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Abstract 
 
 Many implanted devices fail due to the formation of an avascular capsule.  Fat is 

known to promote healing and vascularization.  It is possible that isolating and attaching 

ASCs (adipose stem cells) to an implanted device improves the healing in the adjacent 

tissue.  

 Various attachment methods were studied, and the fibronectin treatment was 

found comparable to or better than other treatments.  Next, bare and ASC coated 

polyurethane were implanted into rats.  The fibrous capsule surrounding the bare 

polyurethane was thicker and contained more collagen at 8 weeks.  Additionally, the 

microvessel density in the tissue surrounding the ASC coated polyurethane was 

significantly higher at 4 and 8 weeks.  Quantification of glucose sensor response 

following ASC attachment for 1 week found no measurable significant differences in 

function. 

 The bioluminescence technique, which quantifies the tissue glucose concentration 

around the implant at the moment of freezing, was used to determine if ASC attachment 

to biomaterials impacts the tissue glucose concentration profile.  ASC attachment to 

polyurethane and to glucose sensors did not significantly change the glucose profiles in 

the tissue.  However, a quantifiable glucose concentration profile was observed around all 

glucose sensors. 

 The final experiments were performed to identify a possible mechanism that 

adipose tissue uses to alter the foreign body response.  In vitro experiments showed that 

VEGF (VEGF-A specifically) secretion following ASC attachment to polyurethane was 



 v 

10-20 times higher than with fibroblast attachment after three days and 40-70 times 

higher after six days.   This high secretion of VEGF would likely have in vivo 

physiological affects on microvasculature. 

 In conclusion, the attachment of ASCs to polyurethane reduced the thickness and 

collagen content of the fibrous capsule surrounding ASC coated implants and increased 

the microvessel density in adjacent tissue.  In addition, ASC attachment did not enhance 

glucose sensor function, nor did it decrease the glucose concentration in the adjacent 

tissue.  Finally, ASCs were found to secrete high amounts of pro-vascular cytokines, 

which likely plays a key role in the observed improvement of the foreign body response. 
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Part I.  Background 
 

Chapter 1.  Hypothesis and Specific Aims   
 

1.1 Hypothesis to be Tested 
 
 The biological response to implants has been shown to vary depending on the 

implant material and the tissue surrounding the implant.  Therefore, results from 

implantation into one type of tissue cannot necessarily be extrapolated to other types of 

tissue due to differences in cellular composition.  Research has shown that implants 

placed in the subcutaneous tissue have very different healing responses than those placed 

in the epididymal fat pad in rats (Williams, Berman et al. 1997).  Subcutaneous implants 

led to limited angiogenesis and an extensive fibrous capsule surrounding the implant.  In 

contrast, implants in the epididymal fat pad led to greater neovascularization of tissue 

surrounding the implant and less evidence of a fibrous capsule.   Other studies have 

produced similar results and confirmed this tissue-dependent variation in the foreign 

body response (Kellar, Kleinert et al. 2002; Wisniewski, Rajamand et al. 2002).  The 

results from these previous experiments have led to the hypothesis that when compared to 

lean tissues, adipose tissue initiates a less aggressive biological response to implants.  

Therefore, it could be possible to exploit this potentially advantageous property of 

adipose tissue by using adipose derived stem cells (ASCs) to influence the wound healing 

around glucose sensors. 
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1.2    Specific Aims 

1.2.1   Specific Aim 1 – Determine an attachment method for adipose 
stem cells on glucose sensor biomaterials. 

 
Hypothesis: ASCs can be strongly attached to glucose sensor materials in a 

manner that has a minimal effect on cell function or viability. 

 The research plan for specific aim 1 included isolating adipose stem cells 

from rat adipose tissue and determining the best cell adhesion method for 

attachment to glucose sensor materials.  The biomaterials used in these 

experiments included polystyrene (cell culture plastic) as a control, in addition to 

silicone elastomer, polyimide, and polyurethane.  Additionally, oxygen plasma 

ashing was used as a material treatment since it has been shown to increase cell 

adhesion in certain experiments.  The two cell attachment strategies investigated 

were a fibronectin treatment and a dual ligand treatment (based on fibronectin and 

avidin/biotin linkages).  Cell coverage, strength of adhesion, and cell function 

assays, including proliferation, metabolism, intracellular ATP concentration, and 

caspase-3 activity, were used to determine the best cell attachment method. 

 

Results: Oxygen plasma ashing did not systematically increase cell coverage on 

the materials.  Additionally, silicone elastomer had low attachment for all of the 

attempted methods and was subsequently dropped from the study.  The 

fibronectin attachment had equal or greater attachment than the dual ligand on 

both polyimide and polyurethane, and both attachment methods resulted in strong 

attachment to the materials.  Finally, none of the treatments adversely affected 



 3 

cell metabolism, intracellular ATP, or caspase-3 activity.  Fibronectin was 

choosen as the attachment method for all future studies. 

 

1.2.2 Specific Aim 2 – Test in vivo if adipose stem cell attachment to 
glucose sensor biomaterials improves implant compatibility 

 
Hypothesis:  ASC attachment to biomaterials will reduce the foreign body 

response to the implants as determined by histological evaluation of fibrous 

capsule formation, immune cell density, and microvessel density of the 

surrounding tissue. 

 The research plan for specific aim 2 included dorsal subcutis implants of 

polyurethane in Lewis rats.  The treatments included: (1) control, bare 

polyurethane with no cells; (2) fibronectin control, polyurethane with fibronectin 

adsorbed but no cells; (3) ASC coated samples, polyurethane with ASCs attached 

using the fibronectin attachment method from specific aim 1; and (4) fibroblast 

coated samples, polyurethane coated with fibroblasts to access the foreign body 

response to a different cell type.  Explants were taken at 1, 4, and 8 weeks for 

histological evaluation.  H&E and trichrome staining was done to identify the cell 

types present and to analyze capsule thickness.  Additionally, vascularity was 

analyzed by von Willebrand factor staining. 

 If ASC attachment reduces the foreign body response as expected, the 

response should either be minimized as detected through lower numbers of 

immune cells or shifted to a later time as detected through the types of cells 
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present.  Additionally, the fibrous capsule should be thinner and the number of 

vessels in the surrounding tissue should be higher. 

 

Results:  The tissue surrounding the ASC coated samples had thinner capsules 

with less collagen and significantly more microvessels than the other samples.  At 

week 8, the fibrous capsule surrounding the ASC coated implants was ~25% 

thinner than the capsule surrounding the bare polyurethane.  Additionally, the 

amount of collagen in the tissue was ~27% less than the bare polyurethane.  There 

were also 50-80% more microvessels adjacent to the ASC coated implants at 

weeks 4 and 8 than the bare polyurethane. Finally, fibronectin and fibroblast 

coated samples were generally similar to the bare material. 

 

1.2.3 Specific Aim 3 – Test in vivo if adipose stem cell attachment to 
glucose sensors improves implant biocompatibility 

 
Hypothesis:  ASC attachment to glucose sensors will reduce the foreign body 

response and improve sensor function. 

 This specific aim involved expanding the same experiments described in 

specific aim 2 by testing Medtronic MiniMed® glucose sensors.  The fibronectin 

attachment protocol was used to attach ASCs to the sensors prior to implantation.  

The sensors were then assessed for function at day 2 and day 7. 

 

Results:  Over the week, an overall downward drift in sensor current was seen for 

all implants and there was no difference between the magnitudes of the drift for 
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the ASC-coated sensors compared to the bare sensors.  The sensors all responded 

to the glucose challenge at 24 hours.  However, the only sensor to respond at day 

7 was ASC sensor 2.  No significant differences in lag time, sensor function, or 

sensor drift were seen. 

 

1.2.4 Specific Aim 4 – Utilize bioluminescence imaging to 
characterize the glucose concentration gradient around implants 
 
Hypothesis:  The glucose concentration gradient around an implant can be 

characterized using the novel bioluminescence imaging technique.   

 The bioluminescence imaging technique was used to investigate tissue 

viability and glucose concentration around the implant.  In essence, this technique 

uses light emission from enzymatic reactions to quantify metabolite levels at 

specific locations within quick-frozen tissue samples, therefore allowing the 

imaging of metabolites to give spatial information about local glucose 

concentrations around the implant to quantify the standing gradient, if present.  

These measurements can give unique insight into the function of glucose sensors. 

 This imaging technique was used on the same samples in specific aim 2 

(bare polyurethane and ASC coated polyurethane at week 1 and 8) and the 

glucose sensors from specific aim 3.  It was hypothesized that if the attached 

ASCs affected the foreign body response, the glucose concentration around the 

implants could be different.  Additionally, it was unknown whether the presence 

of a glucose sensor would cause a glucose gradient in the tissue surrounding the 

sensor. 
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Results:  ASC attachment to polyurethane and to glucose sensors did not change 

the glucose profiles in the tissue surrounding the sensors.  Since these cells are 

highly metabolically active, it was important to demonstrate that they would not 

interfer with the glucose profile around the sensors.  Only a small number of 

glucose sensors were tested so statistical significance was not established.  

However, a glucose gradient was present around the glucose sensors.  The lowest 

glucose readings were at the sensor edge, which is a sink for glucose.  This is 

extremely important because although most glucose sensors incorporate a 

diffusion barrier to reduce the gradient of glucose and oxygen in the tissue, it is 

typically thought that since glucose is a small molecule that diffuses relatively 

well through the interstitium, there is not a steep glucose gradient around 

implanted sensors.   

 

1.2.5 Specific Aim 5 – Identification of the mechanism that adipose 
stem cells use to alter the foreign body response  
 
Hypothesis:  The cytokine release profile due to implants in fat tissue is different 

(less “inflammatory”) from that in lean tissues and therefore could be the 

mechanism by which fat initiates a less aggressive foreign body response. 

 In order to expand upon the hypothesis that adipose tissue generates a less 

aggressive biological response to implants, this specific aim involved two 

experiments: (1) the characterization and comparison of inflammatory 

macrophage-derived cytokines released after biomaterial implantation into lean 
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and adipose tissue; and (2) the characterization and comparison of inflammatory 

macrophage-derived cytokines released in vitro after ASCs and fibroblasts were 

attached to polyurethane. 

 Briefly for the first experiment, microdialysis probes were implanted into 

rats and used as a real time method to collect cytokines from the healing tissue 

surrounding the implanted probes over a course of 5 days.  The collected 

microdialysate was analyzed for cytokines by an antibody array.  Additionally, 

one cytokine, IL-2, was used to estimate the recovery using the retrodialysis 

method. 

 

Results: At high cytokine concentrations, a small number of differences were 

detectable using microdialysis and the bead array detection technique.  However, 

for the majority of cytokines that were present at extremely low concentrations in 

the tissue, this technique was unable to detect differences.  

 

 For the second experiment, ASCs and fibroblasts were attached using 

fibronectin adsorption to polyurethane and tissue culture polystyrene.  The 

supernatant was collected at days three and six and analyzed using an antibody 

array to determine the concentration of key cytokines. 

 

Results: The soluble secretion profile of ASCs attached to polyurethane was 

significantly different from fibroblasts attached to the same material. VEGF 

secretion was 10-20 times higher than fibroblast at day three and 40-70 times 
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higher at day six.  VEGF is an anti-inflammatory, pro-wound healing and pro-

vascular cytokine known to work in the pg/ml concentration range in vivo.  

Additionally, although less severe, the cytokine secretion profile of IL-6 and 

TNF-α were significantly different.  ASCs produced higher levels of IL-6 than 

fibroblast, but lower levels of TNF−α.  Both IL-6 and TNF-α are pro-

inflammatory cytokines. 
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Chapter 2.  Glucose Sensor Biocompatibility 
 

2.1  Diabetes and Glucose Monitoring 
 Diabetes is a disease characterized by high levels of blood glucose resulting from 

defects in insulin production and/or insulin action.  In 2003, an estimated 18 million 

people in the US had diabetes, with 1.3 million new cases diagnosed, and the total cost 

associated with the disease estimated at $132 billion per year (CDC 2003).  In 1996, the 

Diabetes Control and Complications Trial (DCCT) was published (DCCT 1996).  The 

DCCT was a multicenter randomized controlled clinical trial that demonstrated a 

reduction in the development and progression of the long-term complications of type I 

diabetes with intensive therapy aimed at achieving glycemic control as close to the non-

diabetic range as possible.  The intensive therapy reduced the development and 

progression of the long-term complications of diabetes, including retinopathy, albumin 

secretion, neuropathy, glycosylated hemoglobin, and severe hypoglycemia by 35% to 

75%.   

 Such a profound effect of blood glucose control on the long-term complications of 

diabetes has pushed doctors and patients to gain tighter control of blood glucose levels.  

However, as shown in Figure 1, while the average diabetic checks blood glucose four to 

six times per day, blood glucose levels change much more frequently with periods of 

hyper and hypoglycemia.   
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Figure 1:  Glucose sampling, interval monitoring and continuous monitoring 
(Medtronic 2008). 

 

 

Obviously, interval blood sampling does not identify the entire blood glucose profile, and 

for the reasons mentioned above, continuous sampling and correction of blood glucose 

through a closed loop glucose sensor/insulin pump system would prove to be an 

extremely useful tool for diabetic patients.  There are current insulin pumps on the market  

which have proven to be useful and reliable.  Therefore, an implantable glucose sensor 

needs to be developed and optimized in order to provide a closed loop sensor/pump 

system. 

 The ideal glucose monitoring technology should be non-invasive or minimally 

invasive in order to improve compliance; it should also be continuous in order to capture 

blood glycemic variations at all times (Pickup, Hussain et al. 2005). 

 The current market and clinical products and a description are listed below 

(Pickup, Hussain et al. 2005): 
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1.  MiniMed-Medtronic Continuous Glucose Monitoring System: a subcutaneously 

implanted, needle-type amperometric enzyme electrode coupled to a portable logger.  

The data can be downloaded after as many as 3-days of sensing and used by a doctor to 

analyze the blood glucose profile.  It is based on glucose oxidase immobilized at a 

positively charged base electrode with electrochemical detection of hydrogen peroxide.  

The main problems with the device are a lag due to subcutaneous implantation, 

unpredictable drift in the sensor which leads to an impaired response, which requires 

daily calibration with blood draw, and sensor failure after a few days of implantation. 

2.  The GlucoWatch: a glucose monitor worn on the wrist like a watch.  It operates by 

reverse iontophoresis, whereby a small current passed between two skin-surface 

electrodes draws ions and glucose-containing interstitial fluid to the surface and into 

hydrogel pads incorporating a glucose oxidase biosensor.  The problems associated with 

this sensor are occasional marked differences in reading and blood values, skin rash 

under electrode, long warm up time of 3 hours, and frequent skips due to sweating, cold 

temperature, and activity. 

3.  GlucoDay microdialysis system:  a system, currently in clinical trials, based on 

microdialysis.  Glucose from tissue diffuses to the microdialysis fiber and is pumped 

outside of the body for measurement by a glucose oxidase-based system.  Initial reports 

show good agreement between the readings and blood glucose, however more trials are 

necessary to assess the clinical potential. 

 In spite of considerable effort to develop an implantable glucose sensor, current 

market products all have problems and to date there is not a clinically applicable concept 

for continuous glucose monitoring (Gerritsen 2000).  Subcutaneous tissue is regarded as 



 12 

the most appropriate site for sensor implantation because it is accessible for surgery and 

the sensor is relatively easy to replace if impaired.  However, most subcutaneous glucose 

sensors have not been capable of reliably monitoring glucose for longer than several 

hours due to a considerable drift in sensor current.  There have been reports of successful 

glucose tracking in the first week after implantation by Updike et al. when they used a 

moving average of previous calibration points to account for sensitivity drift.  However, 

even after short-term implantation, there is a limited life span on all sensors. 

 

2.2    Tissue Response to Implants 
 Many medical devices, including biosensors, heart valves, glaucoma drains, and 

slow release drug devices, are currently implanted into patients.  The biological response 

to such implants varies depending on the implant material and the location of 

implantation.  As shown in  

Figure 2, generally after implantation, inflammatory, immune, and fibroblast cells 

infiltrate the site of implantation and eventually isolate the implant from the surrounding 

tissue by forming a fibrous capsule of relatively avascular, collagenous tissue around the 

implant.  This fibrous encapsulation is a major source of device failure for many 

biomedical implants, especially biosensors, which require unimpeded mass transport 

between the device and the normal surrounding tissue in order to function optimally. 
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Figure 2:  Illustration of foreign body response to an implant. 

The foreign body response is defined by an influx of cells and eventually a collagen 
capsule formed around the implant. 

 

 The biological response to implants can be described as a wound healing process, 

and the wound healing process can be broken up into four phases: early inflammation, 

late inflammation, proliferation, and remodeling.  Injury from implantation initiates a 

response from the host tissue.  Vessels leak upon injury, and fibrinogen is released, which 

then combines with thrombin to form fibrin strands which serve as adhesion points for 

white blood cells (WBCs) that in turn release signals to amplify the wound healing 

cascade.  In addition, thrombus formation involves the activation of the extrinsic and 
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intrinsic coagulation systems, the complement system, the fibrinolytic system and 

platelets.   

 The early inflammation phase occurs within minutes to hours after tissue injury.  

Circulating neutrophils (PMNs) hone to the tissue.  They secrete free radicals and 

cytokines, which mediate the remaining wound healing response.  The late inflammation 

phase occurs between 0.3 to 10 days after tissue injury.  In this phase, mononuclear 

leukocytes, which differentiate into macrophages, produce most of the growth factors and 

stimulus for angiogenesis and repair of the tissue.  Macrophages produce and secrete 

neutral proteases, chemotactic factors, arachidonic acid metabolites, complement 

components, coagulation factors, growth promoting factors, and cytokines, all mediators 

in the wound healing response.  If the problem persists, they fuse to form giant cells  

which are large and multinucleated; frustrated phagocytosis does not involve the 

engulfment of the material but the extracellular release of leukocyte products in an 

attempt to degrade the material.  Next is the proliferation phase which lasts from 2 to 20 

days after tissue injury.  This phase is marked by the arrival of fibroblasts and results in 

repair and regeneration of the tissue.  Granulation tissue, with its pink soft granular 

appearance, is formed.  Additional proliferation of capillaries and fibroblasts continues.  

In the early stages of proliferation, proteoglycans predominate in the extracellular matrix 

(ECM).  But later collagen forms a fibrous capsule around the implant.   

Finally, the remodeling stage is marked by the remodeling of the fibrotic matrix parallel 

to the implant.  This is what is eventually referred to as the fibrous capsule which 

surrounds most implanted devices.  (Anderson 1994; Sieminski and Gooch 2000; 

Anderson 2001; Castner and Ratner 2002) 
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Figure 3:  The temporal foreign body response to implanted biomaterials. 
(Anderson 1994; Anderson 2001) 

 

 Two mechanisms impair exchange between a device and its neighboring tissue.  

First, the fibrous capsule is densely packed with collagen, which reduces the diffusion 

coefficient for many molecules.  Second, the formation of new blood vessels in the 

capsule surrounding the implant is minimal, leading to low capillary density.  This low 

microvascular density leads to longer diffusion distances through the dense capsule.  

Thus, low mass transport results both from the low intrinsic diffusivity through the 

capsule and from the low microvascular density.  

 

2.3 Current Strategies to Modify the Foreign Body Response 
 There are many strategies being investigated to modify the foreign body response 

around glucose biosensors.  These strategies mainly target reducing biofouling and 



 16 

inflammation around the implant, increasing vascularity in the tissue directly adjacent to 

the implant, and reducing the long term fibrous capsule formation around the implant. 

2.3.1   Reducing Biofouling 
 Biofouling is the attachment and accumulation of proteins and cells onto a 

biomaterial.  It is one of several causes of biosensor failure in vivo, and many studies 

have been performed to determine if surface modifications can improve biofouling.  

Methods used to reduce sensor biofouling through surface modifications include: 

hydrogel coatings, phospholipid coatings, covalent modified membranes, and surface 

topography (Wisniewski and Reichert 2000).  However, while biofouling remains the 

first biological interaction of the sensor with host tissue, the majority of the resistance to 

glucose transport is from the fibrous capsule that eventually surrounds the sensors 

(Wisniewski, Klitzman et al. 2001). 

 

2.3.2   Reducing Inflammation and Fibrous Capsule Formation 
 As discussed in section 2.2, inflammation plays a large role in sensor failure.  

Therefore, many strategies including surface texture, chemistry and drug release have 

been developed to reduce inflammation around biosensors (Sharkawy, Klitzman et al. 

1997; Sharkawy, Klitzman et al. 1998; Ward, Slobodzian et al. 2002; Barbosa, Madureira 

et al. 2006; Norton, Koschwanez et al. 2007). 

 Sharkawy et al. have extensively studied the impact of surface porosity on the 

foreign body response (Sharkawy, Klitzman et al. 1997; Sharkawy, Klitzman et al. 1998; 

Sharkawy, Klitzman et al. 1998).  It was found that the fibrous capsule surrounding 

smooth surfaces imposed a significant barrier to diffusion to small analytes such as 



 17 

glucose (Sharkawy, Klitzman et al. 1997).  Additionally porous surfaces (60- and 350-um 

mean pore size) had less fibrous encapsulation tissue and a higher vessel density directly 

adjacent to the implant.   The pore dimensions have also been shown to alter the foreign 

body capsule, notably reducing macrophage density and capsule thickness when fibers 

were less than 6 µm in diameter (Ward, Slobodzian et al. 2002; Norton 2006).  

 Another method that people have used in an attempt to decrease inflammation 

around sensors is to release drugs from the sensor surface.  Anti-inflammatory steroids, 

such as dexamethasone, could be used to reduce collagen deposition and immune cell 

recruitment to the implant site.  Norton et al. found that dexamethasone release from 

hydrogel coatings attenuated the inflammation induced by implants.  However the control 

implants did not stimulate an intense inflammatory reaction (Norton, Koschwanez et al. 

2007). 

 Nitric oxide has been shown to reduce inflammation and fibrous capsule thickness 

(Gifford, Batchelor et al. 2005; Nablo, Prichard et al. 2005; Hetrick, Prichard et al. 2007).  

Gifford et al. found that nitric oxide releasing sensors maintained a more stable response 

to glucose during a 24 hour test (Gifford, Batchelor et al. 2005). 

 

2.3.3    Increasing Vascularity 
 Similar to the strategy of using drug release to lower inflammation, many groups 

have investigated the controlled release of  angiogenic factors at the implant site to recruit 

blood vessels and hence improve vessel density around implants.  Growth factors such as 

VEGF, FGF, and PDGF released from drug delivery systems have been shown to 

increase vessel density (Patel and Mikos 2004).  Ward et al. showed that the delivery of 



 18 

VEGF via pump increased vascularity around a model glucose sensor over many weeks 

(Ward, Slobodzian et al. 2002).  Norton et al. found that the release of VEGF from 

hydrogels increased the vascularity around implants (Norton, Koschwanez et al. 2007).  

However, the vessels were transient and regressed after the drug was no longer present. 
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Chapter 3.  Foreign Body Response and Adipose Tissue 
 

3.1  Biological Response to Implants Varies by Tissue Type 
 As mentioned previously, the biological response to implants varies by tissue 

type; therefore, results from implantation into one type of tissue cannot necessarily be 

extrapolated to other types of tissue.  Research has shown that implants placed in either 

the subcutaneous tissue or the epididymal fat pad in rats have very different healing 

responses during the first five weeks (Williams, Berman et al. 1997).  Implants in 

subcutaneous tissue exhibited limited angiogenesis surrounding the implant and the 

formation of an extensive fibrous capsule.  In contrast, implants in the epididymal fat pad 

exhibited greater neovascularization of tissue surrounding the implant and less evidence 

of a fibrous capsule.   Other studies have produced similar results and confirmed this 

tissue dependent variation in immune response (Kellar, Kleinert et al. 2002). 

 An additional study has shown that devices implanted subcutaneously in rats and 

humans induce very different foreign body reactions during the first week (Wisniewski, 

Rajamand et al. 2002).  When microdialysis probes were implanted subcutaneously in 

rats, the formation of an extensive fibrous capsule was observed and subsequently, 

recovery from the probes was reduced.  In contrast, when microdialysis probes were 

implanted subcutaneously in humans, fibrous capsule formation was less evident and 

recovery actually increased.  The qualitatively different responses to the identical implant 

could either be species related or tissue related due to the fact that there is a relatively 

high presence of fat in the subcutaneous tissue of humans that is absent in the 

subcutaneous tissue of rats. 



 20 

 The above studies show that it is extremely important to understand the type of 

tissue in which the sensor is being placed and to investigate different types of tissues. 

 

3.2  Adipose Tissue and Adipose Stem Cells 
 Mature adipocytes are responsible for energy storage and also secrete leptin.  

Adipose tissue growth, such as that observed during the normal development of obesity, 

is the result of both hypertrophy (increase in size) and hyperplasia (increase in number) 

of adipocytes.  Initially, hypertrophy dominates, but adipocytes cannot grow and 

accumulate lipid indefinitely.  Consequently, hyperplasia, which is related to the 

generation of new adipocytes from stem or precursor cells, occurs and this process is 

known as adipogenesis (Ntambi and Kim 2000; Fajas 2003; Novakofski 2004). 

 The adult stem cell can be defined as retaining the capacity for self-renewal and 

the potential for differentiation into one or more specialized cell types.  There are 

numerous sources of cells with multipotent/pluripotent differentiation ability: including 

bone marrow, adipose tissue, trabecular bone, and muscle.  Adipose tissue harbors a 

population of multipotent progenitor cells that are easily accessible and can be induced to 

differentiate along multiple mesodermal and ectodermal lineages under controlled in vitro 

conditions (Guilak, Awad et al. 2004).  Isolation of adipose stromal cells was first 

described by Van and Roncari (Van and Roncari 1978; Halvorsen, Wilkison et al. 2000),  

and subsequently a number of isolation procedures for adipose stem cells have been 

defined (Caserta, Tchkonia et al. 2001; Erickson, Gimble et al. 2002; Lee, Parrett et al. 

2003; Shin, Kim et al. 2003).  Ex vivo, human adipose stem cells can be expanded more 

than 100-fold though they loose differentiation ability upon expansion (Halvorsen, 
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Wilkison et al. 2000).  At the most fundamental level, differentiation of adipose stem 

cells into adipose cells is defined by the acquisition of a lipid-filling morphology and 

appropriate hormone responsiveness, signaling pathways and metabolism.  

Differentiation of primary cultures is enhanced by treating post-confluent cells with a 

differentiation cocktail, a combination of insulin, isobutylmethylxanthine (IBMX), and 

dexamethasone, a regime which impacts multiple signal transduction pathways.  

 Interestingly, fat has long been used to promote wound healing (Silverman, Lund 

et al. 1988).  Surgeons have used omentum to promote revascularization and healing of 

the intestines.  Beck described the development of anastomoses when omentum was 

sutured to myocardium.  These experiments suggest improved healing induced by 

omentum fat is the result of new blood vessel formulation.  Additionally, it has been 

found that both omentum and subcutaneous fat stimulates an intense neovascularization 

of the cornea. 

 There have been observations that point to differences in metabolic activity 

between adipose stem cells and adipocytes (von Heimburg, Hemmrich et al. 2005).  The 

adipose stem cells have been shown to have significantly lower oxygen consumption than 

mature adipocytes.  It is known that oxygen and nutrient supply are limiting factors for 

the survival of transplanted cells.  The critical life span during which a non-adequate 

blood supply (tolerance of ischemia) and an insufficient concentration of oxygen 

(hypoxia) are tolerated is highly crucial in transplantation of adipose tissue.  Mature fat 

cells not in contact with surrounding capillaries within the first 4 days will die.  

Additionally, mature adipocytes due to their high level of lipid accumulation tend to 

easily rupture during implantation.  Therefore, when considering using adipose cells in 
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transplantation, adipose stromal cells have a much higher chance of surviving the 

transplant process and the subsequent low oxygen, low nutrient environment than mature 

adipocytes. 

 

3.3  Mechanisms for Cell Attachment to Materials 
 There have been many diverse studies utilizing a range of materials that have 

demonstrated the pivotal role of extracellular adhesion proteins, including fibronectin and 

vitronectin, in cell adhesion, morphology, and migration (Wilson, Clegg et al. 2005).  

Because cells depend on specific proteins for anchorage and extracellular instructions, the 

composition of the adsorbed layer is a key mediator of cell behavior.  In this manner, the 

required proteins, correctly presented, can stimulate a constructive cell response, favoring 

wound repair and tissue integration; whereas proteins in an unrecognizable state may 

indicate a foreign material that needs to be removed or isolated. 

 Cells in their natural environment are anchored by discrete attachments to 

proteins in the extracellular matrix.  Similarly, cell attachment to cultured surfaces in 

vitro is usually mediated by adhesion proteins contained in serum-supplemented culture 

media.  Therefore, these adhesion proteins can be used to pre-coat materials prior to cell 

exposure to increase cell attachment. 

 The primary interaction between cells and adhesion proteins occurs via integrins, 

heterodimeric receptors in the cell membrane.  Integrins are also involved in intracellular 

signaling and, thus, a diverse range of cell functions.  Cells, surfaces, and the interfaces 

between them are a dynamic system.  Cells may alter their environment and adhesion 

mechanism by secreting fibronectin or manipulating the extracellular matrix.  Cells also 
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adapt to their environment by changing the collection of integrins expressed, and their 

distribution, according to the ligands available.  A progressive change in the mechanism 

of anchorage is frequently observed as cells reorganize their cytoskeleton and also the 

extracellular matrix to which they are anchored.  As cells spread, contractile forces apply 

tension to the extracellular matrix; these forces may be sufficient to remove adsorbed 

proteins from a biomaterial surface. 

 Proteins are highly surface active and exhibit high affinity for interfaces. Horbett 

estimates a typical surface-associated concentration in the order of 1000 of that in 

solution (Horbett 2003).  Initial adsorption occurs rapidly, effectively preventing direct 

interactions between cells and implanted materials.  Which proteins adsorb preferentially 

from serum or plasma to a limited number of binding sites will depend on their relative 

concentrations and surface affinities.  Over time in the absence of cellular interactions, 

the composition of the adsorbed layer will generally change as faster diffusion molecules 

(albumin) are displaced by proteins with a higher affinity for the surface, often referred to 

as the Vroman effect.  This phenomenon is most pronounced on hydrophilic surfaces. 

Presumably because of a greater number of possible adsorption-promoting interactions, 

hydrophobic surfaces are usually reported to adsorb more protein than hydrophilic 

surfaces.  However, some studies have shown similar protein adsorption to hydrophobic 

and hydrophilic surfaces in the absence of competition.  Because the function of a protein 

is governed by specific regions of the molecule, the activity of an adsorbed protein 

depends on its orientation and/or confirmation. 

 Two strategies for cell attachment are shown in Figure 4. 
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Figure 4: Fibronectin and dual ligand cell attachment strategies. 
 

1.  Fibronectin Treatment 

As discussed above, proteins exhibit a high affinity for interfaces and can be used to pre-

coat a material prior to cell exposure.  Additionally, since initial adsorption occurs 

rapidly, effectively preventing direct interactions between cells and implanted materials 

and the primary interaction between cells and adhesion proteins occurs via integrins, 

many experiments have been performed to study this interaction.  Fibronectin has long 

been a protein known to be important in integrin mediated cell attachment, and coating of 

surfaces with fibronectin prior to cell exposure, as depicted in Figure 4, has been shown 

to increase cell attachment (Bhat, Klitzman et al. 1998; Kasemo 2002; Grainger, Pavon-

Djavid et al. 2003). 
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2.  Dual Ligand Treatment 

An additional method that has been studied as an aid in cell attachment is the dual ligand 

system depicted in Figure 4 (Bhat, Truskey et al. 1998).  The material is treated with 

fibronectin and both the cells and the material are biotinylated.  Avidin is used to cross-

link the two biotins together.  In this method, the cells form two attachments: receptor-

dependent integrin attachments with the fibronectin as well as receptor-independent 

biotin-streptavidin-biotin attachments. 

 
 In addition to cell attachment, the physiological state of the cells is extremely 

important.  If the attachment method causes an alteration in cell function, it can result in 

negating any beneficial effects of the cells.  Therefore, cell function after attachment 

should be considered.  Changes in metabolism, energy levels, and apoptosis markers 

would be an indication that the cell attachment method was altering the cell physiology. 
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Chapter 4.  Cytokines and the Foreign Body Response 
 

4.1  Cytokines 
 As discussed above, the tissue response to implants involves a host of secreted 

molecules, including cytokines, which mediate the wound healing response.  The most 

well studied macrophage derived cytokines, which mediate the wound healing and 

inflammation response, detailed in Table 1, are basic-FGF, PDGF, TNF, TGF, IL-1 

receptor antagonist, and IL-1, IL-4, IL-6, IL-8 and IL-10. 
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Table 1:  Macrophage-derived cytokines 

IL-1β Pro-inflammatory: Neutrophil and macrophage chemoattractant; 
promotes cytokine gene expression 
Pro-reparative: Suspected  

IL-1ra 
 

Anti-inflammatory: Competitively binds to IL-1 membrane 
receptors, regulates IL-1 activity 
Pro-reparative: Suspected 

IL-4 
 

Anti-inflammatory: Down regulates IL-1, TNF-α, IL-6, IL-8 
activity; attenuates macrophage activity 
Pro-reparative: Activates fibroblasts and endothelial cells 

IL-6  
 

Pro-inflammatory: Stimulates leukocyte & erythrocyte production 
Anti-reparative: Circulating level proportional to extent of local 
injury 

IL-8 
 

Pro-inflammatory: Monocyte chemoattractant; promotes monocyte 
adhesion to endothelium 
Anti-reparative: Suspected 

IL-10 
 

Anti-inflammatory: Suppresses cytokine production and 
macrophage activity 
Anti-reparative: Mediates TNF-α activity   

basic-
FGF 

Pro-inflammatory: Suspected 
Pro-reparative: Angiogenesis and fibroblast proliferation 

PDGF 
 

Pro-inflammatory: Monocyte, neutrophil chemoattractant; 
stimulates granulocyte release 
Pro-reparative: Chemotactic to fibroblasts, SMC; stimulates 
collagen synthesis  

TNF-α Pro-inflammatory: Immunostimulant and mediator of inflammatory 
response. 
Anti-reparative: Cytotoxic activity toward bacteria and tumor cells. 
Pro-reparative: Pleiotropic expression of growth factors. 

TGFβ1 
(β2 or β3 
possible) 

Anti-inflammatory: Inhibits lymphocyte proliferation. 
Pro-reparative: Stimulates ECM production, osteoblast activity; 
inhibits osteoblast activity  

IL: interleukin; ra: receptor antagonist; FGF: fibroblast growth factor;  PDGF: platelet-
derived growth factor; TNF: tumor necrosis factor; TGF: transforming growth factor. 
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4.2  Microdialysis 
 Microdialysis probes have been used for years as a method to investigate the 

wound healing process and the metabolites that are present in tissues directly surrounding 

the implanted probes.   A brief illustration of a microdialysis probe is shown in Figure 5.  

As illustrated in the insert in Figure 5, the perfusion fluid runs through the cannula, which 

is located in the center of the probe.  As it reached the tip of the probe, it flows upward 

between the inner cannula and the outer dialysis membrane.  The membrane is porous 

allowing diffusion of molecules between the fluid of the surrounding tissue and the 

perfusate fluid.  The diffusion is based on the concentration gradient of the molecule that 

is diffusing.  The gradient of a particular compound depends not only on the difference in 

concentration between the perfusate and the extracellular fluid but also on the velocity of 

flow inside the microdialysis probe. The absolute recovery (mol/time) of a substance 

from the tissue depends on the molecular weight cut-off of the dialysis membrane, the 

length of the membrane, the flow rate of the perfusion fluid, and the diffusion coefficient 

of the compound through the extracellular fluid. 

 

 



 29 

 

EFFLUX INFLUX

dialysate solute

perfusate solute

probe
tip

 

Figure 5:  Illustration of microdialysis probe.   
 

4.3  Cytokine Analysis 
  In this proposal, microdialysis probes implanted into rats will be used as a real 

time method to collect cytokines from the wound healing tissue surrounding the 

implanted probes.  The collected cytokines will be analyzed using the Biorad cytokine 

detection BioPlex system.  This assay method is advantageous over traditionally ELISA 

methods because much smaller sample sizes are needed for analysis and multiple 

cytokines can be detected in each sample. 

The perfusion liquid enters 
from the right (white arrow) 
and passes through the inner 
cannula to the tip (see inset) 
where it flows upwards 
between the inner cannula 
and the membrane, where 
exchange takes place. 
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 Briefly, the BioPlex suspension array system is designed in a capture sandwich 

immunoassay format.  Cytokine specific antibodies are covalently coupled to micron 

sized polystyrene beads.  The antibody-coupled beads are reacted with a sample 

containing an unknown amount of cytokine or a standard solution containing a known 

amount of cytokine.  After washing, another antibody specific to a different epitope on 

the cytokine is added to the beads.  This results in the formation of a sandwich of 

antibodies around the cytokine, which is immobilized onto the beads.  Addition of 

streptavidin-phycoerythrin (streptavidin-PE), which binds to the biotinylated antibody, 

allows for detection when the sample is analyzed in the BioPlex machine, which 

identifies and quantifies each specific cytokine based on bead color and fluorescence.   
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Part II.  Adipose stem cell attachment to biomaterials 

 

Chapter 5.   Determine an attachment method for adipose stem 
cells on glucose sensor biomaterials 
 

5.1  Introduction 
 The rejection of biosensors is a problem under current investigation by many 

groups in the biomaterials community.  The attachment of anti-inflammatory cells to the 

surface of biosensors is one possible way to reduce rejection.  This chapter focuses on 

examining pro-adhesive regimes of cells to the surfaces of different biosensor materials. 

 Research has shown that implants placed in either the subcutaneous lean tissue or 

the epididymal fat pad in rats have very different healing responses (Williams, Berman et 

al. 1997).  Implants in subcutaneous tissue exhibit limited angiogenesis surrounding the 

implant and the formation of an extensive fibrous capsule.  In contrast, implants in the 

epididymal fat pad exhibit greater neovascularization of tissue surrounding the implant 

and less evidence of a fibrous capsule.   Other studies have produced similar results and 

confirmed this tissue dependent variation in immune response (Kellar, Kleinert et al. 

2002).  A separate study has shown that devices implanted subcutaneously in rats and 

humans induce very different foreign body reactions (Wisniewski, Rajamand et al. 2002).  

When microdialysis probes were implanted in the lean subcutaneous plane in rats, the 

formation of an extensive fibrous capsule was observed and mass transport was reduced.  

In contrast, when microdialysis probes were implanted in the adipose rich subcutaneous 

plane in humans, fibrous capsule formation was less evident, adipose cells were seen 
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directly bordering the implant, and mass transport increased.  The qualitatively different 

responses to the identical implant could either be species related or tissue related or a 

combination.     

 We hypothesize that adult adipose-derived stromal cells (ASCs) could be used to 

ameliorate the wound healing response around biomaterials.  In order to evaluate this 

hypothesis, a series of in vitro tests was performed to assess various cell attachment 

protocols.  This study quantified the efficacy of ASC attachment to biomaterials as well 

as the effects of attachment on cell function and viability. 

 Adult adipose derived stromal cells were attached using different methods to 

silicone elastomer, polyimide, polyurethane and tissue culture polystyrene, materials that 

are commonly used either in implantable glucose sensors or in cell culture. After cell 

attachment, four cell function assays were performed to monitor proliferation, 

metabolism, ATP level, and apoptosis (programmed cell death).  Metabolism and 

intracellular ATP levels are direct indicators of the health of cells.  Additionally, since 

apoptosis occurs in a very structured manner, upstream molecules, such as caspases, are 

early indicators of programmed cell death.  The overall purpose of this study was to 

measure the extent and strength of cell adhesion and to quantify the effects of the cell 

attachment methods on the physiologic status of the ASCs. 
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5.2  Materials and Methods 
 

5.2.1  Material Characterization  
 All of the following medical grade materials used for cell attachment studies were 

purchased and surface composition was verified by x-ray photoelectron spectroscopy 

(XPS; Analytical Axis Ultra, Kratos Analytical Inc., Chestnut Ridge, NY):  polyimide/ 

Kapton® (Fralock, Inc., Canoga Park, CA), polyurethane/pellethane 2363-80AE-050824, 

a soft segment polyurethane based on polyether and aromatic isocyanate (Polyzen, Inc., 

Apex, NC) shown in Figure 6, and silicone elastomer (Specialty Manufacturing Inc., 

Saginaw, MI).  The silicone elastomer, polyurethane, and polyimide were analyzed for 

contact angle using a CAM-MICRO contact angle meter (Tantec Inc., Schaumburg, IL).  

In addition for use in the flow study analysis, the surface topographies of polyimide and 

polyurethane materials were characterized using scanning atomic force microscopy 

(AFM; Digital Instruments Dimension 3100 AFM, Veeco, Woodbury, NY).  Silicone 

elastomer was not analyzed by AFM due to the discontinuation of its use after poor cell 

attachment. 
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Figure 6:  Polyurethane chemistry. 

 

5.2.2  Fibronectin Adsorption 
 Fibronectin adsorption experiments were performed in an attempt to determine 

the optimal fibronectin concentration and incubation times for the materials.  Fibronectin 

adsorption to silicone elastomer (poly-dimethylsiloxane) and polyimide was determined 

by radiolabelling.  Radioactive iodine, 125I (Na125I) (Perkin Elmer, Boston, MA), was 

incorporated into fibronectin using IODO-beads (Pierce, Rockford, IL).  The materials 

were then incubated in 125I-fibronectin for either 2 or 4 hours and washed with PBS 

overnight to remove non-adsorbed protein. 125I-fibronectin adsorption was then quantified 

by measuring 125I activity with a Packard Multi-Prias 1 Counter (Packard Instruments, 

Downers Grove, IL).  Two experiments quantified fibronectin adsorption to assess the 

effects of variations in the total amount and concentration of fibronectin.  The first 

experiment investigated the importance of total fibronectin amount by keeping 

fibronectin concentration constant and varying the volume.  The second experiment 

varied the fibronectin concentration while holding the volume constant. 
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5.2.3  Cell Isolation and Differentiation  
 Adult adipose stem cells were isolated under sterile conditions from the inguinal 

fat pad of male Lewis rats (Charles River Laboratories, Wilmington, MA) using the 

isolation procedure described in Appendix B. 

 Cells were differentiated into adipocytes and osteoblasts to confirm that an ASC 

population was truly isolated.  Adipogenic media contained DMEM, 10% FBS, 0.5 mM 

IBMX, 10 µM insulin, 0.5 µM Dexamethasone, and 1% penicillin/streptomycin (Zuk, 

Zhu et al. 2001).  Osteogenic media contained DMEM, 10% FBS, 10 mM b-glycerol 

phosphate, 50 µg/ml ascorbate 2-phosphate, 10 nM dexamethasone, 100 U/ml penicillin, 

and 0.1 mg/ml streptomycin (Lee, Parrett et al. 2003).  Oil Red O staining after 28 days 

in culture was used to confirm adipose differentiation and von Kossa staining after 28 

days was used to confirm bone differentiation. 

5.2.4  Surface Modifications and Cell Attachment 
 Three conditions for cell attachment were analyzed: (1) control/untreated, (2) 

fibronectin, and (3) a dual ligand system containing both avidin/biotin and fibronectin.  

These three cell attachment methods were performed on the bare materials and also on 

the materials after they had been exposed to oxygen plasma etching at 100 Watts for 40 

minutes using an Emitech K-1050X Plasma Asher (Empdirect, Houston, TX).  Oxygen 

plasma treatment has been shown to decrease the water contact angle of materials 

(Abbasi, Mirzadeh et al. 2001; Lee, Jiang et al. 2004).  Since cells typically adhere better 

to more hydrophilic materials, plasma treatment has been shown to increase cell 

adherence. 

 For all attachment methods, cells were seeded at 800 cells per mm2 on materials 
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and assessed on Day 1 and Day 5.  The control attachment protocol consisted of washing 

the materials with PBS prior to the addition of cells.   The fibronectin attachment 

protocol, which relies on integrin receptor mediated cell adhesion, was composed of 

treating the materials with 25 µg/ml fibronectin (Sigma-Aldrich, St. Louis, MO) for 2 

hours prior to cell seeding.  The fibronectin concentration and incubation time were 

determined by the fibronectin adsorption study.  In the dual ligand method, the cells form 

two attachments: receptor-dependent integrin attachments with the fibronectin as well as 

receptor-independent attachments with biotin-streptavidin-biotin.  This protocol consisted 

of treating the materials for 2 hours with a heterogeneous mixture of 25 µg/ml fibronectin 

and 0.4 mg/ml biotinylated BSA (Sigma-Aldrich, St. Louis, MO), followed by 0.5 mg/ml 

avidin (Sigma-Aldrich, St. Louis, MO) for 40 minutes.  The cells for the dual ligand 

treatment were biotinylated by treating with 1 mM sulfosuccinimidyl-6-

(biotinamido)hexanoate, NHS-LC-biotin (Pierce, Rockford, IL), for 30 minutes (Bhat, 

Klitzman et al. 1998).  For imaging, the cells were stained with LIVE/DEAD stain 

(Molecular Probes/Invitrogen, Carlsbad, CA).  Fluorescent micrographs were taken and 

the percent surface covered by cells was analyzed using the Matlab code found in 

Appendix A. 

 

5.2.5  Strength of Cell Attachment/Flow 
 Adult adipose stem cells were attached to rectangles of material (4.5 cm x 10 cm) 

using the same treatments described above with the cell density of 130 cells per mm2.  

The cells were allowed to grow for 12 hours prior to flow experiments, and then stained 

with LIVE/DEAD stain for imaging.  Flow experiments were conducted using DMEM 
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with increasing shear stresses of 5, 20, and 50 dyne/cm2.  Flow was maintained for 5 

minutes at room temperature for each shear stress.  A final flow of deionized water was 

performed at 40 dyne/cm2 for 5 minutes as a positive control for detachment.  The flow 

chamber was briefly opened initially and between each change in shear stress and 15-20 

digital pictures were taken of different areas on the material. The percent of the material 

surface covered by cells was analyzed using the digital image analysis program found in 

Appendix A. 

 

5.2.6 Cell Function and Viability 
Metabolism: 

 For all attachment methods, ASCs were seeded as described in the cell attachment 

experiments.  After incubation for 2, 4, 7, and 9 days, the conditioned media was 

aspirated and stored at –80oC for metabolic analysis and fresh media was added for the 

next time point.  Additionally, each media preparation was placed in control wells 

without cells in each of the plates.  These wells without cells served to control for the 

effects of evaporation on the media’s composition.  The concentrations of glucose, 

lactate, pyruvate, and urea were measured for each of the samples using a CMA 600 

Microdialysis Analyzer (CMA, Solna, Sweden). 

 

Proliferation, ATP, and Caspase 3: 

 For each attachment method at days 1, 3, 6, and 10 post-attachment, cell number 

was quantified using the CyQUANT Cell Proliferation Assay Kit (Molecular 

Probes/Invitrogen, Carlsbad, CA). As recommended by Invitrogen, the cells were washed 
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with PBS and stored at –80oC prior to analyzing.  To quantify cell number, 200 µl of the 

CyQUANT GR dye/cell lysis buffer was added to the sample and incubated for 4 minutes 

at room temperature, protected from light.  Then the fluorescence was measured using a 

fluorescein filter set.  Cell number was determined using a reference standard curve. 

 ATP level was quantified at the same time points, days 1, 3, and 6, using the 

ATPlite detection assay (Perkin Elmer, Boston, MA).  Briefly, as recommended by 

Perkin Elmer, the cells were released from the materials with 0.25% trypsin and pelleted.  

In a 96 well plate, 50 µl of the cell lysis solution was added to 100 µl of the cell 

suspension per well and shaken on an orbital shaker for 5 minutes at 700 rpm to lyse cells 

and stabilize ATP.  Next 50 µl of the substrate was added to each well and shaken for 5 

minutes at 700 rpm.  The plate was then dark adapted for 10 minutes and the 

luminescence was measured.  ATP amount was determined using the standard ATP 

solution to make a standard curve as described in the manual.   

 Finally, on days 6 and 10 post-attachment, the activity of caspase-3 was analyzed 

using the EnzChek Caspase-3 Assay Kit #2 (Molecular Probes/Invitrogen, Carlsbad, 

CA).  Briefly, as recommended by Invitrogen, the cells were released from the materials 

with 0.25% trypsin, and the resulting cell pellet was washed with PBS and stored at  

-80oC prior to analyzing.  The pellet was resuspended in 50 µl cell lysis buffer, and then 

centrifuged at 5000 rpm for 5 minutes to remove any cellular debris.  Next, 50 µl of the 

supernatant was transferred to individual wells on a 96-well plate, and 50 µl of the 

substrate working solution was added to each well.  The plate was incubated at room 

temperature, protected from light, for 30 minutes.  Then the fluorescence was measured 
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using a fluorescein filter set.  Cell activity was determined using a R110 reference 

standard curve prepared as outlined in the assay manual. 

 

Statistics 

 For the fibronectin adsorption experiments, a three way ANOVA (factors of 

treatment, adsorption time, and material) was first performed.  Further intergroup 

comparisons were made using Fisher’s test.  Additionally, the 2 and 4 hour adsorption 

times were compared using a t-test.  For the cell attachment experiments, the main effects 

of treatment and time were analyzed by a two way ANOVA (factors of attachment 

method and day) for each material.  Additionally, the main effect of attachment method 

was determined by a one factor ANOVA and a post hoc Dunnett’s t-test to compare all 

attachment methods back to control for that same day.  The main effect of time was 

determined by a one factor ANOVA and a post hoc t-test to compare differences between 

Day 1 and Day 5.  For the flow experiments, all results were based on percent of initial 

area.  A repeated measure 2 way ANOVA (factors of attachment method and flow shear 

stress) was performed.  For the cell proliferation, metabolism, ATP, and caspase 

experiments, a repeated measure 2 way ANOVA (factors of attachment method and 

material) was performed. 
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5.3  Results 
 

5.3.1  Material Characterization 
 Table 2 shows the results of contact angle analysis on silicone elastomer, 

polyimide, and polyurethane before and after different plasma ashing cycles.  For silicone 

elastomer and polyurethane, the contact angle decreased with increasing plasma ashing 

time until 40 minutes when it stabilized.  Polyimide reached its lowest contact angle 

during the 20 minute plasma ashing cycle and stayed the same thereafter. 

 

Table 2:  Air/H2O contact angle measurements 
Mean ± SEM. * = t-test  (p<0.05) vs non-treated.  t = t-test  (p<0.05) vs 20 minute 

treatment. 
 

Material Non-treated Plasma Asher  (100 W) 
  20 minutes 40 minutes 60 minutes 
Silicone 
Elastomer 

114±1 88±2 * 78±2 *,t 79±2 *,t 

Polyimide 94±1 <2 * <2 * <2 * 
Polyurethane 83±1 65±1 * 42±1 *,t 40±1 *,t 

 
 

 The roughness of the materials was analyzed using AFM.  The AFM topographies 

are shown in Figure 7.  The polyimide is a relatively smooth surface with an average 

roughness (RMS) of 2 nm and a vertical z-range of 13 nm.  However, the polyurethane 

had deeper grooves with an average roughness of 360 nm and a vertical z-range of 1860 

nm.  
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(a)  

 

(b) 

 

Figure 7:  AFM surface topography images of (a) polyimide and (b) silicone 
elastomer. 
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5.3.2  Fibronectin Adsorption 
 Fibronectin adsorption experiments were performed to determine optimal 

fibronectin concentration and incubation time.  Figure 8 displays the fibronectin 

adsorption in ng/mm2 to silicone and polyimide as a function of either fibronectin 

concentration or total amount of fibronectin added.  The results of the first fibronectin 

study displayed in Figure 8a showed no effect of volume on adsorption; there were no 

significant differences determined by ANOVA among the volumes and times of 

incubation.  The results of the second experiment displayed in Figure 8b showed that the 

fibronectin concentration, not the absolute quantity of fibronectin, is the primary 

determinate of fibronectin adsorption at 2 and 4 hours.  The highest concentration of 

fibronectin (30 ng/µl) produced the highest amount of protein adsorption.  Finally, the 4 

hour incubations did not give significantly higher fibronectin adsorption than 2 hour 

incubations at any fibronectin concentration, with the exception of polyimide at 10 ng/µl.   
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(a) 

 

(b) 

 

Figure 8:  Fibronectin adsorption on silicone elastomer and polyimide (a) with 
concentration held constant and varying volume and (b) with volume held constant 

and varying concentration. 
Mean ± SEM. * t-test, 2 hr vs 4 hr, p<0.05 
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5.3.3  Cell Attachment 
 Cell attachment was analyzed for four materials using three different attachment 

methods on either the bare material or the oxygen plasma treated material as shown in 

Figure 9.  Polystyrene (cell culture plastic) was used as a positive control since the cells 

are known to adhere and spread on this material.  Also, since cell culture plastic is 

already plasma treated by the manufacturer, no additionally plasma treatment was 

evaluated.  At Day 1, the dual ligand attachment method gave significantly higher cell 

coverage than the control, while fibronectin did not significantly increase the cell area 

coverage.  However, by Day 5, all of the attachment methods had increased and covered 

approximately 85% of the cell culture dish.  As seen in Figure 9b, none of the attachment 

methods produced cell coverage over more than 20% of the silicone surface at either Day 

1 or Day 5.  There were no statistically significant differences in any of the attachment 

methods for silicone and for this reason, subsequent experiments did not include silicone.  

The control treatment on polyimide yielded approximately 40% cell coverage, which was 

similar to the control treatment on polystyrene.  The dual ligand did not significantly 

increase cell coverage at Day 1, however, the fibronectin and the oxygen plasma 

treatment of polyimide increased cell coverage slightly, while the oxygen plasma 

treatment plus fibronectin and the oxygen plasma treatment plus the dual ligand further 

increased the cell coverage.  At Day 5, the control on both the bare polyimide and the 

oxygen plasma treated polyimide as well as the oxygen plasma plus dual ligand treatment 

had a significant decrease in cell coverage when compared to Day 1.  However, the 

fibronectin and dual ligand treatments on the bare material as well as the oxygen plasma 
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plus fibronectin treatments resulted in a significant increase in cell coverage.  On Day 1, 

the fibronectin and dual ligand treatments on both the bare polyurethane and the oxygen 

plasma treated polyurethane gave significantly higher cell coverage than the control.  The 

oxygen plasma treatment alone did not result in increased cell coverage, and the controls 

for both the bare and oxygen plasma treated polyurethane had low cell coverage on both 

Day 1 and Day 5.  The fibronectin on the bare polyurethane and the fibronectin on the 

oxygen plasma treated polyurethane had slightly higher cell coverage on Day 5 versus 

Day 1.  The dual ligand on both the bare and oxygen plasma treated polyurethane were 

not significantly different between the two days.   
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(a)       (b) 

 

(c)       (d) 

 

Figure 9:  Cell attachment to (a) polystyrene, (b) silicone elastomer, (c) polyimide, 
and (d) polyurethane. 

Mean ± SEM. * = Dunnett’s (p<0.05) vs control for that material and day.  t = t-test 
of day 1 vs day 5. 

 

Control            Fibronectin   Dual Ligand 
 
O2 Plasma Control  O2 Plasma    O2 Plasma Dual 
    Fibronectin     Ligand   
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5.3.4  Strength of Cell Attachment 
 Strength of cell attachment was analyzed on polyimide and polyurethane by 

tracking the percent of the material surface area covered by cells while using a flow 

system that employed increasing shear stress rates.  The attachment methods for both 

polyimide and polyurethane gave different initial cell coverage areas and the trends were 

the same as those seen in the cell attachment experiments.  Figure 10 shows the change in 

cell coverage area as a function of increasing shear stress.  There was no significant 

decrease in cell coverage area for any of the treatments on either polyimide or 

polyurethane as flow rates increased.  Water was used as the final flow fluid in the final 

flow of each experiment.  Since water lyses cell membranes and should cause detachment 

of the cells, this step of the experiment ensured that the cells were coming into contact 

with the flow.  The water flows all decreased the cell coverage area to less than 20%.  

 Due to experimental limitations, polystyrene was not analyzed.  Also, silicone 

elastomer was not analyzed due to the discontinuation of its use after poor cell attachment 

results. 
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(a) 

 

(b) 

 

Figure 10:  Strength of cell attachment to (a) polyimide and (b) polyurethane.  
Mean ± SEM. 
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5.3.5  Proliferation Assay 
 Cell proliferation was analyzed on three materials, polystyrene, polyimide and 

polyurethane, using three attachment methods and the results are shown in Figure 11.  

Polystyrene was used as a control.  On all three materials, the fibronectin and dual ligand 

treatments resulted in an initial increase in the number of cells versus the control.  By 

Day 6, both the control for both the polystyrene and the polyurethane had increased into 

the same range.  By Day 10, the fibronectin treatment had significantly higher cell 

numbers than the control or dual ligand treatments on all three materials. 
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(a) 

 

(b) 

 

(c)  

 

Figure 11:  Cell proliferation after attachment to (a) polystyrene, (b) polyimide, and 
(c) polyurethane.  

Mean ± SEM.
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5.3.6  Metabolism 
 As shown in Table 3, no physiologically relevant differences were seen in glucose 

consumption and lactate production in any of the cell attachment methods when 

compared to the control attachment on the same material.  Urea levels (data not shown) 

showed no differences among the groups, indicating there was no systematical variation 

in amount of evaporation leading to differences in analyte concentrations among the 

groups.  

 

Table 3:  Cellular metabolism after attachment to polystyrene, polyimide, and 
polyurethane 

Glucose Consumption per day 
(mmol/L/day) 

Lactate Production per day 
(mmol/L/day) 

Material Attachment 
Method 

Day 2 Day 4 Day 7 Day 10 Day 2 Day 4 Day 7 Day 10 
Polystyrene Control 0.8±.2 0.7±.1 0.8±.1 1.1±.1 0.2±.1 0.4±.1 0.4±.1 0.3±.1 
Polyimide Control 1.2±.4 0.6±.2 1.0±.2 1.7±.1 0.0±.1 0.0±.1 0.1±.1 0.1±.1 
Polyimide Fibronectin 2.3±.1 0.4±.1 1.1±.1 1.6±.1 0.5±.1 0.1±.1 0.3±.1 0.1±.1 
Polyimide Dual Ligand 1.6±.3 1.4±.3 0.6±.1 1.1±.2 -0.2±.1 -0.2±.1 0.0±.1 -0.1±.1 
Polyurethane Control 1.6±.3 1.4±.2 0.7±.2 1.3±.2 -0.2±.1 -0.2±.1 0.2±.1 0.0±.1 
Polyurethane Fibronectin 0.7±.1 1.2±.2 1.2±.1 1.0±.2 0.0±.1 0.0±.1 0.1±.1 0.0±.1 
Polyurethane Dual Ligand 1.2±.4 0.6±.2 0.6±.2 0.9±.1 -0.2±.1 0.1±.1 0.0±.1 0.0±.1 

 
A two way ANOVA was performed and found that there were no significant differences 

between attachment methods. 

 

5.3.7  ATP Concentration 
 As displayed in Table 4, ATP concentrations per cell ranged from 1.6x10-11 to 

5.2x10-11 mol/L.  No significant differences were seen in the ATP levels of the cells 

between the different attachment methods. 
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Table 4:  ATP concentrations of cells attached to polystyrene, polyimide, and 
polyurethane 

ATP Concentration/Cell (x 10-11 M) Material Attachment 
Method Day 1 Day 3 Day 6 

Polystyrene Control 5.1 ± 0.2 5.0 ± 1 2.8 ± 0.3 
Polyimide Control 4.1 ± 0.8 2.9 ± 0.3 3.8 ± 0.4 
Polyimide Fibronectin 3.9 ± 0.9 3.2 ± 0.6 2.0 ± 0.3 
Polyimide Dual Ligand 3.9 ± 0.9 1.8 ± 0.3 2.7 ± 0.2 
Polyurethane Control 5.2 ± 1 4.5 ± 0.9 3.4 ± 0.1 
Polyurethane Fibronectin 4.2 ± 1 2.0 ± 0.2 1.6 ± 0.3 
Polyurethane Dual Ligand 4.4 ± 3 2.9 ± 0.3 4.8 ± 0.4 

 
 

5.3.8  Caspase Activity 
  As seen in Figure 12, there were no significant differences in caspase-3 activity 

for the different attachment methods. 

 

 

Figure 12:  Caspase activity. 
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5.4  Discussion 
 This series of in vitro tests was performed to evaluate the efficacy of different cell 

attachment protocols and their effects on basic cell functions.  Adipose stromal cells were 

attached to three commonly used biocompatible materials, silicone elastomer, polyimide 

and polyurethane, as well as polystyrene cell culture plastic.  The cell attachment 

protocols were analyzed for percent surface area coverage by the cells as well as for 

strength of attachment.  Additionally, basic metabolites were analyzed to determine if any 

of the cell attachment methods altered cell viability, function or metabolism. 

 It is noted that ASCs are a multipotent precursor cell population isolated from 

adipose tissue that are inherently different from mature adipocytes found in the 

epididymal fat pad in rats or the adipose-rich subcutaneous plane in humans.  Since the 

basis of this research is that adipose tissue initiates a less aggressive foreign body 

response to implants, pre-differentiating the stem cells into adipocytes using well-defined 

adipogenic stimulants prior to implantation was considered.  However, due to the 

inherent fragility of mature adipocytes and the increased complexity and time to pre-coat 

the implant with adipocytes, ASCs were chosen for these experiments.  Future 

experiments might investigate pre-differentiation prior to implantation. 

 Three methods of cell attachment were evaluated.  The control attachment 

consisted of the addition of a cell suspension to the material without any material pre-

treatment beyond washing with PBS.  In the fibronectin attachment, the cells attach to the 

adsorbed fibronectin using integrin receptors.  In the dual ligand attachment, which has 

been highly characterized and used for endothelial cell attachment (Bhat, Klitzman et al. 
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1998; Anamelechi, Truskey et al. 2005), the material was treated with fibronectin and 

both the cells and the material were biotinylated and avidin was used to bind the two 

biotins together.  In this method, the cells form two attachments: receptor-dependent 

integrin attachments with the fibronectin as well as receptor-independent attachments 

with biotin-streptavidin-biotin. 

 Since both the fibronectin attachment and the dual ligand attachment rely on 

fibronectin adsorption to the material of interest, the radiolabelled fibronectin studies 

were performed in order to determine the proper adsorption time and solution 

concentration.  As shown in Figure 8, the 125I-fibronectin experiments indicate that with 2 

and 4 hours of incubation, the concentration and not the absolute quantity of fibronectin 

was the primary determinant of fibronectin adsorption.  This suggests that cell adherence 

to devices would likely have better results with incubation at higher fibronectin 

concentration instead of higher volume.  In addition, the highest concentration of 

fibronectin (30 ng/µl) produced the highest amount of protein adsorption.  Finally, the 4 

hour incubations did not give significantly higher fibronectin adsorption than 2 hour 

incubations with the exception of polyimide at 10 ng/µl.  Therefore, a fibronectin 

concentration of 25-30 ng/µl was chosen with an incubation time of 2 hours for the 

remaining cell attachment experiments.  These experiments did not include polystyrene 

and polyurethane, however these materials should act similarly and therefore the same 

concentrations and incubation times were used. 

 Oxygen plasma ashing was studied as a material treatment prior to cell 

attachment.  Oxygen plasma ashing uses a low pressure RF induced gas discharge to 

excite oxygen gas molecules and dissociate the gas into chemically active ions and 
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molecules.  These ions bombard the surface of the material leaving an oxidized layer on 

the surface.  This treatment has been shown to decrease the water contact angle of 

materials.  Since cells typically adhere better to more hydrophilic materials, oxygen 

plasma ashing has been shown to increase cell adherence (Abbasi, Mirzadeh et al. 2001; 

Lee, Jiang et al. 2004).  As seen in Table 2, oxygen plasma ashing reduced the water 

contact angle for all of the materials studied.  Plasma ashing beyond 40 minutes did not 

significantly further decrease the contact angle.  Therefore, all experiments were 

performed with a plasma ashing time of 40 minutes immediately prior to cell attachment. 

 Cell attachment to the four materials, silicone elastomer, polyimide, polyurethane, 

and polysytrene, was evaluated as the percent of material area covered by cells and is 

shown in Figure 9.  Attachment was evaluated on polystyrene, or cell culture plastic, as a 

positive control because cells are known to attach and spread well on this material.  As 

seen in Figure 9a, the dual ligand attachment method improved initial cell coverage on 

polystyrene at day 1.  However, by Day 5, all of the attachment methods produced cell 

coverage of approximately 85% of the cell culture dish. 

 Silicone elastomer, both before and after oxygen plasma treatment was a very 

hydrophobic material and, as discussed above, cells typically do not adhere well to 

hydrophobic materials.  As shown in Figure 9b, none of the attachment methods 

produced cell coverage greater than 20%.  Therefore, high surface coverage by cells on 

silicone elastomer may require novel strategies for cell attachment.  For this reason, cell 

attachment studies with silicone elastomer were not studied further in this series. 

 As seen in Figure 9c, the control attachment on polyimide was approximately 

40%, similar to that of polystyrene.  At Day 1, all attachment methods, with the exception 
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of the dual ligand, produced significantly higher cell attachment than the control.  

However, at Day 5, only the fibronectin and dual ligand on polyimide and the oxygen 

plasma plus fibronectin had increased cell surface area coverage.  These three attachment 

methods produced very high cell surface area coverage, similar to that of the polystyrene 

treatments at Day 5.  Therefore, all of these treatments could be considered as possible 

attachment methods on polyimide.   

 Figure 9d shows the cell attachment results on polyurethane.  The control 

attachment on polyurethane produced low cell coverage, approximately 10%.  The 

fibronectin and dual ligand on the bare material and on the oxygen plasma treated 

material gave significantly higher coverage, approximately 60-80%.  At Day 5, the dual 

ligand attachment did not increase, but the fibronectin on bare and oxygen plasma treated 

polyurethane increased to approximately 85-90% cell surface area coverage.  Therefore, 

the fibronectin on bare polyurethane and the fibronectin and dual ligand on the oxygen 

plasma treated polyurethane are possible candidates for good cell attachment methods for 

this material. 

 Oxygen plasma treatment did not significantly increase cell coverage more than 

the fibronectin alone on either polyimide or polyurethane.  Therefore, no further studies, 

such as strength of attachment and viability, on the oxygen plasma treated materials were 

conducted. 

 Not only is high cell coverage on the surface of the material important, but the 

strength of the cellular attachment to the material is also important.  In order to evaluate 

strength of adhesion, a flow system was used that employed media flowing across the 

material surface to generate different shear stresses.  Figure 10 shows the change in cell 
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coverage area as a function of increasing shear stress.  The cell attachment was very 

strong for all of the cell attachment methods on both polyimide and polyurethane.  Even 

high shear rates of 50 dyne/cm2 did not decrease cell coverage significantly.  One 

possible reason for strong attachment on polyurethane may be due to the surface 

topography of the material.  The polyurethane had deep grooves with an average 

roughness of 360 nm and a vertical z-range of 1860 nm.  With typical cell heights in this 

range, the cells could sit down in these groves and be semi-protected from the flow fluid.  

For all experiments, water was used as the final flow fluid to ensure that the cell release 

could be detected in this system.  In all cases, water resulted in cell coverage areas of less 

than 20%.  Continued measurement of 20% coverage after 5 minutes of water exposure 

could have resulted from cell lysis with fragments remaining on the material and counted 

as “cell coverage”. 

 Cell proliferation for the different attachment methods was also analyzed to 

determine if any of the attachment methods changed the cell proliferation profile.  The 

cell proliferation profiles looked very similar among all of the materials.  The rate of 

proliferation for the fibronectin attachment was similar to that of the control.  However, 

the dual ligand resulted in a decrease in the rate of proliferation for polyurethane.  With 

significant caution, one can roughly estimate cell spreading by dividing the cell coverage 

data collected at a certain time by the fit of cell proliferation data at that same time point.  

The calculated average area occupied by each of the ASCs ranged from approximately 

200 µm2 (Day 5, polyurethane, control attachment) to approximately 2300 µm2 (Day 5, 

polystyrene, control attachment), which is similar to the cell area for cells seen in other 

experiments (Anamelechi, Truskey et al. 2005).  These cell area numbers can be used to 
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determine if an increase or decrease in cell coverage of the material surfaces was due to 

cell spreading or to cell proliferation.  For polystyrene, there was a slight increase in cell 

area between Day 1 and Day 5 for both the control and the dual ligand attachment 

methods.  This likely indicates that the increase in cell coverage area is due mostly to cell 

proliferation and only slightly to cell spreading. 

  The fibronectin had a significantly different cell coverage profile.  Cell coverage 

for the fibronectin method was much lower than the dual ligand at Day 1 but increased to 

the same cell coverage area by Day 5, and the cell area increased more than 2-fold 

indicating that much of the increase in cell coverage for the fibronectin was from cell 

spreading.  The control attachment for polyimide and polyurethane resulted in a decrease 

in cell area from Day 1 to Day 5 indicating that even though the cells were slowly 

proliferating, they were also contracting at the same time.  Since adipose stem cells are a 

heterogeneous cell population, one explanation could be that the larger, more spread cells 

died between Day 1 and 5 while the smaller cells were proliferating.  The decrease could 

also be due solely to cell contraction.  For polyimide, the fibronectin treatment yielded no 

change in cell area from Day 1 to Day 5, however the dual ligand treatment yielded a 

slight increase in cell spreading.  For polyurethane, the fibronectin and dual ligand 

attachment methods yielded no change in cell area indicating that on polyurethane, the 

change in cell coverage is due to a change in cell number as opposed to cell spreading. 

 Intracellular ATP concentrations, caspase-3 concentrations, and cell metabolism 

were studied to determine if any of the cell attachment protocols affected these cell 

functions. However, no significant physiologically relevant differences were seen in any 

of these variables, and when compared to other studies, all levels were within a normal 
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range. ATP provides information about sublethal cell damage because the production of 

ATP may be transiently depressed by many forms of cell stress.  ATP levels measured 

here were within a normal range, similar to that seen in studies of other cell types 

(Nerurkar, Dragull et al. 2004; Merighi, Benini et al. 2005).  Additionally, caspase-3, a 

member of the caspase family of cysteine proteases, is a known early indicator of 

apoptosis.  Since apoptosis occurs in a very structured manner, upstream molecules, such 

as caspases, can indicate cell death before it would be visually apparent.  Caspase-3 

concentrations were orders of magnitude less than the levels reported in similar cells 

where apoptosis occurred (Wu, Hung et al. 2005), suggesting that apoptosis was not 

increased by the material treatments. 

 

5.5  Conclusions  
 In conclusion, this chapter examines cell coverage and cell function of ASCs on 

different biomaterials.  In vivo, the cell coverage may increase mass transport and lessen 

fibrotic encapsulation around biosensors leading to an increase in the ability of biosensors 

to function.   

 Cell coverage on silicone elastomer was always below 20% indicating that high 

surface coverage by cells on silicone elastomer may require novel strategies for cell 

attachment.  The fibronectin, dual ligand and oxygen plasma plus fibronectin treatments 

all produced high cell coverage on polyimide.  The fibronectin, oxygen plasma plus 

fibronectin and oxygen plasma plus dual ligand treatments all produced high cell 

coverage on polyurethane.  Cell attachment was very strong on both polyimide and 

polyurethane for all attachment methods.  Finally, none of the attachment methods caused 
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any differences in basic cell functions, including proliferation, metabolism, intracellular 

ATP concentration, and caspase-3 activity. 
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Chapter 6.  Test in vivo if adipose stem cell attachment to 
glucose sensor biomaterials improves implant compatibility 
 

6.1  Introduction 
 Research has shown that the tissue response to implants varies by the type of 

tissue.  Implants placed in the subcutaneous lean tissue and the epididymal fat pad in rats 

have very different healing responses (Williams, Berman et al. 1997).  The tissue 

surrounding the implants in subcutaneous tissue exhibits the formation of an extensive 

fibrous capsule as well as limited angiogenesis.  However, the tissue surrounding the 

implants in the epididymal fat pad exhibits greater neovascularization and less evidence 

of a fibrous capsule.  In addition, another study has shown that devices implanted 

subcutaneously in rats (lean tissue) and humans (rich adipose tissue) induce very different 

foreign body reactions with an extensive fibrous capsule and reduced mass transport 

observed in the lean tissue and increased mass transport in the adipose tissue 

(Wisniewski, Rajamand et al. 2002).  

 We hypothesized that the pre-implantation attachment of adipose-derived stromal 

cells (ASCs) could be used to ameliorate the wound healing response around 

biomaterials.  In this study, an in vivo test was performed to determine if a prolonged 

effect on the tissue response occurs when implanting materials initially seeded with 

ASCs.  Adult adipose derived stromal cells were attached to polyurethane, a material 

commonly used in implantable glucose sensors.  After cell attachment, the materials were 

implanted subcutaneously in Lewis rats, and histology was used to access the tissue 

response to the implants. 
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6.2  Materials & Methods 
Cell Attachment to Materials 

 Previous experiments described in Chapter 5 focused on optimizing an attachment 

method for adipose stem cells onto polyurethane (Prichard, Reichert et al. 2007).  For this 

experiment, the medical grade polyurethane Pellethane 2363-80AE-050824, a soft 

segment polyurethane based on polyether and aromatic isocyanate (Polyzen, Inc., Apex, 

NC)) was cut into 1 cm X 1 cm square pieces of 0.8 mm thickness and sterilized by 

ethylene oxide. 

 Adult adipose stem cells (ASCs) were isolated under sterile conditions from the 

inguinal fat pad of male Lewis rats (Charles River Laboratories, Wilmington, MA) using 

the isolation procedure described in Appendix B.   

 One day prior to implant, the materials were assigned to one of the following four 

treatment groups: 

1. Control (bare):  The control materials were simply washed in PBS and then 

incubated in media (α-MEM + 10% FBS) for 24 hours prior to implantation. 

2. Fibronectin Control (fibronectin):  The fibronectin materials were washed in PBS, 

and incubated for 2 hours at 37oC in 600 µl of 25 µg/ml fibronectin in PBS.  They 

were then washed in PBS and incubated in media (α-MEM + 10% FBS) for 24 

hours prior to implantation. 

3. ASC coated materials (ASC):  The ASC coated materials were washed in PBS, 

and incubated for 2 hours at 37oC in 600 µl of 25 µg/ml fibronectin in PBS 

followed by a PBS rinse.  Then a cell suspension of 1.6 x 105 ASCs in α-MEM + 
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10% FBS was added to each well and incubated for 24 hours prior to 

implantation. 

4. Fibroblast coated materials (fibroblast): The fibroblast coated materials were 

washed in PBS, and incubated for 2 hours at 37oC in 600 µl of 25 µg/ml 

fibronectin in PBS followed by a PBS rinse.  Then a cell suspension of 1.6 x 105 

fibroblasts in α-MEM + 10% FBS was added to each well and incubated for 24 

hours prior to implantation. 

 On the day of implantation, cells were dyed with cell tracker dye (Invitrogen 

V12883) and then washed 3 times with PBS directly prior to implantation. 

 

In Vivo Studies 

 The animal protocol was approved by the Institutional Animal Care and Use 

Committee at Duke University prior to initiation of any studies.  Samples were implanted 

for 1, 4 and 8 weeks into 15 rats (5 rats per time point).  Rats were anesthetized with 

isoflurane (2.5-3%), shaved and prepared with chlorhexidine and alcohol.  For each of the 

implants, a lateral incision was made and a small subcutaneous pocket was formed.  The 

implant position for each animal was rotated so that the implants at each time point 

occupied all possible positions.  Each implant was inserted with the treated side toward 

the skin and the incision was closed with wound clips.  The wound clips were removed 

seven days after surgery. 

 At the time of explant, rats were anesthetized with isoflurane (2.5-3%), and 

shaved.  For each sample, the implant and tissue surrounding the implant were removed, 

embedded in OCT compound using aluminum base molds, and immediately snap frozen 
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in a liquid nitrogen and dry ice slurry.  The tissue remained frozen until it was sectioned.  

The tissue was mounted and sectioned at 12 µm and placed on charged slides. 

 

Histology and Data Analysis 

 Tissue samples for histological analysis were stained with Gomori’s trichrome 

and hematoxylin & eosin (H&E), as well as vonWillebrand Factor (vWF) 

immunohistochemical stain (a fluorescein-conjugated antibody specific for vWF which is 

a large multimeric glycoprotein present in blood plasma and produced constitutively in 

endothelium, megakaryocytes (α-granules of platelets), and subendothelial connective 

tissue).  

H&E:  The slides were dried, fixed in 4% paraformaldehyde for 1 hour, and then washed 

for 5 minutes in buffer, followed by 5 minutes in distilled water.   The slides were stained 

with hematoxylin (Richard Allen) for 15 minutes, rinsed in water, and transferred to 1X 

PBS for nuclei staining.  The slides were then washed with water for 10 minutes, and 

placed in 80% ethanol for 2 minutes.  They were then stained with alcoholic Eosin y 

(Richard-Allen) for 1 minute and dehydrated in absolute ethanol for 2 minutes each for 3 

changes before being transferred to Clear-Rite (Richard-Allen).  They were then 

coverslipped in Permount (Fischer). 

Gomori’s Trichrome:  The slides were dried, fixed in 4% paraformaldehyde for 1 hour, 

and then washed for 5 minutes in buffer, followed by 5 minutes in distilled water.   The 

slides were placed in with Bouin’s fixative at 60oC for 1 hour, then cooled for 30 minutes 

before washing with running water for 30 minutes.  The slides were then stained with 1 

step trichrome staining kit from Richard Allen.  Iron hematoxylin was added for 10 
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minutes followed by a 10 minute water wash.  Then 1 step trichrome was added for 30 

minutes.  The slides were rinsed two times for 5 minutes in 0.5% acetic acid, stained for 5 

minutes with light green solution, then rinsed again two times in 0.5% acetic acid for 5 

minutes.  They were then dehydrated in absolute ethanol for 2 minutes each for 3 changes 

before being transferred to Clear-Rite (Richard-Allen).  They were then coverslipped in 

Permount (Fischer). 

vWF:  Additionally, immunohistochemistry was performed to stain for von Willebrand 

Factor (vWF), which stains for vessels.  vWF is a large multimeric glycoprotein present 

in blood plasma and produced constitutively in endothelium (in the Weibel-Palade 

bodies), megakaryocytes (α-granules of platelets), and subendothelial connective tissue.  

The slides were fixed in 2% cold paraformaldehyde for 8 minutes and then in acetone-

methanol-formaldehyde (18:18:4) for 3 minutes.  They were then washed in distilled 

water for 5 minutes and PBS for 5 minutes.  Next, the slides were transferred to a 

hydrating chamber and blocked with serum free protein block (Dako) for 10 minutes and 

rinsed with PBS.  Then the slides were removed from the chamber, washed with buffer 

(Dako tris/tween).  The primary antibody (rabbit polyclonal vWF from Dako) was added 

at a 1:200 dilution for 2 hours.  Then the slides were washed four times for 3 minutes 

each with wash buffer. The secondary antibody (488 Alexa Fluor® donkey anti-rabbit 

from Invitrogen) was added at a 1:400 dilution for 1 hour.  Then the slides were again 

washed four times for 3 minutes each with wash buffer and then coverslipped using 

Prolong gold with Dapi (Invitrogen). 

 Images of the trichrome and H&E samples were collected using 10X and 20X 

objectives (100 or 200 X magnification) with an Zeiss Axioskop 2 Plus optical 
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microscope (Chester, VA) equipped with a Micropublisher 3.3 RTV digital color camera 

(Q Imaging; Surrey, BC Canada).  Tissue samples treated with the vWF 

immunohistochemical stain were examined using the same microscope.  Images were 

captured at 200X magnification with a CE CCD digital camera (Q Imaging, Surrey, BC 

Canada). 

 Capsule thickness was measured from trichrome-stained tissue samples.  The 

foreign body capsule was defined as the region of dense collagen oriented parallel to the 

implant.  Regardless of implant type, no characteristic foreign body capsules were 

observed at 1 week.  Tissue samples collected at 4 and 8 weeks exhibited developed 

capsules in contrast to the loosely-deposited randomly-oriented collagen farther away 

from the implant.  Capsule thickness was determined using ImageJ (NIH software) and 

measuring the distance from the implant to the edge of the capsule.  For all implant types, 

3 images taken at 10X magnification were analyzed from each of 5 rats.  A semi-

quantitative collagen index was calculated by applying a digital threshold with Matlab to 

cropped images of the previously determined capsule.  The Matlab code is presented in 

Appendix C.  The threshold was applied such that all pixels resulting from green/blue 

collagen tissue were converted to black pixels and background tissue was converted to 

white pixels.  The number of black pixels was then normalized as a percentage of the 

total number of pixels in the image and reported as the collagen index.  At each time 

point, the collagen index was calculated from 3 images analyzed from each of 5 rats. 

 The inflammatory response was analyzed from the H&E-stained tissue samples.  

Images were cropped to display tissue within 100 µm of the implant surface.  By 

applying a digital filter with Photoshop, pixels corresponding to the nuclei of immune 
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cells were selected based on their unique purple color imparted by the H&E stain.  The 

number of pixels corresponding to immune cells were then digitally counted and 

normalized as a percentage of the total number of pixels in the image and reported as the 

immune index.  Average immune index values for each sample were calculated using 4 

images from each of 5 rats.  In addition, the number of cell nuclei within 100 µm of the 

implant surface was counted using the same images.  

 The number of microvessels in proximity to each implant was determined by 

capturing 200X-magnification images of the vWF-stained samples at pre-determined 

locations around each implant.   A blinded observer counted the number of vWF-stained 

blood microvessels in the 200 µm area adjacent to the implant for each image.  Each 

vessel counted had to be of sufficient size to have a RBC pass though it.  The average 

number of blood microvessels for each sample was calculated from 4 images taken from 

5 rats at each time point. 

 All data presented represent an average value ± standard error of the mean, and 

were analyzed for significance (p < 0.05) with a repeated measure ANOVA followed by 

a Fisher’s PLSD test or a t-test (p < 0.05). 

 

6.3  Results 
 Gomori’s trichrome stained sections were used to calculate capsule thickness as 

well as the collagen index in the capsule.  Representative trichrome images of the bare 

and ASC coated samples at week 4 and 8 are displayed in Figure 13.  At week 1, the 

capsule was poorly defined and therefore no results were calculated for this time point. 
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Figure 13:  Gomori trichrome histology of frozen tissue (a) Bare implant, week 4; 
(b) ASC coated implant, week 4; (c) Bare implant, week 8; (d) ASC coated implant, 

week 4. 
* signifies location of implant 

 

 The capsule thickness results are shown in Figure 14. At week 4, the fibroblast 

and ASC coated samples had a significantly thinner capsule than the other implants.  

However, by week 8, the capsule around the fibroblast coated sample had thickened and 

the ASC coated sample had a significantly thinner capsule than all of the fibronectin 

implant. Figure 15 displays the collagen index, which is a semi-quantitative indication of 

the amount of collagen in the capsule.  Normal rat subcutis tissue has a collagen index of 
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approximately 40.  At week 8, the collagen index was significantly lower in the ASC 

coated versus the bare and fibroblast coated samples. 

 

Figure 14:  Thickness of capsule surrounding implant. 
Capsule thickness was measured from trichrome-stained tissue samples.  The 

foreign body capsule was defined as the region of dense collagen oriented parallel to 
the implant.  N=5 for each implant type at each time.  Mean ± SEM, * = t-test 

(p<0.05)  
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Figure 15:   Collagen index of capsule surrounding implant. 
The semi-quantitative collagen index was calculated by applying a digital threshold 

to cropped images of the capsule and then calculating the percent of blue/green 
pixels. N=5 for each implant type at each time.  Normal rat subcutis tissue has a 

collagen index of approximately 40.  Mean ± SEM, * = t-test (p<0.05)  
 

 

 Sections stained with H&E were used to analyze the immune response in the 

tissue adjacent to the implant.  The immune index quantifies the number of immune cell 

nuclei that occupy the space within 100 µm of the implant.  The immune index for 

normal rat subcutis tissue is approximately 10.  As shown in Figure 16, there were no 

significant differences in the immune index between any of the samples at any of the time 

points. 

 

Normal rat 
subcutis 

tissue 
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Figure 16:  Immune Index at implant surface. 
The semi-quantitative immune index was calculated by applying a digital threshold 

to images cropped within 100 µm of the implant and measuring the percent of pixels 
corresponding to cell nuclei. N=5 for each implant type at each time.  Normal rat 

subcutis tissue has an immune index of approximately 10.   
Mean ± SEM, * = t-test (p<0.05) 

 

 In addition, the number of cell nuclei within 100 µm of the implant was also 

counted using the H&E stained histology.  As shown in Figure 17, no differences were 

observed between implants. 

Normal rat 
subcutis 

tissue 
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Figure 17:  Cell nuclei per mm2 within 100 µm of the implant surface. 

N=5 for each implant type at each time.  Normal rat subcutis tissue had 
approximately 600 cells/mm2.   

Mean ± SEM, * = t-test (p<0.05) 
 

 VonWillebrand factor immunostaining was used to image microvessels in the 

tissue surrounding the implant and representative images are shown in Figure 18.  The 

number of microvessels per mm2 within 200 µm of the implant was calculated and is 

displayed in Figure 19.  The number of microvessels in normal rat subcutis tissue is 

approximately 300 microvessels/mm2.  At both weeks 4 and 8, the number of 

microvessels in the tissue surrounding the bare control, fibronectin, and fibroblast 

samples decreased from week 1.  However the number of microvessels in the tissue 

surrounding the adipose stem cell implant remained constant and was therefore 

significantly greater than all other samples at both weeks 4 and 8. 



 73 

 

 

Figure 18:  Von Willebrand Factor staining for microvessels at week 8, (a) bare 
implant and (b) ASC coated implant. 

* signifies location of implant 
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Figure 19:  Vascularity in tissue surrounding implant. 
The number of microvessels within 200 µm of the implant surface was calculated. 

N=5 for each implant type at each time.  Normal rat subcutis tissue has 
approximately 300 microvessels/mm2.  Mean ± SEM, * = t-test (p<0.05)  

 

6.4  Discussion 
 Adipose tissue has been shown to initiate a less aggressive foreign body response 

to implants and may provide a strategy for alleviating the rejection of implanted 

biomaterials (Williams, Berman et al. 1997; Kellar, Kleinert et al. 2002; Wisniewski, 

Rajamand et al. 2002). ASCs are multipotent precursor cells that are inherently different 

from the mature adipocytes found in the epididymal fat pads in rats or the adipose-rich 

subcutaneous plane in humans.  We first considered the idea of isolating mature 

adipocytes or pre-differentiating the stem cells into adipocytes using well-defined 
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rat  

subcutis 
tissue 
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adipogenic stimulants prior to implantation; however, the extreme fragility of mature 

adipocytes makes their isolation more time consuming and more difficult with 

significantly lower yield. Due to these problems, adipose-derived stem cells were 

determined to be more clinically useful.  Also, the ASCs may differentiate into 

adipocytes after implantation spontaneously or with limited duration exposure to 

adipogenic media. 

 The current study conducted a series of in vivo tests to evaluate the foreign body 

response to fibronectin-treated polyurethane specimens when adipose-derived stem cells 

(ASC) were attached ex vivo.  Histological analysis of materials explanted at 1, 4 and 8 

weeks were used to characterize the tissue response. 

 Trichrome stained histology was used to determine the collagen capsule thickness 

surrounding the implant and also to calculate the collagen index within the capsule. 

Figure 14 shows the capsule thickness results.  At week 8, the capsule surrounding the 

ASC coated implants was approximately 25% thinner than the bare polyurethane.  

Additionally, as shown in Figure 15, the amount of collagen in the capsule surrounding 

the ASC coated samples was ¼ less than the collagen amount in the capsule surrounding 

the bare material.  As reported by Sharkawy et al. (Sharkawy, Klitzman et al. 1997), the 

fibrous capsule that forms around implants retards the diffusion of low-molecular-weight 

analytes such as glucose, and this encapsulation tissue can consequently lead to the 

failure of in vivo glucose sensing devices.  However, a thinner capsule with less collagen, 

such as that surrounding the ASC coated samples, would be extremely beneficial in 

increasing diffusion at the site of the implant. 
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 In addition to the dense collagen capsule that impedes the diffusion of small 

analytes, the typical avascular nature of the collagen capsule leads to longer diffusion 

distances, which serve as a perfusion barrier for small analytes.  In order to determine 

vascular density in the tissue surrounding the implants, vWF immuno-stained slides were 

analyzed.  As shown in Figure 19, the vascular profile for the ASC coated implants was 

significantly different from the other three implants.  At week 1, all of the implants had a 

similar number of microvessels.  As the wound healing process progressed at weeks 4 

and 8, many of the microvessels surrounding the bare, fibronectin, and fibroblast coated 

samples regressed.  However the number of microvessels in the tissue surrounding the 

ASC coated implants remained constant.  At weeks 4 and 8 there were 50-80 percent 

more microvessels in the tissue surrounding the ASC coated implants than in the tissue 

surrounding the bare polyurethane.  The ASCs could either be inhibiting vessel 

regression, stimulating angiogenesis, or a combination of both.  Angiogenesis begins 

when biological signals known as angiogenic growth factors activate receptors on 

endothelial cells present in existing blood vessels.  The release of growth factors, such as 

VEGF, FGF, and plasminogen activator, which play important roles in angiogenesis, by 

ASCs could lead to new blood vessel formation.  In addition, the secretion of factors, 

such as angiopoietins and plasminogen activator inhibitor, which stabilize blood vessels, 

could lead to blood vessel stabilization so that vessel regression is inhibited. 

 The fibronectin and fibroblast coated samples were minimally different from bare 

polyurethane.  Fibroblasts were used as a control cell type to determine if attachment of 

any cells to the material would have an effect.  Since the difference seen in the response 
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to the ASC coated samples were not seen with the fibroblast, it is assumed that these 

differences are specific to the cell type used, not simply due to the presence of cells. 

 As stated before, the specific choice of adipose stem cells for this experiment was 

based on the healing response that occurs within fat.  Fat has long been used to promote 

wound healing (Silverman, Lund et al. 1988) and has also been shown to stimulate an 

intense neovascularization of the cornea (Silverman, Lund et al. 1988).  The diffusion of 

glucose around sensors may be altered by several factors such as capillary density and 

permeability, cell types and cell density in the vicinity of the sensor, glucose 

consumption both of the cells/tissue in the vicinity of the sensor and of the sensor itself, 

sensor membrane thickness, and collagen content and thickness of the collagen capsule 

(Kvist, Iburg et al. 2006).  Many of these factors have been studied to determine their 

effect on glucose diffusion and a few simple calculations can quantify the effect of 

various factors on glucose transport. 

 Since vessels are the source of glucose in tissues, the number and permeability of 

microvessels plays an important role in the glucose profile in the tissue.  Sharkawy et al. 

studied this phenomenon and found that the tissue response time was increased 2-4 fold 

by a significant increase in microvascular density around implants, but that vessel 

permeability did not greatly affect the glucose profile since permeability is already high 

through microvessel walls (Sharkawy, Klitzman et al. 1998; Sharkawy, Klitzman et al. 

1998). 

 In addition, the extracellular matrix, specifically the density and organization of 

collagen, could reduce the diffusion of glucose to the sensor.  Sharkawy et al. also studied 

small molecule transport through the tissue encapsulating implants and found that a 
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significant increase in the amount of collagen in the capsule causes the diffusion 

coefficients of low molecular weight analytes to be reduced by half (Sharkawy, Klitzman 

et al. 1997). 

 Consumption of glucose by both the tissue and the sensor itself is also important.  

The sensor consumption can be estimated from the sensor current since one glucose 

molecule produces two electrons in the glucose oxidase reaction shown in section 7.1.  

With a typical sensor current of 15 nA (15 x 10-9 electrons/s), the glucose consumption 

by the sensor is estimated at 8 x 10-15 mol/s.  The consumption of glucose by cells, either 

attached ASCs or surrounding immune cells, depends on a number of variables including 

cell type, cell activation, and the availability of oxygen.  Anaerobic metabolism uses 18 

times the glucose per ATP generated compared to aerobic metabolism.  Many groups 

have studied monocytes, neutrophils, macrophages, and fibroblasts under different 

conditions and found the consumption of glucose per cell to range from 2-10x10-17 mol/s 

(Goldstein, Ballantyne et al. 1982; Magae, Munemura et al. 1993; Fujita, Homma et al. 

2000; Garcia, de Oliveira et al. 2003).  Assuming the cell density around glucose sensors 

at one week is similar to that around polyurethane implants, the cell density within 100 

µm of the implant can be assumed to be approximately 900 cells/mm2 at one week versus 

600 cells/mm2 in normal subcutaneous tissue (Figure 17).  Based on this cell density and 

assuming a 5 mM glucose concentration in the tissue, activated, well oxygenated cells 

would consume all glucose in approximately 30 minutes if glucose was not replenished.  

Additionally, if the tissue was hypoxic, the cells would consume up to eighteen times as 

much glucose.  Finally, the consumption of glucose by ASCs attached to polystyrene and 

polyurethane was measured in Chapter 5 as approximately 1 mM/day.  Since the cell 
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density was known, the consumption of glucose per cell was calculated to be 1x10-17 

mol/s.  Assuming 1000 cells were attached to the sensor tip, 1x10-14 mol/s of glucose is 

consumed by these cells and without glucose replacement, the cells would consume 5mM 

glucose in the surrounding tissue in approximately 10 minutes. 

 Therefore, while collagen content is important to the diffusion of glucose through 

the tissue, microvessel density and consumption of glucose are the major determinants of 

the glucose profile around implanted materials. 

 

6.5  Conclusions 
 The tissue surrounding the ASC coated samples had thinner capsules with less 

collagen and significantly more microvessels than the other samples.  The fibrous capsule 

surrounding the ASC coated implants was ~25% thinner than the capsule surrounding the 

bare polyurethane.  Additionally, the amount of collagen in the tissue was ~27% less than 

the bare polyurethane.  There were also 50-80% more microvessels adjacent to the ASC 

coated implants at weeks 4 and 8 than the bare polyurethane.  Therefore the attachment of 

ASCs to polyurethane does significantly alter the foreign body response.  Finally, 

fibronectin and fibroblast coated samples were generally similar to the bare material. 
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Part III.  Adipose stem cell attachment to biosensors 

 

Chapter 7. Test in vivo if adipose stem cell attachment to 
glucose sensors improves implant biocompatibility 
 

7.1  Introduction 
 This specific aim involves expanding the experiments described in specific aim 2 

by testing a small number of Medtronic MiniMed® glucose sensors.  A picture of the 

MiniMed sensor and transmitter is shown in Figure 20 and a more detailed schematic of 

the sensor tip is shown in Figure 21.  The system consists of a subcutaneously implanted 

needle-type amperometric enzyme electrode, coupled to a portable logger.  The sensor 

tip, which is the active site, is 15 mm long and 0.5 mm in diameter.  An outer coating of 

polyurethane protects the sensor, which is very fragile.  The actual sensor has a polyimide 

backing, gold plated with platinum and silver chloride electroplated electrodes.  The 

sensor is based on the long-established technology of glucose oxidase immobilized at a 

positively charged base electrode, with electrochemical detection of hydrogen peroxide 

production (Pickup, Hussain et al. 2005): 

        glucose oxidase 
Glucose + O2         H2O2 + gluconic acid 

 

~700mV 
H2O2       O2 + 2e- 
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Figure 20:  MiniMed sensor and transmitter. 
 
 

 

Figure 21:  Diagram of sensor tip. 

15 mm 

20 mm 

45 mm 
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 Due to the limited lifespan of the sensors once implanted in rats, the sensors were 

tested for 1 week.  The fibronectin attachment protocol was used to attach cells to the 

sensor prior to implantation.  The sensors were then assessed for function 24 hours after 

implantation and at day 7 prior to explant to determine if ASC coating improved sensor 

function. 

 

7.2  Materials and Methods 
 Adult adipose stem cells were sterilely isolated from the inguinal fat pad of male 

Lewis rats (Charles River Laboratories, Wilmington, MA) using the isolation procedure 

described in Appendix B.  Cells were thawed two days prior to attachment at a density of 

7.5 x 105 cells per T75 flask. 

 

7.2.1  In vitro testing 
 Prior to the in vivo testing of ASC coated glucose sensors, a few in vitro tests 

were performed.  First, four sensors were tested to determine if the attachment process 

would impede sensor function.  On day 1, the sensors were tested to determine their base 

response to step changes in glucose.  The sensors were placed in glucose solutions of 

increasing concentrations of 0, 5.6, 11.1, and 22.2 mM (0, 100, 200, and 400 mg/dl) for 

approximately 100 minutes at 37oC and then rinsed.  On day 2, two of the sensors had 

ASCs attached using the fibronectin protocol.  The sensors were soaked in fibronectin on 

a rocking plate for 2 hours at 37oC.  The sensors were then connected to transmitters.  

Wells of a 24 well plate were filled with a cell solution, 1x106 cells/well.  The sensor tip 

was placed through a small hole in a parafilm cover, the transmitter was taped to the 
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parafilm, and the plate was placed on rocker overnight at 37oC.  The remaining two 

sensors were used as controls and soaked overnight in media with no cells.  On day 3, the 

sensors were once again tested to determine their response to step changes in glucose 

using the same increasing concentrations of glucose for 45 minutes at 37oC. 

 

7.2.2  In vivo testing 
 The animal protocol was approved by the Institutional Animal Care and Use 

Committee at Duke University prior to initiation of any studies.  Eight sensors were 

tested in vivo.  Four of the sensors were used as controls and soaked in media overnight 

prior to implantation.  The remaining four sensors had ASCs attached on the day prior to 

implantation using the fibronectin attachment described above.  For implantation, rats 

were acclimated to wearing the rat jackets (Harvard apparatus) with dummy transmitters 

for 5 days prior to implantation.  Rats were anesthetized with isoflurane (2.5-3%), shaved 

and prepared with chlorhexidine and alcohol.  For each of the implants, a small hole was 

made using a 16 G needle between the shoulder blades of the rat.  Then a small 1 inch 

introducer was placed in the hole, followed by the sensor.  Finally, the sensor was sutured 

to the skin using polypropylene sutures and then connected to a transmitter.  

 After 24 hours and on day 7, the rats were challenged with a glucose bolus to 

determine the sensor response.  Isoflurane was administered at 2.5% for 3 minutes prior 

to a 0.3 cc pentobarbital IP injection.  At 10 minute intervals, tail vein pricks were made 

to test actual blood glucose using a One Touch® glucose sensor.  Once the blood glucose 

stabilized, a 0.5 cc IP injection of 50% w/v dextrose was administered (0.25 g 
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dextrose/rat, ~1g dextrose/kg).  After 5 minutes and then at 10 minute intervals, blood 

glucose was tested for at least 4 measurements. 

 Next the sensors were explanted.  For each sample, the implant and tissue 

surrounding the implant were removed, embedded in OCT compound using aluminum 

base molds, and immediately snap frozen in a liquid nitrogen and dry ice slurry.   

 

7.3  Results 
 Figure 20 shows an example of the MiniMed glucose sensors and transmitters 

used in this experiment.  The tip of the sensor is placed subcutis in the in vivo 

experiments or placed in the glucose solutions in the in vitro experiments.  The 

transmitter holds sensor current measurements that are recorded every 5 minutes (average 

of 5 sensor measurements taken during the 5 minute interval) and can be downloaded to a 

computer using a handheld device.  Noisy data signals are flagged and were not used in 

any data analysis.  The noisy signal flag is generated if there are insufficient numbers of 

samples taken during the 5 minute interval or if the standard error of the readings is high.  

 Figure 22 shows cells that did attach to the glucose sensor tip. The sensor has 

some auto fluorescence especially at the edge of the polyurethane coating.  However, the 

cells stained with calcein AM are clearly visible between the polyimide sensor and the 

polyurethane coating. 

 Figure 23 shows an ASC coated sensor (cells stained with cell tracker) after 1 

week of being implanted.  Due to the difficulty removing the tissue from the sensor tip, 

the images are not ideal but cells are alive and present on the sensor tip.  
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Figure 22:  Cells (stained with calcein AM) attached to glucose sensors. 
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Polyimide Sensor 
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Figure 23:  ASC coated sensor after explant at week 1 (ASCs stained with cell 
tracker before implantation). 

 

 Figure 24 shows the in vitro results of the glucose challenge for the control and 

ASC coated sensors, respectively.  For all four sensors the current has a downward drift 

during the incubation.  Additionally, within 5-10 minutes of placing the sensors in the 

glucose solutions, the sensor current responds and reaches a semi-steady state reading.  

Also, Figure 25 shows that the sensor response to glucose concentration is linear for all 

sensors. 

 

Polyurethane Coating Cells 



 87 

(a) 

 

(b) 

 

Figure 24:   In vitro results for (a) control sensors and (b) ASC coated sensors. 
Sensors were tested by placing in concentrated glucose solutions, 0, 6, 11, and 22 

mM, prior to manipulation (insert).  Then sensors were either soaked in media (a) 
or media with ASCs (b) prior to placing in the same glucose solutions. 
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(a) 

 

(b) 

 

Figure 25:  Sensor response to increasing glucose concentrations. 
Average sensor response to increasingly concentrated glucose solutions (0, 6, 11, and 

22 mM)
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 Figure 26 depicts the sensor setup for the in vivo experiments.  The sensor is 

placed in the subcutis tissue between the shoulder blades of the rat.  The jacket fits 

around the rat’s chest and the transmitter is held in a pocket connected to the jacket 

directly above the sensor between the shoulders and neck of the rat. 

 Figure 27 through Figure 32 show the in vivo data collected over the week.  All 

data are averaged over 15 minutes to reduce noise.  Additionally, a sensor from one rat in 

each group failed due to the sensor tip being dislodged from the animal.  Therefore, the 

data reported are for a total of six animals. 
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Figure 26:  Schematic of sensor in vivo. 
Sensor tip is implanted dorsally under the skin.  The sensor casing is sutured to the 

skin and the transmitter is held in a rat jacket.(Koschwanez and Reichert 2007) 
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Figure 27:  Sensor response over 1 week. 
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(a) 

 

(b) 

 

Figure 28:  Sensor response (a) bare sensors and (b) ASC coated sensors. 
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(a) 

 

(b) 

 

Figure 29:  Sensor data for day 1 (a) bare sensors and (b) ASC coated sensors. 
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(a) 

 

(b)      (c) 

 

Figure 30:  24 hour glucose challenge (a) all sensors; (b) bare sensors; and (c) ASC 
coated sensors. 

 



 95 

(a) 

 

(b) 

 

Figure 31:  Sensor data for day 7 (a) bare sensors and (b) ASC coated sensors. 
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(a) 

 

(b)      (c) 

 

Figure 32:  Day 7 glucose challenge (a) all sensors; (b) bare sensors; and (c) ASC 
coated sensors. 
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7.4  Discussion 
 These experiments involved testing a small number of Medtronic MiniMed 

glucose sensors.  For the in vitro experiments, cells were attached to the sensors and data 

were recorded for 24 hours followed by a series of increasing glucose challenges to 

determine if the sensor remained completely functional.  For the in vivo experiments, the 

sensors were either soaked in media or coated with ASCs using a fibronectin attachment 

protocol prior to being implanted.  For one week data were recorded from the sensors.  At 

24 hours and during day 7, glucose challenges were performed by the administration of a 

50% w/v sucrose IP injection. 

 Figure 22 and Figure 23 display pictures of ASCs that have been attached to 

sensors using the fibronectin protocol.  In Figure 22, the cells were attached 24 hours 

prior to imaging.  The pictures show that the cells did attach and spread on the sensor tip 

during the 24 hour incubation.  Additionally, ASCs that had been stained with a cell 

tracker dye were attached to one nonfunctional sensor and then implanted into a rat for 1 

week.  After explantation, the sensor was washed with PBS and the images taken are 

shown in Figure 23.  These pictures show that the cells are still present and viable after 1 

week of implantation. 

 Figure 24 displays the in vitro results for both the control and ASC coated 

sensors.  The recorded current for all four sensors decreased over the 24 hour incubation.  

However, within 5 minutes of placing the sensor tip into a series of increasing glucose 

concentration solutions, the sensors all responded with a step change in current reading.  
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These experiments showed that cell attachment and incubation over the 24 hour period 

did not interfere with sensor function. 

 The in vivo experiments involved recording sensor current for 1 week after 

implantation in a rat.  Additionally, a glucose challenge was performed at 24 hours after 

implantation and at day 7 before sacrifice.  These data are shown in Figure 27 through 

Figure 32.  During the week, all of the sensors had a downward drift in sensor current as 

seen in Figure 27 and Figure 28.  The average starting current reading for the ASC coated 

sensors was 25 nA, which was slightly higher than the average starting current for the 

bare sensors, 22 nA.  Additionally, the ending current was higher in the ASC coated 

sensors, 13 nA as compared to 9 nA for the bare sensors.  However, there were no 

significant differences in drift between the bare sensors and the ASC coated sensors over 

the week.  This downward trend in current has been noted by other experimenters using 

the MiniMed sensors (Koschwanez and Reichert 2007). 

 Glucose challenges were performed at 24 hours after implantation and at day 7.  

The first 24 hour data are shown in Figure 29. The bare sensor data are fairly uniform 

between sensors during the 24 hours, but the ASC coated sensors had more spread in the 

current readings.  All of the sensors responded to the glucose injection as seen in Figure 

30, which shows the 2 hours around the glucose injection.  In addition to the sensor 

current readings, actual blood glucose measurements were taken during the time of the 

glucose challenge by performing a tail vein stick and using a OneStep® blood glucose 

monitor.  These data are also displayed in Figure 30 as dashed lines.  All of the sensors 

responded with an increase in sensor current after the sucrose injection.  However, the 

sensor response had a significant lag time of approximately 20-30 minutes.  It has been 
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shown that interstitial fluid glucose is similar to blood glucose levels in the steady state 

but lag behind when glycaemia is changing rapidly, for example after a meal (Pickup, 

Hussain et al. 2005).  This lag of 5-30 minutes has been recorded with various needle-

type enzyme electrodes in numerous studies and varies depending on animal species, 

sensor type and size, the applied stimulus, and the depth of tissue insertion (Claremont, 

Sambrook et al. 1986; Pickup, Shaw et al. 1989; Aussedat, Dupire-Angel et al. 2000).   

The lag time might be due to the Crabtree Effect, where higher glucose concentrations 

lead to a reduction of oxidative glucose metabolism which increases glucose 

consumption, but no current experiments have conclusively demonstrated the reason for 

this lag. 

 Finally, Figure 31 and Figure 32 show the sensor current readings during day 7.  

ASC sensor 3 had noisy data signals for much of day 7 as seen in Figure 31.  The glucose 

challenge data plotted in Figure 32 show the only sensor to respond to the glucose 

challenge was ASC sensor 2. 

 

7.5  Conclusions 
 Over the week, an overall downward drift in sensor current was seen for all 

implants and there was no difference between the magnitude of the drift for the ASC-

coated sensors compared to the bare sensors.  The sensors all responded to the glucose 

challenge at 24 hours.  However, the only sensor to respond at day 7 was ASC sensor 2.  

No significant differences in lag time, sensor function, or sensor drift were seen. 
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Part IV.  Metabolite analysis around adipose stem cell 
coated implants 

 

Chapter 8.  Utilize bioluminescence imaging to characterize the 
glucose concentration gradient in the tissue surrounding 
implants 
 

8.1  Introduction 
 Quantitative bioluminescence has been used for metabolic mapping in biological 

tissues in a wide array of experimental biomedical research, including tumor imaging and 

pathophysiological organ imaging (Walenta, Schroeder et al. 2002; Schroeder, Yuan et 

al. 2005).  In this technique, metabolites, such as glucose, lactate, and ATP, can be 

imaged quantitatively within microscopic dimensions in cryosections from quick frozen 

biological specimens using enzyme reactions and light emission by luciferase.  The 

reaction for glucose is shown in Figure 33. 
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Figure 33:  Biochemical reaction scheme for the detection of glucose with 
bioluminescence.  1:NAD(P)H-FMN,oxidoreductase; 2: bacterial luciferase. 

 

 The bioluminescence technique is an invasive procedure, which requires that 

tissue can be rapidly frozen for fixation.  In essence, if the tissue has remained frozen 

during the preparation and measurement, a snap-shot is taken of the metabolic status of 

the tissue at the time of freezing (Walenta, Schroeder et al. 2002).  Briefly as depicted in 

Figure 34, in this technique, cryostat sections of the frozen tissue are immersed in an 

enzyme solution using a specifically designed sandwich array that is positioned on a 
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thermostatically controlled microscope stage.  The solution contains enzymes that link 

the substrate of interest, glucose, to luciferase from bacteria.  The microscope stage is set 

to 25oC and the respective metabolites in the melting tissue sections react with the 

luciferase resulting in the emission of photons with an intensity that is proportional to the 

local metabolite concentration.  The light reaction is registered with a precision 

microscope allowing for the detection of single photons and the exact location of the 

photon’s emission within the viewing field.  Using appropriate standards, distributions 

can be displayed as color-coded images to illustrate special variations. 
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Figure 34:  Bioluminescence setup.   
Frozen tissue is brought into contact with the enzyme solution and upon warming 
glucose reacts with luciferase emiting photons which are captured by the camera. 

 

 The experiments in this chapter focus on using the bioluminescence technique to 

image the tissue surrounding ASC coated implants.  This will determine if the attached 

cells are consuming a large amount of glucose, which would be detrimental for a glucose 

sensor.  In addition, the control materials provide a way to evaluate if glucose is 
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distributed evenly in the tissue surrounding a bare implant.  Additionally, a very small 

number of glucose sensors were evaluated with the bioluminescence technique.  It is 

hypothesized that the attachment of ASCs will not change the glucose profile. 

 

8.2  Materials and Methods 
Tissue Sections 

 The tissues analyzed were from the in vivo experiments discussed in Chapter 6.  

The samples included the 1 and 8 week time points from both the bare polyurethane and 

the ASC coated polyurethane.  Briefly at the time of explant, rats were anesthetized with 

isoflurane (2.5-3%) and shaved.  For each sample, the implant and tissue surrounding the 

implant were removed, embedded in OCT compound using aluminum base molds, and 

immediately snap frozen in a liquid nitrogen and dry ice slurry.  The tissue remained 

frozen until the imaging process.  Using a cryostat, the tissues were mounted and 

sectioned at 20 µm and transferred to glass coverslips.  

 Additionally, five glucose sensors that were tested in Chapter 7 were also studied.  

The samples were all from Day 7 and were explanted as described above.  In addition to 

the glucose sensors, prior to sacrifice, two microdialysis probes were implanted into the 

rat dorsal subcutis of two control rats.  The microdialysis probes were run for one hour at 

10 µl/min in an attempt to artificially create a glucose concentration gradient in the tissue. 

 

Bioluminescence Imaging (Schroeder, Yuan et al. 2005) 

 The bioluminescence reaction was carried out in a temperature-stabilized reaction 

chamber at 25oC under a fluorescent microscope (Zeiss, Thornwood, NY) with a cooled 
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16-bit CCD camera with photon counting capability using Andor image-capturing 

software (Andor, South Windsor, CT).  The microscope was protected from light using a 

custom-made black box.  The sections were brought into contact with glucose reaction 

solutions, following a previously published protocol (Walenta, Schroeder et al. 2002; 

Schroeder, Yuan et al. 2005).  Photon flux was integrated at an overall magnification 

level of X50, over a time interval of 60 seconds after a 10 second incubation.  The 

resulting images were calibrated using appropriate standards.  Evaluation was done in 

ImageJ (NIH imaging software). 

 

8.3  Results 
 The results from the bioluminescence imaging of the polyurethane are 

summarized in Table 5 and Figure 35.  The data analysis involved selecting the tissue 

within 50 µm of the implant surface and taking an average glucose reading within the 

selected area.  The normal glucose concentration in rat subcutis tissue is 5-7 mM.  There 

were no significant differences between implants. 
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Table 5:  Glucose concentration in tissue surrounding implants 

 Glucose Concentration (mM) 

 1 Week 8 Weeks 

Bare polyurethane 4.7 ± 2.4  5.1 ± 0.9 

ASC-coated polyurethane 5.4 ± 0.8 6.6 ± 1.6 

 

 

Figure 35:  Glucose concentration in tissue surrounding polyurethane implants. 
Glucose measurements were taken 100 µm from the implant surface.  N=5 for each 

sample at each time. 
 

 

Normal rat 
subcutis 
glucose 
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 The glucose concentration profile in the tissue surrounding 5 glucose sensors is 

shown in Figure 37 and Figure 38.  In this case, concentric rings were selected and an 

average glucose concentration was determined for each ring.  The first ring had a radius 

of approximately 50 µm from the implant surface and the second ring continued another 

50 µm from the outer edge of the first ring.  This tissue can be located within the fibrous 

capsule.  The third measurement was taken in a 1 mm2 area away from the implant. 

 

Figure 36:  Schematic of bioluminescence measurements around glucose sensors. 
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Figure 37:  Glucose concentration profile in tissue surrounding bare glucose sensors. 
Sensor denoted by *.  Each concentric ring in 50 um and outside area is the overall 

tissue concentration.  Normal rat subcutis is 5-6 mM. 
 

 

 

>9 
8-9 
7-8 
6-7 
5-6 
4-5 
3-4 
2-3 
1-2 
0 

Glucose 
Concentration 

(mM) 

Sensor 



 109 

 

 

 

 

 

 

Figure 38:  Glucose concentration profile in tissue surrounding ASC coated glucose 
sensors.  

Sensor denoted by *.  Each concentric ring in 50 um and outside area is the overall 
tissue concentration.  Normal rat subcutis glucose is 5-7 mM. 
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 In addition, the blood glucose of the animals was taken within 10 minutes of 

sacrifice.  In all cases, the blood glucose was 6-7 mM. 

 The radial profile of the tissue glucose concentration as a function of distance 

from the sensor is shown in Figure 39.  For both the bare and ASC coated glucose 

sensors, the minimum glucose concentration was at the implant surface followed by an 

increase until the glucose concentration peaked at approximately 7 mM at 100 µm from 

the surface.  Then the glucose concentration decreased to a baseline between 5.5 and 6.5 

mM. 

 

Figure 39:  Radial profile of tissue glucose concentration as a function of distance 
from the implant. 
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 The results from the bioluminescence imaging of the microdialysis probes are 

summarized in Table 6.  Area 1 was defined as a ring with a radius of 50 µm from the 

probe surface.  Area 2 was defined as a ring with a radius of 50 µm starting at the outer 

edge of area 1 (i.e. 50 µm from the implant surface).  There were no significant 

differences between samples. 

 

 

Table 6:  Glucose concentration in tissue surrounding implants 

 Glucose Concentration (mΜ) 

 Area 1 (50 µm ring) Area 2 (50 µm ring) 

Microdialysis Probe 1 6.0± 0.8 5.8 ± 0.9 

Microdialysis Probe 2 5.1± 0.7 4.8± 0.7 

 

 

8.4  Discussion 
 These experiments focused on using the bioluminescence technique to image the 

tissue surrounding the bare and ASC coated polyurethane from Chapter 6, as well as the 

glucose sensors and microdialysis probes from Chapter 7.  The bioluminescence 

technique produces a metabolic concentration profile of the analyzed tissue.  From this 

profile, it could be determined if the attached ASCs consumed a large amount of glucose, 

which would be detrimental for a glucose sensor.  In addition, the glucose profile around 

glucose sensors could be used to determine if the sensors induced a steep glucose 

gradient in the surrounding tissue due to their glucose consumption. 



 112 

 As seen in Figure 35, no differences in glucose concentration were present in the 

tissue within 50 µm of the implant surface.  Therefore, the attached ASCs were not 

consuming a high amount of glucose at the material surface.  Additionally, the glucose 

concentration was evenly distributed in the tissue surrounding both the bare and ASC 

coated polyurethane. 

 The images from the glucose sensors from Chapter 7 are shown in Figure 37 and 

Figure 38.  In the first ring around the sensor tip, the glucose concentration ranged from 

3-5 mM for the bare sensors and 3-6 mM for the ASC coated sensors.  For all 5 sensors, 

the lowest glucose concentration was found in the first ring at the edge of the sensor tip 

and the second ring had a slightly higher glucose concentration.  The third area was larger 

and provided a measurement more indicative of the overall tissue concentration away 

from the sensor.  The third area had concentrations equal to or slightly lower than that of 

the corresponding second ring.   In addition, the radial profile of the tissue glucose 

concentration as a function of distance from the sensor is shown in Figure 39.  For both 

the bare and ASC coated glucose sensors, the minimum glucose concentration was at the 

implant surface followed by an increase until the glucose concentration peaked at 

approximately 7 mM at 100 µm from the surface.  Then the glucose concentration 

decreased to a baseline between 5.5 and 6.5 mM. 

 Additionally, blood glucose measurements used in Chapter 7 were taken within 

10 minutes of tissue harvest.  The overall tissue concentrations determined by 

bioluminescence were 5-7 mM, which corresponds to the blood glucose measurements of 

6-7 mM.  The blood glucose measurements were taken after an IP glucose injection and 

had stabilized prior to tissue explant, however a small drop in glucose could have 
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occurred during the 5-10 minutes between the last blood glucose measurement and tissue 

harvest. 

 It is very interesting that a glucose gradient was observed around the sensors. 

Since the cell membrane provides the main barrier to glucose along its path from blood to 

cytosol, and since glucose is a small molecule that diffuses relatively well through the 

interstitium, there is usually not a steep glucose gradient in tissues.  Although most 

glucose sensors incorporate a diffusion barrier to reduce the gradient of glucose and 

oxygen in the tissue, a more complete understanding of efficiency of glucose transport is 

critical for glucose sensors. 

 Additionally, there were many technical difficulties encountered during these 

experiments.  First, as depicted in the glucose sensor images, there was significant 

deformation and distortion of the tissue during cryosectioning.  Deformation of the tissue 

leads to difficulty in analyzing the glucose profile because the tissue has shifted in places. 

In future experiments a professional histologist might be able to reduce the amount of 

tissue distortion.  Also, air bubble formation beneath the coverslip when the tissue and 

enzyme solution were combined was a major issue.  Due to bubble formation, all of the 

tissue sections were needed to get complete bioluminescence images and therefore no 

tissue remained for H&E analysis to compare vessel placement to glucose concentration.

 The microdialysis probes were implanted in an attempt to artificially create a 

glucose gradient by providing a glucose sink in the tissue.  However, as seen in Table 6, 

no gradient was present around the microdialysis probes.  It is possible that glucose is 

readily available in the tissue and that the sink provided by the microdialysis probe was 

too small to produce a gradient. 
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8.5  Conclusions 
 ASC attachment to polyurethane and to glucose sensors did not change the 

glucose profiles in the tissue surrounding the sensors.  Since these cells are highly 

metabolically active, it was important to demonstrate that they would not interfere with 

the glucose profile around the sensors.  Only a small number of glucose sensors were 

tested so statistical significance was not established.  However, a glucose gradient was 

present around the glucose sensors.  The lowest glucose readings were at the sensor edge, 

which is a sink for glucose.  This is extremely important because although most glucose 

sensors incorporate a diffusion barrier to reduce the gradient of glucose and oxygen in the 

tissue, it is typically thought that since glucose is a small molecule that diffuses relatively 

well through the interstitium, there is not a steep glucose gradient around implanted 

sensors.  Additionally, microdialysis probes were not able to induce a glucose gradient in 

the surrounding tissue even at high flow rates of 10 µl/min. 
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Part V.  In vitro and in vivo investigations of the 
mechanism that adipose stem cells use to alter the 
foreign body response 

 

Chapter 9.  Determine the cytokine release profile due to an 
implant in adipose tissue and lean tissues 
 

9.1  Introduction 
 Research has shown that the tissue response to implants varies by the type of 

tissue.  For example, implants placed in either the subcutaneous lean tissue or the 

epididymal fat pad in rats have very different healing responses (Williams, Berman et al. 

1997).  In order to expand upon the hypothesis that adipose tissue generates a less 

aggressive biological response to implants, this chapter involves the characterization and 

comparison of inflammatory derived cytokines released after biomaterial implantation 

into lean and adipose tissue. 

 As discussed previously in Chapter 2, the tissue response to implants involves a 

host of secreted molecules, including cytokines, which mediate the wound healing 

response.  Microdialysis probes have been used for years as a method to investigate the 

metabolites present in tissues directly surrounding the implanted probes.  These 

experiments use microdialysis probes as a means to collect interstitial fluid around the 

probes, which serve as the “implant”.  This fluid can then be analyzed for soluble 

substances, such as metabolites or cytokines.  In order to examine the cytokine response 

in both lean and adipose tissue, microdialysis probes were placed in (1) the rat dorsal 

subcutis and (2) the rat inguinal fat pad.  The dorsal rat subcutis is composed primarily of 
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lean connective tissue, and the differences in tissue composition could be an important 

factor leading to differences in cytokine production and wound healing. 

 

9.2  Materials and Methods 
 The microdialysis probes used (CMA Microdialysis, Stockholm, Sweden) were 

polyethersulfone (PES) with 10 mm membrane length, 14 mm shaft length, and 100 kDa 

molecular weight cut-off.  Probes were soaked overnight in PBS.  On the day of 

implantation, the Sprague-Dawley rats (300-350 g) were anesthetized with isoflurane (2-

3%), shaved, and prepared with chlorhexidine and alcohol.  As shown in Figure 40, two 

microdialysis probes were implanted approximately 1 cm from the midline of the body 

on the lower dorsal region.  A tunneler was used to thread the inlet and outlet tubing of 

the probes under the skin to a 1 cm opening that was made on the dorsal region between 

the shoulders.  Two other microdialysis probes were implanted into the inguinal fat pad 

and the corresponding tubes were also tunneled to the dorsal opening between the 

shoulders. 
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     Dorsal View       Ventral View 

Figure 40:  Schematic of probes in vivo. 
 

 

 Samples were taken at four time points: Day 1, immediately after implantation; 

Day 3; Day 5; and Day 8.  At each time, the animal was anesthetized and the skin was 

prepared.  Then the tubing was removed from the dorsal pocket, washed with alcohol and 

connected to the microdialysis pumps.  Samples were collected with PBS as the perfusate 

for 1 hour at 1 µl/min (after an initial flow for 5 minutes at 10 µl/min).  The tubing was 

then cleaned with alcohol and reinserted into the dorsal subcutaneous pocket, which was 

then closed with wound clips.  Samples were stored on ice and transferred to a -80 freezer 

and then run on the Bioplex® (Biorad) using a Linco kit (cat # RCYTO-80K) to 

determine the concentration of the following cytokines in the samples:  Eotaxin, GCSF 

(Granulocyte Colony-Stimulating Factor), GMCSF (Granulocyte-macrophage colony-

stimulating factor), GRO/KC, IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-9, IL-10, IL-13, IL-
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12p70, IL-5, IFN-γ, IL-17, IL-18, IP-10, Leptin, MIP-1α, MCP-1 (Monocyte chemotactic 

protein-1), RANTES, TNF-α (Tumor necrosis factor), and VEGF (Vascular endothelial 

growth factor). 

 The initial flow for 5 minutes at 10 µl/min was performed in order to flush the 

probes completely before collection began.  Additionally, the collection time of 1 hour 

was chosen to promote system equilibration.  Briefly, in order to determine both flushing 

time and collection time, a few calculations were made.  The probes have the following 

dimensions: membrane inlet volume of 1.4 µl; membrane outlet volume of 2.4 µl; shaft 

length of 14 mm, shaft outer diameter of 0.77 mm; tubing length of 200 mm; and an 

internal volume of tubing of 1.8 µl/100 mm.  Therefore, the total volume of the tubing, 

membrane, and shaft is 13.9 µl. 

 

Total volume = volume (tubing) + volume (membrane) + volume (shaft) 

      = ( 200 mm*1.8 µl/100 mm ) + ( 1.4 µl + 2.4 µl ) + ( π*(0.77 mm/2)*14mm ) 

      = 3.6 µl + 3.8 µl + 6.5 µl = 13.9 µ l 

 

At 10 µl/min, the system should be flushed in 1.4 minutes.  At 1 µl/min, the system 

should flush in 14 minutes. Additionally, Rob Schutte in Dr. Reichert’s lab has performed 

in vitro experiments using dextran and proteins of similar size and charge as cytokines 

and determined that it takes 30 minutes to reach steady state when running at 1 

µl/min(Schutte, Oshodi et al. 2004).  Therefore, a 1 hour collection should help ensure 

the system is equilibrated and at steady state. 
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 Since the recovery of molecules through the probe membrane is dependent on the 

tissue composition surrounding the membrane, a series of retrodialysis experiments were 

performed to determine the recovery in subcutis and adipose tissue.  Following the same 

procedure as above, microdialysis probes were implanted into 4 rats in both the subcutis 

and fat tissue. IL-2, a cytokine that was not detected in either tissue, was used as the 

perfusate molecule in the retrodialysis experiments.  Briefly, IL-2 standard from an 

ELISA kit (Quantikine Rat IL-2, R&D systems, Catalog number R2000) was used to 

make a 500 pg/ml solution.  This pre-made 500 pg/ml IL-2 solution was then used as the 

perfusate and samples were collected for 1 hour at 1 µl/min (after an initial flow for 5 

minutes at 10 µl/min) at days 1, 3, 5, and 8.  The EILSA kit was used to determine the 

IL-2 concentration in both the perfusate and the efflux.  The percent clearance of IL-2 

could then be calculated assuming a 0 pg/ml concentration in the tissue.  This percent 

clearance is equal to the percent recovery of cytokines when the perfusate has a 0 pg/ml 

concentration. 

 

9.3  Results 
 The percent recovery data are shown in Figure 41.  Recovery is defined as 

follows: Ed = (Cdialysate – Cperfusate)/(Cextracellular – Cperfusate), where Cdialysate is the 

concentration of glucose in the outflow, Cperfusate is the concentration of glucose in the 

inflow (which is zero), and Cextracellular is the concentration of glucose in the medium 

surrounding the probe.  The recovery in adipose tissue was not significantly different than 

that in subcutis tissue.  Additionally, in both tissues the recovery decreased with time. 
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Figure 41:  Percent recovery of cytokines in adipose and subcutis tissue. 
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 For the following cytokines there were no differences in the concentrations found 

in the tissues: 

• Eotaxin  • IL-13 • IL-18 
• GCSF • IL-10 • IP-10 
• IL-1a • IL-12p70 • MCP-1 
• MIP-1a • IL-5 • RANTES 
• IL-2 • IFN-g • TNF-a  
• IL-4 • IL-17 • VEGF 
• IL-1b • IL-9 • GMCSF 

 

 There were some detectable differences in the tissue secretion profiles of the 

following cytokines: Leptin, IL-6, and GRO/KC, as shown in Figure 42. 
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Figure 42:  Cytokines with detectable differences in adipose and subcutis tissue; (a) 
leptin; (b)  IL-6, and (c) GRO/KC. 
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9.4  Discussion 
 The purpose of this experiment was to determine if differences in cytokine 

concentrations in adipose and lean subcutis tissue could be detected using microdialysis 

coupled with a bead-array detection system.  First, since the recovery of molecules 

through the microdialysis probe membrane is dependent on the tissue composition 

surrounding the membrane, a series of retrodialysis experiments were performed to 

determine the recovery in subcutis and adipose tissue.  Then microdialysis probes were 

implanted into the subcutis and inguinal fat pads of five rats.  The probes were run on 

days 1, 3 ,5 and 8 and the exudate was collected and analyzed for 24 different cytokines. 

 The only cytokines that showed any difference in tissue concentration were 

Leptin, IL-6, and GRO/KC.  Leptin, which plays a role in regulating appetite and 

metabolism, is known to be secreted by adipose tissue.  It was therefore expected that 

leptin would be detectable in the adipose tissue.  The leptin concentration in the adipose 

tissue ranged from approximately 900 pg/ml at day 1 to 8500 pg/ml at day 8.  In contrast, 

the leptin concentration in the subcutis tissue was never higher than 400 pg/ml. 

IL-6 and GRO/KC were significantly higher at day 1 in adipose tissue.  However there 

were no differences at other time points.  Interleukin-6 (IL-6) is a pro-inflammatory 

cytokine.  It is secreted by T-cells and macrophages to stimulate the immune response to 

trauma and tissue damage.  Additionally, IL-6 is a mediator of fever and in muscle and 

adipose tissue, IL-6 stimulates energy mobilization that leads to increased body 

temperature.  The GRO proteins are chemoattractants and activators for neutrophils and 

basophils.  They have been shown to be involved early in inflammation. 
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 Overall, at high concentrations of cytokines, some differences can be detected 

using this technique.  However at lower concentrations, no differences are detectable due 

to variation between animals and in the detection technique.  There are a small number of 

developmental techniques in analytical chemistry that might be used to detect such 

differences, such as capillary electrophoresis with laser detection, however, no currently 

commercially available detection systems are more sensitive for determining low 

concentrations of multiple cytokines in one sample than the Bioplex system and it is still 

unable to detect any differences at low concentrations. 

 There were no significant differences in the recovery of IL-2 in adipose and 

subcutis tissue.  Subcutis tissue recovery was slightly higher than adipose tissue during 

the whole week and both tissues showed a decrease in recovery over the course of the 

week.  This decrease is common and is most likely due to biofouling and the tissue 

response to the implant.  

 Recovery plays a major role in measuring the absolute concentrations of the 

cytokines in the tissue.  A small change in recovery can result in a large change in the 

measured absolute tissue concentration.  For example, a two percent change in recovery 

could lead to an apparent 50% increase in measured tissue concentration.  In these 

experiments, there were large standard errors associated with the percent recovery, up to 

40% of the measurement.  This error propagates into the absolute tissue concentrations of 

the cytokines which makes determining tissue differences more difficult.  The no net flux 

method of recovery determination was also studied.  However, the error associated with 

this method was higher than that of the retrodialysis, so retrodialysis was used. 
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 A major possible source of error in this experiment is the basis of recovery on 

retrodialysis.  IL-2 was chosen as the retrodialysis cytokine based on previous 

experiments where it was not detectable in either the subcutis or adipose tissue and the 

fact that it is of median size compared to the cytokines studied.  However, it is important 

to note that while IL-2 is probably representative for many of the cytokines studied, it 

might not be representative for others, especially those which are very different in size 

and charge.   Any deviations in recovery would have a large impact on the absolute tissue 

concentration. 

 

9.5 Conclusions 
 At high cytokine concentrations, a small number of differences were detectable 

using the microdialysis and bead array detection technique.  However, for the majority of 

cytokines that were present at extremely low concentrations in the tissue, this technique 

was unable to detect differences.  Recovery from the microdialysis probes plays a large 

role in determining actual tissue concentration.  Therefore, the large standard errors 

associated with the percent recovery are one reason that determining differences at low 

cytokine levels is very difficult.  Additionally, the basis of recovery on IL-2 retrodialysis 

is a possible source of error. 
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Chapter 10.  Cytokine analysis of adipose stem cells attached to 
biomaterials 

 

10.1 Introduction 
 As stated previously, research has shown that the tissue response to implants 

varies by the type of tissue.  For example, implants placed in either lean, connective 

tissue or adipose tissue have very different healing responses (Williams, Berman et al. 

1997; Kellar, Kleinert et al. 2002; Wisniewski, Rajamand et al. 2002).  

 The role of adipose stem cells (ASCs), due to their ease of isolation and known 

regenerative abilities, in the reduction of severity of foreign body response in adipose 

tissue is of extreme interest.  Many groups are studying these cells for use in tissue 

engineering applications (Zuk, Zhu et al. 2001; Safford, Hicok et al. 2002; Zuk, Zhu et al. 

2002; Ogawa, Mizuno et al. 2004; Guilak, Lott et al. 2005; Rodriguez, Elabd et al. 2005).  

Additionally, understanding the mechanism that adipose tissue employs to reduce the 

foreign body response is also of interest for application in all implanted devices.  

 This chapter focuses on examining the soluble secretion profile of ASCs attached 

to polyurethane, a commonly used biomaterial, to determine if it is significantly different 

from fibroblasts, a control cell type.  It is hypothesized that cytokine secretion by ASCs is 

the mechanism these cells use to alter the foreign body response. 

10.2  Materials & Methods 
Cell Attachment and ASC isolation 

 Previous experiments described in Chapter 5 focused on optimizing an attachment 

method for adipose stem cells onto polyurethane (Prichard, Reichert et al. 2007).  For this 



 127 

experiment, medical grade polyurethane Pellethane 2363-80AE-050824, a soft segment 

polyurethane based on polyether and aromatic isocyanate (Polyzen, Inc., Apex, NC)) was 

cut into 1 cm X 1 cm square pieces of 0.8 mm thickness and sterilized by ethylene oxide. 

 Adult adipose stem cells were sterilely isolated from the inguinal fat pad of male 

Lewis rats (Charles River Laboratories, Wilmington, MA) using the isolation procedure 

described in Appendix B.  Cells were thawed two days prior to attachment at a density of 

7.5 x 105 cells per T75 flask. 

 

IN VITRO 

 For these experiments, two cell types were studied, ASCs and terminally 

differentiated fibroblasts (passage 11 of the ASCs).  Fibroblasts were used as a control 

cell type since they are known to be involved in the wound healing response.  The cells 

were seeded onto tissue culture polystyrene (TCPS), polyurethane (PU) using fibronectin 

adsorption, and latex (L) using fibronectin adsorption.  25 µg/ml fibronectin was 

adsorbed for two hours at 37oC.  The latex was used as a positive control since it is 

known to induce cytokine secretion (Li, Schutte et al. 2005).  All cells were seeded at 

1.6x105 cells/well in 24-well plates for one hour before a media change. 

 Supernatant media was collected at day 3 during media replacement and also at 

day 6.  Samples were transferred to a -80 freezer prior to cytokine analysis.  Cytokine 

analysis was done on the Bioplex® (Biorad) using a Linco kit to determine the 

concentration of the following cytokines in the samples:  IL-1β, IL-2, IL-4, IL-6, IL-10, 

Leptin, TNF-α, and VEGF. 
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10.3 Results 
 The secretion profiles of VEGF, IL-6, and TNFα are shown in Figure 43. 

(a)      (b) 

 

(c) 

 

Figure 43:  In vitro cytokine secretion (a) VEGF, (b) IL-6, and (c) TNF-α. 
Mean ±  SEM.  * indicates significance (p<0.05) versus fibroblasts with same 

material treatments on the same day 

 

 The secretion of VEGF, a known vascular promoter, was significantly higher for 

the ASCs versus the fibroblasts at both times.  In most cases, it was 10-70 times higher.  

In addition, the secretion of IL-6 was higher for ASCs with the exception of TCPS at day 
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6.  The secretion of TNF-α by ASCs was significantly lower than fibroblasts with the 

exception of fibronectin treated TCPS at day 6.  Additionally, the fibronectin attachment 

increased the secretion by ASCs of all three cytokines in varying amounts at day 6.  None 

of the other cytokines (IL-1β, IL-2, IL-4, IL-10 and leptin) showed significant difference 

in supernatant concentration.  Finally, latex increased the production of anti-

inflammatory cytokines, IL-6 and TNF-α, in both cell types as expected (Li, Schutte et 

al. 2005). 

 

10.4 Discussion 
Adipose tissue has been shown to initiate a less aggressive foreign body response 

to implants and may provide a strategy for alleviating the rejection of implanted 

biomaterials (Williams, Berman et al. 1997; Kellar, Kleinert et al. 2002; Wisniewski, 

Rajamand et al. 2002). ASCs are multipotent precursor cells that are inherently different 

from the mature adipocytes found in the epididymal fat pas in rats or the adipose-rich 

subcutaneous plane in humans.  

 The current study conducted a series of in vitro tests to determine if the cytokine 

secretion profile of ASCs attached to tissue culture polystyrene and polyurethane varied 

significantly from fibroblasts. These tests provided clear evidence that the secretion 

profile of cytokines differs for ASCs and fibroblasts on both TCPS and on polyurethane.  

When ASCs were attached via fibronectin to both TCPS and polyurethane, VEGF 

secretion was significantly higher than control fibroblasts.  At day three, VEGF secretion 

was 10-20 times higher and at day six, VEGF secretion was 40-70 times higher.  VEGF is 

an anti-inflammatory, pro-wound healing and pro-vascular cytokine that is known to 
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work in vivo in the pg/ml concentration range to both induce and stabilize vessel 

formation.  It was therefore hypothesized that such high secretion would have a 

noticeable effect on the microvessel density in vivo.  Additionally, although less severe, 

the cytokine secretion profile of IL-6 and TNF-α were significantly different for ASCs.  

ASCs produced higher levels of IL-6 than fibroblast, but lower levels of TNF−α.  Both 

IL-6 and TNF-α are pro-inflammatory cytokines.  The main sources for IL-6 in vivo are 

stimulated monocytes, fibroblasts and endothelial cells.  In addition to being pro-

inflammatory, IL-6 is also known to synergize with other cytokines in vitro to promote 

the proliferation of multipotent hematopoietic progenitor cells.  TNF-α is secreted by 

macrophages, monocytes, neutrophils, and T-cells, and it is also a growth factor for 

normal human fibroblasts.  TNF-α introduction has been shown to lead to the destruction 

of small blood vessels within malignant tumors. 

 As expected from the positive control, latex induced equal or increased amounts 

of all pro-inflammatory cytokines in these experiments. 

10.5 Conclusions 
 The soluble secretion profile of ASCs attached to polyurethane was significantly 

different from fibroblasts attached to the same material. VEGF secretion was 10-20 times 

higher than fibroblast at day three and 40-70 times higher at day six.  Since, VEGF is an 

anti-inflammatory, pro-wound healing and pro-vascular cytokine known to work in the 

pg/ml concentration range in vivo, this difference should have a significant physiological 

effect to both induce and stabilize vessel formation.  Additionally, although less severe, 

the cytokine secretion profile of IL-6 and TNF-α were significantly different.  ASCs 
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produced higher levels of IL-6 than fibroblast, but lower levels of TNF−α.  Both IL-6 and 

TNF-α are pro-inflammatory cytokines. 
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Part VI.  Conclusions and future work 

 

Chapter 11.  Conclusions of Work Presented 
 

11.1 In vitro adipose stem cell attachment to biomaterials 
 
 The overall purpose of this study was to quantify the efficacy of ASC attachment 

to biomaterials by measuring the extent and strength of cell adhesion and quantifying the 

effects of the cell attachment methods on the physiologic status of the ASCs.  ASCs were 

attached using different methods to silicone elastomer, polyimide, polyurethane and 

tissue culture polystyrene, materials that are commonly used either in implantable 

glucose sensors or in cell culture. After cell attachment, four cell function assays were 

performed to monitor proliferation, metabolism, ATP level, and apoptosis.  

 Cell coverage on silicone elastomer was always below 20% indicating that high 

surface coverage by cells on silicone elastomer may require novel strategies for cell 

attachment.  The fibronectin, dual ligand, and oxygen plasma plus fibronectin treatments 

all produced high cell coverage on polyimide.  The fibronectin, oxygen plasma plus 

fibronectin, and oxygen plasma plus dual ligand treatments all produced high cell 

coverage on polyurethane.  Cell attachment was very strong on both polyimide and 

polyurethane for all attachment methods.  Finally, none of the attachment methods caused 

any differences in basic cell functions, including proliferation, metabolism, intracellular 
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ATP concentration, and caspase-3 activity.  The fibronectin attachment method was 

chosen for all future experiments. 

 

11.2  In vivo assessment of adipose stem cell coated biomaterials 
 
 In these studies, an in vivo test was performed to determine if a prolonged effect 

on the tissue response occurred when materials initially seeded with ASCs were 

implanted.  Adult adipose derived stromal cells were attached to polyurethane, a material 

commonly used in implantable glucose sensors, using the fibronectin attachment protocol 

developed in earlier experiments.  After cell attachment, the materials were implanted 

subcutaneously in Lewis rats, and histology was used to access the tissue response to the 

implants. 

 The tissue surrounding the ASC coated samples had thinner capsules with less 

collagen and significantly more microvessels than the other samples.  The fibrous capsule 

surrounding the ASC coated implants was ~25% thinner than the capsule surrounding the 

bare polyurethane.  Additionally, the amount of collagen in the tissue was ~27% less than 

the bare polyurethane.  There were also 50-80% more microvessels adjacent to the ASC 

coated implants at weeks 4 and 8 than the bare polyurethane.  Finally, fibronectin and 

fibroblast coated samples were generally similar to the bare material. 

 
 

11.3  In vivo assessment of adipose stem cell coated glucose sensors 
 
 The objective of these experiments was to expand the previous experiments by 

testing ASC attachment to a small number of Medtronic MiniMed glucose sensors.  Due 
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to the limited lifespan of the sensors once implanted in rats, the sensors were tested for 1 

week.  The sensors were then assessed for functional response to a glucose bolus 

injection both at 24 hours after implantation and at day 7 prior to explant. 

 Over the week, an overall downward drift in sensor current was seen for all 

implants and there was no difference between the magnitude of the drift for the ASC-

coated sensors compared to the bare sensors.  The sensors all responded to the glucose 

challenge at 24 hours.  However, the only sensor to respond at day 7 was ASC sensor 2.  

No significant differences in lag time, sensor function, or sensor drift were seen. 

 

11.4  Metabolite analysis of tissue surrounding adipose stem cell 
coated implants 
 
 These experiments focused on using the bioluminescence technique to image the 

tissue surrounding the bare and ASC coated polyurethane from Chapter 6, as well as the 

glucose sensors and microdialysis probes from Chapter 7.  The bioluminescence 

technique produces a metabolic concentration profile of the analyzed tissue.  From this 

profile, it could be determined if the attached ASCs consumed a large amount of glucose, 

which would be detrimental for a glucose sensor.  In addition, the glucose profile around 

glucose sensors could be used to determine if the sensors induced a steep glucose 

gradient in the surrounding tissue due to their glucose consumption. 

 ASC attachment to polyurethane and to glucose sensors did not change the 

glucose profiles in the tissue surrounding the sensors.  Since these cells are highly 

metabolically active, it was important to demonstrate that they would not interfere with 

the glucose profile around the sensors.  Only a small number of glucose sensors were 
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tested so statistical significance was not established.  However, a glucose gradient was 

present around the glucose sensors.  The lowest glucose readings were at the sensor edge, 

which is a sink for glucose.  This is extremely important because although most glucose 

sensors incorporate a diffusion barrier to reduce the gradient of glucose and oxygen in the 

tissue, it is typically thought that since glucose is a small molecule that diffuses relatively 

well through the interstitium, there is not a steep glucose gradient around implanted 

sensors.  Additionally, microdialysis probes were not able to induce a glucose gradient in 

the surrounding tissue even at high flow rates of 10 µl/min. 

11.5  Cytokine analysis of adipose and subcutis tissue 
 
 These experiments were done to investigate whether a secreted factor was 

responsible for the less aggressive response of adipose tissue to implanted biomaterials.  

Microdialysis probes were used as a means to collect interstitial fluid around the probes, 

which serve as the “implant”.  This fluid was then analyzed for soluble substances, 

specifically cytokines, using the BioRad BioPlex® bead array detection system.  In order 

to examine the cytokine response in both lean and adipose tissue, microdialysis probes 

were placed in (1) the rat dorsal subcutis and (2) the rat inguinal fat pad.   

 At high cytokine concentrations, a small number of differences were detectable 

using the microdialysis and bead array detection technique.  However, the majority of 

cytokines that were present at extremely low concentrations in the tissue and this 

technique was unable to detect differences 
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11.6  Cytokine analysis of adipose stem cells attached to biomaterials 

 
 These final experiments focused on examining the soluble secretion profile of 

ASCs attached to polyurethane to determine if the secretion of key cytokines was 

significantly different from fibroblasts.  Fibroblasts were used as a control cell type since 

they are known to be involved in the wound healing response.  The cells were seeded 

onto tissue culture polystyrene (TCPS) and polyurethane (PU).  Cells were seeded for one 

hour before a media change and supernatant media was collected at day 3 during media 

replacement and also at day 6.   Cytokine analysis was done using the Bioplex® to 

determine the concentration of the following cytokines in the samples:  IL-1β, IL-2, IL-4, 

IL-6, IL-10, Leptin, TNF-α, and VEGF. 

 The soluble secretion profile of ASCs attached to polyurethane was significantly 

different from fibroblasts attached to the same material. VEGF secretion was 10-20 times 

higher than fibroblast at day three and 40-70 times higher at day six.  Since VEGF is an 

anti-inflammatory, pro-wound healing and pro-vascular cytokine known to work in the 

pg/ml concentration range in vivo, this difference should have a significant physiological 

effect to both induce and stabilize vessel formation.  Additionally, although less severe, 

the cytokine secretion profile of IL-6 and TNF-α were significantly different.  ASCs 

produced higher levels of IL-6 than fibroblast, but lower levels of TNF−α.  Both IL-6 and 

TNF-α are pro-inflammatory cytokines. 

 An overview of all experiments is shown in Figure 44. 
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Figure 44:  Summary of conclusions. 

 

 From these conclusions, it is possible that adipose stem cells could one day be 

used to reduce the foreign body response around glucose sensors and extend the 

longevity of such devices.  For patients, the overall outcome would be a closed-loop 

glucose sensor connected to an insulin pump.  Such a device would provide significantly 

better blood glucose control resulting in lower glycation of proteins, which reduces the 

numerous complications of diabetes including impaired function of the heart, eyes, 

kidneys, and many other organs.  However, there are certainly limitations to the use of 

ASC coating.  First, an additional procedure to remove a portion of adipose tissue would 

be necessary.  Also, unless a system was designed to immediately use the cells after 
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isolation, the ASCs would have to be cultured.  Culture systems without the use of animal 

serum would have to be formulated.  Additionally, the culture of cells adds complexity 

and an additional route for infection. 
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Chapter 12.  Future Work 
 
 The experiments described in this dissertation have lead to a variety of questions 

that require future studies.  It is very interesting that ASC attachment to polyurethane 

increased the vascularity and altered the foreign body response in the surrounding tissue 

and future experiments should focus on further investigation in glucose sensors as well as 

the mechanism ASCs employ to alter the foreign body response.   

 Additional experiments need to be performed in order to investigate ASC 

attachment to glucose sensors.  The attachment of ASCs to polyurethane, the outer 

material of the MiniMed® glucose sensors, was previously optimized (Prichard, Reichert 

et al. 2007).  For future experiments, fibronectin adsorption could be used as the 

attachment mechanism and then the sensors could be placed in an agitated ASC cell 

suspension.  This method of cell attachment is described in Chapter 7 and was used in a 

limited number of sensors with cell coverage of greater than 60%.  Following ASC 

coating of the sensors, it is proposed that they would be implanted into Lewis rats for 

evaluation of the adjacent tissue using a previously published protocol (Koschwanez and 

Reichert 2007).  By expanding the number of animals and the amount of time the sensors 

are implanted, it could be possible to determine if ASC attachment improves sensor 

function. 

 In order to further investigate the mechanism(s) that ASCs employ to promote 

vascularization and a more favorable healing of adjacent tissue, two approaches are 

proposed.  The first approach is to investigate the fate (localization and proliferation) of 
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the transplanted ASCs.  The second is to investigate the in vivo production of cytokines 

by ASCs after seeding them onto biomaterials and implanting them into implanted cages. 

 The attachment of ASCs to polyurethane significantly influenced the healing 

response of the surrounding tissue.  For these studies, the ASCs were not labeled due to 

previously published papers that determined that labeling can alter cell function.  While 

our recent findings establish that these cells have a positive impact, additional 

experiments need to be performed to identify the time course of this effect and to 

determine the fate of these cells.  It is proposed that the transplanted cells could be 

labeled with an imaging system such as GFP or other reporter gene transfection or nano-

bead incorporation (Wolbank, Peterbauer et al. 2007; Chang, Su et al. 2008).   Early in 

vitro experiments should be performed to identify the labeling technique that optimizes 

intensity while minimizing changes in cell function.  Alternatively, male ASCs could be 

transplanted into female rats and chromosome detection could be used to identify the 

transplanted cells (Cowan et al, 2004).  Multiple implants could be performed in each rat, 

as in previous studies, since no cross-over effect of the various material treatments was 

observed.  Seven days and 60 days after implantation, the materials and surrounding 

tissue could be explanted and bisected for both quick freezing and for formalin fixation to 

quantify the presence of transplanted cells associated with the implant.  

Immunohistochemistry of frozen tissue could be used to identify ASCs, as well as to stain 

for markers of ASC differentiation into adipocytes, osteoblasts or chondrocytes. 

 Additionally to further investigate the mechanism of the tissue response, a variety 

of experiments could be performed to look at the immune cells in the tissue around the 

implant.  One possibility is that the ASCs interact with the responding macrophages to 
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lessen the severity of the tissue response.  T-bar analysis histology and staining for CD 

14, a marker of activated macrophages, in the tissue surrounding ASC coated implants at 

different time points in the healing process would determine if there is a reduction in the 

number of activated macrophages around ASC coated implants.  Another route to 

determine the role of activated macrophages would be to use a high glycine diet, which 

disables the activation of macrophages (Amin, Li et al. 2001; Amin, Li et al. 2003). 

 It would also be useful to determine if the ASCs were promoting new vasculature 

or if they were reducing the regression and stabilizing existing vessels.  This could be 

determined by two methods, either BrdU analysis or pericyte structure analysis.  For 

BrdU analysis, an injection of BrdU could be given 1-3 days before explant and 

proliferating cells would be stained and could be identified using histology.  

Alternatively, vessel structure could be used to determine if the vessels were new or 

established.  In the case of stable vessels, a strong connection of endothelial cells to 

pericytes is present.  However, newly formed vessels do not display this connection. 

 In order to further investigate the cytokine secretion profile, ASCs and control 

fibroblasts could be seeded onto a larger variety of glucose sensor biomaterials (such as 

polyurethane, polyimide, and silicone) and tissue culture polystyrene (TCPS).  In order to 

maintain consistency with the experiments performed in Chapter 10, the supernatant 

should be collected after 3 and 6 days to quantify cytokine secretion.  The testing 

performed in this thesis showed secretion of VEGF to be significantly higher at both days 

3 and 6 for ASCs compared to the secretion by fibroblasts under identical conditions.  

The ASCs produced 10-70 times more VEGF.  Additionally, the secretion of IL-6 by 

ASCs was significantly higher, while the secretion of TNFα was lower.  The proposed 
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additional studies should include more biomaterials as culture substrates, analysis of 

more cytokines including fibroblast growth factor, and extended culture times. 

 Also, in vivo testing of cytokine secretion should be investigated.  A possible 

experiment could employ cytokine profiling of extracted exudates using cage implants 

containing ASC coated biomaterials.  Robert Schutte in Dr. Reichert’s lab has been using 

cage implants to study cytokine secretion by macrophages and other cells in response to 

various biomaterials, and this same technique could be employed with ASC coated 

materials to determine if ASC attachment alters the profile of secreted cytokines.  

 Another interesting avenue would be to study hypoxia in the tissues surrounding 

the implants (Moeller, Cao et al. 2004; Peters, Kontos et al. 2004; Springett and Swartz 

2007; Swartz 2007).  For in vivo experiments, the hypoxia markers such as HIF-1a and 

EF5 could be used to determine why ASCs promote vasculature.  In addition, the up 

regulation of Tie2 could be studied to see if surrounding cells have upregulated their 

angiopoietin receptors.  In vitro, the secretion of cytokines such as VEGF and 

angiopoietin-2 could be studied using a hypoxia chamber to see if the sectretion profile of 

these cells changes during hypoxia. 

 Finally, it would be very interesting to increase the number of glucose sensors 

which were evaluated with the bioluminescence technique.  Since the cell membrane 

provides the main barrier to glucose along its path from blood to cytosol, and since 

glucose is a small molecule that diffuses relatively well through the interstitium, there is 

usually not a steep glucose gradient in tissues.  Although most glucose sensors 

incorporate a diffusion barrier to reduce the gradient of glucose and oxygen in the tissue, 



 143 

a more complete understanding of efficiency of glucose transport, and the change in 

transport over time, is critical to improving glucose sensor technology for diabetics. 
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Appendices 

Appendix A:  Cell Coverage Matlab Code 
 
% Clear all variables 
clear all; clc; 
 
% Get folder name 
directory = input('Enter folder name: ','s'); 
disp (directory); 
 
% Get ouput folder name 
output_directory = input('Enter output folder name: ','s'); 
disp (output_directory); 
 
% Get file names 
file_names = dir(directory); 
disp (file_names); 
 
% Set up excel file 
excel_filename = fullfile(output_directory,'summary.xls'); 
disp(excel_filename); 
 
% Set up 1st row of excel file 
header = {'File Name','White Pixels','Total Pixels','Percent Coverage'}; 
xlswrite(excel_filename,header,'Sheet1','A1'); 
 
% Start loop to load and process each picture 
% k=3 because files 1 and 2 are . and .. 
for k=3:length(file_names) 
     
    % Set up directory path for image 
    data_location = fullfile(directory,file_names(k).name); 
     
    % Read image 
    I1 = imread(data_location); 
    %imview(I) 
     
    % Crop picture 
    I = imcrop(I1,(200 200 1200 800)); 
    %imview(I1); 
    %imview(I); 
     
    % Estimating background illumination (smaller disk size subtracts more 
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    % green) uses imopen to filter out small objects <50 pizels  
    background = imopen(I,strel('disk',50)); 
    % Display background approximation as a surface 
    %figure, surf(double(background(1:8:end,1:8:end))),zlim((0 255)); 
    %set(gca,'ydir','reverse'); 
     
    % Subtract background image 
    I2 = imsubtract(I,background); 
    %imview(I2) 
     
    % Convert image to grayscale 
    I3 = rgb2gray(I2); 
    %imview(I3) 
     
    % Increase image contrast 
    I4 = imadjust(I3); 
    %imview(I4) 
     
    % Threashold the adjusted image 
    level = graythresh(I4); 
    bw = im2bw(I4,level); 
    %imview(bw) 
     
    % Calculate and display number of white pixels (cells) 
    white_pixels = bwarea(bw); 
    disp('White pixels = '); disp(white_pixels); 
    % Calculate and display total pixels 
    total_pixels = 1201*801; 
    disp('Total pixels = '); disp(total_pixels); 
    % Calculate and display percent area coverage of white pixels (cells) 
    percent_coverage =(white_pixels/total_pixels)*100; 
    disp('Percent coverage = '); disp(percent_coverage); 
     
    % Write filename to the name matrix 
    name_matrix(k-2,1) = {file_names(k).name}; 
    % Write values to the data matrix 
    data_matrix(k-2,:) = (white_pixels total_pixels percent_coverage); 
     
    % Save black/white image, bw, as a file with bw added to the original 
    % file name 
    extension = 'bw_'; 
    filename = (extension file_names(k).name); 
    bw_filename = fullfile(output_directory,filename); 
    disp (bw_filename); 
    imwrite (bw,bw_filename); 
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    % Clear variables that will be reused 
    clear data_location I I2 I3 I4 level bw white_pixels total_pixels; 
    clear percent_coverage extension filename bw_filename; 
end 
 
% Output results to Excel Spreadsheet 
xlswrite(excel_filename,name_matrix,'Sheet1','A2'); 
xlswrite(excel_filename,data_matrix,'Sheet1','B2'); 
disp ('Done'); 
 

 
Figure 45:  Cell coverage Matlab input and output example. 
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Appendix B:  Adipose Stem Cell Isolation 
 

 Adult adipose stem cells (ASCs) were sterilely isolated from the inguinal fat pad 

of male Lewis rats (Charles River Laboratories, Wilmington, MA) using a modified 

version of a previously published protocol as shown in Figure 46 (Lee, Parrett et al. 

2003).  After removal of the fat from the animal, the tissue was rinsed with a solution of 

Hank’s Buffered Saline Solution (HBSS) containing 1% antibiotics, minced into small 

pieces, and incubated in a constantly stirred solution containing 1 mg collagenase 

(Sigma-Aldrich, St. Louis, MO) per gram of fat for 1 hour at 37oC.  The top lipid layer 

was removed and the remaining liquid portion was centrifuged at 2000 rpm for 10 

minutes.  The pellet was exposed to red cell lysis buffer (Sigma-Aldrich, St. Louis, MO) 

for 2 minutes to remove red cells.  The remaining cells were suspended in media and 

plated at a density of 1 x 106 cells per T75 flask.  After reaching approximately 80% 

confluence, the cells were frozen at a density of 5 x 105 cells per ml of freezing media (α-

MEM, 20% FBS, and 10% DMSO).  Cells were thawed as needed at 37oC and seeded at 

a density of 7.5 x 105 cells per T75 flask. 
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Figure 46:  ASC isolation summary. 
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Appendix C:  Collagen Index Matlab Code 
 

% Clear all variables 
clear all; clc; 
 
% Get folder name 
directory = input('Enter folder name: ','s'); 
disp (directory); 
 
% Get ouput folder name 
output_directory = input('Enter output folder name: ','s'); 
disp (output_directory); 
 
% Get file names 
file_names = dir(directory); 
disp (file_names); 
 
% Set up excel file 
excel_filename = fullfile(output_directory,'summarycolindex.xls'); 
disp(excel_filename); 
 
% Set up 1st row of excel file 
header = {'File Name','Collagen Index'}; 
xlswrite(excel_filename,header,'Sheet1','A1'); 
 
% loop to call up collagenindex0223 program and run the pictures stored in 
% the input folder 
l = 0; 
for k=3:length(file_names); 
    l=l+1; 
    name2 = ('c:\matlab7\work\',directory,'\',file_names(k).name(1,:)); 
    CI(l)=collagenindex0223(name2); 
    disp(file_names(k).name(1,:)); 
    output_names(l) = {file_names(k).name(1,:)}; 
end 
 
disp(CI); 
disp(output_names); 
 
% output results to Excel Spreadsheet 
xlswrite(excel_filename,output_names','Sheet1','A2'); 
xlswrite(excel_filename,CI','Sheet1','B2'); 
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disp('Done'); 
 

Collagenindex0223 

function (CI,binary,red,green,blue) = collagenindex0223(file,options) 
% COLLAGENINDEX Calculates the collagen index of a Masson-Trichrome stained 
% histology tissue slide using two different algorithms. 
%    (CI,BINARY,RED,GREEN,BLUE) = COLLAGENINDEX(FILE,OPTIONS) 
% 
%    CI = COLLAGENINDEX(FILE,OPTIONS) 
% 
%    CI = COLLAGENINDEX(FILE) 
% 
% OPTIONS PARAMETERS for COLLAGENINDEX 
% bin - Shows binary profile 
% rgb - Shows red/green/blue profile 
% all - Shows all profiles 
% 
% designed by ARG 1/31/07, updated by Felix 23 Feb 2007 
% improved for analysis for FAT PICTURES 
% changed (red >= green) to (red >= (green-20)) 
% added more OPTIONS 
 
if nargin <2 
    options = 'n'; 
end 
 
% Read image from graphics file 
A = imread(file); 
red = A(:,:,1); 
green = A(:,:,2); 
blue = A(:,:,3); 
red = double(red); 
green = double(green); 
blue = double(blue); 
 
% Determines which pixels should belong in the background and not be counted as 
collagen 
bkgnd = ((red >= (green-20)) & (red >= blue)) | ((green <= 85) & (blue <= 85)) | (red >= 
180); % Which pixels ARE NOT collagen?? 
binary = ~bkgnd;    % Which pixels ARE collagen?? 
 
% Displays color profile(s) based on OPTIONS argument 
if strcmp(options,'all') == 1 || strcmp(options,'bin') == 1 || strcmp(options,'rgb') == 1 
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    if strcmp(options,'rgb') == 0 
        figure 
        subplot(1,2,1) 
        imagesc(A) 
        title('Original') 
        axis image 
        colormap('jet') 
 
        subplot(1,2,2) 
        imagesc(binary) 
        title('Binary background') 
        axis image 
        colormap('gray') 
    end 
    if strcmp(options,'bin') == 0 
        figure 
        subplot(2,2,1) 
        imagesc(A) 
        title('Original') 
        axis image 
        colormap('jet') 
 
        subplot(2,2,2) 
        imagesc(red) 
        title('Red') 
        axis image 
 
        subplot(2,2,3) 
        imagesc(green) 
        title('Green') 
        axis image 
 
        subplot(2,2,4) 
        imagesc(blue) 
        title('Blue') 
        axis image 
    end 
end 
 
CI = mean(mean(binary)); 
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