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Abstract
[bookmark: _Hlk145938523][bookmark: _Hlk145938501]Oral administration is the preferred route of administration based on the convenience for and compliance of the patient. Oral nanomedicines have been developed to overcome the limitations of free drugs and overcome gastrointestinal (GI) barriers, which are heterogeneous across healthy and diseased populations. This review aims to provide a comprehensive overview and comparison of the oral nanomedicine biointeractions in the gastrointestinal tract (GIT) in health and disease (GI and extra-GI diseases) and highlight emerging strategies that exploit these differences for oral nanomedicine-based treatment. We introduce the key GI barriers related to oral delivery and summarize their pathological changes in various diseases. We discuss nanomedicine biointeractions in the GIT in health by describing the general biointeractions based on the type of oral nanomedicine and advanced biointeractions facilitated by advanced strategies applied in this field. We then discuss nanomedicine biointeractions in different diseases and explore how pathological characteristics have been harnessed to advance the development of oral nanomedicine.
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[bookmark: _Toc143260792][bookmark: _Toc146875538]1. Introduction
[bookmark: _Hlk143182876][bookmark: _Hlk143183382]Oral administration is the preferred route of administration due to the  convenience for and compliance of the patient [1]. However, the complex and harsh environment of the gastrointestinal tract (GIT) poses significant challenges for oral drug delivery (Figure 1). Moreover, the intricate pathological changes in the GIT in various gastrointestinal (GI) and extra-GI diseases add further complexity and opportunities for oral drug delivery. In this context, oral nanomedicines have garnered considerable interest because they offer advantages such as cargo protection, region/cell-specific targeting, efficient cellular uptake, and on-demand drug release [2]. Extensive literature has reported substantial progress in the development of oral nanomedicines for both local and systemic drug delivery [3, 4]. To date, some oral nanomedicines have progressed into phase 2 and phase 3 clinical trials and several have received FDA approval (Table 1). However, there is a lack of a comprehensive understanding of the complex and dynamic nanomedicine biointeractions in the GIT after oral administration, especially how they differ in health and disease, which is of vital importance for understanding the in vivo fate and revealing the mechanism of action of oral nanomedicine; this understanding could inspire further advancements in the design of effective and safe oral nanomedicines.
[bookmark: _Hlk146206630][bookmark: _Hlk146812787][bookmark: _Hlk146380706]The biointeractions of nanomedicines within the GIT encompass a spectrum of interactions between nanomedicines and the various components/barriers within the GIT environment. To date, the stability of nanomedicines against biochemical barriers, and the behavior of nanomedicines in the mucus and the epithelium (Figure 1) are the most exploited aspects studied in oral drug delivery [5]. These biointeractions are influenced by the inherent properties of nanomedicines based on their types (e.g., polymeric or lipidic) and the physiological characteristics of the GIT. In addition, based on the understanding of GIT physiology in healthy conditions, various advanced strategies have been developed to facilitate specific bio-nanomedicine interactions to enable efficient drug delivery [6]. The pathological changes in the GIT that occur in different diseases offer opportunities for the development of disease-targeting oral nanomedicines while also presenting challenges due to potential undesirable effects.
[bookmark: _Hlk143183766][bookmark: _Hlk143183908][bookmark: _Hlk143184108][bookmark: _Hlk146381273][bookmark: _Hlk143258954]Hence, this review aims to provide a comprehensive overview and comparison of the nanomedicine biointeractions in the GIT under healthy and various disease conditions. We begin by introducing GI physiology and the main barriers related to oral delivery, followed by a comprehensive summary of GI pathological changes in various diseases. Next, we discuss nanomedicine biointeractions in the GIT in health by describing the general biointeractions based on the specific type of oral nanomedicine and advanced biointeractions facilitated by advanced strategies applied in this field. Finally, we provide an in-depth discussion of nanomedicine biointeractions in different diseasesand explore how pathological characteristics have been harnessed to advance the development of oral nanomedicine.

[bookmark: _Hlk146814996]Table 1. Selected clinical trials and marketed oral nanomedicines.
	[bookmark: _Hlk146203145]Drug name 
	Formulation
	Application
	Status
	Trial registration number

	Neoral 
(Novartis)
	Self-nanoemulsifying drug-delivery system loaded with ciclosporin
	Kidney, liver and heart transplantation; rheumatoid arthritis; psoriasis
	Marketed
	N.A.

	UltraZin Zinc
(Pure encapsulations)
	Zinc-loaded liposomes
	Immune system function support
	Marketed
	N.A.

	AlAzharCetuximab
	Polymeric nanoparticles loaded with cetuximab and decorated with somatostatin analog
	Colon cancer; colorectal cancer
	Phase 1
	NCT03774680

	APH-1501 

	Nanoencapsulated cannabidiol 
	Opioid addiction
	Phase 2
	NCT03813095

	Nano-QUT 

	Quercetin-encapsulated polymeric nanoparticles
	Oral cancer
	Phase 2
	NCT05456022

	CBD

	Oral dissolvable film with long-term cannabidiol release
	Temporomandibular disorders
	Phase 2;
Phase 3
	NCT05562635

	Oral Nano Vitamin D

	Oral nano form for calciferol
	Vitamin D substitution in inflammatory bowel disease
	Phase 4
	NCT05733117




[bookmark: _Toc143260630][bookmark: _Toc143260793][bookmark: _Toc143260631][bookmark: _Toc143260794][bookmark: _Toc143260795][bookmark: _Toc146875539]2. Pathophysiology of the gastrointestinal tract
[bookmark: _Toc143260796][bookmark: _Toc146875540]2.1. Physiology of the gastrointestinal tract
[bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK33][bookmark: OLE_LINK38]The GIT extends from the mouth to the anus and consists of four concentric layers, namely, the mucosa, submucosa, muscularis propria, and serosa, which are connected by connective tissue and neurovascular networks. The GIT includes the oral cavity, esophagus, stomach and intestine and has the functions of digestion and absorption or both. The buccal and esophageal residence time is short, which limits the capacity for drug absorption [7]. The stomach is the first site at which food is stored and digested, with a strongly acidic pH (1.5-1.9) and abundant digestive enzymes [8]. The small intestine, in which the pH gradually increases from 6 in the duodenum to approximately 7.4 in the terminal ileum, is the main site of absorption, with different digestive enzymes and a variety of receptors and transporters expressed in the epithelium [9]. The colon houses more than 400 species of bacteria in mucus, lacks digestive enzymes, and has a mild pH value; furthermore, species typically have a prolonged retention time in the colon [10]. The regional differences in these organs (e.g., surface area, pH, enzyme activity, and mucus thickness) can lead to the site-specific absorption of drugs with different properties and are therefore of important consideration in the field of oral drug delivery [3, 11].
The physiological characteristics of the GIT have been extensively discussed and widely considered when designing oral drug delivery systems (ODDSs) [12]. The targeted oral delivery of drugs to specific areas or sites requires overcoming multiple physiological and biochemical hurdles, the details of which have been thoroughly reviewed [13]. The main barriers in oral drug delivery include biochemical barriers characterized by various pHs and digestive enzymes in harsh GI environments, mucus barriers characterized by dynamic, gel-like properties with continuous renewal, and epithelial barriers characterized by various intestinal epithelial cells (IECs) connected by intercellular junctions with multiple receptors and transporters expressed on their surface (Figure 1) [14-16]. In addition, gut microbiota symbiosis with IECs also plays an important role in drug uptake and metabolism, as exemplified by the biotransformation induced by intestinal microbial enzymes, altered drug transport, and changes in GIT properties, such as the regulation of bile acid biotransformation by microbial bile salt hydrolase [17].

[bookmark: _Toc143260797][bookmark: _Toc146875541][bookmark: OLE_LINK23][bookmark: OLE_LINK24]2.2. Pathology of the gastrointestinal tract
[bookmark: _Hlk137237248][bookmark: OLE_LINK64]ODDSs can be used for either systemic drug delivery or localized therapy. Differences in healthy and pathological GI conditions, including anatomical differences (such as swallowing constraints, lumen size, transit time, and mucus thickness), as well as variations in absorption area, permeability, pH, cell population, receptor/transporter expression, bacterial/pathogen population, and intestinal microbiota species and composition, are all good targets for the design of ODDSs. In this section, we summarize the pathological features of the GIT in most common GI and extra-GI diseases in the context of oral drug delivery-based therapy (Table 2), compare the GIT in health and pathological contexts, and discuss their impact and relevance in the design of ODDSs.
Table 2. Pathological features of the GIT in most common GI and extra-GI diseases treated via the oral route.
	Disease
	GI motility
	pH
	Enzymes
	Cell populations
	Mucus
	Permeability
	Gut microbiota
	Others

	GI diseases
	
	
	
	
	
	
	
	

	Inflammatory bowel disease
	Increased colorectal transit time associated with altered contractility and propulsive contractile waves [18]
	Lower colonic pH value due to reduced bicarbonate production and increased lactate production [19]
	Increased proteases level in both ulcerative colitis (UC) and Crohn’s disease (CD) and reduced exocrine pancreatic enzymes level in CD [20, 21]
	Decreased number of goblet cells, increased number of M cells, and elevated infiltration of innate and adaptive immune cells in a disease-and location-specific manner [22, 23]
	Compromised mucus layer (a thinner mucus layer in UC and a thicker mucus layer in CD) [24-26]
	Increased intestinal permeability due to the invasion of pathogens, apoptosis of IECs, and impairment of tight junction (TJ) [27, 28]
	25% lower of fecal microbial richness, overgrew facultative anaerobes, and decreased short-chain fatty acid (SCFA)-producing bacterial abundance [29]
	[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Changed exocrine pancreatic function due to pancreatic malnutrition and less stimulation in CD [30]

	Irritable bowel syndrome
	Increased colonic transit time associated with constipation [31]
	-
	Increased proteases level and activity associated with increased mast cells and bacteria dysbiosis [32, 33]
	Decreased number of enteroendocrine cells, increased infiltration of immune cells, and increased mucosal neurons and neuronal outgrowth [34-36]  
	Impaired mucus layer due to mucin O-glycosylation shift [37]
	Increased intestinal permeability because of reduced expression of TJ proteins [38]
	Microbiota dysbiosis due to metabolic alteration and pathogens [39]
	Disordered bile acid metabolism caused by reduced biotransformation of bile acid in the colon [40]

	Helicobacter pylori infection
	· [bookmark: _Hlk146017099][bookmark: _Hlk146017140]Delayed gastric emptying associated with decreased number of interstitial cells of Cajal (ICC) [41]
	· [bookmark: _Hlk146017367]Increased gastric pH levels due to increased urease secretion and reduction of parietal cells [42]
	[bookmark: _Hlk146017489]Increased pepsinogen secretion in gastric fluid [43]
	· [bookmark: _Hlk146017538]Decreased number of parietal cells due to gastric atrophy [42]

	[bookmark: _Hlk146017577]Reduced mucin viscoelasticity and decreased mucus turnover rate, which favors the stable colonization of Helicobacter pylori (H. pylori) [44, 45]
	[bookmark: _Hlk146017623]Increased gastric mucosal permeability due to tight junction disruption [46] 
	[bookmark: _Hlk146017639]Microbiota dysbiosis induced by H.pylori colonization and the treatment regimen of antibiotics and proton pump inhibitors (PPI) [47]
	· [bookmark: _Hlk146017938]Decreased ghrelin and histamine secretion [48]

	Esophageal cancer
	Prolonged transit time and difficulties in drug delivery within the esophagus due to dysphagia [49]
	-
	-
	Gastric- and intestinal-featured columnar cells replaced the squamous cells in the distal esophagus [50, 51]
	Increased mucin secretion with elevated Mucin 1 (MUC1) and MUC2 expression and downregulated MUC5AC and MUC6 [52, 53] 
	-
	Decreased SCFA-producing bacterial abundance and increased lipopolysaccharide (LPS)-producing bacterial abundance [54]
	-

	Gastric cancer
	Delayed gastric emptying [55]
	Elevated gastric pH levels attributed to the reduction of parietal cells in gastric atrophy [56]
	Increased levels of lactic dehydrogenase and β-glucuronidase and decreased level of pepsinogen C in gastric fluid [57, 58]
	Increased number of tuft cells and metaplastic cells; and decreased number of G cells, parietal and chief cells, during early metaplasia development [51]
	Reduced gastric mucus due to the high mitotic activity in tumor cells [59]
	Increased gastric permeability due to the impairment of epithelial barrier caused by H. pylori-induced high temperature requirement A (HtrA) protease [60]
	Impaired gastric microbiota diversity and composition due to increased abundance of pathogens [61]
	Enhanced expression of membrane transporters of ATP-binding cassette (ABC) and efflux protein families [62]

	Colorectal cancer
	Impaired bowel motility in late-stage colorectal cancer (CRC)  [63]
	-
	Increased levels of proteases, polypeptide N-acetylgalactosaminyltransferase 6 (GalNAc-T6), and fatty acid synthase [20, 64, 65]
	Increased numbers of intestinal stem cells (ISCs), regulatory T cells, and cancer-associated fibroblasts; and decreased numbers of goblet cells and enterocytes [66]
	Depleted mucus layer due to the reduced MUC2 expression and SCFA-producing bacterial abundance [67]
	Increased intestinal permeability due to mucus loss and increased paracellular permeability [68]
	Increased abundance in “CRC microbiota”, serving as biomarkers for CRC [69]
	Increased expression of membrane transporters of ABC transporters 1, 2, and 4 and efflux protein families [70]

	Extra-GI diseases
	
	
	
	
	
	
	
	

	Type 1 diabetes mellitus
	Delayed gastric emptying/diabetic gastroparesis [71]
	Higher pH levels in stomach [72]
	Mildly decreased levels of amylase, lipase, and protease due to exocrine pancreatic insufficiency (EPI) [73]
	Increased Paneth cell number with impaired function of antimicrobial peptide secretion, leading to bacterial infection [74]
	[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Depleted mucus layer due to the reduced SCFA-producing bacterial abundance [75]
	Increased intestinal permeability due to downregulated TJ molecules  [76]
	Reduced bacterial species, altered bacterial composition, and deviated metabolic pathways [77]
	Changed postprandial hormone-secretion such as reduced secretion of amylin, C-peptide and ghrelin [78]

	[bookmark: _Hlk137808532]Type 2 diabetes mellitus
	Delayed gastric emptying/diabetic gastroparesis [79]

	Higher gastric pH levels associated with gastroparesis [80]
	Mildly decreased levels of amylase, lipase, and protease due to EPI [73]
	Enhanced ISCs proliferation, differentiation, and turnover, increased peptidergic enteroendocrine cells; and decreased serotonergic enteroendocrine cells and IgA+ immune cells [81, 82]
	Thinner mucus thickness and increased mucus penetrability associated with decreased SCFA production [15]
	Increased intestinal permeability mediated by glucose transporter 2 (GLUT2)-dependent transcriptional reprogramming of intestinal epithelial cells and by altered tight and adherent connections [83]
	Elevated harmful species and reduced beneficial species [84]
	Abnormal hormone-secretion such as reduced levels of ghrelin, PYY, and GLP-1 [85]

	[bookmark: _Hlk146179550]Nonalcoholic fatty liver disease
	Prolonged orocecal transit time [86]
	-
	Dysregulation of cytochromes P450 (CYP450) enzymes, with increased drug inducibility toward CYP2B6 and CYP2C9 [87, 88]
	-
	Thinner mucus layer due to the reduced MUC2 expression [89]
	Increased permeability due to thin mucus, irregular microvilli and TJ dysfunction [90]
	Gut microbial dysbiosis due to impaired gut barrier integrity and the increased load of gut bacteria [91]
	Proinflammatory cascade in intestine and liver [91]; decreased hepatic blood flow [87]





[bookmark: _Toc146875542]2.2.1. Pathology of the GIT in gastrointestinal diseases
[bookmark: OLE_LINK78]Several local disorders involve GI barrier dysfunction, and some of them even result in intestinal barrier loss (Figure 1C). The most well-studied GI diseases are inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and GI cancers.

2.2.1.1. Pathology of the GIT in inflammatory bowel disease
Inflammatory bowel diseases are autoimmune and relapsing-remitting chronic diseases of the GI system that include Crohn’s disease (CD) and ulcerative colitis (UC). UC is characterized by persistent superficial mucosal inflammation of the colon. CD is usually a discontinuous transmural inflammation that can affect any GIT area, with the terminal ileum and colon being the commonly affected areas [92, 93]. In both forms of IBD, more attention has been given to the pathophysiological changes in colon associated with chronic GIT inflammation, including i) prolonged total GI and proximal colonic transit time associated with changes in altered contractile force and propulsive contractile waves [18]; ii) reduced pHs due to impaired bicarbonate secretion and increased bacterial lactate production in the mucosa [19]; iii) increased level of proteases, manifested as increases in serine proteases, aspartate proteases and metalloproteinases in both UC and CD patients, and an increased level of cysteine proteases only in UC [20]; iv) decreased number of goblet cell, increased number of M cells, and elevated infiltration of innate and adaptive immune cells, including macrophages, dendritic cells, myeloid cells IgG+ plasma cells and T cells in a disease- and location-specific manner, manifested as more pronounced increased innate immune cells in ileum in CD patients than UC patients, while there is a more significant elevation of innate and adaptive immune cells in the rectum in UC patients than CD patients [22, 23]; v) an altered mucous protective layer due to an increase in bacterial invasion within the epithelium (In UC, thinning of the mucus layer due to decreased MUC2 production coupled with the presence of mucin-degrading bacteria impairs barrier function and enhances inflammatory susceptibility. In CD, the mucus layer thickens due to increased MUC2 expression and goblet cell hyperplasia, and the reduction in the MUC2 oligosaccharide chain leads to impaired viscoelastic properties and impaired protective function [24-26]; vi) loss of intestinal barrier integrity, which is a complex process involving mucous layer alteration, pathogen and bacterial invasion, increased apoptosis of IECs, and impaired TJs, which underpins the development of mucosal inflammation [27, 28]; and vii) changes in microbiome-secreted enzymes due to deviations in gut microbial diversity and composition, manifested by a 25% reduction in fecal microbial abundance, an overgrowth of facultative anaerobes and a decrease in butyrate-producing bacteria (such as the Roseburia and Ruminococcaceae families) [29]. In addition, CD patients have some unique pathological changes in the small intestine, including i) prolonged small intestinal transit time due to thick intestinal wall-induced constipation and ii) changes in pancreatic exocrine function (such as significant reductions in amylase, trypsin, and lipase), which are caused by malnutrition and pancreatic under-stimulation related to the activity and site of inflammation [30].

2.2.1.2. Pathology of the GIT in irritable bowel syndrome
Irritable bowel syndrome (IBS) is a widely recognized functional bowel disorder that affects more than 11% of the global population and is characterized by chronic or recurrent abdominal pain, irregular bowel movements, and irregular stool consistency[94]. Pathophysiological changes of IBS in the GIT include: i) increased colonic transit time due to obstructed bowel movement caused by constipation [31]; ii) elevated protease level and activity, including that of serine proteases and cysteine proteases in mucosa due to increased mast cells and bacteria dysbiosis, which contributes to the disruption of intestinal integrity [32, 33]; iii) decreases in enteroendocrine cells associated with stem cell abnormalities and increased infiltration of immune cells, manifested as an increased numbers of mast cells,  eosinophils and T cells, which triggers and helps maintain low-grade immune activation, and  increased mucosal neurons and neuronal outgrowth [34-36]; iv) impairment of the mucus layer due to mucin O-glycosylation shift [37]; v) increased intestinal permeability associated with decreased expression of  TJ proteins, such as zonula occludens-1, claudin-1, and junction adherent molecules due to the bacterial-mediated and proteasome-mediated degradation induced by low-grade inflammation [38]; vi) microbial imbalances and changes in associated metabolites, such as an increased abundance of the Enterobacteriaceae and decreased abundance of Bifidobacterium, as well as the presence of pathogens (e.g., Staphylococcus aureus) [39]; and vii) disturbance of bile acid metabolism, which is prevalent in approximately 25% of IBS patients with increased diarrhea and is caused by reduced bile acid biotransformation in the colon [40].

[bookmark: _Hlk146179793][bookmark: _Hlk146179253]2.2.1.3. Pathology of the GIT in H. pylori infection
[bookmark: _Hlk146873988][bookmark: _Hlk146377299][bookmark: OLE_LINK21]H. pylori infection affects approximately 50% of the global population and can progress to severe gastroduodenal diseases, including peptic ulcer and gastric cancer [95]. H. pylori infection induces a range of pathological changes in the stomach function that include: i) delayed gastric emptying associated with decreased interstitial cells of Cajal [41]; ii) increased gastric pH levels due to decreased number of parietal cells and increased urease secreted by H. pylori, which catalyzes hydrolysis of urea to yield ammonia [42]; iii) increased pepsinogen secretion stimulated by H, pylori through the calcium and nitric oxide mediated intracellular pathway [43]; iv) decreased number of parietal cells due to gastric atrophy [42]; v) reduced mucin viscoelasticity due to increased pH level and decreased mucus turnover rate, which favors the stable colonization of H. pylori [44, 45]; vi) increased gastric mucosal permeability due to tight junction disruption [46]; vii) microbiota dysbiosis induced by H. pylori colonization and the treatment with antibiotics and PPI, manifested as reduced alpha diversity and increased abundance of Proteobacteria [47]; viii) decreased ghrelin and histamine secretion [48].

[bookmark: _Hlk146529270]2.2.1.4. Pathology of the GIT in gastrointestinal cancers
Gastrointestinal cancers  in the esophagus, stomach and intestine are a major health burden and account for 22.5% of all cancer-related deaths worldwide[96].

2.2.1.4.1. Pathology of the GIT in esophageal cancer
Esophageal cancer is an aggressive cancer with an average 5-year survival rate of only 20% [96]. The pathophysiological changes in the GIT are as follows: i) dysphagia due to esophageal stenosis and prolonged drug transport time within the esophagus due to obstruction caused by tumor growth [49]; ii) gastric- and intestinal-featured columnar cells replacing squamous cells in the distal esophagus due to the expansion of stem cells in the gastric cardia glands  to the esophagus and the triggering of metaplasia in response to chronic injury [50, 51]; iii) increased mucin secretion (based on increased expression of MUC1 and MUC2 and downregulated expression of MUC5AC and MUC6) that provides a microenvironment for promoting cancer progression [52, 53]; and iv) decreased abundance of SCFA-producing bacteria and an increase in bacteria that produce LPS [54].

2.2.1.4.2. Pathology of the GIT in gastric cancer
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Gastric cancer is the fifth most common cancer worldwide, has the seventh highest mortality rate among cancers [96], and induces a range of pathological changes in stomach function that include: i) delayed gastric emptying (referred to as gastroparesis) both in patients with gastric cancer and gastric cancer patients after gastrectomy [55]; ii) elevated gastric pH levels reaching as high as pH 6-7 due to the reduction of parietal cells in gastric atrophy [56]; iii) increased levels of lactic dehydrogenase and β-glucuronidase and decreased level of pepsinogen C in gastric fluid [57, 58]; iv) an increase in the number of tuft cells and  metaplastic cells and a decrease in the number of G, parietal and chief cells during early metaplasia development [51]; v) a thinner gastric mucus that is associated with high mitotic activity of tumor cells, indicating malignant potential [59]; vi) impaired gastric epithelial barrier function based on the secretion of the HtrA protease which cleaves proteins (e.g., occludin, claudin-8, and E-cadherin) involved in epithelial integrity [60]; vii) enhanced expression of ABC membrane transporters and efflux protein families in gastric cancer cells (such as multidrug resistance-associated proteins) [61]; and viii) impaired gastric microbial diversity and composition associated with an increased abundance of pathogens, such as Helicobacter, Firmicutes, and Proteobacteria [62].

2.2.1.4.1. Pathology of the GIT in colorectal cancer
Colorectal cancer (CRC) is the third most common malignancy in the world, with considerably high morbidity and mortality [96]. The associated pathophysiological changes in the GIT include i) intestinal peristalsis disorders manifested as diarrhea and constipation due to bowel obstruction in late-stage CRC [63]; ii) increased protease levels, including increases in serine proteases, cysteine proteases, aspartate proteases and metalloproteinases, increased GalNAc-T6 levels, which are absent in normal adjacent colon tissue, and increased fatty acid synthase levels [20, 64, 65]; iii) increased numbers of stem cells, regulatory T cells, and cancer-associated fibroblasts and decreased numbers of goblet cells and enterocytes [66]; iv) reduced mucus layer due to reduced MUC2 expression and a decrease in bacteria that produce SCFAs, which play a regulatory role in mucin expression and intestinal immune homeostasis [67]; iii) gut barrier dysfunction due to mucus loss and increased paracellular permeability [68]; iv) increased abundance in “CRC microbiota” that serve as biomarkers for CRC (such as Bacteroides fragilis, Escherichia coli and Streptococcus gallolyticus) [69]; and v) increased expression of ABC membrane transporters (particularly members of the ABC transporters 1, 2, and 4) and increased expression of drug efflux transporters (such as P-glycoprotein, breast cancer resistance protein (BCRP), and multidrug-resistance-associated protein) [70].

[bookmark: _Toc146875543]2.2.2. Pathology of the GIT in extra-gastrointestinal diseases
[bookmark: OLE_LINK68]The extra-gastrointestinal diseases associated with gastrointestinal barrier defects include type 1 diabetes mellitus (T1DM), metabolic syndromes (including type 2 diabetes mellitus (T2DM), obesity and nonalcoholic fatty liver disease (NAFLD)), Parkinson's disease, human immunodeficiency virus (HIV) infection, SARS-CoV-2 infection, cystic fibrosis, and pain impacting GIT function [97]. All these diseases manifest with increased GI epithelial permeability during the disease process (Figure 1C) [98]. A strong focus has been placed on current efforts in ODDSs in the therapy of T1DM, T2DM and NAFLD [99, 100].

2.2.2.1. Pathology of the GIT in T1DM
[bookmark: _Hlk137211539]T1DM is characterized by partial or complete elimination of islet βcells, resulting in hypoinsulinemia and hyperglycemia, which causes the following changes in the GIT: i) delayed gastric emptying (also known as diabetic gastroparesis) that is caused by impaired coordination and impaired function of the autonomic nervous system due to high blood sugar [71]; ii) elevated pH levels in the stomach resulting from reduced gastric acid production in gastroparesis, which is more pronounced when delayed gastric emptying worsens [72]; iii) mild decreases in amylase, lipase, and protease and sodium bicarbonate secretion due to EPI [73]; iv) an increase in Paneth cell number with impaired function of antimicrobial peptide secretion, leading to bacterial infection [74]; v) depletion of the mucus layer, which is correlated with a reduced abundance of SCFA-producing bacteria [75]; vi) increased intestinal permeability characterized by a decrease in tight junction-associated molecules such as occludin, zonula occludens proteins, and claudin [76]; vii) reduced richness of bacterial species and altered bacterial composition (mainly decreases in the Bacteroidetes/Firmicutes ratio and  SCFA-producing bacteria and increases in diabetogenic bacteria), as well as altered metabolic pathways, such as reduced production of SCFAs (e.g., acetate and butyrate) and increased production of PAMPs (e.g., such as LPS, lipoproteins and peptidoglycan) [77]; and viii) changes in gut hormones after meals, including reduced levels of  amylin and C-peptide secreted by islet βcells and ghrelin secreted by ghrelin cells [78].

2.2.2.2. Pathology of the GIT in T2DM
[bookmark: OLE_LINK70][bookmark: OLE_LINK75][bookmark: _Hlk146530216]T2DM, accounting for more than 90% of all diabetes cases, is a metabolic disorder characterized by disturbances in carbohydrate, lipid, and protein metabolism, along with insulin resistance and impaired insulin secretion  [80]. The changes in the gut physiology of T2DM patients are as follows: i) elevated gastric pH levels, delayed gastric emptying, and impaired exocrine pancreatic enzyme secretion, similar to what is seen in T1DM patients [79, 80] [73]; ii) increased ISC hyperproliferation, differentiation and cell turnover, along with increases in peptidergic enteroendocrine cells and decreases in serotonergic enteroendocrine cells; additionally, a reduced abundance of IgA+ immune cells was observed and contributed to bacterial infection [81, 82]; iii) decreased mucus thickness and increased mucus penetrability due to the reduction in SCFA production and downregulation of MUC2 expression [15]; iv) increased intestinal permeability mediated by GLUT2-dependent transcriptional reprogramming of intestinal epithelial cells and by alteration of tight and adherent connections (leading to the systemic influx of immune-stimulating microbial products that promote enteric infection and inflammation) [83]; v) dysbiosis of the gut microbiota, characterized by elevated levels of potentially harmful species such as Firmicutes and Proteobacteria, along with reduced levels of beneficial species such as Bacteroidetes and Akkermansia muciniphila; metabolic changes, such as decreased production of SCFAs and increased levels of PAMPS, are also observed [84]; and vi) abnormal secretion of gut hormones, such as reduced secretion of ghrelin by gastric X/A-like cells and reduced secretion of glucagon-like peptide-1 (GLP-1) by enteroendocrine L cells [85].

[bookmark: OLE_LINK73][bookmark: OLE_LINK69]2.2.2.3. Pathology of the GIT in NAFLD
NAFLD is considered a hepatic metabolic syndrome (massive ectopic lipid accumulation in the liver), ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) and even cirrhosis [101]. The gut-liver axis in the pathogenesis of NAFLD has been widely discussed, and the associated characteristics include the following: i) prolonged orocecal transit time [86]; ii) dysregulation of CYP450 enzymes, with increased drug inducibility of CYP2B6 and CYP2C9 [87, 88]; iii) thinner mucus layer due to reduced MUC2 expression [89]; iv) gut barrier dysfunction in the form of increased permeability due to a thin mucus layer, irregular microvilli and TJ dysfunction [89]; v) gut microbial dysbiosis due to impaired gut barrier integrity and the increased load of gut bacteria [91]; vi) proinflammatory cascade in the intestine and liver because of the increased portal influx of PAMP [91]; and vii) decreased hepatic blood flow attributed to outflow blockage in the liver sinusoidal area, leading to altered drug metabolism [87].

[bookmark: _Hlk141949590][bookmark: _Hlk141949609][bookmark: _Hlk141860198][bookmark: _Hlk141949626][bookmark: _Hlk141949826][bookmark: _Hlk141949811]Overall, in all the above GI and extra-GI diseases, gut barrier dysfunction is caused by the associated inflammation and microbiome dysregulation, and characterized by mucous layer defects, impaired TJs, and epithelial shedding (Figure 1C). Not only does leaky gut syndrome accelerate the progression of the diseases, but it should also be considered in the designation of ODDSs; this syndrome may provide opportunities for targeted delivery, increased mucosal delivery and improved transcellular and paracellular transport or may cause undesirable effects of oral delivery, such as increased toxicity of drugs, materials and excipients and reduced efficiency of disease treatment. Additionally, restoring barrier function might be a promising target for ameliorating the disease symptoms, but it is also worth noting that this alone could not cure diseases [68]. Moreover, alterations in the IEC population and receptor/transporter expression are promising targets for ODDSs, and some of them have been exploited [102]. In addition, when determining drug dosage and administration frequency, it is important to consider the prolonged transit time and impaired intestinal barriers observed in all of the abovementioned diseases. Furthermore, dysbiosis-related factors, such as dysregulation of the microbiome and associated changes in metabolites (e.g., SCFAs and PAMPs), play an important role in the onset and progression of related diseases and therefore provide promising targets for discovering innovative strategies for ODDSs. The biointeractions between ODDSs and the GIT in healthy and various disease contexts and the exploitation of this pathophysiology for the development of ODDSs will be comprehensively discussed and explored in the following sections.
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Figure 1. Schematic illustration of the pathophysiology of the gastrointestinal tract. (A) Biochemical barriers against oral drug delivery in the stomach, intestine, and liver. (B) Illustration of the mucus and epithelial barrier of the stomach, small intestine and colon. (C) Illustration contrasting a healthy mucosa with intact mucus and epithelial barrier (left) and a defective mucosa, known as a “leaky gut”, with a compromised mucus layer and epithelium barrier, which is observed in many diseases, including IBD, T1DM, T2DM, and NAFLD (right). Created with Biorender.com
[bookmark: _Toc146875544][bookmark: _Toc143260798]3. Oral nanomedicine biointeractions in the GIT in health
[bookmark: _Hlk145938610]The nanomedicine biointeractions in healthy context are influenced by the inherent properties of nanomedicines based on their nature (e.g., polymeric or lipidic) and the physiological characteristics of the GIT. In addition, based on the understanding of GIT physiology in healthy context, various advanced strategies have been developed to facilitate specific bionanomedicine interactions to enable efficient drug delivery. Herein, we discuss nanomedicine biointeractions in the GIT in heathy context by describing the general biointeractions with GI barriers based on the type of oral nanomedicine and advanced biointeractions facilitated by advanced strategies applied in this field.

[bookmark: _Toc146875545]3.1. General nanomedicine biointeractions in the GIT 
Over decades, a wide array of ODDSs based on nanomedicine have emerged, allowing for significant GI therapeutic effects locally or systemically. In this section, the main types of nanomedicine-based ODDSs and their general biointeractions with GI barriers based on the type of nanomedicine will be briefly introduced, including nanocarriers (naturally derived nanocarriers, lipidic nanocarriers, polymeric nanocarriers and lipid-polymer hybrid nanocarriers) and scaffolds (hydrogels, nanofibers and films) (Figure 2) [2, 103].

[bookmark: _Toc143260799][bookmark: _Toc146875546]3.1.1. Oral nanocarriers biointeractions in the GIT
[bookmark: _Toc143260800]3.1.1.1. Naturally derived nanocarriers biointeractions in the GIT 
[bookmark: OLE_LINK59][bookmark: OLE_LINK66][bookmark: OLE_LINK83][bookmark: OLE_LINK84]The most studied naturally derived nanocarriers utilized in oral delivery are extracellular vesicles (EVs) and living microorganism-based nanomedicines. EVs are a collective term for lipid bilayer-enclosed particles produced by species across all domains of life for biomolecule transmission and intercellular communication, mainly including cell-secreted EVs (e.g., milk-, plant-, and cell culture media-derived EVs) and bacterium-derived EVs [104, 105]. Cell-secreted EVs contain various biomolecules, such as proteins, nucleic acids, lipids, and polysaccharides (Figure 2A). Based on their biogenesis, they can differentiate into two types, exosomes (Exos) and microvesicles (MVs) (known as ectosomes) [106], and these EVs are highlighted in this review. Exos (smaller than 200 nm) are produced through invagination of the endosomal membrane to create multivesicular bodies; MVs (an approximate diameter between 200–1000 nm) emerge from the outward budding of the plasma membrane (Figure 2A) [107]. As the complete separation and purification of Exos and MVs is a complex and challenging task [108], cell-secreted EVs encompass both subtypes in this review. Bacterial outer membrane vesicles (OMVs), the most studied bacterium-derived EVs utilized in oral delivery, are spherical vesicles with a size ranging from 20 to 400 nm in diameter and are formed by blebbing of the outer membrane of gram-negative bacteria, consisting of an outer leaflet of LPS and an inner leaflet of phospholipids (Figure 2A) [109, 110]. OMVs intercellularly transfer periplasmatic and cytosolic contents, such as proteins, DNA, and RNA [105].
[bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK103]Owing to the intrinsic properties of EVs, they can carry most cargos with different solubilities (hydrophilic and lipophilic), different stabilities (stable and unstable), and different molecular weights (micromolecules and macromolecules). EVs have shown good stability in GI harsh environments, showing resistance to acids and digestive enzymes [111-113]. Some studies have indicated that their unique lipid composition and lipid bilayer protection may contribute to their stability in the GIT [113, 114]. However, determining the detailed mechanism by which EVs can withstand acidic and digestive environments requires further investigation. In addition, some EVs also exhibit high mucus permeability due to specific proteins on the surface membrane (which may increase their hydrophilicity), negative phospholipids (which help eliminate mucin capture), and compliance (which may allow for the deformation of EVs) [115, 116]. For example, milk-derived EVs [113] and bacterium-derived EVs (e.g., Akkermansia muciniphila (A. muciniphila)-derived OMVs [117]) are capable of crossing the mucus layer and being taken up by intestinal epithelial cells. There are a variety of endocytosis pathways involved in the internalization of EVs into epithelial cells, including phagocytosis, pinocytosis, clathrin- and caveolin-mediated endocytosis, and clathrin- and caveolin-independent endocytosis (e.g., membrane fusion or lipid raft formation) [118, 119]. The cellular uptake pathways are determined by their surface characteristics [120, 121].
Living microorganism-based nanomedicines, particularly those based on bacteria, have garnered significant attention in oral drug delivery [122]. Bacteria-based nanomedicines deliver drugs through genetic engineering to express proteins of interest [123], in situ production of OMVs [124], or the initiation of synchronized lysis at the target tissue [125] (Figure 2B). In this context, we will explore their biointeractions with GI barriers and discuss their differences compared to OMVs. Living bacteria offer distinct advantages over OMVs in terms of oral delivery, such as potent immune activation and microbiota modulation [126]. However, their stability is compromised by the harsh biochemical GI barrier, including gastric acid in the stomach and bile salts, antimicrobial peptides (AMPs), and various enzymes present in the small intestine [127]. On the other hand, the large population of microbiota and the thick mucus layer with reduced digestive activity in the colon provide a favorable environment for the colonization of bacteria-based nanomedicines. Hence, on-demand colonic release polymers (e.g., pH-, enzyme-, and redox-responsive polymers) have been employed to protect living bacteria and achieve site-specific drug release [128]. Furthermore, while OMVs have demonstrated promising mucus and epithelium penetration, living bacteria face greater challenges in this regard due to their larger size [128]. The biointeraction between bacteria and mucus is highly influenced by the characteristics of their coating. It is worth noting that certain bacterial strains, such as A. muciniphila and H. pylori, possess the ability to express mucin-degrading enzymes, which can alter their interaction with mucus [129]; additionally, different mucus-degrading bacterial strains may exhibit opposite biointeractions with mucus, e.g., H. pylori degrades the mucus layer and increases the risk of infection [130], while oral administration of A. muciniphila degrades mucus as an energy resource to produce oligosaccharides and SCFAs, promotes the differentiation of intestinal stem cells into Paneth cells and goblet cells, and enhances mucus production [131, 132]. Fewer studies have discussed the biointeraction between bacteria and the epithelium because the bacteria cannot penetrate the inner mucus layer to be endocytosed by IECs in healthy conditions, and most bacteria-based nanomedicines focus on local interactions to modulate the microbiota and metabolites in the colon [128]. However, there are some studies aiming to deliver living bacteria into systemic circulation to activate the immune response. Several strategies have been developed in this regard, including targeted delivery to M cells, which have a significantly thinner mucus layer and are functionalized for antigen sampling in the intestine [133], and the targeted release of bacterial components, such as OMVs, to facilitate the crossing of the epithelium [124]. For example, Escherichia coli Nissle 1917 (EcN) encapsulated in a yeast membrane had enhanced phagocytosis by M cells, enabling delivery to lymphoid follicles and promoting robust mucosal immune responses [133].

[bookmark: _Toc143260801]3.1.1.2. Lipidic nanocarriers biointeractions in the GIT
[bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK106][bookmark: OLE_LINK107]Lipid-based nanocarriers are mainly composed of biocompatible lipids and surfactants. The U.S. Food and Drug Administration (FDA) has listed a number of surfactants and lipids in oral pharmaceutical products that offer a great deal of flexibility in design, resulting in various types of formulations as follows: i) solid lipid nanoparticles (SLNs), ii) nanostructured lipid carriers (NLCs), iii) lipid nanocapsules (LNCs), (iv) nanoemulsions, (v) self-emulsifying drug delivery systems (SEDDSs), and (vi) liposomes (Figure 2C). The detailed classification of these formulations and excipients, as well as the pharmacological preparation techniques in oral drug delivery, have been reviewed elsewhere [134-136]
[bookmark: _Hlk146380650]Lipid-based nanocarriers are excellent drug carriers for the oral delivery of various pharmaceuticals. For some systems containing a lipid core, lipophilic molecules are tightly encapsulated in the lipid core [137]; meanwhile, hydrophilic molecules can be encapsulated in the lipophilic core by inducing modifications during preparation (such as using reverse micelles [138] or hydrophobic ion pairs [139]), thus greatly improving the lipophilicity of drug complexes. Some systems containing amphiphilic layers can be used to encapsulate hydrophobic and hydrophilic cargos [140]. The lipophilic phase of these carriers also protects the encapsulated cargos from the degradation of GI peptidases and sulfhydryl compounds (too hydrophilic to enter) [141]. However, enteric surfactants (e.g., bile salts and fatty acids) in the GI fluid make lipid-based nanocarriers susceptible to enzymatic degradation by lipases [142]. The stability of lipid-based nanocarriers against lipases can be improved by the use of excipients that exhibit better resistance against the enzymes [143]. It has been reported that lipids with higher phase transition temperatures and containing fewer ether bonds are less susceptible to hydrolysis and oxidation and are able to better stabilize the nanocarrier [144, 145]. Surface decoration is also shown to increase the stability of lipidic nanocarriers to lipases, such as PEGylation [144]. The interaction between lipid-based nanocarriers and mucus is largely influenced by their physiochemical properties, including particle size, surface charge, and surface modifications. Many reviews have comprehensively discussed this [135, 146, 147]. Lipid-based nanocarriers can be internalized by endocytosis, transcytosis, or both [148]. Fusion events of particular liquid lipid-based nanocarriers with the cellular membrane seem to be involved in the uptake process as well [149]. Some excipients in these nanocarriers, such as fatty acid-rich oils and surfactants, cause additional tight junction opening and facilitate the paracellular uptake of payloads [144].

[bookmark: _Toc143260802][bookmark: OLE_LINK146][bookmark: OLE_LINK147]3.1.1.3. Polymeric nanocarriers biointeractions in the GIT
Polymeric nanocarriers in oral delivery are nanosized (from 1 to 1000 nm) colloidal particles composed of natural polymers (e.g., chitosan, dextran, hyaluronic acid) or synthetic polymers (e.g., PLGA, PEG, and polyamidoamine dendrimer) [150]. According to their structural features and preparation methods, polymeric nanocarriers are classified as i) polymeric nanoparticles; ii) polymersomes; iii) polymeric micelles; or iv) dendrimers (Figure 2D) [150]. The design and synthesis of polymers, the manufacture and optimization of polymeric nanocarriers, and drug loading methods in oral delivery have been comprehensively reviewed [4, 151, 152].
[bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: _Hlk146380806][bookmark: _Hlk146207726]Due to various spatial structures (e.g., core-shell structure and multi-bilayers) and formulation methods (e.g., emulsification, nanoprecipitation, and solvent evaporation), polymeric nanocarriers are suitable for most drugs [150]. Polymers are generally regarded to be stable under the various pH conditions seen in the GIT [153]. Additionally, gastric and pancreatic enzymes have no significant effect on most polymers [154]. Interestingly, azo-polymers and polysaccharides resist digestion in the proximal gut but are selectively metabolized by colonic bacteria, making them suitable coatings for colonic release dosage forms [155]. The interactions among polymeric nanocarriers and GI mucus and/or epithelium have similarities with lipid nanocarriers, where size, surface charge, surface decoration, chemical composition and shape influence the behaviors [156, 157]. In addition, the shape and rigidity of polymeric nanocarriers are also involved in their mucus diffusion, mucus penetration, and epithelial transport [158, 159]. For example, small-sized and rod-shape polystyrene nanoparticles exhibited a higher transport rate across intestinal cells compared to large-sized nanoparticles and sphere- or disc-shaped nanoparticles [160].

[bookmark: _Toc143260803]3.1.1.4. Lipid-polymer hybrid nanocarriers biointeractions in the GIT
[bookmark: _Hlk146207774][bookmark: _Hlk146381182][bookmark: _Hlk146381136]Lipid-polymer hybrid nanocarriers (LPNs) represent a promising platform for oral drug delivery due to the combined advantages of lipids and polymers; lipids contribute to increased biocompatibility and cost-effective manufacturing, while polymers increase stability and the versatility of allowed modifications [161]. LPNs can be classified into monolithic matrix LPNs and core-shell LPNs based on their structural design and manufacturing techniques [161] (Figure 2E). Monolithic matrix LPNs involve a polymeric matrix with lipids distributed throughout or a lipid matrix containing polymeric drug complexes [162]. Core-shell LPNs consist of an inner lipid core and an outer polymer shell, or vice versa, and can even have alternating multilayers [163]. The integration of lipids and polymers in LPNs enables the efficient loading of lipophilic and hydrophilic drugs, as well as biologics [164]. The presence of polymers in LPNs provides stability against biochemical barriers encountered in the GIT, including pH gradients, enzymes, and surfactants [165, 166]. The biointeractions between LPNs and the mucus and/or epithelium are influenced by their composition and surface characteristics, such as hydrophobicity, size, surface charge, shape, rigidity, and surface modification [159, 167, 168]. For example, LPN with different rigidity were developed by tuning the amounts of interfacial water between the polymeric core and the lipid shell.  Results showed stiff nanoparticles presented a higher transcytosis efficiency across the epithelium than softer nanoparticles, probably due to the different endocytosis mechanisms, intracellular trafficking routes, and exocytosis rate [169].

[bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: _Toc143260804][bookmark: _Toc146875547]3.1.2. Oral scaffolds biointeractions in the GIT
Implantable and injectable scaffolds, with high drug loading and targeting efficiency to specific sites, have been used alone or in combination with different nanocarriers introduced above for oral systematic or local delivery applications [170, 171]. Biomaterials used for the fabrication of scaffolds include natural polymers, e.g., alginate, cellulose, collagen, chitosan, gelatin, silk, fibrin, and hyaluronic acid, as well as synthetic polymers such as polyvinyl alcohol (PVA), polylactic acid (PLA) and PEG [172]. Scaffold-based ODDSs undergo conformational changes upon exposure to GI stimuli, including different mucosal properties in different GI areas (including the oral cavity, esophagus, stomach, small intestine, and colon), various pHs, enzymes and specific changes in the local microenvironment of the tissue, as well as cells in pathological conditions, allowing for increased retention times and controlled release kinetics and improving the therapeutic efficacy [173-175]. Different forms of scaffolds for assisting in oral delivery are available, including hydrogels, nanofibers, and films (Figure 2F).
Hydrogels, which are cross-linked networks of hydrophilic polymer chains, exhibit high water content while maintaining insolubility and a well-defined three-dimensional (3D) structure [176]. The physical or chemical cross-links within hydrogels provide them with physical integrity and properties resembling those of tissues, such as soft consistency and low interfacial tension in aqueous media, thereby reducing friction and mechanical damage to surrounding tissues [176]. Benefiting from their chemical properties, hydrogels are usually fabricated in response to local stimuli in the GIT, thus achieving delivery at the desired targeted site [177-179]. For instance, anionic hydrogels remain in a collapsed, low-volume state at the acidic pH of the stomach, below the acid dissociation constant (pKa) of the hydrogel network, which provides protection for the cargo against enzymatic degradation and acidic conditions. Upon reaching the small intestine and colon, where the pH exceeds the pKa of the hydrogel network, the hydrogel is ionized, absorbs water, and swells, resulting in a gradual and controlled release of the drug payload at the desired location [179]. In contrast, cationic hydrogels ionize and swell at pH values below their pKa, which is advantageous for gastric delivery [180]. Hydrogels, such as chitosan, are also extensively used in mucosal delivery to the GIT due to their degradable, adhesive, and elastic characteristics [181, 182].
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK67][bookmark: OLE_LINK79]Nanofibers are 50-1000 nm fibers with small pore sizes, low densities, and large surface areas and have several advantages, such as high drug-loading efficiency and the ability to incorporate various surface functionalities [175]. Approaches for the fabrication of nanofibers are molecular assembly, thermally induced phase separation, and electrospinning, in which electrospinning is the most commonly used method to produce nanofibers. Electrospinning offers extreme flexibility in material selection, drug loading, and structural design [183]. Many polymers can be electrospun [175, 184]. Additionally, the combination of different polymers and loading contents (e.g., functional nanocarriers) has given rise to infinite possibilities for nanofiber-based DDSs [185, 186]. For example, self-adjuvant peptide nanofiber–CaCO3 composite microparticles have been employed for oral vaccine delivery using ovalbumin as the antigen [187]. The utilization of pH-responsive polymers in nanofiber formulations enables controlled drug release [188]. In addition, nanofiber-based ODDSs can be explored for their unique properties, such as their mucoadhesive properties [189, 190]. Mucoadhesive nanofibers can be flexibly positioned in any part of the GI mucosa. Oromucosal administration utilizing nanofibers offers a promising approach to bypass the GIT and liver metabolism, making it an attractive option for drugs with low stability and adsorption and requiring a rapid onset of action [184].
Oral films are single- or multilayer composite drug-carrying films composed of a polymer matrix that can be classified as either orodispersible or mucoadhesive [191]. Orodispersible films are designed to rapidly dissolve or disintegrate in the mouth, forming a solution or suspension that is then swallowed for absorption in the GIT [192]. On the other hand, mucoadhesive films are specifically formulated to adhere to the oral mucosa and provide controlled drug release [193]. They are used for oral topical treatment or transmucosal administration, improving bioavailability by bypassing enzymatic degradation in the GIT and first-pass metabolism in the liver [191]. Similar to oral hydrogels and nanofibers, the diversity of available polymers and loaded components offers great promise in oral drug delivery. However, it should be noted that oral films can only carry a relatively small drug load, typically approximately 10 to 20 mg [194].
Table 3 summarizes the intrinsic strengths and weaknesses of nanomedicine-based delivery systems applied to the GIT, with a focus on their biointeractions with GI barriers. These drug delivery systems can be used in combination or with further modification to address their own shortcomings and further improve drug delivery and treatment efficacy.
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Figure 2. Structure of nanocarriers and scaffolds applied in oral drug delivery, including (A) EVs and OMVs, (B) living microorganisms, (C) lipid-based nanocarriers, (D) polymer-based nanocarriers, (E) lipid-polymer hybrid nanocarriers, and (F) scaffolds. Created with Biorender.com.

Table 3. Strengths and weaknesses of nanomedicine-based oral drug delivery systems, with a focus on their biointeractions with GI barriers.
	Delivery system
	Strengths
	Weaknesses

	Nanocarriers
	
	

	Extracellular vesicles
	Intrinsic biological effect; resistance to gastric acid and digestive enzymes and penetrability of mucus and epithelial barrier
	Heterogeneity; low drug loading; unclear in vivo mechanisms; difficult long-term preservation and storage instability

	Living microorganisms
	Superior intrinsic biological effect; high versatility through genetic engineering
	Instability to gastric acid, bile acids, AMPs, and digestive enzymes; impenetrability of mucus and epithelial barrier

	Lipid-based nanocarriers
	High biocompatibility and cost-effect scalable production; stability to pH variation and proteases in the GIT; tunable interactions toward mucus adhesion/penetration and epithelial permeation
	Low drug loading; instability against bile salts and lipase

	Polymeric nanocarriers
	Tunable release and versatile surface; stability to pH variation and digestive enzymes in the GIT; tunable interactions toward mucus adhesion/penetration and epithelial permeation
	Long-term toxicity associated with toxic degradation and particle aggregation in vivo 

	Lipid-polymer hybrid nanocarriers
	Biocompatibility; tunable release profile and versatile surface; stability to pH variation and digestive enzymes in the GIT; tunable interactions toward mucus adhesion/penetration and epithelial permeation
	Difficult scalable production; long-term toxicity

	Scaffolds
	
	

	Hydrogels
	Stimuli-responsive release and high drug loading; bioadhesive properties
	Swelling dependent on diffusion of water

	Nanofibers
	High loading efficiency; high surface area per unit mass; stimuli-responsive dissolution
	Not all polymers can form fibers

	Films
	Fast absorption and high patient compliance; oral mucosa adhesive film can bypass enzymatic degradation in GIT and first-pass metabolism in the liver
	Low drug-loading content





[bookmark: _Toc143260805][bookmark: _Toc146875548]3.2. Advanced nanomedicine biointeractions in the GIT in health
Advanced strategies employed in oral nanomedicine, based on a deep understanding of normal GI physiology, facilitate advanced nanomedicine biointeractions and offer promising opportunities for enhancing oral bioavailability. To achieve targeted release or retention in specific segments of the GIT (e.g., stomach, small intestine, and colon), advanced strategies leveraging the unique characteristics of each segment have been developed [11]. Additionally, given the enzymatic activity and pH variations within the lumen, enzyme inhibitors and pH-responsive polymers have been harnessed to increase the stability of nanomedicines. Furthermore, considering the properties of the mucus layer, strategies involving mucoadhesion and mucopenetration have been devised to facilitate efficient delivery. Moreover, bypassing the epithelial barrier that lies beneath the mucus layer is a crucial challenge for the systemic delivery of nanomedicines. Passive strategies based on permeation enhancers and active strategies based on targeting specific receptors and transporters expressed on epithelial cells have been employed to enhance the endocytosis and transport efficiency of nanomedicines [102, 195]. In addition, efficient intracellular trafficking and basolateral exocytosis are essential for nanomedicines to cross the epithelium and enter systemic circulation. To this end, strategies including lysosome escape, specific organelle targeting, and basolateral membrane-directed transport have been developed [196]. The utilization of these strategies and the corresponding advanced biointeractions will be discussed in the following subsections.

[bookmark: _Toc143260806][bookmark: _Toc146875549]3.2.1. Enzyme inhibition
The presence of various digestive enzymes in the GIT poses significant challenges for the stability of nanomedicines. In particular, lipases destabilize lipid-based nanomedicines. Several strategies have been employed to tackle this and are discussed in Section 3.2. Moreover, the abundance of proteases in the GIT presents a substantial hurdle for peptide delivery. Protease inhibitors, based on direct binding to the target enzyme, pH modulation or chelation with associated metal ions, have been co-administered with peptides to significantly improve peptide stability and oral bioavailability [197, 198]. However, the effect of proteases in the scope of oral nanomedicines remains unclear. It is generally believed that nanomedicines can protect loaded cargo, such as peptides and proteins, from proteases in the lumen due to steric hindrance and/or hydrophobic repulsion, and this hypothesis has been proven by many studies [113, 141, 199, 200]. However, there are also some studies showing that the codelivery of protease inhibitors and peptides via nanomedicine can improve the oral bioavailability of the peptide [201, 202]. For instance, Liu et al. developed mucoadhesive chitosan-modified PLGA NPs coloaded with salmon calcitonin and the protease inhibitor puerarin and showed that these NPs had increased oral bioavailability compared to nanoparticles without puerarin, highlighting the potential of protease inhibitors in nanomedicine-based strategies for oral peptide delivery [203]. Concerns regarding the side effects of protease inhibitors, particularly when administered in high doses and for long-term treatment, have been raised due to their drawbacks, e.g., cross-reactivity with other enzymes and the probability of nutritional deficiencies [204].

[bookmark: _Toc143260807][bookmark: _Toc146875550]3.2.2. Mucus interactions
Mucus forms a mesh structure with mucin fibers, creating mesh spaces ranging from 20 to 200 nm. Furthermore, the high content of sialic acid and sulfate imparts an overall negative charge to mucus [205]. The biointeraction between mucus and nanomedicines is influenced by these unique characteristics. Researchers have developed strategies to modulate the interaction with mucus, mainly focusing on the following two approaches: mucoadhesion and mucopenetration. These interactions are governed by the properties of both the mucus and nanomedicines, and comprehensive reviews exploring these aspects can be found in the literature [206, 207].

[bookmark: _Toc143260808]3.2.2.1. Mucoadhesion 
Mucoadhesion involves the binding of nanomedicine to mucus through noncovalent or covalent interactions, leading to prolonged residence time within the mucus layer. Noncovalent interactions rely on hydrophobic and electrostatic forces and hydrogen bonding [208]. Considering the hydrophobic and negative charge of mucus, positively charged hydrophobic nanomedicines tend to favor mucoadhesion [209]. Moreover, nanomedicines can be coated or conjugated with mucoadhesive polymers, such as chitosan, carbomer, alginate, or cellulose, to enhance their mucoadhesive properties [210]. Covalent interactions are primarily based on disulfide bonds, where thiolated groups interact with the active sulfhydryl groups in the cysteine-rich mucinous layer, which are stronger interactions compared to conventional noncovalent interactions [211]. It is worth noting that the mucoadhesion strategy for colon and stomach targeting might be more attractive than small intestine targeting due to the thicker mucus layer present in the former. Specifically, when targeting mucoadhesive nanomedicines to the colon, it is crucial to avoid mucus adhesion in the stomach, which is characterized by a thick and robust digestive mucus layer. This can be achieved by modifying the nanomedicines with colon-targeting polymers to ensure selective adhesion at the desired site [181, 212].

[bookmark: _Toc143260809]3.2.2.2. Mucopenetration 
Mucopenetration strategies can be passive or active. Passive mucus penetration involves minimizing the interactions between the nanoparticle surface and the mucus layer, which can be achieved through small-sized, hydrophilic, and neutrally charged nanomedicines [156]. In consideration of the mesh size of mucus, nanomedicines with small sizes are expected to penetrate through the pores within the mucus, while those of larger sizes are entrapped within the mucus. Hydrophilic and neutral surfaces can be achieved via modification with certain polymers, with PEG and poloxamer being the most widely exploited [213]. Inspired by capsid viruses that contain equal densities of positive and negative charges on the surface and have efficient mucus penetration, zwitterionic nanomedicines, known as virus-mimicking nanomedicines, have been developed [207]. Active mucus penetration strategies involve the use of nanomotors and mucolytic nanomedicines. Nanomotors can be propelled through the mucus layer by self-driven propulsion force via near-infrared light (NIR) laser or magnetic stimulation of asymmetric sprayed nanomedicines or self-promoting gases [214-216]. Mucolytic nanomedicines are developed via functionalization with disulfide-breaking agents (e.g., N-acetylcysteine) or mucolytic enzymes (e.g., papain or trypsin). However, there is an increasing safety concern about mucolytic strategies, as they disrupt the mucus and increase pathogen and bacteria diffusion, and subsequent infection of the IECs might arise [217].
Overall, it is challenging to determine the superiority of mucoadhesion and mucopenetration, as conflicting findings have been reported in the literature [209, 218, 219]. From the authors’ perspective, their promise is highly dependent on the specific disease context and the design of the nanomedicines. These considerations are thoroughly discussed in Section 5 in the context of different diseases.

[bookmark: _Toc143260810][bookmark: _Toc146875551]3.2.3. Permeation enhancement
The intestinal epithelium represents a physical barrier for the absorption of drugs, especially macromolecules. To overcome this hurdle, various permeation enhancers (PEs) based on the modulation of paracellular or/and transcellular permeation have been developed, with surfactants, bile salts, and chelating agents being the most common. The mechanisms of action of these PEs and their impact on drug delivery have been comprehensively discussed in the literature [195, 220, 221].
Nanomedicine platforms present promising opportunities for PE-based strategies in oral drug delivery, as they enable the colocalization of the drug and PEs at the intestinal epithelium and allow for the modulation of their release through formulation design [221]. However, in the context of transcellular permeation enhancers, the premature release of the drug before intracellular trafficking can be detrimental, particularly for labile drugs susceptible to lysosomal degradation, especially biologics. To address this challenge, modifications can be made to achieve the sequential release of PEs and drugs when co-delivered as nanomedicines or modifications can be made to the surface of nanomedicines with PEs. In addition, certain types of nanomedicines possess inherent permeation-enhancing properties, such as nanorods, metal nanoparticles, and lipid-based nanomedicines that contain surfactants and fatty acids [222-224].
While PEs may offer advantages in penetration, it is important to note that they could increase the risk of autoimmune diseases and infections by facilitating the permeation of pathogens and bacteria, especially with IEC damage and TJ disruption. Therefore, there has been growing interest in the development of nanomedicines that exhibit high specificity for transcellular delivery while preserving epithelium integrity [225]. This will be discussed in Section 5.4, with a specific focus on diabetes treatment.

[bookmark: _Toc143260811][bookmark: _Toc146875552]3.2.4. Targeting interactions
[bookmark: _Toc143260812]3.2.4.1. Tissue targeting interactions
Nanomedicines can be tailored to target the tissue of interest in the GIT, with the most exploited targets being the stomach, small intestine, and colon. Tissue targeting strategies have been comprehensively discussed in many reviews [3, 10, 11].
Stomach targeting strategies are of great interest for the treatment of local diseases in the upper GIT, such as gastric cancer and H. pylori infection [11]. Considering the fast transit time in the stomach, strategies targeting the stomach has focused on increasing the retention time, referred to as the gastroretentive strategy. Given the thick mucus layer and characteristics of the fluid content in the stomach, mucoadhesive and floating strategies are the main exploited strategies for gastroretentive nanomedicines [226, 227].
The small intestine has been extensively studied as an oral nanomedicine target for systemic delivery due to its large surface area and the abundant blood vessels in this region. One important characteristic of the small intestine is the gradual increase in pH along its length, with higher pH values in the distal regions [228]. This pH gradient has been exploited to develop small intestine-targeted pH-sensitive polymers, with the Eudragit® family being the most common [229]. In addition, given the presence of various IECs with numerous receptors and transporters on their apical membrane, strategies based on receptor or transporter targeting have been utilized to facilitate cellular internalization and transport [230]. These strategies will be discussed in detail in Sections 4.4.2 and 4.4.3.
Colon-targeted nanomedicines have been developed for local treatment (e.g., IBD and CRC) and microbiota modulation. In addition, there is a growing interest in their application for extra-GI disease treatment (e.g., for diabetes, breast cancer and Alzheimer’s disease), especially for macromolecule delivery, due to the lower proteolytic activity, diminished P-gp expression, and increased transit time in the colon [155]. Based on colon physiology, colon-targeting strategies mainly include pH-, time-, and microbiota-dependent drug delivery systems. These strategies have been extensively discussed in the literature [231, 232].
In summary, in the design of regional targeted oral nanomedicines, the specific biointeractions between nanomedicines at different locations in the GIT should be considered. By tailoring the properties of nanomedicines to match the specific conditions encountered in different regions of the GIT, targeted drug delivery can be achieved.

[bookmark: _Toc143260813]3.2.4.2. Cell targeting interactions
Previous reviews have provided detailed discussions on the specific interactions between oral nanomedicines and their target receptors, focusing on both receptor and ligand characteristics [102, 233]. Enterocytes, which are the most abundant cells in the GIT, represent a perfect target for transcellular delivery. Various surface receptors expressed on enterocytes have been extensively exploited for targeting, of which vitamin B receptors, neonatal Fc receptors (FcRn), and transferrin receptors (TfR) have received considerable attention [159, 234, 235]. Goblet cells, accounting for approximately 16% of the total cells in the small intestine and responsible for mucin secretion, have received limited attention in terms of active targeting. However, targeting goblet cells may be of interest in mucus-associated diseases. To date, the peptide CSKSSDYQC and Listeria monocytogenes have been exploited as ligands for goblet cell targeting [236, 237]. M cells, located in the follicle-associated epithelium (FAE) of Peyer's patches, play a crucial role in initiating antigen-specific mucosal immune responses and food tolerance by presenting antigens to dendritic cells. Given their importance in immune responses, M cells are an attractive target for oral vaccination [238]. Moreover, their high absorption and transport efficiency, which can be attributed to their thin mucus layer, short microvilli on their apical surfaces, and relatively low lysosomal degradation, make them promising targets [239]. However, the limited quantity of M cells (<1% of intestinal cells) restricts their application. To date, several receptors, including lectin receptors, Toll-like receptor 4 or 2, and glycoprotein 2, have been explored for M cell targeting [238]. Other receptors present on specific cells in the intestine have also generated interest for active targeting, such as the mannose receptor on dendritic cells [240] and G protein-coupled receptors (GPCRs) on enteroendocrine cells [200].

[bookmark: _Toc143260814]3.2.4.3. Transporter targeting interactions
The solute carrier (SLC) transporter superfamily, expressed on the membranes of most IECs, plays a pivotal role in the transportation of various substances. Targeting these transporters with nanomedicines to enhance the bioavailability of the cargo has garnered significant attention. These strategies take advantage of the enhanced endocytosis facilitated by transporters, the potential for altered intracellular trafficking that bypasses the endolysosomal pathway, and the potential facilitation of basolateral release [241-243]. Several associated transporters have been utilized in this context, with peptide transporters 1 and 2 (PepT1 and PepT2), proton-coupled folate transporter (PCFT), and apical sodium-dependent bile acid transporter (ASBT) being the most extensively studied [233].

[bookmark: _Toc143260815][bookmark: _Toc146875553]3.2.5. Intracellular interactions
The intracellular trafficking of nanomedicines is highly associated with endocytosis. Nanomedicines are commonly internalized through energy-dependent processes, including macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, and receptor/transporter-mediated transcytosis [196]. Among these, caveolae-mediated endocytosis is particularly promising for the transcellular transport of nanomedicines, as it can bypass acid and enzyme degradation in endolysosomes [244]. In addition, several strategies have been exploited to facilitate the escape of nanomedicines from endolysosomes, including the proton sponge effect, membrane fusion, and/or membrane destabilization. In addition, strategies of specific organelle targeting, especially targeting of the endoplasmic reticulum and Golgi apparatus, have gained great interest as they avoid the endolysosomal pathway [245]. Furthermore, active transcytosis achieved via receptor/transporter-mediated transcytosis has been exploited as an attractive strategy due to the potential for efficient intracellular delivery and endolysosomal escape [246].

It is noteworthy that the length and density of ligand decoration play a crucial role in the targeting interaction, as both can influence the accessibility and affinity of the ligand for its target receptor/transporter [247]. Moreover, while the aforementioned strategies primarily focus on the healthy context, there is a growing interest in leveraging the pathological characteristics in specific diseases, such as targeting receptors and transporters that are selectively upregulated in these diseases. This aspect will be comprehensively discussed in Section 5.


[bookmark: _Toc143260816][bookmark: _Toc146875554]4. Oral nanomedicine biointeractions in the GIT in disease
[bookmark: _Hlk143185841]Considerable attention has been devoted to investigating the pathological alterations that occur in the GIT in various disease contexts. In the realm of oral nanomedicine, the following two crucial aspects necessitate careful consideration: i) exploiting pathological parameters to design disease-targeted nanomedicines and ii) changes in the in vivo fate of nanomedicines in pathological conditions. However, it is noteworthy that many nanomedicines in the literature are developed based on healthy GI physiology. In this regard, we discuss the oral delivery of nanomedicines in pathological conditions and focus specifically on the following two key aspects: i) the utilization of pathophysiological parameters in the design of oral nanomedicines towards disease treatment and ii) the exploration of nanomedicines’ in vivo behavior within this context.

[bookmark: _Toc146875555][bookmark: _Toc143260817]4.1. Oral nanomedicine biointeractions in GI diseases 
[bookmark: _Toc146875556]4.1.1. Oral nanomedicine biointeractions in IBD 
Treatment strategies for IBD are shifting from symptom suppression and clinical disease activity control toward intestinal tissue reconstruction, mucosal healing, and deep remission [248]. Nanomedicines aimed to achieve these goals have been developed and researched.
Various colon-targeting strategies have been developed and utilized for IBD treatment, with some of them reaching the market [10]. These strategies are mainly designed based on the normal physiology of the GIT, including pH-responsive, time dependent, and bacteria-responsive strategies [249]. It is important to note that although lower colonic pH levels have been observed in patients with IBD, the exact pH varies considerably among individuals and largely depends on the activity and severity of inflammation [19]. This is important because pH differences may need to be less variable if they are to be relied upon as a standard approach for accurate IBD-targeting and drug stability analysis. Consequently, despite the long-standing observation of reduced pH levels in IBD patients, nanomedicine design for IBD treatment continues to rely on the pH levels observed in healthy individuals. Additionally, it is worth noting that designing nanomedicines using materials responsive to lower pH values may result in premature drug release in the small intestine, necessitating careful assessment of the risk-benefit balance.
The dysfunction of the intestinal barrier and infiltration of immune cells and proinflammatory molecules in the mucus, along with increased oxidative stress and microbiota dysbiosis, contribute to the pathology of IBD and provide opportunities for oral delivery.
The defective barrier function of the inflamed intestine facilitates the preferential accumulation of nanomedicines at the inflamed site, known as the epithelial enhanced permeability and retention (eEPR) effect [250]. This passive targeting strategy, which does not require surface modification, has been extensively discussed and utilized in nanomedicine-based therapy for IBD. The optimal size for achieving the eEPR effect has been explored. Studies comparing microparticles (MPs) and nanoparticles (NPs) have consistently shown that NPs exhibit superior accumulation in the inflamed intestine when compared to MPs [251, 252]. However, the optimal nanosize range (10-1000 nm) remains unclear due to conflicting results in the literature [253-255], with most studies focusing on NPs in the range of 100-300 nm. Determining the best NP size for IBD treatment is challenging, as smaller NPs penetrate the mucus and epithelium more effectively, leading to enhanced systemic absorption, while larger NPs exhibit prolonged retention at the inflamed site and are more readily taken up by phagocytes. Thus, the size effect within the nanometer range may not be significant when considering other surface properties, such as charge, hydrophobicity, and modification with targeting moieties.
Mucoadhesive strategies have garnered considerable interest in oral delivery for IBD treatment, particularly due to the reduced mucus turnover rate and the presence of immune cells and proinflammatory molecules within the mucus layer [25, 256]. Cationic nanoparticles have shown promise in this regard, as they adhere to the mucus layer through electrostatic interactions, leading to prolonged accumulation and retention in the inflamed mucosa, thereby enhancing the local treatment effects [257]. Iqbal et al. demonstrated this effect by developing TNF-α siRNA-loaded PLGA-PEG nanoparticles with different surface charges (cationic, neutral, and anionic) using lipids with varying charges. Cationic nanoparticles exhibited the highest accumulation in the inflamed colon and demonstrated superior reduction of TNF-α levels and mitigation of colitis in a mouse model of dextran sulfate sodium (DSS)-induced colitis after oral administration [258]. Additionally, coating mucoadhesive nanomedicines with colon-specific-responsive materials or targeting ligands is of great interest in IBD treatment. One representative strategy is the layer-by-layer approach, where nanoparticles are coated with a layer of chitosan followed by a layer of colon-responsive material (e.g., Eudragit, alginate or tannic acid). The outer layer protects the system from the harsh gastric environment, while chitosan provides mucoadhesive properties [259, 260].
The inflamed intestinal tissue is infiltrated with multiple immune cells and proinflammatory molecules, which collectively promote the progression of IBD. Nanomedicines can be targeted to specific cells (e.g., macrophages, neutrophils, dendritic cells, lymphocytes, and inflamed epithelial cells) through surface modification with relevant ligands in the context of IBD, with hyaluronic acid and mannose being the most widely exploited [261]. Moreover, strategies targeting and reducing proinflammatory signals have received considerable attention. Numerous drug delivery systems have been developed for delivering TNF-α siRNA and anti-TNF-α antibodies [260, 262]. In addition to cytokines, other proinflammatory signals have been discovered and targeted in recent years, such as reactive oxygen species (ROS) and cell-free DNA (cfDNA). Increased levels of reactive oxygen species (ROS) in the inflamed intestine, ranging from 10 to 100 times higher than normal, have been documented and are closely linked to the onset and progression of IBD [263]. Various strategies based on ROS-responsive and/or -scavenging nanomedicine have been developed, of particular interest is the application of selenium-containing polymers, which have demonstrated responsiveness to ROS and potent ROS-scavenging properties[264, 265]. Elevated cell-free DNA (cfDNA) levels was found in IBD patients, which were also associated with disease severity. Based on this, Shi et al. developed polyethyleneimine (PEI)-conjugated diselenide-bridged mesoporous organosilicon nanoparticles (MONs), referred to as MON-PEI, to capitalize on the high affinity of PEI for cfDNA and the efficient ROS scavenging ability of MONs. MON-PEI demonstrated increased accumulation and prolonged retention at the inflamed colon site after oral administration, attenuating colonic and peritoneal inflammation by alleviating cfDNA- and ROS-mediated inflammatory responses in both UC and CD mouse models [265].
Gut microbiota dysbiosis is observed in IBD and has been a target for IBD treatment in recent years, with the representative strategy being prebiotic- and probiotic-based nanomedicines. Many prebiotics have demonstrated other beneficial effects in IBD treatment, such as mucus-healing and anti-inflammatory properties [266, 267]. For example, He et al. developed a TNF-α siRNA and gallic acid–mediated graphene quantum dot (GAGQD)–encapsulated bovine serum albumin nanoparticle, with a prebiotic multilayer consisting of chitosan and tannin acid (CHI/TA) as the targeting armor, named siRNA-GBSA(CHI/TA)n NPs, for gut microbiota-brain interaction modulation. Combining downregulation of TNF-α expression, , relieved oxidative stress and modulation of the gut microbiota,  these nanoparticles suppressed hyperactive immune responses in a mouse model of acute colitis. Notably, these nanoparticles alleviated anxiety- and depression-like behaviors and cognitive impairment in mice with colitis. This study sheds light on the regulation of gut microbiome-brain interactions through prebiotic-based nanomedicines [260] (Figure 3). Furthermore, the delivery of probiotics is of great interest for microbiota modulation. Considering the extremely acidic environment in the stomach and the presence of bile acids in the intestine, which can damage bacterial cell walls, researchers have combined this strategy with stimuli-responsive approaches to protect probiotics in the harsh GIT and achieve specific drug release at the inflammation site [268, 269]. For example, Zhou et al. developed a double layer pH-responsive chitosan/sodium alginate coating for genetically engineered Escherichia coli Nissle 1917, which overexpressed antioxidant catalase and superoxide dismutase, for IBD treatment. The nanomedicines increased the abundance and diversity of gut microbiota and relieved oxidative stress at the inflammation site, contributing to IBD alleviation [123].
Although the pathology of IBD has been extensively studied in oral drug delivery, certain aspects remain unclear, such as altered transit time, enzyme activity, microbiota dysbiosis, and underlying pathways for mucosal healing and regeneration. Additionally, numerous proinflammatory molecules and immune cells in the inflamed intestine, and alterations in the microbiota and their metabolites have only been partially studied. Further research is needed to fully understand and exploit their impact and application in oral drug delivery. 
Overall, the biointeractions of oral nanomedicines and the GIT in IBD treatment currently focus on immunosuppression, mucosal healing, and microbiota modulation.  Nanomedicines can passively accumulate at the inflamation site, and this accumulation can be further enhanced via a mucoadhesion strategy or pH-, ROS-, or bacteria-responsive release.
[image: ]
Figure 3. Oral nanomedicines in IBD treatment. Schematic of the development (A) and therapeutic effect (B) of siRNA-GBSA(CHI/TA)n NPs. Reproduced with permission from ref. [260].

[bookmark: _Toc143260818][bookmark: _Toc146875557]4.1.2. Oral nanomedicine biointeractions in IBS 
Currently, the etiology of IBS remains only partially understood, and as a result, current treatments primarily focus on alleviating symptoms associated with the condition. First-line therapies for IBS typically involve the use of antispasmodics (e.g., loperamide and peppermint oil) and laxatives (e.g., soluble fibers) [94]. Although limited research has been conducted on oral nanomedicines for IBS treatment compared to the extensive studies in the field of IBD treatment, certain strategies employed in IBD therapy can be partially applied to IBS treatment due to the similarity in pathological changes in the gut and the recognized risk of IBD development in IBS patients [270, 271].
Dysfunction of the epithelial barrier is observed in various types of IBS patients, leading to the passive accumulation and retention of nanomedicines at impaired sites, which favors the application of nanomedicines. Additionally, IBS patients exhibit low-grade increases in proinflammatory cytokines and macrophages [271]. Notably, elevated levels of oxidative stress markers have also been observed. Exploiting the increases in inflammation and oxidative stress provides an opportunity for site-specific drug delivery. For instance, Zhang et al. developed puerarin-loaded ROS-responsive thioketal-linked alginate/chitosan microparticles for IBS treatment. This formulation effectively reduced colonic mucosal damage, modulated the gut microbiota, and exhibited a prolonged retention time of 36 hours at the colon site [272]. This research underscores the rationale and potential of utilizing nanomedicine technology for IBS treatment. Additionally, some pathophysiological features of IBS offer opportunities for the development of oral nanomedicine: i) as mast cell activation is identified as a key player in IBS, oral nanomedicine delivering mast cell stabilizer (e.g., ketotifen and omalizumab) could be promising for IBS treatment [273]; ii) bile acid malabsorption, a common feature in IBS patients, can impair lipid absorption [40]. Given that bile salts pose a significant challenge to the stability of lipid-based nanomedicines during emulsification, this characteristic may foster the application of lipid-based nanomedicines for IBS treatment; and iii) the dysbiosis of gut bacteria is a recognized feature in IBS [39], emphasizing the rationale for strategies that remodel the microbiota, particularly through prebiotic-/probiotic-based nanomedicines [274].

[bookmark: _Toc146875558][bookmark: _Hlk146179878][bookmark: _Hlk146870961]4.1.3. Oral nanomedicine biointeractions in H. pylori infection 
[bookmark: OLE_LINK22][bookmark: OLE_LINK25]The current standard treatment for H. pylori infection involves a combination of antibiotics and PPIs [275]. However, this regimen has encountered challenges such as antibiotic resistance and perturbation of gut microbiota due to excessive use of antibiotics and off-target effects. Oral nanomedicine holds promise for the development of antibiotic-free and targeted treatment to eradicate H. pylori [276].
[bookmark: _Hlk146378804]H. pylori infection primarily occurs in the stomach, thus strategies involving gastroretentive interactions are favored as a treatment. Notably, alterations in the mucus layer, characterized by reduced viscosity and turnover rates in the context of H. pylori infection, create opportunities for oral nanomedicines to evade clearance and penetrate effectively [44, 45]. Nonetheless, it is essential for these nanomedicines to possess mucus-penetrating capabilities to accumulate within the biofilm and effectively disrupt the biofilm matrix and the embedded bacteria associated with H. pylori. Mucus- and biofilm-penetration oral nanomedicines have demonstrated increased efficacy in H. pylori infection treatment [277]. In addition, oral nanomedicines have been designed to counteract antibiotic resistance through innovative antibiotic-free approaches, as exemplified with the ones incorporating bacteriostatic metal ions, such as copper and silver, and/or those presenting the ability to induce robust ROS production [278-280]. Furthermore, oral nanomedicines with precise drug release control and site-directed drug delivery can improve the therapeutic outcomes and minimize the side effects, particularly the disruption of the gut microbiota [281]. For instance, Liu et al. developed protonated charge reversal metal-based nanodrugs, ZnO-Ag-mercaptoacetamide@chitosan (ZAN@CS), for active targeting clearance of H. pylori without affecting the gut microbiota. The chitosan shell was employed to enhance gastric mucus adhesion after oral administration. Upon exposure to the gastric acidic environment, the ZAN core became positively charged due to protonation, facilitating the binding to the negatively charged H. pylori. ZAN further eradicated H. pylori and its associated biofilm by producing Zn2+, Ag+, and ROS. The abundance and diversity of intestinal microorganisms had no significant change during the therapy because ZAN did not protonate in the intestinal environment, thereby repelling interactions with the intestinal flora [278]. This study highlights the potential of oral nanomedicine for targeted and effective H. pylori treatment while preserving gut microbiota.

[bookmark: _Toc143260819][bookmark: _Toc146875559]4.1.4. Oral nanomedicine biointeractions in GI cancers 
[bookmark: _Toc143260820]4.1.4.1. Oral nanomedicine biointeractions in esophageal cancer 
The management of locally advanced esophageal cancer (EC) primarily involves surgical intervention to remove cancerous tissue from the esophagus and surrounding areas, complemented by neoadjuvant therapy consisting of chemotherapy or chemoradiotherapy [282]. Most nanomedicines in preclinical studies for EC treatment are administered intravenously, as oral administration presents significant challenges for EC patients due to difficulties in swallowing, transient transit, and low permeability, resulting in short exposure times and reduced drug concentrations at the tumor site. Local drug delivery devices provide an opportunity for oral delivery in EC treatment, including techniques such as esophageal stenting, films and hydrogels [283]. Esophageal stenting, typically utilizing self-expanding metallic stents, can offer rapid partial relief of dysphagia in EC patients, although it does not significantly impact patient survival rates. The stent can be combined with nanomedicines for brachytherapy or chemotherapy to establish a feasible and safe palliative treatment regimen that also relieves dysphagia in patients with unresectable esophageal cancer [284, 285].
Furthermore, mucoadhesive nanomedicines can prolong retention in EC treatment, as EC is associated with enhanced mucus production [286]. Chede et al. evaluated various bioadhesive polymers (including pH-dependent, water-swellable, or in situ gelling polymers sensitive to ions or temperature) for their ability to resist removal by salivary washings using an ex vivo porcine esophageal tissue model. The results demonstrated that in situ ion-triggered gel-forming polysaccharide gels exhibited superior retention on the esophageal tissue surface for 30 min, and the loaded drug exhibited sustained release over a period of 3 h. These findings highlight the potential of bioadhesive strategies for the local treatment of esophageal cancer [287].

[bookmark: _Toc143260821]4.1.3.2. Oral nanomedicine biointeractions in gastric cancer 
Surgical intervention, along with perioperative or adjuvant chemotherapy, constitutes the primary treatment approach for gastric cancer [288]. Nanomedicine strategies for gastric cancer primarily focus on intravenous administration, while the development of oral nanomedicines for gastric cancer treatment has received limited attention. This can be attributed to challenges associated with the gastric environment, including limited transit time, a thick mucus layer, low mucosal permeability, and harsh pH and enzymatic conditions. Although an elevated pH has been observed in many gastric cancer patients, preclinical studies on drug release from nanomedicines still rely on the assumption of normal gastric pH due to the difficulty in defining a standardized pH range for gastric cancer patients [289].
Pathophysiological changes in gastric cancer represent an opportunity for oral nanomedicines. The impaired mucosal barrier surrounding gastric tumors offers a potential site for passive accumulation and prolonged retention of nanomedicines [290]. In addition, multidrug resistance (MDR) has been observed in gastric cancer patients and is attributed to the upregulation of efflux pumps belonging to the ABC superfamily. Targeting MDR-associated receptors or transporters could be a promising strategy for oral nanomedicine delivery in gastric cancer, as demonstrated in intravenous injection-based therapy [291].

[bookmark: _Toc143260822]4.1.4.3. Oral nanomedicine biointeractions in CRC 
The tumor microenvironment in CRC is highly influenced by the interplay between gut bacteria, the immunogenicity of cancer cells, and preexisting immunological conditions. Surgical intervention and chemotherapy have traditionally been the primary treatment modalities for CRC patients, while nanomedicine-based targeted therapy represents a novel alternative [292]. Subcutaneous and orthotopic CRC models are commonly employed to evaluate the efficacy of nanomedicines in preclinical research. As orthotopic CRC models exhibit the ability to better mimic the tumor microenvironment and the trafficking of nanomedicine after oral administration, we focused on research carried out in orthotopic CRC models for in vivo testing of oral nanomedicine [293].
pH-, time-, and microbiota-responsive drug delivery systems for colon delivery have been adapted for CRC treatment, and these interactions have been comprehensively discussed in several reviews [155, 294]. Despite the presence of a low-grade increase in intestinal permeability, along with reduced mucus levels and impaired tight junctions, it is important to note that the extent of gut leakage in CRC is relatively low, particularly when considering the solid tumor tissue [67, 68]. In this regard, multiple factors severely limit the efficacy of oral nanomedicines in CRC, including the limited distribution of CRC in the intestine, the presence of a dense mucus barrier, the poor ability of nanomedicines to cross the epithelial barrier, and the limited penetration of nanomedicines to the tumor tissue. Hence, the importance of the development of active tumor-targeting and barrier penetration strategies specifically tailored to enhance CRC treatment efficacy is underscored.
Various receptor- and transporter-based active targeting strategies have been explored for CRC treatment. The overexpression of specific receptors and transporters, such as CD44, the mannose receptor, and the folate transporter, has been harnessed to facilitate targeted interactions and increased accumulation within tumor tissues [295]. However, it is important to consider that some of these receptors and transporters are also expressed in the upper GIT. To achieve colon-specific targeting followed by selective tumor tissue targeting, a combination of receptor targeting and colon-targeting strategies for sequential targeting can be employed. For instance, Lu et al. developed hierarchically targetable nanocarriers for CRC targeting. These nanocarriers were coated with folic acid (FA) and a dextran shell in a layer-by-layer manner. This coating prevented the cellular transport mediated by FA in the small intestine, enabling the successful delivery of the cargo to the tumor tissue [296]. Similarly, Hou et al. developed paclitaxel (PTX)-loaded PLA-PEI nanoparticles and coated them with a double layer of HA-inulin for oral treatment of CRC. The inulin layer targeted degradation at the colon site, followed by HA targeting of the tumor tissue [297]. These studies demonstrate the effectiveness of combining colon-specific targeting with selective tumor targeting to enhance the therapeutic outcomes of nanomedicine in CRC treatment.
The activation of oncogenes in CRC cells results in the aberrant activation of inflammation-related transcription factors [298]. The active recognition of proinflammatory molecules present in the tumor microenvironment, such as IgG and LPS, can also be harnessed for active tumor targeting. For example, Wang et al. camouflaged glucose-functionalized nanomotors by a Staphylococcus aureus (S. aureus) membrane, referred to as BCTN, to precisely anchor in the CRC intestine. The nanocarriers achieved 4.3-fold higher biological chemotactic anchoring in the CRC intestine owing to the specific binding between IgG and S. aureus. In addition, NIR laser–propelled nanomotors, introduced by asymmetric platinum-sprayed mesoporous silica nanoparticles, achieved a 14.6-fold increase in mucus penetration, which was ascribed to the remarkable motility of nanomotors by self-thermophoretic propulsion force. Furthermore, glutathione-responsive PEG-glucose inserted into the nanomotors allows it to be taken up by CRC cells via the GLUT pathway and penetrate the tumor, releasing the loaded chemotherapeutic drug cisplatin. Overall, the precisely designed nanoplatform achieved a tumor inhibition rate (TIR) of 99.1% in orthotopic CRC tumor–bearing mice [215] (Figure 4). Similarly, they further used the S. aureus coating nanomotor strategy to deliver TiO2 asymmetric sprayed hollow mesoporous CuS nanomotors and functionalized them with PEG-transferrin, which displayed significant antitumor efficacy in CRC (TIR of 99.4%) [299]. These studies underscore the significance of combining active tumor tissue targeting, barrier penetration, and on-demand drug release strategies in CRC treatment.
CRC exhibits a unique association with the gut microbiota, which plays a crucial role in the tumor microenvironment. Extensive research in the past decade has highlighted the dysbiosis that occurs during colorectal tumorigenesis. The gut microbiota has been recognized for its ability to modulate therapeutic responses to chemotherapy and immunotherapy in CRC patients, thus offering opportunities for CRC treatment [300]. To date, several strategies have been explored to leverage the interaction with the gut microbiota in the context of oral delivery for CRC, including targeting specific CRC-associated bacteria, killing pathobionts and delivering probiotics, as well as utilizing their products, including OMVs and spores. Din et al. engineered a clinically relevant bacterium to lyse synchronously at a threshold population density and release genetically encoded cytotoxic agents, referred to as the synchronous lysis circuit (SLC) strategy. Combining this approach (oral administration of engineered bacteria) with chemotherapy (intraperitoneal injection of 5-FU) resulted in a significant reduction in tumor activity and improved survival in a mouse CRC model [301]. Recently, Zhang et al. encapsulated engineered bacteria with SLC within chitosan-sodium alginate microcapsules as a nanovaccine for CRC treatment. This system enabled the periodic release of antigens, thereby stimulating potent mucosal and systemic immunotherapy against CRC after oral administration [125]. These studies shed light on the application of SLC for antitumor immunotherapy. However, it should be noted that nonselective bacterial lysis may lead to the elimination of both pro-tumoral and anti-tumoral bacteria, potentially impeding the colonization of probiotics in the colon. While these studies focused on bacterial lysis to activate immune responses, other studies have aimed to deliver prebiotic- and/or probiotic-based nanomedicines to achieve antitumor effects. Zheng et al. encapsulated spores of the probiotic Clostridium butyricum into β-cyclodextrin-grafted prebiotic dextran for modulation of the gut microbiota and its metabolites. This formulation exhibited increased accumulation at the tumor site and transformed the gut microbiota from a protumor to an antitumor type, as evidenced by the increased abundance of SCFA-producing bacteria. The treatment demonstrated satisfactory tumor suppression and anti-invasive capacity. The authors attributed the targeting efficacy of spores to colorectal tumor tissue to their ability to revive and proliferate within the hypoxic colon and tumor tissue. Interestingly, oral and intravenous administrations of this formulation showed similar antitumor efficacy in an orthotopic CRC model, indicating the remarkable targeting efficiency of dextran and spores in both routes of administration. Moreover, the oral formulation displayed better antitumor efficacy in a subcutaneous model than in an orthotopic model (TIR: 89% versus 65%), underscoring the role of the gut microbiota in promoting tumor growth and drug resistance via the tumor microenvironment [302]. Furthermore, targeting specific bacteria provides an additional pathway to achieve enhanced drug accumulation in the tumor and microbiota modulation. For instance, Zheng et al. isolated a phage strain from human saliva to specifically lyse the pro-tumoral bacteria, Fusobacterium nucleatum, which is known to be elevated in CRC patients. They further conjugated it to irinotecan-loaded dextran nanoparticles. The conjugated phage enhanced the accumulation of the formulation in tumors after oral administration and significantly promoted the efficacy of chemotherapy via microbiota modulation [303].
In summary, the pathological changes in the GIT in CRC have been exploited for oral delivery. The significance of active targeting and barrier penetration in CRC treatment, along with the potential of microbiota modulation, has been emphasized. The intricate design of nanomedicines offers multiple desired functionalities but also presents challenges for clinical translation. Researchers must carefully consider the risk-benefit balance and develop nanomedicines accordingly.
[image: ]
Figure 4. Oral nanomedicine in the CRC context. (A) Schematic of the synthetic procedure and CRC therapy of BCTN. (B) Mean fluorescence intensity (MFI) of the intestinal segment of CRC and the main organs in tumor-bearing mice after oral administration of different nanoparticles for 12 h. (C) Tumor weight of mice in each group after 3 weeks of treatment. Adapted and reproduced with permission from ref. [215].

[bookmark: _Toc146875560][bookmark: _Toc143260823]4.2. Oral nanomedicine biointeractions in extra-GI diseases 
[bookmark: _Toc146875561][bookmark: _Toc143260824]4.2.1. Oral nanomedicine biointeractions in T1DM 
The current treatment for T1DM is mainly focused on interventions to preserve β cells or insulin complement [304]. In this context, extensive research has been devoted to exploring the use of oral nanomedicines as an alternative to enhance the oral bioavailability of insulin, thereby improving the quality of life and the compliance of patients.
In contrast to the aforementioned gastrointestinal diseases, oral nanomedicine approaches for T1DM focus on drug penetration through the mucosal barrier to gain access to the systemic circulation. To avoid gastric acid and enzyme degradation, various approaches, such as enteric capsules, coatings, and acid-resistant materials, have been employed [305]. It is noteworthy that although dysfunction of the intestinal barrier and gastroparesis have been extensively demonstrated in T1DM patients, the literature predominantly focuses on oral delivery strategies based on normal GI physiology, particularly concerning the design of nanomedicines with improved barrier penetration [71, 76]. This preference can be attributed to the lack of comprehensive understanding of gut barrier dysfunction in T1DM, the substantial interpatient variation, and the improved oral bioavailability of nanomedicine with enhanced barrier penetration capabilities [68, 76, 235]. 
The mucus interactions of nanomedicine, including mucoadhesion and mucopenetration, in T1DM treatment has been extensively explored. To gain deeper insights into the role of mucoadhesion and mucopenetration interactions in systemic delivery, Cheng et al. conducted a study wherein they developed insulin-loaded poly(n-butylcyanoacrylate) nanoparticles (Ins/PBCA NPs) with different coating layers, including chitosan or alginate, and defined the one coated with chitosan (Ins/PBCA/CS) as mucoadhesive, whereas the one coated with chitosan and alginate (Ins/PBCA/CS/Alg) was defined as mucopenetrating. Surprisingly, no significant differences in oral bioavailability were observed between the mucopenetrating (8.80%) and mucoadhesive nanoparticles (8.44%). These findings suggest that the potential of mucopenetrating nanoparticles in systemic delivery via the oral route might have been overestimated when compared to that of mucoadhesive nanoparticles [219].
Although the aforementioned study demonstrated the similar effects of both the mucoadhesive and mucopenetration strategies, the majority of the research carried out in the field has been primarily focused on mucus penetration, as well as epithelium penetration. This emphasis on rapid mucus penetration is likely due to the ability of these nanomedicines to evade clearance and facilitate efficient crossing through the epithelium. Zwitterionic micelles and PEGylation have emerged as the main strategies employed for this purpose [100]. However, while the penetration of the epithelium by opening TJs has garnered significant attention for oral drug delivery, recent research has highlighted the potential risks associated with TJ opening, such as infection and autoimmune responses [98]. To address the need for simultaneous rapid mucus penetration and cellular transport without compromising TJ integrity, Han et al. developed insulin-zinc complex-loaded zwitterionic polymer micelles with a betaine side chain. These micelles were designed to facilitate efficient proton-assisted amino acid transporter 1 (PAT1)-mediated epithelial penetration via the betaine side chain while maintaining an ultralow critical micelle concentration to improve stability and prevent TJ impairment. Notably, the zwitterionic micelles exhibited nearly one order of magnitude faster diffusion in mucus compared to PEG particles of similar size. The lyophilized micelles were further loaded into enteric capsules for oral administration. In vivo studies demonstrated that the formulated micelles achieved a remarkable oral bioavailability of 42.5%, and the insulin adsorption profile could be finely tuned by varying the insulin/Zn ratio [225].
However, it is worth noting that while hydrophilic and neutral surface properties of nanomedicines are favorable for mucopenetration, the opposite characteristics, lipophilic and cationic surfaces, can increase uptake by IECs. An alternative strategy to address this dilemma involves utilizing enzyme/pH-responsive linkers to anchor ligands for mucus penetration on nanoparticles while selectively exposing surface moieties for cellular uptake [233]. For instance, Li et al. developed an intestinal epithelium microenvironment-adaptive nanomedicine to overcome this challenge. They designed a pH-responsive core-shell nanoplatform (PLGA-Hyd-PEG NPs) by synthesizing PEG and PLGA building blocks linked by an acid-responsive bond, a hydrazone bond, and loaded it with insulin. After lyophilization, the nanomedicines were loaded into enteric capsules. Upon oral administration, the nanomedicines were released from the capsules in intestinal fluids, and the PEG chains induced rapid mucus penetration. As the hydrazone bond hydrolyzed in the acidic microenvironment of the jejunal epithelial surface (pH ~5.5), the PEG chains were cleaved, converting the nanoparticle surface from hydrophilic to hydrophobic. This transition facilitated the internalization of the nanoparticles into cells. The pH-responsive PLGA-Hyd-PEG NPs had a twofold higher oral bioavailability of insulin (4.81%) compared to nonresponsive PLGA-PEG NPs (1.99%). Interestingly, contrary to the assumption that PEGylation could increase the oral bioavailability of cargo due to mucus penetration, the oral bioavailability of PLGA NPs (2.96%) was higher than that of PLGA-PEG NPs (1.99%), highlighting the importance of intestinal cellular uptake for systemic delivery [199]. Similarly, Wang et al. developed protein corona liposomes to intelligently overcome both the mucus layer and the underlying intestinal epithelium barriers for insulin delivery, achieving an oral bioavailability of 11.9%. They designed cationic liposomes (CLs) coated with bovine serum albumin to facilitate protein corona absorption in the intestine (PcCLs). The hydrophilic and neutrally charged protein corona facilitated mucus penetration of the PcCLs. As the PcCLs permeated the intestinal mucus, the protein corona gradually degraded in the presence of trypsin in mucus, exposing the CLs and leading to enhanced transepithelial transport of insulin [306].
[bookmark: _Hlk146210813][bookmark: _Hlk146382459]The utilization of active targeting strategies for nanomedicines to overcome the epithelial barrier has been widely explored, with a focus on targeting specific receptors and transporters, such as transferrin, FcRn, and ASBT, in T1DM treatment [233]. Specifically, targeting the receptors/transporters selectively upregulated in T1DM is of great interest in oral delivery due to the high selectivity and potential high transport rate. For instance, Li et al. observed upregulation of proton-coupled folate transporter (PCFT) expression at both the mRNA and protein levels in intestinal epithelial cells of T1DM rats. Based on this, they developed insulin-loaded NPs grafted with folic acid (FNP) to specifically target PCFT. This study extensively investigated the cellular uptake and intracellular behavior of FNP. The upregulated PCFT expression facilitated the endocytosis of FNP, enabling efficient transcytosis of FNP across enterocytes through lysosome escape, Golgi-targeting, and basolateral exocytosis pathways. Consequently, FNPs achieved a high 14.4% oral bioavailability of insulin in a rat model of T1DM. Interestingly, the study also discovered that in cells with low PCFT expression, FNPs were taken up via a clathrin-mediated pathway and subsequently degraded primarily in lysosome [307].
The drug release behavior of many oral nanomedicines in systemic delivery remains unclear, and it is difficult to fully understand it with current technologies. Of particular interest in insulin delivery is the development of nanomedicines that exhibit drug release responsiveness to physiological conditions related to systemic circulation. Successful accomplishment of such responsiveness would protect insulin throughout its transit in the GIT and intestinal barrier and mimic the release behavior of insulin. Several on-demand drug-release nanoparticles have been designed to attain this aim. Zou et al. designed acid-resistant metal-organic framework nanoparticles (UiO-68-NH2) for insulin delivery and modified them with transferrin to enhance their efficient transport across the epithelium. UiO-68-NH2 nanoparticles exhibited resistance to the harsh gastric acid environment and specifically disintegrated and released the cargo in simulated physiological conditions (PBS, pH 7.4) due to their phosphate ion instability. The pore size of UiO-68-NH2 (~2.6 nm) was suitable for insulin (~2 nm) delivery while preventing the entry of pepsin (~6 nm) through steric hindrance, effectively protecting insulin from proteolysis in the GIT. Furthermore, transferrin-coated acid-resistant nanoparticles enable rapid absorption by intestinal cells and escape from lysosomes via exocytosis. Overall, these properties contribute to the high 29.6% oral bioavailability of insulin for this formulation [235]. Similarly, Martins et al. developed insulin-loaded porous silicon nanoparticles encapsulated in a pH-responsive lignin matrix that allowed for release at pH 7.4. The nanoparticles were surface-functionalized with the Fc fragment of IgG, which serves as a targeting ligand for FcRn. The formulation demonstrated significant transport and on-demand release efficacy in vitro, but further in vivo data are needed to fully evaluate its potential [308].
[bookmark: _Hlk146383261]On the other hand, it is of great interest to deliver insulin to other organs with pathological changes in the context of T1DM, such as the liver and pancreas. Targeted delivery of insulin to the liver following oral administration represents a promising strategy for the treatment of T1DM, as the liver, being a major site of glycogen storage, plays a crucial role in glucose regulation. Insulin promotes glucose uptake in the liver, thereby reducing gluconeogenesis and facilitating glycogen synthesis, ultimately lowering blood glucose levels. Yang et al. developed ligand-switchable nanoparticles (Pep/Gal-PNPs) capable of epithelium penetration and hepatic targeting in response to pH. Specifically, insulin-loaded PLGA nanoparticles were modified with a pH-triggered stretchable cell-penetrating peptide (Pep) and a hepatic targeting moiety (galactose, Gal) to formulate Pep/Gal-PNPs. Following oral administration of Pep/Gal-PNPs, Pep adopted a stretched conformation and protruded from the nanoparticle surface in acidic environments, enabling the efficient crossing of intestinal barriers. Upon entering systemic circulation, Pep folded at physiological pHs, leading to the exposure of Gal on the nanoparticle surface for liver targeting. Notably, the formulation exhibited a 7.7% oral bioavailability of insulin and increased hepatic glycogen production by 7.2-fold [309] (Figure 5). Furthermore, targeted drug delivery to the pancreas for immune suppression is expected to alleviate the autoinflammation of pancreatic β-cells and restore their insulin-secretion ability. Lee et al. synthesized polymerized ursodeoxycholic acid (pUCDA), a bile-acid polymer, and formulated it as a nanoparticle for oral insulin delivery. The study comprehensively elucidated the mechanism of action of this bile acid polymer in T1DM treatment, with a focus on metabolic and immunomodulatory aspects. pUCDA demonstrated the ability to reverse inflammation and restore metabolic function. This was manifested by the polarization of macrophages toward the M2 phenotype, with preferential accumulation of pUCDA in the pancreas of mice, high avidity binding to the islet-cell bile acid membrane receptor TGR5, and the activation of the secretion of glucagon-like peptide and endogenous insulin. Overall, the formulation remarkably restored blood glucose levels in diabetic mice and pigs [310].
In conclusion, while several studies have investigated the utilization of pathological changes in T1DM to enhance oral delivery, further research is warranted to comprehensively elucidate the impact of these changes on oral drug delivery and harness their potential. Currently, the desired oral nanomedicine biointeractions in the GIT in T1DM treatment encompass drug protection against gastric acid and digestive enzymes, effective mucus penetration or adhesion, efficient transport across cellular barriers, and on-demand release of the drug in the systemic circulation or specific organs. A deeper understanding of these aspects will contribute to the design and development of advanced oral nanomedicines for T1DM treatment.

[image: ]
Figure 5. Oral nanomedicines in T1DM treatment. (A) Schematic of the construction and sequential target process of Pep/Gal-PNPs. (B) Analysis of the absorption of nanoparticles in intestinal villi at different pHs. (C) The fluorescence intensity of different tissues from rats 4 h after oral administration of FITC-labeled nanoparticles. (D) Blood glucose levels over time in T1DM rats treated with different formulations. (E) Peripheral serum insulin levels over time in diabetic rats treated with different formulations. (F) Relative hepatic glycogen content (HGC) in healthy rats treated with PBS (N); T1DM rats treated with PBS (D), insulin (INS), and insulin-loaded nanoparticle formulations (PNP, CPP/Gal-PNP, and Pep/Gal-PNP). Adapted and reproduced with permission from ref. [309].

[bookmark: _Toc143260825][bookmark: _Toc146875562]4.2.2. Oral nanomedicine biointeractions in T2DM 
[bookmark: bb0015][bookmark: _Hlk145936655]. Recent research in the field of oral nanomedicine for T2DM has primarily focused on the delivery of incretin-based therapies, specifically longer-acting GLP-1 analogs such as exenatide and liraglutide. Similar to GLP-1, these analogs promote insulin secretion and inhibit glucagon release in a glucose-dependent manner while minimizing the risk of hypoglycemia [311]. Notably, oral administration of GLP-1 analogs offers the additional therapeutic advantage of mimicking the physiological pathway of endogenous GLP-1, which is secreted by intestinal L cells and subsequently transported to the liver through the portal vein [312]. The oral delivery strategies in the context of T2DM share some similarities with those of T1DM, with an emphasis on intestinal barrier penetration and cargo protection. However, in T2DM, there is a particular focus on metabolic regulation, which is closely associated with the functional mechanism of GLP-1 analogs.
The successful oral delivery of GLP-1 analogs relies on their effective transport from the intestine to the liver via the portal vein. In this context, the significance of mucus and epithelium penetration is underscored. Various strategies have been used to facilitate mucopenetration, including the use of zwitterionic particles, PEGylated particles, and nanomotors. Additionally, active transcellular strategies involving the targeting of specific receptors and transporters have been explored [312]. For instance, Zhou et al. developed exendin-4-loaded metal-organic frameworks (MIL 101) and further coated them with zwitterionic hydrogels. These nanomedicines were further encapsulated within an enteric capsule, along with a mixture of sodium bicarbonate and citric acid to generate CO2 bubbles upon capsule dissociation in the intestine. This unique design not only facilitated mucus penetration through the generation of CO2 bubbles but also leveraged the hydrophobicity of the zwitterionic nanomedicines to enhance transcellular transport. Upon entry into the systemic circulation, the MIL-101 nanoparticles disintegrated and released the encapsulated exendin-4 due to their phosphate ion instability. This comprehensive approach resulted in a high 17.3% oral bioavailability and had significant hypoglycemic effects in diabetic mice [214]. The study effectively controlled multiple critical interactions of nanoparticles after oral administration, including local release from the enteric capsule in the intestine, mucus and epithelium penetration, as well as drug release into systemic circulation, thereby providing valuable insights for the design of oral nanoparticle-based drug delivery systems.
[bookmark: _Hlk146383329]Considering the metabolic disorder associated with T2DM, there is considerable interest in developing therapeutic approaches based on the regulation of metabolism. In this context, targeting nanomedicines to L cells, which are responsible for the secretion of GLP-1 in response to food intake, holds great potential. This strategy aims to mimic the physiological stimulation of GLP-1 secretion by food, taking advantage of the increased number of L cells observed in T2DM patients. Moreover, this approach may synergistically enhance therapeutic effects when combined with GLP-1 analog delivery. Xu et al. demonstrated the efficacy of lipid nanocapsules in increasing GLP-1 secretion from L cells [313]. They further utilized these nanocarriers for the delivery of exenatide, thereby synergizing its biological effects with the increase in cargo bioavailability. The formulation significantly improved the oral bioavailability to 4.32% and achieved comparable therapeutic efficacy compared to the subcutaneously administered marketed formulation in obese/diabetic mice [138]. To enhance the biological effects of the nanocarriers, the researchers further incorporated DSPE-PEG on the surface of the formulation. This modification resulted in significantly increased endogenous GLP-1 levels, primarily through increased accumulation in the colon, where most L cells are distributed. Additionally, the PEGylated formulation exhibited increased oral bioavailability compared to the non-PEGylated formulation, which was attributed to prolonged systemic circulation. Importantly, the targeted nanocarriers allowed for a reduction in the administration frequency from once daily to once every other day while still achieving comparable hypoglycemic effects in obese/diabetic mice [200] (Figure 6). These studies highlighted the potential of utilizing the function of L cells in T2DM treatment.
Overall, the pathophysiological alterations in T2DM have been partially exploited for the development of oral nanomedicine, with a particular emphasis on targeting metabolic changes. Further research is warranted to comprehensively understand the implications of these changes on drug delivery strategies and fully harness their potential to improve the oral bioavailability of therapeutic payloads in T2DM treatment.
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Figure 6. Oral nanomedicines in T2DM treatment. (A) In vivo distribution of fluorescent nanocapsules (red) within the small intestines and colons (stained with DAPI, blue) of mice. (B) Plasma total GLP-1 concentrations were measured 30 min before and 15 min after glucose administration. (C) Active GLP-1 levels measured in the portal vein of obese/diabetic mice after the oral glucose tolerance test (3 h post-administration of the formulation). (D) Plasma glucose levels after 4 weeks of treatment (14 weeks of HFD feeding). (E) Plasma insulin levels in the portal vein collected from sacrificed mice. (F) The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated according to the following equation: [fasting glucose (mg/dL) × fasting insulin (ng/mL)]/405. Adapted and reproduced with permission from ref. [200].

[bookmark: _Toc143260826][bookmark: _Toc146875563]4.2.3. Oral nanomedicine biointeractions in NAFLD 
 The hypothesis for NAFLD pathogenesis mainly involves insulin resistance, microbiota dysbiosis, and inflammation [314]. Accordingly, the development of oral nanomedicines for NAFLD treatment primarily focuses on symptom alleviation through the delivery of drugs with anti-inflammatory, lipid degradation, hypoglycemic, and/or microbiota modulation activities [315]. The current therapies and future perspectives in drug delivery for NAFLD treatment, encompassing thorough discussion about various nanomedicines in this aspect, have been comprehensively reviewed recently [316]. Strategies focused on drug protection, mucus penetration, and epithelium crossing based on normal GI physiology have been explored for the treatment of NAFLD. These approaches aim to facilitate the delivery of therapeutics to the liver via the gut–liver axis. For instance, Chen et al. developed diethylaminomethyl dextran-coated bile salt-inserted liposomes for the codelivery of berberine and curcumin. The diethylaminomethyl dextran coating was employed to enhance the stability of the liposomes during transit, while the inclusion of bile salts aimed to improve epithelium crossing efficiency. The formulation led to increased accumulation of cargo in the liver, leading to improved amelioration of NAFLD in mice [317].
GLP-1 analogs have achieved interest in NAFLD treatment for their ability to improve metabolism and weight loss and are being extensively studied in clinical trials for the treatment of NAFLD [318, 319]. In this context, Domingues et al. developed exenatide-loaded lipid nanocapsules for NAFLD treatment, exploiting the synergistic effect of increased GLP-1 secretion by L cells using lipid nanocapsules and the increased bioavailability of encapsulated exenatide as described in the previous section [138]. The results showed that the formulation promoted the normalization of glucose homeostasis and insulin resistance in a genetic model (foz/foz mice fed a high-fat diet) and a dietary model (C57BL/6J mice fed a western diet plus fructose), mitigating the progression of the disease. Strikingly, oral administration of the formulation was more efficient at preventing the progression of the disease into more severe states than subcutaneous injection, highlighting the potential of the oral delivery of GLP-1 analogs for NAFLD treatment [320].
[bookmark: _Hlk146210037][bookmark: _Hlk146383596]Given that the pathogenesis of NAFLD primarily occurs in the liver, targeting drugs specifically to the liver holds significant promise. In this context, Cai et al. investigated the oral administration of various inorganic nanoparticles, including TiO2, Au, and NaYF4 nanoparticles, at low doses and observed their selective accumulation in the liver via hepatic capture and further Kupffer-hepatic transfer. Remarkably, these nanoparticles showed significant promotion of lipid degradation and amelioration of steatosis in the livers of mice due to the antioxidant response and ester hydrolysis. This pioneering study sheds light on leveraging the unique properties of inorganic nanoparticles for the treatment of metabolic disorders, specifically NAFLD [321] (Figure 7). In addition, active liver target strategies have been exploited in the NAFLD context, with galactose, retinol, and RGD peptide being the representative ligands [322].
The pivotal role of the gut microbiota in the pathogenesis of NAFLD has garnered significant attention. Based on this, therapeutic strategies aimed at modulating the gut microbiota have emerged as promising approaches for NAFLD treatment. Common strategies involve the delivery of probiotics and prebiotics to restore microbial imbalances. Notably, a reduction in the abundance of SCFA-producing microbiota has been associated with the pathogenesis of NAFLD. Accordingly, supplementation with SCFAs represents a rational approach for NAFLD treatment. However, the limited oral bioavailability of SCFAs, attributed to their low molecular weight, presents challenges ineffective oral delivery. To address these challenges, Shashni et al. synthesized PEG (MW=5000)-conjugated butyric acid (BA) through ester linkages, named NanoBA. These enzyme-metabolizable amphiphilic block copolymers self-assembled into stable nanosized micelles, facilitating the oral delivery of SCFAs. The ester bond in the micelles enabled the controlled release of BA, thereby mitigating the undesirable side effects associated with burst release. The results demonstrated that the NanoBA formulation extended the exposure time of BA in the liver (72 h) compared to the free BA form (24 h). Furthermore, NanoBA exhibited marked effects in reducing hepatic lipogenesis and fibrosis in NAFLD mice. This study highlighted the potential of leveraging microbiota dysfunction and their metabolites to establish a promising nanoplatform for NAFLD treatment [323]. Additionally, novel approaches for gut microbiota adjustment have been developed. H2-rich water has recently been investigated for its potential to reduce hepatic lipid accumulation in patients with NAFLD. However, the efficacy of H2 therapy is limited by low dosages. To overcome this limitation, Jin et al. developed hydrogen nanocapsules by encapsulating ammonia borane into hollow mesoporous silica nanoparticles. These nanocapsules exhibited ultrahigh and sustained H2 release in response to gastric acid in the gut. The results demonstrated that the hydrogen nanocapsules provided a continuous and substantial supply of H2 in the gut, leading to the reshaping of the gut microbiota, characterized by an increased abundance of A. muciniphila. Strikingly, the hydrogen nanocapsules induced reprogramming of liver metabolism, reduced lipid synthesis and promotion of fatty acid metabolism, leading to the amelioration of diet- and genetically induced NAFLD [324].
[bookmark: _Hlk145937898]In summary, the pathophysiological changes in NAFLD have been partially utilized for the development of oral drug delivery strategies. Specifically, there has been a focus on targeting the metabolic alterations associated with NAFLD and the liver itself, as well as regulating bacterial dysbiosis. However, the impact of these pathological changes on oral nanomedicine, particularly with regard to the compromised gut barrier, is not fully understood. Further investigation is warranted to comprehensively explore the potential of these pathological changes to develop safe and effect oral nanomedicine for NAFLD treatment.
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Figure 7. Oral nanomedicines in NAFLD treatment. (A) Schematic of in vivo trafficking of orally administered nanoparticles to liver tissues. (B) Time-dependent distribution of nanoparticle-positive cells in the main organs of mice after treatment with gavage of fluorescence (Cy5.5)-modified TiO2 nanoparticles (0.72 mg/kg). (C) Relative mean fluorescence intensity (MFI) of different types of liver cells indicating the accumulation of Cy5.5-modified TiO2 nanoparticles in different liver cells in mice 1 h after gavage of Cy5.5-modified TiO2 nanoparticles (1.8 mg/kg). (D) Hepatic triglyceride (TG) and total cholesterol (Chol) levels after 3 months of treatment (6 months of HFD feeding). (E) Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels after 3 months of treatment (6 months of HFD feeding). Adapted and reproduced with permission from ref. [321].


[bookmark: _Toc146875564][bookmark: _Toc143260827]5. Conclusions 
[bookmark: _Hlk143175789]Oral nanomedicines have been developed to overcome the limitations of free drugs and navigate GI barriers, which are heterogeneous across healthy and diseased populations. In this review, we do not only comprehensively discuss and compare the nanomedicine biointeractions in the GIT in health and disease, but also highlight how the pathophysiological features of the GIT can be exploited for the development of oral nanomedicines.
Numerous pathophysiological features have been harnessed for oral nanomedicine-based drug delivery treatments. While a leaky gut is observed in all the diseases mentioned above and may indeed increase the penetration of nanomedicines across the gut barrier, it is imperative to highlight that this effect lacks selectivity and could potentially give rise to side effects. Further efforts to reveal the nanomedicine-induced side effects caused by a leaky gut would be crucial. Exploiting the alterations in the gut microbiota and their metabolites for oral nanomedicine-based treatment has garnered considerable interest and yielded promising results in recent years. A crucial consideration moving forward will be identifying valuable treatment targets and biomarkers based on microbiota and metabolites. In addition, while a number of altered parameters, such as pH levels, enzymatic activity, transit time, and gut hormones have been observed in various pathological conditions, their influence on nanomedicine biointeractions in the GIT and their potential exploitation in oral drug delivery remains relatively limited, which manifests as a lag between pathophysiology and drug delivery studies. This can potentially be due to the absence of standardized and reliable values in different diseases due to the interpatient variation and methodological differences across studies. 
[bookmark: _Hlk146528912][bookmark: _Hlk146873594]Stratified populations and genetic profiling of patients can help to bridge this gap to optimize precise oral nanomedicine as it is hard to find a one-size-fits-all solution. In addition, the improvement of the methodology for predicting and evaluating the biointeractions and narrowing down the differences between human and animal models could be helpful. For example, patient-derived xenografts, genetically engineered mouse models, organ-on-a-chip can be used in different disease contexts to simulate the GIT environment and predict the optimal design of nanomedicines. Moreover, identifying and exploiting valuable biomarkers and treatment targets in numerous changing pathological parameters could foster the progress of nanomedicines. For example, changing cell populations, receptors and gut hormones are good targets for the design of oral nanomedicine-based therapeutics, while pH value, enzyme activity and GI motility are necessary parameters when optimizing the dose and treatment frequency of nanomedicines. By exploiting the changing pathological parameters, one can improve the specificity and thereby improve the therapeutic efficacy and reduce the off-target effect. We envision that the interplay between pathology, gastroenterology, materials, microbiology, modeling and simulation, and drug delivery will elucidate the complex nanomedicine biointeractions in the GIT and facilitate the disease-driven design of oral nanomedicines with successful efficacy and safety. 
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Abstract


 


Oral administration is the preferred route of administration 


based on 


the convenience 


for 


and compliance


 


of the patient


. Oral nanomedicines have been developed to 


overcome the limitations of free drugs and overcome gastrointestinal (GI) barrie


rs, 


which are heterogeneous across 


healthy


 


and 


diseased


 


populations. This review aims to 


provide a comprehensive overview and comparison of the 


oral 


nanomedicine 


biointeractions


 


in the 


gastrointestinal tract (


GIT


)


 


in health and disease (GI and extra


-


GI 


dis


eases) 


and


 


highlight emerging strategies 


that exploit


 


these differences 


for


 


oral 


nanomedicine


-


based treatment. We introduce the key GI barriers related to oral delivery 


and summarize their pathological changes in various diseases. We discuss 


nanomedicine 


biointeractions


 


in the GIT 


in health


 


by describing the general 


biointeractions


 


based on


 


the type of oral nanomedicine and advanced 


biointeractions


 


facilitated by advanced strategies applied in this field. We then discuss nanomedicine 


biointeractions


 


in dif


ferent disease


s


 


and explore how pathological characteristics have 


been harnessed to advance the development of oral nanomedicine.
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