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ZUSAMMENFASSUNG  
 

Typ-1-Diabtes ist eine Autoimmunerkrankung, bei welcher die Betazellen der 

Pankreas vom körpereigenen Immunsystem zerstört werden. Patienten sind von 

externer Insulingabe abhängig und etwa eine Million dieser Patienten verwenden 

eine Insulinpumpe und einen kontinuierlichen subkutanen Insulininfusionskatheter 

(CSII), um den Diabetes zu kontrollieren. Die Variabilität der Insulinresorption nimmt 

über die Tragedauer des Katheters zu und es wird deshalb empfohlen, den Katheter 

alle 2 bis 3 Tage durch einen neuen zu ersetzen. Die zugrundeliegenden 

Mechanismen, die für die Variabilität der Insulinresorption verantwortlich sind, sind 

nach wie vor ungeklärt und Daten hierzu sind rar. Diese Arbeit hatte zum Ziel, die 

Entzündungsreaktion auf CSII-Katheter und die pharmakokinetische Variabilität des 

Insulins in zwei verschiedenen Tiermodellen (Schwein und Hund) zu untersuchen. 

Die Insulinresorption sowie die Gewebsreaktion wurden über einen Zeitraum von bis 

zu 7 Tage Tragedauer systematisch untersucht. Die Insulinresorption war, verglichen 

mit Tag 1, am 5. und 6. Tag Tragedauer besser, aber zeigte eine erhöhte Variabilität. 

Das Setzen und Tragen des Katheters führte zu einem akuten lokalen Trauma und 

zur Ausbildung einer Barriere aus Zellen und Gewebstrümmern entlang des 

Stichkanals. Die Ergebnisse dieser Arbeit zeigen, dass flexible Teflonkatheter mit 

stumpfem Ende besser verträglich sind, als starre Stahlkatheter mit scharfer Spitze. 

Das Hausschwein stellt gegenüber dem Hund ein besseres Modell für die humane 

Wundheilung dar. Die Entzündungsreaktion muss für die zukünftige Entwicklung 

neuer CSII-Katheterdesigns berücksichtigt werden.   
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ABSTRACT  
 

Type 1 diabetes is an autoimmune disease manifested in the destruction of beta cells 

of the pancreas. Patients are dependent on external insulin administration and 

approximately 1 million manage their diabetes with an insulin pump and a continuous 

subcutaneous insulin infusion (CSII) catheter. Variability of insulin absorption from a 

CSII catheter increases over wear-time and thus catheters are recommended to be 

replaced every 2-3 days. Mechanisms responsible for variable insulin absorption are 

poorly understood and only limited data is available. This thesis aimed to elucidate 

the inflammatory response to CSII catheters and the pharmacokinetic variability of 

insulin in 2 different animal models (swine and dog). Insulin absorption and tissue 

response were systematically evaluated over up to 7 days of catheter wear-time. 

Insulin absorption was better on days 5 and 6 of wear-time compared to day 1, 

however, variability increases. The insertion and maintenance lead to an acute local 

trauma and the formation of a layer of cell and tissue debris along the insertion 

channel. The results of this thesis show that flexible Teflon with a blunt end is better 

tolerable than rigid steel with a sharp tip. Based on the tissue histology and 

composition of skin and subcutaneous adipose tissue, the swine is a better model for 

human wound healing compared with the dog. The inflammatory response needs to 

be taken into account for future CSII catheter design. 



 
Hauzenberger 2017 

1 
 

1. INTRODUCTION  
 

Insulin pump therapy, also known as continuous subcutaneous insulin infusion 

(CSII), is a therapeutic method to control blood glucose in patients with impaired 

beta cell function and decreased or no insulin production. The majority of patients 

on CSII therapy suffer from the auto-immune disease type 1 diabetes but also a 

small percentage of patients with advanced stages of type 2 diabetes use insulin 

pumps. CSII therapy mimics the beta-cell function by infusing rapid-acting insulin 

into the subcutaneous tissue at adjustable rates via an electromechanical pump [1, 

2].  

 

1.1 HISTORY OF INSULIN PUMP THERAPY 
In 1963, Dr. Arnold Kadish designed the first insulin pump to be worn as a 

backpack (Figure 1). In this design, both glucagon and insulin were infused 

intravenously (IV).  

 

 

 

Figure 1: (A) Kadish wearing the first dual-hormone pump as a backpack. (B) First page of 

Kadishôs publication in Transactions - American Society for Artificial Internal Organs, April 1963 

 

In 1974, Gérard Slama and colleagues showed that open-loop IV insulin infusion 

using a portable pump held in a shoulder bag produced good glycemic control in 

type 1 diabetes [3]. Professor Harry Keen in London was the first to suggest 
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subcutaneous (SC) infusion of short-acting insulin to improve metabolic control 

and avoid the risks associated with long-term IV infusion (e.g. thrombosis). 

Together with his student John Pickup he went on to develop CSII therapy in the 

form of a battery-powered, 159 g miniature syringe - the "Mill Hill Infuser" (Figure 

2) [4]. This pump became commercially available in 1976. Patients were able to 

implant a butterfly steel needle themselves to infuse insulin into the subcutaneous 

tissue of the abdomen.  

 

Figure 2: The "Mill Hill Infuser" (top) and with the casing removed (bottom) showing the syringe 

drive [5]. 

 

In 1978, Dean Kamen improved Kadish's model to a more wearable version and 

commercialized the first pump which was known as the ñBig Blue Brickò in the 

medical community. Unfortunately, this model lacked features necessary for safe 

insulin delivery and required a screwdriver to adjust dosage. Kamen sold his 

company ñAutoSyringeò to Baxter Health Care in 1981, when he was only 30 years 

old.  

 

Pump therapy remained not very user-friendly throughout the 1980s. They were 

heavy and large and reserved only for the most difficult-to-manage cases of 

diabetes. By the 1990s pumps became easier to handle, both in size and 

technology, and ensured greater safety and better blood sugar control for patients. 

Pumps advanced over the years and received bonus features such as an 

integrated bolus calculator. This feature advises patients on optimal meal boluses 

based on the carbohydrate content of the meal and the target blood glucose, 
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taking into account the remaining insulin from the previous bolus. The idea of a 

closed-loop artificial pancreas evolved, in which the insulin pump and a continuous 

glucose monitor communicate automatically, mimicking the function of a healthy 

pancreas [6ï14].  

 

Figure 3: Insulin pumps. (A) Patch pump on weight-bearing adhesive. (from: 
http://www.medicaldevice-developments.com) (B) Tethered pump with insulin infusion set. (from: 

http://www.edinburghdiabetes.com/pump-patients/) 

 

Modern battery-powered insulin pumps contain an insulin reservoir and a 

computerized control mechanism that is linked to a motor. There are two designs 

available of the modern insulin pump: patch pumps and tethered pumps. The 

patch pump reservoir is applied directly to the skin via an adhesive with the insulin 

infusion catheter attached to the pump and adhesive (Figure 3A). The cannula is 

inserted via an automated inserter. An example for a patch pump is the Omnipod 

(Insulet, Billerica, MA, USA). The majority of pumps are tethered, where the insulin 

reservoir in the pump is connected to a subcutaneous insulin infusion (CSII) 

catheter via plastic tubing (ñinfusion setò). The catheter consists of a cannula, a 

hub to which the tubing can be connected and an adhesive that keeps the catheter 

in place when the cannula is implanted subcutaneously (Figure 3B). The cannula 

can be of either a flexible (e.g. Teflon) or a rigid (e.g. steel) material, is between 6 

and 13 mm long and is inserted either angled (30°) or straight (90°), depending on 

the manufacturer's specifications. It can be inserted into the subcutaneous tissue 

of the abdomen, upper arm, or thigh either manually or by a spring-loaded inserter. 

Rapid-acting insulin is infused at a basal rate throughout the day and during sleep 

but set to a higher bolus right before meals. Most pumps now feature a bolus 
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calculator as well as a function reporting the amount of insulin that is still left in the 

body from a previous bolus (ñinsulin on boardò monitor function).  

 

1.2 ADVANTAGES OF INSULIN PUMP THERAPY 
In 1993 the Diabetes Control and Complications Trial (DCCT) Research Group 

published a report on the benefits of tight glucose control [15]. 1,441 insulin 

dependent patients free of cardiovascular complications at baseline were 

randomized into 2 groups in a multicenter trial: conventional versus intensive 

diabetes treatment. By the end of the follow-up of an average of 6.5 years, almost 

twice as many patients on conventional therapy with loose glucose control had 

microvascular complications compared with the intensive therapy group [15]. They 

concluded that tight glucose control delays the onset of diabetic nephropathy 

(damage to the kidneys), neuropathy (damage to the nerves) and retinopathy 

(damage to the retina) caused by continuously elevated blood glucose levels.  

 

This tight control of BG levels is more easily achieved when using and insulin 

pump compared to multiple daily injections (MDI). According to several 

randomized trials, hypoglycemic events are reduced by 50-80% [16ï20] and the 

needed daily insulin dose by 14 % [21]. Meta-analyses from 2002 and 2007 clearly 

showed the superiority of insulin pump therapy above multiple daily injection 

(Figure 4) [21, 22]. Jeitler et al. concluded that CSII therapy can reduce HbA1c 

levels significantly without increasing the number of hypoglycemic events [22]. 

Although another meta-analysis form 2012 [23] found no statistically significant 

superiority of CSII therapy in terms of e.g. HbA1c, the authors concluded that 

insulin pump therapy indeed can be associated with a higher overall quality of life 

compared with MDI. 
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Figure 4: Meta-analysis of 12 studies regarding the standardized mean differences (95% 

confidence interval) in (A) blood glucose concentration and in (B) percentage of glycated 

hemoglobin (HbA1c) during CSII therapy compared with multiple daily injections. (From: Pickup et 

al., British Medical Journal 2002 [21]) 

 

1.3 THE WEAK LINK OF INSULIN PUMP THERAPY  
Despite recent improvements in CSII catheter design and method of insertion, the 

insulin infusion set (catheter + hub + tubing) remains the weak link of an insulin 

infusion system for the management of type 1 diabetes [24ï26]. In fact, issues 

with the infusion set constitute the greatest number of pump-related recalls by the 

US Food and Drug Administration (FDA) [24]. In a randomized controlled trial of 

256 ñpumpersò, more than two-thirds of participants reported at least one 

incidence of infusion set occlusion and/or unexplained hyperglycemia (see 1.3.1) 

per month [27].  

The success of therapy depends on the reliability and the consistency of insulin 

absorption from day to day [6, 7, 28]. Insulin bolus guidelines assume a similar 

profile of insulin uptake by the subcutaneous tissue and the circulation for a 

healthy prandial response, but this is seldom achieved among patients [10, 29]. 

The variability of insulin pharmacokinetics increases over time and patients are 

instructed to replace their infusion set every 2 (steel) to 3 (Teflon) days to avoid 

unexpected hypo- or hyperglycemia due to variable and less reliable insulin 

absorption into the circulation [25, 26, 30ï36]. Moreover, commercially available 

Teflon CSII catheters are prone to insertion and mechanical failure such as 

dislodgment, kinking, and catheter occlusion with blood, tissue or precipitated 

insulin, adding to the risk of uncontrolled insulin delivery [37, 38]. The intra-patient 
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coefficient of variation for absorption is said to be approximately 25 % day-to-day 

and as high as 50 % among patients [32, 39].  

In a joint statement, the American Diabetes Association (ADA) and the European 

Association for the Study of Diabetes (EASD) turned the attention to the gap 

between the low number of publications on insulin flow blockage and actual 

number of CSII-related adverse events reported in an FDA database [24]. The 

issue with studies in insulin pump therapy lies in the fact that the research is often 

based on patient questionnaires leading to biased data. Adverse events such as 

blockage or occlusion may be subject to interpretation [40].  

 

1.3.1 STEEL OR TEFLON? 

Due to the lack of profound scientific evidence, the choice of CSII catheter material 

is widely based on personal preference or experience. Further factors include the 

opinion of the endocrinologist or diabetes educator, and the coverage of CSII 

therapy by the insurance which varies among countries [41ï43]. While in the 

United States about 90 % of ñpumpersò use Teflon sets, 25 % of patients in 

Europe use steel sets [40, 41, 44]. In Germany, using a steel set is more common 

than anywhere else in Europe or the United States. About 40-45 % of patients 

choose steel over Teflon [44]. This may be attributed to the fact that steel cannulas 

are easier to insert and are less likely to kink. Patients using steel cannulas report 

better metabolic control, less variable insulin absorption and less unexplained 

hyperglycemia [41, 45]. In a survey by Pickup et al. in 2014 with 92 patients, 64 % 

of all Teflon sets failed due to kinking, 54 % due to blockage and 26 % due to 

lipohypertrophy (Figure 5). Subjects wore infusion sets for a mean of 3 days [46].  
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Figure 5: Examples of lipohypertrophy after frequent use of the same injection site in (A) a female 
and (B) a male patient. (From: http://www.mylife-diabetescare.com/mylife-diabetes-knowledge-

tissue-hardening.html) 

 

In a German 2010 study in 432 pediatric patients [47], the authors observed no 

difference in number of adverse events between the Teflon and steel group. 83 % 

of complications occurred before the end of day 2 of wear-time. Interestingly, they 

did not see the complication rate increase with wear time > 2 days. The 

complication rate was significantly increased (p < 0.05) when the site was 

disinfected which does not seem intuitive. Catheter obstruction was the most 

common adverse event observed in this study (33 %). In another study comparing 

steel and Teflon sets, the strongest predictor for reliability was the individual 

patient rather than catheter material [37]. 30 % of sets failed due to hyperglycemia 

and an inadequate correction dose; 13 % reported pain at the infusion site and 

10 % of sets were pulled out by accident. In this study, patients wore the set for an 

average of 7 days [37].  

 

1.3.2 UNEXPLAINED HYPERGLYCEMIA AND SILENT OCCLUSIONS 

A blood glucose level > 250 mg/dl that does not decrease by at least 50 mg/dl one 

hour post correction bolus, is considered an unexplained hyperglycemic event. 

According to diabetes experts, unexplained hyperglycemia remains "under-

reported, under-estimated and under-discussed", and causes increased 

psychological burden which ultimately leads to the discontinuation of CSII therapy. 

[40]. Van Bon et al. reported that approximately 65 % of patients in a 13-week 

study period had at least one episode of unexplained hyperglycemia and/or 
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infusion set occlusion per month. Of note, only 30 % of occlusion cases resulted in 

an alarm by the pump. The time to an actual occlusion alarm depends on the set 

basal rate, the length of the tubing and the pump model [27, 48]. Unexplained 

hyperglycemic events that do not result in an occlusion alarm could be explained 

by silent occlusions. Silent occlusions, also known as unexpected flow interruption, 

are events in which the in-line pressure in the tubing and cannula rises constantly 

for 30 minutes but does not result in an alarm by the pump [40].  

 

1.3.3 REASONS FOR DISCONTINUATION OF PUMP THERAPY 

It has not gone unnoticed by both physicians and the pharmaceutical industry that 

18 % of patients who had previously switched from MDI to pump therapy 

discontinue CSII therapy after a couple of years [49, 50]. The reasons are 

manifold, including not only technical difficulties or skin irritation from long-term 

catheter usage, but also personal reasons such as seeing the pump as a constant 

reminder of the disease or lack of family support (Figure 6) [51].  

 

Figure 6: List of most common reasons for discontinuation of pump therapy among adolescent 

patients. (From: Seereiner et al, DST 2010 [51]) 

 

1.4 THE ARTIFICIAL PANCREAS  
Artificial pancreas (AP) systems combine continuous glucose monitoring, 

computer algorithms and insulin delivery pumps with the goal to improve both 

glycemic control and quality of life of patients with type 1 diabetes. AP systems 

ranging from pump suspension when BG levels are low to complex fully-

automated systems are being developed and/or improved for diabetes 

management by numerous groups in both academia and industry [52, 53]. 
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1.4.1 CONTINUOUS GLUCOSE MONITORING 

Continuous glucose monitoring (CGM) refers to a minimally invasive sensor based 

glucose concentration measurement in the interstitial fluid of the subcutaneous 

tissue [54]. Commercially available CGM devices detect changes in the electric 

current due to changes in glucose concentration in the subcutaneous adipose 

tissue via a cannula-type electrode. This electrode can, for instance, be coated 

with the enzyme glucose oxidase (GOx). GOx catalyzes a redox reaction in which 

upon contact with the substrate Glucose, 2 electrons are transferred to its cofactor 

FAD. FAD in turn is reduced to FADH which is then oxidized by the final electron 

acceptor oxygen. Oxygen is reduced to hydrogen peroxide (H2O2) and 2 electrons 

are transferred to the electrode to which the enzyme is bound (Figure 7). 

 

 

Figure 7: Redox reaction of glucose oxidase (GOx) in the presence of glucose and oxygen. This 

reaction requires the co-factor FAD which is marked light pink in the dimeric enzyme structure in 

the upper left corner. 

 

Most CGM devices on the market require regular calibration by finger stick glucose 

measurement. Due to the constant improvement of system accuracy, both 

European and United States regulatory bodies have now allowed the independent 

use of CGM for insulin dosing without additional calibration. The Abbott Freestyle 

Libre was CE-marked in 2014 and the Dexcom G5 approved by the FDA in 2016 

[55, 56]. BG measurements made by the Dexcom G5 can be used for insulin 

dosing without additional finger stick measurement [55]. The Abbot Freestyle Libre 
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was the first CGM-like system approved for 2 weeks of wear-time without 

additional finger stick measurements and factory-calibration only [56].  

 

1.4.2 TYPES OF ARTIFICIAL PANCREAS SYSTEMS 

Up until now, the fully automated artificial pancreas has not yet been introduced to 

the market. In the available systems, the patient still has to approve some changes 

in insulin infusion. The two successful implementations of AP systems are 

explained in the following. Moreover, attempts have been made to combine both 

glucose sensor and insulin delivery in one device (ñsingle-portò), reducing the 

burden of multiple insertions for a functioning AP system [57ï61]. A recent meta-

analysis including 24 studies showed that any type of AP system increases time in 

BG target range by almost 13 % (p < 0.0001), equivalent to 172 minutes per day 

[62].  

 

Low -glucose suspen d systems  

In these systems, the CGM and insulin pump both work on an operator-approved 

basis, meaning that the modulation of basal insulin does not occur automatically 

and autonomously. When BG falls below a pre-set value the pump sounds an 

alarm. If the patient does not react to the alarm, the pump will shut off insulin 

delivery automatically for a certain period of time. A low-glucose suspend feature 

can minimize the risk of and the time spent in hypoglycemia, especially during 

sleep [63ï65].  

While in Europe the first device to use CGM data to actively affect insulin delivery 

(MiniMed Veo, Medtronic Inc.) has been marketed in 2009, the Food and Drug 

Administration (FDA) in the United States approved the first AP system (MiniMed 

530G System, Medtronic Inc.) only in 2013. The MiniMed Veo was successfully 

tested in a large study by Bergenstal et al. [63]. The authors report that in the 

intervention group the low-glucose suspend feature significantly reduced nocturnal 

hypoglycemic events by more than 30 % without affecting mean glycemic control.  
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Sensor -augmented, operator approved  systems  

The second generation of the artificial pancreas, so-called ñTreat-to-Targetò or 

ñclosed-loopò systems (MiniMed Paradigm 640G, Medtronic Inc. and Vibe, 

Animas, West Chester, PA, USA) combine an insulin pump, a CGM and a 

smartphone to fully close the loop in insulin delivery. The sensor-augmented 

pumps are more sophisticated then the low-glucose suspend systems and feature 

the dynamic regulation of basal insulin delivery. The pump automatically adjusts 

basal (but not bolus) insulin delivery to achieve a preset target BG concentration. 

However, the patient needs to make adequate adjustments at mealtimes, setting 

the insulin bolus manually and needs no ensure proper CGM calibration by regular 

finger stick measurement. Thabit et al. published the results of the first successful 

study on the home use of sensor-augmented pump therapy in 2015 [66]. The 

relative burden of hypoglycemia (BG < 63 mg/dl) was reduced significantly by 

almost 40 % when using the AP system and the overall glucose control was 

improved [66].  

 

1.4.3 HURDLES IN AP  TECHNOLOGY 

The future generation of AP systems is a fully automated insulin closed loop 

system in which the manual mealtime bolus and the calibration of the CGM are 

eliminated. Nonetheless, additional research is necessary to develop a fully 

automated system to replace beta-cell function.  

Daily insulin requirements can vary largely in patients with type 1 diabetes [52, 67]. 

Patients may need only one-third of the insulin than they had needed the day 

before or vice versa. The intra-patient variability is said to be 20 % during the day 

and 30 % at night [67]. Mealtime prediction algorithms are difficult to develop as 

patients might have different eating and exercise patterns every day [53, 65]. 

Although AP systems can counteract these variations by continuously adjusting 

insulin delivery, their performance is further hampered by either slow and variable 

insulin absorption rates into the circulation and/or inaccuracy of the CGM device 

[68].  

The significant lag of the pharmacodynamic effect of insulin on the BG 

concentration presents a challenge in the development of adequate AP algorithms 
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[52, 53, 65]. Even when rapid-acting insulin is delivered subcutaneously, insulin 

absorption rates into the circulation can be slow and variable and it is especially 

important to consider the remaining ñinsulin on boardò that may accumulate in a 

depot subcutaneously and reach the blood stream much later [52, 53, 65]. 

Therefore, not only the fast onset but also a much shorter offset (i.e. shorter 

duration of action) need to be considered for future insulin formulations. The 

development of ultra-fast insulins is currently underway to improve absorption 

kinetics [69]. Joseph et al. have tested the use of additives to insulin to enhance 

insulin absorption (see Study II in this thesis). 

Considering the fact that subcutaneous insulin infusion will remain the route of 

choice possibly for the next decade, an in-depth and systematic evaluation of the 

inflammatory tissue reaction to insulin infusion catheters is of utmost importance to 

develop a fully-automated AP for the treatment of diabetes.      

 

1.5 THE INFLAMMATORY RESPONSE TO INSULIN INFUSION CATHETERS 
Since external delivery of insulin requires the introduction of a foreign body into the 

adipose tissue, insulin absorption variability may be caused by the inflammatory 

processes happening in the immediate environment of the cannula. When a 

biomaterial, such as an insulin infusion catheter, is present in the tissue, the 

regular wound healing process is altered [70]. The insertion of a catheter causes 

the disruption of capillaries, lymphatic vessels, and connective tissue, all of these 

triggering inflammation [6, 30, 32, 71ï74]. The disruption of vessels leads to the 

activation of platelets which immediately adhere to the damaged vessel wall as 

well as the cannula. Fibrinogen is cleaved to fibrin to help the activated platelets 

form a blood clot (Figure 8) [73, 74].  
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Figure 8: Blood clot formation after damage to the endothelium. 

 

Fibrin, in turn, is sensed by phagocytes and launches the inflammatory response. 

Activated platelets release growth factors into the interstitial fluid which together 

with albumin, but also fibrinogen, fibronectin and proteins of the complement 

system adhere to the foreign body within the first minute after catheter insertion 

[75, 76]. This protein layer is inconsistent, undefined and can consist of more than 

200 different intact and denatured proteins [77, 78]. This is usually not the case in 

nature. Naturally, such protein adhesion would occur in a very specific, oriented 

way with only a few proteins involved. An unspecific layer of proteins alarms the 

body that there is an "invader" present that needs to be attacked and/or walled off 

[79, 80].  

Within the first hour after insertion, neutrophils, monocytes and fibroblasts are 

recruited which then interplay and form a provisional matrix along the shaft of the 

catheter [73, 74, 81, 82]. This step initiates the acute inflammation which lasts for 

about 2 days. The complement system attracts and activates granulocytes and 

monocytes (that usually stay dormant in the blood steam) and induces the release 

of reactive oxygen species, cytokines and chemotactic factors. Monocytes adhere 

to the material surface and differentiate into macrophages [74]. Macrophages 

serve as the main "orchestrators" in this healing process [80]. They clean up the 

wound (phagocytosis), which may contain foreign material, bacteria, and dead 

cells, and start to permanently release cytokines (interleukin-1-beta, tumor 
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necrosis factor alpha, interleukin-6, interleukin-8) to recruit and activate more 

monocytes, fibroblasts and endothelial cells, which convert the fibrin clot into a 

highly vascularized granulation tissue [81].  

Fibroblasts recruited by macrophages move up the cytokine concentration 

gradient and start synthesizing and depositing collagen in order to remodel the 

extracellular matrix destroyed by catheter insertion [70, 73, 83]. As a result, the 

wound is closed and scar tissue is formed. In the late stages of acute inflammation 

(3-4 days), macrophages, frustrated by their inability to digest the invader, fuse to 

form Foreign Body Giant Cells (FBGCs) and remain attached to the catheter. 

Macrophages release matrix metalloproteinases and their inhibitors to modulate 

the cytokine concentration around the foreign body [70, 84]. 

Depending on the type of macrophage, further host defense by phagocytosis and 

release of proteases takes place (ñdefenseò macrophage type M1) or tissue repair 

(fibrinogenesis, angiogenesis) and immunoregulation (ñrepairò macrophage type 

M2) [73, 74, 82, 85]. A dysregulation of M2 macrophages, which is the case when 

a foreign body is present, leads to fibrosis [74]. Fibrosis and encapsulation mark 

the final step of the foreign body response (FBR), about 3 weeks after 

implantation. The rate of collagen formation has now exceeded that of 

degradation. This isolation of the foreign body against the environment in a 

collagenous bag is the bodyôs last defense; the immune system has given up 

digesting the material. Macrophages and FBGCs remain inside the capsule. 

Contrary to physiological wound healing, the FBR persists for as long as the 

material remains in vivo [74, 84, 85]. This fibrous encapsulation presents an issue 

in the development of fully implantable medical devices such as glucose sensors. 

Figure 9 gives an overview over the processes explained in this chapter. 
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Figure 9: Rough timeline from acute inflammation (within seconds) to foreign body response (> 2 

weeks). 

1.5.1 B IOMATERIALS  AND THE 510(K) 

Surface structure and surface science are both critical aspects in biotechnology 

and biomimetics. Current biomaterials that are declared "biocompatible" by 

regulatory bodies still end up walled off from the surrounding tissue by a 50-

200 µm thick collagenous, avascular capsule, independent of material and surface 

structure [80]. Therefore, no matter the (bio-) material, cells and proteins of the 

immune system will recognize it as foreign, attach, and trigger the inflammatory 

response. Macrophage recognition and attachment depends on the material size, 

stiffness, topography, and surface chemistry. All of these factors determine the 

severity of the acute inflammatory and the foreign body response [74, 86ï88]. The 

greater the surface-to-volume ratio, for instance, the more likely macrophages are 

to attach and the more fibrosis is caused by the implantation [86]. Biomaterials 

currently in use are predominantly hydrophobic which makes it easy for plasma 

proteins to attach via hydrophobic interactions [74, 89]. Micropatterns such as 

random grooves and ridges facilitate cell attachment and enhance the 

inflammatory response [90]. Thus, macrophages prefer rough, hydrophobic 

surfaces and sharp edges. 

To this day, biomaterials remain fairly unregulated for market entry. This is 

especially interesting since insulin formulations (like any drug) are heavily 

regulated. The following is an excerpt from the American Food, Drug and 

Cosmetic Act from the Food and Drug Administration (FDA): 
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ñSection 510(k) of the Food, Drug and Cosmetic Act [é] allows FDA to determine 

whether the device is equivalent to a device already placed into one of the three 

classification categories. Thus, "new" devices [é] can be properly identified. [é] 

[M]edical device manufacturers are required to submit a premarket notification if 

they intend to introduce a device into commercial distribution for the first time or 

reintroduce a device that will be significantly changed [é]. Such change or 

modification could relate to the design, material, chemical composition, energy 

source, manufacturing process, or intended use.ò 

In short, a device or material that is introduced to the pharmaceutical market 

needs to be merely equivalent to a previously legally marketed device. It does not 

need additional preclinical or clinical testing to determine possible negative effects 

on e.g. drug delivery. It has been discussed whether clinical trials and preclinical 

proof of concept studies together with tighter regulations on medical devices 

should be implemented.  

 

1.6 GAPS IN RESEARCH 
Although it has been shown that CSII therapy improves the overall management of 

diabetes, the management of BG is still challenging and the catheter remains the 

weak link [21, 22, 24]. Patients struggle with insulin absorption variability and 

dermatological complications due to frequent catheter insertion [25, 32, 41, 72]. 

Even though single-port concepts for closed-loop AP systems have been 

proposed, the difference in wear-time of a CSII catheter and a CGM sensor 

proposes a major hurdle in the development [57]. To understand the underlying 

mechanisms of insulin absorption variability and/or failure, the inflammatory 

response to insulin infusion catheters needs to be systematically evaluated. This 

knowledge may help with the development of better tolerable materials and 

shapes and may thus increase wear-time of catheters substantially. To study 

these immunological effects, fresh tissue is needed and therefore an ideal animal 

model for human wound healing needs to be considered. This thesis deals with 

the development and optimization of in vivo methods to study inflammatory 

processes and insulin absorption variability.  
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2. AIMS AND HYPOTHESIS 
 

This thesis focuses on the validation of different methods and animal models to 

test biomaterial tolerability over time and the impact of the inflammatory response 

on insulin absorption variability. The inflammatory response to different catheter 

types is systematically evaluated with and without insulin infusion. Furthermore, 

intra- and inter-subject variability of insulin absorption into the circulation is 

analyzed, compared and discussed. The following 3 studies are based on the 

hypothesis that the acute inflammatory response to insulin infusion catheters is 

responsible for variable insulin absorption.  

 

2.1 STUDY I: IN-DEPTH ANALYSIS OF THE PHARMACOKINETICS (PK) OF 

LISPRO INSULIN AND THE TISSUE RESPONSE TO CSII CATHETERS 

(SWINE MODEL, THOMAS JEFFERSON UNIVERSITY, PA, USA) 

The goal of this pilot study was to determine the mechanisms leading to failure 

and variability of CSII catheter performance. Insulin absorption pharmacokinetics 

(PK) and tissue response to 2 different CSII catheter designs implanted in 6 swine 

for 5 days were analyzed. A new, experimental catheter design was evaluated for 

equivalence or superiority to a commercial Teflon CSII catheter. Both catheters 

were tested for the occurrence of pump occlusion alarms and insulin leakage (due 

to catheter obstruction or tissue changes). 

 

2.2 STUDY II: THE EFFECT OF CO-INFUSION OF THROMBOLYTIC AGENTS 

AND APPLICATION OF VIBRATION ON INSULIN PK/PD AND TISSUE 

HISTOLOGY (CANINE MODEL, THOMAS JEFFERSON UNIVERSITY, PA, 

USA) 

Based on the results of Study I, this study aimed to evaluate whether insulin 

absorption improves upon administration of tissue plasminogen activator (tPA) or 

streptokinase. Furthermore, the effect of vibration on the rate of insulin absorption 

was tested. The study was conducted in 13 non-diabetic canines and each animal 
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underwent a 7-day study period. The primary objective of this study was to 

compare the time of onset, time to maximum concentration, and blood glucose 

(BG) lowering effects of a commercial insulin formulation (lispro, Humalog U-100) 

to insulin in combination with tPA, streptokinase and/or vibration. The secondary 

aim was to compare the histology of the tissue surrounding the CSII catheters of 

insulin infusion only to insulin plus fibrinolytic medication.  

 

2.3 STUDY III: COMPARISON OF THE INFLAMMATORY RESPONSE TO STEEL 

AND TEFLON CSII CATHETERS USING HISTOPATHOLOGY AND 

QUANTITATIVE REAL-TIME PCR (SWINE MODEL, MEDICAL UNIVERSITY 

OF GRAZ, AUSTRIA) 

This animal pilot study aimed to systematically assess the inflammatory response 

to the 2 most commonly used catheter materials in insulin pump therapy: steel and 

Teflon. The choice of material is largely based on personal experience or 

preference rather than empirical data. The goal was to histopathologically assess 

if the area of inflammation around catheters differed significantly in size and 

inflammatory cell density and draw conclusions whether one material was the 

superior choice over the other. To do so, commercially available steel and Teflon 

CSII catheters were implanted into the subcutaneous adipose tissue of 10 farm 

swine for 1, 4 and 7 days.  
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3. MATERIALS AND METHODS 

3.1 LIST OF MATERIALS  
 

3.1.1 INSULIN INFUSION SETS, INSULIN PUMP, CGM AND INSULIN ANALOGUES  
Á Medtronic MiniMed Quick-set Paradigm (Teflon) and Sure-T (Steel), 6 or 9 mm (Medtronic 

plc, Dublin, Ireland) 

Á Medtronic Quick-Serter (Medtronic plc, Dublin, Ireland) 

Á Insulin pump: Medtronic Paradigm (Medtronic) or Animas One-touch Ping (Animas Corp., 

West Chester, PA, USA) 

Á Insulin: Lispro/Humalog (Ely Lily, Indianapolis, IN, USA) 

Á CGMs:  

o SEVEN PLUS (DexCom, Inc., San Diego, CA, USA) 

o Platinum G4 (DexCom, Inc., San Diego, CA, USA) 

o iPro®2 Professional CGM (Medtronic plc, Dublin, Ireland) 

o Guardian RT (Medtronic plc, Dublin Ireland) 

 

3.1.2 SUPPLIES FOR ANIMAL STUDIES 
Á Regular soap and alcohol wipes  

Á Chlorhexidine applicator: ChloraPrepÊ (Becton Dickinson, NJ, USA) 

Á Kinesiology tape: Leukotape K (BSN medical, Vienna, Austria) 

Á Stockinette: tg soft (Lohmann & Rauscher GmbH, Vienna, Austria) 

Á Vest for insulin pumps (Lomir Biomedical Inc., Notre Dame de lôIle Perrot, Quebec, 

Canada) 

Á Medical Dressing: TegadermÊ (3M medical, St. Paul, MN, USA) or OPSITE (Smith & 

Nephew, London UK) 

Á Central venous catheters: CP2 vascular access ports (Access Technologies, IL, USA) 

Á Battery powered pump for D-20 infusion: Ipump Pain Management System (Baxter MN, 

USA) 

Á Blood sampling: VAMP PLUS System (Edwards Lifesciences Corp., Irvine, CA, USA) 

 

3.1.3 THROMBOLYTIC AGENTS 
Á Streptokinase from ɓ-hemolytic Streptococcus (Sigma-Aldrich, St. Louis, MO, USA) 

Á Tissue Plasminogen Activator: cathflo® activase® (Genentech, San Francisco, CA, USA) 

 

3.1.4 SAMPLING FOR MRNA  ANALYSIS  
Á 2 ml Eppendorf tubes, disposable scalpels and forceps 

Á RNA stabilizing solution: RNAlater® (Sigma-Aldrich, St. Louis, MO, USA) 

Á Cleaning supplies: RNAse AWAY
TM

 wipes or spray (Thermo Fisher Scientific Inc., 

Waltham, MA, USA)   

 

3.1.5 MRNA  ISOLATION AND Q PCR 
Á MagNALyser Green Beads (Roche Applied Science, Penzberg, Germany) 

Á QIAzol Reagent (QIAGEN, Venlo, Netherlands) 

Á RNeasyMiniKit (QIAGEN, Venlo, Netherlands) 

Á Reverse Transcriptase Kit (AppliedBiosystems®, Thermo Fisher Scientific Inc., Waltham, 

MA, USA) 
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Á Primers for porcine cytokines (Sigma-Aldrich, St. Louis, MO, USA) 

Á LightCycler® 480 SYBR Green I Master (Roche Applied Science, Penzberg, Germany) 

Á LightCycler® 480 Multiwell plate 384, clear (Roche Applied Science, Penzberg, Germany) 

 

3.1.6 HISTOLOGY ï SAMPLING  
Á Insulin pump: Medtronic Paradigm (Medtronic plc, Dublin, Ireland)  

Á Insulin reservoir prefilled with methylene blue dye  

Á 4 % buffered formaldehyde 

Á Others: scalpel, surgical scissors, specimen containers with screw-top 

 

3.1.7 HISTOLOGY ï GROSSING AND PROCESSING 
Á Micromesh Biopsy Cassettes (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

Á Rotating microtome: Leica SM2000R (Leica Biosystems, Wetzlar, Germany) 

Á Others: Microscope Slides, Slide Covers, Ethanol, H&E stains, Trichrome and Reticulin 

staining kit 

 

3.1.8 DEVICES 
¶ MagNALyser (Roche Applied Science, Penzberg, Germany) 

Á Tissue Processor: Tissue-TekÈ VIPÊ (Sakura Finetek Germany GmbH) and Shandon 

Citadel 1000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

Á Automated slide stainer and coverslipper: Tissue Tek® Prisma & Film (Sakura Finetek 

Germany GmbH) 

¶ Image capturing device (high-throughput microscope): Aperio ScanScope (Leica 

Biosystems, Wetzlar, Germany) 

¶ Microtome: Microm, HM355S (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

¶ PCR Cycler: LightCycler® 480 System (Roche Applied Science, Penzberg, Germany) 

¶ Glucose analyzer: YSI-2300STAT PlusÊ (Yellow Springs Instruments, Yellow Springs, 

OH, USA) 

 

3.1.9 SOFTWARE 
Á Primer design: Primer3Plus (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) 

Á qPCR analysis: LightCycler® 480 Software (Roche Applied Science, Penzberg, Germany) 

Á Histology analysis: Aperio ImageScope (Leica Biosystems, Wetzlar, Germany) 

Á Add on for Excel: PKSolver Add-in [91] 

Á Statistics: GraphPad Prism Software 5.0 
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3.2 STUDY I: IN-DEPTH ANALYSIS OF THE PHARMACOKINETICS (PK) OF 

LISPRO INSULIN AND THE TISSUE RESPONSE TO CSII CATHETERS 

(SWINE MODEL, TJU) 
An observational study was performed in 6 non-diabetic ambulatory female farm 

swine (sus scrofa domesticus, 68.5 ± 3.6 kg) evaluating the insulin absorption 

variability over 5 days of catheter wear time and the morphological changes in the 

tissue caused by catheter insertion and maintenance.  

 

3.2.1 CSII CATHETERS 

In this study, the commercially available Animas insetTM (Teflon, 90° insertion 

angle, ñCò) was compared to an experimental catheter from Animas Corp. (metal, 

approximately 60° insertion angle, ñNò). The commercial catheter contained a 6 

mm Teflon cannula (0.5 mm in diameter) connected to a plastic platform (hub) 

which was attached to the skin via an adhesive base. The Teflon cannula needed 

a 27-gauge steel guiding needle in order to be inserted at a 90° angle through the 

skin and subcutaneous tissue and a spring-loaded introducer to apply insertion 

force (Medtronic Quick-serter). After insertion, the guiding needle was removed 

and discarded. The experimental catheter had an open clam-shell design plastic 

hub with an adhesive base for attachment to the skin. Closing the hub manually 

guided the sharp tip of the thin, flexible needle through the skin into the 

subcutaneous tissue at an insertion angle of approximately 60°.  
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Figure 10: Catheter insertion and animal vests. (A) 6 commercial catheters (C) and 6 experimental 

(ñnewò) catheters (N) were inserted into the abdominal subcutaneous tissue of each animal. 

Catheters used for the PK study are marked with an asterisk. Two continuous glucose monitors 

(CGM) were inserted into the subcutaneous tissue of each swine (Dexcom SEVEN) to monitor the 

concentration of tissue fluid glucose. (B)  Left: Animas insetÊ (C) with 6 mm Teflon cannula and 

insertion needle removed; right: experimental catheter (N) with curved cannula with sharp tip. (C) 

To avoid dislodgement, catheters were covered with medical adhesive. Each CSII was connected 

to a commercial insulin pump that was then stored within the pockets of a custom animal vest. The 

pocket by the neck housed a battery powered pump that continuously infused glucose solution into 

a central venous catheter for 5 days.  

 

3.2.2 IN VIVO PROCEDURES 

The protocol was approved by the Institutional Animal Care & Use Committee of 

Thomas Jefferson University, Philadelphia, PA. Central venous catheters (CVC) 

were implanted into the left Innominate Vein (for blood sample acquisition) and the 

distal Superior Vena Cava (for glucose infusion) under general anesthesia induced 

via isoflurane inhalation and aseptic surgical technique. The CVC ports were 

flushed with a low-dose heparin solution every 1-3 days using a Huber needle. 

One week later (= day 1 of the study), swine were anesthetized and their abdomen 

shaved, washed and disinfected. 6 commercially available CSII catheters (C) and 

6 experimental (ñnewò) CSII catheters (N) were randomly inserted into the 

subcutaneous abdominal tissue of each swine (Figure 10). Battery-powered insulin 

pumps containing saline or insulin filled reservoirs were connected to 4 

commercial and 4 experimental catheters and catheters were infused for 5 days 

using the same basal/bolus pattern of delivery. Two commercial and 2 

experimental catheters were primed with saline and inserted without connecting an 




























































































































































