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Abstract

Inflammatory bowel disease (IBD) is a chronic, idiopathic inflammatory set of conditions that can
affect the entire gastrointestinal (GlI) tract and is associated with an increased risk of colorectal
cancer. To date there is no curative therapy for IBD; therefore life-long medication can be
necessary for IBD management if surgery is to be avoided. Drug delivery systems specific to the
colon have improved IBD treatment and several such systems are available to patients. However,
current delivery systems for IBD do not target drugs to the site of inflammation, which leads to
frequent dosing and potentially severe side effects that can adversely impact patients’ adherence to
medication. There is a need for novel drug delivery systems that can target drugs to the site of
inflammation, prolong local drug availability, improve therapeutic efficacy, and reduce drug side
effects. Nanoparticulate (NP) systems are attractive in designing targeted drug delivery systems for
the treatment of IBD because of their unique physicochemical properties and capability of
targeting the site of disease. This review analyzes the microenvironment at the site of
inflammation in IBD, highlighting the pathophysiological features as possible cues for targeted
delivery; discusses different strategies and mechanisms of NP targeting IBD, including size-,
charge-, ligand-receptor, degradation- and microbiome-mediated approaches; and summarizes
recent progress on using NPs towards improved therapies for IBD. Finally, challenges and future
directions in this field are presented to advance the development of targeted drug delivery for IBD
treatment.
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Introduction

Inflammatory bowel disease (IBD) is a chronic, idiopathic inflammatory set of conditions
that can affect the entire gastrointestinal (GI) tract and is associated with an increased risk of
colorectal cancer [1]. IBD consists of two major clinically defined forms, Crohn’s disease
(CD) and ulcerative colitis (UC) [2]. CD generally involves the ileum and the colon, but it
can affect any region of the Gl tract discontinuously, and the inflammation is often
transmural; in contrast, UC is confined to the large intestine, extending proximally from the
rectum to potentially involve the entire colon in an uninterrupted pattern with extensive
superficial mucosal ulceration [2]. Both CD and UC are associated with high morbidity and
decreased quality of life [3]. The incidence of IBD is increasing worldwide with a
substantial burden on public healthcare [4, 5]. Currently, IBD affects roughly 1.4 million
individuals in the U.S., with an estimated annual direct cost exceeding $6 billion [6].

To date, the etiology of IBD is not completely understood. Multiple factors including genetic
predisposition, immunoregulatory dysfunction, environmental triggers, and microbial
exposure contribute to the development of the disease [7, 8]. Dysbiosis (alterations in the
development or compositions of the microbiota) and pathogenic infections have also been
reported to play a role [7]. Conventional medication for IBD comprises anti-inflammatory
drugs (e.g., 5-aminosalicyclic acid, corticosteroids) and immunosuppressive agents (e.g.,
azathioprine, 6-mercaptopurine). The introduction of anti-tumor necrosis factor (TNF)-a
monoclonal antibodies as biologic therapies significantly increased the treatment options for
IBD [9, 10]. However, there is no cure for IBD, and available therapies fail to control
symptoms in a large number of patients. The loss of response to biologics can lead to
colectomy or small bowel resections in IBD patients [11, 12].

IBD predominantly affects the colon, and consequently colon-targeted drug delivery systems
have received significant attention for IBD treatment. Traditional drug delivery approaches
for IBD treatment have applied pH-, time-, microflora-, and pressure-triggered systems to
control drug release in the colon [13]. Examples include methacrylate derivatives applied as
coatings of formulations (pH-dependent), an erodible hydrogel plug in a capsule (time-
dependent), azo-conjugated pro-drugs [14] or ethylcelluose/amylose modified systems
(microflora-triggered) [15, 16], and osmotic agents with a semi-permeable membrane inside
a capsule (pressure-controlled) [17]. These approaches have been extensively studied and the
Food and Drug Administration (FDA) has approved several of them for clinical use (Table
1).

Recently, novel drug delivery systems for IBD treatment capable of specifically targeting the
site of inflammation, instead of the entire colon, have attracted substantial attention [18, 19].
Since IBD is a chronic, incurable condition, the therapeutic goal is to induce and maintain
long-term remission. Inflammation-targeting drug delivery in IBD potentially offers a safe
and efficacious approach for disease treatment and management. First, it provides high local
drug concentration at the site of disease for prolonged pharmacological activities and
maximized drug efficacy. Studies with IBD patients have shown that higher drug
concentrations in affected tissues are associated with lower histological degrees of
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inflammation and improved disease control [20, 21]. Second, targeted delivery may prevent
or reduce drug degradation and loss of efficacy prior to reaching the site of action.
Biological therapies such as small interfering RNA (siRNA) and proteins generally display a
short half-life in the circulation and undergo rapid degradation /in vivo, thereby requiring
targeted delivery to the site of action as well as nucleic acid modification to render the anti-
sense therapies resistant to nucleases. Third, targeted drug delivery in IBD has the potential
to reduce dosing frequency and minimize systemic side effects. By guiding drugs to the site
of action, targeted drug delivery can reduce non-specific distribution of drugs throughout the
body; consequently, decreases in dosing frequency may be achieved for the required amount
of drug. Since drugs are directly released at the inflamed tissue, systemic drug exposure and
the associated side effects can be minimized. Frequent dosing, complex tapering regimens,
and fear of side effects have been reported to negatively impact patients’ adherence to
medications in IBD treatment [22]. With the potential to reduce dosing frequency and drug
side effects, targeted drug delivery could contribute to improving medication adherence.

Nanoparticulate (NP) drug delivery systems are of particular interest among the
inflammation-targeting approaches in IBD, due to their small size and versatile surface
chemistry [23]. The intestinal tissue permeability is increased in the inflamed colon - both at
the level of the endothelium and the epithelium, where the tight junctions (TJs) between
cells are enlarged due to the loss of cellular integrity upon the activation of proinflammatory
cytokines [24]. Taking advantage of the “leaky” intestine, NPs passively accumulate at the
sites of inflammation due to the increased intestinal permeability [25], which is likely
accompanied by enhanced NP uptake by the infiltrating immune cells [26]. Due to their
small size, NPs can also penetrate deeply into the target tissue, which could be beneficial for
the treatment of CD that is characterized by transmural inflammation [27]. Additionally,
NPs provide the potential of modifying drug properties, including solubility, stability, and
immunogenicity. Furthermore, surface tailoring of NPs facilitates targeted and controlled
drug release to maximize drug concentration for a prolonged period of time at the site of
inflammation while minimizing systemic side effects [28].

A large number of reviews have been conducted on drug delivery systems for IBD treatment,
including prodrugs, micro-/nanoparticles, hydrogels, and biomimetic approaches. [17, 29—
32]. In this review, however, we focus on NP systems targeting the site of inflammation for
therapeutic applications in IBD. We analyze the general considerations for targeted drug
delivery in IBD, including the GI physiology, the choice of delivery route, and the
pathophysiological features at the site of inflammation as instrumental cues to anchor
delivery systems. We then discuss the targeting mechanisms of different strategies and
provide recent progress on using NPs towards improved therapies for IBD. Furthermore, we
briefly review NP-loaded hybrid systems for oral administration in IBD treatment. We
conclude with a summary of the challenges in the field and potential future directions for
research and development.
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ll. General Considerations for Targeted Drug Delivery in IBD

2.1 The Physiology of the Gastrointestinal Tract

The major difficulty in designing drug delivery systems targeting IBD lies in the dynamic
and wide-ranging environmental extremes encountered in the Gl tract. The pH gradients,
variable transit times, diverse digestive enzymes, and bacterial loads present significant
challenges to the stability of drug delivery systems, especially when orally administered
[33]. Moreover, Gl physiology is affected by the chronic inflammation in IBD, and can be
altered remarkably.

Under normal conditions, pH varies along the GI tract from the acidic stomach at 1.0-2.5,
rapidly increasing to 5.0-7.0 in the duodenum, and gradually increasing to 7.5£0.5 in the
terminal ileum, which then undergoes a slight decrease to 6.4+0.6 past the ileocaecal valve
and slowly rises along the colon to the rectum (7.0+0.7) [34] (Table 2). The unique pH
ranges in the macro-anatomic compartments of the Gl tract have motivated colon-specific
delivery using multiple pH-responsive systems such as an Eudragit S coating (methacrylic
acid-methyl methacrylate copolymer) in Asacol® HD [35], Lialda® and Uceris® [36, 37],
or a methacrylic acid-ethyl acrylate copolymer coating in Mongersen [38]. These polymer
coatings respond to pH change and become soluble under a pH greater than 7. However,
luminal pH is affected by many factors, including mucosal bicarbonate and lactate
production, bacterial fermentation of carbohydrates, mucosal absorption of short chain fatty
acids, and the intestinal transit; all of which can be disrupted in IBD and potentially
contribute to abnormal pH in the inflamed colon [39]. Studies have shown that the colonic
pH in IBD patients can be significantly more acidic (pH 2.3-5.5) [39-41]. Therefore, colon-
targeting systems may have lower efficacy when relying solely on pH-responsive drug
release. With the use of wireless motility/pH capsules measuring the colonic pH /in situ[42],
the luminal pH could be better profiled to guide the design of future delivery systems.

Time-dependent drug release systems could overcome the limitations of pH-triggered
delivery systems, though one challenge time-dependent systems face is the inter-individual
Gl transit variability. The transit time in the Gl tract varies in healthy individuals, as well as
those suffering from IBD, with multiple factors affecting transit, including the intestinal
fluid and motility, the composition of the microbiome, and the length of the intestine (if
surgery has been conducted to remove a section of the Gl tract) [33]. Delayed transit times
have been reported in both UC and CD patients, except when patients experience dysbiotic
conditions which can be associated with faster transit times [43]. As diarrhea is common in
IBD, the colonic transit time typically decreases, likely due to the increased luminal fluid
content. The microbiome in IBD is affected by showing reduced diversity typically
characterized by depletion of commensal bacteria such as Firmicutes and Bacteroidetes but
with an expansion of Proteobacteria [44], which may influence the transit time [45].
Furthermore, many CD patients undergo ileocaecal resection [46], which may reduce the
small intestinal transit time due to the shorter time spent at the ileocaecal junction. Overall,
the inter-individual variability of transit time may prove too broad for time-dependent
systems that are designed entirely based on the transit time for triggered release.
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The changing enzyme repertoire encountered along the Gl tract needs to be considered to
ensure the stability of novel delivery systems, which includes proteases such as pepsin in the
stomach, trypsin and chymotrypsin in the small intestine, multiple lipases, and carbohydrate-
degrading enzymes. In addition, bacteria-derived enzymes in the colon must be considered,
as they consist of a wide range of reductive and hydrolytic enzymes such as p-glucosidase,
B-xylosidase, p-arabinosidase, p-galactosidase, nitroreductase, azoreductase, deaminase and
urea hydroxylase, which provide further breakdown of polysaccharides and dietary fibers
undigested in the small intestine [47]. The azoreductase activity of colonic bacteria has been
extensively studied for colontargeting systems especially in prodrug development [14]. For
example, sulfasalazine is the earliest prodrug that provides targeted release of active 5-ASA
in the colon since the 1960s [48]. Recent studies on bacterial reduction of disulfide and nitro
bonds suggest their potential as azo counterparts [49]. Importantly, the pathological changes
in the microflora in IBD affect the composition and diversity of bacterial species, and hence
the secretion of these enzymes, which should be taken into consideration for the design of
novel drug delivery systems.

2.2 The Choice of Delivery Route

2.2.1 Oral administration—Both patients and physicians prefer orally delivered
formulations. The challenges for oral drug delivery in IBD include the acidic pH (~1.0-2.5)
in the stomach, the abundant enzymes encountered in saliva, stomach, small intestine, and
colon, the variable Gl transit time, the bacterial load in the colon, and the complex
microenvironment at the site of inflammation. The physiological characteristics of the
respective sections in the Gl tract have been previously well defined and as such have been
exploited for traditional oral drug delivery systems based on pH-, time-, microflora-, and
pressure-mediated mechanisms for colonic-targeting in IBD treatment. After oral
administration, these formulations release active drugs into the colonic lumen, where they
are absorbed through the GI mucosa. Recently, the trend for such delivery systems has been
towards the combination of more than one colon-targeting mechanism, such as CODES®
(for 5-aminosalicylic acid) and TARGIT® (for budesonide) using both pH-responsiveness
and microflora-mediated degradation [17].

To develop oral drug delivery systems specifically targeting and releasing drugs at the
inflamed colonic mucosa instead of the colonic lumen, particular attention should be paid to
the pathophysiological changes in the Gl tract in IBD, including the increased intestinal
tissue permeability, the accumulated positively-charged proteins, the overexpressed
inflammatory molecules/receptors, and the shifted bacteria species (as well as their
secretions). In addition, the drug activity needs to be factored in for targeted drug release.
For example, siRNA drugs require a system for high cellular uptake and endosomal escape,
while DNA drugs require nuclear localization [50]. Furthermore, premature drug release
caused by acidic erosion or enzymatic degradation before reaching the site of inflammation
needs to be prevented, which requires the judicious use of enteric coatings or degradation-
resistant delivery systems.

2.2.2 Rectal administration—The fact that UC is confined to the colon and CD
generally involves the ileum and colon [2] makes the colon the area most affected by IBD.

Nano Today. Author manuscript; available in PMC 2019 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

Rectal administration of drugs, including the use of enemas, suppositories or foams, offers
topical delivery and can provide local high concentrations of drugs for the treatment of distal
colonic inflammation. Rectal administration of drugs is recommended as first-line treatment
for patients with mild to moderate distal colitis, and is considered effective and feasible for
both the induction and maintenance of remissions [51]. Compared to oral delivery and
intravenous injection/infusion, rectal administration of drugs has been reported to induce
better response rates, deliver higher concentrations of active drugs to the affected tissue, and
lead to lower systemic drug exposure (potentially with reduced side effects). In the UC
population, 50-60% of patients have proctosigmoiditis, 20-30% have left-sided colitis up to
the splenic flexure, and 20% have pancolitis even though the disease is often most severe in
the rectum [52]. However, rectal therapies are generally unpopular and remain underused,
despite the recognized advantages rectal administration can provide [52].

The Gl distribution of enemas and foams has been studied by y-scintigraphy, which has
shown that enemas can reach up to or more proximally than the splenic flexure [53, 54],
while foams spread more continuously in the rectum and sigmoid but not as far as enemas
[55]. While enemas reduce the risk for systemic drug side effects, poor drug retention and
limited medication adherence remain challenging. Topical therapies may have problems with
leakage, retention, and bloating [52]. Serious complications such as rectal perforation are
rare. Adherence to topical therapies is significantly lower than orally administered therapies,
given the same dose regimen (32% vs. 60%) [56].

2.2.3 Injectable administration—Injectable administration of drugs, including
subcutaneous (SC) injection and intravenous (1V) infusion, is less desirable compared with
oral administration, as injections are associated with pain, require specialized personnel for
their administration in the case of 1Vs or patient education for SC injections. Currently, anti-
TNF-a antibodies, antibodies against integrins, and sometimes corticosteroids are
administered through 1V or SC injections [57]. IV administration provides high systemic
bioavailability and reduces first-pass metabolism of drugs. However, the high systemic
bioavailability inevitably increases the possibility of severe drug side effects. For example,
IV administration of anti-TNF-a antibodies may suppress the immune system non-
specifically. With the aid of delivery systems, drugs could circulate in the bloodstream and
leave the circulation when the delivery systems specifically anchor to sites of disease and
release their cargo locally. 1V administration of drugs is particularly useful for IBD
treatment when the disease manifests at extraintestinal locations, commonly including the
joints, the skin, and the eyes [58]. However, if the disease is limited to the Gl tract, oral
and/or rectal drug delivery would be preferred, which would be guided by the anatomical
location of the inflammation and the disease severity.

2.3 The Microenvironment at the Site of Inflammation

Traditional colon-targeting systems for IBD treatment, exploiting pH-, time-, pressure-, and
microflora-triggered drug release, are associated with inconsistent efficacy in patients [59],
which can be attributed to the diverse pathophysiological alterations in IBD and inter-patient
variability in the Gl tract. To develop drug delivery systems specifically targeting
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inflammation in IBD, it is important to consider the pathophysiological features at the site of
inflammation, and harness them for the design of targeted drug delivery and release systems.

2.3.1 Mucus and Epithelium—Mucus is the first line of defense limiting the access of
potential pathogens, toxins, hydrochloric acid, and digestive enzymes to the Gl epithelium
[60]. Studies have shown that the mucus layer is discontinuous and less well defined in the
small intestine, with the tips of the villi not always covered. In contrast, there are two mucus
layers in the stomach and colon: an inner “firm” layer of membrane-anchored mucin and an
outer “loose” layer of secreted mucin [61]. The inner, adherent mucus adjacent to the
epithelial cells contains high concentrations of antimicrobial molecules (e.g., defensins and
secretory IgA) and provides a bacteria-free environment; however, the outer layer harbors
bacterial populations and, partially owing to the degradation by bacterial hydrolytic
enzymes, it has been partly solubilized, contributing to the mucus turnover [62]. The
glycoarray presented by mucin allows selective attachment of strain-specific bacterial
adhesins [63, 64]. The mucus barrier plays a crucial role in preventing enteric microflora and
pathogens from colonizing the epithelial surface. The intestinal epithelium is covered by
mucus, mainly composed of highly glycosylated MUC2 mucin [62]. In MUC2-deficient
mice, spontaneous development of colitis was observed [65]. In active UC, a thinner mucus
layer or regions devoid of mucus has also been observed [66, 67]. The reduction in mucus
thickness in IBD has been linked to the depletion of goblet cells in affected colorectal
mucosa, which reduces mucin production. Evaluation of biopsies from UC patients has
indicated that the thickness of mucus and its spread decreases with increasing severity of
inflammation [68]. The glycans on mucin are important for selection and maintenance of the
intestinal microbiota, and the altered glycosylation and depletion of sulfation in UC
increases mucin degradation by the microflora, in which shorter glycans lead to faster mucin
degradation by bacteria and erosion of the mucus barrier [69]. A degraded mucus layer
exposes the Gl mucosa to higher levels of bacteria, leading to a vicious cycle [70, 71].
Conversely, an increased mucin secretion has been observed in CD in association with the
nucleotide-binding oligomerization domain 2 (NOD2) [67, 72].

The intestinal epithelium is lined by a single layer of columnar intestinal epithelial cells
(IECs) comprising several specialized cell types with distinct functions [73]. Goblet cells
secrete the gel-forming mucins; Paneth cells secrete antibacterial peptides close to the IEC
surface; and M cells sample the luminal antigens and present them to the underlying
mucosal immune system [74, 75]. IECs also actively transport secretory IgA produced by
plasma B cells in the lamina propria across the epithelial barrier into the intestinal lumen, to
regulate commensal bacterial populations and maintain immune homeostasis [76, 77]. The
TJs between IECs help to seal the paracellular space between IECs, and defects in TJs lead
to increased epithelial permeability, which has been observed in IBD [78]. It has been
suggested that the overexpressed cytokines such as TNF-a and IFN<y in the inflamed tissue
can affect the regulation of the TJs [79]. To date, it is still not clear whether the loss of
barrier function is a cause or a consequence of the intestinal inflammation in IBD. In health,
IECs constitutively express toll-like receptor 3 (TLR3) and TLR5 basolaterally, while TLR2
and TLR4 are undetectable. In contrast, IECs significantly down-regulate the surface
expression of TLR3 in CD, while strongly up-regulating the expression of TLR4 in both CD
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and UC [80]. In addition, up-regulation of NOD2 in IECs has also been observed in IBD,
which can augment itself further in a feedback loop when the nF-xB cascade is activated [81,
82]. IECs from IBD patients have also been reported to express alternative co-stimulatory
molecules that could transform them into antigen-presenting cells to activate T cells [83];
whereas others have suggested that IECs might also directly activate T cells in IBD through
the expression of lectins and other carbohydrates on their surfaces [84, 85].

2.3.2 Immune cells—Separated by a single cell-layered epithelium from the lumen, the
intestinal immune system - including the innate and the adaptive immune systems -
functions to prevent the invasion of pathogens while remaining tolerant of food and
commensal microorganisms [86]. The innate immune system comprises a diverse array of
cell types including monocytes, macrophages, dendritic cells (DCs), and granulocytes such
as neutrophils. Innate lymphoid cells are the most recently identified constituent of the
innate immune system: they play an important role in the initiation of inflammation at
barrier surfaces, contribute to the transition from innate to adaptive immunity, and promote
chronic inflammation [87, 88]. In addition to M cells that sample luminal antigens,
transepithelial DCs also sense and scan the lumen for invaders using their extended
pseudopods across the epithelial lining. In active IBD, there is a pronounced infiltration of
innate immune cells including neutrophils, macrophages, DCs, natural killer cells, and
adaptive immune cells, including B cells and T cells, into the lamina propria [2].
Specifically, the infiltration of neutrophils and macrophages is considered a hallmark of the
disease pathophysiology of IBD [74]. Neutrophils are recruited to the basal side of IECs in
response to CXC-chemokine ligand 8 (CXCL8), which is produced by inflamed IECs [89].
Along the gradient of CXCLS8, neutrophils translocate across the epithelial lining, reaching
into the gut lumen, and exert their antibacterial function through increased expression of
antibacterial proteins. Similarly, the inflamed microenvironmental factors drastically alter
macrophage surface receptor expression and cytokine secretion: the infiltrating macrophages
show elevated expression of surface marker CD14 and produce pro-inflammatory cytokines
such as interleukin-23 (IL-23), TNF-a, and IL-6 in IBD; in contrast, under healthy
conditions, macrophages lack CD14 expression and secrete anti-inflammatory molecules
such as IL-10 [86]. (Please note that CD, when followed by a number, refers to “cluster of
differentiation”, not to Crohn’s disease.)

Antigen-presenting cells, including DCs, present relevant antigens to T cells for effective
adaptive immune response [90]. During the activation of the adaptive immune system, T
cells differentiate into different subsets, including effector T cells that promote the
inflammatory response and regulatory T cells (Tregs) that suppress inflammation. In IBD,
DCs have an increased frequency of activation compared with their circulating, immature,
and potentially tolerogenic counterparts in health. These latter DCs express CD103 and
maintain intestinal homeostasis [91], while the former (activated, inflammatory) DCs up-
regulate the expression of TLR4 and E-cadherin and produce IL-6 and IL-23 to promote T
cell-mediated colitis [92]. Activated DCs lack regulatory capacity, repeatedly activate certain
memory T cells, and fail to delete the overreactive T cell populations [93]. Consequently, the
effector T cells become predominant over Tregs, and contribute to the chronic inflammatory
state. The persistently activated T cells have also been postulated to disrupt the TJs between
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IECs, thereby increasing intestinal tissue permeability [94, 95]. In contrast to T cells, the
subject of many studies, B cells are poorly understood, even though the gut is also massively
infiltrated with B cells and plasma cells (effector B cells) in IBD. Significantly increased
proliferation of immature plasma cells has been observed in the ulcer bases and inflamed
mucosa in UC patients, and was considered to be an important source for the abnormal
humoral immune responses, including autoantibody production in IBD [96]. A recent study
showed that IBD-related inflammation is marked by mucosal accumulation of cytotoxic,
granzyme B (GrB)-expressing CD19* B cells and IgA* plasma cells [97]. GrB is capable of
inducing cell death in IECs, which possibly contributes to the IBD-associated epithelial
damage [97]. Additionally, B cells were found to express elevated levels of 1L-8 and TLR2
in IBD patients, which were correlated with disease activity [98].

2.3.3 Extracellular matrix—The extracellular matrix (ECM) is being increasingly
recognized as a pivotal source of modulation of the immune response [99]. The ECM
consists of numerous macromolecules such as collagens, elastins, proteoglycans, and non-
collagenous glycoproteins that are not only essential structural components, but also exhibit
important functional roles in the control of key cellular events such as adhesion, migration,
proliferation, differentiation, and survival [100]. The ECM in the inflamed tissue is
remodeled in a complicated manner, affected by the infiltrating immune cells and the
activated tissue-resident cells. These cells release high concentrations of inflammatory
regulators such as reactive oxygen species/reactive nitrogen species (ROS/RNS), proteases
such as matrix metalloproteinases (MMPs), and cytokines such as IFNy, TNF-a, and TGF-$
[99]. The activation of inflammatory cells results in the production of large amounts of
superoxide and nitric oxide from NAD(P)H oxidase (NOX2) and inducible nitric oxide
synthase (iNOS), respectively. ROS/RNS are generated from the NOX enzymes and iNOS.
Myeloperoxidase (MPO), which is primarily derived from infiltrating neutrophils and
involved in the generation of hypochlorous acid, has also been implicated in the generation
of ROS [101]. Additionally, esterases are up-regulated at the site of inflammation and their
concentrations correlate with the degree of inflammation [102, 103].

The released inflammatory regulators not only have a crucial role in controlling intestinal
inflammation [104], but also are capable of modulating a wide range of ECM molecules.
The proteases, especially MMPs, selectively cleave ECM molecules into bioactive peptides
that may activate immune cells or alter immune cell activities. For example, MMP8 (or
MMP9) can cleave type | collagen and generate fragments that mimic CXCL8 to promote
neutrophil recruitment [105, 106]. The fragments of ECM constituents, such as tenascin C
isoform, fibronectin, and hyaluronan, can activate TLRs, especially TLR4 and TLR2, on
resident immune cells and stimulate the secretion of pro-inflammatory cytokines and
chemokines in the ECM [107, 108]. These activities, in turn, lead to the remodeled ECM
affecting the intestinal immune system, and contribute to chronicity.

Inflammation of colonic mucosa is also accompanied by an /n situ secretion and
accumulation of positively charged proteins, such as transferrin [109], bactericidal/
permeability-increasing proteins [110, 111], and antimicrobial peptides [112, 113].
Transferrin is an iron-carrying, circulation-borne protein; however, a large amount of
transferrin has been observed in the inflamed colon [109]. This may be due to intestinal
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bleeding from the inflamed tissue, which stimulates a hepatic de novo generation of
transferrin. Additionally, the increased mucosal permeability may allow transferrin to diffuse
across the epithelium into the mucus layer. Owing to the lumen acidification in colitis,
transferrin is positively charged in the inflamed colon. Other proteins contribute to the
positive charges at the inflamed mucosal surface, including eosinophil cationic proteins
secreted by eosinophils in CD lesions [114], bactericidal/permeability-increasing proteins
secreted by neutrophils in UC lesions [111], and short bactericidal proteins such as -
defensins accumulated at the inflamed epithelium [112, 113]. Another factor that may
contribute to the collective positive charge is the altered glycosylation of mucin in the
inflamed colon, which lacks sulfation, thereby decreasing the net negative charges on mucin
[69].

2.3.4 Microbiota—The human intestine is home to an estimated 1014 commensal
bacteria, which is 10 times greater than the combined number of somatic and stem cells in
the human body [115, 116]. The collective genome of intestinal microbes is estimated to
contain at least 100 times more genes than the human genome [117]. Factors that affect
community membership of microbiota include diet, inflammation, and host genotypes [118].
Microbiota typically includes bacteria, fungi, and viruses; here we focus on the bacterial
component. It is increasingly being recognized that the microbiota is able to modulate the
expression of host genes that participate in diverse and fundamental physiological functions
[119]. For example, specific flagellin epitopes expressed by a minor constituent of the
normal microbiota Clostridium spp. can induce effector rather than regulatory responses,
posing a pathogenic risk [120], while probiotics and some bacterial products, such as
polysaccharide A produced by Bacteroides fragilis [121], are able to control inflammation
by increasing IL-10 production and the induction of Tregs [122-124].

Many studies have observed significant alterations in the microbiota of IBD patients
compared with non-1BD controls, including the composition, diversity, and location [118].
There are four phyla dominating adult human intestinal habitats: Bacteroidetes (~ 67%),
Firmicutes (~28%), Proteobacteria (2%) and Actinobacteria (1%). The rest show
considerable inter-individual variations. Intestinal inflammation is typically associated with
significant decreases in the frequencies of Bacteriodetes and Firmicutes, especially in
Clostridium leptum and Clostridium coccoides groups [125, 126], which combat bacterial
dysbiosis. In contrast, the frequencies of Proteobacteria and Actinobacteria are increased in
IBD [118], especially Enterobacteriaceae, adherent invasive Escherichia coli, and
Clostridium spp. [120, 127, 128]. In general, an overall decrease in microbial diversity and
stability of the microbiota has been observed in IBD patients [129]. On average, IBD
patients harbor 25% fewer microbial genes than non-1BD individuals, in accordance with the
finding that the former have lower bacterial diversity than the latter [117]. CD and UC
primarily occur in the colon (and distal ileum for CD), where the highest intestinal bacterial
concentrations are found. The concentration of mucosally associated bacteria identified in
inflammatory lesions in the intestine appears to increase with the severity of IBD [130].

Perturbation of the microbiota in inflammation can further contribute to the inflammatory
state through disturbances of the microbiota metabolome. Enteric bacteria metabolize
indigestible dietary components to provide useful products to the host. For example,
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Clostridiaand Bacteroides preferentially produce butyrate, acetate, and other short chain
fatty acids (SCFAS) that are energy substrates for colonic epithelial cells. These SCFAs have
been implicated in the regulation of adaptive immune responses by stimulating the
proliferation of Foxp3*IL-10-producing colonic Tregs, which help to protect the colon
against colitis [131]. The decrease in Clostridia and Bacteroides manifests in reduced SCFA
concentrations in fecal extracts of IBD patients [132]. In addition, the overgrowth of sulfate-
reducing bacteria increases hydrogen sulfide production, which blocks butyrate utilization
by colonocytes and potentially leads to epithelial nutrient deficiency [133]. These
compositional and functional changes of the microbiota in IBD patients suggest that the
intestinal microbiota likely plays an important role in the etiology and pathogenesis of IBD.

Nanoparticulate Drug Delivery Systems Targeting IBD

Targeted drug delivery in IBD has the potential to augment local drug concentrations in
inflamed tissue, improve drug efficacy, decrease dosing frequency, and reduce drug side
effects. NP systems targeting inflammation in IBD have been attracting increasing attention.
In general, there are two main approaches to administer NPs targeting the site of
inflammation in IBD - from the epithelium via oral or rectal administration and from the
endothelium via IV administration (Fig. 1). The presence of NPs in the human body tends to
initiate immunological responses upon detection by the host typically by the mononuclear
phagocytic system (MPS). The size, shape, and surface chemistry of NPs contribute to the
interaction of NPs with the MPS, which, in turn, strongly affects the fate of NPs after
administration, including NP internalization, biodistribution, and clearance from the host.
NP internalization by phagocytes is commonly considered as a “problem”, since NPs
generally undergo rapid clearance after being internalized, which not only limits the
targeting efficiency of NPs, but also potentially induces toxicological effects in the clearance
organs such as spleen, kidney, and liver [134]. Therefore, NP systems have been
intentionally designed to be “bioinvisible” to the host for a “stealth effect” (e.g., PEGylation
[135]) to avoid the MPS recognition, prolong NP circulation time, and improve NP targeting
efficacy. This utilization of the “stealth effect” still holds true for the IV administration of
NPs targeting inflammation in IBD, since these NPs are expected to accumulate at the site of
inflammation after circulating in the bloodstream (where avoiding MPS recognition is
necessary). However, for oral or rectal administration of NPs targeting inflammation in 1BD,
NPs could be designed to specifically harness this host recognition system in order to
maximize the NP uptake by the infiltrating immune cells, thereby augmenting the NPs’
targeting efficiency. Below we discuss different mechanisms employed by current NP
systems to achieve inflammation-targeting drug delivery in IBD (Table 3 summarizes drugs
loaded in the NP systems discussed).

3.1 Size-mediated targeting

As vascular permeability and epithelial permeability are increased in IBD [25], size-
mediated targeting is the most commonly used mechanism for NPs targeting the inflamed
colon. Lamprecht et al. reported a size-dependent accumulation of NPs in the inflamed
intestine by comparing fluorescent polystyrene particles at sizes of 10 pm, 1 pm, and 100 nm
(in diameter, likewise below) [136]. The particles were orally gavaged to healthy and
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trinitrobenzenesulfonic acid (TNBS)-induced colitis rats, and the 100 nm particles
demonstrated the highest attachment to inflamed colons compared to healthy colons among
the particles tested. In a subsequent study, Lamprecht et al. demonstrated a prolonged anti-
inflammatory effect and reduced systemic absorption of rolipram-loaded poly(lactic-co-
glycolic acid) (PLGA) NPs (470 nm and 330 nm, respectively), in comparison with rolipram
solution in a TNBS-induced colitis model in rats [137]. Later, /n vivo fluorescent imaging
showed the localization of 200 nm budesonide-loaded PLGA NPs at the inflamed colon in
oxazolone-induced colitis in mice [138]. Nanostructured lipid carriers (NLCs) were used to
investigate the efficacy of budesonide in dextran sulfate sodium (DSS)-induced colitis in
mice [139]. The budesonide-loaded NLCs decreased neutrophil infiltration, reduced the
levels of IL-1B and TNF-a in the colon, and maintained the mucosal architecture of the
colon in DSS-induced colitic mice, compared with DSS-induced colitic mice treated with
budesonide solution or phosphate buffered saline (PBS).

However, size-mediated targeting results in passive accumulation of NPs at the site of
inflammation, which is less likely to be a dominating factor when NPs interact with tissue
and/or cells in the inflamed colon; other factors such as internalization of NPs by the
significant number of local immune cells may also importantly affect the outcome. Coco et
al. compared the targeting of NPs prepared from different strategies to the inflamed mouse
colon, including PLGA NPs (~180 nm), peptidic ligand grafted PLGA NPs (~210 nm),
mannosylated PLGA NPs (~210 nm), trimethylchitosan NPs (~340 nm), and Eudragit®
S100 NPs (~620 nm) [140]. The mannosylated PLGA NPs that could interact specifically
with the mannose receptors on macrophages showed the highest accumulation (2-3 fold
higher than other formulations) in the inflamed colon. Similarly, another study compared the
internalization of denatured albumin NPs with native aloumin NPs (both of ~100 nm) by
adherent neutrophils in the inflamed endothelium; the results suggested that the denatured
albumin NPs were internalized specifically via surface Fcy receptors by the adherent
neutrophils, while there was no internalization of native albumin NPs of the same size [141].
These denatured albumin NPs loaded with drugs blocking B2 integrin signaling were able to
specifically detach the adherent neutrophils and inactivate them, thereby inhibiting
inflammation. Compared with microparticles, NPs may penetrate deeper into the inflamed
tissue rather than remaining at the mucosal surface. One recent study has compared the
targeting effect of fluorescently labeled PLGA particles of 250 nm and 3 um, respectively, to
rectal mucosa in human IBD patients and healthy controls [27]. A significantly higher
accumulation of 3 um particles in the ulcerous lesions was found than with the 250 nm NPs,
which were only observed in traces at the mucosal surface. Further analysis of biopsies
taken from these patients and controls indicated that the majority of 250 nm NPs penetrated
the tissue and translocated to the “serosal” compartment. Although it was attributable to the
translocation of NPs to a deeper tissue compartment in human biopsy studies, the
discrepancy of NP accumulation in rodent colitis models and human patients suffering from
IBD reveals significant species difference in size-mediated targeting and demands further
studies to bridge the gap between data obtained from animal models and human patients,
including the use of large animal models. Furthermore, evaluations of therapeutic efficacy
are needed for drugs delivered by these particles of different sizes in animal models of IBD.
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3.2 Charge-mediated targeting

Inflammation of the colonic mucosa is accompanied by depletion of the mucus layer and /in
situ accumulation of positively charged proteins, which results in the buildup of positive
charges at the damaged epithelium and provides a molecular target and anchor for drug
carriers with negative surface charges. The earlier observation of negatively charged drug
carriers preferentially binding to the inflamed colon was reported by Jubeh et al., in which
they used colon explants isolated from rats with DNBS-induced colitis to study the
differential adhesion of neutral, cationic, and anionic liposomes to inflamed colons
compared with healthy colons [142]. The results showed that anionic liposomes
preferentially adhered to the inflamed colonic mucosa (2-fold higher than neutral or cationic
liposomes), while cationic liposomes preferentially adhered to the healthy colonic mucosa (3
times higher than neutral or anionic liposomes). The authors then tested the treatment of
DNBS-induced colitis in rats using antioxidants delivered by anionic liposomes [143]. They
showed that antioxidants delivered by anionic liposomes were more effective than free
antioxidants in the treatment of colitis, which was attributed to the preferential adhesion of
negatively charged liposomes to the inflamed colon, and consequently, a longer residence
time and better uptake of antioxidants by the inflamed epithelium.

Under certain conditions, the optimization of surface charges of particles could precisely
target a particular cell population and effectively treat the disease, without the need for
functionalization of particles using molecular ligands. Getts et al. demonstrated that
negatively charged microparticles, not positively charged or neutral ones, were specifically
engulfed by inflammatory monocytes leading to monocyte apoptosis, thereby markedly
improving disease symptoms in multiple inflammatory disorders in animal models,
including DSS-induced colitis [144]. Recently, we have developed a hydrogel microfiber
system prepared from ascorbyl palmitate, a “generally recognized as safe” (GRAS) material,
for local drug delivery in IBD [145]. The preferential adhesion of negatively charged
hydrogel microfibers to inflamed mucosa was tested in two murine colitis models, T-bet
~I~Rag27/~ ulcerative colitis and DSS-induced colitis, as well as in tissue biopsies from UC
patients. Administered via enema, dexamethasone-loaded hydrogel microfibers were
therapeutically more efficacious and resulted in less systemic drug exposure than free
dexamethasone solution.

3.3 Ligand-receptor mediated targeting

During the inflammatory process, certain ligands or receptors are overexpressed on cell
surfaces, which offer molecular targets for anchoring drug carriers through specific
interactions. One example of the ligand-receptor interaction is inspired by the leukocyte-
endothelial biochemistry that mediates selective recruitment of leukocytes to the site of
inflammation [146]. Upon inflammation, endothelial cells are activated by inflammatory
cytokines to up-regulate the expression of adhesion molecules such as P-selectin, E-selectin,
vascular cell adhesion molecule (VCAM)-1, and intercellular adhesion molecule (ICAM)-1
on their luminal surfaces. While on the surfaces of leukocytes, ligands that participate in
rolling and mediate firm leukocyte adhesion are expressed at elevated levels: carbohydrate
glycoconjugates such as P-selectin glycoprotein ligand-1 (PSGL-1), which mainly binds to
P-selectin to initiate leukocyte binding to vascular endothelium, and also binds to L-selectin
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to mediate neutrophils rolling on adherent neutrophils [147]; and integrins, such as a4p7,
a4f1, a P2, and apmpP, [146], which bind avidly to the adhesion molecules overexpressed on
inflamed endothelial cells. To mimic the leukocyte-endothelial biochemistry and design
targeted systems to the site of inflammation, Sakhalkar et al. synthesized PEGylated PLA
particles conjugated with recombinant PSGL-1, which demonstrated significant rolling
adhesion to the inflamed endothelium /n vivo [148]. Similarly, another study utilized a
carbohydrate Sialyl LewisX (sLeX), which binds to both P- and E-selectins, attaching to the
surface of PLGA spheres to mimic leukocyte adhesion on selectins [149]. However, neither
of the particles discussed above were loaded with drugs for therapeutic evaluation in IBD. In
contrast, Peer et al. developed liposome-based, B7 integrin-targeted NPs (B7 I-tsNPs)
entrapped with siRNAs to target specific subsets of leukocytes and treat DSS-induced
murine colitis through silencing Cyclin D1 (CyD1), a cell cycle-regulating molecule
aberrantly up-regulated in both epithelial and immune cells in IBD [150]. The p7 I-tsNP-
delivered CyD1-siRNA led to a drastic reduction in intestinal tissue damage, a potent
suppression of leukocyte infiltration into the colon, and a reversal in body weight loss and
hematocrit decrease.

Besides adhesion molecules expressed on the endothelial cells, other ligands/receptors are
up-regulated on colonic epithelial cells and/or immune cells in IBD, and have been applied
for NP targeting to the inflamed intestine through ligand-receptor interactions. Expression of
glycoprotein CD98 is increased in colonic epithelial cells and infiltrating immune cells in
the inflamed state. To target such cells, CD98 Fab’-bearing PLA NPs [151], and single-chain
CD98 antibody conjugated chitosan/polyethyleneimine (PEI) NPs [152] were synthesized,
respectively, for treatment of colitis in mouse models. Targeting macrophages through the
overexpressed surface receptors/ligands has also been intensively studied in NP-based
therapies in IBD, for instance, the mannose receptors have been targeted by mannosylated
poly(amido amine)-based NPs [153]; the macrophage galactose/N-acetyl galactosamine-
specific lectins (MGL) by galactosylated chitosan NPs [154, 155]; and the F4/80 membrane
proteins by the Fab’ portion of F4/80 antibodies-grafted-PLA-PEG NPs [156]. Furthermore,
T cells and B cells have been targeted through the antibody/carbohydrate-surface protein
interaction, although current studies focus more on transplantation and cancer applications.
Anti-CD4 mAB-coated PLGA NPs were utilized to deliver a leukemia inhibitory factor to
CD4* T cells, which promoted the development of CD4+*CD25*Foxp3* Tregs in a murine
transplantation model [157]. BPCNeuAc-pegylated liposomal NPs were synthesized as a
carbohydrate recognition-based approach to target CD22 on B cells for the treatment of B-
cell lymphoma in mice [158, 159].

The third approach employing the ligand-receptor interaction is utilizing biologically
derived exosomes, which are naturally occurring nanovesicles (30-100 nm) consisting of a
lipid bilayer membrane and play a major role in intercellular communication. In addition to
passive targeting to the site of inflammation through the enhanced permeability effect (EPR)
effect, exosomes bear specific surface proteins originating from their parent cells, and have a
highly selective homing specificity for active targeting [160]. Cai et al. found that exosomes
derived from TGF-p1 gene-modified DCs could specifically interact with T cell subsets,
induce the CD4*Foxp3* Tregs, and decrease the proportion of Th17 cells at inflammatory
sites, thereby inhibiting the development of DSS-induced colitis in mice [161]. Nanovesicles
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derived from plants, such as grapefruit, were harnessed for macrophage targeting, in which
these vesicles facilitated their internalization by macrophages via both macropinocytosis and
clathrin-dependent pathways due to the enrichment of phosphatidylethanolamine and
phosphatidylcholine on the nanovesicles’ surfaces [162].

3.4 Degradation-mediated targeting

Specific molecules or enzymes present in the ECM or microbiota in the inflamed colon can
digest the delivery systems locally, leading to degradation-mediated targeting to the site of
inflammation. Substantial evidence suggests that an overproduction of ROS is associated
with chronic intestinal inflammation, and that the elevated mucosal ROS concentrations are
confined to the site of inflammation and correlated with the disease progression [163, 164].
Wilson et al. developed thioketal NPs that are degraded in response to ROS at the site of
inflammation to release TNF-a SiRNA locally for the treatment of DSS-induced colitis in
mice [165]. Polyesters bearing boronic ester-triggering groups have also been utilized to
synthesize NPs that were degraded upon exposure to hydrogen peroxide for drug delivery
specifically to inflamed tissue [166]. Proteolytic enzymes such as MMPs are known to be
up-regulated in the inflamed ECM. It is postulated that MMP3 and MMP12 in the inflamed
mucosa in IBD patients may degrade the anti-TNF-a antibodies and contribute to non-
responsiveness to such treatment [167]. MMP-sensitive delivery systems have been
synthesized [168 and could be used to protect biologics and target inflammation in IBD.
Furthermore, a growing number of examples indicate that specific ECM components such as
hyaluronan could have a dramatic effect on disease phenotypes in IBD [169], which
warrants studies on NP systems targeting such ECM components for IBD treatment.

A wide range of reductive enzymes and hydrolytic enzymes are secreted by bacteria in the
colon, creating enzyme-based fermentation systems. For example, high levels of
polysaccharidases of microbial origin present in the human colon [170, 171] have motivated
extensive studies of polysaccharide-based delivery systems, including the utilization of
pectin, guar gum, chitosan, and amylose [47]. Chitosan-coated PLGA NPs were utilized to
deliver probiotic extracts to the inflamed colon for the treatment of TNBS-induced colitis in
rats [172]. However, the composition and concentration of microbiota are significantly
altered in IBD, requiring the identification of dominant species and associated enzymes for
the development of such targeted delivery systems in IBD. Recently, the small subunit
ribosomal RNA (16s rRNA)-based terminal restriction fragment length polymorphism (T-
RFLP) techniques have been applied to provide a “snapshot” of the complex bacterial
population of the gut in real time for comparative analysis [173]. In light of such technology
advances, the colitis-associated bacteria can be identified, and enzymes secreted by these
bacteria can be harnessed to specifically degrade NP systems thereby enabling drug release
by the inflammatory dysbiotic state, which may provide novel approaches for IBD
treatment.

3.5 Microbiota-mediated targeting

In IBD, the host-bacterial interaction tends to be detrimental, leading to pathological
inflammation, rather than beneficial, helping to maintain controlled physiological
inflammation. Prebiotics support the growth of probiotics and other beneficial microbes, and
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probiotics may introduce desirable microbes [174]. The interaction between gut microflora
and host may be manipulated to change from detrimental back to beneficial to restore
intestinal homeostasis. Genetically engineered probiotic bacteria have been developed to
colonize a specific niche in the colon where they grow and subsequently secrete biologically
active proteins to produce a desired pharmacological response. Lactococcus lactis has been
used to deliver an anti-inflammatory cytokine 1L-10 [175], immunomodulatory Yersinia
LcrV protein [176], and cytoprotective molecule trefoil factors [177 to treat colitis /n vivoin
mice. Besides Lactococcus lactis, a diverse spectrum of engineered bacteria strains, such as
Streptococcus gordonii [178), Lactobacillus casei BL23 [179], and Lactococcusplantarum
[180], have been used to deliver various molecules to treat colitis in animal models.
However, safety concerns were raised regarding the amount of proteins produced and
released /n vivo, which motivated studies to add controllers as a safety measure to the
delivery systems. For example, engineered Bacteroides ovatus was used to deliver TGF-f
under the control of a plant polysaccharide xylan by adding the xylanase promoter to the
xylan operon of the Bacteroides ovatusto treat DSS-induced colitis in mice [181].
Alternatively, a stress-inducible controlled expression system was used in Lactococus lactis
to regulate the 1L-10 production and delivery for treatment of DNBS-induced murine colitis
[182].

Novel strategies have also harnessed proteins on bacteria surfaces as docking stations for
NPs to deliver drugs. The simultaneous use of NPs and bacteria to deliver drugs /in vivo has
been demonstrated by plasmid DNA-loaded streptavidin-coated polystyrene NPs attaching
to biotinylated bacteria surfaces termed “microbots” [183]. In such systems, the L/steria
monocytogenes bacteria are about 1 pm in length, and their surfaces were equipped with
NPs ranging in size of 40 — 200 nm. Mice injected with these “microbots” successfully
expressed the loaded genes 7 vivo, as demonstrated by luminescence in different organs.

IV. Hybrid Drug Delivery Systems Targeting IBD

Oral drug delivery is the preferred route of administration. However, limitations including
premature drug release in the upper Gl tract or lack of targeting to the site of disease can
prevent efficient use of oral drug delivery systems. To protect the loaded drugs and allow for
selective targeting, hybrid drug delivery systems have been developed to load drugs in the
interior of NPs, and then embed the drug-loaded NPs in a protective external compartment
such as a microsphere (NP-in-MP) or a hydrogel (NP-in-hydrogel). This external
compartment typically consists of a material that dissolves or degrades specifically in the
colon, where the embedded NPs are liberated to target the site of inflammation and release
drugs locally (Table 4).

The MPs in NP-in-MP systems are commonly formulated using pH-sensitive polymers,
slowly degradable polymers, or polysaccharides to cope with the acidic environment of the
stomach. One study reported that tacrolimus-loaded PLGA NPs were entrapped in pH-
sensitive MPs, prepared from Eudragit P-4135F, to treat TNBS-induced colitis in rats [184].
Rats with colitis were orally administered drug-loaded NP-in-MP, drug-loaded NP only,
drug-loaded MP only, or free drug solution. Significantly lower colon/body ratio and MPO
activity were observed in the drug-loaded NP-in-MP group, but not the remaining
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experimental colitis groups. Alternatively, slowly degradable polymers such as PCL have
been used to prepare PCL MPs loaded with gelatin NPs for delivery of a spectrum of
therapeutics, including 1L-10-expressing plasmid DNA [185], TNF-a siRNA [186], and dual
delivery of TNF-a siRNA and CyD1 [187]. For nucleic acid delivery, siRNA or plasmid
DNA have been typically complexed with cationic polymers or polysaccharides to form
nanocomplexes (i.e., NPs), which were then loaded into MPs to target colonic inflammation.
For example, TNF-a siRNA/PEI nanocomplexes in PVA MPs were used to treat colonic
inflammation in LPS-treated mice [188], and anti-TNF-a nucleotides/cationic konjac
glucomannan (cKGM) nanocomplexes in cKGM/phytagel MPs were employed to target
mannose receptors on macrophages in DSS-induced colitis in mice [189].

The hydrogels in NP-in-hydrogel systems are often formulated using the electrostatic
interactions of calcium or sulfate ions to crosslink alginate and chitosan that are degraded by
colonic enzymes. An anti-inflammatory peptide Lys-Pro-Val (KPV) was encapsulated in
PLA NPs, which were then embedded in an alginate/chitosan hydrogel to treat DSS-induced
murine colitis [190]. Mice given DSS followed by KPV in NP-in-hydrogel were protected
against inflammation, compared with mice given DSS only. The same system was also
tested for delivering a biologically active protein, Prohibitin 1 (PHB), to epithelial cells in
DSS colitis in mice, in which mice treated with PHB-loaded NPs-in-hydrogel exhibited an
increased level of PHB in the colonic epithelial cells and reduced severity of DSS-induced
colitis [191]. Besides peptide/protein delivery, the alginate/chitosan hydrogel was also used
to deliver NPs loaded with CD98 siRNA [152, 192] through the addition of PEI for
complexation. The alginate/chitosan polysaccharide hydrogel seemed to provide protection
for the biologics-loaded NPs to achieve site-specific action for reduced levels of
inflammation in animal models of IBD.

V. Conclusions and Future Directions

IBD is a global disease with steadily increasing incidence in the Western world, and gradual
emergence and expansion in the newly industrialized countries in Asia, South Africa, and
the Middle East [4]. The primary intestinal sites of pathology provide a strong case for drug
delivery targeting the inflamed colon in the treatment of IBD. Engineering materials at the
nanoscale enables the combination of several beneficial features into one multicomponent,
multifunctional NP system. Recent years have witnessed an exponential increase in the
number of studies employing NPs for the treatment of IBD in animal experiments, although
none of them have yet entered clinical trials. Developing robust NP systems that are able to
specifically target the site of inflammation and release drug locally to treat IBD can address
this unmet medical need. The size, shape, and surface chemistry of NPs each play a role in
determining the performance and specific targeting of NPs towards the site of inflammation
and, in an integrated manner, these factors affect the overall targeting effect. NP systems
hold great promise in improving drug therapeutic efficacy, reducing side effects, and
promoting patients’ adherence to medication, which could provide novel therapeutics that
may revolutionize the management of IBD and open a new era for IBD treatment.

Advances in the understanding of IBD pathophysiology, immunology, and gut microbiome
will facilitate the development of novel drug delivery systems targeting IBD, given the
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complexity at the site of inflammation. First, the identification of relevant ligands at the site
of inflammation through understanding IBD pathophysiology will help in developing
effective mechanistically-based targeting approaches. Previous studies on mucoadhesive
NPs have primarily investigated the interaction of NPs with the mucus layer under healthy
conditions. Future investigation of the interaction between NPs and mucin from the Gl
mucosa with evidence of active inflammation stands to increase our understanding and
potentially provide novel drug delivery approaches. Recently, it was reported that smaller
glycans are at higher frequencies in UC patients than in healthy individuals due to decreased
sulfation and reduced complexity of glycans on MUC2 mucin in IBD [70]. Glycan ligands
have been documented for targeting glycan-binding proteins expressed specifically on
activated immune cells or inflamed endothelial cells. Therefore, strategies targeting altered
mucin glycans present at the site of inflammation would be of great interest in IBD
treatment. Secondly, employing NPs to selectively regulate immune response would
potentially promote intestinal homeostasis in IBD treatment. The autologous Tregs infusion
therapy has been explored in the treatment of IBD patients, but it was hindered by problems
with homing to inflamed tissue and apoptosis of the infused Tregs [193]. NPs loaded with
drugs that modulate the expression of “homing molecules”, such as CCR9, a4p7, or GPR15,
would be useful to target the infused Tregs to inflamed colon; and drugs that block the
proinflammatory cytokines can improve the survival of Tregs after infusion [194, 195]. Such
NPs infused together with Tregs may enhance the success of this therapy. Also, NP systems
that are able to stimulate the generation of tolerogenic DCs [196] or Tregs [197] in vivo
would be beneficial in shifting the immunity towards homeostasis. Furthermore, T cell
genome engineering with CRISPR/Cas9 [198] holds great promise in cell-based therapies
for many immune-related diseases including IBD, and the combination of such tools with
NPs could provide completely new genetic regulatory approaches to reprogram the aberrant
cell signaling in IBD. Thirdly, a better understanding of the composition, diversity, and
function of gut microbiota is becoming increasingly relevant to the management and
treatment of IBD, and has the potential to inform inflammation-targeting strategies.
Characterization of the difference between healthy and diseased conditions in microbiota is
ongoing through large-scale projects such as the European Metagenomics of the Human
Intestinal Tract (metaHIT) and the U.S. Human Microbiome project (HMP) [199]. The
identification of antigenic components of the microbiota in the inflamed intestine,
specifically the dominant bacterial species residing at the site of inflammation associated
with the pathogenesis of IBD and disease development, could lead to future microbiome-
mediated NP delivery systems targeting the pathogenic bacteria or responding to secretions
from such bacteria, thereby increasing the treatment efficacy in IBD.

The versatility of NP systems enables the incorporation of multiple drugs and different
targeting modalities, as well as biomimetic components to enhance the inflammation-
targeting effect and treatment efficacy, which appears to be an avenue worth pursuing. The
delivery of multiple drugs using NPs can integrate anti-inflammatory actions across multiple
pathways to treat IBD. Infliximab together with azathioprine has been investigated in
clinical trials for combination therapies, and was shown to be superior to either drug alone in
both UC and CD [200, 201]. The loading of such drug combinations in NPs could reduce the
non-specific immunosuppression of these drugs and further improve drug efficacy. NPs can
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also be aided with different targeting modalities to additionally augment the targeting effect
(Fig. 2), such as thermo-sensitive hydrogels [202], ultrasound-assisted delivery [203], and
microneedle-based systems [204, 205]. In addition to synthetic NPs, biomimetic NPs have
been developed employing components derived from human immune cells such as
neutrophils [206], platelets [207], and macrophages [208], which selectively target the
inflamed vasculatures in animal models, mimicking the endogenous inflammation-targeting
mechanisms. Such biomimetic NPs combine the unique functionalities of cellular
components and the capability of nano-engineering to manipulate materials at the nanometer
scale for effective delivery of therapeutic agents. This approach could be applied for targeted
delivery in IBD.

Targeting is the first step; the second step is how to advance to clinical trials. Further
elucidation of the /n vivo fate of NPs in animal models may facilitate the translational aspect
of NPs towards clinical trials. Very little is known about the fate of NPs after they reach the
site of inflammation, and therefore the mode of local drug release is unclear. Whether NPs
being degraded by enzymes secreted under the inflammatory condition resulting in
intercellular drug release, or NPs being internalized by phagocytes leading to intracellular
drug release is not clear. Consequently, the possible correlations between these two events,
with respect to size, shape and surface chemistry of NPs, have not been investigated
thoroughly in animal studies. The potential effects of NPs and their individual or degraded
components on the immune system and general toxicity remain largely unknown. /n vivo
studies aiming to examine these processes are challenging, but the findings will provide
invaluable information for a comprehensive, mechanistic understanding of the complex and
differential subcellular effects of NPs in the inflamed microenvironment, which will greatly
aid the design of targeted NP delivery systems and improve the clinical reliability and
translation of such systems. Acting at the site of disease, inflammation-targeting NP systems
could, in the near future, revolutionize the regimen for the treatment of 1BD.
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Wolf Prize for Chemistry, the 2014 Kyoto Prize and the Lemelson-MIT prize, for being “one
of history’s most prolific inventors in medicine.” Langer is one of the very few individuals
ever elected to the National Academy of Medicine, the National Academy of Engineering,
and the National Academy of Sciences.

Giovanni Traverso, M.B., B.Chir., Ph.D.
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Dr. Traverso is an Assistant Professor of Medicine and Associate Physician in the Division
of Gastroenterology, Brigham and Women’s Hospital (BWH), Harvard Medical School. Dr.
Traverso is a research affiliate of the Massachusetts Institute of Technology. His work
straddles the fields of molecular biology and biomedical engineering and is focused on
developing the next generation of sensing and drug delivery systems to enable efficient
monitoring of patients as well as delivery of therapeutics through the gastrointestinal tract.
Dr. Traverso’s work has been published in the New England Journal of Medicine, The
Lancet, Nature, Nature Biotechnology, Nature Materials, Science Translational Medicine
and Cancer Research. He has been the recipient of the Grand Prize of the Collegiate
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Inventors Competition, a Research Fellowship from Trinity College, and was named one of
the most promising innovators under 35 by the MIT Tech Review’s TR 35.
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Research Highlights

IBD pathophysiologic characteristics present unique challenges and
opportunities in drug delivery

Inflammation in the Gl tract provides instrumental cues for drug targeting

Nanoparticulate systems can employ a broad range of mechanisms to target
IBD inflammation

Advances in disease understanding and rational design could result in optimal
targeting of IBD
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A. Inflammation-targeting strategies via the Gl lumen (oral/rectal administration)
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Figure 1.

Delivery strategies and targeting motifs for inflammation-targeting NPs in IBD. NPs employ
different targeting mechanisms for efficient delivery to the site of action to maximize local
drug concentration, improve drug efficacy, and minimize systemic drug side effects. (A)
Through oral or rectal administration, NPs target the inflamed colon from the epithelium by
mechanisms mediated by size, charge, degradation, ligand-receptor, and microbiome. (DC:
dendritic cells; M®: macrophages; PMN: polymorphonuclear leukocytes; ROS: reactive
oxygen species;) (B) Through intravenous administration, NPs target the inflamed colon
from the endothelium via mechanisms mediated by size and various ligand-receptor
interactions including the selective homing specificity of exosomes.
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NP incorporation with multiple modalities to target inflammation in IBD. (A) Thermo-
sensitive hydrogels, (B) Microneedle-based delivery systems, (C) Ultrasound-assisted drug
delivery, and (D) Cellular components derived from human immune cells mimicking
endogenous inflammation-targeting mechanisms. These systems in combination with NPs
have the potential to further augment the targeting effect of NPs to the site of inflammation,

thereby improving efficacy in IBD treatment.
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Current delivery systems for drugs approved by the FDA for IBD treatment*[14, 17, 30, 209].

Drugs Brand name

Formulation

Mechanism for drug release

Aminosalicyl ate (5-ASA)  Dipentum
Azulfidine
Salazopyrin

Colazal
Colazide

Asacol
Asacol HD
Claversal
Salofalk
Calitoflak

Salofalk Granu-Stix

5-ASA dimer linked by azo bond

5-ASA linked to sulfapyridine by azo bond
5-ASA linked to sulfapyridine by azo bond

5-ASA linked to 4-aminobenzoyl-B-alanine by
azo bond

5-ASA linked to 4-aminobenzoyl-B-alanine by
azo bond

A Eudragit S formulation coated 5-ASA tablet
A Eudragit S formulation coated 5-ASA tablet
5-ASA coated with Eudragit-L

5-ASA coated with Eudragit-L

Eudragit-L 100 coated 5-ASA tablets

5-ASA coated with Eudragit-L100, polyacrylate-
dispersion, povidone K (Eudragit-NE 40D,
Nonoxynol 100), simethicone

5-ASA coated with Eudragit-L100, polyacrylate-

Enzymatic reduction”

Enzymatic reduction”

Enzymatic reduction”

Enzymatic reduction”

Enzymatic reduction”

pH-responsive
pH-responsive
pH-responsive
pH-responsive

pH-responsive

pH-responsive

Apriso dispersion, povidone K (Eudragit-NE40D, pH-responsive
Nonoxynol 100), simethicone
Microgranules coated in ethylcellulose -
Pentasa containing 5-ASA Time-dependent
Multi-Matrix System using a Eudragit S coating
Lialda a matrix core containing hydrophobic/ pH-responsive + time-delayed
hydrophilic excipients
5-ASA coated with Multi Matrix system with - :
Mezavant lipophilic and hydrophilic matrices pH-responsive + time-delayed
CODES Polysaccharide coating coupled with a pH- Degradation by bacteria + pH-
sensitive polymer coating responsive
Multi-Matrix System using a Eudragit S coating
Budesonide Uceris a matrix core containing hydrophobic/ pH-responsive + time-delayed

Entocort EC

hydrophilic excipients

Eudragit L coated beads with ethyl cellulose
matrix

pH-responsive + time-dependent

Beclomethasone Clipper

Eudragit L 100-55 coated tablet

pH-responsive

Note:

*
All administered orally.

# . -
The azo bond is cleaved by azoreductases produced by colonic microflora [14].
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Table 2.

pH values in different parts of human gastrointestinal tract in health and in IBD [34, 39].

Location Healthy  Active UC  Active CD
Esophagus ~7.0 nfa nfa
Stomach 1-2.5 n/a n/a
Proximal small intestine ~ 5.9-6.8 6.1-7.3 6.3-6.5
Distal small intestine 7.3-1.7 6.8-8.3 7.3-75
Proximal colon 5.7-6.8 2.3-72 6.2-7.2
Distal colon 6.1-7.2 4.8-7.3 5.3-6.8

Note: n/a indicates “Not Available”.
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Table 3.
Drugs delivered by NPs to the site of inflammation in IBD.
Drugs NP System Surface Charge Mechanism Route model Ref.
Small-molecule drugs
5-amino salicyclic acid Covalently bound to PCL 200 nm (emulsion) Size Oral TNBS mice [210]
-1.2+15mV;
350 nm
(nanoprecipitation)
-25+25mVv
Budesonide Nanostructured lipid carrier (NLCs) 204.1£8.7nm Size Oral DSS mice [139]
-422+7.2mV
Superoxide dismutase/ 4- HSPC:HSPG: cholesterol = 4:2:3 400 nm -66 + 5 Charge Rectal DNBS rat [143]
amino tempol/ catalase mvV
Methotrexate Grapefruit-derived nanovesicles (GDNs)  210.8 + 48.62 nm Ligand-receptor Oral DSS mice [162]
-49.2 to -1.52 mV
Rolipram PLGA NPs 332 nm 474 nm Size Oral TNBS rat [137]
Doxorubicin DSPC:Chol:BPCNe 100 + 10 nm Not Ligand-receptor LV. B-cellB-cell [158]
reported lymphoma in mice
Protein drugs
Leukemia inhibitory factor  Anti-CD4 modified PLGA NP 165 -170 nm Not Ligand-receptor Infusion Heart allograft [157]
reported transplant ation in
TGF-p1 Exosomes from TGF-B1 gene-modified 50 — 100 nm Not Ligand-receptor V. DSS mice [161]
dendritic cells reported
Ovalbumin (model protein)  Mannose modified PEG-PCL 212+8nm-7+2  Ligand-receptor N.A. (Ex vivo) DSS mice [140]
mvV
siRNA and Antisense oligonucleotide
Antisense oligonucleotide Cationic konjac glucomannan (cKGM) ~200 nm +16.7 Ligand-receptor Oral DSS mice [189]
against TNF-a mV
miRNA-155 inhibitor B cell-derived exosomes 30 - 100 nm Not Ligand-receptor DSS mice [211]
reported
TNF-a siRNA TPP-PPM 211-275nm Not  Ligand-receptor Ex vivo DSS mice [153]
reported
CD98 siRNA CD98siRNA/ CD98 antibody modified 211-275nm Not  Ligand-receptor Oral DSS mice CD4*CD4  [152]
urocanic acid/PEI NP reported 5RBN T cell transfer
147 — 261 nm +7.9 colitis
to +17.3 mV
Cyclin D1 siRNA Liposome-based, B7 integrin-targeted ~150 nm -24 to Ligand-receptor LV. DDS mice [150]
P -18 mV
Antisense oligonucleotide Galactosylated low molecular weight Not reported Ligand-receptor Rectal TNBS mice [154]
against TNF-a chitosan CD4*CD4 5RBN T
cell transfer colitis
mice
Map4k4 siRNA Galactosylated trimethyl chitosan- 140 -160 nm +20 Ligand-receptor Oral DSS mice [155]
cysteine/TPP NPs to +42 mV
TNFa siRNA PLA-PEG NP bearing Fab’ portion of 376 £ 19 nm ~ Ligand-receptor Oral DSS mice [156]
F4/80 antibody +2.56 mV
Map4k4 siRNA p1,3-D-glucan MP 2-4 um Not Ligand-receptor Oral LPS-induced lethality  [212]
reported
TNF-a siRNA Thioketal NPs 600.1 + 281 nm Degradation Oral DSS mice [165]
5.84+£0.8mV
Probiotic
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Drugs NP System Surface Charge Mechanism Route model Ref.
Lyophilized probiotic Chitosan-coated PLGA NPs 226.3+0.97 nm Degradation Oral TNBS rat [172]
bacteria (L. casei ATCC 25.65 +7.02 mV
39392)
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Table 4.

Drugs delivered by hybrid systems to the site of inflammation in IBD.

Page 36

Drugs NP System External Compartment Targeting Mechanisms Colitis model Ref.
Plasmid DNA Gelation NP PCL MP PCL slow degradation and gelatin DSS mice [185]
encoding IL- 10 NP size- mediated targeting
TNF-a siRNA Gelation NP PCL MP PCL slow degradation and gelatin DSS mice [186]

NP size- mediated targeting
Tacrolimus PLGA NP Eudragit P- 4135F MP pH-sensitive microspheres and TNBS rat [184]
PLGA NP size-mediated targeting
TNF-a siRNA TNF-a siRNA/ polylactide (PLA) NPs PVA shell and PLA matrix structure ~ LPS-treated mice [188]
PEI NP covered with polyvinyl prevent quick degradation of NPs
alcohol (PVA) and PEI/siRNA NP size- mediated
targeting
Antisense Cationic konjac ~ cKGM/phytag el MPs Polysaccharide microparticles DSS mice [189]
oligonucleoti de glucomannan degraded by bacterial enzymes in
against TNF-a (cKGM)/anti- the colon and mannose ligand-
TNF-a receptor mediated targeting
nucleotides NP
Lys-Pro-Val (KPV) PLA NP Alginate and chitosan Polysaccharide hydrogel degraded DSS mice [190]
hydrogel by bacterial enzymes in the colon
and PLA NP size-mediated targeting
Prohibitin 1 PLA NP Alginate and chitosan Polysaccharide hydrogel degraded DSS mice [191]
hydrogel by bacterial enzymes in the colon
and PLA NP size-mediated targeting
CD98 siRNA CD98 siRNA/ Alginate and chitosan Polysaccharide hydrogel degraded DSS mice [192]
PEI NP hydrogel by bacterial enzymes in the colon
and PEI/siRNA NP size- mediated
targeting
CD98 siRNA CD98siRNA/ Alginate and chitosan Polysaccharide hydrogel degraded CD4*CD45RB Mgh  [152]
CD98 antibody hydrogel by bacterial enzymes in the colon T cell transfer
modified and CD98 antibody ligand- receptor  colitis and DSS
urocanic mediated targeting mice
acid/PEI NP
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