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Abstract 
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cell clusters (NPCCs) 
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The Graduate School 
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Diabetes is a chronic metabolic disease that occurs when the body cannot produce 

enough insulin or cannot use insulin and is diagnosed by observing elevated levels 

of glucose in the blood. Diabetes therapies can be classified into oral medication, 

insulin injection, and pancreas or pancreatic islet transplantation. In case of final 

stage of diabetes, pancreatic islet transplantation would be consider as a best 

therapeutic strategy. Most successful diabetes therapies through intraportal islet 

transplantation are considered as the Edmonton protocol; however, pancreatic islet 

transplantation into the hepatic venous vessels results in induction of instant blood-
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mediated inflammatory reaction (IBMIR). To overcome this limitation, many 

researchers have tried to apply an encapsulation technique for islet transplantation. 

It has been widely considered as a promising method for this purpose because it 

blocks host antibody-mediated or cellular immune responses to the donor islets. 

However, it is critical to maintain the survival and function of the islets because 

macroencapsulation reduces the oxygen supply to the islets. Therefore, in this study, 

to ameliorate hypoxic damage, an oxygen-generating scaffold was used to 

investigate whether it can improve the viability and insulin secretion function of 

the islets. 

Porcine neonatal pancreatic cell clusters (NPCCs) were isolated from ~5-day-old 

piglets and used after 7 days of culture for their maturation. A CCK-8 assay 

revealed that the PDMS-CaO2 scaffold group had higher viability than the other 

groups. In addition, the PDMS-CaO2 group showed reduced activity of apoptosis-

related enzymes such as Caspase 3 and 7, which resulted in lower hypoxia-induced 

NPCCs death. Moreover, the reactive oxygen species (ROS) level in the PDMS-

CaO2 group was lower than that in the control group. Since the goal of using 

oxygen-generating scaffolds is to provide supplemental oxygen for the NPCCs, the 

oxygen consumption rate (OCR) was determined in the NPCCs of the PDMS-CaO2 

group. The PDMS-CaO2 group mostly showed higher OCR than the control group. 

The insulin secretion index of the NPCCs was higher in the PDMS-CaO2 group 

than in the PDMS or control group. 

To investigate the impact of the oxygen-generating scaffolds ex vivo, a 

microfluidic system was established using a BioFlux 200 instrument and 

microfluidic device-pump system for representing the physical conditions. After 
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injection of the NPCCs into the PDMS or PDMS-CaO2 scaffolds, they were 

embedded on the hole of microfluidic device (A2) and cultured under normoxic 

and hypoxic conditions. The viability of the NPCCs was higher in the PDMS-CaO2 

group than in the PDMS group. 

In addition, a biocompatibility test of the oxygen-generating scaffolds was 

conducted through subcutaneous implantation in mice. The scaffolds showed 

stability until 8 months and the immunogenicity was very low in the spleens of the 

recipient mice. Thus, this test can be used to confirm the viability or function of 

NPCCs delivered using oxygen-generating scaffolds in animal models. 

This study present that NPCCs encapsulated in PDMS-CaO2 scaffolds showed 

higher viability and insulin secretion compared to those encapsulated in PDMS 

scaffolds or the controls in vitro or ex vivo. In addition, a biocompatibility test of 

the oxygen-generating scaffold was performed by subcutaneous implantation in 

mice, where the scaffold showed stability until 8 months and very low 

immunogenicity in the spleens of the recipient mice. Thus, the oxygen-generating 

scaffold has potential for application in transplantation studies in the future. 
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1. Introduction 
1.1. Background 

Diabetes is a chronic metabolic disease that occurs when the body cannot 

produce enough insulin or cannot use insulin, and it is diagnosed by observing 

elevated levels of glucose in the blood. There are three major types of diabetes: 

type 1 diabetes (T1D), type 2 diabetes, and gestational diabetes.  

Every year, many patients live with this condition, which can result in life-

changing complications. Currently, 415 million adults are estimated to have 

diabetes, and 318 million adults have impaired glucose tolerance, which brings 

them at high risk of developing the disease in the future (IDF Diabetes Atlas 

Seventh Edition Update, International Diabetes Federation 2015). 

Diabetes therapies can be classified into oral medication, insulin injection, 

whole pancreas transplantation, and pancreatic islet transplantation. Intensive 

insulin treatment can improve blood sugar control, which can reduce the risk of 

health complications later in life for the patient [1]. Although insulin injections and 

insulin pumps are life-prolonging technologies, they cannot mimic the real-time 

secretory patterns of pancreatic  cells; therefore, they prevent long-term 

complications [2, 3]. Whole pancreas transplantation is less dependent on insulin 

and provides longer duration of organ function; however, it is a major surgery that 

involves a greater risk of complications and even death [4]. Islet transplantation has 

been widely considered as one of the promising methods for type I diabetes 

treatment. However, there would still be far too few human organs to establish a 

broadly applicable treatment. Thus, the need for an alternative tissue source is 
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particularly high in islet transplantation [5]. By consensus, pigs mature rapidly, 

have numerous litters with many offspring, have organs relatively similar in size 

and physiologic capacity as humans, and produce insulin that is biologically active 

in humans [6]. Thus, pigs are considered ideal candidates for use as an islet source. 

Most successful diabetes therapies through intraportal islet transplantation have 

been considered as the Edmonton protocol; however, they have some site-specific 

obstacles [7]. Pancreatic islet transplantation into the hepatic venous vessels results 

in low oxygen tension, poor vascularization, and the induction of instant blood-

mediated inflammatory reactions (IBMIRs), which lead to early loss of islets 

immediately after infusion [8-10]. IBMIRs have been reported to occur when 

allogeneic or xenogeneic islets are exposed to the blood. Such reactions are well 

known to cause a significant loss of transplanted islets [11-13].  

To overcome this limitation, many researchers have tried to apply 

encapsulation techniques [14-18]. The principle of islet encapsulation is to prevent 

the direct interaction of transplanted islets with immune cells and antibodies in the 

recipient’s body, to secrete insulin outside the membrane barrier, to accommodate 

glucose, oxygen, and other nutrients inside the membrane, and to prolong islet 

survival. Most devices for islet transplantation have been focused on 

immunoisolation. They entail “blocking” islets from the immune system by 

sequestering them within a semi-permeable membrane, inadvertently aggregating 

the islets, and hindering nutrient transport [19]. 

Islet encapsulation can be classified into microencapsulation and 

macroencapsulation according to the size of the structure (Fig. 1) [20]. 

Microencapsulation involves enveloping single islets or small groups of islets, and 
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the capsule usually has a spherical shape [21]. Several methods for the production 

of islet microcapsules have been reported, and they can offer increased oxygen and 

nutrient transport outside the islets due to the large surface area. However, 

microencapsulation presents a great difficulty in removing the implants if 

necessary. Macroencapsulation involves encapsulating a large mass of islets within 

a chamber, and the devices are usually formed from membranes or fibers. Fiber 

diameter is an important factor in the use of hollow fibers. A large diameter fiber 

can lead to nutrient diffusion limitations and will cause a central core of dead cells 

or necrotic tissue. In contrast, a small-diameter fiber can result in long fiber length, 

thereby increasing potential breakage and making implantation more difficult. 

Although macroencapsulation devices are easy to implant and remove with 

minimum risk if the device is infected, the permeability of the surface is less than 

that of microcapsules because of the thicker membrane [22]. In addition, the major 

demerit is oxygen diffusion and nutrient transport limitation, which dampens islet 

viability and insulin secretion function [23]. Thus, researchers have developed 

macrocapsules with various forms and thicknesses (Fig. 2). Macroencapsulation 

can be divided into the intravascular and extravascular types. An intravascular type 

of macroencapsulation device is a perfusion chamber that is directly connected to 

the host vessels such as the arteries and veins [24]. Blood flows into the hollow 

fibers and islets are placed near the fibers. Thus, the islets receive enough oxygen 

and nutrient supply from blood flow and are protected from immunity by the 

membrane in the system. However, the intravascular type has a severe problem of 

embolization in the hollow fibers due to blood clots. On the other hand, the 

extravascular type is a diffusion chamber containing a large number of islets; many 
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shapes, including rod [25], tube [26, 27], or sheet types are used [28]. 

Polydimethylsiloxane (PDMS) scaffolds have biostability and biocompatibility, 

which makes them appropriate for in vivo implantation. A planar pouch is an 

example of a pouch encapsulation device that aims to promote angiogenesis and 

immunoisolation. Tube design capsules continue to be one of the most retrievable 

devices, but they can still occasionally be broke or bent. The sheet type of device is 

so large that it is prone to ripping as the animal moves, which leads to rapid device 

failure. It is implanted on the peritoneum along with four sutures that hold it in 

place. Vascular perfusion macroencapsulation may cause life-threatening blood 

coagulation and thrombosis in vascular surgery and surface-induced thrombosis 

[29]. Moreover, the large scale of macroencapsulation strategy requires assembling 

a greater number of islets, which imposes mass transport limitations and challenges 

for implantation in conventional sites such as the renal capsules. Nonetheless, 

macroencapsulation has demonstrated feasibility of implantation and retrieval [30, 

31]. Currently, notable macroencapsulation methods are being constantly 

developed for T1D animals or for human treatment [32]. Moreover, hypoxic 

conditions are a major limitation of macroencapsulation because the islets need 

abundant amount of nutrients and oxygen to function properly [33]. Thus, an 

oxygen-generating system was designed and fabricated to reduce hypoxic stress in 

islet encapsulation.  

To date, many trials for oxygen delivery have been reported using oxygen-

generating materials such as solid peroxide. Solid peroxide has been known to 

produce oxygen as well as hydrogen peroxide when reacted with water. Therefore, 

various platforms using polymers encapsulating solid peroxide were developed as 
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delivery systems of oxygen to maintain cell viability under hypoxic conditions and 

to prevent necrosis during ischemia. In particular, poly (d,l-lactide-co-glycolide) 

(PLGA) was mainly applied on microspheres, disks, and scaffolds to develop 

delivery systems for oxygen. When 3T3 fibroblasts are seeded onto oxygen-

generating scaffolds, the production of oxygen from the scaffold appears to 

improve cell viability. For scaffolds containing no oxygen-generating component, 

the metabolic rate remains steady for 5 days, but drops dramatically (~80%) by day 

10 [34, 35]. However, some limitations have been encountered during the process 

of oxygen delivery to the cell. First, intermediate production of solid peroxide and 

hydrogen peroxide (H2O2) via hydrolytic reactions would be problematic because 

hydroxyl radicals may be produced during the period of oxygen generation. Second, 

these kinds of system cannot have enough space for cell transplantation. This 

means that the system can deliver oxygen only to the surrounding cells and tissue. 

Therefore, structures for encapsulating oxygen-generating materials as well as cells 

are required. Another approach for macroencapsulation is the use of planar devices, 

which consist of encapsulated islets immobilized in flat sheets fastened to make a 

sealed chamber. This configuration is believed to provide better stability than fiber 

systems and to improve oxygen diffusion to the cell-containing slabs [36, 37]. Beta 

O2 has been explored as a method to facilitate direct oxygen delivery to the 

encapsulated islets; the devices developed to date involve oxygen supplementation 

via an oxygen chamber that is refilled daily through peripheral connections [38, 39]. 

These beta O2 studies have been successful in rodents and more recently in large 

animals [40]. 

On the other hand, porcine islet transplantation offers the most promising 
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intermediate solution to overcome the critical shortage of organ donors. However, 

the current experimental models do not enable the study of the blood, islets, and 

endothelial interface to investigate adhesive interactions. Currently, microfluidic 

devices have been developed for the study of platelet function, coagulation biology, 

cellular biorheology, adhesion dynamics, and pharmacology. Using microfluidics, 

thrombotic events can be studied on defined surfaces of biopolymers, matrix 

proteins, and tissue factors under a constant flow rate [41]. 

To ameliorate hypoxic damage, an oxygen-generating scaffold was used in this 

study to investigate whether it can improve the viability and insulin secretion 

function of islets in vitro. In addition, a biocompatibility test of the oxygen-

generating scaffold was conducted by implanting the scaffold subcutaneously in 

mice. The immunogenicity of the oxygen-generating scaffold was also evaluated 

by immunotyping in the spleens of the recipient mice. Finally, to investigate the 

impact of the oxygen-generating scaffolds ex vivo, a microfluidic system was 

established by using live cells and shear flow. This system will be a valuable 

method to evaluate the processes contributing to xenograft injury in porcine islet 

xenotransplantation studies in the future [42].  
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1.2. Purpose 

In the present study, to overcome hypoxia-induced damage to islets, a 

hydrolytically activated oxygen-generating scaffold was fabricated in the shape of 

a PDMS-calcium peroxide (PDMS-CaO2) ring. The isolation procedures and 

quality control analysis for the NPCCs were established using standard procedures. 

Then, to evaluate the effect of the oxygen-generating scaffold on the NPCCs, it was 

analyzed whether sustained oxygen generation can improve the viability and 

glucose-stimulated insulin secretion function of the NPCCs in vitro. 

Biocompatibility was tested to determine the potential toxicity resulting from 

bodily contact with an oxygen-generating scaffold in a mouse transplant model. 

The stability, immunogenicity, and local angiogenic potential of the oxygen-

generating scaffold with NPCCs were also examined. In addition, microfluidic 

systems were established using a BioFlux 200 instrumentation and microfluidic 

device-pump system to study the processes contributing to xenograft injury at the 

interface between porcine islets and human blood. Finally, a microfluidic device-

pump system was used to study the effect of the oxygen-generating scaffold on the 

viability and glucose-stimulated insulin secretion of the NPCCs ex vivo. 
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2. Materials and Methods 

2.1. Oxygen-generating scaffold fabrication 

2.1.1. Oxygen-generating scaffold fabrication 

Ring-shaped structures were made by mixing calcium peroxide powder (Sigma-

Aldrich, MO, USA) with PDMS (5:1 vol/vol PDMS monomer/platinum catalyst, 

PTV 615, GE Silicones) and loading into acrylic molds (8 mm diameter, 1 mm 

height). Air bubbles were removed by vacuuming for 10 min, and the structures 

were cured at 60°C for 4 h. The solidified structures were removed from the Petri 

dishes using biopsy punches of 8 mm and 6 mm in diameter. A polycaprolactone 

(PCL) membrane was prepared using a multi-head deposition system printer. A 

PCL granule was melted at 120°C and dispensed in membrane form. Finally, a 

PDMS-CaO2 structure was covered with PCL membrane from top to bottom by 

cementing PDMS. This structure was cured at 50°C for 6 h. All procedures were 

performed in aseptic conditions. The joined structures were cured again at 60°C for 

24 h (Fig. 3). 

 

2.1.2. Measurement of oxygen release 

The concentration of oxygen released from the scaffolds in phosphate buffered 

saline (PBS) was quantified using the Rugged Dissolved Oxygen (RDO® ) Sensor 

(In-Situ®  Inc., CO, USA). Measurements were taken every 15 min for 24 h at room 

temperature at a stirring speed of 100 rpm. Oxygen release was measured in the 

F10 culture medium for a period of up to 30 days (Fig. 4). 

 



９ 

 

2.2. The effect of the oxygen-generating scaffold (in vitro) 

2.2.1. Isolation of porcine neonatal pancreatic cell clusters (NPCCs) 

NPCCs were isolated from 3 to 5 day old piglets (Landrace and Yorkshire), whose 

body weights are around 1.0 to 2.0 kg. NPCCs were isolated according to 

previously established methods with a few modifications [43]. The piglets were 

intramuscularly administered, sequentially, with 0.1 mg/kg azaperon (Stresnil, 

Janssen, Bruxelles, Belgium), 125 mg/kg tiletamine hydrochloride, and zolazepam 

hydrochloride (Zoletil, Virbac, Carros, France). The piglets underwent a 

laparotomic analysis to expose the pancreas by midline incision. The pancreas was 

carefully dissected from its surrounding pylorus, duodenum, and arteries. Particular 

care was taken to avoid bacterial contamination, which can be caused by bowel 

nicking. The pancreas was cut into small pieces (1 to 2 mm³) and washed in Hank’s 

balanced salt solution (HBSS) (Biosesang, Seongnam, Korea) that was 

supplemented with 0.5% penicillin and streptomycin (Invitrogen, Carlsbad, USA), 

0.25% bovine serum albumin (BSA), and 12.5 mM HEPES. The tissue was then 

digested using 1.0 mg/mL collagenase V (Sigma-Aldrich, MO, USA) for exactly 11 

min in a 37C water bath. All digested tissues were vigorously hand shaken for 30 

seconds until their color appeared milk-like. Cold HBSS was added to stop the 

enzyme activity. The digested tissues were centrifuged at 450 × g for 1 min. After 

mild resuspension in F10 media, digested tissues were filtered through a stainless 

steel mesh (500 μm). The filtrate containing the NPCCs was washed twice in 

HBSS. Finally, islet suspensions were cultured in humidified air containing 5% 

CO2 at 37°C incubator in Ham’s F10 medium (Biosesang, Seongnam, Korea) that 
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was supplemented with 10% adult porcine serum (APS), 2% BSA, 0.1% 

ciprofloxacin, and 1% penicillin and streptomycin. Islet suspensions were plated in 

150 mm Petri dishes for 7 days prior to experiments. The culture medium was 

changed every other day. An algorithm was used for the calculation of 150 μm 

diameter islet equivalent number (IEQ) (Fig. 5) [44]. The protocol for animal use 

was approved by the Institutional Animal Care and Use Committee of Seoul 

National University (SNU-151103-1) in accordance with the Guide for the Care 

and Use of Laboratory Animals of Seoul National University.  

 

2.2.2. ATP activity assay 

NPCCs viability was quantitatively analyzed using the Luminescent Cell Viability 

Assay kit (Promega Corporation, Madison, USA). NPCCs (100 IEQ/well in 100 μl 

volume) were dispensed into a 96-well plate. The plate and its contents were 

equilibrated at room temperature. An equal volume of Cell Titer-Glo reagent was 

added and mixed for 2 min to induce cell lysis. Cells were incubated at room 

temperature for 30 min to stabilize the luminescent signal. Luminescence was then 

recorded with a luminescence counter (VICTOR™ Light, PerkinElmer, MA, USA). 

 

2.2.3. Glucose-stimulated insulin secretion (GSIS) assay  

To determine the insulin secretion response rate of isolated NPCCs, a GSIS assay 

was carried out after the cells were cultured for 2 weeks. Isolated islets were 

incubated on varying concentrations of glucose. NPCCs were suspended and pre-

incubated in Krebs Ringer buffered HEPES (KRBB, pH 7.4) for 30 min. NPCCs 
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were consecutively incubated in a low glucose (2.5 mM) buffer, then a high 

glucose (20 mM) buffer in humidified air containing 5% CO2 in a 37C incubator 

for 1 h. Finally, the concentration of secreted insulin protein in the buffer was 

measured using a DIAsource INS-Irma kit (DIAsource ImmunoAssays SA, 

Louvain-la-Neuve, Belgium) [45]. The stimulation index (SI) value was calculated 

by dividing the amount of insulin secreted in the high glucose solution by the 

amount in the low glucose solution [46]. 

 

2.2.4. MIN-6 cell culture 

MIN-6 cells were grown in Dulbecco's modified Eagle's medium (DMEM, 

WelGENE, Daegu, Korea) equilibrated with 5% CO2 and 95% air at 37°C. The 

medium was supplemented with 15% fetal bovine serum (FBS, Gibco® , Life 

Technologies, CA, USA) and 1% Antibiotic-Antimycotic (Gibco® , Life 

Technologies, CA, USA). 

 

2.2.5. MIN-6 cell viability assay  

MIN-6 cells were harvested from a monolayer with 0.25% (w/v) trypsin-EDTA 

(Thermo Fisher Scientific, MA, USA) and counted using 0.4% trypan blue solution 

(Thermo Fisher Scientific, MA, USA). MIN-6 cells were co-cultured with PDMS 

or PDMS-CaO2 scaffolds at a loading density of 2 × 105 cells per scaffold at 

normoxic and hypoxic conditions. Control cells were cultured without scaffolds. 

MIN-6 cells were cultured for 7 days and cell viability was measured at day 1, 2, 3, 

5, and 7 by a CCK-8 assay kit following the manufacturer’s protocol (Dojindo 
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Laboratories, Kumamoto, Japan).  

 

2.2.6. MIN-6 cell proliferation assay 

MIN-6 cells (1 × 105) were incubated for 9 days at normoxic and hypoxic 

conditions. Total protein level of MIN-6 cells was measured using a Bradford assay 

kit (Bio Rad Laboratories. Inc., PA, USA). BSA of Bio-Rad protein assay standard 

II was used as a standard concentration calculation. 

  

2.2.7. Co-culture of NPCCs with PDMS-CaO2 scaffolds 

NPCCs were loaded into 600 μl volume of culture media and pipetted into 

Millicell®  cell culture inserts (Merck Millipore Ltd., Darmstadt, Germany). NPCCs 

in inserts were placed on 24-well plates in culture medium, and were cultured at 

normoxic and hypoxic conditions. A single PDMS-CaO2 scaffold was placed 

beneath the insert, whereas control had neither material nor a PDMS scaffold. 

  

2.2.8. Measurement of caspase 3 and 7 activity 

To measure caspase 3 and 7 activities, approximately 500 IEQ NPCCs were 

cultured for 14 days in normoxic and hypoxic conditions. Caspase 3/7 activity was 

measured at day 7 and 14 using the Caspase-Glo® 3/7 reagent (Promega, WI, USA) 

following the manufacturer’s instructions [47]. After medium was removed from 

each well, sufficient Caspase-Glo® 3/7 reagent was mixed with medium at a 1:1 

ratio. Finally, the caspase 3/7 activity was analyzed using a luminometer 

(VICTOR™ Light, PerkinElmer, MA, USA). Initial readings were determined 
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from wells containing culture medium without cells. 

 

2.2.9. Hypoxic cells staining (IFA) 

Approximately 1,500 IEQ NPCCs were cultured for 3 days under normoxic and 

hypoxic conditions. Hypoxic cells were stained using a HypoxyprobeTM-1 kit 

(Hypoxyprobe, Inc., MA, USA) as described in the manufacturer’s instructions 

[48]. All images were collected using a Leica SP5 spectral confocal microscope, 

and they were analyzed using Imaris 7.7.2 (Bitplane AG, Zürich, Switzerland). 

 

2.2.10. OCR (oxygen consumption rate) assay 

In order to determine the efficiency of the oxygen-generating scaffolds at providing 

supplemental oxygen for cells, oxygen release from the PDMS-CaO2 scaffold 

compared to consumption of oxygen by cells was measured. OCR of NPCCs was 

measured by detecting the phosphorescence lifetime of an oxygen-sensitive probe 

using an oxygen consumption rate assay kit (Cayman, MI, USA). Briefly, NPCCs 

were seeded into 96-well plates at 300 IEQ per well. The dissolved oxygen in the 

media surrounding the cells was measured every 3 min for a total of 1 h. Relative 

fluorescence unit of OCR was calculated using a Spectramax M5 plate reader 

(Molecular Devices, CA, USA) [49]. 

 

2.2.11. ROS (reactive oxygen species) assay 

ROS of NPCCs were measured using CellROX®  Oxidative Stress Reagents 

(Molecular Probes, OR, USA) [50]. NPCCs were seeded into 24 well plates at 
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1,500 IEQ per well. The CellROX®  reagent was added at a final concentration of 5 

μM and NPCCs were incubated for 30 min at 37°C. NPCCs were washed 3 times 

with 1× PBS. Finally, ROS-positive live cells were measured at day 1, 5, and 9. 

NPCC images were collected using a Leica SP5 spectral confocal microscope, and 

they were analyzed using Imaris 7.7.2. 

 

2.3. Biocompatibility of oxygen-generating scaffold (in vivo) 

2.3.1. Experimental animals 

Wild type BALB/c mice (male, 8-10 weeks old) were purchased from RaonBio 

(Yongin, Korea). Prox-1 EGFP BALB/c mice (male, 8-10 weeks old) and Tie-2 

EGFP mice (male, 8-10 weeks old) were received from Dr. Hong of Keck School 

of Medicine at the University of Southern California (Los Angeles, CA, USA) [51]. 

 

2.3.2. Subcutaneous implantation of the oxygen-generating scaffold 

Recipient mice were anesthetized and then shaved. The dorsal skin was lifted 10 

mm vertically by the first line of the scissors, and an incision was made in the 

dorsal skin. An oxygen generating scaffold was placed on the incision, and the 

incision was sutured and sterilized with a disinfectant (povidone-iodine). After 

disinfection, a recipient animal was transferred to a clean cage. The implanted 

device was observed carefully and withdrawn up to 8 months later (Fig. 6). 

 

2.3.3. Subcutaneous implantation of the oxygen-generating scaffold 

containing NPCCs 
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NPCCs (approximately 10,000 IEQ) were transferred into a syringe. NPCCs were 

inserted into the oxygen-generating device by penetrating the needle of the syringe 

into the PDMS-CaO2 structure. Subcutaneous implantation of the oxygen-

generating scaffold was performed as described above (Fig. 6). 

 

2.3.4. Stability test of the oxygen-generating scaffold 

The transformation of the oxygen-generating scaffold was observed in the 

implanted area until 8 months after implantation. Skin tissue with an implanted 

oxygen-generating scaffold was acquired from recipient mice at 2, 4, 6, and 8 

months. Skin tissue with the scaffold was placed in a bright field condition and the 

transformation was observed with an unaided eye. 

 

2.3.5. Blood and lymphatic vessel observation around implanted 

oxygen-generating scaffold 

To see the circulatory system around an implanted device, mice were sacrificed and 

their skin was turned inside out. Skin tissue with an implanted oxygen-generating 

scaffold was separated and loaded onto a stereomicroscope (Model: M165FC, 

Leica, IL, USA) and vessels around the device were observed with or without 

fluorescent light. For measurement of the lymphatic system, oxygen-generating 

scaffolds were implanted into Prox1-EGFP BALB/c mice, a mouse model useful 

for studying the lymphatic system. Blood vessels were observed under a bright 

field filter and lymphatic vessels were observed with a green fluorescent filter. 
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2.3.6. Angiogenesis assay in the tissue surrounding the implanted 

oxygen-generating scaffold 

For the analysis of angiogenesis by oxygen-generating scaffold implantation, mice 

were sacrificed and skin tissue with an implanted oxygen-generating scaffold was 

separated. The number of new vessels inside the scaffold and total length of vessels 

around the scaffold were analyzed using ImageJ (version 1.44, Wayne Rasband, 

USA). 

 

2.3.7. Histological analysis of the oxygen-generating scaffold graft 

Explanted grafts from Tie-2 EGFP mice at 6 months after implantation were fixed 

in 10% formalin and embedded in Technovit 7200 resin (Heraeus Kulzer, 

Wehrheim, Germany). Embedded blocks were grinded down from 100 µm to a 

thickness of 30 µm using diamond band saw blades (Exakt Technology, Wehrheim, 

Germany). Sections were stained using hematoxylin and eosin (H&E). Stained 

nuclei of cells were counted using ImageJ (version 1.44, Wayne Rasband, USA) 

(Fig. 7). 

 

2.3.8. Immunogenicity assay of the oxygen-generating scaffold 

Immune cell phenotypes were analyzed in the spleen of recipient mice after 

implantation of the oxygen-generating scaffold at 2, 4, 6, and 8 months. Immune 

cells were identified by FACS staining with rat anti-CD4-FITC (1:100, BD 

PharmingenTM, CA, USA), rat anti-CD8-PE (1:100, BD PharmingenTM, CA, USA), 

rat anti-F4/80 (1:100, Biolegend, CA, USA), and rat anti-CD19-FITC (1:100, 
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Biolegend, CA, USA). The stained cells were analyzed by Guava®  easyCyte Flow 

Cytometer (Merck Millipore, Darmstadt Ltd., Germany) using FlowJo v10.1 

(FLOWJO, LLC., OR, USA). 

 

2.3.9. Immunogenicity assay of the oxygen-generating scaffold with 

NPCCs 

Immune cell phenotypes were analyzed in the spleen of recipient mice after 

implantation of the oxygen-generating scaffold with or without NPCCs at 2 months. 

Immune cells were identified by FACS staining with rat anti-CD4-FITC (1:100, 

BD PharmingenTM, CA, USA), rat anti-CD8-PE (1:100, BD PharmingenTM, CA, 

USA), rat anti-F4/80 (1:100, Biolegend, CA, USA), and rat anti-CD19-FITC 

(1:100, Biolegend, CA, USA). The stained cells were analyzed by Guava®  

easyCyte Flow Cytometer (Merck Millipore, Darmstadt Ltd., Germany) using 

FlowJo v10.1 (FLOWJO, LLC., OR, USA). 

 

2.4. Microfluidic system establishment (ex vivo) 

2.4.1. Instrumentations 

2.4.1.1. Microfluidic devices fabrication 

An empty disposable paper cup was placed on a scale with appropriate precision 

and poured silicone elastomer base and curing agent in a 10:1 (base:curing agent) 

weight ratio. The silicone elastomer base and curing agent were mixed vigorously 

with a hand mixer for 1 min until PDMS appeared white. The PDMS mixture was 

poured on the mold to form the microchannel layer, and it was poured more in the 
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petri dish to form the bottom layer. The mold and the petri dish containing the 

PDMS mixture were placed in a vacuum desiccator (Model: DOA-P704-AC, Gast 

Manufacturing Inc., MI, USA) for 1 h. After ensuring the absence of air bubbles in 

the PDMS mixture, they were removed from the chamber to complete the 

degassing process. The mold and the petri dish were put in an oven at 70°C for 4 h 

to fully cure the PDMS mixture. The fully cured PDMS was cut from the mold and 

the petri dish with a scalpel and carefully peeled them off. The PDMS blocks were 

cut to the desired shape and size. Holes were pierced through the microchannel 

layer of PDMS with a 2 mm hole-puncher to generate the inlet and outlet ports for 

fluid channel. The surfaces of the PDMS blocks were cleaned by using double-

sided tape. The microchannel PDMS layer and the bottom PDMS layer were placed 

in the plasma chamber (Model: PDC-32G-2, Harrick Plasma Inc., NY, USA) and 

turned on the RF power of the plasma chamber for 3 seconds to apply the oxygen 

plasma. The PDMS blocks were removed from the plasma chamber and they were 

attached together to make the chip. The chip was put in an oven at 50°C for 10 min 

to complete the production of the microfluidic device [52]. Microfluidic devices 

were fabricated at various sizes. There are four kinds of single flow microfluidic 

devices and multi flow device. After pump and microfluidic device connection, a 

leakage test of the channels was performed by perfusion. Both PDMS sheet and 

microscope slide (size: 76 mm × 26 mm × 1 mm, Marienfeld, Lauda-Königshofen, 

Germany) were aligned and attached to each other manually (Fig. 8). 

 

2.4.1.2. BioFlux 200 system 

Microfluidic system was established using a BioFlux 200 (Fluxion Biosciences, 
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South San Francisco, CA, USA). Forty-eight channel low-shear microfluidic plates 

(Fluxion Biosciences, South San Francisco, CA, USA) were used in this study. 

Each channel consists of a proximal inflow well that flows through a short segment 

to the perfusion chamber (width 0.35 mm, height 0.07 mm), which subsequently 

flows to an outflow well. Shear-flow is generated by pneumatic pressure delivered 

to the inflow well such that the perfusate does not recirculate. A plate holder with 

an electric heating element was used for all experiments. Perfusion was controlled 

using a BioFlux 200TM software (version 2.5.0.8.) from a standard desktop 

computer (Fig. 9). 

 

2.4.2. NPCCs dissociation procedure 

First, NPCCs were collected and transferred into a 1.5 ml tube. NPCCs (30 µl of 

cell pellet) were suspended in 200 µl of 0.05% trypsin-EDTA and incubated for 30 

min at 37°C. Dissociated NPCCs were filtrated using a 40 µm cell strainer (Fig. 

28A). Next, NPCCs (30 µl of cell pellet) were suspended in 200 µl 0.05% trypsin-

EDTA solution. They were incubated for 45 min at 37°C. Dissociated NPCCs were 

filtrated with a 12 µm cell strainer (Fig. 28B). Finally, NPCCs (100 µl of cell pellet) 

were suspended in 200 µl 0.05% trypsin-EDTA solution. They were incubated for 9 

min at 37°C while vortexing for 10 sec every 3 min. Dissociated NPCCs were 

filtrated with a 12 µm cell strainer (Fig. 28C). 

 

2.4.3. Human complement dependent cytotoxicity (CDC) to dissociated 

NPCCs 
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Dissociated NPCCs (5 × 105) were added to 100 μl of various samples of diluted 

pooled human serum (Sigma-Aldrich, MO, USA) for 1 h at 37°C. After washing 

twice with 1× PBS, 200 μl of FACS buffer and 5 μl 7-AAD (BD Pharmingen, CA, 

USA) were added to each tube and incubated for 15 min in the dark, and the 

fluorescence was analyzed by FACSCalibur™ using CELLQUEST Pro (Becton 

Dickinson, CA, USA). 

 

2.4.4. Human antibody binding to dissociated NPCCs 

Dissociated NPCCs (5 × 105) were added to 100 μl of various samples of diluted 

pooled human serum (Sigma-Aldrich, MO, USA) on ice for 30 min. After washing 

twice with 1× PBS, dissociated NPCCs were incubated with anti-human IgM APC 

(eBioscience, CA, USA) or anti-human IgG PE (eBioscience, CA, USA) on ice for 

30 min in the dark. The stained cells were analyzed by FACSCalibur™ using 

CELLQUEST Pro. 

 

2.4.5. Human complement activities assay 

Enzyme-linked immunosorbent assay (ELISA) kits were purchased from BD 

Bioscience (San Jose, CA, USA). Human C3a, C4a, and C5a activities were 

measured according to the manufacturer's instructions. Briefly, samples were 

diluted to 1:1000 with sample diluent. All standards and samples were run in 

duplicate and all the reagents and diluted samples were at room temperature (18-

25°C). 50 µl of ELISA diluent was added to each well, followed by the addition of 

100 µl of standard and serum sample to the respective wells. The samples were 
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incubated for 2 h at room temperature. After washing, prepared enzyme concentrate 

was added and incubated for 1 h. After two rounds of washing, the substrate was 

added. Once the color changed, the stop solution was added. The absorbance at 450 

nm was measured using a microplate reader (VersaMax, Molecular Devices, CA, 

USA). 

 

2.4.6. NPCCs viability assay in the channel of the microfluidic device 

Various numbers of NPCCs were seeded into the channel of the microfluidic device 

with 200-μl volume of culture media and cultured for 48 h. NPCCs were then 

harvested from the channel and transferred to a 96-well plate. NPCCs viability was 

measured using a CCK-8 assay kit following the manufacturer’s manual (Dojindo 

Laboratories, Kumamoto, Japan). 

 

2.4.7. Hypoxic marker expression assay in NPCCs 

NPCCs were seeded in the channel of the microfluidic device and then cultured for 

24 h at normoxic conditions. Hypoxic cells were stained using a HypoxyprobeTM-1 

kit following the manufacturer’s instructions [48]. All images were collected using 

a Leica SP5 spectral confocal microscope and were analyzed using Imaris 7.7.2. 

 

2.5. The effect of the oxygen-generating scaffold (ex vivo) 

2.5.1. Dissociated NPCCs seeded into the channel of a low-shear plate 

Channels were coated with 0.1 mg/mL bovine plasma fibronectin (Sigma-Aldrich, 

MO, USA) in 1× PBS by perfusion at 4 dynes/cm2 (shear rate 100/s) for 5 min. 
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After 1 h incubation at room temperature, the channels were washed with F10 

medium at 2 dynes/cm2 for 10 min. Dissociated NPCCs (5 × 105 cells) were seeded 

into the outlet well of a low-shear microfluidic plate (Fluxion Biosciences, South 

San Francisco, CA, USA). They were perfused at 2 dynes/cm2 into the channels, 

followed by a 60-second pause to allow initial attachment. 600 µl of F10 medium 

was introduced to the outlet wells and 400 µl of medium was introduced to the inlet 

wells to nourish the channels by gravity flow. The plate was incubated for 5 days, 

and the channels were used at 100% confluence as confirmed by bright field 

microscopy. 

 

2.5.2. Dissociated NPCCs viability assay 

For measuring the viability of dissociated NPCCs on the channel of a low-shear 

microfluidic plates (Fluxion Biosciences, South San Francisco, CA, USA), the F10 

medium with CCK-8 solution was introduced to the inlet and outlet wells. After 2 h 

incubation, F10 medium was harvested from the channel then transferred into a 96-

well plate. NPCCs viability was determined by measuring the OD value at 450 nm 

using a microplate reader (VersaMax, Molecular Devices, CA, USA). 

 

2.5.3. NPCCs viability assay in the channel of microfluidic device (A2) 

To check the effect of the oxygen-generating scaffold on NPCCs viability, NPCCs 

were cultured on PDMS-CaO2 and PDMS scaffolds under normoxic and hypoxic 

conditions for 48 h. NPCCs (approximately 1,000 IEQ) were injected with 20 µl 

volume of F10 media into the PDMS scaffold and PDMS-CaO2 scaffold by using 
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insulin syringes. Subsequently, 200 µl volume of F10 media were added into the 

microfluidic device inner area (Fig. 10). Wet tissues were inserted behind the 

microfluidic device to maintain optimal humidity and to dry out when incubated 

under normoxic and hypoxic conditions at 37°C. F10 media containing NPCCs 

were harvested to measure the viability using the CCK-8 assay. NPCCs and culture 

media (100 μl/well) were seeded into 96-well plates with control (blank) wells 

containing medium without NPCCs. The plates were pre-incubated in a humidified 

incubator for 30 min, then 10 μl of the CCK-8 solution was added to each well, and 

the plates were incubated for 3 h in the dark at 37°C. The absorbance at 450 nm 

was measured by a micro plate reader (VersaMax, Molecular Devices, CA, USA). 

 

2.5.4. GSIS assay of NPCCs in the channel of microfluidic device (A2) 

Insulin secretion function was assessed by static glucose-stimulated insulin release 

of NPCCs of 250 IEQ that were cultured at normoxic or hypoxic conditions for 24 

h. SI values expressed as insulin secretion index, which is insulin secretion fold in 

high (20 mM) glucose solution compared to low (2.5 mM) glucose solution. 

 

2.6. Statistical analysis 

One-way ANOVA followed by a Bonferroni comparison test was performed for 

statistical analyses. Data were presented as the mean ± SEM and P value of less 

than 0.05 was considered significant. All analyses were performed using GraphPad 

Prism®  (Version 6.01; GraphPad, CA, USA).  
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3. Results 
3.1. Oxygen-generating scaffold fabrication 

3.1.1. Oxygen-generating scaffold fabrication 

The oxygen-generating scaffold was designed and developed in the shape of a 

PDMS-calcium peroxide (PDMS-CaO2) ring (Fig. 11A). The strength of the 

oxygen-generating scaffold with different ratios of CaO2 were analyzed. PDMS-

CaO2 scaffolds containing 25, 50, and 75% CaO2 w/w were incubated in 1× PBS. 

The results indicate an increase in strength as the CaO2 ratio increased (Fig. 11B).  

 

3.1.2. Released oxygen measurement 

Released oxygen concentration was measured in 1× PBS under the range of 

normoxic and hyperoxic conditions (0.25-0.35 mM). There was a burst of oxygen 

released after 50 min, and sustained oxygen generation was observed for 24 h from 

a single scaffold (Fig. 11C). 

 

3.2. The effect of the oxygen-generating scaffold (in vitro) 

3.2.1. Quality control of NPCCs 

Isolated NPCC morphology was observed after culturing for 1, 4, and 7 days in 

vitro by microscopic visual inspection (Leica DFC 295) (Fig. 12A). Measurement 

of intracellular ATP content has been demonstrated to be a simple and reliable 

indicator of cell viability, including the viability of islet cells [53]. A cell viability 

assay was carried out by quantitative assessment of ATP in 7 day old cultures. 
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Luminescence value indicates the metabolic activity of the cells (Fig. 12B). In 

addition, GSIS of isolated NPCCs was performed to evaluate the influence in 

response to different concentrations of glucose. When isolated NPCCs were 

sequentially incubated in a low glucose solution (2.5 mM) or high glucose solution 

(20 mM) for 1 h, the pattern of their insulin secretion was very similar. The SI 

values were calculated by dividing the amount of insulin secreted at high glucose 

by the amount of insulin secreted at low glucose. The SI values of untreated islets 

were sufficiently able to respond to glucose stimulation. We found the insulin 

secretion level to be around 1 to 1.5, which represents a threshold of 

responsiveness towards different glucose concentration (Fig. 12C). NPCCs 

isolation yields, summarized in Table 1, indicate that approximately 12,000 IEQ 

NPCCs can be isolated per gram of pancreas tissue. Every isolated NPCC had 

stable metabolic activity, viability, and functionality.  

 

3.2.2. Cell viability and proliferation assay of MIN-6 cells 

To compare the viability of cells cultured on PDMS-CaO2 scaffolds and PDMS 

scaffolds, MIN-6 cells (2 × 105 cells/well, n = 9) were cultured for 7 days at 

normoxic (0.2 mM) and hypoxic (0.01 mM) conditions with or without a PDMS-

CaO2 scaffold. The viability of MIN-6 cells increased within constructs containing 

the PDMS-CaO2 scaffold. A single PDMS-CaO2 scaffold was placed with MIN-6 

cells containing either control (no material) or a PDMS scaffold. The PDMS-CaO2 

scaffold group had higher viability than the control and PDMS scaffold-only 

groups (Fig. 13A). The effect of the PDMS-CaO2 scaffold on the proliferation of 
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MIN-6 cells under normoxic and hypoxic conditions were investigated by 

incubating MIN-6 cells (1 × 105 cells per well) with a PDMS or PDMS-CaO2 

scaffold for 9 days. As expected, total protein increased in the cells with PDMS-

CaO2 scaffolds at a level equivalent to more than two fold higher than control (Fig. 

13B). 

 

3.2.3. NPCCs viability and apoptosis-related caspase 3 and 7 activity 

assay 

NPCCs were injected using a syringe into oxygen-generating scaffolds (Fig. 14). 

NPCCs were placed on 96-well plates in culture medium (150 IEQ/well, n = 10), 

and were cultured for 7 days at normoxic (0.2 mM) and hypoxic (0.01 mM) 

conditions with or without a PDMS-CaO2 scaffold. The viability of NPCCs 

increased within constructs containing the PDMS-CaO2 scaffold. A single PDMS-

CaO2 scaffold was placed with NPCCs containing either control (no material) or a 

PDMS scaffold. PDMS-CaO2 scaffold group had higher viability, per CCK-8 assay, 

than control and PDMS scaffold-only group (Fig. 15A). These results highlight the 

potential of the scaffold at enhancing islet viability. For the caspase activity assay, 

NPCCs (300 IEQ/well, n = 5) were cultured for 14 days at normoxic (0.2 mM) and 

hypoxic (0.01 mM) conditions with or without a PDMS-CaO2 scaffold. The 

activity level of caspase 3 and 7 in the CaO2 scaffold group was lower than the 

control or PDMS groups. As a result, PDMS-CaO2 prevented hypoxia-induced cell 

death for NPCCs (Fig. 15B).  
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3.2.4. Hypoxic cells assessment 

Hypoxic cells were assessed by Hypoxyprobe-1 (Hyp-1, Pimonidazole 

Hydrochloride) staining. Pimonidazole binds to thiol-containing proteins 

specifically in hypoxic cells. Hyp-1 expression level was reduced in the PDMS-

CaO2 group under hypoxic condition. However, no significant change in expression 

of Hyp-1-positive cells was observed under normoxic condition (Fig. 16A). The 

percentage of Hyp-1-positive cells was decreased in NPCCs with the PDMS-CaO2 

scaffold at day 3 (Fig. 16B).  

 

3.2.5. OCR (oxygen consumption rate) in NPCCs 

Towards determining if the oxygen-generating scaffolds provide supplemental 

oxygen for NPCCs, OCR were assessed in NPCCs incubated for 3 days into the 

PDMS or PDMS-CaO2 scaffold. The OCR in the control and PDMS group was 

consistently low for 1 h; however, when the NPCCs were added into the PDMS-

CaO2 scaffold, OCR increased gradually, with some differences observed between 

individual trials. Most of the PDMS-CaO2 group had a higher level of OCR than 

control and PDMS group at day 3 (Fig. 17). The results indicate that the PDMS-

CaO2 scaffold can supply enough oxygen to increase the survival of NPCCs in 

hypoxia. 

 

3.2.6. ROS expression level of NPCCs 

NPCCs were stained with the CellROX®  Reagent at day 1, 5, and 9 as described in 

Materials and Methods. ROS levels were increased in control and PDMS groups 
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under normoxic and hypoxic conditions at day 5 and 9. However, the PDMS-CaO2 

group had lower ROS expression at day 1 compared to day 5 and day 9 (Fig. 18A). 

These results suggest that ROS levels decrease in NPCCs of the PDMS-CaO2 

scaffold at day 1 (Fig. 18B). 

 

3.2.7. Glucose-stimulated insulin secretion (GSIS) assay 

Insulin secretion function of NPCCs was analyzed by measuring static glucose-

stimulated insulin secretion. NPCCs were cultured under normoxic and hypoxic 

conditions in the PDMS or PDMS-CaO2 scaffolds for 14 days. The results indicate 

a benefit of the presence of PDMS-CaO2 scaffold under hypoxic condition (Fig. 

19). 

 

3.3. Biocompatibility of oxygen-generating scaffold (in vivo) 

3.3.1. Stability test of the oxygen-generating scaffold 

The oxygen-generating scaffold was implanted in the subcutis of mice as described 

in Materials and Methods (Fig. 20A). Then they were extracted from the mice at 2, 

4, 6, and 8 months after implantation. Although oxygen-generating scaffold 

transformation was not identified until 8 months after implantation, PCL 

membranes became transparent at 8 months after the oxygen-generating scaffold 

implantation (Fig. 20B). 

 

3.3.2. Angiogenesis and stabilization of vessels around scaffold graft 

New blood vessels were observed around oxygen-generating scaffold graft (Fig. 
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21A); however, lymphatic duct was only partially observed with weak expression 

of GFP in prox-1 EGFP BALB/c mice (Fig. 21B). The number and total length of 

vessels in the oxygen-generating scaffold graft were calculated using ImageJ (Fig. 

21C-D). Although the number of vessels was gradually reduced in 8-month grafts 

compared to the 2-month ones, the total length of the vessels increased from 2 to 6 

months, and then decreased from 6 to 8 months (Fig. 21E-F). 

 

3.3.3. Histological analysis of the oxygen-generating scaffold graft 

Cellular infiltration was measured in skin tissue at 6 months after oxygen-

generating scaffold implantation. An oxygen-generating scaffold graft block was 

prepared (Fig. 22A). H&E staining revealed thin cellular infiltration into the 

oxygen-generating scaffold graft (Fig. 22B). To count the number of infiltrated 

immune cells around the scaffold, regions of interest (ROI) were captured 

randomly as shown in Fig. 23A (red box). Using ImageJ, the nuclei of the immune 

cells were counted for every ROI (Fig. 23B). 

 

3.3.4. Immunogenicity assay of the oxygen-generating scaffold graft 

Immune cell phenotyping in the spleen of recipient mice was analyzed by FACS 

after oxygen-generating scaffold implantation. There was no change in expression 

level among CD4+ T cell, CD8+ T cell, CD19+ B cell, and F4/80+ macrophages in 

experimental groups (2, 4, 6, and 8 months) compared to control (0 month) (Fig. 

24). 
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3.3.5. Immunogenicity assay of oxygen-generating scaffold with 

NPCCs graft 

Immune cell phenotyping in the spleen of recipient mice was analyzed by FACS 

at 2 months after oxygen-generating scaffold implantation. There was no 

difference in the expression level of CD4+ T cell, CD8+ T cell, CD19+ B cell, and 

F4/80+ macrophages between the oxygen-generating scaffold transplanted group 

without or with NPCCs compared to control (Fig. 25). 

 

3.4. Establishment of microfluidic system (ex vivo) 

3.4.1. NPCCs viability in the channel of microfluidic device (A2) 

NPCCs were seeded in the channel of microfluidic device (A2). After 24 h 

incubation, NPCCs were placed in 96-well plate for the CCK-8 assay. The viability 

of NPCCs increased with groups of 3,000 IEQ NPCCs and fewer; however, the 

groups with greater than 3,000 IEQ NPCCs had an unstable pattern with no relation 

with the other amounts of NPCCs (Fig. 26). 

 

3.4.2. Hyp-1-positive cells expression in the channel of microfluidic 

device (A2) 

Hyp-1-positive cells were not expressed in groups with 1,000 IEQ, 2,000 IEQ, and 

3,000 IEQ NPCCs. However, the amount of Hyp-1-positive cells increased with 

seeding groups greater than 5,000 IEQ NPCCs (Fig. 27). 

 

3.4.3. Monolayer attachment of dissociated NPCCs  
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NPCCs were collected and transferred into a 1.5 ml tube. NPCCs (100 µl) were 

suspended with 200 µl 0.05% trypsin-EDTA and incubated for 9 min in a 37°C 

water bath while vortexing for 10 sec every 3 min to separate into single cells. 

Dissociated NPCCs were filtrated with a 12 µm cell strainer (Fig. 28). Dissociated 

NPCCs were perfused from the outlet well (Fig. 29B) into the channels (flow 

direction; Fig. 29C  Fig. 29D  Fig. 29A), and dissociated NPCCs were seeded 

as a monolayer in the channels (Fig. 29). 

 

3.4.4. Human complement dependent cytotoxicity (CDC) to 

dissociated NPCCs 

Human CDC to dissociated NPCCs were measured using pooled human sera at 

various concentrations (0, 10, 20, and 40%). At serum concentrations of 10 and 

20%, there was significantly lower CDC in the ex vivo model compared to in 

vitro. However, there was no significant difference in CDC of 40% serum in both 

groups. These results indicate that the greater lysis of dissociated NPCCs in vitro 

is due to the presence of xenogeneic antibodies. CDC was also significantly 

increased at serum concentrations greater than 10% in vitro (Fig. 30). 

 

3.4.5. Human antibody binding to dissociated NPCCs 

Human IgM and IgG binding to dissociated NPCCs were measured using pooled 

human sera at various concentrations (0, 10, and 20%). Relative mean MFI of 

human IgM and IgG to dissociated NPCCs was slightly increased by the addition 

of serum compared to 1× PBS. There was a difference in IgM and IgG binding 
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between the in vitro (Fig. 31A) and ex vivo (Fig. 31B) experiments. Levels of both 

IgM and IgG MFI were low in the ex vivo experiment compared to in vitro. 

 

3.4.6. Human C3a, C4a, and C5a activities to dissociated NPCCs 

Complement activities to dissociated NPCCs were increased in a serum concentration-

dependent manner. Levels of C3a and C4a were lower at 20 and 40% serum in vitro 

compared to the ex vivo assessment (Fig. 32A-D). C5a levels increased slightly in 

vitro (Fig. 32E); however, there was no sign of significant associations in the ex vivo 

experiments (Fig. 32F). 

 

3.5. The effect of the oxygen-generating scaffold (ex vivo) 

3.5.1. Dissociated NPCCs viability under normoxic and hypoxic 

conditions 

Dissociated NPCCs were cultured under normoxic and hypoxic conditions for 5 

days. From day 2 to day 3, there were no increase in NPCCs viability in the 

PDMS-CaO2 group compared to control or the PDMS group. However, cell 

viability increased in the PDMS-CaO2 group at day 5 compared to control and 

PDMS group under normoxic and hypoxic conditions (Fig. 33). 

 

3.5.2. NPCCs viability in the PDMS and PDMS-CaO2 scaffold of 

microfluidic device (A2) 

NPCCs were injected in the PDMS and PDMS-CaO2 scaffold, and then cultured for 

48 h under normoxic and hypoxic conditions. The PDMS-CaO2 group had greater 
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cell viability compared to the PDMS group under normoxic and hypoxic conditions. 

A similar rate of cell viability was observed in the PDMS-CaO2 group between 

normoxic and hypoxic conditions (Fig. 34). 

 

3.5.3. GSIS assay of NPCCs in the channel of microfluidic device (A2) 

NPCCs were injected in the PDMS and PDMS-CaO2 scaffold and then cultured for 

24 h under normoxic and hypoxic conditions. Insulin secretion function was 

assessed by static glucose-stimulated insulin release on NPCCs of 250 IEQ that 

were cultured under normoxic and hypoxic conditions for 24 h. The PDMS and 

PDMS-CaO2 scaffold group had a greater disparity in insulin secretion under 

normoxic condition compared to hypoxic condition (Fig. 35). 
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Figure 1. Encapsulation concepts 

Encapsulation of islets become a barrier for the protection from immune responses. 

As described above, islets encapsulation can be classified into microencapsulation 

(A) and macroencapsulation (B) according to their structure size.   
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Figure 2. Type of macroencapsulation devices 

Macroencapsulation can be classified into intravascular (A) and extravascular (B). 

Several forms were developed such as hollow fiber, porous scaffold, planar pouch, 

tube, and sheet.
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Figure 3. Fabrication procedures of the oxygen-generating scaffold  

(A) A hydrolytically activated oxygen-generating scaffold was designed and 

developed in the shape of a PDMS-calcium peroxide (PDMS-CaO2) ring as 

described in Materials and Methods. (B) Image of PDMS-CaO2 scaffold. (C) 

Oxygen generation process via hydration of solid peroxide in PDMS-CaO2 scaffold. 

Oxygen-generating scaffolds were supplied by Prof. Cho of POSTECH. 
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Figure 4. Measurement of oxygen release from the oxygen-generating scaffold 

Released oxygen concentration from the scaffolds in 1× PBS was quantified using 

the Rugged Dissolved Oxygen (RDO® ) Sensor (In-Situ®  Inc., CO, USA). 

  



３８ 

 

 

Figure 5. Diagram of NPCCs isolation and quality control (QC) procedures 

Pancreas was extracted from 5-day-old neonatal pig. NPCCs were isolated from 

the extracted pancreas using a Collagenase V enzyme. After NPCCs isolation, 

NPCCs were cultured for 7 days and their morphology was observed daily until 

day 7. Total numbers of NPCCs (IEQ) were counted and NPCCs isolation yield 

was calculated per piglet and per gram of pancreas weight. Isolated NPCCs were 

tested for quality control (QC) such as ATP activity assay, CCK-8 assay, and 

glucose-stimulated insulin secretion assay at day 7. Quality control was 

performed for every sample. 
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Figure 6. Subcutaneous implantation of the oxygen-generating scaffold 

(A-B) Recipient mice were anesthetized and shaven. (C) An incision was made in 

the dorsal skin. (D-E) The oxygen-generating scaffold was inserted in the incision. 

(F) An incision was sutured and sterilized with a disinfectant.  
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Figure 7. Flow chart of histological analysis of the oxygen-generating scaffold 

graft 

Grafts were harvested and fixed in 10% formalin and embedded in Technovit 7200 

resin. Embedded blocks were grinded by diamond band saw blades. Sections were 

stained using H&E. Cells with stained nuclei were counted using ImageJ. 
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Figure 8. Microfluidic devices design and microfluidic system establishment  

(A) Design of various microfluidic devices. (B) Real size and images of 

manufactured microfluidic devices used in this study. (C) Leakage tests of the 

channels were performed for 4 h before every experiment. Microfluidic devices 

were supplied from Prof. Kim of SNUH. 
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Figure 9. Microfluidic system establishment (BioFlux 200) 

(A) BioFlux 200 components. (B) Image of microfluidic system establishment.  
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Figure 10. Images of scaffold with NPCCs in the channel of microfluidic 

device (A2) 

(A) PDMS scaffold with NPCCs seeded into the channel of microfluidic device 

(A2). (B) PDMS-CaO2 scaffold with NPCCs seeded into the channel of 

microfluidic device (A2). 
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Figure 11. Oxygen-generating scaffold fabrication 

(A) Photograph and concept of oxygen-generating scaffolds (8 mm diameter; 1 mm 

height). The scaffolds were composed of PCL membrane and ring-shaped 

structures made of PDMS-CaO2. (B) Strength test of the oxygen-generating 

scaffold by the addition of CaO2. (C) Photograph of the PDMS-CaO2 complex and 

released oxygen measurements at various CaO2 concentrations. Released oxygen 

concentration from the scaffolds in 1× PBS was quantified using the RDO®  sensor. 

Measurements were performed at room temperature using a stirring bar at a speed 

of 100 rpm over 24 h. These data were provided by Prof. Cho of POSTECH. 
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Figure 12. NPCCs morphology and quality control 

(A) Morphology of NPCCs in culture at day 1, 4, and 7 (scale bar: 100 µm). (B) 

Metabolic activity of isolated NPCCs at day 7. NPCCs (100 IEQ/well in 100 µl 

volume of culture medium) were dispensed into a 96-well plate. Luminescent 

signals indicate the presence of metabolically active cells. Representative data is 

shown (n = 20). (C) Glucose-stimulated insulin secretion of NPCCs at day 14. 

NPCCs were consecutively incubated in low glucose (2.5 mM) and high glucose 

(20 mM) containing KRBB buffer (n = 5). Data indicate insulin SI from 1 to 1.5. 

Representative data is shown (n = 20). 
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Figure 13. MIN-6 cells viability and proliferation assay 

(A) CCK-8 assay. MIN-6 cells (2 × 105 cells per well) were cultured for 7 days at 

0.2 mM (normoxic, left) or 0.01 mM (hypoxic, right) oxygen tensions with or 

without a PDMS-CaO2 scaffold. MIN-6 cells viability increased within constructs 

containing PDMS-CaO2 scaffolds. (B) Cells proliferation assay. MIN-6 cells were 

incubated under normoxic and hypoxic conditions for 9 days and assessed for total 

protein. The addition of a PDMS-CaO2 disk under hypoxic culture condition 

resulted in a significant increase in total protein. These results indicate a benefit of 

the presence of the oxygen-generating material under hypoxic condition. *: P < 

0.05, **: P < 0.01, ***: P < 0.001. All P values are versus controls or PDMS 

groups, and are expressed as mean ± SEM.  
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Figure 14. A diagram of NPCCs injection method using a syringe into the 

oxygen-generating scaffold  

Oxygen-generating scaffold was fabricated as described in Fig. 1a. A membrane 

was fabricated by polycaprolactone (PCL) using a multi-head deposition system 

(MHDS) by 3D printing. Pore size was 70 µm and membrane thickness was 200 

µm, and total weight was approximately 90 mg. After PDMS covering on the upper 

face of the PDMS-CaO2 material, PCL membranes was attached to ring shaped 

PDMS-CaO2 material (outer circle diameter: 8 mm, thickness: 2 mm, height: 1 

mm). For the in vitro assay, NPCCs (approximately 150 µm) were injected into the 

oxygen-generating scaffold using a syringe (needle diameter: 300 µm) and then 

NPCCs viability and insulin secretion function were analyzed in this study. 
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Figure 15. NPCCs viability and apoptosis-related caspase 3 and 7 activity 

assay 

(A) A CCK-8 assay was performed. NPCCs viability was increased in PDMS-CaO2 

scaffold group. The cells had higher viability than controls under hypoxic 

conditions at 1, 2, and 5 days in culture. The advantage and benefit of the PDMS-

CaO2 scaffold was demonstrated by an enhancement in NPCC viability. (B) A 

caspase 3 and 7 activity assay was performed. The addition of PDMS-CaO2 

scaffold resulted in a significant decrease in caspase activity. The PDMS-CaO2 

scaffold prevents hypoxia-induced cell apoptosis for NPCCs at day 7 and day 14. *: 

P < 0.05, **: P < 0.01, ***: P < 0.001. All P values compare the treatment group 

with controls or PDMS groups, and values are expressed as mean ± SEM.  
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Figure 16. Hypoxic cells assessment in NPCCs co-cultured with PDMS-CaO2 

scaffolds 

(A) Confocal images of hypoxic cells are shown. NPCCs (1,500 IEQ) were 

cultured for 3 days under normoxic and hypoxic conditions with or without the 

PDMS-CaO2 scaffold, then stained with DAPI (nuclei, blue) and anti-Hyp-1 

antibodies (red) (scale bar = 50 μm). (B) Statistical analysis of hypoxic positive 

cells is shown. There is a lower incidence of cells showing signs of hypoxia in the 

PDMS-CaO2 group than the control group (*: P < 0.05). All P values are versus 

controls or PDMS groups, and are expressed as mean ± SEM. 
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Figure 17. OCR (oxygen consumption rate) in NPCCs 

Oxygen levels were monitored for 300 IEQ NPCCs incubated for 3 days with or 

without the PDMS-CaO2 scaffold. The OCR in the control and PDMS group was 

consistently low over a period of 1 h. On the other hand, the OCR of most of the 

PDMS-CaO2 group was increased under normoxic and hypoxic condition.  
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Figure 18. ROS (reactive oxygen species) expression level of NPCCs 

(A) Confocal imaging of ROS positive cells at day 1, 5, and 9. Images were taken 

by Leica SP5 spectral confocal microscope (scale bar = 100 μm). (B) Statistical 

analysis of ROS-positive expression (%) at day 1 (Imaris 7.7.2) indicates that ROS-

positive expression of the PDMS-CaO2 group was lower than the control group at 

day 1 (**: P < 0.01). All P values compare treatment to control or PDMS groups, 

and are expressed as mean ± SEM. 
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Figure 19. Glucose-stimulated insulin secretion of NPCCs 

Insulin secretion was assessed by static glucose-stimulated insulin release from 300 

IEQ NPCCs cultured under normoxic or hypoxic conditions for 14 days. SI values 

are expressed as the insulin secretion index, which indicates fold change in insulin 

secretion in high (20 mM) glucose solution compared to low (2.5 mM) glucose 

solution. 
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Figure 20. Stability test of the oxygen-generating scaffold 

(A) Image of recipient mouse after oxygen-generating scaffold implantation (◀; 

oxygen-generating scaffold). (B) Oxygen-generating scaffold images in the skin of 

mice at 2, 4, 6, and 8 months after oxygen-generating scaffold implantation.  
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Figure 21. Angiogenesis and stabilization of vessels around scaffold 

(A) Representative images of new vessels in prox-1 EGFP BALB/c mice. (B) 

Representative images of lymphatic duct (green fluorescence) in prox-1 EGFP 

BALB/c mice. (C) Image illustrating the analysis of the number of vessels inside 

the oxygen-generating scaffolds at 2, 4, 6, and 8 months after implantation. (D) 

Image demonstrating the analysis of the total length of the vessels around oxygen-

generating scaffolds at 2, 4, 6, and 8 months after implantation. (E) Statistical 

analysis of vessel numbers inside the oxygen-generating scaffolds. (F) Statistical 

analysis of total length of vessels around oxygen-generating scaffolds. 
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Figure 22. Histological analysis of the oxygen-generating scaffold graft 

(A) Image of oxygen-generating scaffold graft block. (B) Histological 

observation of oxygen-generating scaffold graft of Tie-2 EGFP BALB/c mice at 

6 months after implantation (H&E staining).  
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Figure 23. Analysis of the infiltrated immune cells around the oxygen-

generating scaffold 

(A) Infiltrated immune cells were counted around the scaffold implantation 

region of Tie-2 EGFP BALB/c mice. ROI (0.4 × 0.4 mm2) was selected 

randomly in the images. (B) Statistical analysis of the number of infiltrated 

immune cells in oxygen-generating scaffold only compared to oxygen-

generating scaffold with NPCCs (Aver ±  SD; 36.5 ±  25.76 vs 452.5 ±  124.88, n = 

10). 
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Figure 24. Immune cell phenotyping in the spleen of the oxygen-generating 

scaffold implanted mice 

Expression level of immune cell populations in the spleen of the experimental 

group was compared with control. There was no difference in the percentage of 

CD4+ T cell, CD8+ T cell, CD19+ B cell, or F4/80+ macrophage between the 

experimental group and control.  
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Figure 25. Immune cell phenotyping in the spleen of the oxygen-generating 

scaffold with NPCCs implanted mice 

The population of CD4+ T cells, CD8+ T cells, CD19+ B cells, and F4/80+ 

macrophages was not increased in the experimental group compared to control at 

2 months. 
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Figure 26. NPCCs viability in the channel of microfluidic device (A2) with 

varying amounts of NPCCs 

A CCK-8 assay was performed. NPCCs viability increased as amount of cells 

increased, and peaked at 3,000 IEQ. Groups with greater than 3,000 IEQ NPCCs 

had an unstable pattern in the OD value at 450 nm due to the increase in the 

amount of NPCCs. Two experiments were performed independently, and each 

experiment was performed in triplicate. 
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Figure 27. Hyp-1-positive cells expression in the channel of microfluidic device 

(A2) with varying amounts of NPCCs 

Confocal images of hypoxic cells are shown. Various amounts of NPCCs were 

cultured for 24 h in the channel of microfluidic device (A2). NPCCs were stained 

with DAPI (nuclei, blue) and anti-Hyp-1 antibodies (red) (scale bar: 50 µm). 

Groups with greater than 5,000 IEQ NPCCs had evidence of hypoxic cells. 
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Figure 28. An optimized three-step procedure for NPCCs dissociation 

An optimized three-step procedure for NPCCs dissociation was established. 

Results shown followed methods of step I (A), step II (B), and step III (C) for 

the trypsin-EDTA treatment and filtration method as described in Materials and 

Methods Section 2.4.2. 
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Figure 29. Layout of channel and detailed images of a microfluidic plate for 

monitoring xenogeneic immune responses of human serum against dissociated 

NPCCs 

Monolayer attachment of dissociated NPCCs were performed in a channel. 

Dissociated NPCCs were perfused from the outlet well (B) into the channels (flow 

direction: C  D  A), where they were cultured to stabilize for 12-24 h (scale 

bar: 100 µm).  
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Figure 30. Human complement dependent cytotoxicity (CDC) to dissociated 

NPCCs 

CDC to dissociated NPCCs was measured using pooled human sera at various 

concentrations (0, 10, 20, and 40%). Cytotoxicity of human serum to dissociated 

NPCCs was increased in vitro (A) and ex vivo (B). However, the lysis of 

dissociated NPCCs was lower with treatment to 10 and 20% serum in the ex vivo 

group compared to the in vitro group.  
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Figure 31. Human serum mediated antibody binding to dissociated NPCCs 

IgM and IgG binding to dissociated NPCCs were measured using pooled human 

sera at various concentrations (0, 10, and 20%). Human IgM and IgG antibody 

binding to NPCCs was measured by FACS. (A) Human IgM and IgG was able to 

bind to dissociated NPCCs in a serum concentration-dependent manner in vitro. 

There was a reduction in human IgM and IgG binding in the ex vivo experiment 

compared to in vitro. Neither experimental group had any IgM nor IgG binding in 

1× PBS. 
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Figure 32. Human C3a, C4a, and C5a activities to dissociated NPCCs 

Complement activities to dissociated NPCCs increased in a serum concentration-

dependent manner. Increased concentrations of C3a, C4a, and C5a were found 

both in vitro (A, C, and E) and ex vivo (B, D, and F). C3a and C4a concentration 

was lower in 20 and 40% serum in vitro compared to ex vivo (A-D). C5a 

concentration increased slightly in vitro (E); however, there were seen no 

significant association in the ex vivo experiment (F). 



６９ 

 

 

Figure 33. Dissociated NPCCs viability under normoxic and hypoxic 

conditions  

Dissociated NPCCs were cultured in normoxic (A) and hypoxic (B) conditions 

for 5 days. NPCCs viability was assessed at day 2, day 3, and day 5. From day 1 

to day 3, cell viability did not differ between the PDMS-CaO2 group and either 

control or the PDMS group. However, cell viability increased in the PDMS-CaO2 

group compared to control and PDMS group at day 5. 
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Figure 34. NPCCs viability in the channel of microfluidic device (A2) in 

PDMS or PDMS-CaO2 scaffold group 

(A) Cell viability increased in the PDMS-CaO2 group compared to PDMS at day 

1; however, there was no difference at day 2 in normoxic condition. (B) Cell 

viability of the PDMS group was reduced slightly in relation to the incubation 

period. On the other hand, the PDMS-CaO2 group had a greater increase in cell 

viability than the PDMS group in hypoxic condition over the course of 2 days. 
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Figure 35. Glucose-stimulated insulin secretion of NPCCs in the channel of 

microfluidic device (A2) in PDMS or PDMS-CaO2 scaffold group 

Glucose-stimulated insulin secretion of NPCCs was increased in the PDMS-CaO2 

group compared to the PDMS group at day 1 under normoxic condition. The PDMS-

CaO2 group had a slight increase in SI value than the PDMS group at day 1 under 

hypoxic condition. 
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Table 1. NPCCs isolation yield 
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4. Discussion 

Previous reports showed the effect of oxygen on insulin secretion from isolated 

islets indicate that hypoxia most likely affects insulin secretion via reduced 

intracellular ATP concentration and support the concept of ATP-gated K+ channels 

and energy-dependent microtubule transport of secretion vesicles [53]. It has 

previously been reported that cells within a bioengineered material that are more 

than a few hundred microns away from a blood vessel cannot survive because of 

diffusion limitations associated with lack of oxygen and nutrient diffusion, and 

these ultimately lead to cell and tissue damage [54]. This has been a critical 

limiting factor in functional tissue development for human applications [55].  

In this study, an oxygen-generating scaffold was fabricated using PDMS and 

CaO2 (Fig. 11A). The strength of the oxygen-generating scaffold depended on the 

CaO2 mixed ratio (Fig. 11B). The concentration of the oxygen released from a 

single oxygen-generating scaffold was sustained for 24 hours (Fig. 11C). The 

released oxygen bubble was continued over 30 days with the unaided eye in vitro.  

To study the effect of the oxygen-generating scaffold on the viability and 

function of the NPCCs, the NPCCs isolation procedures were standardized through 

various trials where in the NPCCs were isolated by standard procedures and the 

quality of the islets after each isolation was confirmed. The NPCCs isolated using 

this method showed values above the standard in the ATP activity assay and 

glucose-stimulated insulin secretion function (Fig. 12). The viability of the MIN-6 

cells increased until day 3 compared to the controls under normoxic conditions; 

however, the PDMS-CaO2 group showed higher viability than the controls for 7 
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days under the hypoxic condition. In addition, the total protein content of the MIN-

6 cells on days 3 and 9 indicated higher proliferation than that observed in the 

controls under the hypoxic condition (Fig. 13). The NPCCs viability of the PDMS-

CaO2 group was increased under normoxic and hypoxic condition (Fig. 15A) and 

the activity of apoptosis-related enzymes were reduced at day 7 and 14 (Fig. 15B). 

It could be assumed that the hypoxia-induced NPCCs death in the PDMS-CaO2 

group was prevented by reduction of Caspase 3 and 7 activity.  

The oxygen-generating scaffold in this study provided supplemental oxygen to 

the NPCCs; as a result, the percentage of hypoxic cells in the PDMS-CaO2 group 

was lower than that in the controls (Fig. 16). Measurements based on the OCR, 

which is related to mitochondrial function, have been extensively used to assess the 

viability and health of cells including islets [56-58] and  cells in tissue engineered 

constructs [59, 60] in various fields [61]. The OCR in the PDMS-CaO2 group was 

higher than that in the control group (Fig. 17). Moreover, the ROS level was 

decreased in the PDMS-CaO2 group (Fig. 18). Finally, the insulin secretion 

function assay of the NPCCs showed that the SI was increased in the NPCCs of the 

PDMS-CaO2 group under the hypoxic condition (Fig. 19). Thus, the MIN-6 cells 

and NPCCs in the PDMS-CaO2 scaffold group clearly showed dramatically 

mitigated hypoxia-induced cell death and dysfunction with the use of the PDMS-

CaO2 scaffold in vitro. Therefore, it could be concluded that sustained oxygen 

generation can improve islet viability and function in vitro. 

PDMS exhibits superior biocompatibility and biostability following clinical 

implantation, making it an excellent candidate for macroencapsulation application 

[62]. The U.S. Food and Drug Administration (FDA) approved PDMS in 2006. 
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PDMS is used in microfluidics, seals, gaskets, shrouds, and other applications that 

require materials with high biocompatibility. PDMS can be fabricated with a large 

surface to volume ratio and controllable porosity. Due to its hydrophobicity, in its 

natural state, PDMS is not an optimal surface for cell adhesion. However, it can be 

modified using any one of a multitude of methods to encourage cell adhesion [63, 

64]. In addition, various protein coatings can be achieved via nonspecific physical 

adsorption [65]. The use of PDMS, a material with a long-standing clinical profile, 

has the advantages of bio-stability, thereby preserving retrievability, as well as ease 

in delivering beneficial agents such as anti-inflammatory and immunomodulatory 

agents, and/or oxygen, to the localized islet transplant environment [66]. PCL is 

another FDA-approved biomaterial used for drug delivery in the human body and 

for sutures. PCL is degraded by hydrolysis of its ester linkages under physiological 

conditions such as in the human body, which is a very attractive property that 

makes PLC suitable for use as an implantable biomaterial [67]. 

Although a PCL membrane showed superior machinability, it is impossible to 

create a nanoscale pore in it. Thus, such a membrane cannot be applicable for an 

islet transplantation model. As described in Fig. 14, a PCL membrane has pores 

that allow the passage of small molecules such as insulin (~6 kDa) and the entry of 

immune cells (7 µm) and antibodies (~150-900 kDa) [68]. Thus, it would be 

needed some modifications of the membrane surface or an immunosuppressive 

regimen to prevent transplantation rejection in an in vivo model. Coating a PCL 

membrane with alginate hydrogel or fabricating a membrane of nanoscale pore size 

using an electrospinning technique has been considered as alternatives. Fabricating 

an electrospun fiber of nanometer pore size using PCL and an electrospinning 
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technique is an ideal option. The use of genetically modified pig-derived islets is 

also helpful in inhibiting xenogeneic immune response. 

Housing of islets within a 3D structure provides advantages in spatial 

distribution, thus prolonging the longevity of the transplanted islets in the 

subcutaneous tissue. It is beneficial for clinical use as it can be transplanted under 

clinically inspection with minimal invasiveness under local anesthesia (≈ 400,000 

human islets/10 cm2), shows massive transplantable capacity, and is removable. 

However, the subcutaneous tissue is inadequate to supply enough oxygen, which 

results in abnormal insulin secretion due to hypoxia-induced cell damage. 

Previously reports have shown the potential of an oxygen-generating structure in 

improving islet retention and distribution, metabolic function, and glucose-

dependent insulin secretion in rodents, non-human primates, and humans in vitro 

[69, 70]. However, the effect of an oxygen-generating scaffold in porcine islets has 

not been evaluated so far. This study showed the potential of an oxygen-generating 

scaffold in improving the viability and function of NPCCs. In terms of clinical 

applicability, porcine islet transplantation is a prospective treatment to bridge the 

gap between available human islets and the needs of patients with diabetes [71]. 

Moreover, PDMS implants have a proven clinical safety profile for use as long-

term implants. The scale of the oxygen-generating scaffold also permits ease of 

clinical transplantation. If the pore size of PCL membranes can be modified using 

an electrospinning technique, the islet loading density can be preserved using 

reasonably sized scaffolds by increasing the diameter, while maintaining the ability 

to accommodate the islet numbers necessary at the clinical scale. As described in 

Fig. 11A, Ca(OH)2 is the intermediate product of oxygen generation by CaO2 and 
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H2O reactions. Ca(OH)2 has a strong basic property; therefore, it has been defined 

as an irritant according to the FDA. In terms of the biosafety of Ca(OH)2, the LD50 

of Ca(OH)2 has previously been determined as 2.5 g/kg (100 cm2, 24 hours) in 

rabbits based on a material safety data sheet for Ca(OH)2 prepared in accordance 

with Annex II of the REACH Regulation. The final concentration of Ca(OH)2 per 

oxygen-generating scaffold in this system was around 25 mg, which is below the 

above-mentioned limit. Therefore, in this system, the Ca(OH)2 was not toxic. 

In this study, a microfluidic system was also developed using a BioFlux 200 

instrument and a microfluidic device-pump system (Fig. 8 and Fig. 9). Human 

serum-mediated immune responses to dissociated NPCCs and the effect of the 

oxygen-generating scaffold on the viability of the NPCCs were assessed using this 

system. Although the IBMIR between human blood and NPCCs could not be 

recreated, human serum-mediated immune responses to dissociated NPCCs were 

assessed through CDC (Fig. 30), IgM and IgG binding (Fig. 31), and complement 

activity assay (Fig. 32). Using a microfluidic device-pump system, it found that the 

viability of the NPCCs was increased in the PDMS-CaO2 group compared to that 

in the PDMS and control groups in the ex vivo model under normoxic and hypoxic 

conditions (Fig. 33-34). All results were consistent with the reports of previous 

studies [72-74]. Thus, this system can be used to confirm the viability or function 

of NPCCs delivered using oxygen-generating scaffolds prior to application in 

physiological conditions such as in animal models in the future. 
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5. Conclusion 

In this study, the macroencapsulation technique was used for NPCCs to overcome 

IBMIR, and an oxygen-generating scaffold was fabricated for improving NPCC 

viability by providing enough oxygen. It was confirmed that the NPCCs 

encapsulated in PDMS-CaO2 scaffolds showed higher viability and insulin 

secretion compared to those encapsulated in PDMS scaffolds or the controls in 

vitro. Moreover, a microfluidic system was established for representing physical 

conditions and ex vivo perfusion experiments were performed. The microfluidic 

system consisted of a BioFlux 200 instrument and microfluidic device-pump 

system. Human serum were flowed on attached NPCCs in the channels and showed 

complement activities, xenogeneic antibody binding, and complement-mediated 

cytotoxicity on the dissociated NPCCs. After injection of the NPCCs into the 

PDMS or PDMS-CaO2 scaffolds, they were cultured under normoxic and hypoxic 

conditions. The viability of the NPCCs in the PDMS-CaO2 group was higher than 

that in the PDMS group. It enables the efficient screening of the comparative 

testing of the viability and function of the NPCCs with the PDMS or PDMS-CaO2 

scaffolds. In addition, a biocompatibility test of the oxygen-generating scaffold was 

performed by subcutaneous implantation in mice, where the scaffold showed 

stability until 8 months and very low immunogenicity in the spleens of the 

recipient mice. Thus, the oxygen-generating scaffold has potential for application 

in transplantation studies in the future. 
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국문초록 

 

산소 발생 기능성 구조체가 신생돼지  

췌도의 생존율과 인슐린 분비기능에  

미치는 영향에 관한 연구 

 

서울대학교 의과대학원 

의학과 (면역학) 전공 

이 은 미 

 

당뇨병은 췌장이 충분한 인슐린을 만들어내지 못하거나 몸의 세포가 만

들어진 인슐린에 적절하게 반응하지 못함으로써 혈액 내 혈당이 상승하

게 되는 만성 대사 질환이다. 당뇨병의 치료법에는 혈당강하제, 인슐린

주사제, 췌장이식, 췌도이식 등이 있으며 당뇨병 말기에는 췌도 이식 방

법이 가장 효과적인 치료법으로 여겨지고 있다. 간문맥을 통한 췌도의 

이식으로 가장 성공적인 당뇨병의 치료법으로 알려진 것은 Edmonton 

protocol이다. 그러나, 동종 및 이종 췌도 이식 후에 일어나는 급성 혈액
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매개성 염증반응(instant blood mediated inflammatory reaction, IBMIR)은 이식 

초기에 췌도의 소실을 가져오기 때문에 연구자들은 이를 극복하기 위해 

췌도의 피막화 기술을 개발하였고 이는 직접적인 항체 혹은 세포 매개성 

면역 거부반응을 회피할 수 있는 이상적인 방법으로 여겨졌다. 그러나, 

거대피막화된 췌도는 산소의 공급이 감소함에 따라 췌도의 생존과 기능

에 있어 치명적인 영향을 받았다. 그러므로, 본 연구에서는 저산소에 의

한 췌도의 손상을 막고자 산소 발생 기능성 구조체를 제작하여 췌도의 

생존과 인슐린 분비 기능을 향상시킬 수 있는지를 연구하였다.  

신생돼지의 췌도는 약 5일령 돼지로부터 분리하였고 세포의 성숙을 위

해 7일간 배양한 후에 연구에 사용하였다. CCK-8 분석 결과에서 PDMS-

CaO2 구조체에 주입된 췌도에서 PDMS 구조체 실험군과 대조군에 비해 

보다 높은 생존율을 보였다. 또한 PDMS-CaO2 실험군에서 세포 사멸에 

관여하는 Caspase 3와 Caspase7과 같은 효소의 활성이 감소하였고 저산소 

조건에 의한 활성화 산소의 발현이 감소됨을 확인하였다. 산소 발생 기

능성 구조체를 사용한 근본적인 목적은 신생돼지 췌도에 부족한 산소를 

공급해 주는 것이기 때문에 신생돼지 췌도에서의 산소흡수량 (oxygen 

consumption rate, OCR)을 확인한 결과 PDMS-CaO2 실험군에서 PDMS 실

험군과 대조군에 비해 보다 높은 산소흡수량을 보였다. 또한 PDMS-CaO2 

실험군에서 PDMS 실험군 및 대조군에 비해 글루코스에 대한 췌도의 인

슐린 분비 기능 수치가 높음을 확인하였다. 산소 발생 기능성 구조체가 

ex vivo 상에서 신생돼지 췌도의 생존율과 인슐린 분비능에 미치는 영향
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력을 분석하고자 BioFlux 200 장비 및 microfluidic device-pump를 사용하여 

미세유체 시스템 (microfluidic system)을 확립하였다. PDMS 또는 PDMS-

CaO2 구조체에 췌도를 주입한 후에 microfluidic device (A2) 내 삽입하여 

정상산소 및 저산소 조건에서 배양하여 췌도의 생존율을 분석하였다. 그 

결과 PDMS-CaO2 실험군에서 PDMS 실험군에 비해 보다 높은 생존율을 

보였다. 또한, 인슐린 분비능에 관한 수치도 PDMS-CaO2 실험군에서 높

게 나타남을 확인하였다. 또한, 산소 발생 구조체를 마우스의 피하조직에 

이식한 후 산소 발생 기능성 구조체의 생체적합성을 조사한 결과 이식 

후 8개월까지 형태의 변형이 일어나지 않았고 수혜자 마우스의 비장에서

의 면역세포 표현형을 분석해 봤을 때 면역원성이 낮음을 확인하였다. 

본 연구에서는 산소 발생 기능성 구조체로 거대피막화된 췌도에서 높

은 생존율과 인슐린 분비 기능을 보여주는 것을 in vitro 혹은 ex vivo 연

구에서 확인하였다. 또한, 산소 발생 기능성 구조체의 생체적합성을 살펴

보았을 때 장기간 안정성을 보였고 면역원성도 낮음을 확인할 수 있었다. 

따라서, 이는 산소 발생 기능성 구조체에 의한 췌도의 생존율 및 기능 

향상에 관한 가능성을 향후 동물 모델에서도 적용해 볼 수 있음을 시사

하였다. 

---------------------------------------------------------------------------------------------------- 

주요어 :  산소발생기능성구조체, 거대피막화, 신생돼지 췌도, 인슐린 

분비, 미세유체 시스템 
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