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Abstract

:

Introduction. Several studies have shown that different biomaterials and hydrogels comprising various bile acids such as chenodeoxycholic acid (CDCA), as well as excipients such as poly-(styrene)-sulphonate (PSS) and poly-(allyl)-amine (PAA), exhibited positive biological effects on encapsulated viable pancreatic β-cells. Hence, this study aimed to investigate whether incorporating CDCA with PSS and PAA will optimise the functions of encapsulated pancreatic islets post-transplantation in Type 1 diabetes (T1D). Methods. Mice were made T1D, divided into two equal groups, and transplanted with encapsulated islets in PSS-PAA (control) or with CDCA-PSS-PAA (treatment) microcapsules. The effects of transplanted microcapsules on blood glucose, inflammation and the bile acid profile were measured post-transplantation. Results and Conclusion. Compared with control, the treatment group showed better survival rate, improved glycaemic control, and lower inflammatory profile, illustrated by ↓ interleukin 1-β, interleukin-6, interleukin-12, and tumour-necrosis factor-α, and ↓ levels of the bile acid, as well as lithocholic acid in the plasma, liver, large intestine and faeces. The results suggest that CDCA incorporation with PSS-PAA microcapsules exerted beneficial effects on encapsulated islets and resulted in enhanced diabetes treatment, post-transplantation, at the local and systemic levels.
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1. Introduction


Harvesting healthy viable islets from human cadavers and transplanting them into Type 1 diabetic patients (T1D) has been considered as an alternative strategy to replace insulin therapy in treating the disease. The transplanted viable islets are meant to release sufficient insulin and enable normalisation of glucose homeostasis and treatment of T1D, based on body’s natural insulin needs. However, wide clinical applications of islet transplantation in patients with T1D have not been accomplished, due to many limitations including host immune response and inflammation, limited sources of healthy islets ready for transplantation, and poor islet survival and functions post-transplantation [1]. One of the ways to improve the survival and functions of transplanted viable islets is via encapsulation with matrices that can provide physical support and protect the islets from the immune system, while allowing for nutrients and gas exchange to take place between the islets and extracellular biological fluids and, hence, supporting islets’ viability and functions post-transplantation. Biomaterials and islet-encapsulating matrices have been widely researched [2,3,4]. Polyelectrolytes, poly-(4styrene)-sulphonate (PSS), poly-allylamine (PAA), as well as some bile acids such as chenodeoxycholic acid (CDCA), have been suggested as potential biomaterials and islet-supporting matrices in islet encapsulation and transplantation, and in T1D treatment. The primary bile acid CDCA possesses unique features including beta-cell positive effects in terms of supporting cell viability and the inflammatory profile, including a reduction in proinflammatory biomarkers.



Polystyrene sulfonates are a class of medicine that have been used to treat high levels of potassium in blood. They act as potassium chelating agents in disorders including chronic kidney diseases. PSS is considered a polyelectrolyte and has been widely studied as an excipient and as a biologically active compound. In addition, multiple published studies in the literature have demonstrated PSS applications as formulation excipients to form scaffolds and hydrogels suitable for the delivery of drugs and/or biological molecules. Vongsetskul et al. studied the interaction of cationic surfactants and PSS at the DNA level, and correlated such interaction with air/water interface formation of matrices based on the chemical bond formation and molecular arrangement of excipients as a result of surface charges, molecular size and particle arrangement within the formed matrices. The authors concluded that in the presence of PSS, surfactants are rearranged within the matrix; hence, PSS presence can exert significant structural effects on the matrix, forming a multi-layered structured system and significantly influencing the physicochemical and relevant properties of the final formed formulation [5]. With regard to formulation excipients or biological effects at the cellular levels, PSS-based compounds have often been researched in conjunction with PAA. V Moby et al. explored multi-layered 3D structures of matrices comprising PSS/PAA-like building blocks, as a way to support cellular growth and proliferation on transplants. The authors concluded that such 3D structures significantly improved cellular viability, proliferation and functions due to solid and well-defined matrix formation supporting the monolayer development of supporting cells on the transplants, indicating the beneficial effects of such structures in cell growth and transplantation outcomes [6]. In addition to exploring biological effects of PSS and PAA, studies have also explored the application of PAA alone.



Polyallylamine-based compounds and chemical moieties are cationic polyelectrolytes produced by allylamine polymerisation. They have been used to form various 3D structures for biomedical and cellular applications, alone or combined with other polyelectrolytes. In a review by Rokstad et al., the authors explored various aspects of cell encapsulation in clinical settings. Functionalisation of biomaterials was considered as one of the effective pathways to cell encapsulation and functions, long-term, and the applications of polyelectrolytes were considered to be fundamental to graft optimisation processes [7]. In a recent study by de Sa et al., the authors explored the applications of PAA in producing nanostructured proteins as layer-by-layer thin films for medical and implantable applications, and suggested wide applications of PAA combined with other materials, such as bovine serum albumin proteins, in nano fabrication and matrix formation [8]. Moreover, P Andreozzi et al. explored the applications of PAA phosphate in the nanocarrier delivery of RNA. As a proof-of-concept, the authors investigated the applications of PAA phosphate in silencing RNA bio-nanotechnologies, as a way of utilising nanodelivery systems for intracellular targeting, and also considered ways to stabilise the nanocarriers at physiological pH conditions and to enable optimum nanocarrier release kinetics. The authors concluded that PAA phosphate nanocarriers have significant potential applications for the intracellular delivery of genetic materials [9]. In a recent study in our laboratory, when PSS and PAA were added to a biomaterial matrix containing the bile acid CDCA, the matrix provided significant, optimised and desirable biological effects on encapsulated pancreatic β-cells in vitro [10]. Alteration of inflammatory interleukins was observed by encapsulated pancreatic β-cells and such alteration was associated with cell viability, functions and the inflammatory profile.



Accordingly, this study aimed to explore the applications of PSS (1%) and PAA (1%) with or without the bile acid CDCA (1%), in vivo, in the encapsulation, delivery and transplantation of primary and viable islets of Langerhans, in the context of T1D treatment.




2. Materials and Methods


For the processes of islet harvesting and formulation preparation, consumables were purchased from Sigma Aldrich (Castle Hill, NSW, Australia), Scharlab S.L (Barcelona, Spain) and ThermoFisher (Scoresby, VIC, Australia) and prepared and stored when not in use, as per our established protocols [11,12,13,14,15,16]. For islet digestion, centrifugation, identification, separation and processing, collagenase digestive enzyme was used via injection into the bile duct and the pancreas of freshly culled mice, as per our approved protocols. For islet harvesting and processing prior to microencapsulation, islets were cultured in freshly prepared and aliquoted RPMI media, and supplemented with 5.5 mM glucose and 10% foetal bovine serum, as well as freshly prepared 1% penicillin (Sigma-Aldrich, Castle Hill, NSW, Australia). Sodium alginate was purchased as low viscosity suitable for cell culture, and was prepared as 1.2%, poly-l-ornithine was prepared as 1%, and ultrasoluble gel was prepared as 4%, PAA was prepared as 2.5% and PSS was prepared as 1%, while CDCA was prepared as 1%. The bile acids lithocholic acid (LCA) and ursodeoxycholic acid (UDCA) were purchased from Sigma Aldrich (Australia). The main vehicle was water and mixtures were heated until 40 °C during preparation. The liquid mixtures were stirred for 7–8 h at body temperature (37 °C) before use. The bathing gel, barium chloride, was used as a solution when using our well-established cell and tissue encapsulation technology, known as the Ionic Gelation Vibration Jet Flow [17,18,19,20], which was developed in collaboration with the pharmaceutical drug company BÜCHI Labortechnik (Flawil, Switzerland). All materials and surgical tools used for islet extraction from balb/c mice were acquired from Able SCIENTIFIC (Perth, WA, Australia). Mice were acquired from the Animal Resources Centre (Murdoch, Bentley, WA, Australia), and all animals were used in accordance with the Australian code of ethics for the use of animals for scientific research. All procedures were approved by the ARC Animal Ethics Committee as well as by Curtin Animal Ethics Committee. For skin suturing and closure post-surgery, sutures from Vilet and Ethicon or Reflex7 skin closure system clips were used as per our animal ethics approved protocols. For measuring biological effects post-transplantation, tissues, faeces and blood were collected into Eppendorf tubes supplied through South Pacific Australia. Blood was collected and plasma analysed as per our well-established methods [18,20,21,22,23,24,25]. For insulin and glucose measurements, kits and glucometers were acquired from Accu-Chek (Roche, Sydney, NSW, Australia), and for insulin ultra-sensitive kits, they were acquired from Mercodia (Uppsala, Sweeden) and used, as per manufacturing instructions, on pooled samples. For the microcapsule imaging analyses, platinum coating was used for the scanning electron microscopy and the energy dispersive X-ray spectrometry, based on established protocols, in the John De Laeter Research Centre (Curtin University, Bentley, Perth, WA, Australia) [26,27,28,29]. The Micro-CT imaging analyses were carried out in the CISRO centre (Bentley, Perth, WA, Australia) as per their established protocols [30,31,32,33,34]. Kits and consumables used for the flow cytometric analyses of inflammatory biomarkers were purchased from BD Bioscience CBA (Franklin Lakes, NJ, USA) and used as per the manufacturer’s instructions. Consumables, materials and organic solvents used for bile acids’ analyses and LCMS measurements in tissues, faeces and plasma were acquired from Merck (Castle Hill, NSW, Australia) and local suppliers as per our well-established processes [11,35,36,37,38,39].



2.1. Study Design


The study was designed in order to answer the hypothesis that CDCA-PSS-PAA-based islet microcapsules exerted better antidiabetic and biological effects, compared with PSS-PAA-based islet microcapsules, post-transplantation (Figure 1). Male balb/c mice were injected with alloxan to induce T1D and, once diabetes was confirmed, mice were divided into two equal groups (n = 7, in each group), one was control and transplanted PSS-PAA islets, while the other was treatment and transplanted CDCA-PSS-PAA islets. Each mouse was transplanted ~80 islets, from balb/c donor mice. All procedures were carried out according to the approved guidelines and procedures at Curtin University and the Animal Resources Centre (Australia). Diabetes induction, confirmation and transplantation were carried out by Day 4 and the experiment lasted for 16 days in total. No insulin was used. Upon diabetes confirmation, all mice exhibited severe and significant diabetes symptoms, and hence, the duration of the study was short.




2.2. Islet Extraction, Formulation Preparation, and Diabetes Development


Donor mice were euthanized, their internal abdominal cavities were exposed via abdominopelvic incision, and their livers were lifted to uncover the bile duct and the pancreas. The pancreatic tissues were digested, harvested, spread and viable islets were immediately collected under a light microscope using lab pipettes. Upon collection, islets were placed in a rich media in an incubator for 3 h prior to encapsulation and subsequent transplantation into recipient mice. Islets were encapsulated based on our well-established microencapsulation methodologies [39], which were optimised further in this study in order to accommodate for CDCA, PSS and PAA incorporation based on formulation rheological and relevant flow and islet-entrapment properties. The conditions of the encapsulating gelation bath were maintained at a pH of 7.4 and a temperature of 37.5 °C throughout the islet encapsulation and microcapsule formation processes. The concentric nozzle was used, and islets were encapsulated under a nozzle vibration magnitude of 1550 Hz, with the electrode tension set at 685 V. The structure, islet encapsulation efficacy and islet survival were consistent with our previously published studies [20,35,40].



In both groups of mice, control and treatment, diabetes was induced using our well-established methods [14]. In brief, a single dose of alloxan (150 mg per Kg body weight) was injected subcutaneously or intraperitoneally to recipient mice. The animals became diabetic within two to three days post-alloxan and were provided free access to water and food. Animals were considered T1D if their blood glucose levels were >16 millimolar, had no insulin detected in their blood, and showed common signs and symptoms of the disease. Once T1D was confirmed, mice were transplanted encapsulated islets without CDCA for the control group, or with CDCA for the treatment group. The transplantation surgery was carried out as per our approved protocols by Curtin University Animal Ethics Committee. In brief, upon islet encapsulation and microcapsule formation, diabetic mice were anaesthetized, and their pelvic white fat (visceral fat pads) was identified, isolated, and transplanted with the microcapsules. Upon microcapsules’ fat inoculation, the transplanted region was placed back into the pelvic cavity aseptically. A mixture of antibiotics was applied externally and within the inoculated fat tissues, in order to ensure the prevention of potential internal infection. The peritoneal cavity and the skin were sutured, and additional antibiotics were applied to ensure the prevention of external skin infection. Once the transplantation process was completed according to approved surgical procedures, mice were closely observed to ensure the absence of any surgical complications such as tissue damage, bleeding, and surgical injuries, and that all areas were covered with antibiotics. Once the surgery was completed, each mouse was placed in a specialised incubator designed to ensure the mice were warm, comfortable and in the best recovery conditions to expedite healing and maximise transplantation success. Post-surgery, mice were provided with easy access to soft food and water. The surgical transplantation was conducted according to our approved ethics application. Monitoring sheets were used to ensure best surgical outcome and transplant performance post-surgery, based on our approved ethics (Figure 2).




2.3. Topographic and Surface Elemental Composition, Size Distribution, Water Uptake, and Integrity and Intactness Analyses


Both types of microcapsules, control and treatment, were analysed for topography, surface elemental composition, size distribution, water uptake, and integrity and intactness profiles under stress.



For the topographic and surface elemental composition, the instrumentations used were Micro-CT, scanning electron microscopy, light imaging microscopy, confocal imaging and energy dispersive X-ray spectroscopy. For Micro-CT analysis, the Micro-CT 11.5 µm pixel (Bruker Optics, Billerica, MA, USA) system was used, while for the scanning electron microscopy, the Zeiss Neon 40EsB (Zeiss, Oberkochen, Germany) was used. For the light imaging, the Olympus IX-51 LM (Olympus, Tokyo, Japan) was used, while for confocal microscopy, the Nikon A1 confocal system (Nikon, Tokyo, Japan) was used. For energy dispersive X-ray spectroscopy, the Oxford Instruments Aztec X-Act (Oxford, Abingdon, UK) was used. Samples analyses were carried out using our established methods [21,35]. For size distribution, the Mastersizer 2000 (Malvern, UK) was used, while for water uptake assessment, integrity and intactness assessments, tracking of weight change 7 days post-drying, and the count of microcapsules that broke (as a percentage of the total number analysed) after constant shear stress was applied, the Multishaker PSU 20 (Bueco, Hamburg,, Germany) was used. The used methods were based on our well-described and published studies and microcapsules were analysed within 48 h of formation as per our experimental protocols [12,16,20,30,41].




2.4. Blood Glucose and Interleukins Analyses


In order to ascertain the glycaemic control as well as the inflammatory profile of control and CDCA-microencapsulated islets, blood glucose concentrations were measured daily and proinflammatory interleukin plasma concentrations were measured at the end of the experiment, in both groups of mice, control and treatment. Blood glucose measurements were carried out using the tail vein of mice, as per our approved ethics application at Curtin University. For blood glucose concentrations, the Accu-Chek glucose meter was used while for the interleukins measurements, six different inflammatory interleukins were measured in plasma using a specialised kit for interleukin. At the end of the experiment, blood samples were collected, and plasma samples were pooled and processed, using our established protocols via Flow Cytometric Bead Array technology. The Attune Flow Cytometer (Life Technologies, Carlsbad, CA, USA) was deployed for plasma analyses as per our well-established methods [20,42,43,44]. The analysed interleukins were interleukin 1-beta (IL-1β), interleukin-17 (IL-17), interleukin-6 (IL-6), interferon-gamma (IFN-γ), interleukin-12, and tumour necrosis factor-alpha (TNF-α), and samples were analysed from both groups of mice, control and treatment, as per our protocols [45].




2.5. Bile Acid Mass Spectroscopic Analyses


For tissue and faecal analyses of the three main bile acids, CDCA, LCA and UDCA, liquid chromatography mass spectrometry (LCMS) was used. The analysed samples of CDCA, LCA and UDCA, were from plasma, brain, small intestine, liver, large intestine, and faeces. Samples were processed and pooled for bile acids’ analyses using our well-described methodologies [20]. Prior to LCMS-sample analysis, samples were diluted with mobile phase and acetonitrile (1:1 ratios). For the LCMS system setup and configuration, the LCMS 2020 Schimadzu system (Schimadzu, Kyoto, Japan) was used and it included a DGU-20A3 prominence attached degasser with a built in SIL-20AC HT Prominence Schimadzu autosampler for automated analysis of samples and data generation. In order to obtain accurate estimated ranges for quality control and standard samples, test runs were carried out for 3 randomly selected different samples from each tissue, blood and faeces set of samples, which ascertained our estimated range of concentrations to be measured. Quality control and standard samples were prepared at concentrations ranging from 1 ng to 500 ng, including three samples within the expected concentration of the bile acid and at least one quality concentration lower than the measured sample, in order to ensure accurate measurements of analysed samples. For sample analysis, the mobile phase was made of methanol and water at concentrations of 65% and 35%, respectively. The pH was adjusted to 3 using either an acid or a base, as appropriate, based on our well-established methods for bile acids analyses [36,38]. Reagents and solvents used for sample preparation, processing and analysis were stored in the refrigerator or at room temperature when not in use. If unused, the remaining solutions and prepared reagents were discarded within 2 weeks of preparation. The samples analyses were carried out using the LCMS system equipped with a C18 column (5 µm particles, 100 mm in length and 2 mm internal diameter) that was purchased from Phenomenex (Torrance, CA, USA). A column guard was used, and this was also purchased from Phenomenex (USA). Our established analytical methods for sample analysis included a flow rate of 0.25 mL per minute of mobile phase with the run time being 15 min per sample, based on our published methods [14].




2.6. Statistical Analysis


Statistical data were analysed using a parametric/non-parametric t test, or a one-way ANOVA and post hoc Tukey, as appropriate. GraphPad Prism (San Diego, CA, USA) 9.0.2 version was used (USA) and the significance level p-value was set as less than 5%.





3. Results and Discussion


Topographic and surface elemental composition analyses, microcapsules’ size distribution, microcapsules’ water uptake and resistance, and microcapsules’ integrity and intactness under shear stress assessments are presented in Figure 3. Daily blood glucose measurements as well as interleukins’ concentrations analyses are presented in Figure 4. Bile acids’ concentrations in the plasma, brain, small intestine, liver, large intestine, and faeces samples are presented in Figure 5, while the main findings of the study are summarised and presented in Figure 6.



3.1. Topography, Surface Elemental Analysis, Size Distribution, Water Uptake, and Integrity and Intactness


Topographic, morphological and surface analyses by Micro-CT imaging, scanning electron microscopy, surface elemental composition, optical imaging, and microcapsules’ size distribution, of treatment microcapsules vs. control, showed no significant variation in shape, size or surface elemental constituents, which suggests that our microencapsulation method is robust and maintained consistent microcapsule production and islet encapsulation, regardless of CDCA incorporation. The elemental composition was similar, with higher intensities of some atoms compared with others; however, the intensities remained similar overall. Cell distribution within the microcapsules, illustrated by confocal imaging, showed that CDCA-based microcapsules exhibited visible cell content; however, there was no clear or visible difference, compared with control, which suggests that the encapsulation method resulted in similar cellular content in each microcapsule regardless of bile acid addition, and this further supports the robustness and consistency of the method. In addition, the robustness of the deployed microencapsulation method was consistent with our previous studies, demonstrating efficient encapsulation and microcapsules’ contents regardless of bile acid incorporation [26,27]. Microcapsules’ water uptake and their intactness under stress showed no significant variation with or without CDCA incorporation. Lack of CDCA effects on water uptake of microcapsules suggest that CDCA did not exert significant effects on water wettability, evaporation and loss, and did not result in an alteration of microcapsules’ weights over time. The lack of CDCA effects on microcapsules’ intactness is consistent with its observed effects on topography, morphology, elemental composition and water uptake and suggests that CDCA incorporation did not influence the physical or mechanical features of the formed microcapsules. Such effects were anticipated to impact the influence of CDCA on the islet biology and profile within the microcapsules. The anticipated cellular and biological effects were consistent with the literature. Yu et al. investigated cellular uptake and interaction with microcapsules’ excipients, including PAA- and PSS-based ingredients. The authors found that microcapsules’ water uptake and intactness are important features governing the biological performance of microcapsules, as well as their cell biocompatibility and overall functions [46]. Accordingly, at the post-transplantation stage, the biological effects of the microcapsules, including glycaemic control and inflammatory profiles, were both investigated (Figure 4).




3.2. Blood Glucose and Interleukins Measurements


In order to assess the biological effects of transplanted microcapsules, concentrations of blood glucose and proinflammatory interleukins and cytokines in plasma were measured (Figure 4). It might be worth mentioning that no insulin was administered to the diabetic mice during the experiment. Daily blood glucose was significantly reduced in the treated group; however, due to the severity of our T1D model and strict adherence to approved animal welfare protocols, the mice did not survive more than a few days post-diabetes induction. The CDCA microcapsules exerted better glycaemic control compared with control, resulting in a longer survival rate of the CDCA-treated mice. The improved survival of the CDCA treated mice suggests that when encapsulated with viable islets, CDCA exerted positive effects on islets’ survival and functions, and subsequently improved insulin secretion and the animal survival rate. However, the diabetes-associated hyperglycaemia was not completely normalised by CDCA-islet transplantation and, hence, diabetes symptoms and hyperglycaemia persisted despite treatment. Consistent with the glycaemic control in the treatment group, the mice showed improved inflammatory profiles and reduced proinflammatory interleukins and cytokines in plasma. Overall, concentrations of the interleukins IL-1β and IL-6, as well as IFN-γ and TNF-α, were all significantly reduced, which suggests that CDCA improved the islets’ survival, and this was at least partly due to its anti-inflammatory effects resulting in improved insulin secretion and reduced overall inflammation. The anti-inflammatory effects of CDCA were potentially due to its direct biological effects on the encapsulated islets or possible systemic effects due its presence in the transplanted microcapsules, although it is likely that the observed anti-inflammatory effect of CDCA was due to its localised effects on the encapsulated islets. It is worth stating that not all measured proinflammatory interleukins were reduced. For example, IL-17 did not significantly change, which suggests that either the anti-inflammatory effect of CDCA was not sufficiently powerful to reduce all the measured interleukins, or perhaps, due the short duration of the study, the CDCA islets did not have sufficient time to reduce all measured interleukins in plasma. Another possibility for the lack of a significant reduction in all proinflammatory interleukins by CDCA treatment is the fact that the cellular secretory pathways of IL-17 as well as IL-12 were not directly impacted on and reduced by CDCA incorporation. This suggests that the hypoglycaemic and anti-inflammatory effects of CDCA were not directly and significantly related to secretory mechanisms of both interleukins, IL-17 and IL-12. Such alterations in levels of interleukins may vary in untreated animals. Published studies have explored the association of IL-12 and IL-17 with other well-known proinflammatory interleukins such as IFN-γ, and their relation with inflammatory diseases. K Tozawa et al. examined the association between IL-12 and IFN-γ in the context of the pathogenesis of colitis development and progression. The authors explored cellular stimulatory and excretory functions of mainly helper T cells of the immune system, in relation with the development and progression of chronic disease. The authors focused on IL-12 and IFN-γ due to their prominence in gut-related inflammatory diseases. The authors concluded that IL-12 induction pathways are different to that of IFN-γ, and that both do not share exact cellular stimulatory processes [47]. In another study by M Pirowska et al., the authors explored concentrations of proinflammatory interleukins including TNF-α, IL-23, and IL-17 in chronic inflammatory and metabolic diseases, with a focus on psoriasis with comorbidities including diabetes and lipid disorders. The authors found that the concentrations of inflammatory interleukins and cytokines are related to the specific condition and stage of the disease, and in patients with diabetes, IL-17 was found to be significantly elevated. The authors concluded that in chronic inflammatory diseases, not all proinflammatory interleukins and cytokines are affected to the same extent, and they depend on wide range of factors including disease severity and glycaemic and lipid haemostatic control, as well as concomitant disorders [48]. This is consistent with previous studies in our laboratory that demonstrated significant alteration in the inflammatory profile due to bile acid-based therapies [20], and that the bile acid profile is closely associated with diabetes induction and development [14]. Accordingly, the bile acid profile was analysed in the plasma, brain, small intestine, liver, large intestine and faeces, and is presented in Figure 5.




3.3. Bile Acid Mass Spectroscopic Findings


Bile acid analyses of CDCA, LCA and UDCA showed reduced LCA, in the treatment group, in the plasma, liver, large intestine and faeces compared with control, while no bile acids were detected in the brain and no UDCA was detected in the small intestine in both groups, control and treatment (Figure 5). When comparing the treatment group to the control, the reduction in LCA in plasma suggests a reduction in bile acid metabolism in the liver or gut that results in reduced LCA production (via cholic or chenodeoxycholic acid conjugation pathways [49], which leads to reduced systemically circulating LCA. The reduction in LCA in the liver and large intestine is consistent with plasma and suggests that the reduced catabolism of primary bile acids in the liver and deconjugation in the lower gut contributes to the reduction in LCA in the plasma. In the treatment group, the reduction in LCA concentrations may have been brought about by improved glycaemic and inflammation profiles. This is consistent with the literature. Published studies have shown that LCA concentrations increased in plasma and other tissues, and also in faeces, as a result of T1D development and progression, which suggests significant alteration in the bile acid profile, brought about by diabetes-associated hyperglycaemia and inflammation [14]. Hence, the reduction in LCA concentrations observed in the CDCA-treated group suggests a direct association between improved diabetic symptoms and reduced LCA concentrations, although the reduction did not occur in all analysed tissues, indicating treatment-dependent effects. On the other hand, reduced inflammation and better glycaemic control in the treatment group is consistent with increased UDCA levels in the large intestine, as UDCA supplementation is associated with improved inflammatory profile in diabetes [20]. However, the exact mechanisms and related processes underpinning the direct link between bile acid metabolism, bile acids’ concentrations in tissues, blood and faeces, and concentrations of inflammatory cytokines and interleukins, and the severity of diabetes, remains obscure. It is worth stating that some studies have explored molecular pathways associated with the development of diabetes, the modulation of particular types of proteins, and cellular responses including inflammation. Engin et al. explored the effects of bile acids on the restoration of the unfolded protein response (UPR) in pancreatic β-cells and T1D treatment. The authors found that defects in the expression of mediators of UPR in β-cells can be improved by bile acid administration. The authors concluded that the actions of bile acid were protein-specific and may provide potential therapeutics for prevention or treatment in T1D [50]. Chen et al. investigated the association between UPR and nuclear factor-κB signalling pathways, in the context of inflammation, viability and the functions of β-cells. The authors found that in β-cells, inhibition of stress on the endoplasmic reticulum directly impacted cell viability in a factor-κB-dependent manner. The authors concluded that the cross-talk between the UPR and NFκB signalling pathways is likely to play an important role in inflammation and β-cell death [51]. Accordingly, there are sufficient data in the literature to support at least a sizable correlation between the type of bile acid, the extent of inflammation, and symptoms of diabetes.





4. Conclusions


In conclusion, the study aimed at carrying out a preclinical investigation on the potential role of primary bile acids in the delivery of islets when encapsulated in a PAA-PSS microcapsule. The study investigated the formulation characterisation and stability, islet encapsulation efficacy, and islet survival and functions, post-transplantation, using a mouse model of T1D. In addition to assessing the antidiabetic effects of the CDCA-PAA-PSS islet transplant, the study also investigated the impact of the transplant on inflammation and the bile acid profile post-transplantation. The findings showed that CDCA-PAA-PSS transplant exerted optimised glycaemic control and reduced inflammation potentially via bile acid-modulatory effects, demonstrating potential applications of PAA, PSS and CDCA in islet transplantations and diabetes treatment.







Author Contributions


Conceptualization, G.S., M.M. and H.A.-S.; Data curation, A.M., C.M.I., S.R.W., B.K., D.W., M.J., J.C., T.F., E.J., S.K. and G.S.; Formal analysis, all authors.; Funding acquisition, G.S., M.M. and H.A.-S.; Investigation, all authors. Methodology, A.M., C.M.I., S.R.W., B.K., D.W. and M.J.; Project administration, all authors; Resources, G.S., M.M. and H.A.-S.; Supervision, G.S., M.M. and H.A.-S.; Validation, all authors, Visualization, all authors, Writing—original draft and writing review and editing, all authors. All authors have read and agreed to the published version of the manuscript.




Funding


Hani Al-Salami has been and is currently receiving funding from Beijing Nat-Med Biotechnology Co. Ltd. The work was partially supported by the European Union Horizon 2020 research project and innovation program under the Marie Skłodowska-Curie Grant Agreement No 872370, Curtin Faculty ORS-WAHAI Consortium and the Australian National Health and Medical Research (APP9000597).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and the Australian Code of Practice for the care and use of animals for scientific and approved by the Animal Ethics Committee at Curtin University (ARE-2017-07).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to author property agreements.




Acknowledgments


The authors acknowledge the Australian Postgraduate Award and the Curtin Research Scholarship for their support. The authors also acknowledge the use of laboratory equipment, and the scientific and technical assistance of the Curtin University Electron Microscope Facility, which has been partially funded by the University, State and Commonwealth Governments. The work is partially supported by the European Union Horizon 2020 research project and innovation program under the Marie Skłodowska-Curie Grant Agreement No 872370, Curtin Faculty ORS-WAHAI Consortium, and the Australian National Health and Medical Research Council (APP9000597).




Conflicts of Interest


H.A.-S. has been and is currently receiving of funding from Beijing Nat-Med Biotechnology Co. Ltd. and Glanis PTY Ltd.




References


	



An, D.; Chiu, A.; Flanders, J.A.; Song, W.; Shou, D.; Lu, Y.-C.; Grunnet, L.G.; Winkel, L.; Ingvorsen, C.; Christophersen, N.S.; et al. Designing a retrievable and scalable cell encapsulation device for potential treatment of type 1 diabetes. Proc. Natl. Acad. Sci. USA 2018, 115, E263–E272. [Google Scholar] [CrossRef]

	



Zekorn, T.; Siebers, U.; Horcher, A.; Schnettler, R.; Zimmermann, U.; Bretzel, R.G.; Federlin, K. Alginate coating of islets of Langerhans: In vitro studies on a new method for microencapsulation for immuno-isolated transplantation. Acta Diabetol. 1992, 29, 41–45. [Google Scholar] [CrossRef] [PubMed]

	



De Vos, P.; De Haan, B.J.; Wolters, G.H.J.; Strubbe, J.H.; Van Schilfgaarde, R. Improved biocompatibility but limited graft survival after purification of alginate for microencapsulation of pancreatic islets. Diabetologia 1997, 40, 262–270. [Google Scholar] [CrossRef] [PubMed]

	



Teramura, Y.; Oommen, O.P.; Olerud, J.; Hilborn, J.; Nilsson, B. Microencapsulation of cells, including islets, within stable ultra-thin membranes of maleimide-conjugated PEG-lipid with multifunctional crosslinkers. Biomaterials 2013, 34, 2683–2693. [Google Scholar] [CrossRef]

	



Vongsetskul, T.; Taylor, D.J.F.; Zhang, J.; Li, P.X.; Thomas, R.; Penfold, J. Interaction of a Cationic Gemini Surfactant with DNA and with Sodium Poly(styrene sulphonate) at the Air/Water Interface: A Neutron Reflectometry Study. Langmuir 2009, 25, 4027–4035. [Google Scholar] [CrossRef] [PubMed]

	



Moby, V.; Boura, C.; Kerdjoudj, H.; Voegel, J.-C.; Marchal, L.; Dumas, M.; Schaaf, P.; Stoltz, J.-F.; Menu, P. Poly(styrenesulfonate)/Poly(allylamine) Multilayers: A Route To Favor Endothelial Cell Growth on Expanded Poly(tetrafluoroethylene) Vascular Grafts. Biomacromolecules 2007, 8, 2156–2160. [Google Scholar] [CrossRef]

	



Rokstad, A.M.A.; Lacík, I.; de Vos, P.; Strand, B.L. Advances in biocompatibility and physico-chemical characterization of microspheres for cell encapsulation. Adv. Drug Deliv. Rev. 2014, 67–68, 111–130. [Google Scholar] [CrossRef]

	



De Sa, A.W.L.; De Lemos, H.G.; Pereira-Da-Silva, M.A.; Venancio, E.C. Poly(allylamine hydrochloride) (PAH) and Bovine Serum Albumin (BSA) Protein Nanostructured as Layer-by-Layer Thin Films. J. Nanosci. Nanotechnol. 2018, 18, 3908–3915. [Google Scholar] [CrossRef]

	



Andreozzi, P.; Diamanti, E.; Py-Daniel, K.R.; Cáceres-Vélez, P.R.; Martinelli, C.; Politakos, N.; Escobar, A.; Muzi-Falconi, M.; Azevedo, R.; Moya, S.E. Exploring the pH Sensitivity of Poly(allylamine) Phosphate Supramolecular Nanocarriers for Intracellular siRNA Delivery. ACS Appl. Mater. Interfaces 2017, 9, 38242–38254. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Takechi, R.; Jamieson, E.; Morahan, G.; Al-Salami, H. Influence of Biotechnological Processes, Speed of Formulation Flow and Cellular Concurrent Stream-Integration on Insulin Production from β-cells as a Result of Co-Encapsulation with a Highly Lipophilic Bile Acid. Cell. Mol. Bioeng. 2017, 11, 65–75. [Google Scholar] [CrossRef]

	



Mooranian, A.; Tackechi, R.; Jamieson, E.; Morahan, G.; Al-Salami, H. Innovative Microcapsules for Pancreatic β-Cells Harvested from Mature Double-Transgenic Mice: Cell Imaging, Viability, Induced Glucose-Stimulated Insulin Measurements and Proinflammatory Cytokines Analysis. Pharm. Res. 2017, 34, 1217–1223. [Google Scholar] [CrossRef] [PubMed]

	



Wagle, S.R.; Walker, D.; Kovacevic, B.; Gedawy, A.; Mikov, M.; Golocorbin-Kon, S.; Mooranian, A.; Al-Salami, H. Micro-Nano formulation of bile-gut delivery: Rheological, stability and cell survival, basal and maximum respiration studies. Sci. Rep. 2020, 10, 7715. [Google Scholar] [CrossRef]

	



Wagle, S.R.; Kovacevic, B.; Walker, D.; Ionescu, C.M.; Shah, U.; Stojanovic, G.; Kojic, S.; Mooranian, A.; Al-Salami, H. Alginate-based drug oral targeting using bio-micro/nano encapsulation technologies. Expert Opin. Drug Deliv. 2020, 17, 1361–1376. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Takechi, R.; Luna, G.; Mikov, M.; Goločorbin-Kon, S.; Kovacevic, B.; Arfuso, F.; Al-Salami, H. Modulatory Nano/Micro Effects of Diabetes Development on Pharmacology of Primary and Secondary Bile Acids Concentrations. Curr. Diabetes Rev. 2020, 16, 900–909. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Mikov, M.; Goločorbin-Kon, S.; Stojanovic, G.; Arfuso, F.; Kovacevic, B.; Al-Salami, H. A second-generation micro/nano capsules of an endogenous primary un-metabolised bile acid, stabilized by Eudragit-alginate complex with antioxidant compounds. Saudi Pharm. J. 2020, 28, 165–171. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Mikov, M.; Goločorbin-Kon, S.; Stojanovic, G.; Arfuso, F.; Kovacevic, B.; Al-Salami, H. Bio Micro-Nano Technologies of Antioxidants Optimised Their Pharmacological and Cellular Effects, ex vivo, in Pancreatic β-Cells. Nanotechnol. Sci. Appl. 2020, 13, 1–9. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. The Effects of Ionic Gelation- Vibrational Jet Flow Technique in Fabrication of Microcapsules Incorporating β-cell: Applications in Diabetes. Curr. Diabetes Rev. 2016, 13, 91–96. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Kovacevic, B.; Ionescu, C.M.; Luna, G.; Mikov, M.; Goločorbin-Kon, S.; Stojanovic, G.; Kojic, S.; Al-Salami, H. Pharmacological effects of secondary bile acid microparticles in diabetic murine model. Curr. Diabetes Rev. 2020, 16, 1–10. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Ionescu, C.M.; Takechi, R.; Luna, G.; Mikov, M.; Goločorbin-Kon, S.; Kovacevic, B.; Al-Salami, H. Oral gavage of nano-encapsulated conjugated acrylic acid-bile acid formulation in type 1 diabetes altered pharmacological profile of bile acids, and improved glycaemia and suppressed inflammation. Pharmacol. Rep. 2020, 72, 368–378. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Wagle, S.R.; Kovacevic, B.; Takechi, R.; Mamo, J.; Lam, V.; Watts, G.F.; Mikov, M.; Golocorbin-Kon, S.; Stojanovic, G.; et al. Bile acid bio-nanoencapsulation improved drug targeted-delivery and pharmacological effects via cellular flux: 6-months diabetes preclinical study. Sci. Rep. 2020, 10, 106. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Zamani, N.; Mikov, M.; Golocorbin-Kon, S.; Stojanovic, G.; Arfuso, F.; Al-Salami, H. Eudragit®-based microcapsules of probucol with a gut-bacterial processed secondary bile acid. Ther. Deliv. 2018, 9, 811–821. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. Flow vibration-doubled concentric system coupled with low ratio amine to produce bile acid-macrocapsules of beta-cells. Ther. Deliv. 2016, 7, 171–178. [Google Scholar] [CrossRef]

	



Mathavan, S.; Ionescu, C.M.; Kovacevic, B.; Mikov, M.; Golocorbin-Kon, S.; Mooranian, A.; Dass, C.R.; Al-Salami, H. Formulation buoyancy of nanoencapsulated gliclazide using primary, conjugated and deconjugated bile acids. Ther. Deliv. 2019, 10, 573–583. [Google Scholar] [CrossRef]

	



Mathavan, S.; Ionescu, C.M.; Kovacevic, B.; Mikov, M.; Golocorbin-Kon, S.; Mooranian, A.; Dass, C.R.; Al-Salami, H. Histological effects of pharmacologically active human bile acid nano/micro-particles in Type-1 diabetes. Ther. Deliv. 2020, 11, 157–171. [Google Scholar] [CrossRef]

	



Wagle, S.R.; Kovacevic, B.; Walker, D.; Ionescu, C.M.; Jones, M.; Stojanovic, G.; Mooranian, A.; Dass, C.R.; Al-Salami, H. Pharmacological and advanced cell respiration effects, enhanced by toxic human-bile nano-pharmaceuticals of probucol cell-targeting formulations. Pharmaceutics 2020, 12, 708. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. The effect of a tertiary bile acid, taurocholic acid, on the morphology and physical characteristics of microencapsulated probucol: Potential applications in diabetes: A characterization study. Drug Deliv. Transl. Res. 2015, 5, 511–522. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Fakhouri, M.; Jones, F.; Arfuso, F.; Al-Salami, H. Novel Multicompartmental Bile Acid-Based Microcapsules for Pancreatic Beta-Cell Transplantation. Transplantation 2015, 99, S151–S252. [Google Scholar]

	



Mooranian, A.; Negrulj, R.; Mathavan, S.; Martinez, J.; Sciarretta, J.; Chen-Tan, N.; Mukkur, T.K.; Mikov, M.; Lalic-Popovic, M.; Stojancevic, M.; et al. An advanced microencapsulated system: A platform for optimized oral delivery of antidiabetic drug-bile acid formulations. Pharm. Dev. Technol. 2015, 20, 702–709. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. Characterization of a novel bile acid-based delivery platform for microencapsulated pancreatic beta-cells. Artif. Cells Nanomed. Biotechnol. 2016, 44, 194–200. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Al-Sallami, H.S.; Fang, Z.; Mukkur, T.K.; Mikov, M.; Golocorbin-Kon, S.; Faknoury, M.; Watts, G.F.; et al. Microencapsulation as a novel delivery method for the potential antidiabetic drug, Probucol. Drug Des. Dev. Ther. 2014, 8, 1221–1230. [Google Scholar] [PubMed]

	



Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Watts, G.F.; Arfuso, F.; Al-Salami, H. An optimized probucol microencapsulated formulation integrating a secondary bile acid (deoxycholic acid) as a permeation enhancer. Drug Des. Dev. Ther. 2014, 8, 1673–1683. [Google Scholar]

	



Mooranian, A.; Negrulj, R.; Al-Sallami, H.S.; Fang, Z.; Mikov, M.; Golocorbin-Kon, S.; Fakhoury, M.; Watts, G.F.; Matthews, V.; Arfuso, F.; et al. Probucol release from novel multicompartmental microcapsules for the oral targeted delivery in type 2 diabetes. AAPS PharmSciTech 2015, 16, 45–52. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Mikov, M.; Golocorbin-Kon, S.; Arfuso, F.; Al-Salami, H. Novel chenodeoxycholic acid-sodium alginate matrix in the microencapsulation of the potential antidiabetic drug, probucol. An in vitro study. J. Microencapsul. 2015, 32, 589–597. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. Multicompartmental, multilayered probucol microcapsules for diabetes mellitus: Formulation characterization and effects on production of insulin and inflammation in a pancreatic beta-cell line. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1642–1653. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. The impact of allylamine-bile acid combinations on cell delivery microcapsules in diabetes. J. Microencapsul. 2016, 33, 569–574. [Google Scholar] [CrossRef]

	



Mooranian, A.; Zamani, N.; Takechi, R.; Luna, G.; Mikov, M.; Golocorbin-Kon, S.; Elnashar, M.; Arfuso, F.; Al-Salami, H. An in vivo pharmacological study: Variation in tissue-accumulation for the drug probucol as the result of targeted microtechnology and matrix-acrylic acid optimization and stabilization techniques. PLoS ONE 2019, 14, e0214984. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. The Influence of Stabilized Deconjugated Ursodeoxycholic Acid on Polymer-Hydrogel System of Transplantable NIT-1 Cells. Pharm. Res. 2016, 33, 1182–1190. [Google Scholar] [CrossRef]

	



Al-Salami, H.; Mamo, J.C.; Mooranian, A.; Negrulj, R.; Lam, V.; Elahy, M.; Takechi, R. Long-Term Supplementation of Microencapsulated ursodeoxycholic Acid Prevents Hypertension in a Mouse Model of Insulin Resistance. Exp. Clin. Endocrinol. Diabetes 2017, 125, 28–32. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Fakhoury, M.; Arfuso, F.; Jones, F.; Al-Salami, H. Advanced bile acid-based multi-compartmental microencapsulated pancreatic beta-cells integrating a polyelectrolyte-bile acid formulation, for diabetes treatment. Artif. Cells Nanomed. Biotechnol. 2016, 44, 588–595. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. Viability and topographical analysis of microencapsulated β-cells exposed to a biotransformed tertiary bile acid: An ex vivo study. Int. J. Nano Biomater. 2016, 6, 74–82. [Google Scholar] [CrossRef]

	



Negrulj, R.; Mooranian, A.; Chen-Tan, N.; Al-Sallami, H.S.; Mikov, M.; Golocorbin-Kon, S.; Fakhoury, M.; Watts, G.F.; Arfuso, F.; Al-Salami, H. Swelling, mechanical strength, and release properties of probucol microcapsules with and without a bile acid, and their potential oral delivery in diabetes. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1290–1297. [Google Scholar] [CrossRef] [PubMed]

	



Mooranian, A.; Zamani, N.; Takechi, R.; Al-Sallami, H.; Mikov, M.; Golocorbin-Kon, S.; Kovacevic, B.; Arfuso, F.; Al-Salami, H. Pharmacological effects of nanoencapsulation of human-based dosing of probucol on ratio of secondary to primary bile acids in gut, during induction and progression of type 1 diabetes. Artif. Cells Nanomed. Biotechnol. 2018, 46, s748–s754. [Google Scholar] [CrossRef] [PubMed]

	



Al-Salami, H.; Butt, G.; Tucker, I.; Mikov, M. Influence of the semisynthetic bile acid (MKC) on the ileal permeation of gliclazide in healthy and diabetic rats. Pharmacol. Rep. 2008, 60, 532–541. [Google Scholar]

	



Mikov, M.; Boni, N.S.; Al-Salami, H.; Kuhajda, K.; Kevresan, S.; Golocorbin-Kon, S.; Fawcett, J.P. Bioavailability and hypoglycemic activity of the semisynthetic bile acid salt, sodium 3α,7α-dihydroxy-12-0X0-5β-cholanate, in healthy and diabetic rats. Eur. J. Drug Metab. Pharmacokinet 2007, 32, 7–12. [Google Scholar] [CrossRef]

	



Mooranian, A.; Negrulj, R.; Al-Salami, H. Primary Bile Acid Chenodeoxycholic Acid-Based Microcapsules to Examine β-cell Survival and the Inflammatory Response. BioNanoScience 2016, 6, 103–109. [Google Scholar] [CrossRef]

	



Yu, W.; Zhang, W.; Chen, Y.; Song, X.; Tong, W.; Mao, Z.; Gao, C. Cellular uptake of poly(allylamine hydrochloride) microcapsules with different deformability and its influence on cell functions. J. Colloid Interface Sci. 2016, 465, 149–157. [Google Scholar] [CrossRef]

	



Tozawa, K.; Hanai, H.; Sugimoto, K.; Baba, S.; Sugimura, H.; Aoshi, T.; Uchijima, M.; Nagata, T.; Koide, Y. Evidence for the critical role of interleukin-12 but not interferon-gamma in the pathogenesis of experimental colitis in mice. J. Gastroenterol. Hepatol. 2003, 18, 578–587. [Google Scholar] [CrossRef]

	



Pirowska, M.; Podolec, K.; Lipko-Godlewska, S.; Sulowicz, J.; Brzewski, P.; Obtulowicz, A.; Pastuszczak, M.; Wojas-Pelc, A. Level of inflammatory cytokines tumour necrosis factor alpha, interleukins 12, 23 and 17 in patients with psoriasis in the context of metabolic syndrome. Postepy Derm. Alergol. 2019, 36, 70–75. [Google Scholar]

	



Swann, J.R.; Want, E.J.; Geier, F.M.; Spagou, K.; Wilson, I.D.; Sidaway, J.E.; Nicholson, J.K.; Holmes, E. Systemic gut microbial modulation of bile acid metabolism in host tissue compartments. Proc. Natl. Acad. Sci. USA 2011, 108, 4523–4530. [Google Scholar] [CrossRef]

	



Engin, F.; Yermalovich, A.; Nguyen, T.; Hummasti, S.; Fu, W.; Eizirik, D.L.; Mathis, D.; Hotamisligil, G.S. Restoration of the unfolded protein response in pancreatic beta cells protects mice against type 1 diabetes. Sci. Transl. Med. 2013, 5, 211ra156. [Google Scholar] [CrossRef] [PubMed]

	



Chan, J.Y.; Biden, T.J.; Laybutt, D.R. Cross-talk between the unfolded protein response and nuclear factor-kappaB signalling pathways regulates cytokine-mediated beta cell death in MIN6 cells and isolated mouse islets. Diabetologia 2012, 55, 2999–3009. [Google Scholar] [CrossRef]








[image: Pharmaceutics 13 01713 g001 550] 





Figure 1. Study design for the transplantation of test (CDCA-PSS-PAA microcapsules with islets) and control (PSS-PAA with islets) in alloxan-induced T1D mice. 
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Figure 2. Islet harvesting via (1) injection of digestive enzymes through the common bile duct (2–3), and transplantation of microencapsulated islets into an omentum pouch within the abdominopelvic cavity (4), followed by surgical closure of the transplantation site using sutures (5) (an illustration surgical procedure). 
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Figure 3. Micro-CT analysis for control (1) macrocapsules with SEM micrographs (2, 5, 6), optical microscopy imaging (3) and confocal microscopy (4), and micro-CT analysis for treatment (7) microcapsules with SEM micrographs (8, 11, 12), optical microscopy imaging (9), and confocal microscopy (10). Microcapsules elemental composition of control (13) and treatment (14), and size distribution (15), water uptake (16) and intactness under shear stress studies (17) are also presented as mean ± SEM. 
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Figure 4. Daily blood glucose concentrations as well as plasma concentrations of IL-1β, IL-6, IL-12, IL-17, IFN-γ and TNF-α. Data are mean ± SEM. (n = 7). 
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Figure 5. Endogenous bile acid profiling and quantification for CDCA (blue), LCA (red), UDCA (magenta) in plasma, brain, small intestine, liver, large intestine, and faeces of test and control (gray) mice groups. Data are mean ± SEM (n = 7). 
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Figure 6. Summery figure of the study design; transplanted experimental microcapsules formed from incorporating islet with polymers and bile acids reduced inflammatory cytokines in vivo. 






Figure 6. Summery figure of the study design; transplanted experimental microcapsules formed from incorporating islet with polymers and bile acids reduced inflammatory cytokines in vivo.



[image: Pharmaceutics 13 01713 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  pharmaceutics-13-01713


  
    		
      pharmaceutics-13-01713
    


  




  





media/file2.png
Transplantation

Day-4: Diabetes
induction

Study design

Microcapsules v
(without bile

& 8 10 12 14 16 Time (days)
| | |
Day-6: Diabetes confirmation and
graft transplantation





media/file5.jpg





media/file3.jpg





media/file1.jpg
Study design

| Bileacidm
with
i oo
(without bile
o 2 4 6 8 10 12 1 16 Tmeldays)

1 1
Day-6: Diabetes confirmation and
graft transplantation

oo [ s

induction





media/file7.jpg
Blood glucose (mM)

Interleukins levels (pg/mL)

<001

Control

Camtd " Taat





media/file10.png
Bile acids levels
(ng in g of tissues or mL of serum)

CDCA LCA UDCA CDCA LCA UDCA

(O
E 40
(V)]
(O
E p < 0.01
No bile acids detected
L [ |
0 . || || || || || || h
Control Test Control Test Control Test Control Test Control Test Control Test
CI:J CDCA LCA UDCA CDCA LCA UDCA
.;
(V)]
Q
ofd
: 20
: No bile
— acid
g detected
L |
m 0 . -I -*
Control Test Control Test CothroI Test Control Test Control Test Control Test
Q CDCA LCA UDCA CDCA LCA UDCA
c
) 7,
8100 p <0.01 (o))
ofd O 90
c v _
"2 W
gJo p < 0.01
w p <0.01
3 0 0 —

Control Test Control Test Control Test Control Test Control Test Control Test





media/file12.png
| Islets
) N @
Deconjugated—algina’

chelated bile acid
microcapsule

n of islets did not alter
tics of microcapsules

e with ‘

islets Improved survival of harvested pancreatic
after implantation

(4

Diabetic mice ‘

1

f Bile Acid pool in

atory cytokines





media/file9.jpg
Plasma

Large intestine Small intestine

Bile acids levels

(ng in g of tissues or mL of serum)

coca

coca

‘Contrn Tost
coca

Ol T

Lca uoca coca Loa uoca
No bile acids detected
Contror Test_Comrol Test ‘Comuol Tost_ Gomrol Test_ Conwal Tost
Lea uoca coca Loa uoca
detected l
[—]
Comrol Teat | Covua Teat Gontol Test_Comrol Test_ Gomrol Test
Lca uoca coca Loa uoca
w{ ¢
Q
© oo
@
©
[ I
. S . ombci Test.  Gondrcl Tuot  Oswirol Tant





media/file0.png





media/file8.png
Blood glucose (mM)
o AT

— Test i - ‘\X/\\\_{//_’
20-

Transplantation

mmol/L

0 2 4 6 8 10 12 14 16
Diabetes Time (days)
induction

Interleukins levels (pg/mL)

< 0.01
Q. ™~
i 70 v
’
- =
0
Control Test Control Test
p <0.01

IL-6
IFN-y

< 0.01
! |350 g izso
0
0

Control Test Control Test

< 0.01
i H g H400
0 0

Control Test Control Test

IL-12
TNF-a






media/file11.jpg
Deconjugated-algi
chelated bile acid

Fislets did not alter
of microcapsules

microcapsule
islets Improved survival of harvested pancreatic
Transplantatipn Brcells in Type 1 diabetic mice,
after implantation
Acid pool in
Diabetic mice

ory cytokines






media/file6.png
J cl Ca Ca
c
L] T L] = = L] U-REI- L S m an Ll gy Te ey

Cl

Ca

AN\

1 2 =
Full Scale 234 cts Cursor: -0.083 (3 cts)

2 3
IFull Scale 234 cts Cursor: -0.083 (2 cts)

15 16

iTest N lrest ‘ 1Test

{1Control dcasntisl - 1Control '

o 400 o 35 O 100

Microcapsules’ size Water uptake (%) Intactness (%)
(nm)





