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Islet transplantation provides a promising strategy in treating type 1 diabetes as an autoimmune disease, in which damaged β-cells are replaced with new islets in a minimally invasive procedure. Although islet transplantation avoids the complications associated with whole pancreas transplantations, its clinical applications maintain significant drawbacks, including long-term immunosuppression, a lack of compatible donors, and blood-mediated inflammatory responses. Biomaterial-assisted islet transplantation is an emerging technology that embeds desired cells into biomaterials, which are then directly transplanted into the patient, overcoming the aforementioned challenges. Among various biomaterials, hydrogels are the preferred biomaterial of choice in these transplants due to their ECM-like structure and tunable properties. This review aims to present a comprehensive overview of hydrogel-based biomaterials that are engineered for encapsulation of insulin-secreting cells, focusing on new hydrogel design and modification strategies to improve β-cell viability, decrease inflammatory responses, and enhance insulin secretion. We will discuss the current status of clinical studies using therapeutic bioengineering hydrogels in insulin release and prospective approaches.
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INTRODUCTION
Type 1 diabetes mellitus (T1DM) is a chronic metabolic disease that is characterized by the production of insufficient or no insulin as a result of the destruction of β-cells (Y. J. Lin et al., 2019), which can result in hyperglycemia, hypoglycemic unawareness, and ketoacidosis (Omami et al., 2017). According to a recent WHO report on diabetes published in 2020, there are more than 420 million people living with diabetes, and it is the seventh leading cause of death and a significant cause of heart attacks, strokes, kidney failure, and blindness. International Diabetes Federation estimates this number could reach over 592 million by 2035 (Guariguata et al., 2014; Baghban; Taraghdari et al., 2019). The conventional therapeutic approach in treating T1DM is exogenous insulin replacement therapy, which requires continuous subcutaneous injections of insulin. Although insulin injection effectively controls blood glucose levels, it cannot recapitulate the physiological pancreatic insulin secretion pattern and thus may result in complications such as neuropathy, nephropathy, retinopathy, and heart disease (Zamboni and Collins, 2017; Shrestha and Regmi, 2020).
Pancreatic islet transplantation is an alternative and less-invasive therapeutic method in pancreatic β-cell replacement. This procedure was first performed in 1974 but did not produce a successful outcome until 2000, when Shapiro et al. have presented an optimized protocol for T1DM treatment (Shapiro et al., 2000). This protocol, universally known as “Edmonton protocol,” involves the extraction (mechanical and enzymatic) of islets from a deceased donor’s pancreas, followed by the infusion of donor islets through the portal vein of patients’ liver. In this treatment, patient recovery is quick and the risk of infection is minimal. However, transplantation rejection by the host immune response and an overall lack of islet donors are major caveats of the protocol (Dinnyes et al., 2020). Numerous studies have demonstrated that patients treated by the Edmonton protocol had an insulin-independent rate of approximately 50% 5 years after transplantation. These results also reported that the extraction process encounters mechanical, physiological, and particularly immunological hurdles, limiting β-cell functionality post-transplantation. The reasons for unsuccessful long-term grafts could be categorized into two main classes (Qi, 2014): immunosuppression and non-immunosuppressive-associated factors. While the administration of immunosuppressive medications prevents allogeneic rejections associated with transplantation in the long term, even the most advanced forms of these medications may have toxic effects on recently transplanted cells and may lead to the dysfunction of other vital organs. Furthermore, the initiation of recurrent autoimmune responses may destroy the transplanted cells. In the latter category, the gradual dysfunction of islets may be caused by non-immunosuppressive factors such as insufficient islet mass, poor islet quality, instant blood-mediated inflammatory reaction (IBMIR), and hypoxia-related islet cell death. The last two factors were observed after transplantation in the liver through the portal system (Carlsson et al., 2001; Hilbrands et al., 2009).
Protection of the transplanted secretory cells against the recipients’ immune systems can mitigate the non-desirable limitation of transplantation and increase the efficacy of such treatment. Namely, the microencapsulation of β-cells through biomaterials has been suggested as an immunomodulatory approach.
Among various biomaterials, hydrogels, three-dimensional polymeric networks with high water content and crosslinked nature are strategically introduced to encapsulate biological elements and cells (Espona-Noguera et al., 2019). Current engineering approaches are designed to improve the outcomes of islet transplantation using engineered, hydrogel-based encapsulation devices, aiming to protect β-cells against host immune responses and facilitate the exchange of vital molecules such as oxygen and nutrition.
Different synthesis approaches in macro-, micro-, and nanoscales are used to prepare hydrogels for cell encapsulation. Macroscale fabrication involves preparing injectable and pre-synthesized hydrogels that can mimic the pancreas extracellular matrix (ECM). Micro- and nanodevices generally include micro- and nanoparticles in which matrix structure endows a 3D aggregation or station of β-cells for cell delivery (Dimitrioglou et al., 2019). Engineered hydrogel-based biomaterials provide a niche for the protection of encapsulated β-cells against the immune system and increase their survival in vivo (Crisóstomo et al., 2019). These hydrogels can be functionalized with bioactive ligands, which are primarily selected from the main components of the islet native ECM microenvironment. Such bioactive hydrogels can favor the function of insulin-producing cells due to the natural responsibility of ECM in interactions with cells, which induces cell survival, migration, morphology, and differentiation (Beenken-Rothkopf et al., 2013).
The aforementioned hydrogel-based approaches could be much more effective when associated with vasculogenesis strategies. Although each islet has an average capacity for insulin secretion, the lack of angiogenesis reduces this capacity due to the pancreatic islets’ highly vascularized nature. This vascularization supports blood glucose sensitivity in order to secrete insulin (Weaver et al., 2017). Alteration in the mechanism of islets vascularization induces islet dysfunction (Brissova et al., 2006). In this case, some growth factors and cell resources can be co-transplanted by islets and stimulate capillary formation.
This review aims to provide an update on hydrogel-based approaches for T1DM treatment. First, we introduce different methods of hydrogel fabrication adopted for islets or β-cell encapsulation. Then, biocompatibility and vascularization strategies, which are applied to these engineered hydrogel-based materials to improve cells’ viability, and insulin secretion are comprehensively discussed.
HYDROGEL-BASED ENCAPSULATION DEVICES
Cell encapsulation was first described by Chang, 1964 and then applied by Lim (Lim and Sun, 1980) for the treatment of diabetes. Lim’s study showed that the encapsulation technique enhanced the survival of the islet from 8 days to 3 weeks (Desai and Shea, 2017). As mentioned, protecting the cells against immune systems is considered one of the most significant challenges in islet transplantation (Omami et al., 2017). One of the primary goals of islet encapsulation is to suppress the interaction of the immune cells within transplantation sites and ensure the proper transfer of oxygen, growth factors, hormones, and nutrients (Bünger et al., 2005). Using biocompatible encapsulation devices, consisting of semi-permeable membranes with sufficient nutrition, oxygen, and insulin transfer, can protect β-cells against the invasion of the host immune cells without requiring immunosuppression (Dhamecha et al., 2019a).
In recent years, encapsulation technologies demonstrated desirable applications in encapsulation of islets mainly due to their ability to exclude the effect of the immune system, such as antibodies and immune cells (Caserto et al., 2020). An encapsulation device can contain one or several islets and its size can vary from nano- to macroscale. These encapsulation devices are mainly classified into three types: macrodevices, microdevices, and nanodevices.
Macrodevices, divided into “intravascular” and “extravascular,” are diffusion chambers or hydrogels of different shapes containing a large number of islets (Primavera et al., 2020). The low diffusibility of oxygen and nutrients through the thick membrane of macrodevices has resulted in the emergence of micro- and nanoencapsulation technologies. While the thinner membrane addresses the oxygen and nutrition diffusion in microdevices, biocompatibility remains a significant challenge. One of the challenges regarding micro- and macroencapsulation of β-cells is the probability of fibrotic tissue formation around transplantation sites. In addition to the surface modification of encapsulating materials, some findings have revealed that the size of encapsulation systems can also suppress immunological responses and avoid the formation of a thick layer of fibrotic tissue around the transplanted device (Ernst et al., 2019; Kwiatkowski et al., 2020). Thus, the use of nanotechnology in the encapsulation process has gained significant attention.
Today, various types of inert biomaterials such as alginate, agarose, and polyethylene glycol (PEG), in the form of a hydrogel, are used to encapsulate islets (Omami et al., 2017). Zamboni et al. have categorized hydrogels in three major groups, based on their crosslinking and molecular interactions: 1) first-generation hydrogels, a group of hydrogels crosslinked by covalent interactions, 2) second-generation hydrogels, crosslinked via non-covalent interactions such as hydrophobic and electrostatic interactions, and 3) third-generation hydrogels, formed via interpenetrating polymer networks consisting of two or more networks of different components. First- and second-generation hydrogels are primarily used in islet encapsulation (Zamboni and Collins, 2017), including in situ forming, responsive, and smart hydrogels.
Given the importance of encapsulation device size, hydrogel-based encapsulation carriers can be categorized by their sizes as follows: macro-, micro-, and nanodevices.
Macrodevices
Injectable Hydrogels
One form of hydrogels used in islet encapsulation is injectable hydrogels. Injectable hydrogels possess fluidic characteristics, which can be injected or sprayed on the implantation site and formed in situ. The preference of such hydrogels over pre-synthesized, pre-formed solid hydrogels is their non-invasive administration and their capacity to the steric of host tissues (Sanandiya et al., 2019). Different methods, including non-toxic chemical cross-linkers, enzymatic crosslinking, physical interactions (e.g., hydrophobic and ionic interactions), and supramolecular chemistry, are adapted to prepare the injectable hydrogels (Yang and Hahn, 2014).
In numerous studies, single islet cells are artificially re-aggregated after dispersion in culture media and seeding in concave molds. Cells aggregate and form a spheroid structure after seeding for a certain period. The spheroid structures are then encapsulated within hydrogels for immune protection. Islet spheroids are fragile and tend to disaggregate; consequently, handling and encapsulation in hydrogel-based devices are time-consuming, with the possibility of cell damage. Furthermore, reproducing the encapsulation process on a large-scale basis is a challenging issue. To tackle these hurdles, injectable hydrogels provide a single platform where both spheroid formation and encapsulation can be performed sequentially.
Various studies have investigated injectable hydrogels for islet encapsulation. Haque et al. have used injectable Matrigel®, a commercial thermosensitive ECM-derived hydrogel, as a carrier for the local delivery of β-cells and liposomal clodronate, which is a novel agent that could improve the survival time of β-cells (Haque et al., 2014). Matrigel®, at its jelly-like state, was added to β-cells’ suspension to prepare the delivery system, and then it was subcutaneously injected into the scruff of knock-out mice. The results indicated the injectable Matrigel® and co-encapsulation of liposomal clodronate presents a successful strategy toward improving anti-inflammation and immunoprotection of locally delivered islets for T1DM treatment. Furthermore, they showed that this cell delivery system increased islet survival from 10 to 60 days significantly (Schaschkow et al., 2020).
Alginate is a naturally occurring, biocompatible, and cost-effective polysaccharide with mild gelation properties. These desirable properties and tunable rheological and physicochemical properties make it a functional biomaterial in fabricating injectable hydrogels used for β-cell encapsulation (Edward, 2009). In a study conducted by Noguera et al., an injectable alginate-based hydrogel with versatile physicochemical properties was utilized for β-cell transplantation. The hydrogel was prepared by ionic crosslinking, and the gelation time was retarded using Na2HPO4 as a retarding agent. Increasing gelation time of in situ forming hydrogel is advantageous because it improves flexibility and handling, which are especially useful in clinical applications. The results showed that the use of Na2HPO4 had a significant impact on delaying hydrogel formation at the implantation site and rectifying hydrogel’s mechanical and physiological properties, which improved β-cells’ biocompatibility and growth (Espona-Noguera et al., 2018).
In another study reported by Wang et al., novel thermosensitive interpenetrating networks (IPN) of alginate and human adipose tissue-derived ECM were fabricated as a biomimetic encapsulate environment for islets delivery (J. K. Wang J. K. et al., 2020). For encapsulation, islets were added to an alginate solution, then the system was crosslinked through ionic gelation, and finally, the microencapsulated structure was added to the ECM-derived hydrogel (Figure 1). In vitro cellular studies showed that the system was biocompatible and tolerated by immunity. The cells’ population was increased seven times over the course of a week compared to non-encapsulated cells.
[image: Figure 1]FIGURE 1 | Schematic illustrating fabrication steps alginate microcapsules containing human adipose tissue-derived ECM and microencapsulation of pancreatic islets (J. K. Wang J. K. et al., 2020).
PEG-based synthetic hydrogels are regarded as one of the most promising carriers in cell delivery applications. This is due to their intrinsic low protein adsorption, immunoprotective properties, minimal inflammatory invasion, and exceptional biocompatibility (Bai et al., 2020). In a study, Knobeloch et al. have developed an injectable PEG hydrogel that supports the survival of islet cells in vitro and in vivo (Knobeloch et al., 2017). The hydrogel was formed via Michael-type addition of a multi-arm PEG-vinyl sulfone (VS) and a PEG-based dithiol cross-linker. Islets were encapsulated in the hydrogel by gently pipetting hydrogel solution to the cultured cells. About 90 s before the complete gelation of the hydrogel, the solution was injected on the transplantation site. With almost 100 islets encapsulated in the hydrogel, monitoring the blood glucose levels showed a significant reduction, from 600 to 200 mg/ml in about 2 days post-implantation. In a similar condition, the non-encapsulated islets reduced blood glucose level from 570 to 470 mg/ml (Lin et al., 2011).
Recently, Schaschkow et al. have fabricated a blood plasma-based environment for islets encapsulation. In this study, plasma was mixed with the viscosity-enhancer hydroxypropyl methylcellulose (HPMC) to attain an injectable hydrogel. Hydrogel formation in an in vivo environment was due to the impact of the circulating thrombin, which endows the rapid polymerization of the fibrinogen content of plasma into fibrin gel. After the characterization of the hydrogel and encapsulated islets, the delivery system was injected into the omentum, which is considered an alternative recipient site for islet transplantation (Schaschkow et al., 2020). The SEM observation of encapsulated islets in in vitro showed that the fibrin existing in the plasma could be polymerized and formed a nest for encapsulated islets and increased their survival. A reduction by at least a fourth of the original needs of islets (non-encapsulated ones) revealed the practical and cost-effective application of this system in controlling glucose concentration for diabetic therapy.
Pre-Synthesized, ECM-Liked Scaffolds
Pre-synthesized, ECM-like scaffolds are hydrogel-based macrostructures used as a niche for islets in which they are placed and then transplanted into the omentum of patients with type 1 diabetes. These systems endow long-term insulin independence after transplantation for diabetic patients (Ravnic et al., 2017). The ECM of islet cells comprises collagens I and III-VI, fibronectin, and laminin and any incorporation of these materials in the synthetic ECM structures would considerably enhance β-cells’ functionality. For having high metabolic activity, β-cells should receive high nutrition and oxygen. Thus, fabrication of engineering macrosystems transferring enough nutrition and oxygen to the cells is of great importance for designing this kind of system (Gurlin et al., 2020).
Although a wide array of engineering techniques is adopted in order to fabricate pre-synthesized ECM-liked scaffolds, in this review, we categorized these techniques into four primary groups: 1) 3D bioprinting, 2) tissue decellularization, 3) self-assembling peptides,and 4) synthetically derived chemical and physical hydrogels. Some research studies are discussed in detail as follows:
• 3D bioprinting
3D bioprinting, as an additive manufacturing technique, is based on the deposition of biomaterials with cells during the fabrication process or loaded by cells later on. The positioning biomaterials and viable cells in a stacking layer by layer at a desirable position, 3D bioprinting emerged as an applicable technique for cell encapsulation for different biomedical purposes (Lee et al., 2018). A combination of biomaterials called “bioink” is used as the printing precursor in these systems. Based on the methods of functionality, these devices are categorized into four main groups: extrusion-based, inkjet, stereolithography-based, and laser-assisted bioprinting methods (Kengla et al., 2017; Derakhshanfar et al., 2018). Among these four groups, inkjet and extrusion-based bioprinting techniques apply to islet cell encapsulation. The functionality of each method and its advantages and disadvantages have been previously discussed in detail in different studies (Kengla et al., 2017; Ravnic et al., 2017; Derakhshanfar et al., 2018; Lee et al., 2018; Leberfinger et al., 2019) and are summarized in Table 1.
TABLE 1 | A different methods of 3D bioprinting, along with their corresponding advantages and disadvantages, utilized for islet encapsulation.
[image: Table 1]Duin et al. have developed a 3D scaffold produced by an extrusion-based bioprinter whose bioinks are composed of 3% alginate, 9% methylcellulose, and an appropriate number of cells encapsulated in the hydrogel medium. MTT, DTZ staining assays, and immunofluorescence staining assay were used for the characterization of survival. The glucose-stimulated insulin secretion (GSIR) was used to analyze islets’ responses to the glucose. The results revealed that the size of alginate-encapsulated islets was significantly bigger than alginate/methylcellulose encapsulated cells, while there was a significant reduction in the size of alginate-encapsulated cells from days 4 to 7 of culture. Semi-quantitative assessment of cell viability in 7 days also expressed an insignificant difference between alginate/methylcellulose-encapsulated and alginate-encapsulated cells where alginate/methyl cellulose-encapsulated cells had almost 80% of viability. Qualitative analysis of TUNEL and DAPI stained islets showed apoptosis of cells cultured in the outer area of the scaffold. On the other hand, for the non-encapsulated cells, apoptosis occurred not only in the outer layer of cells but also in the center part. Functionality assessments also revealed that the alginate/methylcellulose blend scaffold had a higher capacity of insulin uptake due to this hydrogel’s higher microporosity (Duin et al., 2019).
• Tissue decellularization
Tissue decellularization is a technique in which cellular components are stripped from tissue or solid organ, and an acellular 3D structure is composed of ECM. As mentioned, pancreas ECM that comprises collagen, laminin, fibronectin, and fibrin is involved in cytoskeletal remodeling, contractility, and cells differentiation. The most abundant ECM molecules are collagen types IV and VI and laminins (e.g., laminin-332 and laminin-511) (Llacua et al., 2018; Peloso et al., 2018). However, it should be considered that insufficient concentration of some molecules can have a detrimental effect on cells’ viability and function, and a high concentration of collagen IV hampers islets function (Smink and Paul de Vos, 2018; Townsend and Gannon, 2019). The most significant advantages of a decellularized pancreas ECM are its biocompatibility and bioactivity, which could increase islet survival, reduce cytotoxicity, and consequently improve islets’ function.
Decellularized pancreas matrix or its modified structures as 3D scaffolds used a niche for β-cell encapsulation. For instance, in a recent study by Zhu et al., electrospinning hybrid scaffolds with silk fibroin (SF) and pig pancreatic decellularized ECM (P-dECM) were fabricated for β-cell encapsulation. The ECM-derived powder was mixed with silk fibroin solution at a specific ratio, and the final solution was electrospun by self-assembled electrospinning equipment. To study the impact of ECM components on cell functionality, the viability and insulin secretion ability of cells were compared with non-encapsulated cells. In vitro cytotoxicity assay indicated no significant difference in cell viability between non-encapsulated and encapsulated cells. In vitro insulin release capacity of encapsulated islets cells was evaluated by GSIS assay. Results showed that under high stimulation of glucose, the amount of insulin secretion from encapsulated cells was significantly higher than that from non-encapsulated ones (Y. Zhu et al., 2020). Incorporation of decellularized ECM into inert hydrogel substrate (e.g., alginate) not only may mimic the native pancreas ECM and enhance encapsulated islets function but also can improve the mechanical stability of hydrogels (Enck et al., 2021).
Kim et al. have used a P-dECM as a bioink for an extrusion-based 3D bioprinting of islets or β-cells. To investigate the effect of ECM components on cells’ viability and functionality, they have used immunofluorescence staining and GSIS, respectively. A quantitative cell viability study showed no significant difference between encapsulated and non-encapsulated cells, and islets were maintained up to 5 days at over 60% of viability. Insulin release of the encapsulated islets compared to islets encapsulated in alginate and collagen hydrogel revealed that the GSIS index of the P-dECM system was about 1.346 higher than the alginate and collagen system. The results demonstrated the influential role of the ECM components on cells’ viability and function of islets (Jaewook Kim et al., 2019a).
In another study, Jiang et al. have used the decellularized matrix of basement membrane-rich lung and bladder tissue of pigs as an in situ forming hydrogel. To encapsulate islets, cells were gently mixed with decellularized ECM pre-gel solution, and the islet-encapsulated hydrogel matrix formed at physiological condition (37°C and pH = 7.4) after 30 min. To investigate the effect of the ECM hydrogel on islet function, the GSIR from islets was evaluated using a dynamic perfusion system. In vitro assessment of the islets functionality was extended to 1 week post-encapsulation. Its results showed that the insulin secretion from the ECM hydrogel was four indexes higher than that from non-encapsulated cells. In vivo islets viability was assessed by visually characterizing cells via viability staining and confocal microscopy. Cells’ viability was monitored over 80 days and the results showed stability in ECM gels with no significant apoptosis and aggregation in this period (Jiang et al., 2019).
• Using self-assembling peptides
A self-assembling hydrogel is an extended form of nanofiber based on self-assembling peptides with a highly entangled network for biomedical applications. The pH, ionic strength, temperature, enzyme catalysis, and selective irradiation are stimuli employed to trigger the formation of these hydrogels (Banerjee, Radvar, and Azevedo, 2018). To assemble these systems, different sequences of peptides or hybrid peptides are adopted. A wide array of bioactive motifs with the source of natural amino acids has been introduced to the pure self-assembling peptides. Hybrid peptides include biocompatible biopolymers such as ECM mimic motifs like collagens, fibronectin, and polysaccharides such as hyaluronic acid (HA) (Lu and Wang, 2018). A self-assembling peptide-based hydrogel is used to enhance islets functionality and survival. Although in vivo evaluation of islets encapsulated in these systems is still challenging, the in vitro evaluation showed a significant increase in their functionality and viability (Xu et al., 2019).
To encapsulate β-cells in a hydrogel-based structure, Liu et al. have used a hybrid peptide sequence containing collagen IV and fibronectin motifs, and cell encapsulation in this hydrogel caused a 1 µU/ml increase in insulin secretion compared to that in the non-encapsulated cells (J. Liu et al., 2015). In another study, Huanget al. have fabricated a peptide amphiphile-based nanomatrix hydrogel to encapsulate islets. GSIS showed that cells’ encapsulation almost increased 8,477.78 µIU in glucose-responsive value when exposed to high glucose concentration (Huang et al., 2017).
• Other pre-fabricated chemical and physical hydrogels
In addition to the methods discussed above, different physical and chemical hydrogel fabrication methods are used for islet cell encapsulation. Some studies have tried the idea of using pre-fabricated hydrogels. In such studies, non-toxic microenvironments have been adopted as 3D engineering niches for the seeding of islets. This microenvironment also endows a platform for β-cell encapsulation to recreate the native physiological milieu (Peloso et al., 2018). In this regard, a wide array of hydrogel preparation techniques such as photopolymerization (Pratik K. Mutha, Robert L. Sainburg, 2008), ionotropic gelation, and chemical modification (Harrington et al., 2017; Crisóstomo et al., 2019) is adopted for β-cell encapsulation.
In these studies, modified hydrogels considerably increased islet cell survival and functionality. The impacts of engineering approaches in improving islets functionality are discussed in detail in Current Strategies of Engineered Hydrogels for the Improvement of Insulin Secretion.
Microdevices
Microparticles
The most common microdevices among different encapsulation devices are microparticles broadly investigated and used in several islet encapsulation studies (Espona-Noguera et al., 2019). Microcapsules are often fabricated by microfabrication techniques such as batch emulsion and microfluidic devices. In this technique, an individual or small cluster of islets is surrounded by semi-permeable polymeric membranes, which facilitate nutrients and oxygen transfer and enable direct injection of β-cells into bloodstreams (Dhamecha et al., 2019a; Dimitrioglou et al., 2019; Daly et al., 2020).
Daly et al. have fabricated hydrogel-based microparticles in five major groups: 1) batch emulsions, 2) microfluidic emulsions, 3) lithography, 4) electrohydrodynamic (EHD) spraying, and 5) mechanical fragmentation (Daly et al., 2020). Among these methods, batch emulations, microfluidic emulsions, and EHD spraying are widely used in β-cell encapsulation (Figure 2).
[image: Figure 2]FIGURE 2 | Methods of microparticles fabrication: (A) batch emulsion technique, (B) microfluidic emulsion technique, and (C) EHD spraying.
In the batch emulsion technique, microparticles form as a result of the pre-polymer crosslinking in an aqueous solution. In this straightforward method, the pre-polymer is solved in an aqueous solution and mixed with an oily phase. It is exposed to an external crosslinker source, and finally, microparticles form in the oily phase. The main limitation of this method is the absence of control over particles’ size and polydispersity (Ding et al., 2019; Daly et al., 2020). The microfluidic emulsion technique is a promising technique for particle preparation that provides reasonable control over particle size and dispersity (J. Wang et al., 2017a). In this technique, cells are incorporated in an aqueous phase, and the solution is pumped at a defined flow rate in a channel. The solution then joins an oily phase flowing from other channels. In these devices, shear forces and hydrophobic interactions induce cell-encapsulated microparticle formation (Wen et al., 2018; Daly et al., 2020).
In EHD spraying, microparticles are produced by extruding a hydrogel solution through a syringe while a voltage is applied at the needle tip (Daly et al., 2020). This method produces microparticles in a high throughput manner. In some studies, alginate microparticles, as the most prevalent biomaterials used for β-cells’ encapsulation, are produced by EHD spraying (Jeyhani et al., 2018; Correia et al., 2019).
As previously discussed, alginate microparticles are extensively used for β-cell encapsulation. Bochenek et al. have prepared chemically modified alginate microparticles by electrospraying method. This study showed chemically modified alginate microparticles with three triazole rings containing small molecules, Z1-Y15-Ba2+, Z2-Y12-Ba2+, and Z1-Y19-Ba2+. Then, the efficacy of prepared formulation in insulin release was assessed in non-human primate models in vivo. The microparticles were implanted laparoscopically and insulin secretion of the islets retrieved from the animal models was quantified by human insulin ELISA kit. The viability of post-isolation, post-encapsulation, and post-retrieval cells was also assessed using dual live/dead fluorescence staining. The results showed that chemical modification of alginate microparticles reduced macrophage activation effectively and the recruitment of myofibroblasts. Cell viability of modified microcapsules was also 93.5 and 90.0% after 1 and 4 months, respectively.
On the other hand, non-modified and non-encapsulated β-cells were identified by immune cells after a short period and excluded. They also provoked macrophage activation and resulted in fibrosis tissue formation. The high cell viability guarantees high glucose secretion, and the results of insulin secretion showed that almost 20 µU/ml per 10 islets was secreted in 4 months. It is noteworthy that insulin secretion was significantly higher in the presence of high glucose concentration (Bochenek et al., 2018).
In a recent study reported by Montanucci et al., alginate microcapsules were prepared by a micro-droplet generator with high voltage electricity. The microcapsules were used to co-aggregate postpartum umbilical cord Wharton’s Jelly–derived adult mesenchymal stem cells (MSCs). The encapsulation system was used as an immunoregulator containing human pancreatic islet-derived progenitor cells. The primary purpose of this study was to couple immunoregulatory activities of postpartum umbilical cord Wharton’s Jelly–derived adult MSCs with tracer insulin production by human pancreatic islet-derived progenitor cells. The particular microenvironment offered by alginate-based microcapsules was adopted to arrest the progression of T1DM. Mimicking ECM-like matrix, alginate microcapsules promoted the formation of 3D cell co-aggregation because the formation of cell spheroids is essential for the cell re-differentiation process. For in vivo studies, microcapsules were grafted intraperitoneally into knock-out mice, and results of insulin secretion from the retrieved cells were expressed as the percentage of fractional insulin release out of total insulin content. Blood glucose levels were measured and followed up throughout 180 days, and results indicated that after 2 weeks of implantation, blood glucose levels dropped from 300 to 500 mg/day to below 200 mg/day. The study demonstrated the remarkable role of the ECM-like alginate microcapsule and the co-encapsulation of postpartum umbilical cord Wharton’s Jelly–derived adult MSCs in protecting insulin-producing cells from the host immune system. It also showed that transplantation of human pancreatic islet-derived progenitor cells alone worked within a specific time frame, while the prepared microsystem extended graft function for 180 days (Montanucci et al., 2020).
In another research, Lew et al. have studied the potential application of porcine xenograft β-cells encapsulated in alginate microcapsules for transplantation. The encapsulated cells were co-cultured with exenatide-loaded poly(lactic-co-glycolic acid) (PLGA) microspheres. Exenatide is a glucagon-like peptide-1 receptor agonist that works by increasing insulin release from the pancreas and decreases excessive glucagon release. PLGA and alginate microspheres were prepared using the precision particle fabrication method, an acoustic-based spraying method. In vitro viability and function of β-cells were assessed by the Trypan Blue exclusion and insulin ELISA assay, respectively. After 21 days of encapsulation, the viability of β-cells co-encapsulated with exenatide-loaded PLGA microparticles was 71.1%, while it was about 45.1% for non-encapsulated cells. To evaluate the effectiveness of the prepared delivery system, β-cells’ functionality was investigated. The decreasing amount of insulin produced by non-encapsulated β-cells after 3 days indicated β-cells’ death. On the other hand, the result of the function of encapsulated cells expressed a high amount of insulin secretion during the entire 21 days (Lew et al., 2018).
In another study, Cañibano-Hernández et al. have studied a HA-alginate hybrid microcapsule to enhance the viability and function of β-cells. It has been reported that as one of the significant components of pancreatic ECM, HA can improve alginate microcapsules’ ability to mimic pancreatic ECM. The microparticles are prepared using an electrostatic atomization generator, which is an EHD spraying method. As shown in Figure 3, the viability of β-cells encapsulated in HA-alginate microcapsules was significantly higher than that of non-encapsulated cells after 14 days of encapsulation. However, results showed that HA inclusion did not alter cells’ ability in insulin secretion (Cañibano-Hernández et al., 2019).
[image: Figure 3]FIGURE 3 | Cell viability (A) and insulin secretion (B) from hyaluronic acid-alginate hybrid microparticles encapsulating islets (Cañibano-Hernández et al., 2019).
Weaver et al. have compared two microencapsulation devices for encapsulation of β-cells: alginate microcapsules prepared by an EDH spraying device and PEG microcapsules prepared by a flow-focused microfluidic device. The purpose of this study was to demonstrate the priority of PEG-tripeptides, Arg-Gly-Asp (RGD), based microcapsules over alginate microcapsules in insulin secretion and adaptability for transplantation at vascular tissues. For transplantation, microparticles were dispersed in a vasculogenic PEG-based hydrogel whose monomer was functionalized with VEGF growth factor and RGD peptides. Microparticles were then injected at the epididymal fat pad. Results expressed a rapid rejection of non-encapsulated islet grafts within 2 weeks. Moreover, all alginate microcapsules escaped from the transplantation site to the intraperitoneal cavity within 2 weeks after transplantation. On the other hand, PEG-RGD-encapsulated microcapsules exhibited consistent localization at the transplantation site. Results of insulin secretion showed that alginate-encapsulated islets had a significantly lower insulin release than PEG-RGD-encapsulated cells. This is due to the islet loss during the encapsulation process, as the electrostatic encapsulation in alginate microparticles resulted in a more significant loss of islets (Weaver et al., 2018).
In a similar study presented by Laporte et al., β-cell-encapsulated alginate microcapsules were included by MSCs and RGD peptides. The primary purpose of including RGD and co-culturing of MSCs was to improve their biocompatibility, increase β-cell functionality, and prevent fibrosis overgrowth around the capsule. The microparticles were fabricated by a microfluidic device, and their functionality was evaluated. Results expressed an increase in β-cell viability when they were co-cultured with MSCs. On the other hand, insulin secretion was significantly higher in MSCs and RGD-containing encapsulated cells than in the two other samples. Also, results showed that insulin secretion increases 2.5% in those microcapsules containing only β-cells and 2.9% in microcapsules, which also included MSCs and RGD (Laporte et al., 2020). This study concluded that RGD incorporation in the alginate microcapsules and co-culturing with MSCs could remarkably improve cell viability and functionality.
Fiber-based scaffolds
Fiber-based microdevices are another class of encapsulating devices consisting of non-woven nanofibrous structures in the thickness of micron to macro. However, regardless of device dimension or thickness, cells touch the nanofibrous substrate in nanodimension and cell-substrate interactions are affected by nanosized features in such a device. In recent years, biomimetic nanofibrous scaffolds that are capable of imitating fiber morphology and the biochemical cues of ECM architectures have attracted much more attention in regenerative medicine. Among different approaches for nanofiber formation, electrospinning drew a great deal of interest due to its high throughput and straightforward application (Chen et al., 2018; Al-Enizi et al., 2018; Ojaghi et al., 2019).
In another study, Nassiri et al. have shown that collagen-coated polyethersulfone (PES) nanofibrous scaffold could improve the differentiation of human-induced pluripotent stem cells (IPS) into β-cells. In this study, they have used electrospinning to prepare the nanofibers and then modified the nanofibers’ surface with collagen by plasma treatment. Then, IPSs were seeded on the scaffold, and their differentiation, biocompatibility, and insulin release were studied. In vitro MTT assay showed 50% cell viability after 7 days of culture. Evaluated results showed a significantly higher gene expression in the seeded cells. The cells that were cultured on the nanofibrous scaffold released significantly higher insulin in medium and high concentrations of glucose than that in the cells cultured on the tissue culture plate (Mansour et al., 2018).
In a recent study, Ruhela et al. have shown the applicability of electrospun nanofibrous substrate for β-cell transplantation. In this study, they have used an electrospinning device to prepare polytetrafluoroethylene (PTFE), PES, and cellulose acetate (CA) membrane for β-cell encapsulation (Ruhela et al., 2021). They have shown that by increasing hydrophobicity of membrane, cells’ attachment decreased, and β-cells aggregate more in this fiber-based ECM-like environment.
Nanoparticles
Encapsulating β-cells in nanoparticles is a promising approach by which biocompatible materials coat cells at the nanoscale range. The nanoscale size of these particles enables the facility to inject them into the bloodstream directly. Conformal coating by layer-by-layer (LBL) encapsulation technique is a versatile and tunable technique for encapsulating β-cells in the nanoparticles (Dimitrioglou et al., 2019; Krol et al., 2020; Liu et al., 2019). However, the LBL self-assembly technique could be utilized for a single-cell or cell aggregate encapsulation, directly or indirectly, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic representation of LBL encapsulation of cells. In the direct approach, cells (single or aggregate) are coated by encapsulating materials, whereas, in the indirect approach, cells are initially encapsulated in core materials then covered by LBL self-assembled shells (Liu et al., 2018).
Conformal coating of β-cells consists of a biocompatible hydrogel covering the cell(s) by forming a crosslinked structure on the cells’ surface. A hydrogel layer covers the cells in the core as a shell. LBL encapsulation technique is based on the self-assembly of polymers as multilayer shells with different charges (polyanion and polycation) on cells’ surfaces (Krol et al., 2020). PEG and alginate biomaterials are widely used for β-cell coating.
Recently, single-cell encapsulation has been used for β-cells. The major advantage of the single-cell encapsulation technique is its ability to rectify cells’ durability and permselectivity. Durability means increasing cells’ viability by protecting them from dehydration and mechanical stresses. Permselectivity, or selective permeability, means that the artificial, porous coating around cells lets them transfer biomolecules and nutrition selectively (Youn et al., 2020). Techniques used for nanoparticle preparation are similar to those discussed for microparticle preparation. In what follows, the investigation of recent studies, the advantages of single-cell and multi-cell nanoencapsulation techniques in increasing islet cell survival and functionality are discussed.
In a study, Syed et al. have utilized an LBL nanoencapsulation technique to encapsulate β-cells in chitosan nanoparticles. They studied islets functionality and viability in in vitro and in vivo. In vivo functionality of islets was assessed by an intraperitoneal glucose tolerance test 15 days after transplantation. The in vivo study showed that blood glucose in mouse models treated with nanoencapsulated islets was about 100 mg/dl less than models treated with non-encapsulated cells. In vitro assessment of the functionality of nanoencapsulated and non-encapsulated islets exposed to low glucose concentration showed that insulin release from nanoencapsulated cells was about 20 µU/ml more than that from non-encapsulated ones. However, there was no significant difference in insulin release when they were exposed to high glucose concentration. Also, results showed no significant difference in cells’ viability between non-encapsulated cells and nanoencapsulated cells. In vivo immunocytochemistry assessment, 4–5 weeks after transplantation, indicated that the morphology of the encapsulated cells appeared to be better preserved than that of non-encapsulated islets (Syed et al., 2018). Therefore, taken together, it could be concluded that nanoencapsulation provided better functionality for transplanted islets.
Encapsulation of stem cell-derived islets in PEG-based nanoparticles was evaluated by Stock et al. to demonstrate the applicability of the encapsulation system in increasing cells’ functionality and their potency to be used as an alternative for islets replacement. In vitro assessment of cells’ viability showed that nanoencapsulated cells were as metabolically active as non-encapsulated cells. Although GSIS profile also showed no significant difference in insulin release between encapsulated and non-encapsulated cells, long-term assessment of cells functionality (78–102 days after transplantation) demonstrated that the blood glucose level reported for transplantation of the encapsulated cells was about 58 mg/dl, which was significantly less than that of the non-encapsulated cells (Stock et al., 2020).
Current Strategies of Engineered Hydrogels for the Improvement of Insulin Secretion
Despite many attempts, the percentage of diabetic patients has been steadily increasing worldwide. Thus, various bio-engineered therapeutic strategies have been established, aiming to achieve more efficient results. It is promising that the encapsulation of islets in hydrogels can control blood glucose level for a long period. However, this goal has not been achieved because of the main hurdles of islet encapsulation, lack of vascularization around islet graft, and activation of host immune response. In order to overcome these obstacles, some strategies are discussed in the following section.
Improving Biocompatibility Nature of Hydrogels
Biocompatibility is the most vital feature of hydrogel-based biomaterials as it provides appropriate interactions between cells and the scaffold. Regarding islet transplantation, the concept of improving biocompatibility could be discussed in two points of view. From an encapsulated cell/matrix interaction point of view, biomaterials encapsulating the islets could be modified in order to increase cell-biomaterial interactions toward better cell adhesion, cell proliferation, and consequently more cell survival. Also, by itself, biomaterial should not provoke immune reactions and preferably support cell proliferation and their bioactivity (Saroia et al., 2018; Samojlik and Stabler, 2021). The bulk and surface properties of biomaterials, such as topography, wettability, and charge, may be designed to facilitate cell adhesion, proliferation, or differentiation (Amani et al., 2019).
From another point of view, host immune reactions against the transplanted cells are commonly treated by immunosuppressive medications. Improving the immunomodulatory characteristics of the encapsulating biomaterials may result in improvement of biocompatibility and increased survival of the transplanted cells. Immunomodulation may be used to adjust the host immune response if healthy cells become targeted and damaged. On the other hand, considering immune systems reaction against the transplanted cells, which is commonly tailored by immunosuppressive medication after transplantation, resulted in improving biocompatibility and survival rate of cells, while improving immunomodulatory characteristics of the encapsulating biomaterials indirectly. Immunomodulation is the adjustment process of the immune system when healthy cells become targeted and destroyed wrongly via host immune responses (Lebish and Moraski, 1987). Looking at the literature, for islet delivery and encapsulation, the intended biomaterials have been modified to improve biocompatibility and achieve a better result by various strategies. However, regarding the importance of immune rejection concern, much more attention has been paid to improve biocompatibility via immunomodulatory-based designs. In a recent report, Kharbikar et al. have comprehensively reviewed and highlighted the various strategies and techniques that have been utilized for modulating the foreign body response of implants for diabetes (Kharbikar et al., 2021).
In T1DM, as a complex immunological disease, the impaired immune regulation resulted in the autoimmune destruction of β-cells (Diana et al., 2011). When islets are transplanted into the patient’s body by biomaterials, the reaction of the immune system against the delivered cells, as well as the delivering biomaterials, serves as a serious barrier and elicits inflammatory reactions. Modulation of immune responses may control inflammatory reactions against the cells or biomaterials and can be utilized to provoke tissue regeneration (Julier et al., 2017).
Hydrogels are popular biomaterials because of their proper biocompatibility and more flexibility in design. These characteristics are originated from their hydrophilic nature and high swelling ratio, leading to an excellent capability of providing oxygen, nutrients, and metabolites and waste products permeability (Singh and Peppas, 2014). Many strategies toward hydrogels can regulate the response of the immune system. Modification of material chemistry incorporation of ECM components or peptides and delivery of anti-inflammatory agents or growth factors as bioactive molecules within hydrogels are generally utilized in this regard.
Immunomodulatory Hydrogels
Hydrogels can be modified to modulate immune system responses. In this regard, they have been chemically functionalized with some peptides or ECM components or have been incorporated by some immunomodulatory molecules, which can be released out and affect the immune responses. In some cases, both strategies have been simultaneously utilized in one system. Here, these two approaches are briefly introduced and discussed.
• Immune modulation by delivery of bioactive molecules
Delivery of bioactive anti-inflammatory molecules by incorporation into the biomaterial has been shown to be a promising effective therapy to facilitate tissue productivity, modulate the immune response, and eliminate the need for lifelong immunosuppression. However, controlling the release rate, carrying multiple agents, and supplying a localized and prescribed kinetic of release, seem necessary to achieve adequate immunoprotection by such modified hydrogels (Wang et al., 2019a). Usually, diffusion-based systems, reservoir or matrix, are utilized to sustain the delivery of immunomodulatory factors. In the reservoir delivery system, a drug-containing core is coated by a hydrogel membrane. In contrast, in the matrix devices, drug molecules are dissolved or dispersed in a continuous polymeric matrix, and diffusion is carried out via the macromolecular pores or mesh of the matrix (Narayanaswamy and Torchilin, 2019).
Considering the nature of delivered molecules, low molecular weight molecules are released faster from the hydrogel matrix of the membrane, and hydrophilic ones are held more tightly and released at a slower rate (Mayr et al., 2018).
Immune modulatory molecules prevent the destruction of β-cells with specific and non-specific actions to restore self-tolerance and alter the immune system’s duration, type, scope, and competency (Lebish, and Moraski, 1987). Such molecules in cell delivery systems can induce much more biocompatibility as they affect the immune responsive cells such as lymphocytes, macrophages, neutrophils, natural killer (NK) cells, and cytotoxic T lymphocytes (CTL). The regulation process by immunomodulatory molecules starts by interfering with the cells’ production of soluble mediators (e.g., cytokines) and could aid cell-cell communication in immune responses by many T regulatory cells, including CD4+, CD25+, and FoxP3+ (Bascones-Martinez et al., 2014).
Immunomodulatory agents such as anti-rejection drugs are commonly used after the transplantation of islets in order to reduce the rejection probability. However, some of them, including Daclizumab (Zenapax), Sirolimus (Rapamune), and Tacrolimus (Prograf), have noticeable side effects and induce abnormally differentiation (e.g., cancers) (Moini et al., 2015). To prevent the undesired reaction of the immune system against the delivered islets, the selection of appropriate drug combinations is vital for the long-term survival of pancreatic cells.
In various studies, monoclonal antibodies, cytokines, chemokines, and growth factors are incorporated into the hydrogels to modulate the immune responses against the encapsulated islets and enhance the cell viability and biostability. On the other hand, the interaction of such biomolecules with hydrogel matrix, particularly growth factors, also improves their bioactivation and biostability over time. Also, such interactions may foster controlling their sustained release rate from hydrogel substrate (Guziewicz et al., 2011). Nagy et al. have indicated that hydrogel plus heparin could treat autoimmune type 1 diabetes by inducing the sustained release of IL-2 (cytokine), which leads to an increase of T cells proliferation and provoking the expression of forkhead box P3-positive (FOXP3+) Tregs, but soluble IL-2 could not (Nagy et al., 2020). Chemokines like CXCL12 coated on islets or encapsulated with islets in alginate microcapsules resulted in allograft/xenograft islets survival and better function (T. Chen et al., 2015). Other immunosuppressant factors such as TNFα, CD200, TGF-β, CTLA4, and Fas ligands can immobilize onto the surface of the islet and manipulate the function of T cells by deactivating them. For example, when Fas ligand (a type II transmembrane protein) binds to its receptor (CD95), helper T cells die (Desai and Shea, 2017).
Co-culturing cells that could secrete immunomodulatory biomolecules and islets could also improve these cells' functionality. For instance, Lau et al. have evaluated co-transplantation of FasL-myoblasts with islets. They have shown that the glucose concentration in the blood was normal in a sustained manner and consequently, this process induced more pancreatic cell survival (Lau et al., 1996). It was due to the role of FasL in the protection of islet grafts from immune rejection. Figure 5 indicates the release of FasL from hydrogels and the process of deactivation of cytotoxic T effector cells.
[image: Figure 5]FIGURE 5 | Immune-suppressive hydrogels for delivery of β-cells. Cytotoxic T cells around transplantation site deactivated by the release of FasL. This process induces more pancreatic cell survival.
CD200 is a type-1 transmembrane glycoprotein that targets myeloid and lymphoid lineage immune cells (e.g., T cells and macrophages). To prevent all interactions of host immune cells with the transplant, studies have shown that presenting CD200 receptors on the islet coating materials may result in inflammatory suppression and modulation of macrophage actions (Gorczynski 2005; Stabler et al., 2019).
Growth factors also have an important regulatory function in the immune system. Lack or increase in the presence of some growth factors induces diabetes (Shi et al., 2018). Generally, these molecules are produced by many cells and can be restored by ECM components to present the cell surface receptors and have an influence on tissue growth, maturation, and repair (Mitchell et al., 2016). As mentioned before, similar to other immune modulatory factors, a suitable concentration of GFs is necessary for provoking regeneration responses. Regarding β-cells, insulin-like growth factor 2 (IGF-2) could promote islet survival and function. For example, Jourdan et al. have co-encapsulated pancreatic islets and bioengineered IGF-II-producing cells in alginate microcapsules to improve islet survival. The results of in vitro and in vivo studies demonstrated significantly higher cell viability and maintenance of normoglycemia for co-encapsulated samples compared to islet transplanted cells alone (Jourdan et al., 2011).
Fibroblast growth factor 21 (FGF21) is another promising GF that acts as a glucose and lipid metabolism regulator and preserves β-cell function (Li et al., 2018; Wang D. et al., 2020). Vascular endothelial growth factors (VEGF), known as the vascular permeability factor, are considered for β-cell vascularization (Wirostko et al., 2008). The insulin-like growth factor-I (IGF-I) is a natural polypeptide that has been implicated in diabetic glomerular and renal tubular injuries (Shi et al., 2018). Like other potent regulatory GFs, the TGF-β family affects multiple cell types of the immune system, mediating pro-inflammatory or anti-inflammatory responses. Studies have shown that incorporating this TGF-β in islet encapsulating systems might significantly improve restored normoglycemia and prolonged survival of allogeneic islets. For example, TGFβ1 released from PLGA microparticles encapsulating allogeneic islets enhanced islet engraftment in a chemically induced diabetic mouse model. It is originated from local suppression of pro-inflammatory cytokines (TNF, IL-12, and monocyte chemoattractant protein 1 (MCP1)) (Liu J. M. H. et al., 2016). Hepatocyte growth factor (HGF) is another factor produced by a stromal and mesenchymal cell and provokes epithelial cell proliferation and angiogenesis in many tissues. HGF is a cytokine that enhances motility and morphogenesis (Cao and Wang, 2014). In a study reported by Liu and his colleagues, HGF was delivered by a self-assembling peptide/heparin (SAP/HEP) hybrid hydrogel to prevent inflammatory responses against β-cells. The HGF-loaded hydrogel promoted cell viability and reduced β-cell death induced by a function of TNF-α (Liu J. et al., 2016).
• Immune modulation by hydrogel chemical modification
The response of the host immune system against hydrogel encapsulating cells often leads to the failure of encapsulated islet graft. One of the typical approaches is transplantation in sites in which immune system reaction is almost muted. Various studies have suggested chemical modification of materials to control host tissue response and avoid fibrosis tissue formation around the transplant site. Alginate-based biomaterials are one of the most prevalent hydrogels suggested to be used for microencapsulation regarding this concern (Goncu and Yucesan, 2020). Zwitterionic polymers are conjugated onto the surface of alginate hydrogel microspheres to reduce the foreign body host tissue reaction by decreasing fibrosis (Q. Liu et al., 2019). Carboxy betaine-based polymers, wherein each monomer was modified by zwitterionic chemistry, caused a low fibrotic response in the subcutaneous site of immune-competent mice (Zhang et al., 2013). It is noteworthy that the chemical modification of hydrogels may affect their other characteristics, such as mechanical properties, and could also impact cell responses indirectly. For instance, Jansen et al. have examined the zwitterionic phosphorylcholine conjugated to PEG hydrogels for islet encapsulation, and the results have shown that the stiffness of hydrogel had a striking influence on the foreign body response, where the stiffer hydrogel elicited fewer responses (Jansen et al., 2018). It has been shown that the immune-protective effect could be achieved by balancing in charge of a hydrogel system when it is essentially uncharged. Hydrogels with neutralized charge may prevent the aggregation of the proteins and macrophages and elicit fewer immune reactions (Zhang et al., 2019). Huang et al. have synthesized an immune-shielding thread-like hydrogel based on the alginate-polyethyleneimine (PEI) for islet encapsulation. Melanin nanoparticles as a NIR-responsive material were incorporated into the hydrogel in order to stimulate the secretion of islets with or without a NIR treatment. Results have shown excellent immune-shielding properties against the encapsulated islets via utilizing charge neutralization of alginate by PEI and melanin. In addition, incorporated melanin stimulated insulin secretion, particularly under exposure to NIR, and the islets showed functional physiological activity. However, the mechanism of how melanin can improve insulin secretion still needs more investigation (Huang et al., 2021).
Recently, Hu et al. have designed alginate-based bioinks (alginate, alginate supplemented with Pluronic 127, and alginate combined with pectin) for β-cell encapsulation with immunomodulating capacity. An extrusion-based 3D printer was used for layer-by-layer bioprinting of these bioinks. The influence of the pectin incorporation on beta islet cells viability under inflammatory stress was assessed by exposing the cell-containing hydrogel to a cocktail of the mouse cytokines, IFN-γ, TNF-α, and IL-1β.Live/dead staining was also used for studying the beta islet cell viability. Results of the viability study showed an almost 9% increase in cell survival for pectin-incorporated bioink. In vivo tissue response also was assessed by analyzing fibrotic overgrowth thickness. The layer of fibroblast found on the pectin-incorporated construct was about 89 µm, while for alginate-Pluronic, it was about 172 µm. This result indicates the significantly higher biocompatibility for the pectin-incorporated hydrogel (Hu et al., 2021).
• Immune modulation by hydrogel mechanical and topographical modification
Mechanical stability is a substantial need for long-period transplantation of hydrogel-based encapsulated cells. The insufficient mechanical properties of the capsules may result in instability of them in physiological condition; moreover, pieces of evidence demonstrate that immunological responses are provoked in the recipient via mechanical instability. For instance, as mentioned, increasing stiffness of PEG-based encapsulating hydrogel decreases foreign body reactions (Jansen et al., 2018).
Since most of the hydrogels are weak regarding the mechanical properties, their mechanical features could be modulated by adding covalent crosslinking to the structure, grafting, or blending with other suitable polymeric chains in order to prevent the destruction of the capsules and long-term biocompatibility. On the other hand, as a biophysical feature of the environment, most of the cells can sense the mechanical nature of the surrounding environment and behave correspondingly (Huebsch, 2019). Therefore, tuning the mechanical properties of hydrogel could serve as a strategy to modulate encapsulated cell behaviors. Richardson et al. have evaluated the effect of stiffness of barium-alginate capsule on growth, the viability of human embryonic stem cells (hESCs), and their differentiation to pancreatic islets (Richardson et al., 2016). They have prepared alginate capsules with different stiffness via cross-linking in various concentrations of BaCl2 solution (10–100 mM) as a cross-linker. Results interestingly demonstrated that hESCs growth and differentiation were strongly dependent on the stiffness of the hydrogel where the stiffness of approximately 4–7 KPa was most supportive of cell proliferation, while stiffness around 3.9 KPa was best for pancreatic differentiation. However, much increases in the stiffness strongly suppressed pancreatic progenitor induction. Although a few studies have focused on investigating mechanical characteristics of islet encapsulating hydrogels, their great importance in cells-substrate interactions need to be considered.
Beyond the material’s chemical and mechanical properties, structural and topographical features in micro- and/or nanoscale (e.g., size, shape, and geometric alignment) may play a crucial role in directing cell behavior such as adhesion, proliferation, migration, arrangement, and differentiation (S. Wang et al., 2019b). In addition, proper microstructural features or topographies can modulate immune system function. For instance, Tylek et al. have studied the effect of pore size in fibrous scaffolds on macrophage polarization and subsequently its phenotype, pro-inflammatory (M1) or pro-healing (M2) (Tylek et al., 2020). They have fabricated a series of 3D porous fibrous scaffolds with various pore sizes from 40 to 100 µm by melt electro-writing, followed by seeding of primary human peripheral blood-derived macrophages. Interestingly, their observations demonstrated that pore size affected macrophage elongation and transition (M1 to M2 phenotype) where the smallest pore size of 40 μm was beneficial for enhancing both the elongation and polarization of human macrophages toward the pro-healing phenotype rather than pro-inflammatory one. The microscale dimensions may play an important role in the modulation of immune responses; moreover, evidence also showed that in macroscale, foreign body reactions are affected by the size of implanted biomaterials. Veiseh et al. have shown that alginate spheres encapsulating islet cells with a diameter in the range of 1.5–2.5 mm had a significantly decreased foreign body response compared with smaller diameter spheres (<1 mm). In addition, their in vivo study demonstrated that rat pancreatic islets are encapsulated in 1.5 mm alginate capsules and are transplanted into streptozotocin-treated diabetic C57BL/6 mice, which restored blood glucose control for up to 180 days, whereas for transplanted capsules in the size of 0.5 mm, blood glucose regulation was restored for a significantly shorter period (∼35 days) (Veiseh et al., 2015).
Regarding the importance of topographical feathers in cellular responses, this strategy may be utilized in order to modulate pancreatic cell function. Seo et al. have designed a micro-patterned collagen sheet in order to mimic a microstructural model of pancreatic tissue (Figure 6) (Seo et al., 2020). They have co-cultured mouse pancreatic β-cell (MIN6) and mouse pancreatic islet endothelial cell (MS1) within the micro-patterned sheet and evaluated the cell organization and function compared to cells cultured in a non-patterned substrate. Results have shown that in the patterned culture model, during 4–10 days, the MIN6 cells formed islet-like clusters are surrounded by an endothelial MS1 cell monolayer (Figure 7). In addition, interestingly, the MS1 cells made a connection between the clusters, resembling a blood vessel-like structure. In contrast, the 3D co-culture structure was not formed in a non-patterned collagen sheet. The organization of cells was affected by micro-patterning, and insulin secretion by islet-like clusters was also improved, where the insulin secretion level of MIN6 cell-cultured within micro-patterned sheets was significantly about 1.5 times higher than that of those cultured within non-patterned sheets.
[image: Figure 6]FIGURE 6 | (A) The procedure of preparation of micro-patterned collagen sheet as a pancreatic pseudo-tissue and (B) dimensions of hexagonal micro-pattern (Seo et al., 2020).
[image: Figure 7]FIGURE 7 | Evaluation of the micro-patterns effect on cellular organization and function. Microscopic images of MIN6 and MS1 co-cultured sheets without (A, D) and with pattern (B, E). Microscopic images of a MIN6 mono-cultured sheet with micro-patterns (C, F). In fluorescence images, MIN6 cells are stained in green, and MS1 cells are stained in red. Cellular clusters are pointed by white dashed circles. (G) Insulin secretion level of MIN6 cells in mono- and co-cultured condition (patterned and non-patterned). Scale bars are 50 μm, and p-value <0.001 indicates significant differences (Seo et al., 2020).
Bioactive Hydrogels
In the pancreas, each islet is surrounded by a native ECM. During cell isolation, most ECM components are destroyed, and cell viability and function are affected after transplantation in the new site. (Stendahl et al., 2009). Transplantation of the isolated or cultured cells via a suitable substrate that keeps cells interactions with the microenvironment is a better approach than transplantation via an inert substrate. Hydrogel functionalized with biomolecules including protein or peptides can promote cell adhesion and survival in cell transplantation. Utilizing these adhesive molecules promoted the adhesion receptors (integrins)-cell interactions (Hynes 2002). Collagen IV is the main structural component that maintains β-cell attachment, migration, proliferation, differentiation, and also survival (Yap et al., 2013). Fibronectin induces pancreatic cells’ viability and function by preventing apoptosis and laminin, resulting in growth in glucose-stimulated insulin secretion. Incorporating such ECM-derived components into hydrogels designed for islet cell encapsulation significantly increases the effectiveness of such treatments (Llacua et al., 2018).
For example, although PEG-based hydrogel has been successfully studied in in vitro islet encapsulation and transplantation, it cannot survive β-cells for a long time, mainly because of the lack of cell adhesion ligands and interactions of cells with the surrounding microenvironment (Ouyang et al., 2019). In a study, Weber et al. have assessed the role of incorporation of ECM-derived proteins (collagen type I, collagen type IV, fibrinogen, fibronectin, laminin, and vitronectin) into the 3D PEG environment on islets survival. The overall result demonstrated that incorporating these crosslinked proteins decreased cell apoptosis significantly after transplantation (Weber et al., 2008).
For example, modification of enzymatically crosslinked protein-based hydrogels by incorporation of ECM-derived proteins (collagen IV, fibronectin, and laminin) for encapsulation of MIN6 β-cells was investigated by Liese N. Beenken-Rothkopf et al. The results demonstrated that involvement of ECM proteins in the hydrogel matrix maintained high insulin response compared to cells encapsulated in the no-modified hydrogel at day 7. However, the concentration of modifier EMC proteins was also an important issue that needed to be optimized (Beenken-Rothkopf et al., 2013).
Besides proteins, peptides are a significant modifier that can induce cell signaling when interacting with the corresponding receptors. Peptides also show more benefits than proteins due to their low cost, the simple synthesis procedure, and more resistance to many environmental conditions. Peptide-modified structures present structural and biological traits with high similarity to protein-modified substrates for cell encapsulation applications. Many peptides can carry out the function of ECM proteins and some GFs, as well. However, for some proteins, protein-derived peptides cannot perform as efficiently as the protein (Klimek and Ginalska, 2020). For example, Weber and Anseth have shown that the addition of whole ECM proteins enriched by laminin in PEG dimethacrylate (PEGDM) hydrogel encapsulating β-cells results in the secretion of more insulin compared to PEGDM hydrogel modified with laminin-derived peptides (Weber et al., 2008) because of the limited effect of short peptide moieties compared to the whole ECM proteins.
Nevertheless, the inclusion of these molecules into the polymeric biomaterials mainly results in their enrichment with pro-adhesive sequences. Many proteins and peptides have pro-adhesive sequences such as RGD, PHSRN, YIGSR, and IKVAV. RGD is one of the most widely considered adhesive peptides, which is effectively modified to enhance cell attachment to many surfaces and substrates. RGD immobilization directly onto biomaterials enhances the adhesion of receptor-mediated cells to the surface of biomaterials (Klimek and Ginalska, 2020). However, it is noteworthy that immobilized peptide density and orientation are key parameters affecting cell attachment (Bellis, 2012). A study reported by Joana Crisostomo et al. RGD with a concentration of 200 μM was incorporated into alginate hydrogels (2% m/v) and provided a profitable niche for β-cell survival and consequently insulin secretion (Crisóstomo et al., 2019). In another study, regarding the potential of semi-permeable PEG as an immune-isolation barrier encapsulating islets, glucagon-like peptide-1 (GLP1) was immobilized within PEG hydrogels and increased β-cell durability, survival, and insulin secretion compared to unmodified-PEG. GLP-1 is already known to provoke the expansion of insulin-secreting β-cell (Lin and Anseth, 2009). Similarly, a survey on PEG hydrogel, which was functionalized with RGD, IKVAV, and GLP-1, demonstrated the survival of bone marrow MSCs and pancreatic islets by GLP-1 stimulation and increase of glucose level (Bal et al., 2017). Another example of peptide-functionalized hydrogel, IL-1RIP inhibitory peptide-modified hydrogel, increased the survival of encapsulated MIN6 cells by reducing the cells’ apoptosis up to 60%. Jing Su et al. have demonstrated that PEG-based hydrogels (4-armed PEG cysteine and 4-armed PEG thioester) containing this inhibitory peptide could resist the cytokines such as IL-1b, TNF-alpha, and INF-g. Co-presence of IL-1RIP with other adhesion peptide sequences such as GRGDSPG improved the anti-cytokine effects compared to hydrogels containing either of the two peptides alone (Su et al., 2010).
Improved Vascularization Potential of Hydrogels
As mentioned, islets are highly vascularized tissues in which vascularization is crucial for islets’ function in blood glucose responsibility and insulin secretion. It is noteworthy that blood vessels are lined with a very high density of endothelial cells in this tissue. The formation of this featured vascular system requires that the participation of VEGF-A binds to VEGF receptor (VEGFR)-1 and VEGFR-2, which are also known as FMS-like tyrosine kinase 1 (Flt1) and kinase insert domain protein receptor (Kdr), respectively. These two receptors are critical regulators of vasculogenesis, angiogenesis, vascular permeability, and endothelial fenestration formation (Brissova et al., 2006; Lugano et al., 2017). Through embryonic development, endothelial-endocrine cell signaling and blood vessels’ reconstruction induce pancreatic morphogenesis (Brissova and Powers, 2008).
After isolation and transplantation of islets, blood flow reestablishment for the grafted islets needs time. The transplanted islets would be subjected to hypoxia condition and the lack of nutrients compared to the native pancreas, it undergoes to be necrosis. Indeed, the long-term survival of islets after transplantation needs vascular support. Thus, improving transplanted islets’ revascularization will significantly promote cell survival and secretion of insulin (Pepper et al., 2013). Localized delivery of angiogenic molecules and modulating immune responses at the implantation site by co-transplantation of supportive cells can induce vascular formation (Desai and Shea, 2017).
Angiogenesis Aided by Co-Transplanting of Cells
Apart from the microenvironment, cell-cell interaction modulates cell signaling. Co-culture of suitable cells along with islets could support improved cell functions. In this regard, co-encapsulation of angiogenic cells or regulatory cells has been suggested in order to improve islet cell survival and function via supporting angiogenesis. Regulatory T cells (Tregs) are helpful mediators’ immune homeostasis, which can suppress the immune response, and they have a dynamic role in angiogenesis. T cells are identified mainly by those that express CD4, CD25, and FOXP3. It is a well-known approach to transplant β-islets with Tregs, mainly Tregs anchored stably to the cell surface (Kryzstyniak et al., 2014). Multipotent adult progenitor cells are another proper candidate for co-transplantation with islets because of their ability to suppress immune cells and promote angiogenic responses (João Paulo et al., 2016). Islets co-transplanted with multipotent adult progenitor cells could induce endothelial and advance neovascularization around islet transplant. Recently, adult MSCs are widely co-transplanted with islets. They promote in situ angiogenesis by secreting immunosuppressive molecules such as prostaglandin E2 preventing hypoxia, and suppressing immune cells, including NK cells, macrophages, neutrophils, and T cells (De Miguel et al., 2012).
Bone marrow and adipose tissue are two primary sources of MSCs isolation. These cells have the noticeable potential to differentiate into the various lineages (Mohamed-Ahmed et al., 2018). The co-transplanting of MSCs with the islets has shown highly acceptable outcomes in islets viability and growth of insulin levels after transplantation. For example, Rackham et al. have investigated the effect of islets co-transplantation with MSCs in C57Bl/6 mice on glycemic levels of insulin secretion. Results have demonstrated that 92% of animals got normoglycemia compared to those transplanted with islets alone (42%). Vascular engraftment was also noticeable in MSC co-transplanted mice, as indicated by enhanced endothelial cell numbers within the endocrine tissue. They have shown a significant reduction of glycemic levels and remarkable improvement of blood insulin level via co-encapsulation (Rackham et al., 2011). In a similar study, Kerby et al. have assessed co-encapsulation of mouse islets and kidney MSCs in alginate to improve graft outcome in a microencapsulated/isolated graft model of islet transplantation. Results have demonstrated that the average blood glucose concentration significantly decreased by 3 weeks in the co-encapsulated samples. Furthermore, after 6 weeks, compared with the islet-alone group, the co-encapsulated group showed around 4.5-fold increase in curing. Consequently, the efficiency of microencapsulated islets is raised by MSCs co-culturing due to their effect on revascularization and maintenance of islets morphology (Kerby et al., 2013).
In healthy pancreatic islets, endothelial cells constrict blood vessels inside and outside the islets. They are losing these connections between β-cells and endothelial cells after isolation, which may interrupt islet functions. Thus, endothelial cells are another candidate for co-transplanting with islets owing to their essential role in maintaining proper signaling between β-cells and preserving their viability and function (Hogan and Hull 2017; Skrzypek et al., 2018). The lack of factors produced by endothelial cells likely results in low productivity of β-cells and insufficient insulin release (Skrzypek et al., 2018). Sebara and Vernette have indicated that the insulin release of rat insulinoma cells (INS-1) increased when they were co-cultured with human umbilical vein endothelial cells compared to INS-1 cells alone (Sabra and Vermette, 2013).
Angiogenesis Aided by Angiogenic Molecules and GFs
Utilizing GFs and angiogenic molecules embedded in hydrogels can provoke angiogenesis and blood vessel development (Nour et al., 2020; Malektaj et al., 2021). Basic fibroblast growth factor (BFGF) is identified to enhance angiogenesis after transplantation into recipients through increasing new capillaries around islet graft (Kawakami et al., 2001; Zhu et al., 2019). Studies have demonstrated the combination of BFGF with collagen hydrogel assist’s revascularization responses and indicated a reduction in islet damage by hypoxia (Kawakami et al., 2001).
Nina Yin et al. have synthesized a VEGF incorporated (100 ng/ml) alginate hydrogel to encapsulate the islets. Results have indicated a sustained angiogenesis promotion in the diabetic mice model. Consequently, islet survival and function improved and exhibited a therapeutic effect over 50 days (Yin et al., 2016a). In a similar study, VEGF stimulated angiogenesis through PEG maleimide (PEG-MAL) hydrogels. It also enhanced graft vascularization, cell viability, and insulin secretion in encapsulated rat islets during 4 weeks (Phelps et al., 2015; Phelps et al., 2013). Connective tissue growth factor (CTGF) is generally expressed in endothelial cells, and downexpression of this GF may cause less vascularized islets. Thus, CTGF can also be utilized as a vasculogenic stimulator (Crawford et al., 2009).
In another approach, incorporating O2 producing molecules such as calcium peroxide within a transplanted construct is beneficial. However, it may have some drawbacks, like suppressing the release of angiogenic GFs and a delay in implant vasculogenesis (Camci-Unal et al., 2013). To overcome this issue, such oxygen-producing reagent could be co-delivered with some angiogenesis stimulators.
In a study reported by Pedraza et al., in order to prevent hypoxia-induced cell death in β-cells, they have incorporated CaO2 into polydimethylsiloxane (PDMS) discs (Figure 8), which were placed in the core of β-cell-laden agarose hydrogel. This combined system provided a sustained release of oxygen for more than 40 days, which supported encapsulated MIN6 β-cells and pancreatic rat islets. PDMS-CaO2 disk induced glucose-dependent insulin secretion and sustained increase of β-cell proliferation for more than 3 weeks in hypoxic culture aside from the fading role of vasculogenesis GFs (Pedraza et al., 2012).
[image: Figure 8]FIGURE 8 | Schematic showing oxygen-generating PDMS-CaO2 disc (A). Photograph of PDMS-CaO2 disk (10 mm diameter; 1 mm height) (B). Oxygen releasing screening of PDMS- CaO2 disk (filled diamonds) compared to blank PDMS disk (open diamonds) during 40 days (C) (Pedraza et al., 2012).
In another study, Wang et al. have reported an inverse breathing system with the ability of oxygen generation from carbon dioxide (CO2). The reaction of CO2-lithium peroxide from an aqueous cellular environment by a gas-permeable membrane yielded a device that supported functional islets in retrieved mice for more than 2 months (L.H. Wang et al., 2021).
In a recent study reported by Toftdal et al., an oxygen releasing system based on thiolated hyaluronic acid (tHA) and 8-arm PEG-Acrylate (PEGA) was synthesized (Toftdal et al., 2021). This injectable hydrogel was incorporated by calcium peroxide in various concentrations (0, 7.5, and 30%) and evaluated in terms of chemical and physical properties and suitability for β-cell encapsulation. Results have demonstrated that the incorporation of calcium peroxide did not interfere with the injectability of hydrogels. However, it decreased the gelation time. Monitoring the oxygen release kinetics under hypoxic conditions showed that hydrogels containing 30% calcium peroxide released oxygen for at least 30 h, whereas hydrogels containing 7.5% calcium peroxide could not support oxygen releasing after 10 h of incubation. In order to assess the effect of oxygen release on cell viability, clusters of insulin-secreting reporter cells (INS-1E) were encapsulated within the designed hydrogels and a live/dead staining assay was conducted on days 1 and 3. The calcium peroxide-laden hydrogels supported the viability of encapsulated clusters over 3 days, while necrosis signs were observed in clusters encapsulated in hydrogels without calcium peroxide.
Providing oxygen supply for a longer time could guarantee more efficacy and success of islet transplantation, particularly for clinical applications. In this regard, Liang et al. have developed a distinct implantable platform containing oxygen-generating micro-beads (Liang et al., 2021). They have used biostable PDMS encapsulating calcium peroxide, termed “OxySite,” in a macro-porous PDMS scaffold as an oxygen-generating device. Data that showed this device generated sufficient local oxygenation for up to 20 days and supported clinically relevant cell dosages (10,000 islet equivalents per kilogram body weight (IEQs/kg BW)) for islet transplantation in a diabetic Lewis rat syngeneic transplantation model. In vitro and in vivo outcomes demonstrated that the OxySite scaffold had great potential to support increased oxygen demands without delay in vascularization.
Beyond insufficient oxygen and nutrition transport, oxidative stress is also one of the important factors contributing to beta islet cells failure. Oxidative stress is defined as the imbalance between the production of reactive oxygen species and antioxidant defenses in the cells. L. Reys et al. have, in a recent study, addressed this issue for beta islet cells encapsulation in alginate-based microcapsules (Reys et al., 2021). They have investigated the effect of two different algae species, Fucus vesiculosus (FF) and Ascophyllum nodosum (FA), on alleviating oxidative stress in vitro. FF and FA are a kind of fucoidan, which are polysaccharides with the potency of oxidative defense attributed to their sulfate group. In this study, the fucoidan-alginate hydrogel was prepared by mixing the two components and crosslinking them with barium chloride. The antioxidant potential of the final hydrogel was assessed using the total antioxidant capacity assay kit and expressed as Trolox equivalent antioxidant capacity (TEAC), with Trolox serving as an antioxidant standard. Final results indicated that the antioxidant capacity of the FF-alginate microcapsules was 35-fold higher than that of alginate hydrogel. Cell viability and insulin secretion studies have also demonstrated the higher capacity of the FF-alginate hydrogel in βcells’ survival and functionality. The results demonstrated 1.8-fold higher insulin secretion and 8.6% more cell viability in FF-alginate hydrogel.
CLINICAL TRIALS OF ISLET ENCAPSULATION AND COMMERCIALIZED PRODUCTS
Apart from numerous reports regarding the application of islet transplantation in diabetes treatment, the number of clinical trials is limited, likely due to donor shortage and the need for lifelong immunosuppression (Desai and Shea 2017). These limitations attract attention toward investigation on the clinical applicability of the encapsulated devices.
Whereas micro-/nanoencapsulation devices can transfer the maximum amount of islets, support nutrients, and facilitate insulin secretion due to their thickness and porosity limitations, precise implantation still serves as considerable drawbacks. Some advanced micro-manufacturing technologies, including micro-electromechanical systems (MEMS) such as microfluidics and micro-molding devices, are adopted to prepare micro-/nanodevices with the precise structure for islet encapsulation (Espona-Noguera et al., 2019).
In a clinical study, Soon-Shiong et al. have successfully encapsulated 20000 allogeneic islets in alginate microcapsules and transplanted them into the peritoneum of a patient under immunosuppression. In this study, they have used alginate as a biocompatible immunoprotective membrane to prevent transplantation rejection. The results showed control in glucose metabolism restoration with insulin independence for 9 months (Soon-Shiong et al., 1994). Similarly, in 2006, for two patients, a total of 400,000 (for patient #1) and 600,000 (for patient #2) human islets were microencapsulated in alginate-PLO (poly-l-ornithine) hydrogel transplanted in two diabetic patients. Results have shown a reduction in insulin requirements with an increase in serum C-peptide levels in patients without any immunosuppressants (Ontanucci and Ancuso, 2006). Tuch et al. have also clinically examined the applicability of microencapsulated human islets loaded in barium-alginate hydrogel for four patients treated by any immunosuppressive drugs. The findings of this study showed that blood glucose levels and insulin requirements were significantly lowered after 1 day (Tuch et al., 2009). In 2007, Eliott et al. reported the transplantation of neonatal porcine cells, as promising sources for insulin-producing islets (Dufrane and Gianello, 2012), in the peritoneal cavity of a patient. In this study, 15,000 IEQs/kg body weight were the implant dose and reported results indicated an improvement in HbA1c levels up to 14 months and detectable C-peptide up to 11 months after transplantation. Interestingly, the transplanted capsules included viable islets even 9.5 years after transplantation. In conclusion, using the encapsulation technique demonstrated long-term survival of functional xenogeneic cells transplanted without immunosuppressive medication (Elliott et al., 2007). At the same time, LCT Company transplanted pig islets loaded in alginate-PLO microcapsules in eight patients and observed a considerable decrease in insulin demand, even 8 months after transplantation (Tan, 2010).
As previously discussed, macroencapsulation devices have some limitations due to their complicated designs, low mass transport, and limited cell response (Espona-Noguera et al., 2019). Furthermore, the slow diffusion of oxygen into this device may cause delays in insulin release leading to hypoglycemia (Izeia et al., 2020). However, macrodevices are safe; they can reduce the risk of teratoma formation, cells’ survival, and their secreted insulin for months. Among limited clinical studies, the bioartificial pancreas βAir device, developed by Beta-O2 Technologies Ltd., was studied for macroencapsulation of human islets (Figure 9). In this device, islet-laden material (e.g., alginate, Teflon) encapsulates 10,000 IEQs/kg dosage of islets; besides, the device is coupled with a gaseous oxygen source, which is transplanted under the skin of non-immunosuppressed patients with T1DM. This system allows a controlled oxygen supply to the islet grafts to utilize an integrated oxygen reservoir. This reservoir can be refilled regularly and can maintain oxygen pressure. Results have demonstrated that βAir macroencapsulation devices overcame the challenge of oxygen delivery and maintained human islets survival more than 6 months post-implantation (Ludwig et al., 2013).
[image: Figure 9]FIGURE 9 | Schematic view of the βAir I and II implantable bioartificial pancreas devices: (A) cross-section and (B) external view. The β-Air I (C) and β-Air II (D) modules seeded by islets before implantation (Barkai et al., 2013).
Viacyte and many other organizations have reported the successful applicability of TheraCyteTM devices for β-cells’ transplantation in patients who did not receive immunosuppressive drugs. TheraCyte device is a planar structure in which islets are seeded between two porous polytetrafluoroethylene (PTFE) immunoisolation membranes in order to stimulate vascularization. This study demonstrated the successful protection of β-cells by this device in non-immunized patients, but its biocompatibility has not been studied yet (Kumagai-Braesch et al., 2013). ViaCyte offered two products, the “PEC-Direct” and the “PEC-Encap” devices, for the treatment of patients with severe T1D. The first one had been on the pre-clinical phase (2017), and FDA had approved the second one in 2014 for phase I and II clinical trials. The human pancreatic cells (PEC-01) were encapsulated in these devices and implanted under a patient’s skin in order to create proprietary pancreatic progenitor cells, which are becoming islets. These two products offer a potential functional cure for diabetic patients (Cooper-Jones and Ford 2016). In 2017, Biadal et al. have, from the University of Miami, implanted a total of 602,395 allogeneic islets by fibrin-based biodegradable scaffold onto the omentum of a person who had diabetes type 1 for 25 years. Recipients remained insulin-independent for more than 1 year (Baidal et al., 2017).
BioHub™ macroencapsulation devices are also accepted for clinical trials. In a study, allogeneic islets were encapsulated in the BioHub™ system and implanted in diabetic women’s body. Using this macrodevice resulted in insulin-independency for 1 year (Kepsutlu et al., 2014).
Although many clinical studies have been conducted for the transplantation of β-cells, the exact result of a fully functioning encapsulation approach has not been provided yet. Among macro-, micro-, and nanoencapsulation devices applied for clinical trials, bio-printed devices offer great potential in excluding the undesirable properties of these systems. Using bioprinting technology, scientists can design artificial pancreatic tissues with vascular structures. However, this emerging technology is still in its initial stages and requires further researches (Juewan Kim et al., 2019b).
CONCLUSION
Diabetes is one of the most prevalent diseases in the world. Although islet cells transplantation serves as a therapeutic approach in treating T1DM, some challenges need to be overcome to achieve a durable and successful therapy. One of the critical challenges is protecting the transplanted cells against the immune systems of diabetic patients. In addition, the transplanted cells should be supported by enough nutrients and O2 for their survival until vasculogenesis occurs. Besides remaining viable, the islet should interact with the host microenvironment to maintain bioactivity since insulin secretion varies in response to changing glucose concentrations.
To address the mentioned challenges, engineering techniques are adopted to encapsulate β-cells in hydrogel-based biomaterials in various scales, from nano to macro. In the present review, the numerous approaches for fabricating hydrogel-based devices for β-cell encapsulation enhancing insulin secretion and survival of islet have been comprehensively reviewed.
Hydrogel-based devices present advanced formulations with superior characteristics, such as injectability, mimicking native islet ECM, enhancing oxygen and nutrient diffusion, and improving cells’ viability by immunosuppression. Recently, hydrogels designed for β-cells’ encapsulation have benefited from remarkable biomaterial synthesis and modification progress. Versatile methods of hydrogels’ synthesis techniques such as in situ formation, bioprinting, tissue decellularization, and self-assembling provide ample opportunity to encapsulate β-cells in a hydrogel-based carrier in various forms (e.g., injectable hydrogel, self-assembled structure, nano-/microparticles).
There is much interest in immunological hydrogels for β-cell delivery. These hydrogels are structurally and physicochemically modified by some modification techniques such as bulk/surface modification and incorporation by bioactive agent, immunosuppressant, or growth factors delivery system. Also, regarding the vital role of vasculogenesis, more advanced hydrogel could be multi-functionalized to stimulate angiogenesis or sustained O2 release in order to fully support the transplanted cells over time. Acute inflammation, hypoxia, cell necrosis, nutrient transport, and even mechanical failure can limit the efficacy of the encapsulation approach. Overcoming such challenges is the main focus of different studies. In the light of advances in nanoencapsulation devices, using nanoscale hydrogels considerably increases insulin and nutrient transport and safely protects cells from immune system elimination. High surface: volume ratio in the design of these devices considerably increases nutrient and transport. In the other point of view, better cell functionality is exhibited in nanoscale compared to micro- and macroscales. However, controlling the porosity and thickness of these devices is not fully achieved.
Although flexibility for transplantation site, retrieval, and reloading of cells and fibrosis formation are still big challenges needing to be tackled from a clinical perspective, it is undeniable that nanodevice fabrication for β-cell encapsulation is a moving forward and promising field in T1DM treatment.
Looking to the future, it seems that owing to remarkable progress in bio-manufacturing techniques such as 3D bioprinting, which can provide precise spatial geometry, mimic pancreatic islets microstructure, and embed vascular network inside the transplant, they could be a new practical and high efficient approach for islets encapsulation.
The next generation of biomaterials used for β-cell encapsulation should be formed by highly throughput fabrication techniques, especially nanofabrication, bioprinting, and highly efficient modification techniques such as coencapsulation of β-cells with other aiding cells (e.g., MSCs and vasculogenic cells). Actually, with the joint efforts of biomaterial scientists, the next generation of encapsulating material will be focused on biomimetic multi-functionalized hydrogels with superior performance for practical islets encapsulation along with their regeneration.
In summary, we envision that by overcoming the remaining challenges, scientist researchers will focus on developing hydrogel-based islet encapsulation in biomedical applications and commercializing products.
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