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Abstract

Transplantation of pancreatic islet is widely known as the ideal therapy for diabetes patients. 

Although the experiences with islet transplantation for diabetic control have markedly 

improved, there still exist several obstacles that may hinder successful clinical applications. 

Among those obstacles, the shortage of donor, the low engraftment efficacy, and requirement 

of extensive immune suppression are the main limitations of this approach. In order to find 

out viable solutions, a number of studies have been reported to make insulin-producing cells 

from stem cells (Insulin-Producing Cells: IPCs). However, most of the differentiated IPCs do 

not function enough to replace islets; there are the problems of insufficient secretion of 

insulin or no glucose stimulated insulin secretion. 

In this study, the following techniques were used to improve the differentiation efficiency of 

IPCs : 1) Use of liver cells sharing a common developmental origin with pancreatic cells and 

free from safety risk of stem cells; 2) Direct trans-differentiation using adenovirus vectors 

carrying the human PDX-1, NeuoD and MafA genes, all of which are important transcription 

factors in the pancreatic developmental stage; and 3) Enhancement of differentiation efficacy 

using 3-dimensional (3D) spheroid formation based on BioMEMS technology.

3D IPC spheroids were prepared using microchip with 853 micro-concave well (diameter 

400 μm) in the 1cm*1cm mold. It was confirmed that the size of the spheroid was increased 

(R2 = 0.998) in proportion to the number of cells by transplanting the liver cells and IPCs 

from 2*105 cells to 2*106 cells. The diameter of the spheroid seeded with 106 cells was 

between 150 and 200μm (diameter of liver cell spheroid: 152.7 ± 13.5 μm, the diameter of 

IPC spheroids: 175.8 ± 18.0μm). Based on previous studies, the ideal diameter of pancreas 

islet was about 150 μm. Based on these results, it was possible to mass-produce spheroids of 

the desired size with the use of concave microwell. 

The expression of transcription factors (PDX1, NeuroD, and MafA) was introduced to liver 



iii

cells for differentiation and was confirmed by immunocytochemistry in 3D spheroid. Gene 

expression of transcription factors related with beta cell differentiation (PDX1, NeuroD, 

MafA, NKX6.1, NGN3, and FOXA2), and pancreatic endocrine hormone (insulin, glucagon, 

somatostatin) were evaluated to compare the differentiation efficacy of IPCs cultured in two-

dimensional (2D) culture dish or in 3D spheroid. Compared with 2D culture, insulin gene 

expression was increased more than three-fold in 3D spheroid and glucose was decreased 

ten-fold. In addition, the expression of E-cadherin genes was increased in spheroid. 

Based on the results of previous studies, it was shown that the increase of cell-to-cell 

interaction leads to the increase of insulin secretion and the differentiation of pancreatic 

islets. Insulin protein expression was confirmed by immunohistochemistry and ELISA, and 

insulin production was increased in IPC spheroids. Diabetes was induced by administering 

180 mg/kg streptozotocin to immunodeficient mice (Nude mice) to evaluate the blood 

glucose control of IPCs. As the control group, the IPCs cultured on 2D culture dish was put 

into preparation. IPCs and IPC spheroid with 2x106 cells were transplanted into the kidney 

capsule in the diabetic nude mouse. The blood glucose and body weight was evaluated for 4 

weeks after transplantation. 

Blood glucose level of IPC spheroid group was decreased to 200 mg/dl after transplantation, 

but it gradually increased during 4 weeks. However, in the mouse with single IPC 

transplants, blood glucose showed the tendency of an increase for 4 weeks without any 

decrease of blood glucose. Mouse transplanted with IPCs and IPC spheroid maintained the 

body weight for 4 weeks but weight loss was induced in the diabetic control. At the 3rd and 

the 14th days after transplantation of IPCs, the kidney was harvested to confirm the 

transplanted cells by immunohistochemistry. As for the mouse transplanted with IPCs or IPC 

spheroid, PDX1 expressing cells were stained to confirm that the transplanted cells survived 

after 3 and 14 days of transplantation respectively, and it was confirmed that some of these 

cells produced insulin. We also confirmed cell survival using in vivo cell tracking imaging 
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system. With such results, that mass production of 3-dimensional spheroids with a designed 

shape and size of IPCs using micro-concave well was confirmed. Moreover, 3D spheroid 

formation enhanced differentiation efficacy of IPCs in vitro and the function of glucose 

control in vivo. 

Keyword: Insulin-producing cells, Cell spheroid, 3-dimensional culture, Concave microwell, 

Transcription factor, Insulin-dependent diabetes
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1. Introduction

Diabetics cause multiple systemic complications such as coronary artery and peripheral 

vascular disease, blindness, kidney failure, heart attacks, stroke, lower limb amputation and 

diabetic neuropathy are resulting in reducing life expectancy and enormous health costs in

the world [1]. In 2012, an estimated 1.5 million deaths were directly caused by diabetes and 

another 2.2 million deaths were attributable to high blood glucose [2, 3]. As more and more 

early onset of type 2 diabetes [4] and an increase in pancreas surgery, insulin dependent 

diabetic patient is increasing [5, 6]. Insulin therapy is the most effective method of reducing 

hyperglycemia. However, general insulin therapy is not able to prevent the severe 

hypoglycemia and long-term complications [7-11]. Strict glycemic control has been heavily 

emphasized in the management of diabetes [12, 13]. At present, pancreas and pancreatic islet

transplantation are the only fundamental cures for insulin-dependent diabetes. The procedure 

of islet transplantation is considered as an ideal strategy because it is comparatively simple 

and relatively non-invasive in contrast to whole pancreas transplantation. 

A pioneering study by the Edmonton group showed that allo-islet transplantation could 

achieve insulin independence for at least 1 year post-transplantation in all seven consecutive 

patients [14]. However, data from longer follow-up period revealed a progressive loss of islet 

function over time [11]. Although several leading centers of islet transplantation have 

reported success rates of nearly 50% insulin independence at 5 years post-transplantation, re-

cent advancements in transplant outcomes are limited to only a few centers and select pa-

tients; thus, we are still confronted with numerous hurdles against long-term success of islet 

transplantation. Many hurdles must be overcome before successful islet transplantation 

becomes routine, such as shortage of donor, the immune reaction of allograft, and low graft 

survival [15]. These limitations of pancreatic islet transplantation provoked that many studies 

focused on the production of a new alternative source of insulin-producing cells (IPCs) in 
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vitro [16]. 

Cells from liver have attracted great interests and considered as a good candidate for 

reprogramming into IPCs because of sharing a common developmental origin with 

pancreatic cells and free from safety risk of stem cells [17, 18]. Recent studies have 

demonstrated that pancreatic specific transcription factors, previously known to control 

pancreatic differentiation in the embryo, possess instructive roles in diverting the 

developmental fate of adult liver cells along the pancreatic lineage. Several researchers have 

reported that liver origin cells can be induced to produce insulin by the overexpression of 

genes normally involved in pancreatic endocrine development. In pancreas organogenesis, 

PDX1 is required for pancreatic outgrowth [19, 20], Ngn3 and NeuroD mediate the 

endocrine differentiation, and MafA is required for β cell maturation [19, 21, 22]. A recent 

report showed the combination of three pancreatic transcription factors (TFs), PDX1, Pax4,

and MafA was able to induce liver to pancreas trans-differentiation, and the trans-

differentiated cells displayed increased mature β cell-like characteristics when the TFs were 

sequentially supplemented in a direct hierarchical manner [22]. Although these cells showed 

insulin production and genetic changes in vitro, they are inadequately functioning to control 

the blood glucose level for the clinical application. We hypothesize that forming a 3-

dimensional structure as a natural islet structure which maintains cell-cell interaction during 

differentiation and maturation period, low differentiation efficiency of trans-differentiation 

can be overcome. 

3-dimensional (3D) culture technology has attracted much attention in the stem cell 

differentiation because of its potential for maintaining cell-cell interaction and biomimetic 

structures of tissues. Cell to cell interaction is a crucial characteristic of the pancreatic β cell. 

Recently, a number of 3D culture systems have been investigated for stem cell 

differentiation. Generally, cells at a high density were suspended under continuous stirring or 

shaking or embedded into hydrogel to produce cell clumps and aggregated [23-27]. While 
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these 3D systems have achieved some degrees of success, many challenges have also 

existed. Suspension culture technique could not control the size and shape of the spheroid 

and result in making cell agglomeration, which can lead to cell death or uncontrolled 

differentiation. Apoptosis induced by shear forces resulting from the medium flow is also 

common. As a result of such constraints, suspension systems often use low initial seeding 

densities and result in relatively low cell expansion and volumetric cell yields[23]. Concave 

microwell is a simple, efficient, fully defined and scalable to make 3D cell spheroid. Here, 

we developed the IPC spheroid using concave microwell and evaluated their functional 

properties in vitro and in vivo.

2. Materials and Methods

2.1. Isolation of human liver cells

Adult human liver cells were isolated from human liver tissues and cultured as previously 

described [22, 28]. This study was carried out according to the guidelines and with the 

approval of the Institutional Review Board of Asan Medical center (IRB number: 2014-1182 

Seoul, Republic of Korea). Briefly, liver tissues were cut into 1-2mm pieces and digested by 

0.16% collagenase type I solution (Worthington Biochemical, NJ, USA) for 20 min at 37 °C. 

Cells were washed and plated on fibronectin-coated plates (3㎍/cm2, Sigma, St. Louis, MO, 

USA). The cells were cultured in DMEM (low glucose) supplemented with 10% FBS, 1% 

antibiotic-antimycotic and Glutamax (Life Technologies, Grand Island, NY, USA). The 

medium was changed daily during the first 7 days to remove nonadherent cells. The cells 

were kept at 37°C in a humidified atmosphere of 5% CO2 and 95% air. When cells reach 

85% confluence, cells were split at 1:3 with Trypsin-EDTA. After propagation, liver cells at 

passage 5-6 were used for the study. 

2.2. Trans-differentiation of liver cells to IPCs
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To induce trans-differentiation, ß cell-related transcription factors transduced into liver cells. 

PDX1, NeuroD, and MafA were selected and transduced with adenovirus expressing vectors. 

Ad-CMV-hPDX1, Ad-CMV-hNeuroD1, and Ad-CMV-hMafA were obtained from Vector 

Biolabs (PA, USA). The multiplicity of infection (MOI) of the viruses were: Ad-CMV-PDX1 

(500 MOI), Ad-CMV-NeuroD1 (250 MOI) and Ad-CMV-MafA (50 MOI). The optimal MOI 

was determined according to cell survival, insulin promotor assay, and insulin gene 

expression. Transduced transcription factors expression, including Ad-CMV-Pdx1, Ad-

CMV-NeuroD1, Ad-CMV-Mafa were confirmed using immunochemistry staining. To 

induce the trans-differentiation insulin producing cells, liver cells were cultured in 10 mM 

nicotinamide (Sigma, St. Louis, MO, USA), 20 ng/ml EGF (PeproTech, Rocky Hill, NJ, 

USA), and 5 nM exendin-4 (Sigma, St. Louis, MO, USA) were supplemented directly to the 

culture media. Human liver cells were transduced with Ad-CMV-PDX1 and Ad-NeuroD1 for 

2 days and followed by changing media with ad-MafA for 3 days. 

2.3. IPC spheroids formation

The scheme of this study summarized in Fig. 1 (A). Firstly, the adult human liver cells were 

isolated from liver and trans-differentiated to IPCs using three pancreatic transcription 

factors, PDX1, NeuroD1 and MafA which were carried by recombinant adenoviruses and 

sequentially supplemented. To prepare the IPCs sheet, liver cells seeded on commercially 

available concave microwell (StemFIT 3D H853400 ; Microfit, Korea). The IPC spheroids 

are fabricated using a concave microwell were coated with 3%(w/v) bovine serum albumin

(BSA ;Cellnest, NJ, USA) to prevent cell attachment. Suspended cell seed to mold. The next

day, remove cells that are not seated in wells. The cells in concave microwell changed with 

fresh media every day. Prior to the preparation of 3-dimensional spheroids in the concave 

microwell, we proceed to select the size of spheroids according to the number of cells. Single 

liver cells and IPC cells were seeded to concave microwell each 2x105, 5x105, 1x106, 2x106

cells. And the size was confirmed by electron microscope after 3 days.
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(a)

(b)

Figure 1. (a-b) Scheme of the process for making insulin-producing cell (IPC) spheroid.

2.4. Immunocytochemistry of IPCs and IPC spheroid

IPC cells were plated on glass cover slides in 24well culture plate. After 5 days, For 

immunofluorescence staining, slides with cultured with IPCs or IPC spheroid suspension 

were fixed with 4% paraformaldehyde (PFA; Merck, Darmstadt, Germany) for 10 min at 4°C 



6

and washed twice with phosphate-buffered saline (PBS). Cells were permeabilized with 

0.1% Triton X-100 at 4°C for 10 min and washed three times with PBS. For antibody 

blocking, cells were incubated in 3% bovine serum albumin for 1 hour at room temperature 

(RT). The primary antibody was incubated with anti-guinea pig insulin and mouse anti-

glucagon (1:1000; Abcam, MA, USA) to confirm endocrine differentiation. For detection of 

introduced pancreatic endocrine transcription factors, we used rabbit anti-PDX1, mouse anti-

NeuroD, rabbit anti-MafA (1:200; Abcam, MA, USA). Primary antibodies were incubated 

overnight at 4°C. For secondary fluorescence labeling, cells were incubated with anti-guinea 

pig IgG Alexa Fluor 647 (1:200; Abcam, MA, USA) and anti-rabbit IgG Alexa Fluor 488 

(1:200; Thermo Fisher Scientific, MA, USA) and anti-mouse IgG Alexa Fluor 488 (1 : 200; 

Thermo Fisher Scientific, MA, USA). Finally, the cells were stained and mounted with 

prolong gold antifade mountant with DAPI(Life technologies, Maryland, USA). The slides 

were visualized under an EVOS® FL auto cell imaging system (Thermo Fisher Scientific, 

MA, USA). For staining of IPC spheroids, spheroids were harvest and fixed with 4% 

paraformaldehyde at day 5. The spheroids were washed PBS and processed 30% sucrose for 

2 days, and then embedded in optimum cutting temperature (OCT) compound (Tissue-Tek; 

Sakura Finetek, Japan). Cryostat sections (6um) were sliced, rinsed with PBS 3 times, and 

incubated with 3% BSA at room temperature for 1 hour. The subsequent process is the same 

as IPCs. 

2.5. Quantitative real-time PCR (qPCR)

Total RNA was extracted from IPCs and IPC spheroid at day 5 using TRIzol (Thermo Fisher

Scientific, MA, USA) according to manufacturer instructions. cDNA was synthesized from 

1 μg RNA template by an oligo-dT primer using a SuperScript III First-Strand Synthesis 

System (Thermo Fisher Scientific, MA, USA) at 50°C for 60 min and 70°C for 15 min. Real-

time PCR was performed using LightCycler 480 SYBR Green I Master mix (Roche applied 

science, Mannheim, Germany) in a LightCycler® 480 II real-time thermal cycler (Roche



7

applied science, Mannheim, Germany). The primer set of pancreatic endocrine gene-specific 

genes and cadherin were listed in Table 1. The samples were amplified according to the 

following procedure: polymerase activation at 95°C for 5 minutes, followed by 40 cycles of 

annealing/extension/detection at 95°C for 10s, 57°C for 45 s, 72°C for 60. All gene 

expression was normalized to the GAPDH housekeeping gene and relative quantification 

was performed using delta CT method. Statistical analyses were conducted using t-test and 

reported in all figures. 

Table1. Primers used for qPCR amplification.

Gene   Sequence (5´→3´)
Annealing 

temperature 
(°C)

Product 
size (bp)

Insulin
Forward GCAGCCTTTGTGAACCAACAC

57 67
Reverse CCCCGCACACTAGGTAGAGA

Glucagon
Forward CCCAAGATTTTGTGCAGTGGTT

57 221
Reverse GCGGCCAAGTTCTTCAACAAT

SST
Forward CTGTCTGAACCCAACCAGAC

57 90
Reverse CAGCTCAAGCCTCATTTCAT

Pdx1
Forward GCATCCCAGGTCTGTCTTCT

57 140
Reverse CACTGCCAGAAAGGTTTGAA

Ngn3
Forward GAAAGGACCTGTCTGTCGCT

57 124
Reverse AGGGAGAAGCAGAAGGAACA

Nkx2.2
Forward CGGCGAGTGCTTTTCTCCAA

57 165
Reverse GCGCTTCATCTTGTAGCGG

Nkx6.1
Forward CACACGAGACCCACTTTTTC

57 76
Reverse CCGCCAAGTATTTTGTTTCT
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E-cadherin
Forward CGAGAGCTACACGTTCACGG

57 119
Reverse GGGTGTCGAGGGAAAAATAGG

GREM1
Forward CGGAGCGCAAATACCTGAAG

57 96
Reverse GGTTGATGATGGTGCGACTGT

GAPDH
Forward GAAGGTGAAGGTCGGAGT

57 226
Reverse GAAGATGGTGATGGGATTTC

2.6. Insulin contents

Cells were washed thoroughly with PBS then lysed with RIPA lysis buffer supplement with 

Proteinase Inhibitor. Loaded protein was normalized to total cellular protein measured by 

Protein assay (Pierce BCA Protein Assay Kit; ThermoFisher Scientific). Insulin content of 

cells was measured using the commercial ultrasensitive insulin ELISA Kit (Alpco, NH, 

USA) according to the manufacturer’s instructions. The absorbance was measured at 450 

nm, using a Microplate Absorbance Reader (Sunrise, Tecan Austria GmbH, Austria).

2.7. IPCs and IPC spheroid transplantation into kidney capsule of diabetic nude 

mouse

Animal experiments were approved by the Institutional Animal Care and Use Committee of 

Asan Institute for Life Sciences. Male Balb/c nude mice, 8 weeks old, were treated with 

Streptozotocin (STZ, Santa Cruz Biotechnology, TX, USA), 180 mg/kg, dissolved in 0.1M 

citrate buffer, pH 4.5. They were maintained under controlled conditions. The blood glucose 

was monitored using a Codefree blood glucose monitoring system (SD Biosensor, Suwon, 

Korea). Diabetes was considered to be induced in mice when blood glucose levels were over 

300 mg/dL twice. IPCs and IPC spheroid were harvested and transferred into 

microcentrifuge tube (2x106 cells/tube or 2x103 spheroid/tube) at day 4. Single cell number

in IPC spheroid were calculated (103/spheroid). Cells were transferred PE50 tube and the
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PE50 tubing was placed into 15ml conicals. PE50/15ml conicals were centrifuged at 1000 

rpm to collect cells in the center of the tube. 

After anesthetizing the mice with isofluorane, we swabbed the skin with Povidone Iodine 

swab and then wiped off with an ETOH swab. Mouse have located the left kidney (just right 

of the spleen). We made a small incision in the skin and peritoneum and exposed the kidney. 

We applied a slight pressure to both sides of the incision, raise or pop the kidney out of the 

mouse. Using a syringe 23 or 25 gauge needle, we made a small scratch on the right flank of 

the kidney, created a nick in the kidney capsule. And we carefully slid the PE50 tubing under 

the capsule, making a small pocket. And then cells in PE50 tubing were injected under

kidney capsule using Hamilton transplant syringe slowly. After removing PE50 tubing, the 

nick of kidney capsule was carefully closed and kidney was gently replaced them into the 

peritoneum. After transplantation of cells, the blood glucose levels of mice were monitored, 

along with measurements of body weight.

2.8. Cell labeling and imaging ex-vivo and in vivo

IPCs were labeled with Qdot 800 (Qtracker 800; Molecular Probes, Inc., Eugene, OR, USA). 

Briefly, 25 nM labeling solution was prepared according to the manufacturer’s protocol. 106 

cells or one sheet were suspended in 200 ㎕ of the labeling solution and incubated at 37°C 

for 1 hrs. Cells were washed twice with complete growth medium. After labeling with Qdot 

800, cells were transplanted into kidney capsule. In vivo, optical imaging was taken using an 

IVIS Spectrum imaging system (Caliper Life Science Inc., Waltham, MA, USA). The 

imaging was taken with a combination of a 430 nm excitation and an 800 nm emission. 

Fluorescence color images were processed using living image V.3.2 (Caliper Life Science 

Inc.). Fluorescence signals are expressed as total flux (i.e., p/s). In preparation for BLI 

photon detection, recipient mice were anesthetized with 1.5% isoflurane. The mice were 

placed into the camera chamber, where a controlled flow of 1.5% isoflurane in the air was 

administered through a nose cone via a gas anesthesia system designed to work in 
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conjunction with the bioluminescent imaging system (IVIS 200; Xenogen). BLI acquisition 

time was exactly 1 minute. A grayscale body image was collected and overlaid by a 

pseudocolor image representing the spatial distribution of the detected photons. Fluorescence 

was quantified as the sum of all detected photon counts per second within a constant region 

of interest for each transplant site using Living- Image software (Xenogen).

2.9. Histology

After sacrificing the mouse on day 3 and 14, the kidney was removed and fixed in 10% 

formalin. A paraffin block was prepared with the fixated tissue, and the block was cut into 

4 ㎛ sections. To perform hematoxylin and eosin (H&E) staining, samples were 

deparaffinized and dehydrated, followed by applying hematoxylin (Sigma-Aldrich, MO, 

USA) and eosin staining (Sigma-Aldrich, MO, USA). Mounting was performed with 

Histomount. The tissue slides were deparaffinized and dehydrated using xylene, and 100%, 

95%, 70% ethanol. A vegetable steamer and citrate buffer were used to retrieve antigens on 

the slides. Samples that underwent antigen-retrieval were blocked with 1% BSA. 

Immunohistochemistry was performed using primary antibodies for anti-PDX1 and anti-

insulin (dilution 1:1000, Abcam, Cambridge, UK). Formalin-fixed, paraffin-embedded 

sections (4 μm in thickness) were deparaffinized, dehydrated through a graded alcohol series, 

blocked with hydrogen peroxide, and dried for 10 minutes at RT, and for 20 minutes in an 

incubator at 65 . An autom℃ ated slide preparation system (Benchmark XT; Ventana Medical 

Systems Inc, Tucson, AZ, USA) with OptiView DAB Detection Kit (Ventana Medical 

Systems) was used for immunohistochemistry.

2.10. Statistical analysis

Statistical significance was determined using GraphPad Prism 5 (GraphPad Software, San 

Diego, CA, USA). The statistical significance of the differences between groups was 

analyzed with the Student's t-test and a two-way analysis of variance. P<0.05 indicates a 

statistically significant difference. 
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3. Results

3.1. Size distribution of spheroids

Figure 2 showed spheroid images of IPCs and liver cells. The upper panel is images of 

spheroid formation in concave microwell at day 1 after seeding and the lower panel is 

images of spheroids retrieved from concave microwell. Spheroid size of IPCs and liver cells 

were measured in suspension. Micrographs of spheroids were taken randomly selected fields 

per a well using an EVOS FL cell imaging system at 1 days after cultivation. The size of 

liver spheroids was 98.7um ± 14.46 um, 123.92 ± 17.21um, 152.7 ± 13.49um, 218.1 ± 

18.15um, its depends on the number of cells with 2x105, 5x105, 1x106, and 2x106 

cells/ml/mold, respectively. The size of IPC spheroids was 104.3 ± 16.05um, 142.5 ± 

18.07um, 175.8 ± 17.95um, 247.7 ± 20.59um. Spheroid size is constantly increased with 

increasing cell number, and there is a tendency in liver cells and IPCs. Spheroid size of   

IPCs was slightly larger than its liver cells. The standard deviation of the spheroid size was 

about 10% degrees in every condition. IPCs spheroid formed with 106 cells per mold was 

used for the functional study, which has similarly sized with ideal pancreatic islets. 

(a)

 

(b)                                                           (C) 

Figure 2. Size distribution of IPC spheroids. (a) Comparison of spheroid size according to 

cell numbers and cell type. (b-c) The graph represents the spheroid size of each cell number.
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3.2.  Ectopic expression of transduced transcription factors in IPCs and IPC 

spheroids

Ectopic gene expressions of PDX1, NeuroD or MafA in IPCs and IPC spheroid were 

confirmed by immunohistochemistry. PDX1 and NeuroD1 were expressed most of the cells 

while MafA was partially expressed. There is no significant difference between IPCs and 

IPC spheroid. 

Figure 3. Ectopic gene expression (PDX1, NeuroD and MafA) in IPCs and IPC 

spheroid

3.3. Gene expression level of IPCs and IPCs spheroid

To compare the differentiation function of IPCs between culture conditions, we analyzed the 

profile of mRNA level of endocrine hormone and pancreatic transcription factors were 

compared with 5 days culture. As shown in Fig. 4(a), IPCs and IPC spheroid were detected 

expression of insulin, glucagon, somatostatin and pancreatic-specific transcription factors, 

including PDX1, NeuroD, mafA, Nkx 6.1, ngn3, and FOXA2 than liver cells. Especially, 

insulin mRNA level of IPCs cultured with spheroid form is significantly higher than IPCs 

culture on the culture plate whereas IPCs spheroid does not activate glucagon mRNA level. 
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Similarly, pancreatic transcription factors related to beta cell differentiation, PDX1, Ngn3, 

Nkx6.1, and FOXA2 is higher in IPCs spheroid than its single cell culture. E-cadherin is 

higher in 3D IPC spheroid than IPCs,m which are related to cell-cell adhesion and insulin 

secretion (Fig. 4(b)). 

(a) 

(b) 

Figure 4. Gene expression compared to IPC cells (a) mRNA level of endocrine hormones 

and pancreatic-related transcription factors. (b) mRNA level related to the cell to cell 

adhesion.
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3.4.  Insulin and glucagon expression in IPCs and IPC spheroid

To confirm the transdifferentiation of liver cells to IPCs, protein expression of insulin and 

glucagon were confirmed by immunocytochemistry. Also, insulin contents were measured by 

ELISA method at 5 days after the initial exposure to the viral treatment, as described. IPCs 

stained positive for insulin and glucagon (Fig. 5). More insulin-positive cells were observed 

in IPC spheroid than IPCs.  

Figure 5. Insulin and glucagon expression in IPCs and IPC spheroid
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3.5. Insulin contents in IPCs and IPC spheroid

Insulin production was assessed by measuring insulin contents in IPCs and IPC spheroid. As 

shown in Fig. 6, the insulin value in IPCs spheroid was significantly increased than IPCs. 

Figure 6. Insulin contents in IPCs and IPC spheroid
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3.6. Transplantation of IPC cells and spheroids.

Diabetes was induced by administering 180 mg/kg streptozotocin to immunodeficient mice 

(Nude mice) to evaluate the blood glucose control of IPCs. As the control group, the IPCs 

cultured on 2D culture dish was put into preparation. IPCs and IPC spheroid with 2x106 cells 

were transplanted into the kidney capsule in the diabetic nude mouse. The blood glucose and 

body weight was evaluated for 4 weeks after transplantation. Blood glucose level of IPC 

spheroid group was decreased to 200 mg/dl after transplantation, but it gradually increased 

during 4 weeks. However, in the mouse with single IPC transplants, blood glucose showed 

the tendency of an increase for 4 weeks without any decrease of blood glucose. Mouse 

transplanted with IPCs and IPC spheroid maintained the body weight for 4 weeks but weight 

loss was induced in the diabetic control.

(a)                                                               (b) 

Figure 7. Blood glucose level and body weight changes after transplantation (a)

Comparison the blood glucose level after kidney capsule transplantation in the diabetic nude 

mouse. (b) Comparison the body weight in the same condition as (a)
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3.7. Histological and immunohistochemical analysis of kidney capsule of mouse 

transplanted with IPCs and IPC spheroid 

At the 3rd and the 14th days after transplantation of IPCs, the kidney was harvested to 

confirm the transplanted cells by immunohistochemistry. As for the mouse transplanted with 

IPCs or IPC spheroid, PDX1 expressing cells were stained to confirm that the transplanted 

cells survived after 3 and 14 days of transplantation respectively, and it was confirmed that 

some of these cells produced insulin. 

(a)

(b)

Figure 8. Histological and immunohistochemical analysis of kidney capsule of mouse 

transplanted with IPCs and IPC spheroid (a) We confirmed transplanted cell survival 

through PDX1 expression cells. (b) And the cells produced insulin.
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3.9. Cell tracking using in vivo imaging system (IVIS)

We also confirmed cell survival using in vivo cell tracking imaging system. For tracking of 

transplanted cells, cells were labeled with Qdot 800 which supports the intense fluorescence 

under various biological conditions and less auto-fluorescence in tissue [29]. After 

transplanted labeled cells into kidney capsule, we followed their distribution by tracking the 

fluorescent signal. The first, we attempted to track the fluorescent signal of transplanted cells 

in lived mice by a 3D scan of IVIS imaging system. The most fluorescent signal was found 

in the kidney of both IPCs and IPC spheroid transplanted group. The quantity of fluorescent 

signals compared between IPCs and IPC spheroid using Living Image 3.2 software’s three-

dimensional reconstruction feature. At day 1, IPC spheroid group showed higher signals than 

IPCs but it showed a similar intensity after 7 days. 

(a)

(b)

Figure 9. In vivo image system of mouse transplanted with IPCs and IPC spheroid (a)

Tracking of transplanted cells using in vivo image systems. (b) The quantity of fluorescent 

signals using Living Image software. 
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Discussion

The purpose of this study is to improve the differentiation efficacy and physiological 

functions of IPCs using three-dimensional culture technologies. Although pancreatic islet

transplantation can be the fundamental treatment of insulin-dependent diabetes, lack of 

sources and low transplantation efficiency still is a big huddle as a common therapy [15]. To 

overcome these limitations, a lot of efforts are tried to develop new sources of IPCs from 

different cells such as embryonic stem cells, induced pluripotent stem cells, adult stem cells

and somatic cells [30-33]. In particular, the use of adult stem cells and somatic cells will be 

the most likely to be applied for clinical applications due to no safety issues and easy to 

obtain. However, in general, adult cells have a very low differentiation efficiency for beta 

cells comparing with pluripotent stem cells. Cells from liver have attracted great interests 

and considered as a good candidate for reprogramming into IPCs because of sharing a 

common developmental origin with pancreatic cells and free from safety risk of stem cells 

[17, 18]. Interestingly, a recent report showed that cells transfected with several pancreatic 

transcription factors showed insulin production [19, 20, 22]. Despite these efforts, however, 

there is still a problem inadequately functioning to control the blood glucose level for the 

clinical application. In this study, we developed the 3D spheroid structure of IPCs as a 

natural islet structure which maintains cell-cell interaction during differentiation and 

maturation period to overcome low differentiation efficiency of the IPCs. 

IPC spheroid was prepared by seeding concave microwell, cells easily aggreged at day 1 

after seeding. We used concave microwell for constructing regular-sized IPC spheroids for 

overcoming the flowing problems including irregular cell size and randomly aggregated 

between each cell caused by common 3d culture progress such as hang in drop or suspension 

cultures. Suspension culture technique could not control the size and shape of the spheroid 

and result in making cell agglomeration, which can lead to cell death or uncontrolled 

differentiation. Apoptosis induced by shear forces resulting from the medium flow is also 
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common. As a result of such constraints, suspension systems often use low initial seeding 

densities and result in relatively low cell expansion and volumetric cell yields [23]. We found 

that the morphological size of the spheroid is dependent on cell amount and we can 

obviously obtain the plenty of spheroids using concave microwell. The standard deviation of 

the spheroid size was about 10% degrees in every condition, which means uniform size 

distribution of spheroids. Interestingly, there is a little size gap between IPC cell group and 

no treated liver cell group even if we had seeded the same amount of cells. This size gap is 

due to the different extracellular matrix and strength of cell-cell interactions between liver 

cells and IPCs. However, the additional experiments are required including extracellular 

matrix staining and TEM imaging for accurate analysis. IPCs spheroid formed with 106 cells

per mold was used for the functional study, which has similarly sized with ideal pancreatic 

islets [34]. Same sized spheroid with 150um can be uniformed absorbed culture media and 

inhibit apoptosis which ensures constant proliferation and differentiation of the cell into a

spheroid. 

To compare the differentiation function of IPCs between culture conditions, we analyzed the 

profile of mRNA level of endocrine hormone and pancreatic transcription factors and insulin 

production. Both IPCs and IPC spheroid were detected expression of insulin, glucagon, 

somatostatin and pancreatic-specific transcription factors, including PDX1, NeuroD, mafA, 

Nkx 6.1, ngn3, and FOXA2 than liver cells. Especially, insulin mRNA level of IPCs cultured 

with spheroid form is significantly higher than IPCs culture on the culture plate whereas 

IPCs spheroid does not activate glucagon mRNA level. Similarly, pancreatic transcription 

factors related to beta cell differentiation, PDX1, Ngn3, Nkx6.1, and FOXA2 is higher in 

IPCs spheroid than its single cell culture. It is suggested that spheroid formation may 

increase the maturation of gene induced trans-differentiated liver cells along the beta cell 

lineage [35]. There are several reasons why the selectivity of beta cell differentiation

increases in the spheroid condition. In liver reprogramming, PDX1 not only induces the beta 
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cell lineage, as demonstrated by increased beta cell-specific transcription factor expression

but also activated glucagon gene expression [35]. In order to increase the efficiency of beta 

cell differentiation, it is important to prevent the differentiation of alpha cells as glucagon 

secretory cells. NKX6.1 have been suggested to be a detriment to the expression of the 

glucagon gene in beta cells by either protein-protein interactions between PDX1 and PAX6 

or competitive binding of NKX6.1 to the PAX6 binding site on the G1 element of the 

glucagon promoter [36]. In our result, NKX 6.1 is dramatically increased in the spheroid 

group than single IPCs. 

Also, we found that E-cadherin expression significantly increased in spheroid culture. Over 

the past three decades, the function of cadherins in epithelia has evolved from simple cell-cell

adhesion molecules that populate subcellular domains called “adherens junctions” to biochemical 

transducers of signaling processes that contribute to the development, homeostasis, and function 

of multiple tissues [37-39]. Signals from cadherin complexes that ultimately impact on cell 

phenotype and function in multiple cell types [40, 41], including pancreatic islets [42]. Parnaud et 

al. demonstrated that cadherin-mediated adhesion in single β-cells, but not α-cells, is positively 

regulated by glucose and that it is associated with increased insulin secretion. As glucose did not 

affect cadherin gene expression per se, a likely mechanism responsible for this glucose-

dependent increase in β-cell adhesion and insulin secretion is the redistribution or reorganization 

of cortical actin. This has been previously shown to be crucial for proper insulin secretion [43-

46]. Similarly, insulin production is higher in the spheroid group from ELISA and 

immunocytochemistry result. Following data proved that 3D culture generally promotes the 

gene level which is affected the differentiation of pancreatic β cells. 3D IPC spheroid 

manifest the better insulin gene expression compared to 2D IPC cells also reduction of 

glucagon gene expression. Therefore, 3D culture process highly induces to pancreatic β cells 

differentiation rather than α cell differentiation. 

In this study, 180 mg/kg streptozotocin was administered once to make a mild diabetes
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model, which blood glucose was gradually increased over a period of time. In the case of 

severe diabetes, most of the mice died after implantation of immatured IPCs. In order to 

transplant human cells, immune suppressed nude mice were used as recipients. We compared

to blood glucose level and body weight changes among diabetic mouse with no treated, 

transplanted with 4*106 IPCs, and transplanted with 4*106 IPCs spheroids. Only in the IPCs 

spheroid transplanted group, there was a significant decrease in the initial blood glucose 

level. After 4 weeks of transplantation, there was still a significant decrease in blood glucose 

level compared to the diabetic group or IPCs single cell transplantation group. Although,

IPCs spheroid group showed decrease blood glucose, it was not maintained below 200mg/dl, 

which is normal blood sugar. This suggests that insulin secretion is not sufficient and further 

efforts are needed to improve the ability of IPCs. Body weights did not decrease in both IPCs 

single cell and IPCs spheroid transplaned groups, but the control diabetic group showed a 

gradual decrease body weight. Although IPCs spheroids did not completely regulate blood 

glucose levels, they were found to have significant blood glucose control and weight 

maintenance effects. Cells expressing PDX1 and insulin showed more clear and positive 

cells in the IPC spheroid group by histological staining which is similar to blood glucose 

results.

Previous studies have shown that cell clusters can increase cell survival compared to single 

cell in vivo [47, 48]. In this study, we used in vivo cell tracking system to confirm the 

amount of cells in vivo. Although, more cells were observed in the spheroid groups at day 1 

and 4, total amount of cells became similar between IPCs single cell and spheroid groups at 

day 7. Cells transplanted through the blood vessels in the previous study but we transplanted 

cells into the kidney capsule, which has limited space for cells and difficult to survive large 

number of cells. Therefore, it is necessary to carry out transplantation through the blood 

vessels in order to compare the survival rate accurately. 
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Conclusions

With such results, that mass production of 3-dimensional spheroids with a designed shape 

and size of IPCs using micro-concave well was confirmed. Moreover, 3D spheroid formation 

enhanced differentiation efficacy of IPCs in vitro and the function of glucose control in vivo. 
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국문요약

췌장도세포 이식은 인슐린 의존성 당뇨의 근본적인 치료법이다. 하지만 공급원 부족, 

이식 후 낮은 생존률, 면역억제제 사용의 문제로 인하여 임상적 적용의 한계를 갖고

있다. 이러한 문제를 해결하기 위하여 자가 세포 분화를 통하여 인슐린 생성세포

(Insulin producing cell)를 만들어 이식하려는 많은 연구가 진행되고 있다. 하지만

현재까지 개발된 대부분의 분화 세포는 인슐린 분비가 잘 되지 않거나, 글루코즈에

낮은 반응성을 갖고 있다. 본 연구에서는 다음과 같은 기술을 이용하여 인슐린

생성세포의 분화효율을 높이고자 하였고, 개발된 인슐린 생성세포 및 구상체를

이용하여  체내·외 평가를 수행하였다. 1) 췌장조직과 기원이 같은 간 유래 세포의

사용, 2) 췌장발생에 중요한 전사인자인, PDX1, NeuroD, MafA 를 아데노바이러스를

이용하여 세포내 전달하여 직접 분화 유도, 3) BioMEMS 기술 기반의 micro-concave 

well 을 이용한 3차원 구상체 배양 등의 방법을 사용하였다. 3차원 인슐린 생성세포

구상체는 하나당 853개의 micro-concave (지름 400μm) 를 갖고 있는 칩을 이용하였다. 

간세포 및 인슐린 생성세포를 2x105 부터 2x106 세포를 이식하여 세포수에 비례하여

구상체의 크기가 증가함을 확인하였다 (R2=0.998). 106 세포를 사용하여 제작된

구상체는 지름이 150~200 μm 사이의 크기를 갖고 (간세포 구상체 지름: 152.7 ± 

13.5μm, 인슐린 생성세포 구상체 지름:175.8 ± 18.0 μm) 약 10% 표준편차를 보여서, 

기존의 연구에서 보고된 이상적인 췌장도세포와 가장 유사한 크기와 형태를 갖고

있었다. 이러한 마이크로칩을 이용한 구상체 형성은 많은 수의 3 차원 구상체를

일정한 형태 및 크기를 갖고 대량으로 생산할 수 있었다. 분화유도를 위하여 도입된

전사인자 (PDX1, NeuroD, MafA)가 대부분의 세포에서 발현되는 것을

면역염색(Immunocytochemistry)을 이용하여 확인하였고, 3차원 구상체를 형성하였을

때도 도입 유전자의 발현이 유지되고 있음을 확인하였다. 세포배양접시를 이용한
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일반적인 2차원 배양방법과, 3차원 구상체 형성방법의 분화능 평가를 위하여 췌장

내분비 호르몬 (insulin, glucagon, somatostatin) 과 pancreatic β cell 관련 전사인자

(PDX1, NeuroD, MafA, NKX6.1, NGN3, FOXA2) 의 유전자 발현을 비교하였다. 2차원

배양에 비하여 3차원 구상체에서 insulin 유전자 발현은 3배이상 증가하였고, glucose 

는 10 배 이하로 감소하였으며, 이는 구상체 형성으로 인하여 인슐린 생성세포로의

선택적 분화능이 향상됨을 알 수 있었다. 또한 구상체에서 E-cadherin 과 M-cadherin 

같은 세포 결합력 증가에 관한 유전자의 발현이 증가되는 것을 확인할 수 있었다. 

이러한 세포간의 결합력 증가는 인슐린 분비능 증가 및 분화를 유도하는 것으로

보고되어 있다. 인슐린 단백질 발현은 면역염색 및 ELISA 방법을 통하여

확인하였으며, 3차원구상체에서인슐린생성이증가함을확인하였다. 혈당조절능을

평가하기위하여면역결핍마우스 (Nude mouse)에 180mg/kg streptozotocin을투여하여

당뇨를유도하였다. 인슐린생성세포삼차원구상체를실험군으로하였고, 대조군으로

2 차원에서 배양한 인슐린 분비세포를 같은 수로 신장 피막에 이식하였다. 이식 후

4주간 체내 혈당 조절능을 평가하였다. 3차원 인슐린 생성세포를 이식한 경우 이식

직후 200mg/dl 로 혈당 감소 후유지되는경향을보였다. 반면에 2차원배양으로분화

시킨후단일세포로이식한경우 4주간꾸준히혈당이증가하여, 4주후 600mg/dl 까지

증가하였으며, 약간의체중감소가나타났다. 인슐린생성세포이식 3, 14 일후신장을

적출하여 조직 내 세포의 생존 및 insulin 분비세포를 확인하였다. 인슐린생성세포

구상체를 이식한 경우 이식 14 일 이후에도 이식된 세포가 생존하고 있음을 PDX1 

유전자 발현세포를 염색하여 확인하였으며, 이러한 세포 중 일부가 insulin 을

생성하고 있음을 확인하였다. 단일 세포를 이식한 경우에는 이식 직후에는 세포를

확인할수있었으나, 일주일이후대부분의세포가소실되었다. 본연구에서는이러한

결과를 바탕으로 concave microwell 을 이용하여 인슐린 생성세포의 일정한 형태와
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크기의 3차원 구상체의 대량 생산이 가능함을 확인하였고, 체외 분화능 평가 및 체내

혈당조절능이 향상되는 것을 확인할 수 있었다. 이러한 인슐린 생성세포 3 차원

구상체는인슐린의존성당뇨환자에게유용한치료법이될수있다.
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