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The upper GI tract consists of the mouth, pharynx, esophagus, stomach, and the first part of the small intestine (duodenum), whereas the lower GI tract includes the other parts of the small intestine (jejunum and ileum) and the large intestine (cecum, colon, and rectum) (Marieb and Hoehn, 2010; Reinus and Simon, 2014). Challenges and Recent
Progress in Oral Drug Delivery Systems for Biopharmaceuticals. C., Trotman, I. A., Cummings, J. Gastrointestinal transit and systemic absorption of captopril from a pulsed-release formulation. Nanomed. In vitro and in vivo evaluation of an oral system for time and/or site-specific drug delivery. This avoids the limitations of single-unit dosage forms.
The effect of surface charge on oral absorption of polymeric nanoparticles. doi: 10.1023/A:1011002913601CrossRef Full Text | Google Scholar Atuma, C., Strugala, V., Allen, A., Holm, L. Gut 38 (6), 859–863. J., Meulbroek, J. Drug delivery to the upper small intestine window using gastroretentive technologies. H. doi:
10.1016/j.jconrel.2013.07.031PubMed Abstract | CrossRef Full Text | Google Scholar Watts, P. J., Kane, J. T., Wang, Y. Control Release 97 (1), 31–42. For example, one of the first formulations of this type was Pulsincap® (Wilding et al., 1992; Stevens et al., 2002; Jain et al., 2011; Patel et al., 2011). doi: 10.1038/nmat2859PubMed Abstract | CrossRef
Full Text | Google Scholar Xiao, B., Merlin, D. However, further in vivo studies are required to determine the translatability of these platforms for clinical use. Variability in gastric emptying time can also affect drug release in the small intestine (Al-Gousous et al., 2017). For example, mannose receptors are localized on the apical surface of
enterocytes (Fievez et al., 2009; Managuli et al., 2018). Improved intestinal absorption of calcitonin by mucoadhesive delivery of novel pectin–liposome nanocomplexes. doi: 10.1007/BF02093613CrossRef Full Text | Google Scholar Lin, H. Evidence does not support absorption of intact solid lipid nanoparticles via oral delivery. Variation in
gastrointestinal transit of pharmaceutical dosage forms in healthy subjects. doi: 10.1084/jem.184.3.1045PubMed Abstract | CrossRef Full Text | Google Scholar Gareb, B., Eissens, A. doi: 10.1023/A:1015849700421CrossRef Full Text | Google Scholar Cummings, J. M., Richter, J. The ethyl cellulose granules then ensure time-dependent drug release in
the colon. doi: 10.1023/A:1018893409596CrossRef Full Text | Google Scholar Fievez, V., Plapied, L., des Rieux, A., Pourcelle, V., Freichels, H., Wascotte, V., et al. 43 (2-3), 207–223. This should be taken into account to avoid an overestimation of the nanoparticle transport capacity in humans (Lundquist and Artursson, 2016).Nanoparticulate Dosage
Forms for Colon DeliveryThe use of nanoparticulate formulations have demonstrated promising results for colonic drug delivery (Hua, 2014; Hua et al., 2015; Zhang et al., 2017). Therefore, changes in intestinal fluid volumes can influence the way conventional formulations are processed in the GI tract.Gastrointestinal Enzymes and
MicrobiomeEnzymatic and microbial degradation of drugs and dosage forms can occur throughout the GI tract. 42 (5), 445–451. It should be noted that there have been conflicting results on the effect of surface charge on colonic targeting, with results mainly based on ex vivo tissue binding studies or in vivo studies following rectal administration
(Hua et al., 2015). Controlled Release 130 (2), 154–160. Y., Reddy, M. doi: 10.1093/glycob/cwp048PubMed Abstract | CrossRef Full Text | Google Scholar Lautenschlager, C., Schmidt, C., Lehr, C. 58 (9), 2594–2598. doi: 10.1038/nrgastro.2013.35PubMed Abstract | CrossRef Full Text | Google Scholar Joshi, G., Kumar, A., Sawant, K. Colonic transit is
typically faster in IBD patients and is likely due to diarrhea, which is typically worse during active disease (Hebden et al., 2000; Podolsky, 2002). doi: 10.3390/pharmaceutics11040193CrossRef Full Text | Google Scholar Umamaheshwari, R. K., Gangarosa, L. doi: 10.1021/nn502754cPubMed Abstract | CrossRef Full Text | Google Scholar Homayun, B.,
Lin, X., Choi, H. Nanotechnol. 25 (4-5), 455–465. The small intestine microbiota, nutritional modulation and relevance for health. B., Verma, S. E., Kumar, P., du Toit, L. Amoxicillin, clarithromycin, and omeprazole based targeted nanoparticles for the treatment of H. Appl. Major ligands that have been conjugated to the surface of nanoparticles for
targeting Peyer's patches include mannose receptor binding ligands (Fievez et al., 2009; Singodia et al., 2012; Youngren et al., 2013; De Coen et al., 2016), lectin-based ligands (Foster et al., 1998; Clark et al., 2000; Clark et al., 2001; Manocha et al., 2005; Chionh et al., 2009), and integrin specific ligands (Frey et al., 1996; Fievez et al., 2009). Dual
TNF-alpha/Cyclin D1 Gene Silencing With an Oral Polymeric Microparticle System as a Novel Strategy for the Treatment of Inflammatory Bowel Disease. H., Jepson, M. R., Mulik, R., Jun, B., Hoffmann, P. 22 (24), 7573–7577. This promotes the slow release of drug in the stomach, which subsequently extends the time available for drug dissolution and
absorption in the stomach and/or small intestine. For example, increased colonic motility in diarrhea can lead to reduced retention of locally acting dosage forms and incomplete drug release (Watts et al., 1992). Gut reaction: impact of systemic diseases on gastrointestinal physiology and drug absorption. Development and Characterization of
Gastroretentive High-Density Pellets Lodged With Zero Valent Iron Nanoparticles. Colloids Surf B Biointerf. These enzymes can affect the stability of susceptible drugs and dosage forms, but they can also be exploited in formulation design for regional drug delivery in the GI tract.Table 1 Main enzymes in the gastrointestinal tract.The intestinal
microbiome, which contains over 500 distinct bacterial species (Sartor, 2008; Consortium, 2012), is also important for both digestion and intestinal health, including digestion and metabolism of carbohydrates, fatty acids, and proteins (Macfarlane and Macfarlane, 2011) (Figure 1). Each granule is coated with Eudragit® L, which is a pH-dependent
coating that dissolves at pH >5.5 to allow drug release in the ileum and ascending colon. Biopharm. For example, gastric emptying time can be significantly prolonged after eating, which can lead to premature drug release in the small intestine instead of the colon (Ibekwe et al., 2008; Reinus and Simon, 2014). The small intestine has only one type of
mucus that is unattached and loose (Atuma et al., 2001; Johansson et al., 2013). Chemical modification of polysaccharides or combining them with other conventional hydrophobic polymers have been investigated as a way to increase their hydrophobicity. Gut 29 (8), 1035–1041. Control Release 183, 167–177. (2006b). In addition, assessment against
proper controls, including the gold standard treatment and not just free drug solution, is required to determine the potential place in therapy of the innovative platform (Hua et al., 2018). doi: 10.1517/17425247.5.6.681PubMed Abstract | CrossRef Full Text | Google Scholar Kang, J. The main parameters are particle size, nanoparticle composition, and
surface modification. The effect of chitosan on transcellular and paracellular mechanisms in the intestinal epithelial barrier. A., Blair, H., Liang, L., Brey, R. Today 3 (6), 198–204. 50 (6), 989–1004. doi: 10.1016/j.ejpb.2009.04.009PubMed Abstract | CrossRef Full Text | Google Scholar Fonte, P., Nogueira, T., Gehm, C., Ferreira, D., Sarmento, B. Its
primary function is to process the waste products and absorb any remaining nutrients and water back into the system, which is important for homeostasis (Reinus and Simon, 2014). doi: 10.1097/MCG.0b013e31822fecfePubMed Abstract | CrossRef Full Text | Google Scholar Macfarlane, G. E., Maroni, A., Zema, L., Busetti, C., Giordano, F., Gazzaniga,
A. 20 (9), 998–1008. Colonic transit times can be highly variable, with ranges from 6 to 70 h reported (Coupe et al., 1991; Rao et al., 2004). Recent technologies in pulsatile drug delivery systems. 92 (5), 1085–1094. Mechanisms of nanoparticle internalization and transport across an intestinal epithelial cell model: effect of size and surface charge. doi:
10.1021/mp9000926PubMed Abstract | CrossRef Full Text | Google Scholar Tobio, M., Sanchez, A., Vila, A., Soriano, I. doi: 10.1016/j.ijpharm.2018.06.054PubMed Abstract | CrossRef Full Text | Google Scholar Hatton, G. 501 (1-2), 18–31. 64 (1), 37–46. (2014b). Sports Med. Lysosomes are intracellular vesicles with an acidic pH of 4.5–5 (Mindell,
2012) and contain a variety of enzymes that have a physiological role in degrading or recycling foreign molecules or cellular compounds (Saftig and Klumperman, 2009). Expert Rev. Effect of dosing time on the total intestinal transit time of non-disintegrating systems. Trans. X., Hsiao, C. doi: 10.1016/j.biomaterials.2008.08.009PubMed Abstract |
CrossRef Full Text | Google Scholar Murakami, T. However, when large resections (usually greater than 50%) are performed, there may be profound changes in gastrointestinal function, including motility and drug absorption. For example, nanoparticles can promote enhanced and selective delivery of drugs into inflamed colonic tissue by exerting an
epithelial enhanced permeability and retention (eEPR) effect (Collnot et al., 2012; Xiao and Merlin, 2012), as well as allowing preferential uptake by immune cells that are highly increased in inflamed tissue (Lamprecht et al., 2005a). 11 (6), 794–799. A., Zhang, Y., et al. Only a few studies have investigated the effect of surface charge, hydrophobicity,
and shape on the bioavailability and absorption of nanoparticles after oral administration. This has been exploited in formulation design with the use of non-starch polysaccharide coatings, which undergo relatively exclusive fermentation by the colonic microbiome (Sinha and Kumria, 2001). Drug Delivery 7 (11), 1291–1301. As fatty acids are the most
potent stimulant of the ileal brake, a loss of both fatty acids from digestion and fatty acid receptors from resected tissue lead to a loss of the ileal brake (Lin et al., 2005) and, therefore, cause more rapid intestinal transit and less time for absorption. doi: 10.4103/2230-973X.85969CrossRef Full Text | Google Scholar Patel, M. Control Release 210, 189–
197. Human Anatomy and Physiology. In addition, specificity in the site of binding in the small intestine, which is already extensive in length and highly convoluted, is also difficult to predict. Application of a biomagnetic measurement system (BMS) to the evaluation of gastrointestinal transit of intestinal pressure-controlled colon delivery capsules
(PCDCs) in human subjects. 18 (3-4), 315–323. L., Faivre, V., Pugh, W. doi: 10.1016/j.ijpharm.2013.01.021PubMed Abstract | CrossRef Full Text | Google Scholar Zhang, J., Tang, C., Yin, C. M., Adrian, T. In general, small resections usually pose minimal issues for oral drug delivery, as the remaining intestine can compensate so that no functionality is
lost (Kvietys, 1999; Titus et al., 2013). Ann. Ulex europaeus 1 lectin targets microspheres to mouse Peyer's patch M-cells in vivo. The gastrointestinal mucus system in health and disease. R., Rogers, J. Motil. K., Vyas, S. A., Stevenson, B. R., Misiewicz, J. In addition, coating the surface of nanoparticles with polyethylene glycol (PEG) to create a
hydrophilic surface chemistry minimized strong interaction with the mucus constituents and increased particle translocation through the mucus as well as mucosa (Maisel et al., 2015; Du et al., 2018). Very little drug absorption occurs in the stomach owing to its small surface area.The small intestine is the longest (approximately 6 meters in length)
and most convoluted part of the GI tract, where digestion is completed with enzymes from the liver and the pancreas, and most of the absorption of nutrients then takes place (Marieb and Hoehn, 2010; Reinus and Simon, 2014). A review on 5-aminosalicylic acid colon-targeted oral drug delivery systems. L. All disease begins in the gut: Influence of
gastrointestinal disorders and surgery on oral drug performance. J., Bhalekar, M. doi: 10.4161/biom.1.1.17717PubMed Abstract | CrossRef Full Text | Google Scholar Jain, S., Rathi, V. 13 (12), 1838–1845. Common laboratory animal species have been reported to have significantly higher density of Peyer's patches in the intestine compared to humans
(Kararli, 1995). Unpredictable Performance of pH-Dependent Coatings Accentuates the Need for Improved Predictive in Vitro Test Systems. 10 (6), 687–699. E., Gazzaniga, A. Gut 30 (10), 1362–1370. For drug delivery, the mucus layer acts as an important barrier for the permeability of drug molecules (especially hydrophobic molecules) and can also
decrease the residence time of drugs and dosage forms.Intestinal Fluid VolumeControl of luminal fluidity is central to gastrointestinal function (Chowdhury and Lobo, 2011; Reinus and Simon, 2014). pylori. In contrast, the stomach and colon have the thickest mucus layer in the GI tract, with a two-layered mucus system comprising of: (i) an inner,
attached mucus layer and (ii) an outer, unattached, loose mucus layer (Atuma et al., 2001; Johansson et al., 2013) (Figure 1). High temporal and inter-individual variation detected in the human ileal microbiota. D., Peppas, N. Eng. L., et al. The stomach content is also highly hydrated, which can affect the adhesion of many mucoadhesive polymers
(Pawar et al., 2011; Sunoqrot et al., 2017).Initial in vivo biodistribution studies of nanoparticulate dosage forms have demonstrated prolonged gastroretention of up to 3 h in animals that have been fasted (Sarparanta et al., 2012). D., Amiji, M. For example, chitosan (cationic polymer) has been reported to facilitate the paracellular transport of
nanoparticles (Zhang et al., 2014a; Liu et al., 2016). H., Doshi, N., Banerjee, A., Anselmo, A. (1992). doi: 10.1080/10611860701733278CrossRef Full Text | Google Scholar Ramteke, S., Ganesh, N., Bhattacharya, S., Jain, N. doi: 10.1016/j.ijpharm.2019.01.022PubMed Abstract | CrossRef Full Text | Google Scholar Shakweh, M., Ponchel, G., Fattal, E.
N., Jain, S. 315 (1), 196–202. 494 (1), 49–65. 77 (7), 2962–2970. Google Scholar Reix, N., Parat, A., Seyfritz, E., Van der Werf, R., Epure, V., Ebel, N., et al. J., et al. 49 (4), 712–722. 229 (1-2), 155–162. T., Panda, A. doi: 10.1016/j.jconrel.2019.01.023PubMed Abstract | CrossRef Full Text | Google Scholar Vita, A. doi: 10.1111/j.13652982.2012.01953.xPubMed Abstract | CrossRef Full Text | Google Scholar Griffin, B. Comparative pharmacokinetic study of a floating multiple-unit capsule, a high-density multiple-unit capsule and an immediate-release tablet containing 25 mg atenolol. R., Zara, G. doi: 10.1016/j.ejps.2013.04.031CrossRef Full Text | Google Scholar Tariq, M., Alam, M.
Effective translation will depend on rational dosage form design to enable improvements in gastrointestinal drug delivery for the treatment of both systemic diseases and local gastrointestinal diseases.Author ContributionsSH was involved in conception of the idea for the review, drafted the manuscript, and approved the final version of the
manuscript.Conflict of InterestThe author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.AcknowledgmentsThe author wishes to thank the University of Newcastle, Pharmacy Research Trust of New South Wales, Rebecca L. M., Meuwissen,
S. K., Huijsdens, X. doi: 10.1016/j.ijpharm.2012.08.024PubMed Abstract | CrossRef Full Text | Google Scholar Rosenthal, R., Gunzel, D., Finger, C., Krug, S. Therefore, they remain an important challenge in formulation design.Impact of Disease on Oral Drug DeliveryDepending on disease severity, gastrointestinal pathologies can affect some or all of
the physiological variables for oral drug delivery (Hatton et al., 2018). It should be noted that most of these polymers are strongly hydrophilic, which can lead to premature drug release before the colon is reached (Hovgaard and Brondsted, 1996; Van den Mooter, 2006; Patel, 2015). This occurs with the prodrugs of 5-aminosalicylic acid (5-ASA), such
as sulfasalazine and olsalazine, which are used in the treatment of IBD (Oz and Ebersole, 2008). For absorption to occur, drugs must be able to penetrate the epithelium, which is the innermost layer that forms a continuous lining of the entire GI tract. Drug Delivery Rev. doi: 10.1136/gut.29.8.1042PubMed Abstract | CrossRef Full Text | Google
Scholar Stevens, H. F., Simon, D. Acta Helvetiae 73 (2), 81–87. 15 (5), 745–750. However, further studies are required to determine the optimal nanoparticulate design that provides translatable and reproducible outcomes in humans. In general, delayed orocecal transit times (i.e., the time taken for the meal to reach the cecum) have been reported in
IBD patients, except when patients experience dysbiotic conditions (e.g., small intestinal bacterial overgrowth, SIBO) which can be associated with faster transit times (Kashyap et al., 2013; Rana et al., 2013). 94 (7), 1876–1883. Further stability studies are required to determine the in vivo small intestinal bioavailability of these nanoparticles
following oral administration. The intestinal lymphatic systemic can be targeted via lacteals, which are lymphatic capillary vessels in the villi of the small intestine (Reinus and Simon, 2014; Managuli et al., 2018). Gastrointestinal transit time through the upper small intestine is rapid, thereby limiting the time available for absorption at this site.
Therefore, absorption is favored when the drug molecule is in the non-ionized form, which is much more lipophilic than the ionized form.Oral drug delivery is a significant area of formulation research due to the aforementioned advantages for patients. doi: 10.3748/wjg.v13.i10.1477PubMed Abstract | CrossRef Full Text | Google Scholar Miranda, A.,
Millan, M., Caraballo, I. PubMed Abstract | Google Scholar IBD encompasses a group of chronic relapsing gastrointestinal diseases. R., Van Someren, R. L., Levy, R. 6 (5), 501–508. B., Dammer, E. However, individuals can exhibit variability in pH ranges, with factors such as dietary intake (i.e., food and fluids) as well as microbial metabolism being
major determinants (Ibekwe et al., 2008). For example, gastric transit can range from 0 to 2 h in the fasted state and can be prolonged up to 6 h in the fed state (Reinus and Simon, 2014). C., Mi, F. It should be noted that the pH in the cecum drops just below pH 6 and again rises in the colon reaching pH 6.7 at the rectum (Evans et al., 1988; Sasaki et
al., 1997; Nugent et al., 2001). Drug release is influenced by formulation factors such as polymer composition, mucosal adhesive strength, drug concentration, drug release rate, and drug release direction (i.e., unidirectional or bidirectional) (Banerjee and Mitragotri, 2017; Homayun et al., 2019). R., Wu, K. Bioengineering Trans. In addition,
considerable loss of biodegradable dosage forms may occur in the case of diarrhea, due to insufficient time for activation or drug release (Sartor, 2010; Albenberg and Wu, 2014).Combination of StrategiesTo circumvent the issues with variability in gastrointestinal physiology, a combination of colon-targeting strategies has been utilized in
conventional formulations. doi: 10.1016/S0168-3659(01)00291-7PubMed Abstract | CrossRef Full Text | Google Scholar Sarparanta, M. Surfactant-dependence of nanoparticle treatment in murine experimental colitis. B., Chen, W. Radiol. L., Iqbal, S., Li, H. These factors are known to be more consistent to allow efficient colon-targeted drug delivery.
States A. Biodegradable nanoparticles for targeted drug delivery in treatment of inflammatory bowel disease. doi: 10.1016/j.biomaterials.2013.06.008PubMed Abstract | CrossRef Full Text | Google Scholar Xiao, B., Laroui, H., Viennois, E., Ayyadurai, S., Charania, M. The delivery of high drug concentrations in the stomach is particularly beneficial for
the treatment of local diseases such as gastritis, gastric ulcer, and bacterial infections (e.g., Helicobacter pylori), as well as for drugs that have better absorption in the stomach (Rouge et al., 1996; Mandal et al., 2016).To address the potential for rapid clearance from the stomach, studies have incorporated gastroretentive strategies to
nanoparticulate formulations, especially mucoadhesive (Umamaheshwari et al., 2004; Ramteke et al., 2008; Ramteke and Jain, 2008; Jain et al., 2009; Ramteke et al., 2009; Sarparanta et al., 2012; Ngwuluka et al., 2015; Jain et al., 2016; Sunoqrot et al., 2017) and high-density systems (Ngwuluka et al., 2015; Sharma et al., 2018). This can lead to
difficulties in targeting specific regions of the colon with conventional formulations. 106 (Pt B), 242–255. doi: 10.1177/00970002042006005PubMed Abstract | CrossRef Full Text | Google Scholar McConnell, E. The mucoadhesive and gastroretentive properties of hydrophobin-coated porous silicon nanoparticle oral drug delivery systems. Lectinmediated mucosal delivery of drugs and microparticles. 96 (6), 1527–1536. Nanoscale 8 (13), 7024–7035. Exp. M., Curley, P., Kinvig, H., Hoskins, C., Owen, A. K., Vigh, T., et al. Gastroenterology 144 (5), 967–977. G., Welling, P. In addition, lectins can interact with the carbohydrate residue in the mucus layer of the intestinal epithelium (Irache et al.,
1994; Diesner et al., 2012; Cornick et al., 2015; Managuli et al., 2018). 25 (8), 1828–1835. Gastrointestinal persorption and tissue distribution of differently sized colloidal gold nanoparticles. However, disintegration and absorption from formulations containing enteric coatings or pH-responsive matrices may be erratic, due to the relatively slow
dissolution or degradation of the polymers in comparison to the transit time of the formulation through the small intestine (Al-Gousous et al., 2017; Kang et al., 2018). In addition to triggering release at a specific pH range, the enteric coating protects the incorporated active agents against the harsh GI tract environment (e.g., gastric juice, bile acid,
and microbial degradation) and can create an extended and delayed drug release profile to enhance therapeutic efficiency (Yang et al., 2002; Van den Mooter, 2006). A., Rodriguez-Gascon, A., Muccioli, G. 156, 1–8. doi: 10.1615/CritRevTherDrugCarrierSyst.v13.i3-4.10PubMed Abstract | CrossRef Full Text | Google Scholar Hu, Z., Mawatari, S.,
Shibata, N., Takada, K., Yoshikawa, H., Arakawa, A., et al. Gut 29 (8), 1042–1051. M-cell targeting of whole killed bacteria induces protective immunity against gastrointestinal pathogens. doi: 10.1016/j.jconrel.2012.03.004PubMed Abstract | CrossRef Full Text | Google Scholar Nugent, S. M., Storm, G. This is particularly beneficial for drugs that have
poor solubility in the small intestine or are unstable in the harsh gastric environment (Lundquist and Artursson, 2016). Drug Targeting 16 (1), 65–72. (1993). Design and evaluation of colon targeted modified pulsincap delivery of 5-fluorouracil according to circadian rhythm. doi: 10.1016/j.biomaterials.2013.01.079PubMed Abstract | CrossRef Full Text
| Google Scholar Zhang, J., Zhu, X., Jin, Y., Shan, W., Huang, Y. J., Keely, S. T., Allison, C., Gibson, S. doi: 10.1016/j.nano.2015.02.018PubMed Abstract | CrossRef Full Text | Google Scholar Hua, S., de Matos, M. In healthy rats and rats with induced colitis, it was observed that 100 nm particles showed significantly increased accumulation in inflamed
colon in comparison to healthy animals (Lamprecht et al., 2001a). Decades of research in drug targeting to the upper gastrointestinal tract using gastroretention technologies: where do we stand? Y., Sood, A. pH-Sensitive nanospheres for colon-specific drug delivery in experimentally induced colitis rat model. Orally administered biodegradable
microspheres target the peyer's patches. For example, nanoparticles would need to cross the intestinal epithelium to reach the lamina propria and then traverse a layer of endothelial cells of the blood vessels for systemic delivery. S., Fix, J. E., Tripathi, V., Gupta, S. These were found to be confined to sites of disease and correlated with disease
progression (Simmonds et al., 1992; Lih-Brody et al., 1996). Drug Deliv. doi: 10.1023/A:1015118923204CrossRef Full Text | Google Scholar Shreya, A. M., Schumann, M., Bojarski, C., Schulzke, J. In addition, lectins can show nonspecific interactions with the mucus layer of the intestinal epithelium (Irache et al., 1994; Cornick et al., 2015; Managuli et
al., 2018) and can have toxicity and stability issues (Zhang and Wu, 2014).Enhancing the transcytosis of intact nanoparticles across enterocytes is a promising strategy to improve the systemic delivery of drugs that have poor stability or solubility in the GI tract. doi: 10.1517/17425247.3.5.583PubMed Abstract | CrossRef Full Text | Google Scholar
Goto, T., Tanida, N., Yoshinaga, T., Sato, S., Ball, D. N., Ma, N., Haag, R. Limited exposure of the healthy distal colon to orally-dosed formulation is further exaggerated in active left-sided ulcerative colitis. doi: 10.1208/s12249-013-9988-3PubMed Abstract | CrossRef Full Text | Google Scholar Yu, M., Yang, Y., Zhu, C., Guo, S., Gan, Y. They are also
able to protect the drug from degradation during transit in the upper GI tract. Z., Prebeg, Z., Kurjakovic, N. N. 13th edition (New York: McGraw-Hill Education). Peptides that have the capability of modulating the degree and kinetics of tight junctions have also demonstrated enhanced paracellular transport of drugs (Taverner et al., 2015). (2011).
Nanoparticles can cross the intestinal epithelium via three main pathways — paracellular transport (between cells through tight junctions), transcellular transport (through the interior of cells with subsequent exocytosis), and M-cell-mediated transport (Yu et al., 2016; Reinholz et al., 2018). However, the absorption of nanoparticles by M cells is
limited due to the low proportion of M cells (~1%) in the intestinal epithelium. Therefore, considerations should be made during formulation design to the following factors (Martinez and Amidon, 2002; Hua et al., 2015): (i) how long the formulation resides in specific sections of the GI tract; (ii) the influence of the gastrointestinal environment on the
delivery of the formulation at the site of action as well as on the stability and solubility of the drug; (iii) the intestinal fluid volume; and (iv) the degree of metabolism of the drug or formulation in the GI tract through microbial or enzymatic degradation.Figure 1 Physiological factors in the gastrointestinal tract that influence oral drug delivery. In
particular, high amounts of eosinophil cationic protein and transferrin have been observed in the inflammatory tissue of the colon in IBD patients (Carlson et al., 1999; Peterson et al., 2002; Tirosh et al., 2009). Drug Discovery 12 (12), 1219–1232. G., Ansel, H. 83 (1), 18–24. However, the advantage of nanoparticulate formulations is the dispersion of
the drug across multiple subunits and, therefore, the distribution of multiple subunits throughout the stomach. Res. The benefit of this approach also includes sustained or controlled release drug delivery, which can reduce fluctuations in systemic drug concentrations as well as increase patient compliance to medications by minimizing the number of
doses required (Awasthi and Kulkarni, 2016). 235 (1-2), 1–15. A., Pullen, N. A., Yazaki, E., Evans, D. For example, mesalazine used for IBD is commercially available as oral tablets coated with Eudragit L-100 (Mesasal® and Colitofalk®) or Eudragit S (Asacol®).Table 2 Examples of pH-dependent polymer coatings used for colonic targeting.Timedependent formulations essentially use gastrointestinal transit times as a guide to activate drug release into the colon. Enhanced transferrin receptor expression by proinflammatory cytokines in enterocytes as a means for local delivery of drugs to inflamed gut mucosa. Colon-specific approaches can be applied to single-unit dosage forms (e.g.,
capsules) that are loaded with nanoparticles or applied to each of the individual nanoparticle subunits. Role of the intestinal microbiota in resistance to colonization by Clostridium difficile. 90 (12), 1927–1936. For example, 10- to 100-fold increase in mucosal ROS concentrations have been reported in biopsies taken from ulcerative colitis patients
(Simmonds et al., 1992; Lih-Brody et al., 1996). doi: 10.4155/tde.11.146PubMed Abstract | CrossRef Full Text | Google Scholar Du, X. doi: 10.1124/jpet.105.088146PubMed Abstract | CrossRef Full Text | Google Scholar Lamprecht, A., Yamamoto, H., Takeuchi, H., Kawashima, Y. S., Shin, U. Nano- and microscaled particles for drug targeting to
inflamed intestinal mucosa: a first in vivo study in human patients. doi: 10.1080/17460441.2017.1378176CrossRef Full Text | Google Scholar Ngwuluka, N. doi: 10.1007/s10620-005-2694-6CrossRef Full Text | Google Scholar Ling, S. An orally administered redox nanoparticle that accumulates in the colonic mucosa and reduces colitis in mice. Those
that have low water solubility may have better capability for drug retention but can suffer from issues with low degradation (Hovgaard and Brondsted, 1996; Shah et al., 2011).Similarly, azoreductase activity of colonic bacteria has been extensively studied for colon-targeting systems, especially in the development of prodrugs (Rafii et al., 1990; Oz
and Ebersole, 2008; Marquez Ruiz et al., 2012). doi: 10.1208/pt050232PubMed Abstract | CrossRef Full Text | Google Scholar Vass, P., Demuth, B., Hirsch, E., Nagy, B., Andersen, S. Effect of intestinal resection on human small bowel motility. ;473 (1-2), 203–212. doi: 10.1016/j.ijpharm.2015.08.014PubMed Abstract | CrossRef Full Text | Google
Scholar Niebel, W., Walkenbach, K., Beduneau, A., Pellequer, Y., Lamprecht, A. doi: 10.1136/gut.29.8.1035PubMed Abstract | CrossRef Full Text | Google Scholar Fallingborg, J., Christensen, L. Small intestine- and colon-specific smart oral drug delivery system with controlled release characteristic. T., Buri, P., et al. doi:
10.1136/bjsm.2003.006825PubMed Abstract | CrossRef Full Text | Google Scholar Reinus, J. 15 (8), 787–804. doi: 10.1517/17425247.1.1.141CrossRef Full Text | Google Scholar Sharma, A., Goyal, A. 9 (49), 42492–42502. Modeling of drug release from delivery systems based on hydroxypropyl methylcellulose (HPMC). doi:
10.1016/j.jconrel.2012.01.028CrossRef Full Text | Google Scholar Colombo, P., Bettini, R., Massimo, G., Catellani, P. 72 (1), 1–8. doi: 10.1159/000092878CrossRef Full Text | Google Scholar Britton, R. K., Haider, T., Kumar, A., Jain, A. doi: 10.1016/0378-5173(92)90245-WCrossRef Full Text | Google Scholar Whitehead, L., Fell, J. An in vivo comparison
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