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Abstract  

Nucleic acid-based therapeutics are evaluated for their potential of treating a plethora of 

diseases, including cancer and inflammation. Short nucleic acids, such as miRNAs, have emerged 

as versatile regulators for gene expression and are studied for therapeutic purposes. However, their 

inherent instability in vivo following enteral and parenteral administration has prompted the 

development of novel methodologies for their delivery. Although research on the oral delivery of 

siRNAs is progressing, with the development and utilization of promising carrier-based 

methodologies for the treatment of a plethora of gastrointestinal diseases, research on miRNA-

based oral therapeutics is lagging behind. In this review, we present the potential role of miRNAs 

in diseases of the Gastrointestinal tract, and analyze current research and the cardinal features of 

the novel carrier systems used for nucleic acid oral delivery that can be expanded for oral miRNA 

administration.  
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1. Introduction 

Small or short nucleic acids, such as small interfering RNAs (siRNAs) and microRNAs (miRNAs), 

have an increasing literature presence in the last decade, which is attributed to their relatively 

recent discovery and recognition as potential therapeutic agents [1]. Their versatility and 

multifaceted functions in multiple diseases, including inflammation, cancer and infections, 

potentiate an increasingly intensive and expanding research field [2-5].  

The activity of non-coding siRNAs and miRNAs relies on the natural RNA interference (RNAi) 

mechanism of the cells to inhibit the translation of a single or multiple messenger RNAs (mRNA), 

inducing a silencing effect for their respective targeted genes [1, 6]. It is generally regarded that 

siRNA molecules utilize the RNAi cell mechanism to target a single, specific mRNA [7], granting 

off-target effects may take place [8], while miRNAs target multiple mRNAs [1]. This distinction 

stems from the fact that siRNAs present full complementarity to their targeted mRNA, leading to 

mRNA cleavage, while miRNAs require only partial complementarity to exert their translation 

repression [1]. Interestingly, a comparable activity of the miRNAs to the siRNAs can take place 

in plants, where miRNAs present full complementarity between them and targeted mRNAs, 

leading to the eventual mRNA cleavage [9].  

Although significant structural similarities exist between siRNAs and miRNAs, their prominent 

difference relies on that siRNAs are regarded as synthetic, exogenous molecules delivered to the 

cells, while miRNAs are natural, endogenous molecules transcribed by non-coding genes of the 

cells, although they can be exogenously delivered as well [10]. miRNAs have attracted keen 

interest due to their natural origin, as the cell’s natural transcription products, which frequently 

share the same introns with protein-expressing genes and they are transcribed along with them [11-

13].  



The ability to regulate a plethora of genes enables the miRNAs to function as crucial mediators of 

disease onset and progression, such as in cancer, where their action can be either oncogenic or 

tumor suppressive [14]. Similarly, in inflammation, miRNAs can have pro- and anti-inflammatory 

activity [15]. Due to these functions and to the observed dysregulation of miRNAs between healthy 

and diseased tissues, researchers are evaluating the use of miRNAs as predicting biomarkers of 

disease development, as well as potential therapeutic agents or targets [14, 16]. For example, miR-

21 is commonly over-expressed in lung cancer samples, and the levels of this miRNA in sputum 

was used as a biomarker for lung cancer detection [17]. miR-34a is considered a master tumor 

suppressor, commonly downregulated in multiple cancers, and the exogenous delivery of miR-34a 

using cationic liposomes for the treatment of solid tumors was evaluated in Phase I clinical trials 

[17, 18]. Although the treatment showed evidence of antitumor activity in a subset of patients, the 

study was halted due to immune-related severe adverse events, which may have been induced by 

the cationic-lipid based liposomal delivery technology, i.e., Smarticles [18-20].  

The delivery of nucleic acids presents significant challenges, such as instability in circulation, 

short half-life, and limited cell uptake, among others [1]. To overcome these challenges, novel 

viral or non-viral delivery carriers are developed for the in vivo therapeutic translation of nucleic 

acids.  Due to the structural similarities between siRNAs and miRNAs, similar delivery approaches 

can be used for both types of nucleic acids, and we will be presenting delivery approaches for both 

cases, despite our interest being on miRNAs.  

miRNAs are water-soluble molecules, and despite their short half-life in circulation [1], parenteral 

administration has been the primary approach evaluated for their delivery. In contrast, oral delivery 

of therapeutic molecules is ubiquitously used with a variety of pharmaceutical formulations. The 

intestinal epithelium provides a large surface area for the absorption of nutrients and active 



molecules, and oral administration is generally regarded as easy and safe [21]. Unfortunately, oral 

delivery of nucleic acids is significantly lagging behind in development. Here, we review existing 

methodologies developed for the oral delivery of nucleic acids using non-viral delivery strategies, 

focusing on polymeric and lipid carriers. Interestingly, limited research has taken place on the oral 

delivery of miRNAs, due, in part, to the relatively recent discovery of the miRNAs, despite their 

apparent significance in multiple diseases. Thus, in the sections below, we summarize current 

methodologies based on the oral delivery of nucleic acids in general (i.e., DNAs or siRNAs), which 

can find similar applicability in miRNA oral delivery. 

   

2. Advantage and limitations of oral delivery for nucleic acids 

Nucleases in the circulation and in different tissues, such as RNase A-type nucleases in the blood,  

can rapidly degrade nucleic acids [22]. Specialized carriers are being developed to protect nucleic 

acids and deliver them to the targeted tissues [23]. miRNAs and siRNAs also need to be delivered 

to the cytoplasmic compartment of the cells, where they exert their RNAi functions [1]. Due to 

their negative charge, hydrophilicity and high molecular weight, miRNAs exhibit low membrane 

permeability and, consequently, their cellular uptake and cytoplasmic entry are challenging [1]. 

Currently, the main approaches for the in vivo delivery of nucleic acids rely on viral and non-viral 

carriers [24]. The viral vectors have demonstrated great potential on transfecting cells and 

delivering their load, with high transfection efficiency and with the potential to target specific 

subsets of cells, such as tumor cells.  However, their immunogenic potential and high development 

cost have hindered their progression [25, 26]. Non-viral carrier systems were the apparent 

alternative for delivering nucleic acids, as they rely on chemical systems, such as cationic 

liposomes and polymers. Though not as effective in transfecting cells as the viral vectors, their 



lower production cost, chemical versatility, ubiquitous availability, and lower immunogenicity 

attracted significant attention [26]. Below, we focus on non-viral methodologies for the local 

administration to the gastrointestinal (GI) tract, without considering viral methodologies nor 

aiming for systemic circulation and administration.      

Intestines provide a large surface area (~250 m2) specifically for the absorption of nutrients [27]. 

The oral route of administration of active compounds has significant advantages, with the most 

prominent being its simplicity. Although the oral administration accounts for a large portion of the 

current drug formulations, the digestive tract presents challenges for the integrity of nucleic acid-

based products.  

Nucleic acid-based therapeutics require the efficient local or systemic administration of the nucleic 

acids for disease prevention or treatment. Currently, the most frequently-studied administration of 

nucleic acids has focused on the intravenous delivery (parenteral route) with the molecules 

entrapped in carriers. This approach is invasive, and specific conditions are required for the 

successful execution, such as sterility and specialized personnel [28]. In contrast, oral 

administration is simple, does not cause patient discomfort (under normal conditions), does not 

require specific conditions (i.e., sterility), and can lead to increased patient compliance [29]. 

Additionally, the gut epithelium is highly vascularized and nucleic acids can potentially enter the 

circulation for systemic treatment applications [30].  

Whether the ultimate target of the oral administration of nucleic acids is the systemic circulation 

or local action, the gastrointestinal tract presents several barriers that can hamper their successful 

delivery. Any oral administration is initially exposed to the acidic contents of the stomach, with 

pH values as low as 1.5, and with strong enzymatic activity, such as the presence of pepsin. 

Subsequently, any oral formulation will progress to the small intestine, where the pH transitions 



to neutral, but significant enzymatic activity is present, such as the presence of trypsin, lipases, 

amylases, proteases and nucleases [31-34]. The resulting harsh environments can be detrimental 

to the stability of nucleic acids or any carrier that may be used [34]. Oral delivery systems must be 

able to withstand the changing environment and enzymatic conditions, to reach the small or large 

intestine areas, and deliver their payload. In addition, targeting specific portions of the GI tract 

constitutes a significant challenge by itself. For example, targeting the stomach requires the 

prolonged residence of any active compounds in the stomach area, while withstanding the harsh 

pH and enzymatic environment. Such application would be exceedingly challenging for the nucleic 

acids, even with the existing nucleic acid carriers. Not surprisingly, only limited research has taken 

place for targeting the stomach area, where alternative to carrier-based approaches were used [35, 

36]. In contrast, the existing literature on carrier-based methodologies for nucleic acid delivery 

primarily target the intestinal area, i.e., small bowel and colon, and focus on the protection of the 

nucleotides from the stomach’s environment. Chemical modifications, particle size, and 

composition define the residence time and intestinal targeting capacity of the carriers, and thus the 

nucleic acid activity (i.e., upper or lower intestinal portions), as we elaborate below. 

The intestinal surface is covered by a mucus layer of varying thickness, which captures and 

removes hydrophilic molecules, and has turnover times between one [37] to five hours [38]. Mucus 

is a viscous layer, separating the intestinal bacteria from the epithelial cells, and its purpose is to 

protect tissues which may come into contact with the environment. Mucus consists of more than 

90% of water and contains mucins, large glycoproteins that create the highly viscous mucus, 

produced by the goblet cells [39].  

Delivery carriers may be trapped by the mucus and be eliminated. In fact, orally-delivered 

nanocarriers can potentially rapidly transit through the GI tract by association with the chyme or 



be trapped in the mucus layer, eliminated through mucociliary clearance [40]. Mucoadhesive 

delivery carriers, such as carriers based on the cationic chitosan or lipids, have been used for 

enhancing the uptake from and penetration through the mucus layer [40]. Unfortunately, the 

nanoparticles need to transverse the mucus fast enough to reach the live cells, and the 

mucoadhesive carriers may not transverse the mucus layer fast enough and may be removed with 

the clearance of the mucus prior to reaching the underlying cells [38, 40].  

In some cases, the mucus layer is thinner or ever absent in specific areas of the GI tract during 

diseases, such as in inflammatory bowel disease (IBD) and ulcerative colitis (UC), while is thicker 

under different conditions, such as in Crohn’s disease [41], which may indicate a potential 

therapeutic path for the respective diseases. Additionally, the use of mucolytic agents can improve 

the penetration of carrier particles through the mucus. For example, N-acetyl-L-cysteine is a 

mucolytic compound and has been evaluated for its ability to disrupt the mucosal layer and 

facilitate the penetration of nanocarriers [40, 42]. Under the mucosal layer, there is a layer of cells, 

primarily consisting of a single layer of tightly packed epithelial cells, composed of goblet cells, 

M cells, enterocytes, lymphocytes and endocrine cells [43]. Moreover, in inflammatory scenarios, 

immune cells (i.e., lymphocytes, macrophages) may infiltrate the intestinal mucosa [44-46].  

An additional consideration regarding the oral delivery of nanocarriers is its unavoidable 

interaction with the intestinal microbiota. During the last decade, there has been an increase in 

understanding of the role of the microbiome as a determinant of human health status [47]. The 

interaction between microbiota and nanocarriers can occur both ways. For example, given the well-

characterized antimicrobial activities of numerous nanoparticles, one must understand how the 

nanocarrier will be affecting or modulating the host intestinal microbiota [48]. On the other hand, 

many investigators are exploring ways to use the host microbiota in order to enhance the delivery 



of their load.  For example, some polysaccharides can be selectively metabolized by the intestinal 

microbiota. Thus, nanocarriers prepared with these materials can deliver their load locally at the 

intestine site when the nanocarrier interacts with the select bacterial species that are able to 

metabolize these polysaccharides [49, 50]. This appears to be an important consideration when 

dealing with specific GI tract diseases, such as IBD, known to have an altered intestinal microbiota 

[51, 52].  

Depending on the therapeutic objective, different parts or cell layers of the GI tract can be targeted 

with the nucleic acids (Figure 1). For example, if the oral delivery of nucleic acids is intended for 

the treatment of IBD, intestinal cancers or cystic fibrosis, targeting of the epithelial wall and 

superficial cells will be sufficient. Furthermore, GI-localized and GI-targeted oral therapies have 

the advantages of acting directly on the diseased tissue, minimizing the risks of side-effects to 

other organs and tissues.  

 

3. miRNA dysregulation in diseases of the GI tract 
 
miRNAs regulate a plethora of natural biological processes, such as cell proliferation [53], cell 

movement [54], cell cycle [55], apoptosis [56], cellular metabolic pathways [57], as well as 

immunity [54], and inflammation [15], among others. Not surprisingly, miRNAs are involved in 

the functional homeostasis regulation of the GI tract, and their dysregulation is associated with 

several diseases, spanning from IBD to cancer [58-60]. For example, regarding GI motility and 

maintaining smooth muscle functionality, the miR-143/145 and miR199a/214 clusters regulate 

differentiation and proliferation of smooth muscle cells, while gain- or loss-of-function studies 

indicated that these miRNAs switch smooth muscle cells between proliferating and differentiated 



states [61]. In another study, Biton et al. showed the balance between the goblet cell-specific TH1 

and TH2 response are regulated by the miR-375 [62]. 

In GI tract diseases, a frequently studied group of miRNAs is the miR-29 family.  The miR-29a 

and -29c were significantly upregulated in diseased tissues from patients with Crohn’s colitis, one 

of the two major types of IBD, when compared to healthy controls [63]. In ulcerative colitis, miR-

29a was also upregulated in diseased tissues compared to non-diseased tissue samples [64]. 

Interestingly, interferon-gamma (IFN-γ) production is increased during Crohn’s disease [65] and 

plays an essential role in UC [66], although the miR-29 is reported upregulated in these diseases 

and targets the IFN-γ mRNA. 

Additionally, Crohn’s disease has been associated with up-/down- regulation of miR-19a, miR-

1273d, miR-886-5p, miR-3194, miR-192, and miR-200a [67]. Importantly, the Suppressor of 

cytokine signaling 3 (SOCS3) gene is critical for the inflammatory response in Crohn’s disease. 

miR-19b directly targets and suppresses SOCS3 to prevent the pathogenesis of this disease [68]. 

Celiac disease (CD) is a lifelong autoimmune disease triggered by dietary gluten [69], and multiple 

miRNAs’ dysregulations are correlated (e.g., miR-182, miR-196a, miR449a) with the disease 

progression [70]. Finally, a study on 60 different humans with 120 tissue samples from IBD 

patients identified that the Programmed Cell Death 4 (PDCD4) gene, which is the direct target of 

miR-21, is involved in the IBD-associated carcinogenesis [71]. Not surprisingly, miRNAs have 

important functions in tumorigenesis and tumor progression. Duan et al. [72] identified that miR-

130 promotes cell proliferation and migration in gastric cancer (GC), the fourth most common 

cancer worldwide [72]. Similarly, Wu et al. [73]  reported from the analysis of serum and 

peripheral blood mononuclear cells of 90 patients with GC and 90 healthy individuals that 

overexpression of miR-421 in serum can be a potential biomarker for identification of GC.  



 In Table 1, we present some of the most prominently identified and studied miRNAs, and their 

respective dysregulation depending on the type of disease. Table 1 is not an exhaustive review of 

the existing literature, as there are several specialized review papers on identifying possible 

miRNA mediators for various GI tract diseases [59, 60, 74-77]. Our analysis demonstrates how 

miRNA dysregulations are prominent in GI tract diseases. Furthermore, we highlight miRNAs that 

could potentially be therapeutically explored through oral administration, while at the same time 

we illustrate the limited presence of relevant literature on miRNA delivery for such a promising 

route of administration for localized therapeutic action. 

 

Table 1 

Disease Upregulated miRNAs Downregulated miRNAs References 

Crohn’s disease 
miR-31, miR-206, miR-

146a, miR-424, miR-
663, miR-29a, miR-29c 

miR-194b, miR-216b, miR-548e, 
and miR-559, miR-200b, miR-

19a-3p, miR-19b-3p 
[63, 78-81] 

Ulcerative colitis 

miR-155, miR-31, miR-
126, miR-7, miR-135b, 

miR-223, miR-29a, 
miR-29b, miR-127-3p, 
miR-324-3p, miR-150, 

miR-20b and miR-
125b-1 

miR-188-5p, miR-215, miR-320a, 
miR-346, miR-200b, let-7, miR-
125, miR-101, miR-26, miR-124 

[63, 78, 82-
87] 

Colorectal 
cancer 

Let-7g, miR-18a, miR-
21, miR-31, miR-17-3p, 

miR-92a, miR-29a, 
miR-135 

miR-16, miR-22, let-7c, miR-93, 
miR-126, miR-143, miR-145, 

miR-320, miR-498, 

[77, 88-
101] 

Gastric cancer 

miR-17-5p/20a, miR-
125b, miR-451, miR-
486, miR-17-5p, miR-
21, miR-106a, miR-

106b, miR-195, miR-
378 

Let-7a/f/g, miR-100,  miR-133b, 
miR-148a, miR-1182, miR-1207, 

miR-29a/b/c 

[76, 102-
113] 

Celiac Disease 
miR-503, miR-449a, 
miR-492, miR-644, 
miR-182, miR-196a, 

miR-105, miR-409-5p, miR-631, 
miR-659, miR-379, miR-566, 

miR-512-3p, miR-614, miR-380-
5p, miR-135a, miR-124a, miR-

[70, 75, 
114] 



miR-504, miR-330, 
miR-500 

600, miR-618, miR-616, miR-189, 
miR-576, miR-412, miR-202, 

miR-299-5p, miR-323, miR-219, 
miR-31-5p, miR-192-3p, miR-
194-5p, miR-551a, miR-551b-

5p, miR-638 and miR-1290 
 

4. Current strategies for the oral delivery of nucleic acids 

Delivery of nucleic acids through oral administration provides the potential for the treatment of 

GI-specific disorders. miRNA-dysregulations have been observed between healthy and diseased 

tissues in the GI tract, and with the increased understanding of different diseases, it is evident that 

miRNAs are potential therapeutic tools or therapeutic targets. The harsh GI environment has 

limited the delivery of large or unstable molecules, such as plasmids and short RNAs, but the 

development of highly innovative, multifunctional, non-viral drug delivery carriers has overcome 

many of these limitations. Though not the focus of this review paper, it is worth mentioning that 

there have been significant efforts in chemically modifying naked oligonucleotides to enhance 

their stability and evade nuclease degradation. For example, GEM231, a clinical trial-studied 

antisense regulatory subunit α of type I protein kinase A mixed-backbone oligonucleotide with a 

hybrid DNA/RNA structure and 2′-O-methyl-ribonucleosides at the 5′ and 3′ ends [115],  was 

evaluated by Tortora et al. for targeting the Protein kinase A type I subunit Ria, following oral 

administration [116]. The investigators reported a tumor growth inhibition using a subcutaneous 

xenograft model of colon cancer. Below, we summarize drug delivery carriers that have been used 

for oral delivery of nucleic acids, and by extension can potentially be utilized for delivering 

miRNAs.  

a) Polymer-based vectors 



Polymeric nano-/micro- carriers have attracted significant attention for the delivery of active 

compounds through different routes of administration. The versatility of the polymeric molecules, 

in terms of ease on altering their physicochemical properties, allowed for the development of novel 

structures and carriers (Figure 2).  

There have been two major approaches on the utilization of polymers for transfection, associated 

with the mechanism that nucleic acids are incorporated into the carriers: a) polymeric carriers using 

electrostatic interactions between the polymer and nucleic acids (condensing systems), and; b) 

polymeric carriers that physically entrap nucleic acids (non-condensing systems). 

In the first case, the negatively charged nucleic acids are electrostatically complexed with 

positively charged cationic polymers, developing structures called polyplexes [117]. One 

commonly used cationic polymer for nucleic acid condensation has been polyethyleneimine (PEI). 

PEI is composed by repeating ethyleneimine units, and can be either linear or branched (having 

primary, secondary, or tertiary amines) [1]. The PEI-based nanocarriers are up-taken by the cells 

through endocytosis, and due to their high proton buffering capacity, they can escape endosomes 

and release their cargo, based on the “proton-sponge effect” [117]. Additionally, the net charge of 

these polyplexes is positive, which facilitates their interactions with the cell membranes and their 

cellular uptake.  

Transfection studies using PEI have used a variety of molecular weights and/or structures of the 

polymers. For example, Dai et al. [118] used branched-PEI (bPEI) polymers of molecular weight 

at approximately 25,000 Daltons to complex miR-193a-3p for colonic delivery. In their study, the 

authors did not utilize the oral route of administration. Instead, they directly delivered to the colon 

using a 100 ul rectal enema of the PEI-miR polyplexes in mice treated with dextran sodium sulfate 



(DSS)-induced colitis. The investigators observed a significant amelioration of the induced colitis, 

following miR-193a-3p treatment, which was mediated by the PepT1 protein.  

In a short communication, Klausner and Leong [119] reported the evaluation of bPEI and liner-

PEI (lPEI) with a molecular weight of 25,000 for the oral delivery of a Secreted embryonic alkaline 

phosphatase (SEAP)-expressing plasmid. The polyplexes were fed to mice in the form of gelatin 

cubes over a period of 2 days. The investigators reported that although there was extremely overall 

low systemic SEAP activity following the oral administration of the different formulations, there 

was significantly increased activity compared to the baseline. Several studies have evaluated the 

use of PEI for oral delivery, while being incorporated inside another polymer, to enhance the PEI-

nucleic acid complexes’ stability. For example, Laroui et al. [120] reported the use of bPEI (MW: 

1,800 D) for complexation with tumor necrosis alpha (TNF-α) siRNA and encapsulation inside 

polylactide nanoparticles for the oral delivery in a mouse model of IBD, induced by LPS-

treatment. The researchers reported that the siRNA-nanoparticles, which had an approximate 

diameter of 380 nm, were taken up by macrophages in vitro and inhibited TNF-α expression, while 

oral administration of the nanoparticles reduced the TNF-α expression in the colonic tissue of the 

LPS-treated animals.  

Chitosan, a natural polysaccharide derived by deacetylation of chitin [121], has attracted 

significant attention for oral delivery of nucleic acids. It is regarded as a biocompatible and 

biodegradable polymer, and due to its cationic nature, it can condense with nucleic acids [121]. 

Furthermore, chitosan demonstrates mucoadhesive properties, being capable of penetrating the 

mucosal layer and transfecting epithelial and immune cells, as well as can enhance transcellular 

and paracellular transport of active compounds across intestinal epithelial monolayers [122]. Roy 

et al. [122] demonstrated that chitosan nanoparticles of an approximate size of 100 – 200 nm, 



complexed with plasmid DNA (pDNA; pCMVArah2), orally delivered to a murine model of 

peanut allergen-induced hypersensitivity, reduced the severity of anaphylactic responses following 

intraperitoneal challenge with Arah2 protein after sensitization with peanut butter. The researchers 

concluded that oral administration of the chitosan-pDNA nanoparticles can transfect and induce 

immune responses in mice, as increased levels of IgA were detected in fecal extracts, and increased 

IgG2a levels were detected in the serum. 

To enhance chitosan’s solubility, affinity with and protection of nucleic acids, as well as its 

bioadhesive properties, several derivatives have been developed. Chunbai et al. [123] developed 

mannose-modified trimethyl chitosan-cysteine nanoparticles for oral delivery of siRNA against 

TNF-a. The nanocarriers with the siRNA successfully inhibited TNF-α production in macrophages 

in vivo, protecting mice with acute hepatic injury from inflammation-induced liver damage. 

Subsequently, the same research team evaluated the modified-chitosan nanocarriers with the same 

siRNA in a rat model of the disease, and acquired similar results [124].   

Bernkop-Schnurch and Krajicek [125] studied the mucoadhesive properties of chitosan, when 

complexed with EDTA and determined that the adhesive force of the conjugate was higher than 

that of chitosan-HCl [125]. In another study, Loretz et al. [34] assessed different methodologies 

for improving the stability of pDNA for oral delivery. They determined that EDTA had the 

strongest inhibitory activity against nucleases. They synthesized and evaluated an EDTA-chitosan 

conjugate and determined that it was efficient to protect pDNA and inhibit its degradation by 

nucleases.  

Zhang et al. [126] developed galactosylated trimethyl chitosan (GTC)-cysteine nanoparticles for 

the oral delivery of a mitogen-activated protein kinase kinase kinase kinase 4 (Map4k4) siRNA 

for the treatment of DSS-induced ulcerative colitis. The nanoparticles were prepared using ionic 



gelation of GTC with tripolyphosphate or hyaluronic acid. The researchers determined that daily 

administration of the nanoparticles with the siRNA significantly improved body weight loss and 

colon length shortening, due to DSS treatment. Additional examples of chitosan particles for the 

delivery of nucleic acids are presented in Table 2. 

Gelatin is a mixture of water-soluble macromolecules (peptides or proteins) derived from the 

hydrolysis of collagen present in animal skin, connective tissue and bones of animals. Depending 

on its method of hydrolysis, the gelatin products can have a varying isoelectric point of neutral to 

basic (pH 7-9; Type A) or acidic (pH 4.5-6; Type B) [127]. Gelatin is commonly used for capsule 

preparation and has historically been used in food products, cosmetics and pharmaceuticals, being 

considered as “generally regarded as safe (GRAS)” material, according to the United States Food 

and Drug Administration [128]. Gelatin naturally carries the Arg-Gly-Asp (RGD) amino acid 

sequences, which results in improved cell adhesion [129]. Gelatin is a biodegradable and 

biocompatible natural product, and has multiple functional groups that can be modified to endow 

to the polymer desired properties, such as attachment of positively charged molecules. 

Representatively, Kaul and Amiji [128] utilized gelatin Type B to prepare nanoparticles of 

unmodified gelatin and pegylated gelatin containing pDNA expressing β-galactosidase. Initially, 

the researchers reported that the pegylated gelatin nanoparticles efficiently transfected Lewis Lung 

Carcinoma (LLC) cells using intravenous injections to LLC-bearing C57BL/6J mice, as indicated 

by significant expression of β-galactosidase in the tumors. Subsequently, the same research group 

[130]  formulated a multicompartmental oral delivery system, consisting of gelatin nanoparticles 

entrapped inside poly-caprolactone (PCL) microparticles. The researchers initially optimized the 

conditions for the preparation of the microparticles using a factorial design and continued by using 

this formulation for the oral delivery of pDNA expressing β-galactosidase. The formulation relied 



on the initial preparation of the Type B gelatin nanoparticles loaded with the pDNA, which were 

subsequently entrapped inside the PCL microparticles and administered orally to rats [131]. The 

microparticles demonstrated prolonged residence in the small and large intestine, while plain 

gelatin nanoparticles traversed quickly through the GI tract and accumulated in the large intestine 

within 1 h post oral administration [131]. In another study, the same team [132] utilized the 

microparticles loaded with gelatin nanoparticles to entrap TNF-α specific siRNA for oral delivery 

in a DSS-induced acute colitis mouse model. The administration resulted in decreased colonic 

levels of TNF-α, reduction of pro-inflammatory cytokine levels, such as IL-1β and IFN-γ, and an 

increase in body weight for treated animals vs. untreated.  

To improve the gelatin’s properties, several modifications of the polymer have taken place [127], 

though not all of these formulations have been evaluated for oral delivery. For example, due to the 

highly hydrophilic nature of gelatin, its nanoparticles may be unstable and require chemical 

modification of the polymer so that its nanostructured form will remain stable in blood circulation 

[133]. Kommareddy and Amiji [133] prepared gelatin nanoparticles with the gelatin polymer being 

crosslinked using 2-iminothiolane, introducing disulfide bonds in the macromolecular structure of 

the nanocarriers to stabilize them. The higher intracellular glutathione concentration in comparison 

to the extracellular regions, such as in the blood [134], allows for the selective destabilization of 

disulfide-stabilized nanocarriers within the cells’ cytoplasm. Within the cells and in the presence 

of glutathione or other redox enzymes, the disulfide bonds would break, and the gelatin molecules 

would unfold, releasing the load of the nanocarriers. The researchers showed that the thiolated 

gelatin nanoparticles strongly transfected NIH-3T3 murine fibroblast cells, with the transfection 

being detected stable for up to 96 h [133].  



In the case of non-condensing polymeric materials, poly(lactide-co-glycolide) (PLGA) polymers 

have extensively been studied for oral delivery of nucleic acids. These polymers can be produced 

in various molecular weights, from a few thousand to a few hundreds of thousands, are 

biodegradable, biocompatible and FDA approved, and they form a solid polymeric core, capable 

of isolating their load from the environment for protection [28]. Not surprisingly, these polymers 

have been used for the oral delivery of sensitive molecules, such as insulin [135, 136]. 

Furthermore, PLGA polymers promote endosomal escape, through a selective reversal of the 

surface charge of the particles (from anionic to cationic) in the acidic endosomal/lysosomal 

compartments, which causes the particles to interact with the endosomal/lysosomal membrane and 

escape into the cytoplasm [137]. The oral delivery of nucleic acids using PLGA polymers was 

evaluated in several studies. Kaneko et al. [138] showed that oral delivery of PLGA microparticles 

containing pDNA encoding HIV gp160 induced cellular and humoral responses. In fact, the oral 

delivery demonstrated improved effect compared to intramuscular delivery of the pDNA loaded-

particles in protecting against recombinant HIV challenge. The microparticles were prepared using 

a double emulsification method. Similarly, He et al. [139] encapsulated DNA encoding hepatitis 

B virus (HBV) HBsAg in PLGA microparticles to evaluate the induction of local and systemic 

HBsAg-specific immunity after a single dose of administration. Mice treated orally with the 

microparticles showed an antigen-specific IFN-γ production and cytotoxic T lymphocyte 

responses in spleen and gut-associated lymph tissue following in vitro re-stimulation with HBsAg. 

Nonetheless, the researchers mentioned that the observed activities were relatively low, and 

attributed this to the single-dose administration of the microparticles. More recently, Du et al. 

[140] developed a Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) DNA vaccine 

encapsulated in PLGA nanoparticles modified with Ulex europaeous agglutinin 1 (UEA-1) for 



preferentially binding to M cells in the GI tract. The researchers observed enhanced mucosal and 

systemic immune responses following oral administration of the nanoparticles to mice and piglets. 

Huang et al. [141] encapsulated a TNF-α siRNA in PLGA nanoparticles decorated on their surface 

with galactosylated chitosan to target galacto-type lectin on macrophages. Following oral 

administration, the nanocarriers crossed the physiological barrier in the colon, and alleviated DSS-

induced colitis in mice, as presented by the histological evaluation of the colonic tissue and 

animals’ body weight changes. Additionally, the grafting of the galactosylated chitosan improved 

the macrophage uptake and the kinetics of endocytosis [141]. Laroui et al. [142] encapsulated 

siRNA targeting TNF-α in PLA-PEG nanoparticles that were decorated with the Fab' portion of 

the F4/80 antibody for improving the targeting against macrophages as well. The researchers orally 

administered the nanoparticles inside a chitosan/alginate hydrogel in DSS-treated mice, and 

concluded that the nanocarriers attenuated colitis, with improved efficacy compared to the 

undecorated nanoparticles, and the animals treated with the formulation exhibited reduced weight 

loss and improved myeloperoxidase activity [142].  

 
Table 2  
Polymer name Condensing / 

Natural 
Representative studies/literature 

Polyethyleneimine 
(PEI)  

Yes / No i) branched-PEI (bPEI) polymer of MW at ~25 kDa 
complexed with miR-193a-3p for colonic delivery 
[118]  
 
ii) bPEI and lPEI with MW ~25 kDa for oral 
delivery of a SEAP-expressing plasmid [119] 
 
iii) a combination of lPEI and lipids were used to 
entrap plasmid DNA (pDNA; gWiz-luciferase) into 
nanocarriers for oral delivery and feasibility 
evaluation [143]  
 



iv) oral Delivery of siRNA using a combination of 
PEI and PLGA polymers for the formulation of 
nanoparticles [144] 
 
v) PEGylated PEI/pDNA polyplexes entrapped in 
PLGA microparticles for oral delivery [145] 
 

Chitosan Yes / Yes i) chitosan -EDTA conjugates for oral delivery of 
plasmid DNA [34] 
 
ii) orally administered AuNP–siRNA–glycol 
chitosan–taurocholic acid nanoparticles for 
delivery of Akt2 siRNA  [146] 
 
iii) oral administration of chitosan/siRNA 
nanoparticles [147] 
 
iv) trimethyl chitosan-cystein nanoparticles for the 
oral delivery of TNF-α siRNA  [148] 
 
v) imidazole-modified chitosan and 
trimethylchitosan nanoparticles with encapsulated 
siRNA against CDX2 for oral treatment against 
gastric lesion [149] 
 
vi) Codelivery of mTERT siRNA and paclitaxel by 
N-((2-hydroxy-3-trimethylammonium) propyl) 
chitosan chloride nanoparticles [150] 
 
vii) Galactose-modified trimethyl chitosan-cysteine 
nanoparticles for encapsulating shRNA against 
surviving pDNA and siRNA against VEGF for 
treatment of hepatoma [151] 

Gelatin Yes / Yes  
i) Gelatin nanoparticles inside PCL microparticles 
for the delivery of siRNAs or plasmid for the 
treatment of IBD [132, 152-154] 

PLGA No / No i) Surface charge optimization of PEG5k-b-
PLGA10k for oral delivery of siRNA [155] 
 
ii) PLGA nanoparticles decorated with 
galactosylated chitosan for the oral delivery of 
siRNA against TNF-a for treatment of colitis [141] 



 
iii) PLA-PEG nanoparticles decorated with Fab’ 
and encapsulated of siRNA against TNF-a for the 
treatment of colitis [142] 
 
iv) hyaluronic acid (HA)-functionalized PLGA 
nanoparticles with encapsulated CD98 siRNA and 
curcumin for the treatment of ulcerative colitis 
[156] 

 
 
b. Lipid-based vectors 

Cationic lipids are commonly used for complexation with nucleic acids and their in vivo parenteral 

delivery [1]. These complexes, also termed as lipoplexes, have found extensive applicability for 

the therapeutic delivery of plasmids or short nucleic acids, such as siRNAs or miRNAs. Most 

frequently used methodologies rely on the formulation of liposomal carriers with cationic lipids, 

which in turn are complexed with the negatively charged nucleic acids [157]. 

Unfortunately, lipid-based carriers have found limited applicability in the oral delivery of nucleic 

acids. This is a direct result of the inherent lack of stability of liposomes and other lipid-based 

materials in the gut [158]. Not surprisingly, cationic lipids are predominately used with other 

routes of administration. For example, Zhang et al. [159] delivered intrarectally administered 

siRNA targeting TNF-α complexed with the commercially available transfecting agent, 

Lipofectamine 2000, in a DSS-induced mouse model of inflammatory bowel disease. The 

administration led to a relative reduction of the TNF-α levels and a significant reduction in the 

inflammatory cell infiltration in the colonic tissue. In another study, Fichera et al. [160] utilized 

the Lipofectin transfecting agent for delivering intrarectally a plasmid to express the normal human 

adenomatous polyposis coli (APC)  gene to C57BL/6J-ApcMin mice. The researchers reported a 

low transfection efficiency for the approach, though the prolonged treatment indicated an 

improvement on the transfection. Sugimoto et al. [161] evaluated the expression of IL-22 gene on 



alleviating the DSS-induced colitis in mice, by the delivery of an IL-22 expressing plasmid using 

(1,2-dioleoyl-3-trimethylammonium propane–cholesterol [DOTAP-cholesterol])/DNA–

condensing agent–2 complexes. For their optimal delivery to the colonic tissue, the authors 

evaluated i.v., intrarectal and direct microinjection of the lipids/DNA complexes and determined 

that the optimal approach was to directly microinject the treatment into the colonic mucosa to 

efficiently deliver the gene. Furthermore, the authors reported that the gene delivery enhanced 

mucus production and attenuated the inflammation.  

More recently, Ball et al. [162] evaluated the fate of orally-delivered siRNA lipid nanoparticles 

(LNPs). During prior work, the team developed nanoparticles using lipidoids [163], cholesterol, 

DSPC and PEG2000-DMG for the delivery of siRNA against GAPDH, which they evaluated in 

vitro against Caco-2 cells [164]. In a later study, they evaluated the LNPs in different conditions 

in vitro, such as varying pH solutions. The LNPs maintained their potency and siRNA against 

luciferase induced ~80% gene downregulation in HeLa cells. In contrast, pepsin and bile salts 

greatly diminished the activity of the encapsulated siRNA, indicating LNPs inability to protect the 

nucleic acids under certain conditions, though the authors declared that at “fasting”-state pepsin 

concentration, siRNA activity was partially retained. Furthermore, the authors mentioned that 

mucin prevented LNP gene silencing activity in vitro, though orally administered LNPs in mice 

stayed in the GI tract for at least 8 h post-administration, and entered the cells of the small intestine 

and colon [162]. These representative studies demonstrate the challenges associated with lipid 

nanocarriers and oral administration. 

c. The size of particles and intestinal absorption 

We have described above several formulations for oral administration that have varying particle 

sizes, spanning from nanometers to few micrometers in diameters. The particle size greatly affects 



the absorption through the mucus and intestinal walls [165]. Indeed, there is a size dependence of 

the deposition of the particles to the intestinal walls [166]. Particles of 10 μm demonstrated 

deposition, but particles with smaller sizes, particularly at the nanometer sizes, demonstrated the 

most robust binding to the tissue. One significant barrier for the particles’ cellular uptake is their 

transport through the mucus layer. Sufficient pegylation of the surface of the particles enhances 

the transverse of the nanoparticles through the mucus layer. It has been reported that 40% lower 

surface coverage of the particles with 2 kDa PEG, causes a 700-fold decrease in the transport rate, 

while an increase of the PEG’s molecular weight to 10 kDa results in a 1000-fold increase in 

transport. Thus, lower molecular weight PEG chains densely covering the particle’s surface 

promotes transportation through the mucus [167]. Furthermore, nanoparticles with a size between  

200 and 500 nm efficiently transported through mucus, when PEG-modified, representing a 

potential desirable particle size [168].   

Although larger particle sizes provide significant advantages in formulation preparation and drug 

delivery, such as improved drug loading and prolonged release kinetics, very large particles may 

not diffuse sufficiently through the mucus [40]. Furthermore, cellular uptake depends on the 

particle size, with larger particles being less uptaken by cells [169]. For example, in vitro analysis 

of polystyrene nanoparticles of varying diameters coated with and without d-α-tocopherol 

polyethylene glycol 1,000 succinate (TPGS) indicated a reduction on the cellular uptake in vitro, 

when the particle size increased above 200 nm in Caco-2 and Madin-Darby Canine Kidney 

(MDCK) cell lines [170].  

5. Conclusions and future perspective 

The discovery of RNA-based therapeutics is one of the most significant breakthroughs in recent 

years. siRNA- and miRNA-based therapeutics have demonstrated great promise for the treatment 



of various GI tract diseases and the field is still progressing rapidly. However, the successful oral 

delivery of these RNAs is in its infancy and still evolving, particularly regarding miRNA 

applications. 

Among various strategies for oral delivery of RNAs, non-viral carrier systems appear to be a better 

alternative for delivering nucleic acids. Although not as effective in transfecting cells as the viral 

vectors, the lower production cost, chemical versatility, ubiquitous availability, and lower 

immunogenicity represent significant advantages for the non-viral carrier systems. In particular, 

we consider that polymeric nanocarriers represent an ideal strategy for the oral delivery of active 

compounds, miRNAs and siRNAs. The versatility of the polymeric molecules, in terms of ease on 

altering their physicochemical properties, allows for the development of novel structures and 

nanocarriers that can be tailored for each therapeutic application.  

However, some limitations for successful oral administration of RNA-based therapeutics must be 

overcome. These include: 1) determining how to accurately deliver the therapeutic agents into the 

targeted GI tract cells; 2) evaluate the potential of co-delivery approaches of RNA-based 

therapeutics with drugs currently used for GI tract diseases, and; 3) how it interacts with the 

intestinal microbiota from, both, a healthy individual as well as an individual suffering from a GI 

disease. In this point, more research is warranted on the mechanisms and effects of select 

nanocarriers on the GI, the microbiota and on the impact that microbiota may have in the outcome 

of therapies involving drug delivery nanosystems through the GI tract. In summary, we estimate 

that in the near future, RNA-based therapeutics will overcome the existing limitations, and 

therapeutic oral delivery of miRNAs and siRNAs will progress into the clinic, having the potential 

to contribute significantly to the treatment of GI tract diseases. 

 



 

Executive Summary  

Background 

• Although there are a plethora of studies demonstrating the significance of miRNAs in 

different GI tract diseases, limited research exists on the therapeutic oral delivery and applications 

of miRNAs. 

• Nucleic acid products, such as siRNAs and plasmid DNAs have been studied for the oral 

delivery. The structural similarities between siRNAs and miRNAs indicate that the limited 

research of oral delivery of miRNAs is the result of the relatively recent discovery of these 

molecules and the existing delivery technologies used for siRNA oral delivery have not yet been 

utilized with miRNAs. 

Limitations of nucleic acid-based oral delivery 

• Three aspects of the GI physiology primarily define design, development and success of 

orally administered carriers for nucleic acids: a) the extreme pH environments that vary from the 

very acidic environment in the stomach to the neutral to basic environment at the small and large 

intestine;  b) the strong enzymatic activity present in the GI tract, including pepsin, trypsin, lipases, 

amylases, proteases and nucleases, which can destabilize or degrade carriers and nucleic acids, 

and; c) a tight epithelium surface covered with mucus, which limits the penetration of smaller or 

larger structures.  

Carriers for oral delivery of nucleic acids 

• Stability, capacity to adequately protect nucleic acid-loads and to deliver them in the cells’ 

cytoplasm are critical in the design of effective carriers.  



• Polymeric molecules allow for versatile preparation of carriers with specific properties, as 

well as permit subsequent carrier surface modification for further functionalization.  

• Particle size significantly affects particle uptake by the GI tract. 

• Lipid-based carriers have found limited application in the oral delivery of nucleic acids. 

 

 

Figure 1: Uptake of delivery carriers by the intestinal epithelium and the routes of the carriers can 

utilize to be taken up by and penetrate the intestine. Carriers can enter the lamina propria by: a) 

the paracellular route; b) via transcytosis through enterocytes; c) transfection of epithelial cells; d) 

the transport through dendritic cells or e) M-cells. The carriers can: 1) gain access to the systemic 

circulation; 2) transfect lamina propria cells; 3) induce the expression of genes through 

transfection, which can access 4) the bloodstream; or 5) be processed by lamina propria cells; and 

6), 7) induce immune responses, depending on the carrier’s load. The figure is a reprint with 

permissions from O’Neil et al. [43] 

 

Figure 2: Structure of polymeric molecules used for the development of nucleic acid delivery 

systems. Gelatin structure was reprinted with permissions from Sahoo et al. [127] 

 

Table 1: Representative miRNAs up- and downregulated in different disease conditions of the GI 

tract 

Table 2: Representative research for the different studied polymers for oral administration of 

nucleic acids  

 



References 

1. Labatut AE, Mattheolabakis G. Non-viral based miR delivery and recent developments. 
Eur J Pharm Biopharm 128 82-90 (2018). 

** Fundamentals of gene delivery systems 
2. Bader AG, Brown D, Stoudemire J, Lammers P. Developing therapeutic microRNAs for 

cancer. Gene Ther 18(12), 1121-1126 (2011). 
3. Raisch J, Darfeuille-Michaud A, Nguyen HT. Role of microRNAs in the immune system, 

inflammation and cancer. World J Gastroenterol 19(20), 2985-2996 (2013). 
4. Guo W, Chen W, Yu W, Huang W, Deng W. Small interfering RNA-based molecular 

therapy of cancers. Chin J Cancer 32(9), 488-493 (2013). 
5. Drury RE, O'connor D, Pollard AJ. The Clinical Application of MicroRNAs in Infectious 

Disease. Front Immunol 8 1182 (2017). 
6. Rettig GR, Behlke MA. Progress toward in vivo use of siRNAs-II. Mol Ther 20(3), 483-

512 (2012). 
7. Lam JKW, Chow MYT, Zhang Y, Leung SWS. siRNA Versus miRNA as Therapeutics 

for Gene Silencing. Molecular Therapy - Nucleic Acids 4 e252 (2015). 
** Fundamentals on siRNAs vs. miRNAs 
8. Aleman LM, Doench J, Sharp PA. Comparison of siRNA-induced off-target RNA and 

protein effects. RNA 13(3), 385-395 (2007). 
** Fundamentals on siRNAs vs. miRNAs 
9. Zhang B, Pan X, Cobb GP, Anderson TA. Plant microRNA: a small regulatory molecule 

with big impact. Dev Biol 289(1), 3-16 (2006). 
10. Lam JK, Chow MY, Zhang Y, Leung SW. siRNA Versus miRNA as Therapeutics for Gene 

Silencing. Mol Ther Nucleic Acids 4 e252 (2015). 
** Fundamentals on siRNAs vs. miRNAs 
11. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116(2), 281-

297 (2004). 
12. Baskerville S, Bartel DP. Microarray profiling of microRNAs reveals frequent 

coexpression with neighboring miRNAs and host genes. RNA 11(3), 241-247 (2005). 
13. Kim YK, Kim VN. Processing of intronic microRNAs. EMBO J 26(3), 775-783 (2007). 
14. Shenouda SK, Alahari SK. MicroRNA function in cancer: oncogene or a tumor 

suppressor? Cancer Metastasis Rev 28(3-4), 369-378 (2009). 
15. Tahamtan A, Teymoori-Rad M, Nakstad B, Salimi V. Anti-Inflammatory MicroRNAs and 

Their Potential for Inflammatory Diseases Treatment. Front Immunol 9 1377 (2018). 
16. Christopher AF, Kaur RP, Kaur G, Kaur A, Gupta V, Bansal P. MicroRNA therapeutics: 

Discovering novel targets and developing specific therapy. Perspect Clin Res 7(2), 68-74 
(2016). 

17. Yu L, Todd NW, Xing L et al. Early detection of lung adenocarcinoma in sputum by a 
panel of microRNA markers. Int J Cancer 127(12), 2870-2878 (2010). 

18. Beg MS, Brenner AJ, Sachdev J et al. Phase I study of MRX34, a liposomal miR-34a 
mimic, administered twice weekly in patients with advanced solid tumors. Invest New 
Drugs 35(2), 180-188 (2017). 

19. Shibata C, Otsuka M, Kishikawa T et al. Current status of miRNA-targeting therapeutics 
and preclinical studies against gastroenterological carcinoma. Mol Cell Ther 1 5 (2013). 



20. Huang Y. Preclinical and Clinical Advances of GalNAc-Decorated Nucleic Acid 
Therapeutics. Mol Ther Nucleic Acids 6 116-132 (2017). 

21. Prieto J, Herraiz M, Sangro B et al. The promise of gene therapy in gastrointestinal and 
liver diseases. Gut 52 Suppl 2 ii49-54 (2003). 

22. Raemdonck K, Vandenbroucke RE, Demeester J, Sanders NN, De Smedt SC. Maintaining 
the silence: reflections on long-term RNAi. Drug Discov Today 13(21-22), 917-931 
(2008). 

23. Baumann V, Winkler J. miRNA-based therapies: strategies and delivery platforms for 
oligonucleotide and non-oligonucleotide agents. Future Med Chem 6(17), 1967-1984 
(2014). 

* miRNA delivery methodologies 
24. Ibrisimovic M, Kneidinger D, Lion T, Klein R. An adenoviral vector-based expression and 

delivery system for the inhibition of wild-type adenovirus replication by artificial 
microRNAs. Antiviral Res 97(1), 10-23 (2013). 

25. Silman NJ, Fooks AR. Biophysical targeting of adenovirus vectors for gene therapy. Curr 
Opin Mol Ther 2(5), 524-531 (2000). 

26. Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery systems for gene delivery. 
Adv Biomed Res 1 27 (2012). 

** Nucleic acid-delivery methodologies 
27. Helander HF, Fandriks L. Surface area of the digestive tract - revisited. Scand J 

Gastroenterol 49(6), 681-689 (2014). 
28. Mattheolabakis G, Rigas B, Constantinides PP. Nanodelivery strategies in cancer 

chemotherapy: biological rationale and pharmaceutical perspectives. Nanomedicine (Lond) 
7(10), 1577-1590 (2012). 

** Fundamentals on drug delivery carriers 
29. Reinholz J, Landfester K, Mailander V. The challenges of oral drug delivery via 

nanocarriers. Drug Deliv 25(1), 1694-1705 (2018). 
30. Lozier JN, Yankaskas JR, Ramsey WJ, Chen L, Berschneider H, Morgan RA. Gut 

epithelial cells as targets for gene therapy of hemophilia. Hum Gene Ther 8(12), 1481-1490 
(1997). 

31. Robinson K, Letley DP, Kaneko K. The Human Stomach in Health and Disease: Infection 
Strategies by Helicobacter pylori. Curr Top Microbiol Immunol 400 1-26 (2017). 

32. Hunt RH, Camilleri M, Crowe SE et al. The stomach in health and disease. Gut 64(10), 
1650-1668 (2015). 

33. Liu Y, Zhang Y, Dong P et al. Digestion of Nucleic Acids Starts in the Stomach. Sci Rep 
5 11936 (2015). 

34. Loretz B, Foger F, Werle M, Bernkop-Schnurch A. Oral gene delivery: Strategies to 
improve stability of pDNA towards intestinal digestion. J Drug Target 14(5), 311-319 
(2006). 

35. Nishi J, Fumoto S, Ishii H et al. Highly stomach-selective gene transfer following gastric 
serosal surface instillation of naked plasmid DNA in rats. J Gastroenterol 43(12), 912-919 
(2008). 

36. Ha X, Peng J, Zhao H et al. Enhancement of Gastric Ulcer Healing and Angiogenesis by 
Hepatocyte Growth Factor Gene Mediated by Attenuated Salmonella in Rats. J Korean 
Med Sci 32(2), 186-194 (2017). 



37. Johansson ME. Fast renewal of the distal colonic mucus layers by the surface goblet cells 
as measured by in vivo labeling of mucin glycoproteins. PLoS One 7(7), e41009 (2012). 

38. Lehr C-M, Poelma FGJ, Junginger HE, Tukker JJ. An estimate of turnover time of 
intestinal mucus gel layer in the rat in situ loop. Int J Pharmaceut 70(3), 235-240 (1991). 

39. Hansson GC. Role of mucus layers in gut infection and inflammation. Curr Opin Microbiol 
15(1), 57-62 (2012). 

40. Lai SK, Wang YY, Hanes J. Mucus-penetrating nanoparticles for drug and gene delivery 
to mucosal tissues. Adv Drug Deliv Rev 61(2), 158-171 (2009). 

41. Pullan RD, Thomas GA, Rhodes M et al. Thickness of adherent mucus gel on colonic 
mucosa in humans and its relevance to colitis. Gut 35(3), 353-359 (1994). 

42. Henke MO, Ratjen F. Mucolytics in cystic fibrosis. Paediatr Respir Rev 8(1), 24-29 (2007). 
43. O'neill MJ, Bourre L, Melgar S, O'driscoll CM. Intestinal delivery of non-viral gene 

therapeutics: physiological barriers and preclinical models. Drug Discov Today 16(5-6), 
203-218 (2011). 

44. Ahluwalia B, Moraes L, Magnusson MK, Ohman L. Immunopathogenesis of inflammatory 
bowel disease and mechanisms of biological therapies. Scand J Gastroenterol 53(4), 379-
389 (2018). 

45. Matricon J, Barnich N, Ardid D. Immunopathogenesis of inflammatory bowel disease. Self 
Nonself 1(4), 299-309 (2010). 

46. Kuhl AA, Erben U, Kredel LI, Siegmund B. Diversity of Intestinal Macrophages in 
Inflammatory Bowel Diseases. Front Immunol 6 613 (2015). 

47. Thomas S, Izard J, Walsh E et al. The Host Microbiome Regulates and Maintains Human 
Health: A Primer and Perspective for Non-Microbiologists. Cancer Research 77(8), 1783-
1812 (2017). 

48. Karavolos M, Holban A. Nanosized Drug Delivery Systems in Gastrointestinal Targeting: 
Interactions with Microbiota. Pharmaceuticals (Basel) 9(4), (2016). 

49. O'driscoll CM, Bernkop-Schnurch A, Friedl JD, Preat V, Jannin V. Oral delivery of non-
viral nucleic acid-based therapeutics - do we have the guts for this? Eur J Pharm Sci 133 
190-204 (2019). 

50. Mcconnell EL, Short MD, Basit AW. An in vivo comparison of intestinal pH and bacteria 
as physiological trigger mechanisms for colonic targeting in man. J Control Release 
130(2), 154-160 (2008). 

51. Nishida A, Inoue R, Inatomi O, Bamba S, Naito Y, Andoh A. Gut microbiota in the 
pathogenesis of inflammatory bowel disease. Clinical Journal of Gastroenterology 11(1), 
1-10 (2018). 

52. Sheehan D, Shanahan F. The Gut Microbiota in Inflammatory Bowel Disease. 
Gastroenterol Clin North Am 46(1), 143-154 (2017). 

53. Ng R, Song G, Roll GR, Frandsen NM, Willenbring H. A microRNA-21 surge facilitates 
rapid cyclin D1 translation and cell cycle progression in mouse liver regeneration. J Clin 
Invest 122(3), 1097-1108 (2012). 

54. Png KJ, Halberg N, Yoshida M, Tavazoie SF. A microRNA regulon that mediates 
endothelial recruitment and metastasis by cancer cells. Nature 481(7380), 190-194 (2011). 

55. Hossian A, Sajib MS, Tullar PE, Mikelis CM, Mattheolabakis G. Multipronged activity of 
combinatorial miR-143 and miR-506 inhibits Lung Cancer cell cycle progression and 
angiogenesis in vitro. Sci Rep 8(1), 10495 (2018). 



56. Su Z, Yang Z, Xu Y, Chen Y, Yu Q. MicroRNAs in apoptosis, autophagy and necroptosis. 
Oncotarget 6(11), 8474-8490 (2015). 

57. Rayner KJ, Esau CC, Hussain FN et al. Inhibition of miR-33a/b in non-human primates 
raises plasma HDL and lowers VLDL triglycerides. Nature 478(7369), 404-407 (2011). 

58. Runtsch MC, Round JL, O'connell RM. MicroRNAs and the regulation of intestinal 
homeostasis. Front Genet 5 347 (2014). 

59. Schaefer JS. MicroRNAs: how many in inflammatory bowel disease? Curr Opin 
Gastroenterol 32(4), 258-266 (2016). 

60. Orang AV, Barzegari A. MicroRNAs in colorectal cancer: from diagnosis to targeted 
therapy. Asian Pac J Cancer Prev 15(17), 6989-6999 (2014). 

61. Krishna CV, Singh J, Thangavel C, Rattan S. Role of microRNAs in gastrointestinal 
smooth muscle fibrosis and dysfunction: novel molecular perspectives on the 
pathophysiology and therapeutic targeting. Am J Physiol Gastrointest Liver Physiol 310(7), 
G449-459 (2016). 

62. Biton M, Levin A, Slyper M et al. Epithelial microRNAs regulate gut mucosal immunity 
via epithelium–T cell crosstalk. Nature Immunology 12 239 (2011). 

63. Fasseu M, Treton X, Guichard C et al. Identification of restricted subsets of mature 
microRNA abnormally expressed in inactive colonic mucosa of patients with inflammatory 
bowel disease. PLoS One 5(10), (2010). 

64. Ma F, Xu S, Liu X et al. The microRNA miR-29 controls innate and adaptive immune 
responses to intracellular bacterial infection by targeting interferon-gamma. Nat Immunol 
12(9), 861-869 (2011). 

65. Sasaki T, Hiwatashi N, Yamazaki H, Noguchi M, Toyota T. The role of interferon gamma 
in the pathogenesis of Crohn's disease. Gastroenterol Jpn 27(1), 29-36 (1992). 

66. Ito R, Shin-Ya M, Kishida T et al. Interferon-gamma is causatively involved in 
experimental inflammatory bowel disease in mice. Clin Exp Immunol 146(2), 330-338 
(2006). 

67. Palmieri O, Creanza TM, Bossa F et al. Functional Implications of MicroRNAs in Crohn's 
Disease Revealed by Integrating MicroRNA and Messenger RNA Expression Profiling. 
Int J Mol Sci 18(7), (2017). 

68. Cheng X, Zhang X, Su J et al. miR-19b downregulates intestinal SOCS3 to reduce 
intestinal inflammation in Crohn’s disease. Scientific Reports 5 10397 (2015). 

69. Parzanese I, Qehajaj D, Patrinicola F et al. Celiac disease: From pathophysiology to 
treatment. World J Gastrointest Pathophysiol 8(2), 27-38 (2017). 

70. Capuano M, Iaffaldano L, Tinto N et al. MicroRNA-449a overexpression, reduced 
NOTCH1 signals and scarce goblet cells characterize the small intestine of celiac patients. 
PLoS One 6(12), e29094 (2011). 

71. Ludwig K, Fassan M, Mescoli C et al. PDCD4/miR-21 dysregulation in inflammatory 
bowel disease-associated carcinogenesis. Virchows Arch 462(1), 57-63 (2013). 

72. Duan J, Zhang H, Qu Y et al. Onco-miR-130 promotes cell proliferation and migration by 
targeting TGFbetaR2 in gastric cancer. Oncotarget 7(28), 44522-44533 (2016). 

73. Wu J, Li G, Yao Y, Wang Z, Sun W, Wang J. MicroRNA-421 is a new potential diagnosis 
biomarker with higher sensitivity and specificity than carcinoembryonic antigen and cancer 
antigen 125 in gastric cancer. Biomarkers 20(1), 58-63 (2015). 

74. Netz U, Carter J, Eichenberger MR et al. Plasma microRNA Profile Differentiates Crohn's 
Colitis From Ulcerative Colitis. Inflamm Bowel Dis 24(1), 159-165 (2017). 



75. Felli C, Baldassarre A, Masotti A. Intestinal and Circulating MicroRNAs in Coeliac 
Disease. Int J Mol Sci 18(9), (2017). 

76. Tsai MM, Wang CS, Tsai CY et al. Potential Diagnostic, Prognostic and Therapeutic 
Targets of MicroRNAs in Human Gastric Cancer. Int J Mol Sci 17(6), (2016). 

77. Masuda T, Hayashi N, Kuroda Y, Ito S, Eguchi H, Mimori K. MicroRNAs as Biomarkers 
in Colorectal Cancer. Cancers (Basel) 9(9), (2017). 

78. Lin J, Welker NC, Zhao Z et al. Novel specific microRNA biomarkers in idiopathic 
inflammatory bowel disease unrelated to disease activity. Modern Pathology 27 602 
(2013). 

79. Chen Y, Ge W, Xu L et al. miR-200b is involved in intestinal fibrosis of Crohn's disease. 
Int J Mol Med 29(4), 601-606 (2012). 

80. Lewis A, Mehta S, Hanna LN et al. Low Serum Levels of MicroRNA-19 Are Associated 
with a Stricturing Crohn's Disease Phenotype. Inflamm Bowel Dis 21(8), 1926-1934 
(2015). 

81. Nijhuis A, Biancheri P, Lewis A et al. In Crohn's disease fibrosis-reduced expression of 
the miR-29 family enhances collagen expression in intestinal fibroblasts. Clin Sci (Lond) 
127(5), 341-350 (2014). 

82. Hou J, Hu X, Chen B et al. miR-155 targets Est-1 and induces ulcerative colitis via the IL-
23/17/6-mediated Th17 pathway. Pathol Res Pract 213(10), 1289-1295 (2017). 

83. Bian Z, Li L, Cui J et al. Role of miR-150-targeting c-Myb in colonic epithelial disruption 
during dextran sulphate sodium-induced murine experimental colitis and human ulcerative 
colitis. J Pathol 225(4), 544-553 (2011). 

84. Coskun M, Bjerrum JT, Seidelin JB, Troelsen JT, Olsen J, Nielsen OH. miR-20b, miR-98, 
miR-125b-1*, and let-7e* as new potential diagnostic biomarkers in ulcerative colitis. 
World J Gastroenterol 19(27), 4289-4299 (2013). 

85. Koukos G, Polytarchou C, Kaplan JL et al. MicroRNA-124 regulates STAT3 expression 
and is down-regulated in colon tissues of pediatric patients with ulcerative colitis. 
Gastroenterology 145(4), 842-852 e842 (2013). 

86. Chen Y, Xiao Y, Ge W et al. miR-200b inhibits TGF-beta1-induced epithelial-
mesenchymal transition and promotes growth of intestinal epithelial cells. Cell Death Dis 
4 e541 (2013). 

87. Chapman CG, Pekow J. The emerging role of miRNAs in inflammatory bowel disease: a 
review. Therap Adv Gastroenterol 8(1), 4-22 (2015). 

88. Koga Y, Yasunaga M, Takahashi A et al. MicroRNA expression profiling of exfoliated 
colonocytes isolated from feces for colorectal cancer screening. Cancer Prev Res (Phila) 
3(11), 1435-1442 (2010). 

89. Huang Z, Huang D, Ni S, Peng Z, Sheng W, Du X. Plasma microRNAs are promising 
novel biomarkers for early detection of colorectal cancer. Int J Cancer 127(1), 118-126 
(2010). 

90. Ng EK, Chong WW, Jin H et al. Differential expression of microRNAs in plasma of 
patients with colorectal cancer: a potential marker for colorectal cancer screening. Gut 
58(10), 1375-1381 (2009). 

91. Nakajima G, Hayashi K, Xi Y et al. Non-coding MicroRNAs hsa-let-7g and hsa-miR-181b 
are Associated with Chemoresponse to S-1 in Colon Cancer. Cancer Genomics Proteomics 
3(5), 317-324 (2006). 



92. Motoyama K, Inoue H, Takatsuno Y et al. Over- and under-expressed microRNAs in 
human colorectal cancer. Int J Oncol 34(4), 1069-1075 (2009). 

93. Slaby O, Svoboda M, Fabian P et al. Altered expression of miR-21, miR-31, miR-143 and 
miR-145 is related to clinicopathologic features of colorectal cancer. Oncology 72(5-6), 
397-402 (2007). 

94. Schetter AJ, Leung SY, Sohn JJ et al. MicroRNA expression profiles associated with 
prognosis and therapeutic outcome in colon adenocarcinoma. JAMA 299(4), 425-436 
(2008). 

95. Bandres E, Cubedo E, Agirre X et al. Identification by Real-time PCR of 13 mature 
microRNAs differentially expressed in colorectal cancer and non-tumoral tissues. Mol 
Cancer 5 29 (2006). 

96. Wang CJ, Zhou ZG, Wang L et al. Clinicopathological significance of microRNA-31, -
143 and -145 expression in colorectal cancer. Dis Markers 26(1), 27-34 (2009). 

97. Kulda V, Pesta M, Topolcan O et al. Relevance of miR-21 and miR-143 expression in 
tissue samples of colorectal carcinoma and its liver metastases. Cancer Genet Cytogenet 
200(2), 154-160 (2010). 

98. Schepeler T, Reinert JT, Ostenfeld MS et al. Diagnostic and prognostic microRNAs in 
stage II colon cancer. Cancer Res 68(15), 6416-6424 (2008). 

99. Xia SS, Zhang GJ, Liu ZL et al. MicroRNA-22 suppresses the growth, migration and 
invasion of colorectal cancer cells through a Sp1 negative feedback loop. Oncotarget 8(22), 
36266-36278 (2017). 

100. Yang IP, Tsai HL, Miao ZF et al. Development of a deregulating microRNA panel for the 
detection of early relapse in postoperative colorectal cancer patients. J Transl Med 14(1), 
108 (2016). 

101. Xiao G, Tang H, Wei W, Li J, Ji L, Ge J. Aberrant Expression of MicroRNA-15a and 
MicroRNA-16 Synergistically Associates with Tumor Progression and Prognosis in 
Patients with Colorectal Cancer. Gastroenterol Res Pract 2014 364549 (2014). 

102. Konishi H, Ichikawa D, Komatsu S et al. Detection of gastric cancer-associated 
microRNAs on microRNA microarray comparing pre- and post-operative plasma. Br J 
Cancer 106(4), 740-747 (2012). 

103. Tsujiura M, Ichikawa D, Komatsu S et al. Circulating microRNAs in plasma of patients 
with gastric cancers. Br J Cancer 102(7), 1174-1179 (2010). 

104. Deng H, Guo Y, Song H et al. MicroRNA-195 and microRNA-378 mediate tumor growth 
suppression by epigenetical regulation in gastric cancer. Gene 518(2), 351-359 (2013). 

105. Wang M, Gu H, Qian H et al. miR-17-5p/20a are important markers for gastric cancer and 
murine double minute 2 participates in their functional regulation. Eur J Cancer 49(8), 
2010-2021 (2013). 

106. Wu JG, Wang JJ, Jiang X et al. MiR-125b promotes cell migration and invasion by 
targeting PPP1CA-Rb signal pathways in gastric cancer, resulting in a poor prognosis. 
Gastric Cancer 18(4), 729-739 (2015). 

107. Shi DB, Wang YW, Xing AY et al. C/EBPalpha-induced miR-100 expression suppresses 
tumor metastasis and growth by targeting ZBTB7A in gastric cancer. Cancer Lett 369(2), 
376-385 (2015). 

108. Sugiyama T, Taniguchi K, Matsuhashi N et al. MiR-133b inhibits growth of human gastric 
cancer cells by silencing pyruvate kinase muscle-splicer polypyrimidine tract-binding 
protein 1. Cancer Sci 107(12), 1767-1775 (2016). 



109. Zheng B, Liang L, Wang C et al. MicroRNA-148a suppresses tumor cell invasion and 
metastasis by downregulating ROCK1 in gastric cancer. Clin Cancer Res 17(24), 7574-
7583 (2011). 

110. Zhang D, Xiao YF, Zhang JW et al. miR-1182 attenuates gastric cancer proliferation and 
metastasis by targeting the open reading frame of hTERT. Cancer Lett 360(2), 151-159 
(2015). 

111. Chen L, Lu MH, Zhang D et al. miR-1207-5p and miR-1266 suppress gastric cancer 
growth and invasion by targeting telomerase reverse transcriptase. Cell Death Dis 5 e1034 
(2014). 

112. Cui H, Wang L, Gong P et al. Deregulation between miR-29b/c and DNMT3A is 
associated with epigenetic silencing of the CDH1 gene, affecting cell migration and 
invasion in gastric cancer. PLoS One 10(4), e0123926 (2015). 

113. Hao NB, He YF, Li XQ, Wang K, Wang RL. The role of miRNA and lncRNA in gastric 
cancer. Oncotarget 8(46), 81572-81582 (2017). 

114. Vaira V, Roncoroni L, Barisani D et al. microRNA profiles in coeliac patients distinguish 
different clinical phenotypes and are modulated by gliadin peptides in primary duodenal 
fibroblasts. Clin Sci (Lond) 126(6), 417-423 (2014). 

115. Chen HX, Marshall JL, Ness E et al. A safety and pharmacokinetic study of a mixed-
backbone oligonucleotide (GEM231) targeting the type I protein kinase A by two-hour 
infusions in patients with refractory solid tumors. Clin Cancer Res 6(4), 1259-1266 (2000). 

116. Tortora G, Bianco R, Damiano V et al. Oral antisense that targets protein kinase A 
cooperates with taxol and inhibits tumor growth, angiogenesis, and growth factor 
production. Clin Cancer Res 6(6), 2506-2512 (2000). 

117. Ur Rehman Z, Hoekstra D, Zuhorn IS. Mechanism of polyplex- and lipoplex-mediated 
delivery of nucleic acids: real-time visualization of transient membrane destabilization 
without endosomal lysis. ACS Nano 7(5), 3767-3777 (2013). 

118. Dai X, Chen X, Chen Q et al. MicroRNA-193a-3p Reduces Intestinal Inflammation in 
Response to Microbiota via Down-regulation of Colonic PepT1. J Biol Chem 290(26), 
16099-16115 (2015). 

119. Klausner EA, Leong KW. 167. Polyethyleneimines as Vehicles for Oral Gene Delivery. 
Molecular Therapy 13 S64-S65 (2006). 

120. Laroui H, Theiss AL, Yan Y et al. Functional TNFalpha gene silencing mediated by 
polyethyleneimine/TNFalpha siRNA nanocomplexes in inflamed colon. Biomaterials 
32(4), 1218-1228 (2011). 

121. Dey A, Kamat A, Nayak S et al. Role of proton balance in formation of self-assembled 
chitosan nanoparticles. Colloids Surf B Biointerfaces 166 127-134 (2018). 

122. Roy K, Mao H-Q, Huang SK, Leong KW. Oral gene delivery with chitosan–DNA 
nanoparticles generates immunologic protection in a murine model of peanut allergy. 
Nature Medicine 5 387 (1999). 

123. He C, Yin L, Tang C, Yin C. Multifunctional polymeric nanoparticles for oral delivery of 
TNF-alpha siRNA to macrophages. Biomaterials 34(11), 2843-2854 (2013). 

124. He C, Yin L, Song Y, Tang C, Yin C. Optimization of multifunctional chitosan-siRNA 
nanoparticles for oral delivery applications, targeting TNF-alpha silencing in rats. Acta 
Biomater 17 98-106 (2015). 



125. Bernkop-Schnurch A, Krajicek ME. Mucoadhesive polymers as platforms for peroral 
peptide delivery and absorption: synthesis and evaluation of different chitosan-EDTA 
conjugates. J Control Release 50(1-3), 215-223 (1998). 

126. Zhang J, Tang C, Yin C. Galactosylated trimethyl chitosan-cysteine nanoparticles loaded 
with Map4k4 siRNA for targeting activated macrophages. Biomaterials 34(14), 3667-3677 
(2013). 

127. Sahoo N, Sahoo RK, Biswas N, Guha A, Kuotsu K. Recent advancement of gelatin 
nanoparticles in drug and vaccine delivery. Int J Biol Macromol 81 317-331 (2015). 

128. Kaul G, Amiji M. Tumor-targeted gene delivery using poly(ethylene glycol)-modified 
gelatin nanoparticles: in vitro and in vivo studies. Pharm Res 22(6), 951-961 (2005). 

129. Wang H, Boerman OC, Sariibrahimoglu K, Li Y, Jansen JA, Leeuwenburgh SC. 
Comparison of micro- vs. nanostructured colloidal gelatin gels for sustained delivery of 
osteogenic proteins: Bone morphogenetic protein-2 and alkaline phosphatase. Biomaterials 
33(33), 8695-8703 (2012). 

130. Bhavsar MD, Tiwari SB, Amiji MM. Formulation optimization for the nanoparticles-in-
microsphere hybrid oral delivery system using factorial design. J Control Release 110(2), 
422-430 (2006). 

131. Bhavsar MD, Amiji MM. Gastrointestinal distribution and in vivo gene transfection studies 
with nanoparticles-in-microsphere oral system (NiMOS). J Control Release 119(3), 339-
348 (2007). 

132. Kriegel C, Amiji M. Oral TNF-alpha gene silencing using a polymeric microsphere-based 
delivery system for the treatment of inflammatory bowel disease. J Control Release 150(1), 
77-86 (2011). 

133. Kommareddy S, Amiji M. Preparation and evaluation of thiol-modified gelatin 
nanoparticles for intracellular DNA delivery in response to glutathione. Bioconjug Chem 
16(6), 1423-1432 (2005). 

134. Elzoghby AO. Gelatin-based nanoparticles as drug and gene delivery systems: reviewing 
three decades of research. Journal of Controlled Release 172(3), 1075-1091 (2013). 

135. Cui F, Shi K, Zhang L, Tao A, Kawashima Y. Biodegradable nanoparticles loaded with 
insulin-phospholipid complex for oral delivery: preparation, in vitro characterization and 
in vivo evaluation. J Control Release 114(2), 242-250 (2006). 

136. Malathi S, Nandhakumar P, Pandiyan V, Webster TJ, Balasubramanian S. Novel PLGA-
based nanoparticles for the oral delivery of insulin. Int J Nanomedicine 10 2207-2218 
(2015). 

137. Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V. Rapid endo-lysosomal escape 
of poly(DL-lactide-co-glycolide) nanoparticles: implications for drug and gene delivery. 
FASEB J 16(10), 1217-1226 (2002). 

138. Kaneko H, Bednarek I, Wierzbicki A et al. Oral DNA vaccination promotes mucosal and 
systemic immune responses to HIV envelope glycoprotein. Virology 267(1), 8-16 (2000). 

139. He XW, Wang F, Jiang L et al. Induction of mucosal and systemic immune response by 
single-dose oral immunization with biodegradable microparticles containing DNA 
encoding HBsAg. J Gen Virol 86(Pt 3), 601-610 (2005). 

140. Du L, Yu Z, Pang F et al. Targeted Delivery of GP5 Antigen of PRRSV to M Cells 
Enhances the Antigen-Specific Systemic and Mucosal Immune Responses. Front Cell 
Infect Microbiol 8 7 (2018). 



141. Huang Y, Guo J, Gui S. Orally targeted galactosylated chitosan poly(lactic-co-glycolic 
acid) nanoparticles loaded with TNF-a siRNA provide a novel strategy for the experimental 
treatment of ulcerative colitis. Eur J Pharm Sci 125 232-243 (2018). 

142. Laroui H, Viennois E, Xiao B et al. Fab'-bearing siRNA TNFalpha-loaded nanoparticles 
targeted to colonic macrophages offer an effective therapy for experimental colitis. J 
Control Release 186 41-53 (2014). 

143. He Z, Hu Y, Nie T et al. Size-controlled lipid nanoparticle production using turbulent 
mixing to enhance oral DNA delivery. Acta Biomater 81 195-207 (2018). 

144. Patil Y, Panyam J. Polymeric nanoparticles for siRNA delivery and gene silencing. Int J 
Pharm 367(1-2), 195-203 (2009). 

145. Howard KA, Li XW, Somavarapu S et al. Formulation of a microparticle carrier for oral 
polyplex-based DNA vaccines. Biochim Biophys Acta 1674(2), 149-157 (2004). 

146. Kang SH, Revuri V, Lee SJ et al. Oral siRNA Delivery to Treat Colorectal Liver 
Metastases. ACS Nano 11(10), 10417-10429 (2017). 

147. Ballarin-Gonzalez B, Dagnaes-Hansen F, Fenton RA et al. Protection and Systemic 
Translocation of siRNA Following Oral Administration of Chitosan/siRNA Nanoparticles. 
Mol Ther Nucleic Acids 2 e76 (2013). 

148. He C, Yin L, Tang C, Yin C. Trimethyl chitosan-cysteine nanoparticles for systemic 
delivery of TNF-alpha siRNA via oral and intraperitoneal routes. Pharm Res 30(10), 2596-
2606 (2013). 

149. Sadio A, Gustafsson JK, Pereira B et al. Modified-chitosan/siRNA nanoparticles 
downregulate cellular CDX2 expression and cross the gastric mucus barrier. PLoS One 
9(6), e99449 (2014). 

150. Wei W, Lv PP, Chen XM et al. Codelivery of mTERT siRNA and paclitaxel by chitosan-
based nanoparticles promoted synergistic tumor suppression. Biomaterials 34(15), 3912-
3923 (2013). 

151. Han L, Tang C, Yin C. Oral delivery of shRNA and siRNA via multifunctional polymeric 
nanoparticles for synergistic cancer therapy. Biomaterials 35(15), 4589-4600 (2014). 

152. Kriegel C, Attarwala H, Amiji M. Multi-compartmental oral delivery systems for nucleic 
acid therapy in the gastrointestinal tract. Adv Drug Deliv Rev 65(6), 891-901 (2013). 

153. Xu J, Ganesh S, Amiji M. Non-condensing polymeric nanoparticles for targeted gene and 
siRNA delivery. Int J Pharm 427(1), 21-34 (2012). 

154. Kriegel C, Amiji MM. Dual TNF-alpha/Cyclin D1 Gene Silencing With an Oral Polymeric 
Microparticle System as a Novel Strategy for the Treatment of Inflammatory Bowel 
Disease. Clin Transl Gastroenterol 2 e2 (2011). 

155. Iqbal S, Du X, Wang J, Li H, Yuan Y, Wang J. Surface charge tunable nanoparticles for 
TNF-α siRNA oral delivery for treating ulcerative colitis. Nano Research 11(5), 2872-2884 
(2018). 

156. Xiao B, Zhang Z, Viennois E et al. Combination Therapy for Ulcerative Colitis: Orally 
Targeted Nanoparticles Prevent Mucosal Damage and Relieve Inflammation. Theranostics 
6(12), 2250-2266 (2016). 

157. Tros De Ilarduya C, Sun Y, Duzgunes N. Gene delivery by lipoplexes and polyplexes. Eur 
J Pharm Sci 40(3), 159-170 (2010). 

158. Rowland RN, Woodley JF. The stability of liposomes in vitro to pH, bile salts and 
pancreatic lipase. Biochim Biophys Acta 620(3), 400-409 (1980). 



159. Zhang Y, Cristofaro P, Silbermann R et al. Engineering mucosal RNA interference in vivo. 
Mol Ther 14(3), 336-342 (2006). 

160. Fichera A, Guo Y, Romero L, Michelassi F, Arenas RB. Quantitation of in vivo gene 
delivery by restriction enzyme PCR generated polymorphism. J Surg Res 69(1), 188-192 
(1997). 

161. Sugimoto K, Ogawa A, Mizoguchi E et al. IL-22 ameliorates intestinal inflammation in a 
mouse model of ulcerative colitis. J Clin Invest 118(2), 534-544 (2008). 

162. Ball RL, Bajaj P, Whitehead KA. Oral delivery of siRNA lipid nanoparticles: Fate in the 
GI tract. Sci Rep 8(1), 2178 (2018). 

163. Whitehead KA, Dorkin JR, Vegas AJ et al. Degradable lipid nanoparticles with predictable 
in vivo siRNA delivery activity. Nat Commun 5 4277 (2014). 

164. Ball RL, Knapp CM, Whitehead KA. Lipidoid Nanoparticles for siRNA Delivery to the 
Intestinal Epithelium: In Vitro Investigations in a Caco-2 Model. PLoS One 10(7), 
e0133154 (2015). 

165. Hussain N, Jaitley V, Florence AT. Recent advances in the understanding of uptake of 
microparticulates across the gastrointestinal lymphatics. Adv Drug Deliv Rev 50(1-2), 107-
142 (2001). 

166. Lamprecht A, Schafer U, Lehr CM. Size-dependent bioadhesion of micro- and 
nanoparticulate carriers to the inflamed colonic mucosa. Pharm Res 18(6), 788-793 (2001). 

167. Wang YY, Lai SK, Suk JS, Pace A, Cone R, Hanes J. Addressing the PEG mucoadhesivity 
paradox to engineer nanoparticles that "slip" through the human mucus barrier. Angew 
Chem Int Ed Engl 47(50), 9726-9729 (2008). 

168. Lai SK, O'hanlon DE, Harrold S et al. Rapid transport of large polymeric nanoparticles in 
fresh undiluted human mucus. Proc Natl Acad Sci U S A 104(5), 1482-1487 (2007). 

169. Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization of particles via 
the pathways of clathrin- and caveolae-mediated endocytosis. Biochem J 377(Pt 1), 159-
169 (2004). 

170. Kulkarni SA, Feng SS. Effects of particle size and surface modification on cellular uptake 
and biodistribution of polymeric nanoparticles for drug delivery. Pharm Res 30(10), 2512-
2522 (2013). 

 


	Executive Summary
	Background



