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Gastrointestinal organ failure, from congenital or postnatally acquired pathologies, is a major cause of death across countries of all income levels. Organoids and engineered tissues have been widely investigated as tools to model organ functions and treat pathologies. In this review we aim to describe the progress in human organoid engineering applied to the gastrointestinal tract (namely esophagus, stomach, and intestine). Starting from the onset of the organoid culture technique, we illustrate genetic engineering, stem cell niche engineering, bioprinting, and microfluidics approaches used to integrate mechano-physiological parameters with human organoids. Thanks to these improvements, organoid technology allows disease modelling of patient-specific pathologies, and personalized treatment screening, also offering a cell source for autologous transplantation. We further present an overview of the advances of tissue engineering in animal systems, concerning novel materials and scaffolds to be combined with a variety of cell types to reconstitute a viable surrogate for implantation. The effort in this field sets organoids as an important tool in personalized and regenerative medicine. Their application combined with the advances in tissue engineering holds great potential for translational application.
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INTRODUCTION
The gastrointestinal (GI) tract is the primary organ system responsible for digestive functions, which involve nutrient, water and electrolyte absorption, as well as the elimination of waste to maintain homeostasis. Numerous pathologies can disrupt the proper functioning of the human GI tract. These include strictures, esophageal atresia, Barret’s esophagus, gastroesophageal reflux disease, and inflammatory bowel disease. The need for more accessible human models to study these conditions is growing, whether it be for discovering precision medicine approaches or creating disease models to aid in their understanding (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic overview of organoid and tissue engineering. Schematics of organoid derivation: after cell derivation from patient, the obtained organoids can be engineered by genetic approaches, niche modification introducing other cell type, ECM modulation, niche modification by pathogen interaction, or more complicated systems involving chips and bioprinting.
In this scenario, organoids are considered a game changing technology for the study of human physiology and disease, providing systems to investigate medical research, drug screening/development, personalized medicine, generating interest both in academia and industry.
In order to replicate the functions of the various organs within the (GI) tract in vitro, it is crucial to accurately reproduce the complexity of the epithelial cell types, with organoids being a promising solution to this. Significant progress has been made in this field over the past decade through the use of three-dimensional (3D) cell culture. The initial breakthroughs occurred in the epithelium of the intestine, where multipotent crypt stem cells were isolated from patient biopsies. These stem cells can be expanded and differentiated into all different cell types found in the intestinal epithelium, when cultured in 3D on an appropriate extracellular matrix that mimics the natural microenvironment (Barker et al., 2007; Sato et al., 2009). Since then, additional compartments of the GI tract have been investigated to establish in vitro cultures derived from primary adult stem cells (Barker et al., 2010; Sato et al., 2011). However, organoids often lack specialized cell types and fail to recapitulate the complexity of native organs (Jensen and Little, 2023). This deficiency comes from the absence of key components such as mesenchymal compartment, vascularization, and microbiome. An alternative approach involves the guided differentiation of human pluripotent stem cells (PSC), either induced pluripotent stem cells (iPSC) or embryonic stem cells (ESC). Endoderm-derived epithelial organoids can be obtained by culturing PSCs in 3D matrices and supplying the appropriate biochemical stimuli. By harnessing the natural molecular patterning that naturally happens along the rostro-caudal axis of the GI tract, it is possible to differentiate PSC-derived organoids into specific cell-types that recapitulate the unique epithelial composition of each organ (Spence et al., 2010; McCracken et al., 2014; 2017; Múnera et al., 2017; Sinagoga et al., 2018; Broda et al., 2019). In contrast to adult stem cell (ASC) derived-organoids, PSC-organoids possess the advantage of incorporating a mesenchymal layer, which facilitates the process of differentiation. However, once established, PSC-derived organoids pose challenges in terms of propagation (Kim et al., 2020a), and their development is reliant of the stochastic nature of the differentiation process. Consequently, this can result in organoid heterogeneity (Brassard and Lutolf, 2019).
Discovering the optimal organoid culture conditions and engineering techniques is imperative due to the increasingly prominent role that organoids are acquiring in tissue engineering. To this extent, substantial efforts have been dedicated to developing alternative scaffolds for the replacement of damaged tissues. Numerous biomaterials have been identified, including various types of three-dimensional matrices that mimic the extracellular matrix. Additionally, the use of decellularized scaffolds has been introduced. The integration of these structures with organoids has been experimentally tested in several animal models, paving the way to a new organ source (Figure 2).
[image: Figure 2]FIGURE 2 | Schematics of tissue engineering workflow: after cell derivation from the patient itself, the cells are grown into organoids which can be engineered as mentioned. Matrices and decellularized scaffolds can be obtained from appropriate animals. The repopulation and growth in bioreactor can produce a source for organ transplantation.
For these reasons, this review aims to provide an overview of the available approaches for engineer GI tract organoids. Specifically, we discuss the engineering details for esophagus, stomach, and intestine. Starting from genetic engineering, we move to dissecting niche modifications, which span from medium composition to ECM composition, and microarchitecture bioprinting. Furthermore, we delve into the advancements made in microfluidics devices and organ-on-a-chip systems. Additionally, due to the new frontier of organoids as a cell source for tissue engineering, a critical analysis of the most relevant tissue engineering publications from recent years will be presented to illustrate the emerging role of organoids in the field.
Esophageal organoid engineering
The first section of this review discusses the advancement of esophageal engineering. Esophageal diseases, such as gastroesophageal reflux disease (GERD) and eosinophilic esophagitis (EoE), are characterized by dysfunctional esophageal epithelium. It is possible to derive 3D organoids from stem cells isolated from esophageal biopsies (Busslinger et al., 2021) (Table 1). There is not yet consensus on the specific molecular inputs in the culture medium required to simulate the original niche factors. Consequently, further research is needed to optimize this organoid model.
TABLE 1 | Summary of esophageal derived organoid models and advances in esophageal tissue engineering.
[image: Table 1]To date, patient-derived esophageal organoids have been employed to investigate Notch-dependent regulatory mechanisms by either genetic or pharmacological manipulation, allowing for comparison between healthy and EoE conditions (Kasagi et al., 2018). On the other hand, esophageal epithelial progenitors (EPCs) have been derived from hPSCs, to be used to model and study the regulatory mechanism underlying the human esophagus development (Zhang et al., 2018). Another model of esophageal development was established on hPSCs by modulating BMP, Wnt, and RA signaling pathways. This approach allowed the patterning of definitive endoderm into foregut, anterior foregut, and dorsal anterior foregut. The latter, in a 3D matrix formed human esophageal organoids (HEOs). HEOs cells could be transitioned into two-dimensional cultures and grown as esophageal organotypic rafts, which could develop into a stratified squamous epithelium (Trisno et al., 2018).
While these newly developed HEO systems are well-suited for studying the esophageal epithelium, they lack other primary components critical for normal esophageal function. As a result, the range of diseases that can be modelled using these systems, such as motility defects or EoE, is limited. To this purpose, further investigation is required on human systems, drawing insights from preliminary studies conducted on animal models. Combining epithelial organoids with tissue engineering novel techniques would lead to a more comprehensive model.
Esophageal tissue engineering
In recent years, tissue engineering has emerged as a valuable approach for constructing esophageal scaffolds, providing a new method for esophageal repair and reconstruction. Several technologies have been developed to introduce either patches or whole-ring organ substitutes. The first reported application in humans involved the repair of a thoracic anastomotic esophageal leak using Alloderm, a decellularized human skin product (Bozuk et al., 2006). A successful animal approach involved the use of patches of acellular porcine small intestinal submucosa employed for esophagoplasticity. In canine model, it was demonstrated that combining such patches with a cellular component (autologous oral epithelial cells), resulted in superior reconstruction of esophageal defects (Wei et al., 2009). While tissue patches are beneficial for defect correction, there are many conditions that require full circumference transplantation. In a porcine model, a circumferential replacement of the cervical esophagus was achieved using a tubularized small intestine acellular matrix, recellularized with autologous skeletal myoblasts. This structure was further covered with a human amniotic membrane, previously seeded with autologous oral epithelial cells (Poghosyan et al., 2015). In another study conducted on a porcine model, allogenic decellularized esophagus recellularized with autologous bone marrow mesenchymal stromal cells was used for transplantation (Levenson et al., 2022). Both these studies used the great momentum as a natural in vivo bioreactor for cell maturation. In a rabbit model, esophageal replacement was achieved by using decellularized porcine esophagus with a vascularizing muscle flap (Hannon et al., 2022). The engineered organ was grown in static chamber to allow cell maturation. Although the anastomosis was successful and early vascularization was present, the long-term survival was limited due to the fragility of the animal model. Prior work has demonstrated the feasibility of transplanting circumferential grafts using repopulated autologous decellularized esophagus in rats. Here, muscle progenitors and fibroblasts were used as cellular components (Urbani et al., 2018). The esophageal muscles achieved organized maturation after functional integration with neural crest stem cells and dynamic culture in a bioreactor. Perfusion-rotation bioreactors have been shown to be the most effective in vitro method for recellularizing decellularized esophagus (Nayakawde et al., 2020; Kim et al., 2023).
Furthermore, bioprinting techniques have been tested in rat models. For instance, three-dimensional printed esophageal grafts were used for muscle regeneration and reepithelialisation of circumferential esophageal defects, while being grown in a bioreactor (Kim et al., 2019). The technology advanced further when a scaffold-free structure with a mixture of cell types was developed using three-dimensional bioprinting, which was transplanted in rat (Takeoka et al., 2019).
Gastric organoid engineering
The second section of our review focuses on the innovation in gastric engineering. The stomach is a vital organ which plays a crucial role in human physiology. Its epithelium is divided into three regions: fundus and corpus, comprised of acid-secreting parietal cells, and antrum, containing hormone-secreting cells (McCracken et al., 2017). Three-dimensional (3D) gastric organoid models were developed to recapitulate the mucosa cell-type composition and architecture, providing a promising tool to study gastric tissue regeneration, infections, and cancer (Table 2).
TABLE 2 | Summary of gastric derived organoid models and advances in gastric tissue engineering.
[image: Table 2]Initially, gastric organoids were generated from Lgr5+ adult stem cells (ASCs) from antrum glands of a mouse stomach (Barker et al., 2010). These cells were embedded in a laminin-rich matrix (Matrigel) and cultured with a gastric-specific growth media, resulting in the formation of complex 3D self-organized structures that resembled the stomach epithelium. This pioneering study served as basis for the subsequent generation of gastric organoids from human stomach tissue (Bartfeld et al., 2015).
The ASC-derived gastric organoids consist of gastric epithelial cells only. In contrast, a human pluripotent stem cell (hPSC) system was used for the generation of gastric organoids containing both epithelial and mesenchymal stem cells (McCracken et al., 2014). The presence of a mesenchymal compartment allows for its interaction with gastric epithelial, favoring the differentiation of mature cell types.
However, these organoid models lack crucial specialized cell types such as neural, muscle and immune cells, thus limiting their ability to fully replicate native gastric development and functionality. Consequently, significant effort was dedicated to integrating other cell types to engineer a more comprehensive gastric niche. A recent advancement was achieved by co-culturing antral and fundic gastric organoids with human PSC-derived splanchnic mesenchyme and enteric neural crest cells (ENCCs). The so engineered gastric tissue model contained cells from all 3 germ layers and formed organoids containing innervated epithelial glands and several layers of functional smooth muscle, enabling the modeling of muscle contraction (Eicher et al., 2022).The organoid units can be engineered to modify their cell-cell interactions, the surrounding micro-environment, and the intrinsic properties of the different cell types, enabling better modeling of the tissue. One approach is the genetic manipulation of organoids. Upon inactivation of the intestinal-specific transcription factor Cdx2 in human intestinal organoids, a loss of intestinal identity was observed, with organoids giving rise to gastric pyloric organoids (Simmini et al., 2014). Niche engineering is another important strategy for evaluating the self-renewal and differentiation capabilities of the gastric organoids. Several tissue ECM hydrogels were investigated as an alternative to Matrigel. ECM hydrogels were derived from various tissues sources, including stomach and small intestine. The study demonstrated that tissue ECM hydrogels are a viable option for GI organoid engineering and disease modelling (Kim et al., 2022).
Alternatively, human gastric organoids have been used to study host-pathogen interactions and gain insights into the mechanisms of pathogens colonization and disease development. For example, gastric organoids were used to investigate H. pylori bacterial infection, which is associated with gastric cancer (Schlaermann et al., 2016). Microinjection of H. pylori into hASC-derived organoid’s lumen resulted in increased expression of inflammatory genes, indicating an immune response activation (Bartfeld et al., 2015). This system was also used to unveil the tropism of H. pylori, demonstrating its preferential binding to differentiated pit cells (DPCs) in hASC-derived GO through a chemotactic attraction towards urea (Aguilar et al., 2022). New insights into the mechanisms involved in infection will offer new treatment options. Therefore, these organoid models hold important implications for the development of novel treatments for gastric ulcers and stomach cancers caused by H. pylori infection.
Furthermore, gastric organoids have been used to investigate the susceptibility of the stomach to SARS-Cov-2 infection. Researchers investigated the infection of fetal, pediatric and adult gastric organoids with SARS-CoV-2, revealing specific gene expression changes, including the upregulation of inflammatory genes, indicating that the stomach serves as an additional site of SARS-CoV-2 replication (Giobbe et al., 2021).
However, such in vitro gastric organoid models lack the presence of physiological stimuli, hence not being able to fully recapitulate the biomechanical and physiological features of the native organ. To address this challenge, microfluidics platforms have emerged as valuable tools for growing gastric organoids, generating “organ-on-a-chip” technologies that better simulate the gastric physiological microenvironment of the stomach. A “stomach on-a-chip” (SoC) system was used to introduce luminal flow through hPSC-derived antral gastric organoids. This bioengineered platform incorporated a membrane within the chip, to create peristaltic-like contractions, and fibroblasts were incorporated to simulate the biochemical environment (Kug Lee et al., 2018). Likewise, Ferreira and others developed a SoC model to encase layers of gastric fibroblasts and epithelial cells, exposing them to peristalsis-like movement and intraluminal flow (Ferreira et al., 2023). The bioengineered device mimicked the architecture and function of the native stomach’s innermost mucosa layers, providing a more physiologically relevant environment for studying gastric physiology. Another study by Jeong and co-workers described a micro-physiological system that combined human antral organoids and gastric mesenchymal stromal cells (gMSCs) to study the dynamic mucosal mechanism of the stomach. The constant fluid flow in this system enhanced epithelial-mesenchymal interactions, creating a functional gastric mucosal barrier (Jeong et al., 2022).
The integration of microfluidics systems with organoid technologies holds great promise for developing optimal in vitro models of the stomach, to be grown in a controlled and reproducible environment.
Gastric tissue engineering
The tissue engineering of the entire stomach is still limited, given its shape and scale. For this reason, current studies focus on generating tissue patches. These grafts have been implanted into preclinical models to investigate their effectiveness and healing properties in treating stomach defects.
One promising approach for delivering autologous stem cells involves the use of hydrogels, which aim to promote healing in wounded areas. For example, a 3D alginate hydrogel was used to develop a gastric mucosa model containing human gastric mesenchymal stem cells (MSCs). Gastric epithelial cells were seeded on top of this cell-containing hydrogel, enabling the reproduction of the physiological conditions of the gastric barrier. The stomach fibroblasts appeared to maintain a mucosal architecture and produce extracellular matrix in this model (Lourenço et al., 2018). Additionally, murine MSCs were seeded onto alginate-gelatin scaffolds and placed onto the stomach lumen of a gastroparesis mouse model. The MSCs successfully penetrated the intramuscular region, which is typically depleted of Interstitial Cells of Cajal (ICCs) during gastroparesis. Furthermore, the MSCs differentiated into an ICC phenotype (Joddar et al., 2018). However, safe and non-invasive methods to deliver the hydrogels still require further exploration.
Studies have also focused on developing protocols for decellularizing regions of the gastrointestinal tract. Zambaiti and others produced decellularized rat gastric tissue with preserved micro-structure, serving as a natural scaffold that enabled new cell growth while maintaining a native ECM structure (Zambaiti et al., 2019). Moreover, decellularized scaffolds derived from porcine Small Intestinal Submucosa (SIS) were combined with MSCs to regenerate stomach defects in rat models, resulting in improved repopulation of the seeded scaffold, even when cells were not directly derived from these progenitors (Nakatsu et al., 2015).
Furthermore, alternative engineering technologies have been employed to study stomach physiology in vitro. Habib and co-workers designed a continuous bioreactor system composed of multiple compartments to mimic the digestive tract and facilitate the growth of different microbial communities. This dynamic model can maintain a complex yet controlled microbial environment to investigate the bacterial response to specific metabolites naturally secreted by the host into the gut (Habib et al., 2021).
In situ bioprinting technique has been used to deposit bioink layers directly onto a defective site to create or repair living tissues. A micro printer connected to an endoscope could reach the inside of a synthetic stomach model and perform 3D in situ bioprinting on the injury site. Bioprinting of two-layer tissue scaffolds was carried out using bioinks containing a gelatin-alginate hydrogel mix, along with human gastric epithelial and smooth muscle cells, to simulate gastric ulcer injury repair (Zhao and Xu, 2020).
Intestinal organoid engineering
This third and last section of the review focuses on the advancement of intestinal engineering. The large bowel epithelium is composed of a simple columnar epithelium with a thin brush border, arranged throughout tube-like glands. On the other hand, the small intestine mucosa has also a simple columnar epithelium, but it is organized in the typical crypt-villus architecture. Overall, the whole intestinal mucosa is characterized by an extensive cell-type complexity, essential for the organ to carry out its functions effectively. However, due to the variegated nature of the epithelial intestinal cell-type, it is challenging to replicate it in vitro. As previously mentioned, the groundbreaking research conducted by Clevers Lab played a crucial role in understanding cell-type differentiation within the crypt-villus architecture. This research identified Lgr5+ stem cells as key players responsible for epithelial regeneration (Barker et al., 2007). This discovery paved the way for the development of small intestinal organoids from patient-derived ASCs, capable of mimicking the crypt-villus pattern in vitro (Sato et al., 2009; Sato et al., 2011). Similarly, to what previously mentioned for the other GI tract organs, investigation on hPSC-derived intestinal organoids has been performed, which were proved to be able to engraft in vivo (Watson et al., 2014). This approach has become an alternative when access to gut tissue is somewhat limited. This method promotes the presence of mesenchymal cells that provide support within the niche (Spence et al., 2010; Múnera et al., 2017; Takahashi et al., 2018).
The use of patient derived intestinal organoids has enabled the modelling of diseases in vitro (Table 3). This approach allowed researchers to study and understand various pathological conditions in vitro, opening the possibility of functional repair to correct genetic issues within these diseases. As an example, intestinal primary organoids derived from cystic fibrosis patients were engineered with CRISPR/Cas9 technology to correct the genetic abnormality. By comparing the intestinal epithelium between healthy and diseased organoids, researchers were able to investigate their differences (Schwank et al., 2013).
TABLE 3 | Summary of intestinal derived organoid models and advances in intestinal tissue engineering.
[image: Table 3]Given the significant incidence of intestinal and colorectal cancer, extensive research has focused on exploring the establishment of oncogenic transformation. CRISPR/Cas9 has been instrumental, as it allowed for the sequential introduction of mutations to simulate the process of cancer development (Li et al., 2014; Drost et al., 2015; Matano et al., 2015). Homology-independent CRISPR/Cas9 has been used to generate knock-in human organoids (Artegiani et al., 2020). This technique offered further opportunities for studying specific genetic alterations and their effects in organoids.
As part of the engineering process, organoids need to be modulated by acting on the niche in which they grow. Attempt to replicate the paracrine effect exerted by the mesenchymal cells in the natural niche proved to be effective (Sato et al., 2009; Fujii et al., 2018).
The intestinal lamina propria comprises various types of mesenchymal cells and primary intestinal organoids can be co-cultured with stromal cells to better mimic the in vivo environment (Powell et al., 2011). Intestinal subepithelial myofibroblasts (ISEMFs) provided pivotal cues to the stem cell niche by secreting growth factors (Yeung et al., 2011). By co-culturing ASC-derived intestinal organoids with ISEMFs, it was possible to grow organoids without the presence of some growth factors in the medium. This co-culture approach has been successful in promoting engraftment and proliferation upon transplantation (Lahar et al., 2011).
The enteric nervous system (ENS) is another essential component involved in intestinal functions. However, both ASC-derived and PSC-derived intestinal organoids lack ENS direction. Efforts have been undertaken to differentiate PSCs into vagal neural crest cells, to be integrated into the organoids, thereby improving their functionality (Fattahi et al., 2016; Workman et al., 2016).
In addition to niche modulation, the choice of matrix used for the 3D culture of organoids also plays a significant role in providing stimuli. To avoid tumor-derived matrices, efforts have been made to develop biocompatible synthetic hydrogels to support the cultures. One example is the four-armed maleimide-terminated poly (ethylene glycol) macromer, which was shown to support robust and reproducible in vitro growth of human intestinal organoids (Gjorevski et al., 2016; Cruz-Acuña et al., 2017). As an alternative, for the establishment of a Good-Manufacturing-Practice (GMP)-compliant system for organoids expansion, ECM hydrogels derived from decellularized tissues can provide an environment capable of directing cell growth. When generated from porcine small intestine mucosa, these hydrogels proved to possess the biochemical signature of the intestinal-specific ECM (Giobbe et al., 2019; Jones et al., 2022).
Nevertheless, while current organoid models have made significant progress in replicating aspects of intestinal architecture and lineage compartmentalization, they still do not fully mimic the complexity of the in vivo environment. Therefore, researchers have explored various strategies to enhance the spatial organization and functionality of this model. One approach involved the use of micropatterned collagen scaffolds with suitable stiffness, to generate in vitro self-renewing human small intestinal epithelium crypt-villus architecture. This system allowed for the establishment of proper supply of chemical gradients, which in turn led to appropriate cell compartmentalization along the axis (Wang et al., 2017; Hinman et al., 2020). Another explored solution was the generation of a standardized well-plate platform with photopatterned porous membrane for the administration of an array of chemical gradients along the intestinal crypt axis (Hinman et al., 2019). By using tissue engineering and the intrinsic self-organization properties of cells, intestinal stem cells formed tube-shaped epithelia with an accessible lumen and similar spatial arrangement of crypt- and villus-like domains (Nikolaev et al., 2020). To further advance the spatial organization of human organoids, merging biofabrication techniques with organoid technology has shown promising data using mouse cells. The proposed system utilizes 3D bioprinting to control the spatial deposition of cells at microscale, with organoid-forming stem cells used as building blocks that can be directly deposited into an ECM conducive to their spontaneous self-organization (Brassard et al., 2021).
The use of organs-on-a-chip systems provides another system for integrating different intestinal cell types and architectural complexities. Organs-on-a-chip enabled the study of cell-cell interaction within the same organ (Kasendra et al., 2018; Pimenta et al., 2022). Moreover, they were used to simulate crosstalk between cells from different organs, mimicking more complex interactions (Picollet-D’hahan et al., 2021). The advantage of organ-on-a-chip systems is their ability to incorporate specific sensors within the chip itself, enabling measurements of physiological parameters otherwise challenging to achieve (Zhang et al., 2017). Organ-on-a-chip is also a valuable tool to study the physiological microbiota or host-pathogen interaction. This technique was used for recreating specific scenarios such as oxygen gradients (Kim et al., 2020b), or simulate peristaltic movements (Kim et al., 2012), thus enabling investigations of these factors on cell behavior.
Besides, simpler systems that utilize organoids alone can be employed to study specific cell features. For instance, coculturing intestinal organoids with commensal bacteria such as Lactobacillus showed an increased organoid proliferation and differentiation into Paneth cells (Shaffiey et al., 2016). In addition, pathogens such as Salmonella (Zhang et al., 2014), or Cryptosporidium (Heo et al., 2018) were incorporated into intestinal organoids to investigate their interaction with the intestinal epithelium. Overall, organ-on-a-chip systems offer a versatile platform for studying cell-cell interactions, complex organ interactions, physiological parameters, microbiota-host interactions, and pathogen interaction, providing valuable information on human intestinal biology and disease.
Intestinal tissue engineering
Intestinal tissue engineering for transplantation purposes has been largely investigated. Early trials involved applying organoid units onto a polymer scaffold for massive small bowel resection in rats (Grikscheit et al., 2004). Intestinal organoids were also applied onto biodegradable scaffold tubes in the swine model (Sala et al., 2009). Subsequently, the use of decellularized scaffold gained attention. Decellularized small bowel scaffolds preserved villus-crypt architecture and was successfully applied in rat and mice (Totonelli et al., 2012; Watanabe et al., 2022). Although human applications for transplantation are still at early stages, human tissues have been used in animal model research. For example, human internal anal sphincter innervated with fetal enteric neurons was successfully implanted in mice (Raghavan et al., 2011). Also, patient-derived jejunal organoids were seeded onto decellularized human intestinal (small intestine or colon) matrix with intact nanotopography, resulting in grafts exhibiting physiological jejunal functions and forming a lumen after transplantation into subcutaneous pockets in mice (Meran et al., 2020). These tissue structures were cultured in costume-designed bioreactors, which allowed the perfusion of the culture medium through the engineered tissue, either the whole cylinder (Kim et al., 2007; Schweinlin et al., 2016) or graft (Kitano et al., 2017).
Recent advancements focused on fabricating 3D functional tissues directly in live animals using minimally invasive approaches. Cell-laden photosensitive polymer hydrogels were bioprinted across and within the tissue of live mice (Urciuolo et al., 2020). This material proved to be suitable for intestinal organoid guidance and differentiation into crypt/villus domain (Urciuolo et al., 2023).
These developments highlight progress made in creating complex tissue structure and functional tissue transplantation purposes, with the ultimate goal of providing viable solutional for intestinal repair and replacement.
DISCUSSION
Gastrointestinal organoid engineering holds great promise in the fields of disease modelling and personalized medicine. The discussed review provides an overview of the available approaches for engineering GI tract, focusing on esophageal, gastric, and intestinal organoids systems. The ability to model a specific patient’s disease, considering their unique genetic background, opens numerous possibilities, from drug screening to innovative personalized therapeutic approaches. At the macroscale level, tissue engineering allows the autologous engineering and transplantation of artificially produced grafts.
Various studies have used tissue engineering techniques for esophageal repair and reconstruction in animal models (Wei et al., 2009; Poghosyan et al., 2015; Urbani et al., 2017; Nayakawde et al., 2020; Levenson et al., 2022; Kim et al., 2023). A further improvement would be the use of esophageal organoids (either derived from biopsies or iPSCs) in tissue engineering. This would offer clear advantages for the treatment of diseases requiring esophagus reconstruction, such as esophageal atresia, or epidermolysis bullosa, by taking advantage of a gene therapy approach (Shacham-Silverberg and Wells, 2020).
Similarly, gastric organoids are particularly relevant for investigating genetic diseases. Bioengineered patient-derived stomach organoids allow for unique profiling and mechanistic studies of patient pathophysiology in vitro. For instance, gastric and intestinal organoids generated from iPSCs derived from two patients with unique homozygous mutations in PDX1 were used to identify the multiple GI pathologies that were caused by the PDX1 mutations, and thus appropriately tailor the patients’ clinical needs according to the pathologies observed (Krishnamurthy et al., 2022). Moreover, extreme conditions of these pathologies showing non-functional epithelium might benefit from organ engineering.
Gastric tissue engineering holds great potential in cases where stomach tissue is lost due to trauma, resection (following tumor or bariatric surgery) or congenital conditions such as microgastria. By using synthetic hydrogels or decellularized tissue-derived -ECM hydrogels and scaffolds, researchers aim to create culture systems that are more biologically relevant and can better mimic the natural environment of the intestines, enhancing the growth and functionality of organoids (Giobbe et al., 2019).
Intestinal organoid engineering is comparably beneficial for a multitude of pathologies. For instance, micro-engineered cell culture devices allow high-throughput screening of anticancer drugs using GI organoids cultured in suspension in the absence of matrix within a polymer-hydrogel substrate (Brandenberg et al., 2020), enabling personalized treatments. Patient-derived organoids can also recapitulate congenital or genetic diseases in vitro, facilitating the study of biological features of the pathology or evaluating therapeutic approaches. Examples include Crohn’s disease (CD) patient-derived small intestinal organoids, which reveal modifications of stem cell properties due to the inflammatory environment (Suzuki et al., 2018). Alternatively, intestinal bowel disease (IBD) patient-derived intestinal organoids provided information on the pathological state, and evidence of transcriptional and methylation alterations (Howell et al., 2018).
Advancements in biofabrication and spatial control techniques have the potential to enhance the structural and functional complexity of human organoids, leading to better representation of in vivo tissue architecture and functionality. Organ-on-a-chip platforms offer opportunities to study the complex interplay between different cell types, mechanical forces, and physiological stimuli, resulting in more accurate and physiologically relevant models for tissue regeneration research. On another level, the GI tract is colonized by various microbes, each with its specific microbiota composition. The study of the interaction between these microbes (either commensal or pathogens) and epithelial cells provides insight into the patient’s metabolic features.
Although there are still challenges to overcome, such complexity, reproducibility, and scalability to maximize their translational relevance, their potential is clear. The combination of organoid engineering with tissue engineering will pave the way to future personalized medicine. This will be achieved by the combination of the two elements discussed in this review. On one hand, the production of autologous organoid either from hPSC or ASC, which can be engineered to correct eventual anomalies and be used to generate an epithelium with mature and differentiated cell types. On the other hand, these cells would be seeded on a support of appropriate size, which could be either artificial material, tissue derived ECM, or decellularized scaffolds. The consequent output will be a new source of biological material for autologous implantation, according to the patient’s needs.
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