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An estimated 1.6 million Americans live with type 1 diabetes (T1D). The most 

common treatment method involves daily blood glucose monitoring and insulin 

injections, which can negatively impact quality of life and lead to severe health 

complications. Whole pancreatic transplantation, a more permanent treatment option, 

entails invasive surgery with associated risks and a high morbidity rate. Furthermore, 

lifelong immunosuppressant use, which can be detrimental to health, is necessary for 

transplant recipients. Islet transplantation has emerged as a promising alternative for 

T1D treatment, offering a less invasive approach, though it still requires the use of 

immunosuppressants to prevent graft rejection. Encapsulation of islets in biomaterials 

has shown potential for mitigating immune responses post-transplantation while 

facilitating islet survival and insulin production. However, despite its promise, this 



 

method faces several challenges. First, a significant issue is the generation of numerous 

empty microcapsules during islet encapsulation, which requires an efficient method for 

their removal due to the limited space for the transplanted islets in patients. Second, 

microcapsules are typically suspended in an oil phase after generation with microfluidic 

devices, whereas they must be transferred into an aqueous solution for further culture 

or transplantation, posing technical difficulties. Third, conventional microcapsules do 

not provide a tissue-like environment for islets which is detrimental to islet health, and 

microcapsule design flaws can result in a lack of insulin production and islet cell death 

due to post-transplantation immune response. Furthermore, islets experience hypoxia 

and increased amounts of reactive oxygen species post-isolation and transplantation, 

resulting in islet death. This work focuses on addressing the challenges mentioned 

above by enhancing islet encapsulation methods through a deep learning-based on-chip 

detection and sorting system, enabling the creation of highly pure samples of islet-laden 

core-shell hydrogel microcapsules that mimic the structure and microenvironment of 

the pancreas. We also investigate the use of nanoparticles to encapsulate hydrophobic 

antioxidants for improving their delivery into islet cells to enhance islet viability after 

isolation and hypoxic stress. We address critical challenges in islet transplantation by 

investigating deep learning-enabled selective extraction, core-shell hydrogel 

microencapsulation, and nanoparticle-mediated antioxidant delivery. This novel 

multiscale biomaterials-engineering strategy has great potential for future clinical 

translation, contributing to the advancement of type 1 diabetes treatment. 
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Chapter 1 : Introduction 
 

Over 1.6 million Americans are estimated to have type 1 diabetes (T1D) 1,2.  

T1D is a chronic autoimmune disorder in which the immune system attacks insulin-

producing beta cells located in pancreatic islets3. The most widely used method for 

T1D treatment requires blood glucose level monitoring and periodic insulin injections4. 

However, patient insulin levels can fluctuate significantly with this approach, which 

may cause hyperglycemia that can result in organ damage. This is worsened by poor 

patient compliance with periodic insulin injections5,6. 

Whole pancreatic transplantation is a more permanent alternative method but 

requires a major surgical procedure, and patients must be placed on 

immunosuppressants for the rest of their lives, which can be highly detrimental to 

health by increasing risk of infection and potential malignant diseases7,8. This 

procedure has also been shown to have surgical complications leading to increased 

morbidity compared with other treatment methods9. More recently, pancreatic islet 

transplantation has been explored as an attractive option for the treatment of T1D, due 

to the potential of glucose-responsive insulin release without the need for insulin 

injection for months or years5,6. However, immunosuppressant treatment is still 

required to prevent immune rejection of the transplanted exogenous islets. 

Encapsulating islets in alginate hydrogel microcapsules before implantation may 

mitigate damage to islets by the host immune response10-13. 

Current methods for islet microencapsulation almost always produce many 

empty microcapsules without an islet. Due to the limited space available for housing 
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the transplants in vivo, a sample of highly pure islet-laden hydrogel microcapsules is 

desired14,15. Since the islets should be transplanted without any labeling, manual 

separation of the cell-laden microcapsules from the empty ones has been done in the 

past. In addition, islet-laden microcapsules produced using microfluidics are suspended 

in an oil-based solution which can be detrimental for cell health16,17. This lengthy 

manual procedure of removing empty microcapsules and oil may compromise the 

survival of islets in the microcapsules before implantation in vivo. Contemporary islet 

microencapsulation methods also still result in post-transplantation immune response, 

immune cell infiltration, and fibrosis, leading to cell death and decreased insulin 

secretion18-20. This can be caused by improper islet encapsulation and islets protruding 

from microcapsules11. Finally, post-transplantation hypoxia can result in the death of 

up to 70% of islets21,22. 

The objective of this thesis work is to address the aforementioned major 

challenges to islet transplantation by developing efficient methods to obtain high purity 

samples of islet-laden core-shell hydrogel microcapsules with low immunogenicity, 

and to minimize hypoxia-induced damage to islets for treating T1D via sustained 

glucose-responsive release of insulin. This was investigated through microfluidic 

encapsulation and deep learning-based label-free on-chip selective extraction of islet-

laden core-shell hydrogel microcapsules and nanoparticle-mediated delivery of 

antioxidants to improve islet viability post-transplantation. 

We hypothesized that the deep learning-based label-free detection and 

dielectrophoresis (DEP)-based selective extraction can be used to sort cell 

aggregate/tissue-laden microcapsules out of empty ones, which can then be applied to 
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efficiently produce high purity islet-laden core-shell hydrogel microcapsules samples. 

Furthermore, we hypothesized that core-shell hydrogel microcapsules fabricated using 

a non-planar microfluidic device can improve transplantation outcomes in a syngenetic 

diabetic mouse model compared to conventional alginate microcapsules. We also 

hypothesized that nanoparticles can enhance uptake of hydrophobic nanoparticles into 

islets, leading to improved islet viability after isolation and hypoxic incubation.  

This dissertation consists of a total of seven chapters. Chapter 1 serves as an 

introduction and offers a summary of the research. Chapter 2 provides background 

information on islet transplantation and insights into the field's current state. 

Chapter 3 explores the development of an on-chip, label-free, deep learning-

based selective extraction method for creating a highly pure sample of cell aggregate-

laden homogeneous alginate microcapsules. Different deep learning structures are 

tested, and the optimal system for extraction is determined. The deep-learned model is 

trained using images of cell aggregate-laden and empty microcapsules, resulting in a 

system with real-time highly efficient sorting of aggregate-laden microcapsules from 

empty microcapsules and a highly pure microcapsule sample. A schematic illustration 

of the system can be seen in Figure 1.1A. 

In Chapter 4, a non-planar microfluidic device that fabricates core-shell 

hydrogel microcapsules with label-free deep learning-based sorting is developed and 

optimized. Islets encapsulated in core-shell hydrogel microcapsules are evaluated in 

vitro for viability and glucose-responsive insulin production and in vivo using a 

diabetic mouse model, comparing them to conventional homogeneous alginate 
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microcapsules. A schematic illustration of the process of islet isolation, encapsulation, 

and syngeneic transplantation in a diabetic mouse model can be seen in Figure 1.1B.  

 

Figure 1.1. Schematic Illustrations of the Research Performed in Chapters 3 to 5. 
(A) Schematic illustration of deep learning-based system for on-chip extraction of 
aggregate-laden microcapsules. Aggerates are encapsulated in a homogeneous alginate 
microcapsule using a planar microfluidic device. The detection region is then imaged 
using a cell phone camera, which reads into the computer where the deep learning 
model is running. The model determines if the microcapsule in the detection region 
contains an aggregate and then sends that information to the microcontroller, turning 
on the switch if there is an aggregate preset in the microcapsule or staying off if there 
is no aggregate present. Adapted from White et al.17 (B) Schematic illustration of islet 
encapsulation in core-shell hydrogel microcapsules using a non-planar microfluidic 
device, followed by transplantation into a diabetic mouse model. Islets are first isolated 
from C57BL/6 mice and encapsulated using a non-planar microfluidic device. 
Microcapsules are formed at the flow focusing junction (FFJ) of the device and are 
then sorted on-chip using the deep learning detection system in A. Islets are then 
transplanted into the intraperitoneal cavity of diabetic C57BL/6 mice using a syringe 
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and a needle, and mouse blood glucose levels are monitored over time. (C) Schematic 
illustration of antioxidant nanoparticle synthesis using a single emulsion method and 
chitosan coating. First, antioxidants and polymers are combined and dissolved in 
dichloromethane (DCM). They are then dropped into an aqueous-based polyvinyl 
alcohol solution and emulsified using a sonifier. DCM is removed through rotary 
evaporation, and nanoparticles are coated overnight with a chitosan solution and 
filtered. 

 
Chapter 5 examines the development of antioxidant-laden nanoparticles to 

increase hydrophobic antioxidant uptake and protect islet viability after isolation and 

hypoxic incubation. Poly(lactic-co-glycolic acid) (PLGA), Pluronic F-127 (PF-127), 

and chitosan are used to synthesize antioxidant-laden nanoparticles. These 

nanoparticles are optimized and characterized for size, charge, and antioxidant release 

over time. Uptake into cells and islets, as well as protective effects on islets after 

hypoxia, are quantified. A schematic illustration of nanoparticle synthesis can be seen 

in Figure 1.1C.  

Chapter 6 provides conclusions for the research in this dissertation, and 

Chapter 7 discusses potential avenues for future studies.  
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Chapter 2 : Background*  

2.1 Overview 

Type 1 diabetes mellitus affects over 1.6 million Americans and 20 million 

people worldwide1,2. Type 1 diabetes is an autoimmune disorder where the body’s 

adaptive immune system attacks insulin-producing beta cells located in pancreatic 

islets3. T cells eventually kill a large percentage of the body’s beta cells, which means 

that blood glucose levels will fall outside of healthy ranges without medical 

intervention. The most common type 1 diabetes treatment method today is monitoring 

of blood glucose followed by insulin injections when levels are too high. However, 

insulin injections are time-consuming and patient compliance can waver, which can 

cause potentially fatal hypoglycemic peaks. Years of hyperglycemia due to lack of 

insulin can lead to organ damage5. Pancreatic transplantation is another treatment 

method, but it requires a major surgical procedure, and the patient must then be placed 

on immunosuppressant drugs for the rest of their lives to prevent organ rejection, which 

is detrimental to health7. Transplantation of pancreatic islets is another method that has 

been widely studied in recent years. This method is less invasive, has shown promising 

results in animals and clinical trials, and can lead to a great improvement in quality of 

life for type 1 diabetes patients. Unfortunately, immunosuppressants are still necessary 

to prevent rejection of islets if they are non-autologous or not engineered with immune 

protection. In addition, a fibrous capsule may form around nonprotected islets without 

 
* Reprinted (adapted) with permission from White, A. M., James G. Shamul, Jiangsheng Xu, Samantha 
Stewart, Jonathan S. Bromberg, and Xiaoming He. “Engineering Strategies to Improve Islet 
Transplantation for Type 1 Diabetes Therapy”. ACS Biomaterials Science & Engineering 2020; 6: 
2543-2562. Copyright 2020. American Chemical Society. 
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immunosuppressants, keeping insulin from being secreted and nutrients from being 

absorbed23. The need for immunosuppressive drugs can be eliminated by encapsulating 

islets in biocompatible materials. These biocompatible materials allow small molecules 

like insulin to diffuse out of the islets and oxygen and nutrients to diffuse in but block 

larger immune cells and antibodies from entering24,25. Islets are sourced from deceased 

donors, so a high yield of viable islets after transplantation is essential. Problems still 

facing encapsulated islet survival include immune rejection, death due to lack of 

nutrients, and death due to post-transplantation hypoxia. Survival after transplantation 

can be increased by improving the encapsulation technologies.  

2.2 Diabetes background 

Islets are clusters of cells located in the pancreas that are responsible for 

endocrine functions. These clusters contain multiple cell types including alpha cells, 

beta cells, delta cells, epsilon cells, pancreatic polypeptide (PP) cells, and a capillary 

network26. Alpha cells are responsible for releasing glucagon when blood sugar levels 

are too low. Beta cells are responsible for secreting insulin when blood glucose levels 

are too high. Epsilon cells produce ghrelin, which causes hunger, and PP cells secrete 

somatostatin which regulates alpha and beta cells27. Islets are located throughout the 

pancreas and vary in shape, size, and density28. Each person has about one million islets 

in their pancreas. The pancreas also contains glands with acinar cells and ductal cells, 

which are responsible for exocrine function. The exocrine tissue in the pancreas is all 

connected to the pancreatic duct29. 

Type 1 diabetes is an autoimmune disease in which the body’s immune system 

attacks its beta cells, causing deterioration over time until they no longer function3. This 
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disease can start in early childhood and progresses throughout life. Type 2 diabetes is 

usually acquired later in life and can be the result of both genetic and environmental 

factors. In type 2 diabetes, beta cells still function well, but other cells no longer accept 

glucose, resulting in dangerous spikes in blood sugar levels29. People administer insulin 

in various ways to reduce their blood glucose levels. Standard treatment methods for 

diabetes consist of constant blood glucose level monitoring accompanied by insulin 

injections or insulin pumps that need to be constantly worn. 

Transplantation for type 1 diabetes treatment is a widely researched area. 

Transplantation can eliminate the need for the patient to constantly monitor and 

administer insulin. One method of treating type 1 diabetes is a full pancreatic 

transplantation from a deceased donor. This is a major surgical procedure, and patients 

must be put on immunosuppressant drugs for the rest of their lives to avoid 

immunorejection23. These drugs can have extremely detrimental health effects 

including increased infection susceptibility, organ damage, and even cancer, greatly 

lowering quality of life. Another transplantation approach involves the use of 

pancreatic islets. Islets, instead of the entire pancreas, are harvested from donors and 

transplanted into patients to regulate the body’s glucose levels. Since insulin-producing 

cells represent only 2− 3% of the cells in the pancreas, it is appealing to only transplant 

the necessary tissue (e.g., islets) containing the insulin producing cells30. This method 

is also much less invasive than whole pancreas transplantation because islets are 

implanted into the liver through the portal vein23. Studies have shown that for 

encapsulated islet transplantation, approximately 10,000 islet equivalents (IEQ, an islet 

with equal mass to the average islet of 150 μm in diameter) per kilogram of body weight 
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are required in order to provide sufficient insulin dose31. Patients that receive an islet 

transplantation must still be put on immunosuppression so that the implanted islets are 

not rejected. Although whole pancreas transplantation has a higher overall success rate 

for long-term euglycemia, it is also associated with a higher morbidity rate than islet 

transplantations9. 

Encapsulating islets in a biocompatible material can overcome the possible 

immunogenicity of the tissue, potentially eliminating the need for patients to take 

immunosuppressants and improving their overall quality of life. Due to the lower 

surgical and post-surgical risks of islet transplantation, the potential for increased islet 

survival, and long-term insulin production through improvements in encapsulation 

technologies, transplantation of encapsulated islets has recently become an appealing 

area of study.  

2.3 Graft transplantation 

There are various types of tissue grafts used in transplantation for diabetes 

treatment: allografts, autografts, and xenografts. Allografts involve transplantation 

from the same species and are the most common type of pancreatic transplantations32. 

Autografts involve regrafting tissue from the same person33. In the context of islet 

transplantation, this involves removing the pancreas, digesting the exocrine tissue to 

remove the islets, and reimplanting encapsulated islets to prevent further damage by 

the immune system. Xenograft transplantation involves transplanting tissue from one 

species into another. Autograft transplantations will have a minimal immune response 

but involve organ removal, which can add surgical complication10. Since allograft 

transplantation is between the same species, the immune response will be less pervasive 
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than xenotransplantation but worse than using autografts. Xenograft transplantation 

will have the largest immune response but, in the case of islet transplantation means an 

increased number of islets available for transplantation.  

The most popular xenograft used in clinical trials is isolated porcine islets. 

Xenotransplantation of porcine islets is a popular area of research as there are a limited 

number of human islet donors available34. Pig insulin is very similar to human insulin, 

differing only by one amino acid, which makes pigs a very appealing islet source. 

Although xenograft transplantation raises concerns about immunorejection, pig islets 

can be encapsulated in a biocompatible material to isolate them from the host immune 

system and avoid rejection35. There has been some concern that transplanting islets 

from pigs into humans would cause the transfer of retroviruses, but studies have shown 

successful islet transplantation with high amounts of insulin release and no sign of virus 

transmission36. In vivo porcine xenotransplants have been shown to result in sustained 

patient normoglycemia in clinical trials as well37,38. 

2.4 Clinical trials 

Clinical trials on whole pancreas transplantation were first reported in the 

1960s39, but with high morbidity and mortality rates40. Eventually, these outcomes 

improved, especially when simultaneous pancreas and kidney (SPK) transplantation 

was performed in uremic diabetic patients41. The first islet transplantation was 

performed in 197442, but this procedure did not produce successful outcomes until the 

Edmonton protocol for islet isolation was developed7,43.  Since then, there have been 

two major transplantation types for diabetes treatments, whole pancreas and islet-only, 

which have greatly improved outcomes over recent years. Whole pancreas 
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transplantation helps patients to become insulin-independent but often results in 

complications leading to morbidity and even mortality44. Islet-only transplantation, on 

the other hand, involves a much less invasive procedure and rarely results in morbidity 

or mortality but has not consistently maintained insulin-independence over a long 

period of time41. 

One study compared clinical SPK with simultaneous islet and kidney (SIK) 

transplantation and found that post-transplantation groups had over a 90% 

improvement rate of hypoglycemia45. After 5 years, insulin independence in the SPK 

group was 73.6% and it was 9.3% for the SIK group. The study also concluded that 

whole pancreas transplantations had significantly more complications. Another study 

compared clinical transplantation outcomes between pancreas transplantation alone 

(PTA) and islet transplantation alone (ITA)41. This study found that ITA patients had 

a 90% insulin independence at 1 year, and 70% insulin independence at 3 years whereas 

PTA patients had 93% insulin independence at 1 year, and 64% insulin independence 

at 3 years. Though two islet transplantations were needed for ITA patients, PTA 

patients had longer hospitalization times and more complications. Although there is 

still a disparity between long-term insulin independence after whole pancreas 

transplantation and islet only transplantation, the lower risk of postsurgical 

complications makes islet transplantation a very appealing area of investigation. 

In recent years, due to advances in islet isolation procedures and encapsulation 

technologies, the outcome of islet transplantation has improved. There are many islet 

transplantation clinical trials in which patients achieved normoglycemia for extended 

periods. Placing nonencapsulated islets in the portal vein of the liver is the most 
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common transplant type examined in clinical trials, but there are many problems with 

this method. In one study, seven patients with type 1 diabetes were implanted with 

islets isolated from human donors. Over 15 months of monitoring, patients were able 

to maintain normoglycemia after a total implantation of ∼11,000 IEQs per kilogram 

body weight46. However, since the islets were not encapsulated, the patients also had to 

take immunosuppressants to prevent tissue rejection. To allow patients to forego 

immunosuppressants while preventing the rejection of islets, especially when 

performing xenotransplantation, clinical trials then moved toward using encapsulated 

islets. In one study, a patient was implanted with a macrodevice consisting of an 

oxygenated chamber made of alginate and a poly membrane material containing human 

islets. The patient was able to maintain glucose response for 10 months with no 

immunosuppression and no indication of graft rejection31. This improvement over 

previous studies may be attributed to increased oxygenation causing increased cell 

survival. 

Xenotransplantation of encapsulated porcine islets has also been explored in 

multiple clinical trials with varying levels of success. One clinical trial involving a 

collagen-covered islet encapsulation device resulted in six out of twelve patients being 

able to decrease their insulin requirements for four years. These devices contained 

porcine islets combined with Sertoli cells to provide islet protection and were 

transplanted subcutaneously into patients that were not administered with 

immunosuppressant drugs35. 

In another long-term study, alginate-encapsulated porcine islets were transplanted 

into a patient without the use of immunosuppressants. The patient’s blood glucose 
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levels returned to pretransplant amounts after 49 weeks, however, the encapsulated 

islets were removed and tested after 9.5 years and were still alive, producing small 

amounts of insulin38. The patients in these studies were not administered with 

immunosuppressive drugs, but insulin production did not persist long enough to be 

feasible for treatments on a larger scale. In general, encapsulation technologies need to 

be improved to achieve sustained, long-term insulin release. Several clinical trials 

involving encapsulated islets are currently in progress but have not achieved consistent 

responsive insulin production for long enough periods to be a feasible standard of 

treatment for type 1 diabetes. There is a great deal of ongoing research to improve 

transplantation methods, specifically in improving the ways the islets are encapsulated. 

Improved technology for islet transplantation including the work in the proposal will 

hopefully result in easily implantable encapsulated islets with long-term glucose 

responsiveness that can treat type 1 diabetes without the need for immunosuppression 

or insulin supplementation. 

2.5 Encapsulation 

Various types of biocompatible encapsulation methods have been researched 

for islets. The encapsulation and transplantation of islets is also known as a bioartificial 

pancreas (BAP)47. Both larger encapsulation devices known as macrodevices (Figure 

2.1A)48 and smaller encapsulation devices known as microdevices (Figure 2.1B) have 

been designed and studied. In addition, islets have been encapsulated in conformal 

coatings for their protection (Figure 2.1C). The materials with which the devices are 

made and the way in which they are encapsulated also can contribute to the success of 

the devices in vivo.  
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Figure 2.1. Schematic illustration of different types of islet encapsulation. (A) 
Macroencapsulation devices contain a large number of islets and are usually implanted 
subcutaneously. The TheraCyte device (sketched) is an example of a 
macroencapsulation device49. A few macroencapsulation devices can hold the number 
of islets necessary for implantation. These devices are on the centimeter scale. (B) 
Microencapsulated islets. Microcapsules are usually between 300 and 1000 μm. Islets 
are encapsulated in a semipermeable microcapsule, which is most often alginate-based. 
There are only one to two islets per capsule and 10,000 islets per kg body weight are 
necessary to maintain normoglycemia (i.e., a large number of microcapsules need to be 
implanted into the body). (C) Conformally coated islets. Islets are encapsulated in a 
semipermeable coating that is usually less than 50 μm thick. (D) Semipermeable 
membranes in the aforementioned approaches have pores of an optimal submicron size 
to allow the diffusion of insulin and metabolic waste out of the device, while permitting 
gas exchange, nutrient intake, and keep out of immune cells and large immune factors 
(e.g., immunoglobulin G or IgG). Adapted from White et al.50 

 

2.5.1. Materials 

A great deal of research has been conducted on various materials that can be 

used to encapsulate islets. The purpose of encapsulating islets is to prevent or minimize 

immune reaction. The pores of the materials must be an optimal size to allow for 
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nutrient exchange but prevent elicitation of an immune response (Figure 2.1D). Since 

immune cells have a diameter between ∼6 and 10 μm, devices with pores in the 

submicron range should prevent immune cell infiltration51. Organic metabolites have 

diameters between 0.05 and 1 nm and globular proteins have diameters between 2 and 

10 nm, pore sizes should be up to 10 nm to allow for the diffusion of small molecules 

and macromolecules, such as oxygen, nutrients, and growth factors. Using a maximum 

pore size of 10 nm also prevents immune cell infiltration into microcapsules52,53. 

Alginate was the first material used for microencapsulation and remains the most 

popular54. 

Alginate is currently the most commonly used material for islets encapsulation 

because it can be formulated to be biocompatible and nondegradable with adjustable 

stiffness and has appropriate pore sizes to prevent immune cell infiltration19. The pore 

sizes of alginate can also be adjusted based on the alginate composition55,56. Alginate is 

a natural biomaterial that is derived from brown seaweed. It is also recognized by the 

FDA as safe, making it desirable for use57. Alginate can form a hydrogel through ionic 

cross-linking using a divalent cation such as Ca2+ and Ba2+. Alginate consists of β-D-

mannuronic acid (M) and α-L-guluronic acid (G) as blocks of M, G, or MG58. Changing 

the ratios of these monomers will change the properties of the alginate. It has been 

found that increasing the number of G blocks causes an increased stiffness because G 

is responsible for the cross-linking with divalent cations. Purifying alginate has also 

been shown to decrease immune reaction during islet transplantation, this can be 

attributed to a higher content of G post-purification, which decreases the amount of 

microcapsule breakage as well as the removal of toxins or impurities59. Some research 
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has also shown that the block structure of M and G affects binding, which can be useful 

when tuning stiffnesses of alginate gel for minimizing immune response and 

determining the appropriate porosity60. Barium cross-linking has been shown to create 

strong gel, but since barium can be toxic, calcium is used more for gelling alginate due 

to a fear of barium leakage61,62.  Alginate modification is a popular method of improving 

various aspects of transplantation63,64.     

In vivo studies have demonstrated the durability of alginate microcapsules 

without significant degradation up to five years. One study found alginate 

microcapsules remained intact without rupture and degradation for 90 days after 

transplantation into the IP cavity of rats65. Other studies found that microcapsules 

remained intact for over 2 months in the IP cavity of canines and a year after 

transplantation into mice66-68. In clinical trials of alginate encapsulated islet 

transplantation, intact alginate microcapsules were observed in patients over a year 

after transplantation and over five years post-transplantation69,70.  

The most prevalent methods include gelling through light-based cross-linking, 

thermally induced cross-linking, and ion-based cross-linking. However, thermal and 

photo cross-linking methods are disadvantageous, as they might harm the cells. 

Polyethylene glycol (PEG) is another material that is often used for islet encapsulation 

due to biocompatibility, tunable properties, and gelation ability using cross-linking and 

photopolymerization71-75. 

Using components found in the ECM in the encapsulation materials has also 

been shown to improve biocompatibility. Collagen type IV is found in the ECM 

surrounding islets in the pancreas and has been shown to enhance islet survival76. In 
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one study, human islets were encapsulated in an alginate/collagen IV mixture with 

laminin sequences of either RGD, LRE, or PDSGR77. In vitro co-culture with cytokines 

showed overall decreases in danger-associated molecular pattern release and decreased 

apoptotic cell death, indicating protection against toxicity of cytokines. Insulin 

secretion has also been shown to be affected by the ECM. When islets were 

encapsulated in PEG gels containing collagen type IV and laminin, islet secretion of 

insulin increased78. ECM from porcine pancreases was used to create microcapsules 

where porcine pancreases were decellularized and the liquified ECM was collected79. 

The liquified ECM was combined with alginate and microcapsules were created by 

using a needle and droplet spray and gelling with calcium chloride. In the work of 

Fukuda et al., a gel scaffold was used to individually coat beta cells with fibronectin 

and gelatin to mimic the ECM using a layer-by-layer coating technique. The coated 

cells were then fabricated into spheroids of ∼300 μm in diameter. These dense 

spheroids had higher insulin release than the control spheroids in vitro, and higher 

insulin release in vivo80. 

2.5.2. Types of Encapsulation 

Macrodevices and microcapsules are the most widely used encapsulation 

methods in clinical islet transplantation trials. Microdevices fall in the micron to 

millimeter scale and usually encapsulate one or two islets per device (Figure 2.1A). 

Macrodevices range from millimeters to centimeters in size and can encapsulate 

thousands of islets per device (Figure 2.1B). Conformal encapsulation of islets in a 

coating layer that is not much thicker than islets themselves are recently being explored 

to protect islets, leading to increased diffusion (Figure 2.1C)81. 
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2.5.3 Microencapsulation 

Microcapsules are the most researched type of encapsulation for islet 

transplantation. Islet encapsulation was first described by Lim and Sun where rat islets 

were placed in an alginate hydrogel, and microcapsules were created using a syringe 

drop method and gelled using calcium chloride82. While this remains the most popular 

type of microencapsulation, but there have been many improvements in encapsulation 

methods and materials. Microcapsules contain one to a few islets inside the spherical 

hydrogel. The microcapsules, usually ranging from over 300 to 1000 μm. The 

biomaterials used have pores that are large enough to allow small molecule diffusion 

yet small enough to prevent immune cells from infiltrating, as seen in Figure 2.1D. 

The biomaterials surround the islet to minimize immune response, while still allowing 

a large surface area of the islets to be exposed with a limited amount of space between 

the islet and the surrounding tissue, which makes the diffusion of small molecules much 

faster. Microencapsulation of islets also allows for other material modifications that 

can aid in cell survival and prevention of immune response. The major drawback of 

this method is the lack of direct vascularization between the islets and the surrounding 

tissues, due to the surrounding biomaterial. Islet encapsulation methods are varied but 

also paramount for successful application. In general, islet-laden hydrogel 

microcapsule drops are formed then stabilized via gelling. In the first paper describing 

the microencapsulation of islets, microcapsules were formed using a syringe pump 

technique82. Sodium alginate solution containing islets was pushed through a syringe 

to form droplets, which were deposited into a calcium chloride solution for gelling. 

Methods for generating microcapsules have greatly improved since then. 
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2.5.4. Droplet generation 

Droplet generators are most commonly used for creating droplets. There are 

various types of droplet generation including air shearing, electrostatic droplet 

formation, and acoustic vibrations83. A droplet generator is comprised of a needle or 

syringe to hold an aqueous solution, a nozzle, and a gelling bath as seen in Figure 2.2. 

The aqueous solution flows out of the nozzle, eventually forming a drop which freely 

falls after extrusion into a gelling solution (Figure 2.2A). These droplets usually range 

from 100−1000 μm and can contain varying numbers of islets. The nonhomogeneous 

sizes and islet number per microcapsule, in addition to the formation of empty 

microcapsules, are major drawbacks of this method. However, the size of the 

microcapsules can be adjusted by changing the nozzle size and the speed at which the 

solution is flowing. More advanced droplet generators have been developed to control 

the microcapsule size and decrease the size dispersity in the same batch. 

 

 

Figure 2.2. Schematic illustration of the different types of droplet generators. (A) 
Basic droplet generator. The generator contains an aqueous solution of alginate 
suspended with islets. Microcapsules are formed by pushing the solution suspended 
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with islets through a nozzle and dropping the resultant droplets into a gelling bath with 
an aqueous solution of divalent cations (often calcium chloride). Droplet size can be 
tuned by adjusting the size of the nozzle, but it is still difficult to control and can result 
in a large range of microcapsule sizes. (B) Air droplet generator. Coaxial airflow is 
used to control the size of the microcapsules for producing microcapsules with 
increased homogeneity in size. (C) Electrostatic droplet generator. Applying an 
electrostatic potential between the nozzle and the gelling solution helps to create 
smaller and more homogeneous (in size) microcapsules. (D) Coaxial droplet generator. 
This generator consists of a core channel containing islets suspended in a biocompatible 
core fluid surrounded by a coaxial channel of alginate solution. It produces core−shell 
microcapsules with islets in the core and alginate in the shell. Core−shell microcapsules 
decrease immunogenicity because islets are localized in the center of the microcapsule 
with no direct exposure to the in vivo environment. The core−shell design also allows 
for the use of various core fluids (e.g., collagen) besides sodium alginate solution, 
which may help to improve islet survival. Adapted from White et al.50 

    

Air droplet generators use coaxial airflow to create microcapsules via surface 

tension. In the case of islet encapsulation, islets are mixed into an alginate solution 

which is then contained in an air droplet generator (Figure 2.2B). Air droplet generators 

have demonstrated improved microcapsule formation in multiple studies84,85. 

Electrostatic droplets are generated via an electrostatic potential between the tip of the 

nozzle and hydrogel solution (Figure 2.2C). This method has been shown to decrease 

microcapsule sizes and increase microcapsules uniformity. One study used a method 

called electrohydrodynamic jetting (EHDJ) in which a high-voltage electric field was 

applied between the gelling solution and the jetting needle. No negative effects on cell 

proliferation were detected86. Electrostatic droplet generation has also been used for 

islet encapsulation87,88. Another group employed a nozzle method to create a 

“conformal coating” around islets to reduce the microcapsule sizes89. The method was 

performed using a microfluidic chamber coaxial jetting system with oil and aqueous 

phases. Coatings with thicknesses between 10 and 50 μm were achieved but did not 

readily protect islets from immune cells90. 
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The majority of studies that used the droplet generator method for microcapsule 

extrusion utilized only one material such as alginate to contain the islets. One major 

drawback of this method is that the islets may become partially exposed to the external 

physiological environment. This can trigger immune reaction, defeating the purpose of 

encapsulation. To prevent islet exposure to the external environment, a core−shell 

microcapsule design can be used (Figure 2.2D). In the core−shell encapsulation, two 

different materials can be used in the core and shell, respectively. This is performed by 

using a coaxial flow of an aqueous solution, usually of alginate, to surround an islet-

laden core fluid83. Ma et al. used electro-jetting to generate islet-laden core−shell 

microcapsules. An in vivo evaluation of core−shell versus solid microcapsules revealed 

that core−shell microcapsules had less fouling and maintained normoglycemia in mice 

for a longer period than solid microcapsules88. 

2.5.5. Microfluidic cell encapsulation 

Cell encapsulation using microfluidic devices has become popular in recent 

years due to the wide availability of photolithography and 3D printing for creating 

masters or molds. Photolithography-based mold creation involves applying a 

photoresist to a silicon wafer to create a master mold. The master mold is then used 

repeatedly to generate PDMS-based microfluidic devices by soft lithography91. 

Microfluidic devices are very tunable and can be adjusted to create different types of 

flow paths for various functions. Microcapsules are formed at fluid shearing junctions 

such as T-junctions (Figure 2.3A) and flow focusing junctions (Figure 2.3B)92. Once 

the microcapsules are created, they are gelled using divalent ions or ultraviolet (UV) 

light exposure. Alginate is the most popular material to use for microfluidic cell 
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encapsulation because it is easily cross-linked using calcium chloride. PEG is another 

material commonly used to create microcapsules because it can be photo-cross-linked 

as the microcapsules flow through the device channels. Microfluidics has also been 

used for islet encapsulation. Using microfluidics to encapsulate islets increases the 

control of microcapsule size and uniformity. Smaller microcapsules can be produced 

compared to nozzle-based droplet generating methods which have much less control 

over size93,94.  

Core−shell microcapsules can also be created using microfluidics (Figure 

2.3C) and have been used to encapsulate different cell types95. After the cell-laden core 

and shell fluid streams meet in the device, they flow into a flow focusing junction with 

another shearing fluid. To improve microcapsule formation, these devices are 

sometimes designed to be non-planar96. Typically, the heights of the channels vary with 

the core channel being the shortest so that the shell fluid can completely encapsulate 

the core. Multiple studies show the advantages of using a core−shell method for cell 

encapsulation14,97.  This microfluidic core−shell method could easily be applied to islet 

encapsulation which can result in improved cell survival through adjusting the core 

material96. Islets also have less chance of protruding out of the side of the microcapsule 

due to the shell, mitigating immune response88. 

Due to the infinite number of designs you can make on microfluidic devices, 

there are innumerable ways to optimize the encapsulation process. One facet that has 

been explored recently is the scaling-up of microcapsule production. In one study, a 

microfluidic device with eight outlets demonstrated increased rates of islet 

encapsulation compared to other methods98. For transplantation in clinical trials, 
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humans need about 10,000 IEQs per kilogram of body weight. The rate of islet 

encapsulation is also important for maintaining the viability of the islets. While islets 

are being encapsulated, the already encapsulated islets will either have to be cultured 

or preserved in the wait time. This is very inconvenient and can lead to islet death. 

Methods that use multiple needles or channels could increase the number of islets 

encapsulated in a reduced period of time to allow for scale-up, without increasing the 

flow rate or shear stress on islets. 

 

 

Figure 2.3. Microfluidic encapsulation of islets. (A) T junction-based microfluidic 
mechanism for microcapsule generation to encapsulate islets. The immiscible oil flow 
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is used to shear the aqueous flow suspended with islets into droplets which are further 
cross-linked into hydrogel for islet encapsulation. (B) Flow focusing-based 
microcapsule generation with a similar mechanism to the T junction-based approach. 
(C) Core−shell flow focusing-based microcapsule generation. Two (core and shell) 
aqueous flows are used for generating core−shell microcapsules with islets being 
encapsulated in the core. The core−shell design prevents direct contact between islets 
and the surrounding environment and allows the use of different biomaterials for the 
core and shell, which may improve islet survival and function. Adapted from White et 
al. 50  

2.5.6. Microcapsule purity and sorting 

The purity of microcapsules has not been discussed in current literature in 

detail. When encapsulating islets, many of the generated microcapsules contain no cells 

due to the low density of islets used in the aqueous fluid. This large number of empty 

microcapsules make downstream processing difficult, and in particular, are undesired 

for cell/tissue transplantation for which the space available in vivo for housing the 

transplants is very limited14,15. In order to remove empty microcapsules, sorting is 

needed. This can be done manually or by moving all the microcapsules to another 

device for sorting, which is tedious and may cause sample loss, contamination, and/or, 

cell damage99,100.  Separating islet-laden and empty microcapsules by hand is extremely 

difficult, and on-chip microcapsule sorting could fix this problem96. On-chip 

microcapsule sorting using dielectrophoresis is a label-free sorting method that may be 

applied for islet encapsulation15,16.  

Another challenge is that oil is not favorable for cell viability14,95,101,102. 

Therefore, an effective method for selective extraction of cell-laden microcapsules 

from oil into an isotonic aqueous phase timely on-chip can be very important to 

maintain the cell quality for use in clinical settings. Several methods have been reported 

for extraction of microcapsules from oil into an aqueous phase based on the size and/or 



 

25 
 

natural hydrophilicity of the microcapsule surface103-107. However, these studies have 

not explored selective extraction of cell-laden microcapsules. Several studies reported 

optical detection of cell-laden microcapsules to selectively extract them108,109. 

However, these methods require either fluorescently labeling the cells or squeezing the 

cell-laden constructs. The former may negate the utility of the cell-laden microcapsules 

for cell-based medicine while the latter may damage the cell-laden hydrogel 

microcapsules permanently. More recently, a label-free method was demonstrated for 

on-chip selective extraction of cell aggregate-laden microcapsules from oil into an 

aqueous solution using an optical sensor and dielectrophoresis (DEP)16. However, the 

purity is low: only ~30% of the extracted microcapsules are cell-laden. In addition, cell 

aggregates less than ~80 µm in diameter are not detectable with the optical sensor-

based method.  

2.5.7. Deep learning-based on-chip sorting 

With the development of high capacity graphical processing units (GPUs) and 

availability of big data, deep learning has risen to prominence as an accessible tool for 

many fields in recent years, especially in the field of image processing110-116. Deep 

learning is a type of machine learning that uses neural networks (nodes connected by 

varying weights) to make predictions based on the input data117. Supervised learning is 

a type of deep learning in which a program can be used to classify different objects that 

are input into the system, by first “learning” from pre-labeled objects that are used to 

train the program118. Object classification can be very useful for biomedical 

applications, and deep learning can be used to detect subtle features in images, which 

may surpass human performance110,111. More recently, deep learning has been used to 
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detect live and dead cells, as well as different types of cells119,120. However, nearly all 

prior studies have been focused on analyzing static images offline. Two studies have 

used machine learning to identify and separate droplets containing cells from droplets 

without cells on microfluidic devices in real-time, but these studies require complex 

imaging setups with special photodetectors, do not result in high purity and efficiency 

in sorting, and/or do not create hydrogel microcapsules for further processing121,122. 

One study has examined sorting hydrogel microcapsules (containing no cells/tissues) 

of different sizes by deep learning123. The capability of deep learning in real-time 

detecting cell/tissue-laden hydrogel microcapsules for their label-free on-chip selective 

extraction has not been explored so far. 

2.5.8. Macroencapsulation 

Macrodevices are usually in millimeters to centimeters in size, allowing for 

multiple islet encapsulation. Their large size makes macrodevices easily tunable, as 

membrane size, thickness, and pore size can all be precisely adjusted. One device has 

the potential to hold the large number of islets necessary for diabetes treatment49.   

However, the thickness of the device makes small molecule exchange difficult, which 

can lead to cell death and decreased insulin release. Because many islets are enclosed 

in one device, the surface area available for small molecule exchange is reduced. 

Additionally, some macrodevices are made of materials that have been shown to 

increase the immune response and fibrotic build-up124. Since limited oxygen transport 

is a major flaw of large devices, many macrodevice designs focus on increasing the 

amount of oxygen that reaches the islets, or to increase vascularization49,125-127. 
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Increasing nutrient and insulin diffusion through adjustment of material pore size is 

also a largely studied area128.  

2.5.9. Conformal encapsulation 

Recently, research has been performed to create conformal coating of islets, 

which involve very thin layers of materials coated onto the islets or using other methods 

to create a coating that is very similar to the actual size of the islets. This allows for 

increased diffusion across the biomaterial membrane, while still minimizing immune 

reaction (Figure 2.1C)81. 

2.5.10. Islet co-encapsulation 

Encapsulating islets with other cells has been shown to decrease the body’s 

immune response, reduce pericapsular fibrotic overgrowth (PFO), improve islet 

survival, improve graft revascularization, and increase insulin production. 

Mesenchymal stem cells (MSCs) have immune-evasive properties and can improve 

tolerance to transplanted tissue, and have been shown to increase insulin production129-

132.   

2.6 Islet isolation and transplantation  

2.6.1. Islet Isolation 

To ensure successful and long-lasting transplantation, it is vital to start with 

healthy islets. The most popular way to isolate islets is through a perfusion process. 

Most human islet isolation protocols follow the Edmonton Protocol for Islet 

Transplantation43. Islets are separated by digesting away the exocrine tissue, often 
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utilizing the Ricordi Chamber (Figure 2.4A)133. Adding the digestion solution through 

the pancreatic duct allows spreading throughout the exocrine tissue while leaving the 

islets intact. Collagenase-based digestion enzymes that are most often used for 

pancreatic digestion include Liberase MTF, Collagenase IV, and Collagenase XI 

among others134. The enzyme selection is also species dependent135,136. Following 

digestion, islets are separated from other digested tissue using gradient separation. 

Ficoll-based gradients are most typically used137.   

 

Figure 2.4. Schematic illustration of islet isolation, encapsulation, and 
transplantation process for human transplantation. (A) Islets can be isolated from 
a deceased donor’s pancreas via various digestion and separation procedures. A popular  
method of islet tissue separation is using a Ricordi Chamber (top). Administration of 
antioxidants can help to improve islet survival after isolation and during culture. 
Nanoparticles can be used to facilitate the delivery of antioxidants (bottom). (B) Islet 
encapsulation can be performed using many methods (see Figures 2.2 and 2.3), the 
most common being microencapsulation in alginate using a droplet generator (top). (C) 
Islet implantation sites. Various types of encapsulations are made for different 
transplantation sites. Macrodevices, such as the TheraCyte device, are commonly 
implanted subcutaneously (right). Microcapsules are typically implanted in the 
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peritoneal cavity (left). Other popular implantation sites include the omentum pouch 
and intramuscular implantations. Adapted from White et al.50  

 

Ficoll-400 solutions of varying densities are layered on top of one another, and 

after centrifugation, the islets will localize to one layer of the Ficoll. The islets can then 

be collected and washed. Other types of gradients that have been utilized to improve 

separation include bovine serum albumin and Histopaque 138,139.  A major limitation of 

using Ficoll and many other separation gradients is that they are toxic to the islets after 

long exposure, so the process must be performed quickly140. Moreover, islets can get 

lost during separation, and even after separation the extracted islets might still contain 

small amounts of exocrine tissues. The exocrine tissues must be manually removed by 

hand which can lead to contamination. The islet isolation process must be further 

optimized to be less cytotoxic and more efficient. 

Once islets are isolated, it is best to transplant them as soon as possible. It is 

beneficial to culture or cryopreserve isolated islets in vitro to maintain their 

viability/function before encapsulation. After isolation, the capillary network in islets 

is severed without blood supply. This can make it difficult to get nutrients and oxygen 

into the islet core of large islets and they may develop necrotic cores. As will be 

discussed in following sections, many methods can help prevent islet core necrosis 

post-isolation. 

2.6.2. Transplantation Areas 

Traditionally, nonencapsulated islets are transplanted into the portal vein of the 

liver. This allows for direct contact with the circulatory system, which can enhance 



 

30 
 

vascularization, increase nutrient and oxygen supply, and improve survival7. One 

drawback of using nonencapsulated islets for transplantation is that patients are 

required to be on immunosuppressants. On the other hand, encapsulated islets take up 

a lot more space than nonencapsulated islets because encapsulation requires additional 

biomaterials (often hydrogels) around the islets and the transplantation of empty 

microcapsules (Figure 2.4B). In addition, placing microcapsules into the portal vein 

can be dangerous due to possible blockage. The transplantation location for an islet-

laden device is very important and dependent on the type of encapsulation141. 

For encapsulated islets, many different transplantation areas have been tested 

(Figure 2.4C). Subcutaneous implantation is a very popular route since it has easy 

access and is noninvasive. Many macrodevices are implanted subcutaneously. Some 

examples include the TheraCyte and β-Air devices49,142. Subcutaneous implants can 

also be easily removed or replaced with new devices. A major drawback of 

subcutaneous implants is the possible lack of oxygen exchange and nutrients, which 

can stifle islet survival. Intramuscular implantation is another popular route143. 

However, the intramuscular implantation procedure is more difficult compared to other 

implantation site procedures. It is also difficult for oxygen to reach the implants due to 

a lack of surrounding vasculature at a resting state and limited early 

neovascularization144.  

The most popular transplantation area for microencapsulated islets is the 

peritoneal cavity38,145,146. Transplantations in the peritoneal cavity require minimal 

surgical procedures and can contain a large amount of implanted material. Although 

devices implanted into this region can be removed, the removal process is more 
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invasive than subcutaneous removal. More vascularization is observed 

intraperitoneally compared to subcutaneously, however, vascularization is still limited 

in the peritoneal cavity unless the islets are implanted on the cavity wall. In addition, it 

has been shown that the diffusion of insulin and nutrients is also better intraperitoneally 

than subcutaneously141.  Some implant areas (e.g., epididymal fat pads) are selected to 

increase vascularization potential90. 

The greater omentum also has good vascularization potential, as well as 

proximity to the portal vein for improved insulin delivery to the body147. Intravascular 

transplantation has the benefit of being directly inside the bloodstream but can also 

pose several dangers for the patient. This procedure requires vascular surgery for 

implantation and has the potential to easily clog vasculature83. Due to multiple 

limitations and risks, the field no longer pursues intravascular transplantation of 

encapsulated islets. 

2.6.3. Improving islet viability 

One major problem that occurs during islet transplantation is islet hypoxia. 

Since islets are a dense cluster of cells, it is easy for the core of the islet to become 

hypoxic due to the diffusion limit of oxygen and nutrients (often only a few hundred 

microns)148,149.  Also, the severance of the capillary network present in the islet during 

isolation further hinders the core cells from obtaining sufficient nutrients. Islets may 

experience undesired hypoxia during the first 7 days after transplantation. During this 

time, up to 70% of cells could die21. Significant islet death could also occur right after 

transplantation. Furthermore, exposure to a new environment in vivo can lead to 

significant cell death, diminishing the amount of insulin production150. 
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Physiological concentrations of antioxidants have been shown to help to 

prevent cell death in hypoxic conditions. Bilirubin is one of the most well-studied 

antioxidants regarding islet viability. Bilirubin interferes with hypoxia-induced 

apoptotic pathways through the downregulation of apoptotic genes including TNF-α 

and upregulation of antiapoptotic genes including HO-1 and bcl-2. Bilirubin is an 

effective therapeutic at approximately 10 to 20 μM for organ perfusion151-153.  Bilirubin 

had been shown to downregulate the release of damage-associated molecular patterns 

(DAMPs) from islets (which are major contributors to the host immune response), and 

incubation of islets with a physiologic dose of 20 μM bilirubin was shown to 

significantly decrease cell death under hypoxic stress152. Nanoparticle encapsulation 

technology has been used to increase the uptake of bilirubin into islets. In the work of 

Fullagar et al.,154 bilirubin-loaded nanoparticles were shown to improve islet uptake of 

bilirubin. Islets were incubated with nanoparticles containing 0−20 μM bilirubin, and 

it was found that 5−10 μM bilirubin led to lower cell death levels of an insulinoma cell 

line (INS-R3) during hypoxia in vitro (bottom, Figure 2.4A). Physiological 

concentrations of antioxidants have been shown to increase islet viability under hypoxic 

conditions and reduce immune response152. 

When islets are transplanted, significant amounts of reactive oxygen species 

(ROS) are generated which leads to immune cell infiltration and pro-inflammatory 

cytokine-mediated apoptosis.143 In the work of Lee et al.,144 an oxygen carrier material, 

perfluorodecalin (PFD), was added to alginate at a 1:5 ratio of 1.908g/mL PFD to 2% 

alginate. Islets were then encapsulated in the PDF-alginate mixture, which resulted in 

reduced production of ROS, improving cell viability. Shalaly et al. used islet 
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dissociation to increase cell viability during culturing155. Islets were dissociated into 

single cells so that nutrients could reach individual cells, preventing a necrotic core 

during culture. The cells were further cultured and then seeded on silk scaffolds, 

resulting in the formation of islet-like clusters. Device designs have also been used to 

increase the amount of oxygen that reaches cells49,125,126. Other cell-based methods, 

such as co-encapsulation of islets and preconditioned adipose tissue-derived stem cells, 

have been used to increase vascularization around encapsulated islets156. 

2.6.4. Preventing fibrotic overgrowth 

Pericapsular fibrotic overgrowth (PFO) is one of the main reasons that 

encapsulated islet transplantation has not had success in clinical trials18. PFO is a 

fibrotic build-up that occurs due to an immune response to implanted materials. In the 

case of islet transplantation, this build-up prevents the islets from receiving nutrients 

and secreting insulin. PFO is much more prevalent in large animals than small animals, 

so it is essential to study ways to prevent fibrotic build-up for clinical translation157. 

One approach to reduce the immune response after islet transplantation is modifying 

the alginate used for encapsulation of islets158-160. 

2.7 Conclusion  

Islet encapsulation has greatly advanced over the past few decades. Although 

clinical trials are being performed on microencapsulated islets, there has not been a trial 

that has shown well-controlled blood glucose levels in patients over several years. 

Nonencapsulated islet transplantation requires patients to take immunosuppressants 

long-term, which can be very detrimental to health. The goal of islet encapsulation is 
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to prevent the body from rejecting implanted islets while allowing the islets to release 

insulin and receive the nutrients they need to survive for many years. For islet 

transplantation to become a viable standard of care, it must provide a long-term 

therapeutic effect. Long-term insulin release in patients first requires isolation methods 

for obtaining healthy islets. In addition, the encapsulation processes must not reduce 

the health of the islets. Methods for mitigating post-transplantation hypoxia can also be 

implemented to decrease cell death. The encapsulation needs to permit the exchange of 

oxygen and nutrients while preventing immune response and fibrotic build-up. By 

using engineering strategies to address these problems, islet transplantation could 

become a standard for T1D treatment. 
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Chapter 3 : Deep Learning-enabled Label-free On-chip Selection 

and Selective Extraction of Cell Aggregate-laden Hydrogel 

Microcapsules* 

3.1 Introduction 

Microfluidic encapsulation of cells/tissues in hydrogel microcapsules has 

attracted tremendous attention in the burgeoning field of cell-based medicine. 

However, when encapsulating rare cells and tissues (e.g., pancreatic islets and ovarian 

follicles), the majority of the resultant hydrogel microcapsules are empty and should 

be excluded from the sample. Furthermore, the cell-laden hydrogel microcapsules are 

usually suspended in an oil phase after microfluidic generation, while the 

microencapsulated cells require an aqueous phase for further culture/transplantation 

and long-term suspension in oil could compromise the cells/tissues. Thus, real-time on-

chip selective extraction of cell-laden hydrogel microcapsules from oil into aqueous 

phase is crucial to the further use of the microencapsulated cells/tissues. Contemporary 

extraction methods either require labelling of cells for their identification along with 

an expensive detection system or have a low extraction purity (< ~30%). Here, we 

report a deep learning-enabled approach for label-free detection and selective 

extraction of cell-laden microcapsules with high efficiency of detection (~100%) and 

 
* Copyright (2021) Wiley. Used with permission from White, A. M., Zhang, Y., Shamul, J.G., Xu, J., 
Kwizera, E.A., Jiang, B., and He, X, “Deep learning-enabled label-free on-chip detection and selective 
extraction of cell aggregate-laden hydrogel microcapsules”, Small 2021; 2100491, Wiley.  
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extraction (~97%), high purity of extraction (~90%), and high cell viability (>95%). 

Our utilization of deep learning to dynamically analyze images in real-time for label-

free detection and on-chip selective extraction of cell-laden hydrogel microcapsules is 

unique and may be valuable to advance the emerging cell-based medicine. 

3.1.1. Background 

Microencapsulation of cells and tissues has become a very popular area of 

research for its ability to encase cells in a 3D environment which can be utilized in cell-

based medicine including tissue engineering, regenerative medicine, and cell-based 

therapies64,149,161-163. For example, microcapsules can be used to create a biomimetic 

environment for ovarian follicles and a biocompatible immunogenic barrier for stem 

cell and islet transplantation.13,14,50,164,165 Microfluidics has been widely explored for 

cell and tissue encapsulation because of its good controllability in terms of the size, 

morphology, and composition of the microcapsules92,94. Microfluidic cell 

encapsulation is usually accomplished by shearing cell-laden aqueous fluids with a 

water-immiscible fluid (e.g., oil)58,166,167. One major challenge is that the percentage of 

cell-laden microcapsules to total microcapsules generated is very small (< 5%) due to 

the low cell density required for encapsulating only one piece of cell/tissue or cell 

aggregate per microcapsule, and in the case of pancreatic islets and ovarian follicles, 

the limited amount of these precious tissues that can be isolated134,164,168-172. This large 

number of empty microcapsules make downstream processing difficult, and in 

particular, are undesired for cell/tissue transplantation for which the space available in 

vivo for housing the transplants is very limited15. In order to remove empty 

microcapsules, sorting is needed. This can be done manually or by moving all the 
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microcapsules to another device for sorting, which is tedious and may cause sample 

loss, contamination, and/or, cell damage99,100. Another challenge is that oil is not 

favorable for cell viability102. Therefore, an effective method for selective extraction of 

cell-laden microcapsules from oil into an isotonic aqueous phase timely on-chip can be 

very important to maintain the cell quality for use in clinical settings.  

Several methods have been reported for extraction of microcapsules from oil 

into an aqueous phase based on the size and/or natural hydrophilicity of the 

microcapsule surface103-107. However, these studies have not explored selective 

extraction of cell-laden microcapsules. Several studies reported optical detection of 

cell-laden microcapsules to selectively extract them108,109. However, these methods 

require either fluorescently labeling the cells or squeezing the cell-laden constructs. 

The former may negate the utility of the cell-laden microcapsules for cell-based 

medicine while the latter may damage the cell-laden hydrogel microcapsules 

permanently. More recently, a label-free method was demonstrated for on-chip 

selective extraction of cell aggregate-laden microcapsules from oil into an aqueous 

solution using an optical sensor and dielectrophoresis (DEP)171.  However, the purity 

is low: only ~30% of the extracted microcapsules are cell-laden. In addition, cell 

aggregates less than ~80 µm in diameter are not detectable with the optical sensor-

based method.  

With the development of high capacity graphical processing units (GPUs) and 

availability of big data, deep learning has risen to prominence as an accessible tool for 

many fields in recent years, especially in the field of image processing110-115. Deep 

learning is a type of machine learning that uses neural networks (nodes connected by 
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varying weights) to make predictions based on the input data117. Supervised learning is 

a type of deep learning in which a program can be used to classify different objects that 

are input into the system, by first “learning” from pre-labeled objects that are used to 

train the program118. Object classification can be very useful for biomedical 

applications, and deep learning can be used to detect subtle features in images, which 

may surpass human performance110,111. More recently, deep learning has been used to 

detect live and dead cells, as well as different types of cells119,120. However, nearly all 

prior studies have been focused on analyzing static images offline. Two studies have 

used machine learning to identify and separate droplets containing cells from droplets 

without cells on microfluidic devices in real-time, but these studies require complex 

imaging setups with special photodetectors, do not result in high purity and efficiency 

in sorting, and/or do not create hydrogel microcapsules for further processing121,122. 

One study has examined sorting hydrogel microcapsules (containing no cells/tissues) 

of different sizes by deep learning123. The capability of deep learning in real-time 

detecting cell/tissue-laden hydrogel microcapsules for their label-free on-chip selective 

extraction has not been explored so far. 

3.2 Methods and materials   

3.2.1. Materials 

The SYLGARD 184 Silicone Encapsulant Clear polydimethylsiloxane (PDMS) 

was purchased form Dow (Midland, MI, USA), photoresist was purchased from 

Kayaku Advanced Materials, Inc. (Westborough, MA, USA), and 4 inch silicon wafers 

were purchased from University Wafer (South Boston, MA, USA). Tubing for 
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connecting to microfluidic devices was purchased from Cole Palmer (Vernon Hills, IL, 

USA). The MCF-7 breast cancer cells were purchased from ATCC (Manassas, VA, 

USA). Materials for cell culture including Dulbecco’s Modified Eagle Medium 

(DMEM), heat inactivated fetal bovine serum (FBS), penicillin, streptomycin, and 

trypsin-EDTA, were purchased from Thermo Fisher Scientific (Waltham, MI, USA).  

3.2.2. Fabrication of microfluidic devices 

The microfluidic devices were fabricated by soft lithography of PDMS on a 

mold/master that was created using photolithography. The design of the microfluidic 

device was created using AutoCAD (Autodesk, Mill Valley, CA, USA) and a mask of 

the design was printed by CAD/Art Services, Inc (Brandon, OR, USA). The device 

consisted of two PDMS parts: a top part containing the channels and a flat bottom part. 

To create the mold, SU-8 2100 photoresist (Kayaku Advanced Materials, Inc, 

Westborough, MA, USA) was first spin-coated onto a 4-inch silicon wafer (University 

Wafer, South Boston, MA, USA) to create a 250 µm thick layer. After soft baking on 

hot plates at 65 °C and 95 °C, the wafer was exposed to UV light through the patterned 

mask using a MA-4 Mask Aligner (Karl Suss, Munich, Germany). Next, the wafer was 

hard baked at 65 °C and 95 °C and developed using SU-8 developer (Kayaku Advanced 

Materials, Inc, Westborough, MA, USA). A post bake was then performed at 120 °C. 

The spin speeds, baking parameters, and exposure energy were all determined based 

on the SU-8 2100 datasheet from the manufacturer. PDMS was made by mixing a ratio 

of 10:1 w/w base to curing agent. To fabricate the top part of the microfluidic device, 

the PDMS was then poured over the mold, degassed, and baked at 75 °C for 2 h to 

cure/crosslink the polymer. The bottom part (i.e., a flat slab PDMS of ~1 mm thick) 
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was created by pouring a thin layer of PDMS over a plain silicon wafer, followed by 

degassing and 2 h of baking at 75 °C. Afterward, the PDMS parts were cut, and peeled 

off the mold, and then cleaned using tape. The top and bottom parts of the device were 

both plasma-treated using a PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY, 

USA) at 18 W and 27 Pa for 2 min and bonded together by gently pressing them against 

each other to assemble into the final device. The device was then baked at 75 °C for 3 

days before further use.  

3.2.3. Preparation of microfluidic solutions 

A 250 mM mannitol solution was created by dissolving mannitol in 10 mM 

HEPES buffer, and its pH was adjusted to 7.2 using sodium hydroxide. A 2% w/v 

alginate solution was made by dissolving alginate in the aforementioned mannitol 

solution. To create the oil phase that is an emulsion of oil and aqueous solution of 

CaCl2, 2 mL of aqueous CaCl2 solution (1 g/mL) and 186.6 μL of Span 80 were added 

into 10 mL of mineral oil. Mineral oil is designated as generally recognized as safe 

(GRAS) by the FDA173. Then the mixture was sonicated using a Branson 450 Digital 

Sonifier (Emerson, St. Louis, MO, USA) for 1 min (20% amplitude). To prepare the 

1% w/v methylcellulose extraction solution, the aforementioned 250 mM mannitol 

solution was slowly added into a 50 mL conical centrifuge tube containing the powder 

of high viscosity methylcellulose. The sample was mixed by placing it on a rocker 

(Fisher Scientific), at room temperature for 3 days to completely dissolve the powder. 

CaCl2 (at a final concentration of 10 µM) was then added into the sample and it was 

further mixed on the shaker for an additional day. All aqueous solutions were filtered 

through a 0.22 µm filter. 
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3.2.4. Culture of cells and aggregates 

MCF-7 cells were cultured in DMEM supplemented with 10% heat inactivated 

FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37℃ in a humidified 

incubator at 5% CO2. At ~80% confluency, the cells were detached with 0.25% 

Trypsin-EDTA. Then, medium was added, and the sample was centrifuged at 200g, 

followed by removal of the supernatant and resuspended in medium. Cells were then 

counted with a hemocytometer and diluted with medium to a final concentration of 

5×104 cells/mL. Drops of 30 µL of the cell suspension were pipetted onto the inner 

surface of a 100-mm petri dish lid (VWR International, Radnor, PA, USA) using a 

multi-channel pipette. A total of 15 mL of phosphate buffered saline (PBS) was added 

into the dish, and the lid with the drops was carefully placed on the dish with the drops 

suspended above the PBS in the dish. The cells were cultured at 37 ℃ and 5% CO2 for 

12 hours to 3 days to obtain aggregates of varying sizes (50-250 µm in diameter) for 

use in experiments.  

3.2.5. Imaging 

All on-chip images and movies were captured using an iPhone7 camera 

attached to a low-cost (~$3,000) Zeiss (Oberkochen, Germany) Primovert microscope 

at 100x total magnification (10x objective). The microfluidic device was placed on the 

microscope stage with the detection area aligned in the microscope field of view. An 

iPhone 7 was mounted to one of the eyepieces of the microscope to obtain images and 

videos of the detection area. The live phone video of the detection area was streamed 

to the computer using the iVcam (E2ESOFT, free software) application. In iVcam, the 

image resolution was set to 1920×1080 pixels and the acquisition speed was set to 30 
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fps. These imaging tools were used to collect micrographs for training the deep learning 

model, as well. Off-chip imaging of microcapsules collected from the outlet of the 

microfluidic devices and fluorescence imaging for assessing cell viability were 

performed with a Zeiss LSM 710 microscope.    

3.2.6. Training of deep learning model 

The deep learning model was trained using labeled images of empty and cell 

aggregate-laden microcapsules. Images of air bubbles and noise in the oil phase were 

included to help the model distinguish between noise, microcapsules, and cell 

aggregates. First, iVcam was used to record videos of microcapsules in the detection 

region using an iPhone7 attached to the eyepiece of a Zeiss Primovert microscope. 

Then the videos were split into frames, and frames with empty microcapsules and cell 

aggregate-laden microcapsules were collected (400 empty and 400 aggregate-laden). 

Images were cropped to include only one microcapsule and labeled as “empty” or “cell 

aggregate-laden” using the program LabelImg in the Python Package Index (PyPI). 

Labeled image data were then divided randomly into training and testing data (80% 

training, 20% testing). Images were used to train the deep learning models using 

Tensorflow (Google) for 100,000 steps. Testing data was then used to confirm the 

model’s detection precision.  

3.2.7. Microfluidic cell encapsulation, extraction, and collection 

For microfluidic encapsulation, the aforementioned 2% (w/v) alginate solution 

suspended with the MCF-7 cell aggregates (~1,000 per mL), oil phase, and 1% w/v 

high viscosity methylcellulose solution (10 mL) in syringes were introduced into the 
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microfluidic device through the Cole Palmer tubing using the Harvard Apparatus 

(Holliston, MA, USA) Elite 11 syringe pumps via three different inlets. During 

encapsulation, microcapsules in both the oil (i.e., not extracted) and aqueous solution 

(i.e., extracted) were collected for a total of 1 hour, to determine efficiency and purity 

of the deep learning-enabled extraction. They were collected using P1000 pipettes and 

transferred into 5 mL of 250 mM mannitol solution containing 10 mM CaCl2 in a 50 

mL conical centrifuge tube. To further gel the microcapsules, a 200 mM CaCl2 solution 

was added to the collection solution in a 1:1 ratio to create a 100 mM CaCl2 solution. 

Gelling was performed for 60 seconds, and then the rest of the 50 mL conical centrifuge 

tube was filled with 250 mM mannitol solution for washing, to remove the CaCl2 and 

any residual oil. After the microcapsules sunk to the bottom of the tube, the top of the 

solution was removed, and the microcapsules were transferred to a 6-well plate for 

counting.  

3.2.8. Microfluidic-electronic interface setup 

The system overview and experimental setup are shown in Figure 3.1. In the 

extraction region, two 25-gauge Hamilton (Reno, NV, USA) needles were used as the 

electrodes (E1 and E2). These two electrodes were loop-connected to a switch (Pololu 

basic SPDT relay carrier with 5 VDC relay) powered by an 8.4 V power converter (AA 

Portable Power Corp, CA, USA) which was controlled by a Mbed NXP LPC1768 

microcontroller (Pololu, Las Vegas, NV, USA). The switch was connected to a Gamma 

High Voltage Research (Ormond Beach, FL, USA) RMC5R voltage generator. A direct 

current (DC) voltage, Va, of 250 V was applied to the circuit of the electrodes through 

switch. The extraction region of the device was monitored using a cell phone. The cell 
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phone was attached to the eyepiece of the microscope and connected to the computer 

through a USB cable. The iVCam was then used for real-time image and video 

streaming from the cell phone camera to the computer. At the start of running the 

program, the detection area (10 µm upstream of the extraction area) was selected by 

drawing a bounding box on a frozen video frame. The bounding box was manually 

selected on the frozen video frame by clicking the top left and bottom right corners of 

the region. The bounding box then remained in the same spot until the program is 

ended. After generated at the FFJ, microcapsules flowed towards the detection area 

where detection and extraction then occurred once the program started to run.  

3.2.9. Detection efficiency and extraction efficiency and purity 

Detection efficiency was used to determine the deep learning program’s ability 

to detect cell aggregate-laden microcapsules. To determine the detection efficiency, 

videos of the deep learning system running detection were analyzed. DtTP (detection 

true positive) was defined as the number of cell aggregate-laden microcapsules that 

contained cell aggregate that the system categorized as positive, and DtFN (detection 

false negative) was defined as the number of microcapsules that contained cell 

aggregate but did not categorize as positive by the system. The detection efficiency 

(DtE) was calculated as follows:     

𝐷𝑡𝐸	 = 	𝐷𝑡𝑇𝑃	/	(𝐷𝑡𝑇𝑃	 + 	𝐷𝑡𝐹𝑁)	      (3.1) 

Extraction efficiency and purity were used to evaluate the system’s detection 

abilities combined with extraction abilities. When microcapsules were collected, they 

were classified as follows: EtTP (extraction true positive, collected from the aqueous 

exit) is the number of aggregate-laden microcapsules that were categorized correctly 
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as containing cell aggregates and extracted, EtTN (extraction true negative, collected 

from the oil exit) is the number of empty microcapsules that were categorized correctly 

as empty and not extracted, EtFP (extraction false positive, collected from the aqueous 

exit) is the number of microcapsules that were empty but were extracted (either through 

incorrect categorization or being extracted by DEP due to a capsule flowing through 

the extraction region while DEP is still activated), and EtFN (extraction false negative, 

collected from the oil exit) is the number of microcapsules that were filled and were 

not extracted (either through incorrect categorization or not being in the extraction 

region when DEP was activated). To calculate these values, microcapsules from both 

the aqueous and oil outlets were collected (n=3). The extraction efficacy (EtE) and 

purity (EtP) were calculated as follows:  

𝐸𝑡𝐸	 = 	𝐸𝑡𝑇𝑃	/	(𝐸𝑡𝑇𝑃	 + 	𝐸𝑡𝐹𝑁)	      (3.2) 

𝐸𝑡𝑃	 = 	𝐸𝑡𝑇𝑃	/	(𝐸𝑡𝑇𝑃	 + 	𝐸𝑡𝐹𝑃)       (3.3)  

3.2.10. Cell viability 

Live and dead cells were labeled using calcein AM (Corning, Inc., Corning, 

NY) and propidium iodide (PI) (Invitrogen, Carlsbad, CA), respectively. 

Microcapsules from both the aqueous and oil exits were collected for one hour into a 

50 mL conical centrifuge tube containing 5 mL of 250 mM mannitol solution with 10 

mM CaCl2 kept on ice, followed by further gelling with 100 mM CaCl2. The 

microcapsules were then rinsed once by filling the rest of the 50 mL conical centrifuge 

tube up with the 250 mM mannitol to remove CaCl2 and any possible residual oil. After 

the microcapsules sunk down to the bottom of the tube, the supernatant was aspirated 

out, and replaced with medium containing 5 µM calcein AM and 5 µM PI. They were 
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then incubated at 37 ℃ for 30 minutes, followed by fluorescence imaging. This was 

performed for the unencapsulated aggregates (control) (n=3) and extracted 

encapsulated aggregates (n=3). For each independent run, ~7 aggregates were imaged 

in each group. Using ImageJ, the red area of dead cells and the green area of live cells 

was compared to the total area of the aggregates to determine the percentage of dead 

and live cells, respectively.  

3.2.11. Statistical Analysis 

Statistical analyses were performed in Excel using unpaired Student’s two-

tailed t-test assuming equal variance. Data was reported as mean ± standard deviation 

from at least three independent runs. A p value less than 0.05 was considered 

statistically significant.  

3.3 Results and discussion   

In this study, we report a deep learning-enabled label-free method for highly 

efficient on-chip detection and selective extraction of cell aggregate-laden hydrogel 

microcapsules. This is achieved through using categorically labeled images to train a 

deep learning-based detection model, which is then used to dynamically analyze the 

real-time images for label-free detection of the cell aggregate-laden microcapsules with 

~100% efficiency. The MCF-7 cell aggregates are used to mimic single pancreatic 

islets or ovarian follicles. Once detected, a DEP force is activated to extract the cell-

laden microcapsules from oil into an aqueous phase with high efficiency (~97%), high 

purity (~90%), and high cell viability (>95%). DEP is a simple and fast method of 

moving particles that allows for a quick transfer of microcapsules from oil into an 
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aqueous phase. It is also independent on the stiffness and particle size as other methods 

can be15. As illustrated in Figure 3.1A-B, the system consists of a microfluidic device 

for microcapsule generation, a cell phone camera for imaging the on-chip detection 

area, a deep learning model for detection via analyzing the video frames from the 

camera in real-time, and a microcontroller that receives the output from the deep 

learning model and controls the switch to activate/deactivate the DEP-based extraction. 
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Figure 3.1. An overview of the deep learning-based detection and extraction 
system. (A) Flow chart of the overall system design and order of operations. (B) A 3D 
schematic illustration of the experimental setup. (C) A diagram of the microfluidic 
device showing its use for generating microcapsules and the deep learning-based label-
free on-chip selective extraction of the cell aggregate-laden microcapsules. The 
microfluidic device consists of an oil channel inlet 1 (I1) for flowing an oil phase 
(containing CaCl2), an I2 for flowing isotonic aqueous sodium alginate solution 
suspended with cell aggregates, and an I3 for flowing the isotonic aqueous extraction 
solution. Microcapsules are formed at the flow focusing junction (FFJ, i), gelled in the 
downstream gelling channel, and further flow into the detection region (ii) where 
images are taken for real-time detection. A deep learning-based detection program 
processes the images to determine if the microcapsules contain a cell aggregate or is 
empty. Once a cell aggregate-laden microcapsule is detected, the microcontroller is 
informed to turn the switch on, activating DEP force to extract the cell aggregate-laden 
microcapsule into the aqueous extraction channel (iii). Extracted microcapsules then 
flow down to the aqueous outlet (O1) where they are collected (iv). Non-extracted 
microcapsules continue to flow with oil to outlet O2. Adapted from White et al.17  

 
The workflow of our approach is further illustrated in Figure 3.1C. In the 

microfluidic device, an aqueous solution of sodium alginate containing cell aggregates 

is connected to inlet 1 (I1), the oil phase that contains CaCl2 for gelling the sodium 

alginate solution into calcium alginate hydrogel is connected to I2, and the isotonic 

aqueous extraction solution is connected to I3. The flow rates are 200 μL/h, 2 mL/h, 

and 6 mL/h for the sodium alginate solution, oil phase, and extraction solution, 

respectively. At the flow focusing junction (FFJ, i), the aqueous alginate solution is 

sheared by the oil phase to form microdroplets. The microdroplets are gelled into 

microcapsules by CaCl2 in the oil phase at the FFJ and the downstream gelling 

microchannels before detection. Some of the microcapsules contain a cell aggregate 

and the majority of them are empty. 

The microcapsules further flow into the detection region (ii) where images are 

taken by a cell phone camera via the objective of a low-cost Zeiss (Oberkochen, 

Germany) Primovert bright-field light microscope. This is done by attaching an iPhone 
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7 cell phone (Apple Inc., CA, USA) to the microscope with the phone camera being 

overlayed on the microscope eyepiece (Figure 3.1B). The phone also relays the images 

to a computer. The deep learning model on the computer analyzes the input images in 

real-time to determine if the microcapsule currently in the detection region contains a 

cell aggregate or is empty. This information is then sent to a microcontroller, which 

controls a switch that turns on when the model determines there is a microcapsule 

containing a cell aggregate in the detection region. Based on the flow rate of the oil 

phase, distance between two adjacent microcapsules, inference time of the detection 

system, and time needed for DEP activation, a distance of 10 µm is chosen between the 

detection region and electrode location to ensure timely extraction of a detected cell 

aggregate-laden microcapsules with minimal interference of neighboring 

microcapsules. When the switch is turned on, an electric field is applied across the 

microchannel via the two electrodes (E1 and E2, located at 10 µm downstream of the 

detection region) to generate DEP force for selectively extracting the cell aggregate-

laden microcapsule from the oil phase into the isotonic aqueous extraction solution (iii).  

The extracted microcapsules then flow to the outlet 1 (O1, iv), while non-

extracted microcapsules stay in the oil phase and flow to the outlet O2 (Figure 3.1C). 

The microcapsules have a diameter of 219.4 ± 8.2 µm. Pictures of the microfluidics 

and detection setup and the microcontroller can be seen in Figure 3.2A and Figure 

3.2B respectively. The schematic of the setup between the electrodes and 

microcontroller as well as a to scale sketch and image of the microfluidic device can 

be seen in Figure 3.2C and Figure 3.2D, respectively 

 



 

50 
 

 

Figure 3.2. An illustration of the complete system design. (A) A real photo of the 
experimental setup with labels to explain the different components. (B) A real picture 
showing the circuit connection of the switch and microcontroller on an electronic 
circuit board. (C) The electric circuit connecting the electrodes, switch, and controller. 
Va: 250 V. (D) A sketch (drawn to scale) of the microfluidic channels (top view) in the 
microfluidic device together with a table listing the microchannel dimensions and a real 
photo of the microchannels and electrodes. The gelling microchannel is 300 µm in 
width at the flow-focusing junction (FFJ) and it gradually increases to 400 µm at 5 mm 
away (downstream) from the FFJ. All channels are 250 µm in height.  Adapted from 
White et al.17  

As aforementioned, a deep learning model is utilized to enable label-free 

detection of cell aggregate-laden microcapsules in real-time in this study. This is 
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achieved through training the deep learning neural network model using pre-labeled 

(i.e., with or without a cell-laden microcapsule) images of the detection region (Figure 

3.3A). Once the model is trained, images from the cell phone camera showing the 

detection region of the microfluidic chip are read into the detection program and the 

model determines whether or not there is an aggregate-laden microcapsule in the 

detection region in real-time.  Based on the speed needed for real-time detection and 

the imaging rate of the iPhone 7 camera, an acquisition speed of 30 frames per second 

(fps) is chosen, meaning the time interval between two adjacent image frames should 

be ~33 ms. Interestingly, we find that there is some variability in the actual acquisition 

speed. The actual time interval between two adjacent image frames ranges from 18-50 

ms (Figure 3.3B).  

Therefore, for real-time application at 30 fps, the inference time (the time it 

takes the model to distinguish between an aggregate-laden and empty microcapsule in 

real-time) must be no greater than 18 ms. Using MobileNet as the backend structure, 

the model achieves the shortest inference time of ~16 ms (Figure 3.3C), while the 

inference time of the Inception model fluctuates between ~15 and ~33 ms and the 

ResNet model has the longest inference time of ~400 ms. Based on these findings, 

MobileNet has the shortest inference time (16 ms) and is chosen for further 

experiments. To train the model using MobileNet as the backend structure, images of 

microcapsules in the detection region are taken and labeled as being cell aggregate-

laden or empty (400 for each) as the input images. Images of noise and air bubbles were 

also included in training to improve detection efficiency. The model is trained for 
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100,000 steps, using TensorFlow (Google) on a GTX 1050ti GPU with 16 GB 

memory174.  

 

 

Figure 3.3. Characterization of the deep learning approach for label-free 
detection. (A) An illustration of the deep learning detection model including the 
backend architecture and a convolution (Conv) neural network using the single shot 
multibox detection (SSD), for detecting cell aggregate-laden microcapsules. (B) 
Quantitative data showing the image acquisition speed using the iPhone 7 camera. (C) 
Inference times of the deep learning detection models with three different backend 
structures. Adapted from White et al.17 

 
We then conducted real-time extraction on cell aggregate-laden microcapsules, 

enabled by the deep learning-based label-free detection of the cell aggregate-laden 
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microcapsules on-chip using the detection model trained with the MobileNet backend 

structure. We determined the efficiency and purity of our approach for both detection 

and selective extraction through microcapsule collection and counting, as well as 

quantification of cell viability. A video frame breakdown of the detection and 

extraction area (Figure 3.4A) with deep learning-based detection and selective 

extraction is shown in Figure 3.4B. After formation at the FFJ and further gelling in 

the downstream gelling microchannel, the microcapsule flows into the detection area. 

The deep learning detection model running on the computer can then determine if the 

microcapsule is empty or cell-laden. The detection region is indicated by a green box 

(Figure 3.4 b.1) that turns red when the model detects a cell aggregate-laden 

microcapsule (note: the color change indicates a cell aggregate to the user and is not 

necessary for performing the detection or extraction).  

If a cell aggregate-laden microcapsule appears in the detection region (Figure 

3.4 b.2-3), the computer program sends a corresponding signal to the microcontroller 

which is connected with the computer through USB (COM6). The microcontroller then 

activates DEP for 0.15 seconds to extract the cell aggregate-laden microcapsule from 

oil phase into the aqueous phase (Figure 3.4 b.4-6). The duration of 0.15 seconds for 

DEP activation is determined experimentally to achieve the extraction of one 

microcapsule per DEP activation, based on the speed of the microcapsules, time 

between microcapsules passing the extraction region, and time of extraction. If no cell 

aggregate-laden microcapsule is detected, DEP stays off and the microcapsule 

continues to flow down the oil channel (Figure 3.4 b.7-9). This selective extraction 

process can be seen in both Supplemental Video 3.1 (in full speed) and Supplemental 
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Video 3.2 (in full speed except when extraction occurs, and it is slowed down to 10% 

speed for better visualization of the extraction process). 

 

Figure 3.4. Characterization of the deep learning-enabled detection and selective 
extraction of cell aggregate-laden microcapsules. (A) Diagram of microfluidic 
device design with detection and extraction region indicated by orange box. (B) Typical 
image sequence showing the selective extraction of a cell aggregate-laden 
microcapsule from oil into the aqueous extraction solution. The blue arrows indicate 
the flow direction, and the red/green box is the detection area. The green box indicates 
either no microcapsule or an empty microcapsule is present in the detection region, 
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while the red box represents a cell aggregate-laden microcapsule is detected in the 
detection region. (C) Quantitative data of the deep learning-based detection efficiency 
and selective extraction efficiency of cell aggregate-laden microcapsules (n=3 
independent runs with ~1000 microcapsules per run). (D) Quantitative data comparing 
the purity of microcapsules without and with the deep learning-based selective 
extraction (n=3 independent runs with ~1000 microcapsules per run for each 
condition). (E) Images of microcapsules collected from the device without and with 
selective extractions, showing the difference in purity between the samples. (F) Cell 
viability in both control cell aggregates without microencapsulation or extraction 
(control) and cell aggregates in microcapsules selectively extracted using the deep 
learning-enabled label-free method (n=3 independent runs with 7 cell aggregates per 
run for each condition). (G) Bright field and fluorescence images showing live/dead 
(green/red) staining in both cell aggregates without going through microencapsulation 
or extraction (control) and cell aggregates in microcapsules selectively extracted using 
the deep learning-based label-free method. Adapted from White et al.17 

To determine the detection efficiency, videos of the detection region are 

analyzed, and the number of cell aggregates are counted. The detection efficiency is 

the percent of cell aggregate-laden microcapsules that the deep learning program 

detects out of all the cell aggregate-laden microcapsules passing through the detection 

region. It is determined that the deep learning-based label-free method can detect cell 

aggregates (50-250 µm in diameter) with an ~100% detection efficiency (Figure 3.4C).  

To determine the selective extraction efficiency and purity as well as cell 

viability, microcapsules are collected from both the aqueous outlet O1 and oil outlet 

O2 (Figure 3.1C). The extraction efficiency is defined as the percent of extracted cell 

aggregate-laden microcapsules out of all cell aggregate-ladened microcapsules, while 

the extraction purity is defined as the percent of the extracted cell aggregate-laden 

microcapsules out of the total extracted microcapsules. The extraction efficiency and 

purity of the cell aggregate-laden microcapsules in the selectively extracted sample 

collected from the aqueous outlet O2 are ~97% (Figure 3.4C) and ~90 % (Figure 

3.4D), respectively. The purity of the selectively extracted microcapsules is 
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significantly higher than that (~2%) without selective extraction. Typical images of the 

samples without and with selective extraction showing the difference in their purity are 

given in Figure 3.4E. 

The cell viability is examined by live/dead staining to determine if the DEP 

extraction process causes any damage to the cells, since cells have to be highly viable 

for their further biomedical applications. The cell aggregates in the microcapsules 

collected from the aqueous outlet O2 are labeled using live/dead (green/red) staining 

and imaged with fluorescence microscopy, and the green and red areas in the images 

are quantified using ImageJ. Quantitative analysis of the green/red (live/dead) areas 

shows more than 95% cells in the selectively extracted microcapsules (n=3 independent 

runs) are viable (Figure 3.4F), which is not significantly different from that of fresh 

cells (control) in the cell aggregates (n=3 independent runs) without 

microencapsulation or extraction. Typical fluorescence images are given in Figure 

3.4G, which shows negligible red (dead) stain, indicating the cells are highly viable. 

The deep learning-based label-free method can detect cell aggregates of 50-250 µm in 

diameter with an ~100% detection efficiency, which enables selective extraction of the 

cell aggregate-laden microcapsules via DEP force with an ~97% extraction efficiency. 

This high detection efficiency can also be attributed to the size of the microcapsules 

and the design of the device, to ensure the cell aggregates are not far away from the 

plane of focus (i.e., within the depth of focus) so that they show up in the images used 

by the deep-learning algorithm for detection. This detection method is much better than 

a previously reported optical sensor-based approach that is unable to detect or extract 

any cell aggregates less than 82 µm. This is important for biomedical applications, for 
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instance for islet microencapsulation, because islets can be as small as 50 µm28. The 

purity (~90%) of the deep learning-based extraction is also much higher than that 

(~30%) achieved with an optical sensor-based detection method for DEP-based 

extraction. However, the purity is lower than the extraction efficiency. As shown in 

Supplemental Videos 3.1 and 3.2, this is probably because the oil-water interface in 

the extraction area is destabilized slightly during extraction of a cell-laden 

microcapsule, which may cause an upstream neighboring microcapsule (either empty 

or cell-laden) to be extracted if the interface has not completely stabilized by the time 

when the neighboring microcapsule passes through the extraction region.  This issue 

may be resolved by increasing the oil speed to make the microcapsules further away 

from each other and/or by improving the interface stability via adjusting the physical 

properties (e.g., viscosity and electrical conductivity) of the oil and aqueous phases in 

the extraction channel175. This issue may also be overcome by using an extraction 

method faster than DEP. Similarly, a more precise extraction method could further 

improve the extraction efficiency to ~100%, since the efficiency for the deep learning-

based detection is ~100%.  

Of note, the throughput of the system is ~1.5 microcapsules per second. This is 

due to the flow rates of the aqueous and oil phases used, which are optimized based on 

the time needed for detection and extraction, as well as the time needed for the 

oil/aqueous interface to become stable after extracting a cell-laden microcapsule. If the 

rate of microcapsule generation is too high and the microcapsules are too close to each 

other, the purity of the extracted cell-laden microcapsules may decrease. This is 

because the neighboring microcapsules (cell-laden or not) may be extracted either 
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before the DEP is de-activated, or before the interface becomes stable after extracting 

a target cell-laden microcapsule. This may contribute partially to the low purity (~30%) 

of our previous optical sensor-based system with a throughput of ~3.75 microcapsules 

per second. Nonetheless, for the applications of microencapsulating islets and follicles, 

usually ~100 follicles or ~1000 islets are needed at a time, making this throughput of 

~1.5 microcapsules per second sufficient. For applications that require higher 

throughput, smaller microcapsules that may cause less interface destabilization could 

be used, along with more viscous oil phase and aqueous extraction solution to further 

stabilize the interface, for increasing the throughput while keeping a high purity. The 

electrical conductivity of the oil phase could also be adjusted for faster extraction. 

Advances in deep learning and improved backend structures, along with a high-speed 

camera for imagining, and a faster computer processer and microcontroller can also 

help to improve throughput. Lastly, throughput may be improved by running multiple 

microfluidic devices in parallel. 

It is also worth noting that this work is focused on cell aggregates with a 

diameter of 50 – 250 µm for the application of microencapsulating single pancreatic 

islets and ovarian follicles that have a diameter over the same range. However, the deep 

learning system can also be trained with images of smaller aggregates or single cells. 

The microfluidic device and detection system can also be adjusted to ensure that 

smaller aggregates and single cells can be identified and are within the depth of focus 

for imaging so that a high detection and extraction efficiency could be achieved. 

Reducing the microcapsule size may also help to improve detection efficiency, 

especially for detecting smaller aggregates or one single cell in the microcapsules, 
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although we did not vary the size of the microcapsules (diameter: 219.4 ± 8.2 µm) in 

this study. Moreover, the position of cells, the plane of focus, and microcapsule edge 

opacity may vary with microcapsule size and could affect the detection efficiency, 

which should be taken into consideration when designing a device and training a deep 

learning model. This type of model could also be applied to sort cell aggregates based 

on their size by training the model with images of aggregates of varying sizes in the 

microcapsules.  

Lastly and importantly, the elimination of cell labeling with our label-free 

method is of great significance to the use of the cells for downstream biomedical 

applications where labelled cells can’t be used, including treating type 1 diabetes with 

microencapsulated islets, as well as microencapsulation of ovarian follicle for 

biomimetic 3D culture to treat infertility. Furthermore, our approach allows for a quick 

transfer of microcapsules from the time of detection to extraction (~15 ms, 

Supplemental Videos 3.1 and 3.2), and microcapsules are moved from the oil phase 

that is not favorable for the survival of living cells, to an aqueous solution in less than 

10 seconds (determined by dividing the gelling microchannel length with the flow rate 

in the channel), from the time when the microcapsules are generated at the FFJ to their 

extraction. This may contribute to the high cell viability of the extracted sample. 

Moreover, this approach eliminates the need for tedious manual sorting of non-labeled 

aggregates and the associated possibility of sample contamination. Lastly, we used an 

inexpensive and accessible system setup involving a low-cost inverted bright-field light 

microscope and a cell phone camera for detection, and an open-source deep learning 

detection platform, TensorFlow, which does not require extensive modifications. 



 

60 
 

3.4 Conclusion  

In summary, we developed a low-cost deep learning-based method for detecting 

and selectively extracting cell aggregate-laden microcapsules dynamically, which 

enables highly efficient label-free detection (~100%) and on-chip selective extraction 

(~97%) of the cell aggregate-laden microcapsules out of empty ones in a microfluidic 

device. Furthermore, the extracted samples are with high purity (~90%) and high cell 

viability (>95%). This technology may find many potential applications including 

microencapsulating pancreatic islets, ovarian follicles, and stem cell aggregates for the 

treatment of diabetes and infertility and stem cell-based therapy of many diseases. 
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Chapter 4 : Deep Learning-Enabled Fabrication of Highly Pure 

Islet-Laden Biomimetic Core-Shell Hydrogel Microcapsules for 

Treating T1D in Mouse Model 

4.1 Introduction    

Microencapsulated islet transplantation for treating type 1 diabetes has 

predominantly relied on encapsulation techniques involving homogeneous alginate 

microcapsules53,176. The goal of microencapsulation is to provide the islets with a 

beneficial environment while also preventing immune response and eventual immune 

rejection11,53. While these homogeneous alginate microcapsules offer some immune 

protection for the encapsulated islets, they have limitations that could prevent 

successful islet transplantation93. 

Alginate microcapsules, produced through conventional methods such as 

droplet generation into a gelling bath or electrospray can be relatively large (1mm in 

diameter) and their size can be challenging to control93,177. Large microcapsules have 

been found to restrict efficient oxygen and nutrient exchange, potentially 

compromising the health and viability of the encapsulated islets178-180. While alginate 

is a biocompatible material derived from brown seaweed, it does not naturally occur in 

the body and lacks adhesion motifs to facilitate cell interactions and other 

characteristics of the native pancreatic environment of islets181. Additionally, there is a 

risk of triggering immune responses if the islets protrude from these microcapsules due 

to fabrication methods of homogeneous alginate microcapsules13. 
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Microfluidic chips present an innovative solution by enabling the creation of 

microcapsules that can be precisely adjusted using microfluidic device design and flow 

parameters96,97. Microencapsulation also allows for the production of small 

microcapsules (less than 600 µm in diameter), enhancing nutrient exchange and 

increasing cell viability and insulin release97. Microfluidic devices are extensively used 

to microencapsulate cells and tissues, resulting in microcapsules typically suspended 

in an oil phase182. However, subsequent steps often involve off-chip processes such as 

centrifugation to collect and transfer the microcapsules from oil into an aqueous based-

solution as discussed in Chapter 3. This can lead to unintended cell damage and 

microcapsule loss16. Furthermore, when encapsulating precious and rare cell 

aggregates or tissues, such as pancreatic islets, the majority of microcapsules remain 

empty, with the few islet-laden microcapsules hidden among the empty ones. It is 

essential to remove empty microcapsules because they take up precious space during 

transplantation183. Hand picking islet-laden microcapsules to remove them from the 

empty microcapsules is a challenging, time-consuming process that may risk sample 

contamination. 

Non-planar microfluidic devices enable the production of core-shell hydrogel 

microcapsules, as opposed to conventional homogeneous microcapsules. Importantly, 

using core materials containing components of the extracellular matrix, such as 

collagen, can provide the encapsulated islet an environment closer to the native 

pancreas 77,184,185. Collagen has been shown to increase cell viability and insulin release 

when used for islet encapsulation. A combination of collagen and alginate can further 

improve microcapsules by creating an environment with a stiffness closer to the native 
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pancreatic environment (approximately 1.2 kPa at a frequency of 40 Hz186,187) than just 

collagen alone188,189. Core-shell hydrogel microcapsules have also been shown to help 

prevent islets from protruding from the microcapsules, thereby reducing the likelihood 

of immune response13.  

In this chapter, we develop a non-planar microfluidic device capable of 

encapsulating islets within core-shell hydrogel microcapsules. The device also 

integrates on-chip selective extraction from an oil emulsion to an aqueous-based 

extraction solution using DEP and the deep learning-based detection system presented 

in Chapter 3. Core-shell hydrogel microcapsules and traditionally used homogeneous 

alginate microcapsules are fabricated and characterized, and islets are encapsulated and 

tested in vitro. Then, islets are transplanted in vivo in a syngeneic diabetic mouse 

model, showing superior blood glucose control with core-shell hydrogel encapsulated 

islets compared with conventional alginate microcapsules. 

4.2 Materials and methods     

All media and supplements for islet culture were purchased from Thermo Fisher 

Scientific, and all chemicals were purchased from Sigma unless otherwise specified. 

4.2.1. Islet isolation and culture 

All animal procedures were approved by the University of Maryland 

Institutional Animal Care and Use Committee (IACUC). For islet isolation, female 

NCI C57BL/6 mice from Charles River (Wilmington, MA, USA) were used. For 

Streptozocin (STZ)-based diabetic induction, male NCI C57BL/6 mice from Charles 

River were used. Islets with firefly luciferase expression were isolated from FVB-
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Tg(CAG-luc,-GFP) L2G85Chco/J (L2G85) mice from The Jackson Laboratory (Bar 

Harbor, ME, USA). Islets were cultured in Gibco (Billings, MT, USA) RPMI 1640, 

supplemented with 10% heat inactivated fetal bovine serum (FBS) and 1% penicillin-

streptomycin (P/S) (Thermo Fisher Scientific) or Gibco Medium 199 with 10% heat 

inactivated fetal bovine serum and 1% penicillin-streptomycin (Thermo Fisher 

Scientific). Islets were cultured at 37℃ in a humidified incubator at 5% CO2.  

Collagenase solution was prepared by adding 2 mg/mL of bovine serum 

albumin (BSA) to Hank's balanced salt solution (HBSS), along with 1.5 mg/mL of 

collagenase D. A 5 mL solution was prepared for every mouse from which islets were 

being isolated. The collagenase solution was drawn into a 3 mL syringe and placed on 

ice, while the remaining collagenase solution was kept on ice in a 50 mL conical 

centrifuge tube. 

Mice were euthanized using CO2, followed by cervical dislocation. Each mouse 

was positioned with its abdomen facing up and sterilized with 70% ethanol. The mouse 

was then placed under a Zeiss Stemi 305 stereoscope for the rest of the perfusion 

procedure. The abdomen was carefully incised to expose the intraperitoneal (IP) cavity, 

followed by a bilateral thoracotomy. A cotton-tipped applicator dipped in PBS was 

used to keep the organs moist during the procedure. The intestines were repositioned 

to the right, revealing the pancreas, duodenum, and the common bile duct. 

The pancreas was perfused using the methods outlined in Li et al. 136 

Specifically, the ampulla on the duodenum was clamped using curved hemostatic 

forceps. A 30-gauge needle was bent to be parallel with the ducts and inserted into the 

bile duct through the junction of the hepatic duct and the cystic duct. Collagenase was 
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then slowly perfused through the bile duct into the pancreas, where inflation was 

observed. The pancreas was carefully dissected away from the duodenum, the 

remaining intestines, and the spleen using micro scissors. The dissected pancreas was 

subsequently placed into the remaining collagenase solution and kept on ice. No more 

than four mouse pancreases were added per 50 mL conical centrifuge tube. 

To begin islet isolation, perfused pancreases were placed in a water bath at 37°C 

for 15 minutes for digestion. Tubes were gently shaken to break up the pancreases, and 

then the digestion was stopped by filling the 50 mL conical centrifuge tube with RPMI 

media with 10% FBS and 1% P/S. The tube was then centrifuged at 70 g for 1 minute. 

A 500 µm strainer was prewetted with RPMI media and the solution was poured 

through the strainer to remove large pieces of tissue. The solution was then centrifuged 

at 100 g three times. A density gradient was created to separate the islets from other 

tissue. For the bottom layer, 9 mL of Histopaque-1119 was added to the remaining 

tissue and thoroughly mixed. For the middle layer, 6 mL of Histopaque-1077 was 

gently placed on top of the bottom layer. For the top layer, 6mL of RPMI media was 

gently placed on top. The conical centrifuge tube was then centrifuged at 1000 g for 20 

minutes at 4 °C with a deceleration of zero. After gradient separation, the islets were 

picked out of the middle layer of the gradient, placed in fresh RPMI media, and 

centrifuged at 270 g for 4 minutes, followed by 200 g for 3 minutes. The islets were 

then placed in a petri dish, picked under the microscope using a 10 µL pipette to remove 

the exocrine tissue, placed in a fresh RPMI media and cultured at 37 °C with 5% CO2.  
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4.2.2. Fabrication of non-planar microfluidic device 

Devices were created by first fabricating a master/mold using photolithography, 

followed by using PDMS to create the microfluidic device. Device designs were first 

created in AutoCAD). Each layer of the non-planar device (consisting of 3 layers) has 

a different mask, which is aligned to create the final design. The masks were then 

printed by CAD/Art Services, Inc.  

Four-inch silicon wafers from University Wafer were used. The device consists 

of three layers of photoresist to create the different channel heights using SU-8 2050 

photoresist (Kayaku Advanced Materials, Inc., Westborough, MA, USA). First, the 

silicon wafers were cleaned to remove any residue or dust by washing them with 

methanol, acetone, and isopropyl alcohol (IPA), and rinsing with water. They were 

then left to sit on a 65 °C hotplate for 5 minutes to ensure the wafer was completely 

dry.  

For coating with photoresist, the directions for spin speed and baking times 

were determined using the Kayaku Advanced Materials data sheet. The first photoresist 

layer (100 µm thick) was spin-coated onto the wafer using a Laurell Technologies 

(Lansdale, PA) spin coater model WS-650MZ-23NPP by starting with a 500 rpm spin 

speed for 10 seconds with an acceleration of 100 rpm/second, followed by 1750 rpm 

spin speed for 30 seconds with an acceleration of 300 rpm/second. It was then soft-

baked on a 65 °C and 95 °C hotplate for 5 and 20 minutes, respectively. The wafer and 

the mask for the first layer were then placed in a Karl Suss MA-4 Mask Aligner with a 

UV light exposure time of 20 seconds. A post-exposure bake (PEB) was performed at 

65 °C and 95 °C for 5 and 10 minutes, respectively.  
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The second layer of photoresist (50 µm thick) was then added using the spin 

coater by starting with a 500 rpm spin speed for 10 seconds with an acceleration of 100 

rpm/second, followed by 2500 rpm spin speed for 30 seconds with an acceleration of 

300 rpm/second. It was then soft baked on a 65 °C and 95 °C hotplate for 5 minutes 

and 30 minutes, respectively. The wafer and the mask for the second layer were then 

placed on the MA-4 mask aligner, and the mask was adjusted so that the alignment 

marks of the mask were aligned with the alignment marks on the wafer. The wafer was 

then exposed to 22 seconds of UV, followed by a PEB at 65 °C and 95 °C for 5 minutes 

and 12 minutes, respectively.  

For the third layer (50 µm thick), the spin speed was 500 rpm for 10 seconds 

with an acceleration of 100 rpm/second, followed by 2500 rpm spin speed for 30 

seconds with an acceleration of 300 rpm/second. The soft bake time was 65 °C and 95 

°C for 7 minutes and 40 minutes, respectively. The wafer and the third layer masks 

were then placed on the mask aligner and aligned. The UV exposure time was 25 

seconds, and the PEB was at 65 °C and 95 °C for 5 and 15 minutes, respectively. The 

unexposed photoresist was then removed using SU-8 developer (Kayaku Advanced 

Materials) for approximately 20 minutes and rinsed with IPA to stop development, 

followed by a rinse with water. A hard bake was then performed at 65 °C and 95 °C for 

5 minutes and 20 minutes, respectively.  

After the master/mold was created, SYLGARD 184 Silicone Encapsulant Clear 

PDMS was used to create the device itself. PDMS was made by mixing base to curing 

agent at a 10:1 w/w ratio. PDMS was poured over the mold and then cured in an oven 

at 75 ℃ for 2 hours. The device was then cut and peeled off the mold and cleaned using 
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Scotch tape to ensure all dust was removed. The top and bottom pieces of the device 

were placed in a Harrick Plasma PDC-32G plasma cleaner at 18 W and 27 Pa for 2 

minutes, then removed and placed together with methanol in between the two pieces to 

allow for the channels to be aligned under a microscope. The aligned device was then 

placed back into the 75 ℃ oven for a minimum of three days before use.  

Polytetrafluoroethylene (PTFE) electronic and industrial tubing (Scientific 

Commodities Inc, Lake Havasu City, AZ, USA) with an inner diameter of 0.508 mm 

and an outer diameter of 2.108 mm (tubing type 1) was added to the inlet holes in the 

devices. Then, uncured PDMS (also with a 1:10 ratio of base to curing agent) was 

placed around the connection between the inlet hole and the tubing and placed in the 

75 ℃ oven for 30 minutes to seal any space between the tubing and inlets to prevent 

leaking. 

4.2.3. Solution preparation for microfluidic fabrication of microcapsules 

First, a 250 mM mannitol solution was created by dissolving mannitol in a 10 

mM HEPES buffer. The pH of the solution was then adjusted to 7.2 using a one molar 

sodium hydroxide solution. To create an alginate solution, Sigma low viscosity alginic 

acid sodium salt from brown algae (alginate) was purified by first measuring out 4 

grams. The alginate was dissolved in 20 mL of chloroform by mixing, and then it was 

poured onto a VWR (Radnor, PA, USA) 413 filter placed on a Buchner funnel with 

suction for 30 minutes. This process was repeated twice, and then dried alginate was 

weighed again and dissolved in water to create a 1% w/v solution. 1% w/v charcoal 

was added to the alginate solution, and it was stirred at 4 °C for 4 hours. The solution 

was then filtered using a 0.4 µm bottle filter, frozen at -80 °C, and subsequently 
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lyophilized on a Labconco (Kansas City, MO, USA) FreeZone 6 L Console Freeze 

Dryer using machine set points of -80 °C and 0.230 bar for a minimum of 72 hours. A 

2.5% w/v purified alginate solution was made by dissolving the purified alginate in 250 

mM mannitol. Purified alginate was sterilized by and filtering through a 0.22 µm filter.  

1.3% w/v Sigma medium-viscosity carboxymethyl cellulose sodium salt 

(CMC) solution used for the microcapsule extraction solution was created by heating 

the 250 mM mannitol solution to 80 °C and slowly adding medium-viscosity CMC in 

the solution while stirring until completely dissolved. The 1.5% v/w high-viscosity 

CMC solution used in the microcapsule core was prepared in the same manner. Corning 

rat tail high-concentration type I collagen at a concentration of approximately 8 mg/mL 

was neutralized using 10% 10X PBS, 1.67% 1M NaOH, and deionized (DI) water, 

resulting in a 6 mg/mL collagen. The neutralized 6 mg/mL type I collagen solution was 

mixed with a 1% purified alginate solution and 1.5% high viscosity CMC solution to 

create a 3 mg/mL type I collagen, 0.5% purified alginate, and 0.375% CMC solution 

to create the core solution for the core-shell hydrogel microcapsules. The core solution 

was kept on ice before encapsulation to prevent gelling during the encapsulation 

process.  An oil emulsion for microcapsule gelling was created by adding 5 mL of 

mineral oil to 1.33 mL of a 1 g/mL calcium chloride solution and 93.3 µl of Span 80 in 

a scintillation vial. They were then emulsified using a Branson 450 Digital Sonifier for 

1 minute at a 20% amplitude. 

4.2.4. Generation and characterization of microcapsules 

A 2.5% purified alginate solution was added into a 1 mL syringe for the shell. 

Either 2.5% purified alginate solution (for fabricating the homogeneous alginate 
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microcapsules) or core-shell hydrogel core solution (for fabricating the core-shell 

hydrogel microcapsules) was added into a 1 mL syringe for the core. The oil emulsion 

was added to a 10 mL syringe, and the 1.3% medium viscosity CMC extraction solution 

was added to a 10 mL syringe. Tubing type 1 was joined to all the syringes, connecting 

them to smaller tubing with an inner diameter of 0.304 mm and an outer diameter of 

0.762 mm (tubing type 2), which was connected to the type 1 tubing at the inlets of the 

device. After optimization of device widths and flow rates, the device that performed 

best had a core channel with a width and height of 200 µm, a shell channel width and 

height of 150 µm and 300 µm, respectively, an oil channel width and height of 200 µm 

and 400 µm, respectively, a flow focusing junction (FFJ) width and height of 400 µm, 

a gelling channel width and height of  700 µm and 400 µm, respectively, and an 

extraction channel width and height of  700 µm and 400 µm, respectively.  

The optimized flow rates were 100 µL/hr for the core solution, 200 µL/hr for 

the shell solution, 2 mL/hr for the oil emulsion, and 4 mL/hr for the extraction solution. 

Microcapsules were collected in 250 mM mannitol solution and gelled for 5 minutes 

using 100 mM CaCl2. They were then washed twice with mannitol by filling a 50 mL 

conical centrifuge tube to the top with mannitol and letting the microcapsules sink to 

the bottom of the tube (around 10 minutes) before further use. After collection, images 

of microcapsules were taken using a confocal Zeiss LSM 710 microscope to determine 

their size. They were also imaged using a Zeiss Primovert microscope to capture 

images of the microcapsule's shape. Their size was determined using ImageJ. 

To evaluate molecular diffusion out of the microcapsules, microcapsules were 

incubated with 0.15 mg/mL 10 kDa dextran labeled with fluorescein for 30 minutes. 
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They were then washed, placed under the microscope, and imaged using green 

fluorescence at 1, 5, 10, 20, and 40 minutes as the dextran diffused out of the 

microcapsule. The mean gray value of the image was then analyzed using ImageJ.  

4.2.5. Immunofluorescent and viability staining of islets 

Islets were stained for viability using calcein AM (Corning Inc) to stain live 

cells and PI to stain dead cells (i.e., cells with compromised membranes). Subsequently, 

the islets were placed in a 4-well plate and imaged using a Zeiss LSM 710 confocal 

microscope. Z-stack imaging and laser scanning were employed to create a three-

dimensional rendering of the islets. 

Abcam (Cambridge, United Kingdom) rabbit polyclonal anti-insulin antibody 

was utilized for insulin staining. Initially, the islets were fixed for 30 minutes in 4% 

paraformaldehyde in PBS. Following fixation, they underwent three washes with PBS 

and permeabilization using 0.01% Triton X-100 in PBS for 15 minutes at room 

temperature, followed by further PBS washing. Blocking was carried out with 1.5% 

BSA in PBS for 1 hour, followed by another round of PBS washing. The islets were 

then incubated overnight at 4°C in a humidified incubator at 37ºC and 5% CO2 with the 

primary anti-insulin antibody at a 1:100 dilution in 1.5% BSA in PBS. On the following 

day, the islets were washed and stained with an Alexa Fluor 568 goat anti-rabbit 

antibody (Invitrogen) at a 1:200 dilution in 1.5% BSA in PBS for 2 hours at room 

temperature. Subsequently, the islets underwent another round of washing and nuclei 

were stained with 4',6-diamidino-2-phenylindole (DAPI) at a 1:250 dilution for 15 

minutes at room temperature. After this staining step, they were washed and mounted 

on a 25 mm x 75 mm x 1 mm microscope slide with a coverslip using CC/Mount. 
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Finally, they were imaged using a confocal scanning microscope with z-stack imaging 

to generate a three-dimensional rendering of the islet. 

4.2.6. Islets encapsulation 

Islets were placed in a solution of either 2.5% purified alginate or core-shell 

hydrogel microcapsule core solution, depending on the group. They were gently mixed 

with the core solution and loaded into a 1 mL syringe, which was used to transfer the 

solution into type 2 tubing carefully. The syringe was subsequently refilled with the 

core solution without islets and reattached to the tubing. This step was taken to 

minimize the loss of islets. Islets and core solution mixture was kept on ice until 

encapsulation to prevent collagen gelling and to keep islets viable.  

For islet encapsulation, the flow rate parameters were set at 100 µL/hr for the 

core, 200 µL/hr for the shell, 2 mL/hr for the oil emulsion, and 4 mL/hr for the aqueous 

extraction solution. After encapsulation, microcapsules were collected in 250 mM 

mannitol solution and kept on ice. Following collection, the microcapsules were gelled 

in 100 µM CaCl2 in 125 mM mannitol. Subsequently, they were washed twice with the 

mannitol solution, allowing the microcapsules to settle for 15 minutes before removing 

the supernatant. Finally, the microcapsules were placed in medium 199 with 10% FBS 

and 1% P/S for culturing. 

4.2.7. Microcapsule extraction and application of deep learning-based detection 

model 

For extraction, the device was placed on a Zeiss Primovert microscope with the 

detection area over the objective. Details about the setup can be found in Chapter 3, 
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Figures 3.1 and 3.2. Additionally, comprehensive information regarding the code setup 

can be found in Chapter 3. A Teledyne FLIR (Arlington, VA, USA) Grasshopper3 

USB3 color 32S4C FLIR camera was used for imagining the detection region to input 

video for the detection model.  

4.2.8. In vitro islet culture and characterization 

Encapsulated islets were evaluated for viability over time, including alginate 

microcapsules, core-shell hydrogel microcapsules, and free islets. At 1 and 4 weeks of 

culturing, islets were stained with PI. The resulting images were then analyzed using 

ImageJ, and the percentage viability was determined by calculating the percent of PI 

positive cells and subtracting that from 100% to get the percent of viable cells. At 1 

and 4 weeks of culturing, islets were stained for apoptosis using a BD Pharmingen (San 

Diego, CA, USA) Annexin V- Fluorescein Isothiocyanate (FITC) Fluorescence 

Microscopy Kit by following the kit instructions. Islets were incubated with FITC 

Annexin for 30 minutes for staining. After staining and imaging, the mean gray value 

for annexin V was determined for the islets using ImageJ to compare fluorescence 

levels. 

Islets were evaluated using a glucose stimulated insulin secretion (GSIS) assay. 

Glucose solutions were prepared by creating Krebs Ringer Buffer Solution with 

concentrations of 2.5 mM glucose for the low glucose stimulation (LGS) solution and 

16.7 mM for the high glucose (HGS) stimulation solution. To perform GSIS, twenty 

islet equivalents (IEQ) were placed in 1.5 mL microcentrifuge tubes with 700 µL of 

the LGS solution and incubated for an hour to establish a baseline. The LGS solution 

was then removed, replaced with 700 µL of fresh LGS solution, and incubated for 
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another hour. The top 600 µL of glucose solution was collected, and the solution was 

replaced with 600 µL of HGS solution. After an additional hour of incubation, the HGS 

solution was collected, and the samples were stored at -20°C until analysis. An enzyme-

linked immunosorbent assay (ELISA) was used to quantify insulin secretion using an 

Invitrogen Insulin Mouse ELISA Kit was used, and results were measured using a 

Tecan (Männedorf, Switzerland) Spark Multimode Microplate Reader. The insulin 

concentrations per sample were calculated, and the stimulation index was calculated by 

dividing the insulin concentration released in the HGS sample by that in the LGS 

sample.  

4.2.9. IVIS imagining of bioluminescent transplanted islets 

In vivo imaging of transplanted islets was conducted using a PerkinElmer 

(Waltham, MA, USA) IVIS Spectrum In Vivo Imaging System. The islets used in this 

study expressed firefly luciferase and were isolated from L2G85 mice using the 

isolation method described above. After isolation and culture in RPMI supplemented 

with 10% FBS and 1% P/S, approximately 400 islets were transplanted IP into 

C57BL/6 mice using an 18-gauge needle. At 15 minutes before imaging, mice received 

an IP injection of 50 mg/kg of Gold Biotechnology (St. Louis, MO, USA) D-Luciferin 

Potassium Salt. The mice were then anesthetized and placed into the IVIS machine. 

Imaging was performed using Living Image software (PerkinElmer) to capture the 

bioluminescence emitted by the transplanted islets. The acquired images were then 

subjected to analysis using the Living Image software to quantify flux values. 
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4.2.10. IVIS imagining of bioluminescent transplanted islets 

For syngeneic in vivo testing, male C57BL/6 mice were used for islet 

transplantation recipients. Diabetes was induced by injecting mice IP with STZ at a 

dose of 150 mg/kg intraperitoneally in a pH 4.5 sodium citrate solution. Mice were 

classified as diabetic if their blood glucose levels exceeded 300 mg/dL for two 

consecutive days, and blood glucose levels were monitored using a Johnson & Johnson 

(Rockville, MD, USA) One Touch Ultra 2 blood glucose meter and testing strips. 

Islets were isolated from C57BL/6 mice, encapsulated, and then transplanted 

intraperitoneally into the recipient mice, which were anesthetized with isoflurane using 

a nosecone. The microcapsules were slowly introduced into the IP cavity using an 18-

gauge needle. Non-fasting blood glucose levels in mice were measured three times per 

week. At approximately day 50 of the study, an intraperitoneal glucose tolerance test 

(IPGTT) was conducted. To perform IPGTT, mice were fasted overnight, and an initial 

blood glucose reading was recorded. A glucose injection of 2 g/kg was administered 

intraperitoneally using a 200 mg/mL glucose solution and a 30-gauge needle. Blood 

glucose measurements were taken at 15, 30, 60, 90, 120, and 150 minutes post-

injection. 

To assess the immune response to the implants within the IP cavity, mice were 

euthanized using CO2, followed by cervical dislocation. Immune cells were retrieved 

via IP lavage using a saline solution. To perform IP lavage, the IP cavity was flushed 

with a total of 15 mL of saline. This was done by making an incision in the IP cavity 

and injecting the saline, gently massaging the saline around the IP cavity, and then 

collecting the saline in a 50 mL conical centrifuge tube and placing it on ice. Following 
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the lavage, the solution was filtered through a 70 µm filter to remove any debris and 

centrifuged at 200 g for five minutes. Cells were washed with PBS and centrifuged 

again. These cells were then incubated with antibodies at a 1:100 dilution in PBS for 

30 minutes on ice. The antibodies used included anti-CD45 FITC as a marker for all 

white blood cells, anti-CD11b BV510 as a monocyte marker, anti-F4/80 BV785 as a 

macrophage marker, anti-CD4 Pacific Blue as a marker for CD4 T cells, and anti-CD8 

APC for CD8 T cells. Following incubation, the cells were washed and analyzed using 

a BD FACSCelesta Cell Analyzer, and the results were processed using FlowJo 

(Ashland, OR, USA) software. 

4.2.11. Statistical Analysis 

Data analysis in this chapter was performed using GraphPad (La Jolla, CA, 

USA) Prism 8. The unpaired Student’s two-tailed t-test assuming equal variance was 

used. Data was presented as mean ± standard deviation. A p value of less than 0.05 was 

considered statistically significant. 

4.3 Results and discussion      

4.3.1. Fabrication and optimization of a non-planar microfluidic device for 

generating core-shell hydrogel microcapsules 

We successfully designed a non-planar microfluidic device to encapsulate islets 

which creates microcapsules with a hydrogel core and a hydrogel shell (core-shell 

hydrogel microcapsules). This design has many advantages for microcapsule 

fabrication. Instead of having a homogeneous microcapsule, the design allows for the 

composition of the core to be fine-tuned by adjusting the materials while still having a 
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shell made of alginate, a biocompatible material that has been used in islet 

transplantation for years85,190. The non-planar device design allows for this core to be 

encapsulated by a layer of shell material (approximately 60 µm thick), unlike a planar 

device. This creates a layer of shell material thick enough to limit protrusion of islets 

out of microcapsules88. The total microcapsule size, along with the core size, can be 

easily adjusted by changing the channel width of the device and adjusting the flow rate 

unlike the popularly used methods for creating microcapsules using droplets from 

needle into gelling baths and electrospray (Figure 2.2)191,192. Planar devices also do not 

allow for the creation of core-shell hydrogel microcapsules193.  

The significant advantage of core-shell microcapsules is control of the core 

material, which is the environment in which the islets will reside. Homogeneous (non-

core-shell) microcapsules face limitations in material selection since their materials 

must rapidly crosslink. The traditional method for creating microcapsules with distinct 

inner and outer layers involves fabricating and crosslinking the microcapsules first and 

then applying the outer coating11,194, and controlling coating thickness and ensuring a 

uniform shell around the microcapsules can also be difficult83,195. In contrast, on-chip 

production of core-shell microcapsules results in a solid and well-crosslinked alginate 

shell, allowing for easy adjustment of the core material.  Microcapsule fabrication using 

the non-planar microfluidic device also allows for easy adjustment of the shell 

thickness by changing the flow speed or the channel width and fully encapsulates the 

core14,97.  

Using a microfluidic device also allows for on-chip microcapsule sorting to 

extract islet-laden microcapsules from empty microcapsules 17, which has not been 
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researched previously. Extraction is not only used for sorting, but it quickly moves the 

microcapsules from the oil emulsion to the aqueous-based extraction solution, which 

can help improve cell health compared with microencapsulated cells that continue to 

sit in oil16.  

A diagram of the non-planar microfluidic device can be seen in Figure 4.1A. 

The solutions enter the device at inlets 1 to 4. The core solution enters the device 

through inlet 1 (I1) and flows down the core channel to the FFJ. The shell solution 

(2.5% purified alginate) enters the device through inlet 2 (I2) and flows down the two 

sides of the shell channel toward the FFJ. The oil emulsion (oil and calcium chloride) 

enters the device through inlet 3 (I3) and flows down the two sides of the oil channel 

toward the FFJ. The oil shears the core and shell solution to create the microcapsule. 

The microcapsule flows down the gelling channel where the calcium chloride in the oil 

emulsion gels the microcapsule. The extraction solution (1.3% medium viscosity CMC 

in 250 µM mannitol solution) enters the device at inlet 4 (I4). It flows down the 

extraction channel, creating an interface with the oil emulsion in the extraction region. 

The electrodes cause the microcapsule to be extracted using DEP when the voltage is 

turned on, with electrode 1 (E1) connected to the switch and the power and electrode 

2 (E2) connected to ground. A detailed schematic for DEP extraction can be seen 

in Figure 3.2 C and D. Microcapsules that are not extracted are collected from outlet 

1 (O1), and extracted microcapsules are collected from outlet 2 (O2).  
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Figure 4.1. Overview of non-planar microfluidic device and core-shell hydrogel 
microcapsule/alginate microcapsule fabrication and size measurements. (A) 
Schematic of non-planar microfluidic device with channels, inlets, and outlets labeled. 
(B) Table describing dimensions and flow rates for each microchannel. (C) Schematic 
of non-planar microfluidic device FFJ with widths and heights of channels labeled. The 
blue arrow represents the flow direction. (D) Image of the FFJ with solutions and a 
microcapsule being created. The blue arrows represent the flow direction. (E) Image of 
the microfluidic device with inlets, outlets, and channels labeled. (F) Images of core-
shell hydrogel microcapsules and alginate microcapsules fabricated using flow 
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conditions in B. (G) Graph comparing the averages of the outer diameter and core 
diameter of the core-shell hydrogel microcapsules, and the diameter of the alginate 
microcapsules. n = 3 with 100 microcapsules per run. (E) Histogram of the 
microcapsule diameters for the 300 core-shell and 300 alginate microcapsules. Bin size: 
10 µm.  

The non-planar microfluidic device is designed with dimensions to ensure the 

core channel is large enough to accommodate islets without damaging the islets or 

clogging occurring while also making the microcapsules less than 600 µm to ensure 

optimal nutrient exchange11,183,191,196. Islets range from 50 µm to 350 µm in diameter, 

with the majority of islets falling between the 100 µm to 200 µm range28. Based on the 

parameters of islet size and total microcapsule size, a core channel width of 200 µm 

and height of 200 µm is chosen (Figure 4.1B).  

Alginate is purified to decrease the chance of immune response after 

transplantation in vivo197,198. However, the purification process leads to longer gelling 

times for the microcapsules. As a result, there is a risk of microcapsule deformation or 

islet release during extraction from the oil emulsion to the extraction solution. To 

mitigate this issue, the gelling time needs to be increased before extraction. The planar 

device in used in Chapter 3 has a straight gelling to allow for optimal spacing between 

microcapsules for high purity microcapsule samples (Figure 3.2D). The straight 

gelling channel was first lengthened to allow for more gelling time while keeping the 

microcapsules evenly spaced in the channel for extraction; however, the gelling time 

still proved to be insufficient. Therefore, a serpentine channel is introduced to provide 

additional gelling time. Subsequently, more curves are added to the gelling channel 

(Figure 4.1A). Combined with optimization of flow rates (Figure 4.1B), the gelling 
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time is long enough for sufficient alginate crosslinking to generate well-formed 

extracted microcapsule. 

A detailed schematic of the FFJ including channel widths and heights can be 

seen in Figure 4.1C. As seen in the schematic, the core channel has a width and height 

of 200 µm. The shell channel and has a height of 300 µm which allows the core solution 

to be surrounded by the shell solution, and the oil channel has a height of 400 µm which 

allows the microcapsule to be sheared into a sphere. An image of the FFJ with solutions 

in the core, shell, and oil channel and a microcapsule being formed can be seen 

in Figure 4.1D. A picture of the microfluidic device with all inlets and channels labeled 

can be seen in Figure 4.1E.  

A 2.5% purified alginate solution is used for the microcapsule shell and a 

solution containing 0.5% purified alginate, 0.375% high viscosity CMC, and 3 mg/mL 

collagen type I is used for the core solution of the core-shell hydrogel microcapsules. 

By using these parameters along with optimized flow rates (Figure 4.1B), the 

microcapsules are not damaged upon extraction from the oil channel to the extraction 

channel. In later experiments, the core-shell hydrogel microcapsules are compared with 

conventionally used homogeneous alginate microcapsules (called alginate 

microcapsules) to determine if the core-shell hydrogel microcapsules improve islet 

viability and glucose responsiveness. To fabricate these alginate microcapsules, 2.5% 

purified alginate is used in the core channel of the device along with 2.5% purified 

alginate in the shell channel. Example images of the core-shell hydrogel microcapsules 

and the conventional alginate microcapsules can be seen in Figure 4.1F.  
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Core-shell hydrogel microcapsules and alginate microcapsules are fabricated 

and compared to ensure they have a similar average diameter and size distribution for 

in vitro and in vivo testing (Figure 4.1G and Figure 4.1H). For the core-shell hydrogel 

microcapsules, the average outer diameter of the microcapsules is 505.02 ± 10.15 µm, 

the core diameter is 377.48 ± 18.09 µm, and the shell thickness is 63.78 ± 14.10 µm. 

The homogeneous alginate microcapsules have an average diameter of 511.37 ± 9.29 

µm (Figure 4.1G).  

4.3.2. Comparison of dextran diffusion out of core-shell hydrogel microcapsules 

and alginate microcapsules 

Diffusion of molecules out of the microcapsules is assessed using fluorescein-

labeled dextran with a molecular weight of 10 kDa. This dextran is chosen because it 

has a slightly higher molecular weight than molecules that are essential to diffuse 

through the microcapsule, such as insulin (6 kDa), while having a smaller molecular 

weight than antibodies such as immunoglobulin G (150 kDa) or proinflammatory 

cytokines such as interleukin-1β (17.5 kDa), tumor necrosis factor-alpha (17.3 kDa), 

and transforming growth factor- β (25 kDa)199-201. This was done to ensure that insulin 

can readily move through the microcapsule, and the alginate and core-shell hydrogel 

microcapsules were compared to determine if the core of the microcapsule negatively 

affects diffusion compared with the conventionally used alginate microcapsule.   

Dextran diffusion is examined from both alginate microcapsules and core-shell 

hydrogel microcapsules (Figure 4.2). First, a dextran solution is incubated with 

microcapsules for 30 minutes, followed by washing away excess dextran before 

monitoring diffusion. Figure 4.2A shows representative images of dextran 
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fluorescence within microcapsules at various time points and their corresponding bright 

field images.  

 

Figure 4.2. Comparison of dextran diffusion out of core-shell hydrogel 
microcapsules and alginate microcapsules. (A) Representative bright field and 
fluorescent images of microcapsules measured over time. The bright field alginate 
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microcapsule image illustrates how fluorescence measurements are taken using a line 
drawn along the diameter of the microcapsule. (B) Average fluorescence across the 
diameter of microcapsules over time, normalized by fluorescence at t = 0 minutes. n = 
3 independent runs with 3 microcapsules per trial. (C) Fluorescence measurements 
across the diameter of the microcapsules, with fluorescence measured at various 
distances from the microcapsule's center. An example of the distance measurement is 
shown on a microcapsule in 4.4A.  

 
 

The bright field image of the alginate microcapsule has a line across the 

diameter representing how the mean gray value was spatially measured. Figure 4.2B 

presents the average mean gray value across the microcapsule diameter over time 

normalized by the value at time 0.  Figure 4.2C displays the spatial mean gray value 

distribution across the microcapsule diameter, following the measurement method 

shown in Figure 4.2A normalized by the measurement at time zero. 

The results indicate that dextran molecules can diffuse both into and out of the 

microcapsules suggesting, that insulin and other molecules essential for nutrients, 

including glucose and oxygen, easily diffuse in and out of the microcapsules to reach 

the encapsulated islets93. Although there is no significant difference in the average 

diffusion time between the alginate microcapsules and core-shell hydrogel 

microcapsules, it takes slightly longer for dextran to diffuse out of the core-shell 

hydrogel microcapsule. Examining the core and shell of the core-shell hydrogel 

microcapsule, it also takes longer for the dextran to diffuse out of the core than to 

diffuse out of the shell, indicating that diffusion is slightly slower in the core material. 

This could be due to several factors including smaller pore size, varying distribution of 

pores in the core, and interactions with the molecules and the core material202,203. 
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However, these differences did not appear to have any measurable impact on islet 

health or insulin diffusion, as demonstrated in the subsequent data in this chapter.  

4.3.3. Islet isolation and characterization 

Islets are successfully isolated from C57BL/6 mice and stained to evaluate their 

quality. Figure 4.3A gives an overview of the isolation process. A detailed description 

of the process can be found in the methods section. After euthanasia, the mouse’s 

abdomen is cut to expose the IP cavity. The ampulla is clamped using curved 

hemostatic forceps, and a 30g needle is inserted through the joining site of the hepatic 

duct and the cystic duct and into the common bile duct. Then, the collagenase digestion 

solution (1.5 mg/mL collagenase D and 2mg/mL BSA in HBSS) is slowly injected 

while ensuring the pancreas inflates to achieve proper perfusion. The pancreas is then 

collected and kept on ice until digestion.  

Digestion is performed by incubating the perfused islets in a 37ºC water bath 

for 15 minutes. Islets are washed with RPMI with 10% FBS and 1% P/S. They are then 

placed in a histopaque gradient and centrifuged to separate the islets from the other 

tissue. Islets are then collected from the second layer of the gradient, washed, and 

placed in a petri dish with RPMI media. Islets are then picked to remove them from the 

other remaining tissue using a 10 µL pipette, placed in a petri dish with fresh RPMI 

media, and incubated until further use. The typical morphology of islets directly after 

isolation with a shiny appearance is shown in Figure 4.3B. Moreover, they are highly 

viable, as demonstrated by the fluorescence image of live/dead (green/red) staining a 

typical islet (Figure 4.3C). Islets are also stained with DAPI (blue) for nuclei and for 
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insulin with an anti-insulin antibody (red), showing they are releasing insulin (Figure 

4.3D).  

 

Figure 4.3 Islet isolation and characterization. (A) Schematic illustration of the islet 
isolation process. Drawings adapted from BioRender. (B) Image of islets post-
isolation. (C) Confocal image of islet stained with live/dead (green/red) staining with 
a 3D reconstruction. (D) Images of islets stained for nucleus (blue) and insulin (red).  
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4.3.4. Islet encapsulation and sorting using deep learning-based detection system 

and extraction 

Successful islet encapsulation and extraction is achieved using the non-planar 

microfluidic device. Due to the gelling of the alginate in the serpentine channel before 

extraction, all islets that enter the flow focusing junction can be successfully 

encapsulated in microcapsules. The serpentine gelling channel ensures thorough 

microcapsule gelling, preventing islets from escaping the microcapsules from the force 

of transitioning between the gelling and extraction channels (Figure 4.4A). Due to the 

low concentration of islets required to prevent islets clumping, resulting in multiple 

islets in a single microcapsule, the majority of microcapsules are empty.   

Figure 4.4A shows the islets flowing down the core channel into the FFJ. 

Microcapsules created at the FFJ are empty or contain an islet. The microcapsules then 

move into the gelling channel, followed by the detection and extraction region, where 

there is an interface between the oil emulsion and the extraction solution. The 

electrodes in the region create a DEP force that extracts the microcapsules from the oil 

emulsion in the oil channel to the aqueous-based extraction solution in the extraction 

channel with both the microcapsules and islets remaining intact.  

Figure 4.4B shows images from a video (Supplemental Video 4.1) of islet-

laden microcapsules being extracted from the oil channel to the aqueous channel in the 

extraction region. In Figure 4.4 b.1, the microcapsule moves towards the extraction 

region where DEP is on. When it reaches the extraction region, the DEP force causes 

the microcapsule to be pushed towards the extraction solution (b.2), where it is pulled 

into the extraction channel with the microcapsule still intact and the islet still in the 
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center (b.3). The intact microcapsule then moves down the extraction channel to be 

collected (b.4).  

 

Figure 4.4. Deep learning-based detection and extraction of microencapsulated 
islets. (A) Schematic illustration of the microfluidic device depicting empty 
microcapsules and islet-laden microcapsules flowing down the gelling channel and 
being extracted to the extraction channel or continuing down the oil channel. The 
purple box indicates the area where detection and extraction take. (B) Phase contrast 
video frames of microcapsule being extracted with DEP from the oil emulsion to the 
extraction solution. The microcapsule moves from left to right towards the extraction 
region (b.1). When the microcapsule reaches the extraction region and DEP turns on 
(b.2), the microcapsule is pushed towards the extraction channel. Once the 
microcapsule touches the aqueous-based extraction solution, it is pulled into the 
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extraction channel (b.3), and then the intact microcapsule continues to flow down the 
extraction channel (b.4) where it is collected. (C) Video frame sequence illustrating the 
microcapsule detection and extraction process. An islet-laden microcapsule moves 
towards the detection region (c.1-c.2). Upon entering the detection region, the detection 
system identifies a microcapsule containing an islet, marked by a red box, and activates 
DEP (c.3) The microcapsule proceeds into the extraction region (c.4) where DEP 
pushes it from the oil emulsion into the extraction solution (c.5) and the microcapsule 
advances down the extraction channel for collection. DEP is deactivated (c.6). An 
empty microcapsule moves into the detection region without islet detection (c.7-c.8) 
and DEP remains inactive (c.9). The empty microcapsule continues to flow down the 
oil channel (c.10). (D) Purity of microcapsules with and without selective extraction. n 
= 3 independent runs. (E) Images showing the purity of microcapsules without 
selective extraction and with selective extraction.  
 

Phase contrast is used in Figure 4.4B and Supplemental Video 4.1 to show the 

extracted microcapsule in the aqueous-based extraction solution more clearly and show 

that the microcapsule is still intact. A video taken in bright field, the mode used for 

training the detection model and performing real-time microcapsule extraction, can be 

seen in Supplemental Video 4.2. In Figure 4.4B, Supplemental Video 4.1 and 

Supplemental Video 4.2, the islet-laden microcapsules are extracted by manually 

turning on and off DEP so that both the channels can be shown using the 4x objective 

on the microscope which cannot be done while using the deep learning detection 

system, which requires the 10x objective. Manually toggling the voltage supply for 

DEP on and off results in multiple microcapsules coming into contact with the 

extraction solution, as observed in Supplemental Video 4.1 and Supplemental Video 

4.2. This is in contrast to controlling DEP with the use of the switch and the detection 

system, which can extract one microcapsule at a time. 

The deep learning code trained on the planar device with MCF-7 aggregates 

from Chapter 3 is successfully used for the detection of microencapsulated islets in the 

non-planar core-shell hydrogel microcapsule fabricating device. A video frame 
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breakdown of detection and extraction can be seen in Figure 4.4C. Supplemental 

Video 4.3 shows the detection and extraction at full speed, and Supplemental Video 

4.4 at 10% speed for better visualization. The efficiency of the system is 79.8 ± 1.1% 

and is calculated using equation 3.2. The efficiency is not as high as the efficiency in 

Chapter 3, likely due to the microcapsules being larger than the microcapsules in the 

planar device, making islets appear out of focus more often. Most islets the system does 

not detect are located at the periphery of the microcapsule or are out of focus. 

The sample purity is calculated using equation 3.3. Without selective 

extraction, the purity is approximately 5% (Figure 4.4D), and with selective extraction, 

the purity is approximately 70% (Figure 4.4E). A lot of false positive microcapsules 

are detected due to the debris in the microcapsules being detected as if it were islets. 

Debris is much more prominent during islet encapsulation compared with MCF-7 

aggregate encapsulation, which the model is trained on. This large number of false 

positive islets leads to a lower purity sample. This can be improved by more training 

with images of debris, but this also may reach the limit of the MobileNets system; 

therefore, a higher resolution system should be used17,108,204,205.  

4.3.5. In vitro microcapsule and characterization of islet-laden microcapsules 

Islet viability and function after culturing are examined to determine the 

positive effects that encapsulation may have in vitro and ensure that function is not 

decreased due to the encapsulation process. Core-shell hydrogel microcapsules, 

conventional alginate microcapsules, and islets that are not encapsulated (free islet 

control) in suspension culture are cultured for up to 4 weeks in a humidified incubator 

at 37ºC with 5% CO2.   
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After isolation, the islets are encapsulated using the non-planar microfluidic 

device with flow rates described in Figure 4.1B. After encapsulation, islets are cultured 

in Medium 199 supplemented with 10% FBS and 1% P/S media because culturing the 

microcapsules in RPMI media leads to the eventual dissolution of alginate in 

microcapsules, presumably due to the phosphate content of RPMI206.  

The health of core-shell hydrogel encapsulated, alginate microcapsule-

encapsulated, and free islets in suspension culture are evaluated using fluorescent 

staining and GSIS. A range of islet sizes between 50 µm and 350 µm are evaluated. 

After 1 week of culture, viability is assessed per the cell membrane integrity using PI. 

Subsequently, the stained islets are imaged red fluorescence and quantified for viability 

using ImageJ to determine the percentage of cells that contain PI (and have damaged 

membranes).  

Staining of whole islets with PI and annexin V is performed because it is a 

widely used method for quantifying dead and apoptotic cells207. PI can penetrate islets, 

enabling staining throughout the islets and detection of necrotic cores that may form208. 

While flow cytometry was considered for quantifying cell viability, the cells were 

found to have an increased amount of apoptosis after dissociation, aligning with 

findings in previous studies209,210. Consequently, staining intact islets with PI and 

annexin proved to be the most effective method for determining cell viability and 

apoptosis. 

Representative images of islets stained with PI after 1 week and 4 weeks of 

culturing can be seen in Figure 4.5A. As seen in Figure 4.5B, at 1 week the mean 

viability of islets in all groups is above 95% and there is no significant difference 
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between groups. After 4 weeks of culture, islets encapsulated in core-shell hydrogel 

microcapsules 93.5 ± 5.3%, islets encapsulated in alginate microcapsules have a 

viability of 86.9 ± 6.0 % and free islets have a viability of 79.2 ±12.6%. While the 

difference between these groups is not statistically significant, the core-shell hydrogel 

encapsulation leads to the highest cell viability out of the groups, and p = 0.1460 

compared to the free islet group.   This improvement of the core-shell hydrogel 

microencapsulated islets could be due to the collagen in the core being a more favorable 

microenvironment, which has been shown to improve islet viability181,185.  

The effects of encapsulation on apoptosis are also examined at 1 and 4 weeks 

by staining islets with annexin V. Annexin V stains for phosphatidylserine residues, 

which translocate to the surface of the cell membrane during apoptosis211. Images of 

islets are taken, and the mean gray value of the fluorescence is quantified using ImageJ.  

Representative images of islets stained with annexin V can be seen in Figure 

4.5C. Figure 4.5D shows annexin V fluorescence intensity at 1 and 4 weeks of culture. 

After 1 week, the mean gray value for free islets is 1.78 ± 1.21, alginate 

microencapsulated islets is 3.01 ± 1.45, and core-shell hydrogel microencapsulated 

islets is 2.27±0.82. At week 4 the fluorescence intensity increases over all groups and 

islets have a mean gray value of 5.12 ± 3.76, 5.74 ± 1.18, and 4.39 ± 1.97 for free, 

alginate encapsulated, and core-shell hydrogel encapsulated islets, respectively. While 

the values are not significantly different, it is also important to note that the 

encapsulation process and culturing in microcapsules does not negatively affect 

viability or increase apoptosis.  Representative images of encapsulated islets at 1 week 

and 4 weeks are shown in Figure 4.5E. Islets in both the alginate and core-shell 
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hydrogel microcapsules look healthy over 4 weeks of culture, displaying a similar 

morphology.  

 

Figure 4.5. Characterization of encapsulated islets after in vitro culture. (A) 
Representative images of islets stained using PI after 1 week and 4 weeks of culturing. 
(B) Islet viability assessed per bright field and PI image analysis after 1 week and 4 
weeks of culturing. n = 3 independent runs with approximately 7 islets per trial. (C) 
Representative images of islets stained with annexin V after 4 weeks of culture. (D) 
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Apoptosis assessed per annexin V staining quantification using mean gray value of islet 
images after 1 week and 4 weeks of culturing. n = 3 independent runs with 
approximately 7 islets per trial. (E) Representative images of islets encapsulated in 
alginate microcapsules and core-shell hydrogel microcapsules at 1 and 4 weeks of 
culture. (F) Insulin concentration per well of islets after 14 days of culturing during 
GSIS with LGS and LGS in micro insulin units (µIU) per mL. n = 3 independent runs 
with approximately 20 IEQ per run. (G) Simulation index (HGS insulin release / LGS 
insulin release) of islet groups after 14 days of culture using GSIS assay. n= 3 
independent runs with approximately 20 IEQ per run.  

A GSIS assay is performed on the islet groups to compare their ability to 

stimulate glucose after 2 weeks of culturing. No significant differences are observed 

between the groups in terms of the total concentration of insulin released (Figure 4.5F) 

or the stimulation index (Figure 4.5G). This indicates that the microcapsules do not 

prevent insulin secretion. The stimulation index is calculated by dividing the amount 

of insulin secreted under HGS conditions by that under LGS conditions. The average 

stimulation index is greater than 1 for all groups, meaning the islets are healthy and 

respond to glucose stimulation207. 

In summary, there is no significant difference between islets viability at 1 week 

of culturing, but at 4 weeks of culturing, core-shell hydrogel microcapsules have the 

highest viability. This indicates that core-shell hydrogel encapsulation may have 

positive health effects for islets in vitro and should be measured in vivo. While there is 

no significant difference in insulin secretion between groups, is it important to note that 

the microcapsules do not impede glucose stimulation and insulin release when 

compared to free islets in suspension culture, which is important for further testing in 

vivo.  
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4.3.6. Islet transplantation process and bioluminescent islet for tracking islets in 

vivo 

Figure 4.6A illustrates the islet transplantation site located in the upper left side 

of the mouse's peritoneal cavity. Figure 4.6B shows the steps for islet transplantation 

using images from Supplemental Video 4.5. As shown in the figure, the mouse 

(anesthetized) skin near the transplantation site is pinched using tweezers, and the 

needle is carefully inserted into the IP cavity. Then, the islets are injected 

intraperitoneally into the mouse, and the needle is removed. This injection method 

requires little to no recovery time for mice and no need for large incisions and suturing.   

 

Figure 4.6. Overview of the islet transplantation process and IVIS imaging of 
bioluminescent islets in vivo. (A) Schematic illustration of the site (red circle) of 
transplantation via needle injection into the IP cavity. (B) Images from a video of 
transplantation into the IP cavity using an 18 g needle. Tweezers are used to pinch the 
mouse skin at the transplantation size (b.1). Then the needle is inserted into the IP 
cavity and the islets are injected through the needle (b.2 and b.3). The needle is then 
removed from the transplantation site (b.4 and b.5). (C) IVIS imaging of transplanted 
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luciferase positive free islets isolated from L2G85 in C57BL/6 mice. Control mice with 
a saline injection and mice with 400 islets transplanted IP imaged at day 0 and day 7 
post-transplantation, and the total flux values of mice based on image analysis.   

After isolation from L2G85 mice, 400 free luciferase islets are transplanted into 

C57BL/6 mice. Control mice receive a saline injection (Figure 4.6C). 

Bioluminescence activation is achieved by injecting the mice with D-luciferin. Then, 

15 minutes after D-luciferin injections, the mice are imaged using IVIS. On day 0, islets 

are visible at the injection site and in other areas of the IP cavity, indicating that the 

islets did not remain solely at the transplantation site (Figure 4.6C). There is no 

noticeable decrease in bioluminescence 1 week post-transplantation, showing a total 

flux of 5.58×106 p/s and 6×106 p/s on days 0 and 7, respectively. This suggests that 

the islets remain alive one week after transplantation, although the bioluminescent 

signal indicates that almost all the islets migrate to the lower region of the IP cavity. 

The movement of islets could be due to the mice standing on their hind legs leading to 

a migration of the islets downward over time.  

4.3.7. Islet transplantation into syngeneic diabetic mouse model shows superior 

blood glucose control for core-shell hydrogel encapsulated islets 

Islets isolated from C57BL/6 mice are transplanted into diabetic C57BL/6 mice 

to investigate if islets encapsulated in core-shell hydrogel microcapsules can enhance 

the treatment of T1D in a syngeneic diabetic mouse model. Initial experiments 

determine an IP injection of 150 mg/kg STZ is effective for diabetes induction. The 

transplantation procedure involves IP injection using an 18-gauge needle as shown in 

Figure 4.6A and Figure 4.6B.  
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It is determined that transplantation of approximately 1400 IEQ lowers blood 

glucose levels of mice compared to the negative control (diabetic mice without 

transplanted islets).  The schematic in Figure 4.7A shows the timeline for the syngeneic 

transplantation, monitoring, and characterization process. The mice are considered 

diabetic after two consecutive days of blood glucose levels exceeding 300 mg/dL, 

which occurs approximately 5 days after STZ injection. Islet transplantations are 

carried out when the mice are between 8 and 12 weeks old212,213. The mice are 

anesthetized, and islets are transplanted using the method in Figure 4.6B. Blood 

glucose levels are monitored three times a week. These experiments include the use of 

four groups: diabetically induced mice transplanted with islets in core-shell hydrogel 

microcapsules, diabetically induced mice transplanted with islets in alginate 

microcapsules, diabetically induced mice without islet transplantation (negative control 

group), and normal mice that are not diabetically induced mice (positive control group).  

The results indicate that core-shell hydrogel microcapsules outperform alginate 

microcapsules, resulting in lower blood glucose levels (Figure 4.7B). A significant 

difference in the area under the curve (AUC) between core-shell hydrogel 

microcapsules and alginate microcapsules as well as the core-shell hydrogel and 

negative control (Figure 4.7C) is observed.  
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Figure 4.7. In vivo blood glucose transplantation, monitoring, and immune 
response quantification. (A) Schematic overview of the timeline for transplantation, 
blood glucose monitoring, and immune cell evaluation. (B) Non-fasting blood glucose 
levels of mice transplanted with alginate encapsulated islets or core-shell hydrogel 
encapsulated islets. n = 3. (C) AUC for graph B of mouse blood glucose levels over 40 
days. (D) IPGTT for mice at approximately day 50. n= 3. (E) AUC for IPGTT graph.  
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(F) Percent of CD45 positive cells out of total cells collected from the IP cavity. n = 3. 
(G) Percent of CD45 positive cells with varying immune cell markers. n = 3. *p < 0.05, 
**p < 0.01, ***p < 0.001.  

While the positive control is significantly lower than the core-shell hydrogel 

encapsulated islets, this could likely be improved by increasing the number of 

transplanted islets. These results are similar to other studies showing that the 

conventional homogeneous alginate microcapsules perform poorly during syngeneic 

transplantation compared with better engineered microcapsules93. 

The improved performance of core-shell hydrogel microcapsules can be 

attributed to multiple reasons, including islet interactions with the collagen in the core. 

Collagen was chosen because it is a major component of the ECM and has been found 

to be helpful for improving islet health and insulin secretion after transplantation78,214. 

Collagen type I is the most prevalently used type of collagen in tissue engineering and 

is used for islet encapsulation in part due to its abundance in the body and ability to 

form a stable gel at physiological conditions (temperature of 37ºC and neutral 

pH)181,215,216. Collagen can facilitate cell-cell interactions and adhesion with alginate, 

which is important for proper functioning217. Studies have also found that using a 

combination of collagen and alginate results in islets having high viability181,218. 

Alginate improves the stiffness of collagen, making it more like a tissue 

microenvironment because collagen on its own can have poor mechanical properties 

and alginate has been used to tune these properties188,189.  

The alginate microcapsules also contain, on average, more islets per 

microcapsule than the core-shell hydrogel microcapsules, as seen in Figure 4.5E. This 

is likely due to the difference in viscosity of the solutions, which leads to more 
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clumping in the lower viscosity alginate solution. During the scaling-up process, these 

differences are exacerbated and can lead to three or more islets in a microcapsule.  The 

high viscosity  of the collagen-based core ensures even distribution of islets, with most 

microcapsules containing one islet and some containing two. Studies show that islets 

clumping together in devices decreases the amount of oxygen that reaches them and 

can hinder insulin secretion. This potentially contributes to the superior performance 

of core-shell hydrogel microcapsules over alginate microcapsules179,219.  

At approximately 50 days post-transplantation, an IPGTT is conducted by 

injecting mice with a glucose solution (Figure 4.7D). The results show no significant 

difference in the AUC (Figure 4.7E) between the transplanted core-shell hydrogel 

encapsulated islets and the positive control group (non-diabetic mice), while a 

significant difference is observed between the core-shell hydrogel group and the 

negative control group (diabetic mice with no islets transplanted). These results 

indicate that the core-shell islets effectively respond to glucose at the same rate as 

healthy mice while lowering it more effectively than the negative control. The alginate 

mouse group is not measured because they died before day 50. For the negative control, 

approximately half of the mice die before day 50, and measurements are taken from the 

mice that were still healthy at 50 days.    

4.3.8. Immune response to microcapsule transplantation  

Transplantation of foreign materials can induce a host immune response, 

leading to eventual rejection of the islets191,220,221.  At the conclusion of the in vivo 

experiments (around day 60), the immune response in the IP cavity is quantified. IP 

lavage is conducted, and the collected cells are stained and analyzed using flow 



 

101 
 

cytometry191. These cells are stained for immune cell markers, including CD45 as a 

general immune cell marker, CD11b for monocytes, F4/80 for macrophages, CD4 for 

helper T cells and regulatory T cells, and CD8 for cytotoxic T cells222,223. Flow 

cytometry data analysis is performed using FlowJo. Initial gating is performed to 

eliminate cell fragments and debris from the sample set.  

As shown in Figure 4.7F, there are no significant differences in the percentages 

of CD45-positive cells between the groups, indicating that core-shell hydrogel 

microcapsules do not increase the proportion of leukocytes in the IP cavity. Further 

analysis shows the percentage of CD45 positive cells with CD4, CD8, monocyte, and 

macrophage markers. No significant differences are observed in the CD4 and CD8 

staining percentages between the groups, suggesting that transplantation did not affect 

T cell responses (Figure 4.7G). Furthermore, there are no significant differences in the 

percentages of monocytes and macrophages among the groups. These findings suggest 

that core-shell hydrogel encapsulated islets do not increase the percentage of leukocytes 

in the IP cavity and do not alter the types of leukocytes present191. Given the positive 

in vivo results, it is recommended to assess these core-shell hydrogel microcapsules in 

allotransplantation and xenotransplantation studies to further explore their potential for 

preventing immune responses and treating diabetes in vivo. 

The microcapsules could not be retrieved from the mice after the conclusion of 

in vivo experiments, possibly due to the lack of clumping that microcapsules 

experience, making it difficult to locate individual microcapsules. Moreover, individual 

microcapsules may have been hidden in the tissue and lower abdomen, making them 

even more challenging to identify.  This is a limitation of this study. Ideally, the samples 
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could be retrieved and analyzed for immune cell buildup and fibrotic growth on the 

microcapsules. Additionally, the islets could be examined for cell viability and glucose 

responsiveness. This removal issue could be addressed by considering alternative 

transplantation areas, such as the epididymal fat pad or subcutaneous transplantation. 

Alternatively, microcapsules could be retrieved for quantification possibly at an earlier 

time point. 

4.4 Conclusion  

This research demonstrates the advantages of islet microencapsulation using a 

non-planar microfluidic device to fabricate core-shell hydrogel microcapsules. This 

microfluidic device not only allows for the use of collagen in the microcapsule core to 

create a more tissue-like microenvironment, but also enables on-chip microcapsule 

sorting. Using a deep learning-based detection system created in Chapter 3, islet-laden 

microcapsules are sorted into an aqueous-based extraction solution, removing them 

from the empty microcapsules and leading to a highly pure microcapsule sample when 

compared with non-selective extraction. In vitro, core-shell hydrogel encapsulated 

islets show improved viability compared with conventional homogeneous alginate 

microcapsules. Syngeneic core-shell hydrogel microencapsulated islet transplantation 

in a diabetic mouse shows improvements over traditional alginate microcapsules, 

lowering the blood glucose levels over a 40 day time period and successfully 

responding to glucose 50 days post-transplantation. These findings highlight the 

potential of core-shell hydrogel microcapsules as a promising tool for islet 

transplantation. By continuing to explore these areas, the field of islet transplantation 

can move closer to providing more effective treatments for type 1 diabetes. 



 

103 
 

Chapter 5 :  Nanoencapsulation of Hydrophobic Antioxidant for 

Enhanced Delivery into Islets and Improved Islet Viability  

5.1 Introduction  

Islet transplantation is a promising treatment for type 1 diabetes, but the islet 

isolation process can damage tissue, reducing viability and increasing susceptibility to 

cell death and functional decline over time. Furthermore, islets undergo post-

transplantation hypoxia, which can result in the death of up to 70% of islets21,22. It is 

crucial to maintain highly viable and healthy islets to ensure continued blood glucose 

regulation post-transplantation. During the isolation process, islets are removed from 

their native pancreatic environment, blood vessels, and their source of nutrients and 

oxygen 224. These events can lead to the generation of reactive oxygen species (ROS), 

oxidative stress, and eventually apoptosis225,226. In addition to cell death from post-

transplantation oxidative stress, immune rejection also leads to reduced islet 

function152,227. Given the precious nature of islets, extensive research involving the use 

of antioxidants has been conducted to mitigate this issue using antioxidants with 

promising outcomes. However, some antioxidants that could be highly beneficial for 

treatment are hydrophobic at physiological pH, making their uptake into islets 

challenging and often necessitating the use of organic solvents such as dimethyl 

sulfoxide (DMSO) that may harm islet health228. 

Bilirubin, a potent antioxidant, has long been recognized for its potential to 

combat oxidative stress. It has been shown to reduce oxidative damage and enhance 

cell viability under various conditions229,230. Bilirubin also upregulates the expression 



 

104 
 

of anti-apoptotic protective genes, including heme oxygenase (HO-1) and B-cell 

lymphoma 2 (BCL-2)154,231.  In addition to its role in mitigating the harmful effects of 

ROS, bilirubin exhibits anti-inflammatory properties, suppressing the release of 

damage-associated molecular patterns (DAMPs) and cytokines151,152,231. It 

downregulates pro-apoptotic genes, preventing the release of cytokines such as tumor 

necrosis factor-alpha (TNF-⍺) and Interleukin-1 beta (IL-1β) which help prevent 

immune rejection ending in islet death. However, the full therapeutic potential of 

bilirubin is hindered due to its hydrophobic nature when dissolved in aqueous solution 

like culture medium which makes it difficult to be taken up by cells. Bilirubin has been 

investigated in multiple studies for its protective effects on islets151,232. Due to its 

hydrophobic and insoluble nature at physiological pH, bilirubin nanoparticles are used 

to improve its effects on islets by enhancing uptake154,228. However, the extent to which 

nanoparticles facilitate bilirubin penetration into islets has not yet been thoroughly 

investigated. 

Curcumin, a polyphenolic compound derived from turmeric, is another 

molecule that has demonstrated antioxidant and anti-inflammatory effects, making it a 

promising candidate for improving the outcomes of islet transplantation233-235. Like 

bilirubin, curcumin can scavenge ROS, modulate immune responses, reducing cell 

damage234,236. Research shows that curcumin has protective effects on islets, and 

micelle-encapsulated curcumin was shown to increase curcumin uptake in vitro in an 

insulinoma cell line237. Another study found that nanoencapsulated curcumin decreases 

damage to islets caused by STZ in vivo238. Although curcumin has been shown to have 
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protective effects on islets, the effects of curcumin nanoparticles on islets under 

hypoxia in vitro have not yet been investigated. 

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer composed of polylactic 

acid (PLA) and polyglycolic acid (PGA)  approved by the U.S. Food and Drug 

Administration (FDA) for drug delivery and is widely used to encapsulate and deliver 

molecules and drugs into cells239-241. It is biocompatible, biodegradable, and its release 

profiles can be adjusted by the ratio of PLG to PGA242.  Pluronic F-127 (PF-127) is a 

triblock copolymer composed of poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide) (PEO-PPO-PEO) that is also FDA approved for pharmaceutical 

use243-245. PF-127 is a surfactant and forms micelles in oil-in-water emulsions with 

hydrophobic cores246,247. Research has found that using PLGA and PF-127 together 

leads to more stable and uniform nanoparticles than using either of them on their 

own248. Chitosan, a naturally occurring polymer derived from crustacean shells, has 

been shown to enhance nanoparticle uptake into cells. Chitosan can increase 

nanoparticle stability and charge, as well as adhere to glycoproteins, thereby improving 

cellular uptake249-252.  The use of these polymers to encapsulate hydrophobic molecules 

has the potential to help improve their uptake into cells.  

This chapter investigates the nanoencapsulation of hydrophobic antioxidants in 

PF-127-PLGA (PFP) nanoparticles coated with chitosan to evaluate its potential to 

enhance their uptake by cells. Our data demonstrates that PFP-chitosan nanoparticles 

effectively penetrate MCF-7 cells, insulinoma cells, and islets, significantly increasing 

antioxidant uptake compared to free hydrophobic molecules. Furthermore, our results 
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indicate that bilirubin and curcumin reduce apoptosis in islets exposed to hypoxia in 

vitro. 

5.2 Materials and methods   

Materials for cell culture were purchased from Thermo Fisher Scientific and 

chemicals were obtained from Sigma unless otherwise stated.  

5.2.1. Cell culture 

Normoxic cell culture was conducted at 37°C in a humidified incubator with 

5% CO2. MCF-7 cells were cultured in DMEM supplemented with 10% heat 

inactivated FBS and 1% P/S. When the cells reached approximately 80% confluency, 

they were detached using 0.25% trypsin-EDTA. After washing twice with PBS at 200 

g, the cells were counted using a hemocytometer for subsequent use. Beta-TC-6 cells 

from ATCC were cultured in DMEM supplemented with 15% FBS and 1% P/S. Upon 

reaching approximately 70% confluency, floating cells were collected and attached 

cells were detached using 0.25% trypsin-EDTA. Floating and attached cells were 

combined and washed twice with PBS by centrifuging at 200 g for 3 minutes. Cell 

counts were determined using a hemocytometer for further use.  

5.2.2. Nanoparticle synthesis 

A schematic illustration of the nanoparticle synthesis process can be seen in 

Figure 5.1A. First, 1 mg of bilirubin, 5 mg of Pluronic F-127 (PF-127), and 15 mg of 

PLGA 75:25 (polylactic acid: polyglycolic acid) were added to a 1.5 mL 

microcentrifuge tube. 1 mL of dichloromethane (DCM) was then added to the 

microcentrifuge tube. The mixture was sonicated in a Fisher Scientific Ultrasonic Bath 
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and pipetted until fully dissolved. The resulting solution was transferred to a 

scintillation vial, and an additional 1 mL of DCM was added, followed by another 

round of sonication in the Ultrasonic Bath.  

A 2% poly(vinyl alcohol) (PVA) solution (30 to 70 kDa) was created by 

dissolving PVA in water by continuously stirring over 3 hours at 80 °C. In another 

scintillation vial, 6 mL of the 2% PVA solution was prepared. The polymer/DCM 

solution was then added dropwise to the PVA solution using a 2 mL serological pipette. 

The resulting mixture was sonicated using a Branson 450 Digital Sonifier at 22% power 

for 1 minute to create an oil in water emulsion.  

The solution was then transferred into a 250 mL round-bottom flask and placed 

on a Heidolph (Schwabach, Germany) Hei-VAP rotary evaporator with a rotation speed 

of 60 rpm and a temperature of 37 °C for 1 hour. Afterward, the solution was divided 

into 1.5 mL microcentrifuge tubes and centrifuged at 17,500 g for 10 minutes. The 

supernatant was aspirated off and nanoparticles were resuspended in DI water and 

centrifuged again at 17,500 g for 10 minutes. 

The nanoparticles were resuspended in 2 mL of DI water and transferred to a 

scintillation vial. Here, 3 mL of a chitosan coating solution was added. The chitosan 

solution was prepared by dissolving 30 g of low molecular weight (50 kDa to 190 kDa) 

chitosan in 40 mL of 2% PVA containing 170 µL of acetic acid. The nanoparticles and 

coating solution were stirred overnight on a stir plate.  Subsequently, the solution was 

filtered through a 45 µm syringe filter to eliminate excess chitosan. Finally, it was 

transferred to 1.5 mL microcentrifuge tubes, centrifuged at 17,500 g, and resuspended 

in DI water twice. For curcumin nanoparticle synthesis the same process was used, 
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starting with the addition of 1 g of curcumin to the initial polymer solution. The same 

steps were repeated for coumarin 6 nanoparticles, except for adding 0.5 g of coumarin 

6 to the initial polymer solution. 

5.2.3. Nanoparticle characterization 

Size, zeta potential, and polydispersity index (PDI) were characterized using a 

Malvern Panalytical (Malven, United Kington) Nano-ZS Zetasizer. A Spark Multiplate 

Reader was used to quantify concentrations of bilirubin, curcumin, and coumarin 6. 

Absorbances of 454 nm and 425 nm were used for quantifying bilirubin and curcumin, 

respectively. A fluorescent excitation wavelength of 457 nm and an emission 

wavelength of 501 nm were used to quantify coumarin 6 concentrations.  

Bilirubin release experiments were performed by suspending bilirubin 

nanoparticles in 1 mL of a 10% FBS in PBS solution in a 1.5 mL microcentrifuge at a 

concentration of 20 µM bilirubin. The microcentrifuge tubes were then placed in a 

water bath at 37°C. At each designated time point, the nanoparticle suspension was 

centrifuged at 17,500 g, and the top 800 µL of the solution was collected and replaced 

with 800 µL of fresh 10% FBS in PBS solution. The nanoparticles were resuspended 

and returned to the water bath. After 72 hours of release, the nanoparticles remaining 

in the microcentrifuge tubes were dissolved in DMSO to determine the amount of 

unreleased bilirubin. Bilirubin released over time was quantified using a Spark 

Multimode Microplate Reader.  

Transmission electron microscope (TEM) nanoparticle imaging was performed 

by adding one drop of 100 µg/mL nanoparticle suspension to a 200-mesh Ted Pella 

(Redding, CA, USA) copper grid. The nanoparticles were stained with a 2% uranyl 



 

109 
 

acetate solution washed with DI water. After drying in a chemical fume hood, imaging 

was conducted using a JEOL (Akishima, Tokyo, Japan) JEM 2100 LaB6 TEM. 

Nanoparticles were freeze-dried to determine encapsulation efficiency and 

loading content. They were placed in 1.5 mL microcentrifuge tubes and in a -80°C 

freezer for an hour. Next, they were removed from the freezer, and a hole was poked 

in the top of the microcentrifuge tube using a 20-gauge needle to allow moisture to 

escape. They were then placed in a 50 mL conical centrifuge tubes, and a Kimwipe was 

placed on top of the 50 mL conical centrifuge tube (without a cap) and secured with a 

rubber band to allow moisture to escape. The 50 mL conical centrifuge tubes were 

subsequently placed in a Labconco FreeZone 6 L Console Freeze Dryer using the 

settings of -80°C and 0.230 mbar for a minimum of 36 hours. The encapsulation 

efficiency and loading content were determined by weighing the lyophilized 

nanoparticles, dissolving them in DMSO, and quantifying antioxidant concentrations 

using a Spark Multimode Microplate Reader. Freeze dried nanoparticles were only 

used for nanoparticle characterization, and all other experiments were conducted using 

freshly synthesized nanoparticles.  

5.2.4. Bilirubin nanoparticle uptake into MCF-7 and Beta-TC-6 cells 

MCF-7 cells were cultured as described in 5.2.1. To prepare the culture slides, 

12 mm round glass coverslips were coated with a 1:100 dilution of 3.82 mg/mL type I 

collagen (Corning) in PBS for 30 minutes. Subsequently, MCF-7 cells were seeded 

onto the slides at a concentration of 30 x 104 cells/mL and cultured overnight in a 

humidified incubator at 37ºC with 5% CO2. Cells were then cultured with media 

containing 20µM free bilirubin or 20µM nanoencapsulated bilirubin for 3 hours in a 
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humidified incubator at 37ºC with 5% CO2. Cells were washed with PBS and incubated 

with Lysotracker Red DND-99 (Thermo Fisher Scientific) at a dilution of 1:500 in 

media for 30 minutes.  Cells were then washed again with PBS and fixed using 4% 

paraformaldehyde (PFA) in PBS for 15 minutes. Cells were then washed again with 

PBS and stained with DAPI was added at a 1:1000 dilution in PBS for 10 minutes. The 

cells were washed with PBS and mounted on a 25 mm x 75 mm x 1 mm microscope 

slide for imaging using CC/Mount mounting medium, and imaged using a Zeiss LSM 

710 confocal microscope. An excitation of 488 nm and emission range of 500-560 nm 

were used to image bilirubin.  Beta-TC-6 cells were added to collagen-coated slides at 

a concentration of 12 x 104 cells/mL and cultured in a humidified incubator at 37ºC 

with 5% CO2 for 3 days before uptake experiments. All other procedures remained 

consistent with those used for the MCF-7 cells.  

5.2.5. Islet isolation 

Islets were isolated using the methods described in Chapter 4. In brief, islets 

were isolated from C57BL/6 mice using a collagenase solution consisting of 1.5 mg/mL 

collagenase D and 2 mg/mL BSA in HBSS. After perfusion of the pancreas, the tissue 

was digested, and a gradient of histopaque was used to separate the islets from other 

pancreatic tissue. The isolated islets were cultured in RPMI supplemented with 10% 

heat inactivated FBS and 1% P/S. 

5.2.6. Nanoparticle penetration islets 

Approximately 50 islets per well were placed in a 24-well ultralow attachment 

plate and incubated with media containing 8 µM free coumarin 6, 8 µM 
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nanoencapsulated coumarin 6, or no coumarin 6 for 6 hours. Islets were washed twice 

with media by centrifugation at 70g. The islets were fixed for 30 minutes using 4% 

PFA and placed in a 20% sucrose solution overnight.  

A mold for cryosectioning samples was created by cutting a circle with a 

diameter of 10 mm out of a 30 mm x 20 mm by 5 mm slab of PDMS and placing it on 

a 25 mm x 75 mm x 1 mm microscope slide. PDMS slabs were made using the methods 

described in Chapter 3. The islets were pipetted onto the glass slide and placed in a -

80°C freezer for 5 minutes. The slide was removed from the freezer, and Sakura Finetek 

(Torrance, CA, USA) Tissue-Tek O.C.T. compound was added on top of the islets to 

fill the PDMS mold. The mold was then placed back in the -80°C freezer for 20 

minutes.  

The islets were cryosectioned using a Leica Biosystems (Heidelberger, 

Germany) CM1950 Cryostat to obtain 8 µm thick slices. These slices were collected 

onto Electron Microscopy Sciences (Hatfield, PA, USA) Millennia 2.0 Adhesion 

microscope slides. The slices were stained with a 1:1000 dilution of DAPI in PBS and 

incubated at room temperature for 10 minutes. Afterward, the slices were washed twice 

with PBS, and a cover slip was added using CC/Mount. Finally, the slices were imaged 

using a Zeiss LSM 710 microscope using fluorescence microscopy. Blue fluorescence 

was used for DAPI staining, and green fluorescence was used for coumarin 6.  

5.2.7. Annexin V staining 

The effects of antioxidant nanoparticles on islets after hypoxic incubation were 

examined by isolating islets and placing them in a 24-well ultralow attachment plate 

with various concentrations of free or nanoencapsulated antioxidants in 500 µL of 
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media. After 6 hours of incubation, the islets were washed with RPMI media and fresh 

media (without antioxidants) was added. Islets were then transferred to an incubator 

with 1% O2 and 5% CO2 for 12 hours. Subsequently, the islets were removed and 

placed into a normoxic incubator with 21% O2 and 5% CO2 for 48 hours. Staining was 

performed using a BD Pharmingen Annexin V-FITC Fluorescence Microscopy Kit. 

Approximately 20 islets were placed in a 1.5 mL microcentrifuge tube and stained per 

the kit instructions. Islets were washed twice with PBS and once with annexin V buffer 

by centrifuging at 200 g for 3 minutes. Then 200 µL of a 1:10 dilution of FITC annexin 

V in annexin V buffer was added to the sample and the cells were incubated for 30 

minutes at room temperature. They were subsequently washed twice with annexin 

buffer by centrifuging at 200 g and placed in a 24-well plate. The islets were then 

imaged using green fluorescence, and images were analyzed for fluorescence intensity 

using ImageJ.  

5.2.8. Statistical analysis 

For the statistical analysis, data was analyzed using GraphPad Prism. Student’s 

two-tailed t-test assuming equal variance was used. Data is presented as mean ± 

standard deviation. A p value less than 0.05 is considered statistically significant. 

5.3 Results and discussion  

5.3.1.  Bilirubin nanoparticle synthesis and characterization  

The schematic diagram in Figure 5.1A shows the nanoparticle synthesis 

process using an oil-in-water single emulsion technique, followed by chitosan 

coating253. Nanoparticles are coated with chitosan to help increase their uptake into 
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cells154,252,254. Morphology of chitosan coated nanoparticles is confirmed through TEM 

imaging (Figure 5.1B). 

 

Figure 5.1. Overview of nanoparticle synthesis process and bilirubin nanoparticle 
characterization. (A) Schematic illustrating the nanoparticle synthesis process. The 
antioxidant is first mixed with polymers, followed by dissolution in DCM. This 
solution is then added dropwise to a water based PVA solution, and nanoparticles are 
generated using a sonifier. The sample undergoes rotary evaporation to remove the 
DCM. Then, the nanoparticles are coated overnight with chitosan, filtered, and 
characterized. (B) TEM image of a bilirubin chitosan coated PFP nanoparticles. (C) 
Representative size distribution of bilirubin PFP nanoparticles with and without 
chitosan coating. (D) Representative zeta potential measurement of bilirubin PFP 
nanoparticles with and without chitosan coating. (E) Release data of chitosan-coated 
bilirubin nanoparticles. n = 3 independent runs. 
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Figure 5.1C and Figure 5.1D show representative examples of the size and 

zeta potential measurements of PFP bilirubin nanoparticles with and without chitosan 

coating.  After coating and filtering to remove excess chitosan, the nanoparticle size 

increases from 173.3 ± 21.9 nm to 187.1± 16.2 nm and the PDI decreases from 0.315 

± 0.052 to 0.113 ± 0.015 (Table 5.1). Notably, the chitosan coating does not 

significantly increase the size of the nanoparticles (p = 0.4290). The chitosan coating 

increases the nanoparticle charge from -26.61 ± 3.61 mV to 8.49 ± 1.09 mV, making it 

a slightly positive change which and favorable for nanoparticle penetration into 

cells154,252,254,255. The loading content of the coated nanoparticles is 1.44 ± 0.35%, and 

the encapsulation efficiency is 20.49 ± 0.10%.  

Table 5.1. Bilirubin Nanoparticle Characterization 

 

Studies have demonstrated that bilirubin's binding properties with albumin can 

impact its release from nanoparticles154,256. To mimic the conditions for in vitro 

nanoparticle uptake, release experiments were conducted using a medium of 10% FBS 

in PBS. Figure 5.1E shows the release of bilirubin for the chitosan coated nanoparticles 

over 72 hours. After 72 hours, ~ 75% of the bilirubin is released into the medium.  

5.3.2.  Curcumin nanoparticle synthesis and characterization 

Curcumin is encapsulated using the same formulation and synthesis method as 

bilirubin. As shown in Table 5.2, the curcumin PFP-chitosan nanoparticles have an 
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average size, zeta potential, and PDI of 210.3 ± 15.5 nm, -36.36 ± 4.76 mV, and 0.056 

± 0.016, respectively, before coating. After coating, they have an average size of 224.3 

± 33.6 nm, an average zeta potential of 3.24 ± 0.41 mV, and an average PDI of 0.105 

± 0.136. They have an encapsulation efficiency of 22.38 ± 12.43% and a loading 

content of 1.14 ± 0.52%.  

Table 5.2 Curcumin Nanoparticle Characterization 

 

5.3.3.  Nanoencapsulation of bilirubin improves uptake into MCF-7 and Beta-

TC-6 cells 

Bilirubin PFP-chitosan uptake of nanoparticles into cells is evaluated and 

compared with free bilirubin to determine if nanoencapsulation helps improve 

antioxidant uptake into cells. Fluorescence imaging can be used to confirm bilirubin 

uptake into cells due to its autofluorescence256,257. MCF-7 cells are incubated with 

media containing 20 µM free bilirubin or 20 µM nanoencapsulated bilirubin for 3 

hours. The cells are stained for nuclei with DAPI and for endo-lysosomes with 

lysotracker to determine if bilirubin colocalizes with endo-lysosomes, showing 

nanoparticle uptake and intracellular delivery258. As shown in Figure 5.2A, the 

fluorescence signal of bilirubin is much stronger in the nanoencapsulated bilirubin 

group than in the free bilirubin group and the control group.  



 

116 
 

 

Figure 5.2. Bilirubin nanoparticle uptake into MCF-7, Beta-TC-6 cells, and Islets. 
(A) Representative images illustrating the uptake of 20 µM free bilirubin and 20 µM 
bilirubin PFP-chitosan nanoparticles into MCF-7 cells, stained for the nucleus and 
lysosomes. (B) Representative images illustrating the uptake of 20 µM free bilirubin 
and 20 µM bilirubin PFP-chitosan nanoparticles into Beta-TC-6 cells stained for the 
nucleus and lysosomes. (C) Representative images of cryosectioned slices of islets after 
incubation with media containing no coumarin 6, 8µM free coumarin 6, or 8µM 
coumarin 6 PFP-chitosan nanoparticles.  
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The bilirubin is colocalized with lysosomes, as indicated by the overlapping red 

and green signals resulting in yellow in Figure 5.2A154. Next, bilirubin uptake into 

Beta-TC-6 cells is evaluated. Beta-TC-6 cells are an insulinoma cell line derived from 

a pancreatic tumor in a mouse and have characteristics mimicking islet cells including 

insulin secretion and aggregation259,260. The same uptake procedure used for the MCF-

7 cells is conducted using Beta-TC-6 cells. The results are shown in Figure 5.2B. 

Images also show higher fluorescence for nanoencapsulated bilirubin and 

colocalization with lysosomes. Consistency in results across cell lines confirms that 

PFP-chitosan nanoparticles facilitate bilirubin uptake into cells.  

5.3.4.  Nanoencapsulation of coumarin 6 improves its penetration into islets 

Experiments are conducted using islets to assess the penetration of 

nanoparticles and free bilirubin within islets. Due to the comparatively weak 

fluorescence of bilirubin, coumarin 6 is used for imaging purposes instead, as it is 

similarly hydrophobic compared with bilirubin and curcumin but has stronger 

fluorescence261,262. Coumarin 6 has a molecular weight of 350.43 g/mol, which is close 

to the molecular weight of curcumin (368.38 g/mol) and in the same range of bilirubin’s 

molecular weight (584.66 g/mol).  

The same process used for fabricating bilirubin PFP-chitosan and curcumin 

PFP-chitosan nanoparticles is used for coumarin 6 PFP-chitosan nanoparticles. 

Coumarin 6 PFP-chitosan nanoparticles have an average size of ~ 190 nm and a zeta 

potential of ~ 5.3 mV, similar to the curcumin and bilirubin PFP-chitosan nanoparticles. 

Islets are incubated with media containing 8 µM nanoencapsulated coumarin 6, and 

free coumarin 6, or no coumarin 6 for 6 hours. Subsequently, the islets are 
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cryosectioned, placed on slides, and stained with DAPI. Imaging is performed using 

green and blue fluorescence for DAPI and coumarin 6, respectively. The results show 

that nanoencapsulated coumarin 6 exhibits much stronger fluorescence than free 

coumarin 6 and the control group and can penetrate throughout the islets (Figure 5.2C). 

Cryosectioning enables the assessment of slices from the center of the islets, confirming 

the dispersion of coumarin 6 throughout the islets. This delivery mechanism shows 

promising potential in preventing post-isolation cell death and the formation of necrotic 

islet cores207,224. 

5.3.5.  Treating islets with nanoencapsulated antioxidants reduces apoptosis 

caused by hypoxic stress conditions in vitro 

Antioxidant impact on islet apoptosis is evaluated in vitro using a hypoxic 

incubation model. Antioxidant concentrations ranging from 5 µM to 40 µM are 

selected, as these concentrations are considered physiologically relevant for both 

bilirubin and curcumin154,228,237. Islets are incubated with media containing free 

antioxidants, nanoencapsulated antioxidants, or no antioxidants (hypoxic control) for 6 

hours and then placed in an incubator containing 1% O2. The normoxic control group 

is continuously incubated at 21% O2.  

Annexin V staining is used to detect apoptosis in cells by binding with 

phosphatidylserine (PS). During apoptosis, phosphatidylserine (PS) translocases from 

the cytoplasmic side of the plasma membrane to the cell surface211. Treatment with 

both bilirubin and curcumin cause an overall decrease in annexin V staining compared 

with the hypoxic control (islets that underwent incubation in 1% O2 with no antioxidant 
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treatment). As shown in Figure 5.3A, both bilirubin and curcumin reduce apoptosis 

compared with the negative control.  

 

Figure 5.3. Annexin V staining after hypoxic incubation of antioxidant treated 
islets. (A) Fluorescence quantification (mean gray value) for annexin V staining of 
antioxidant treated islets and control islets after hypoxic incubation. n = 3 independent 
runs with approximately 7 IEQ per trial evaluated. *p < 0.05 and **p < 0.01 compared 
with hypoxic control. (B) Representative images of antioxidant treated islets and 
control islets stained with annexin V after hypoxic incubation.  
 

The 20 µM concentration of free bilirubin exhibits a significant reduction in 

fluorescence, and all concentrations of nanoencapsulated bilirubin show a significant 

decrease in fluorescence. This could be attributed to the increased uptake of bilirubin 
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and its prolonged release over 60 hours, in contrast to free bilirubin. Curcumin also 

significantly reduces apoptosis in islets. All concentrations of free curcumin, except for 

40 µM, as well as all concentrations of nanoencapsulated curcumin, exhibit 

significantly reduced staining. These results suggest that both free and 

nanoencapsulated curcumin prevent apoptosis in islets, and the nanoparticles may not 

significantly enhance this effect at the tested concentrations. Considering the increased 

uptake and sustained release facilitated by the nanoparticles, it is possible that 

curcumin's effectiveness in preventing apoptosis could be achieved at lower 

concentrations. Representative images of islets stained with annexin V and bright field 

images of the islets used for image analysis are presented in Figure 5.3B. Islets 

incubated with nanoencapsulated bilirubin and curcumin, as well as lower 

concentrations of free curcumin show little to no annexin V staining, reflecting the 

fluorescence quantification in Figure 5.3A.  

These results are consistent with findings from other studies. Studies have 

shown that bilirubin improves cell viability and reduces the effects of ROS compared 

to the hypoxic control, with only minor differences between nanoencapsulated and free 

bilirubin in vitro 154,228. This may be due to bilirubin binding with albumin in culture 

medium, which could improve its uptake28. Similarly, nanoencapsulated curcumin has 

demonstrated increased uptake in insulinoma cell lines and an overall reduction in 

apoptotic markers compared to the hypoxic control, with only minor differences 

between encapsulated and free curcumin in vitro237,238. However, significant 

differences between free and nanoencapsulated antioxidants are observed in these 

studies during in vivo experiments. This emphasizes the need for further evaluation of 
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these PFP-chitosan antioxidant nanoparticles and their potential for future in vivo 

testing. 

5.4 Conclusion  

In this study, bilirubin and curcumin PFP-chitosan nanoparticles are 

successfully fabricated and characterized. Bilirubin PFP-chitosan nanoparticles are 

successfully taken up into MCF-7 and Beta-TC-6 cells, outperforming free bilirubin. 

Similarly, coumarin 6 PFP-chitosan nanoparticles created using the same synthesis 

method as the antioxidant nanoparticles have improved dispersion within islets when 

compared to free coumarin 6. Notably, our research shows that nanoparticle 

encapsulation results in penetration and dispersion of hydrophobic molecules 

throughout islets, a novel observation in this study. Uptake experiments show that both 

bilirubin and curcumin nanoparticles demonstrate protective effects on islets during 

incubation under hypoxic stress, reducing apoptosis. Future research should further 

characterize the effects of these antioxidants and antioxidant nanoparticles on islets, 

both through in vitro hypoxia experiments and through in vivo experiments.  
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Chapter 6 :  Conclusions  
 

In this dissertation, we address multiple issues that hinder the success of isolated 

microencapsulated islet transplantation for type 1 diabetes treatment. To tackle the 

problem of empty microcapsules occupying space during islet transplantation, we 

successfully develop an on-chip deep learning-based sorting system that efficiently 

separates aggregate-laden microcapsules from empty microcapsules without the need 

for cell labeling and then apply it to sorting islet-laden core-shell hydrogel 

microcapsules resulting in a highly pure microcapsule sample. To improve the design 

of microcapsules, we design a non-planar microfluidic device that can fabricate core-

shell hydrogel microcapsules. In a syngeneic diabetic mouse model, islets encapsulated 

in core-shell hydrogel microcapsules control mouse blood glucose levels significantly 

better than conventional homogeneous alginate microcapsules. To protect islets from 

the effects of post-transplantation hypoxia, we fabricate PFP-chitosan nanoparticles 

that effectively encapsulate hydrophobic antioxidants, leading to increased antioxidant 

uptake into insulinoma cells and penetration into islets. We also find that enriching 

islets with free or nanoparticle forms of curcumin and bilirubin reduces apoptosis in 

islets exposed to hypoxic stress. These findings hold promise for future studies and 

potential clinical applications of these technologies for type 1 diabetes treatment.   
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Chapter 7 :  Future Research Directions  

7.1 Deep learning-based on-chip detection and selective extraction  

In this dissertation, a deep learning-based detection and sorting system is 

developed that successfully sorts both aggregate and islet-laden microcapsules from 

empty microcapsules. Applying the aggregate model for islet sorting on a non-planar 

microfluidic chip (Chapter 4) resulted in a lower detection efficiency (80%) and purity 

(70%) of islet-laden microcapsules compared with the detection efficiency (100%) and 

purity (90%) for the aggregate-laden microcapsules fabricated on a planar microfluidic 

device (Chapter 3). 

In this dissertation, a deep learning-based detection and sorting system is 

developed that successfully sorts both aggregate and islet-laden microcapsules from 

empty microcapsules. Applying the aggregate model for islet sorting on a non-planar 

microfluidic chip (Chapter 4) resulted in a lower detection efficiency (80%) and purity 

(70%) of islet-laden microcapsules compared with the detection efficiency (100%) and 

purity (90%) for the aggregate-laden microcapsules fabricated on a planar microfluidic 

device (Chapter 3). 

To improve the detection and extraction efficiency and purity, the detection 

model can be retrained using images of encapsulated islets in a non-planar microfluidic 

device. The model's training dataset could also be expanded to encompass a broader 

range of sample images, particularly those with increased debris that occurs when 

scaling up the encapsulation to include hundreds of islets. The model could also be 

trained with images of islets that are partially in the detection region to improve 

detection efficiency.  The detection of islets in microcapsules also faces limitations as 
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images are captured at a fixed distance from the microfluidic device. As a result, out-

of-focus islets may be missed. In future experiments, it would be beneficial to explore 

systems capable of capturing images at different depths within the microchannel. 

In addition, a line scanning camera may be used to improve detection efficiency 

and increase the system's speed. Line scanning has been used in industrial settings for 

fast object detection and sorting of objects on conveyor belts, and in combination with 

CNNs for high-speed imaging263-265. This could increase the detection efficiency and 

system speed, allowing more islets to be encapsulated in a shorter period. As deep 

learning systems continue to progress, the use of more advanced pre-trained models 

will enable the processing of higher-quality images at a faster rate266. T Combining 

high speed processing and high-resolution images should improve detection and 

extraction outcomes. 

Extraction mechanisms other than DEP can also be investigated. Standing 

acoustic waves (SAW) have been shown to sort microparticles and droplets accurately 

and quickly on a microfluidic device99,267,268. This application of SAW could not only 

improve sample purity but also faster sorting allows for quicker islet encapsulation, 

which can help scale up the system for more extensive studies.  

This non-planar microfluidic encapsulation system could have applications for 

encapsulating and sorting other tissues, such as ovarian follicles95. Furthermore, it can 

potentially be used for sorting islets of varying sizes and qualities, for example, 

identifying and sorting healthy islets out from damaged islets or islets with necrotic 

cores. Ultimately, this system shows promise for a wide range of biomedical and 

research applications, including and beyond islet transplantation. 
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7.2 Encapsulation and transplantation of islet-laden core-shell hydrogel 

microcapsule 

In Chapter 4, islets are successfully encapsulated in core-shell hydrogel 

microcapsules using a non-planar microfluidic device. Encapsulation in core-shell 

microcapsules results in significantly improved blood glucose regulation in a syngeneic 

transplantation diabetic mouse model compared to conventionally used homogeneous 

alginate microcapsules. The transplanted microcapsules also do not increase the 

percentage of immune cells in the IP cavity, indicating that they are non-immunogenic. 

Allogenic and xenogeneic diabetic mouse models should be tested to evaluate how well 

the microcapsules protect islets in models with a higher immune response. Islets 

isolated from BALB/c mice (allogenic) and Sprague Dawley rats (xenogeneic) can be 

transplanted into diabetic C57BL/6 mice88,191,269. These models can provide valuable 

insights into islet transplantation outcomes by characterizing the immune response and 

its impact on graft rejection.   

Luciferase islet transplantation can be used to assess the viability and location 

of islets over time. Preliminary observations in this research show that transplanted 

luciferase islets stop exhibiting bioluminescence a few weeks after transplantation in 

C57BL/6 mice, likely due to immune response and subsequent islet rejection. These 

results align with findings from other studies93,270. For further investigation, core-shell 

hydrogel encapsulated and alginate hydrogel encapsulated luciferase islets can be 

transplanted into C57BL/6 mice and monitored over several months to assess islet 

health and rejection over time. 
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Further in vitro testing can explore the potential benefits of added alternative 

extracellular matrix materials, such as different types of collagens and laminin, to the 

core of core-shell hydrogen microcapsules, assessing their impact on insulin production 

and cell viability over time78,214,271. Incorporating decellularized extracellular matrix 

derived from islets or pancreatic tissue into the microcapsules's core could also be an 

area of exploration, as well as creating biomimetic microcapsules by adding stromal 

cells into the microcapsule interior.  

Mesenchymal stem cells (MSCs) offer an additional way to help mitigate 

immune response. Previous studies have demonstrated their ability to diminish immune 

responses when co-transplanted with islets272,273. In future investigations, MSCs can be 

incorporated into the core and/or shell of the microcapsules to assess immune response 

modulation. 

Alternate transplantation locations can be investigated, including the 

epididymal fat pad or the omentum. Other transplantation areas may require a reduced 

number of islets to treat diabetes, as they are more highly vascularized than the IP 

cavity93,269,274. Furthermore, the transplanted islets could be removed after 

transplantation to assess fibrotic growth and immune cell buildup on the islets and to 

perform GSIS, viability staining, and immunostaining.  

In the future, alternative methods for tracking islets over time, such as using 

superparamagnetic iron oxide nanoparticles (SPIONs), could be considered275. 

Preliminary studies showed that chitosan-coated SPIONs could be effectively taken 

up by islets, as found in other studies276,277. This approach offers a promising way of 
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tracking the location of islets over time, potentially finding applications in clinical 

settings in the future. 

Future studies may also explore the potential of cryopreserving core-shell 

microencapsulated islets. Since islets are isolated from deceased donors, the time lapse 

between isolation and transplantation decreases cell viability. Using cryopreservation 

for islet storage could allow for increased time between isolation and transplantation, 

opening more transplantation opportunities. Islets have been successfully 

cryopreserved in alginate microcapsules278. Notably, alginate microcapsules 

crosslinked with CaCl2 have also been shown to decrease the amount of cryoprotectant 

required for vitrification (i.e., cooling to cryogenic temperature without ice formation), 

improving the cell cryopreservation process279,280. Using low cryoprotectant 

vitrification in combination with core-shell microencapsulation of islets could 

significantly enhance the islet cryopreservation process, leading to improved 

transplantation outcomes.  

7.3 Protective effects of antioxidant nanoparticle islets  

In Chapter 5, we find that PFP-chitosan nanoparticles improve the uptake of 

hydrophobic molecules into insulinoma cells and islets. Preliminary hypoxia studies 

show pretreating islets with bilirubin and curcumin leads to decreased apoptosis after 

hypoxic incubation. Future studies can further characterize the effects of free and 

nanoparticle antioxidants on islet health, including examining viability, necrosis, and 

insulin secretion. Studies can then be conducted in vivo in a diabetic mouse model, 

examining the effects of pretreating islets with antioxidant nanoparticles before 

transplantation and intravenous injection of antioxidant nanoparticles, which have 
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shown positive effects on diabetes treatment228,238. Furthermore, this approach could 

be combined with islet microencapsulation, potentially incorporating nanoparticles 

inside the microcapsules before transplantation. 

Studies show that bilirubin and curcumin have anti-inflammatory properties 

and reduce immune response228,234. The PFP-chitosan antioxidant nanoparticles could 

be tested using in vitro co-culture with immune cells and in vivo to observe the immune 

response in an allogenic or xenogeneic mouse model. 
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Appendix: Supplementary Video Captions 
 

Supplemental Video 3.1. Deep learning-enabled label-free detection and selective 

extraction of a cell aggregate-laden microcapsule at full speed. A green box in the 

detection region indicates no cell aggregate-laden microcapsule is detected and a red 

box indicates a cell aggregate-laden microcapsule detected. The format of the timer on 

the bottom left corner of the video is in minutes: seconds. milliseconds.  

 

Supplemental Video 3.2. Deep learning-enabled label-free detection and extraction of 

a cell aggregate-laden microcapsule with reduced video speed to view extraction more 

clearly. The video runs at full speed when no cell aggregate-laden microcapsule is 

detected and slows down to 10% of full speed when a cell aggregate-laden 

microcapsule is detected.  The green box in the detection region indicates no cell 

aggregate-laden microcapsule is detected and the red box indicates a cell aggregate-

laden microcapsule is detected. The format of the timer on the bottom left corner of the 

video is in minutes: seconds. milliseconds. 

 

Supplemental Video 4.1. Video of islet-laden microcapsule extracted from the oil 

channel to the aqueous channel by manually turning on and off dielectrophoresis. The 

video is taken using phase contrast to visualize microcapsules. The format of the timer 

on the top right corner of the video is in minutes: seconds. milliseconds. 

 

Supplemental Video 4.2. Video of islet-laden microcapsule extracted from the oil 

channel to the aqueous channel by manually turning on and off dielectrophoresis. The 
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video is taken using bright field. The format of the timer on the top right corner of the 

video is in minutes: seconds. milliseconds. 

 

Supplemental Video 4.3. Video of deep learning-enabled label-free detection and 

extraction of islet-laden microcapsules using deep-learning detection model and 

dielectrophoresis. A green box in the detection region indicates no islet-laden 

microcapsule present, and the red box indicates an islet-laden microcapsule present. 

The format of the timer on the top right 

corner of the video is in minutes: seconds. milliseconds. 

 

Supplemental Video 4.4. Video of deep learning-enabled label-free detection and 

extraction of islet-laden microcapsules using deep-learning detection model and 

dielectrophoresis slowed down to 10% speed for better visualization. A green box in 

the detection region indicates no islet-laden microcapsule present, and the red box 

indicates an islet-laden microcapsule present. The format of the timer on the top right 

corner of the video is in minutes: seconds. milliseconds. 

 

Supplemental Video 4.5. Video of intraperitoneal islet transplantation into an 

anesthetized mouse using the needle transplantation method. 
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