres have the highest zeta potential (16.65 ± 2.02 mV) and lowest 

ensemble-average Deff (0.0013 μm2/s) (Figure S1G). Similarly, anionic carboxylate- and 
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sulfate-modified microspheres have surface charge closer to neutral (−2.12 ± 0.8 mV and 

−6.15 ± 1.6 mV) and the lowest effective diffusivities (0.0044 μm2/s and 0.0067 μm2/s) 

(Figure S1H-I), as expected due to electrostatic interactions between negatively charged 

mucus glycoproteins and microspheres.

3.3. Mucus structural changes upon exposure to stimuli

Food-associated stimuli differentially affected mucus structure and associated particle 

location within gastrointestinal mucus. Microspheres dosed in maleate buffer alone ([Ca2+] 

= 10 mM) (Figure 4A) and maleate buffer at elevated calcium concentration, [Ca2+] = 20 

mM (Figure 4B) were fairly uniformly distributed throughout mucus. Microspheres were 

generally located in regions of minimal or no lectin staining, separated by regions on the 

order of 10 μm or less which stained positively with the lectin Ulex europaeus agglutinin I 

(UEA1). Microspheres dosed in the fed state medium (Figure 4D) as well as in highly 

acidic (pH 3.5) medium (Figure 4C) were generally not uniformly distributed across mucus 

structure, but rather accumulated at outer edges of regions on the order of 100 μm in size 

and diffusely staining with lectin.

Changes in mucus structure upon exposure to food-associated stimuli were also 

macroscopically visible (Figure 5). Exposure to media containing higher [Ca2+] appeared to 

result in moderate clumping of mucus, creating a less homogenous medium (Figure 5F,H) 

relative to untreated mucus (Figure 5B) or mucus exposed to buffer not containing Ca2+ 

(Figure 5D). Microspheres dosed in maleate buffer at pH 3.5 (Figure 5J) and in fed state 

medium (Figure 5L) induced a dramatic clumping of mucus into dense regions with clear 

boundaries from surrounding fluid. The observed clumping phenomenon correlated with 

hindered particle transport in mucus.

4. DISCUSSION

Mucus barrier properties play a significant role in modulating drug delivery and microbe 

proximity to epithelial surfaces. Using model particulates, the impact of exogenous lipids 

and other physicochemical stimuli associated with food intake on transport properties of 

intestinal mucus were revealed in this study utilizing MPT and structural image analysis. 

Lipids, which can originate from food or drug delivery vehicles, can have tremendous 

impact on absorption and bioavailability of orally delivered compounds, yet these effects are 

poorly understood and not currently amenable to prediction [6, 38, 39]. Overall, mucus 

barrier mechanisms for particulate as well as small molecule transport to epithelial surfaces, 

and for protection of epithelial cells against pathogen invasion, are not completely 

characterized. In particular, the potential role that food-associated stimuli, such as lipids, 

may play in modulating the intestinal mucus barrier has not been explored. In this study, it 

has been demonstrated that food-associated lipids and physicochemical changes can 

significantly impede particle transport through mucus.

Our results suggest that intestinal mucus elasticity increases upon the addition of exogenous 

lipids associated with food and certain lipid-based drug delivery systems (Figure S2). Early 

studies indicated that mucins secreted by tracheal epithelial cells are closely associated with 

lipids [40, 41]. It has been suggested that endogenous mucin-associated lipids are important 
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contributors to mucus barrier properties for hydrophobic drugs, as lipophilic drug diffusion 

was hindered in preparations of lipids associated with mucins [42]. It is likely that the 

exogenous lipids present in the GI tract and studied here also interact with hydrophobic 

mucin and/or mucus components. While hydrophobic entities in mucus likely interact with 

lipids to alter mucus gel properties, the precise mechanism is not clear.

One contributing factor to altered particle transport is changes in size resulting from 

adsorption of medium components onto particle surfaces. The effective diameter of 

microspheres prepared in fed intestinal lipids significantly increased compared to maleate 

buffer, but it was noted that the measured differences in particle size alone are not likely to 

result in the measured differences in diffusivities. The measured particle sizes are on the 

same order as the reported mesh size of mucus (~100 nm [35, 43]), potentially resulting in a 

greater reduction in diffusivity due to increased size. However, the likely association of 

exogenous lipids with mucus components, taken together with reported changes in mucus 

rheological properties with removal of endogenous lipids [9, 11], and observed structural 

changes in the presence of lipids, support changes in mucus structure and/or interactions 

with diffusing entities upon exposure to exogenous lipids. It is possible that exogenous 

lipids associate with hydrophobic portions of mucin molecules and effectively bridge mucin 

molecules and/or increase effective mucin network hydrophobic surface area. It is also noted 

that the measured particle sizes in test media reflect contributions from colloidal structures 

present in test media, including emulsion droplets in fed state medium and micelles in fed 

state medium and model bile.

Changes in mucus barrier properties upon exposure to medium with elevated [Ca2+] or low 

pH may be due to altered electrostatic interactions. Most mucus glycoproteins contain 

significant levels of sialic acid and sulfated oligosaccharides, which results in a highly 

negatively charged mucus surface [44]. In addition to charged electrostatic interactions, 

mucin fibers likely interact via hydrophobic or hydrogen bond interactions [45]. The 

observed correlation between surface charge in maleate buffer and particle transport is 

consistent with the molecular interactions expected between diffusing microspheres and the 

network structure of mucin fibers. Electrostatic repulsive forces between negatively charged 

mucin fibers and negatively charged carboxylate and sulfate-modified microspheres 

potentially shift particle transport to regions where lowviscosity pores of the mucus mesh 

are present [46], resulting in less hindered particle transport. In contrast, the adhesivity of 

cationic amine-modified microspheres to anionic mucus glycoproteins severely retarded 

particle transport. Increased calcium ion concentration may reduce anionic functionalities 

through electrostatic interactions, while acidity likely reduces the negative charges of the 

carboxyl groups on sialic acid within the mucin fibers. Reductions in mucin-mucin 

electrostatic repulsion occurring upon exposure to elevated [Ca2+] or decreased pH may act 

to enhance cross-linking within mucus. Reduced particle-mucin electrostatic repulsion may 

also contribute to lower particle diffusivities.

Increased calcium ion concentration again resulted in moderate (~20 nm) changes in particle 

diameter that were unlikely to result in the observed changes in diffusivity within mucus. In 

addition, both increased calcium ion concentration and acidity altered particle surface 

potential, making it more positive in the case of amine-modified microspheres and more 
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neutral in the case of sulfate- and carboxylate-modified microspheres. These changes in 

particle surface charge could result in enhanced interactions with anionic functionalities and 

hydrophobic regions, respectively, of mucin molecules. It is difficult to experimentally 

separate particle size and surface charge effects from changes in mucus structure. 

Regardless, the phenomena observed upon exposing mucus to exogenous media likely 

mimic those experienced in vivo at the mucosal surface.

In considering the impact of food-associated stimuli on particulate oral delivery systems, it 

may be advantageous to design delivery systems that are not impacted by these stimuli, 

especially if particles are intended for cellular uptake at the epithelial surface. As described 

above, both changes in effective mucus pore size and changes in intermolecular interactions 

may contribute to changes in mucus barrier properties upon exposure to food-associated 

stimuli. Thus, multiple approaches including control of particle size and surface chemistry 

might be explored for designing particles not impacted by food-associated mucosal barrier 

changes. For example, it has been demonstrated that polyethylene glycol coatings enhance 

particle transport through mucus, likely by minimizing intermolecular interactions [47].

Multiple animal models were used as sources of intestinal mucus in these studies due to 

practical experimental considerations. For example, porcine intestine provides large amounts 

of mucus for in vitro particle tracking experiments, but a rodent model was available to use 

for in vivo studies. It is noted that similar trends in mucus response to food-associated 

stimuli were observed across the different species.

In summary, stimuli generally associated with the universal activity of eating: presence of 

food-associated lipids, decrease in pH, and increase in [Ca2+], all enhance mucus barrier 

properties. These effects may have marked physiological significance. Many orally 

delivered drug compounds experience higher oral bioavailability in the fed state [48]. 

Perhaps this is related to particulate matter associated with food being retained in the upper 

intestine, the region of the intestine where the bulk of oral absorption generally occurs [49], 

through entrapment within mucus. In addition, enhanced barrier properties of intestinal 

mucus may help protect against exposure to microorganisms in food and/or mechanical 

irritation from food particulate matter eating, on intestinal mucus barrier properties. The 

results suggest that relatively mild stimuli can be utilized to modulate mucus barrier 

properties, an effect that can perhaps be exploited in enabling efficient drug delivery and/or 

preventing intestinal infection.

5. CONCLUSION

The intestinal mucus barrier significantly modulates pathogen invasion and oral drug 

delivery. The potential impact of the ubiquitous process of eating on intestinal mucus barrier 

properties was explored for the first time. Results indicate a significant impact of food-

associated lipids and other stimuli associated with eating (pH modification, elevated [Ca2+]) 

on particulate diffusion through intestinal mucus, ability of particles to reach underlying 

epithelium, and mucus structure. These results have important implications for effective 

design of oral therapies (e.g., vaccines) and support exploration of mild stimuli for 

modulating intestinal mucus to facilitate drug delivery or hinder infection.
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Figure 1. 
(A-C) Bile components and food-associated lipids hinder particulate transport in intestinal 

mucus. Ensemble <MSD> versus time scale plots for A) amine- B) carboxylate-, C) sulfate-

modified microspheres in porcine intestinal mucus. MB = maleate buffer, BS/PL = bile salt/

phospholipid mixture, FED = model fed state intestinal contents. (D-F) Increasing [Ca2+] 

hinders particulate transport in intestinal mucus. Ensemble <MSD> versus time scale plots 

for D) amine- E) carboxylate-, F) sulfate-modified microspheres in porcine intestinal mucus. 

(G-H) Decreasing pH hinders particulate transport in intestinal mucus. Ensemble <MSD> 

versus time scale plots for G) amine- H) carboxylate-, I) sulfate-modified microspheres in 

porcine intestinal mucus.
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Figure 2. 
Ensemble <MSD> versus time scale plots for carboxylate-modified microspheres in A) 

mouse intestinal explants, B) rat intestinal explants after in vivo oral soybean oil dosing.
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Figure 3. 
Lectin (red) - Hoescht (blue) staining of rat small intestine demonstrating distribution of 

green-fluorescent microspheres (arrows) in A) control and B) rats orally dosed soybean oil 1 

hr before dosing microspheres. Bar = 20 μm.
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Figure 4. 
Lipids and pH changes alter mucus structure and microparticle distribution within mucus. 

Microspheres dosed to mucus were diluted in A) Maleate buffer at pH 6.5 and [Ca2+] = 10 

mM B) Maleate buffer at [Ca2+] = 20 mM, C) Maleate buffer at pH 3.5, D) Fed state lipids, 

including model bile components phospholipid and bile salt. Mucus appears more uniform 

and microspheres were dispersed more homogeneously for cases A and B. Bar = 50 μm.
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Figure 5. 
Macroscopic changes in mucus structure are visible after exposure to Ca2+, low pH medium 

or food-associated lipids and bile components. Mucus samples are shown before (A, C, E, 

G, I, K) and after 2 hr exposure (B, D, F, H, J, L) to various media.
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Table 1

Bio-relevant media dosed to mucosal surfaces.

Maleate Buffer

Triz-Ma 100 mM

NaCl 65 mM

CaCl2 5-20 mM

NaN3 3 mM

NaOH 0-40 mM

Model Bile
NaTDC 12 mM

Lecithin 4 mM

Lipid

Soybean Oil 35 mM

Sodium Oleate 30 mM

1 -Oleoyl-rac-glycerol 15 mM
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