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Abstract

It is believed that mucoadhesive surface properties on particles delivered to the gastrointestinal 

(GI) tract improve oral absorption or local targeting of various difficult-to-deliver drug classes. To 

test the effect of nanoparticle mucoadhesion on distribution of nanoparticles in the GI tract, we 

orally and rectally administered nano- and microparticles that we confirmed possessed surfaces 

that were either strongly mucoadhesive or non-mucoadhesive. We found that mucoadhesive 

particles (MAP) aggregated in mucus in the center of the GI lumen, far away from the absorptive 

epithelium, both in healthy mice and in a mouse model of ulcerative colitis (UC). In striking 

contrast, water absorption by the GI tract rapidly and uniformly transported non-mucoadhesive 

mucus-penetrating particles (MPP) to epithelial surfaces, including reaching the surfaces between 

villi in the small intestine. When using high gavage fluid volumes or injection into ligated 

intestinal loops, common methods for assessing oral drug and nanoparticle absorption, we found 

that both MAP and MPP became well-distributed throughout the intestine, indicating that the 

barrier properties of GI mucus were compromised. In the mouse colorectum, MPP penetrated into 
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mucus in the deeply in-folded surfaces to evenly coat the entire epithelial surface. Moreover, in a 

mouse model of UC, MPP were transported preferentially into the disrupted, ulcerated tissue. Our 

results suggest that delivering drugs in non-mucoadhesive MPP is likely to provide enhanced 

particle distribution, and thus drug delivery, in the GI tract, including to ulcerated tissues.

Keywords

Drug delivery; nanoparticles; colon; inflammatory bowel disease (IBD); ulcerative colitis; mucus 
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Introduction

More than 80% of drugs are taken orally, making the gastrointestinal (GI) tract the primary 

site of drug delivery [1-3]. Many potent small molecule drugs are hydrophobic and poorly 

water soluble, which often translates into poor oral bioavailability [1]. Micronization of 

hydrophobic drugs to increase surface area is a common method to improve drug 

dissolution, thereby enhancing uptake of poorly soluble drugs [1, 4-6]. Encapsulation within 

polymer nano-and microparticles is another approach that has been demonstrated to improve 

oral delivery of many types of drugs, ranging from small molecules to large proteins [1, 2, 

7]. However, whether a poorly soluble drug is micronized into a suspension of hydrophobic 

particulates, or any drug is encapsulated within conventional polymeric nanoparticles, the 

final product is typically a hydrophobic particle that is strongly adhesive to mucus [8].

Current dogma suggests that mucoadhesion of particulates is beneficial for maximizing 

delivery in the GI tract. Mucoadhesion purportedly allows the particulates to leave the 

chyme by adhering to the mucus layers lining the GI tract [8-10]. It is widely agreed that 

enhanced drug delivery from the chyme to the entire (highly-folded) GI tract epithelium, 

including the highly absorptive jejunum, where fluid absorption greatly speeds nutrient 

uptake, is desired for maximum absorption into the systemic circulation [8, 11-14]. 

Furthermore, for treating diseases of the colorectum, such as ulcerative colitis (UC), and for 

preventing rectal transmission of sexually transmitted infections (STI), rectal, rather than 

oral administration, may be more effective [15-18].

However, GI tract mucus is a continuously secreted barrier that traps and coats foreign 

particulates and pathogens to protect the underlying epithelium [8]. Thus, we recently 

suggested that it is possible that the rapid clearance of the most superficial luminal mucus 

layers in the GI tract may limit the effectiveness of mucoadhesive particles [8]. 

Mucoadhesive nano- and microparticulate formulations have been shown to significantly 

improve delivery of several drug molecules in the GI tract compared to drugs administered 

without a delivery system, at least partly by increasing drug solubility, providing sustained 

release, and protecting the drug cargo. However, it has yet to be carefully tested whether 

mucoadhesive nano- and microparticles provide advantages over non-mucoadhesive 

particles in terms of partitioning from the chyme into the GI mucus layers. It also has not 

been established which type of particle provides the most uniform distribution over the 

absorptive epithelium in the GI tract.
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In this paper, we sought to directly test the GI distribution of particles that were carefully 

confirmed to possess either strongly mucoadhesive or non-mucoadhesive surfaces. We 

hypothesized that particles smaller than the mucus mesh spacing and with non-

mucoadhesive surfaces would penetrate the thick mucus barrier in the GI tract, leading to a 

more uniform delivery of the particles to the absorptive epithelium in healthy animals. We 

also tested these particle types in an animal model of ulcerative colitis (UC), a subset of 

inflammatory bowel disease (IBD) characterized by disruption of the epithelial barrier, 

increased mucus secretion, and increased inflammation, with the hypothesis that the non-

mucoadhesive particles may more effectively penetrate through the mucus barrier and enter 

into the diseased tissues of the GI tract.

To test our hypotheses, we prepared nanoparticles of various sizes that possessed either 

unmodified hydrophobic surfaces, or hydrophilic, neutrally charged surfaces obtained via a 

dense coating with polyethylene glycol (PEG). We first confirmed in mouse GI mucus ex 

vivo that the unmodified nanoparticles were mucoadhesive (mucoadhesive particles, MAP), 

whereas the PEG-coated particles were non-mucoadhesive (mucus-penetrating particles, 

MPP). Subsequently, we administered MAP and MPP to mice by oral gavage, ligated 

intestinal loops and by rectal enema, and observed their distribution in the jejunum, ileum, 

and colon. We further compared MAP and MPP distribution in inflamed regions of the small 

intestine and the associated ulcerated colonic tissue regions in two common mouse models 

of UC.

Materials and Methods

Animal model

Female 6-8 week old CF-1 mice were purchased from Harlan (Indianapolis, IN). Mice were 

placed on liquid diet for 24 h and starved for 24 h to produce reduced amounts of softer, 

more human-like feces, as opposed to the dry, hard pellets normally produced by mice. To 

induce TNBS-colitis, mice were anesthetized with isoflurane and dosed rectally with 0.125 

mg/g of 2,4,6-trinitrobenzenesulfonic acid (TNBS, also known as picrylsulfonic acid, 

Sigma-Aldrich) in 50% ethanol as previously described [19]. To induce DSS-colitis, mice 

were given 4% w/v dextran sulfate sodium (DSS, Sigma-Aldrich) in their drinking water for 

four days, as previously described [20]. Only mice that lost at least 5% of their body weight, 

a common measure of disease induction, were used [19]. These procedures reliably 

produced mice with colorectal tissue with clear signs of inflammation, including thickening 

of the mucosa and loose stool. Mice with DSS- and TNBS-induced colitis were allowed 

access to food and water ad libitum. All procedures were approved by the Johns Hopkins 

Animal Care and Use Committee.

Nanoparticle formulation

Fluorescent, carboxylate-modified polystyrene nanoparticles (PS-COOH) of various sizes 

(40 nm, 100 nm, 200 nm, 500 nm) were purchased from Molecular Probes (Eugene, OR) 

and used as model conventional mucoadhesive particles (MAP). To produce mucus-

penetrating particles (MPP), PS-COOH nanoparticles were densely coated with 

polyethylene glycol) (PEG), as previously described [21]. Briefly, 5 kDa methoxy-PEG-
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amine (Creative PEGworks), N-Hydroxysulfosuccinimide (Sigma), and 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC, Invitrogen) were dissolved in 200 mM borate 

buffer and added to PS-COOH to facilitate coupling of carboxylic acid and amine groups. 

Nanoparticle size was characterized using dynamic light scattering (90° scattering angle), 

and ζ-potential was determined via laser Doppler anemometry with a Zetasizer Nano ZS90 

(Malvern Instruments, Southborough, MA) (Table S1). We have previously found that a 

near-neutral ζ-potential for these particles indicates that the surface is sufficiently coated 

with PEG to rapidly penetrate human cervicovaginal mucus (Table S1) [22]. All 

measurements were performed at 25°C and according to instrument settings.

Nanoparticle distribution in the mouse small intestine and colorectum

Nanoparticles were diluted to 0.2 - 0.02% w/v in water for distribution studies depending on 

particle size and mode of administration. For nanoparticle distribution in the small intestine, 

50 μl of nanoparticles suspended in deionized (DI) water were administered via oral gavage. 

Sections of the jejunum were excised 1 h (colitis) and 2 h (healthy) post administration, and 

sections of the ileum were excised 6 h post administration and subsequently flash frozen in 

Optimal Cutting Temperature compound (OCT). For intestinal loop experiments, animals 

were anesthetized with avertin solution, and the ileum was exposed from a small incision in 

the abdomen. A 2 cm region was tied off using surgical sutures, and 200 μl of fluid was 

injected into the loop using a syringe. The loops were excised 30 min after administration of 

nanoparticles and frozen in OCT. To assess colorectal distribution, nanoparticles were 

suspended in DI water as an enema vehicle. For transverse sections, 20 μl of nanoparticle 

solution was administered to mice under isoflurane anesthesia. After 5-10 min, their 

colorectal tissues were excised and immediately frozen in OCT. For all tissues, sections 

were cut 6 μm thick using a Leica CM-3050-S cryostat. The tissue sections were briefly 

fixed in 10% formalin, air dried, and stained with ProLong Gold antifade reagent with 4′,6-

diamidino-2-phenylindole (DAPI). Sections were imaged using an inverted epifluroescence 

microscope (Zeiss Axio Observer).

For surface coverage measurements in the jejunum, 50 μl of nanoparticles suspended in DI 

water were administered via oral gavage, and tissues removed after 2 h. The tissues were 

then sliced open longitudinally and flattened between two glass slides to expose the 

epithelial folds (colon) or villi (jejunum), as previously described [23]. For surface coverage 

measurements in the colorectum, mice were given a 200 μl DI water enema prior to 

nanoparticle administration to remove remaining pellets and ensure maximum tissue surface 

exposure. After 10 min, to ensure that all excess enema fluid was either expelled or absorbed 

by the epithelium, 50 μl of nanoparticle solution was administered rectally, and the tissues 

were excised within 5-10 min. Tissues were imaged using an inverted epifluroescence 

microscope (Zeiss Axio Observer). Control tissues (mice receiving no nanoparticles) were 

imaged to determine tissue background fluorescence levels to ensure that the fluorescent 

nanoparticle signal was above background. For quantification, 6 images were obtained at 

regular intervals along the tissue surface. The images were threshholded and the % coverage 

was quantified using ImageJ as previously described [23]. Data represents the average for n 

≥ 3 mice ± the standard error of the mean.
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Ex vivo tracking of nanoparticles in small intestinal and colorectal mucus of mice

Mice were prepared as described above. On day 3 after TNBS treatment (UC colon) or after 

3 days of liquid diet and a 24 h starvation period (healthy small intestine), ex vivo tracking 

experiments were performed as previously described [22, 24]. Briefly, the small intestine or 

colorectum was excised, longitudinally sliced open, and a 1 cm segment of tissue was placed 

in a custom-made 0.5 × 1 cm chamber. A volume of 0.5 μL of nanoparticles of various sizes 

(diluted to 0.02-0.08% w/v) was carefully pipetted on top of the mucus coating the tissues. 

The wells were then sealed by placing a cover slide was on top of the tissue and affixing it 

using superglue. Movies were obtained using an inverted epifluorescence microscope with a 

100×/1.46 NA oil-immersion objective. Movies were taken using an EMCCD camera 

(Evolve 512; Photometrics) for 20 s at temporal resolution of 66.7 ms. Nanoparticle 

positional data was obtained using Metamorph software and the resulting trajectories were 

analyzed using MATLAB. At least 100 nanoparticles of each size and type were tracked for 

50 frames or more to obtain nanoparticle mean square displacements (MSD) as a function of 

timescale calculated as <Δr2(τ)> = [x(t+τ)-x(t)]2 + [y(t+τ)-y(t)]2 [24-27]. Our prior work has 

found that static error can be estimated to be 20 nm, much smaller than the size of the 

nanoparticle displacements [25, 28].

Results

Distribution of orally-administered MAP and MPP in the small intestines of healthy mice

We first performed ex vivo multiple particle tracking (MPT) experiments, as previously 

described [22], to confirm that our model mucoadhesive particles (MAP) were adhesively 

trapped in mucus layers coating freshly excised mouse small intestine tissue. The trajectories 

of 200 nm MAP indicated adhesive immobilization (Fig 1A). In contrast, the trajectories of 

similarly-sized MPP indicated that MPP freely diffused in the mucus layers coating mouse 

small intestine tissue (Fig 1A). We then sought to determine whether adhesive interactions 

with small intestine mucus would impact nanoparticle delivery following oral administration 

by gavage. We used small gavage fluid volume (50 μL) to administer MAP and MPP to 

minimize volume-related artifacts [29]. As shown in Figure 1B, adhesion of MAP to luminal 

mucus layers resulted in exclusion of these particles from most of the epithelial surface 

(black in the image). In contrast, MPP were found distributed over much more of the 

epithelial surface, such that the impression of the flattened villus tips could be visualized to 

be nearly completely surrounded by MPP (Fig 1B). We then quantified the epithelial surface 

area covered by nanoparticles, and found that MPP covered 74 ± 4% of the epithelial surface 

of the jejunum, compared to only 35 ± 7% by MAP (Fig 1C).

Using the same oral administration methods, we then examined the cross-sectional 

distribution of the particles. We found that the adhesive MAP were clumped together in the 

lumen of the jejunum and ileum, unable to penetrate between the villi (Fig 2). In contrast, 

MPP distributed evenly throughout the tissue in both the jejunum and ileum, even though a 

small gavage fluid volume was used (Fig 2).
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Impact of fluid volume and mode of administration on MAP and MPP distribution in the 
small intestines of healthy mice

One challenge with interpreting and comparing literature reports of oral administration of 

nano-and microparticles is that the experimental protocols often differ significantly. We thus 

investigated the effects of fed state, administration method (oral gavage vs. intestinal loop), 

and gavage fluid volume on the GI distribution of MAP and MPP. Animals are almost 

always starved prior to oral administration experiments to avoid the confounding changes in 

transit time and absorption attributable to varied GI content. As shown in Figure 3A, not 

only was there little apparent effect on intestinal distribution of MPP after oral gavage to 

mice in the “fed” state, but the difference in distribution between co-administered MAP and 

MPP appeared even more pronounced in the fed state compared to the starved state. In the 

area close to the lumen (L), outlined at 10× magnification by a pink box and then shown at 

20×, MAP were found in large aggregates sometimes colocalized with some MPP, whereas 

MPP were also dispersed between the villi. In the area far from the lumen and among the 

villi, outlined at 10× magnification by a yellow box and then shown at 20×, MAP were 

essentially absent in the villi, whereas MPP were dispersed throughout and between the villi 

(Fig 3A). Thus, in the fed state, in contrast to MAP, non-adhesive MPP appeared to leave 

the digesta, penetrate the entire mucus barrier, and become well distributed on the epithelial 

surfaces.

We next investigated whether the high fluid volumes often used with intestinal loops or oral 

gavage can impact the distribution of MAP or MPP. We anticipated that administering 

particles in a large volume of fluid, that can distend the intestines and potentially cause 

viscous fingering through the mucus barrier [8], would enhance MAP distribution 

throughout the small intestine. As expected, filling the intestine with fluid containing MAP 

in an ileal loop model led to dispersion of MAP throughout the intestine and between the 

villi (Fig 3B). The distribution of MAP was very similar to MPP administered to intestinal 

loops (Fig S1). Similarly, when we administered MAP by oral gavage in 5-fold higher fluid 

volume (250 μL), although MAP appeared to aggregate to some extent, they became 

distributed in the jejunum and ileum as though the mucus barrier was not present (Fig 3B). 

Overall, the small intestine distributio n of MAP in an intestinal loop model, and after high 

volume gavage of MAP (that would be impractic al to scale to humans), was very similar to 

distributio n of MPP, and was in stark contrast to the distributio n of MAP administe red by 

gavage in low fluid volume (Fig 2).

Distribution of MAP and MPP in the colorectum of healthy mice

Prior to in vivo experiments to investigate MAP and MPP distribution in the colorectum of 

healthy mice following administration by enema, we first confirmed that MAP, regardless of 

particle diameter, were adhesively trapped in the mucus layers coating colorectal tissues 

freshly prepared ex vivo, whereas MPP <230 nm in diameter rapidly diffused through mouse 

colorectal mucus, as indicated by their trajectories (Fig 4). With this confirmation, we 

compared MAP and MPP distribution on the colonic epithelium when administered a 

hypotonic enema vehicle that causes osmotically-induced fluid absorption by the colonic 

tissue and, thus, fluid advection toward the epithelium [22]. MAP were trapped and 

aggregated within colorectal mucus in vivo regardless of particle size, leading to limited 
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distribution to only select areas in the colorectal lumen (Fig 4). In contrast, MPP uniformly 

coated the epithelial surface of the colorectum within only a few minutes after 

administration. MPP 40 nm and 100 nm in size reached all of the deep, folded surfaces, 

evenly coating the colorectal epithelium (Fig 4). MPP 200 and 500 nm in size also provided 

improved distribution compared to similarly sized MAP (Fig 4). However, 200 and 500 nm 

MPP did not distribute throughout the colorectal epithelium as uniformly as 40 and 100 nm 

MPP (Fig 4), a result consistent with the rapid diffusion of 40 and 100 nm MPP observed by 

ex vivo multiple particle tracking on freshly excised mouse GI tissue.

We then sought to quantify the colorectal distribution of MAP and MPP in the mouse 

colorectum after administration by hypotonic enema. MAP of all sizes were found to 

associate with luminal mucus bundles (Fig 5A), limiting the apparent colorectal surface 

coverage of 40, 100, 200 and 500 nm MAP to 39 ± 4%, 38 ± 2%, 38 ± 3%, and 36 ± 3%, 

respectively (Fig 5B). In contrast, MPP reached more of the colorectal tissue surface, with 

overall surface coverage decreasing as particle size increased (Fig 5A). MPP 40 nm in size 

provided a nearly uniform coating of the colorectal tissue surface (84 ± 1%), and while a 

significant portion of 100 nm MPP reached the tissue surface (leading to 80 ± 1% coverage 

of the colorectal surface), some 100 nm MPP remained in the luminal mucus gel (Fig 5A). 

MPP with diameters of 200 and 500 nm MPP were also found on the colorectal tissue 

surface (76 ± 2% and 55 ± 3% of the tissue surface, respectively; Fig 5B), however, an 

increasing amount appeared to be associated with the luminal mucus plug as MPP size 

increased (Fig 5A). Penetration of colorectal mucus by larger MPP was likely hindered by 

steric interactions with the mouse colorectal mucus mesh as MPP size increased, which is 

consistent with what we have observed using ex vivo MPT (Fig 4 and [22]), as well as with 

the cross-sectional colorectal MPP distribution observed in Figure 4.

MAP and MPP transport in colorectal mucus from mice with TNBS-induced colitis

Mucus hypersecretion and degradation is associated with UC, which may impact the 

structure of the mucus mesh and potentially alter the relative adhesive character of MAP or 

non-adhesive character of MPP. Thus, we first used MPT to quantify the transport of MAP 

and MPP in colorectal mucus on freshly excised ex vivo colorectal tissue obtained from mice 

with TNBS-induced colitis. The ensemble-averaged mean square displacement (<MSD>) of 

MAP in UC mouse colorectal mucus was >8,000-fold less than the theoretical MSD of 

similarly sized nanoparticles in water, regardless of size, indicating adhesive immobilization 

(Fig 6A). In contrast, MPP up to 200 nm in size readily diffused in colorectal mucus from 

mice with UC. Steric trapping of 500 nm MPP was observed in UC colorectal mucus, 

resulting in a low <MSD> that was similar to all sizes of MAP (Fig 6A). The distribution of 

the individual particle MSD values indicated that 100 nm MPP were uniformly diffusive, 

and >30% of 200 nm MPP diffused rapidly in UC colorectal mucus (Fig 6B). The <MSD> 

of 100 and 200 nm MPP in UC mucus were 2- and 25-fold increased, respectively, in UC 

colorectal mucus compared to in colorectal mucus from healthy mice (Table 1), indicating 

an increase in the overall pore size in UC colorectal mucus compared to healthy mouse 

colorectal mucus.
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Distribution of MAP and MPP in the GI tract of mice with induced colitis

After confirming that MAP were adhesively immobilized in GI mucus from mice with UC, 

while MPP were diffusive, we sought to evaluate the distribution of MAP and MPP in the 

colorectum of mice with UC. Similar to the distribution observed in the healthy mouse 

colorectum, MAP of all sizes were adhesively trapped in mucin bundles in the colorectum of 

mice with TNBS-induced UC, thus limiting distribution over the tissue surface (Fig 7A). 

Mucin bundling induced by MAP also trapped some MPP that were co-administered with 

MAP, as evidenced by the low amount of individual MAP compared to co-localized MAP 

and MPP, and MPP alone (Fig 7A). Regardless, MPP of all sizes distributed over more of 

the colorectal tissue surface in both healthy mice and mice with UC (Fig 7A). There was an 

increase in the colorectal surface coverage by 200 nm MPP in mice with UC compared to in 

healthy mice (Fig 7A), which is consistent with the increase in the fraction of diffusive 200 

nm MPP observed in UC mucus compared to in healthy colorectal mucus in the ex vivo 

MPT experiments (Fig 6B).

We next sought to test whether inflammation in the small intestine associated with IBD 

would impact the distribution of MAP and MPP after oral administration, but TNBS-

induced colitis only locally affects the colorectum. It is generally accepted that DSS-induced 

colitis causes inflammation and mucus hypersecretion in the small intestine [20], so we used 

this model of induced colitis to observe nanoparticle distribution in the inflamed small 

intestine after oral administration. Inflammation was evident by the lack of organized 

alignment of cell nuclei and general damage to the small intestine villi compared to healthy 

mice. We found that, similar to our findings in healthy mice, 200 nm MAP aggregated in the 

lumen of the inflamed small intestinal regions, whereas MPP distributed throughout and 

between the villi (Fig 7B), following oral administration.

UC is also characterized by increased epithelial permeability and ulceration, such that 

nanoparticle uptake into the tissue has been hypothesized as a mechanism for improved and 

selective nanoparticle-based drug delivery to treat UC [30-35]. We hypothesized that the 

ability of MPP to penetrate the mucus barrier would lead to increased accumulation of MPP 

compared to MAP in the tissue ulcerations. As shown in Figure 8, co-administration of 

MAP and MPP to mice by enema provided a stark visual contrast between the aggregated 

and poorly distributed MAP compared to the evenly distributed MPP in the healthy mouse 

colorectum, regardless of nanoparticle size. A similar contrast in colorectal distribution was 

seen for MAP and MPP in the colorectum of mice with TNBS-induced UC, and MPP also 

penetrated into damaged areas of the epithelium (Fig 8, green arrows) much more efficiently 

than MAP. MAP were also found near damaged areas of the epithelium, but tended to 

aggregate in the mucus or adhere only to the outer cell layer (Fig 8, red arrows).

Discussion

Enhancing the uniformity and proximity of drug-loaded particulates to the absorptive 

regions of the GI epithelium may improve both systemic drug absorption and local drug 

delivery for disorders such as IBD. Since most small molecule drugs are hydrophobic, 

strategies such as drug micronization and encapsulation within micro- or nanoparticle 

systems are used to overcome solubility limitations, leading to enhanced drug absorption [1, 
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2, 4-6, 8]. However, additional barriers to effective drug absorption in the GI tract exist, 

such as the mucus barrier lining the GI tract. Mucus can form multiple low-affinity 

interactions with particulate matter, including hydrophobic interactions, such that most types 

of drug particles and polymer particles stick to it [8, 36-39]. There are many other 

mechanisms by which mucoadhesion occurs, including electrostatic interactions and 

polymer interpenetration [36, 38, 40, 41], and these systems are all designed to facilitate 

strong adhesion to mucus. We demonstrated here that conventional hydrophobic 

mucoadhesive particles (MAP) stick to mucus and digesta, resulting in aggregation and 

limited distribution throughout the GI tract after oral and rectal administration. In contrast, 

non-mucoadhesive particles that penetrate through small and large intestine mucus (MPP) 

were able to reach nearly the entire tissue surface, which is likely to provide improved drug 

delivery for both local and systemic applications.

Mucoadhesion, which is generally defined as the interaction between a biological or 

synthetic material and the mucosa [42], is widely employed for drug delivery to mucosal 

surfaces. For example, mucoadhesion of pharmaceutical devices to surfaces that experience 

constant physical stress and drug clearance on the order of seconds to minutes, such as the 

buccal or ocular surfaces, can markedly improve drug delivery [43]. Also, devices generally 

larger in size than the thickness of the mucus barrier, such as micropatches [44, 45] and 

large microspheres functionalized with silicon nanowires [46], may be able to interact 

directly with the underlying mucosa to increase residence time in the GI tract. The 

distinction between mucus adhesion and mucosa adhesion is very important, and size scale 

is one factor that determines the efficiency by which a system designed to stick to the 

mucosal epithelium may contact the epithelium, as opposed to becoming trapped in the 

mucus gel instead. This paper shows that a typical mucoadhesive micro- or nanoparticle 

adheres to the luminal mucus gel before reaching the mucosa, thereby limiting particle 

distribution in the GI tract, and likely limiting GI residence time to the minutes to hours it 

takes for the mucus barrier to clear [8, 36]. It is not known at present whether MAP or MPP 

would be retained longer in the GI tract. However, our other work in the lung [47] and 

vagina [23] demonstrated that MPP enter more slowly cleared mucus layers, leading to 

prolonged retention of MPP compared to MAP that stick to the luminal mucus layers (note 

that MAP were called conventional particles, or “CP”, in these other papers). Carefully 

comparing the GI tract residence time of MAP and MPP will likely require the use of larger 

animals with GI transit times more similar to humans, such as dogs and pigs [48]. In rodents, 

the rapid GI transit time and production of a succession of hard, desiccated pellets (we have 

observed that mice produce a pellet once every 5-10 min) limits the ability to correlate 

particle retention in the rodent GI tract to what would be expected in humans. Assessing GI 

tract retention in a more physiologically relevant animal model is a high priority for future 

development of MPP for GI tract drug delivery.

It is important to recognize that numerous examples of mucoadhesive micro- and 

nanoparticle systems exist that provided improved drug delivery compared to the 

unencapsulated drug. For proteins where mucoadhesive particle systems have provided 

significantly improved bioavailability, such as insulin [49-53] and calcitonin [51, 54-56], 

encapsulation within the nanoparticle core shields the cargo from degradation in the harsh 
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GI environment and can provide sustained release, which likely account for the enhanced 

protein uptake. However, while drug delivery to the GI tract via mucoadhesive particles may 

provide significant advantages compared to administration of unencapsulated drug, our work 

suggests that the extent of the advantage is limited by particle aggregation and adhesion to 

mucus in vivo. In other work, liposomes coated with a commonly used polymer for 

mucoadhesive formulations, chitosan, were shown to aggregate in simulated GI fluid in 

vitro, and provided decreased cyclosporine A bioavailability in vivo compared to 

unmodified liposomes [57]. Also, the percentage of drug that was absorbed by GI tissues 

was increased when the mucus barrier was degraded prior to oral administration, and 

without an intact mucus barrier, drug delivery was improved for chitosan liposomes 

compared to unmodified liposomes [57]. Similarly, incubating invasin-coated PS 

nanoparticles in porcine mucin prior to oral administration led to decreased systemic 

absorption in rats [58]. Cell culture studies have also demonstrated decreased uptake of 

mucoadhesive nanoparticles in the presence of mucus [8, 59]. Indeed, we demonstrate here 

that MAP, in contrast to MPP, tend to aggregate in the GI tract lumen, where they are 

largely restricted from accessing the absorptive epithelium in the small intestine (both by 

poor surface coverage of the epithelium and by not penetrating to obtain close proximity to 

the epithelium). Our results suggest that drug delivery to the GI tract could be further 

improved by using non-mucoadhesive nanoparticles that distribute throughout the GI tract 

and reach nearly the entire epithelial surface. Definitive illustration of such improvement 

will await future studies seeking to test whether an improvement in systemic drug absorption 

will result from the increased access of drug in MPP to the absorptive epithelium, and/or 

improved efficacy of local drug treatment from increased uniformity of drug delivery to the 

affected tissues and cells.

We also demonstrate that methods commonly used for testing mucoadhesive particle 

systems may obscure the importance of the mucus barrier in the GI tract. For example, 

intestinal loop models have been used for decades to investigate systemic absorption of 

nanoparticles and drugs. In this model, a portion of the small intestine is excised from the 

abdominal cavity, thread is used to tie off the ends to make an isolated “loop”, and the test 

solution of interest is directly infused into the segment of intestine. The intestine is then 

placed back into the abdominal cavity, and absorption is allowed to occur over several 

hours. Using this model, as much as 67% of mucoadhesive nanoparticles were found in the 

blood and various organs, indicating systemic absorption [60]. However, as we demonstrate 

here, administering fluid into a tied-off loop distends the intestine and dilutes the mucus 

barrier, distributing MAP throughout the entire intestinal segment in a manner 

indistinguishable from MPP. Other studies have also demonstrated elevated absorption of 

nanoparticles after oral gavage. For example, more than 30% of 500 nm polystyrene 

nanoparticles were absorbed after oral gavage in one study [60]. However, the gavage 

volume used is important, as similar dilution effects can occur when large fluid volumes are 

gavaged to rodents. For example, Eyles et al. demonstrated that, with the same amount of 

870 nm PS particles in each dose, a 5-fold increase in gavage volume from 0.1 mL to 0.5 

mL in rats also caused a 5-fold increase in the percentage of nanoparticles found in the 

bloodstream [29]. Thus, when we administered MAP by gavage in 5-fold higher volume of 

fluid (0.25 mL as opposed to 0.05 mL for the rest of our studies), it is perhaps not surprising 
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that the small intestinal distribution of MAP was indistinguishable from MPP. For most oral 

drug delivery systems, including pills, the driving force for absorption would not be large 

volumes of fluid forced into the intestines, but rather the natural digestive absorption 

processes, and we demonstrate here that MPP have a clear advantage over MAP in being 

drawn through the mucus barrier with the fluid as it is absorbed. We further demonstrated 

that the stark contrast between the small intestinal distribution of MAP and MPP was further 

enhanced when the nanoparticles were co-administered in the fed state. Nutrients that can 

penetrate the mucus barrier are transported to the epithelium by the rapid absorption of 

water by the GI tract. This ‘advective’ transport by the flow of water rapidly transports 

nutrients into the highly infolded surfaces between villi. Water absorption increases in the 

fed state, increasing the speed of this advective transport process, and MPP take advantage 

of this process for efficient and uniform drug delivery. In contrast, MAP stick to the outer 

layers of mucus and aggregate in clumps in the center of the lumen, far from the epithelial 

surface.

For certain applications, such as rectal protection against sexually transmitted diseases with 

microbicides or treatment of UC, colorectal drug delivery may be preferable [18, 61-63]. 

Our work indicates that, when administered locally to the colorectum via enema, MPP of all 

sizes tested provided improved distribution over the epithelial surface compared to MAP. 

The hypotonic enema vehicle caused fluid absorption by the colorectal epithelium, thus 

advectively transporting MPP, but not MAP, through pores in the mucus mesh to reach the 

epithelial surface. We had previously observed similar results for MAP compared to MPP in 

the mouse vagina following administration in hypotonic aqueous vehicles [22].

UC has been associated with mucus hypersecretion and a reduction in mucus barrier 

properties [31, 32, 64]. Using MPP of various sizes, we showed that local inflammation in 

the TNBS-induced UC mouse model altered the structure of colorectal mucus, allowing 

larger (200 nm) MPP to penetrate more efficiently compared to penetration in healthy mouse 

colorectal mucus. However, despite the reduction in steric barrier properties, colorectal 

mucus in TNBS-induced UC maintained adhesivity toward MAP. It has been demonstrated 

in animal models of IBD that mucoadhesive nanoparticles preferentially accumulate in 

inflamed areas of the GI tract due to increased mucus accumulation and potentially 

phagocytosis by macrophages [33, 65]. In addition to mucus gel hypersecretion, 

inflammation is associated with breakdown of the adherent mucus layer in the colon, which 

normally excludes bacteria in the healthy colon [66], leading to bacterial infiltration into the 

tissue [67, 68]. Increased tissue permeability may be a mechanism for selective particle 

uptake and retention in highly inflamed regions; indeed, a measureable decrease in epithelial 

resistance was observed in tissue biopsies obtained from patients with IBD compared to 

healthy controls, which led to accumulation of mucoadhesive particles (microparticles > 

nanoparticles) in ulcerated tissue regions [69]. The accumulation increased with increasing 

disease severity, but the accumulation was typically less than 1% of the field of view [69]. It 

was then demonstrated with Ussing chambers and tissue biopsies that chitosan-modified 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles had even less penetration into tissue 

from IBD patients compared to PLGA nanoparticles [70]. In contrast, PEG-modified PLGA 

nanoparticles were found in the tissue specimens in greater amounts [70]. Ussing chamber 
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models may be limited by the fact that the tissue and mucus are soaked in media; however, 

our in vivo results in a mouse model of UC confirmed that only small amounts of MAP 

penetrate into ulcerated tissue regions, whereas MPP penetrate the mucus and enter the 

ulcerated tissue regions in much greater amounts. Importantly, the use of a hypotonic enema 

vehicle likely enhanced MPP penetration into ulcerated tissue regions throughout the entire 

colorectum.

Conclusion

We systematically compared mucoadhesive nanoparticle (MAP) and non-mucoadhesive 

nanoparticle (mucus-penetrating particles, or MPP) behavior in the GI tract of mice. We 

showed that the mucus barrier strongly limited the distribution and proximity of MAP to 

epithelial surfaces in both the small and large intestine. In contrast, MPP evenly coated the 

epithelial surfaces of the GI tract, achieved close contact to the underlying epithelium, and 

penetrated much more effectively into inflamed regions of UC tissues. Thus, the formulation 

of drugs into MPP may provide significant advantages in GI retention and drug absorption 

(owing to increased retention, distribution and proximity to the epithelium). In addition, 

unlike the clear difference of distribution between MAP and MPP when orally or rectally 

delivered, MPP and MAP distribute similarly when administered directly to the small 

intestine, as done in intestinal loop models, or in a high volume of gavage fluid. This 

indicates that care must be taken when choosing experimental methods for evaluating 

nanoparticle delivery to the GI tract, as some techniques are not representative of normal GI 

tract transit. Future studies will determine whether the improved mucosal distribution in the 

GI tract observed with non-mucoadhesive particles may lead to improved local drug 

treatments for diseases such as UC and colon cancer, improved microbicide-based 

protection against sexually transmitted infections, and/or improved oral absorption of drugs.
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Figure 1. Distribution of MAP and MPP in the jejunum after low volume oral gavage
(A) Trajectories representative of 3 s of movement of 200 nm MAP and MPP in mucus on 

freshly excised mouse small intestine tissue. (B) Distribution of 200 nm MAP and MPP on 

flattened mouse jejunum tissues after oral administration. (C) Quantified surface coverage of 

200 nm MAP and MPP on flattened mouse jejunum tissue. Images are representative of n ≥ 

3 mice. White scale bars indicate 300 μm. Data are calculated as means ± SEM. *P < 0.05 as 

compared to CP, Students t-test.
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Figure 2. Distribution of MAP and MPP in the jejunum and ileum after low volume oral gavage
Distribution of fluorescent 200 nm MAP or MPP in the healthy mouse jejunum and ileum 

after low volume oral gavage. White scale bars indicate 300 μm. Images are representative 

of n ≥ 3 mice.
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Figure 3. The impact of different experimental methods on the distribution of MAP and MPP in 
the jejunum and ileum
Distribution of fluorescent 200 nm MAP (red) or MPP (green) in: (A) the jejunum of healthy 

mice in the fed state after oral co-administration in a low volume gavage. In the 10× image, 

“L” denotes the lumen, the pink box outlines the luminal area (also shown outlined in pink 

at 20×), and the yellow box outlines the villi region (also shown outlined in yellow at 20×); 

and (B) the ileum of mice in the starved state after direct administration to an ileal loop, or 

in the jejunum and ileum after oral administration in a high volume gavage. Images are 

representative of n ≥ 3 mice. White scale bars indicate 300 μm and 100 μm for 10× and 20× 

images, respectively.
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Figure 4. Trajectories in colorectal mucus and distribution of MAP and MPP in the mouse 
colorectum
Trajectories representative of 3 s of movement for 40, 100, 200, and 500 nm MAP and MPP 

in mucus on freshly excised mouse colorectal tissue. Black scale bars indicate 1 μm for all 

trajectories. Distribution in transverse colonic cryosections after rectal administration of 40, 

100, 200, and 500 nm MAP (red) or MPP (green). Cell nuclei are stained with DAPI. White 

scale bars indicate 300 μm for all distribution images. Images are representative of n ≥ 3 

mice.
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Figure 5. Quantified colonic distribution of MAP and MPP after rectal administration to mice
Distribution on flattened colonic tissue after rectal administration of 40, 100, 200, and 500 

nm (A) MAP (red) or MPP (green). (B) Quantified surface coverage of various sized MAP 

and MPP on flattened mouse colonic tissue. Images are representative of n ≥ 3 mice and 6 

images per tissue. White scale bars indicate 300 μm. Data are calculated as means ± SEM. 

*P < 0.05 as compared to MAP, Student's t-test.
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Figure 6. Transport of MAP and MPP in colorectal mucus on freshly excised ex vivo tissue from 
mice with TNBS-induced colitis
(A) Ensemble averaged mean-squared displacement (<MSD>) as a function of time scale for 

various sizes of MAP and MPP particles, including the theoretical MSD of 100 nm particles 

in water (W). (B) Distribution of the logarithms of individual particle MSD at a time scale of 

1 s for various sized MAP (□) and MPP (■). Data is calculated as mean ± SEM (≥ 3 

individual tissues with n > 100 particles per tissue).
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Figure 7. Distribution of various sizes of MAP and MPP after rectal co-administration to mice 
with TNBS-colitis and after oral co-administration to mice with DSS-colitis
Distribution of co-administered, fluorescent MAP (red) and MPP (green) (A) on flattened 

colonic tissue after rectal administration of various sizes (100 nm, 200 nm, 500 nm) to 

healthy mice and mice with TNBS-induced ulcerative colitis and (B) in the jejunum of mice 

with DSS-induced colitis after low volume oral co-administration of 200 nm particles 

(shown at 10× and 20× magnification). White scale bars indicate 200 μm in (A) and 300 μm 

for the 10× and 100 μm for the 20× images in (B). Cell nuclei are stained blue with DAPI. 

Images are representative of n ≥ 3 mice.
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Figure 8. Distribution of various sizes of MAP and MPP after rectal co-administration to mice
Distribution of rectally co-administered, fluorescent MAP (red) and MPP (green) of various 

sizes (100 nm, 200 nm, 500 nm) in the colorectum of healthy mice and mice with TNBS-

induced colitis. The red arrows highlight aggregates of MAP, while the green arrows 

highlight areas where the MPP have penetrated into the tissue. Cell nuclei are stained blue 

with DAPI. White scale bars indicate 100 μm. Images are representative of n ≥ 3 mice.
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Table 1

Comparison of ensemble averaged MSD of MPP in colorectal mucus from healthy mice and mice with TNBS-

induced colitis. Values are representative of n ≥ 3 mice. MSDw denotes the theoretically diffusivity of 

similarly sized nanoparticles in water.

Particle Type Healthy MSDw/<MSD> Colitis MSDw/<MSD> MSDcolitis/MSDhealthy

100 nm MPP 80 40 2

200 nm MPP 8000 300 25

500 nm MPP 24000 1900 13
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