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Abstract

The oral route is a preferred method of drug administration, though achieving effective drug 

delivery and minimizing off-target side effects is often challenging. Formulation into nanoparticles 

can improve drug stability in the harsh gastrointestinal (GI) tract environment, providing 

opportunities for targeting specific sites in the GI tract, increasing drug solubility and 

bioavailability, and providing sustained release in the GI tract. However, the unique and diverse 

physiology throughout the GI tract, including wide variation in pH, mucus that varies in thickness 

and structure, numerous cell types, and various physiological functions are both a barrier to 

effective delivery and an opportunity for nanoparticle design. Here, nanoparticle design aspects to 

improve delivery to particular sites in the GI tract are discussed. We then review new methods for 

evaluating oral nanoparticle formulations, including a short commentary on data interpretation and 

translation. Finally, the state-of-the-art in preclinical targeted nanoparticle design is reviewed.
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1. Introduction

Oral ingestion remains the preferred mode of delivery for most drugs owing largely to 

simplicity. The oral route is associated with the greatest degree of patient compliance 

(especially for chronic conditions) as it ensures convenience, enables self-administration, 

and offers great flexibility in dosage regimen. Oral products do not require sterile conditions 

for their manufacture, which reduces production costs. According to the drug delivery 

market analysis, oral drug products accounted for 38% of the North American drug delivery 

market in 2012 [1]. The oral drug delivery market was valued at $64.3 billion in 2013 and is 

expected to cross $100 billion by 2018 [2]. Thus, oral drug delivery will continue to 

dominate the pharmaceutical market and drug delivery research.

The oral route is also of interest for physiological reasons. The gastrointestinal (GI) tract 

offers extensive surface area (300–400 m2) for drug absorption by absorptive epithelial cells 

(enterocytes) [3–6]. The GI tract contains many other types of cells that may participate in 

drug absorption, including mucin-secreting goblet cells, endocrine cells, Paneth cells and 

specialized M cells associated with Peyer’s patches that are responsible for antigen 

transportation through dendritic cells [3–6]. However, many hydrophobic and hydrophilic 

drugs (taxanes, aminoglycosides, polyene antibiotics etc.) have poor bioavailability when 

administered via the oral route due to their inadequate physicochemical (solubility, stability) 

and/or biopharmaceutical (permeability, metabolic stability) properties [7–9]. Furthermore, a 

majority of the new chemical entities generated through drug discovery screening exhibit 

poor aqueous solubility and/or poor permeability. It has been reported that nearly 70% of 

new chemical entities are dropped during pre-clinical development due to poor oral 

bioavailability [10]. Oral delivery is even more challenging for biologics (e.g. peptides, 

proteins and nucleic acids) due to their hydrophilicity (leading to low permeability), high 

molecular weight and poor chemical/enzymatic stability in the GI tract. Figure 1 summarizes 
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the various challenges/barriers to effective oral drug delivery. The reader is also referred to 

several excellent reviews discussing the various barriers to developing drugs for effective 

oral delivery [3–6, 11–13].

Numerous studies have shown that nanoparticles can improve the oral bioavailability of 

hydrophobic, hydrophilic and biologic drugs via various mechanisms [3–6, 14–16]. In fact, 

several oral nanosuspension-based products that improve drug dissolution and absorption are 

on the market [10]. Nanoparticle formulations with more sophisticated design aspects are in 

preclinical development, including those designed to target a particular region in the GI 

tract, only diseased regions of the GI tract, or specific cells within the GI tract. Targeting 

approaches aim to enable better drug absorption and/or localized treatment of various 

disease conditions, such as gastric ulcers, Helicobacter pylori (H. pylori) infections and 

ulcerative colitis. An important aspect of preclinical development of oral nanoparticle 

systems is the choice of experimental models. In this review, we first describe nanoparticle 

design considerations for targeting particular regions in the GI tract. We then discuss recent 

advances in in vitro and ex vivo experimental techniques for the evaluation of oral 

nanoparticle formulations, as well as a perspective on correlation of preclinical results with 

clinical translation. Finally, we highlight recent developments in the design and preclinical 

evaluation of targeted oral nanoparticle formulations.

2. Design considerations for targeting nanoparticles to a specific region of 

the GI tract

One benefit of nanoparticle formulations is the potential for providing targeted and/or 

localized drug delivery. Although the term “targeted” brings to mind the vision of 

nanoparticles that actively seek out their delivery target and selectively accumulate there, 

“targeting” in the GI tract is generally a more passive process. Here, we use the term “target” 

to refer to various strategies used for increasing residence time, increasing the relative 

amount of degradation/drug release that occurs, and/or facilitating interaction of 

nanoparticle formulations with tissues and cells in a particular section of the GI tract. In the 

context of the rational design of targeted oral nanoparticle formulations, we discuss diseases 

and delivery goals that would benefit from targeted delivery, as well as the physiological 

barriers and targeting opportunities (specific cell types or receptors) associated with various 

regions of the GI tract. Here, we broadly categorize approaches for stomach targeting, small 

intestine targeting, intestinal lymphatic targeting, and colon targeting. In Section 4, we 

further describe recent innovations in nanoparticle platforms designed to target specific 

regions of the GI tract.

2.1. Design considerations for stomach targeting

Targeting of therapeutic agents to the stomach has received attention for the effective 

treatment and management of Helicobacter pylori (H. pylori) infections. H. pylori infections 

affect around 50% of the global population [17–19]. Around 20% of the H. pylori infected 

population develop gastric disorders, such as chronic gastritis and/or gastric ulcers, and 

around 1–2% of H. pylori infected individuals present with gastric cancer [17–19]. 

Additionally, stomach targeting (and/or gastric retention) can also be useful for: (i) drugs 
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that are primarily absorbed in the stomach (e.g. metronidazole), (ii) drugs that are poorly 

soluble in the intestinal milieu due to pH dependent solubility (e.g. verapamil), (iii) drugs 

with a narrow absorption window in the stomach or in the upper small intestine (e.g. 

furosemide), and (iv) drugs that degrade in the intestinal milieu (e.g. captopril) [20]. Gastric 

retention of the therapeutic agent is of utmost importance, yet is difficult to achieve. For 

effective stomach targeting, a nanoparticle delivery system must overcome various 

physiological hurdles, including gastric motility, gastric pH and gastric mucus.

The GI tract is in a state of continuous motility in the fasted and fed states. GI motility is 

categorized into inter-digestive and digestive motility. During the fasted state, the inter-

digestive motility pattern is activated to empty the stomach of the residual contents of the 

upper GI tract [19–23]. In the inter-digestive mode, motility comprises of four phases (total 

duration for 4 phases: 90–120 min), and each phase involves cycles of (peristaltic) activity 

and quiescence. Phase III of the inter-digestive mode involves intense contractions to empty 

the undigested stomach contents through maximal pyloric opening. Digestive mode is 

initiated within 5–10 min after the ingestion of food and lasts until the food in the stomach is 

completely processed [19–23]. Gastric retention of nanoparticles will depend upon the 

motility phase that is active at the time of ingestion. For effective stomach targeting, 

nanoparticles should be able to withstand the peristaltic activity of the stomach. Gastric 

retention of the nanoparticles can also depend upon the fed or fasted state of the individual 

and also on the type of the ingested food (Figure 2). Additionally, the pH of stomach is 

highly acidic, varying between 1 and 3 depending upon the fasted or fed state of the 

individual [19–23]. Many drugs used for peptic ulcer and antibiotics like clarithromycin that 

are used for H. pylori treatment are susceptible to degradation at acidic pH and are rendered 

ineffective in the stomach [24, 25]. Similarly, it is important to construct nanoparticles from 

materials that can provide protection of acid labile therapeutic agents.

Gastric mucus poses a significant barrier to effective stomach targeting of nanoparticles. GI 

mucus protects the epithelium from exposure to foreign particulates and pathogens, 

including nanoparticles [3]. Effective gastric mucus penetration may be of particular 

importance for eradication of H. pylori infection, as the bacteria is situated deep inside the 

gastric mucosa and attaches itself to the gastric epithelial cells with the help of adhesin-like 

proteins [17–18]. The total thickness of mucus (loosely adherent plus firmly adherent layers) 

in the human GIT ranges from 50–450 μm depending upon the location, and is thickest in 

the stomach and colon [3,18,19]. Nanoparticles must penetrate the mucus barrier to be 

retained in the stomach and locally deliver drugs eradicate H. pylori infections. For more 

extensive discussions of the barrier properties of GI tract mucus, the reader is referred to 

other papers and reviews [3, 26–28].

More generally, macroscopic delivery systems, such as tablets, microparticles, or hydrogels, 

are employed for increasing gastric retention [17–20, 29, 30]. The general principle is to 

utilize a property like geometry or density to prevent gastric emptying, allowing for 

prolonged drug release into the gastric milieu [17–20, 29, 30]. Although these macroscopic 

dosage forms increase residence time of the therapeutic agent in the stomach, they may not 

be optimal for the delivery drugs that have poor penetration in gastric mucosa. Studies have 

shown that drugs like amoxicillin, an antibiotic used for the treatment of H. pylori 
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infections, were unable to achieve sufficient penetration in human gastric mucosal biopsies 

[31]. Moreover, a clinical trial demonstrated that amoxicillin- and clarithromycin-loaded 

mucoadhesive hydrogel did not provide an improvement in H. pylori eradication when 

compared to the standard antibiotic therapy [32]. Nanoparticle formulations could be useful 

for improving the current limitations of gastro-retentive delivery systems. Some of the 

design principles of gastro-retentive dosage forms can also apply to nanoparticles, such as 

designing floating nanoparticles (hollow or gas generating) or nanoparticles incorporated 

into gastro-retentive dosage forms, like tablets or clinically available raft-forming gastro-

retentive systems [30]. In Section 4, we describe some recent developments in stomach-

targeted nanoparticle formulations.

Currently, stomach targeted nanoparticle formulations are largely in pre-clinical 

development. Most reported investigations on the development of stomach-targeted 

nanoparticles are focused on achieving increased adhesion to the gastric mucosa (discussed 

in the Section 4). However, a nanoparticle designed to adhesively interact with the gastric 

mucosal epithelium will also interact with, and be coated by, the loosely adherent mucus 

layer in the lumen of the stomach, which it encounters first. Mucus secretion is continuous 

and rapid in the stomach to protect the epithelium from the acidity of the luminal contents 

[19], thus, mucoadhesive nanoparticles are likely to interact with and get cleared during the 

renewal of the loosely adherent mucus layer in the stomach. Hence, it may be necessary to 

design mucus penetrating nanoparticle formulations, especially for the treatment of H. pylori 
infections. Research is needed to gain a better understanding of the role that mucoadhesion, 

as opposed to mucus-penetration, plays in gastric retention of nanoparticle formulations.

2.2. Design considerations for targeting to small intestine

The small intestine plays a major role in the absorption of drugs, nutrients, electrolytes, 

vitamins and many other molecules [3–6]. Thus, when “targeting” the small intestine, the 

goal is generally to achieve increased nanoparticle uptake or local drug release and 

absorption to improve systemic drug delivery. In order to absorb molecules with diverse 

chemical structures, the small intestine is equipped with specialized cells, cell membrane-

bound transporters, receptors, and transport mechanisms, and it is important to consider 

these physiological aspects while designing systems for intestinal targeting [3–6,15,16]. In 

addition, nanoparticles must withstand the harsh gastric milieu (described in the previous 

section) in order to reach the intestine unless they are formulated in a capsule that bypasses 

the stomach. In order to maintain particle integrity in the stomach and thus allow 

nanoparticles to reach the small intestine, polyanionic polymers that are insensitive to acidic 

pH (enteric polymers) but labile in more neutral pH have been developed [24]. Nanoparticles 

coated with enteric polymers can remain intact in the stomach and, as the pH increases upon 

reaching the intestine, the enteric polymer coating gradually dissolves and enables drug 

release. In this way, nanoparticles coated with enteric polymers are used to passively target 

drug to the small intestine. We refer the reader to more comprehensive reviews of enteric 

polymer formulations [24,33,34]. In the section 4, we discuss recent works for oral 

nanoparticles based on enteric polymers for improved oral delivery of various drugs.
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“Active” targeting of nanoparticles to the small intestine includes the use of surface 

functionalization intended to increase interactions with specific cell types in the small 

intestine to increase residence time and/or uptake. There are several cell types with various 

characteristics and receptors present in the small intestine. Enterocytes, specialized 

absorptive columnar epithelial cells, constitute a major portion of the cells present in the 

small intestine [4–6,16,35]. The second most abundant cell type is the goblet cell, which 

produces mucin to form a mucus layer that coats the epithelial surface. The small intestine 

also contains microfold cells (M cells), which are specialized epithelial cells situated in the 

Peyer’s patches. The Peyer’s patches are a part of the gut associated lymphoid tissues 

(GALT), and in humans, they are found in the lowest part of the ileum [4–6,16,35]. 

Particulates, such as immunogens, bacteria, and viruses are transcytosed from the mucosal 

surface of the Peyer’s patches to the sub-epithelial dome through the M cells. Thus, M cells 

in the Peyer’s patches have a special role in the potential transport and absorption of 

nanoparticles. Furthermore, M cells are thought to be relatively less protected by mucus 

secretions and drug efflux transporters like P-glycoprotein, and thus, are a common delivery 

target for nanoparticles [4–6,16,35]. However, nanoparticles that adhere to and become 

coated in mucus may have limited access to M cells.

Enterocytes are often used to target for maximizing delivery of nanoparticles to the small 

intestine and absorption into systemic circulation because they are the dominant cell type in 

the small intestine [3–6]. However, mucus poses a significant obstacle to reaching the cell 

surface [3–6]. When targeting specific cells, the ability to penetrate through mucus and reach 

the cell surface is an important design criterion for nanoparticles. Recently, we reported that 

200 nm fluorescent polystyrene nanoparticles densely coated with hydrophilic polyethylene 

glycol (PEG) chains penetrate through the mucus layers and uniformly coat freshly excised 

mouse small intestine tissue, whereas unmodified fluorescent polystyrene nanoparticles were 

trapped in the mucus layers [36]. Furthermore, orally-administered PEG-coated 

nanoparticles were found in closer proximity to the small intestine villi and provided more 

uniform coverage of the small intestine epithelial surface compared to unmodified 

nanoparticles [36]. Other investigators have used nanoparticles decorated with enzymes, like 

papain, or thiols to improve mucus penetration [37–40]. Enzymes like papain actively 

degrade mucus, while the presence of thiols on the surface of the nanoparticles reduces the 

degree of mucus cross-linking to increase nanoparticle penetration [37–40]. Degrading the 

vital barrier properties of the mucus barrier may have other unintended consequences, which 

must be carefully studied. In case of thiol modified nanoparticles, it is important to ascertain 

that the thiol groups on the surface of nanoparticles do not form disulfide bonds with mucin 

network, thereby immobilizing the nanoparticles in mucus. We and others have also shown 

that the size, surface charge, PEG density and material of the nanoparticles also govern their 

ability to penetrate through mucus, and these aspects should also be understood while 

designing nanoparticles [41–46].

Nanoparticles that penetrate the mucus barriers come into contact with the cell surfaces. 

Ligands for various receptors expressed in the intestine have been used to decorate the 

surface of nanoparticles to achieve increased residence time and/or increased uptake. 

Vitamin B12 (cobalamin) functionalization of nanoparticles has been of interest for targeted 

delivery [47,48]. The process of oral absorption of vitamin B12 involves binding of vitamin 
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B12 to intrinsic factor (IF) in the small intestine and receptor mediated uptake of the B12-IF 

complex into the intestinal epithelia [4,47,48]. Receptors for the B12-IF complex are 

expressed on enterocytes of the duodenum, jejunum and ileum, though the majority are 

located in the ileum. During transport, vitamin B12-IF complex is trafficked through the 

lysosomal pathway, resulting in the degradation of IF [4,47,48]. Interestingly, studies of 

B-12 decorated nanoparticles using Caco-2 cell monolayers have shown that the conjugation 

of vitamin B12 on the surface of the nanoparticles does not affect the uptake [49]. However, 

the vitamin B12 bound nanoparticles showed different intracellular trafficking, including 

endolysosomal escape [49]. No studies were carried out to elucidate the reasons for different 

intracellular trafficking observed in case of the vitamin B12 bound nanoparticles. The 

potential of vitamin B12 mediated targeting of nanoparticles has also been evaluated with 

the help of rat, dog and pig intestinal loop models [48]. Fluorescent nanoparticles decorated 

with vitamin B12 showed greater uptake in the rat, dog and pig intestines as compared to 

unmodified nanoparticles [48].

Recently, targeting to neonatal Fc receptors (FcRn) has been explored to improve oral 

delivery of nanoparticles [4,48,50]. FcRn are present throughout the intestine and enable 

trafficking of IgG across the intestinal epithelium. FcRn bind to the Fc portion of IgG in a 

pH dependent manner. At pH below 6.5 (luminal pH in the duodenum is typically 5.5–6.5), 

FcRn have high affinity to the Fc region of IgG, whereas the affinity is minimal at pH ~7.4 

(similar to the basolateral side of the duodenum). The pH sensitive interactions between IgG 

and FcRn are thought to enable unilateral transport of IgG across the intestinal epithelium 

and into the systemic circulation (further discussed in section 4) [4,48,50]. Nanoparticles 

decorated with the Fc portion of IgG may allow improved targeting and delivery across the 

duodenum and jejunum of the small intestine.

Due to the high transcytotic potential and ability to traffic particulate substances, M cells 

have been of great interest as a target for orally administered nanoparticles. As mentioned 

earlier, the relative lack of a continuous mucus coating, reduced membrane hydrolase 

activity, scarce glyclocalyx, and relatively sparse drug efflux transporters, offer additional 

advantages for nanoparticle absorption [4,15,16,35]. Extensive research has been carried out 

on the targeting of M cells with particulate delivery systems for oral vaccination and other 

immunotherapies. Numerous research studies and reviews have described the influence of 

nanoparticle properties such as size, surface charge, material composition and 

hydrophobicity on M cell uptake and targeting [15,16,35,51–53]. However, the experimental 

methods used may influence the extent of uptake, as discussed later in Section 3.

Lectins are perhaps the most studied ligands to improve M cell targeting by nanoparticles. 

Lectins are a diverse group of proteins and glycoproteins of plant or bacterial origin, and 

they bind with high affinity, but in a reversible manner, to specific carbohydrate residues 

expressed on cell surface proteins or lipids. Lectins such as wheat germ agglutinin (binding 

to N-acetyl-D-glucosamine and sialic acid), concanvalin A (α-D-mannose, α-D-glucose 

binding), tomato lectin (binding to N-acetyl-D-glucosamine), Ulex europaeus 1 lectin (L-α-

fucose binding), and Aleuria aurantia lectin (L-α-fucose binding) have been used as ligand 

to target the apical surface of M cells [16,35,54,55]. Studies have shown that wheat germ 

agglutinin (WGA) and tomato lectins can withstand abnormally high amounts of pepsin, 
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trypsin, pancreatin, and elastase without losing their cell-binding properties [55–57]. In vivo 
studies have shown that orally administered WGA underwent 5% and 40% degradation in 

mice and rats respectively [55–57].

Lectins specific to the human follicular associated endothelium (galectin 9 and sialyl Lewis 

A Antigen) have also been identified [16], though no information is available on their 

stability to proteolytic degradation. The immunogenicity, and potential toxicity limit the use 

of lectins as a targeting ligand [4,16,35,54,55]. Studies have also been carried out to 

develop/identify lectin mimetics to overcome drawbacks associated with lectins [58]. 

Furthermore, the loosely adherent mucus layer can act as a cell surface “decoy” that presents 

some of the same functionalities as the cell surface, which is another mechanism for 

protection from infection [59,60]. It would be beneficial to ensure that the targeting lectin or 

lectin decoy of choice does not interact with the mucus barrier.

M cells have a crucial role in processing of bacterial and viral pathogens and various 

antigens. Hence, targeting of receptors involved in pathogen-host interactions and antigen 

processing can also be useful for increasing M cell binding [16,51,52]. Various pattern 

recognition receptors (PRR) expressed on M cells and other cells in Peyer’s patches are 

involved in the process of invasion and colonization of enteric pathogens. PRR, such as Toll-

like receptors (TLR), NOD-like receptors, C-type lectin receptors and α5β1 integrin 

receptors, are of interest for targeting [16,51,52]. The TLR family and α5β1 integrin 

receptors are specifically expressed by human and mouse M cells [16,51,52]. TLR ligands, 

like monophosphoryl lipid A and bacterial flagellin, and α5β1 integrin receptor ligand RGD 

peptide and RGD peptidomimetics, have been utilized to functionalize nanoparticles to 

increase interaction with M cells [16,61]. Claudin 4 is a tight junction transmembrane 

protein that is highly expressed on human and mouse M cells [16,62]. Claudin 4 is a 

receptor for Clostridium perfringens enterotoxin (CPE) that binds to the C-terminal 30 

amino acids of CPE (CPE30) [63]. Hence, CPE30 has been used as a ligand for targeting 

nanoparticles to M cells.

Although goblet cells constitute the second largest population of intestinal epithelial cells, 

very few studies have been carried out to target goblet cells for improved oral delivery [16]. 

This is perhaps due to the relatively low phagocytic and absorptive behavior of goblet cells, 

as well as active mucus secretion in the opposing direction to effective drug delivery and cell 

uptake. Recently, in vivo phage display identified CSKSSDYQC (CSK) as a goblet cell 

specific targeting ligand [64], and its potential to target nanoparticles has been studied (see 

section 4).

2.3. Design considerations for intestinal lymphatic targeting

The lymphatic system is a complex network of conduits composed of lymphatic vessels, 

lymph nodes, spleen, thymus, Peyer’s patches and tonsils. “Targeting” the lymphatic system, 

or more generally, increasing the relative amount of drug that reaches the lymphatic system, 

is important in the prognosis and management of diseases like filariasis, tuberculosis, AIDS, 

metastatic cancers, and several chronic inflammatory diseases [65–71]. Furthermore, recent 

studies have demonstrated that lymph and lymphoid tissue (in particular GALT) act as a 

reservoir for HIV, and that the majority of currently used antiretroviral drugs have poor 
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and/or variable penetration in the GALT [72]. Intestinal lymphatic targeting can also help to 

circumvent first-pass metabolism; the mesenteric lymph bypasses the liver and enters 

directly into the systemic circulation. Hence, intestinal lymphatic targeting can be useful for 

improving oral bioavailability of drugs that are susceptible to high-degree of first-pass 

metabolism, such as steroids [65–71]. In order to understand the attributes for intestinal 

lymph targeted nanoparticles, understanding the inherent function of the intestinal lymphatic 

system is crucial. Additionally, various studies involving design and evaluation of lymph-

targeted prodrugs have been useful for the development of the lipid nanocarriers targeted to 

the intestinal lymphatic systems.

The intestinal lymphatic system plays a major role in the oral absorption of dietary lipids 

such as triglycerides and fat-soluble vitamins. After consumption of dietary lipids, 

triglycerides are hydrolyzed to fatty acid and monoglyceride in the gastrointestinal lumen, 

and then absorbed by enterocytes (Figure 3).

Enterocytes resynthesize triglycerides from fatty acid and monoglyceride via 2-

monoglyceride and/or glycerol-3-phosphate pathway. These resynthesized triglycerides are 

transformed into colloidal lipoproteins within the endoplasmic reticulum and undergo 

exocytosis from the enterocytes (Figure 3). Lymphatic capillaries are much more permeable 

and amenable to the particle transport than the neighboring blood capillaries [65,66,71,73]. 

Hence, exocytosed lipoproteins are preferentially shuttled to the mesenteric lymph vessels 

and, finally, into the systemic circulation. It has been observed that the highly lipophilic 

drugs (exhibiting log P value > 5 and solubility in long-chain triglycerides > 50 mg/g) can 

associate with lipoproteins during their assembly [65,66,71,73] (Figure 3). Such drugs, due 

to their association with lipoproteins, avoid first-pass metabolism and are transported to the 

systemic circulation via intestinal lymphatic transport. Intestinal lymphatic transport is 

involved in the oral absorption of various lipophilic drugs, like halofantrine, penclomedine, 

ontazolast, and cyclosporine, especially when these drugs are administered with lipids 

[65,66]. Lipid prodrugs have been designed for improving oral absorption of hydrophilic 

drugs and/or drugs with low oral bioavailability due to high first-pass metabolism. Studies 

have also been carried out to understand the structural requirements of various lipids for 

augmenting intestinal lymphatic transport; fatty acids of 14 (or greater) carbon chain length 

were predominantly transported via intestinal lymphatic transport [65,66,71]. Various 

prodrug based design studies have shown that lipid prodrugs mimicking triglycerides exhibit 

significantly more lymphatic transport as compared to the prodrugs mimicking 

monoacylglycerols [65,66,71,73]. Mono- and poly-unsaturated fatty acids promoted greater 

intestinal lymphatic transport as compared to the saturated fatty acids. Furthermore, 

phospholipids (phosphatidylcholine and lyso-phosphatidylcholine) can also enhance the 

intestinal lymphatic transport of drugs and vitamins [65,66]. These studies have informed 

the design principles for development of lipid nanocarriers, namely fatty acid glyceride 

and/or phospholipid containing nanocarriers, targeted to the intestinal lymphatic system. 

Details of recent advancements in nanoparticle targeting to the intestinal lymphatics are 

discussed in section 4.
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2.4. Design considerations for colon targeting

Colon “targeting” generally refers to strategies for minimizing degradation and absorption in 

the GI tract prior to reaching the colon, which can improve local delivery to colorectal 

tissues. Targeting the colon has been of great interest for the treatment of various bowel 

ailments, such as inflammatory bowel disease (IBD), colon cancer, irritable bowel 

syndrome, diverticulitis, colonic dismotility, and parasitic diseases (amebiasis) [74–79]. 

Targeting the colon is also a strategy for improving systemic absorption of macromolecules 

due to the lower proteolytic activity, decreased CYP3A4 activity, diminished P-gp 

expression, and increased transit time compared to the small intestine [74–79]. However, the 

fact that the colon is the distal end of the GI tract poses significant challenges for oral 

nanoparticle targeting [74–79]. Nanoparticles should be able to resist (or minimize) drug 

release in the stomach and small intestine, despite the wide pH range encountered and 

presence of various digestive enzymes. Further, drug release should be triggered once the 

nanoparticles enter the colon.

pH sensitive polymers have been widely employed for designing nanoparticles to target the 

colon. The pH of the colon ranges from 6.2 to 7.2 depending upon location [74–79]. Various 

pH-sensitive methacrylic acid copolymers (Eudragit®) that dissolve between pH 6 to 7 have 

been employed for colon targeting. Eudragit® L100, Eudragit® S100 and Eudragit® FS 30D 

are commonly used for developing colon targeted delivery systems [24,34,74,79]. However, 

it should be noted that colonic disorders such as IBD can be associated with changes in the 

colonic pH [74,79]. Patients with ulcerative colitis can have colonic pH ranging from 2.7–

5.5, and patients with Crohn’s disease have average colonic pH of 5.3 [74,79]. Interestingly, 

Eudragit polymers that can dissolve at pH 5.5 (Eudragit® L100-55) and at pH < 5 

(Eudragit® E100) are also available [24,34]. Hence, it may be necessary to employ alternate 

coatings and suitable ratios of these polymers in order to prevent premature drug release in 

the stomach and small intestine prior to reaching colon.

The colon is responsible for maintaining the fluid and electrolyte balance via resorption of 

water and sodium and chloride ions. In order to achieve this, the colon is equipped with 

absorptive columnar enterocytes. The mucus producing goblet cells, GALT, and M cells are 

also present in the colon [74–79]. Hence, the design considerations for “active” targeting of 

nanoparticles to the colon are similar to that discussed for small intestine targeting. 

Additionally, mucus is a significant barrier to nanoparticles that reach the colon. The mucus 

layer is thickest in the colon, which reflects the importance of its barrier function. It is 

composed of two distinct layers: a loosely adherent mucus layer and a firmly adherent 

mucus layer [3]. Studies in mice, rats and humans have shown that, unlike the loosely 

adherent layer, the firmly adherent mucus layer is devoid of commensal bacteria in the colon 

[80–82]. These studies indicated that the firmly adherent mucus layer acts as an additional 

barrier that prevents the host from infection by the commensal bacteria [80–82]. Recently, 

we have shown that fluorescent polystyrene nanoparticles densely coated with PEG and ≤ 

200 nm in diameter can penetrate through the colonic mucosal barrier ex vivo and in vivo, 

whereas unmodified nanoparticles were trapped in the colonic mucus and/or lumen [36]. 

Our studies also showed that the PEG coated nanoparticles demonstrated improved mucus 

penetration and in vivo distribution, as well as penetration into ulcerated tissue regions, in 
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the colon in a mouse model of IBD [36]. Other studies have shown that negatively charged 

nanoparticles can selectively target the inflamed region of the colonic mucosa by interacting 

with the cationic proteins (e.g. eosinophil cationic proteins) in the inflamed region [83]. 

Nanoparticle size has also been shown to have an effect on targeting in the colon in the 

context of colitis. Particles showed significantly higher accumulation in the inflamed colonic 

mucosa of mice as compared to the normal mucosa in healthy mice, and 100 nm particles 

showed highest accumulation in the inflamed colonic mucosa [84,85]. Taken together, size, 

charge and surface hydrophilicity of the nanoparticles have an impact on colon targeting, 

which is further impacted by the presence of disease. In addition to pH, other environmental 

factors in the colon have been utilized for targeting. The majority of colonic pathologies 

involve inflammation, resulting in relatively high levels of reactive oxygen species (ROS) at 

the diseased tissue. For instance, individuals suffering from ulcerative colitis showed 10- to 

100-fold higher mucosal levels of ROS in the biopsies of the diseased tissue [86,87]. 

Attempts have been made to design nanoparticles composed of ROS sensitive materials to 

specifically target inflamed areas of the colon in IBD. Additionally, the human colon harbors 

the most abundant and diverse microflora (over 400 distinct bacterial species) in the GIT, 

and the typical microbial load in the colon is 1010–1012 CFU/ml [76,78,88]. The bacteria are 

predominantly anaerobic and produce a variety of enzymes (glucuronidase, xylosidase, 

arabinosidase, galactosidase, nitroreductase, azoreductase, deaminase, urea hydroxylase, 

etc.) to accomplish fermentation of undigested contents [76,78,88]. Materials that can act as 

a substrate for these enzymes may find use for colon targeted delivery. In view of this, 

prodrugs based on azo bonds (sulfasalazine, olsalazine and balsalazide) and glucosides 

(dexamethasone-21-fglucosides) have been developed to achieve colon targeting. Similarly, 

polymers based on natural carbohydrates (pectin, guar gum, alginic acid), or azo containing 

monomers (azo-polyurethanes) have been studied for colon targeted nanoparticles [88,89]. 

However, it is important to consider the differences in the microbiota in the healthy and 

diseased colon, and between different animal species, in the design of nanoparticles based 

on microbial enzyme substrates. The normal colonic microflora is altered in the individuals 

suffering from IBD [90]. Various studies have shown that IBD is associated with reduced 

bacterial diversity, a reduction in bacteria producing anti-inflammatory substances 

(Faecalibacterium sp.) and increase in Enterobacteriaceae sp. (such as E. coli) [90,91]. 

Murine colitis models show similar alterations in the colonic microflora as found in human 

IBD studies [91]. Studies have also shown that enzymes, such as azoreductases, and 

glucuronidases, are present in the murine colon, suggesting that it may be possible to 

evaluate nanoparticles based on the microbial enzyme substrates in murine colitis models 

[92–95].

Finally, studies have also been carried out to ascertain the potential of lectins as a ligand to 

improve colon targeting of nanoparticles [96,97]. Additionally, aforementioned (Section 2.2) 

ligands for targeting enterocytes, M cells and goblets cells can also be used to improve colon 

targeting of nanoparticles. Because of the redundancy with the small intestine, some sort of 

protective coating strategy that degrades in the colon must be used to ensure maximal 

delivery to the colon. Specific examples of nanoparticles encompassing some of the design 

criteria described here are further discussed in section 4.
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3. Techniques for characterizing nanoparticle systems designed for oral 

administration

Proper selection of characterization techniques, nanoparticle administration techniques and 

interpretation of results is critical in the assessment of nanoparticles designed for oral 

administration. A wide range of in vitro, ex vivo, and in vivo techniques are described in the 

literature. The driving force behind the evolution of experimental techniques used to 

evaluate the potential of nanoparticles for oral delivery, is the disparity in results that is often 

seen between methods, e.g. in vitro versus in vivo, as well as disparities in results reported 

by various investigators for similar nanoparticle formulations. Thus, an important challenge 

is to develop a framework for characterization that reliably predicts outcomes in humans. 

Techniques commonly used to evaluate oral nanoparticle formulations have been reviewed 

extensively elsewhere [98–100], so our focus is on new developments over the past several 

years. We describe recently reported models of the intestinal environment, followed by a 

review of studies that used some combination of in vitro, ex vivo, and in vivo methods to 

characterize nanoparticle systems. We end this section with a brief discussion of what these 

methods may be able to predict about the fate of nanoparticles in the ultimate in vivo model: 

humans.

3.1. New models of the intestinal environment

3.1.1. Cell monolayer cultures—In vitro models are more accessible and have lower 

cost, and higher throughput compared to in vivo models. In addition, better in vitro models 

may reduce of animals used for experimental purposes [101]. Caco-2 is the most widely 

used cell line for mimicking epithelial barrier of the intestines. Caco-2 cells were derived 

from human colorectal adenocarcinoma cells. Despite their colorectal origin, Caco-2 cells 

can be differentiated and polarized to resemble enterocytes lining the small intestine [102]. 

Strong correlations have been observed for passive transcellular and paracellular 

permeability across Caco-2 cell monolayers and oral bioavailability in humans for many 

drugs, though the caveats and limitations of using Caco-2 cell monolayers for drug 

absorption are well-reviewed elsewhere [98,103,104]. It is likely that the utility for 

predicting small molecule absorption, and the ease of culture and handling of these cells, led 

to their prolific use in evaluating nanoparticle uptake and translocation. However, it is worth 

noting that some researchers caution against assuming that the endocytosis events observed 

for nanoparticles in cell culture also occur in the GI tract in vivo [105]. For these reasons, 

improving in vitro cell culture models to better recapitulate intestinal barriers and transport 

mechanisms for a wider range of therapeutics and delivery vehicles, including nanoparticles, 

remains an active area of research.

Kauffman and coworkers sought to develop absorptive intestinal epithelial cell models that 

more fully recapitulate in vivo intestinal phenotypes [106]. They compared two sources of 

human intestinal epithelial cells, primary human intestinal epithelial cells (hInEpCs) and 

induced pluripotent stem cell (iPSC)-derived intestinal cells, to Caco-2 cells. Monolayers 

were assessed for marker expression, monolayer integrity, and small molecule permeability. 

They observed that hInEpC monolayers demonstrated more uniform expression of intestinal 

epithelial markers (E-cadherin, CDX2, Villin), in contrast to the known heterogeneity of 
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Caco-2 monolayers. The overall expression of many markers by the hInEpCs and iPSC-

derived cell monolayers was similar to or higher than Caco-2 monolayers. Interestingly, the 

trans-epithelial electrical resistance (TEER) for the hInEpCs and iPSC-derived monolayers 

was several-fold higher than what is typically reported for Caco-2 monolayers. Interestingly, 

the trans-epithelial electrical resistance (TEER) for the hInEpCs and iPSC-derived 

monolayers was several-fold higher than what is typically reported for Caco-2 monolayers. 

These results suggest that the hINEpCs and IPSC-derived models may be useful for specific 

types of drugs or delivery systems reliant on specific cell characteristics better recapitulated 

by these systems, but the use of these cells is limited by the viability and the extensive 

differentiation time, as reported [106]. It is possible that the increased TEER may indicate 

more resistance to passive absorption, so it may be interesting to test nanoparticle 

translocation using these cell monolayers.

One major limitation of Caco-2 monolayers is that although the cells differentiate into a 

heterogeneous population, the cells are entirely enterocytes. Thus, these cultures lack mucus 

secreting goblet cells interspersed between enterocytes. Mucus acts as a protective barrier in 

the intestines that is encountered by orally administered nanoparticles [3]. For this reason, 

many have studied and further optimized Caco-2 and goblet-like HT29 cell co-cultures in an 

attempt to achieve a mucus coating on the monolayer [107–109]. In the case of 

nanoparticles, though, many have suggested that M cells play a significant role in 

nanoparticle absorption. This has led others to develop co-cultures of Caco-2 cells with cells 

with similar characteristics as M cells, Raji B cells. It was reported that nanoparticle 

translocation in Caco-2/Raji co-cultures was increased compared to cultures with Caco-2 

alone [110]. More recently, Schimpel and coworkers described an in vitro triple culture 

model to study the transport of nanoparticles [111]. Using 50 and 200 nm polystyrene 

nanoparticles, they demonstrated increased nanoparticle translocation in co-cultures of 

Caco-2/M cells vs. Caco-2 cells alone. However, the presence of HT29-MTX cells, either in 

double (Caco-2/HT29-MTX double culture compared to Caco-2 only) or triple culture 

(Caco-2/HT29-MTX/M cell triple culture compared to Caco-2/M cell double culture), 

significantly reduced nanoparticle translocation (Figure 4).

Furthermore, confocal microscopy revealed nanoparticles aggregated and became entrapped 

above the cell monolayers when HT29-MTX cells and mucus were present. They compared 

these observations to nanoparticle absorption when incubated with porcine intestinal mucosa 

in Ussing chambers, where it appeared the nanoparticles, particularly the 50 nm 

nanoparticles, more effectively permeated the mucus barrier compared to the entrapment 

observed in the cell cultures with mucus [111]. Considering that other reports have 

suggested that mucus from porcine intestines is penetrable to even very large polystyrene 

microparticles, additional characterization of porcine intestines and comparison to other 

models is needed. When obtaining porcine intestines from a butcher, post-mortem 

degradation of the mucus by bacterial products, the process of washing away the luminal 

digesta which includes the loosely adherent mucus layer, and the impact of common farming 

practices on the integrity and health of the intestines may all affect the barrier properties of 

the mucosa [112,113].
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3.1.2. 3-dimensional (3D) cell and tissue cultures—New 3-dimensional (3D) culture 

systems aim to incorporate features of the gastrointestinal tract that are absent in monolayer 

cultures, such as the topography of the intestinal villi and the resident immune cells lying 

below the epithelium. Leonard and coworkers described the development of an inflamed 3D 

cell culture model for evaluating nanoformulations loaded with budesonide for potential use 

in patients with IBD [114,115]. It has been suggested that the permeability of the intestine 

and the uptake of nanoparticles in the context of inflammation is increased, which is 

important in the context of IBD treatment [36, 80–82]. To mimic these effects in vitro, 

macrophages and dendritic cells were embedded in a collagen layer on a Transwell filter 

insert and Caco-2 cells were seeded on top to form a monolayer with underlying immune 

cells [114]. Upon stimulation with IL-1β, the Caco-2 layer TEER was reduced by 20%, and 

release of the pro-inflammatory cytokine IL-8 increased by ~30-fold on the basolateral side. 

They then incubated various sized polystyrene nanoparticles (50 nm – 500 nm) with the co-

cultures, and found most of the nanoparticles adhered to the top of the monolayer. However, 

they observed nanoparticle uptake by immunocompetent cells, which increased when the 

cells were stimulated with IL-1β and mobilized to the apical side of the Caco-2 monolayer 

[114]. This suggests that any translocation that occurred was due to internalization by 

activated immune cells. Leonard and coworkers then went on to test the efficacy and 

deposition of budesonide loaded into nanoparticles (PLGA) and liposomes [115]. Free 

budesonide solution and budesonide administered in PLGA nanoparticles rapidly restored 

the TEER to normal levels after the initial 20% drop after IL-1β stimulation. In contrast, the 

liposomal-budesonide worsened the inflammation and further reduced the TEER (70% of 

initial value), which corresponded with increased IL-8 secretion. The sustained release of 

budesonide from the PLGA nanoparticles appeared to provide more sustained suppression of 

IL-8 secretion compared to free budesonide [115]. Thus, it appears the advantages of this 

culture system include determining potential pro-inflammatory effects of carriers, as well as 

confirming the anti-inflammatory effects of loaded cargo. The increase in nanoparticle 

phagocytosis by immune cells that would be expected in a pro-inflammatory environment 

also occurred in this system. The co-culture model also appeared to elucidate a benefit of 

sustained release, though the impact of GI transit and residence time are not represented in a 

static culture.

Huang and coworkers described a similar strategy for modeling the pro-inflammatory 

environment of IBD in a high-throughput 24-well plate format [116]. THP-1 macrophage 

cells were seeded in a Matrigel solution matrix, and Caco-2 cells were placed on top in 

media. For the inflamed condition, Caco-2 cells were added along with THP-1 cells in 

media containing IL-1β and lipopolysaccharide (LPS). They then compared the uptake of 

quantum dots (QDs), polyetherimide/antisense oligonucleotide (ASO) nanoparticles, and 

galactosylated low molecular weight chitosan (G-LMWC)/ASO nanoparticles in the model 

system to uptake in vivo in the 2,4,6-trinitrobenzenesulfonic acid (TNBS) colitis mouse 

model. They generally found that the increased nanoparticle uptake observed in the inflamed 

vs. control culture model was similar to that observed in the TNBS model compared to 

healthy controls, though the extent of uptake was higher in the cell culture model compared 

to in vivo. They observed decreased levels of IL-6 and TNF-α mRNA and protein in vivo 
and in the cell culture due to antisense oligonucleotide delivery [116].
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Chen and coworkers developed a 3D porous silk protein scaffolding system that included 

various additional features of the intestinal environment in vivo, including a hollow lumen, 

formation of a double mucus layer on the epithelial surface, and a progressive reduction in 

oxygen tension through the intestinal lumen [117]. Silk protein scaffolds surrounding non-

patterned (Teflon-coated wire) and patterned (threaded nylon rod) lumens were seeded with 

Caco-2, HT29-MTX, and human intestinal myofibroblasts (H-InMyoFibs). The support in 

growth, differentiation, and expansion provided by the H-InMyoFibs extended the growth 

and differentiation of the epithelial cells in the Caco-2/HT29-MTX co-culture. They 

demonstrated that various measures were improved for the 3D culture compared to typical 

2D culture, and even further improved for the patterned 3D culture compared to the non-

patterned 3D culture, including: mucus layer thickness, oxygen gradient, adhesion and 

colonization of bacteria on the epithelial cells, and expression of various epithelial cell 

markers (ZO-1, E-cadherin, Villin, sucrose-isomaltase) [117]. One limitation of this system 

for characterizing nanoparticle systems is that the culture does not include immune cells, 

which as described, are considered to be a significant contributor to nanoparticle 

translocation and uptake. However, this system could be used to evaluate potential toxic 

effects of nanoparticle systems to the GI epithelium and non-pathogenic microbiota, as well 

as delivery of antibiotics.

Another class of 3D cultures is tissue-derived organoids and spheroids. Organoid/spheroid 

cultures produced from gastrointestinal tissues are widely used to study interactions with 

bacteria, pathogenic infections, inflammation and oxidative stress, and toxicity to cells/cell 

death [118–122]. Recent reports include: the work of Grabinger and coworkers toward 

generation of ex vivo cultures of intestinal crypt organoids and methods for monitoring and 

scoring organoid survival and death [123]; the work of McCracken and coworkers toward 

generating pluripotent stem-cell-derived gastric organoids that include gastric gland and pit-

like domains, proliferative zones, surface and antral mucus cells, and the capability of 

supporting Helicobacter pylori infection [124]; and the work of Pastula and coworkers 

toward development of murine GI epithelial organoids cultured with myofibroblasts and 

neurons to support stem cell growth [125]. In the case of evaluating oral nanoparticle 

formulations, organoid systems can be used to assess pro-/anti-inflammatory properties and, 

in some organoid systems, impact on pathogenic/non-pathogenic bacteria. In recent work, 

Chia and coworkers used a 3D gastrointestinal spheroid culture model to assess the toxicity 

and pro-inflammatory characteristics of zinc oxide (ZnO) nanoparticles, and to compare to 

previous results reported using 2D cell cultures [126]. Using NCM460 (normal epithelium) 

and SW480 (adenocarcinoma) colorectal cells, they allowed spheroids to self-assemble in 

non-fouling agarose micro-molds. They found that the highest concentration of ZnO 

nanoparticles (1000 μM) caused a significant increase in the percentage of NCM460 cells 

producing reactive oxygen species (ROS) after 6 h in the 2D and 3D cultures, with a higher 

percentage of ROS-producing cells in the 2D cell culture. For the SW480 cancer cells, a 

much higher percentage of untreated cells were ROS positive in the 3D cultures compared to 

the 2D cultures. Interestingly, treatment with ZnO did not produce an increase in the 

percentage of ROS positive SW480 cells in 3D culture, but there was a significant increase 

in the 2D culture 6 h after exposure to 125–1000 μM ZnO nanoparticles. They went on to 

further demonstrate additional differences in the response of the 2D and 3D cultures to the 
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ZnO nanoparticles, including differential inflammatory gene expression, greater resistance 

to DNA damage in 3D cultures, and lower levels of cytotoxicity in 3D cultures. Their results 

suggest that the cells supported by a 3D tissue structure experience additional cell-cell 

interactions and protection of inner cell layers from nanoparticle access, leading to a less 

severe response to ZnO nanoparticle exposure. This further implies that prior studies using 

2D cultures may have overestimated the potential toxicity of ZnO nanoparticles in the GI 

tract in vivo [126]. Indeed, this further highlights the care that must be taken when selecting 

appropriate experimental methods to evaluate specific aspects of a nanoparticle formulation.

3.1.3 “Gut-on-a-chip” devices—“Gut-on-a-chip” devices combine 3D cell culture 

models with microfabrication technologies and microfluidics to better recapitulate 

mechanical microenvironments, spatiotemporal chemical gradients, and tissue-tissue 

interfaces [127]. In the context of evaluating oral nanoparticle formulations, these systems 

incorporate flow, which is an important limiting factor in nanoparticle residence time and 

uptake. Esch and coworkers described a porous membrane dried onto silicon pillars of 

defined height and width as a template for growth of Caco-2 cells into villi-like structures 

[128]. Taking advantage of micropatterning and microfluidics, the design evolved to include 

a co-culture of Caco-2 and HT29-MTX cells (intestine), HepG2/C3A cells (liver), and 

chambers representing the liquid portion of other organs in the human body [129]. Thus, by 

flowing nanoparticles through the apical side of the “intestine”, they could quantify the 

percentage of 50 nm polystyrene nanoparticles that crossed the Caco-2/HT29-MTX co-

culture monolayer, and flow these “translocated” particles through chambers containing liver 

cells. Using relatively high particle concentrations (120–480 ×1011 particles/mL), they found 

that <10% of the nanoparticles crossed their “intestine” after 24 h of device operation. They 

found the nanoparticles on the apical side to largely be in aggregates, and nanoparticles 

recovered from the basolateral side suggested that the polystyrene nanoparticles that did 

cross the Caco-2/HT29-MTX monolayers were coated with proteins and lipids from the cell 

culture medium. They then measured the aspartate aminotransferase (AST) concentration as 

a measure of liver cell toxicity from nanoparticle exposure. Only the highest dose of 

nanoparticles caused an increase in AST levels when the HepG2/C3A cells were exposed 

alone. When the Caco-2/HT29-MTX cultures and HepG2/C3A cultures were combined on 

the device, the AST levels increased with increasing nanoparticle exposure. However, this 

did not result in any measurable increase in cell permeability or cell death [129]. The 

advantage of this microfluidic system is that it allowed communication and feedback 

between different cell types, though it is not clear whether the specific effect described may 

be recapitulated in vivo. This work also highlighted an often overlooked fact that 

nanoparticles with sticky surfaces typically have different physiochemical characteristics 

after entering biological environments, which can affect the nanoparticle behavior.

Kim and coworkers developed a human gut-on-a-chip that simulated intestinal peristalsis-

type motions and flow [130]. Using microfluidic channels, the low shear stress and cyclic 

strain of peristalsis-like flow could be exerted on the Caco-2 cells, leading to the 

development of a columnar epithelium that polarized rapidly, grew villi-like folds, and 

allowed for co-culture of Lactobacillus rhamnosus for at least 1 week without compromising 

cell viability. They went on to further characterize the Caco-2 monolayers that developed in 
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the gut-on-a-chip, describing cells forming villi with tight junctions, brush borders, mucus, 

and the formation of absorptive, mucus-secreting, enteroendocrine, and Paneth epithelial cell 

types [131]. In more recent work, they describe the incorporation of immune cells and 

commensal microbes that can be stably cultured for many days to weeks [132]. Their system 

can be used to model the pro-inflammatory environment of IBD, including bacterial 

overgrowth and slowing of GI motility. Although they have not yet reported characterization 

of nanoparticles using the gut-on-a-chip, it would be interesting to see how nanoparticle 

uptake differs in this cell culture system, in the context of peristaltic flow and increased 

barrier properties in the presence of probiotic bacteria, compared to the other 2D and 3D 

systems described.

3.2. Comparisons between in vitro, ex vivo, and in vivo models

Models describing the relationship between an in vitro property and an in vivo response, also 

called an in vitro-in vivo correlation (IVIVC), have been in development since the 1950s for 

oral dosage forms, where the in vitro property is drug dissolution and the in vivo property is 

systemic pharmacokinetics [104,133,134]. Developing IVIVC models for oral nanoparticle 

formulations adds an additional layer of complexity in predictive modeling of drug 

pharmacokinetics. Barzegar and coworkers described the development of an IVIVC model 

for oral nanoparticle formulations with release rate-limited absorption; the area under the 

curve for the in vitro drug release was correlated to the in vivo area under the curve for 

systemic drug levels [135]. The model parameters obtained based on experimental results 

varied for different formulations loading the same drug (estradiol), depending on molecular 

weight of the polymer used, solvents and particle size, highlighting the added complexity 

[135]. Predicting in vivo properties for even more complicated systems, such as 

nanoparticles that are intended to be taken up intact, nanoparticles that are unstable in the GI 

environment, or nanoparticles that are cleared rapidly, would be increasingly challenging. 

Further, the choice of animal model to obtain in vivo data for developing correlation models 

is not an obvious one. The correlation between drug bioavailability in various animal models 

(mice, rats, dogs, non-human primates) and humans has been extensively studied, and 

clearly depends on drug properties and physiological characteristics [136,137]. Thus, adding 

an additional layer of complexity by packaging the drug in a nanoparticle delivery system 

makes the issue of defining correlation between animals and humans even more nuanced. 

Differences in the GI physiology between animals and humans, such as mucus production 

and thickness, density of Peyer’s patches, pH, emptying and transit times, bacterial 

colonization and administration method differences between animals and humans must all 

be considered [3,138].

In order to build confidence in the observations of the behavior of an oral nanoparticle 

formulation, many researchers have taken to comparing their platform using a variety of in 
vitro, ex vivo, and in vivo methods. A theme we have observed commonly is to demonstrate 

stability of the nanoparticles in vitro (i.e. slow or incomplete drug release over a 12–24 h 

period), show uptake of nanoparticles loaded with fluorophores in Caco-2 cell monolayers in 
vitro, and then reason that increased systemic exposure of the drug cargo delivered by 

nanoparticles in vivo is due to nanoparticle uptake in the GI (see section 3.3 for additional 

discussion). Zou and Gu demonstrated that emulsified nanoparticles containing daidzin 
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provided increased cellular uptake and transport through Caco-2 monolayers and 2.4-fold 

increased AUC compared to daidzin solution [139]. Yuan and coworkers developed 

PEGylated solid lipid nanoparticles (pSLN) and evaluated the system in Caco-2/HT29 

cultures, everted rat gut sacs, and oral gavage to rats [140]. In the cell culture model, they 

showed increased uptake of pSLN compared to solid lipid nanoparticles (SLN) in the 

presence of increasing proportions of HT29 cells (and thus, increased mucus). In the everted 

gut sac, pSLN showed a minor increase in absorption compared to SLN, though it has been 

demonstrated that the mucus barrier may be compromised in ex vivo/in situ models [36]. In 
vivo, they found that pSLN delivering doxorubicin (Dox) provided a 2-fold increase in the 

AUC compared to SLN, and a 7.5-fold increase in AUC compared to oral Dox [140]. This 

suggests that nanoencapsulation provided a significant increase in systemic Dox absorption 

(3.7-fold increase), and that PEGylation of the SLN provided an additional increase in Dox 

delivery. Similarly, Tariq and coworkers found that PLGA nanoparticles loaded with 

epirubicin provided increased epirubicin delivery across Caco-2 layers and across non-

everted intestinal rat sacs compared to epirubicin solution [141]. They then found that the 

AUC for epirubicin administered orally in a nanoparticle to rats was ~3.9-fold higher than 

epirubicin solution.

Also focusing on the mucus barrier, Zhu and coworkers developed self-assembled 

nanoparticles containing insulin for oral delivery [142]. Nanocomplexes (NCs) of the cell-

penetrating peptide, penatrin, and insulin were formed and coated with N-(2-hydroxypropyl) 

methacrylamide copolymer (pHPMA) derivatives to form nanoparticles (NPs) with a 

hydrophilic, mucoinert coating. In contrast to the positively charged NCs, more neutrally-

charged NPs were more stable and diffused more freely in mucin solutions in vitro. They 

also demonstrated that nanocomplexation improved insulin permeability across HT29-MTX-

E12 cell monolayers, which was further improved by coating the NCs to make mucoinert 

NPs; the apparent permeability (Papp) measurements suggested that removal of mucus from 

the cultures provided a small improvement in insulin translocation for NCs, and employing 

NPs provided an additional increase in the Papp whether mucus was present in the culture or 

the cultures were washed to remove mucus produced by the HT29 cells. They went on to 

demonstrate increased insulin bioavailability and corresponding hypoglycemic effect for 

NPs compared to NCs. Although required oral dose of insulin delivered by NPs (75 IU/kg) 

was much higher than the dose delivered subcutaneously (5 IU/kg), the hypoglycemia 

induced by the insulin delivered as NPs was more mild and prolonged compared to the 

subcutaneous insulin dose. The effect of the NCs was similar to oral free insulin, presumably 

from lack of penetration through mucus [142]. Maisel and coworkers described similar in 
vitro/ex vivo evaluation of PEGylated polystyrene nanoparticles for penetration through GI 

mucus [36]. The PEGylated nanoparticles (mucus-penetrating particles, MPP) diffused 

rapidly in mucus on freshly excised mouse intestinal tissue, whereas uncoated mucoadhesive 

particles (MAP) were adhesively trapped in the mucus layers. When administered orally to 

mice, the MPP distributed uniformly over the surface of the mouse jejunum and ileum, 

whereas MAP remained aggregated in the intestinal lumen. They then used the nanoparticles 

to investigate the effect of various experimental techniques on nanoparticle distribution in 

the GI tract. They found that administering the particles to mice in the fed state (whereas 

most animals used for oral gavage experiments are fasted) led to an even more striking 
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difference in the distribution of MPP compared to MAP, presumably because MAP also 

interact with and stick to digesta in the intestinal lumen. They further described that the 

distribution of MAP in the mouse GI tract could be artificially improved by either 

administering to an ileal loop ex vivo or by administering MAP in a higher volume of 

gavage fluid in vivo, reinforcing the importance of ensuring that experimental methods 

closely recapitulate the intended delivery mode (e.g. swallowing a pill) (Figure 5) [36]. It 

has yet to be determined whether the improved distribution and access to the absorptive 

epithelium by the MPP platform can also improve the oral bioavailability of drugs compared 

to MAP. Careful, direct comparisons using particles with similar stability, size, core 

composition, and drug loading and release are needed.

3.3. A brief perspective on data interpretation and potential translation

When considering the value of any experimental technique for characterizing nanoparticle 

systems designed for drug and gene delivery, the most important aspect is how well the 

technique can recapitulate the environment and biological barriers that the nanoparticle 

would encounter when administered to the target population (e.g. a particular disease state) 

via the intended route (e.g. oral versus pulmonary). For oral administration, there are 

additional considerations, such as if a particular location in the GI tract or cell type is 

targeted for delivery, and if delivery should be locally to the tissue or requires absorption 

into the systemic circulation or lymph. There is a vast array of potential applications for oral 

nanoparticle delivery, and this section does not intend to exhaustively discuss all 

possibilities. In many cases, though, the goal is to use nanoparticles to increase systemic 

bioavailability. Perhaps one of the more controversial issues in this area is the question of 

whether nanoparticles are taken up by the absorptive epithelium and enter the systemic 

circulation. Cell culture models suggest that nanoparticles of optimal size and surface 

characteristics translocate easily, even passively [109, 143]. There are also reports of 

significant nanoparticle accumulation in the systemic circulation when administered to 

ligated intestinal loops [144]. However, when considering whether 15–30% or more of an 

orally ingested nanoparticle dose could make it to the systemic circulation, physiology must 

be considered.

The primary purpose of the GI tract is digestion and assimilation of nutrients, and while 

fulfilling this purpose, the GI tract must also act as a barrier and perform surveillance to 

keep out pathogens. Nutrient absorption is dependent on digestion into small peptides and 

monosaccharides, with the larger lipid/bile micelles and intact proteins being a few 

nanometers in size [145]. In contrast, the GI tract has defenses for larger viral and bacterial 

pathogens and environmental particles, including particulates added to food like titanium 

dioxide (TiO2) and silicon dioxide (SiO2). Indeed, studies in the toxicology field 

investigating the unintentional systemic exposure of these types of additive particulates have 

shown much less systemic accumulation than what has been described for drug delivery 

studies [146]. However, Cho and coworkers found that, in comparison to TiO2 nanoparticles 

(26 nm), systemic zinc exposure from zinc oxide (ZnO) nanoparticles (89 nm) was much 

higher, presumably because the ZnO particles were degraded in the GI tract and 

subsequently absorbed [147]. Similarly, it was found that orally-administered PEG-coated 

gold nanoparticles (45 nm) were absorbed at significantly higher levels than uncoated gold 
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nanoparticles (23 nm), though both coated and uncoated particles had overall low 

bioavailability of <1% [148]. The advantage of these analyses is that unlike measurements of 

fluorophores or radiolabels passively loaded inside particles as a surrogate for particle 

uptake, or particles made of materials that can potentially be degraded in the GI tract prior to 

absorption, quantification of systemic uptake and organ accumulation should be more 

accurate. It is possible that nanoparticles composed of polymeric or lipid materials just 

behave differently in the GI tract than inorganic materials, but the apparent disparity in the 

extent of uptake of nanoparticles after oral administration in the toxicology literature is 

worth noting. Further, Sinnecker and coworkers recently reported minimal absorption of the 

same type of polystyrene nanoparticles studied in numerous other reports citing high 

systemic absorption [149]. Using an isolated perfused rat small intestine, essentially no 20 

and 200 nm carboxylate-modified polystyrene nanoparticles were detected in the vascular 

and lymph systems. In contrast, over 95% of the nanoparticles were recovered in the 

perfused luminal samples and dissolved mucus [149]. Similarly, our own work has found 

that carboxylate-modified polystyrene nanoparticles can be found associated with mucus in 

the GI tract (oral, ex vivo tracking), which would preclude cell uptake that may occur. 

However, gavaging large volumes of fluid and administering to intestinal loops led to 

increased exposure of the polystyrene nanoparticles to the epithelium [36], which would 

potentially allow for more systemic absorption. Thus, some controversy over the extent of 

uptake of intact nanoparticles may derive from differences in experimental methods. Hu and 

coworkers also recently commented on whether SLN are absorbed intact after oral 

administration, as many other reports suggested [150]. By co-loading a water-quenchable 

dye and a standard dye in the SLN, they were able to differentiate between intact SLN and 

dye that had been released from degraded SLN. Through cell culture and in vivo studies, 

they concluded that SLN are not absorbed from the intestines intact, and that the presence of 

mucus limits interactions between the nanocarriers and cell membranes [150]. What the 

authors describe makes sense from the physiological viewpoint of how lipid-based 

substances are handled for nutrient absorption in the GI tract.

For many types of nanoparticles and microparticles, it is generally thought that translocation 

via M cells in the Peyer’s patches is a primary mechanism for uptake. This characterization 

is consistent with the role of the Peyer’s patches in sampling the luminal contents for 

bacteria and other pathogens, as generating mucosal immune responses is thought to be the 

main protective function for the vast majority of human pathogenic microorganisms [151]. 

Many reports describing microparticle translocation via M cells were performed using 

intestinal loop models [152–155], a method that was initially employed for investigating the 

mechanisms of bacterial infection in the GI tract and assessing drug permeability in the 

intestine [156,157]. However, the minimal extent to which bacterial infection occurs in the 

healthy GI tract necessitates the use of loops and forced, artificial exposure to the GI, which 

also likely leads to an artificial increase in the systemic uptake of particles in these models. 

Man and coworkers describe exposing the follicle associated epithelium (FAE) of the 

Peyer’s patch to pathogenic bacterial components to subsequently increase the translocation 

of microparticles by the FAE [155,158]. However, this was also studied using intestinal 

loops, the extent of activation by bacterial exposure and subsequent access of the 

microparticles to the FAE that would occur in vivo is unclear. It seems to us that if large 
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doses of microparticles were able to access the systemic circulation via the Peyer’s patches 

in the GI tract, this would signal a larger susceptibility to infection, or in other words, a 

breach in mucosal defenses. Thus far, we have not discussed formulations with various 

targeting moieties, permeation enhancers, or mucus degrading capabilities, which if properly 

exploited, would also be considered a breach in normal mucosal defenses. Situations where 

the benefits outweigh the risk for potential harm likely exist, but would have to be evaluated 

on a case-by-case basis.

A greater question is whether one actually wants or needs nanoparticles to be absorbed 

intact after oral administration. Of course, this depends on the properties of the cargo and the 

delivery goal. In the cases of compounds that are highly degradable in the GI tract, 

packaging within a nanoparticle can improve bioavailability just by protecting the cargo. 

Peptides/proteins, nucleic acids, and other macromolecules can be protected and stabilized 

within the nanoparticle core or complex. For insoluble drugs, improving the dissolution can 

make a tremendous difference in oral absorption. Inherently, drugs that are typically 

amenable to formulation as nanoparticles have solubility issues that lead to limited GI 

absorption of the unencapsulated drug. Essentially, all oral nanoparticle products on the 

market are nanosuspension formulations, which are insoluble drug particles that have been 

milled down to nanosized pieces. Just by increasing the surface area for dissolution, more of 

the drug is able to be absorbed by the normal route of absorption [159]. The beauty of the 

approach is the simplicity, which aids in the feasibility of clinical implementation. 

Formulation of drugs in nanoparticles could also potentially provide more sustained 

absorption as drug is released from the nanoparticles during transit through the GI tract. 

Similarly, mucoadhesive strategies aim to take advantage of increased residence time in the 

GI tract to provide sustained drug release and absorption [10]. In all of these cases, the 

particle does not need to be absorbed intact to provide improved systemic drug exposure. 

Furthermore, it seems it would be generally preferable if the nanoparticle components 

remained in the GI tract where they could be easily excreted as waste, rather than requiring 

processing by the mononuclear phagocyte system (MPS) and potentially causing systemic 

toxicity. Thus, we hypothesize that a combination of increased residence time and increased 

proximity to and coverage of the absorptive epithelium by nanoparticles could maximize 

systemic drug bioavailability [36]. Regardless, the field has much more to learn through 

preclinical experimentation and controlled clinical trials.

4. Recent developments in targeting oral nanoparticles to specific sites in 

the GI tract

Building off of our discussion of approaches for “targeting” oral nanoparticle formulations 

to specific tissues and/or cells in the GI tract in section 2, we next discuss recent 

advancements in nanoparticle technologies for targeting in the GI tract. Again, “targeting” 

refers to formulation properties intended to increase residence time, increase the relative 

amount of nanoparticle degradation/drug release, and/or facilitate interactions of 

nanoparticles with particular tissues and cells in particular sections of the GI tract. Following 

our emphasis on the state-of-the-art, we focus here on works published since the year 2010.
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4.1. Nanoparticles targeted to the stomach

The majority of formulations designed to target the stomach are composed of materials that 

are considered mucoadhesive to increase gastric retention. Among these, the most 

commonly used mucoadhesive polymer is chitosan, a naturally occurring polysaccharide 

composed of β-(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine. Chitosan contains 

primary amines that interact with the negatively charged sugars on mucin glycoproteins 

[160], and thus is used widely as a mucoadhesive for delivery to mucosal surfaces. However, 

chitosan ionizes and rapidly dissolves in the acidic pH of the stomach. Thus, for stomach 

targeting, chitosan is complexed with polyanions to form nanoparticles that do not rapidly 

dissolve at acidic pH. Chang and coworkers described amoxicillin-loaded nanoparticles 

based on chitosan and poly-glutamic acid polyelectrolyte complexes for the treatment of H. 
pylori infections [161]. They also developed a cross-linked hydrogel composed of alginate, 

gelatin and calcium ions to incorporate the amoxicillin nanoparticles. Interestingly, release 

of amoxicillin from chitosan-polyglutamic acid complex nanoparticles was significantly 

lower at acidic pH (pH 1.2) after their incorporation in the hydrogel. To determine the 

therapeutic potential of the nanoparticles, fluorescently labeled nanoparticles were incubated 

with gastric adenocarcinoma (AGS) cell monolayers infected with H. pylori. Confocal 

microscopy studies revealed that the nanoparticles were able to interact with the AGS cells 

at the site of H. pylori infection [161]. This investigation discussed the importance of 

incorporating nanoparticles in a suitable gastroretentive dosage form to sustain the release of 

the drug at an acidic pH of stomach, though no ex vivo or in vivo gastric retention studies or 

efficacy studies were described.

Lin and colleagues designed polyelectrolyte nanoparticles based on fucose substituted 

chitosan and heparin (a polyanion) for targeted treatment of H. pylori infection [162]. The 

fucose was intended to target the fucose receptors present on the H. pylori. The complexed 

nanoparticles were loaded with amoxicillin. In vitro release studies at pH 1.2 showed that 

40% of encapsulated amoxicillin released in the first 2 h. Thus, the authors used genipin to 

induce crosslinks in the chitosan-heparin nanoparticles, which led to slower release of 

amoxicillin in vitro. Electron microscopy studies showed that amoxicillin-loaded, genipin-

crosslinked chitosan-heparin nanoparticles attached and distorted the shape of H. pylori. In 
vitro antimicrobial efficacy studies revealed that the amoxicillin-loaded, genipin-crosslinked 

fucose-chitosan-heparin nanoparticles were more active against H. pylori compared to non-

fucosylated, amoxicillin-loaded nanoparticles and amoxicillin solution. Finally, they 

demonstrated in mice that orally delivered amoxicillin-loaded, genipin crosslinked fucose-

chitosan-heparin nanoparticles were almost 4-fold more effective in clearing H. pylori 
infection compared to amoxicillin solution [162]. It would have been interesting to also 

compare the in vivo efficacy of the non-fucosylated, amoxicillin-loaded nanoparticles in 

clearing H. pylori infection to support the benefit of fucose-mediated targeting in vivo. It 

would have also been interesting to visualize the duration of in vivo gastric retention of the 

fucosylated chitosan-heparin complex nanoparticles and chitosan-heparin complex 

nanoparticles. In a second investigation, Lin and coworkers demonstrated the potential of 

berberine-loaded, genipin crosslinked fucose-chitosan-heparin nanoparticles in the treatment 

of H. pylori infection and found similar results [163].
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Recently, Lin and colleagues described stomach targeted nanoparticles for improved oral 

treatment of gastric cancer [164]. Several cancers, including gastric cancer, display 

carbohydrate antigens and/or increased expression of fusocyl transferase at the cell 

membrane. Thus, they designed nanoparticles containing a combination of fucosylated 

chitosan, PEGylated chitosan, gelatin, and epigallocatechin gallate (EGCG-PFCH-NPs), a 

natural polyphenol with anticancer activity. PEGylated chitosan was employed to improve 

the intermolecular crosslinking and protect the gelatin in the nanoparticles from pepsin. In 
vitro release studies showed that the presence of PEGylated chitosan significantly reduced 

the release of epigallocatechin gallate from the nanoparticles in pH 1.2 buffer. In vivo 
studies in mice showed that orally administered Vivo-Tag 750-labeled EGCG-PFCH-NPs 

demonstrated strong fluorescence signal in the stomach for 6 h, and the fluorescence signal 

in stomach diminished somewhat by 9 h (Figure 6) [164].

It would have been interesting to also compare the in vivo gastric retention of the EGCG-

chitosan-gelatin NPs, EGCG-PEGylated chitosan-gelatin NPs, and EGCG-fucosylated 

chitosan-gelatin NPs to ascertain the roles of PEGylation and fucosylation of the chitosan in 

increasing gastric retention. Finally, Lin and coworkers studied the in vivo efficacy of the 

EGCG-PFCH-NPs in an orthotopic gastric tumor mouse model. Oral administration of 

EGCG-PFCH-NPs (equivalent to 40.0 mg/kg epigallocatechin gallate) showed significantly 

higher anti-tumor activity compared to 40 mg/kg epigallocatechin gallate solution (Figure 7) 

[164]. It would have been interesting to demonstrate the benefit of the fucose-mediated 

targeting of the tumor cells, in addition to increasing the duration of EGCG delivery in the 

proximity of the tumor, in vivo by also evaluating the anti-tumor activity of the non-

fucosylated EGCG-PEGylated chitosan-gelatin NPs.

Deng and coworkers designed polyelectrolyte complex nanoparticles composed of chitosan 

and PEGylated-poly glutamic acid-doxorubicin conjugate [165]. The in vitro doxorubicin 

release studies showed that chitosan-PEGylated-poly glutamic acid-doxorubicin conjugate 

showed significantly lower release of doxorubicin (< 30% over 50 h) compared to the 

PEGylated-poly glutamic acid-doxorubicin conjugate (~ 80% DOX release over 50 h). 

Although the nanoparticles were developed for improving oral absorption of the doxorubicin 

for cancer therapy and not for stomach targeting, the biodistribution studies showed that 

orally administered chitosan-PEGylated polyglutamic acid-doxorubicin conjugate 

nanoparticles localized in the stomach for up to 12 h [165]. It would have been interesting to 

carefully study the contributions of PEG and chitosan in the gastric nanoparticle retention. In 
vivo efficacy studies in Ehrlich ascites tumor-bearing Balb/c mice showed equivalent anti-

tumor activity, better survival and lower toxicity of orally administered doxorubicin 

nanoparticles as compared to the systemic doxorubicin [165]. Although increased gastric 

retention was not the intention for the nanoparticle formulation, it would have been 

interesting to determine whether there was an added advantage in increasing residence time 

in the stomach, i.e. whether doxorubicin absorption occurred primarily through the stomach 

or the intestine.

Suwannateep and colleagues fabricated curcumin loaded nanoparticles for improved oral 

bioavailability [166]. They used either ethyl cellulose or a mixture of ethyl cellulose and 

methyl cellulose to encapsulate curcumin in the nanoparticles. In vitro release studies 
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showed less than 10% release of the curcumin in the pH 1.2 buffer even after 24 h, though 

studies were not carried out in the presence of gastric enzymes. Ethyl cellulose-curcumin 

nanoparticles and ethyl cellulose-methyl cellulose-curcumin nanoparticles showed 8.5- and 

3.6-fold increase in the curcumin bioavailability, and greater maximum plasma 

concentration (Cmax), compared to curcumin in solution. Moreover, the Cmax of curcumin 

was observed within 100 min for the nanoparticles as well as curcumin solution [166], 

indicating that the stomach likely served as the primary site for systemic absorption of 

curcumin. In vivo biodistribution studies revealed that curcumin levels in the stomach of the 

mice treated with ethyl cellulose-curcumin nanoparticles were 4-fold higher than those 

treated with curcumin solution at 2 h post-administration [166]. To verify improved gastric 

retention of the ethyl cellulose nanoparticles, Suwannateep and colleagues excised the 

stomachs of mice treated with nanoparticles 2 h post-administration and imaged them using 

scanning electron microscopy (SEM). SEM studies showed the presence of intact ethyl 

cellulose nanoparticles adhered to the stomach [166]. In a subsequent study, the same group 

evaluated the potential of clarithromycin-loaded ethyl cellulose nanoparticles for the 

treatment of H. pylori infection [167]. As anticipated, clarithromycin-loaded ethyl cellulose 

nanoparticles showed greater efficacy in clearing H. pylori infection in mice compared to 

clarithromycin suspension. Similar results were also obtained for Garcinia mangostana 
extract loaded into the ethyl cellulose nanoparticles [168].

Recently, polyethylene oxide-acrylate (PEO-Acr) substituted ethyl cellulose has been 

synthesized to develop nanoparticles that may modulate the mucus microstructure [169]. 

The investigators hypothesized that the acrylate-terminated ethyl cellulose would react via 

thiol-ene click reaction with the thiols generated from the treatment of mucin with 

biocompatible reducing agents. The investigators demonstrated that the treatment of mucin 

with tris (2-carboxyethyl) phosphine hydrochloride (TCEP) or vitamin C could generate free 

thiols that subsequently react with the PEO-Acr terminated ethyl cellulose [169]. 

Furthermore, ex vivo studies on porcine stomach showed that PEO-Acr terminated 

fluorescent ethyl cellulose nanoparticles could bind to the mucosal surface in the presence of 

reducing agent TCEP, and the extent of binding was greater than that of non-modified 

fluorescent ethyl cellulose nanoparticles. Finally, the in vivo efficacy of clarithromycin-

loaded, PEO-Acr modified, ethyl cellulose nanoparticles co-administered with vitamin C 

was evaluated in H. pylori infected mice. Interestingly, these nanoparticles in combination 

with vitamin C showed greater eradication of H. pylori than non-modified clarithromycin-

ethyl cellulose nanoparticles and clarithromycin suspension [169]. It would be interesting to 

further establish the ability of vitamin C to generate free thiols in vivo, and use fluorescence 

imaging to assess whether the reaction with the acrylate terminated nanocarriers increases 

gastric retention in vivo.

As described, most of the studies using mucoadhesive nanoparticles to increase gastric 

retention have focused on the treatment of H. pylori infections. A recent study by Navabi 

and coworkers showed that acute and chronic H. pylori infection attenuated the rate of 

mucin production and turnover in the murine gastric mucosa [170]. The normal mucus 

turnover rate in mice was around 6 h, the turnover rate was greater than 12 h in H. pylori 
infected mice [170]. This may contribute to the benefits observed for mucoadhesive 

nanoparticles in the treatment of murine H. pylori infection. Accordingly, Navabi and 
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coworkers suggested that nanoparticles adhering to gastric mucus may not be retained for 

more than 6 h or 12 h in healthy and H. pylori infected mice, respectively. In humans, H. 
pylori infection has been associated with an increase in mucosal permeability and disruption 

of the mucosal barrier [18,19]. Clinical trials have shown that antibiotic-loaded 

mucoadhesive hydrogels did not offer any advantages with respect to efficacy compared to 

conventional treatment regimen [32]. Hence, it is difficult to predict the success of 

mucoadhesive nanoparticles in the treatment of H. pylori infected individuals. More clinical 

studies are needed to evaluate the use of mucoadhesive formulations for H. pylori infection 

and other gastric ailments, such as cancer.

To date, we are unaware of studies that have employed muco-inert nanoparticle formulations 

for stomach targeting. It is not yet clear whether muco-inert nanomaterials would be useful 

for improved gastric retention or for the treatment of H. pylori infection and gastric cancer. 

Future studies to compare the gastro-retentive potential of mucoadhesive nanoparticles in 

comparison with muco-inert nanoparticles are needed.

4.2. Nanoparticles targeted to the small intestine

Targeting of nanoparticles to the small intestine has been extensively studied as a method to 

potentially enhance for improving systemic absorption of drugs, peptides, vaccines and other 

macromolecules. The use of nanoparticles based on enteric polymers, either alone or in 

combination with other polymers, to prevent drug degradation in the stomach and/or to 

achieve site-specific release in the small intestine has been discussed in recent reviews 

[24,33,34]. Thus, we focus our discussion on recently published investigations that describe 

nanoparticles functionalized with ligands to improve their uptake in enterocytes, M cells and 

goblet cells.

He and colleagues developed insulin-loaded SLN using a vitamin B12 stearate conjugate for 

targeting [171]. Co-administration of vitamin B12 with vitamin B12 functionalized insulin 

SLN (B12-insulin-SLN) significantly reduced the blood glucose lowering capability of B12-

insulin-SLN in diabetic rats. Furthermore, intra-jejunal administration of the B12-insulin-

SLN was carried out to bypass association of vitamin B12 on the SLN with the intrinsic 

factor in the stomach that is required for absorption of vitamin B12. As expected, intra-

jejunal administration of B12-insulin-SLN significantly decreased the efficacy of insulin 

compared to orally delivered B12-insulin-SLN. In comparison to subcutaneously 

administered insulin, the oral B12-insulin-SLN administration showed approximately 10% 

bioavailability. However, B12-insulin-SLN provided a 60% reduction in blood glucose that 

was stably maintained from 6 to 12 h. Furthermore, B12-insulin-SLN showed almost 2-fold 

more bioavailability compared to non-modified insulin SLN [171].

Verma and colleagues synthesized insulin-loaded calcium phosphate nanoparticles (Insu-

Cap NPs) that were coated with alternating layers of sodium alginate and chitosan-vitamin 

B12 conjugate (B12-LbL-Insu-Cap NPs) [172]. Insu-Cap NPs coated with alternate layers of 

chitosan and sodium alginate were also developed (LbL-Insu-Cap NPs) to assess the effect 

of vitamin B12 on targeted oral delivery. In vitro studies showed that B12-LbL- Insu-Cap 

NPs and LbL-Insu-Cap NPs offered protection from proteolytic enzymes, such as trypsin 

and chymotrypsin, and also maintained the bioactivity of insulin. In vitro Caco-2 cell culture 
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studies showed that B12-LbL-Insu-Cap NPs had at least 2-fold increased uptake compared 

to LbL-Insu-Cap NPs. Furthermore, Caco-2 cell uptake of B12-LbL-Insu-Cap NPs was 

reduced in the absence of intrinsic factor in the cell culture media. In vivo studies in rats 

showed increased localization of fluorescently labeled B12-LbL-Insu-Cap NPs in the ileum 

compared to LbL-Insu-Cap NPs. In comparison to subcutaneous insulin (5 IU/kg), oral 

administration of B12-LbL-Insu-Cap NPs and LbL-Insu-Cap NPs (both equivalent to 50 

IU/kg insulin) showed relative bioavailability of ~ 27% and ~ 6%, respectively [172]. B12-

LbL-Insu-Cap NPs achieved similar glucose lowering effects to that of subcutaneous insulin, 

whereas LbL-Insu-Cap NPs did not cause a measurable hypoglycemic effect after oral 

administration (Figure 8) [172]. The investigation demonstrated a potential benefit for 

vitamin B12-mediated absorption of insulin.

Pridgen and coworkers described the use of FcRn receptor targeting to improve oral delivery 

of insulin [50]. The investigators fabricated PLA-PEG nanoparticles and decorated the 

surface of the nanoparticles with the Fc portion of IgG. Fc-functionalized nanoparticles (Fc-

NPs) had significantly increased uptake by Caco-2 cells compared to unmodified 

nanoparticles, and the cell uptake of Fc-decorated nanoparticles was inhibited by the 

presence of the Fc portion of human IgG in the cell culture media. In vivo biodistribution 

studies of orally administered fluorescent Fc-NPs showed localization on the basolateral side 

of the duodenal epithelial cells. On the contrary, unmodified fluorescent NPs did not enter 

the villi [50]. Biodistribution studies using 14C labeled Fc-NPs also showed significantly 

higher levels of 14C in various other organs compared to unmodified NPs, suggesting 

increased absorption. However, the plasma concentration of 14C over time was not 

evaluated. In vivo efficacy studies showed that insulin-Fc-NPs (equivalent to 1.1 U/kg 

insulin) significantly reduced blood glucose levels for 10 h, whereas unmodified insulin 

nanoparticles (equivalent to 1.1 U/kg insulin) and i.v. injection of insulin (3.3 U/kg) were 

not as effective [50]. The authors did not compare the efficacy of orally delivered insulin-Fc-

NPs with subcutaneously delivered insulin, which is commonly used as the positive control 

in animal and human studies. However, they did demonstrate that increased insulin delivery 

was not seen in FcRn knockout mice, suggesting that FcRn functionalization increased 

nanoparticle-mediated insulin delivery. Similar results were observed when insulin-Fc-NPs 

were co-administered with IgG in wild type mice [50]. To date, this is the only study 

demonstrating the use of FcRn functionalization of nanoparticles for improved oral 

absorption. It would be interesting to study whether FcRn functionalized nanoparticles are 

able to improve oral absorption of drugs with poor solubility and permeability like 

docetaxel.

Lectins have been widely used as a ligand to improve M cell mediated uptake of 

nanoparticles, particularly for vaccination. Ma and coworkers developed polymer-lipid 

hybrid nanoparticles containing PLGA, phospholipids, and monophosphoryl lipid A 

(MPLA) [173]. The hybrid nanoparticles were functionalized with UEA-1 lectin. In vitro 
studies using a human M cell culture model showed 3-fold higher uptake of the lectin-

functionalized fluorescent hybrid nanoparticles compared to unmodified nanoparticles. Ex 
vivo studies using a ligated mouse ileal loop confirmed higher uptake of the lectin-

functionalized nanoparticles in the Peyer’s patches compared to unmodified nanoparticles. 

Fluorescence imaging studies showed that orally delivered lectin-functionalized 
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nanoparticles showed significantly higher localization in the intestine for up to 10 h, whereas 

unmodified nanoparticles showed negligible fluorescence in the intestine [173]. It should be 

noted that the MPLA coating of the nanoparticles could also help to target TLR receptors on 

M cells (see section 2.2). It would have been interesting to study in vitro and ex vivo uptake 

of hybrid nanoparticles containing only MPLA to assess the contribution of the MPLA 

coating on the particle uptake. In vivo murine immunization studies showed that orally 

delivered lectin-functionalized nanoparticles containing ovalbumin generated significantly 

higher mucosal immune response compared to unmodified hybrid nanoparticles.

Xia and coworkers developed itraconazole nanocrystals (ITZ-NCs) stabilized with 

poly(acrylic acid)-b-poly(methyl acrylate) (PAA-b-PMA) copolymer [174]. Wheat-germ 

agglutinin (WGA) was conjugated to the carboxylic acid groups of the polymeric stabilizer 

present on the surface of nanocrystals. Surface crosslinks were introduced to enhance 

association of the WGA to ITZ-NCs (WGA-crosslinked ITZ-NCs). Biodistribution studies 

showed significantly higher localization of the fluorescent WGA crosslinked NCs in the 

duodenum and ileum after 2 h compared to WGA functionalized NCs and unmodified NCs. 

Pharmacokinetic studies in rats showed that orally administered WGA-crosslinked ITZ-NCs 

resulted in 2-fold increase in the plasma concentration (Cmax) and AUC of ITZ compared to 

non-crosslinked WGA-ITZ-NCs, and around 3-fold increase in Cmax and AUC of ITZ 

compared to ITZ-NCs [174]. The study suggested that crosslinking of WGA functionalized 

polymer increased the association of WGA with ITZ-NCs, leading to an increase in the oral 

absorption as compared to the non-crosslinked WGA-ITZ-NCs. The increased proteolytic 

stability of WGA in rats (see section 2.2) likely also contributed to improved ITZ delivery.

The role of integrin receptor targeting in oral delivery and targeting of nanocarriers has been 

evaluated by Liu and coworkers [175,176]. The investigators used FQSIYPpIK (FQS) 

peptide as a ligand to target α5β3 integrin receptors. PLGA-PEG micelles loaded with 

insulin were fabricated, and the surface of the micelles was decorated with the FQS peptide 

conjugated to trimethyl chitosan. Functionalization of the nanoparticles with FQS peptide 

resulted in significantly higher uptake of the FQS-trimethyl chitosan functionalized NPs 

(FQS-NPs) in Caco-2 cells in vitro compared to trimethyl chitosan coated NPs (TMC-NPs), 

and unmodified NPs. In vivo biodistribution studies showed significantly higher localization 

of FITC-insulin in the intestinal villi in rats treated with FQS-NPs compared to TMC-NPs 

and unmodified NPs [175]. In vivo efficacy studies in diabetic rats showed that oral 

administration of FQS-NPs yielded significantly increased hypoglycemic effect compared to 

TMC-NPs and unmodified NPs. Pharmacokinetic studies on insulin delivered via various 

oral nanoformulations corroborated the results of in vivo efficacy studies [175]. It would 

also be interesting to evaluate the effect of the FQS peptide-targeting without the combined 

effect of chitosan, which is known to increase permeability and uptake [160].

Rajapaksa and colleagues established the potential of Claudin-4 targeting to improve uptake 

of nanoparticles in the Peyer’s patch M cells [63]. They used CPE30 (see section 2.2) 

peptide as a ligand to increase interactions between nanoparticles and M cells. They 

demonstrated increased localization of CPE30-functionalized fluorescent nanoparticles in 

the Peyer’s patch M cells both in vitro and in vivo [63]. To date, no further studies have been 

reported on ability of CPE30-functionalized nanoparticles to improve oral delivery and 
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targeting of therapeutic agents. CPE30 is derived from Clostridium perfringens enterotoxin 
and no information is available on its toxicity, pathogenicity or immunogenicity, which may 

limit the use of CPE30.

Few studies have been carried out to target goblet cells to improve oral delivery of 

therapeutic agents and/or nanoparticles. As goblet cells secrete mucus, a protective barrier 

function, their role in absorption of therapeutic agents is relatively unexplored. Nevertheless, 

a random phage display identified CSKSSDYQC (CSK) peptide as a ligand with high 

affinity to goblet cells [64]. Jin and coworkers explored the potential of CSK peptide 

functionalized TMC NPs (CSK-TMC-NPs) for oral delivery of insulin [177]. An in vitro 
Caco-2/HT-29-MTX co-culture model was used to evaluate uptake of fluorescent CSK-

TMC-NPs compared to unmodified TMC NPs. CSK-TMC-NPs showed significantly 

increased cell uptake compared to unmodified TMC NPs. However, the presence of mucus 

produced by HT29-MTX cells reduced the uptake of both peptide-functionalized and 

unmodified nanoparticles. Using ligated ileum loop model, fluorescent CSK-TMC-NPs were 

shown to localize more in goblet cells compared to unmodified TMC NPs. Furthermore, 

FITC-insulin encapsulated in CSK-TMC-NPs permeated deeply into the villi in the loop 

model. In vivo efficacy studies in diabetic rats demonstrated that insulin-loaded CSK-TMC-

NPs had significantly higher hypoglycemic effect than achieved with unmodified TMC NPs 

[177]. Similar observations have been reported for Exendin-4-loaded CSK-TMC-NPs [178]. 

Although these studies demonstrated that goblet cell targeting ligands could improve oral 

absorption of insulin in rodents, more studies need to be carried out to critically evaluate the 

potential of goblet cell targeting. It is important to compare the potential of CSK peptide to 

other targeting ligands, such as lectins, for their ability to improve enterocyte targeting and 

oral delivery of model fluorophores. Zhang and coworkers showed that the ability of TMC to 

modulate tight junction proteins was one of the mechanisms responsible for the increased in 
vitro uptake of CSK-TMC-NPs and TMC-NPs in Caco-2/HT-29-MTX co-culture model 

[179]. Chitosan or chitosan derivatives have been used for many aforementioned 

investigations for fabricating nanoparticles. In order to understand the potential of various 

peptide ligands in improving oral absorption, it is essential to study in vivo biodistribution of 

nanoparticles composed of materials other than chitosan, after functionalization with CSK 

peptide or other peptide ligands. It should also be noted that functionalization of 

nanoparticles with peptides can alter their surface characteristics, including charge and 

surface hydrophobicity/hydrophilicity. Moreover, stability of the peptide in the GI tract 

could be positively or negatively affected after conjugation to the nanoparticles. It may be 

necessary to use nanoparticles functionalized with scrambled peptide sequences (but with 

similar physicochemical properties as peptide ligands) to ascertain the effect of peptide 

functionalization of nanoparticles on oral absorption. These comparative studies will give 

additional insight into the potential of peptide functionalized nanoparticles for targeting of 

the small intestine.

4.3. Nanoparticles targeted to the intestinal lymphatic system

Targeting the intestinal lymphatic system is useful for improving oral bioavailability of the 

drugs that undergo extensive hepatic first-pass metabolism and/or enzymatic degradation in 

the GI tract. Additionally, lymphatic targeting may be useful to deliver antiretroviral drugs to 
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the GALT, which acts as a reservoir for HIV infection. For intestinal lymphatic targeting, 

nanoparticles composed of various fatty acid mono-, di- and triglycerides were found to be 

useful. Fatty acid glycerides, such as glyceryl behenate (Compritol ATO), glyceryl 

palmitosterate (Precirol ATO), medium chain triglycerides, and long chain triglycerides are 

used in the pharmaceutical industry for various oral delivery applications [180]. 

Nanoparticles composed of such lipid materials are categorized into solid lipid nanoparticles 

(SLN) and nanostructured lipid carriers (NLCs) depending upon their composition. A 

detailed description of the composition, advantages and applications of SLN and NLCs can 

be found in several published reviews [180–183]. Here, we focus on recent reports that 

describe the potential of SLN/NLC for targeting the intestinal lymphatic system.

Alex and coworkers developed lopinavir-loaded glyceryl behenate SLN to improve oral 

bioavailability of lopinavir [184]. Lopinavir is an integral part of the highly active 

antiretroviral therapy (HAART), but its oral bioavailability is limited due to low water 

solubility and high metabolism. Lopinavir SLN provided a 4-fold increased lopinavir plasma 

concentration (Cmax) as compared to the lopinavir suspension in rats, and the relative oral 

bioavailability of lopinavir delivered in SLN was 200-fold higher than that of lopinavir 

suspension. Furthermore, intestinal lymphatic transport of lopinavir was found to be 4.91-

fold higher for SLN compared to lopinavir suspension [184]. It is interesting that they 

observed a 200-fold increase in oral bioavailability with only a 5-fold increase in lymphatic 

transport with SLN, though this was not discussed. Lopinavir is highly susceptible to 

intestinal metabolism, and thus, is usually co-administered with ritonavir in clinical settings 

to reduce its metabolism. The dramatic increase in the oral bioavailability of lopinavir after 

encapsulation in SLN could potentially be due to reduction in the metabolism of lopinavir in 

the small intestine. It would have been interesting to study pharmacokinetics of lopinavir 

SLN co-administered with an intestinal lymphatic transport inhibitor, such as 

cycloheximide. It would also have been interesting to compare the oral bioavailability of 

lopinavir SLN with lopinavir suspension co-administered with ritonavir.

Candesartan cilexetil is an anti-hypertensive drug with low oral bioavailability due to rapid 

hydrolysis in the GI tract. Zhang and coworkers formulated candesartan cilexetil-loaded 

glyceryl monostearate SLN and found that SLN resulted in 12-fold improvement in oral 

bioavailability of candesartan cilexetil in rats as compared to the drug suspension [185]. 

Pharmacokinetic studies revealed that the values of plasma concentration and area under the 

curve (AUC0-t) were reduced by 40% and 30% respectively when cycloheximide, a 

lymphatic transport inhibitor, was co-administered with candersartan cilexetil SLN [185]. It 

is likely that the reduced GI hydrolysis of candesartan cilexetil due to encapsulation in SLN 

also contributed to the improvement in oral bioavailability, though this was not addressed. 

Intestinal lymphatic transport mediated improvement in oral bioavailability after 

encapsulation in SLN or NLCs was also observed for raloxifene, tripterine, diethyl 

carbamazine, silymarin, docetaxel and lacidipine [186–191].

Nassar and coworkers focused on development of oral nanoparticles for delivery of 

docetaxel, a hydrophobic anticancer agent with poor solubility and permeability. In addition 

to low solubility and permeability, P-gp mediated efflux and CYP3A4 metabolism contribute 

to the poor oral bioavailability of docetaxel [7]. Nassar and coworkers developed PLGA 
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nanocapsules to encapsulate docetaxel. The docetaxel-loaded PLGA nanocapsules contained 

oleoyl macrogol glycerides (Labrafil 1944 CS) in the core of the nanocapsules [192]. The 

docetaxel PLGA nanocapsules were further encapsulated into an enteric polymer (Eudragit 

L100-55) to generate enteric microparticles containing docetaxel PLGA nanocaspules (MPs-

DTX-NCs). Oral delivery of MPs-DTX-NCs (equivalent to 5 mg/kg docetaxel) yielded more 

than 2.5-fold increase in the AUC compared to the intravenous injection of Taxotere, a 

commercial docetaxel (5 mg/kg) formulation. Fluorescent imaging studies showed that 

orally delivered fluorescent MPs-DTX- NCs accumulated in the mesenteric lymph nodes for 

up to 8 h [192]. The use of C18 unsaturated fatty acid glycerides (Labrafil 1944 CS) in the 

nanocapsule core may have contributed to intestinal lymphatic targeting (See section 2.3), 

though this effect was not explored. In another study [193] they found that docetaxel was not 

systemically absorbed upon oral administration of MPs-DTX-NCs (equivalent to 10 mg/kg 

of docetaxel) when the rats were pre-treated with cycloheximide 1.5 h before the oral 

administration of MPs-DTX-NCs (Figure 9), thus suggesting oral bioavailability is due to 

lymphatic transport.

The potential of MPs-DTX-NCs to improve oral bioavailability of docetaxel was also 

established in minipigs (Table 1); oral administration of MPs-DTX-NCs led to almost 10-

fold increased docetaxel plasma concentration and AUC compared to docetaxel solution.

Finally, the investigators compared the efficacy of oral MPs-DTX-NCs (equivalent to 10 

mg/kg of docetaxel) and intraperitoneal injection of Taxotere (equivalent to 10 mg/kg of 

docetaxel) in reducing metastatic lung tumors in severe combined immune deficiency-beige 

(SCID-bg) mice. Orally delivered MPs-DTX-NCs showed significantly higher anti-

metastatic activity compared to the i.p. injection of Taxotere. Furthermore, the survival rate 

for mice treated with MPs-DTX-NCs was 100% at 75 days, whereas there was 0% survival 

in the Taxotere treated mice at day 75. Mice receiving MPs-DTX-NCs showed the first sign 

of mortality on day 90, and all the animals died by day 129 [193]. MPs-DTX-NCs showed 

potential for oral cancer therapy and clearly demonstrated the potential for intestinal 

lymphatic targeting of drugs.

4.4. Nanoparticles targeted to the colon

The most common application for targeting orally administered nanoparticles to the colon is 

local treatment of inflammatory bowel disease (IBD). Again, “targeting” the colon refers to 

nanoparticle design strategies for maintaining particle integrity and protecting the drug cargo 

during transit through the stomach and small intestines to maximize delivery to the colon. 

As described in section 2.4, colon targeting of oral drug delivery systems largely depends on 

the use of pH sensitive polymers, either alone or in combination with other approaches for 

colon targeting, including polysaccharides and azo containing moieties.

Gugulothu and coworkers developed pH sensitive Eudragit S100 nanoparticles containing 

curcumin, celecoxib, or a combination of curcumin and celecoxib, for the treatment of IBD 

[194]. In a TNBS-induced rat colitis model, orally administered curcumin nanoparticles and 

celecoxib nanoparticles showed significantly lower myeloperoxidase (MPO) activity (a 

measure of inflammatory cell activity) in rat colon homogenates compared to curcumin 

suspension, celecoxib suspension, and a combination drug suspension. Furthermore, 
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curcumin-celecoxib combination nanoparticles were more effective than curcumin 

nanoparticles, celecoxib nanoparticles or curcumin-celecoxib suspension. Naeem and 

colleagues designed nanoparticles based on a combination of Eudragit FS 30D (a pH 

sensitive polymer) and Eudragit RSPO (a water swellable polymer) [195]. The use of water-

swellable Eudragit RSPO in combination with Eudragit FS 30D prolonged the release of 

budesonide at colonic pH, though the authors did not explain the mechanism. The 

investigators encapsulated budesonide into Eudragit FS 30D/RSPO combination 

nanoparticles for the treatment of IBD. They also fabricated fluorescent combination 

Eudragit FS 30D/RSPO nanoparticles and fluorescent Eudragit FS 30D nanoparticles and 

studied their distribution in mice with dextran sulfate sodium (DSS) induced colitis. 

Interestingly, orally administered Eudragit FS 30D/RSPO combination nanoparticles showed 

presence of fluorophore in the colon for at least 10 h, and the fluorescence intensity at all 

time points was significantly greater than that of the Eudragit FS 30D nanoparticles. Finally, 

efficacy studies using budesonide-loaded combination Eudragit FS 30D/RSPO nanoparticles 

also showed significantly increased amelioration of IBD symptoms (disease activity index, 

body weight, colon length, colon weight to length ratio and histology) compared to Eudragit 

FS 30D nanoparticles and untreated controls [195]. In a second study, Naeem and coworkers 

developed Eudragit S100 and azo-polyurethane combination nanoparticles to investigate the 

role of pH and enzyme sensitive materials in colon targeting [196]. The authors carried out 

in vivo GI tract distribution studies on orally delivered fluorescent Eudragit/azo-

polyurethane nanoparticles and fluorescent Eudragit S100 nanoparticles in rats. At the end 

of 8 h, orally administered Eudragit/azo-polyurethane nanoparticles had delivered 17% and 

42% of the total fluorophore quantity to the cecum and colon, respectively, whereas Eudragit 

S100 nanoparticles delivered less than 10% of the fluorophore to the cecum and colon [196]. 

This suggests that the introduction of polymers that degrade in the presence of colonic 

enzymes, like azoreductase, could be useful to increase nanoparticle-mediated drug delivery 

to the colon. \

Ali and coworkers developed budesonide-loaded PLGA nanoparticles coated with Eudragit 

S100 for oral IBD therapy [197]. In vitro release studies showed that the Eudragit S100 

coating on PLGA nanoparticles dramatically reduced the release rate of budesonide in pH 

1.2 buffer as compared to the uncoated PLGA nanoparticles, suggesting the coating would 

provide increased stability in the stomach environment. Ali and coworkers used murine 

TNBS-, oxazolone- and DSS-induced colitis models to evaluate in vivo efficacy of orally 

administered budesonide solution, budesonide-loaded PLGA nanoparticles, and Eudragit 

S100-coated PLGA nanoparticles containing budesonide. Efficacy was assessed by mini-

endoscopy in live mice, MPO activity measurement using immunohistochemistry and 

histology scores. Eudragit S100-coated PLGA nanoparticles showed better efficacy 

compared to uncoated nanoparticles and budesonide solution in ameliorating symptoms of 

IBD in mice (Figure 10) [197]. Further, fluorescence imaging demonstrated that Eudragit 

S100-coated PLGA nanoparticles showed better localization in the colon compared to 

uncoated PLGA nanoparticles, though the difference was not quantified. A pharmacokinetic 

study investigating the colon tissue and plasma levels of budesonide would have been 

informative. In a similar study, Beloqui and colleagues demonstrated superior efficacy of 
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Eudragit S100-coated PLGA nanoparticles containing curcumin compared to curcumin 

suspension in a murine DSS induced colitis model [198].

As mentioned in section 2.4, IBD is characterized by a dramatic increase in mucosal reactive 

oxygen species (ROS) concentrations in the mucosa of diseased tissues. Hence, materials 

that degrade in the presence of ROS to release drug at the sites of inflammation and/or 

scavenge ROS to decrease inflammation could be useful as orally administered nanoparticles 

targeted to the colon for treatment of IBD. Vong and coworkers have carried out a series of 

investigations to explore the potential of ROS sensitive nanoparticles for the treatment of 

IBD [199–201]. They explored the use of nitroxide radical-based nanoparticles to reduce 

oxidative stress and inflammation in colonic tissue for the treatment of IBD. They 

synthesized a self-assembling redox polymer (PEG-b-PMOT) containing PEG 5000 shell 

and non-biodegradable oxymethylstyrene core attached to a nitroxide radical [199,200]. 

Fluorescently-labeled and radioisotope-labeled redox nanoparticles were synthesized, and 

their ability to target the colon was tested using a murine DSS induced colitis model. 

Interestingly, the redox nanoparticles showed significant accumulation in the inflamed colon 

and the presence of nitroxide radicals in colon also confirmed the targeting capability of 

redox nanoparticles [199,200]. Despite the small size (40 nm) of the orally delivered redox 

nanoparticles, there was no presence of nitroxide radicals in the blood even after 24 h, 

whereas mice dosed orally with free nitroxide had an average concentration of 20 ng/ml 

nitroxide radicals in the blood [199]. In vivo efficacy of orally administered redox 

nanoparticles (dosed at 50 mg/kg, 100 mg/kg and 300 mg/kg) as compared to oral 

mesalamine suspension (35 mg/kg) was evaluated in a murine DSS-induced colitis model. 

Redox nanoparticles administered orally at 300 mg/kg provided significantly increased 

amelioration of IBD symptoms (disease activity index, colon length, and IL-1β levels) 

compared to orally administered mesalamine suspension (Figure 11) [200].

The investigators also showed that the orally administered redox nanoparticles did not have 

any harmful effects on the total number of aerobic and anaerobic bacteria in the colon, but 

the specific bacterial species were not reported [201]. It would be interesting to further 

explore the efficacy of redox nanoparticles loaded with standard IBD drugs, such as 

mesalamine or budesonide, for the synergistic treatment of IBD. More recently, the redox 

nanoparticles have been evaluated for the treatment of colitis associated colon cancer (CAC) 

[202]. To evaluate the efficacy, azoxymethane (AOM)/DSS-induced CAC was established in 

mice. The redox nanoparticles were orally delivered (200 mg/kg/day as oral gavage or 5 

mg/ml in drinking water) for 50 days. Analysis of various parameters, such as disease 

activity index, endoscopy, tumor score and histology, showed that the redox nanoparticles 

had significant activity against CAC in mice [202]. However, the authors did not compare 

the efficacy of redox nanoparticles with standard chemotherapeutic agents like 5-fluorouracil 

or oxaliplatin. The safety profile of the redox nanoparticles, administered through drinking 

water (5 mg/ml), was evaluated for 1 month. No changes in the hematological parameters 

and GI histology were observed. Utility of the redox nanoparticles in combination with 

chemotherapeutic agents, such as doxorubicin and irinotecan, was also evaluated for the 

treatment of CAC, which showed significantly improved anticancer activity (Figure 12) 

[203]. In addition, the cardiotoxic side effects of doxorubicin are mediated through 

Date et al. Page 32

J Control Release. Author manuscript; available in PMC 2017 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



generation of ROS in cardiomyocytes, so the ability of the redox nanoparticles to scavenge 

ROS led to a significant reduction in cardiotoxicity [203].

Coco and coworkers compared the colon targeting potential of nanoparticles functionalized 

with GSQSHPRH peptide (a peptide ligand that targets inflamed murine mucosa identified 

using phage display technique) or mannose (targets mannose receptors present on immune 

cells) [204]. Biodegradable nanoparticles functionalized with mannose or GSQSHPRH 

peptide, and containing radiolabeled ovalbumin, were prepared. The targeting potential of 

ligands was compared by measuring ex vivo uptake of ovalbumin in colon tissue obtained 

from either healthy mice or mice with DSS-included colitis. Mannose-functionalized PLGA 

nanoparticles showed at least 3-fold higher uptake of ovalbumin in the inflamed colon tissue 

compared to normal colonic tissue, whereas no selectivity was noted for peptide-

functionalized nanoparticles. Furthermore, the uptake of peptide-functionalized 

nanoparticles was around 2-fold less in the inflamed colon tissue compared to mannose-

decorated nanoparticles [204]. It is well known that IBD and inflammatory disorders are 

characterized by immune cell recruitment in diseased tissues, which was the justification for 

the apparent increased selectivity of mannose-functionalized nanoparticles. 

Functionalization of nanoparticles with sugar molecules would also likely change the 

surface properties, including charge and hydrophobicity. It would be interesting to 

functionalize nanoparticles with non-specific sugar molecules, such as glucose, to further 

demonstrate the specific targeting effect of mannose upon oral nanoparticle administration. 

Additionally, these observations would be further supported by in vivo studies in different 

murine colitis models.

Laroui and colleagues described development of poly-lactic acid-polyethylene glycol (PLA-

PEG) nanoparticles containing tumor necrosis factor (TNF)-α siRNA [205]. Anti-TNF-α 
antibodies, such as infliximab, are commonly used for the treatment of IBD [206]. In view 

of this, strategies that can reduce TNF-α expression in colitis could be useful for the 

treatment of IBD. The investigators used polyethyleneimine (PEI) to complex the TNF-α 
siRNA, and the complexes were loaded inside PLA-PEG nanoparticles. The nanoparticle 

surfaces were functionalized with the Fab′ portion of the F4/80 antibody, a monoclonal 

antibody against murine macrophages. In vitro cell uptake studies using murine 

macrophages showed greater uptake and TNF-α siRNA silencing activity by Fab′-F4/80-

functionalized nanoparticles compared to naked siRNA and non-targeted nanoparticles 

[205]. The targeted and non-targeted nanoparticles containing TNF-α siRNA or scrambled 

siRNA were dispersed in a chitosan-alginate hydrogel and delivered orally to mice with 

DSS-induced colitis. The efficacy of the nanoparticles was measured using MPO expression, 

accumulation of IKβα protein (an inhibitor of NFκb activity and indicator for TNF-α 
downregulation), and histology. As compared to the non-targeted TNF-α siRNA 

nanoparticles, the Fab′-F4/80-functionalized nanoparticles containing TNF-α siRNA 

provided a significant reduction in MPO levels, reduction in the accumulation of IKβα 
protein, and decreased neutrophil infiltration, crypt destruction and mucosal ulceration 

[205]. The scrambled siRNA-containing nanoparticles did not show any therapeutic activity. 

The authors also demonstrated that, as compared to the non-targeted nanoparticles, the 

targeted nanoparticles delivered fluorescent siRNA in vitro to a greater population of murine 

macrophages obtained from mice with colitis [205]. In addition to the use of Fab′ portion as 
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a targeting ligand, the use of the chitosan-alginate hydrogel was an interesting aspect of the 

investigation. The dispersion of targeted nanoparticles in the chitosan-alginate hydrogel may 

have helped to maintain the integrity of the antibody-based targeting ligand in the GI tract. 

However, the authors did not explore this aspect. It would be interesting to know the 

difference in the distribution and efficacy of the targeted nanoparticles delivered with or 

without hydrogels. In conclusion, colon targeted nanoparticles have potential in the 

treatment of IBD and other colonic disorders.

5. Future perspective

Achieving efficient and effective delivery via the oral route is one of the “holy grails” of 

drug delivery. This perspective is due to the simplicity and acceptability of oral 

administration, as well as the challenge in achieving effective delivery to target cells or 

tissues with minimal off-target side effects. Nanoparticle formulations are employed for oral 

drug delivery for various reasons, including protection of drug cargo, targeting of particular 

delivery sites in the GI tract, and improving oral bioavailability. Here, we aimed to discuss 

important aspects of oral nanoparticle formulation, including design criteria and the state-of-

the-art in experimental methods and nanoparticle platforms. One important design challenge 

that is often not considered is maintaining simplicity in formulation. Complexity can often 

introduce variability and, even more importantly from the perspective of helping patients, 

complexity can limit clinical translation. The GI tract performs numerous tasks and 

embodies a wide array of functionalities, and oftentimes, designing formulations that take 

advantage of, or work in concert with, natural biological processes leads to favorable 

outcomes. Furthermore, proper selection of experimental methods is critical for preclinical 

validation. As methods continue to evolve, more clear pathways to clinical studies will 

emerge. What is clear, however, is the tremendous potential for nanomedicine to positively 

impact the effectiveness of oral drug delivery.
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Figure 1. 
Summary of barriers that affect oral drug delivery
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Figure 2. 
In vivo distribution of the NIR dye (P2) labeled solid lipid nanoparticles following oral 

gavage administration in mice under fasted and fed conditions. Mice fed with a high fat diet 

showed fluoresence in the stomach for longer duration, indicating that the composition of 

the diet and fed state can affect gastroretention. Figures reproduced from reference [150] 

with permission.

Date et al. Page 47

J Control Release. Author manuscript; available in PMC 2017 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Schematic representation of triglyceride (TG) transport into the intestinal lymphatics and 

drug transport into the lymph via association with lymph lipoproteins. Adapted from 

reference [73] with permission.
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Figure 4. 
Fluorescence microscopic z-scans of 200 nm fluorescent red polystyrene nanoparticles 

incubated with (a) Caco-2 monolayer, (b) Caco-2/M cell double culture, (c) Caco-2/HT29-

MTX double culture, and (d) Caco-2/HT29-MTX/M cell triple culture. The arrows depict 

particle aggregates caught on the luminal side, and circles indicate nanoparticle uptake/

penetration. The presence of mucus dramatically decreased nanoparticle uptake, while M 

cells facilitate nanoparticle translocation. Adapted from reference [111] with permission.
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Figure 5. 
Distribution of the same 200 nm fluorescent red mucoadhesive polystyrene nanoparticles 

(MAP) in the mouse ileum after administration by various routes, (A) low volume (50 μL) 

oral gavage, (B) high volume (250 μL) oral gavage, and (C) direct infusion into an in 

intestinal loop. The mode of administration significantly impacted the intestinal distribution. 

Adapted from reference [36] with permission.
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Figure 6. 
In vivo gastric retention of orally administered, NIR dye labeled, nanoparticles composed of 

fucosylated chitosan, PEGylated chitosan, gelatin, and epigallocatechin gallate 

(FCS/PCS/Gel/EGCG-NPs). FCS/PCS/Gel/EGCG-NPs were localized in the stomach for 

the first 6 h and started spreading further in the GI tract at 9 h. This is Adapted from 

reference [164] with permission.
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Figure 7. 
In vivo efficacy of orally delivered fucosyl chitosan (FCS)-PEGylated Chitosan (PCS)-

gelatin (Gel)-epigallocatechin gallate (EGCG)-nanoparticles (NPs) (equivalent to 40 mg/kg 

EGCG), EGCG 40 mg/kg solution and FCS/PCS/Gel solution (negative control) in mice 

bearing orthotopic Luc MKN45 xenografts (gastric carcinoma). FCS/PCS/Gel/EGCG-NPs 

showed significantly higher anti-tumor activity compared to EGCG solution, presumably 

due to enhanced gastroretention leading to localized delivery of EGCG in the vicinity of 

gastric cancer. Adapted from reference [164] with permission from American Chemical 

Society.
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Figure 8. 
(A) Serum insulin and (B) blood glucose levels in diabetic rats after oral delivery of 50 

IU/kg insulin solution ( ), 50 IU/kg vitamin B12 functionalized chitosan-alginate-calcium 

phosphate insulin nanoparticles ( ), and 50 IU/kg chitosan-alginate-calcium phosphate 

insulin nanoparticles ( ), compared to 5 IU/kg insulin subcutaneous injection (●). Vitamin 

B12 functionalized chitosan-alginate-calcium phosphate insulin nanoparticles showed 

significantly higher serum insulin levels (p < 0.001) and significantly lower blood glucose 

levels (p < 0.001) as compared to chitosan-alginate-calcium phosphate insulin nanoparticles. 

Adapted from [172] with permission.
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Figure 9. 
Effect of administration of cycloheximide (intestinal lymphatic transporter inhibitor) on the 

pharmacokinetics of docetaxel administered in enteric microparticles containing PLGA 

nanocapsules (MPs-DTX-NCs) orally administered to rats. Adapted from [193] with 

permission.
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Figure 10. 
Efficacy of orally administered budesonide solution, budesonide PLGA nanoparticles and 

Eudragit S100-coated budesonide PLGA nanoparticles in various murine colitis models. (A) 

In vivo high resolution mini-endoscopy of mice intestines, (B) colitis scores after treatment 

with different budesonide formulations and untreated controls, and (C) combined colitis 

scores obtained from various murine colitis models. Eudragit S100-coated budesonide 

PLGA nanoparticles showed significantly higher efficacy (p < 0.001) than budesonide 

PLGA nanoparticles. Adapted from [197] with permission.
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Figure 11. 
Efficacy of orally delivered 100 mg/kg or 300 mg/kg redox nanoparticles (RNPo) and 35 

mg/kg mesalamine (5-ASA) in a murine DSS-induced colitis model. Efficacy evaluated by 

measuring (A) disease activity index, (B) colon length, and (C) secretion of inflammatory 

cytokine IL-1β. Orally delivered RNPo at the dose of 300 mg/kg showed better efficacy than 

mesalamine at 35 mg/kg (p < 0.05). Adapted from reference [200] with permission.
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Figure 12. 
Efficacy of oral redox nanoparticles (RNPo) in combination with intravenous doxorubicin 

(DOX) in azoxymethane-dextran sulfate sodium (AOM/DSS) induced colitis associated 

cancer in mice evaluated by (A) colonic tumor score, (B) survival, and (C) superoxide 

production in the heart. DOX (5 mg/kg) was injected i.p. in mice once a week, while RNPo 

(2.5 mg/mL) were administered to mice in free drinking water starting on day 35, and the 

treatments were stopped on day 70. DOX + RNPo combination treatment showed enhanced 

anti-cancer efficacy and less cardiotoxicity as compared to DOX (*p < 0.05). Adapted from 

[203] with permission.
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Table 1

Pharmacokinetics of orally delivered Taxotere® and enteric microparticles containing docetaxel PLGA 

nanocaspules (both equivalent to 1.25 mg/kg of docetaxel) in minipigs (n=3). Enteric microparticles 

containing docetaxel PLGA nanocaspules showed significantly higher Cmax and AUC as compared to 

Taxotere® (p < 0.05). Adapted from reference [193] with permission

Oral Formulation Cmax (ng/mL) AUC (h.ng/mL) Clearance (L/h/kg)

Docetaxel solution 97.6 ± 221 797.7 ± 1141 4 ± 2.8

Enteric microparticles containing docetaxel PLGA nanocaspules 827.9 ± 558 7923.1 ± 5644 0.4 ± 0.5
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