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A B S T R A C T

Inflammatory bowel disease (IBD) is a chronic inflammatory gastrointestinal disorder that affects more than 1
million individuals in the USA. Local therapy with enema formulations, such as micronized budesonide
(Entocort®), is a common strategy for treating patients with distally active IBD. However, we hypothesize that
micronized particulates are too large to effectively penetrate colorectal mucus, limiting the extent of drug de-
livery to affected tissues prior to clearance. Here, we describe the development of a budesonide nanosuspension
(NS) with the appropriate surface coating and size to enhance penetration of colorectal mucus and ulcerated
colorectal tissues. We demonstrate that model fluorescent polystyrene (PS) particles ∼200 nm in size with a
muco-inert Pluronic F127 coating provide enhanced mucosal distribution and tissue penetration in mice with
trinitrobenzenesulfonic acid (TNBS)-induced IBD compared to model 2 μm PS particles coated with poly-
vinylpyrollidone (PVP), the stabilizer used in the clinical micronized budesonide formulation. We then used a
wet-milling process to develop a budesonide NS formulation with a muco-inert Pluronic F127 coating (particle
size ∼230 nm), as well as a budesonide microsuspension (MS) stabilized with PVP (particle size ∼2 μm). Using
an acute TNBS mouse model of IBD, we show that daily budesonide NS enema treatment resulted in a significant
reduction in the macroscopic (decreased colon weight) and microscopic (histology score) symptoms of IBD
compared to untreated controls or mice treated daily with the budesonide MS enema. Further, we show that the
budesonide NS enema treated mice had a significantly reduced number of inflammatory macrophages and IL-β
producing CD11b + cells in colon tissue compared to untreated controls or mice treated with the budesonide MS
enema. We conclude that the nano-size and muco-inert coating allowed for enhanced local delivery of bude-
sonide, and thus, a more significant impact on local colorectal tissue inflammation.

1. Introduction

Inflammatory bowel disease (IBD) is a term that refers to chronic
inflammatory diseases that affect the gastrointestinal tract, further

divided into ulcerative colitis (UC) and Crohn's disease (CD). IBD is
generally characterized by immune system dysregulation, mucosal in-
flammation, and impaired integrity of the epithelial barrier [1]. Anti-
inflammatory drugs, such as steroids, are commonly used to treat IBD
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symptoms, repair mucosal tissues, and induce remission. The current
frontline steroid therapy is budesonide, which has low bioavailability
and undergoes extensive first-pass metabolism when taken orally, but is
considered to be more effective than other common steroids when
dosed topically [2,3]. For two-thirds of UC patients and for patients
with more diffuse disease that also affects the distal colorectum, topical
enema therapy is used [4,5]. While enema products are considered
more efficacious and associated with fewer side effects than oral for-
mulations in treating disease in the distal colorectum, substantial room
for improvement remains. Although more effective than placebo, rectal
budesonide products have provided<40% remission after 6–8 weeks
of daily treatment in clinical studies [6,7].

To achieve effective topical treatment for inflammation in the col-
orectum, sustained, therapeutic levels of drug must be delivered to the
affected tissues and cells. Although the colorectum is relatively acces-
sible by enema administration, additional barriers to effective local
drug delivery exist. The mucus layers coating the colorectal epithelial
surface are a major barrier that limits colorectal drug distribution and
absorption into the local tissue [8,9]. Frontline enema formulations for
a water insoluble drug like budesonide contain micronized drug parti-
cles [10,11]. However, we found that microparticles are too large to
penetrate the protective mucus mesh lining the colorectum and, thus,
are sterically restricted from reaching the epithelial surface [9,12], fa-
cilitating rapid clearance [8]. In contrast, we found that nanoparticles
that are both (i) small enough to pass through the pores in the mucus
mesh, and (ii) non-adhesive to mucus (mucus-penetrating particles,
MPP), provide rapid, highly uniform epithelial distribution in the col-
orectum following enema administration in a hypotonic enema vehicle
[9,13]. Hypotonic vehicles cause rapid, osmosis-driven, advective de-
livery of non-adhesive MPP through mucus, and right up against the
epithelial surface [14,15]. Further, MPP administered in a hypotonic
enema vehicle entered ulcerated tissues in the colorectum in a mouse
model of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced IBD more
efficiently than microparticles or nanoparticles that were adhesive to
mucus [9].

Here, we describe the design of budesonide nanosuspensions (NS)
containing drug particles of the appropriate size and formulated with
muco-inert coatings (Pluronic F127) for improved mucosal distribution
and tissue penetration in IBD. We demonstrate that budesonide NS
provide improved colorectal tissue levels of budesonide with minimal
systemic exposure compared to a budesonide microsuspension (MS)
formulated with the same stabilizer as the clinical product (poly-
vinylpyrollidone (PVP)). We further compare the budesonide formula-
tions for efficacy in the TNBS-induced mouse model of IBD, because (i)
the inflammatory injury is localized to the colorectum, which is optimal
for enema delivery, and (ii) budesonide was previously shown to be
efficacious in the TNBS mouse model of IBD [16–18]. The improved
colorectal drug delivery and efficacy provided by the muco-inert bu-
desonide NS suggest the potential for clinical utility.

2. Materials and methods

2.1. Materials

Budesonide (99% purity), 5% w/v 2,4,6-trinitrobenzenesulfonic
acid (TNBS) solution, sodium azide, dimethyl sulfoxide (DMSO), 1,4-
Dithiothreitol (DTT), phosphate buffered saline (PBS), lipopoly-
saccharide (LPS), collagenase type VIII, and DNAse-I were purchased
from Sigma-Aldrich (St. Louis, MO). Polyvinylpyrrolidone K30 (PVP)
was purchased from TCI Chemicals (Portland, OR). Zirconium oxide
beads (0.15 mm, 0.5mm and 1.0 mm in diameter) were purchased from
Next Advance (Averill Park, NY). Carboxylate-functionalized fluor-
escent polystyrene (PS) particles (200 nm red and 2 μm yellow-green)
were purchased from Molecular Probes (Eugene, OR). Sterile cell
strainers (100 μm) were purchased from Fisher Scientific (Hampton,
NH). Pluronic F127 (Poloxamer 407) was obtained as a free sample

from BASF corporation (Tarrytown, NY). Brefeldin A and fluorescent
antibodies were obtained from eBioscience (San Diego, CA) or
Biolegend (San Diego, CA).

2.2. 2,4,6-Trinitrobenzenesulfonic acid (TNBS) model

All experimental procedures were approved by the Johns Hopkins
Animal Care and Use Committee. Male 5–6 week old Balb/c mice were
purchased from Harlan (Indianapolis, IN) and acclimated in the animal
facility for one week. In our experience, reducing the presence and
passage of pellets during TNBS model induction minimizes variability
in disease severity. Mice were starved for 6 h and then received a 200 μL
saline enema using a flexible feeding tube to clear the distal 3–4 cm of
the colorectum. After 10min, 65 μL of TNBS (2.5% TNBS in 50%
ethanol) was administered colorectally using a Wiretrol with the mice
under isoflurane anesthesia to minimize back flow (Day 0, D0). These
procedures resulted in reliable weight reduction (average∼10–12% for
each experimental group) within 24 h after TNBS administration (Day
1, D1). The few mice that did not exhibit at least 7% weight reduction
24 h after TNBS administration were excluded, and the remaining mice
were grouped to ensure similar average weight loss.

2.3. Model particle distribution

Stock (2% w/v) fluorescent 200 nm or 2 μmPS particles were di-
luted 10-fold with 2% (w/v) Pluronic F127 solution in water (200 nm/
2% F127 and 2 μm/2% F127) or with 1% (w/v) PVP solution in water
(200 nm/1% PVP and 2 μm/1% PVP) and stored in the fridge over-
night. We previously demonstrated that uncoated PS particles
100–500 nm in size distributed poorly in the colons of healthy mice and
mice with TNBS-induced colitis [9], and thus did not repeat the un-
coated control here. Mice in the “healthy” group did not receive any
pretreatments. For the “TNBS” group, TNBS colitis was induced as de-
scribed above (average weight loss ∼10%). Fifty μl of particles was
administered intra-rectally. After 15min, the distal 4 cm of the colon
was excised and cut into 1 cm portions that were embedded, frozen,
sectioned, and stained as described [9]. The sections were imaged at
different magnifications using a Zeiss LSM 510 Meta confocal micro-
scope.

2.4. Budesonide particle formulation and characterization

For the microsuspension (MS), budesonide (5mg) and 1ml of 1%
(w/v) PVP solution in water were vortexed at 1200 rpm for 5min. For
the nanosuspension, wet bead-milling was performed using a
TissueLyser LT (Qiagen Inc, Germantown, MD). The diameter of zir-
conium oxide beads, the mass ratio of beads to drug, the Pluronic
concentration, and the bead-milling time were optimized to obtain a
budesonide particle size of ∼200 nm. In the final formulation, bude-
sonide (10mg) and zirconium oxide beads were added to 1ml of 2%
(w/v) Pluronic F127 milled at a speed of 3000 oscillations per min
(maximum oscillation speed) in a cold room to dissipate heat. The
milling beads were then separated by passing the suspension through a
100 μm cell strainer. Particle size, polydispersity index (PDI), and sur-
face charge (ζ-potential) of MS and NS formulations were measured
using a Malvern Zetasizer Nano ZS (173° scattering angle). MS and NS
were diluted 10-fold in ultrapure water for sizing and 40-fold in 10mM
NaCl (pH 7) for ζ-potential measurements. Images of the NS were ob-
tained using a Hitachi H7600 transmission electron microscope.

2.5. Evaluation of in vitro activity

Mesenteric lymph nodes (MLN) and spleen were isolated from 7
week old C57BL/6 male mice. Single-cell suspensions of MLN and
splenocytes were prepared as described [19]. 200,000 MLN cells or
splenocytes/well were seeded in 96 plate wells and activated with
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phorbol 12-myristate 13-acetate (PMA) (50 ng/ml), ionomycin
(500 ng/ml), and LPS (1 μg/ml) for 5 h in the presence or absence of
1 μM of budesonide MS or NS. Brefeldin A was added to each well after
1 h of activation in order to enhance the detection of intracellular cy-
tokines by flow cytometry. RAW 264.7 (murine macrophage cell line,
ATCC) cells were cultured at 37 °C in humidified atmosphere with 5%
CO2 using Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% (v/v) heat-inactivated FBS, 100 U/ml penicillin, and 100 μg/
ml streptomycin. For all experiments, 0.5 million cells/well were
seeded overnight in 6-well plates. Then, the medium was replaced and
cells were incubated for 5 h with 500 ng/ml LPS concomitantly with or
without 1 μM of budesonide solution (0.02% DMSO in PBS), 1 μM bu-
desonide MS, or 1 μM budesonide NS. Then, supernatants were re-
moved, cells were washed with PBS and transferred into 96-well plates.
Brefeldin A was added for 3 h and the cells were stained with relevant
antibodies using flow cytometer (Table S1).

2.6. Efficacy experiment

TNBS colitis was induced as described above. Starting on D1, mice
received a 100 μL enema containing either 0.5 mg/ml budesonide NS,
0.5 mg/mL budesonide MS, or PBS (untreated control). On Day 2 (D2)
and Day 3 (D3), mice were weighed and given enema treatments for a
total of 3 daily treatments. Twenty-four hours after the final treatment
(Day 4, D4), mice were weighed, and colorectal tissues were obtained.
A standard length of 4 cm of colorectal tissue were obtained from each
mouse and weighed. Alternatively, the whole colon was used for his-
tology or for isolation of immune cells from the lamina propria (LP).

2.7. Histology

Whole colons were prepared using a “sandwich roll” technique,

fixed in 10% neutral buffered formalin for at least 24 h, and then
transferred to 70% ethanol for at least 24 h. JHU Reference Histology
lab performed paraffin embedding, sectioning, and hematoxylin and
eosin (H&E) staining. Tissues were scored by a trained veterinary pa-
thologist in a blinded fashion using the scoring system in Table S2. The
overall score was the sum of individual scores.

2.8. Isolation of colon lamina propia (LP) cells

Colonic LP cells were isolated as described previously [20,21],
counted, and stained with relevant antibodies for flow cytometry ana-
lysis (Table S1). For intracellular staining, LP cells were activated with
PMA (50 ng/ml) and Ionomycin (500 ng/ml) for 4 h. Brefeldin A was
added after 1 h of activation.

2.9. Flow cytometry analysis

The antibodies used to detect relevant immune cells and in-
tracellular cytokines from RAW264.7 cells, MLN/spleen cells and co-
lonic LP cells are described in Table S1. Viability, surface and In-
tracellular staining were performed according to regular standard
protocols established by eBioscience (San Diego, CA). All cells were
analyzed using a SONY SH800 Cell sorter and FlowJo software.

2.10. Statistics

The Student's t-test (two-tailed, unequal variance) was used to
compare differences between two experimental groups. To compare
multiple groups, one-way ANOVA with the Tukey post hoc test was
used. For histological scoring, the non-parametric Kruskal-Wallis with
Dunn's post hoc test was used. All values are presented as the
average ± the standard error of the mean (SEM) unless otherwise

Fig. 1. Distribution of model fluorescent (A) PVP-coated
2 μmPS particles (surrogate for clinical enema) and (B)
Pluronic F127-coated 200 nm PS particles in the colons of
mice with TNBS-induced colitis. F127-coated 200 nm PS
particles appeared to penetrate into the damaged color-
ectal tissue, whereas 2 μmPS particles were largely pre-
sent in the colorectal lumen. In contrast, both (C) PVP-
coated 2 μmPS particles and (D) F127-coated 200 nm PS
particles were excluded from intact colorectal tissue in
healthy mice, while more uniform mucosal distribution
was evident for the 200 nm particles in the healthy mouse
colorectum. Images are representative of n≥ 3 mice.
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indicated. P values < 0.05 were considered statistically significant for
all data.

3. Results

3.1. Colorectal distribution of model fluorescent particles

Fluorescent PS particles of the appropriate size and surface stabli-
zers (Table S3) to serve as model probes for the budesonide NS and MS
were intrarectally administered to both healthy mice and mice with
TNBS-induced colitis. The lack of colorectal folds and presence of epi-
thelial damage was immediately apparent in the mice with TNBS-in-
duced colitis. Despite this, the 2 μm/1% PVP particles were largely
dispersed in the lumen in the TNBS mice (Fig. 1a), similarly restricted
from reaching much of the epithelium as in the colons of healthy mice
(Fig. 1c). Similar trends were observed for 2 μm/2% F127 particles in
the colons of TNBS mice (Fig. S1A) and healthy mice (Fig. S1C). In
contrast, 200 nm/2% F127 particles distributed throughout the color-
ectal lumen in the TNBS mice, including penetrating into ulcerated
regions of the tissue (Fig. 1b). In healthy mice, 200 nm/2% F127 par-
ticles were more uniformly distributed across the colorectal epithelium,
as was previously demonstrated for similarly sized PS nanoparticles
with covalently grafted polyethylene glycol (PEG) on the surface (PS-
PEG) administered in a hypotonic enema [9]. In contrast, the dis-
tribution of 200 nm/1% PVP particles was restricted similarly to the
2 μm particle formulations in both TNBS mice (Fig. S1B) and healthy
mice (Fig. S1D). To confirm the apparent adhesive interactions of PVP
coated particles and the steric interactions of the larger 2 μm particles
in mucus, we tracked the motions of the model coated particles in
undiluted human cervicovaginal mucus (CVM), which is convenient to
collect fresh and undiluted in large quantities. We confirmed that the
ensemble averaged mean squared displacement (<MSD>) of 200 nm/
2% F127 particles was similar to that of 200 nm PS-PEG particles,
whereas the 200 nm/1% PVP particles were largely immobilized in
human CVM similar to the unmodified 200 nm PS particles (Fig. S2A).
The 2 μm/1% PVP particles were immobilized in human CVM similar to
unmodified 2 μmPS particles (Fig. S2B). In comparison, the 2 μm/2%
F127 particles showed some mobility in human CVM, but the<
MSD>was reduced ∼100-fold compared the estimated unrestricted
diffusion in pure water (W), suggesting the particles were mostly
sterically trapped (Fig. S2B). Together, these results suggest that using
both a smaller particle size and a mucoinert coating could provide
improved drug delivery to the colorectum.

3.2. Development and characterization of budesonide MS and NS

We formulated a budesonide MS using the same stabilizer in
Entocort®, PVP. The average particle size was 2.5 ± 1.25 μm. For the
budesonide NS, we optimized various parameters involved in the wet-
milling process using the Tissuelyser, including milling bead size
(Fig. 2a), the ratio of mass of drug to mass of beads (Fig. 2b), the
concentration of Pluronic F127 (Fig. 2c) and milling time (Fig. 2d) to
obtain an F127-coated budesonide NS formulation with the appropriate
size and surface properties for effective penetration through colorectal
mucus (Table S3) [9,22,23]. TEM images further confirmed the size of
budesonide NS (Fig. 2e). Although the MS and NS were made fresh
daily for enema administration, we evaluated the stability of each
formulation at room temperature (RT) and 4 °C. We generally observed
that the size (Fig. S3A) and polydispersity index (PDI) (Fig. S3B) of the
NS was relatively stable over 28 days in both storage conditions. As
expected, the size and PDI fluctuated more for the MS over 28 days of
storage. There were minor fluctuations in the ζ–potential for both the
MS and NS (Fig. S3C).

3.3. In vitro anti-inflammatory activity of budesonide MS and NS using
murine MLN

In order to confirm that processing does not impact the inherent
activity of budesonide, we evaluated the in vitro anti-inflammatory
activity of the budesonide solution (SOL), NS and MS using murine
macrophages (RAW264.7 cells). Flow cytometry analysis showed that
all budesonide treatments significantly reduced the pro-form of IL-1β in
the LPS-activated RAW264.7 cells, indicating that budesonide SOL, MS
as well as NS exerted similar anti-inflammatory effects in vitro (Fig. 2f).
Further, budesonide MS as well as NS also significantly reduced the
levels of inflammatory cytokines TNFα and IFNγ in activated MLN and
splenocytes (Fig. S4).

3.4. Efficacy in the TNBS colitis model

We next evaluated daily budesonide enema treatment for efficacy in
an acute TNBS-induced colitis model. After the first enema treatment on
D1, untreated mice (TNBS) continued to lose weight on D2
(−16.2 ± 1%), whereas the average loss in body weight in the bu-
desonide MS (TNBS + MS) and NS (TNBS + NS) group remained si-
milar (−12.0 ± 1.1% and −13.0 ± 1.1% respectively). By D3, the
average weight loss in the NS group (−9.5 ± 1.6%) and MS group
(−9.2 ± 1.4 0%) was significantly less than the average weight loss in
the control group (−17.0% ± 1.8%). Twenty-four hours after the
third treatment on D4, the average weight loss for the NS
(−5.5 ± 1.3%) and MS (−6.4 ± 1.5%) groups were similar, but
significantly lower (P < 0.01) compared to the untreated group
(Fig. 3a). Importantly, although the overall recovery in weight loss was
similar in the NS and MS groups, the average colon weight in the NS
group (107.8 ± 3.2mg) was significantly decreased compared to the
untreated group (131.9 ± 6.9mg), whereas the MS treated group was
statistically indistinguishable compared to the untreated group
(Fig. 3b). We further confirmed the improved local tissue effect of the
budesonide NS with histopathological analysis of colon tissue. Color-
ectal tissues from the untreated group showed classic signs of TNBS-
induced colitis, such as infiltration of immune cells, loss of epithelial
barrier, ulcerations, and atrophy and loss of crypt structure (Fig. 3c/d).
Of note, only mice treated with the budesonide NS had a significant
reduction in microscopic symptoms of IBD, whereas colorectal tissues
from the mice treated with budesonide MS were indistinguishable from
the untreated mice (Fig. 3c/d).

3.5. Evaluation of immune cells

To further understand the increased efficacy of the budesonide NS
in attenuating local colorectal inflammation, we sought to characterize
colon tissue immune cells. We isolated viable colonic LP immune cells
(CD45 + LIVE) and used flow cytometry analysis to identify neutrophils
(CD45 + Ly6G+) and inflammatory macrophages (Ly6ChighCD11b+).
Both the budesonide MS and NS treatments caused significant reduc-
tions (P < 0.01) in the infiltration of neutrophils into the colon,
though the NS trended toward the larger reduction (Fig. 4A). Only the
budesonide NS treatment provided a significant reduction (P < 0.05)
in the infiltration of inflammatory macrophages that are involved in the
progression of IBD (Fig. 4b) and significant reduction in the production
of the pro-form of IL-1β from CD11b + cells (Fig. 4c). We found that
the budesonide MS and NS similarly reduced the presence of adaptive
immune cells, including CD4+ T cells, CD + T cells, and B cells (Fig.
S5).

4. Discussion

Although oral administration is often considered the most accep-
table mode of drug administration, topical drug administration results
in much higher local drug levels with lower doses, as well as reduced
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systemic drug exposure. This is particularly true for IBD drugs like
budesonide, which undergoes extensive first-pass metabolism, and has
undesirable systemic side effects [2,3]. Topical enema therapy is more
effective for IBD patients with disease affecting only the distal color-
ectum, and even for patients with additional diffuse active disease,
prescribing both an enema and oral medication is more effective than
oral therapy alone [5,24]. Numerous efforts for formulating nano-
particles that can be dosed orally, but transit to the colorectum to de-
liver drug locally, have been described [25,26]. There are some lim-
itations to this type of approach, which typically requires the use of an
enteric polymer coating to minimize drug release in other parts of the
GI tract. The pH changes throughout the GI tract are an attractive at-
tribute for using pH to modulate particle degradation and drug release,
but there has been preclinical and clinical evidence demonstrating in-
terpatient variability that leads to premature degradation, or no de-
gradation at all [27,28]. Particularly in diseased states like IBD, the
normal physiology, including pH, is altered [29]. Further, loading drugs
into nanoparticles, whether polymeric or lipid-based, often results in
low drug loadings (< 0.1–6%) [17,30,31], meaning that the bulk of the
administered material is polymer or other excipients. In contrast, the
NS approach that we describe here is composed of pure budesonide
milled down to nano-size and coated with FDA generally regarded as
safe (GRAS) Pluronic F127. However, despite the potential limitations
of orally administered nanoparticles for treating disease in the distal
colorectum, it is worth exploring whether oral nanoparticle formula-
tions can be used in combination with NS enemas to further improve
treatment efficacy.

Micro- and nanosuspensions are fluid formulations that contain

water insoluble drugs that have been processed through bottom-up or
top-down methods to form semi-stable suspensions of amorphous or
crystalline drug particles [32,33]. The approach is intended to increase
the surface area-to-volume ratio for improved dissolution, and has been
thoroughly explored and developed to increase oral bioavailability of
poorly bioavailable drugs [32,34]. Micronization is also a strategy
employed for clinically available enema formulations (budesonide and
mesalamine) for local treatment of ulcerative colitis. However, large
microparticulates are unlikely to penetrate the colorectal mucus barrier
and be delivered to the affected tissues, suggesting that NS may be more
efficacious for IBD enema therapies [9]. Further, because surface area
scales by r2, a 10-fold decrease in particle size leads to a 100-fold in-
crease in surface area for improved dissolution of poorly soluble drugs.
Prior descriptions of budesonide NS include the use of a high-pressure
homogenization apparatus to produce large scale batches (300mL) for
pulmonary administration, though the particle size achieved was
500–600 nm [35]. In another report, budesonide NS were produced via
a bench top wet milling method using glass beads [36]. However, the
method required 24 h of milling and resulted in a budesonide NS with
∼400 nm average particulate size. In contrast, we describe here an-
other version of modified wet milling using commercially available
tissue homogenization equipment (TissueLyser LT) and inert zirconium
oxide beads that enables transformation of budesonide in to NS for-
mulation of the appropriate size (∼225 nm) and surface characteristics
(Pluronic F127 coated, −2mV) for effective mucus penetration and
improved colorectal distribution [9,22,23].

Intestinal inflammation leads to mucus hypersecretion and a re-
duction in barrier function, which has been demonstrated to have an

Fig. 2. Optimization, characterization and in vitro anti-inflammatory activity of budesonide NS. Various parameters of wet-milling process such as (A) size of
zirconium oxide beads, (B) budesonide to bead mass ratio (C) Pluronic F127 concentration and (D) wet-milling time were optimized to obtain Pluronic F127 coated
budesonide NS in the size range appropriate for penetration of mouse colorectal mucus (∼222 nm and polydispersity index≤ 0.2). (E) Transmission electron
micrograph of budesonide NS (Scale bar= 500 nm). (F) In vitro anti-inflammatory activity of budesonide NS was evaluated to assess the impact of wet-milling
process on drug activity. RAW264.7 cells were activated with LPS (0.5 μg/ml) for 5 h in the presence or absence of 1 μM of budesonide solution (SOL), MS, or NS and
the production of the pro-form of IL-1β from CD11b + RAW264.7 cells was measured using flow cytometry. Budesonide SOL, MS and NS were able to reduce the
production of the pro-form of IL-1β in LPS activated RAW264.7 cells compared to control (CTRL). Data are expressed as mean ± SEM (n ≥ 3). *p < 0.05,
**p < 0.01.
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impact on particle distribution and accumulation. We previously ob-
served a reduction in steric barrier properties in the TNBS-induced
colitis model, though adhesive interactions with mucoadhesive nano-
particles were maintained [9]. Others have similarly found increased
accumulation of orally administered nanoparticles in inflamed areas of

the intestines, presumably due to increased mucus production and a
thicker mucus layer, which facilitates particle entrapment and adhesion
[37]. However, there have been conflicting reports for how size impacts
accumulation of particles at the inflamed mucosa; in several reports
using animal models, smaller particle size lead to increased

Fig. 3. Treatment with the budesonide
NS enema provides significant reduc-
tions in macroscopic and microscopic
symptoms in mice with TNBS-induced
colitis (A) Mice treated with budesonide
MS (TNBS + MS) or NS (TNBS + NS)
enema showed a significant recovery in
body weight compared to untreated (TNBS)
animals. (B) Only the budesonide NS
treated animals showed significantly lower
colon weight compared to untreated ani-
mals (n ≥ 15 per group). (C) H&E stained
colon sections revealed local alterations of
cellular structure, ulcerations, neutrophil
infiltration, and tissue damage in untreated
control and MS treated mice, whereas
treatment with the budesonide NS provided
amelioration of microscopic IBD symptoms.
(D) Quantitative histopathological scoring
based on mucosal damage, destruction of
cellular architecture, infiltration and epi-
thelial regeneration, and percent colon in-
volved demonstrated a significant reduction
in disease with budesonide NS enema
treatment compared to untreated mice and
MS treated mice (n = 5 per group). Data are
expressed as mean ± SEM; *p < 0.05,
**p < 0.01.

Fig. 4. Only budesonide NS significantly lowered the number of viable inflammatory macrophages, a cell type implicated in the pathogenesis of IBD, in
the colon lamina propria. Treatment with budesonide MS and NS significantly reduced the number of (A) infiltrating neutrophils (Ly6G+/CD45+ cells; n≥ 5 per
group), and (B) only budesonide NS showed reduction in inflammatory macrophages (Ly6Chigh+/CD11b+/CD45+ cells; n ≥ 7 per group) and (C) reduction in the
production of the pro-form of inflammatory cytokine IL-1β from the CD11b + cells (n ≥ 4 per group). Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001.
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accumulation [37–39], whereas a clinical study suggested that micro-
particles accumulated more in areas of severe disease with ulcerous
lesions compared to nanoparticles [40]. Another study using mucosal
biopsies from IBD patients found that polyethylene glycol (PEG)-coated
poly(lactic-co-glycolic acid) (PLGA) nanoparticles demonstrated in-
creased penetration and translocation compared to mucoadhesive
chitosan-coated PLGA nanoparticles [41]. Of note, the surface proper-
ties and core composition of the particles used in the aforementioned
studies varied, and thus, more work is needed to fully elucidate the
impact of particle size, surface properties, and particle composition on
particle uptake and drug delivery in IBD patients [37]. Further, the
increased accumulation of particles, particularly mucoadhesive parti-
cles, at inflamed mucosa makes determining discrete drug levels in
colorectal cells and tissue technically challenging. The adherent mucus
layer may be particularly challenging to remove [42], and differences
in the efficiency of removing various sized particles by extensive
washing [39] could be a result of differences in penetration depth or
differences in cell uptake, but the reasons are unclear. Thus, it is par-
ticularly challenging to remove the luminal contents to measure drug
absorption into tissue with drug-loaded particulate formulations in
preclinical IBD models, and thus, particle localization studies and/or
efficacy studies are the norm for assessing drug delivery efficiency
[16,17,30,43]. Here, since the budesonide nano- and microsuspensions
were composed only of budesonide and a physically associated surface
coating material (F127 and PVP, respectively), it would be technically
challenging to fluorescently label a component of the formulations
without significantly impacting the stability and/or the physicochem-
ical properties of the formulations. Thus, we used fluorescent poly-
styrene particles with the same respective surface coatings as model
probes for assessing particle distribution and accumulation in the in-
flamed colons of mice with TNBS-induced colitis. We observed im-
proved epithelial distribution and penetration of inflamed mucosa with
the 200 nm/2% F127 particles compared to 2 μm/1% PVP particles,
which is likely due to both the smaller size and the muco-inert surface
coating. This hypothesis was further supported by observing limited
distribution and penetration of both (i) 200 nm/1% PVP particles,
suggesting that PVP coatings lead to mucoadhesion, and (ii) 2 μm/2%
F127 particles, suggesting that 2 μm particles, even with mucoinert
coatings, are too large to penetrate through the mucus and ulcerated
tissue (steric trapping).

We employed the commonly used TNBS-induced colitis model for
comparing the efficacy of our budesonide NS and MS enema formula-
tions. Of note, the TNBS model has more immunological similarities
with human CD (Th1 driven) than with UC (Th2 driven), though in
humans, inflammation and mucosal damage in CD is not restricted to
the colorectum like in UC [44]. However, the TNBS model is an at-
tractive option for testing enema formulations, because the disease is
reproducible and localized to the distal colorectum. Given that enemas
are not expected to reach past the splenic flexure, enemas would not be
expected to reach diffuse disease, particularly in the small intestine,
which is more characteristic of CD. Furthermore, given the general anti-
inflammatory properties of steroids like budesonide, it is not surprising
that budesonide has been demonstrated to have efficacy in both the
dextran sodium sulfate (DSS)-induced IBD model and the TNBS-induced
models of IBD. However, given the diffused nature of the damage in-
duced by orally administered DSS, the model is less optimal for testing
enema formulations. Given our goal to compare our muco-inert NS
formulation to a clinically-relevant budesonide MS, the TNBS model
was appropriate for demonstrating improved efficacy for the NS. Our
studies using the TNBS-induced colitis model showed that although
both budesonide formulations led to a recovery in weight loss, the
budesonide NS was more effective in reducing colon inflammation and
normalizing tissue weight. Better distribution and penetration of muco-
inert budesonide NS into the inflamed colon tissue could be responsible
for the improved local effect. Histopathological studies also showed
that only the mucus-penetrating budesonide NS enema could

significantly ameliorate microscopic symptoms of IBD.
We also sought to confirm the efficacy of budesonide MS and NS

formulations by analyzing immune cells in the colonic LP obtained from
treated mice. Indeed, we found that local administration of both bu-
desonide MS and NS significantly reduced the absolute number of vi-
able colonic CD45 + Ly6G + cells (neutrophils) in mice with TNBS-
induced colitis. Glucocorticoids like budesonide can promote the re-
solution of inflammation, and restore homeostasis, by promoting a
wound-healing and anti-inflammatory activity in macrophages, indu-
cing neutrophil and T cell apoptosis and promoting the removal of
apoptotic cells [45,46]. Moreover, it has been shown that glucocorti-
coids can induce the expression and secretion of Annexin-1, which can
induce apoptosis of neutrophils at the site of inflammation [47]. Thus,
the reduction in neutrophils observed with budesonide MS or NS
treatment could be a result of the apoptotic effect of glucocorticoids
such as budesonide on neutrophils in the inflamed colon. Macrophages
have been implicated in the pathogenesis of a variety of chronic and
autoimmune diseases, including IBD [48,49]. The classically activated
macrophages are key producers of many cytokines (e.g. IL-1β, TNFα
and IL-6) and reactive metabolites of oxygen and nitrogen (e.g. nitric
oxide) that have been implicated in the development of IBD [48,49].
Macrophages, together with neutrophils, may contribute to intestinal
damage by releasing reactive metabolites of oxygen and nitrogen [50].
It was previously shown that Ly6Chigh monocytes are recruited into the
inflamed gut to become the dominant inflammatory mononuclear cell
type in the LP during acute colitis [21]. We found that only budesonide
NS enema treatment could significantly reduce the number of viable
colonic infiltrating monocytes (Ly6ChighCD11b+) in mice with TNBS-
induced colitis, and to significantly reduce the production of in-
flammatory cytokines from CD11b + cells. It is likely that the increased
effect of the budesonide NS on reducing local inflammation led to the
significant improvement in tissue histology observed in this acute
TNBS-induced colitis model.

Finally, the mucus-penetrating budesonide NS enema formulation
described here is composed of all FDA GRAS ingredients without che-
mical modification. The formulation approach uses similar principles as
the MPP technology in development by Kala Pharmaceuticals that has
already proven successful in Phase II and III clinical trials for ocular
indications. There are several potential approaches to move forward
with development of the budesonide enema formulation, which could
be marketed as a stable, ready-to-use suspension like various mesala-
mine formulations (e.g. Rowasa®). Alternatively, taking a similar ap-
proach to budesonide enemas like Entocort®, a dispersible powder ta-
blet could be sold alongside an enema bottle containing sterile vehicle
and mixed by the user at the time of application. Future studies will
include exploring the feasibility of both approaches for designing a
budesonide NS product that can be reproducibly manufactured.
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