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Abstract

:

Featured Application


This optimal preparation protocol of cell-encapsulating alginate capsules would realize a safe and effective cell-based therapy.




Abstract


Cell-based therapy is an excellent therapeutic modality that involves cell transplantation into patients; however, given that most transplanted cells die immediately post-transplantation, the application of this strategy remains limited. Cell encapsulation is a promising technique for prolonging the survival of transplanted cells, although a definitive encapsulation protocol is yet to be established. Herein, we selected sodium alginate as a polymer for cell encapsulation and optimized the structure and function of cell-encapsulating alginate capsules. First, alginate capsules were prepared using various concentrations of sodium alginate and calcium chloride solution. The NanoLuc luciferase (Nluc)-expressing murine mesenchymal stem cell line C3H10T1/2 was used to prepare the alginate capsules, and cell survival was evaluated after transplantation into mice. The structural properties of the alginate capsules were dependent on the preparation conditions. Capsules with adequate hardness were obtained using 1% sodium alginate and 10% calcium chloride solutions. Alginate capsules encapsulating 5 × 103 C3H10T1/2/Nluc cells/10 μL maintained a constant cell number over time under in vitro culture conditions. After transplantation into mice, C3H10T1/2/Nluc cells encapsulated in alginate capsules exhibited a significantly longer survival (≥40 days) than suspended cells. Based on these findings, cell-encapsulating alginate capsules with optimal properties can be used for long-term cell-based therapies.
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1. Introduction


Cell-based therapy is an excellent therapeutic modality that involves the transplantation of cells prepared in vitro into patients, and several basic animal studies have reported remarkable therapeutic effects [1,2,3]. In recent years, several types of pluripotent stem cells have been established, including embryonic stem cells and induced pluripotent stem (iPS) cells, and protocols to differentiate these pluripotent stem cells into diverse tissue-specific cells have been developed [4,5], suggesting the possibility of the mass preparation of therapeutic tissue-specific cells. Cellular drugs, such as TEMCELL HS Injection and Kymriah, have been clinically applied in patients with serious diseases and have shown substantial efficacy. It is expected that the growing number of clinical trials on cellular drugs will lead to an expansion of cell-based therapies in the future [6,7]. However, the application of cell-based therapy is hindered by a serious challenge, that is, most transplanted cells die immediately post-transplantation, and the low or short survival of transplanted cells reduces the efficacy of cell-based therapy [8,9]. This cell death is caused by exposure to a severe in vivo environment post-transplantation or the elimination of foreign substances by immune cells [10]. To avoid the elimination of transplanted cells, pre-transplant immunomodulation or immune system deactivation by administering immunosuppressive agents has been investigated and attempted [11,12]. However, immunosuppression-induced side effects owing to the long-term use of immunosuppressive agents could markedly reduce the quality of life of patients [13]. Moreover, the optimization of the administration route and formulation of transplanted cells is also a significant challenge to achieve the distribution and retention of the cells at a proper site in the body [14]. Therefore, developing methods that prolong cell survival or maintain cell function without inducing potential side effects in patients is highly desirable.



Cell encapsulation, in which cells are encapsulated in a biocompatible polymer, physically protects transplanted cells from immune cells in vivo, thereby avoiding rejection post-transplantation [15,16]. Cell encapsulation renders the use of immunosuppressive agents unnecessary and can solve various challenges associated with cell transplantation. In addition, cell encapsulation with various biofunctional materials can facilitate the optimal distribution and retention of the transplanted cells as well as cell viability. Furthermore, capsule-encapsulated cells can survive and continuously release cytokines, which can be used in disease treatment [17]. Cell encapsulation research was initiated in 1964 by Thomas Chang, who proposed the use of ultra-thin polymer membrane microcapsules for the immunoprotection of transplanted cells [18]. Franklin Lim et al. first successfully immobilized pancreatic islets in alginate capsules in 1980 and reported excellent therapeutic effects in a rat model of type 2 diabetes for several weeks post-transplantation [19]. This finding further propagated intensive research on cell encapsulation, and encapsulated cell-based therapies have been explored to address various diseases, including diabetes, hemophilia, cancer, and renal failure [20,21,22]. Based on these superior therapeutic results, the application of encapsulated cells to treat human diseases has been promoted [23,24]. Although cell encapsulation studies have been extensively explored to develop cell-based therapy, advances remain limited in terms of the optimization of preparation protocols [25]. The preparation conditions for cell encapsulation can markedly impact the function of the encapsulated cells [26]; however, no protocol for cell encapsulation has been established, and cell-encapsulating capsules have been prepared under non-standardized conditions. In addition, some previous studies used ambiguous experimental methods, rendering reproducibility impossible. Therefore, the standardization and optimization of cell encapsulation protocols need to be urgently undertaken.



In the present study, we attempted to optimize a cell encapsulation protocol using sodium alginate to achieve long-term cell survival in cell-based therapy. First, the alginate capsule hardness was optimized using varying concentrations of sodium alginate and calcium chloride solutions. The size or cell number of the alginate capsules was optimized by varying the drop volume of the alginate solution or the cell number in the alginate solution. To evaluate cell survival in the alginate capsules, we employed the reporter protein NanoLuc luciferase (Nluc)-expressing murine mesenchymal stem cell line C3H10T1/2, and the relative light units, as measured by the luciferase activity, in the medium were measured to evaluate cell survival. Finally, we evaluated the survival of C3H10T1/2/Nluc cells encapsulated in alginate capsules after intraperitoneal transplantation in mice and examined the hypoglycemic effect of mouse pancreatic β MIN6 cells encapsulated in alginate capsules.




2. Materials and Methods


2.1. Animals


BALB/c-nu/nu mice (male, 4-week-old) and C57BL/6 mice (male, 4- or 8-week-old) were purchased from Sankyo Labo Service Co., Inc. (Tokyo, Japan) and maintained under specific pathogen-free conditions. The protocols for animal experiments were approved by the Institutional Animal Experimentation Committee of the Tokyo University of Science. All animal experiments were conducted in accordance with the procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All mice used in the present study were anesthetized during the experiments and euthanized by cervical dislocation under isoflurane anesthesia.




2.2. Materials


Sodium alginate was purchased from MP Biomedicals, LLC. (Tokyo, Japan). Calcium chloride, D-(+)-glucose, NaCl, KCl, NaHCO3, NaH2PO4, Na2HPO4, ethanol, isoflurane, streptozotocin (STZ), penicillin–streptomycin–L-glutamine (PSG) solution, pEBMulti-Hyg plasmid, StemSure Monothioglycerol Solution (MTG), and 1, 1′-dioctadecyl-3, 3, 3′, 3′-tetramethylindocarbocyanine perchlorate (DiIC18(3); DiI) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Fetal bovine serum (FBS) and Opti-MEM were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Lipofectamine 3000 and a PureLink HiPure Plasmid Miniprep Kit were purchased from Invitrogen (Carlsbad, CA, USA). Hygromycin B gold, Luria-Bertani (LB) broth base, and LB agar were purchased from InvivoGen Co. (San Diego, CA, USA). KOD-Plus-Neo was purchased from TOYOBO Co., Ltd. (Osaka, Japan). Competent NEB 10-beta Escherichia coli (high-efficiency), SOC medium, EcoRV-HF, and KpnI-HF were purchased from New England Biolabs, Inc. (Ipswich, MA, USA). Nucleospin gels and PCR cleanup reagents were purchased from Takara Bio Co. (Shiga, Japan). O.C.T compound was purchased from Sakura Finetek Japan Co., Ltd. (Tokyo, Japan). Food Plus 75 was purchased from Yamaichi Chemical Industries Co., Ltd. (Tokyo, Japan). A NanoGlo Luciferase Assay System was purchased from Promega (Madison, WI, USA). Heparin sodium salt, 0.5% trypan blue solution, and 2.5 g/L-trypsin /1 mmol/L-EDTA solution were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Dulbecco’s modified eagle’s medium (DMEM) was purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan).




2.3. Cell Culture


C3H10T1/2 cells and MIN6 were kindly provided by Dr. Hiroki Kagawa (Department of Cell Biology, Kyoto Pharmaceutical University, Kyoto, Japan) and Professor Junichi Miyazaki (Graduate School of Medicine, Osaka University, Osaka, Japan), respectively. C3H10T1/2 cells were cultured in DMEM supplemented with 15% heat-inactivated FBS and PSG solution at 37 °C in humidified air containing 5% CO2. C3H10T1/2/Nluc cells were cultured in DMEM supplemented with 15% heat-inactivated FBS, 500 μg/mL hygromycin B, and PSG solution at 37 °C in humidified air containing 5% CO2. MIN6 cells were cultured in DMEM supplemented with 9% heat-inactivated FBS, PSG solution, and 0.9% MTG at 37 °C in humidified air containing 5% CO2.




2.4. Plasmid Construction


To construct a plasmid coding the Nluc gene (pEBMulti-Nluc), the fragment of the Nluc gene was amplified by polymerase chain reaction (PCR) using primers (forward:5′-CGGGGTACCATGAACTCCTTCTCCACA-3′, reverse:5′-CCGGATATCTTACGCCAGAATGCGTTC-3′) from the pNL2.3 [secNluc/Hygro] plasmid. Subsequently, the amplified PCR product and pEBMulti-hyg vector were digested using KpnI-HF and EcoRV-HF restriction enzymes overnight at 37 °C; then, the product was isolated by electrophoresis with 1% agarose gel to obtain the specific sequence. This sequence was cleaned using NucleoSpin Gel and PCR Clean-up. The PCR product was then incorporated into the pEBMulti-Hyg vector using Ligation high Ver.2 at 16 °C for 2 h. The constructed pEBMulti-Nluc plasmids were transformed into competent NEB 10-beta E. coli using the heat shock method. The transformed E. coli were then spread onto LB agar plates and incubated for 12 h at 37 °C. E. coli picked from colonies were cultured in LB medium, and plasmids in E. coli were collected using a PureLink HiPure Plasmid Midiprep Kit.




2.5. Establishment of C3H10T1/2/Nluc Cells


NanoLuc luciferase (Nluc)-expressing murine mesenchymal stem cell line C3H10T1/2 was used to quantitatively evaluate the number of living cells by measuring Nluc luciferase activity. Briefly, C3H10T1/2 cells were seeded in a 24-well culture plate and cultured overnight at 37 °C in humidified air containing 5% CO2. C3H10T1/2 cells were transfected with the pEBMulti-Nluc plasmid using Lipofectamine 3000 in Opti-MEM. After 24 h, the medium was replaced, and cells were cultured in normal culture medium for 24 h. These cells were then cultured in a medium containing 500 μg/mL hygromycin B for 5 days, cloned, and incubated until confluency. The Nluc activity in samples could be detected without lysing the cells because the secreted Nluc was used in this study.




2.6. Preparation of Alginate Capsules


Phosphate-buffered saline (PBS) solutions containing 0.5% trypan blue or suspended C3H10T1/2 or C3H10T1/2/Nluc cells at concentrations of 1 × 104, 1 × 105, 5 × 105, 1 × 106, or 1 × 107 cells/mL were prepared. Subsequently, samples of 1 mg (0.1%), 2.5 mg (0.25%), 5 mg (0.5%), 10 mg (1%), or 20 mg (2%) of sodium alginate were added to the solutions. Then, samples of 2.5, 5, 10, 25, or 50 μL of each solution were collected using a micropipette, dropped into 1, 2.5, 5, 10, or 25% calcium chloride solution, and incubated for 10 s, 30 s, 1 min, or 5 min at 15–25 °C. To label the C3H10T1/2 cells with DiI, the C3H10T1/2 cells were cultured in a DMEM medium containing 0.01 mg/mL DiI for 30 min at 37 °C under humidified air containing 5% CO2. Thereafter, the culture supernatant was removed, and cells were washed twice with PBS. DiI-labeled C3H10T1/2 cells encapsulated in alginate capsules were prepared using 1% sodium alginate and 10% calcium chloride solutions. The prepared alginate capsules were observed using a BZ-9000 Fluorescence Microscope (BIOREVO, Keyence Corporation, Osaka, Japan), and bright-field and fluorescence images were acquired.




2.7. Evaluation of Nluc Secretion of Encapsulated C3H10T1/2/Nluc Cells


Encapsulated C3H10T1/2/Nluc cells in alginate capsules were seeded in 12- or 24-well culture plates with 1 capsule/well and cultured overnight at 37 °C under humidified air containing 5% CO2. The medium was changed every one or two days, and then 5 μL of the Nano-Glo assay reagent was mixed with 20 μL of the culture supernatant. The relative light units were measured as the luciferase activity using a microplate reader (EnVision, PerkinElmer Japan, Kanagawa, Japan).




2.8. Evaluation of C3H10T1/2/Nluc Cell Survival after Transplantation into Mice


Ten alginate capsules encapsulating C3H10T1/2/Nluc cells were transplanted intraperitoneally into BALB/c-nu/nu mice. As a control, 5 × 104 suspended C3H10T1/2/Nluc cells were transplanted intraperitoneally. The cell samples were maintained in serum-free DMEM on ice until transplantation. The capsules were transplanted via laparotomy, and the suspended cells were injected using a 26G needle and syringe. After transplantation, blood was collected by puncturing the facial vein of mice using an animal lancet (Bio Research Center, Tokyo, Japan), and the obtained blood sample was centrifuged at 12,000× g for 5 min at 4 °C. Subsequently, the supernatant was used as a plasma sample. The obtained plasma sample (20 μL) was mixed with 5 μL of the Nano-Glo assay reagent, and the relative light units were measured using an EnVision microplate reader (PerkinElmer, Chiba, Japan).




2.9. Evaluation of the Hypoglycemic Effect of MIN6 Cell-Encapsulated Capsules in Diabetic Mice


STZ was dissolved in a physiological saline solution at a concentration of 10 mg/mL and left on ice for at least 30 min to equilibrate the α and β anomers. C57BL/6 mice were intraperitoneally administered with 15–200 mg/kg STZ, and their blood glucose levels were measured daily using an Accu-Chek Aviva device (Roche Diagnostics K.K., Tokyo, Japan). To measure blood glucose levels, blood samples were diluted twice with an equal volume of physiological saline. Mice exhibiting blood glucose levels of 350 mg/dL were deemed to be diabetic mice. Fifteen alginate capsules encapsulating MIN6 cells at a density of 5 × 104 cells/capsule were intraperitoneally transplanted into STZ-induced diabetic mice. As a control, 7.5 × 105 suspended MIN6 cells were transplanted intraperitoneally. The cell samples were administered as described above. Blood was collected from the mice, and blood glucose levels were measured using an Accu-Chek Aviva device after a two-fold dilution with physiological saline solution.




2.10. Statistical Analysis


Statistical differences were assessed using one-way analysis of variance (ANOVA), followed by either Dunnett’s test for multiple comparisons or Student’s t-test (equal variance, one-sided testing) for the two groups. A p-value of <0.05 was considered statistically significant.





3. Results


3.1. Optimization of the Preparation Conditions for Alginate Capsules


On dissolving sodium alginate in PBS containing trypan blue, the upper limit of the sodium alginate concentration was 2%. To prepare an alginate capsule, 10 μL of 0.1–2% sodium alginate solution containing trypan blue was immersed in 1, 2.5, 5, or 10% calcium chloride solution using a micropipette for 10 s (Figure 1a). In the 0.1 and 0.25% alginate solutions, the capsules were poorly formed and disintegrated irrespective of the calcium chloride concentration. Considering the 0.5% alginate solution, capsule formation occurred when the calcium chloride solution was ≥5%. Conversely, spherical capsules were formed with the 1 or 2% alginate solutions irrespective of the calcium chloride concentration. However, the capsules obtained with the 0.5% alginate solution and 5% calcium chloride solution or with the 1% alginate solution and 1–2.5% calcium chloride solution were fragile under external forces. Therefore, a combination of the 1% alginate solution and 10% calcium chloride solutions, the minimum concentration required to prepare capsules capable of maintaining a spherical shape, was selected as the optimal preparation condition for the alginate capsules. DiI-labeled C3H10T1/2 cell-encapsulating alginate capsules were prepared using these optimal conditions (1% alginate solution and 10% calcium chloride solutions). Figure 1b presents the bright-field and fluorescence images of prepared capsules, revealing that DiI-labeled C3H10T1/2 cells were encapsulated in the alginate capsules.




3.2. Effect of the Capsule Size on the Viability of Encapsulated Cells


Next, we evaluated the effect of the capsule size on the viability of the encapsulated cells. C3H10T1/2/Nluc cells were suspended in PBS at 5 × 105 cells/mL, and sodium alginate was added to prepare a 1% alginate solution. The cell-suspended alginate solution was collected using a micropipette, and 2.5, 5, 10, 25, or 50 μL of the collected solution was dropped into 10% calcium chloride solution and immersed for 10 s to prepare the alginate capsules. Capsules of different sizes were obtained (Figure 2a). C3H10T1/2/Nluc cell-encapsulated alginate capsules of different sizes were cultured at 37 °C in humidified air containing 5% CO2, and the relative light units in the culture supernatant were measured every two days (Figure 2b). The relative light units of the 50 μL alginate capsules gradually decreased from day 2, and the relative light units on day 12 was one quarter of that observed on day 2. Conversely, the relative light units of the 25, 10, and 5 μL alginate capsules were almost constant from days 2 to 12. The relative light units of the 2.5 μL alginate capsules gradually decreased from days 2 to 12. Based on these results, the suitable volume range for the encapsulated C3H10T1/2/Nluc cells was 5–25 μL. In subsequent studies, 10 μL of alginate solution was used owing to the ease of preparing the alginate capsules.




3.3. Effect of Calcium Chloride on the Survival Rate of Encapsulated Cells


We evaluated the effect of the calcium chloride solution on the viability of the encapsulated cells. C3H10T1/2/Nluc cells were suspended in PBS at 5 × 105 cells/mL, and sodium alginate was added to prepare a 1% alginate solution. The cell-suspended alginate solution was collected using a micropipette, and 10 μL of the solution was dropped into 5 or 10% mL of calcium chloride solution, followed by immersion for 10 s to prepare the alginate capsules (Figure 3a). C3H10T1/2/Nluc cell-encapsulated alginate capsules were cultured at 37 °C in humidified air containing 5% CO2, and the relative light units in the culture supernatant were measured every two days. The encapsulated C3H10T1/2/Nluc cells exhibited a constant level of relative light units in both the 5 and 10% calcium chloride solutions, with no significant differences being observed between the two groups. Next, 10 μL of the cell-suspended alginate solution was dropped into 10% calcium chloride solution and immersed for 10 s, 30 s, 1 min, or 5 min to prepare the alginate capsules; the relative light units in the culture supernatant were measured after 48 h (Figure 3b). We observed that the luciferase activity decreased depending on the immersion time in the calcium chloride solution. Therefore, we selected the 10% calcium chloride for encapsulation and 10 s as the immersion time, which is the shortest time required for gelating alginate with minimal cell damage.




3.4. Effect of Cell Density on the Survival of Encapsulated Cells


Given that the density of cells encapsulated in the alginate capsule can markedly impact cell viability [27], we next examined the viability of the encapsulated cells. C3H10T1/2/Nluc cells were encapsulated at densities of 1 × 104, 1 × 105, 5 × 105, 1 × 106, or 1 × 107 cells/mL, and the relative light units in the culture supernatant were measured (Figure 4). The relative light units gradually decreased in the groups exhibiting cell densities of 1 × 106 cells/mL or higher, whereas they were almost constant for 14 days or more in the groups with a density of 5 × 105 cells/mL or lower. Therefore, we selected 5 × 105 cells/mL as the cell density, which was the highest cell density that maintained a constant cell viability.




3.5. Survival and Therapeutic Effect of Encapsulated Cells after Transplantation into Mice


The preparation conditions of the cell-encapsulating alginate capsules were optimized based on the results of Figure 1, Figure 2, Figure 3 and Figure 4. Specifically, a 1% alginate solution was prepared by dissolving 10 mg of sodium alginate in 1 mL of cell suspension at a density of 5 × 105 cells/mL. Then, 10 μL of the 1% alginate solution was dropped into a 10% calcium chloride solution and gelled by immersing for 10 s. The survival rate and therapeutic effect of the encapsulated cells prepared by the optimized conditions were evaluated after transplantation into mice. Ten alginate capsules containing C3H10T1/2/Nluc cells at a density of 5 × 103 cells/capsule were intraperitoneally transplanted into BALB/c-nu/nu mice. As a control, 5 × 104 suspended C3H10T1/2/Nluc cells were intraperitoneally transplanted into BALB/c-nu/nu mice. The capsule group showed an almost constant level of relative light units in the blood for 40 days, whereas the cell suspension group showed a remarkable decrease in the level of relative light units from day 4 post-transplantation (Figure 5a). Accordingly, it can be suggested that the cell encapsulation in the alginate capsules prolonged cell survival post-transplantation. Furthermore, we evaluated the usefulness of the cell-encapsulated alginate capsules using insulin-secreting MIN6 cells. Fifteen alginate capsules containing 5 × 104 MIN6 cells (7.5 × 105 cells in total) were intraperitoneally transplanted into STZ-induced diabetic mice. To establish a control group, 7.5 × 105 suspended MIN6 cells were intraperitoneally transplanted into mice. The suspension group had lower blood glucose levels than the sham-treated group, but no significant decrease was observed immediately after transplantation (Figure 5b). Conversely, the blood glucose levels in the capsule group were significantly decreased from day 1 post-transplantation. Accordingly, encapsulating the cells in alginate capsules improved the therapeutic effect of the insulin-secreting MIN6 cells.





4. Discussion


Cell-based therapy has been recognized as a next-generation therapeutic method because of the excellent therapeutic effects it delivers, but it has serious issues in therapeutic application including low cell survival after transplantation, adverse effects, high cost, and heterogeneous quality [1,28]. Recent studies have successfully addressed these issues by designing or functionalizing cells. The cell sheet technique is one of the well-known cell functionalization methods, which has been applied to some cellular drugs used in clinical applications. In addition, a three-dimensional cell sheet construction method and a vascular network structure formation method have been developed and have improved the therapeutic usefulness of the cell sheets [29]. Second, a three-dimensional cell culture such as cell spheroids is also useful. As with the cell sheet method, this method can realize a strong intercellular interaction in the cell aggregates, causing the improvement of cellular function and cell survival after transplantation [30]. Third, gene transferring to cells has dramatically changed cell-based therapy, and a typical example is chimeric antigen receptor (CAR) T cells therapy [31]. Since the expression of functional proteins in living cells by gene transferring can overcome several issues in cell-based therapy, genetically modified cellular drugs will be increasingly developed. In addition, cell capsulation, hydrogel, cell surface modification, and mitochondria transferring have shown their usefulness in cell-based therapy. These methods are essential to maximize the therapeutic effects of cell-based therapy with safety, and functionalized or designed cellular drugs will be developed by using these methods.



Cell encapsulation is an excellent method for cell-based therapy, and various materials have been employed for encapsulation [32]. Although agarose, hyaluronic acid, gelatin, fibrin, and other materials have been used for encapsulation, they differ in terms of their origin, mode of gelation, and biodegradability [33]. Among these, sodium alginate is the most commonly used owing to its availability, low cost, and ease of fabrication. Hydrogels consisting of collagen, chitosan, or agarose are frequently used; however, achieving optimal cell internalization with these agents can be challenging, thus restricting their application [34]. Recently, chemically modified alginic acid has been developed and was found to inhibit capsule fibrosis after transplantation. These alginates, which are strong polyanions, neither adhere to cells nor activate an immune response, while cationic materials tend to induce inflammatory responses [35]. Alginate gels are obtained when sodium alginate solution is slowly dropped into a calcium chloride solution in physiological conditions. This mild condition required to form these gels as well as its high biocompatibility are some reasons for its superiority as a material for cell capsulation. Further development of cell encapsulation using alginates that can be applied to cell-based therapies is expected. However, calcium chloride, which has been commonly used as a crosslinker, forms alginate gel very rapidly, leading to an increased non-uniformity, permeability, and instability of the structure [34]. Therefore, the preparation protocol of these techniques should be optimized.



During the alginate capsule preparation in this study, differences in the concentrations of each solution significantly impacted the morphology and strength of the prepared alginate capsules (Figure 1). On altering the concentration of the alginate solution and maintaining a fixed concentration of the calcium chloride solution, the capsules failed to retain their shape with decreasing the concentration of the alginate solution. However, on altering the concentration of the calcium chloride solution while maintaining the concentration of the alginate solution, the changes in their morphology were relatively small. Accordingly, the concentration of the alginate solution had a greater impact on the physical properties of the capsules than the concentration of the calcium chloride solution during the preparation of the alginate capsules. These results were in good agreement with previously reported results [36].



Data regarding the effect of capsule size on the viability of encapsulated cells remain limited. Herein, we demonstrated that the viability of cells encapsulated in large alginate capsules (50 μL) decreased in a long-term culture (Figure 2b). When the capsules become larger, the efficiency of substance exchange across the capsule decreases [37], suggesting that the viability of cells in the center of the capsules may decrease. Herein, the viability of the cells encapsulated in small alginate capsules (2.5 μL) was reduced, which could be attributed to the infiltration of the calcium chloride solution into the capsule during immersion, thus damaging the encapsulated cells. The cell damage can be explained by the cytotoxic effect of the 10 mM calcium chloride solution toward the encapsulated cells owing to its high ion concentration. Given that the relative light units decreased depending on the immersion time, the reaction time of calcium chloride with sodium alginate on the capsule surface was critical for the cell viability within the capsule.



The cell density in alginate capsules has been shown to markedly impact cell viability [38]. Consistently, we revealed the effect of the cell density on cell viability in the capsules (Figure 4). The air exchange, liquid exchange, and nutrients required for cells in alginate capsules increase at a high cell density. In contrast, the surface areas of the capsules remain constant. Therefore, it is possible that cells in the center of the capsule experience a shortage of required substances and may die during long-term culture. Based on these results, we optimized the protocol for alginate capsule preparation with respect to the hardness, size, and cell density of the alginate capsule and the immersion time in calcium chloride solution.



To evaluate the usefulness of the optimized preparation protocol for alginate capsules, we transplanted alginate capsules containing C3H10T1/2/Nluc or MIN6 cells into mice and demonstrated the long-term survival of the cells and a high cellular function post-transplantation (Figure 5). However, 15 capsules encapsulating MIN6 cells were transplanted for the evaluation of hypoglycemic effects, suggesting that a large number of capsules are required to exert therapeutic efficacy in clinical studies. Further investigations regarding the number of capsules for transplantation are needed for clinical studies. Considering these results, an optimal preparation protocol for alginate capsules is mandatory for effective cell-based therapy using encapsulated cells. The protocol optimized in this study is scalable because it is based on the external gelation method that has advantages for large-scale applications [39], although further studies on the preparation conditions such as the injection speed are required. In addition, it provides superior cost-effectiveness in that it does not require special equipment and materials. The clinical application of alginate capsules in cell-based therapy can be expected in the future.




5. Conclusions


Herein, we established an optimal protocol for preparing alginate capsules for cell-based therapies. C3H10T1/2/Nluc cells encapsulated in alginate capsules prepared using the optimal protocol could survive for a prolonged period post-transplantation in mice, and MIN6 cells encapsulated in alginate capsules afforded excellent hypoglycemic effects in diabetic mice. These results indicate that cell-encapsulated alginate capsules prepared using the optimal protocol could be valuable for long-term cell-based therapy.
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Figure 1. Preparation of alginate capsules. (a) Alginate capsules were prepared by dropping 0.1, 0.25, 0.5, or 1% alginate solution (10 μL) into 1, 2.5, 5, 10, or 25% calcium chloride solution (2 mL). A 0.5% trypan blue solution was added to the sodium alginate solution at a ratio of 10%. (b) Bright-field and fluorescence images of an alginate capsule encapsulating 5 × 103 DiI-labeled C3H10T1/2 cells, prepared with 1% alginate solution and 10% calcium chloride solution. The scale bars indicate 500 μm. 
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Figure 2. Effect of the capsule size on the viability of encapsulated cells. Sodium alginate (10 mg) was dissolved in 1 mL phosphate-buffered saline (PBS) containing C3H10T1/2/Nluc cells at a density of 5 × 105 cells/mL. The alginate solution was collected using a micropipette, and 2.5, 5, 10, 25, or 50 μL of the collected solution was immersed in 10% calcium chloride solution for 10 s to prepare alginate capsules. (a) Typical image of capsules prepared using 2.5, 5, 10, 25, and 50 μL alginate solution (from left to right). (b) Relative light units in the culture supernatant of C3H10T1/2/Nluc cell-containing alginate capsules with different sizes. Results are expressed as the mean ± standard deviation (SD) (n = 3–4). 
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Figure 3. Effect of calcium chloride on the survival of encapsulated cells. Sodium alginate (10 mg) was dissolved in 1 mL phosphate-buffered saline (PBS) containing C3H10T1/2/Nluc cells at a density of 5 × 105 cells/mL. The alginate solution was immersed in 5 or 10% calcium chloride solution for 10 s, 30 s, 1 min, or 5 min to prepare the alginate capsules. The cell-encapsulated alginate capsules were cultured, and the relative light units in the culture supernatant was measured (a) every two days or (b) at 48 h. Results are expressed as the mean ± standard deviation (SD) (n = 4–6). The level of significance was measured using Student’s t-test (a) or ANOVA following Dunnett’s test compared to 10 s group (b) (ns: not significant, * p < 0.05). 
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Figure 4. Effect of the cell density on the survival of encapsulated cells. Sodium alginate (10 mg) was dissolved in 1 mL phosphate-buffered saline (PBS) containing C3H10T1/2/Nluc cells at a density of 1 × 104, 1 × 105, 5 × 105, 1 × 106, or 1 × 107 cells/mL. Each 10 μL alginate solution was immersed in 10% calcium chloride solution for 10 s to prepare alginate capsules. The cell-encapsulated alginate capsules were cultured, and the relative light units in the culture supernatant were measured every two days. Results are expressed as the mean ± standard deviation (SD) (n = 4). The level of significance was measured using ANOVA following Dunnett’s test compared to the 1 × 104 cells/mL group (* p < 0.05). 
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Figure 5. Survival and therapeutic effect of encapsulated cells after transplantation into mice. (a) Ten alginate capsules containing C3H10T1/2/Nluc cells at 5 × 103 cells/capsule were intraperitoneally transplanted in BALB/c-nu/nu mice. In addition, 5 × 104 suspended C3H10T1/2/Nluc cells were intraperitoneally transplanted. Relative light units in blood were measured. Results are expressed as the mean ± standard deviation (SD) (n = 4–6). The level of significance was measured using Student’s t-test compared to the suspended cell group (* p < 0.05). (b) Fifteen alginate capsules containing 5 × 104 MIN6 cells were intraperitoneally transplanted into C57BL/6 diabetic mice. Suspended MIN6 cells were intraperitoneally transplanted at a level of 7.5 × 105 cells. Blood glucose levels were measured. Results are expressed as the mean ± SD (n = 4–9). The level of significance was measured using ANOVA following Dunnett’s test compared to the sham-treated group (* p < 0.05). 
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