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1. General introduction 

1.1. Pancreatic islets 

The pancreas is a 12-15 cm-long organ located behind the lower part of the stomach 

and its main functions are production of exocrine enzymes aiding to digestion and 

production of endocrine hormones to regulate blood glucose [1]. Around 98% of the 

pancreatic mass performs the exocrine function and it is comprised of acinar cells 

responsible for synthesis, storage and secretion of digestive enzymes, while about 1-

2% of pancreas’ total mass, represented by pancreatic islets, is responsible for the 

endocrine function (Figure 1) [2].  

 

 

Figure 1. Schematic representation of pancreas and pancreatic islet. Reproduced from [9] 

with credits for Bruce Blaus. 
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Pancreatic islets, also called islets of Langerhans, are irregularly shaped clusters 

comprised of 5 distinct cell types: α-, β-, δ-, ε- and γ (PP) cells. The main population, 

β-cells, secrete amylin, C-peptide and insulin, while α-cells secrete glucagon. The 

small proportion of δ-cells and ε-cells secrete somatostatin and ghrelin, respectively. 

Finally, the PP cells produce pancreatic polypeptide that acts locally within the 

pancreas to auto regulate endocrine function and regulate gastrointestinal secretion 

[3].  

Insulin and glucagon are the predominant hormones secreted by the pancreas and 

their interaction plays a key role in the regulation of glucose homeostasis. The 

release of insulin from the β-cells can be triggered by the growth hormone 

(somatotropin) or by glucagon, but the most important stimulator of insulin release 

is glucose [4]. When the blood glucose level increases, which occurs after the 

ingestion of a meal, insulin is released to counter it. The inability of the islet cells to 

secrete insulin or the failure to produce amounts sufficient to control blood glucose 

level are the causes of Diabetes mellitus. 

1.2. Diabetes mellitus Type 1 

Diabetes mellitus is a highly widespread disease with approximately 415 million 

individuals affected worldwide, where 5-10% of the patients suffer from Type 1 

Diabetes [5]. Type 1 Diabetes, once known as juvenile diabetes or insulin-dependent 

diabetes, is a chronic disease characterized by destruction of insulin-producing β-

cells due to an autoimmune reaction [6]. It mainly affects children and young adults, 

but it can occur at any age. The β-cells are the principal glucose sensors of the 

pancreas and their presence and function are absolutely required for proper glucose 

balance within the whole body. The damage of these cells results in a disorder of 

glucose homeostasis, insulin deficiency and hyperglycemia [7]. The first signs and 

symptoms of the disorder, caused by high blood sugar, may include frequent 

urination, excessive thirst, fatigue, blurred vision, tingling or loss of feeling in the 
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hands and feet, and weight loss. Long term symptoms include retinopathy, 

neuropathy and nephropathy [7, 8].  

1.3. Treatment 

Type 1 Diabetes patients need life-long insulin therapy via daily injections or using 

subcutaneous pumps combined with tight blood glucose level monitoring. However, 

this therapy is unable to reproduce a physiological insulin profile and patients with 

severe glycemic lability, recurrent hypoglycemia or hypoglycemia unawareness are 

in need for alternative therapies [1, 10]. Currently offered treatments include whole 

pancreas or islet transplantation.  

The pancreas transplantation represents an effective solution to restore 

normoglycemia, however, the shortage of donors, the complexity of the 

transplantation surgical procedure and the need for immunosuppressive drug therapy 

to avoid organ rejection, make pancreas replacement a controversial solution for type 

1 Diabetes treatment. It is often considered a viable option when kidney replacement 

is necessary too [1]. 

A compromise for reproducing a natural insulin release profile while avoiding some 

of the drawbacks of whole pancreas transplantation, is represented by pancreatic islet 

or β-cell transplantation via infusion in the liver portal vein. Although this 

transplantation has been shown as an effective treatment for type 1 Diabetes, with 

lower surgical risk and fewer complications compared to the whole pancreas 

transplantation, more than 60% of the islets are lost in the first days after the 

procedure [11]. This loss is mainly caused by complex immune responses and 

hypoxic conditions due to lack of adequate vascularization. As in the case of 

pancreas transplantation, irrespective of the source of the implanted islets, 

immunosuppressive drug administration is required to avoid rejection of the foreign 

tissue. Moreover, the intrahepatic system is suboptimal as the concentration of drugs 

and nutrients there is higher compared to pancreas, which negatively affects islet 
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function [10]. Thus, methods for islet or β-cell transplantation which do not require 

the use of immunosuppressive drugs and allow for the transplantation in other 

locations than the liver are highly desirable. 

1.4. Bioartificial pancreas 

In order to provide immunoisolation for the transplanted cells, research has focused 

on the development of a device consisting of semi-permeable membranes for β-cell 

or pancreatic islet encapsulation, called bioartificial pancreas [1]. The membrane, 

typically polymeric, has to be designed to allow the selective permeation of oxygen, 

glucose, nutrients, waste products and insulin, and should also be able to inhibit the 

immune rejection of the encapsulated cells (Figure 2A). In addition, the 

encapsulation device can be transplanted outside the suboptimal portal system, in 

other transplantation sites, such as subcutaneous site, omental pouch or peritoneal 

cavity (Figure 2B) [12].  

Various strategies have been proposed for islet encapsulation [13]. Based on the 

amounts of cells encapsulated within the semipermeable membrane and implicitly 

the dimensions of the implantable capsules, we can distinguish nanocapsules 

(size<100µm), microcapsules (size: 250–1000µm) and macrocapsules (size: few 

cm), (Figure 2C).  

Nanocapsules refer to single pancreatic β-cells with conformal coating directly 

bound to the cell membrane with a thickness varying between a few nanometers to 

micrometers. Due to their small dimensions, the distance for nutrients diffusion and 

insulin release is reduced to nanometers, which is beneficial for proper cell function. 

However, it is very challenging to achieve there stable and uniform coatings to 

provide sufficient cell immune protection [1, 14].  

 

 



Chapter 1 

6 

 

Figure 2. The bioartificial pancreas approach. A) Schematic representation of the diffusion 

mechanism across a semipermeable membrane; B) Typical bioartificial pancreas implant 

sites; C) Classification and average dimensions of extravascular encapsulation devices. 

Reproduced from [1] with permission from Elsevier. 

 

Microcapsules contain mostly a small number of islets, which are fully embedded in 

a polymer gel matrix (hydrogel) providing sufficient immune protection [15]. They 

can be implanted using minimally invasive procedures, however they are very 

difficult to retrieve in case of graft failure.   

In contrast to nano- and microcapsules, where a small number of islets/β-cells is used 

for encapsulation and therefore a high number of capsules is needed to implant 

sufficient amount insulin-producing cells, the macrocapsules comprise of a large 

number of pancreatic cells in a single, defined device, which can be fixed in one 

location in the body. Their dimensions also favor the formation of cell clusters, 

enabling intercellular communication, however the creation of large cells aggregates 
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may negatively affect islet function, leading to limited diffusion of nutrients and 

oxygen, and apoptosis [16]. Macrocapsules can rely on diffusion mechanisms or 

ultrafiltration, therefore islet encapsulation remains a difficult challenge because, by 

providing islet immune isolation, the mass transport of necessary nutrients, glucose 

and insulin is often compromised [17]. Nonetheless, they can be produced in a 

relatively simple way and can be easily implanted. Importantly, their great advantage 

is the possibility of their retrieval and/or reload if necessary. Depending on the 

implantation site, macroencapsulation systems can be distinguished into: 

extravascular, typically placed in the peritoneal cavity or subcutaneously and 

intravascular, which are connected to the patient's cardiovascular system [13]. A 

review of the materials and configurations used for macroencapsulation devices is 

presented in Chapter 2 of this thesis.  

2. Aim and outline of the thesis 

The aim of this thesis is the development of novel membrane based 

macroencapsulation devices for improved pancreatic islet survival and function. 

More specifically, poly(ethersulfone) (PES) / polyvinyl pyrrolidone (PVP) polymer 

blend was used to fabricate porous membranes in various configurations, with 

dimensions and transport properties optimized specifically for human islet 

encapsulation.  

After presenting here (Chapter 1) a general introduction of the Diabetes Type 1 

problem and the application of a bioartificial pancreas as a potential solution, 

Chapter 2 gives a detailed literature overview of various aspects considering 

encapsulation devices and describes materials and strategies used for the 

development of macroencapsulation devices. 

Chapter 3 presents the development of a flat macroencapsulation device in which 

islets are confined between two PES/PVP semipermeable membranes: one 

membrane contains microwells in which the islets are seeded and the other 
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membrane acts as a lid. For both membranes, the porosity is tailored to permit 

nutrient inflow and metabolite outflow. The microwell array is designed to provide 

islet separation and prevent both spreading and aggregation, maintaining the islet’s 

rounded morphology. The encapsulated islet function is studied in vitro.  

Chapter 4 presents the fabrication of porous, micropatterned PES/PVP membranes, 

which can be applied as a lid of the macroencapsulation device, developed in Chapter 

3. We investigate the effect of surface pattern on human umbilical vein endothelial 

cell (HUVEC) alignment and interconnection in a co-culture with fibroblasts, as a 

first step towards the development of a stable prevascularized layer in vitro. The 

presence of a highly interconnected prevascularized layer, closely mimicking native 

tissue, could reduce the time of construct reconnection to host vasculature and 

improve islet survival within our macroencapsulation device. 

In Chapter 5, we create stable composite aggregates consisting of mouse insulinoma 

MIN6 cells co-cultured with HUVECs to mimic the interaction between β- and 

endothelial cells in pancreatic islets. The composite aggregates are used for 

encapsulation within the flat device developed in Chapter 3 and the effect of 

HUVECs on MIN6 cell function is studied.  

Chapter 6 presents the development of new multibore hollow fiber membranes with 

small bore diameter for islet encapsulation. The fiber consists of seven bores suitable 

for seeding a high number of islets. The membrane characteristics are tailored to 

achieve efficient nutrient delivery to the cells and insulin delivery by the cells. The 

insulin secretion of various number of human islets encapsulated within the new 

multibore fiber is studied.  

Finally Chapter 7 reflects back to the results of this thesis and presents an outlook 

on a number of topics for further optimization of the macroencapsulation devices 

proposed in this thesis. 
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1. Primary challenge: Diabetes type 1 

Type 1 Diabetes mellitus is a chronic disease that mostly manifests in children and 

young people (usually <30 years) and is caused by destruction of the insulin 

producing β-cells due to an autoimmune reaction [1-4]. It is characterized by 

hyperglycemia as well as relative insulin deficiency. It is known for its severe acute 

and long-term complications due to micro- and macroangiopathic lesions and has a 

significant social and economic impact. Long term symptoms are retinopathy, 

neuropathy and nephropathy [5-12]. 

Since blood glucose levels are inadequately maintained due to the lack of insulin, 

type 1 Diabetes mellitus patients need proper diet management in combination with 

life-long insulin administration, either by multiple daily injections or more recently 

through pump delivery. Glycemic control has also been improved by development 

of the “artificial pancreas”, an integrated closed control system, which combines 

glucose monitoring with subcutaneous insulin infusion [13]. However, this system 

still shows several limitations mainly related to delayed glucose sensing and insulin 

absorption into the bloodstream. Moreover, glucose sensors have a relatively short 

lifetime. In order to enhance the artificial pancreas performance, new glucose 

sensing technologies, with higher reliability and longer lifetime are under 

development. Additionally, new algorithms, better predicting real time blood 

glucose levels and “smart procedures” (miniaturized tools, functionalized materials) 

are needed to make the implantable artificial pancreas a realistic treatment option for 

type 1 Diabetes patients [13, 14]. 

Patients with severe glycemic lability, recurrent hypoglycemia, hypoglycemia 

unawareness, or an insufficient response to the insulin therapy are in need for 

alternative therapies. One of these is total pancreas transplantation. Despite the 

increasing rate of successful pancreas transplantations, the intervention involves a 

complicated abdominal surgery with increased risk of comorbidity [15]. In addition, 
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the treatment is accompanied with long-term immunosuppressive therapy to avoid 

rejection of the donor tissue. Due to shortage of donors a whole pancreas 

transplantation is restricted to certain group of patients, often when kidney 

replacement is necessary too [15, 16]. An alternative for type 1 Diabetes treatment 

is clinical islet transplantation (CIT). Compared to total pancreas transplantation this 

treatment is associated with lower surgical risk. Additionally, often when whole 

pancreas is considered not suitable for transplantation, the islets from donor pancreas 

still can be utilized and used for CIT [17].  

2. Clinical I slet Transplantation (CIT) 

The CIT consists of the isolation of islets from a donor pancreas and transplantation 

in the patient via infusion in the portal vein (Figure 1). After infusion, the islets will 

embolize in the microvasculature of the liver and perform their endocrine function.  

Over the years the success rate of CIT has increased from only 24% after 2 years and 

15% after 5 years to 50-60% after 2-5 years [18-21]. However, many islets (60%) 

are lost in the first days after transplantation [22, 23].  

The process of islet loss starts already during isolation, where islets are exposed to a 

variety of cellular stresses such as mechanical, enzymatic, osmotic, and ischemic 

stresses and disruption of cell matrix and vasculature [24]. This has a great impact 

on islet survival, as islets are particularly well-perfused in the pancreas. In fact, 

although islets consist of only 1% of the entire pancreas, they receive 5-15% of the 

total blood supply of the pancreas [25-27]. Due to disruption of their vasculature and 

the exposure to only venous blood in the first weeks after transplantation, the islets 

are exposed to relative hypoxic conditions.  When this situation persists for more 

than 7 days, hypoxia results in cell death and endocrine dysfunction [6, 7, 19, 28, 

29]. Besides, in the liver, islets are immediately exposed to relatively high 

concentrations of immunosuppressive drugs glucose and lipids, which can all 

negatively affect β-cell function and survival [11, 19, 29-34].  
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Figure 1. Schematic representation of the CIT procedure (reproduced with permission from 

Diabetes Research Institute, University of Miami).  

 

The isolation procedure also brings islets in a pro-inflammatory state as a 

consequence of cellular stresses [35]. This induces expression of pro-inflammatory 

cytokines which trigger different immune responses involved in the loss of islets 

after transplantation. There is in fact one immune response directly related to the 

transplantation site; Instant Blood Mediated Immune Response (IBMIR), which is 

triggered by direct contact of islets with ABO blood components in the hepatic portal 

system [11, 12].  

Isolated islets express at least 50 inflammation-associated genes, most likely up-

regulated due to stress started before organ procurement till their transplantation [18, 

36]. This results in a cascade of reactions with many components, such as, tissue 

factor (TF, 47 kDa), complement activation, and the deposition of immunoglobulins 

[1, 19-21, 37]. Consequently, islets are infiltrated by several immune cells finally 

resulting in cell lysis and apoptosis [12, 24, 25]. As IBMIR triggers many different 
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components of the immune system, it plays an important role in the 

activation/enhancement of other immune responses involved in islet loss [18]. 

To prevent islet loss due to the attack of the immune system, immunosuppressive 

drugs are administered to the patients. Although these drugs are necessary to enhance 

islet survival, their life-long use is associated with numerous complications such as; 

infections, neoplasms, and failure to control rejection [1]. Additionally, the hepatic 

location for CIT increases the effect of toxic drugs, as their concentration is high in 

the liver as the liver metabolizes drugs [2]. Some drugs have negative effects on islet 

function by causing metabolic alterations or by direct drug toxicities.  For example, 

calcineurin inhibitors and steroids have shown to interfere with β-cell function [1-

8]. Consequently, multiple donor pancreata are necessary to obtain complete insulin 

dependency, which is again a problem with limited donor availability [3, 9].  

Based on the above it is obvious that methods for islet transplantation which do not 

require the use of immunosuppressive drugs are highly desirable.  To increase CIT 

efficacy, research has focused on developing devices for either immune protection 

or improved islet survival. In addition, due to the disadvantages of the portal system 

as a transplantation site, other transplantation sites are investigated too, such as 

subcutaneous site, omental pouch, peritoneal cavity, bone marrow or muscle [14, 38, 

39]. 

3. Encapsulation devices 

3.1. Introduction - requirements 

Combining islet immune protection while maintaining islet viability might be the 

ultimate solution to overcome issues related to intrahepatic islet transplantation. It is 

thought that an encapsulation device could both maintain islet viability and act as a 

barrier for the immune system. Therefore, the encapsulation of islets within a 

semipermeable membrane, called a bioartificial pancreas (BAP), has been widely 
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The overall strategy in the membrane fabrication process is to obtain a highly 

selective membrane, with high diffusivity of the low molecular weight nutrients and 

low diffusivity of the high molecular weight immunoglobulins. Usually membranes 

used for encapsulation have MWCO of 50-150 kDa [46]. The selection of 150 kDa 

MWCO is often based on the retention of the smallest immunoglobulin - IgG. 

However, it is important to note that even if the IgG passes through the membrane, 

it is not an effective cell killer on its own [44]. The immune rejection is mediated by 

cytotoxic T-cells and therefore, the immune protective encapsulation device needs 

to prevent cell-to-cell contact. In fact, it has been reported that membranes with 0.4 

μm pore size were successful in shielding allogeneic cells from the immune system 

(e.g., immunoisolation TeraCyteTM device) [31, 47, 48].  

Decreasing the membrane pore size would improve retention of potentially harmful 

molecules (immunoglobulins and some of cytokines), however it might negatively 

affect the device’s mass transport properties.   

Encapsulation strategies 

Based on the amount of islet cells encapsulated within the semipermeable 

membrane, there are three strategies investigated: nano-, micro- and 

macroencapsulation (see Table 1).  

Nanoencapsulation devices are less than 100 µm in diameter and can envelop single 

pancreatic β-cells in a semipermeable membrane. The membrane is directly bound 

to the cell as conformal coating with thickness between nanometers to some 

micrometers [14]. Several methods of conformal coating have been proposed, 

including covalent surface attachment of polyethylene glycol (PEG) and layer-by-

layer encapsulation [49-51]. The advantage of these coatings is that islets are less 

prone to hypoxia and nutrient deprivation since diffusion distances are reduced to 

nanometers [49]. The challenge, however, remains to achieve a uniform and stable 

coating in order to provide sufficient islet immune protection [49, 50]. 
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Microencapsulation refers to individual or small clusters of islets enclosed in a 

polymer gel matrix [16]. Most common materials used there are hydrogels like; 

alginate, chitosan, agarose, HEMA-MMA, copolymers of acrylonitrile (AN69), and 

polyethylene glycol [22]. Alginate has shown advantages over other materials, as it 

does not interfere with cell function, is mechanically stable, and capsules are easily 

manufactured at physiological conditions [22, 52, 53]. Additionally, various 

materials such as PEG and different polycations have been incorporated into alginate 

to reduce plasma adsorption. Some coatings (e.g. poly-D-lysine (PDL) and poly-L-

ornithine (PLO)) may act as pro-inflammatory agents. The poly-L-lysine (PLL) 

coating was found to be the most optimal since it is the least reactive to the host [7, 

22, 52, 54, 55]. As islets are fully embedded in the hydrogel with adequate MWCO, 

the device can provide sufficient immune protection. Problems there could be large 

diffusion distances due to thickness of the capsule, fragility, limited islet viability, 

no connection to the vascular network, fibrosis, lot-to-lot variability of alginates. In 

addition microcapsules are difficult to retrieve in case of implant failure [56, 57].  

Macroencapsulation systems often comprise of the total transplanted cell volume in 

a single, defined container with centimeter range dimensions. Macrocapsules can be 

produced in relatively simple way and easily implanted with minimally invasive 

surgical procedure. Their greater advantage is the possibility of their retrieval and/or 

reload if necessary but this may come at the expense of mass transfer limitations 

[58]. Further in this chapter we will focus on the macroencapsulation strategies using 

polymeric membranes. 

Macroencapsulation with membranes 

Depending on the implantation site, macroencapsulation devices can be 

distinguished into: extravascular, mostly placed subcutaneously or in the peritoneal 

cavity; and intravascular devices connected to the patient’s cardiovascular system 

[58].  
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Table 1. Overview of encapsulation strategies advantages and disadvantages  

Encapsulation type Advantages Disadvantages 

Nanoencapsulation Very small diffusion 

distances 

Low coating stability 

Non-retrievable 

Microencapsulation Easy manufacturing 

procedure 

Large diffusion distances 

No connection to the vasculature 

Fibrosis 

Difficult to retrieve 

Macroencapsulation 

(intravascular) 

Close proximity to blood 

Direct access to the 

nutrients and oxygen 

Can be reseeded and 

retrieved 

Flexible in size 

Complex surgical procedure 

High risk of thrombosis, clot 

formation 

Necessity of anticoagulation 

therapy 

Macroencapsulation 

(extravascular) 

Easy to implant retrieve and 

reload 

Flexible in size 

Large diffusion distances 

 

The intravascular devices contain islets encapsulated within hollow biocompatible 

tubes or fibers directly attached to the patient’s cardiovascular system allowing for 

rapid diffusion of the oxygen and nutrients to encapsulated islets [59, 60]. 

Consequently, the islets are able to react fast and efficient to changes in glucose 

concentration. However, these systems can have several disadvantages including: 

required complex surgical intervention, high risk of thrombosis and clot formation, 

and live-long, systemic administration of anticoagulation therapy. In case of material 

failure, there is a risk of damaging blood vessels and retrieval of the device is 

associated with a complex surgical procedure [49, 52]. Some of the intravascular 

devices are listed in Table 2.  
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Table 2. Examples of intravascular devices. 

Material  Islet 
source 

Animal 
model 

Outcome Reference 

Polyacrylonitrile-

polivinyl chlorine (PAN-

PVC) 

Rat islets 

Monkey 

islets 

Rat 

Monkey 

Restored 

normoglycemia 

[59] 

Polyethylene-vinyl 

alcohol (EVAL) fibers 

and poly-amino-

urethane-coated, non-

woven 

polytetrafluoroethylene 

(PTFE) fabric 

Porcine 

isles 

Pig Restored 

normoglycemia 

[67] 

Polycarbonate membrane Rat islets Dog Restored 

normoglycemia 

[64] 

Nylon microporous 

membrane 

Rabbit 

fetuses 

Human  Restored 

normoglycemia 

[66] 

 

The first intravascular systems with membranes were made using the copolymer 

polyacrylonitrile-polivinyl chlorine (PAN-PVC) and were reported to reverse 

diabetes in a rodent model after transplantation [59, 61-63]. Similar results were 

obtained by Scharp et al. using tubular polycarbonate membrane [64]. While 

modified versions of intravascular devices have been tested in allogeneic and 

xenogeneic transplantation models, coagulation and further complications occurred, 

thus making development of intravascular devices very challenging [60, 65]. In 

2008, Prochorov et al. reported the use of a nylon microporous membrane as 

intravascular macrocapsule transplanted into diabetic human patients [66]. Even 

though, in this approach, islets from fetal rabbits were used and no 

immunosuppressive therapy was applied, positive results in several patients were 

observed even after two years of transplantation. The device was immune protective 
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and thrombosis did not occur. Still, approximately 40% of the islets were lost during 

the first weeks after transplantation due to poor vascularization of the device. Despite 

this success, intravascular devices have not been implemented to the clinic so far. 

The extravascular devices are mostly placed subcutaneously or in the peritoneal 

cavity and can be implanted without need of anastomosis which is advantageous in 

terms of clinical implementation. Additionally, extravascular devices are relatively 

easy to implant and retrieve. They can be re-seeded and they have flexibility in size. 

However, the design of such device needs to overcome the lack of direct vascular 

access and the fact that the islets experience diffusional limitations, due to the 

relatively large size of these devices. Glucose and nutrients transport to the cells can 

be slower and as a consequence the release of insulin is delayed. Additionally 

decreased oxygen delivery towards islets may cause necrosis and cell death. 

Therefore the membranes used there have to be thin but at the same time 

mechanically and chemically stable [40].   

Examples of the extravascular devices are listed in Table 3. The materials used for 

extravascular device fabrication can be organic (polymeric) or inorganic. The 

inorganic materials such as silicon [76-78], aluminum/aluminum oxide [79, 80] or 

titanium/titanium oxide [81, 82] have been used for the fabrication of nanoporous 

membranes with controlled pore size and geometry. Their advantages over 

polymeric membranes are tighter pore distribution and better diffusivity due to 

reduced membrane thickness [83]. Since inorganic membrane development is rather 

new, they have not been extensively tested for cell encapsulation. 

 

 

 

 



Membranes for bioartificial pancreas – macroencapsulation strategies 

23 

Table 3. Examples of extravascular devices. 

Material
  

Transplantation 
side 

Islet 
source  

Model Configuration Ref. 

Modified 

polyacrylonitrile-

polivinyl 

chlorine (PAN-

PVC) 

Subcutaneous Human 

islets 

Patients 

with 

Diabetes 

type1 and 

2 

Tubular device [68] 

Cellulose acetate  Intraperitoneally  Human 

islets 

Rat Tubular device [69] 

Acrylic 

copolymer (XM-

50 Amicon) 

Intraperitoneally Rat Mice Tubular device [70] 

Polysulphone - Rat In vitro  Tubular device [71] 

Nitro-cellulose 

acetate 

(Milipore) 

Intraperitoneally Mice Mice Flat device [72] 

2-hydroxyethyl 

methacrylate 

Sutured to 

parietal 

peritoneum 

Rat or 

rabbit 

pancreatic 

tissue 

Rat Flat device [73] 

Acrylonitrile 

(AN62) 

Intraperitoneally Rat Rat Flat device [74] 

Alginate Omentum Dog Dog Flat device [75] 

 

Membrane configuration 

Hollow fiber membranes 

Following the development of hollow fiber technology for renal dialysis, hollow 

fibers have been used for cell encapsulation [84-86]. Hollow fiber extravascular 

devices were produced from different materials such as; modified PAN-PVC [68, 

87], regenerated cellulose and polyamide [86], acrylic copolymer (XM-50 Amicon) 
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[58, 69, 70] and polysulphone [71]. Using these systems, in vitro and in vivo studies 

were performed with encapsulated islets. Proper insulin release in response to 

glucose level changes was obtained and the transplanted islets were viable and 

functional after several weeks of implantation [88, 89]. However, usually graft 

survival was shorter compared to intravascular devices, due to limited oxygenation 

and nutrient transport. In fact, the large volume of islets encapsulated in hollow fiber 

devices can lead to aggregation and creation of big islet clumps. Consequently 

necrosis occurs in the central core of islets resulting in graft failure [70]. This 

problem can be overcome by using hydrogels (alginate, collagen, chitosan) for islet 

separation [70, 90, 91]. Additionally surface modifications of hollow fiber devices 

can allow better immunoisolation, biocompatibility and minimal fibrotic response 

[70, 92, 93].  

Hollow fiber devices are adaptable and relatively easy to transplant. However, due 

to their shape they tend to bent and break and require a large volume of islets to 

achieve insulin independence, an important issue in case of clinical trials [90].  

Flat devices 

Flat devices consist of flat, circular or rectangular membranes encapsulating islets. 

It is believed that this configuration can provide better stability than hollow fiber 

membranes and can improve oxygen supply to the entire graft. Algire et al. used a 

flat device by gluing two thin microporous membranes made of nitro-cellulose 

acetate and investigated immune rejection mechanisms with non pancreatic tissue 

[94, 95]. The Millipore company later adapted the design of Algire and produced an 

extravascular device with 0.45 µm pore size [64]. Many other researchers used the 

same device to confirm improved immune protection [72, 96]. Besides nitro-

cellulose, other materials have been applied for development of flat devices such as 

2-hydroxyethyl methacrylate [73], acrylonitrile and sodium-methallysulfone [74], 

poly(vinyl alcohol) hydrogel in combination with a mesh [97, 98] and alginate [75, 
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99]. Despite initial successes there, the problem of poor oxygenation and lack of 

vascularization remained. 

Flat devices are mostly implanted subcutaneously or in the peritoneal cavity due to 

their size and shape. They stay intact and remain in original configuration after 

transplantation. Nonetheless, if the material is not selected properly, the formation 

of thick layer of fibrotic tissue around the device can occur, limiting transport of 

nutrients and oxygen and contributing to graft failure [40, 100]. Recently, 

researchers also focused on addition of oxygen supply or possibility of device 

vascularization [101]. There are several companies active in this field, developing 

the products for macroencapsulation. Some of them are described in detail in the 

next section. 

3.3. Upscaling of the devices 

Encapsulation devices need to fit a certain number of islets to be able to restore 

normoglycemia. Shapiro et al. have shown that about 9,000 islets per kilogram of 

bodyweight are needed to obtain insulin independency in patients, however the final 

number of viable islets is not known [102]. Therefore, optimal macroencapsulation 

devices, designed for in vitro testing, as well as, in vivo using smaller animals, 

should be able to be upscaled in order to be applied to humans. The modeling study 

of Dulong et al. has shown that, by increasing islet density in the device, the surface 

of planar devices or the length of tubular devices often needs to be increased in order 

to encapsulate an optimal number of viable islets, resulting in very large devices not 

suitable for implantation [103]. Additionally, any compromise of the space required 

for islet encapsulation may result in mass transport limitation causing cell necrosis 

and resulting in a less functional device. Decreasing membrane thickness could 

improve diffusion of nutrients and oxygen, however it may compromise the 

membrane mechanical properties. Different approaches can be considered in order 

to solve these issues. The most obvious is implantation of more than one device in 
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order to obtain the required number of functional islets. In case of tubular devices, 

the fibers can be coiled, decreasing the space needed for implantation. To achieve 

this the device needs to be mechanically stable to avoid damages and deformations. 

Besides, for planar devices, multi-layer stacking of the membranes is possible [104]. 

Here, optimal transport properties need to be maintained for each layer of 

encapsulated islets. 

4. Macroencapsulation devices under development 

TheraCyteTM system 

In the late 1990’s, Baxter Healthcare developed an islet macroencapsulation, planar 

device that is still in use today in several laboratories [48, 105]. The device is 

composed of two thin, polytetrafluoroethylene membranes sealed at all sides 

complemented with a loading port. The device is “teabag” shaped, 4 cm in length 

and has at one end a polyethylene port for islet seeding. The outside, 5 μm pore 

membrane improves strength of the device and allows for infiltration of vasculature, 

whereas the inner 0.4 μm pore membrane provides immunoisolation. The device is 

suitable for subcutaneous implantation but since it is designed to be incorporated 

into the host vasculature, it is difficult to remove and replace. Animal studies have 

shown promising results related to biocompatibility and functionality of the device 

[105-110]. There is also possibility to improve the system performance by inducing 

neovascularization before transplantation [111], addition of vascular endothelial 

growth factor [27], or exploiting encapsulation of human embryonic stem cell 

(ESC's) derived from islet tissue [112].  

Cell Pouch system 

Serenova Corporate commercializes a biocompatible macrodevice for subcutaneous 

implantation which can create a natural environment in the body for long term 

survival and function of therapeutic pancreatic cells. The device is made of a non-
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5. Cells used for encapsulation 

Encapsulation of pancreatic islets may allow for their transplantation without need 

for immunosuppressive therapy by shielding the graft from immune system via a 

semipermeable membrane. This protection can even allow for the transplantation of 

animal tissue or novel insulin-producing cells as an alternative to solve the critical 

problem of the shortage of human islet donors [101]. Several possibilities have been 

considered in the literature as an alternative cell source for islet transplantation [14, 

120-122]. 

Porcine islets  

Porcine islets contain physiologically compatible insulin-producing cells [123]. Pigs 

are readily available species and there is close homology between porcine and human 

insulin. Additionally porcine islets are morphological similar to human islets, 

however, less sensitive to destruction by autoimmunity in comparison to human 

islets and there are no ethical issues [124, 125]. Since porcine islets have less insulin-

secreting capacity than humans, new protocols to isolate large quantities of porcine 

islets have recently been developed [126, 127]. Furthermore, effective methods have 

been established for genetic modification of pigs to improve xenotransplantation 

outcomes [123-125, 128, 129]. Despite the above, issues in using porcine cells are 

the risk of retroviral disease transmission and there is absolute need for immune 

protective encapsulation strategies.  

Exocrine cells 

Recently a new approach has been proposed based on reprograming of exocrine 

acinar cells to insulin-producing β-cells [130-132]. Normally the exocrine pancreatic 

tissue is discarded after the islet isolation procedure, but it appears to be still useful 

and valuable. However, in order to guarantee high efficacy and safety, the techniques 

of reprogramming still need improvement. 
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Stem cells  

Stem cells represent a novel approach for the production of transplantable β-cells, 

thanks to their regenerative and proliferative abilities [133-135]. Theoretically they 

can be used to generate insulin-producing β-cells, multicellular islets or even the 

whole pancreas [136, 137]. Viable insulin-producing β-cells can be derived from 

various kinds of stem cells, such as, human embryonic (hESC) or induced pluripotent 

stem cells (iPSC) [134, 135, 138-141]. However, there are still concerns regarding 

the limited ability to retain insulin independence using β-cells generated from stem 

cells in preclinical models [14]. Additionally, the use of immune protective 

encapsulation devices is of high importance there since the non-differentiated cells 

can form tumors [142]. Therefore, the risk of cells escaping from the device should 

be prevented. 

6. Conclusions and perspectives 

Clinical islet transplantation, although successful, is associated with several 

complications hindering the transplantation outcomes. The development of a 

bioartificial pancreas seems to be a promising strategy to overcome the issues related 

to intrahepatic transplantation. The use of porous membranes for 

macroencapsulation devices gives the opportunity to optimize the device properties 

regarding the transport of nutrients and the exchange of glucose and insulin. Here, 

the great advantage of macroencapsulation devices is that they can be easily 

retrieved, replaced or reloaded. The promising results obtained with 

macroencapsulation devices have led to first clinical studies. However, there is still 

room for improvement in order to develop a life-long, fully functional islet 

encapsulation device for type 1 Diabetes treatment. 

Macroencapsulation systems are advantageous because they contain a high density 

of islets in a single device. Therefore, cells are in close proximity to each other 

(similar to healthy pancreas), improving communication and synchronization 
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regarding insulin secretion [66]. At the same time, a high number of islets placed in 

one location may lead to their fusion, which negatively affects islet native structure. 

As a result, large cell aggregates form and islets suffer from limited nutrient diffusion 

[143]. In order to avoid islet aggregation, islets can be immobilized using gels [8, 

41]. However, the gel brings an additional barrier for diffusing nutrients and oxygen, 

impeding proper insulin secretion and device function. In order to improve islet 

separation without the use of gels, a microwell array has been proposed [144, 145]. 

Buitinga et al. described an open, microwell scaffold for vessel ingrowth, where 

individual islets are captured in separate microwell pockets [144].  

Lower aggregation allows for better transport of nutrients, increasing islet viability 

and survival. After improving islet performance and therefore providing more 

functional islets, one could consider using a lower density of islets without conceding 

the function of the macroencapsulation device. 

Since the islets are highly metabolic active, they require large amounts of oxygen 

and access to nutrients to function properly within the encapsulation devices. 

Different strategies to improve islet performance, such as, additional supply of 

oxygen to the construct, the use of growth factors and induction of prevascularization 

is required. In fact, administration of growth factors has been shown to improve graft 

functionality by increasing angiogenesis. However it can also result in abnormal and 

unsustainable vasculature formation [146]. Therefore, the addition of a 

prevascularized layer as part of the encapsulation device seems to be a promising 

strategy, which would overcome the need for an external oxygen supply. The use of 

prevascular networks leads to a long term solution for vasculature reconnection to 

the host [147]. 
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List of abbreviations 

BAP   Bioartificial pancreas 

CIT   Clinical islet transplantation 

EVAL   Polyethylene-vinyl alcohol  

hESC   Human embryonic stem cells 

IMBIR   Instant Blood Mediated Immune Response 

iPSC   Induced pluripotent stem cells 

MWCO  Molecular weight cut off 

PAN-PVC  Polyacrylonitrile-polivinyl chlorine  

PDL   Poly-D-lysine  

PEG   Polyethylene glycol 

PLL   Poly-L-lysine  

PLO   Poly-L-ornithine 

PTFE   Polytetrafluoroethylene  

TF   Tissue factor 
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(NaClO, Fluka) for either 2 h or 24 h.  Subsequently, the membranes were washed 

and stored in demineralized water. 

 

 

Figure 2. Silicon micropatterned mold. A) Top view; B) Side view. 

 

2.2. Scanning electron microscopy   

For scanning electron microscopy (SEM), the membranes were dried overnight in 

air at room temperature and cryogenically broken in liquid nitrogen when needed 

for cross section images. 

Microwell membranes with cells were fixed in 4% paraformaldehyde for 1 h at room 

temperature, dehydrated in water-ethanol solutions following a gradient (volume 

ratio water: ethanol of 100:0, 50:50, 25:75, 10:90, 5:95 and 0:100) and dried after 

dipping in hexamethyldisilizane overnight. Dried membranes were placed on the 

SEM holders and sputter-coated with nm-thick gold layer prior to imaging. 
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compartment, while the bottom compartment contained the earlier prepared buffer. 

After 1 hour, samples were collected separately from both compartments (n=6). 

 

Figure 3. A) Schematic representation of two-compartment transwell system; B) Schematic 

overview of the custom-made sealing machine. Two Teflon coated heating elements with a 

circle with a small opening were used to obtain a seal between the microwell membrane and 

the PES lid; C) The sealed device. 

 

In order to evaluate whether the membrane limits the response to glucose 

concentration, 150 MIN6 pseudo islets were seeded on the top of the microwell 

membrane. Subsequently, the medium was replaced by the premade buffer on the 

top compartment and glucose solution on the bottom compartment. In response to 

glucose diffusing through the membrane to the top compartment, the MIN6 

aggregates there secreted insulin. During a period of 1 hour, samples were taken 

separately from the top and bottom compartment every 10 minutes. The samples 
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the membranes become more porous. In fact, the hydraulic permeability of the 

membranes treated with NaClO for two hours is more than double compared to the 

untreated membrane. Longer treatment, namely for 24 hours, results in even more 

porous membranes with a hydraulic permeability of 3845 L/m2/h/bar. 

 

Figure 5. Transport characteristics. A) Clean water flux vs. pressure for 250µm thick 

membranes; B) Clean water flux vs. pressure for 100µm thick membranes; C) MIN6 

aggregates insulin secretion through the membrane in response to a high glucose 

concentration. Error bars indicate standard deviation (n=3). 

 

The important requirement for the microwell membrane to be suitable for islet 

encapsulation is having high insulin and glucose permeability. To test this, MIN6 

aggregates consisting of 250 cells per aggregate were seeded in the microwell 

membranes assembled in the transwell system and exposed to 16.7 mM glucose 
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Figure 6. MIN6 aggregates functionality. A) A comparison of MIN6 aggregates insulin 

secretion detected on the top and bottom compartment separately, in an open transwell 

system using untreated microwell membranes - M1 and microwell membranes after 2h 

treatment with NaClO solution - M2; B) Total insulin secretion of MIN6 aggregates over 5h 

using final open construct with microwell membranes after 24h of treatment with NaClO 

solution - M3. Insulin secretion is normalized to the first low glucose incubation and 

presented as a stimulation index. Error bars indicate standard deviation (n=3). 

 

3.3. Human islet viability and functionality using closed system 

Human islets were seeded in the closed system with the M3 microwell membrane 

and cell survival was studied after one day of culture. Figure 7A shows that the islets 

are viable in the closed system, as represented by the green viable cells.  
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the membrane, has also a positive effect on islet functionality. In comparison to other 

devices reported in the literature, our device combines two important characteristics: 

it avoids aggregation of the islets, since they are seeded on separated microwells, 

and can protect them from the host immune cells via the tailored membrane porosity. 

It is finally important to note here that the developed membranes are mechanically 

stable and all the above steps can be performed without problems. Preliminary 

implantation studies in mice (results not shown) indicated that the device can be 

easily implanted and retrieved.   

5. Conclusions  

In this study, we have developed a novel PES/PVP device for macroencapsulation, 

in which islets are physically separated in microwells and closed by a membrane lid, 

without compromising their function. Non-degradable PES/PVP membranes are 

mechanically stable and can offer long-term protection of encapsulated islets. 

Moreover, low adhesive material properties combined with our specific microwell 

design prevent islet spreading and aggregation. Additionally, the tailored membrane 

porosity allows for sufficient glucose and insulin transport, crucial for maintaining 

islet viability and function. 
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submerged in a coagulation bath containing demineralized water (dH2O). After the 

polymer solution became turbid and precipitated, the membranes were removed 

from the glass plate or micropatterned silicon wafer, and rinsed with dH2O to 

remove remaining solvent traces. Membranes were plated in a 24-well plate and 

fixed with o-rings, after which they were sterilized (70% ethanol, 30 minutes) and 

washed with phosphate buffered saline (PBS, 3x). Membranes were washed 3x 

with dH2O before use. 

 

 

Figure 2. Micropatterns and their dimensions:  a = 100µm, b = 20µm, c = 40µm d = 

100µm, e = 540µm. 

 

2.2. Cell culture  

Human umbilical vein endothelial cells (HUVEC, Lonza CC2519A) and normal 

human dermal fibroblasts (NHDF, ThermoFisher SCIENTIFIC C-013-5C) were 

purchased and upon arrival directly transferred to liquid nitrogen. Upon the start of 

a new culture, cells were grown to 80% confluence using Endothelial Growth 

Medium-2 (EGM-2, Lonza) and Fibroblast Growth Medium (FGM, Lonza). When 

80% confluence was reached, cells were trypsinized. When the cells were 
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2.8. Immunostaining  

Samples were washed 2x with PBS and permeabilized with 0.1% triton X-100 

(SigmaAldrich) for 15 minutes. A 0.1% Tween-20 (Sigma-Aldrich) solution in 

PBS was made (PBST). The samples were blocked/permeabilized with 10% BSA 

(SigmaAldrich) and 22.52 mg/ml glycerin (Sigma-Aldrich) in PBST. Primary and 

secondary antibody were both diluted in 10% BSA in PBST, 1:200 and 1:400 

respectively. Cells were incubated in the diluted primary CD31 antibody 

(Ab32457, Abcam) for 1 hour at RT. After 3x washing in PBS, the cells were 

incubated in secondary antibody Alexa 488 (Invitrogen) for 1 hour at RT in the 

dark. After 3x washing in PBS, cells were counterstained with DAPI (Invitrogen, 

1:100 in PBS) for 10 minutes. Membranes were mounted on coverslides using 

mounting medium (Hard-set mounting medium, Vectashield). Images were taken 

using a BDpathway 435 microscope. Autofluorescence from the membrane was 

manually subtracted from the images by decreasing the range of grey values from 

the pictures from 0-4095 to 800/1000/1200-4095 (depending on the strength of the 

autofluorescence and signal) using Fiji software.  

Images of HUVECs stained with CD31 were analyzed using the skeletonization 

plugin in ImageJ (providing region-based shape of the structures). All images with 

HUVEC structures on micropatterned membranes were aligned horizontally to the 

x-axis. The orientation of skeletonized HUVEC structures relative to surface 

topography (x-axis) was quantified using the OrientationJ plugin. 

3. Results 

3.1. Cell attachment on the membranes 

In order to enhance cell attachment to porous PES/PVP membranes, which have 

low adhesive properties, we applied a fibronectin coating. Figure 3 compares cell 

attachment on PES/PVP membranes coated with various fibronectin solutions.  
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Figure 4. Images of methylene blue stained NHDFs and HUVECs cultured for 4 days on 

coverslip-positive control, non-coated PES/PVP membranes and membranes coated with 

200 µg/ml and 1mg/ml fibronectin. 
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perpendicular to them. The HUVECs also align to the micropatterns, although the 

orientation is lower than the NHDFs (Figure 7B). 

 

Figure 7. Nucleus alignment in relation to the surface topography for A) NHDFs and B) 

HUVECs. 

 

3.3. Co-culture of HUVECs and NHDF on micropatterned 

membranes - effect of surface topography  

We investigated whether micropatterned membranes have an effect on the HUVEC 

migration and organization in the subsequent co-culture with NHDFs. HUVECs 

were seeded on the top of a confluent layer of NHDFs cultured on non patterned 

and micropatterned membranes coated with fibronectin. Figure 8 A-C shows CD31 

positive HUVECs which form a network on the PES/PVP membranes after 3 days 

of culture. As expected, HUVECs cultured on the non patterned membranes have 

no specific orientation and they migrate and connect, creating elongated branch-

like structures within the network in all directions (Figure 8A,D). The 

micropatterned membranes, however, showed clear cell orientation following the 

membrane topography (Figure 8B,C). 
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found to closely mimic the in vivo situation and to form stable endothelial cell 

networks [32]. Therefore, we adapted a protocol from Friis et al. for the co-culture 

of HUVECs and NHDFs, where the NHDF monolayer cultured on our membranes 

served as a support for HUVEC network formation [51]. By using this co-culture 

protocol, we successfully obtained HUVEC network formation on PES/PVP 

membranes after 3 days of culture, without additional application of hydrogels (e.g. 

matrigel), often used as angiogenesis assays [36-38]. The use of gels could result in 

blocking of membrane pores and severely hinder membrane transport properties. 

The endothelial cells, co-cultured on the monolayer of fibroblasts, grew and 

connected on the surface of non patterned PES/PVP membranes forming HUVEC 

networks without specific orientation, similar to the ones obtained on  polystyrene 

surfaces by Friis et al. [51]. Fuchs et al. have also obtained similar HUVEC 

networks on polycaprolactone disks using co-culture of endothelial cells and 

primary osteoblasts [67]. Although our results present only preliminary endothelial 

cell network formation, it has been shown that prolonged co-culture of endothelial 

cells and fibroblasts can result in capillary lumen formation [51]. However, in this 

study, we focused on the possible guidance and interconnectivity of the HUVEC 

networks in order to mimic closely the highly organized native tissues, as a first 

step towards the prevascularization of our encapsulation device in vitro.  

Importantly, the brick pattern allowed cell communication and interconnection 

between the cells growing in parallel rows of patterns. In other studies, aligned and 

elongated HUVEC structures were obtained using grooves, stripes or adjacent 

fibers to affect HUVEC orientation [42-44]. However, these methods did not allow 

for the connection between the structures, which is important the formation of the 

microvascular network. The advantage of our micropattern design is that, besides 

assisting cell alignment, the bricks allow for the interconnection of HUVEC 

branch-like structures, forming a network. In case of both membranes (with bricks 

and channels with bricks) we observed a similar effect on HUVEC branch-like 

structures organization.  The addition of continuous channels to the bricks did not 
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Supplemental material 

 

Supplemental figure 1. Water permeability of the patterned PES/PVP membranes  

 

Supplemental figure 2. Co-culture of NHDFs and HUVECs resulting in HUVEC network 

formation. In green the immunostaining for CD31 of HUVEC cells on A) membranes with 

bricks, B) membranes with bricks and channels. 
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Abstract 

The macroencapsulation of islets of Langerhans is a promising strategy for 

extrahepatic transplantation of high number of islets needed to treat type 1 Diabetes. 

The encapsulation devices should protect islets from the immune system while 

providing an optimal microenvironment for islets in order to maintain their function 

and survival.  

Hollow fiber membranes are interesting for macroencapsulation because they can 

offer a large surface-to-volume ratio and can potentially be retrieved or refilled. 

However, the application of hollow fibers with suboptimal morphology and transport 

properties often contributed to graft failure, due to a limited exchange of nutrients, 

oxygen, and insulin. Especially single-bore hollow fiber membranes suffer from 

performance instability during long-term use. 

In this work, we developed multibore hollow fiber membranes tailored for 

islets encapsulation. The fibers consist of seven bores suitable for seeding a 

high number of islets. They are prepared using non-degradable, 

poly(ethersulfone)/polyvinylpyrrolidone polymer blend and they have high 

mechanical stability, and  low cell attachment properties.  Human islets encapsulated 

within the bores of the fiber retain their glucose responsiveness, similar to non-

encapsulated islets, during 7 days of cell culture. Moreover, insulin secretion 

increases with increasing number of encapsulated islets within the fiber bores. These 

multibore hollow fiber membranes have higher islet encapsulation capacity than 

single fibers and allow for easier up-scaling, which are important factors for the 

development of a clinically applicable bioartificial pancreas. 
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Figure 3. Scanning electron microscopy images of multibore hollow fiber – MF3: A) outer 

bore surface, B) cross section of outer connection between two bores, C) middle bore cross 

section, D) side bore cross section, E) cross section of the wall between two bores, F) cross 

section of the bore outer wall. 
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3.2. Clean water transport  

Figure 4 presents the clean water fluxes of the new MF3 multibore membranes at 

various transmembrane pressures in comparison with commercial multibore hollow 

fibers. In all cases, the graph is linear indicating good mechanical stability of the 

membranes in this pressure range. The MF3 membrane has higher water hydraulic 

permeability (1824 L/m2/h/bar) than the commercial membranes (1023 L/m2/h/bar). 

Additional treatment with NaClO solution for 24 h, which removes part of the PVP, 

results in membranes with 40% higher permeability compared to untreated 

membranes, and more than 100% higher compared to commercial membranes (MF3 

washed, 2590 L/m2/h/bar). Therefore, the MF3-washed membranes were chosen as 

the most suitable for cell encapsulation. 

 

 
Figure 4. Clean water flux vs. transmembrane pressure for commercial PESM membranes, 

MF3 – untreated new multibore hollow fiber and MF3 washed with NaClO for 24h.  

 

3.3. Human islets functionality  

In order to study the endocrine function of islets encapsulated within the multibore 

hollow fiber, we performed glucose induced insulin secretion tests. Figure 5 A and 
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B compare the stimulation indices of islets encapsulated in the developed fibers in 

comparison to commercial multibore fibers, PESM, with larger bores.  

In all cases, free-floating islets responded well to glucose concentration changes. The 

islets encapsulated within the PESM fibers do not function neither after 1 day nor 

after 7 days of culture (stimulation indices for high glucose concentration below 2, 

see Figure 5A). In contrast, islets encapsulated within the new multibore MF3-

washed fibers respond to changing glucose concentrations and retain their endocrine 

function during the 7 days culture period (Figure 5B).  

We also studied the potential of the multibore fibers to encapsulate various numbers 

of human islets from one donor. The islets were seeded in the multibore using the 

procedure described in Figure 1. We performed various experiments where in total 

of 1000, 3000 or 6000 islets per 1 cm fiber were encapsulated. With the applied 

seeding method, it was not possible to estimate the number of cells seeded per bore. 

Figure 5C compares the amount of insulin secreted from the islets encapsulated in 

the MF3 washed membranes to free-floating islets after 7 days of culture. In all cases, 

the free-floating islets (Figure 5C and zoom on Figure 5D), as well as, the islets 

encapsulated within the fibers function well showing a clear response to glucose 

concentration changes during all 5 glucose incubation steps. In fact, the amount of 

secreted insulin increases with the number of islets encapsulated in the membrane. 

Basal insulin concentration after first low glucose simulation was 1500 pmol/L for 

1000 islets and almost double (2741 pmol/L) when 3000 islets/fiber were 

encapsulated, reaching 10657 pmol/L for 6000 islets/fiber. Furthermore, upon the 

first high glucose stimulation, the insulin concentration for 6000 encapsulated 

islets/fiber is more than double than for 3000 islets/fiber and about 20 times higher 

than for 1000 encapsulated islets/fiber. The following glucose concentration changes 

resulted in an adequate response, namely a decrease in insulin secretion for low 
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glucose concentration and an increase of insulin secretion for high glucose 

concentration, indicating that islets remain functional within the multibore fibers. 

 

 

Figure 5. Functionality test of encapsulated islets: A) stimulation index after day 1 and 7 for 

islets encapsulated within commercial PESM membranes (3500 islets) (reproduced with 

permission from [26] ), B) stimulation index after day 1 and 7 of encapsulated islets from 

donor 1 within MF3-washed (1000 islets, n=3), C) insulin secretion of different number of 

human islets from donor 2 after 7 days of culture, encapsulated within MF3-washed (n=3), 

D) zoomed in insulin secretion of free -floating islets and 100 islets encapsulated within MF3-

washed. 
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Figure 6 shows the stimulation index of islets from two other donors, encapsulated 

within the new multibore fibers, compared to the free-floating islets. The islets from 

both donors secrete insulin upon glucose stimulation after one day of culture and 

they retain their endocrine function after 7 days of culture, similar to free-floating 

non-encapsulated islets. In all cases, the stimulation index of the first high glucose 

stimulation is more than double compared to basal insulin release. Again, even when 

a high number of islets is used, the encapsulation device remains functional for cells 

of all used donors. Since there is often variation between donors, we also found that, 

the free-floating islets from donor 3 showed higher response to glucose concentration 

changes (Figure 6A) in comparison to less responsive islets from donor 4, where 

stimulation index was less than 3 for high glucose stimulation (Figure 6 B and C). 

The insulin secretion was also higher for the islets from donor 3.  

Importantly, we also observe an increase in stimulation index after the second and 

third low glucose stimulation for all number of encapsulated islets within the fibers 

in comparison to basal insulin release. Perhaps, insulin produced during the previous 

high glucose incubation step is slowly released during the next low glucose 

stimulation steps. Another reason for this could be that the glucose was not 

completely removed from the device after high glucose incubation and, therefore, 

the final concentration used for the next incubation step was higher than 1.67 mM, 

causing an increased islet response. Despite this, for all number of encapsulated islets 

we observe a clear response to the first increase of glucose concentration over 7 days 

of culture. 
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Figure 6. Human islets functionality within new multibore hollow fiber membranes (MF3-

washed) in comparison to free-floating islets after 1 and 7 days of culture: A) encapsulated 

1000 islets from donor 3, B) encapsulated 3000 islets from donor 4, C) encapsulated 6000 

islets donor 4. 

 

4. Discussion  

One of the advantages of hollow fibers over flat membranes is their large surface 

area to volume ratio which is desirable in order to encapsulate a high number of islets 

in a relatively small volume [27]. However, single fibers applied as 

macroencapsulation devices often have low mechanical stability. They tend to bend 

and break, which consequently could lead to islet loss after transplantation [28]. In 
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double in comparison to the permeability of commercial membranes and others with 

similar pore size [23, 24].  

The tailor made MF3 membranes were used for encapsulating pancreatic islets and 

were compared to commercial PESM membranes. De Bartolo et al. had shown 

earlier that highly permeable PESM membranes allow for transport of bovine serum 

albumin (66.5 kDa), which is a much bigger molecule than insulin or glucose [24]. 

However, human islets encapsulated within PESM membranes did not respond to 

glucose concentration changes, which could be attributed to suboptimal dimensions 

of the fiber. The large bore diameter (0.9 mm) and the thick walls of the fiber, 

probably limit the diffusion of nutrients to cells, which negatively affects islet 

survival and function. In contrast, our multibore hollow fibers, especially designed 

for this application, succeeded and the encapsulated islets remained functional over 

7 days of culture.  

Often, a single bore fiber allows for the encapsulation of a low number of islets. 

Lembert et al. encapsulated 50 islets within 1 cm hydroxyl-methylated polysulphone 

fiber (0.9 mm inner diameter) [34]. Here, we were able to encapsulate up to 6000 

islets inside a 1 cm long fiber and we observed that the concentration of secreted 

insulin increases with the number of encapsulated islets, indicating that the 

membrane porosity is sufficient to provide nutrients to the cells and achieve good 

insulin delivery by the cells. We showed that the human islets encapsulated within 

the bores of our MF3 membranes secret insulin in response to glucose concentration 

changes and function well after 7 days of culture, despite the variability is the quality 

of human islets obtained from various donors.  

Finally, in encapsulation studies, separation factors such as particles and / or gels are 

used to avoid islets aggregation. Here, we avoided the use of separation factors 

during islet seeding to prevent additional diffusion transport barriers [45, 46]. 

Perhaps, the lack of separation factors creates empty space between the membrane 
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walls and the encapsulated islets where secreted insulin or glucose could be trapped 

and then is slowly released. Nevertheless, the insulin response to glucose 

concentration changes is clear indicating the potential of the application of these 

multibore hollow fibers for islet macroenacapsulation. 

5. Conclusions  

In this study, we have developed new PES/PVP multibore hollow fiber membrane 

for islet macroencapsulation. The membranes are non-degradable, mechanically 

stable, offer good protection of encapsulated islets and allow the encapsulation of a 

high number of islets, crucial for device upscaling and clinical application. 

Moreover, the optimized bore dimensions and membrane porosity provide sufficient 

glucose and insulin transport, important for maintaining islet function.  
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Supplemental material 

 

Supplemental figure 1. Spinning set-up. A) Schematic representation of the hollow fiber 

spinning set-up, B) photograph of multibore spinneret and its dimensions. 
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1. Conclusions 

Encapsulation of pancreatic islets or β-cells is a promising strategy to improve islet 

transplantation outcomes in the treatment of type 1 Diabetes by providing an immune 

isolated environment and allowing for transplantation in a different location than the 

liver. The use of porous membranes for macroencapsulation devices gives the 

opportunity to optimize the device properties regarding the transport of nutrients and 

the exchange of glucose and insulin. An important advantage of these devices is that 

they can be relatively easily retrieved, replaced or reloaded. Additionally, they can 

contain a high density of islets, which can be fixed in one location. Besides, since 

the cells in macroencapsulation devices are in close proximity to each other, their 

communication and synchronization regarding insulin secretion is improved. 

However, a high number of islets placed in one location may lead to their clustering, 

which negatively affects islet native structure and results in limited nutrient 

diffusion. Therefore, in Chapter 3, we have developed a novel device for 

macroencapsulation, in which islets are physically separated in microwells and 

closed by a membrane lid, without compromising their function. Non-degradable 

poly(ethersulfone) (PES) / polyvinyl pyrrolidone (PVP) with low cell adhesive 

properties is used for the membrane preparation. Additionally, the tailored 

membrane porosity allows for sufficient glucose and insulin transport, crucial for 

maintaining islet viability and function. 

Since the islets are highly vascularized in the pancreas, they also require large 

amounts of oxygen and access to nutrients to function properly within the 

encapsulation devices. However, the islet’s own vasculature is disrupted due to the 

isolation procedure. Prevascularization of the devices in vitro can improve the 

connection between the device and the host vasculature after implantation, providing 

the encapsulated islets with sufficient blood supply and oxygenation. However, 

during in vitro generation of microvascular networks, it is important to guide their 

formation, since native vasculature is a highly-organized tissue. Here, the membrane 
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surface topography/pattern has a potential to support and guide prevascular network 

formation. In Chapter 4, we fabricated porous, micropatterned PES/PVP 

membranes, which can be applied as a lid for our microwell islet encapsulation 

device, and established the co-culture of HUVECs and fibroblast grown there 

without addition of hydrogels. By using membranes with surface patterns of bricks, 

as well as, channels and bricks, we achieved interconnected HUVEC branch-like 

structures oriented in the direction of the patterns. Additionally, the presence of 

intermittent bricks allowed for communication between cells and the connection of 

HUVEC branch-like structures. This is an important step towards obtaining a stable 

endothelial cell network for the in vitro prevascularization of our flat encapsulation 

device.  

In the pancreas, islet endothelial cells, which form capillaries, are an important 

source of signals that enhance the survival and function of the insulin-producing β-

cells. However, the isolation procedure damages islet endothelial cells, therefore, 

islets used for encapsulation often have lower functionality. In Chapter 5, we 

created stable composite aggregates by co-culture of MIN6 cells with HUVECs to 

mimic the β-cell relation with endothelial cells in native islets. The composite 

aggregates have improved functionality in terms of glucose-stimulated insulin 

secretion that the aggregates of MIN6 cells alone. Moreover, composite aggregates 

encapsulated within the microwell PES/PVP device maintain their high performance 

and secrete more insulin than encapsulated aggregates consisting of only MIN6 cells. 

This indicates that providing β-cells with a connection to endothelial cells within an 

encapsulation device is beneficial in terms of improved cell functionality and better 

device performance. 

An alternative for the flat configuration of extravascular macroencapsulation devices 

is the use of hollow fiber membranes, which offer a large surface-to-volume ratio, 

preferable for implantable devices. However, the suboptimal fiber bore dimensions 

and membrane morphology often contribute to graft failure, due to a limited 
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exchange of nutrients, oxygen, and insulin. Additionally, single-bore hollow fiber 

membranes often suffer from performance instability during long-term use. 

Therefore, in Chapter 6, we developed new PES/PVP multibore hollow fiber 

membranes for islet macroencapsulation. The fiber consists of seven bores and has 

high mechanical stability offering good protection to the encapsulated islets. Human 

islets encapsulated within the fiber bores retain their glucose responsiveness and the 

insulin secretion increases with the increasing number of encapsulated islets. Our 

new multibore hollow fiber membranes have higher islet encapsulation capacity than 

single-bore fibers and allow for easier up-scaling, which are important factors for the 

development of a clinically applicable bioartificial pancreas. 

2. Outlook 

2.1. Device design 

Flat membranes 

The flat PES/PVP macroencapsulation device consisting of a microwell membrane 

sealed with a flat membrane lid was developed with the aim to avoid islet aggregation 

within the device, improving nutrient diffusion and therefore islet function. In other 

preliminary studies, the microwell PES based membranes were also created by 

microthermoforming method (Figure 1 A-C) based on the work of Builtinga et.al. 

[1], where heated polymer porous film was stretched into a negative mold using 

backing material. The created microwells had dimensions suitable for islet 

encapsulation and separation, however, the high temperature and pressure applied 

during the fabrication process caused membrane pore deformation and pore 

collapsing leading to decrease of membrane permeability (Figure 1D). Obtaining 

microwell porous membranes by microthermoforming with suitable transport 

properties for islet encapsulation can be challenging as it requires tight control of the 

membrane pore morphology changing during the microwell array formation. 

However, the microwells obtained using this method could greatly mimic curved 
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microanatomy of the alveoli and be used for the development of chip-type lung 

models helping better understanding issues related to the lung diseases [2, 3]. 

 

 

Figure 1. Microwell membranes obtained by microthermoforming method. A) top, B) bottom, 

C) cross section, D) water permeability. 

 

Our goal was to develop islet separation system with sufficient transport properties 

for islets encapsulation. Therefore, we used the PSµM [4], where, through 

immersion precipitation of the polymer on a micropatterned mold, we obtained in 

one step a highly porous material with controllable micrometer-scale pores and good 

quality microwells, (see Chapter 3). Besides the round shape wells mostly presented 

here, we also fabricated the PES/PVP microwell membranes with rectangular walls 

as well membranes with only channels (Figure 2). The channel design did not assure 
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bottom side of the microwell membrane, by polymer casting on one of the 

micropatterned molds and a second mold with the other microstructures applied on 

the top of the polymer layer. The micropatterned surface would support cell 

organization during the development of a prevascularized layer on the outside of the 

device. In order to prepare the macroencapsulation device, the micropatterned 

membrane will be sealed with microwell membrane on the edges, leaving small 

opening for seeding of the islets. Then, cells can be cultured on the outside surface 

of the device and, after organized microvessel-like structures are established in vitro, 

islets can be seeded inside the device, closed and transplanted. The presence of a 

highly interconnected prevascularized layer, closely mimicking native tissue, could 

reduce the time of construct reconnection to host vasculature and improve islet 

survival within our macroencapsulation device. 

As an alternative strategy for prevascularization, we also investigated the use of the 

microstructured membranes developed in Chapter 3 in combination with 

mesenchymal stromal cells (MSCs), which have endothelial potential [5]. The MSCs 

are known to have a positive influence on vessel formation and additionally have 

immune modulatory effect when transplanted in vivo [6-8]. The microstructured and 

non-patterned membranes with and without the addition of MSCs were implanted 

subcutaneously in female Lewis rats and the samples were explanted after 14 days 

(Figure 3). The membranes with MSCs seem to recruit more blood vessels than those 

without cells. Moreover, the membranes with brick surface topography in 

combination with MSCs have the highest rate of vessel formation in close proximity 

to the membrane in comparison to non-patterned membranes or to membranes with 

surface topography of channels and bricks.  

In the future, both of our strategies to enhance vascularization should be applied for 

the microwell devices with encapsulated islets and further studied in vivo to reveal 

their actual effect on islet survival and function.  
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Figure 3. Analysis of vessel formation of in vivo samples, samples classified in three 

categories: hardly any vessels (-), some vessels (+) and a lot of vessel infiltration (++). A) 

Examples of Trichrome stained sections from membranes with bricks. The left panel shows 

the samples without MSCs and the right panel the samples with MSCs. B) The effect of non-

patterned, bricks and channels with bricks on vessel formation in samples with and without 

MSCs. 
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Hollow fibers 

In Chapter 6 we developed a PES/PVP multibore hollow fiber macroencapsulation 

device as an alternative to flat device geometry. The seven-bore fiber allows for the 

encapsulation of a higher number of islets than a single-bore fiber of the same length. 

Although we did not observe islet aggregation within the bores of the fiber, the high 

number used for encapsulation could lead to their clustering. Therefore, one could 

consider adding separation agents to the suspension of islets, such as microparticles 

which should be highly porous to avoid limitations of nutrient delivery to the cells 

and maintain their function within the bores of the fiber.  

In order to provide islets encapsulated within multibore fiber with access to 

vasculature, various strategies can be considered (see Figure 4). In our experiments 

in Chapter 6, the middle bore of the fiber was closed. In the future, this bore could 

be used for vascular ingrowth since it has optimal position for providing nutrient and 

oxygen to the islets encapsulated within the other six bores. To achieve vessel 

ingrowth there, the surface of the bore needs to be coated, e.g. with fibronectin, to 

introduce cell adhesive properties (as it was shown in Chapter 4) and cells with 

angiogenesis potential like human endothelial vein cells in combination with 

supportive cells (smooth muscle cells, fibroblast) could be cultured in the bore (see 

Figure 4A). Such co-culture systems are beneficial as their better mimic the cell 

interaction in the native vasculature [9]. The same strategy could be applied on the 

outside of the device, as the established prevascular layer on the outer surface of the 

fiber could improve the connection between the device and the host vasculature after 

implantation (see Figure 4B). Hollow fibers have been previously used for the 

culture of endothelial cells and support cells on the inside as well as the outside of 

the fiber [10-12].  

Another possibility would be the delivery of growth factors such as vascular 

endothelial growth factor or basic fibroblast growth factor, which have been shown 
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to enhance the formation of new blood vessels close to the implant in vivo [13, 14]. 

The growth factors combined with biodegradable hydrogel or another drug delivery 

system could be injected inside the middle bore of the multibore fiber aiding vessel 

formation there. 

 

Figure 4. Strategies to induce vascularization of the multibore fiber. A) Culture of endothelial 

cells inside the middle bore and on the outside of the device or injection into the fiber bore 

of growth factors embedded within hydrogel in vitro. B) Prevascularized fiber improving the 

connection between the device and the host vasculature after implantation. 

 

2.2. Immune protection 

Membrane based islet macroencapsulation devices should allow for sufficient 

transport of nutrients, glucose, oxygen and insulin but also provide immune 

protection to the encapsulated cells to avoid harmful immunosuppressive drug 

therapy. In this thesis, the immune protective properties of the developed devices 

were not tested. However, membranes with 0.4 - 0.45 µm pore size have been shown 

to successfully protect allogeneic cells from the immune system and, although IgG 
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and IgM were still able to pass through the membrane, the allogeneic tissue survived 

[15-18]. As the lid of our microwell device has 0.45 µm pore size, we expect that the 

device would be immune protective. Moreover, preliminary results of 

biocompatibility, where the microwell membranes were implanted in epididymal fat 

pads of a mouse indicate that the host cells cannot infiltrate through the selective 

layer of the microwell membrane (Figure 5). There, the microwell membrane was 

implanted without the lid and therefore cell infiltration is visible from the side of the 

microwells. However, combining our microwell membrane with a lid of 0.45 µm 

pore size can have the potential to provide immune isolation to encapsulated islets.  

 

 

Figure 5. A high magnification of the hematoxylin and eosin stained membrane section shows 

cell infiltration up to selective layer (on the left). The selective layer in more detail is 

indicated by the red outlined area (on the right).   

 

The ideal immune protection requires physically excluding immune cells, as well as, 

restricting diffusion of immune mediators such as cytokines that are toxic to β-cells 

[19]. Therefore, in vitro assays involving cytokine cytotoxicity, mixed lymphocyte 

reaction and reactive T-cells should be used in the future to indicate our device’s 



Chapter 7 

154 

immune protective properties. However, the best indication would be the result of 

an allogeneic transplantation in immune competent animals.   

The use of immune protective encapsulation devices can also solve the critical 

problem of the shortage of human islets by allowing for the transplantation of animal 

tissue or novel insulin-producing cells, as described in Chapter 2 of this thesis. 

Moreover, the encapsulation of endothelial cells combined with β-cells would 

improve β-cell function and device performance, as we showed in Chapter 5 by co-

culture of HUVECs with MIN6 aggregates. Besides HUVECs, other cell types like 

adipose-derived stem cells could be used for improved islet cell functionality as it 

was shown in the study of Jun et.al [20].  

 2.3.  Device implantation 

The obvious next step is the implantation of the developed devices into an animal 

model. Here, we took this first step for microwell macroencapsulation device and 

preformed allogeneic and xenogeneic transplantation in the intraperitoneal cavity of 

mice (Figure 6A). During the implantation, the blood glucose level and weight of the 

animals were measured. The animals’ weight remained stable during the period of 

implantation and, interestingly, the device with rat islets used for xenogeneic 

transplantation performed similar to the controls (non-encapsulated islets in 

epididymal fat pads) in terms of glucose regulation over time (Figure 6B). We 

achieved this by using 600 islet equivalents (IEQs) within a device of 10 mm in 

diameter, which was regarded as the minimum number of islets to reverse 

hypoglycemia in a mouse animal model. In order to use a higher number of islets, 

the device dimensions need to be optimized. In this thesis, we designed membranes 

with microwells of 500 µm in diameter in order to fit the broad size range of islets 

available to us. However, for clinical implementation, smaller islets (50-150 µm) are 

recommended as they show higher viability and function comparing to bigger islets 
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[21]. Therefore, in the future, membranes with smaller wells (diameter of 200 µm) 

and with smaller spacing between the wells (50 µm) could be fabricated.  

 

Figure 6. Implantation of microwell device with encapsulated islets in mouse animal model. 

A) Images representing: sealed device with encapsulated islets, implantation of the device 

into intraperitoneal cavity and exposed epididymal fat pad with free-floating islets sealed 

with fibrin glue respectively. B) Blood glucose measurements over time with implanted free-

floating islets is represented by Ctr 884 and 896, while the PES Mem.: 883, 885, 886 and 

901 represents blood glucose level of the mice with implanted microwell device with 

encapsulated islets. 

 

To be able to compare the volume of islets with different diameters and volumes, 

individual islets need to be converted to standard islet equivalents (IEQs) with a 

diameter of 150 µm [22]. For clinical application, it has been estimated that 9000 
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IEQs per kilo bodyweight of patient are needed to restore normoglycemia (540000 

IEQ for 60 kg patient) [23]. Based on this, we estimated that we would need 4 

microwell membranes (well diameter 200 µm) with diameter of 10 cm to encapsulate 

a clinically relevant number of islets. Besides, the thin film design of our device 

allows for the creation of multilayer stacks of microwell membranes similar to those 

recently developed in our laboratory for upscaling of tissue engineering constructs 

[24], enabling possibly the development of a compact microwell device. 

In case of multibore fibers with cells encapsulated within the 6 equally spaced bores, 

leaving the middle bore for possible vascularization, we would need 8 multibore 

hollow fibers of 20 cm (11250 IEQs per bore, 50% fiber loading capacity) in order 

to treat a 60kg patient. To minimize the volume of the device, the loading of the 

fibers could be increased, composite aggregates with endothelial cells could be 

applied and the fibers could be coiled (in a ring of about 6 cm in diameter) due to the 

superior mechanical properties of the mutibore fiber in comparison to single bore 

fibers.   
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The research presented in this thesis is about the development of novel membrane 

based macroencapsulation devices for improved pancreatic islet survival and 

function. A general introduction on the topic of this thesis and its scope is presented 

in Chapter 1.  

Chapter 2 presents a literature overview of the important factors considering the 

development of a bioartificial pancreas. Current encapsulation strategies are 

described and materials used for fabrication of membrane based macroencapsulation 

devices as well as their configurations are presented. The promising results obtained 

with macroencapsulation devices have led to first clinical studies, however, there is 

still room for improvement in order to develop a life-long, fully functional islet 

encapsulation device for type 1 Diabetes treatment.  

To improve pancreatic islets functionality by avoiding their aggregation within 

macroencapsulation devices, in Chapter 3, we developed a novel microwell 

membrane based encapsulation device, where the islets are seeded in separate 

microwells avoiding their fusion and clustering. The membrane porosity is tailored 

to achieve shielding of the islets from the host immune cells without compromising 

their secretory responses. The non-degradable, microwell membranes are composed 

of poly (ether sulfone)/polyvinylpyrrolidone (PES/PVP) and manufactured via phase 

separation micromolding. Our results show that the device prevents aggregation and 

preserves the islet’s native morphology. The encapsulated islets maintain their 

glucose responsiveness, comparable to free-floating non-encapsulated controls, 

demonstrating the potential of this novel device for islet transplantation. 

In Chapter 4, we fabricated porous, micropatterned PES/PVP membranes and we 

investigated the effect of patterns (bricks and channels) on human umbilical vein 

endothelial cell (HUVEC) alignment and interconnection as a first step towards the 

development of a stable prevascularized layer in vitro. In contrast to non patterned 

membranes where HUVECs form typical randomly spread HUVEC branch-like 

structures, in the case of micropatterned membranes we achieved a clear alignment 
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of these structures in the direction of the patterns. Additionally, the presence of 

intermittent bricks allows for communication between cells and the connection of 

HUVEC branch-like structures creating a network over the membrane surface.  We 

obtained this by co-culture of HUVECs on the monolayer of fibroblasts grown on 

the fibronectin coated membrane surface. The micropatterned surface, applied as lid 

for the microwell macroencapsulation device, would support cell organization 

during the development of a prevascularized layer on the outside of the device. 

Providing encapsulated islets with close proximity to blood vessels is important for 

their survival and function.  

In order to mimic the β-cell relation with endothelial cells in native islets, in 

Chapter 5, we created stable composite aggregates by co-culture of mouse 

insulinoma MIN6 cells with HUVECs on a non-adherent agarose microwell 

platform. The presence of HUVECs there results in improved insulin secretion upon 

glucose stimulation in comparison to aggregates consisting of only MIN6 cells.  

Importantly, these composite aggregates maintain their function after encapsulation 

within our microwell PES/PVP device and show better insulin release than 

encapsulated pure MIN6 aggregates, indicating that providing the β-cells with a 

connection to the endothelial cells within an encapsulation device can improve the 

encapsulated cells’ functionality. 

In Chapter 6, we have developed a new PES/PVP multibore hollow fiber membrane 

for islet macroencapsulation as an alternative for the flat membrane configuration. 

The seven-bore fiber offers higher mechanical stability than common one-bore fibers 

and allows for the encapsulation of a high number of islets, crucial for device 

upscaling and clinical application. The bore dimensions and membrane porosity are 

optimized to provide sufficient glucose and insulin transport, important for 

maintaining islet function. In fact, human islets encapsulated within the new 

multibore fiber secret insulin in response to glucose concentration changes relative 

to their number used for encapsulation.  
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Chapter 7 presents the main conclusions of the work described in this thesis, as well 

as, the outlook for further improvement of the developed macroencapsulation 

devices described here. 
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In dit proefschrift wordt de ontwikkeling van nieuwe membraan gebaseerde 

macroencapsulatie devices beschreven voor het verbeteren van de overlevingskans 

en werkzaamheid van de eilandjes van Langerhans. Een algemene introductie over 

het onderwerp van dit proefschrift wordt gepresenteerd in Hoofdstuk 1.  

In Hoofdstuk 2 wordt een literatuuroverzicht gegeven van de belangrijke factoren 

die een rol spelen bij de ontwikkeling van een bio-artificiële pancreas. Huidige 

encapsulatietechnieken worden beschreven en er wordt ingegaan op zowel de 

materialen als de configuraties die van belang zijn bij het vervaardigen van 

membraan gebaseerde macroencapsulatie devices. De veelbelovende resultaten van 

de macroencapsulatie devices hebben geleid tot klinische studies, maar verbetering 

van de devices is noodzakelijk. Voor de behandeling van diabetes type 1 patiënten 

is namelijk een volledig functioneel encapsulatie device voor de eilandjes van 

Langerhans, dat levenslang meegaat, noodzakelijk.  

De werkzaamheid van de eilandjes van Langerhans kan verbeterd worden door 

aggregatie van de cellen in de macroencapsulatie devices te voorkomen. In 

Hoofdstuk 3 worden daarom nieuwe microwell, membraan gebaseerde encapsulatie 

devices ontwikkeld waarin de eilandjes geplaatst worden in gescheiden microwells, 

zodat fusie en clustering van de cellen voorkomen kan worden. De porositeit van de 

membranen wordt zó gemaakt dat de eilandjes van Langerhans zowel afgeschermd 

worden van cellen van het immuunsysteem als hun functie van afscheiding kunnen 

behouden. De niet-afbreekbare, microwell membranen zijn gemaakt van poly (ether 

sulfone)/polyvinylpyrrolidone (PES/PVP) via de phase separation micro molding 

techniek. Onze resultaten laten zien dat de ontwikkelde devices aggregatie tegengaan 

en dat de eilandjes de oorspronkelijke morfologie behouden. Verder behouden de 

geëncapsuleerde eilandjes de gevoeligheid voor glucose, net zoals de vrije, niet 

geëncapsuleerde controle eilandjes. Dit demonstreert de potentie van het nieuwe 

microwell, membraan gebaseerde encapsulatie device voor de transplantatie van de 

eilandjes van Langerhans.  
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In Hoofdstuk 4 hebben we poreuze PES/PVP membranen met microstructuren 

ontwikkeld en hebben we onderzocht wat het effect is van verschillende structuren 

(stenen en kanalen) op de groeirichting en interconnectie van human umbilical vein 

endothelial cellen (HUVEC) als een eerste stap in de richting van de ontwikkeling 

van een stabiele, gevasculariseerde laag in vitro. In tegenstelling tot de structuurloze 

membranen, waarbij de HUVECs typische willekeurig verspreide, 

vertakkingsachtige structuren aannemen, groeien de HUVEC cellen op de 

microstructuur membranen duidelijk in de richting van de structuren.  

Bovendien draagt de aanwezigheid van een onderbroken stenen microstructuur bij 

aan de communicatie tussen cellen en de verbinding van de vertakkingsachtige 

structuren van de HUVEC cellen. Hierdoor wordt een netwerk van cellen op het 

membraanoppervlak gecreëerd. We hebben dit verkregen door middel van het 

gelijktijdig kweken van HUVEC cellen op een monolaag van fibroblasten, die 

groeien op een fibronectin gecoat membraanoppervlak. Het oppervlak met de 

microstructuren dient als deksel van het microwell macroencapsulatie device en 

ondersteunt de organisatie van de cellen gedurende de ontwikkeling van de 

gevasculariseerde laag aan de buitenkant van het device. Voor de overlevingskans 

en functie van de geëncapsuleerde eilandjes is het namelijk van belang dat de cellen 

in de nabijheid zijn van bloedvaten.  

Om de relatie tussen β-cellen en endotheelcellen in de oorspronkelijke eilandjes van 

Langerhans na te bootsen, werden in Hoofdstuk 5 stabiele, composieten aggregaten 

gemaakt door middel van het gelijktijdig kweken van HUVEC cellen en insulinoma 

MIN6 cellen afkomstig van muizen op een antikleef, agarose microwell platform. 

De aanwezigheid van HUVECs resulteert hier in verbeterde insuline afscheiding na 

glucose stimulatie, in vergelijking met aggregaten waarop alleen MIN6 cellen 

aanwezig zijn. Het is belangrijk te vermelden dat de composieten aggregaten hun 

functie behouden, nadat ze geëncapsuleerd zijn in ons microwell PES/PVP device 

en dat ze een betere insuline uitscheiding hebben dan de geëncapsuleerde, pure 
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MIN6 aggregaten. Dit wijst er op dat wanneer er een verbinding wordt gecreëerd 

tussen de β-cellen en de endotheelcellen in een encapsulatie device, de functionaliteit 

van geëncapsuleerde cellen verbeterd kan worden.    

In Hoofdstuk 6  hebben we nieuwe PES/PVP multibore hollow fiber membranen 

voor de macroencapsulatie van eilandjes ontwikkeld, als alternatief voor de platte 

membraanconfiguratie. De multibore fiber met 7 lumen biedt betere mechanische 

stabiliteit dan gebruikelijke fibers met één lumen en meerdere eilandjes kunnen in 

deze multibore fiber worden geëncapsuleerd. Dit is cruciaal voor het opschalen en 

de klinische applicatie van het device. De afmetingen van de lumen en de 

membraanporositeit zijn geoptimaliseerd, zodat er voldoende glucose and insuline 

transport is voor het behoud van de functie van de eilandjes. De humane eilandjes 

die geëncapsuleerd zijn in de nieuwe multibore fibers scheiden, in verhouding tot het 

aantal geëncapsuleerde cellen, inderdaad insuline uit als reactie op veranderingen in 

de concentratie van glucose.     

In Hoofdstuk 7 worden de belangrijkste conclusies van dit proefschrift 

gepresenteerd en daarnaast worden interessante richtingen voor toekomstig 

onderzoek beschreven voor de verdere verbetering van de ontwikkelde 

macroencapsulatie devices.  
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