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Abbreviations  

Ŭ-gal  Ŭ-galactose-1,3-galactose 

ADP Adenosine-diphosphate 

Alg/MC  Alginate/methylcellulose blend 

ATP Adenosine-triphosphate 

BSA Bovine serum albumin 

CZI Chlorine-zinc-iodine 

D Diffusion coefficient 

DAPI 4ǋ,6-Diamidin-2-phenylindol 

DMEM Dulbecco's Modified Eagle's Medium 

DMEM+ Supplemented DMEM 

DMSO Dimethyl sulfoxide 

DNS 3,5-dinitrosalicylic acid assay 

DS Degree of substitution in methylcellulose 

DTZ Dithizone 

ECM Extra-cellular matrix 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

FBS Foetal bovine serum 

FDA U.S. Food and Drug Administration 

G Ŭ-L-guluronate 

GLP-1 Glucagon-like peptide 1 

GSIR Glucose stimulated insulin response 

HbA1c  Glycosylated haemoglobin  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HI-FBS Heat inactivated foetal bovine serum 

HLA Human Leucocyte Antigen 

HPLC High-pressure liquid chromatography 

hTERT-MSC 

 

Human telomerase reverse transcriptase immortalized 

mesenchymal stem cells 

IBMIR Instant blood mediated inflammatory reaction 
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IBMX 3-Isobutyl-1-methylxanthin 

IEQ Islet equivalents 

IFN-ɔ Interferon ɔ 

IL-1ɓ Interleukin 1ɓ 

IL-2 Interleukin 2 

INS-1 Rat insulinoma derived cells 

KRB Krebs-Ringer buffer 

LDH Lactate dehydrogenase 

M ɓ-D-mannuronate 

M:G Ratio of ɓ-D-mannuronate to Ŭ-L-guluronate 

MC Methylcellulose 

MHC Major Histocompatibility Complex 

Mn Numerical molecular weight 

MS Mass spectrometry 

MSC Mesenchymal stem cells 

MTT Thiazolyl blue tetrazolium bromide 

Mw Molecular weight 

MWCO Molecular weight cut-off 

NHP Nonhuman primates 

NICC Neonatal porcine islet-like cell clusters 

PP Pancreatic polypeptide 

PBS Phosphate buffered saline 

RPMI 1640 Roswell Park Memorial Institute 1640  

RPMI+ Supplemented RPMI 1640 

scCO 2 Supercritical CO2  

T1D Diabetes mellitus type 1 

TCP Tissue culture plastic 

TE Tissue engineering 

TNF-Ŭ Tumour necrosis factor Ŭ 

UV Ultraviolet  



Motivation 
 

3 
 

1 Motivation  

Diabetes mellitus type 1 is an autoimmune disease during which the insulin-producing ɓ-cells 

of the pancreas are irreversibly destroyed. The exact causes of the immune-mediated destruc-

tion of the ɓ-cells are as of yet not sufficiently identified. The disease usually develops in child-

hood or adolescence, affects about one out of 700 children of up to 14 years of age in Ger-

many, and has shown a continuously increasing incidence (+3.4 % between 1999 and 2008) 

(Bendas et al., 2015). The consequence of ɓ-cell loss is a lack of insulin and thereby a deficient 

blood-glucose regulation with potentially dramatic acute and long-term complications. Patients 

depend on life-long substitution of insulin and despite major improvement in diabetes therapy 

over the last decade, exogenous insulin therapy remains a huge challenge and burden. Short 

term, a lack of glucose in the blood (hypoglycaemia) can be acutely life-threatening due to an 

insufficient supply of body- and especially brain cells. Long-term, recurring episodes of high 

blood-glucose levels (hyperglycaemia) lead to multiple organ and tissue injuries such as 

cardiovascular diseases, retinopathy, neuropathy, kidney failure, and cognitive impairments 

through microvascular complications (Opara & Kendall, 2002; DiMeglio et al., 2018; Riddl et 

al., 2018; Harding et al., 2019). 

The conventional therapy consists of a life-long regime of multiple daily injections of insulin 

and a thorough continuous monitoring of blood-glucose levels by the patient, which is asso-

ciated with a lower quality of life and a shortened life-expectancy. Furthermore, especially in 

patients with labile metabolic control, dangerous hypo- and hyperglycaemic episodes cannot 

be completely prevented despite a strict and intensive treatment regimen.  

A promising approach to avoid these uncontrollable situations as well as lasting systemic in-

juries is the (allogenic) transplantation of islets of Langerhans, the pancreatic cell clusters 

which contain ɓ-cells, from a donor organ. Thereby, pancreatic islets are isolated from donor 

pancreata and infused into the liver of diabetic patients via the portal vein. These cell clusters 

contain up to 60 % ɓ-cells and may functionally replace the destroyed endogenous ß-cells at 

least in part, and help to stabilize glycaemic control.   

Crucial limitations of this procedure are the critical shortage of donor organs, the necessity of 

a life-long immune suppression to prevent transplant rejection and an insufficient survival of 

the transplanted islets. The direct, non-physiological contact of islets with blood in the portal 

vein evokes an inflammatory reaction which results in a dramatic loss of islet mass directly 

after transplantation. Additionally, in the liver the islets are exposed to a high dose of the man-

datory immunosuppressants and toxins which also contributes to a progressive loss of viability 

and function. Only 20 % of the recipients remain independent of exogenous insulin five years 

after transplantation (Welsch et al., 2019). Allogenic islet transplantation is thus far restricted 

to patients with recurring dangerous hypoglycaemic episodes and labile glucose-control as 
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well as patients who received a kidney transplant due to diabetes-associated kidney failure 

(DiMeglio et al., 2018; Pepper et al., 2018).  

In recent years, multiple research activities have focused on means to address those limi-

tations by the development of micro- and macroencapsulation systems in order to protect the 

transplanted islets from the immune system and therefore allow for transplantation without 

immunosuppression and potentially enable safe utilization of alternative cell sources (De Vos 

& Marchetti, 2002; Calafiore et al., 2006; Farney et al., 2016). Of those two main strategies, 

microbeads have the considerable advantage of minimal diffusion distances through a favour-

able surface-to-volume ratio which supports viability and functionality of encapsulated islets, 

but are almost impossible to retrieve in case of graft failure and tend to clump when transplan-

ted in close vicinity. Macroencapsulation devices on the other hand, contain a large number of 

islets within one single device, which can easily be transplanted to extra-hepatic sites or 

removed in case of graft failure. They have the intrinsic disadvantage of increased diffusion 

distances though, which limits broader clinical use (Korsgren, 2017; Ryan et al., 2017; Hwa & 

Weir, 2018; Dimitrioglou et al., 2019). 

 

Aim  of this thesis  

Against the background of a conventional clinical islet transplantation program at the University 

Hospital Carl Gustav Carus in Dresden and long-standing experience in experimental work 

with cell encapsulation approaches, the present thesis aimed at developing a strategy to com-

bine the advantages of microencapsulation, specifically short diffusion distances, with those of 

macroencapsulation, i.e. the enclosure of a high number of islets within a single construct.  

3D bioprinting (bioplotting) is an extrusion-based additive manufacturing technique whereby a 

highly viscous material is deposited strand by strand and layer by layer to create scaffolds with 

a defined geometry. With this technique scaffolds in clinically relevant dimensions with defined 

macropores can be fabricated, which increases the surface-to-volume ratio. Extrusion-based 

bioprinting also allows for the incorporation of cells into the material prior to scaffold fabrication.  

In the present thesis the specific aim was to employ the technique of 3D bioprinting to encap-

sulate pancreatic islets in semi-permeable macroporous structures with the potential for up-

scaling to clinically relevant sizes. Within this framework the different objectives were to modify 

a cell-compatible alginate/methylcellulose hydrogel blend with an alginate of clinical-grade 

purity and to characterise said blend concerning its crosslinking density as an indicator for 

stability, and its composition over time. Further aims were to analyse compatibility with an 

endocrine cell line and to demonstrate the survival and function of primary adult murine islets 

(from rat) as proof-of-concept for the feasibility of the 3D bioprinting of pancreatic islets. In a 

further step towards clinical relevance these results were to be validated in a preliminary study 

with potentially clinically translatable but more sensitive neonatal porcine islet-like clusters.   
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2 Introduction and s tate of the art  

2.1 Pancreatic islets and d iabetes  mellitus type 1  

2.1.1 Anatomy and function of the  pancreas and pancreatic islets  

The pancreas (Figure 1 A), a digestive organ interspersed with blood vessels located in the 

back of the abdomen behind the stomach and connected to the duodenum, is an exocrine as 

well as an endocrine gland. The main bulk of the organ is comprised of clustered exocrine 

acinar cells which secrete digestive enzymes such as proteases and lipases. Scattered among 

the exocrine tissue, at about 1-2 % of the total tissue mass, are the endocrine islets of Langer-

hans, also called pancreatic islets, closely associated with the vasculature. Within pancreatic 

islets, the majority of cells are the insulin-producing ɓ-cells followed by the glucagon-producing 

Ŭ-cells. Further cell types that can be found in human pancreatic islets are ŭ-, PP-, and Ů-cells 

which produce somatostatin, pancreatic polypeptide (PP), and ghrelin, respectively. (Da Silva 

Xavier, 2018; Pape et al., 2018) 

Gross anatomy and function of the pancreas are conserved across species to a large part, and 

independent of species and size of pancreas, islet size can range from 50-400 µm but typically 

lies between 100-200 µm in diameter (Jo et al., 2007). In islet microarchitecture on the other 

hand, inter- but also intra-species differences, such as during pregnancy or obesity, become 

readily apparent. In terms of cell distribution, ɓ-cells constitute 50-70 % of human islets, Ŭ-cells 

and ŭ-cells approximately 30 % and 10 %, respectively (Rorsman & Braun, 2013; Da Silva 

Xavier, 2018), all of which are scattered randomly throughout the islets. Rodent islets have a 

core of ɓ-cells surrounded by a discontinuous mantle of Ŭ-cells, which make up only 15-20 % 

of islet mass with up to 85 % ɓ-cell mass (Cabrera et al., 2006; Kim et al., 2009). Porcine islets 

have been described as seemingly comprised of smaller subunits comparable to rodent islets 

but with a cell distribution closer to human islets (Cabrera et al., 2006; Kim et al., 2009). 

(Figure 1 B&C) 

The function of the pancreatic hormones is to regulate blood glucose levels within a narrow 

range between 70-140 mg/dl (Ḭ 0.7-1.4 g/l or 4-8 mM) (Marshall et al., 2014). Amongst them, 

insulin lowers the blood glucose level and glucagon leads to an elevation, while somatostatin, 

PP and ghrelin regulate secretion of pancreatic hormones and appetite. Overall, blood glucose 

levels arise from the controlled addition and removal of glucose to the circulation. Briefly, an 

increase in blood-glucose levels leads to glucose uptake by skeletal muscle and liver cells as 

well as fat cells, which store glucose in form of glycogen and triglycerides, respectively. A 

decrease on the other hand, results in hepatic glucose output through the breakdown of glyco-

gen or gluconeogenesis. Since glucose is the main energy source for neurons and a severe 

lack of it in the circulation therefore acutely life-threatening, the body has a number of mecha-

nisms to increase blood-glucose-levels, among them for example the pancreatic hormone 
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glucagon but also adrenalin, cortisol and somatotropin (growth hormone). On the contrary, a 

decrease in blood-glucose levels can almost exclusively be achieved via insulin. (Aronoff et 

al., 2004; Pape et al., 2018; Petersen & Shulman, 2018) 

 

 

Figure 1: Anatomy of the pancreas. A) Schematic depiction of the location and anatomy of the human 

pancreas (top) and a magnified view of the pancreatic tissue (bottom) with a pancreatic islet of 

Langerhans interspersed with blood vessels and surrounded by exocrine tissue (Encyclopædia 

Britannica, 2010). B) Schematic depiction of species differences of pancreatic islets with ɓ-cells shown 

in green and Ŭ-cells shown in red. Represented are human (top), murine (lower left), and porcine (lower 

right) islets (adapted from Hoang et al. (Hoang et al., 2014)). C) Immunofluorescently stained sections 

of human (top), murine (lower left), and porcine (lower right) islets (adapted from Cabrera et al. (Cabrera 

et al., 2006)).  
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2.1.2 Insulin  biosynthesis, release and function  

Insulin is a peptide hormone of 5.8 kDa, which consists of an A- and a B-chain connected by 

disulphide bonds. The hormone is synthesised as preproinsulin, cleaved and folded into pro-

insulin, and packed into secretory vesicles, where the C-peptide (ñconnectingò peptide) is clea-

ved from the chain and the insulin peptides are assembled into the hexameric storage form 

clustered around a central Zn2+ ion (Figure 2) (Weiss et al., 2014). 

The amino acid sequence of insulin is conserved across most mammalian species and human 

insulin only differs from the two murine insulin subtypes in three and four, from porcine insulin 

in one single amino acid (Smith, 1966).  

 

Figure 2: Insulin biosynthesis and 3D structure. A) Schematic depiction of insulin biosynthesis from 

preproinsulin with a hydrophobic signal sequence at the N-terminus, to proinsulin with the A- and B-

chains still connected by the C-peptide and finally the insulin monomer (Beta Cell Biology Consortium, 

2004). B) Schematic depiction of the hexameric storage form of human insulin with each of the six 

monomers depicted in a different colour. The central Zn2+-ion is bound by histidine side chains depicted 

in detail (Wikipedia, 2007).   

 

The main trigger for a strong increase in insulin levels in the blood is the rise of glucose through 

intestinal uptake, but from the healthy pancreas, insulin is not only released after a meal but in 

regular intervals of several minutes, also called basal secretion (Nesher & Cerasi, 2002; Pape 

et al., 2018). This pulsatile manner of release is thought to prevent desensitization of insulin 

receptors on somatic cells, as a pulsatile delivery of insulin to cells has been shown to lead to 

improved function compared to a constant exposure of equal amounts. The rate of basal 

secretion in humans is about 20-30 pM and increases up to 50-fold after glucose uptake, 

especially delivered in form of dietary carbohydrates. The nutrient dependent release of insulin 
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ensues in two phases, an acute spike followed by a more muted but longer-lasting sustained 

phase (Figure 3 B). If glucose-dependent insulin secretion is evaluated by an intra-venous 

glucose tolerance test, the acute phase begins as little as 1 min after exposure and lasts 

approximately 10 min whereas the sustained phase follows after and persists for the entire 

duration of hyperglycaemia. (Scheen, 2004; Fu et al., 2012) 

On the cellular level, release of insulin triggered by elevated levels of blood glucose is initiated 

by the facilitated transport of glucose into ɓ-cells through insulin-independent glucose trans-

porters where it is metabolized. In ɓ-cells, the glycolytic breakdown is initiated by the enzyme 

glucokinase. Compared to hexokinase, which initiates glycolysis in most somatic cells, gluco-

kinase has a lower affinity for glucose but an increased capacity and is not inhibited by glucose-

6-phosphate, the first reaction product of the glycolysis which enables glucose concentration 

dependent regulation of glycolysis in ɓ-cells and thereby concentration dependent release of 

insulin. The direct trigger for insulin release is the rise in the ATP/ADP (adenosine-triphos-

phate / adenosine-diphosphate) ratio which induces closure of membrane-bound ATP-

sensitive K+-channels. The following depolarization of the cell membrane leads to the opening 

of voltage-dependent Ca2+-channels, and the influx of Ca2+ ions into the cytosol in turn triggers 

the fusion of insulin-containing vesicles with the cell membrane, leading to exocytosis of insulin 

and C-peptide in equimolar amounts (Figure 3 A) (Pape et al., 2018). 

 

 

Figure 3: Glucose -dependent insulin release  from b-cells . A) Schematic depiction of the mechanism. 

Glucose enters the ɓ-cell through insulin-independent transport (GLUT2) and is metabolised. The resul-

ting rise in ATP induces closure of ATP-sensitive K+-channels and leads to membrane depolarization 

which in turn opens voltage-dependent Ca2+-channels. The influx of Ca2+ into the ɓ-cell triggers exo-

cytosis of insulin-containing granules. B) Schematic depiction of the biphasic release pattern of insulin 

from ɓ-cells in reaction to elevated blood-glucose levels. (Castiello et al., 2016) 
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During the acute phase, exocytosis occurs from primed vesicles forming approximately 1 % of 

all vesicles which are co-localised with Ca2+-channels in the cell membrane, and can thereby 

sense a local elevation of Ca2+ ions (Soria et al., 2010; Rorsman & Braun, 2013). The re-

maining vesicles undergo modifications for release after the primed vesicles are depleted and 

are used during the sustained release and to replenish the pool of vesicles for immediate 

release. Even during maximum stimulation, release of insulin is therefore not limited by storage 

of insulin (Weiss et al., 2014) but by modification of vesicles. Further modulators of the strength 

of insulin release are nutrient signals whereby carbohydrates lead to a higher rate of release 

than proteins and fat, and oral ingestion additionally triggers the release of gastroenteral hor-

mones. Such hormones, also called non-glucose secretagogues, like the Glucagon-like pep-

tide 1 (GLP-1) from L-cells located in the lining of the stomach, are active at even picomolar 

concentrations and potentiate the insulin response from ɓ-cells (Fu et al., 2012; Rorsman & 

Braun, 2013). 

Insulin hexamers, which are separated into monomers (Weiss et al., 2014) with a half-life of 

5 min after entering the bloodstream, are released into the portal vein. The acute phase is 

thought to mainly downregulate hepatic glucose output (Scheen, 2004) whereas during the 

sustained phase, insulin is distributed through the body and initiates removal of glucose from 

the blood.  

 

2.1.3 Diabetes mellitus t ype 1  (T1D) 

A lack of insulin in the body due to a reduced or absent production is called diabetes mellitus 

type 1. T1D is considered to be an immune-mediated disease which is characterised by the 

destruction of pancreatic ɓ-cells until no endogenous basal or meal-responsive insulin se-

cretion can be detected. Commonly thought of as ñchildhood diabetesò because of a large peak 

in incidence in early childhood and adolescence, T1D can present at any age.  

In general, prevalence and incidence of T1D vary considerably between geographical areas 

such as Finland and China but also between neighbouring countries such as Finland and 

Estonia. Incidence has been increasing worldwide for decades with 4.4 million newly diagno-

sed cases in 2000 and 5.4 million cases in 2010. T1D is primarily an autoimmune disease and 

to date more than 40 different gene loci associated with T1D have been identified, the majority 

of which are either involved in antigen presentation or immune function and regulation. In addi-

tion to genetic risk factors, there is a high likelihood that environmental risk factors play a role 

as well since firstly T1D can also occur idiopathically, secondly there is a strong rise in inci-

dence which cannot be explained genetically, and thirdly a seasonal synchronisation of both, 

the development (spring births are correlated with a higher likelihood for the development of 

T1D) and the symptomatic onset (diagnoses are more frequent in autumn and winter) can be 

observed. In contrast to genetics, environmental cues have proven to be more difficult to pin 
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down. Presently, a large focus of research lies on factors such as early infant diet and hygiene 

standards as well as factors influencing the gut microbiome which has shown a reduced diver-

sity in different human studies of young T1D patients. (Fu et al., 2012; Atkinson et al., 2014; 

Warshauer et al., 2020) 

Although the symptomatic onset of T1D is generally abrupt, the disease itself begins months 

to years before with the development of autoimmune antibodies. At least one type of auto-

immune antibody is present in 90 % of all T1D cases. The antibodies themselves are not 

directly pathogenic but their number is clearly correlated with the speed of disease progression. 

Further characteristics of disease progression are the inflammatory infiltration of pancreatic 

islets by immune cells (CD8+ T-cells, macrophages, CD4+ T cells, B cells, and plasma cells in 

declining order) and selective T-cell-mediated apoptosis of ɓ-cells. In healthy adult mammals, 

the rate of ɓ-cell-turnover is very low but evidence exists that during obesity, pregnancy and 

the early stages of T1D, the rate can be transiently increased by ɓ-cell proliferation, dif-

ferentiation from stem cells, and trans-differentiation from Ŭ-cells leading to a balance between 

loss and generation of functional ɓ-cells and normal blood-glucose levels. With progressive 

loss of ɓ-cells, islets first lose the ability to react to non-glucose secretagogues followed by an 

impaired first phase of insulin response to glucose stimulation. During this second stage, blood-

glucose levels are already abnormal, and this chronic hyperglycaemia possibly promotes 

disease progression through further apoptosis of remaining ɓ-cells. With clinical onset, appro-

ximately 80 % of ɓ-cells have been destroyed or lost function and the sustained 2nd phase of 

insulin response is impaired as well but some reaction can still be detected, while in patients 

with long-standing T1D almost the entirety of pancreatic islets is insulin-deficient (Figure 4). 

(Atkinson & Eisenbarth, 2001; Scheen, 2004; Fu et al., 2012; Atkinson et al., 2014; DiMeglio 

et al., 2018; Pape et al., 2018; Warshauer et al., 2020) 

 

 

Figure 4: Schematic depiction of the progressi on of T1D. Disease progression from risk factors to 

the destruction of pancreatic ɓ-cells along with complete lack of insulin (DiMeglio et al., 2018). 
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With clinical onset, symptoms of disease are polydipsia and polyuria due to an increased 

concentration of glucose in the blood and increased renal clearance; polyphagia due to a lack 

of glucose reaching the somatic cells; and strong hyperglycaemia. Main diagnostic criteria are 

a fasting blood glucose of > 7 mM, any blood glucose values > 11.1 mM, an impaired reaction 

to oral glucose tolerance testing, impaired secretion of C-peptide, and high values of glycosy-

lated haemoglobin (HbA1c). As mentioned, C-peptide is released equimolar to insulin but its 

lesser hepatic extraction (Polonsky et al., 1986), greater biochemical stability, and longer half-

life in the blood predispose it as diagnostic marker to test for remaining functionality of ɓ-cells 

in diabetes patients. At clinical onset, the amount of secreted C-peptide is about 20 % of that 

found in healthy individuals, coinciding with the finding that approximately 80 % of ɓ-cells are 

destroyed when T1D becomes symptomatic. The other prevalent metabolic marker, HbA1c, is 

an indicator for abnormally high blood-glucose levels in the preceding 3 months since the 

stable binding of glucose to the haemoglobin only occurs during strongly elevated blood-

glucose levels and remains for the entire duration of erythrocyte survival. (Atkinson & Eisen-

barth, 2001; Atkinson et al., 2014; Pape et al., 2018; Warshauer et al., 2020) 

 

2.1.4 Current treatment options  for T1D  

The conventional therapy for T1D is a life-long treatment with multiple daily injections of exo-

genous insulin which was historically isolated from different mammalian species while today 

different human insulin analogues can be produced recombinantly. While there had been con-

cerns in the past about a higher immunogenicity of bovine and porcine insulin than of the 

human variant, a meta-analysis of controlled trials disproved this with no detectable difference 

concerning metabolic control (determined by HbA1c values), fasting plasma glucose values, 

required insulin dose, and presence of antibodies. Instead of species of origin, immunogenicity 

of insulin was influenced mainly by the purity of the preparation. (Richter et al., 2002) 

Implementation of insulin injections as therapy for T1D meant the illness was no longer fatal in 

the short-term. However, over time it was shown that subcutaneous delivery of regular insulin, 

which is injected 30-60 min before a meal and calculated according to the carbohydrate content 

of the meal, is no true substitute for endogenous insulin production since it is nearly impossible 

to achieve adequate metabolic control to avoid disease-related complications. The main rea-

sons for this are on the one hand, that subcutaneously injected insulin, in contrast to insulin 

secreted by the pancreas into the portal vein, reaches the liver at far lower concentrations than 

necessary to suppress hepatic glucose output which is usually controlled by the acute phase 

of stimulated insulin release. On the other hand, the risk of acutely dangerous severe hypogly-

caemia from excess insulin limits the chance of reaching euglycaemia. To mitigate these draw-

backs, over time many different insulin analogues with adapted pharmacogenetics as well as 

supporting technologies were developed. Improvement of pharmacogenetics concentrated on 
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time-controlled and less variable absorption for example with amino acid modifications interfe-

ring with multimer formation. To date, insulin analogues ranging from ultra-fast (effective within 

minutes) to ultra-long (effective for up to 42 h with minimal peaks) are available. With a combi-

nation of ultra-long insulin analogues to cover the basal requirements, ultra-fast acting ana-

logues which are given shortly before a meal and continuous real-time glucose monitoring via 

subcutaneous sensors, in a rising number coupled to autonomous insulin pumps, metabolic 

control has improved by far with lower HbA1c values and less (nocturnal) hypoglycaemia. 

(Atkinson & Eisenbarth, 2001; Atkinson et al., 2014; Warshauer et al., 2020) 

Nevertheless, even with these improvements only a minority of patients reach HbA1c levels 

comparable to healthy individuals (Foster et al., 2019), episodes of severe hypoglycaemia and 

diabetic coma cannot be ruled out completely (Miller et al., 2015), and overall life expectancy 

of individuals with long-standing T1D is reduced by 8-13 years (Livingstone et al., 2015; 

DiMeglio et al., 2018;).  

In general terms, acute hypoglycaemia is immediately life-threatening, and recurrent hypogly-

caemic episodes can lead to hypoglycaemic unawareness which increases the risk of further 

episodes. In addition, long-term hypoglycaemia is associated with reduced cognitive function. 

While acute hyperglycaemia can also result in a diabetic coma, hyperglycaemia-induced com-

plications are more prevalent as long-term effects on the vasculature as a result of frequent 

episodes of increased blood-glucose levels. On a microvascular level, this can result in retino-

pathy, nephropathy, and neuropathy; on a macrovascular level, complications primarily mani-

fest atherosclerosis and cardiovascular diseases. While the occurrence of these complications 

can be reduced with intensive insulin therapy, the disease remains a medical, but also psycho-

logical and financial burden. (Atkinson & Eisenbarth, 2001; Atkinson et al., 2014; Pape et al., 

2018; Warshauer et al., 2020) 

As the vast majority of T1D cases are immune-mediated and a later onset and extended pre-

sence of C-peptide are associated with fewer complications, many efforts have been under-

taken to preserve the function of the remaining ɓ-cells after symptomatic onset and possibly 

replenish ɓ-cell-mass over time through immunosuppression or immunomodulatory measures. 

Research in this area has focused on engineered antibodies against activated islet-specific 

T- and B-cells, generation of immunomodulatory T regulatory cells to restore immune-toler-

ance, desensitisation with immunogenic peptides, and even bone-marrow transplants ï all with 

varying amounts of success but no clear breakthrough yet. (Atkinson & Eisenbarth, 2001; 

Atkinson et al., 2014; Warshauer et al., 2020) 

The only truly functionally curative treatment remains the replacement of functional ɓ-cells 

which can be achieved only via organ or islet / tissue transplantation. In future, it could also be 

possible to restore glucose-dependent insulin response through the transplantation of in vitro 

differentiated insulin-producing cells from stem cells (Rezania et al., 2014).  
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2.2 Surgical replacement of ɓ-cell s 

To date, restoration of ɓ-cell mass is possible through either whole pancreas or isolated islet 

transplantation, whereby the surgical procedure for whole organ transplantation is riskier than 

the far less invasive islet transplantation. Both procedures increase the glycaemic control of 

patients by far, but for a long time whole pancreas transplantation has had a higher likelihood 

of resulting in insulin-independence while the vast majority of patients receiving islet trans-

plantations remained dependent on external insulin. However, with growing experience and 

improved protocols in islet transplantation centres around the world, clinical outcomes between 

the procedures are levelling out. (Ludwig et al., 2010; Shapiro et al., 2017). 

 

2.2.1 Islet t ransplantation  

For islet transplantation, pancreatic islets from cadaveric donors are isolated with collagenase 

digestion, purified, kept in cell culture medium for at least 24 h for quality control and further 

purification, transferred to a sterile infusion bag with heparin to reduce the risk of coagulation 

and transplanted into the portal vein of the recipient by gravity infusion (Shapiro et al., 2017).  

With refined protocols for increased safety and efficacy, the procedure has been declared a 

standard therapy for selected patients in a number of North American and European countries 

since 2001 (Welsch et al., 2019). After infusion into the portal vein, ideally the islets settle into 

small capillaries and are revascularised over a time of 10-14 days. Infusion into the portal vein 

had shown early success and is now an established method so that today up to 70 % of the 

recipients achieve insulin-independence initially (Shapiro et al., 2017). It has been shown over 

the years however, that the liver is not an ideal transplantation site for islets anatomically, 

physiologically and immunologically. Mainly due to early hypoxia, coagulation, and an instant 

blood mediated inflammatory reaction (IBMIR), a considerable number of islets are lost shortly 

after transplantation (Van Der Windt et al., 2007; Pepper et al., 2018;), so in many cases islets 

from two donors are required to achieve euglycaemia in the recipient (Emamaullee et al., 

2006). IBMIR is a result of the direct non-physiological contact of the islets with blood in the 

hepatic capillaries which initiates complement activation and clotting. This, in turn, can result 

in thrombosis and ischemia of hepatic tissue due to blocking of capillary ends. A high loss of 

transplanted ɓ-cell-mass is critical, since the transplantation outcome mainly depends on the 

number of functional islets in the recipient (Shapiro et al., 2017), yet the number of transplanted 

islets cannot be increased without restriction to prevent an inner-hepatic rise of blood pressure 

and an increased clogging of capillaries (Cantarelli & Piemonti, 2011). Furthermore, the place-

ment within the liver chronically exposes the transplanted islets to unphysiologically high levels 

of nutrients but also to many toxic substances and a high level of immunosuppressive drugs 

(Cantarelli & Piemonti, 2011).  
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Alternative transplantation sites such as the gastric submucosa, skeletal muscle, omentum or 

bone marrow have been tested in preclinical studies, some with promising results (Cantarelli 

& Piemonti, 2011). Despite this, the liver remains the sole transplantation site at which insulin-

independence could be achieved clinically so far (Pepper et al., 2018), likely because of 

prolonged hypoxia at alternative sites (De Groot et al., 2004). 

As with any transplantation, immunosuppression is mandatory in case of allogeneic islet trans-

plantation to prevent allo-rejection even with a high level of Major Histocompatibility Complex / 

Human Leucocyte Antigen (MHC/HLA) compatibility. Immunosuppressive regimens for early 

islet transplantations in the 1990ies relied on the use of corticosteroids which are effective 

immunosuppressants but toxic to islets. Transplantations were only sporadically successful 

until the publication of the so-called Edmonton protocol which introduced a corticoid-free im-

munosuppressive regimen in 2000 (Shapiro et al., 2000; Bruni et al., 2017; Rickels & Robert-

son, 2019). Since then, protocols have been refined further so that success rates for islet 

transplantation are now comparable to those of whole pancreas transplantation, with 50-70 % 

of patients becoming insulin-independent initially (Shapiro et al., 2017). However, long-term 

immunosuppression remains challenging since many immunosuppressive agents, especially 

calcineurin inhibitors which block interleukin 2 (IL-2) mediated T-cell activation, lead to a 

reduction in insulin secretion, can interfere with angiogenesis and ɓ-cell-proliferation, and are 

directly toxic to the kidneys which are already affected by continual hyperglycaemia in T1D 

(Cantarelli & Piemonti, 2011; Shapiro et al., 2017). In addition, long-term immunosuppression 

results in a strongly increased risk for infectious diseases and the development of tumours 

(Shapiro et al., 2017; Rickels & Robertson, 2019; Warshauer et al., 2020). 

Even in case of successful engraftment and initial insulin-independence, in a not insignificant 

number of patients there is a progressive loss of function of transplanted islets resulting in 

recurring dependence on exogenous insulin (Welsch et al., 2019). In light of these disadvan-

tages, transplantations for T1D patients are only performed in case of pancreas resection, 

concurrent or prior kidney transplantation due to diabetes-induced nephropathy which require 

immunosuppression in any case, or for patients with severely labile glucose control (War-

shauer et al., 2020).  

However, even with a return to insulin-dependence, the vast majority of recipients still retain 

endogenous secretion of C-peptide. As a direct result these patients still exhibit a far greater 

glycaemic control even 10 years after transplantation and fewer complications than patients 

treated with improved sensor / pump systems (Shapiro et al., 2017; Pepper et al., 2018). It 

would therefore be preferable to extend this therapeutic option to a far wider range of patients 

which necessitates an alleviation of the disadvantages and the procurement of alternative 

sources of insulin-producing cells as even with the present select group of recipients there is 

a severe shortage of donors. Potential unlimited sources of insulin-producing cells are 
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embryonic stem cells that can be differentiated into ɓ-cells, and xenogeneic pancreatic islets. 

However even in case of differentiated stem cells the fact remains, that T1D is an auto-immune 

disease selectively destroying ɓ-cells. The use of xenogeneic islets on the other hand almost 

inevitably results in hyperacute rejection due to xeno-reactive components of the innate 

immune system, the intensity of which increases the less related the species are (Van Der 

Windt et al., 2012; Cooper et al., 2016).  

 

2.2.2 Xenotransplantation  

Xenogeneic transplantation provides a very attractive alternative due to the near limitless 

source of donor organs. So far, this approach has been hampered by immunological incompati-

bilities between species that surpass those present in allotransplantation.  

In xenotransplantation with human recipients, the most closely related and most similar in 

terms of anatomy, physiology and immunology are of course different primate species. The 

use of such species as organ donors, apart from questions of ethics, has a number of disad-

vantages though, such as low availability due to slow growth and low number of offspring, high 

cost, oftentimes inadequate organ size, as well as lack of experience with genetic engineering 

(Cooper et al., 2015). Less similar, but adequate in terms of anatomy, physiology and immuno-

logical protection, in addition to quicker growth, a much higher number of offspring and a more 

adequate organ size, and therefore a more realistic donor species are domestic pigs (Korbutt 

et al., 1996; Cooper et al., 2015). Especially relevant for the transplantation of pancreatic islets 

are the similarities in blood glucose ranges and the insulin molecule. Porcine islets cover a 

comparable range of metabolic fluctuations to human islets (Pellegrini et al., 2016) with fasting 

blood glucose values of 4-5 mM in humans (Fu et al., 2012) and 5-6 mM in pigs (Manell et al., 

2016). Additionally, as mentioned, porcine insulin differs from human insulin in only a single 

amino acid (Richter et al., 2002).  

However, the immunological differences between donor and recipient are more severe in xeno- 

than in allotransplantation. In general, one major barrier to the use of xenogeneic organs are 

natural, or pre-formed, human antibodies against a number of antigenic surface markers. The 

most important of these surface markers is Ŭ-galactose-1,3-galactose (Ŭ-gal), a carbohydrate 

present in the cell membrane of most mammalian species excepting human beings and old 

world primates. Recognition of this structure leads to hyperacute rejection of the transplanted 

organ, which is defined as the destruction of the donor organ within 24 h after transplantation 

via antibody-mediated complement activation, injury of endothelial tissue, followed by throm-

bosis and finally interstitial haemorrhage. If hyperacute rejection is successfully controlled, 

further hurdles are the development of an adaptive immune response and thrombotic micro-

angiopathies which result from incompatibilities between the porcine and human coagulation 

cascades, or even the presence of a constant low-level inflammation leading to chronic 
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rejection. Genetic engineering of pigs has offered many possibilities: for example in Ŭ-1,3-

galactosyltransferase-knockout pigs hyperacute rejection is successfully controlled leading to 

far improved lengths of survival, but consistent graft function has still been difficult to achieve 

even with islets from multi-transgenic pigs. (Bottino et al., 2014; Cooper et al., 2016; Rosales 

& Colvin, 2019) 

Pertaining to islet-xenotransplantation, promising research has been published for the survival 

and function of adult and neonatal porcine islets in different primate species for several months. 

However, to date, it was not possible to show consistent graft function and survival. Further-

more, even with genetically altered donor animals heavy immunosuppression remains a ne-

cessity to prevent graft rejection. (Cardona et al., 2006; Hering et al., 2006; Thompson et al., 

2011; Shin et al., 2015; Cooper et al., 2016) 

The use of adult animals is mandatory for whole organ transplantations due to organ sizes, 

and neonates are not a viable option. On the other hand, this is not a consideration pertaining 

to isolated pancreatic islets, where other factors become more important such as the high 

fragility and comparably low survival of adult islets in vitro. Taken together with the danger of 

viral transmission and the fact that the quality of islets strongly depends on the conditions in 

which the animals were reared along with their age and health, this complicates clinical appli-

cation of adult porcine islets. (Clayton et al., 1996; Korbutt et al., 1996; MacKenzie et al., 2003)  

In contrast to this, neonatal porcine islet-like cluster (NICC) are easy to isolate in reproducibly 

good quality with clinical-grade purity and remain stable and show higher vitality in vitro (Ema-

maullee et al., 2006). In addition, NICC display an increased resistance towards hypoxia-indu-

ced apoptosis (Emamaullee et al., 2006; He et al., 2018) and to the human pro-inflammatory 

cytokines IL-1ɓ, TNF-Ŭ, and IFN-ɔ (interleukin 1ɓ, tumour necrosis factor Ŭ, interferon ɔ) which 

are known to be cytotoxic to human islets (Harb et al., 2007) making them promising candi-

dates for islet transplantation. As is common for neonatal pancreatic islets compared to adult 

islets, NICC contain a comparably low number of ɓ-cells, and need to mature for 6-8 weeks 

either in vitro or in vivo before showing an adequate metabolic reaction and normalising blood-

glucose levels (MacKenzie et al., 2003; Emamaullee et al., 2006; Elliott et al., 2007; Köllmer 

et al., 2016; He et al., 2018; Li et al., 2019). Isolated NICC mature into fully functional islets, 

but show slightly different cellular composition than isolated adult islets. Matured NICC contain 

only 6 % non-ɓ-cells, whereas this ratio is approximately 20 % in isolated adult porcine islets 

(Yoon et al., 1999). The main advantage of adult porcine islets over NICC is that they barely 

express Ŭ-gal, whereas NICC show very high levels of the antigenic carbohydrate (Van Der 

Windt et al., 2007; Cooper et al., 2016;) which heightens the need for intense immuno-

suppression.  
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2.2.3 Encapsulation of islets  

To avoid the complications associated with immunosuppression, prevent allo- or xeno-rejec-

tion and heighten the availability of islet transplantation for a broader range of patients, the en- 

capsulation of islets is an attractive and heavily researched strategy. Encapsulation approach-

es can be divided into two main strategies, micro- and macroencapsulation (Figure 5). Com-

mon to all approaches is that they are based on semi-permeable materials that are permissive 

for small molecules such as oxygen, nutrients and insulin, but form a barrier for immune cells 

and preferably also for antibodies and inflammatory cytokines (De Vos & Marchetti, 2002; 

Calafiore et al., 2006; Farney et al., 2016).  
 

 

Figure 5: Schematic depicti on of encapsulation approaches.  A) Microencapsulation: Each indivi-

dual islet is covered by a thin layer of hydrogel. B) Macroencapsulation: A large number of islets is col- 

lectively encased in a macroscopic hydrogel-based device. 

 

2.2.3.1 Alginate as  encapsulation  material  

The majority of approaches for islet encapsulation is based on a protective layer of alginate 

which is a linear anionic polysaccharide found in brown algae comprised of (1,4)-linked ɓ-D-

mannuronate (M) and Ŭ-L-guluronate (G) residues arranged in varying M, G, or MG blocks 

(Figure 6 A). Alginates for research are usually available as water-soluble alginic acid sodium 

salts in varying grades of molecular weight (Mw). Alginate can easily be crosslinked at room 

temperature and neutral pH by a number of different multivalent cations resulting in different 

gel characteristics, although only Ca2+, Sr2+, and low concentrations of Ba2+ are not toxic to 

cells at low concentrations (Smidsrød & Skjåk-Braek, 1990). While there is evidence that Ba2+ 

can also bind M residues, the divalent cations mainly bind to blocks of G residues, and cross-

linking of alginate chains results in a characteristic ñegg-boxò structure of reversibly intercon-

nected molecules (Figure 6 B). Strength of crosslinking increases from Ca2+ via Sr2+ to Ba2+, 

but naturally also with the amount of G-residues. Due to their high capacity for binding water, 

high biocompatibility, permeability for oxygen and nutrients, and gelation under mild crosslink-

ing conditions, alginate hydrogels are suitable for cell encapsulation and have been success-

fully used with a range of different cell types including hepatocytes, mesenchymal stem cells 

(MSC), and pancreatic islets. Furthermore, important in regards to clinical applicability, alginate 

has been approved for medical use by the U.S. Food and Drug Administration e.g. as wound 

covering. (Martinsen et al., 1989; Smidsrød & Skjåk-Braek, 1990; Gombotz & Wee, 1998; Kuo 

& Ma, 2008; Hunt et al., 2009; Lee & Mooney, 2012) 
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For soft tissue engineering (TE) applications, alginate hydrogels are ideally suited not only 

because of their cell compatibility, but also to a large part because mammalian species lack 

enzymes to cleave the alginate chains and thereby degrade the gels (Lee & Mooney, 2012). 

Especially relevant for TE applications is the immunogenicity of a given material and while algi- 

nate has been shown to be biocompatible in a myriad of studies over the years, there has often 

been a lack of reproducibility in biocompatibility studies with highly differing amounts of immune 

reaction and fibrotic overgrowth which strongly impacts diffusion through the membrane and 

thereby cell survival (Dusseault et al., 2006). This has in parts been attributed to the use of 

M-rich alginates which might leak and provoke an immune response, but more likely is a result 

of impurities in the alginate preparations (De Vos et al., 1997a; Ertesvåg & Valla, 1998; Orive 

et al., 2002; Draget & Taylor, 2011). Since alginates are isolated from algae, many commer-

cially available preparations contain various impurities (Klöck et al., 1994), and in the past a 

large focus of research has been on the development of purification protocols. The conta-

minants can leak out from the crosslinked hydrogels and elicit an immune response through 

their sole presence, but could also affect the morphology and biocompatibility of alginate 

coatings by reducing the intrinsic wettability of the gel and interfere with the interaction between 

single chains during crosslinking (Tam et al., 2006). Proper purification of the alginate prepa-

rations has been shown to greatly reduce fibrotic overgrowth (De Vos et al., 1997b; Mallett & 

Korbutt, 2009), influence survival of pancreatic islets in vitro (Langlois et al., 2009) or even to 

completely prevent an immune response (Rokstad et al., 2011; Lee & Mooney, 2012). 
 

 

Figure 6: Alginate.  A) Structure of alginate with ɓ-D-mannuronate (M) and Ŭ-L-guluronate (G) in the 

top row, linked molecules in the middle and a schematic depiction of M, G and MG block in the bottom 

row (Draget & Taylor, 2011). B) Crosslinking of alginate with divalent cations binding to the G residues 

resulting in a characteristic ñegg-boxò structure (Smidsrød & Skjåk-Braek, 1990). 

 

2.2.3.2 Alginate -based islet encapsulation approaches  

The general feasibility of encapsulating pancreatic islets of different species in either micro- or 

macrocapsules while retaining their functionality has been described in a number of preclinical 

but also clinical studies in different species over the years. The main difference between the 
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approaches is that in microencapsulation each capsule only contains a single islet encased in 

a thin protective layer of hydrogel, whereas in macroencapsulation the device can hold the 

entire transplant volume (De Vos & Marchetti, 2002; Dimitrioglou et al., 2019). For both, micro- 

and macroencapsulation of islets, alginate has been shown to be a promising candidate as it 

creates a barrier which is impermeable for cells of the immune system, yet barely impacts the 

diffusion of glucose and insulin whereby the functional response of islets can be retained 

(Rayat et al., 2000; Omer et al., 2003; Bochenek et al., 2019). 

Microencapsulation of islets (Figure 5 A) is usually achieved by suspending the islets in a low-

viscosity hydrogel solution such as alginate and generating small droplets by air-flow or electro-

static forces which are dropped into crosslinking solution, generally resulting in bead sizes be- 

tween 200 and 800 µm in diameter (Van Schilfgaarde & De Vos, 1999; Gasperini et al., 2014; 

Scharp & Marchetti, 2014; Salg et al., 2019).  

The main advantage of microencapsulation is the minimal diffusion distance improving the 

supply with oxygen and nutrients as well as the reaction time to glucose stimulation while still 

retaining the immunoprotective barrier function. While alginate acts as a barrier to all cells of 

the immune system, small molecules such as antibodies and cytokines can diffuse through the 

membrane, and, especially for microencapsulation, large efforts have been undertaken in the 

past to reduce the permissiveness of the capsules for all components of the immune system. 

This can be accomplished by encasing the droplets in an additional layer, this one a polyamine 

layer such as poly-lysine. Polyamines are immune-reactive though, especially if the binding to 

the alginate layer is incomplete which happens with the use of high-G alginates, necessitating 

a further layer of alginate, which in turn increases the diffusion distance. (Uludag et al., 2000; 

De Vos et al., 2003; Scharp & Marchetti, 2014; Köllmer et al., 2016; Strand et al., 2017) 

These additional layers can improve biocompatibility simply by reducing the frequency of in-

complete capsules which occur through gravity pulling the islets towards the lower rim of the 

droplet during the fall into the crosslinking solution (Van Schilfgaarde & De Vos, 1999; Rokstad 

et al., 2014; Scharp & Marchetti, 2014). On the other hand, a similar improvement in immuno-

protection as with the polyamine layer can also be achieved by using a stronger crosslinking 

agent such as Ba2+ (Duvivier-Kali et al., 2001), whereas the additional tight polyamine layer 

reduces islet survival by promoting the accumulation of metabolic waste products within the 

capsule (De Vos et al., 2003) and has been shown to negatively impact insulin release (De 

Haan et al., 2003). Furthermore, the use of additional polyamine layers seems to reduce the 

function of xenogeneic islets (Köllmer et al., 2016). 

Microencapsulation approaches have the advantage of short diffusion distances through a 

favourable surface-to-volume ratio (Salg et al., 2019), but if the individual islet capsules are in 

close vicinity they tend to clump, resulting in necrotic centres (Bochenek et al., 2019). 

Furthermore they are almost impossible to retrieve in case of graft failure, and to achieve 
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normoglycaemia in human beings 5,000-10,000 islet equivalents (IEQ, the standardised esti-

mation between islet number and volume) per kg body weight are required (McCall & Shapiro, 

2012; Ludwig et al., 2013). Even with optimised protocols for microencapsulation the size of 

each islet increases by 2-10-fold (300-1000 µm in diameter), resulting in a far greater overall 

transplant volume than with non-encapsulated islets, which limits the choice of suitable 

transplantation sites (Zhu et al., 2018). On the other hand, a study from 2015 indicated that 

the size of microcapsules impacts their immunogenicity with a higher degree of fibrotic capsular 

overgrowth on capsules of 0.5 than of 1.5 mm in diameter (Veiseh et al., 2015) indicating that 

to reduce the immune response the transplant volume would need to increase even further.  

Macroencapsulation of islets (Figure 5 B) is based on collectively encasing a large number of 

islets, which is practical for extrahepatic transplantation sites and provides the possibility of 

achieving a high density of islets in a relatively compact device, so that only a low number of 

devices is needed to reach a curative dose of islets. On the other hand, macroencapsulation 

reduces the surface-to-volume ratio by far. Despite the possibility of high islet densities, a large 

capsule size is necessary to achieve the required IEQ resulting in a further increase in diffusion 

distances which in turn impacts the function of transplanted islets. (Chicheportiche & Reach, 

1988; Korsgren, 2017; Buchwald et al., 2018; Hwa & Weir, 2018) 

Physiologically, pancreatic islets are highly vascularized and supplied with a large amount of 

oxygen, whereas encapsulated islets rely mainly on supply through diffusion. With larger diffu-

sion distances the likelihood of hypoxia within the transplant increases, which has been shown 

to lead to a loss of function in pancreatic islets (Lehmann et al., 2007; Colton, 2014). In light of 

the impact of diffusion distance on oxygenation of islets and insulin release, the main foci of 

macroencapsulation research have been the maximisation of the surface-to-volume ratio, en-

hanced vascularisation, or an external supply of oxygen. Examples for alginate-based macro-

encapsulation approaches which combine a high surface-to volume ratio with sufficient stability 

are the TRAFFIC device, an alginate covered nylon fibre presented by An et al. (An et al., 

2017), or an alginate-filled honeycomb structure developed by Marchioli et al. (Marchioli et al., 

2015). A successfully applied approach for an external supply with oxygen is the ñbeta-Airò 

device that has also been shown to provide full immunoprotection (Barkai et al., 2013; Ludwig 

et al., 2013; Carlsson et al., 2018). In contrast to microencapsulation approaches, macroscopic 

devices have already been commercialized in some cases, such as the ñbeta-Airò and the so-

called ñislet sheetò (Lamb et al., 2011) which are both alginate-based, but also others such as 

the ñTheraCyteò (Kumagai-Braesch et al., 2013) and the ñCellpouchò device (Pepper et al., 

2015), the exact compositions of which are confidential. Even with thin planar devices with a 

large surface-to-volume ratio, the upscaling to curative doses of islets remains challenging 

though (Hwa & Weir, 2018). 
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2.2.3.3 Transplantation of encapsulated islets  

For both, micro- and macroencapsulation, a number of pre-clinical but also preliminary clinical 

studies have been undertaken with varying results over the years. The species chosen as 

donors and recipients were mice, rats, pigs, primates and humans in most cases, while studies 

with bovine and canine islets remain a minority.  

For alginate-based microencapsulation, many promising studies in rodents have been con-

ducted showing biocompatibility and stability of the capsule materials in vivo as well as survival 

and function of the transplanted islets for extended periods of time. Both, alginate-polycation 

(De Vos et al., 2003) and simple alginate (Duvivier-Kali et al., 2001; Schneider et al., 2005; 

Veiseh et al., 2015) capsules were shown to be immunoprotective and containing functional 

islets for more than 6 months. Furthermore, the xenogeneic transplantation of encapsulated 

human islets into immune-competent mice led to a normalisation of the blood-glucose regu-

lation for up to 9 months (Schneider et al., 2005). Overall, these remarkable results from small 

animals have been difficult to transfer to primates however (Tuch et al., 2009; Scharp & 

Marchetti, 2014; Carlsson et al., 2018): With allogeneic transplantation of encapsulated islets 

from human donors it was possible to achieve sufficient immunoprotection for up to 3 years, 

but while a reduction in the requirement of exogenous insulin and circulating C-peptide could 

be observed (Tuch et al., 2009; Basta et al., 2011), none of the patients reached insulin-

independence. It could be possible to improve these results with chemically modified alginates 

which have shown promise in nonhuman primates (NHP), but long-term studies on these algi-

nates in vivo have yet to be published (Bochenek et al., 2019). For the xenogeneic trans-

plantation of porcine islets, a striking first success was achieved by Sun et al. with alginate-

polylysine-alginate encapsulated porcine islets transplanted into nonhuman primates without 

immunosuppression. Out of the 9 NHP used in that study seven became insulin-independent 

initially, and one remained so for more than 2 years (Sun et al., 1996). To date, it has not been 

possible to replicate this accomplishment in NHP (Elliott et al., 2005; Dufrane et al., 2006), or 

human patients (Elliott et al., 2000; Matsumoto et al., 2014; Matsumoto et al., 2016) though, 

with neither adult nor neonatal porcine islets being able to reverse the diabetic condition. On 

the other hand, xenotransplantation studies of adult porcine islets into rodents led to a norma-

lisation of blood glucose (Cappai et al., 1995; Duvivier-Kali et al., 2004) and encapsulated 

NICC were shown to mature in vivo followed by a normalisation of blood-glucose levels (Omer 

et al., 2003).  

Comparable to microencapsulation, different macroencapsulation devices, some of them algi-

nate-based, have shown remarkable promise in rodents with full reversal for up to 6 months 

after syngeneic (Lacy et al., 1991; Pileggi et al., 2006) and allogeneic transplantation without 

immunosuppression (Barkai et al., 2013; An et al., 2017). As the transplantation of rodent islets 

into larger beings such as humans is not feasible due to the high number of islets required, 
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studies with NHP or human patients concentrated on the use of human or porcine islets. While 

it was possible to achieve complete immunoprotection resulting in the survival of porcine islets 

transplanted xenogeneically between several months and 10 years (Elliott et al., 2007; Dufrane 

et al., 2010; Vériter et al., 2014; Ludwig et al., 2017), functionality was lost over time. Overall, 

none of the macroencapsulation strategies tested in pre-clinical and clinical trials could show 

clear evidence for fully functional encapsulation strategy, since especially the normalisation of 

blood-glucose levels could only be achieved in a small number of patients for a finite amount 

of time in each case (Hwa & Weir, 2018; Zhu et al., 2018; Dimitrioglou et al., 2019).  

 

2.3 3D bioprinting  in medical research  

In general, macroencapsulation approaches have a number of advantages for the transplan-

tation of pancreatic islets, yet the upscaling to clinically relevant sizes and especially to clini-

cally relevant islet densities remains a major challenge, mainly due to increasing diffusion 

distances (Hwa & Weir, 2018; Bochenek et al., 2019). The development of macrocapsules with 

defined macropores to increase the surface-to-volume ratio therefore seems to be a promising 

strategy, which can be realised by employing 3D printing. 

Over the last 30 years, 3D bioprinting, or computer-aided additive manufacturing, developed 

into a broad research field with a variety of technologies for different medical applications, such 

as the generation of patient-specific implants supportive structures, or patient-individual mod-

els for the planning of surgeries and prosthetics (Bauermeister et al., 2016; Tack et al., 2016; 

Yan et al., 2018). Another field of application is TE research, i.e. the generation of patient-

individual tissue constructs containing live cells which can also be supplied with bioactive drugs 

or proteins such as for the induction of vascularization or the prevention of inflammation (Billiet 

et al., 2012). If live cells are to be used, the material characteristics are a viscosity which does 

not impair cell survival through shear stress but allows for shape fidelity until crosslinking under 

physiological conditions. Further requirements are cytocompatibility, the support of cellular 

functions, and, depending on the application, either biodegradability or stability in vivo 

(Badwaik, 2019). 

 

2.3.1 Extrusion -based 3D bioprinting  

Additive manufacturing techniques in general are used to create layered structures. The most 

promising of these for the generation of volumetric cell-containing constructs is extrusion-

based 3D printing (Figure 7 A), in this case termed 3D bioprinting (in the present thesis referred 

to as bioplotting or plotting), whereby the layers are deposited strand by strand. This technique 

enables the generation of macroporous constructs (scaffolds) in clinically relevant sizes and a 

variety of shapes (Figure 7 B) from highly-viscous materials with high cell densities. Further-

more, with multichannel plotting, different materials and cell types can be used simultaneously 
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and with precise spatial distribution within a scaffold (Figure 7 C). Plotting has so far been used 

successfully with a variety of different cell types such as fibroblasts, chondrocytes, hepato-

cytes, and MSC as stated in recent reviews (Badwaik, 2019; Matai et al., 2020).  

Apart from a wide variety of cell types, a multitude of materials have been investigated for the 

plotting of cells, but to date alginate remains one of the most commonly used biopolymers and, 

as mentioned, is also often employed for islet encapsulation. At low concentrations, the matrix-

forming alginate supports the survival of different cell types, however, as reviewed by Malda 

et al. alginate solutions with a low polymer content have a very low viscosity whereas 

successful plotting requires a highly viscous shear-thinning hydrogel (blend) to achieve shape-

fidelity during the plotting process (Malda et al., 2013). Increasing the viscosity of alginate can 

be achieved by creating a blend with other biopolymers such as methylcellulose (MC), which 

is known for its use as a thickening agent in food industry (Coffey et al., 2006). The addition of 

MC to an alginate solution creates a highly viscous hydrogel blend ideal for plotting which to 

the best of the authorôs knowledge was first published by Sch¿tz et al. from our group (Schütz 

et al., 2017, published online 2015). With the increased viscosity of this blend it was possible 

to create scaffolds with up to 50 layers with lasting shape fidelity during the plotting process 

prior to crosslinking (Figure 7 B).  
 

 

Figure 7: 3D bio plotting . A) Schematic depiction of extrusion-based plotting using two different materi-

als. B)  Plotted 3D scaffold consisting of 3 % alginate & 9 % methylcellulose (Alg/MC). Scale bar = 1 mm. 

(Schütz et al., 2017) C) Scaffold created by multichannel plotting with alternating strands of Alg/MC 

containing algae (Chlamydomonas reinhardtii) in green, and strands of Alg/MC containing SaOS-2, cells 

from a human bone osteosarcoma cell line, in blue. Scale bar = 3 mm. (Lode et al., 2015) 

 

Furthermore, the blend supported survival and differentiation of MSC. The same blend was 

later used by Li et al. in 2017 for plotting of mouse fibroblasts, who did not incorporate the cells 

into the blend prior to plotting though but plotted material and cell layers alternatingly (Li et al., 

2017). In a following study by our group performed in collaboration with this author, the blend 

consisting of 3 % alginate and 9 % methylcellulose (Alg/MC) was further characterised in terms 

of the influence of different sterilisation methods on MC. In a comparison between autoclaving, 
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supercritical CO2 (scCO2) treatment, ɔ-irradiation, and ultraviolet (UV) irradiation, especially 

the highly energetic ɔ-irradiation was shown to impact the Mw of MC and thereby the plottability 

of the blend, whereas use of scCO2 negatively influenced cytocompatibility (Hodder et al., 

2019). Within the blend MC provides stability during the plotting process and increases the 

shear-thinning properties, thereby enabling the fabrication of macroporous scaffolds. Further-

more the simple presence of non-crosslinked MC within, but likely also its release from the 

crosslinked alginate network creates microporosity within the scaffold strands (Schütz et al., 

2017; Hodder et al., 2019). It has also been shown that this microporosity can at least partially 

be tailored by the amount of MC used and could influence cell viability (Gonzalez-Fernandez 

et al., 2019). 

 

2.3.2 Biop lotting  of islets  

With the use of plotting for the encapsulation of pancreatic islets, it could be possible to com-

bine the advantages of micro- and macroencapsulation, that is encase a large number of islets 

together in a single scaffold for extra-hepatic transplantation and easy retrieval while retaining 

short diffusion distances. Furthermore, pancreatic islets could be plotted together with suppor-

tive cell types such as MSC with complete control over the spatial distribution of both cell types 

(Yue et al., 2016). 

Despite the advantages so far only few studies on applying 3D printing techniques for diabetes 

therapies have been published, and of these the majority describe 3D printed matrices which 

are retrospectively filled with islets, not bioplotted constructs. 3D printed matrices usually con-

sist of poly-lactic acid or poly(lactic-co-glycolic acid). Such matrices were shown to improve 

culture time when filled with extracellular matrix (ECM)-based gels (Daoud et al., 2011), or to 

support stem cell (SC)-derived insulin-producing cells, human islets, and pancreatic organoids 

when filled with fibrin, platelet lysate, and collagen / Matrigel respectively (Farina et al., 2017; 

Song & Millman, 2017; Soltanian et al., 2019). All of these gels are biodegradable in the human 

body though, and do not provide long-term protection from the immune system. On the other 

hand, 3D printing was recently also employed to generate a stable microporous surrounding 

structure for an alginate sheet containing cells of the insulin producing cell line INS-1 (Espona-

Noguera et al., 2019).  

Plotting of islets is a more complex issue, as in addition to the requirements for normal encap-

sulation, i.e. immune protection and support of functionality, it is also required that the hydro-

gels are viscous enough to remain stable until crosslinking, which often interferes with the 

diffusion of glucose and insulin. The first publication reporting on bioplotted islets was by Mar-

chioli et al. who used a hydrogel blend consisting of 4 % alginate and 5 % gelatine, and could 

show a high viability but no functionality. As the human islets recovered functionality after re-

moval from the bioplotted constructs and the diffusion of glucose was shown to be slower than 
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in plain alginate, it is likely that the dense meshwork of the scaffold interfered with the 

functionality through impaired diffusion of glucose and insulin (Marchioli et al., 2015). Improved 

functionality of human and murine islets and SC-derived insulin producing cells in porcine 

ECM-based gels were shown in a study by Kim et al. who reported functionality of islets in the 

blend but did not explicitly show functionality in plotted scaffolds (Kim et al., 2019). Further-

more, the ECM-based material is likely to lack immunoprotective properties due to its fast 

biodegradability. Probable immunoprotection through the use of 2 % alginate with 7.5 % 

methacrylated gelatine and the co-plotting of a second cell type was presented by Liu et al. 

(Liu et al., 2019). They employed the so-called core-shell technique to plot murine islets in the 

protected core surrounded by a shell containing endothelial progenitor cells. However, in this 

study it was again possible to show high islet survival but no functional response to glucose 

stimulation.  

In summary, to date it was possible to show viability but no satisfactory functionality of 3D 

bioplotted human and murine islets embedded in different materials.   
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3 Materials & Methods  

3.1 Cell culture  

3.1.1 Cell lines  

Human telomerase reverse transcriptase immortalized mesenchymal stem cells (hTERT-

MSC) (Böker et al., 2008) were kindly provided by Prof. Matthias Schieker (Laboratory of Ex-

perimental Surgery and Regenerative Medicine, Ludwig Maximilian University, Munich, Ger-

many). hTERT-MSC were stored in freezing medium (Cryo-SFM; PromoCell, Germany) in 

liquid N2 and were cultured in Ŭ-MEM (Biochrom, Germany) supplemented with 10 % (v/v) fetal 

bovine serum (FBS; Gibco® by ThermoScientific, USA), 100 U/ml Penicillin / 100 ɛg/ml Strepto-

mycin (Life Technologies, USA) and 1 % (v/v) L-glutamine (Life Technologies). Medium was 

changed every 3-4 days. For cell expansion, 1x106 hTERT-MSC were plated per T175 flask 

and sub-cultivated once a week at approximately 80 % confluency.  

Rat insulinoma derived INS-1 cells were a kind donation from Prof. Emeritus Claes B. Wollheim 

(MD Department of Cell Physiology and Metabolism University Medical Center 1, Geneva, 

Switzerland). INS-1 were stored in Cryo-SFM at -80°C and cultured in RPMI 1640 (Gibco) 

supplemented with 10 % (v/v) heat-inactivated FBS (HI-FBS), 20 mM HEPES pH 7.4 (Roth, 

Germany), 100 U/ml Penicillin / 100 ɛg/ml Streptomycin, 1 mM sodium pyruvate (AppliChem, 

Germany), 2 mM L-glutamine, and 50 ɛɀ 2-ɀercaptoethanol (Sigma, USA). Medium was 

changed every 2-3 days. For expansion of cells, INS-1 were plated at a density of 1x107 per 

T175 flask and sub-cultivated twice a week at approximately 70 % confluency.  

Adherent cell lines were cultured at 37°C and 5 % CO2. For sub-cultivation or use in experi-

ments, adherent cell lines were detached from culture flasks with Trypsin/EDTA (0.05 % Tryp-

sin, 0.02 % EDTA; Biochrom) and cell count was determined after trypan blue (Sigma) staining 

by use of a Neubauer counting chamber.  

 

3.1.2 Primary islets from rat  

All islet isolations from rat were performed according to guidelines established by the 

ñTechnische Universitªt Dresdenò Institutional Animal Care and Use Committee. Pancreata 

were obtained from 10-12 week old wild type female Wistar rats and digested with collagenase 

as described by Barkai et al. (Barkai et al., 2013) with slight modifications. For each of the 

twelve isolations performed within this work, islets from 10 rats were pooled. Briefly, the 

pancreata were infused with 10 ml of glucose-free RPMI 1640 medium without supplements 

(Gibco) containing 1 mg/ml collagenase (Sigma) and 0.1 mg/ml DNase (Roche, Switzerland) 

during the dissection and kept on ice until digestion at 37°C for 13 min. Digestion was stopped 

by addition of ice-cold wash buffer consisting of RPMI 1640 with 5.5 mM glucose and sup-

plemented with 10 % HI-FBS. The tissue was homogenized, and islets were purified by 
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centrifugation using a discontinuous Ficoll-gradient (densities 1.125/1.096g/1.08g/1.069g/cm3 

in Euro Collins Solution; Sigma) for 15 min at 1590 g and 4°C. Purified islets were washed 

twice and kept in culture medium consisting of RPMI 1640 with 5.5 mM glucose, supplemented 

with 10 % HI-FBS, 20 mM HEPES pH 7.4, and 100 U/ml Penicillin / 100 ɛg/ml Streptomycin 

overnight under cell culture conditions. Exocrine debris was then removed manually, islet 

equivalents (IEQ) were determined using dithizone staining (chapter 3.3.2.2, page 33), and 

islets were cultured at 37°C and 5 % CO2 in suspension culture or in plotted scaffolds for up to 

14 days. Medium was changed every other day.  

 

3.1.3 Neonatal porcine islet -like cell clusters  

NICC were isolated at the Gene Center Munich and transferred to Dresden via courier on day 3 

after isolation. Pancreata were obtained from neonatal wild-type pigs < 8 days of age and 

pieces were digested with collagenase at 37°C as described by Korbutt et al. (Korbutt et al., 

1996). Thereafter, the digest was filtered and washed repeatedly with Hankôs Balanced Salt 

Solution (HBSS). NICC were cultured for 3 days in recovery medium consisting of Hamôs 

F12/M199 with protease inhibitors, antioxidants and additional nutrients at the Gene Center. 

After arrival in Dresden, medium was changed to maturation medium consisting of Hamôs F-10 

(Sigma) supplemented with 0.5 % (w/v) bovine serum albumin (BSA, Roth), 10 mM glucose 

(Sigma), 50 µM 3-Isobutyl-1-methylxanthin (IBMX, Sigma), 100 U/ml Penicillin / 100 ɛg/ml 

Streptomycin, 2 mM L-glutamine, 10 mM Nicotinamide (Sigma), and 1.6 mM CaCl2 (Merck 

Millipore, Germany) as described by Korbutt et al. (Korbutt et al., 1996). Culture conditions for 

NICC were equivalent to those for primary islets from rat. For each isolation, NICC from 1-3 

neonatal pigs were pooled.   

 

3.2 Material preparation and characterisation  

3.2.1 Hydrogel preparation  

The hydrogel blend used for plotting, which had previously been established in this laboratory 

(Schütz et al., 2017), consisted of 3 % (w/v) alginate and 9 % (w/v) methylcellulose (MC; 

Sigma; Mw = 88 kDa) with a degree of substitution of 1.5-1.9 for maximum water solubility. 

Research-grade alginate, routinely used in the laboratory for the preparation of this blend, had 

been purchased from Sigma (viscosity 5-40 mPa*s), whereas clinical-grade alginate, chosen 

in regard to its use in islet transplantation studies (Barkai et al., 2013), was from NovaMatrix 

(Norway; Pronova Up MVM, viscosity > 200 mPa*s). Alginate was dissolved in phosphate 

buffered saline (PBS; Gibco) overnight while stirring. Sterilization of the dissolved alginate and 

the methylcellulose powder was achieved via autoclaving for 20 min at 120°C in a table-top 

autoclave (D-23; Systec, Germany). On the day of plotting, the Alg/MC blend was prepared 
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through vigorous stirring of the appropriate amount of powdered sterile MC into the sterile 

alginate solution at room temperature and left to swell for 1.5 h. 

 

3.2.2 3D plotting of cell -free hydrogels for material characterisation  

The system used for 3D plotting was the BioScaffolder 3.1 from GeSiM mbH (Radeberg, 

Germany) operated under sterile conditions. The Alg/MC blend was carefully transferred into 

a sterile cartridge and dispensed through a dosing needle (Nordson GmbH, Germany), with 

an inner diameter of 610 µm, at a pressure of 70-80 kPa. 3D scaffolds were constructed 

through layer-by-layer strand deposition, at 10 mm/sec with a 90° change of orientation after 

each layer. Scaffold dimensions were 9 mm side length with 3 mm strand distance and 

4 layers, each layer comprised of a single connected strand (Figure 8). After plotting, the 

constructs were crosslinked in 1 ml of 70 mM strontium chloride (SrCl2; Roth) for 10 min, 

washed in 1 ml culture medium to remove residual SrCl2 and kept at 37°C and 5 % CO2 for up 

to 14 days. The media used for storage of cell-free hydrogels were DMEM (DMEM 

GlutaMAXTM; Gibco) supplemented with 10 % (v/v) FBS and 100 U/ml Penicillin / 100 ɛg/ml 

Streptomycin; and RPMI 1640 supplemented with 10 % (v/v) HI-FBS, 20 mM HEPES pH 7.4, 

100 U/ml Penicillin / 100 ɛg/ml Streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine and 

50 ɛɀ 2-mercaptoethanol.  

 

Figure 8: Schematic depiction of scaffold geometry. A) One scaffold layer comprised of a single 

connected strand shown in green colour. B) A complete scaffold with 4 layers.  

 

3.2.3 Rheological  characterisation  

Rheological measurements were performed using a plate rheometer (Rheotest RN 4; Rheo-

test, Medingen, Germany). 

The viscosities of Alg/MC pastes were determined at room temperature using a plate diameter 

of 50 mm, and a plate-plate distance of 0.5 mm. Shear thinning was tested for Alg/MC pastes 

prepared with research-grade and clinical-grade alginate by constantly increasing rotational 

shear rate from 0 to 100 s-1 (increment 0.08 s-1). Before measurement, the pastes were left to 

swell for 1.5 h analogous to pastes used for cell culture experiments. 
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For the determination of crosslinking density, first the viscoelastic region of plotted and cross-

linked Alg/MC scaffolds, prepared as described above, was determined with an initial ampli-

tude sweep test. Based on that oscillatory frequency sweep tests (ä = 0.01ï10 sī1) were per-

formed at 40 Pa. 

 

3.2.4 Quantification  of i on release  

The Fluitest CA CPC assay method (Analyticon® Biotechnologies AG, Germany), which de-

tects divalent ions, was used to measure the Ca2+- or Sr2+-concentration of the culture super-

natants at progressive intervals during scaffold incubation. Cell-free scaffolds of similar size 

and structure as used for cell plotting were incubated for 21 days under cell culture conditions 

in 1 ml DMEM or RPMI 1640 supplemented as described in chapter 3.1.1 (page 26). The 

supernatant was collected every 3-4 days and 1 ml of fresh medium was added. The Fluitest 

assay was performed as per the manufacturerôs instructions and absorbance was measured 

on a microplate reader (Infinite M200 Pro; Tecan, Switzerland) at 570 nm. 

 

3.2.5 Determination of methylcellulose  content  

For quantitative analysis of MC release, a quantitative MykovalÊ-based assay was used. 

Alg/MC scaffolds were incubated for 21 days under cell culture conditions in 1 ml DMEM or 

RPMI 1640 supplemented as described in chapter 3.1.1 (page 26).  The supernatant was col-

lected every 3-5 days and 1 ml of fresh medium was added. The fluorophore MykovalÊ (Hund 

Wetzlar, Germany), a fluorescence marker primarily applied for detection of cellulose and chitin 

in fungal cell walls (Koch & Pimsler, 1987; Rasconi et al., 2009), was used to determine MC 

released into the supernatant. For measurements, 180 µl of supernatant was mixed with 20 µl 

MykovalÊ solution in a black F-bottom polystyrene 96 well plate (Greiner Bio-One, Germany). 

The samples were incubated for 5 min protected from light and measured using a microplate 

reader, excitation and emission wavelengths used were 400 and 450 nm, respectively. The 

assay was calibrated with a concentration range of 0.003-0.375 % MC via detected fluo-

rescence signal and regression analysis to obtain sample concentration was performed via 

non-linear regression (Model: one-site saturation) using GraphPad Prism 8 for Windows 

(GraphPad Software, USA). 

 

3.2.6 Preparation of cell -free hydrogel discs  

In order to analyse permeability of the hydrogel, the Alg/MC was compared to plain alginate 

samples, both prepared as hydrogel discs of similar size and surface, since 3 % plain alginate 

cannot be plotted into macroporous constructs with any shape-fidelity. 

To obtain uniform samples with even surfaces for uptake and release experiments (chapter 

3.2.7.1, page 30 f.), metal rings with an inner diameter of 12 mm and a height of 0.9 mm were 
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placed on a Teflon membrane wetted with 70 mM SrCl2. The rings were filled with either 3 % 

(w/v) alginate or 3 % / 9 % (w/v) Alg/MC, covered with a second wetted Teflon membrane and 

incubated in 70 mM SrCl2 for 30 min for complete crosslinking. To create an approximation of 

macroporosity, a biopsy punch with an inner diameter of 2 mm (pfm medical, Germany) was 

used to punch holes into each disc (Figure 9). 
 

 

Figure 9: Representative image of a crosslinked alginate hydrogel disc punctured with a biopsy 
punch.  Disc diameter 15 mm, height 2.5 mm. 

 

To obtain samples for measurements in a diffusion chamber system (chapter 3.2.7.2), Alg/MC 

as well as plain alginate discs were prepared within stainless steel washers (Toolcraft, 

Germany) of 40 mm inner diameter and a height of 0.5 or 1 mm. Gels within washers were 

manufactured between 2 filter papers (smooth medium fast filtration papers MN 616, 0.2 mm 

height and 70 cm diameter; Macherey-Nagel, Germany) wetted with 70 mM SrCl2, flattened, 

and incubated in 70 mM SrCl2 for 15 min for complete crosslinking. 

 

3.2.7 Permeability measurements  

3.2.7.1 Uptake and release experiments  

Glucose: Hydrogel discs of plain alginate and Alg/MC, or plotted Alg/MC scaffolds, were pre-

pared as described and saturated with 3 g/L glucose (Sigma) in cell culture conditions for up 

to 7 days with medium changes every 2 days. The solution used for saturation was HBSS 

(Thermo Fisher, USA) for comparison of the materials (alginate vs Alg/MC), and RPMI 1640 

without supplements for comparison of the alginates (research-grade vs clinical-grade). Re-

lease experiments were performed on day 1, 4, and 7 of saturation. For release, the hydrogels 

were transferred into 1 ml glucose-free HBSS or culture medium and further incubated under 

cell culture conditions. After 30 min, a sample of 100 µl was taken, after 2 h the remaining 

900 µl were removed and the hydrogels were dissolved in 2 ml of 100 mM sodium citrate 

(Merck Millipore) for 3 h at room temperature. All samples were stored at 4°C until quantifi-

cation of glucose which was done with the Glucose Assay Kit I (Eton Bioscience, USA) as to 

the manufacturerôs instructions and fluorescence was measured at 490 nm using a microplate 
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reader. For calculation of release in percent, the glucose measured from the supernatant was 

compared to the total amount of glucose, i.e. the amount measured from the supernatant 

added to the amount measured from the dissolved scaffold.  

Insulin: To keep the concentration of insulin constant, i.e. to keep the timeframe for the expe-

riment as short as possible only uptake was measured. Alginate discs and plotted Alg/MC 

scaffolds were prepared as described above and kept in RPMI 1640 under cell culture con-

ditions for up to 7 days. On day 1, 4, and 7, triplicates were incubated in 1 ml medium each 

with 10 ng/ml human recombinant insulin (Sigma). After 2 h, supernatants were collected and 

stored at -20°C until measurement, hydrogels were dissolved in 3 ml of 100 mM sodium citrate 

at 4°C. Insulin in the supernatants and dissolved scaffolds was quantified using human insulin 

enzyme-linked immunosorbent assay (ELISA) kits (Mercodia, Sweden) according to the manu-

facturerôs instructions and assayed on a microplate reader at an absorbance of 450 nm. For 

normalization, the insulin content was calculated as ng insulin per 100 mg material based on 

the wet weight of the corresponding hydrogel samples. 

 

3.2.7.2 Diffusion chamber system  

The final system chosen for diffusion chamber measurements was the ñOsmosis and Electro-

chemistry-Chamber, DURAN®ò (PHYWE, Germany).  

Gels for measurements in this system were prepared as described briefly in chapter 3.2.6 

(page 29) and in more detail in chapter 4.1.3.2 (page 46), and inserted between the chamber 

halves during chamber assembly. Chamber halves were filled with 58 ml. To align the filling 

level in both halves, ceramic beads (Precellys 2.8 mm zirconium oxide beads; Bertin Technolo-

gies, France) were added on one side.  

For diffusion of glucose, chambers were filled with 10 mM SrCl2 solution, with a concentration 

of 0 or 5 g/L glucose in either half. For diffusion of insulin, chambers were filled with Krebs 

Ringer bicarbonate buffer (137 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4*7H2O, 

2.5 mM CaCl2*2H2O, 25 mM NaHCO3 (all from Merck Millipore), 0.25 % (w/v) BSA), with a 

concentration of 0 or 250 ng/ml insulin in either half. Prior to insulin diffusion experiments, the 

chamber system was incubated with Krebs Ringer bicarbonate buffer with 0.25 % BSA for 

coating to reduce the binding of insulin to the glass. 

The assembled chamber system was kept at 37°C on a magnetic stirrer for diffusion measure-

ments; 200 µl sample volume were taken from each chamber half in regular intervals of at least 

30 min for a minimum of 3 h.  

For an exact measurement of the mean height of hydrogel discs each disc was carefully 

measured at 10 different positions with callipers after removal from the chamber system and 

values were averaged. Callipers were judged to result in sufficiently precise measurements 

after verification with quantitative analysis of cross-sections imaged microscopically.   
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To assess glucose or insulin accumulating in the hydrogel discs, the discs were dissolved in 

10 ml of 1 M sodium hydrogen carbonate (Merck Millipore) after measurement of height.  

Glucose was measured via quantification of reducing sugars with the 3,5-dinitrosalicylic acid 

assay (DNS-assay), which can be used to detect much higher concentrations of glucose than 

the Glucose Assay Kit I. The DNS reagent consisted of 8.5 mM potassium sodium tartrate 

(stock solution 42.5 mM in 2 M NaOH) and 48 mM DNS (stock solution 96 mM in distilled 

water; all reagents from Merck Millipore). For the actual measurement, equal volumes of sam-

ple and DNS reagent were mixed, heated to 99°C for 10 min in a Thermocell mixing block 

(Bionova, Italy), and quickly cooled down to 4°C. The reaction mix was diluted 1:5 with cold 

distilled water and absorbance at 540 nm was measured on a microplate reader. Insulin was 

quantified applying the human insulin ELISA kit (Mercodia) according to the manufacturerôs 

instructions and assayed on a microplate reader at an absorbance of 450 nm. 

 

3.3 Plotting  and characterisation of cell -laden constructs  

3.3.1 Incorporation of cells & scaffold preparation  

For the printing of cell lines, the adherent cells were detached and 5x106 hTERT-MSC or 3x107 

INS-1 per gram Alg/MC were suspended in 100 µl culture medium per gram and mixed with 

the material. 

In case of islet plotting, islets were centrifuged under gentle conditions (1 min at 200 g, decrea-

sed acceleration and deceleration) and 3,000-6,000 rat IEQ or 10,000-45,000 porcine IEQ per 

gram Alg/MC were suspended in 100 µl culture medium per gram Alg/MC and mixed with the 

material. Murine islets were used one day after isolation, while neonatal porcine islet-like 

cluster were kept in culture for up to 10 days after isolation before plotting.  

For incorporation into the material, single cells or islets were resuspended in the appropriate 

amount of medium and gently mixed (folded) into the Alg/MC-blend with a spatula. 

3D plotted scaffolds (chapter 3.2.2, page 28) were prepared analogous to cell-free scaffolds. 

Needle diameters were 610 or 840 µm, and the pressures used were 70-80 kPa for experi-

ments with cell lines and 40-50 kPa for islet experiments. All scaffolds were crosslinked in 1 ml 

of 70 mM SrCl2 for 10 min, and incubated in the respective medium (chapter 3.1, page 26 f.) 

under cell culture conditions for up to 14 days.  

 

3.3.2 Staining methods for the characterisation of (embedded) cells   

3.3.2.1 MTT staining  

For a visual assessment of metabolic activity, samples were incubated in 0.5 mg/ml thiazolyl 

blue tetrazolium bromide (MTT, Sigma) in culture medium under cell culture conditions for 2 h. 

Images were taken using a stereo light microscope (Leica M205 C). 
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3.3.2.2 Dithizone (DTZ) staining  

For a visual assessment of presence of insulin, free control and plotted islets were briefly incu-

bated in 2 mg/ml DTZ (Sigma) dissolved in 20 % Dimethyl sulfoxide (DMSO; Sigma) in PBS. 

Images were taken using a stereo light microscope.  

 

3.3.2.3 Live/d ead staining  

Cell viability was determined using a live/dead viability/cytotoxicity kit (Molecular Probes, 

USA). The stainings for live and dead cells, calcein AM and ethidium homodimer-1, were dilu-

ted in culture medium to 2 and 4 µM, respectively, and plotted scaffolds containing cell lines 

or islets, as well as free control islets were incubated in the staining solution for 30 min before 

confocal laser scanning microscopy was performed using a Leica TCS SP5. 

For a quantitative assessment of cell viability of INS-1, area of live and dead cells was analysed 

using the particle analyser of Image J V1.44p (National Institutes of Health, USA). Size of 

image sections was approximately 900x700x180 µm.  

For a semi-quantitative assessment of islet viability, plotted and free control islets were imaged 

and visually sorted into viability categories (0, 25, 50, 75, 100 % viable) before % viability was 

calculated as described in Karaoz et al. (Karaoz et al., 2010). 

For semi-quantitative assessment of spherical morphology, islets plotted with an inner needle 

diameter of 610 or 840 µm were imaged and visually sorted into the categories ñimpactedò and 

ñnot impactedò, before percent spherical morphology was calculated from the percentage of 

ñnot impactedò islets from the total counted.  

 

3.3.2.4 Immunofluorescence  

Plotted scaffolds containing islets as well as control islets in suspension culture were fixed 

overnight in formaldehyde (Merck Millipore) diluted to 4 % (v/v) in HBSS at 4°C. During the 

following day, the fixed samples were washed with HBSS while shaking gently, with changes 

of HBSS every 2-3 h. All samples were embedded in Tissue-Tek O.C.T (Sakura Finetek, USA) 

and cryosections were prepared using a Microm HM 560 Cryostat (Thermo Fisher). 

For immunostaining, the cryosections were incubated in PBS at 70°C for 20 min, permeabilized 

with 0.2 % (v/v) Triton X-100 (Serva, Germany) in PBS and incubated with background sniper 

(BS966L; Biocare medical, USA) for 11 min at room temperature to block unspecific antibody 

binding sites.  

Primary antibodies used for murine islets were guinea pig polyclonal anti-insulin antibody 

(1:100, ab7842; Abcam, UK) and mouse monoclonal anti-glucagon antibody (1:2000, G2654; 

Sigma) incubated overnight at 4°C. Secondary antibodies used were goat anti-guinea pig 

Alexa Fluor 488 (1:1000, A11073; Life Technologies) and goat anti-mouse Alexa Fluor 568 
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(1:750, A11031; Life Technologies) applied for 1 h at room temperature. 4ǋ,6-Diamidin-2-

phenylindol (DAPI, 5 µg/ml; Roche) was applied for 1 h for cell nucleus-specific staining.  

Primary antibodies used for NICC were mouse monoclonal anti-insulin antibody (clone 

K36AC10, 1:1000, I2018; Sigma), rabbit polyclonal anti-glucagon antibody (1:200, 2760S; Cell 

Signaling Technology, USA), and rat monoclonal anti-somatostatin antibody (clone YC7, 

1:100, MAB354; Merck), whereby anti-insulin and anti-glucagon were applied overnight at 4°C, 

and anti-somatostatin for 2 h at RT. Secondary antibodies used were goat anti-mouse Alexa 

Fluor 488 (1:500, A11001; Life Technologies), goat anti-rabbit Alexa Fluor 568 (1:1000, 

A11011; Life Technologies), and goat anti-rat Alexa Fluor 647 (1:500, A-21247; Thermo 

Fisher) applied for 30 min at room temperature. DAPI (5 µg/ml) was applied for 1 h for cell 

nucleus-specific staining.  

All antibodies were diluted in blocking buffer consisting of 0.2 % (v/v) Triton X-100, 2 % (w/v) 

BSA and 2 % (v/v) goat serum (Gibco) in PBS. Between each staining step, samples were 

washed at least once with 0.1 % PBS-Tween (Serva). 

Cryosections stained for insulin, glucagon, somatostatin, and nuclei were imaged on a Leica 

TCS SP5.  

 

3.3.2.5 Nuclear apopto sis staining  

For the staining of apoptotic nuclei, the In Situ Cell Death Detection Kit TMR red (Sigma), 

which detects TdT-mediated dUTP-X nick end labelling (TUNEL), was used according to the 

manufacturerôs instructions. Apoptosis in islets was quantitatively assessed by counting nuclei 

of 25 islets of varying sizes and calculating % nuclei stained for TUNEL compared to all nuclei 

stained by DAPI. 

Cryosections stained for apoptotic nuclei and nuclei were imaged on a Leica TCS SP5. 

 

3.3.3 Functional analysis of islets: Glucose stimulated insulin release (GSIR)  

Analysis of islet reaction to stimulation with glucose was done via GSIR assay. For the plotted 

islets, whole scaffolds were used as single samples, while for the control islets, either 20 rat 

islets or 50 NICC of varying sizes were picked manually for each sample. On day 1, 4, 7, 11 & 

14 after plotting, scaffolds and free control islets were treated with low (3.3 mM) or high 

(16.4 mM) glucose in Krebs Ringer bicarbonate buffer and secreted insulin was quantified. 

First, all samples were exposed to 3.3 mM glucose for 2 h (resting conditions); for stimulation, 

samples were divided in two groups: one was treated with 3.3 mM glucose and the other with 

16.4 mM glucose for 3 h. In addition, for murine islets one experiment was performed where 

all samples were first rested for 1.5 h then stimulated in low-high-low glucose for 2.5 h each. 

During high-glucose stimulation, NICC were additionally exposed to 100 nM of the GLP-1 ana-

logue liraglutide (Victoza®; Novo Nordisk A/S, Denmark) per ml medium.  
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Insulin was measured from supernatants stored at -20°C until quantification via high-range rat 

insulin or porcine insulin ELISA kits (Mercodia) performed to the manufacturerôs instructions 

and assayed on a microplate reader at an absorbance of 450 nm. For normalization, insulin 

content was calculated in relation to 100 ng DNA. To determine the DNA-content, samples 

were frozen at -80°C. To dissolve the scaffolds all samples were thawed and incubated in 3 ml 

of 100 mM sodium citrate on a shaker until complete dissolution. Free control islets were incu-

bated in only 1 ml of 100 mM sodium citrate but otherwise treated identically. Cells were lysed 

overnight in a 60°C water bath followed by 10 min ultrasonication in an ice-cold water bath. 

Samples were frozen again until measurement of DNA-content which was performed using the 

QuantiFluor dsDNA system (Promega, USA) as per the manufacturerôs instructions and mea-

sured on a microplate reader. Excitation and emission wavelengths were 485 and 535 nm, 

respectively. 

For calculation of the stimulation index (SI) the released insulin was first normalized to the 

DNA-content of each sample as described. This was followed by dividing the amount of insulin 

released in high glucose stimulation by the amount released in low glucose. For each condition 

(plotted vs free control islets, low vs high glucose), at least nine samples over the course of up 

to seven different experiments were analysed for experiments performed with murine islets 

and clinical-grade alginate for the timepoints day 1, 4, and 7. For NICC, stimulation with glu-

cose was performed on five isolations whereby liraglutide was used in two of them. 

 

3.4 Statistics  

Sample size is denoted by ñn =ò and expresses number of replicates within one experiment for 

the majority of data depicted. In case of stimulation indices of islets, n denotes number of 

replicate isolations. 

Data were tested for statistically significant differences (p < 0.05) using a 95 % confidence 

interval. For 2 sample groups at a single timepoint 2-tailed t-tests were used for comparison. 

Two sample groups over multiple timepoints were compared via 1-way ANOVA, multiple 

sample groups over multiple timepoints with 2-way ANOVA, each with post-hoc Tukey. All 

statistical analyses were performed using GraphPad Prism 8 for windows.  
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4 Results  

The present thesis consists of four parts. Among these, the first part deals with the charac-

terisation of the cell-free plotting material investigating key features of the hydrogel, and the 

second part with the incorporation of cells into the material as prerequisite for bioplotting. The 

third part describes 3D plotting of primary adult islets from rats as a proof-of-concept for the 

feasibility of the envisaged method, and in part four preliminary data for the plotting of the more 

clinically relevant neonatal porcine islet-like cluster is provided. 

 

4.1 Adaptation & characterisation of cell -free Alg/MC  

The basic material chosen for the plotting of islets was an alginate/methylcellulose hydrogel 

blend which had previously been established in this lab by using alginate for research purposes 

(ñresearch-gradeò alginate) and CaCl2 for crosslinking (Schütz et al., 2017). In the present 

work, the blend was adapted for preparation with endotoxin-free alginate (ñclinical-gradeò algi-

nate) used in clinical trials for the encapsulation of pancreatic islets (Ludwig et al., 2013), and 

for crosslinking with SrCl2 to achieve compatibility with the islet-specific culture medium. The 

different compositions of the hydrogel blend were characterized in terms of viscosity, stability 

of the crosslinked scaffolds over time, crosslinking density and MC content, as well as per-

meability for glucose and insulin with uptake and release assays in addition to analyses with a 

diffusion chamber system.  

In all cases the hydrogel consisted of either 3 % alginate or 3 % / 9 % Alg/MC, and crosslinking 

was achieved with either 100 mM CaCl2 (Schütz et al., 2017) or 70 mM SrCl2 (Ludwig et al., 

2012). Except if stated otherwise in the respective subsection, all samples were incubated 

under cell culture conditions in DMEM supplemented with FBS and antibiotics (in the following 

referred to as DMEM+) or RPMI 1640 supplemented with HI-FBS, antibiotics, HEPES, sodium 

pyruvate, L-glutamine and 2-ɀercaptoethanol (in the following referred to as RPMI+) as des-

cribed in detail in chapter 3.1 (page 26 f.).  

 

4.1.1 Paste viscosity and scaffold stability  

The use of research-grade and clinical-grade alginate resulted in pastes which demonstrated 

shear thinning behaviour with a decrease in viscosity under shear strain (Figure 10). Compari-

son between pastes at a shear rate of 1-100 s-1 revealed a significantly lower viscosity for the 

paste prepared with research-grade alginate. All pastes were plottable by using pressures 

between 40 and 80 kPa, and both scaffold types could be crosslinked with Ca2+ and Sr2+ ions.  
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Figure 10: Paste viscosity. Viscosity over shear rate of Alg/MC pastes prepared with research-grade 

or clinical-grade alginate. Mean, n = 4. 

 

The hydrogel blend had previously been used for culture of cells in DMEM- or Ŭ-MEM-based 

media, the medium used for the culture of murine islets in vitro is RPMI-based though. Preli-

minary experiments revealed a lack of stability of scaffolds crosslinked with CaCl2 and stored 

in RPMI+ medium, which led to a disintegration within the first day (Figure 11 A). When cross-

linking was achieved via SrCl2 instead, plotted macroporous scaffolds maintained stability and 

high shape-fidelity over a duration of 21 days in culture independent of the alginate used 

(Figure 11 A&B). The crosslinking of both types of alginate in plotted Alg/MC scaffolds with 

SrCl2 was verified with rheological measurements of scaffolds one day after plotting 

(Figure 11 C). Scaffolds prepared with the two different alginates showed almost constant 

storage moduli over the whole range of angular velocities measured, with a higher storage 

modulus apparent in the scaffolds prepared with research-grade alginate though, indicating a 

higher crosslinking density.  
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Figure 11:  Shape fidelity  and crosslinking density of cell -free plotted Alg/MC scaffolds.  A) Re-

presentative images of plotted and Ca2+- (top) or Sr2+- (bottom) crosslinked research-grade Alg/MC 

scaffolds on day 1 after plotting. Scale bars = 5 mm. B) Representative images of plotted and Sr2+-

crosslinked Alg/MC scaffolds over 21 days in culture, indicating high shape fidelity and stability. Scale 

bars = 5 mm. C) Storage modulus of plotted scaffolds crosslinked with 70 mM SrCl2 on day 1 after 

plotting, which indicates complete crosslinking and a higher crosslinking density for research-grade 

alginate. Mean, n = 4. 

 

4.1.2 Scaffold composition during incubation under cell culture conditions  

The hydrogels used for this study are composed of alginate, methylcellulose and CaCl2 or 

SrCl2. Ca2+ and Sr2+ ions crosslink alginate molecules reversibly (Lee & Mooney, 2012), while 

the MC remains non-crosslinked. Therefore, even though the scaffolds remain stable over time 

in culture, the overall composition of the material changes when ions and MC are released 

from the scaffolds into the supernatant.  
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Release of ions 

Having observed a lack of stability in Ca2+- but not Sr2+-crosslinked scaffolds stored in RPMI+ 

while they remain stable in DMEM+ (Schütz et al., 2017), plotted and crosslinked Alg/MC scaf-

folds prepared from both alginates were systematically tested for the release of crosslinking 

ions over 21 days of culture. Owing to the mentioned lack of stability, release of ions from 

scaffolds crosslinked with CaCl2 and SrCl2 was observed for culture in DMEM+ (Figure 12 A), 

whereas for culture in RPMI+ only SrCl2-crosslinked scaffolds could be used (Figure 12 B). 

 

Figure 12: Release of crosslinking ions in different cell culture media. Cumulative release of ions 

from plotted scaffolds crosslinked with 70 mM SrCl2 or 100 mM CaCl2 prepared with research-grade and 

clinical-grade alginate over 21 days of culture. A) Release of Ca2+ & Sr2+ ions into DMEM+. Mean ± SD, 

n = 6, significances indicate *p<0.05. B) Release of Sr2+ ions into RPMI+ displayed for two repeat 

experiments in the left and right graph whereby the data points are nearly identical in the left graph, so 

that the two curves cannot been seen clearly. Mean ± SD, n = 6 for each.  

 

For all scaffolds, a burst release of ions shortly after crosslinking could be observed and relea-

se of ions was independent of the alginate type (Figure 12). For scaffolds stored in DMEM+ 

(Figure 12 A), a distinct difference between the release of Ca2+ and Sr2+ ions was visible, with 

the former being released to a much higher degree at early timepoints but plateauing after 
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day 10. In contrast to that, after the initial burst Sr2+ ions were released in a linear fashion over 

the whole time of observation. Cumulatively, significantly more Ca2+ and Sr2+ ions had been 

released into DMEM+ until day 21. For scaffolds stored in RPMI+ (Figure 12 B), the concentra-

tion of Sr2+ ions detected in the supernatant was 2-3 times lower than in DMEM+ overall, but 

differed strongly between the three repeat experiments. This difference between the repeat 

experiments is depicted in Figure 12 B (left and right), for the third repetition which closely 

resembled Figure 12 B (right) please refer to Figure 61, addendum. Manner of release also 

varied between the experiments with a continuous increase in released ions over 21 days in 

the first, and a plateau after day 10 in the following two experiments.  

As mentioned, the overall release of Sr2+ ions measured was lower in RPMI+ than in DMEM+ 

although the observation that scaffolds crosslinked with Ca2+ remain stable during incubation 

in DMEM+ but not in RPMI+ medium indicated a rapid and stronger loss of crosslinking ions in 

RPMI+. This is likely caused by the formation of precipitates in the media (Figure 62, adden-

dum), leading to a reduced concentration of the soluble ions which are detected in the assay 

used.  

 

Release of methylcellulose 

Apart from the loss of crosslinking ions, the release of MC over time also changes scaffold 

properties. On the one hand, the MC fibres themselves could have a reinforcing effect on 

scaffold stability (Schütz et al., 2017), on the other hand, the removal of MC fibres over time 

could possibly influence diffusion characteristics of the scaffolds. MC is a derivative of cellulose 

and can be detected by similar methods such as staining with MykovalTM (Hodder et al., 2019). 

Figure 13 depicts the release of MC from different scaffolds analysed quantitatively with Myko-

valTM in two repeat experiments (Figure 13 A&B; for better visibility of data points in Figure 13 A 

without standard deviation refer to Figure 63, addendum). Analogous to the experiments per-

formed for ion release, plotted Alg/MC scaffolds prepared from both alginates were systema-

tically tested for the release of MC over 21 days of culture under cell culture conditions in 

DMEM+ and RPMI+ but additionally in 10 mM SrCl2 (low molar crosslinking solution) which is 

used in later permeability experiments (chapter 4.1.3.3, page 50 ff.). Both quantitative repeat 

experiments were executed with the same general setup, i.e. substances, concentrations and 

incubation times both for scaffold preparation and analysis were similar, but conducted one 

year apart and with different batches of material.  

A similarity observed in all experiments was a burst release within the first day (specifically 

during crosslinking and washing at room temperature and the first 24 h of incubation at 37°C), 

which plateaued after day 3 at the earliest (Figure 13 B) and day 10 at the latest (Figure 13 A). 

For the first experiment (Figure 13 A), where scaffolds crosslinked with CaCl2 or SrCl2 were 

incubated in DMEM+, and scaffolds crosslinked with SrCl2 were incubated in RPMI+, overall 
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release of MC ranged between 60-80 %. Standard deviations in this experiment were very high 

in all conditions and no significant differences between either the crosslinking ions or the algi-

nate types could be detected. 
 

 

Figure 13: Release of M C in different media . Cumulative release of MC from plotted and crosslinked 

Alg/MC scaffolds prepared with research-grade or clinical-grade alginate over 21 days of culture. A) Re-

lease of MC from scaffolds crosslinked with 70 mM SrCl2 or 100 mM CaCl2 and incubated in DMEM+ 

(left), and release from scaffolds crosslinked with 70 mM SrCl2 and incubated in RPMI+ (right). 

Mean ± SD, n = 6 for each. B) Release of MC from scaffolds crosslinked with SrCl2 and incubated in 

RPMI+ (left) or 10 mM SrCl2 (right). Mean ± SD, n = 10 for each, significances indicate *p<0.05, 

****p<0.0001. 

 

For the second experiment (Figure 13 B), only SrCl2 was used as a crosslinking ion and scaf-

folds were incubated in either RPMI+ or 10 mM SrCl2. In this experiment, the overall amount of 

released MC lay between 5 and 30 %, and standard deviations were much lower or even 

marginal in case of clinical-grade alginate incubated in RPMI+.  
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Release was higher after incubation in 10 mM SrCl2. In a comparison between the alginates, 

the amount of MC released from research-grade Alg/MC scaffolds surpassed the release from 

clinical-grade scaffolds in a highly significant manner when incubated in RPMI+, but was signi-

ficantly lower when scaffolds were incubated in 10 mM SrCl2. In a comparison between the 

repeat experiments, scaffolds crosslinked with SrCl2 and incubated in RPMI+ showed a striking 

difference in the overall amount of release (60 % vs 20 % in case of research-grade and 60 % 

vs 5 % in case of clinical-grade alginate).  

 

4.1.3 Permeability for glucose & insulin  

An important characteristic of any hydrogel used for the encapsulation of pancreatic islets is 

the permeability for relevant molecules, specifically for glucose and insulin. Alginate encapsu-

lation has been shown to have a negligible impact on the insulin response of pancreatic islets 

when small diffusion distances were used (Fritschy et al., 1991; Buchwald et al., 2018), but as 

mentioned, the addition of MC to the gel influences its characteristics and could alter the per-

meability of the blend compared to plain alginate. Furthermore, due to variations in the M:G 

content and the chain lengths of different alginate preparations resulting in different pore sizes, 

the choice of alginate type could have an influence on permeability as well.  

Permeability testing was therefore performed for plain alginate and Alg/MC hydrogels prepared 

with research-grade and clinical-grade alginate, all crosslinked with 70 mM SrCl2, and analysed 

with two different setups: For an insight into the behaviour of macroporous plotted scaffolds, 

uptake & release studies were performed for said scaffolds with hydrogel discs as a bulk ma-

terial control. To further characterise the gel properties independent of geometry, diffusion of 

glucose and insulin was also investigated in a diffusion chamber setup which has been 

established within this work.   

 

4.1.3.1 Uptake and release  

Glucose 

To gain insight into whether the presence of MC affects release of glucose, a direct comparison 

of research-grade alginate or Alg/MC gels was conducted on bulk samples with retroactively 

added macropores (Figure 9, page 30) as plain alginate, due to its low viscosity, does not lend 

itself to plotting. For this material comparison, hydrogels were stored under cell culture condi-

tions in HBSS containing 3 g/L glucose overnight to deliver glucose into the gels, before being 

transferred to HBSS without glucose to measure the release after 30 min and 2 h (Figure 14).  

Overall uptake of glucose was approximately 70 mg for alginate and 120 mg for Alg/MC gels. 

Within 30 min of incubation in glucose-free HBSS, almost the entirety of the glucose was re-

leased into the supernatant and the release did not increase further within the additional 1.5 h 

of incubation. No difference in the ratio of glucose release could be observed between the 
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materials, indicating that the addition of MC into the alginate does not impact permeability for 

glucose. A direct comparison to alginate was therefore omitted for further glucose uptake and 

release experiments.  

 

Figure 14: Glucose release from alginate and Alg/MC gel discs. Macroporous gel discs were 

prepared with research-grade alginate, crosslinked with 70 mM SrCl2, and incubated in HBSS with 3 g/L 

glucose for 24 h for glucose uptake. Release is depicted after 30 min and 2 h in HBSS w.o. glucose. 

Mean ± SD, n=3.   

 

To investigate the glucose permeability of plotted Alg/MC scaffolds, that is of the specific 

geometry also used in later cell culture experiments, the hydrogel blend was prepared with 

research-grade and clinical-grade alginate and the samples were stored in RPMI 1640 with 

3 g/L glucose for uptake and without glucose for release. As investigated in chapter 4.1.2 

(page 38 ff.), the scaffold composition changes during prolonged incubation under cell culture 

conditions and the declining crosslinking density and loss of fibres could influence the permea-

bility characteristics. Uptake and release of glucose was therefore investigated for scaffolds 

incubated under cell culture conditions for up to 7 days as schematically depicted in 

Figure 15 A.  

Overall uptake of glucose, compared to the amount of material in the respective scaffolds, 

increased between day 1 and 7 of incubation for both alginate types used. A significant dif-

ference between the alginate types could only be detected at the first timepoint, with a lower 

uptake by scaffolds prepared with clinical-grade alginate (Figure 15 B). Percentage of released 

glucose (Figure 15 C&D) was calculated from the overall glucose inside the gel. In general, 

throughout the whole observation period of 7 days, the plotted scaffolds did not undergo a 

significant change in terms of glucose permeability and the percentage of released glucose 

was significantly lower from scaffolds prepared with research-grade than from those with 

clinical-grade alginate. The only exception to this is the release of glucose from research-grade 

Alg/MC scaffolds after 2 h on day 1 after plotting, which showed a much higher release than 

at any other timepoint.  
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In contrast to release experiments performed in HBSS for the comparison between alginate 

and Alg/MC (Figure 14), where almost all of the glucose contained in the samples originally 

could be detected in the supernatant after only 30 min, percentage of release was lower from 

plotted scaffolds in RPMI, with a maximum of 80 % detected in the supernatant after 2 h 

(Figure 15 D). 

 

Figure 15: Glucose uptake into and release from plotted Alg/MC scaffolds. Scaffolds were pre-

pared with research-grade or clinical-grade alginate, crosslinked with 70 mM SrCl2, and incubated in 

RPMI 1640 with 3 g/L glucose for up to 7 days under cell culture conditions before being transferred to 

glucose-free RPMI 1640. A) Schematic depiction of the glucose release experiment from plotted scaf-

folds. Released glucose was quantified after 30 min and 2 h. B) Uptake of glucose into scaffolds treated 

as described in A, quantification from dissolved scaffolds. C&D) Release of glucose from scaffolds 

treated as described in A. Release is depicted after 30 min (C) and 2 h (D). Mean ± SD, n=3. 

Significances in all graphs indicate *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Insulin 

Preliminary experiments indicated a time-dependent reduction in the concentration of insulin 

measured in RPMI 1640 at 37°C, with a first drop in concentration after only 5 h, and a loss of 

approximately 20 % after 24 h as measured by ELISA (data not shown).  
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For this reason, permeability for insulin was assayed not as release from but as uptake into 

the hydrogel after 30 min and 2 h. Samples analysed were macroporous alginate and Alg/MC 

discs, as well as plotted Alg/MC scaffolds, all prepared with both, research-grade and clinical-

grade alginate and crosslinked with 70 mM SrCl2. Scaffolds were incubated under cell culture 

conditions for 1 or 7 days prior to uptake experiments and the medium used for the entire 

experiment was RPMI 1640.  

 

 

Figure 16: Insulin uptake into alginate and Alg/MC gels. Alginate discs, Alg/MC discs, and plotted 

Alg/MC scaffolds were prepared with research-grade or clinical-grade alginate, crosslinked with 70 mM 

SrCl2 and incubated in RPMI 1640 for 1 or 7 days under cell culture conditions. Ingress of insulin 

(10 ng/ml) into the material calculated as absolute uptake of insulin normalized to the wet weight of the 

hydrogel samples depicted after 30 min (A) and 2 h (B). Mean ± SD, n=3, significances indicate **p<0.01, 

****p<0.0001. 

 

After 30 min neither material composition, nor geometry, nor time of incubation under cell 

culture conditions showed any influence on insulin uptake (Figure 16 A). Geometry of Alg/MC 

samples and time of prior incubation did not influence uptake after 2 h either. However, at the 

2 h timepoint (Figure 16 B) a distinct difference between plain alginate and Alg/MC samples 

could be observed, with the Alg/MC samples taking up more insulin overall. Between the algi-

nate types, a significant difference could only be detected for Alg/MC discs but not for plotted 

Alg/MC scaffolds nor for the plain alginate discs at the 2 h timepoint. To be able to give a rough 

estimate on the percentage of insulin taken up per scaffold, it would be necessary to regard 

the density of the hydrogel scaffolds as equal to that of the supernatant. In this case, 0.4 ng 

insulin per 100 mg material would equal 40 % and 0.6 ng per 100 mg material would corres-

pond to 60 %. 
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4.1.3.2 Development of a reliable diffusion chamber system  

To be able to characterize diffusion of relevant molecules through the hydrogels used indepen-

dent of geometry, it was necessary to establish a workflow for the use of a diffusion chamber. 

Requirements for the chamber system were foremost a protocol for the reproducible prepara-

tion of hydrogel discs, the possibility to gently but firmly fix the hydrogel discs between the 

chamber halves and the possibility to tightly seal the chamber system, both between the cham-

ber halves and towards the outside to avoid leakage but also evaporation. To mimic the con-

ditions in the plotted scaffolds as closely as possible, the gel discs needed a large surface-to-

volume ratio. To prevent the formation of a concentration gradient within one chamber half, the 

contents of each chamber half needed to be stirred continuously necessitating the addition of 

stir bars and the use of magnetic stirrers. Further requirements were a horizontal setup to 

eliminate the influence of gravity, a large internal volume to minimise the effect of sampling, 

and reusability of the chamber. 

 

Osmosis chamber 

The final chamber system chosen was the ñOsmosis and Electrochemistry-Chamber, 

DURAN®ò (for previous models investigated as diffusion chambers see Figure 64, addendum), 

which has a large inner volume, a large inner diameter, and is marketed for the use of semi-

permeable membranes of any kind while being easy to assemble and to clean. The chamber 

itself (Figure 17) consists of two halves of borosilicate glass (DURAN®), each 9 cm in length 

with an inner diameter of 3 cm, a filling volume of approximately 65 ml, and can be closed by 

a screw cap. To assemble the system, at least one rubber seal ring has to be placed between 

the chamber halves before the whole chamber is placed within the provided plastic fixture and 

tightened with screws. For a tightly sealed system, the semi-permeable membrane or hydrogel 

disc must either be prepared within one rubber seal ring or be placed between two rings before 

chamber assembly. The sealing of the chamber with a hydrogel disc between the halves 

occurs solely by pressure from the 10 mm broad flange on the central side of each half. 

 

 

Figure 17: Schematic depiction of the osmosis chamber.  From left to right: 3D view, 2D view with 

labelled components, and magnification of the interface between the chamber halves. The total diameter 

of the gel is 48 mm, with an exposed surface 28 mm in diameter and an outer rim of 10 mm where the 

gel is pressed between the chamber halves for a tight fit.   
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Preparation of hydrogel discs for the osmosis chamber  

The requirement for large flat hydrogel discs of reproducible size and firmly connected to seal 

rings necessitated the development of a protocol for their preparation. In initial tests, the gel 

discs were prepared within one rubber seal ring, however this reduces the rim of the hydrogel 

disc which is exposed to pressure between the flanges (Figure 17, right) from 10 to 4 mm. 

Therefore, gel disc preparation was changed to use stainless steel seal rings with an inner 

diameter of 4 cm, equal to the diameter of the flanges.  

The final protocol for gel disc preparation and chamber assembly was comprised of the follow-

ing steps and is illustrated in Figure 18: Filter papers were wetted with 70 mM SrCl2 before one 

seal ring was placed on each and the gels were filled into the cavity while taking care that both, 

top and bottom side of the seal ring were covered with hydrogel. Subsequently, another 

SrCl2-wetted filter paper was placed on top of the gel and the gels were rolled out and flattened 

down to the height of the seal ring (Figure 18 A) by using a large stir bar. The rationale behind 

using filter papers during gel preparation was to enable crosslinking from top and bottom while 

keeping the gels on a flat surface and to have a smooth but bendable surface for easy removal 

of the gels after crosslinking. Wetting the filter papers with SrCl2 and thereby starting the cross-

linking process immediately after the gels came in contact with the filter paper was necessary 

to avoid diffusion of fluid gel parts into the dry filter paper which results in gel and filter forming 

an inseparable unit during crosslinking. 
 

 

Figure 18: Preparation of hydrogel discs for the  osmosis chamber.  A) Schematic depiction of the 

preparation of hydrogel discs in seal rings between filter papers wetted with 70 mM SrCl2. B) Sequence 

of steps for placing a gel disc between the chamber halves. From left to right: rubber seal ring, gel disc 

within metal seal ring, second rubber seal ring, and placement of the stack on the opening of one 

chamber half. 
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After flattening, the gels were crosslinked in 70 mM SrCl2 for 15 min, overhangs were trimmed 

and gels were stored in 10 mM SrCl2 for up to 7 days, according to the experimental setup, 

before chamber assembly. For assembly (Figure 18 B), excess liquid was carefully blotted 

away and the hydrogel discs were placed between two rubber seal rings, which were then 

placed between the chamber halves.  

 

To mimic cell culture conditions as closely as possible, cell culture medium was used for 

storage of gel discs and as chamber content in initial experiments. However, under these con-

ditions, fluid accumulated within the discs after insertion into the chamber, leading to large 

swellings in both alginate and Alg/MC gels (Figure 19 A&B). As depicted in Figure 19 C, the 

inner area of the gel discs stored in cell culture medium is often not uniform but comprised of 

unconnected parts. Storage in different buffer solutions such as HBSS or the incorporation of 

stiff meshes into the gel discs for additional stability could not prevent the formation of 

swellings. With respect to structural unity 10 mM SrCl2 were therefore used for storage of gel 

discs and chamber filling in the majority of diffusion chamber experiments.  

 

 

Figure 19: Optimisation of the storage conditions for stable hydrogel discs. A&B) Gel storage and 

chamber content RPMI 1640: Alginate (A) and Alg/MC (B) gel discs filled with fluid after removal from 

the osmosis chamber. C) Exemplary depiction of a gel disc stored in RPMI 1640 with unconnected gel 

parts.  

 

Ex-factory, each chamber half has a maximal filling volume of 65 ml, not accounting for stir 

bars, but the halves are not entirely identical in inner volume. If both halves are separated by 

a (semi-permeable) layer and filled with the same volume of liquid, the filling level on both sides 

is not equal (Figure 20 A). To avoid the possibility of different pressures on both sides in-

fluencing diffusion, adjustment of the filling level was realised by the use of stir bars of different 

sizes and the addition of ceramic beads (Figure 20 B). The beads did not interfere with the 

movement of the stir bars, nor did they damage the gels.  
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Figure 20: Adjustment of the filling level.  Representative depiction of the filling level in a fully assem-

bled osmosis chamber, each chamber half containing 58 ml of 10 mM SrCl2. A) Uneven filling level due 

to slight differences in chamber volume. B) Adjustment of the filling level with stir bars in different sizes 

and ceramic beads.   

 

As mentioned above, sealing of the chamber towards the outside to prevent leakage from the 

system, as well as sealing between the halves to prevent the movement of molecules by any 

way other than diffusion through the gel, is realised solely by pressure applied to seal rings 

and the gel. While the seal rings are inherently stable, there was a possibility that the gel discs 

themselves could get torn at the rim by the application of too much pressure. For proof-of-

concept experiments, the chamber was assembled with both, alginate and Alg/MC discs (de-

picted for Alg/MC in Figure 21), filled with 10 mM SrCl2 and phenol red in one half. With phenol 

red for a visual assessment it is evident that the insertion into the chamber did not damage the 

gel and the halves were indeed separated by a semipermeable membrane through which the 

phenol red molecules diffused over the course of 24 h. 

 

 

Figure 21: Proof -of -concept of chamber tightness and function with phenol red. A) Newly assem-

bled chamber with an Alg/MC gel disc separating the halves and 10 mM SrCl2 with and without phenol 

red in the right and left half respectively. B) Diffusion of phenol red from right to left after 24 h at 37°C. 

 

 



Results 
 

50 
 

4.1.3.3 Permeability measurements in  a diffusion chamber system  

As for the uptake and release experiments, the main intent behind using the diffusion chamber 

setup was to compare the Alg/MC blend with an alginate control, to compare gel discs prepared 

with research-grade or with clinical-grade alginate, and to compare gel discs of either compo-

sition after storage for 1, 4, and 7 days under cell culture conditions. Comparisons in terms of 

permeability were performed for the main molecules relevant for the function of pancreatic 

islets, i.e. glucose and insulin, but due to the ease of analysis, the main focus was on permeabi-

lity for glucose which was also used for parameter optimisation. Experiments for parameter 

optimisation concerned the time until near equilibrium as well as the impact of gel height, of 

crosslinking ions, and of solution used for chamber filling on the rate of glucose diffusion.   

All gels were prepared as described in the previous section (page 47 f.), crosslinked with 

70 mM SrCl2, and stored in 10 mM SrCl2 for up to 7 days before chamber assembly except if 

specifically stated otherwise. The molecules were always added to one chamber half, the 

donor compartment, from where they diffused into the other half, the acceptor compartment.  

 

Glucose 

Concentration of glucose was 5 g/L in the donor and 0 g/L in the acceptor compartment in all 

conducted experiments and 10 mM SrCl2 were used as chamber filling except if stated 

otherwise. 

To be able to estimate a time frame during which diffusion progressed linearly, in an initial 

experiment glucose diffusion through research-grade alginate and Alg/MC gels was monitored 

over a period of 30 h until near equilibrium (Figure 22 A). After a lag-phase of 30 min, glucose 

could be measured in the acceptor compartment and diffusion progressed linearly from 2 h 

onwards independent of gel composition. After approximately 14 h the concentration curve 

entered the stationary phase and approached the saturation point (equilibrium). In this initial 

experiment, a slight difference between diffusion through the alginate and the Alg/MC gel discs 

was visible, which could not be detected in any of the following analyses though. To investigate 

whether this difference could be due to a different amount of glucose being retained within the 

alginate and Alg/MC gels, the glucose content in gel discs of both types was analysed after 

chamber runs but no trend could be detected (data not shown). For the observation until equi-

librium, glucose content is displayed for the donor and acceptor compartment to illustrate the 

decrease in glucose concentration in the donor compartment in proportion to a rise in concen-

tration in the acceptor compartment as a proof-of-concept. For all further diffusion measure-

ments presented in this work, only the concentration in the acceptor compartment is shown.  

Despite optimisation of the protocol for gel preparation and the use of pressure to flatten hydro-

gel discs to a uniform height, slight differences between the individual gels remain, therefore it 

was necessary to investigate the influence of gel height on permeability. Alginate gels were 
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prepared in metal seal rings of either 1 mm or 0.5 mm height and diffusion was observed over 

the course of 3 h (Figure 22 B). An increased height of the gel disc led to a longer lag-phase 

until glucose could first be measured in the acceptor compartment (1 h vs 30 min for the 1 mm 

gel and the 0.5 mm gel, respectively), a later begin of the linear phase, a more shallow slope 

of the linear increase (0.13 vs 0.27), and a much lower concentration of glucose in the acceptor 

compartment after 3 h incubation time (300 mg/L vs 700 mg/L). This highlighted the necessity 

to precisely measure the height of each gel after the run.  
 

 

Figure 22: Parameters for glucose diffusion. Alginate and Alg/MC gel discs prepared with research-

grade alginate. A)  Alginate and Alg/MC gels were crosslinked with 70 mM SrCl2 and incubated in 10 mM 

SrCl2 under cell culture conditions for 1 day. Glucose concentration over a timeframe of 32 h until near 

equilibrium between the chamber halves. The declining and the increasing data set depict the concen-

tration in the donor and receptor chamber respectively. n = 1, data were not adjusted for gel height. 

B) Alginate gel discs were crosslinked with 70 mM SrCl2 and incubated in 10 mM SrCl2 under cell culture 

conditions for 1 day. Glucose concentration in the acceptor compartment in dependence of the diffusion 

distance, i.e. the height of the hydrogel discs. Discs prepared in 1 and 0.5 mm seal rings with an effective 

gel height of 1.7 and 0.9 mm respectively. Mean ± SD, n = 3, significances indicate ***p<0.001, data 

were not adjusted for gel height. C) Alg/MC gel discs were crosslinked with 100 mM CaCl2 or 70 mM 

SrCl2 and incubated in 20 mM CaCl2 or 10 mM SrCl2 under cell culture conditions for 1 day. Glucose 

concentration in the acceptor compartment in dependence of the ions used for crosslinking. n = 1, data 

were adjusted for gel height.  
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According to Fickôs law, the speed of diffusion is inversely proportional to the diffusion distance 

(Helmich, 2018). The comparison between gel heights presented here also showed an appro-

ximately proportional relationship between concentration in the acceptor compartment and gel 

height, therefore in all further experiments the precise height was multiplied with the glucose 

concentration in the acceptor compartment to eliminate the factor of height differences be-

tween gels.  

To investigate the influence of different crosslinking ions which can result in different pore 

sizes, Alg/MC gel discs were crosslinked with either 100 mM CaCl2 or 70 mM SrCl2 and diffu-

sion was observed over 16 h. The use of different crosslinking ions did not influence lag-time, 

slope, or overall glucose concentration in the acceptor compartment (Figure 22 C) and was 

therefore determined to have no influence on glucose diffusion. 

In light of these results and the fact that a maximum surface-to-volume ratio was desired, all 

further experiments were conducted with gels prepared in 0.5 mm seal rings, crosslinked with 

70 mM SrCl2 and the time frame selected for further glucose diffusion chamber experiments 

was 0-4 h with sampling every 30 min. 

 

For comparison between alginates, gel compositions and gel ages analogous to analysis time-

points in cell culture experiments, glucose diffusion was analysed for alginate and Alg/MC gel 

prepared with research-grade and clinical-grade alginate and stored for up to 7 days. Figure 23 

gives an overview over the comparison between alginate and Alg/MC gels at the different time-

points, Figure 24 depicts a comparison between research-grade and clinical-grade alginate.  

For all gels tested, the initial lag-phase lasted 30 min and glucose diffusion progressed into the 

linear phase after 1 h. When corresponding alginate and Alg/MC gels are compared, the 

amount of glucose measured in the acceptor compartment after 4 h was not significantly differ-

ent between the gel compositions (Figure 23). The only visible but not significant trend was 

observed between research-grade alginate and Alg/MC gels incubated for 1 day, with a slightly 

higher rate of diffusion through the plain alginate gel (Figure 23 A). This was not visible for gels 

aged 4 and 7 days at which timepoints diffusion of glucose through research-grade Alg/MC 

increased slightly compared to day 1. Save this slight trend, no difference between differently 

aged gels could be detected (for a visual comparison between differently aged gels refer to 

Figure 65, addendum).  

In a comparison between gels prepared with research-grade and clinical-grade alginate, statis-

tical analyses did not detect any significant differences between gels either, but there is a dis-

tinct trend towards quicker diffusion of glucose through plain alginate gels prepared with 

research-grade alginate independent of gel age (Figure 24 A, C, E). This trend was not visible 

for Alg/MC gels (Figure 24 B, D, F).    
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Figure 23: Glucose concentration compared by gel composition. Glucose concentration is depicted 

for the acceptor compartment. Alginate and Alg/MC gel discs were prepared with research-grade (left) 

or clinical-grade (right) alginate and crosslinked with 70 mM SrCl2. Incubation of discs in 10 mM SrCl2 

under cell culture conditions for 1 day (A, B), 4 days (C, D), or 7 days (E, F) before mounting in the 

chamber filled with 10 mM SrCl2. Samples of 200 µl were taken from both compartments every 30 min 

during a period of 4 h. Mean ± SD, n = 3, data were adjusted for gel height.   
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Figure 24: Glucose concentration compared by type of alginate. Glucose concentration is depicted 

for the acceptor compartment. Alginate (left) and Alg/MC (right) gel discs were prepared with research-

grade or clinical-grade alginate and crosslinked with 70 mM SrCl2. Incubation of discs in 10 mM SrCl2 

under cell culture conditions for 1 day (A, B), 4 days (C, D), or 7 days (E, F) before mounting in the 

chamber filled with 10 mM SrCl2. Samples of 200 µl were taken from both compartments every 30 min 

during a period of 4 h. Mean ± SD, n = 3, data were adjusted for gel height.   

 



Results 
 

55 
 

In the interest of gel stability, 10 mM SrCl2 was used for storage of gel discs and for chamber 

content for glucose measurements in these experiments. However, as stimulation of islets, as 

performed for this thesis, is done in Krebs Ringer bicarbonate buffer, an additional experiment 

concerning a possible influence of solvents was performed for research-grade Alg/MC gel 

discs (Figure 25).  

Overall speed of diffusion was slightly lower than in the previous experiments with gels of the 

same makeup (Figure 23 A, C, E) and the lag-phase lasted longer. In a comparison between 

different chamber fillings (Figure 25) and differently aged gels (for a visual comparison between 

differently aged gels refer to Figure 66, addendum), the rate of diffusion was comparable be-

tween all conditions tested. 
 

 

Figure 25: Glucose concentration compared by d iffusion medium. Glucose concentration is depic-

ted for the acceptor compartment. Alg/MC gel discs were prepared with research-grade alginate and 

crosslinked with 70 mM SrCl2. Incubation of discs in 10 mM SrCl2 or Krebs-Ringer buffer for 1 day (A), 

4 days (B), or 7 days (C) before mounting in the chamber filled with 10 mM SrCl2 or Krebs-Ringer buffer. 

Samples of 200 µl were taken from both compartments every 30 min during a period of 4 h. Mean ± SD, 

n = 3, data were adjusted for gel height. 
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Insulin  

Concentration of insulin was 250 ng/L in the donor and 0 ng/L in the acceptor compartment 

and Krebs-Ringer buffer was used as chamber filling in all conducted experiments to mimic 

the conditions used for islet stimulation as closely as possible. As insulin is a larger molecule 

than glucose and diffusion might therefore be slower, time of observation was extended to 6 h 

and sampling was conducted every 30 min for the first hour followed by sampling every hour. 

The three gel types tested for a preliminary insight into the diffusion of insulin were research-

grade plain alginate, research-grade Alg/MC, and clinical-grade Alg/MC.  
 

 

Figure 26: Insulin concentration compared by incubation time . Insulin concentration is depicted for 

the acceptor compartment. Gel discs were prepared with research-grade alginate (A), research-grade 

Alg/MC (B), and clinical-grade Alg/MC (C). All discs were crosslinked with 70 mM SrCl2. Incubation of 

discs in KRB under cell culture conditions for 1, 4, or 7 days before mounting in the chamber filled with 

KRB. Samples of 200 µl were taken from both compartments every 30 min for the first hour and every 

60 min during a further period of 5 h. Mean ± SD, n = 3, significances in all graphs indicate **p<0.01, 

****p<0.0001. 
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Overall, the lag-time was slightly longer than for glucose but all conditions entered the linear 

phase after a maximum of 2 h. In a comparison between differently aged gels, the rate of 

diffusion changed significantly between day 1 and later timepoints for both alginate and Alg/MC 

gels prepared with research-grade alginate (Figure 26 A&B). For Alg/MC gels prepared with 

clinical-grade alginate on the other hand, rate of diffusion remained constant independent of 

gel age (Figure 26 C).  

 

In a comparison between gel types at different timepoints after gel preparation, diffusion of 

insulin at day 1 through research-grade alginate and Alg/MC gels was comparable, but signi-

ficantly higher through clinical-grade Alg/MC gels (Figure 27 A). For gels aged 4 and 7 days 

on the other hand, diffusion though plain alginate was significantly higher than diffusion through 

Alg/MC gels independent of alginate type (Figure 27 B&C).  
 

 

Figure 27: Insulin concentration compared by gel composition. Insulin concentration is depicted for 

the acceptor compartment. Alginate gel discs (A) were prepared with research-grade alginate, Alg/MC 

gel discs with research-grade (B) or clinical-grade (C) alginate. All discs were crosslinked with 70 mM 

SrCl2. Incubation of discs in KRB under cell culture conditions for 1, 4, or 7 days before mounting in the 

chamber filled with KRB. Samples of 200 µl were taken from both compartments every 30 min for the 

first hour and every 60 min during a further period of 5 h. Mean ± SD, n = 3, significances in all graphs 

indicate **p<0.01, ****p<0.0001.  
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4.2 Adaptation & characterisation of islet cell incorporation into the 

Alg/MC blend  

The Alg/MC blend had been developed and previously been shown to be suitable for the plot-

ting of mammalian single cells of mesenchymal origin (Schütz et al., 2017). In previous studies 

using this blend it became apparent that the sterilisation of MC not only influences the material 

and plotting properties but also the survival and behaviour of embedded cells, chondrocytes in 

that case (Hodder et al., 2019). In general, different cell types react differently towards mate-

rials and since none of the cell types used in the previous studies were endocrine cells, the 

blend was analysed for cytocompatibility with the insulin producing INS-1 as a model cell line 

preliminary to islet plotting experiments. In addition to being crucial with respect to clinical 

application, the sterilisation of the material components influences the viscosity of the blend, 

which is an important parameter with respect to islet plotting. The majority of encapsulation 

approaches concerning these sensitive cell clusters is based on soft alginate-based gels 

(chapter 2.2.3, page 17 ff.) to minimise shear stress. With respect to the sizable difference 

between the viscosity of plain alginate and of Alg/MC, it was imperative to appraise methods 

for the careful incorporation of islets into the blend and investigate the effect of shear stress 

applied to cells during the plotting itself. To reduce this shear stress, plotting needles with a 

large inner diameter of 610 and 840 µm were chosen and compared concerning their influence 

on islet morphology.   

For islets and especially islet plotting, it is highly important to measure the cell number as 

precisely as possible since the functional analysis depends on the ratio of released insulin 

compared to the number of cells. Furthermore, a precise measurement of cell count between 

scaffolds was required since a completely homogeneous distribution of islets over all scaffolds 

of a batch cannot be guaranteed even with the optimised incorporation methods discussed 

later. For the precise determination of cellular content from plotted scaffolds, a protocol for 

complete dissolution of scaffolds and complete lysis of cells was developed (Figure 67, 

addendum).  

 

4.2.1 Sterilisation of MC: influence on ɓ-cell  survival and behaviour  

The sterilisation of alginate solutions by autoclaving is well established (Jeong et al., 2012; 

Kundu et al., 2015; Park et al., 2017), influence of sterilisation methods on MC on the other 

hand has been shown to be a crucial factor for plottability of the Alg/MC blend and the viability 

of cells encapsulated therein (Hodder et al., 2019). To test the influence of sterilisation methods 

applied to MC prior to paste preparation as well as the influence of the material blend itself on 

endocrine cells, INS-1, cells from a rat insulinoma ɓ-cell-line, were plotted in research-grade 

Alg/MC pastes. The alginate solution was autoclaved, sterilisation methods used on dry MC 

were autoclaving, supercritical CO2 (scCO2) treatment or ultraviolet (UV) irradiation.  
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The cell-containing scaffolds were crosslinked with 70 mM SrCl2 and incubated for up to 

21 days. Viability was characterised in terms of metabolic activity via MTT staining, live/dead 

staining, cluster formation over time and measurement of DNA-content (Figure 28 & Figure 29; 

for a depiction of live and dead images separately refer to Figure 68-Figure 70, addendum).  
 

 

Figure 28: Qualitative depiction of the influence of different sterilisation methods applied to MC 
on the viability of INS -1 cells. INS-1 cells in plotted research-grade Alg/MC scaffolds crosslinked with 

70 mM SrCl2 and incubated in RPMI+ under cell culture conditions for up to 21 days. A) Representative 

images of INS-1 stained with MTT for metabolic activity. Scale bars = 1 mm. B) Representative images 

of INS-1 stained for live (green) and dead (red) cells. Separate live and dead images are presented in 

Figure 68-Figure 70, addendum. Scale bars = 100 µm.  



Results 
 

60 
 

One day after plotting, no metabolically active INS-1 cells could be detected in either of the 

scaffolds. In scaffolds prepared with autoclaved or UV-irradiated MC, metabolically active cells 

were first detected on day 7 and the amount of MTT-positive cells increased strongly over time 

(Figure 28 A). The highest amount of cells was detected after 21 days in scaffolds prepared 

with autoclaved MC, but already on day 14 in scaffolds prepared with UV-irradiated MC. In 

scaffolds of both variants, the cells, naturally prone to cluster growth (Lee et al., 2011), formed 

large metabolically active clusters over time. In scaffolds prepared with scCO2-sterilised MC 

on the other hand, no metabolically active cells could be detected over the whole time of 

observation. 

Live/dead staining (Figure 28 B) qualitatively displayed an approximately even amount of live 

and dead single cells on day 1 after plotting, independent of the sterilisation method. Analo-

gous to MTT staining (Figure 28 A), INS-1 cells in scaffolds that had been prepared with either 

autoclaved or UV-irradiated MC formed large clusters of live cells over time. Cluster formation 

first appeared on day 7 after plotting, number and size of clusters increased until day 14 and 

remained mostly constant until day 21, at which point the borders of the clusters appeared less 

clearly defined though. Number of dead cells is reduced over time, especially between day 14 

and day 21 after plotting with no difference visible between the two sterilisation methods. In 

contrast to that, when scaffolds were prepared with scCO2-sterilised MC live cells were present 

throughout the whole time of incubation, but no cluster formation could be detected 

(Figure 28 B). 

 

For quantitative analysis of live/dead staining, area of live and dead cells was calculated and 

is presented as ratio of live / total cells (% viability) as well as absolute overgrown area of the 

analysed images (Figure 29 A&B). Number of cells is reflected in the DNA-content of scaffolds 

over time (Figure 29 C). Ratio of cell survival (Figure 29 A) showed a highly significant increase 

from day 1 to day 7 without further increase towards day 21 when UV- and scCO2-sterilised 

MC had been used. In samples prepared with autoclaved MC, increase of viability was not 

significant between day 1 and day 7, but highly significant between day 7 and day 14 of culture. 

Absolute area of live cells (Figure 29 B) and DNA content (Figure 29 C) confirmed the qualita-

tive results from MTT and live/dead images in Figure 28. Both parameters showed an increase 

over time when MC had been sterilised with wet heat or UV-irradiation and a decrease in the 

scCO2-samples. As had become evident in the MTT-staining, number and area of cells were 

highest on day 21 for autoclaved but already on day 14 for UV-treated MC samples. Area in 

autoclaved samples increased significantly between day 7, 14 and 21 of culture, whereas in 

UV-treated samples increase was only significant between day 1 and day 7. For DNA-content, 

differences between the groups were not tested for significance due to a low number of sam-

ples. Interestingly, despite a lack of visibly metabolically active cells from scCO2 samples, a 
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much higher DNA content could be measured and both, DNA and area of live cells increased 

slightly between day 1 and 7. After that, DNA content dropped sharply while the area remained 

constant. From day 14 on, overall rate of survival and absolute area of living cells were signi-

ficantly lower in scCO2-sterilised samples compared to autoclaved and UV-irradiated samples. 

While both, autoclaved and UV-irradiated MC supported survival of INS-1, autoclaving was 

chosen for islet experiments with respect to its approval as a clinically applicable sterilisation 

method. 
 

 

Figure 29: Quantitative analysis of  the influence of  different sterilisation methods applied to MC 
on the viability of INS-1 cells.  INS-1 cells in plotted research-grade Alg/MC scaffolds crosslinked with 

70 mM SrCl2 and incubated in RPMI+ under cell culture conditions for up to 21 days. A) Percent viability 

calculated from the area of live cells. Mean ± SD, n = 3 scaffolds, 5 images each. B) Absolute area of 

live cells. Mean ± SD, n = 3 scaffolds, 5 images each. C) DNA-content per scaffold. Mean ± SD, n = 2 

scaffolds. 

 

4.2.2 Incorporation of pancreatic islets in to the highly viscous Alg/MC blend   

The high viscosity of the Alg/MC blend can lead to strong shear stress during cell incorporation. 

Especially the pancreatic islets, which are large but relatively sensitive cell clusters, have to  

 



Results 
 

62 
 

be incorporated carefully to retain their overall morphology. At the same time, a sufficiently 

homogeneous distribution of islets in the paste is required to ensure a sufficiently homogenous 

distribution of islets in the scaffolds. In preliminary experiments, a very low number of islets 

(approximately 2000 IEQ per gram material) had been incorporated with an incorporation 

method derived from that used for single cells. This resulted in a very uneven distribution of 

islets between scaffolds of the same batch ranging from zero to five metabolically active islets 

per scaffold and a loss of round-shaped islet morphology (data not shown).  

Following this, different methods for the thorough but gentle incorporation of sensitive cell con-

structs were investigated to achieve a homogeneous cell-material mixture (Figure 30 A). The 

method derived from the incorporation of single cells (ñstirringò), consisted of the deposition of 

a defined amount of material into a falcon tube, centrifugation, addition of the cell suspension 

on top, and incorporation via stirring with a spatula. For a slight modification of this protocol 

(ñgentle folding inò) the centrifugation step was omitted and a defined amount of material was 

distributed on the side of the tube after which the cell suspension was distributed along the 

entire material and gently folded in with a spatula. Further methods tested were blending of 

material and cell suspension via two connected syringes starting out with the material in one, 

and the cell suspension in the other syringe, and a gentle pressure to move the entire content 

between the syringes (ñsyringeò), and the use of the so called ñCellmixerò from CELLINK. With 

the Cellmixer, the material and cell suspension are also deposited in different connected 

syringes, but blending takes place via a single move through a screw thread. These methods 

were first compared concerning their effect on spheroids of hTERT-MSC as a model for cell 

clusters, however spheroids created from single cells of a cell line are more fragile than even 

primary islets and only a small number remained intact during either incorporation method 

preventing the use (data not shown). Use of the cell mixer was restricted by a fast clogging of 

the narrow screw thread and therefore discontinued.  

The methods ñstirringò, ñgentle folding inò and ñsyringeò were qualitatively compared based on 

their influence of islet morphology and survival of murine islets in plotted scaffolds. Islets folded 

in but unplotted, and free islets were used as controls. Two representative examples of each 

variant are shown in Figure 30 B. The majority of islets remained alive in all cases, a trend 

towards a higher number of dead cells with a loss of islet morphology was indicated though. 

Islet morphology was preserved in a majority of islets when the cell suspension was gently 

folded in, with a far greater number of intact islets than when the methods ñstirringò or ñsyringeò 

were used. Even with gentle incorporation some islets were frayed at the edges though. As no 

difference between unplotted islets, and plotted islets which had been folded in could be ob-

served, this was attributed to the shear stress during the process of incorporation and not 

during the plotting. Due to its low impact on islet morphology the method ñgentle folding inò 

was chosen for incorporation of islets into the material for all further experiments.  
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Figure 30: Incorporation of murine islets into the Alg/MC blend. A) Schematic depiction of methods 

used to incorporate cells into the material. Islets were pipetted onto the material and incorporated with 

a spatula (I&II), or the material and the islets were deposited in separate containers and incorporation 

was achieved with pressure (III&IV (CELLINK, 2020)). B) From top to bottom: Representative images of 

survival & morphology of islets stained for live (green) and dead (red) cells. Islets were incorporated into 

research-grade Alg/MC with the methods I-III depicted in A. Scaffolds were plotted with an inner needle 

diameter of 610 µm, crosslinked with 70 mM SrCl2 and incubated in RPMI+ under cell culture conditions 

for up to 7 days. Islets folded in in but unplotted, and free islets in suspension culture served as controls. 

Scale bars = 100 µm.  
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4.2.3 Needle diamet er for the plotting of pancreatic islets   

Apart from shear stress during incorporation, islets are additionally exposed to shear stress 

during extrusion through plotting needles which is higher with smaller outlet diameters 

(Emmermacher et al., 2020). Since islet sizes naturally range lies from 50 to 350 µm in average 

diameter, conical plotting needles with an inner diameter of either 610 or 840 µm were com-

pared as to their influence on cell survival and islet morphology, both qualitatively (Figure 31) 

and quantitatively (Figure 32).  

Chosen for the qualitative assessment in this work is an array of six images for each needle 

type which illustrates the cell survival and percentage of undamaged islets in a representative 

fashion. In qualitative image analysis, a slight correlation between impaired islet morphology 

and number of dead cells was visible, with both being higher after use of the 610 µm needle 

(Figure 31).  
 

 

Figure 31: Qualitative v iability and morphology of murine islets depending on the  inner diameter 
of the plotting needle. Plotted islets in research-grade Alg/MC scaffolds crosslinked with 70 mM SrCl2 

and incubated in RPMI+ under cell culture conditions for up to 14 days. Representative images of islets 

stained for live (green) and dead (red) cells. Scaffolds were plotted with a needle of 610 µm (left) or 

840 µm (right) inner diameter. Scale bars = 100 µm. 
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Quantitative analysis on the other hand only partially confirmed the impression from the quali-

tative analysis, with needle diameter significantly impacting morphology (Figure 32 B), but not 

viability (Figure 32 A).  

With a larger needle, a higher number of islets showed spherical morphology, therefore a 

needle diameter of 840 µm was chosen for further islet plotting experiments.  
 

 

Figure 32: Quantitative v iability and morphology of murine islets depending on the inner diame -
ter of the plotting needle. Plotted islets in research-grade Alg/MC scaffolds crosslinked with 70 mM 

SrCl2 and incubated in RPMI+ under cell culture conditions for up to 14 days. A) Semi-quantitative 

assessment of islet viability on the basis of live/dead stainings as shown in Figure 31. Mean ± SD, n = 1 

isolation for 610 µm on day 1, n = 3 isolations for all other conditions, each 10-101 islets. B) Semi-

quantitative assessment of islet morphology on the basis of live/dead stainings as shown in Figure 31. 

Each islet was visually assessed for impaired spherical morphology. Mean ± SD, n = 3 isolations, each 

8-93 islets. 
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4.3 Plotting of adult murine pancreatic islets  

In previous chapters, the basic suitability of the adapted Alg/MC blend concerning plottability 

and stability of the gel as well as optimised methods for incorporation and analysis of cell 

clusters were ascertained. In the following, a detailed analysis of islets embedded within plotted 

and crosslinked clinical-grade Alg/MC scaffolds by using primary adult islets from rat as a 

model for proof-of-concept plotting experiments is presented.  

In accordance with the results concerning material characterisation and islet incorporation, the 

basic parameters chosen for islet plotting were the Alg/MC blend with autoclaved MC, gentle 

folding in, plotting with a needle diameter of 840 µm, and crosslinking with 70 mM SrCl2. All 

gels were prepared with clinical-grade alginate, except if specifically stated otherwise. Islet 

containing scaffolds as well as control islets in suspension culture were incubated in RPMI+ 

under cell culture conditions for up to 7 days.  

To assess the overall impact of 3D plotting on murine islets, parameters chosen for analysis 

were metabolic activity, the presence of insulin within islets, size distribution, viability, and 

presence of apoptotic nuclei compared to control islets. In a second step a thorough exami-

nation of islet functionality via presence of pancreatic hormones and stimulation with glucose 

was performed. 

 

4.3.1 Distribution, morphology and viability  of bioplotted murine islets  

Islet-containing scaffolds were stained with MTT and DTZ to get a visual overview over 

distribution of insulin-containing metabolically active cell clusters within the hydrogel strands 

(Figure 33 A&B). In all analysed scaffolds, a sufficiently homogeneous distribution of islets 

could be detected, the islets were metabolically active throughout the time of incubation 

(Figure 33 A), and presence of insulin could be detected via dithizone until at least day 7 after 

plotting (Figure 33 B). 

Plotted and free control islets were also analysed for size distribution as ascertained by means 

of counting nuclei in immunofluorescently stained cryosections (Figure 33 C). While islets sub-

stantially vary in size by nature, it could be observed throughout the whole time of observation, 

that free control islets tended to be larger on average than plotted islets. Furthermore, from 

day 4 to day 7 of culture a slight, but not significant, trend in size reduction could be observed 

in both groups. 
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Figure 33: Placement and size distribution of murine islets. Plotted islets in clinical-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under 

cell culture conditions for up to 7 days. A) Representative images of islets stained for metabolic activity 

with MTT, day 1 after plotting. B) Representative images of islets stained for presence of insulin with 

DTZ, day 7 after plotting. Scale bars = 5 mm (left) and 2 mm (right). C) Size of islets determined by 

counting of nuclei in DAPI stained 2D cross-sections. Mean ± SD, n=1 isolation, 25 islets, *p<0.05, 

**p<0.01. 

 

In-depth examination of survival of plotted islets was done through the staining of live vs dead 

cells (Figure 34-Figure 36), and the staining of nuclei for DNA and DNA fragmentation (Fig-

ure 38). Main focus lay on survival for up to seven days (Figure 34 & Figure 35), which is the 

timeframe reported for preservation of islet functionality in vitro. However, in light of the fact 

that islet-containing scaffolds eventually need to preserve survival and function of islets over a 

long period of time for medical application, survival of plotted islets was also observed up to 

day 14 as a first indicator for long-term survival (Figure 36).  

As previously observed in the experiments conducted for optimisation of incorporation (chap-

ter 4.2.2, page 61 ff.) and needle diameter (chapter 4.2.3, page 64 ff.), live/dead staining re-

vealed that the complete surface area visible in the images of the islets showed green staining 

indicating live cells at all timepoints and in both sample types, control and plotted. Additionally 

however, nearly all islets also showed red signal in the periphery, but in most cases the number 

of dead cells per islet was very low (Figure 34). The semi-quantitative evaluation of the stai-

nings (Figure 35) demonstrated a slightly higher rate of survival in the control than the plotted 

scaffolds, with the disparity being highest on day 4 but overall negligible. Interestingly, while 

the percentage of live cells increased from day 1 to day 4 in the control, it only did so from 

day 4 to day 7 in the plotted scaffolds. Semi-quantitative assessment was mainly done on islets 

from one experiment for a direct comparison between all timepoints of control and plotted islets 

from the same isolation. Selective control stainings for plotted islets in 10 of the 14 performed 

isolations showed the same overall effect in qualitative analysis though (data not shown).   
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Figure 34: Qualitative viability of murine islets. Plotted islets in clinical-grade Alg/MC scaffolds cross-

linked with 70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under cell culture 

conditions for up to 7 days. Representative images of islets stained for live (green) and dead (red) cells. 

A) Free control islets. B) Islets in plotted Alg/MC scaffolds. Scale bars = 200 µm for all.  
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Figure 35: Quantitative viability of murine islets.  Plotted islets in clinical-grade Alg/MC scaffolds 

crosslinked with 70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under cell 

culture conditions for up to 7 days. Semi-quantitative assessment of islet viability on the basis of 

live/dead stainings as shown in Figure 34.  Mean ± SD, n = 1 isolation, 62-177 islets. 

 

When survival of plotted islets was observed over a longer timeframe (Figure 36 & Figure 37), 

the overall trend was similar to short-term observations with only minor changes in percentage 

of survival over the whole time but a slight increase in live cells between day 1 and day 7 after 

plotting. Over the course of the next week of incubation, this increase receded again, so that 

survival after 14 days of incubation under cell culture conditions was comparable to survival 

immediately after plotting (Figure 37). In accordance with the presence of dead cells through-

out the time of observation, cell number as measured by DNA content in general decreased 

over time (Table 1). 

 

Table 1: DNA content of plotted Alg/MC scaffolds containing adult murine islets . DNA content was 

normalised to the DNA content measured on day 1 after plotting. Clinical-grade Alg/MC scaffolds were 

crosslinked with 70 mM SrCl2 and incubated under cell culture conditions for up to 21 days. Plot 1-8 

denote different islet isolations. Mean, n corresponds to number of samples in GSIR denoted in 

Table 3-Table 10, addendum. 

  d1 d4 d7 d11 d14 d21 

Plot 1  100 42.1 15.4 20.9 13.1 18.5 

Plot 2  100 54.5 42.1 29.1 20.3 18.7 

Plot 3  100 94.2 127.7 72.4     

Plot 4  100 68.3 60.5 41.1 49.1 32.6 

Plot 5  100 77.1 65.4 48.5 33.4   

Plot 6  100 63.9 72.7 68.2 85.7   

Plot 7  100 86.7 53.9 31.2     

Plot 8  100 80.9 55.9       
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Figure 36: Qualitative viability of murine islets over 14 days. Plotted islets in clinical-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2 incubated in RPMI+ under cell culture conditions for up to 

14 days. A) Representative images of islets stained for live (green) and dead (red) cells. Scale 

bars = 100 µm.  
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Figure 37: Quantitative viability of murine islets over 14 days. Plotted islets in clinical-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2 incubated in RPMI+ under cell culture conditions for up to 

14 days. Semi-quantitative assessment of islet viability on the basis of live/dead stainings as shown in 

Figure 36. Mean ± SD, n = 3 isolations, each 24-70 islets. 

 

TUNEL-staining for apoptotic nuclei observed for up to 7 days (Figure 38 & Figure 39) showed 

the same trend as staining for live vs dead cells, but in a more pronounced manner. Qualitative 

analysis of TUNEL and DAPI stained islets (Figure 38) revealed that most islets in both groups, 

control and plotted, were approximately spherical in shape, but that there was a higher number 

of larger islets in the control group, which is also revealed in quantitative depiction of size in 

Figure 33 C (page 67). Despite their largely comparable shapes plotted islets had a higher 

likelihood of unattached single cells on the surfaces compared to control islets. Nearly all ana-

lysed samples of both groups contained apoptotic cells in different amounts. In plotted scaf-

folds apoptotic nuclei were predominantly located in the outer areas or areas where a tear 

likely had happened. In free control islets on the other hand, especially in a number of larger 

islets apoptotic nuclei were mainly located in the centre, or where the centre of the islets seems 

to be missing entirely. In quantitative analysis of overall percentage of live cells, a trend to-

wards higher survival of free control islets was observed, especially for day 4 and day 7 after 

plotting; this difference was not significant in statistical analysis though (Figure 39).  
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Figure 38: Qualitative depiction of intact and apoptotic nuclei in murine islets.  Plotted islets in 

clinical-grade Alg/MC scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture 

incubated in RPMI+ under cell culture conditions for up to 7 days. Representative images of TUNEL and 

DAPI stained cryosections. Scale bars = 50 µm. 
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Figure 39: Quantitative depiction of intact and apoptotic nuclei in murine islets.  Plotted islets in 

clinical-grade Alg/MC scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture 

incubated in RPMI+ under cell culture conditions for up to 7 days. Percent apoptotic nuclei per islet 

calculated from TUNEL and DAPI stained cryosections. Mean ± SD, n=1 isolation, 25 islets. 

 

In the free control group, some islets appeared to fuse which is shown exemplarily in Figure 38, 

control, d4, upper right image, and depicted more thoroughly in Figure 40. The islets this per-

tains to are still distinctly recognizable as two separate islets, which are connected in one place 

via a cellular bridging. This bridging neither influenced overall islet morphology, nor number of 

apoptotic cells. While the phenomenon was independent of size or time in culture, it seemed 

to be restricted mainly to free control islets where the fusion was observed in approximately 

10 % of islets. In a survey of all images of plotted murine islets, such a fusion was only detected 

one single time.  

 

 

Figure 40: Aggregation of individual murine control islets.  Control islets in suspension culture incu-

bated in RPMI+ under cell culture conditions for up to 7 days. Exemplary images of aggregated islets 

immunofluorescently stained for insulin (green) and glucagon (red). Nuclei (blue) were stained with 

DAPI. Scale bars = 50 µm. 
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4.3.2 Functionality of bioplotted murine islets  

The functionality of islets was assessed by analysing the production and localisation of insulin 

and glucagon inside the islet, and ultimately the release of insulin in response to glucose 

stimulation.  

Cryosections of control and plotted islets fixed on day 1, 4, and 7 after plotting were immuno-

histochemically stained for nuclei, insulin and glucagon (Figure 41). Both, insulin and glucagon 

were detected in the majority of islets in all investigated conditions and throughout the whole 

time of observation. Insulin was located nearly throughout the whole islet, whereas glucagon 

could only be found in the outer areas in a far smaller subset of cells than insulin. Both 

hormones did not appear in the same cells. This was for the most part independent of islet size 

or shape, even large or slightly frayed islets still contained both hormones on day 7, although 

it has to be noted that in some larger islets, insulin was not as prevalent in the centre as towards 

the outer areas. As has been stated when referring to DAPI/TUNEL stained islets, insulin/glu-

cagon stainings again showed that overall control islets are larger and more often rounded in 

shape, but tend to contain empty areas (Figure 41 A). Plotted islets had a higher likelihood of 

unattached single cells on the edges, which did not impair production or localisation of either 

hormone though (Figure 41 B, day 1). 

 

Functionality of islets was investigated via glucose-stimulated insulin release whereby islets 

were exposed to either low (3.3 mM) or high (16.4 mM) glucose. Functional analysis was per-

formed on free control islets (denoted as ñctrlò) and on islets embedded in plotted scaffolds 

(denoted as ñplotò), whereby the numbering indicates different islet isolations. Plotted scaffolds 

were prepared with either research-grade (Figure 42) or clinical-grade alginate (Figure 43 & 

Figure 44). For analysis, the released insulin was normalized to DNA followed by calculation 

of the stimulation index (SI), the ratio of insulin released under high-glucose to insulin released 

under low-glucose stimulation. For functional murine islets, the SI is defined as Ó 2 (Carter et 

al., 2009).  
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Figure 41: Presence of pancreatic  hormones in murine islets.  Plotted islets in clinical-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2, and control islets in suspension culture incubated in RPMI+ 

under cell culture conditions for up to 7 days. Representative images of islets immunofluorescently 

stained for insulin (green) and glucagon (red). Nuclei (blue) were stained with DAPI. A) Free control 

islets. B) Islets in plotted Alg/MC scaffolds. Scale bars = 50 µm for all. 
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Stimulation of islets plotted in research-grade Alg/MC was performed for up to five isolations 

and is depicted as single data points representing different isolations; free islets served as 

control (Figure 42). The majority of control islets showed functionality at all timepoints although 

SI on day 4 was unexpectedly high (Figure 42 A). For plotted islets on the other hand, in none 

of the five performed isolations a functional response with an SI > 2 could be detected. At each 

timepoint, at least two isolations resulted in an SI > 2 though, i.e. they released a slightly higher 

amount of insulin in response to high than in response to low glucose (Figure 42 B). 
 

 

Figure 42: GSIR of murine islets in research -grade Alg/MC . Plotted islets in research-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under 

cell culture conditions for up to 7 days. SI of up to 5 different islet isolations. A) SI of control and plotted 

samples. B) SI of only plotted samples from A for better visibility.  

 

For scaffolds prepared with clinical-grade alginate, the functional response is depicted as the 

absolute amount of released insulin normalised to the DNA content to illustrate the scale of 

release, as well as the SI to illustrate the ratio between low and high glucose. The amount of 

released insulin from free control and plotted islets over a cultivation time of up to 14 days is 

exemplarily depicted for 3 out of 7 different isolations (Figure 43, for a complete overview over 

all isolations in graphical depiction and numerically refer to Figure 71 & Figure 72, addendum,  

and Table 3-Table 9, addendum, respectively). Overall, the amount of insulin varied strongly 

between isolations but also between replicates within isolations, which was much stronger in 

the free control though. Especially at early timepoints, control islets released disproportionately 

higher amounts of insulin in response to high glucose in the majority of the isolations. Release 

from control islets generally decreased strongly towards later timepoints.  

 

The SI calculated from the released insulin is depicted in Figure 44 with the single isolations 

differentiated by colour. The SI of control islets varied strongly between isolations, especially 

on day 1 and 4 after plotting but in general decreased until day 7. 
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Figure 43: Insulin release of murine islets in clinical -grade  Alg/MC . Plotted islets in clinical-grade 

Alg/MC scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture incubated in 

RPMI+ under cell culture conditions for up to 7 days. Single values of ng insulin released in response to 

either low (3.3 mM) or high (16.4 mM) glucose stimulation normalised to 100 ng DNA. Stimulation over 

a cultivation time of 14 days exemplarily depicted for 3 out of 7 isolations. Data points for each isolation 

depict replicate samples. For an overview over the calculated values refer to Table 3-Table 5, adden-

dum.  
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Plotted islets on the other hand, were non-functional on day 1 after plotting, but the functionality 

was on par with the control on day 4 and 7. In an average of the isolations, the SI of the free 

control decreases from 9.2 on day 1 via 4.8 on day 4 to 1.8 on day 7 whereas the SI of plotted 

islets is 1.8 on the first day and increases to 4.5 on day 4 before decreasing again to 2.4 on 

day 7. On day 4 and day 7 of incubation, control and plotted islets from the majority of the 

isolations reacted similarly with either both or none giving an SI Ó 2. An SI < 1 on the other 

hand, was rarely detected, and between day 1 and day 7 of incubation only present in control 

but never in plotted samples. After 11 days of culture, the majority of isolations was non-

functional. Interestingly, in a preliminary insight into functionality of islets after 14 days of cul-

ture, control and plotted islets from the same isolation reacted very differently. Functionality 

testing on day 14 was performed for only two isolations with a low number of replicates though. 

No significances were detected. 
 

 

Figure 44: GSIR of murine islets in clinical -grade  Alg/MC . Plotted islets in clinical-grade Alg/MC 

scaffolds crosslinked with 70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under 

cell culture conditions for up to 7 days. SI of insulin released in response to either low (3.3 mM) or high 

(16.4 mM) glucose stimulation of up to 7 isolations over a cultivation time of 14 days. Different isolations 

are differentiated by colour. SI was calculated on the basis of insulin release as depicted in Figure 43 

and in Table 3-Table 9, addendum.  

 

In vivo, pancreatic islets need to react to glucose stimulation by an increase in insulin release, 

followed by a decrease concomitant to a decrease in blood-glucose levels. For a preliminary 
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insight into the ability to repeatedly react to changes in glucose concentration, murine islets 

were additionally exposed to successive low-high-low stimulation on day 1 and day 4 after 

plotting (Figure 45). In accordance with the results presented for functionality of murine islets 

presented on previous pages, for low-high-low stimulation the overall amount of released 

insulin varied strongly between control and plotted islets with plotted islets releasing less in-

sulin, but also varied within the control. Independent of timepoint it could be shown for all 

sample groups that the amount of released insulin corresponded to the glucose settings, with 

a low release in low glucose, followed by a high release in high glucose and then going back 

to a low release when low glucose was applied once more. 
 

 

Figure 45: Insulin release of m urine islets in clinical -grade  Alg/MC in response to successive 
exposure to low -high -low glucose. Plotted islets in clinical-grade Alg/MC scaffolds crosslinked with 

70 mM SrCl2 and control islets in suspension culture incubated in RPMI+ under cell culture conditions 

for up to 4 days. Single values of ng insulin released in response to consecutive low-high-low (3.3 mM ï 

16.4 mM ï 3.3 mM) glucose stimulation normalized to 100 ng DNA. A) Free control islets. B) Islets in 

plotted Alg/MC scaffolds. n = 1 isolation, data points depict replicate samples.   
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4.4 Plotting of neonatal porcine islet -like cell clusters (NICC)  

Murine islets are a suitable system for a proof-of-concept of the survival and function of plotted 

islets but lack clinical applicability. Neonatal porcine islet-like cell clusters on the other hand, 

are clinically relevant as a promising candidate for the xenotransplantation of islets for patients 

with Diabetes mellitus type 1 (Korbutt et al., 1996; Cooper et al., 2015).  

Out of the much broader topic of xenotransplantation of NICC in plotted scaffolds, this work 

aimed at investigating the general compatibility of the Alg/MC blend and plotting process with 

NICC. This first foray is meant to provide information on the general feasibility of the concept 

while disregarding other aspects relevant for transplantation of NICC, such as maturation with-

in the scaffolds and sufficient immunoprotection, for the moment. These extensive topics will 

be the focus of future studies.   

Analogous to adult murine islets, first considerations involved the analysis of morphology and 

survival after incorporation into the material and plotting, followed by a preliminary examination 

of functionality via detection of presence of pancreatic hormones and reaction to glucose stimu-

lation. All experiments were performed according to the optimised protocol for murine islets 

with clinical-grade alginate, careful folding in, a needle diameter of 840 µm, and crosslinking 

with 70 mM SrCl2.  

 

4.4.1 Distribution, mo rphology and viability  of bioplotted NICC 

To investigate to what extent NICC tolerate the incorporation into the highly viscous Alg/MC 

blend, NICC were mixed with the material, plotted into macroporous 3D scaffolds and analysed 

for morphology, distribution, metabolic activity, presence of insulin and survival (Figure 46). 

Unplotted NICC in Alg/MC, unplotted NICC in plain alginate, and NICC in suspension culture 

served as controls for the material and plotting process. In all conditions, NICC were homo-

geneously distributed inside the material and presence of insulin and metabolic activity could 

be detected by DTZ and MTT staining, respectively. Neither the incorporation, nor the material, 

nor the plotting process seemed to have an influence on general morphology of cell clusters 

(Figure 46 A). Distinctly visible in a qualitative analysis of live/dead stained NICC (Figure 46 B) 

is a relatively high number of dead cells independent of incorporation into the material and 

plotting process but the proportion of live to dead cells was comparable between all tested 

conditions.  
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Figure 46: Metabolic activity and viability of NICC in reaction to the material and the plotting 
process.  Plotted NICC in Alg/MC scaffolds, unplotted NICC in Alg/MC, NICC in plain alginate beads, 

all crosslinked with 70 mM SrCl2, and free control NICC in suspension culture. All samples were incu-

bated in RPMI+ under cell culture conditions for 3 days. A) Representative images of the general distri-

bution (top), presence of insulin (DTZ), and metabolic activity (MTT). Scale bars = 1 mm. B) Represen-

tative images of islets stained for live (green) and dead (red) cells. Scale bars = 200 µm. 

 

 


