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[bookmark: _Hlk150958211]Malfunctional pancreas leads to insufficient insulin secretion from pancreatic beta cells in type 1 diabetes mellitus patients. Even though transplantation of pancreatic beta cells is making process in diabetic treatment, further promoting insulin secretion of pancreatic beta cells remains a challenge. In this study, gelatin-PLGA mesh based porous microwell scaffolds were prepared for three-dimensional (3D) culture of pancreatic beta cells to promote their aggregation and insulin secretion functions. The microwell structure was fabricated on a biodegradable polymer mesh by an ice particulate template method. The size of microwells could be controlled by the dimension of ice particulates. The microwells had a concave morphology surrounded by dense ultra-small pores. RIN-5F cells cultured in the porous microwell scaffolds had high viability and formed grape-like aggregates. More importantly, insulin secretion of RIN-5F cells was enhanced by culturing in the porous microwell scaffolds compared to culturing in flat scaffold and normal cell culture plates. The results suggested that the porous microwell scaffolds promoted aggregation formation and insulin secretion of pancreatic beta cells. The porous microwell scaffolds hold high potential as a novel 3D culture model for diabetes mellitus.
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Introduction
[bookmark: _Hlk150953584]Type 1 diabetes mellitus (T1DM) is a chronic disease with insufficient insulin secretion of pancreas that leads to dysregulation of blood glucose homeostasis and other serious complications [1,2]. Insulin injection is the most common strategy that clinically maintains glucose homeostasis and relieves complications in T1DM patients. However, lifetime injection of insulin accompanies tremendous pains and inconveniences [3,4]. Therefore, cell therapy has emerged as an alternative and prospective strategy for treatment of T1DM [5-8]. Pancreatic islets are the functional units in pancreas regulating blood glucose homeostasis [9]. Pancreatic islets consist of different types of endocrine cells. Among them, pancreatic beta cells are in charge of insulin secretion [10,11]. Thus, transplantation of beta cells is a superior way of insulin administration compared to conventional insulin injection for T1DM treatment [12-14]. Pancreatic beta cells should be maintained at high viability and insulin secretion functionality for cell therapy. Therefore, it is pivotal to develop an optimal culture strategy to meet the requirements and achieve expected therapeutic effect of transplantation of pancreatic beta cells.
[bookmark: _Hlk150953503]Conventional 2D monolayer culture of pancreatic beta cells shows lower insulin secretion which is inadequate for cell therapy of T1DM [15]. Many studies have indicated that spheroid structure of islets is crucial to keep functions of endocrine cells [16-18]. Thus, some cell culture methods have been developed to promote formation of spheroid structure and insulin secretion function of beta cells [19-21]. For instance, beta cells have been cultured in ultra-low-attachment plates under constant shaking to form islets-like aggregates [22,23]. Although insulin secretion of beta cells is improved due to formation of cell aggregates, the size of beta cell aggregates has a wide distribution and large size of aggregates affects cell viability. Hydrogels and concave microwells have also been studied for cell aggregate formation to promote insulin secretion [24-31]. Hydrogels such as thiol-ene hydrogels have been used for culture of pancreatic beta cells for formation and retrieval of cell spheroids [24]. The pancreatic beta cells encapsulated in the hydrogels have higher insulin secretion capacity than the cells cultured in 2D culture systems [24,25]. Concave microwells prepared from polydimethylsiloxane (PDMS) and poly(ethylene glycol) (PEG) hydrogel have been used for  3D culture of beta cells to mimic pancreatic structure [26-30]. 
These previous studies suggest that concave microwell structure has a promotive effect on cell aggregation and spheroid formation [27-32]. However, PDMS and PEG used for the microwell preparation are non-degradable materials. Biodegradable biomaterials are desirable for the fabrication of microwell structures that can be directly implanted after formation of pancreatic beta cell aggregates. Moreover, porous [image: ]structures should be considered to benefit the diffusion of nutrients and oxygen to maintain high viability of transplanted pancreatic beta cells [33]. Scheme 1 Illustration of different templates for controlling microwell structure of porous microwell scaffolds and illustration of top view and side view of small, middle and large size microwell scaffolds and control scaffold without microwells.

[bookmark: _Hlk150953880][bookmark: _Hlk155561436]In this research, porous microwell scaffolds of biodegradable polymers of gelatin and poly(lactic-co-glycolic acid) (PLGA) were prepared by using ice particulates (Scheme 1). Gelatin porous microwells were fabricated on the PLGA knitted mesh to construct the gelatin-PLGA porous microwell scaffolds. The porous microwell scaffolds facilitated aggregate formation of pancreatic beta cells and promoted insulin secretion. The scaffolds should be a good platform to control the functions of pancreatic beta cells for cell therapy of T1DM.
Materials and methods
Preparation and characterization of gelatin-PLGA porous microwell scaffolds
[bookmark: _Hlk154147588][bookmark: _Hlk151561786]Gelatin-PLGA porous microwell scaffolds were prepared by an ice particulate template method [34-36]. At first, a copper plate (8 cm × 8 cm) was covered with Teflon film and placed in a sealed chamber. Moist environment was created by constantly filling chamber with pure water vapor generated by a vaporizer. Water droplet array was formed on the plate under exposure to the moist environment. Moisture exposure time of the Teflon film-covered copper plate was controlled at 10, 15 and 20 min to prepare different sizes of water droplets. Then, the water droplet array was frozen in a -80 ℃ freezer for 30 min to form ice particulate template. In the meantime, a PLGA mesh (Vicryl knitted mesh made of copolymer of glycolic acid and lactic acid at a ratio of 90:10, Ethicon Inc, USA) was placed on a glass plate wrapped with plastic film. The surrounding of the PLGA mesh was covered by a silicone frame (1 mm in thickness). 5 % (wt%) gelatin aqueous solution was poured on the PLGA mesh in the silicone frame and the gelatin solution surface was flattened (1 mm in thickness) at room temperature. The construct was transferred into a low temperature chamber at -2 ℃ for 2 min to cool the construct without freezing. The ice particulate template was transferred from the freezer to the low temperature chamber and immediately placed on the top of the pre-cooled construct to allow the ice particulates facing the gelatin solution. The construct was immediately transferred to the -80 ℃ freezer and frozen for 3 h, followed by 48 h freeze-drying. After freeze-drying, the scaffolds were immersed in ethanol and cross-linked with 50 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 20 mM N-hydroxysuccinimide dissolved in a mixture solution of water and ethanol at a series ratio of 5/95, 10/90 and 15/85 (v/v) with 0.1% 4-morpholineethanesulfonic acid, each for 8 h. After cross-linking, the porous microwell scaffolds were washed with 0.1 M glycine aqueous solution and pure water before second freeze-drying. Three types of microwell scaffolds were prepared by using different sizes of ice particulates as templates that were prepared with different moisture time of 10, 15 and 20 min, which were referred as small, middle and large microwell scaffolds, respectively. As a control, gelatin-PLGA porous scaffold without microwell structure was prepared by the same procedures without ice particulate template. The control gelatin-PLGA porous scaffold was referred as flat scaffold. The porous structure of the scaffolds was observed by a scanning electron microscope (SEM, Hitachi S-4800, Japan). The size of each microwell in the porous microwell scaffolds and the size of small pores in walls of microwells were analyzed by an imageJ software. Five samples of each type of scaffold and 50 microwells and 50 small pores of each microwell were used for the analysis. 
Cell culture, cell viability and morphology
RIN-5F cells were cultured in the conventional cell culture flask with RPMI-1640 containing 10 % fetal bovine serum before seeding in the scaffolds. Trypsin/EDTA solution was used to detach the subcultured RIN-5F cells. The harvested RIN-5F cells were resuspended in RPMI 1640 serum medium at a density of 2 × 107 cells/mL. The flat and microwell porous scaffolds were punched into discs with a diameter of 10 mm and sterilized with 70 % ethanol. A cell strainer with 70 μm pores was used during cell seeding. To control cell suspension solution passing through the scaffold discs without peripheral leakage, a silicon frame with an inner hole of 10 mm was placed in the cell strainer to hold the scaffold disc. Scaffold disc was placed in the silicon frame on the cell strainer. After two washings with PBS and two washings with serum medium, the cell suspension solution was dropwise added to the scaffold discs. 2 mL of cell suspension solution was added to each scaffold disc for cell seeding. After cell seeding, the scaffold discs were transferred to cell culture dishes and incubated in a CO2 incubator at 37 ℃ for 1 day and 7 days. Half of the medium was changed every day during culture. Triplicate samples were used for cell seeding and following investigation.
After culture for 1 day and 7 days, RIN-5F cells were stained by a live/dead staining kit. 4 μL calcein-AM and 6 μL propidium iodide were directly added to the culture medium to stain live and dead cells for 10 min. After staining, the cell/scaffold constructs were directly observed by fluorescence microscopy. The morphology of aggregates in the flat and porous microwell scaffolds after 7 days of culture was further observed by confocal laser scanning microscopy.
DNA quantification
[bookmark: _Hlk154151764][image: ]The proliferation of beta cells in the scaffolds was quantified by measuring DNA amount in the cell/scaffold constructs after 1 day and 7 days of culture. At first, the cell/scaffold constructs were carefully washed with PBS for 3 times and pure water for 1 time, followed by freeze-drying. Then, the freeze-dried cell/scaffold constructs were digested in 400 μg/mL papain solution containing 5 mM EDTA and 5 mM L-cysteine in 0.1 M phosphate buffer (pH 6.0). Finally, the DNA amount in each sample was measured by using a Hoechst 33258 dye (Sigma Aldrich, USA) and a fluorescence spectrometer (FP8500, JASCO, Japan). Triplicate samples were used for the quantification.[bookmark: _Hlk153984902]Figure 1 SEM images of porous microwell scaffolds and control scaffold. Low magnification images of scaffold surface of a) flat scaffold (control), b) small size, c) middle size and d) Large size microwell scaffolds. Scale bar: 500 μm.  High magnification images of scaffold surface of e) flat scaffold, f) small size, g) middle size and h) large size microwell scaffolds. Scale bar: 10 μm. Cross-section images of i) flat scaffold, j) small size, k) middle size and l) large size microwell scaffolds. Red dashed lines indicate the microwell structure. Scale bar: 500 μm.


Evaluation of insulin secretion
The secreted insulin from the cell/scaffold constructs after 1 day and 7 days of culture was measured by an ELISA kit. At first, the cell/scaffold discs were transferred to 5 mL of fresh RPMI 1640 culture medium and incubated for 3 h to release insulin. Subsequently, 500 μL of medium from each sample was taken and stored at – 80 ℃. The insulin amount in all samples was measured by the rat insulin ELISA kit based on the protocol. In brief, insulin standards and the collected samples were diluted by a dilution buffer. A sandwich ELISA system where insulin antibody was pre-embedded in a 96 well plate was used. After 4 washings with buffer, the standards and samples were added to wells one by one. After incubation for 2 h, the wells were washed once. The second antibody with horseradish peroxidase (HRP) was added to each well and incubated for 0.5 h. After washing, the colorimetric reaction was applied by adding o-phenylenediamine dihydrochloride (OPD) solution to each well. Microplate reader was used to read the absorbance of each sample after adding sulfuric acid (1 M) to block the reaction. Absorbance at 492 nm with a reference wavelength of 650 nm was measured. The secretion amount of insulin from each sample was calculated according to the standard curve of insulin. The results were normalized with DNA amount. Triplicate samples of [image: ]each group were used for the measurement to calculate the means and standard deviations.Figure 2 Quantitative analysis of microwell structures. a) Size distribution of microwells in the small size, middle size and large size microwell scaffolds. b) Size distribution of small pores in the microwell walls of small size, middle size and large size microwell scaffolds. No data for the flat scaffold.

Statistical Analysis
All the quantitative experiments were repeated in triplicate (n=3). All the results are expressed as means ± standard deviations. Statistical analysis of the experimental data was performed by using one-way analysis of variance (ANOVA) with Tukey's post hoc test in an Origin Pro software (8.0). The p value was used to determine the level of significance: ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
Results
Preparation and characterization of gelatin-PLGA porous microwell scaffolds
[bookmark: _Hlk151561535][bookmark: _Hlk151561854][bookmark: _Hlk154062302]The gelatin-PLGA porous microwell scaffolds were prepared by an ice particulate template method (Scheme 1). The PLGA mesh was covered with gelatin aqueous solution during the preparation process, resulting in formation of gelatin porous structure on the PLGA mesh. Through changing the ice particulate templates, porous microwells of different size were formed on the PLGA mesh. SEM observation showed that there was no microwell structure in the control flat scaffold (Figure 1a and e). On the other hand, microwells of different sizes were formed on the surface of the small, middle and large microwell scaffolds (Figure 1b-d). The microwells had a concave morphology separated by thin ridges. The size of microwells in the small size, middle size and large size microwell scaffolds was 221.1 ± 34.8, 453.1 ± 64.0 and 874.3 ± 89.4 μm, respectively (Figure 2a). Observation at a high magnification of SEM showed that the walls of the microwells had dense small pores (Figure 1f-h). The size of the small pores on the walls of the small size, middle size and large size microwell scaffolds was 2.7 ± 0.7, 2.8 ± 0.7, and 3.2 ± 0.9 μm, respectively (Figure 2b).  The cross-sectional view of the scaffolds also showed the microwell structures of the gelatin-PLGA porous microwell scaffolds (Figure 1j-l). However, the control scaffold had flat surface (Figure 1i). The PLGA mesh was located on one side of the flat scaffold and the microwell scaffolds while the gelatin areas showed porous structures. The average depth of microwells in the small size, middle size and large size microwell scaffolds was around 148 μm, 232 μm and 410 μm, respectively.
Cell viability and proliferation
RIN-5F cells were seeded in the scaffolds by dropping cell suspension solution on the scaffolds. RIN-5F cells would be trapped in the porous microwells while the medium penetrated through scaffolds. Cell/scaffold constructs were cultured in serum medium for 1 day and 7 days. Half of the culture medium was carefully removed and fresh medium was added slowly in each day after cell seeding to avoid loss of cells during medium changing. Live/dead staining results showed high viability of RIN-5F cells in the porous microwell scaffolds after 1 day and 7 days of culture. No dead cells were observed in either scaffold. 
Proliferation of RIN-5F cells in the scaffolds was investigated by measuring DNA amount after 1 day and 7 days of culture (Figure 4). The DNA amount after 1 day of culture in the flat scaffold and porous microwell scaffolds had no significant difference. After 7 days of culture, DNA amount in the porous microwell scaffolds showed significant increase compared to that after 1 day of culture. The DNA amount after 7 days of culture in the flat, small size microwell, middle size microwell and large size microwell scaffolds increased to 1.9, 2.3, 2.6, and 2.4 times higher than that after 1 day of culture. Cell proliferation in the porous microwell scaffolds was higher than that in the flat scaffold.
Formation of cell aggregates
Cell distribution in all scaffolds was observed by fluorescence microscopy after live/dead staining (Figure 3). The cell distribution in the flat scaffold was different from that in the porous microwell scaffolds. In the flat scaffold, the cells adhered to the flat surface of the scaffold (Figure 3a). In contrast, the cells in the porous microwell scaffolds were predominantly trapped in the microwells (Figure 3b-d). The cells attached along the wall of each microwell. After 7 days of culture, the cells in the flat scaffold formed flake-like cell clusters (Figure 3e). On the other hand, RIN-5F cells in the porous microwell scaffolds formed grape-like aggregates (Figure 3f-g). The cells formed small grape-like aggregates that were further connected to form [image: ]large aggregates. In the small size microwell scaffold, the small grape-like aggregates were connected to form one big aggregate in each microwell. However, in the middle size and large size microwell scaffolds, the small grape-like aggregates were connected to form a few large grape-like aggregates. The small grape-like aggregates in all the porous microwell scaffolds were only loosely connected. The loose connection among the small grape-like aggregates could facilitate diffusion of nutrient and oxygen into each of the small aggregates, therefore maintaining high cell viability.[bookmark: _Hlk154340219]Figure 3 Live/dead staining of RIN-5F cells in the flat scaffold and porous microwell scaffolds after 1 day and 7 days of culture. a, e) Flat scaffold, b, f) small size, c, g) middle size, d, h) large size microwell scaffolds. Green fluorescence indicates live cells and red fluorescence indicates dead cells. Scale bar: 200 μm.

[image: ]Confocal laser scanning microscopy was used to observe the flake-like cell clusters in the flat scaffold and the middle section of grape-like aggregates in the porous microwell scaffolds at a high magnification (Figure 5). In the flat scaffolds, the cells in the flake-like clusters were sparsely distributed. On the other side, the cells in the grape-like aggregates were well interacted with each other to form spheroidal aggregates where tight junctions might be established among cells. Furthermore, no red fluorescence in the middle of the aggregates indicated that the size of the aggregates was reasonable to maintain high cell viability in the center of aggregates. 
Figure 4 Quantification of DNA amount of RIN-5F cells after culturing in the flat scaffold and porous microwell scaffolds for 1 and 7 days. Data are the means ± S.D. (n = 3). Significant difference: *p < 0.05; **p < 0.01.   

Insulin secretion
Insulin secretion of RIN-5F cells cultured in the scaffolds and 2D plates was investigated by an ELISA kit after 1 day and 7 days of culture (Figure 6). The results were normalized with DNA amount for evaluating the insulin secretion function of RIN-5F cells. After 1 day of culture, RIN-5F cells in the scaffolds showed higher insulin secretion than that in the 2D plates. However, the increase was not significant. After 7 days of culture, insulin secretion of RIN-5F cells cultured in 2D plates did not increase significantly. On the other hand, insulin secretion of RIN-5F cells in the scaffolds increased significantly. Insulin secretion in the scaffolds was significantly higher than that in the 2D plates. Culture in the porous microwell scaffolds further promoted insulin secretion of RIN-5F cells compared to the flat scaffold. Insulin secretion in the small, middle and large microwell scaffolds was similar.
Discussion
Gelatin-PLGA porous microwell scaffolds were prepared by using an ice particulate template for 3D culture of pancreatic beta cells to promote cell aggregation and enhance insulin secretion. At first, ice particulate template was prepared by a moisture method in which atomized water was deposited on a hydrophobic surface to form water droplets. The size of water droplets could be adjusted by controlling the moisture exposure time of the hydrophobic substrate. And then, porous microwells of gelatin were constructed on PLGA knitted mesh. The PLGA knitted mesh was used to support the microwell structure because it has high mechanical strength and good biocompatibility [37-39]. Microwell structure with concave morphology was formed and independently separated from each other (Figure 1). To investigate the size influence, microwells of three different size (221.1, 453.1 and 874.3 μm) were prepared because the size of normal human islets has a range of 50 ~ 500 μm [40]. Two sizes were in the range of human islet size while one was larger. Dense ultra-small pores were observed in the wall of microwells. The dense ultra-small pores were formed during rapid freezing in the -80 ℃ freezer. Rapid freezing could trigger micro-phase separation of polymer aqueous solution [41,42]. The porous structure of microwell [image: ]scaffold could allow free permeation of oxygen and nutrients that are important for maintaining cell viability by alleviating hypoxia stress, importing glucose and secreting insulin [43,44].[bookmark: _Hlk154340151]Figure 5 Confocal laser scanning microscopy images of cell cluster in the flat scaffold and middle-section of single aggregate in the small size, middle size, and large size microwell scaffolds. Scale bar: 20 μm.

[bookmark: _Hlk137473313][image: ]RIN-5F cells were cultured in the porous microwell scaffolds for investigation of the influence of microwell structure on cell aggregation formation and insulin secretion. RIN-5F cells are derived from rat pancreas and are usually used for investigating 3D culture of beta cells [21]. It has been reported that non-adhesive materials, such as PDMS, can be used for 3D culture of beta cells [45]. Beta cells would be forced to aggregate at the bottom of non-adhesive microwells as single cluster through centrifugation. However, such microwell scaffolds are lack of biodegradability and require complicated procedures for transplantation. It is more attractive to form cell aggregates in transplantable devices or scaffolds for direct implantation after cell culture. The gelatin-PLGA porous microwell scaffolds should be a good candidate for such applications. The gelatin-PLGA porous microwell scaffolds could maintain the high viability of RIN-5F cells (Figure 3 and Figure 4). This should be attributed to the porous structure that could facilitate nutrient diffusion throughout the scaffolds. RIN-5F cells cultured in the gelatin-PLGA porous microwell scaffolds could interact with each other and form grape-liked aggregates. The small aggregates were connected to form large aggregates like a bunch of grapes. The connection among the small grape-like aggregates was loose so that the viability of cells inside aggregates could be maintained due to the diffusion of oxygen and nutrients (Figure 5). 

[bookmark: _Hlk155560683]The major function of pancreatic beta cells used for T1DM treatment is the insulin secretion [46]. The gelatin-PLGA porous microwell scaffolds promoted insulin secretion of RIN-5F cells. RIN-5F cells cultured in the small, middle and large microwell scaffolds showed the same level of insulin secretion (Figure 6). The microwell size did not affect the insulin secretion capacity because all the porous microwells of different size facilitated the formation of small grape-like cell aggregates. It has been widely studied that insulin secretion of beta cells is highly related to the cell-cell interaction [47]. The small grape-like cell aggregates had similar size. The cell-cell interaction in the small grape-like aggregates was strong. Although large microwells could accommodate more cells in each microwell and form a few large aggregates, the insulin secretion should be dominated by the small aggregates. The interaction between the small grape-like cell aggregates was not strong, therefore did not affect insulin secretion significantly. The cells cultured in the flat scaffolds showed a loose structure of flake-like cell clusters that cell-cell interaction might be weakened, resulting in deficient insulin secretion. Therefore, the porous microwell scaffolds could accommodate more cells in the porous microwells to facilitate cell aggregation, maintain cell viability and promote insulin secretion. The cell aggregates that attached to the porous microwells could be important for transplantation together with the scaffolds. In this study, only one cell type, pancreatic beta cells, was cultured in the porous microwell scaffolds. In the future, co-culture of different cell types should be considered because primary pancreatic islets consist of different types of cells. Angiogenesis should also be considered to mimic the natural pancreatic structure. The gelatin-PLGA porous microwell scaffolds should provide a useful tool for 3D culture of not only pancreatic beta cells but also co-culture of different cell types for T1DM treatment.
Conclusions
[bookmark: _Hlk139304725][bookmark: _Hlk139304759]Gelatin-PLGA porous microwell scaffolds were prepared for 3D culture of RIN-5F cells to promote formation of cell aggregates and promote insulin secretion. The porous microwell scaffolds had controllable microwell size. RIN-5F cells cultured in the porous microwell scaffolds showed high viability and formed grape-like cell aggregates. The cells in the porous microwell scaffolds had high insulin secretion. The porous microwell scaffolds showed a high potential serving as a 3D culture model for T1DM treatment. 
Conflicts of interestFigure 6 Insulin secretion of RIN-5F cells cultured in 2D plate, flat scaffold, small size, middle size and large size microwell scaffolds for 1 and 7 days. Data are the means ± S.D. (n = 3). Significant difference: **p < 0.01; ***p < 0.001. N.S. = no significant difference.   
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