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Abstract 
 

Efforts to create a reliable, long-term implantable glucose sensor have been stymied by the 

effects of the foreign body response and wound healing that introduce delayed response times as 

well as unpredictable sensor performance.  Loss of vascularization from fibrotic encapsulation 

around implanted sensors is purported as a key contributor to sensor failure, as glucose and 

oxygen transport to the sensor becomes impeded.   Improving sensor performance by increasing 

angiogenesis and/or reducing capsule thickness using tissue-modifying textured coatings is 

attractive because texturing is not dependent upon a depletable drug reservoir.   A significant 

range of materials and pore sizes are capable of promoting angiogenesis and reducing capsule 

thickness 1, provided pores have open-architecture with dimensions sufficiently large enough to 

allow host inflammatory cell infiltration 2.   

 

Poly-L-lactic acid was gas foamed/salt leached with ammonium bicarbonate to produce porous 

coatings for Medtronic MiniMed SOF-sensor glucose sensors.  Coating properties included 30µm 

pore diameters, 90% porosity, and 50µm wall thickness.  Cytotoxicity, degradation, and sensor 

response time studies were performed to ensure the porous coatings were non-toxic and 

negligibly retarded glucose diffusion prior to in vivo testing.   Histology was used to evaluate 

angiogenesis and collagen deposition adjacent to porous coated and bare (i.e. smooth, uncoated) 

non-functional sensor strips after three weeks in the rat dorsal subcutis.   Functional Medtronic 

glucose sensors, with and without porous coatings, were percutaneously implanted in the rat 

dorum to assess if the angiogenic inducing properties observed around the non-functional porous 

coated sensor strips translated into stable, non-attenuated sensor signals over two and three 

weeks.  MiniLinkTM transmitters were attached to the rats, permitting continuous glucose 
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monitoring. Vessel counts and collagen deposition adjacent to sensors were determined from 

histological analysis.  A one-sided dorsal window model was developed to further evaluate the 

interplay between vascularization and sensor performance  Sensors were inserted beneath the 

windows, allowing visualization of microvascular changes adjacent to sensor surfaces, with 

simultaneous evaluation of how vascular changes impacted interstitial glucose monitoring.   

 

Porous coating did have angiogenic-inducing effects on the surrounding tissue.  When fully 

implanted in the rat dorsum, sensor strips with porous coatings induced three-fold more vessels 

within 100µm2 of the sensor strip surface after three weeks and two-fold more cumulative vessel 

lengths within 1mm2 after two weeks, compared to bare surfaces.  In contrast, when percutaneously 

implanted in the rat dorsum, porous coated and bare sensors were equally highly vascularized, with 

two-fold more vessels than fully implanted bare sensors.  

 

Despite increased angiogenesis adjacent to percutaneous sensors, sensor signal attenuation 

occurred over 14 days, suggesting that angiogenesis plays a secondary role in maintaining 

sensor function. Percutaneously implanted porous coated sensors had greater reductions in 

baseline current (20 to 50+%) over two weeks than bare sensors (10 to 30%).   Mechanical 

stresses imposed by percutaneous tethering may override the beneficial effects of porous 

coatings.     Furthermore, integration of the porous coating with the surrounding tissue may have 

increased tissue tearing at the porous coating-tissue, increasing inflammation and collagen 

deposition resulting in greater signal attenuation compared with bare sensors.     Future 

investigations of the role mechanical irritation has on wound healing around percutaneous 

glucose sensors are warranted. 
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Part I.  BACKGROUND 

 

Chapter 1: Hypothesis and Specific Aims 

1.1 Hypothesis 

 
Polymeric coatings designed with open-architecture pores of cellular dimensions can sufficiently 

increase angiogenesis adjacent to indwelling glucose sensors to produce maintainable, stable 

sensor signals for several weeks in vivo.   

 

1.2 Specific Aims 

1.2.1 Fabrication and characterization of biocompatible, porous coatings for implantable 
glucose sensors 
 

Porous poly-L-lactic acid coatings were constructed on polyurethane-coated wire mandrels and 

porated using ammonium bicarbonate as the salt leaching/gas foaming agent. The porous 

coatings were glued over the sensing tips of Medtronic MiniMed SOF-SENSORTM glucose 

sensors.     Physical characteristics (pore size diameter, percent porosity, cytotoxicity) and sensor 

response to glucose challenges with porous coatings were investigated.  

 

1.2.2 In vivo investigation of porous coatings to modify tissue response in 
subcutaneous tissue 
 

 
Porous coatings were affixed to non-functional sensor strips and implanted into the subcutaneous 

tissue of the dorsum for three weeks.  Following explantation, sensor strips and surrounding 
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tissue were analyzed for total vessel count and collagen content within 100µm of the implant 

using differential histological staining (H&E, Masson’s trichrome).    

 
 

1.2.3 Continuous glucose monitoring of sensors with and without porous coatings  
 
 
Functional sensors, with and without porous coatings, were percutaneously implanted in rats for 

two to three weeks.  Interstitial glucose concentrations were continuously monitored in rats 

throughout the experiment, with glucose bolus challenges performed 24 hours post sensor 

implantation and before experiment termination.  Total vessel count and collagen content within 

100µm of the sensor surfaces were evaluated with histology.  

 
 
1.2.4 Development of a one-sided window chamber to characterize tissue response 

using intravital microscopy and laser Doppler flowmetry     
 

 
A one-side dorsal window was developed to allow repeatable, real-time monitoring of 

microvascularization changes at the tissue-sensor interface, through the use of non-invasive 

intravital imaging and laser Doppler flowmetry.  Tissue changes adjacent to the sensor surface 

were correlated to changes in sensor signal over two weeks, without requiring animal sacrifice 

until experiment termination.     Window optimization was performed using non-functional sensor 

strips fully implanted beneath the window.   Functional sensors percutaneously implanted 

beneath the windows increased the complexity of the model by combining microvessel 

visualization with sensor functionality testing through bi-weekly fluorescein-glucose bolus 

injections.   
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Chapter 2: Glucose detection methods for diabetes 
management  

Original article co-authored with WM Reichert. With kind permission from Elsevier: 
Biomaterials, In vitro, in vivo and post explantation testing of glucose-detecting biosensors: 
Current methods and recommendations, 28, 2007 Sep, 3687-3703, Koschwanez HE and 
Reichert, WM, text excerpts and figures, and any original copyright notice displayed with material.  
Diabetes statistics and sensor technology has been updated since original publication.  

 

Within the United States, 23.6 million people (7.8% of population) have diabetes 3. Approximately 

$174 billion is spent annual on direct and indirect costs relating to diabetes 3.  Over 200 000 

Americans die each year from complications related to this chronic disease, making diabetes the 

seventh leading cause of death in the United States 3.   Diabetic individuals are at a greater risk 

heart disease, stroke, high blood pressure, blindness, kidney failure, neurological disorders and 

other health related complications without diligent monitoring blood glucose concentrations3, 4.  

Through patient education, regular examinations and tighter blood glucose monitoring, many of 

these complications can be reduced significantly 3, 5.  

 

The American Diabetes Association recommends that insulin-dependent type 1 diabetics self-

monitor blood glucose 3-4 times daily, while insulin-dependent type 2 diabetics monitor once-

daily6.  Yet, intensive control through frequent self-monitoring of glucose concentrations is 

difficult, given the time, the inconvenience, and the discomfort involved with the traditional “finger 

prick” technique 7.  It is estimated that only 30% of type 1 diabetics and 20% of type 2 diabetics 

who take insulin monitor their blood glucose levels more than once daily 8.  

 

The danger of rapid hypoglycaemic episodes, the long term health ramifications caused by 

inadequate glycaemic control, and the reality of insufficient patient compliance to frequent blood 

testing, argues strongly for continuous glucose monitoring systems.  Technologies for glucose 
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monitoring can be categorized into invasive and non-invasive approaches. Figure 1 outlines 

several invasive and non-invasive methods available or being developed for diabetes 

management.  

 

Non-invasive approaches have generated considerable excitement. Fischer 9 and Wilkins et al 10 

provide excellent reviews of the main non-invasive approaches being pursued for glucose sensor 

development: infrared spectroscopy, excreted physiological fluid (tears, sweat, urine, saliva) 

analysis, microcalorimetry, enzyme electrodes and optical sensors. A more recent review by 

Gabbay 11 outlines several additional non-invasive methods for monitoring blood glucose levels, 

including sonophoresis and iontophoresis, both of which extract glucose from the skin.    

 

The GlucoWatchTM (Cygnus, Redwood City, CA) utilized iontophoresis technology to measure the 

glucose concentrations of diabetic individuals. Ions present in the skin were drawn to the cathode 

and anode contained in the GlucoWatchTM as a low-level electric current passed through the skin. 

Interstitial glucose was transported along with the ions to the surface of the skin, where the 

glucose was detected by an amperometric biosensor and the measured glucose concentration 

was displayed by the watch 12.  In 2004,  20 000 GlucoWatchTM devices were in use within the 

United States and abroad 13.  However, in 2007, the glucose watch was discontinued due to skin 

irritation in 50% of patients using the device 14.  

 

Non-invasive technologies still under development include glucose-monitoring tattoos, in which 

nanometer beads containing dyes are injected beneath the skin surface and fluoresce in the 

presence of elevated glucose 15, as well as an electromagnetic-based device that correlates 

changes in electrical energy passing through an individual’s thumb with variations in glucose 

levels 14 Another unique non-invasive biosensor is the canine.  Dogs are currently trained to 
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identify the onset of hypoglycaemia in insulin-dependent diabetics and alert their owners.   The 

mechanism(s) in which dogs, and other pets (cats, rabbits, birds) are able to detect dangerously 

low blood glucose in humans remains unknown 16. 

 

Continuous and invasive approaches undergoing development include microdialysis systems 10, 

17, 18, micropore systems 19, and implantable biosensors 10, 20, such as the  MiniMed Paradigm® 

REAL-Time, the FreeStyle NavigatorTM, and the SEVEN® system.  

 

Recently, Medtronic (Minneapolis, MN) launched the new MiniMed Paradigm® REAL-Time 

insulin pump and continuous glucose monitoring system (CGMS® System GoldTM) that uses 

wireless technology to transmit calculated blood glucose concentrations from the light-weight 

transmitter attached to a subcutaneously implanted sensor to an external insulin pump. The 

Medtronic CGMS System Gold Continuous Glucose Monitoring System is FDA approved for 

three day use. The insulin pump Bolus WizardTM calculator automatically recommends an 

appropriate insulin dosage, based on the transmitted information, which simplifies the math 

associated with calculating proper insulin dosages 21, 22.  This system reduces the chance of 

inaccurate insulin dosages that arise from mental mathematical miscalculations, thereby 

preventing erroneous blood sugar control. As of 2006, over 350 000 individuals worldwide use 

Medtronic MiniMed pumps, and the consumer demand for the REAL-Time continuous glucose 

monitoring kits was enthusiastic 23.  
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Diabetes treatments available or being developed  
(not all technologies have been displayed) 

Invasive Non-invasive

Finger prick Microdialysis 
systems 

Insulin pumps Biosensors 

Short-term percutaneous 

Long-term 
implantable 

Abbott FreeStyle Navigator 
(5 days) 

Medtronic MiniMed CGMS 
(3 day) 

Artificial 
pancreas 

Implanted External 

MiniMed Paradigm® 
REAL Time system 

Sonophoresis Iontophoresis Infrared 
spectroscopy

GlucoWatchTM

 (discontinued in 2007) 

Dexcom SEVEN 
(7 day) 

Physiological fluid 
analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Outline of several diabetic treatments currently available or being developed.   Adapted with kind permission from Elsevier: 
Biomaterials, In vitro, in vivo and post explantation testing of glucose-detecting biosensors: Current methods and recommendations, 28, 2007 Sep, 
3687-3703, Koschwanez HE and Reichert, WM, Figure 1, and any original copyright notice displayed with material. 
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The FreeStyle NavigatorTM Continuous Glucose Sensor (Abbott Laboratories, Alameda, CA) is an 

electrochemical sensor, designed for subcutaneous use. A wireless system has been developed 

that includes hypo- and hyperglycaemic alarms, trend analysis and real-time glucose data 24.  The 

FDA approved the Navigator  in March 2008 for five day use25.   

 

The SEVEN ® System (Dexcom, Inc, San Diego, CA) is the only FDA approved continuous 

glucose monitoring system for seven day use.  The Dexcom SEVEN System totes fewer 

calibrations, lighter transmitter weight, smaller introducer need size (diameter), and less average 

lag time than the Freestyle Navigator® and Guardian® RT 26.  However, this system does not 

interface with an insulin pump system such as the MiniMed Paradigm® REAL-Time system. 

 

Given the evolution of promising non-invasive alternatives to implantable sensors, why are 

amperometric glucose sensing methods still being researched?  Despite the relative ease of use, 

speed and minimal risk of infection involved with infrared spectroscopy, this technique is hindered 

by the low sensitivity, poor selectivity, frequently required calibrations, and difficulties with 

miniaturization 9-11.  Problems surrounding direct glucose analysis through excreted physiological 

fluids include a weak correlation between excreted fluids and blood glucose concentrations. 

Exercise and diet that alter glucose concentrations in the fluids also produce inaccurate results 27.    

 

Continuous glucose monitoring systems neither eliminates nor minimizes the number of blood 

samples that must be collected using the finger-prick technique.  Additionally, the cost of 

continuous glucose monitoring systems (transmitters, receivers, consumable sensors) are not 

reimbursed by insurance, making advances in glucose monitoring out of economical reach for 

many individuals.      

 

The desire to create an artificial pancreas is the Holy Grail for continued research efforts in the 

area of these biosensors 10.  The hope that a marketable artificial pancreas is on the horizon has 
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been lingering for decades; however, progress is being made to this end 20.  Nevertheless, before 

such an insulin modulating system can be realized, issues surrounding in vivo biosensor reliability 

of the implanted sensor must be resolved 28, 29.  
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Chapter 3: Methods to evaluate wound healing 
around implanted sensors 

Original article co-authored with WM Reichert. With kind permission from Elsevier: 
Biomaterials, In vitro, in vivo and post explantation testing of glucose-detecting biosensors: 
Current methods and recommendations, 28, 2007 Sep, 3687-3703, Koschwanez HE and 
Reichert, WM, text excerpts, and any original copyright notice displayed with material 
 
 
3.1.  Tissue response to implanted devices 

The implantation of any medical device in the subcutaneous tissue inevitably becomes 

encapsulated to some degree, as part of the host inflammatory and wound healing responses 30.  

Immediately following implantation, a provisional matrix, consisting of proteins and cells, forms at 

the implant site.  Components within or released from the provisional matrix (i.e. enzymes, growth 

factors, cytokines) initiate the repair process and recruit additional cells.  Acute inflammation, 

characterized by high concentrations of neutrophils gives rise to chronic inflammation as initial 

phagocytosis and proteolytic attacks fail to destroy the device.  Proliferation of blood vessels 

occurs to facilitate the transport of inflammatory cells (i.e. macrophage, monocytes, lymphocytes) 

to the area.  As healing progresses, granulation tissue forms as fibroblasts synthesize collagen to 

“wall off” the device from the surrounding host environment.   Granulation tissue and foreign body 

giant cells (fused monocytes/macrophages) compose the foreign body reaction (FBR). FBR 

composition is dependent on the topography and shape of the implanted device, and may persist 

at the implant-tissue surface indefinitely 30.    

 

3.2. Consequences of wound healing on sensor performance 
 
Sensor encapsulation is detrimental to long-term artificial pancreas reliability as the inflammatory 

and subsequent foreign body reactions reduce glucose and oxygen availability to the sensor 

surface (i.e. inadequate perfusion of analytes through fibrous tissue or undeveloped 

microvascular networks, local consumption of analytes by inflammatory cells).  Additional factors 

hindering long-term sensor reliability include component failure (i.e. membrane delamination, 
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glucose oxidase degradation, electrical/mechanical damage and failure) and physiological 

stresses (i.e. membrane degradation and electrode corrosion) 31, 32.  

 

3.3. The “break-in” period 

Decades of research have been spent inventing coatings to improve long-term sensor function, 

while little time has been dedicated to investigating the local physiological phenomena that leads 

to sensor failure.   Why sensor performance deteriorates over the course of days to weeks in vivo 

still remains unclear.   

 

Experiments that last only a few hours or days do not provide the body sufficient time to respond 

to the implanted sensor.   The first few days up to two weeks after implantation are the least 

favourable time to monitor glucose sensor performance, as fibrous encapsulation of the sensor 

has not established sufficiently 33, producing sensor signals similar to in vitro signals at 0 mg/dL 

glucose 34. Not surprisingly, many in vivo experiments are terminated shortly after commencing 

the study, since the sensors appear to be malfunctioning.   

 

Sensors may require several weeks of implantation before reliable glucose tracking occurs 35.     

Experiments conducted for weeks and months demonstrate that as the days progress, the sensor 

signals increase and eventually stabilize 33, 34.  After approximately 10 days following 

implantation, improvements in sensor response have been reported 36, as resorption of blood 

clots and tissue repair surrounding the sensor allow for better glucose transport to the sensor. 

Updike et al 33 coined the “break-in” period as the time during which the fibrous encapsulation 

becomes vascularized, as the capillary networks surrounding the implant grow towards the 

capsule as well as form around the tip of the sensor.  The break-in period begins at the time of 

implantation and lasts for approximately 4 to 18 days.  Once the foreign body capsule has been 

established, it is possible to monitor glucose from within the capsule over the course of months 33.  
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However, the majority of sensors do not survive through this break-in period.  Those sensors that 

do survive often fail within the following days and weeks.  What is occurring in the milieu 

surrounding these sensors that is so detrimental to the performance of these devices?   Within 

the biosensor community, no consensus has been reached on what factor(s) contribute the most 

to sensor failure:   Gerritsen et al. attributes cellular problems 37; Moussy  et al.  believes collagen 

is the culprit 38;   Ward et al. concludes fluctuations in sensor output is due to spontaneous 

changes in local glucose and oxygen concentrations or vascular delivery of these analytes 39.  

Without understanding the biological contributors of sensor failure, how can adequate strategies 

be developed to withstand or mitigate this break-in period?  

 

Several systems have been developed to assist in evaluating sensor biocompatibility and foreign 

body response in vivo, including the cage implant system, avian chorioallantoic membrane, 

window chambers, and laser Doppler flowmetry.  

  

3.4. Cage implant system 

The in vivo stainless steel cage implant system provides an excellent way to assess the 

inflammatory response to a biomaterial 40-45 or sensor 28, 46.  The cage implant method allows for 

serial examination of the fluid surrounding the biomaterial or sensor, without needing to sacrifice 

the animal until of end of the experiment 41. Briefly, the specimen of interest, either biomaterial or 

sensor, is inserted into a stainless steel mesh cage [Figure 2A], which is then implanted into a 

test subject [Figure 2B]. Using a syringe, exudate from within the cage can be collected over the 

course of the experiment to examine for inflammatory cells, cytokines, growth factors, enzyme 

secretions, cell-material interactions including fibrous encapsulation and the presence of 

infection42, 45, 46. The effectiveness of glucose diffusion to the sensor can also be gleaned 32. 

Examining the exudate for antibodies against biosensor material components is recommended as 

the immune response against the sensor may contribute to loss in sensor sensitivity 47.  Detection 
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of antibodies specific for the biomaterials used in the biosensor construct could indicate the 

development of latent complications or bioincompatibility in the host, which may result in eventual 

sensor failure 48. Additionally, the biocompatibility of the specimen can be directly related to the 

leukocyte concentration of the exudate.  Leukocyte concentrations greater than those found in the 

control cage exudate indicate an inflammatory response and suggest specimen 

bioincompatibility46.    One potential problem with this method is that the host response to the 

cage may dwarf the body’s response to the biomaterial or sensor. 

 

           

Figure 2:  (A) Example of an implantable stainless steel cage.  With kind permission from 
Taylor & Francis Group LLC:  of Biomaterials Evaluation: Scientific, Technical, and Clinical 
Testing of Implant Materials, ed. AF von Recum, “Chapter 42: The Cage Implant Testing 
System”, 1998, , 659-669,  Kao WJ and JM Anderson, figure 42-2, and any original copyright 
notice displayed with material. (B) a 1cm diameter by 4cm long stainless steel mesh cage 
implanted in the subcutaneous tissue of a Sprague-Dawley rat (image courtesy of Dr Robert 
Schutte, Duke University, 2009). 

 

3.5. Avian chorioallantoic membranes 

Recently, Valdes et al. 49, 50 proposed an alternative to tissue viewing chambers, as well as an 

innovative alternative to mammalian models for testing biomaterials and biosensors. Using the 

avian chorioallantoic membrane (CAM) of a developing chicken embryo provides an economical 

and simple model in which tissue response can be observed undisruptive through this extra-

embryonic membrane. Testing of CAM confirmed that acute and chronic inflammatory responses 

A B 

implanted cage 
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elicited with CAM model were similar to those produced in mammalian models. Sensors were 

coated with either ovalbumin or egg white and then placed on top of the CAM.  After 

approximately one week, the CAM fully incorporated the sensors into its tissue [Figure 3]. Test 

solutions were injected into the CAM through a vein, after which the response of the sensors to 

the test solution was monitored. Due to the translucent nature of the tissue, continuous 

visualization of the sensor was possible through the membrane, without disturbing the model or 

sensor. How accurately the data generated from this model can predict sensor biocompatibility in 

humans remains uncertain.  

 

 

 

 

 

Figure 3:  Avian chorioallantoic membranes (1A) Acetaminophen sensor not coated with 
protein.  Without a protein coatin, the sensor fails to become incoporated into the ex ova 
CAM tissue after 1 week,  (1B)  After sensor is coated withprotein (ovalbumin or egg 
white), sensor is fully incorporate into the CAM tissue after 1 week, (1C)  Imaged of sensor 
after being explanted from CAM after 1 week.  Size bare = 250um.    Reprinted with 
permission of John Wiley & Sons, Inc.: Journal of Biomedical Materials Research, 67 A(1), 
Valdes TI, Klueh U, Kreutzer D, Moussy F, Ex ova chick choriollantoic membrane as a novel in 
vivo model for testing biosensors, 215-23, 2003. 

 

3.6. Window chamber system 

For decades, window chamber models have been used to non-destructively visualize cellular 

phenomena in living tissue.  With the advancement of optical imaging techniques, the popularity 

of this model has grown in recent years 51. Window chambers can be used for days to months in 

an animal 52, permitting long-term, serial investigations of microcirculation, wound healing and 

cellular interactions.    Window chambers have been employed in a number of species, including 
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hamsters, mice, rats and rabbits 53-57 and have been used to monitor tumour growth 54, 55, 

biomaterial interactions 56, 58, 59 and tissue remodelling around implantable sensors 52, 53, 60.    

Numerous reviews addressing the use of window chambers for tumour angiogenesis, and 

microcirculation have been published 51, 61, 62. 

 

3.6.1. Technology 

The most widely used model is the rodent dorsal skin fold window chamber.  The model involves 

fastening a light weight aluminium or titanium frame chronically to the dorsum of the test animal 

[Figure 4] 60, 63, 64. A skin fold is secured between the two plates with bolts.  Variations of the 

traditional window configuration have allowed window placement in rabbit ears 65, cranium 66, 

hamster cheek pouch 67, and recently over the mammary glands of mice and rats 55. 

 

3.6.2. Applications 

Cancer research 

The model affords ease of imaging the tissue and embedded microvascular network beneath the 

window chamber. For cancer research, tumours are often grown beneath the window. Injection of 

fluorescent markers into the animal is commonly applied for brightfield and scanning confocal 

imaging of tumours.  Tumour cell lines may also be transfected with fluorescent labels for better 

visualization 51.   To assess nutritive tissue perfusion, haemodynamics of the vasculature, such as 

red blood cell velocity and blood flow rate, can be evaluated with this model, in addition to 

morphological parameters, such as vessel density, diameter and microvascular architecture 61. 

Oxygen tension in tumours has also been measured using various microelectrode 

configurations68, 69.   Careful removal of the glass window permits access to tumour regions, such 

as the perivascular and stromal areas that would be otherwise difficult to measure.  
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Glucose sensor research  

Motivated by the poorly understood physiological factors affecting poor glucose response in vivo, 

Gough and co-workers have extensively evaluated the tissue remodelling around sensors by 

incorporating sensor arrays into the rat and hamster dorsal skin fold models 52, 53, 60.  An array of 

sensors (temperature, oxygen and glucose) was implanted to evaluate the perfusion of 

microvasculature, wound repair, temperature variations and tissue movement on glucose sensor 

performance 60. Heating of the tissue has a marked impact on sensor function, due to local 

hyperemia. Authors reported well vascularized tissue around the chronically implanted sensors, 

and attributed sensor fluctuations to adjustments and local differences in microvessel perfusion.  

Capillary length per volume tissue was determined by stereological analysis of histological 

stained tissue.  Intravital microscopy was not reported in this study, but later studies did 

incorporate video capture of vasculature in the vicinity of the working oxygen sensor electrode 

while the animal was not anesthetised.  Catheterization of the animal allows blood sampling and 

infusion of dyes, solutions and pharmacological agents.  Vessel perfusion was assessed using 

intravenously injected fluorescent dye.  Subsequent research by this group also included several 

variations of the tissue-sensor array window chamber to provide access to different tissue layers, 

such as the muscle, fascia or dermis 52, 53.    

 

Biomaterial assessment 

Neovascularization around surgical meshes and e-PTFE implants used for cardiovascular/soft 

tissue patches have been investigated using the hamster dorsal skin fold chamber.   Using 

intravital fluorescence microscopy, neovascularization and microvascular functionality were 

evaluated with intravenous injection of fluorescent dyes (FITC-Dextran, Rhodamine) and imaged 

through the window chamber 56 58.  Similarly, host angiogenic and inflammatory responses after 

implantation of PLGA and hydrogel scaffolds was evaluated using a murine dorsal skin fold 

chamber combined with intravital fluorescence microscopy 70.   
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3.6.3. Limitations 

Limitations of the window chamber model include unnatural perfusion, tissue growth and wound 

healing over time 52.  Most models are performed on rodents, therefore, amount of blood 

sampling performed is constrained 52.  Also, implant motion beyond the window field of view 

occurs, requiring efforts to stabilize the implant directly beneath the window. The inflammatory 

and wound healing responses observed beneath the window chamber are a combination of host 

responses to the window material and the sensor. Sham window chambers are needed to 

examine tissue respond to the window without the presence of the implant.   

 

Traditional window chamber models 54, 64 are designed to sandwich the implant between a 

window and thin piece of tissue, in which host response to the window material could overwhelm 

the response to the sensor. By percutaneously implanting the window, the implant is exposed to a 

larger subcutaneous area, allowing more realistic implant-tissue interaction and possibly 

lessening the contribution of the window material on overall tissue response.  

 

Figure 4:  The tissue chamber system with removable window on a female rat.  With kind 
permission from Elsevier: Microvascular Research, Transparent Access Chamber from the Rat 
Dorsal Skin Fold, 18, 1979, 311-318, Papenfuss HD, Gross JF, Intaglietta M, Tresse FA, Figure 
2, and any original copyright notice displayed with material. 
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 3.7. Laser Doppler Flowmetry 

Laser Doppler Flowmetry (LDF) permits microvascular blood flow monitoring non-invasively and 

continuously 71.   This method has been applied extensively in a variety of fields to a variety of 

organs, including the skin, brain, kidney, liver and intestines 72.   

 

 

Figure 5:  Schematic of laser Doppler flowmetry 71.  With kind permission from Springer 
Science+Business Media: Intensive Care Medicine, Noninvasive monitoring of peripheral 
perfusion, 31, 2005, 1316-1326, Lima A and Bakker, Figure 5, and any original copyright notices 
displayed with material. 

 

3.7.1. Technology 

LDF is based on the principle that light interacting with stationary structures will remain 

unchanged in wavelength, while light that scattered from a moving red blood cell will change in 

wavelength, proportional to the speed and densities of the moving cells 73.  Typically, 3-7% of 

light is reflected by moving red blood cells, while the remaining light (93-97%) is absorbed or 

scattered in the tissue 71.  This reflected, wavelength shifted light, is collected and converted into 

a signal proportional to blood perfusion [Figure 5].  LDF is reported to have a linear relationship 
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with cutaneous blood flow 74. Light penetration into tissue is approximately 1-1.5mm75 depending 

on wavelength used, equipment used and tissue type.  Near infrared wavelengths are used since 

longer wavelengths have a deeper penetration depth 73.  

 

3.7.2. Measurement 

Estimated perfusion is the product of the mean concentration of red blood cells moving in a 

sample tissue volume and the mean velocity of the cells 72.  Some LDF devices display red blood 

cell flow (ml/min/100g tissue) and red blood cell velocity (mm/sec), while other LDF devices 

(different based on manufacturer) provide arbitrary, unit-less values, often coined Blood Perfusion 

Units (BPU) 76.   

 

3.7.3. Applications 

LDF has been considered as an alternative technique to assess burn depth, with histological 

examination of the wound being the gold standard 74.  Other applications include early detection 

of skin microvascular impairments in vascular diseases 77, assessment of septic patients, and 

evaluating the effects of topical drugs on skin microcirculation 71. 

 

LDF has been combined with intravital microscopy, using various window chamber models 78-80.  

For instance, local blood flow in tumours implanted beneath glass cranial windows in rats was 

assessed using LDF, concluding lower blood flow in tumours than normal parenchyma 80.   Tissue 

perfusion in skeletal muscle using cryotherapy was assessed with laser Doppler flowmetry and 

visualizing leukocyte/endothelial interactions over 96 hours 78.  Comparisons of tissue perfusion 

monitored using intravital microscopy and laser Doppler flowmetry techniques using a hamster 

dorsal skin fold model has also been performed, concluding that laser Doppler could not the 

detect capillary perfusion heterogeneity shown by intravital microscopy 79. 
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3.7.4. Limitations 

LDF has several limitations. Low spatial resolution is reported 61. LDF provides no indication of 

flow direction 72.  Flow rates less than 1mm/s can not be resolved.  This technique does not 

provide information about distinct vascular development 61. Heterogeneity of blood flow is not 

taken into account 79; red blood cell velocities of individual microvessels are averaged across all 

vessels in sample area 71.  Moreover, LFD typically samples volumes approximately 1mm3  72, 

which may not adequately represent the heterogeneity of the tissue without extensive sampling. 

 

3.8 Rats vs. Humans 

The rat is a common animal used for in vivo studies, primarily due to ease of handling, 

availability, and cost.  However, numerous anatomical and physiological differences between rats 

and humans exist.   The most obvious differences between rats and humans are rats have thin, 

mobile skin covered with fur.  In contrast, humans have thick skin, consisting of several layers of 

living cells, with hair 81.   Less obvious is that rat subcutaneous tissue is primarily collagen 

dispersed with small cells and contains approximately 30% interstitial space82.  Rats also have a 

superficial layer of striated muscle in the fascia, the panniculus carnosus, which allows the 

movement of the skin independent of the deeper muscles83, 84.  This muscle layer is needed for 

wound contraction, the primary mode of healing of partial thickness wounds83.     

 

Human subcutaneous tissue is primarily composed of large adipose cells, with approximately 

10% interstitial space and fewer vessels than found in rat subcutaneous tissue82.   Partial-

thickness wounds heal primarily with reepithelialization83.  Humans do not have a panniculus 

carnosus83, thus skin movement is a result of deep muscle movement.   

 

Lack of the panniculus carnosus may limit the extent of motion a percutaneous device would 

experience when implanted in the human subcutaneous tissue compared to a rat model.   

Glucose diffusion in the rat subcutis may be easier than in the human subcutis due to increased 
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interstitial space, smaller cells and greater vessel density82.  Significant differences in metabolite 

concentrations (glucose, lactate, pyruvate) have also been observed between rats and humans82.  

Given these known differences, and differences yet to be uncovered, caution is necessary when 

extrapolating results obtained from rats to humans, such as glucose sensor performance and 

mechanical irritation.   

 

Alternatives to using the rat subcutis to represent the human subcutis include the rat epididymal 

fat pad and the pig subcutis.   Significant differences in wound healing (e.g. neovascularization, 

fibrotic encapsulation) have been reported between rat subcutaneous tissue and fat pads, 

concluding that the fat pads provide a more relevant model for the fatty human subcutis85.  Pigs 

are commonly used as a model for human wound healing due to lack of a panniculus carnosus, 

reepithelialization of wounds, similar epidermis to dermis ratio, and similar size, orientation and 

distribution of dermal blood vessels83.  However, cost and difficulty handling limit the utility of pig 

models compared to rodent models. 
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Chapter 4: Use of textured surfaces in medical                 
devices 

 

Original article co-authored with FY Yap, B Klitzman and WM Reichert.  Text excerpts and 
Table 1 reprinted with permission of John Wiley & Sons, Inc.: Journal of Biomedical Materials 
Research, 87 A, Koschwanez HE, Yap FY, Klizman B, Reichert WM, In vitro and in vivo 
characterization of porous poly-L-lactic acid coatings for subcutaneously implanted glucose 
sensors, 792-803, 2008.  
 
 
4.1. Overview 

One of the original forms of “tissue engineering” is the use of porous and textured implants to 

stimulate tissue ingrowth, disrupt fibrosis and promote angiogenesis. Device function and 

placement in the body dictates what material would be most suitable for a particular application.  

Numerous materials (metals, ceramics, natural and synthetic polymers) can be textured or 

rendered porous using a wide variety of techniques [Table 1and Table 2].  

 

The extent to which a textured or porous material can influence the host tissue response is 

related to pore size and porosity.  While no one pore size fits all applications, the majority of 

porous materials employed possess an open-architecture with interconnecting pores that are 

sufficiently large to support cell and tissue infiltration but small enough to disrupt fibrous tissue 

deposition 86.  Textured implants with open-architecture pore structures also appear to form 

thinner foreign body capsules 1, 35, 87, 88.  When fully implanted, porous surfaces promote tissue 

ingrowth that minimizes interfacial cell necrosis from mechanical shear forces, that in turn results 

in less inflammation and reduced capsule thickness compared to smooth surfaces 89. 
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Table 1:  Common materials used in orthopaedic and dental applications for fabricating 
porous coatings or porus scaffolds.    

Material Common 
methods  to 
render porous 

Advantages Disadvantages 

Ceramics 90-92 • hydroxyapatite 
(HA)  

• natural coral 
• calcium 

phosphate based 
material 

• amorphous 
glasses  

• plasma-spray 
(coating) 

• sinter (scaffold) 

• Similar composition and 
structure to natural bone  

• Enhanced 
osseointegration using 
apatite-like materials  

• Biocompatible  
• Easy to render porous 
• Low corrosion 

• Coatings: Long-term 
stability (i.e. 
resportion, 
delamination)  

• Scaffolds: Brittle, 
slow degradation  

• Not amenable to 
machining 

• Difficult to control 
pore sizes of 
naturally occurring 
ceramics 

Metals 90-94 • titanium (Ti) and 
Ti alloys 

• Cobalt-chromium 
(Co-Cr) and Co-
Cr alloys 

• tantalum 
 

• plasma spray 
• sinter 
• grit-blast 
• wire mesh 
• combustion 

synthesis 
• vapour 

deposition 
 

• Bioinert 
• Excellent mechanical 

properties (i.e. less 
susceptible to fatigue 
than ceramics, polymers) 

• Corrosion related 
complications 

• Stress shielding 
complications from 
significantly higher 
Young’s modulus 
than bone 

Natural 
Polymers 91 

• collagen 
• hyaluronic acid 
• silk fibroin 
 

• Freeze-drying 
• Salt leaching 
• Gas foaming 
• Crosslinking 

• Biocompatible 
• Naturally biodegradable 
• Amicable for growth 

factor incorporation, 
supporting cells 

• Lack mechanical 
strength 

• Rapid degradation 
rates 

• Chemical 
modifications can 
reduce 
biocompatibility 

Synthetic 
Polymers91-93 

• Poly lacticide 
(PLA) 

• Poly glycolide  
(PGA) 

• Poly ethylene 
glycol (PEG) 

• Polyvinyl alcohol 
(PVA) 

• Polyethylene 
terephthalate 
(ePTFE) 

• Polyurethane 
(PU) 

• Salt leaching 
• Gas foaming 
• Electrospinning 
• Sintering 
 

• Scaffolds can easily be 
tailored to meet 
application 

• Amicable for growth 
factor incorporation, 
supporting cells 

• Lack mechanical 
strength 

 
Note: stainless steel is not commonly used in porous form since it is not as corrosive resistant as Ti, Co-Cr and their 
alloys 92 
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Table 2:  Summary of methods developed for fabricating porous three-dimensional 
biodegradable scaffolds for tissue engineering. 95-97 

Method Description Processing time Merits of method Challenges 

Gas foaming *  
98 

High pressure CO2 
gas dissolved in 
polymer to create 
pores 

~ 2 days • Tuneable porosity 
and pore structure; 

• No organic 
solvents 

• Closed pore 
architecture;  

• Non-porous surface 

Fibre bonding 
99 

Physical bonding 
non-woven 
polymer fibers to 
create 
interconnecting 
mesh 

~ 4 days • Interconnecting, 
open pore 
architecture; 

• Large surface 
area for cell 
attachment 

• Lack of mechanical 
strength;   

• Difficulty controlling 
porosity;  

• Amenable to only 
certain polymers 
and solvents 

Three-dimensional 
printing 
100 

Computer 
controlled solvent 
application to 
sequential layers 
of powdered 
polymer, creating 
a porous scaffold.   

  > 7 days • Open pore 
architecture;  

• Complex 3D 
scaffolds possible;  

• Incorporation of 
bioactive 
compounds 

• Lack of mechanical 
strength;  

• User and technique 
sensitive,  

• Instrument 
requirements  

Phase separation 
101, 102 

Sublimation of 
solvent in polymer 
to form 
macropores 

  >2 days • Open pore 
architecture;  

• Can incorporate 
bioactive 
molecules   

• Difficult to control 
scaffold morphology 

Emulsion freeze-
drying 103 

Polymer, solvent 
and water (all 
immiscible) 
homogenized, 
quenched in liquid 
N2, then freeze 
dried to form pores 

  >7 days • Open pore 
architecture;  

• Can incorporate 
bioactive 
molecules   

• Difficult to control 
scaffold 
morphology; 

• User and technique 
sensitive 

Porogen leaching 
‡ 
104  

Dissolution of salt 
in polymer to form 
pores.  

>7 days • Open pore 
architecture 

• Tuneable pore 
size and porosity 

• Lack of mechanical 
strength; 

• Possible solvent 
residue 

• Can not incorporate 
bioactive molecules 

• Visible surface skin 

 
        *    Gas foaming with CO2 has also been combined with salt leaching to create open pore architecture with a  
              processing time of approximately 4 days105. 

‡    Porogen leaching has also been combined with gas foaming using ammonium bicarbonate as salt    
      leaching/gas foaming agent, reducing processing time to 24 hours with no surface skin layer 106.  
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Tissue ingrowth strongly influences the long-term success of orthopaedic, dental, ocular, 

cardiovascular implants, and percutaneous devices, such as glucose sensors. In most instances, 

texturing is used to promote tissue ingrowth for improved tissue-implant stabilization.  Other 

important effects incited by implant texturing include disruption of fibrous encapsulation, improved 

tissue healing, and increased vascularization of the tissue surrounding the implant [Figure 6].   

 

                                                        

Figure 6:  Difference in cellular and tissue response around polyvinyl alcohol (PVA) 
implanted in rat subcutaneous tissue after 3 weeks (A) porous PVA (300µm pores) 
promoted fibrovascular ingrowth (arrows denote capillaries) and (B) smooth PVA develped 
a dense avascular capsule adjacent to the material surface. From HE Koschwanez, 
unpublished data (2004). 

      

4.2. Porous coatings to improve glucose and oxygen transport to implanted sensors 

Percutaneous glucose sensors must be removed after three to seven days to prevent host 

inflammation, wound healing, and subsequent foreign body encapsulation from jeopardizing 

sensor reliability.  The foreign body response ultimately causes impedance of glucose and 

oxygen transport to the sensor, resulting in sensor signal deterioration and frequently sensor 

failure.  Methods that improve analyte (glucose, oxygen) transport to indwelling sensors could 

A B
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allow sensors to reliably measure interstitial glucose concentrations for several weeks, as 

opposed to days. 

 

To a large extent, sensor failure can be linked to the events associated with healing of the tissue 

surrounding the implanted device, such as haemostasis, inflammation, repair and encapsulation.  

A number of materials-based approaches have been taken to either circumvent or control this 

wound healing process with the goal of improving in vivo sensor performance. As reviewed by 

Wisniewski et al. 107, these can be divided into several strategies.  From a materials processing 

perspective, most of these strategies fall under the rubric of chemically passive surface and/or 

thin film modifications; however, from a surface energy perspective, the applied films range from 

hydrophilic hydrogels, phospholipids-based polymers, proteins and sugars to hydrophobic Nafion, 

diamond-like carbon, and surfactants.   Coatings that release tissue response modifiers, such as 

nitric oxide to minimize bacterial adhesion and biofouling 108, 109,  anti-inflammatory drugs and/or 

angiogenic growth factors 110-112, and genes 113, not to mention an approach to attach stem cells 

to sensors 114 have gained attention as active surface modification strategies because of their 

ability to attenuate inflammation and/or stimulate angiogenesis.  

 

Another approach is using surface texturing to direct cell growth and thus influence the healing of 

the surrounding tissue, such as porosity-associated enhancement of angiogenesis 35, 86, 88, 115-117.   

The effect of surface texturing on the tissue that surrounds implanted biomaterials is well 

documented for devices such as total joint arthroplasty 93, 118 and percutaneous devices 119-121.    

 

Topographical approaches for improving long-term sensor performance were first proposed by 

Woodward 122 who suggested that the best coating for an implanted glucose sensor was a 

sponge that encourages tissue ingrowth and disrupts fibrosis [Figure 6].  Efforts to create tissue-

modifying textured coatings for implantable sensors are attractive because their impact is not 

dependent on a depletable drug reservoir, unlike drug eluting techniques.   
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A significant range of materials and pore sizes are capable of promoting angiogenesis and 

reducing capsule thickness 1.  Geometry, rather than chemical composition, of the material 

appears to determine biomaterial-microvasculature interactions 2, 116.  Geometric properties may 

influence protein absorption, with downstream effects on cellular-material interactions and 

subsequent cellular secretions that could signal angiogenesis 2.  A key characteristic of 

angiogenic inducing material is pores sufficiently large enough to allow host inflammatory cell 

infiltration 2.   Likewise, spatial constraints imposed by particular pore dimensions on infiltrating 

macrophages may lead to phenotypic changes that prompt angiogenic-mediating secretions 

and/or wound healing signals123.  

 

The seminal experimental work for sensors was performed by Brauker et al 2 who examined the 

vascularity of tissues that formed around implanted expanded PTFE membranes of various pore 

sizes on vascularization. Brauker and co-workers now employ a bilayer polymer membrane that 

consists of a porous outer layer to promote tissue ingrowth and to interfere with cell monolayer 

formation, and a cell impermeable inner layer, to prevent cell attachment and penetration into the 

underlying device 124. Materials employed by DexCom, Inc. (San Diego, CA) for membrane 

fabrication include polytetrafluoroethyelene copolymers, silicone, non woven polyester or 

polypropylene fibres, polyurethane and polyvinylpyrrolidone 124. 

 

Angiogenic membranes of expanded polytetrafluoroethylene has been added to glucose sensors 

to encourage vascular growth adjacent to the sensor 35.  Updike et al.  employed an angiogenic 

overlayer that is 10-100 μm thick with a pore size range of 5-10 μm 35, 125.  Successful glucose 

tracking as early as 1 day after implantation was observed with sensors covered with the 

angiogenic membrane layer, while sensors without the angiogenic membrane layer often took 10-

20 days before successful glucose tracking was achieved.   The angiogenic membrane also 

generated a thinner capsule and improved vascularity surrounding the sensor, allowing for 

improved oxygen perfusion to the sensor, a two-fold extension of sensor response linearity, and 
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an in vivo service time that in some cases exceeded 160 days.  DexCom, Inc. reports that 

vascularization is maximized with pores in the range of 25 μm to 500 μm with interpore distances 

between 10 μm and 400 μm 124. 

 

Moussy and coworkers employed a porous epoxy-enhanced polyurethane membranes to 

increase the lifetime of glucose sensors by imparting an enhanced durability 126.  In vitro, the 

sensor lifetime ranged from 4 to 8 months in glucose spiked bovine serum at room temperature.  

In rats, sensors remained functional for 10-56 days. Fibrous capsules, averaging 500μm thick, 

were present around all explanted sensors, regardless of implantation duration; however, sensors 

were not specifically designed to inhibit fibrosis or inflammation, or promote neovascularization 

around the device. 

 

HEMA hydrogels of precisely arrayed and interconnected pores have been developed by Ratner 

using packed PMMA microspheres that are removed in a “lost wax” casting process 117, 127. This 

hydrogel construct is intended to encourage capillary growth into the foreign body capsule (FBC) 

surrounding the sensor, to promote continuous glucose flow to the sensor for monitoring 128. In 

vivo studies have found that the optimal pore size to maximize the number of vessels inside this 

hydrogel construct is 35 μm 117.  

 

Table 3 summarizes leading research in the area of porosity and porous coatings for glucose 

sensors, including the pore size reported to yield the greatest vascularization and/or the least 

capsule formation around the implant.  Variations in pore size and pore structure in implanted 

biomaterials may, however, limit the conclusions that can be drawn about how pore size 

influences tissue response 117. 
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Table 3:  Summary of pore sizes that yielded optimal tissue response (promoted 
angioenesis and/or reduced capsule thickness) around biomaterials or glucose sensors.  

 

* maximum time sensor remained functional in vivo 
NOTE: ePTFE (expanded polytetrafluoroethylene), PVA (polyvinyl alcohol),  
             HEMA (hydroxyethyl methacrylate) 

 

 

While several research groups speculate on the benefits of using porous coatings to modify the 

wound healing response, the potential disadvantages of an additional layer glucose and oxygen 

must first diffuse through to reach the sensor are often overlooked.    If a degradable polymer is 

employed, dissolution of the porous coating may result in vessel regression and the 

transformation of vascular granulation tissue into a mature, dense, avascular capsule.   Thus, the 

porous coating simply delayed the inevitable foreign body response.  Will polymer degradation 

alter the tissue pH or damage the sensor components?   

 

Accumulation of glucose and oxygen exterior of the porous coating may occur if the coating 

retards analyte transport, resulting in a boundary layer 130.   Analyte concentration exterior of the 

porous coating will be higher than the interstitial fluid, and analyte concentration immediately 

Investigator Porous material Optimal pore 
size 

Application and test 
subject 

Duration of 
investigation 

Brauker et al 2 PTFE 5 µm Membrane implanted 
in rat subcutis  

3 weeks 

Sharkawy et al 86 PVA 60 µm Membrane implanted 
in rat subcutis 

12-16 weeks 

Ward et al 1 ePTFE and PVA ePTFE: 1 µm 
PVA: 60µm 

Membrane implanted 
in rat subcutis 

7 weeks 

Marshall et al 117 HEMA hydrogels 35 µm Hydrogel implanted 
in mouse subcutis 

4 weeks 

Updike et al 35 ePTFE 5-10 µm 125 Glucose sensor 
implanted in dog 
subcutis 

162 days* 
(best of  6 sensors) 

Yu et al 126 Epoxy-enhanced 
polyurethane 

Not specified Glucose sensor 
implanted in rat 
subcutis 

56 days*  
(best of 9 sensors) 

Gilligan 129 ePTFE Not specified Glucose sensor 
implanted in human 
subcutis 

185 days*  
 (best of 5 sensors) 
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adjacent to the sensor surface (lumen of porous coating) will be substantially lower, from analyte 

consumption by the sensor and the retardation of analyte diffusion through the coating.  

Inaccuracies between the interstitial glucose concentration and the glucose concentration 

reported by the sensor will occur, with potentially dangerous ramifications for the patient.   Bench-

top testing combined with mathematical modeling may provide insight into potential boundary 

layers and their effects on sensor performance, in order to calibrate sensors to take the boundary 

layer effect into account.   Mathematical modeling would also allow theoretical “tweaking” of the 

coating properties, to guide coating optimization through physical and/or chemical modifications 

(e.g. pore size, tortuosity, porosity, surface charge) to improve analyte transport through the 

coating to the sensor surface.  
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Chapter 5: Medtronic CGMS System GoldTM and 
Guardian® REAL Time Continuous  
Glucose Monitoring 

 
 

All sensor experiments performed for this doctoral research used Medtronic MiniMed SOF-

SENSOR TM glucose sensors.  Glucose oxidase, immobilized on the working electrode [Figure 8 

b], catalyzes the oxidation of interstitial glucose to gluconic acid and the formation of hydrogen 

peroxide [Equation 1 and Equation 2].  A voltage is applied to the working electrode to 

decompose hydrogen peroxide into electrons, oxygen and hydrogen.  The generated current 

travels to the imbedded circuit board located in the CGMS System Gold monitor [Figure 7A] or 

MiniLinkTM transmitter [Figure 8A] where it is correlated to the concentration of glucose in the 

interstitial fluid.   The reference electrode maintains a constant electrical potential between itself 

and the working electrode.  The counter electrode dissipates electrons back to the surrounding 

environment.  Medtronic glucose sensors are designed for three-day use in the human subcutis.   

 

Equation 1:    acidgluconicOH
oxidaseglucose

Oglucose 222 ++ ⎯⎯⎯⎯⎯⎯ →⎯  

 

Equation 2:                   222 O  2H  -2e 
voltage

OH +++⎯⎯⎯ →⎯  

 

For in vitro experiments, glucose sensors were connected to CGMS System Gold monitors 

[Figure 7A].    These monitors power the glucose sensor and store glucose data at 1 minute 

intervals.  Data is downloaded using the MiniMed Com-StationTM and associated software [Figure 

7B]. 
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Figure 7:  (A) glucose sensor and CGMS System Gold monitor (B) monitor in Com-Station 
cradle, ready for sensor data downloading. 

 

For in vivo experiments, the glucose sensors were connected to the MiniLinkTM.  The MiniLinkTM   

(~ 5grams, 3.5cm x 3cm x 1cm) powers the glucose sensor, collects and stores glucose data and 

transmits the data using radio frequency to a laptop computer [Figure 8C] (note: for commercial 

use, data is sent to an external, portable glucose monitor or insulin pump).  The MiniLinkTM 

processes continuous electrical signals received from the sensor as it reacts with the interstitial 

glucose. An average glucose signal is computed every 5 minutes that correlates with the real-

time interstitial glucose levels present in the local environment.   Medtronic MiniMed has supplied 

this research with R&D CGMS System Gold monitors, MiniLinkTM  REAL-Time transmitters and 

software, specifically formatted to store and transmitting electrical current values.  Conversion of 

electrical signals to glucose concentrations is not possible with the current configuration.  

However, the presented research investigates the relative change in sensor performance over 

time between bare and surface modified sensors. Monitoring electrical signals provides as much 

information on changes in sensor performance as monitoring glucose concentrations.  

 

Glucose 
sensor 

CGMS system gold TM

monitor 

A B

Com-Station 
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Figure 8:  (A) MiniLinkTM and glucose sensor component of the Medtronic Guardian ® 
REAL-Time Continuous Monitoring System (B) schematic of electrode position on glucose 
sensor (C) illustration of data transmission from MiniLinkTM to ComLinkTM  receiver (which 
is connected to a laptop computer not shown in figure) 

 

A B

MiniLinkTM 

Glucose sensor 

working 

counter 

reference 
RF transmission 
        of data 
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Part II:  POROUS COATING DEVELOPMENT AND  
CHARACTERIZATION 

 

Chapter 6: In vitro characterization of porous poly-L-
lactic acid coatings for subcutaneously 
implantable glucose sensors  

  

Original article co-authored with FY Yap, B Klitzman and WM Reichert.  Text excerpts, 
Figure 1,  and Tables 2 to 4 reprinted with permission of John Wiley & Sons, Inc.: Journal of 
Biomedical Materials Research, 87 A, Koschwanez HE, Yap FY, Klizman B, Reichert WM, In vitro 
and in vivo characterization of porous poly-L-lactic acid coatings for subcutaneously implanted 
glucose sensors, 792-803, 2008.  

 

6.1. Introduction 

The fabrication and in vitro characterization of porous poly-L-lactic acid (PLLA) coatings designed 

for promoting vascularity in tissue surrounding subcutaneously implanted glucose sensors is 

presented.  Highly porous coatings of PLLA were fabricated on polyurethane-coated wire 

mandrels and porated using the ammonium bicarbonate technique of Nam et al 106.  The porous 

coatings were slipped off the mandrel and the sensing tips of Medtronic MiniMed SOF-

SENSORTM needle-type glucose sensors were inserted in the coating lumens and secured with 

medical grade epoxy [Figure 9].  Coatings were examined for pore size diameter, percent porosity 

and cytotoxicity.  Soaking studies were used to assess polymer degradation and rates of 

hydration.  In vitro testing against glucose standards showed that the porous coatings minimally 

affected sensor accuracy and response rate.  
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Figure 9:  Medtronic MiniMed SOF-SENSORTM glucose sensor (a) bare (i.e. no coating or 
modifications to Medtronic sensor) (b) with a porous PLLA coating.  
 

 

6.2. Materials and method 

6.2.1. Materials 

Nominal weight average Mw 300 000 poly-L-lactic acid (PLLA) (Polysciences, Inc., Warrington, 

PA), dichloromethane, DL-lactic acid (Mallinckrodt Baker, Inc., Phillipsburg, NJ), ammonium 

bicarbonate (NH4HCO3) (EMD Chemicals, Inc., Gibbstown, NJ), methanolic HCl (3N), phosphate 

buffered saline (NaCl 0.138 M, KCl 0.0027M) packets and D-(+)-glucose powder (Sigma, St. 

Louis, MO) were used as received.  Phosphate buffered saline, pH 7.4 (PBS) and PBS-glucose 

solutions were prepared in distilled, deionized water. Medtronic MiniMed SOF-SENSOR TM 

glucose sensors, CGMS® system gold TM monitors, MiniMed Com-Station TM and MiniMed Com-

Station software package (Version 1.4B) were generously supplied gratis by Medtronic MiniMed 

(Northridge, CA). 

A B
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6.2.2. Porous coating preparation 

The following was adapted from Nam et al 106.  PLLA pellets (0.1 g) were dissolved in 2mL 

dichloromethane overnight.  Ammonium bicarbonate was manually stirred into the dissolved 

polymer solution until homogenously dispersed, forming a polymer slurry.  Ammonium 

bicarbonate was previously milled and sieved to particulate diameters ranging from 50 to 75μm 

(average size 68 ± 3 μm),   for the “small” pore coatings and from 250 to 425μm (average size 

373± 15 μm) for the “large” pore coatings.   For “small” pore coatings, a 1:15 weight ratio of PLLA 

to ammonium bicarbonate was added to the polymer solution, along with an additional   1 mL of 

dichloromethane to lower the viscosity of the solution for the dip coating process.  For “large” pore 

coatings, a 1:10 weight ratio of PLLA to ammonium bicarbonate was added to the polymer 

solution.   

 

Copper wire with a polyurethane/nylon jacket (AWG 22; maximum outer diameter 0.69mm) 

(Newark InOne, Independence, OH) was cut to 15cm lengths to serve as mandrels.   The 

mandrels were dipped once, to a depth of at least 2 cm into the ammonium bicarbonate-doped 

polymer slurry.  The dichloromethane was allowed to partially evaporate from the polymer coating 

before the mandrels were submerged into 85± 5 0C water for 5 minutes to initiate pore formation.  

The mandrels were then submerged into cold water for 20 minutes to quench the reaction, 

removed, air-dried for 2-4 hours and stored in a desiccator.  Figure 10 illustrates the porous PLLA 

coating fabrication process. 
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Figure 10:  Set-up for fabricating porous PLLA coatings: (A) porating slurry coated on 
copper wires in hot water (B) quenching poration reaction in ice water (C) air drying 
coatings on bench top (D) close-up of  copper wires with porous coating attached (E) 
desiccating coatings on copper wires.        

 

6.2.3. Sensor calibration 

Prior to attaching the porous coatings to the glucose sensors, bare sensors were dipped 

sequentially in 0mg/dL and 400mg/dL glucose in PBS (370C, unstirred) to calibrate the baseline 

sensor response.  Sensor current was recorded in real-time using CGMS® system gold TM 

monitors and displayed using GraphPad Prism software package (GraphPad Software, San 

Diego, CA).  Sensors were returned to 40C storage until use. 

 

 

A B

C D E 
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6.2.4. Deployment of polymer coatings 

The porous coatings were gently slid off mandrels and cut to 18-19 mm lengths.  Glucose 

sensors were removed from 40C storage and inserted into the lumen of the polymer coating that 

extended the entire length of the sensor shaft.  302-3M epoxy was allowed to cure for 2 hours 

until a highly viscous, i.e. “tacky”, consistency was achieved which prevented the epoxy from 

wicking up the polymer coating. Under a microscope, the partially cured epoxy was applied with a 

needle tip to the base of the sensor shaft, securing the coating to the sensor.  The “coated” 

sensors, i.e. sensors with porous PLLA coatings [Figure 9B], were then transferred to 40C storage 

once epoxy had fully cured after 24 hours at room temperature.   

 

6.2.5. Polymer hydration  

Coated sensors were connected to CGMS System Gold monitors, placed in non-stirred PBS at 

370C, and soaked for 1 hour in PBS before challenged with 400 mg/dL glucose in PBS.  

Immediately after immersion in 400mg/dL glucose solution, the sensor coatings were gently 

squeezed with forceps to dislodge any trapped air bubbles.   Sensors were challenged for 30 

minutes in 400 mg/dL, and then returned to PBS until the next glucose challenge.  Glucose 

challenges were performed after sensors were soaking in PBS for 1 hour, 3 hour, 6 hour, 12 hour 

and 24 hours.   Sensor current was recorded continuously in real-time by the CGMS System Gold 

monitors.  Sensor current was downloaded using the MiniMed Com-StationTM docking station and 

MiniMed Com-StationTM software, and then plotted using GraphPad Prism software. 

 

Coated sensors were soaked at 370C in unstirred PBS for 48 hours prior to being challenged with 

a range of glucose solutions every 45 minutes, commencing with 100 mg/dL, followed by 

200mg/dL, 400mg/dL, 0mg/dL and 100mg/dL.   Coatings were subsequently removed from 

sensors and the glucose challenge cycle was repeated on the bare sensors to determine sensor 

response without a coating.   All test solutions maintained at 37± 10C in unstirred conditions.   
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6.2.6.     Cytotoxicity 

Latex rubber tubing (VWR International, West Chester, PA) was cut into 10 mm by 3-4mm pieces 

for the positive control.  High-density polyethylene (HDPE) (The United States Pharmacopeial 

Convention, Inc. Rockville, MD) was cut into 10x10 mm squares.   Glass microscope slides were 

cleaned with acetone, 70% ethanol, rinsed with deionized water and left to air dry.    For the 

porous material specimens, PLLA solution containing 1:15 PLLA to ammonium bicarbonate (50-

75um diameter particulates) was cast onto the clean glass microscope slides to form a 14 mm 

diameter polymer disks.  After the majority of solvent evaporated from the polymer disk, a razor 

blade was used to gently lift the polymer disk from the glass substrate.  The gas forming process 

was performed as described above.    All test materials were then sterilized by ethylene oxide.   

 

Direct contact cytotoxicity testing was performed in accordance with the United States 

Pharmacopeia <87> Biological Reactivity Tests, In Vitro 131.  Frozen L929 mouse fibroblasts cells 

(ATCC, Manassas, VA) were thawed to 370C, inoculated into a T-75 flask containing 15 mL of  

Dulbecco’s Modified Eagle’s Medium (D-MEM) with L-glutamine and sodium pyruvate (Invitrogen 

Corporation, Carlsbad, CA ) containing 10% horse serum and incubated at 370C in 5% CO2.  

Media was changed every 2 to 3 days. Cells were passaged at least twice before cytotoxicity 

testing.  Cell morphology and growth was monitored with a phase contrast microscope. 

 

Two mL of L929 mouse fibroblasts cells, cell density of 5x104 cells/mL were seeded in sterile 6-

well cell culture plates (NUNC Inc., Roskilde, Denmark).  Cells were allowed to grow for at least 

24 hours or until an 80% subconfluent monolayer was achieved.  Prior to adding the test material, 

cells were observed for uniform, near confluent monolayers with healthy morphology. Cell culture 

media was exchanged for 0.8mL of fresh media per well prior to adding test specimens.  Sterile 

specimens were aseptically removed with forceps from sealed sterilization bags and gently 

placed in the center of each well.  Sterile polystyrene cloning cylinders (Bel-Art Products, Inc., 



 

39 

Pequannock, NJ) were placed on the test materials to prevent specimens from floating.   

Cytotoxicity testing was repeated twice, with 15 porous PLLA specimens total.   

 

Cytotoxicity was assessed using the United States Pharamcopia (USP) <87> Biological Reactivity 

Tests, In Vitro 131.  After 24 hours, media was aspirated off the cells and the test materials 

removed.  Cells were observed using a phase contrast microscope.  One to two graders 

assessed cell morphology, detachment and cell lysis for each material.  The grading was 

performed according to the following use of criteria: 0 = no reactivity (no detectable zone around 

or under specimen); 1 = slight reactivity (some malformed or degenerated cells under specimen); 

2 = mild reactivity (zone limited to area under specimen); 3 = moderate reactivity (zone extends 

0.5 to 1.0 cm beyond specimen); 4 = severe (zone extends greater than 1.0 cm beyond 

specimen) 131. The median score and interquartile range was determined for each material.  

Material with scores less than or equal to 2 were considered non-toxic.   

 

6.2.7.     Environmental scanning electron microscopy (ESEM) 

Environmental scanning electron microscopy (Philips XL30 ESEM TMP, FEI Company, Hillsboro, 

OR) was used to examine the surface morphological changes to pore size over time, as a 

measure of polymer degradation.   The porous coatings for both small and large pore sizes were 

imaged on Days 0, 7, 21 and 42.  For Days 7, 21and 42 the porous coatings were placed in 

unstirred PBS and incubated at 370C.  PBS solution was refreshed every 3 to 4 days.   

 

The luminal and exterior surfaces and cross section of the coatings were imaged. Three coatings 

were imaged at each time point, with three representative images taken per luminal and exterior 

surfaces, respectively, and two images taken per cross section.  
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6.2.8.     Particulate and pore size determination 

Particulates of ammonium bicarbonate for the 50-75μm size range and 250-425μm size range 

were imaged using ESEM.  Images of the particulates were opened in Adobe Photoshop 6.0.  

Based on the number of pixels per scale bar length, a grid was generated.  Using the grid, the 

length of the major axis of each particulate in the image was measured.   

 

Similarly,   ESEM images of the luminal and exterior porous coating surfaces and cross sectional 

images were opened in Adobe Photoshop 6.0.  The number of pixels per scale bar length was 

determined and used to generate a grid.  For the luminal and exterior surfaces, five 

representative images per luminal and exterior surfaces per time point were cropped and 

recombined to create a 1mm2 area for the “small” pore coating and a 4mm2 area for the “large” 

pore coating analysis.  For the cross sectional images, the thickness of the coatings were 

measured at the 4, 8 and 12 o’clock positions. Using the grid as a measurement tool, the length 

of the major axis of each pore per defined area and the thickness of the coatings were measured.   

 

6.2.9.     Polymer percent porosity and apparent density  

Polymer slurry solutions, doped with either 50-75μm or 250-425μm size ammonium bicarbonate 

particulates, were cast onto Teflon ™ sheets.  After the solvent had partially evaporated, the 

polymer sheets were removed from the Teflon ™ sheet with a razor blade, and then salt 

leached/gas foamed and dried as described above.       

 

Weight, thickness, length and width of the porous sheets were recorded.  Vacutainer®  (Becton 

Dickinson, Franklin Lakes, NJ) tubes were filled ¾ full with ethanol (200 proof) (AAPER Alcohol 

and Chemical Company, Shelbyville, KY) and weighed.  A porous sheet was then inserted into a 

pre-weighed ethanol-filled tube, entrapped air was removed under vacuum and the vial was 

reweighed.  The porous sheet was removed from the vial, and the vial was weighed for a third 



 

41 

time.    Porosity of the sheet [Equation 3] and apparent density (ρ P app) [Equation 4] were 

calculated using equations adapted from Ramay et al 132 and Zhang et al 133,  
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where WP is the weight of the dry, porous sheet,  W0 is the initial weight of the ethanol contained 

in the Vacutainer ®,  and W is the weight of the Vacutainer ® with the remaining ethanol after the 

porous sheet has been removed.  Densities of ethanol (ρEtOH) and PLLA (ρP) are 0.794 g/cm3 

(specific gravity is 0.794 at 160C) and 1.15 g/cm3, respectfully. 

 

6.2.10.     Polymer degradation  

PLLA small and large pore coatings were individually submerged in 1mL of sterile PBS and 

stored, unstirred, at 370C. Every two days for 42 days, the PBS soaking solution was collected 

and stored at -200C after the porous PLLA coatings were transferred to fresh PBS.      

 

PBS samples and standard (1µL of DL-lactic acid in 1mL PBS) were lyophilized for 72 hours.   

Methanolic HCl (3N) (200 µL) was added to the lyophilized samples to derivatize any lactic acid 

degradation products present in the PBS soaking solution.  After 1 hour incubation with 

methanolic HCl, the PBS samples were centrifuged for 3 minutes at 6400 rpm.  The supernatant 

was aspirated off and combined with 500uL of dichloromethane.   Samples were then analyzed 

using GC/MS.  Briefly, 2uL of each sample was injected into a Shimadzu GCMS-QP2010 
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(Shimadzu, Kyoto, Japan), equipped with a 5% phenol- 95% dimethyl polysiloxane cross-linked 

bonded phase, extra low bleed MS quality fused-silica capillary column  ( 30m x 0.25mm i.d., film 

thickness 0.25um; Restek, Inc., Bellefonte, PA).  The oven and injection temperatures were set at 

500C and 2200C, respectively.  Temperature was increase at a rate of 200C/minute and held at 

3000C for 2 minutes.  The ion source temperature was set at 2200C, with an interface 

temperature of 2500C.    The carrier gas was helium (ultrahigh purity), with a flow rate of 1mL/min.   

Masses were scanned from 50 to 350 Da in electron ionization mode, with a scan rate of 0.33 

seconds for 15 minutes.    Data analysis was performed using LabSolutions software Release 

2.21 (Shimadzu, Kyoto, Japan).   

 

6.3. Statistical analysis 

Particulate sizes, pore diameters, cross sectional thicknesses, and % porosity of luminal and 

exterior surfaces are presented as mean ± standard error.  Statistical significance was assessed 

by single-factor ANOVA with Tukey post-hoc tests for multiple comparisons.  To compare sensor 

sensitivity between bare, small pore coated, and large pore coated sensors, a two-factor ANOVA 

with a Bonferroni post-hoc test was used.  Since cytotoxicity grading is not normally distributed, a 

Kruskal-Wallis nonparametric test with Dunn’s post tests for multiple comparisons was performed 

to determine statistical significance.  The threshold for significance was p<0.05.  Statistical 

analyses were performed using the GraphPad Prism software package. 
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6.4. Results 

6.4.1. Physical characteristics 

Interconnecting, highly porous PLLA coatings were created using ammonium bicarbonate as the 

salt leaching/gas foaming agent [Figure 11].   Dimensions and physical characteristics of small 

and large pore coatings are outlined in Table 4.   Both small and large pore coatings were 

approximately 90% porous.  Pores were oblong-shaped: small pore dimensions were 36 ± 2µm 

major axis by 22 ± 1µm minor axis; large pore dimensions were 172 ± 13 µm major axis by 84 ± 

7µm minor axis.   Porous PLLA coating thicknesses were 46 ± 3 μm (n=12) for the small pore 

coatings and 573 ± 30 μm (n=12) for the large pore coatings.  No statistical difference (p>0.05) in 

coating thickness prior to and at the end of 42 days of soaking in unstirred 370C phosphate 

buffered saline was found.  Gas chromatography mass spectroscopy showed no traces of lactic 

acid in aliquots taken from PBS solutions used to soak small pore or large pore coatings for 0, 8 

or 42 days at 370C.  These results indicate that PLLA coatings had not released any monomer 

over 6 weeks.  

 

6.4.2. Cytotoxicity  

There was no significant difference between the negative control HDPE and porous PLLA disk 

(p>0.05).  Overall, fibroblasts were well-adhered to the tissue-culture plate, with well defined and 

spread bodies. Upon removing the test materials from the cells, the cells beneath the PLLA 

appeared as healthy as those beneath the HDPE.   Both had median scores of 1, corresponding 

to slight reactivity and therefore met the USP requirements of the test for being non-cytotoxic 131.    

In contrast, the positive control latex specimens received a median score of 4, resulting in a 

p<0.01 difference between latex and the other materials.    Severe reactivity to the latex material 

was evident by the reduced cell body size, the contracted, spherical-like cell morphology and 

detachment of many cells from the tissue culture well.   
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Figure 11:  ESEM of porous PLLA coatings (A) small pore exterior surface; (B) large pore 
exterior surface; (C) small pore interior (luminal) surface; (D) large pore interior (luminal) 
surface.  Images taken on Day 0 prior to PBS degradation studies. 

 

Table 4:  Physical characteristics of porous PLLA coatings (data presented as mean ± SE).  

 % Porosity Apparent Density Hydration 
Time 

Hydrated Pore Size Hydrated 
Coating 
Thickness 

Small pore 
coating 

91 ± 1% 0.11 ± 0.01 g/cm3 6 hours  36 ± 2 µm major axis 
 22 ± 1 µm minor axis 

 46 ± 3 µm 

Large pore 
coating 

86 ± 1% 0.15 ± 0.01 g/cm3 24 hours 172 ± 13 µm major axis 
  84 ± 7 µm minor axis 

573 ± 30 µm 

200µm 

200µm 500µm 

500µm 

C: small pore interior 

A: small pore exterior  B: large pore exterior 

D: large pore interior 
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6.4.3. Polymer hydration 

Small pore coatings hydrated within 6 hours, while large pore coatings took approximately 24 

hours as determined by regularly challenging coated sensors soaking in PBS to a 400mg/dL 

glucose solution and comparing coated sensor signal to that of a bare sensor signal at the same 

glucose concentration.  

 

6.4.4. Sensor response  

Sensors with fully hydrated porous coatings were challenged with a range of glucose 

concentrations at 45 minute intervals Figure 12.   Table 5 compares the time for sensors to reach 

90% of the steady state current for bare sensors and sensors with either small or large pore 

coatings.  Sensors with thin, small pore coatings responded to glucose challenges with lag times 

comparable to bare sensors (approximately 2-4 minutes); whereas the thicker large pore coatings 

significantly increased the time required for sensors to fully to reach 90% of the steady state 

current (greater than 13 minutes).  

 

Calibration curves were generated for sensors at 370C in unstirred PBS solutions using glucose 

concentrations covering the normally accepted operation range of 0 to 400mg/dL. All sensors 

maintained a linear response from 0 to 400mg/dL glucose (r2 > 0.99) with the linearity and 

sensitivity of the bare, small pore and large pore coated sensors being non-statistically different 

[Table 6]. 
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Figure 12:  Response of sensor with (A) small pore coating (n=4), (B) large pore coating 
(n=5) compared to the response of bare sensors (without coatings).  Sensors were 
exposed to a series of glucose concentrations in the following order: 0mg/dL, 100 mg/dL, 
200mg/dL, 400mg/dL, 0mg/dL and 100mg/dL at 45 minute intervals at 370C in unstirred 
conditions.    

Table 5:  Response time for sensor to reach 90% steady state of glucose challenge 
concentration (n=8 for bare sensors; n=4 for small pore coating, n=4 for large pore 
coating). 

90% response time (min)  
Glucose Challenge (mg/dL) 

Bare sensor  
(without coating) 

With small pore coating With large pore coating 

From 0 to 100 2 ± 0 3 ± 1 13 ± 3 

From 100 to 200 2 ± 0 3 ± 0 20 ± 1 

From 200 to 400 2 ± 0 4 ± 0 26 ± 1 

From 400 to 0 15 ± 1 13 ± 3 >45 minutes* 
*exceeded experimental time interval 
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Table 6:  Sensor linearity and sensitivity for 0 to 400 mg/dL glucose calibration (data 
presented as mean ± SE). 

 Linear correlation coefficient 
(r2) 

Sensitivity to glucose 

(nA/(mg/dL glucose) 

Bare sensor (n=8) 0.999 0.20 ± 0.00 

Small pore coatings (n=4) 0.999 0.20 ± 0.00 

Large pore coatings (n=4) 0.995 0.25 ± 0.01 

 

6.5. Discussion 

A common salt-leaching/gas foaming technique was employed to produce PLLA coatings with 

interconnecting pores that were easily deployed onto needle-like amperometric glucose sensors 

and that were designed to modify the wound-healing response around subcutaneously implanted 

sensors.  In vitro characterization demonstrated that these coatings were non-cytotoxic, minimally 

interfered with sensor sensitivity to changes in glucose concentrations, and did not appreciably 

degrade over the course of 6 weeks.  

 

Porous, three dimensional polymeric scaffolds  have become increasing popular in tissue 

engineering as a means of directing  and promoting cellular growth around an implant.  

Numerous materials and methods have been used to create these porous constructs 95.   

Polyesters (i.e. poly lactic acid, poly glycolic acid, and their copolymers) are among the few 

synthetic polymers allowed for human clinical use 95.    Table 2 in Chapter 4 highlights several 

methods amicable to creating porous scaffolds from these synthetic polymers. Naturally derived 

polymers (i.e. collagen, chitosan, polypeptides) are also used as scaffolding material; however, 

difficulty tailoring polymeric properties, such as degradation rate, pore size, porosity and 

mechanical strength, as compared to synthetic polymers,  limit their use 95, 104.  
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Poly lactic acid (PLA) is a widely used material in tissue engineering, primarily for three-

dimensional scaffolds.  Depending on the form of PLA used, material degradation can be tuned to 

fit the desired application.  This material has been approved by the FDA as the monomeric 

components of the degrading polymer are easily cleared from the body via natural mechanisms.  

The L form of poly lactic acid (L-PLA) was chosen to construct the tissue-modifying coatings 

because its high crystallinity and resists biodegradation for up to two years 134.  This two year 

window before degradation should provide ample time for the maturation of a microvascular 

network around an implantable sensor.   

 

Ammonium bicarbonate is an excellent leachable salt with effervescent qualities that quickly and 

effectively generate interconnecting pores in a viscous polymer solution. The degree of porosity 

and size of pores are tuned by adjusting the amount and size of ammonium bicarbonate 

particulates incorporated into the polymer slurry prior to casting.  When in contact with hot water, 

the ammonium bicarbonate particulates both leach from the polymer as well as generate 

ammonia gas and carbon dioxide that render the polymer porous within minutes 106.   In contrast, 

sodium chloride (NaCl), a traditional salt leaching agent, requires several days to fully leach the 

salt from the polymer and often, a thin non-porous, impermeable skin will form over the polymer.  

This polymer skin could pose a significant glucose diffusion barrier, not to mention interfere with 

cell migration into the polymer matrix.    

 

Cytotoxicity of porous PLLA disks was investigated using L929 mouse fibroblasts, cells involved 

with wound healing.  Cytotoxicity scoring was based on guidelines outlined by USP 131. After 24 

hours, little difference in cell morphology between negative control HDPE and the porous PLLA 

disk was observed in cells surrounding the test material, each of which yielded median scores of 

1, or were slightly reactive.  This confirms that the salt-leaching/gas foaming technique that 

rendered the PLLA porous did not give rise to cytotoxicity.    
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The tissue-modifying porous PLLA coating must maintain a porous structure until a mature 

vascular bed has been formed around the glucose sensor.   The highly crystalline structure of 

PLLA prevents appreciable degradation of the polymer for at least 24 months 134.   To ensure that 

the coating configuration and thickness did not increase the polymer’s susceptibly to de-

estrification, hydrolytic degradation studies were performed for 42 days.  

 

Over six weeks, no significant change in pore size was apparent for the thick, large pore coatings; 

however, slight decrease of both luminal and exterior pores occurred from polymeric swelling in 

phosphate buffered saline during the first 21 days. In contrast, swelling of the thinner, “small” pore 

coatings resulted in a decrease in luminal pore size and an increase in pore size on the exterior 

surface during the first 21 days. As the coating hydrated and expanded, tension forces on the 

coating exterior resulted in pore stretching while compressive forces reduced pore size in the 

coating lumen.   For both large and small pore coatings, no change in pore size occurred 

between Days 21 and 42; therefore, there was no risk that the pores would become completely 

occluded with time due to polymeric swelling.   As a side note, the pores generated using 

ammonium bicarbonate as the salt leaching/gas-foaming agent were approximately less than half 

the size of the ammonium bicarbonate particulates incorporated into the PLLA slurry.  

Compression of the coating by physical sectioning may be one possible explanation for the 

discrepancy between pore and particulate size.    

 

The effect of the polymer coatings on sensor response was tested using the Medtronic MiniMed 

SOF-SENSORTM glucose sensor.  Prior to glucose tracking, the porous coatings were fully 

hydrated. Air trapped in the porous PLLA coatings inhibited glucose diffusion to the sensor 

surface, preventing sensor function.  Hydration was accomplished through denucleation, where 

the porous coatings were soaked in phosphate buffered saline.  The highly hydrophobic nature of 

PLLA prolonged denucleation time in aqueous solution, though other wetting solvents, such as 

ethanol, degraded the underlying glucose-limiting membrane coating the sensor surface.   
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Coating thickness and pore size had significant effects on polymer hydration.  The thicker, large 

pore coating required 24 hours to hydrate such that when challenged with 400mg/dL glucose, the 

sensor with the coating produced a current similar to a bare sensor.  In contrast, the thinner, 

small pore coating required only 6 hours to reach the same current as a bare sensor when 

challenged with 400mg/dL.   Increased thickness increased diffusion distance of PBS while larger 

pores required more PBS to diffuse into the pores to displace the air.  Pore density had a smaller 

effect on hydration as both large and small pore coatings had similar porosity.  

 

Coating thickness also significantly effected sensor response time.  Sensors coated with the thin, 

small pore coating tracked changes in glucose concentration with the same response time as 

bare sensors.   An increase in lag time was to be expected for the large pore coating compared to 

the small pore coating due to a 12-fold difference in coating thickness.  A thicker coating was 

required to accommodate the 250um to 425um ammonium bicarbonate particulate size range 

used to fabricate the polymer coatings.  In all cases, sensor response remained linear from 0 to 

400 mg/dL (0 to 22.2 mM) glucose, with and without the pore coating [Figure 6].  This range 

spans the physiological range of human glucose concentrations for normal and diabetic 

individuals 135.   

 

6.6. Conclusions 

Highly porous coatings of poly-L-lactic acid (PLLA) were tested as tissue modifying coatings for 

implantable glucose sensors.  Ammonium bicarbonate was employed due to the speed and 

efficiency of this gas foaming salt in pore formation. In vitro characterization of the porous 

coatings attached to commercially available sensors found that the additional small pore coating 

minimally affected sensor accuracy and response rates.   Small pore coatings were subsequently 

used in future in vivo studies, and referred to as the “porous coating”.   
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Part III: TISSUE RESPONSE TO POROUS COATINGS 

 

Chapter 7: In vivo characterization of porous poly-L-
lactic acid coatings for subcutaneously 
implantable glucose sensors  

 

Original article co-authored with FY Yap, B Klitzman and WM Reichert.  Text excerpts, 
Figures 2 to 7  and Tables 4 and 5 reprinted with permission of John Wiley & Sons, Inc.: Journal 
of Biomedical Materials Research, 87 A, Koschwanez HE, Yap FY, Klizman B, Reichert WM, In 
vitro and in vivo characterization of porous poly-L-lactic acid coatings for subcutaneously 
implanted glucose sensors, 792-803, 2008.  A more in-depth description of the in-house 
developed MATLAB® program for colourmetric analysis of the differentially stained tissue, the 
histological analysis of cell nuclei counts, and the fast Fourier transform analysis have been 
included since original publication. 

 

7.1. Introduction 

This study investigated whether porous poly-L-lactic acid (PLLA) coatings, designed for needle-

type glucose sensors, could promote vascularity and disrupt fibrous tissue deposition around 

these coating when fully subcutaneous implanted in rat subcutis, and if these tissue modifications 

were sufficient to improve long-term percutaneous sensor performance compared to bare (non-

coated, smooth) sensors, in rats.  Porous coatings of PLLA were fabricated for deployment on the 

sensing tips of glucose sensors using the ammonium bicarbonate technique of Nam et al 106.    In 

vitro testing against glucose standards showed that the porous coatings minimally affected 

sensor accuracy and response rate.  Subcutaneously implanted non-functional glucose sensors, 

with and without porous coatings, showed the anticipated effect on enhancing vascularity and 

decreasing collagen deposition; however, percutaneous functional sensors with and without 

porous coatings showed no significant effect in terms of histology or sensor response.  These 

results indicated that while texturing does favourably affect the tissue that surrounds implanted 
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sensors, the additional mechanical stresses imposed by percutaneous tethering may have 

overridden the beneficial effects induced by the porous coatings. 

 

7.2. Materials and Method 

302-3M room temperature curable epoxy was purchased from EPO-TEK (Billerica, MA). EP42HT 

two component room curable USP Class VI epoxy was purchased from Master Bond, Inc. 

(Hackensack, NJ). Additional materials and porous coating preparation were outlined in Section 

6.2.1 and 6.2.2.   

 

7.2.1. Preparation of non-functional sensor strips  

Medtronic MiniMed SOF-SENSORTM glucose sensors without the plastic housing were 

specifically fabricated that were 22 mm long, 0.7 mm wide and 0.2 mm thick [Figure 13].  These 

strips were approximately 150µm thicker than the sensing component of functional glucose 

sensors to provide sufficient mechanical strength for implantation.  Glucose oxidase was removed 

to render the sensor strips non-functional, to prevent hydrogen peroxide build-up in the tissue 

surrounding the sensor strip once implanted.  

 

 

 

Figure 13:  Example of a non-functional sensor strip (left side porous coated, right side 
bare).        
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A porous PLLA coating was deployed over half of the length of the sensor strip, leaving the 

remaining half bare (i.e. polyimide coated with the Medtronic polyurethane-based glucose-limiting 

membrane, smooth topography) [Figure 13].  The porous coating was glued to the sensor strip 

using USP Class VI medical grade EP42HT epoxy.  Implants were electron beam (e-beam) 

sterilized.   

 

7.2.2. Implantation of non-functional sensor strips 

All National Institutes of Health guidelines for the care and use of laboratory animals (NIH 

Publication #85-23 Rev. 1985) were observed.  Approval for these studies was granted by the 

Institutional Animal Care and Use Committee prior to initiation of the studies.  Male Sprague-

Dawley rats (250-350 g) were anaesthetized with 2.5% isoflurane in oxygen at a flow of 1 L/min, 

which was adjusted to effect after induction (Baxter Healthcare Corp., Deerfield, IL) for sensor 

implantation.  One sensor strip modified as described above was implanted approximately 2 cm 

lateral of the spinal cord and approximately 5-7 cm below the scapular region.  An incision 

approximately 7mm was made, followed by blunt dissection to separate the tissue and form a 

pocket.  The implant was placed within the pocket, and the incision was closed with a single 

wound clip. Rats (n=3) were allowed rat chow and water ad libitum.    

 

7.2.3. Explantation and tissue processing of non-functional sensor strips 

Non-functional sensor strips were explanted after three weeks.  Briefly, 100μl of 10mg/mL 

Hoechst 33342 dye (Sigma, St. Louis, MO) was injected into the tail vein 10 minutes prior to 

sacrifice by intra-cardiac administration of Euthasol® (Virbac Animal Health, Inc., Fort Worth, TX).  

Following sacrifice, the implants and surrounding tissue were surgically excised and placed peel-

away moulds containing O.C.T compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan).  

Additional O.C.T compound was added until the tissue was fully covered, and then the specimens 

were frozen with liquid nitrogen.   The frozen tissue was cut into 14μm sections for histological 



 

54 

staining.  Tissues surrounding the implants were stained with Masson’s trichrome and 

hematoxylin and eosin (H&E). 

 

7.2.4. Histology analysis of non-functional sensor strips 

Histology slides were viewed under 10x (Plan-APO CHROMAT, 0.45 NA), 20x (Zeiss A-Plan, 

0.45 NA) and 40x (LD ACHROPLAN, 0.60 NA Korr Ph2) objectives using an Axioskop 2 plus light 

microscope.  Representative images were taken at 20× and 40× per implant using a camera 

(Axiocam MRc, Carle Zeiss MicroImaging, Thornwood, NY) mounted on a microscope (Axioskop 

2 plus).  The images were captured using MRGrab 1.0 software (Carl Zeiss). Prior to counting 

vessels, 6-8 square fields with 100μm × 100μm dimensions were electronically layered onto 

digital images using Adobe® Photoshop® 6.0 software (Adobe Systems Inc., San Jose, CA).  

Fields were first selected based on overall image quality under low magnification, then imaged 

using higher magnification.  Figure 14 provides a schematic of the tissue locations surveyed for 

histological analysis.  For bare sensor strips, fields abutted either the sensor strip or if missing 

from tissue processing, the void area where the sensor strip resided in the tissue [see Figure 14, 

zone A].  For porous coated sensor strips, two locations were examined: (1) 100μm extending 

inwards from the porous coating towards the sensor strip, if sufficient tissue was available [Figure 

14, zone B] and (2) 100μm extending from the exterior of the porous coating [Figure 14, zone C]. 

The same criteria Ward et al 1 applied for designating a capillary was used:  (1) presence of a red 

blood cell, (2) presence of an endothelial cell nucleus, and (3) presence of a lumen.  Only two of 

the three criteria needed to be satisfied for a structure to be considered a capillary.   To evaluate 

cellular infiltration around sensor strips, extravascular cell nuclei were counted within the same 

100µm x 100µm boxes used for vessel counts. 
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Figure 14:  Schematic of tissue locations surveyed around the (A) bare and (B) porous 
coated sensors/sensor strips used for histological analysis.   

 

Collagen content within 100µm2 from the tissue-implant surface were quantified using an in-

house developed MATLAB® (The MathWorks, Inc., Natick, MA) program for colourmetric 

analysis of the differentially stained tissue [see Appendix 1 for description of  colourmetric 

algorithm development and Matlab code].   As described above, histology slides were imaged first 

at low, then at high magnification and eight square fields per image (100μm × 100μm) abutting 

the tissue-implant surface and were digitally selected.    Each MATLAB® program was designed 

to split the original digital image into red (R), green (G) and blue (B) channels.  The RGB values 

for each pixel in the histology image were processed using algorithms that compare the individual 

pixel RGB values with RGB value ranges specified for collagen tissue (blue-green in Masson 

trichrome stains).    Any pixel matching the RGB criteria for “collagen” for Masson’s trichrome 

images were assigned a “1” and those not meeting the criteria were assigned a value of “0”.   
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Percent collagen was determined as total number of pixels assigned “1” divided by total number 

of pixels evaluated, and multiplied by 100.  

 

7.2.5. Validation of MatLab Colourmetric Analysis with human graders 

To assess if the in-house developed colourmetric program generated similar percent collagen 

values as a human grader, six individuals were emailed three electronic files:  a file containing 

instructions and score sheet [Appendix 3], a file with 30 histological (coloured) images, and a file 

containing the same 30 histological images, only converted to binary (black/white) images by the 

MatLab computer program.   The arrangement order of histological images differed from the 

binary image arrangement.   All images were assigned a numerical label for identification. The 

individuals were asked to work individually and estimate the percentage of “blue-green” in the 30 

histological (coloured) images and the percentage of “white” in 30 binary (black/white) images.  

Percent values were entered into the electronic score sheet corresponding to the numerical label 

assigned to each image.   Score sheet were submitted electronically and the median value for 

each image was calculated.  For each histology image, the median values were compared 

against the percent collagen values generated using the   MatLab colourmetric analysis program.   

 

7.2.6. Effect of anaesthetics on blood glucose levels 

All National Institutes of Health guidelines for the care and use of laboratory animals (NIH 

Publication #85-23 Rev. 1985) were observed.  Approval for these studies was granted by the 

Institutional University Animal Care and Use Committee prior to initiation of the studies. The 

effects of isoflurane and pentobarbital anaesthesias on blood glucose levels were investigated 

prior to functional sensor studies.  Seven male Sprague-Dawley rats were administered an intra-

peritoneal injection of 0.3 cc Nembutal® Sodium Solution (pentobarbital sodium, Abbott 

Laboratories, North Chicago, IL).  Tail vein blood was collected and blood glucose concentration 

tested using OneTouch® Ultra® test strips and hand-held monitor. Blood samples were taken 
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every 10-15 minutes following pentobarbital injection for 25 minutes.  While still sedated with 

pentobarbital, 2.5% isoflurane in oxygen at a flow of 1 L/min was administered, followed by blood 

sample collection every 5 to 10 minutes for 25 minutes.  The rat was subsequently removed from 

isoflurane and blood samples collected every 5 to 10 minutes for 25 minutes or until the rat 

awoke.   Blood glucose concentration and corresponding time of sample, location of blood draw 

and anaesthetic condition was recorded.  

 

7.2.7. Implantation and glucose challenge of functional sensors   

Several days prior to sensor implantation, rats were fitted with rat jackets [Figure 16] (Harvard 

Apparatus, Holliston, MA), modified in-house to accommodate the 5 gram, (37 mm × 30mm × 10 

mm) Medtronic MiniLinkTM transmitter.  Modifications to the original rat jacket included an in-

house fabricated pouch constructed from a Velcro strip (2cm x 5.5 cm) sewn to a 3cm x 10cm 

elastic strip typically used in clothing waistbands (Walmart, Bentonville, AR) [Figure 15]. Six 

commercial Medtronic MiniMed SOF-SENSORTM glucose sensors and six MiniMed SOF-

SENSORTM glucose sensors with the porous PLLA coating [Figure 9] were implanted into the 

dorsal subcutaneous tissue of twelve male Sprague-Dawley rats.   

 

     

Figure 15:  In-house fabricated pouch to attach the MiniLinkTM transmitter to the rat jacket 
(A) top view (B) side view with MiniLinkTM contained in pouch. 

A B 
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Figure 16:  (A) side view of rat jacket on an anaesthetized rat; (B) top view of rat wearing 
jacket and pouch containing MiniLinkTM.   With kind permission from Journal of Diabetes 
Science and Technology: Percutaneous window chamber method for chronic intravital 
microscopy of sensor-tissue interactions,  J Diabetes Sci Technol, 2008; 2(6): 977-983, 
Koschwanez H, Klitzman B, Reichert WM, Figure 2A and B, and any original copyright notice 
displayed with material.  

 

On Day 0, rats were anaesthetized with 2.5% isoflurane in oxygen at a flow of 1 L/min, which was 

adjusted to effect after induction for sensor implantation.  The rat scapular region was shaved and 

disinfected using chlorhexidine. Sensors with porous coatings were soaked in sterile PBS for a 

minimum of 1.5 hours prior to implantation, to initiate coating hydration. A 16 gauge needle was 

used to puncture the skin approximately 3 cm below the scapular region.  The puncture hole was 

enlarged slightly (5 mm max) using scissors.  The sensing tip was gently slid beneath the skin 

and the plastic hub connector was secured to the dorsum using braided nylon sutures (4-0) 

[Figure 17].  Sutures were placed several millimetres away from the implanted portion of the 

sensor to minimize interactions between sensor and suture wound healing. Adhesives were 

initially used to secure the plastic hub connector, but were found to irritate the rats and did not 

adhere sufficiently to the skin to prevent sensor dislocation from rat movement. Antibiotic 

ointment (Neosporin ®, Johnson and Johnson Co., New Brunswick, NJ) was administered around 

the sutured area.  Medtronic MiniLinkTM transmitters were then attached to the hub connectors, 

and fastened to the rat jackets.  The MiniLinkTM transmitters afforded continuous, real-time 

glucose monitoring while allowing unrestrained rat motion for the duration of the experiment.  

A B
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Rats were inspected daily to ensure sutures had not become loose, infected or removed by the 

animal.  

                   

Figure 17:  Schematic of percutaneous glucose sensor attachment to rat.   The MiniLink 
attaches to the plastic hub connector sutured to the rat dorsum.  

On Day 1, the rats were lightly sedated with 2.5% isoflurane in oxygen at a flow of 1L/min 

(approximately 3-4 minutes), to allow for easier administration of the intra-peritoneal injection of 

pentobarbital (0.3cc).   Baseline blood glucose concentrations from tail vein blood were measured 

20 minutes after removal from isoflurane/pentobarbital injection.  Twenty minutes was found to be 

a sufficient amount of time for the effects of isoflurane on blood glucose levels to be negligible.  

Blood glucose levels were determined using OneTouch® Ultra® test strips and blood glucose 

plastic hub 
connector 
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monitoring hand-held system (LifeScan, Inc., Milpitas, CA).  Each rat was injected with 0.5 cc of 

50% glucose-saline solution intra-peritoneally, followed by tail vein blood collection every 5-10 

minutes until the sedative was metabolized or baseline blood glucose levels were reached.  

Glucose bolus injection was performed on Day 1, Day 14 and Day 21. Glucose concentrations 

from tail vein blood were compared with sensor current output (nA) following each glucose bolus 

experiment to evaluate any change in sensor response time between Day 1 and experiment 

termination (Day 14 or Day 21).  Sensor data was retrieved from MiniLinkTM transmitters weekly 

via radiofrequency transmission.   

 

7.2.8. Continuous glucose sensor monitoring of functional sensors 

Blood glucose concentrations were monitored continuously using the Medtronic MiniLinkTM 

transmitters, from the time the sensor was implanted until sensor failure or experiment 

termination (two week trials or three week trials).  The MiniLinkTM processes continuous electrical 

signals received from the sensor as it reacts with the interstitial glucose, to compute an average 

glucose signal every 5 minutes that correlates with the real-time blood glucose levels present in 

the local environment. These average current (nA) values are stored with a date and time, and 

later downloaded via radio frequency transmission.    Downloaded data was processed using 

Medtronic MiniMed software, Microsoft Excel and GraphPad Prism software packages. Data were 

also analyzed for periodicity using the Fast Fourier Transform function within Mathematica ® 6 

(Wolfram Research, Inc., Champaign, IL).  

 

7.2.9. Explantation, tissue processing and histological assessment for functional 
sensors  

 

Functional sensors were explanted after two or three weeks.  Sensors and surrounding tissue 

were excised, formalin fixed and paraffin embedded. The tissue was cut into 5µm sections for 

histological staining using Masson’s trichrome and hematoxylin and eosin (H&E).  Histological 

analysis performed as described previously for the explanted non-functional sensor strips.   
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7.3. Statistical analysis 

Vessel counts, cell nuclei counts, and collagen index are presented as mean ± standard error, 

and were assessed by single factor ANOVA with Tukey post-tests for multiple comparisons for 

statistical significance.  A Kruskal-Wallis nonparametric test with Dunn’s post tests for multiple 

comparisons was performed to determine statistical significance for % area collagen comparison 

between human graders and the Matlab generated values.   The threshold for significance was 

p<0.05.  Statistical analyses were performed using GraphPad Prism software package. 

 

7.4. Results 

7.4.1. Histological analysis of fully implanted non-functional sensor strips 

To confirm that texturing had the desired effect on the surrounding tissue, non-functional sensor 

strips (devoid of glucose oxidase layer) with and without porous coatings were fully implanted in 

the rat dorsal subcutis for three weeks.    

 

      

Figure 18:  Tissue response surrounding a fully subcutaneously implanted non-functional 
sensor strip after three weeks (A) bare and (B) porous coated (arrows denoted blood 
vessels; Masson's trichrome stain).    
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Figure 18A shows a dense cellular layer, approximately 40µm thick in regions, immediately 

adjacent where the bare sensor-strip resided in the tissue for three weeks.   Surrounding this 

cellular layer was avascular tissue, with large deposits of collagen.   Figure 18B shows tissue 

surrounding a porous coated sensor strip, characterized by vascularized tissue dispersed with 

collagen deposits. The porous coated sensor lacked a distinct layer of cells adjacent to the 

sensor surface; however, cell infiltration, tissue in-growth and several microvessels were 

observed within the space between the polymer coating and sensor strip surface.  Degradation of 

polymer coating thickness by at least 50%, as well as fragmentation of the coating was also 

evident. 

 

The schematic in Figure 14 outlines the areas of histological sections used for determination of 

collagen and vessel density. Results are listed in Table 7 for bare and porous coated non-

functional sensor strips.  Compared to sensors with porous coatings, tissue surrounding the bare 

sensor strips had approximately three-fold lower vessel count per mm2 and percent collagenous 

tissue within 100µm of the implant surface.  Due to small sample size (n=3) no statistical 

differences for vessel count or % collagen were found between tissue surrounding smooth 

surfaces or porous surfaces (p>0.05).   Average cell nuclei count within 100µm2 of the bare strip 

and exterior of the porous coating were not statistically significant.  Insufficient tissue ingrowth 

between porous coating and sensor strip [Zone B] prevented nuclei counts immediately adjacent 

to the porous coated sensor strip [Table 7]. 
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Table 7:  Summary of vessel counts per mm2, % area of collagen, and cell nuclei counts 
wthin 100µm of the tissue interfacing with the fully subcutaneously implanted non-
functional bare (n=3) and porous coated (n=3) sensor strips after three weeks.  Not 
sufficient (NS) tissue in-growth occurred for analysis with 100 µm of the space between 
the sensor strip and porous coating (data presented as mean ± SE).   

 Vessel count per mm2 % Area of collagen Cell nuclei count 

Exterior of bare sensor 30 ± 12 28 ± 5 35 ± 3 

Exterior of porous coating 83 ± 5 10 ± 4 31 ± 1 

 Interior of porous coating NS NS NS 

  

7.4.2. Percent area of collagen comparison between computer generated values and 
human graders. 

 

No statistical difference was found between the computer generated values and the median 

percent area of collagen values estimated from the binary (black/white) histology images by the 

six human graders.  No statistical difference was found between the medians of human graded 

binary (black/white) and histological (coloured) images for % area of collagen.    Interestingly, 

median percent area of collagen values estimated from the coloured histological images were 

statistically higher than computer generated values.  

 

7.4.3. Effect of anaesthetics on blood glucose levels  

Isoflurane had a noticeable effect on rat blood glucose, raising baseline glucose concentration 

approximately 40 mg/dL after 25 minute exposure to 2.5% isoflurane at a 1 ml/min flow rate.  

Approximately 20 minutes was required for baseline glucose concentrations to be restored 

following removal from isoflurane.  Pentobarbital was found to mildly suppress blood glucose 

levels, though its effect on glucose concentrations was not as pronounced as isoflurane.  

Therefore, pentobarbital was used for all for glucose bolus studies.  
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Figure 19:  In-house developed Matlab colourmetric analysis generates percent collagen 
values that closely approximate values estimated by the human eye (n=6); however, offers 
the convenience of rapid data analysis throughput not possible with traditional human 
scoring.  Examples:  A and B (1) histological image (2) corresponding binary image (3) 
comparison of computer generated percent area of collagen and median human 
estimations based on histological and binary images.   

 

7.4.4. Continuous glucose monitoring by percutaneously implanted functional sensors: 
Two week trial 

 

Sensors with and without porous coatings were percutaneously implanted into the dorsal subcutis 

of rats for continuous, real-time glucose monitoring over 14 days.  Two of three bare sensors and 

porous coated sensors remained functional until experimental termination [Figure 20A and B].  All 

sensor responses decayed to some extent over the two week period, with a more pronounced 

reduction in signal from sensors with the porous coatings.    
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Figure 20:  Continuous monitoring of rat interstitial glucose concentrations using 
MiniLinkTM transmitters and Medtronicic MiniMed SOF-SENSORTM glucose sensors:  (A) 
two week bare sensors, (B) two week porous coating sensors (C) three week bare sensors 
and (D) three week porous coating sensors.  One sensor per rat.  Plotted data commenced 2 
hours post implantation (after initialization period), followed by subsequent plotting for 20 minutes 
of current (nA) readings every 6 hours until end of experiment. (  experiment terminated for 
histology;  sutures loose or torn through skin, partially or entirely removing sensor;  rat 
removed jacket, and subsequently pulled sensor from beneath skin;  sensor mechanically 
damaged due to handling/rat movement; boxed areas indicate glucose bolus injection). 
Representative sensor response 24 hours post sensor implantation to a 0.5 cc intra-
peritoneal injection of 50% glucose (E) bare sensor and (F) porous coated sensor                 
(            discrete blood glucose measurements from tail vein pricks using OneTouch ® Ultra ®;                         
------  continuous signal from bare sensor;         continuous signal from porous coated sensor). 
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The signals of the two remaining bare sensors began to stabilize after Day 6.  One of these 

sensors responded to the glucose challenge on Day 14 at Day 1 level performance, while the 

other sensor lost ~30% of signal and failed to respond to the glucose bolus by Day 14.  In 

contrast, only one remaining porous coated sensor signal began to stabilize at Day 6 following a 

50% drop in baseline current from Day 1, while the other remaining porous coated sensor 

exhibited a 75% signal reduction by Day 14 at which point it did not respond to glucose bolus 

challenge.  Sensor signals did not repeat in a periodic pattern that could be detected using Fast 

Fourier Transform.  Sensor signal fluctuations, possibly from noise in the data attributed to the 

sensor moving in and out of adequately perfused tissue, may have overshadowed a diurnal 

pattern.  The only peak in the Fourier transform (zero frequency term) appeared to coincide with 

the average sensor current over the 14 days.  Sensor function was not tested in vitro after 

explantation as sensors and surrounding tissue were processed for histology.  

 

7.4.5. Continuous glucose monitoring by percutaneously implanted functional sensors: 
Three week trial  

 
Figure 20C and D show the responses of the three bare sensors and the three porous coated 

sensors intended for the three week trial.  The bare sensors gave glucose readings for 7, 18, and 

21 days, while the porous coated sensors gave glucose readings for 12, 16, and 19 days.   For 

the bare sensors the average sensor response remained relatively high (~ 12-16 nA) but showed 

considerable fluctuation.  In contrast, the porous coated sensors exhibited an early decline in 

signal but then became stable (~ 5-9 nA) for the duration of the measurements. Representative 

bare and porous coated sensor responses to intra-peritoneal glucose bolus injections after 24 

hours post sensor implantation are shown in Figure 20E and F.  Typically, a 3 to 12 minute lag 

between peak tail vein blood glucose and sensor response occur for bare sensors, while a 7 to 25 

minute lag was observe for porous coated sensors.   Sensors and surrounding tissue were 

explanted for histology, preventing post explantation testing of sensor function.    
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7.4.6. Histology: Two week trial 

As shown in Figure 21A and B, tissue within 100 µm of still functioning bare and porous coated 

functional sensors was highly vascularized, with loose collagenous tissue well integrated into the 

surrounding subcutis after 14 days.  Moreover, the space (<100µm wide) between the sensor 

surface and porous coating [refer to Figure 14, Zone B] contained vascularized, loose and 

disorganized tissue with minimal collagen [Figure 21C].   

 

As outlined in Table 8, the mean vessel density per mm2 was approximately two-fold higher 

adjacent to the porous coated sensor (~ 220 vessels per mm2 exterior of the coating, ~ 150 

vessels per mm2 interior of the coating) than the bare sensor (~150 vessels per mm2).  Likewise, 

a two-fold increase in collagen within 100µm of the porous coated sensor exterior (~ 50%) was 

observed, compared to the bare sensor (~ 25%).    Tissue surrounding all sensors, despite 

surface texturing, appeared well integrated into the native subcutaneous tissue, without 

noticeable foreign body encapsulation.  While not statistically significant, cell nuclei counts 

exterior of the porous coating were approximately two-fold higher than interior of the porous 

coating and adjacent to the bare sensor surface.  Cell nuclei counts were significantly higher 

(p<0.05) exterior of the porous coating than control tissue (16 ± 2 nuclei).  

 

In contrast, tissue around one of the failed sensors was avascular with heavy cellular infiltrate and 

minimal collagen deposition.   Tissue around the other failed sensor was densely packed and 

highly collagenous (though well vascularized).   Again, because of the small sample size, no 

statistical significance in vessel counts or collagen content (p<0.05) was observed. 
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Figure 21:  Tissue response surrounding percutaneously implanted sensors after two 
weeks in (A) exterior of bare sensor (B) exterior of porous coating and (C) tissue 
occupying space between sensor and porous coated sensor (arrows denote blood 
vessels; Masson's trichrome stain).   
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Table 8:  Summary of vessel counts per mm2, % area of collagen, and cell nuclei counts 
within 100µm of the tissue interfacing with the percutaneously implanted bare sensor 
(n=3), exterior of the porous coating and within 100µm of the space between the sensor 
and porous coating (n=3) after two weeks (data presented as mean ± SE).   
 

 Vessel count per mm2 % Area of collagen Cell nuclei count 

Exterior of bare sensor 152 ± 79 25 ± 12 35 ± 9 

Exterior of porous coating 221 ± 61 53 ± 15 56 ± 18 

Interior of porous coating 146 ± 24 30 ± 15 39 ± 11 

 

 

7.4.7. Histology: Three week trial 

Sensor extrusion from beneath the skin occurred in four of six cases over three weeks, and in 

only two cases with bare sensors could histology be obtained that included both tissue sections 

and sections of the sensor.  Figure 22 compares histological sections of the sensors that lasted 

the longest: i.e. the bare sensor that lasted for 21 days showing the tissue and sensor [Figure 

22A] and the porous coated sensor that lasted for 19 days showing the tissue and the porous 

coating [Figure 22B].  Tissue surrounding these percutaneous sensors were similarly loose, 

vascularized and well integrated into the subcutis. Tissue around the porous coated implant had 

more cellular infiltrate, possibility stemming from the mild inflammation/infection around the 

sutures. These images clearly do not exhibit the different tissue responses found at three weeks 

for the fully implanted bare and porous coated non-functional sensor strips [Figure 18A and B]. 
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Figure 22:  Tissue response surrounding percutaneous implanted sensor after three 
weeks (A) bare sensor (B) porous coated sensor (hematoxylin & eosin stain).   

 

7.5. Discussion 

The use of porous material to modify the wound healing response at the tissue-sensor interface 

was first suggested nearly 25 years ago by Woodward 122. Since then, porous coatings have 

been examined to promote angiogenesis and reduce capsule formation around an implanted 

sensor [Table 3].  

 

Three week fully subcutaneously implanted sensor strips with and without porous  

coatings indicated that porous surfaces successfully modified the tissue response compared to 

smooth surfaces (i.e. bare sensor strip). Almost three-fold more vessels and three-fold less 

collagen within 100μm adjacent to the porous coating exterior was observed compared to the 

bare sensor strip. Both Sharkawy et al 86 and Salzmann et al 87 reported similar vessel counts in 

subcutaneous tissue surrounding porous implants.   
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Based on the encouraging results from the non-functional sensor strip experiments, functional 

sensor experiments were performed using Medtronic MiniMed SOF-SENSORTM glucose sensors 

with and without the porous coatings.  Prior to beginning functional sensor studies, the effect and 

time course of isoflurane and pentobarbital on glucose levels were investigated.   Both 

pentobarbital and isoflurane affected blood glucose levels: pentobarbital caused a gradual and 

slight suppression while, isoflurane caused a comparatively rapid and substantial elevation.  

Similar results were reported by Taborsky et al 136 with dogs and pentobarbital and by Zapp et al 

137 with rats and isoflurane.    Subsequently, pentobarbital was used for all glucose bolus studies.  

 

Though marketed for three day use, long-term in vitro stability tests of Medtronic MiniMed glucose 

sensors found that sensors can continuously function in glucose/buffered saline for more  than 30 

days138.  Therefore, progressive decrease of sensor response in vivo for both bare and porous 

coated sensors was most likely due to tissue response, not loss in glucose oxidase activity during 

the two to three week test period.  

 

Interestingly, no significant difference in vascularization or tissue composition was observed 

between bare and porous coated sensors, although the average vessel density per mm2 was 3- 

to 5-fold higher around percutaneous sensors compared to fully subcutaneously implanted sensor 

strips.  Moreover, bare sensors typically experienced less signal reduction, yet greater variability 

in sensor signal, requiring several more days to stabilize, than porous coated sensors.  Similar 

sensor stabilization trends were observed by Updike et al 35  between glucose sensors coated 

with and without angiogenic membranes in dogs.     

 

Surprisingly, despite the increased vessel count around glucose sensors with porous coatings, 

these porous coated sensors experienced a more apparent and rapid signal reduction initially, 

compared with bare sensors.  However, unlike bare sensors, sensors with porous coatings 

exhibited less signal fluctuation over the experimental time course.  These observations are 
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characteristic of the “break-in period” following sensor implantation as described by Updike         

et al 35.  The break-in period refers to the time required for the sensor signal to become stable 

post implantation, owing to the establishment of vascularized tissue around the sensor tip.  The 

more rapid occurrence of a stable signal was consistent with the higher average blood vessel 

density observed with the porous coated percutaneous sensors compared with the bare 

percutaneous sensors.  Additionally, tissue integration into the porous coating secured the sensor 

beneath the skin better than bare sensors.  Better tissue integration prevented partial sensor 

extrusion, and may have minimized shearing between the sensor and adjacent tissue, often 

caused by animal motion, leading to less sensor signal variability [Figure 20].    However, porous 

coated sensor signals were also consistently lower than for bare sensors, suggesting that the 

two-fold increase in collagenous tissue deposition around the sensor, despite the loose and 

disorganized nature of the tissue, may have impeded glucose diffusion to these coated sensors.    

 

Two-fold more collagen may be attributed to the two-fold increase in cellularity exterior of the 

porous coated sensor compared with bare sensors.  While tissue integration into the porous 

coating minimized sensor pull-out, mechanical irritation along the sensor-tissue interface from 

percutaneous placement may have damaged the well-integrated tissue, resulting in increased 

inflammation, increased fibrosis, and increased sensor signal attenuation of porous coated 

sensors.  Unfortunately, vessel density, collagen deposition, or cellularity differences were not 

statistically significant.    

 

Though porous PLLA coatings do modify tissue response, the extent of these modifications 

varied depending on whether the coatings were fully subcutaneously implanted, or 

percutaneously implanted. Percutaneously tethered sensors were subject to additional 

mechanical stresses that were absent in the fully subcutaneously implanted sensors, which 

allowed the fully implanted sensors to “float” unperturbed in the tissue.    Constant mechanical 
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stimulation may have induced the deposition of loose, disorganized collagenous tissue and 

promoted microvascularization adjacent to the sensor surface, regardless of surface topography.    

 

Concern about the impact of constant mechanical stimulation (i.e. micromotion)  

and probe stimulation (i.e. electrical or chemical) is an area of growing research in 

neuroelectrodes 119, 139, 140; but little attention has been given to these effects for implanted 

glucose sensors. The only reports that we are aware of are Long et al 141 that propose 

inconsistencies with glucose sensor sensitivity in rats may be attributed to micromotion, and 

Gillian et al 129 that accredit poor glucose tracking by sensors implanted into human subjects 

(abdominal subcutaneous tissue) to shear forces that may have interfered with vascularization at 

the tissue-sensor interface.   Two strategies worth investigating are: (1) to fully implant a sensor 

and utilize telemetric glucose monitoring 35, 129 or (2) to stabilize the tissue within the immediate 

vicinity of the percutaneously implanted sensor.  Cutaneous seals around percutaneous devices, 

intended to minimize infectious risk 142,  may also bolster efforts to reduce sensor motion. 

 

Premature sensor failure occurred for several reasons, including suture loosening or tearing 

through the skin from animal movement, resulting in sensor dislodgement/removal, from 

mechanical stresses imparted on the sensor from rats pulling and scratching the jackets, or from 

rat handling during routine husbandry and experimentation.  Mechanical damage from rat 

handling or rat motion likely resulted in the abrupt loss of sensor signal after 3.5 and 8 days for 

the bare sensors and 2.5 days for porous coated sensor as shown in Figure 20.  Resuturing was 

often required throughout the experiment, and may have contributed to the mild infection 

surrounding the sutures in three rats in the three-week functional sensor trial.   Extending in vivo 

experiments beyond the “break-in” period would undoubtedly increase the risk of infection and 

potential for animal discomfort from multiple surgeries to ensure firm anchorage of the sensor to 

the rat.     Strategies to minimize sensor removal and infection during in vivo experiments, while 
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not compromising animal mobility or sensor functionality, continue to be investigated within the 

sensor community 141.   

 

To increase data processing efficiency, a Matlab colourmetric analysis program was developed to 

quantify collagen content within histological sections.  Traditionally, rating scales are used to 

assess tissue-biomaterial responses in histological sections.  These scales provide semi-

quantitative results for observed tissue responses, such as degree of capsule formation, severity 

of inflammation, and the extent of vascular network formation 143, 144.  Rating scales vary between 

investigators, and all scoring is subjective.  Additionally, scoring requires countless hours of 

grader training and scoring for hundreds of histological images.   The Matlab colourmetric 

analysis program developed in-house provided an extremely rapid, quantitative method to 

analysis hundreds of histological images with comparable precision to traditional “eyeball” 

scoring.  Grader bias was virtually eliminated as all images were evaluated using the same 

algorithms.  

 

7.6. Conclusions 

The use of porosity to improve the long-term reliability for implantable glucose sensors continues 

to be a popular strategy in the biosensor community to induce angiogenesis and to reduce foreign 

body encapsulation at the tissue-sensor interface.  Here, it was found that the extent to which 

porous PLLA coatings will modify tissue surrounding implanted sensors depends on whether the 

sensors were fully subcutaneously implanted or percutaneous implanted.    The unanticipated 

similarities in vascularity and collagen deposition observed between bare and porous coated 

sensors implanted percutaneously suggest that other factors may negate the effects of porosity 

on tissue response, such as micromotion.  Future work will focus on increasing our understanding 

of the implications of motion on tissue healing and subsequent sensor performance.   
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Part IV: ONE-SIDED DORSAL WINDOW MODEL 

 

Chapter 8:  Development of the one-sided dorsal 
window model for chronic observation of 
sensor-tissue interactions:   
Non-functional sensor studies 

 
 
Original article co-authored with WM Reichert and B Klitzman. Text excerpts and Figure 1A 
included with kind permission from the Journal of Diabetes Science and Technology: 
Percutaneous window chamber method for chronic intravital microscopy of sensor-tissue 
interactions,  J Diabetes Sci Technol, 2008; 2(6): 977-983, Koschwanez H, Klitzman B, Reichert 
WM. Updated results and discussion section added since original publication. 
 

 
8.1. Introduction 

Porous poly-L-lactic acid (PLLA) coatings have been shown to be an effective means of 

increasing the vascularity of tissue that surrounds subcutaneous implanted glucose sensors 

[Chapter 7].  The primary limitation of these previous studies was the reliance on post-

implantation histological analysis that prohibited direct, in situ observation of the effect the porous 

coating had on tissue response.  The straightforward solution to this limitation was to employ a 

dorsal window to directly visualize changes in the subcutaneous tissue without having to sacrifice 

the animal at each time point. 

 

Window chamber models have long been used to visualize in situ cellular phenomena in living 

tissue 51, 61, 62.  Window chambers can be used for days to months in an animal, permitting long-

term, serial investigations of microcirculation, wound healing and cellular interactions52.  The two-

sided dorsal skin-fold window chamber 60, 63, 64 has been employed in hamsters, mice, rats and 

rabbits 53-57 and have been used to monitor tumour growth 54, 55, biomaterial interactions 56, 58, 59 

and tissue remodelling around implantable sensors 52, 53, 60.  A limitation of the dorsal skin-fold 
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window chamber is the small separation distance (typically 200μm or less) between the two 

transparent plates, making the observed tissues essentially two dimensional. 

 

The use of window chambers for glucose sensor research was pioneered by Gough 52, 53, 60 who 

used dorsal skin fold window chambers primarily in hamsters to serially monitor changes in tissue 

surrounding implantable oxygen, glucose and/or temperature sensors and correlate how these 

changes impact sensor function.  Sensor fluctuations were attributed to heterogeneous mass 

transfer in tissue from physiological changes in local microvascular perfusion, metabolite 

concentration, and variable oxygen distribution in tissue.  The Gough group has also developed 

numerous preparations of the dorsal skin fold model to permit different tissue types in contact 

with the sensor arrays.    

 

The one-sided window, adapted from the rodent mammary window of Shan 55 exposes the 

sensor to a larger subcutaneous area, allowing a more realistic sensor-tissue interaction than that 

afforded by traditional window chamber models that sandwich the sensor between a window and 

thin piece of tissue 54, 64. While both Gough 52, 53, 60 and the work described here incorporated 

intravital microscopy to visualize microvascular development, laser Doppler flowmetry has also 

been included to glean information about blood perfusion in the tissue surrounding the implanted 

sensor.  

 

Two experimental configurations employing the one-sided window chamber were used to directly 

image the vascularity surrounding.  In this Chapter, development and optimization of the window 

model will be discussed using fully implanted, non-functional sensor strips devoid of glucose 

oxidase and plastic hub connectors. These sensor strips were fully implanted with and without 

porous PLLA coatings beneath the dorsal one-sided window to observe changes in the 

microvascular development and perfusion adjacent to the sensor surfaces over 14 days.   The 

following chapter (Chapter 9) highlights modifications made to the sensor implantation scheme to 
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accommodate functional sensors, thereby permitting microvessel imaging with real-time 

interstitial glucose monitoring over 14 days.  

 

8.2. Materials and Methods 

8.2.1. Rats 

Nineteen male Sprague-Dawley type (CD) rats (150-200g, Charles River Laboratories, Inc., 

Wilmington, MA) were used for the percutaneous dorsal window chamber studies using non-

functional sensors (n=8 sham windows, n=6 bare sensors, n=5 porous coated sensors).  All 

National Institutes of Health guidelines for the care and use of laboratory animals (NIH 

Publication #85-23 Rev. 1985) were observed.  Approval for these studies was granted by the 

Duke University Institutional Animal Care and Use Committee prior to initiation of the studies. 

Nineteen rats were used to demonstrate the implantation and microscopic characterization 

methods.   

 

8.2.2. Porous coating and sensor preparation 

Details of the porous coating fabrication and non-functional sensor strip preparation have been 

previously described in Chapter 6 Section 6.2.2 and Chapter 7 Section 7.2.1.   Non-functional 

sensors (plastic hub connector and glucose oxidase removed) were used to investigate the 

effects of porosity on tissue response.  

 

8.2.3. Anaesthesia 

Rats were anaesthetized with 2.5% isoflurane (Baxter Healthcare Corp., Deerfield, IL) in oxygen 

at a flow of 1 l/min, which was adjusted to effect after induction for window chamber implantation, 

intravital microscopy and LDF.   Each time the rats were anaesthetized, Puralube® ocular 

lubricant (Pharmaderm, Melville, NY) was applied to each eye to prevent corneal drying.  
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8.2.4. Implantation procedure for the one-sided dorsal window 

The surgical procedure was adapted from the rodent mammary window model of Shan et al.  55.  

The dorsum was shaved and a 10mm diameter circle was marked approximately 2 cm below the 

scapular region.  The skin was cleaned with chlorhexidine (Baxter-Healthcare, Co. Deerfield, IL) 

and alcohol.  A 10mm diameter circular full-thickness incision was performed and the skin 

removed.  Blunt dissection was used to form a shallow pocket around excised tissue to assist in 

fitting the acrylic window (15mm diameter, 0.75mm thick, with 10-12 holes drilled around the 

window perimeter for suturing). Acrylic windows generously donated by Dr Siqing Shan from Dr 

Mark Dewhirst’s lab, Duke University) 

 

One non-functional sensor strip was positioned in the middle of the excised area and sutured at 

each end (out of the field of view) to anchor the implant in place.  Following sensor strip 

placement, the window was secured with 5-0 monofilament sutures [Figure 23].  The wound was 

gently cleaned with hydrogen peroxide, followed by antibiotic ointment (Target Corporation, 

Minneapolis, MN).  Before the rat recovered from anaesthesia, 1mg of Flunixin meglumine (Fort 

Dodge Animal Health, Fort Dodge, IA) in 0.2ml saline was administered subcutaneously remote 

from the optical window. 

 

Rats were monitored daily for infection and to ensure the window was still implanted.   

Additionally, antibiotic ointment was applied daily to the window area and rats were allowed 

access to rat chow and water ad libitum.    

               



 

79 

 

Figure 23:  One-sided window chamber (sham window - no sensor implanted beneath 
acrylic disk).   

 

8.2.5. Laser Doppler Flowmetry 

Following window implantation, and on Days 3, 7, 10 and 14, capillary blood perfusion was non-

invasively measured via laser Doppler flowmetry using the LaserFlo® BPM2 Blood Perfusion 

Monitor (Vasamedics, Inc., St Paul, MN).  A fibre optic needle probe was used non-invasively for 

all measurements.  With the 680nm wavelength laser diode and a fibre spacing of 200µm, this 

laser Doppler flowmeter receives the majority of its signal from microvessel approximately 0.5 to 

1.5 mm below the surface, although less signal is contributed by more superficial and deep 

microvessels. 

 

Prior to taking measurements, the window surface was first cleaned with sterile saline.  The 

needle-like fibre optic probe was positioned directly adjacent to the sensor, and lowered until the 

probe gently contacted the window with no microvessel compression [Figure 24].   Six locations 

adjacent to the sensor and five locations on the rat dorsum were sampled for blood perfusion flow 

at each time point per rat.  After a 20 second signal stabilization period, the lowest flow observed 

over the subsequent 10 seconds was recorded in Laser Doppler Flow (LDF) units. 
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Figure 24:  (A) Experimental set-up of taking laser Doppler flowmetry measurements 
through the window chamber showing the monitor unit (right) connected to the fibre optic 
probe (left); (B) close-up of the fibre optic probe against the window chamber. 

 

8.2.6. Intravital Microscopy  

Intravital microscopy was performed immediately following LDF measurements.   Microvessels 

around the sensors were imaged using a Leitz Laborlux 12 ME ST fluorescence microscope 

(Leica, Inc. Rockleigh, NJ), a 6.3x objective (Carl Zeiss, Inc., Thornwood, NY), a 75 W xenon arc 

lamp (Osram GmbH, Augsburg, Germany), a fluorescein filter set (excitation 450-490 nm, 

emission ≥ 515nm) and a Nikon CoolPix 5400 digital camera [Figure 25].  This optical system 

resulted in an empirically determined functional depth of field of approximately 100 µm.  A 

Deltaphase Isothermal pad (Braintree Scientific Inc, Braintree, MA) was placed on the 

microscope stage to maintain the rodent temperature at 370C during imaging.  While under 

anaesthesia, a bolus of 10mg of sodium fluorescein (Sigma-Aldrich, St Louis, MO) in 0.1ml sterile 
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saline was injected via the tail vein.  A minimum of four locations along the sensor were captured.  

Average total vessel length and diameter were quantified off-line. 

 

                                     

 

Figure 25:  Experimental set-up for intravital microscopy.   Anaesthetized rat is placed on 
isothermal pad (370C) beneath the 6.3x objective lens.  Tissue beneath the acrylic window 
focused using epi-illumination; fluorescence light is used to illuminate microvessels 
following sodium fluorescein injection.    Vessel images captured using Nikon Coolpix 
digital camera.  
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8.2.7. Window Care 

After sacrifice on day 14, windows were carefully excised.  Windows were cleaned first with a soft 

brush using mild antibacterial soap (Steris Corporation, Mentor, OH),  followed by a 24 hour soak 

in soapy water, a 24 hour soak in 70% ethanol, and then ethylene oxide sterilized.  Following 

sterilization, windows degassed for at least one week before implantation.  

 

8.2.8. Image analysis 

Total cumulative microvessel length and diameter  

The two primary criteria for defining a blood microvessel were: (1) length of structure greater than 

diameter (to minimize counting dark areas as vessels) and (2) good contrast between the dark 

vessel structure and the green fluorescent tissue. Additional criteria for determining if a structure 

was a microvessel included observing branched structures stemming from the structure of 

interest, or if the structure of interest was a branch from a structure that met the vessel criteria.      

 

Images were opened in Image J 1.37a software (National Institutes of Health, Bethesda, MD). 

The MeasureCumulativeDistances macro was downloaded and installed from the NIH Image J 

website to provide cumulative distance measurements along the length of a microvessel 

(segmented line).     Two 1x1mm2 boxes were digitally drawn in each of the four sensor strip 

images captured.   A maximum of eight boxes adjacent to the sensor surface were analyzed for 

vessel length and vessel diameter.  Each vessel within the digital 1mm2 box was traced using the 

“segmented line selections” tool in the Image J package, followed by recording the sum of the 

accumulated lengths measured per box.  The total cumulative microvessel length per mm2 was 

calculated for each treatment group.   

 

8.3. Statistical Analysis 

Comparison of cumulative vessel lengths and laser Doppler Flowmetry measurements were 

performed by two-factor ANOVAs with Bonferroni post-hoc tests.  To measure intra-group 
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differences, a single-factor ANOVA with Tukey’s multiple comparison post-hoc test was 

employed.  The threshold for significance was p<0.05. 

 

8.4. Results 

For all treatment groups, minimal to moderate exudate, minimal tissue debris, and minimal red 

blood cell extravasation persisted to Day 7, at which point new vessel growth was observed that 

persisted to Day 14.  Only two incidences of infection occurred by Day 14.  

 

Figure 26A and B show images typical of Day 14 vessel growth associated with bare and porous 

coated sensor strips, respectively, beneath the acrylic window. These figures illustrate the 

dramatic difference in tissue response between a bare sensor with a smooth surface and a 

sensor with a porous coating.  Figure 26C shows the more random vessel growth typical of Day 

14 tissue beneath a sham window.    

 

Figure 27 shows the trend in average cumulative vessel length within 1mm2 of the bare and 

porous coated sensor strips and in the tissue beneath the sham window.  By Day 7 the vessel 

lengths for all three cases were small and statistically indistinguishable.  By Day 10 the vessel 

lengths adjacent to the bare sensor strips were one-third the vessel lengths of the porous coated 

sensor strip, but still not statistically different than the sham control.  By Day 14 the vessel lengths 

adjacent to the bare sensor strips were significantly lower that the sham control and still only half 

the vessel length of the porous coated sensor strips.  The observation that Day 14 tissue 

vascularization was significantly lower than both the porous coated sensor strip and the sham 

supports the well-established observation that fully implanted smooth-surfaced implants are 

encapsulated by relatively avascular tissue 1, 2, 86, 88.   
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Figure 28 shows the corresponding LDF blood flow data. Similarly, Day 10 and 14 LDF blood flow 

values for bare sensor strips were two-thirds the blood flow measured for porous coated sensor 

strips; however, there were no differences compared to the sham control except for a significantly 

higher blood perfusion for porous coated sensors on Day 14.   These data further suggest that 

the porous coatings promote a foreign body response favouring neovascularization.   Increased 

perfusion may have been due to an increased number of red blood cells from the increase in 

microvessel density, or due to a higher red blood cell velocity compared to cellular flow in the 

microvessels adjacent to the bare sensor. 

 

It is interesting to note that the sham produced cumulative vessel length data that more closely 

resembled that of the porous coated sensor strips [Figure 27], while the sham control yielded 

blood flow data that more closely resembled the bare sensor strip data [Figure 28]. 
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Figure 26:  After 14 days fully implanted in the rat subcutis (A) minimal vascularization 
around the bare sensor strip; (B) directed vascularization around the porous coated 
sensor strip; (C) randomly branched vessels visible beneath sham window. 
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Figure 27:  Comparison of cumulative vessel length (mm) within 1mm2 of fully implanted 
bare and porous coated sensor strips and beneath sham window over 14 days. Lowest 
cumulative vessel length occurred adjacent to the bare surfaces, highest vessel length 
found adjacent to porous coated surfaces. 
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Figure 28:  Comparison of red blood cell flow, measured in laser Doppler flow (LDF) units, 
adjacent to fully implanted bare and porous coated sensor strips, as well as beneath sham 
windows from Day 0 to Day 14.  Tissue surrounding the porous coated surfaces had 
significantly higher LDF measurements on Days 10 and 14 compared to tissue adjacent to 
bare surfaces, correlating with the increased cumulative vessel length observed around 
porous coated sensor strips compare with bare sensor strips.  
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8.5. Discussion  

Histology remains the standard option for characterizing the tissue response surrounding 

implanted sensors.  Histological tissue sections provide a well-defined, but static snap-shot of 

tissue composition and structure at the time of sacrifice.  Differential and immunohistochemical 

stains permit identification of a wide variety of cells and tissues.  The primary disadvantage of 

histology is the inability to collect serial, real-time data from a single animal.  

 

In this Chapter, non-functional sensor strips successfully demonstrated the utility of the one-sided 

dorsal window model to image and quantify changes in microvascular architecture adjacent to 

two distinctly different sensor surfaces.   Bi-weekly, vascularization beneath the window was 

measured using intravital microscopy and laser Doppler flowmetry. The infusion of sodium 

fluorescein permitted microcirculation characterization adjacent to the sensor surface using 

intravital microscopy.  Since haemoglobin strongly absorbs light between 525-580 nm, the 

microvessels appeared dark against the fluorescent tissue 145, 146.   One tangential note 

concerning LDF is blood perfusion measured was several hundreds of microns deeper than that 

observed using intravital microscopy, thereby preventing direct comparison of observed 

microvascularization and tissue perfusion.  Sampling depth of this technique is approximately 1-

1.5 mm75.  Nevertheless, laser Doppler flowmetry provides an indication of tissue health within 

the vicinity of the implanted sensor.   

 

A significant and predictable increase in cumulative vessel length as well as significantly higher 

laser Doppler flowmetry values adjacent to porous coated sensor strips compared to bare sensor 

strips.  This observation was expected given our previously reported findings of a threefold 

increase in vessel density per mm2 adjacent to porous coated MiniMed glucose sensors 

compared with bare sensors after three weeks fully implanted in the rat subcutis, based on 

histological analysis [Chapter 7].  These results validated that our window chamber model could 
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quantify local changes in microvascularity, and also provided the justification for the analogous 

study of percutaneously implanted functional sensors (Chapter 9).   

 

The window chamber successfully provided a method for directly visualizing vessel formation in 

the tissue surrounding implanted sensors, albeit not without limitations owing to the complicated 

nature of the study.   Average capillary diameter in subcutaneous tissue is 5µm 147-150, while less 

than 5% of vessel diameters measured beneath the window in this study were less than 6µm.  

This discrepancy suggests that vessel structures less than 10µm were difficult to resolve, and 

cumulative vessel length was under-reported in this study. A 6.3x objective was the highest 

power used due to limited working distance between the window and objective lens, and the 

limited depth of field achieved using higher powers may have compromised image resolution.  

Exudate accumulation beneath the window also prevented optimal focusing.  Resolution was 

improved by aspirating the accumulated exudate with a syringe inserted several millimetres away 

from the window to prevent bleeding under the window  151.     Variability in light intensity was 

substantial over the entire image preventing the use of a simple (automatic) threshold analysis to 

quantify vascularity.    

 

Sensor migration beneath the window was substantial in some rats, which may have been due to 

animal movement and/or loosening of sutures anchoring the sensor.  In most cases, gentle 

manipulation of the dorsum dermis permitted window repositioning over the migrated sensor. 

Typically, sensor migration occurred during the first 24 to 48 hours post implantation, after which 

tissue integration prevented further sensor migration.  Cyclic sensor motion from animal 

respiration was minimized for laser Doppler readings and for intravital microscopy by attaching 

the LDF probe to a ring stand and capturing microscopic images at the end of expiration.   
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Finally, window infection must be minimized by daily topical application of antibiotics around the 

window perimeter. The antibiotics were not applied to the subcutaneous tissue adjacent to the 

sensor and it is unlikely that antibiotics would diffuse from the site of application on the skin 

adjacent to the edge of the window to the viewing area; since that would require traversing 

through the stratum corneum, through the epidermis, through the dermis, and laterally several 

millimeters to the site of the sensor observation151. 

 

8.6. Conclusions 

The utility of the one-sided dorsal window model to image and quantify changes in 

microvascularization adjacent to fully implanted, non-functional sensor strips was successfully 

demonstrated.  A significant increase in cumulative vessel length and blood perfusion was 

measured by Day 14 around porous coated sensor strips compared to bare strips.  The 

implantation and quantification techniques developed using the fully implanted sensor strips 

provided the foundation for the analogous study involving percutaneously implanted functional 

sensors described in Chapter 9.  
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Chapter 9:  One-sided dorsal window for real-time  
glucose monitoring:  
Functional sensor studies 

 

Original article co-authored with WM Reichert and B Klitzman. Text excerpts and Figure 1B 
included with kind permission from the Journal of Diabetes Science and Technology: 
Percutaneous window chamber method for chronic intravital microscopy of sensor-tissue 
interactions, J Diabetes Sci Technol, 2008; 2(6): 977-983, Koschwanez H, Klitzman B, Reichert 
WM.  Updated results and discussion section added since original publication. 
 

9.1. Introduction 

To further understand the interplay between neovascularization and long-term sensor 

performance, functional sensors were implanted percutaneously beneath the acrylic window for 

two weeks, the time period most confounding to sensor performance 33, 152.   During this time 

interval, sensors commonly experience highly variable or dramatically reduced sensor signals. 

The effects of acute inflammation and tissue dynamics that hinder sensor reliability have been 

observed using “after the fact” histological methods that provide only tissue snap-shots at 

experiment termination.  While information about collagen deposition and microvessel density 

around a sensor can be gleaned from histological analysis, little is known about real-time tissue 

dynamics or microvascularization using histology.    In contrast, the one-sided dorsal window 

model provided a unique opportunity to observe how changes in vascularity adjacent to bare and 

porous sensors influenced sensor performance.  

 

The dorsal window studies described here provide the first observation of how sensor placement 

influenced tissue remodelling and sensor performance, raising questions about the impact of 

mechanical irritation on wound healing and the utility of porous coatings, or the impact any other 

reasonably subtle tissue modification strategy, on sensors placed in mechanically unstable 

environments.  
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9.2. Materials and Method 

9.2.1. Sensors and associated hardware and software 

Medtronic MiniMed SOF-SENSOR TM glucose sensors, CGMS® System GoldTM monitors, 

MiniLinkTM transmitters, MiniLinkTM chargers, MiniMed Com-StationTM, and related software were 

generously supplied by Medtronic MiniMed (Northridge, CA). 

 

9.2.2. Porous coating and sensor preparation 

Details of the porous coating fabrication have been previously described in Sections 6.2.2 and 

6.2.4. 

 

9.2.3. Fluorescent glucose analogue (2-NBDG) 

2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (Invitrogen, Molecular 

Probes, Carlsbad, CA)  a fluorescently labelled derivative of glucose [Figure 29B], was purchased 

from Invitrogen (Molecular Probes, Carlsbad, CA).   2-NBDG was first investigated in vitro to 

determine if this altered form of glucose could be detected by the glucose oxidase layer in the 

Medtronic MiniMed SOF-SENSORTM before using this compound in in vivo experiments. 

                                       

Figure 29:  Chemical structures of (A) beta-D-glucose and (B) 2-NBDG.  2-NBDG structure 
courtesy from Invitrogen, Carlsbad, California (catalogue number N13195).  

 

A B



 

92 

A 100mg/dL solution of 2-NBDG was prepared by combining 5mg of the compound with 5mL of 

PBS.  Stock 100mg/dL glucose solution (1g D-glucose combined with 1 packet of phosphate 

buffered saline dry powder dissolved in 1L deionized water) was used as the control.  D-glucose 

and phosphate buffered saline dry powder packets were purchased from Sigma (St. Louis, MO).  

Each solution was dispensed into 1.5mL Eppendorf tubes and heated to approximately 370C 

using a heat block.  Prior to beginning the sensor experiment, three Medtronic MiniMed SOF-

sensors were soaked for 5 hours in PBS solution  (1 packet of phosphate buffered saline dry 

powder dissolved in 1L deionized water) at 370C.  Sensors were connected to the CGMS System 

Gold monitors. Sensors were first tested in the 100mg/dL glucose stock solution for 30 minutes, 

followed by a 30 minute soak in PBS solution, then tested in the 100mg/dL 2-NBDG solution for 

30 minutes, with a final soak in PBS solution.  All solutions were unstirred and maintained at 

370C.  Sensor data was downloaded using the MiniMed Com-Station and processed using 

Microsoft Excel and GraphPad software.  

 

9.2.4. Rats 

Seventeen Sprague-Dawley type (CD) rats (150-200g, Charles River Laboratories, Inc., 

Wilmington, MA) were implanted with one-sided dorsal windows and percutaneously implanted 

functional sensors (n=9 bare sensors, n=8 porous coated sensors).  All National Institutes of 

Health guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 1985) 

were observed.  Approval for these studies was granted by the Duke University Institutional 

Animal Care and Use Committee prior to initiation of the studies.  

 

9.2.5. Pre-Operative Preparations 

Rats were acclimated to wearing Elizabethan collars (e-collar) for 18-48 hours prior to sensor 

implantation.  Prior to surgery, the rats were lightly anaesthetized to shave the dorsum and to 

remove the E-collar.  Rats were then fitted with a rat jacket (Harvard Apparatus, Holliston, MA) 

[Figure 15] containing the shell of a Medtronic MiniLinkTM transmitter and sensor and allowed to 
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move unrestrained in their cage.     Rats were carefully observed to assess optimal placement of 

the window and sensor.  The location where the base of the sensor shaft rested on the rat’s 

dorsum was marked while the rat was in a neutral, resting position.  Placing the window or sensor 

directly between the scapulae was avoided to minimize sensor damage and possible discomfort 

for the rat.   

 

9.2.6. Surgery 

A 10mm diameter circle was drawn approximately 2mm below the mark for sensor placement (i.e. 

window center was 7mm below sensor insertion point).  The dorsum was repeatedly scrubbed 

with chlorhexidine and alcohol.  Flunixin meglumine (1 mg) was injected subcutaneously.  A 

10mm circular dorsal incision was performed, followed by blunt dissection around the perimeter of 

the excised tissue.  The wound was flushed with sterile saline and dried with sterile gauze. 

 

A pilot hole for sensor insertion was created 2mm proximal to the excised tissue by puncturing 

the dermis with 19 gauge needle. A functional Medtronic MiniMed SOF-sensor was introduced 

through the pilot hole.  The sensor was aligned down the center of the window area [Figure 30] 

and the sensor and acrylic disk were sutured in place. 
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Figure 30:  One-sided window with Medtronic MiniMed SOF-SENSORTM implanted beneath.    

 

Laser Doppler Flowmetry (LDF) was then performed, followed by hydrogen peroxide cleaning 

around the window perimeter and antibiotic application.  The e-collar was fastened and the rat 

was returned to its cage.    Every 24 to 48 hours, the e-collars were removed for 0.5 to 2 hours to 

allow the rats to groom. 

 

9.2.7. Sensor Testing 

The rats were anaesthetized with isoflurane to remove the e-collar, clean the window and dress 

the rat with the rat jacket.  The MiniLinkTM transmitter was connected to the sensor and secured 

to the jacket using an in-house fabricated pouch [Figure 31].  The MiniLinkTM transmitter              

(~5grams, 3.5cm x 3cm x 1cm) powered the glucose sensor, collected glucose data and 

transmitted the data using radio frequency to computer for analysis. MiniLinkTM transmitters were 

only used for several hours (< 6 hours) on prescribed days (Day 3, 7, 10, 14) to minimize tension 

on the sutures, and also reduce mechanical irritation along the sensor-tissue interface.   
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Once connected to the sensors, transmitters initialized for two hours before sensor data were 

collected.   While anaesthetized, blood flow was measured through the window within 1mm of the 

sensor surface using LDF [Section 8.2.5].  Rat motion was not restricted by the rat jackets or 

MiniLinkTM transmitter, allowing the rats to groom during the two hours system initialization period. 

 

 

Figure 31:  Sensor implanted beneath window.  Sensor hub attached to MiniLinkTM 
transmitter contained in rat jacket during glucose bolus injection challenges. 

 

Following the two hour initialization period, the rats were again anaesthetized.  Two to three tail 

vein pricks were performed to test baseline glucose concentration.  A 25 gauge butterfly syringe 

was inserted into the tail vein and secured with medical tape.  The rat was gently transported to 

the LaborLux microscope stage and connected to a nose cone supplying isoflurane.  Epi-

illumination was used to focus the sensor beneath the window.  Once focused for imaging, 0.5ml 

of 50% glucose in saline with 20mg/mL fluorescein (Sigma, St. Louis, MO) was injected at 

0.5ml/minute.  Images were immediately captured post fluorescein injection.  When possible, 

images were also captured during injection to observe vessel patency as the fluorescein perfused 

the microvascular network beneath the window. The rat was imaged for approximately 10 

Rat jacket 
with pouch 
containing 
MiniLinkTM  

Glucose sensor 
attached to 
MiniLinkTM  

Window with 
sensor beneath  
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minutes, and then returned to the cage.  One to two hours post bolus injection, the MiniLinkTM  

transmitter and jacket were removed, the e-collar replaced and antibiotic ointment applied to the 

window area.  

 

9.2.8. Glucose-fluorescein bolus imaging analysis 

Average electrical current values (nA), corresponding to the local interstitial glucose concentration 

at the sensor surface, were downloaded from the MiniLinkTM.  The downloaded data were plotted 

in GraphPad Prism software.  Images acquired were processed in Image J to correlate changes 

in cumulative vessel length within 1mm of the sensor surface and LDF measurements with 

changes in sensor response.  Details of measuring cumulative vessel length have been 

previously described in Section 8.2.8. 

 

9.2.9.          Explanted sensor study 

Following animal sacrifice, the functional sensors were carefully removed from beneath the 

window and stored at -40C.  The post-implantation sensor sensitivity and response time were 

determined in vitro by connecting explanted sensors to CGMS® system gold TM monitors, soaking 

the sensors in unstirred PBS (0mg/dL glucose) overnight at 370C, and then recording nA 

responses to step increases in glucose concentration ranging from 0 to 400mg/dL at 1 hour 

intervals.  Sensitivity was defined as the slope of the regression line of sensor current (nA) 

against known glucose concentrations (mg/dL) 129.  Ninety percent response time (t90) was 

defined as the time required for the sensor to reach 90% of peak sensor current following a step 

increase in glucose concentration.  

 

9.3.          Statistics 

To compare intra-group differences in sensor response, baseline, magnitude of sensor response 

and time to reach maximum sensor current following a glucose bolus injection, single-factor 

ANOVAs with Tukey’s Multiple Comparison Tests were used.   To compare inter-group 
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differences in baseline and times to reach maximum sensor current following a glucose bolus 

injection between porous coated and bare sensors for each time point, two-factor ANOVAs with 

Bonferroni post-hoc tests were used, while unpaired (two-tailed) t-tests were used to compare 

inter-group differences in sensor response between porous coated and bare sensors at each time 

point. To compare differences between new and explanted sensors in (1) sensor current and (2) 

time to reach 90% maximum sensor current following step changes in glucose concentration, a 

two-factor ANOVA with a Bonferroni post-hoc test, and an unpaired two-tailed test were used, 

respectively.  The threshold for significance was p<0.05. 

 

9.4. Results 

9.4.1. Fluorescent glucose analogue (2-NBDG)  

As shown in Figure 32, the 100mg/dL 2-NBGD solution significantly attenuated sensor response 

compared with the response observed using the 100mg/dL D-glucose solution.   This reduced 

sensor response in 2-NBGD compared with D-glucose is attributed to a reduction in glucose 

oxidase oxidation rate.  Due to the attenuated response to 2-NBGD, a mixture of 50% w/v. D-

glucose combined with 20 mg/mL fluorescein (for vessel-tissue contrast) was used in all in vivo 

experiments to couple a glucose bolus challenge with a fluorescent dye to simultaneously monitor 

sensor response while visualizing the microvessel perfusion adjacent to the sensor surface.  
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Figure 32:  Sensor response currents (n=3) to 100mg/dL D-glucose and 100mg/dL 2-NBDG. 
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9.4.2. Cumulative vessel length and laser Doppler flowmetry 

Fluorescein-glucose bolus injections and intravital microscopy were performed on Days 3, 7, 10 

and 14 for nine rats with bare sensors and eight rats with porous coated sensors implanted 

percutaneously beneath an acrylic disk in the rat dorsum.  Laser Doppler flowmetry 

measurements were also taken at these time points, as well as on Day 0, immediately following 

sensor and window implantation.  No additional sham studies were performed because they 

would have been redundant to sham studies shown in Chapter 8. 

 

Each functional sensor experiment was considered successful only if by Day 14 the sensor (1) 

remained securely implanted and visible beneath the viewing window, (2) responded to glucose 

challenge, (3) had no technical difficulties injecting the bolus into the tail vein, or 

collecting/downloading data from the MiniLinks/digital camera, and (4) had no infection.  The 

overall 14-day success rate was 5 of 17 sensors (30%), with 3 being bare and 2 being porous 

coated.  Technical difficulties administrating the glucose bolus into the tail vein on Day 14 

prevented an accurate sensor response from a third porous coated glucose sensor; only baseline 

signal and cumulative vessel counts could be measured from this sensor.  While only one failure 

occurred by Day 3 due to technical difficulties, nine sensor failures occurred by Day 7, and two 

failures occurred between Days 11 and 13.  Experimental failures occurred by sensor pull out (5), 

from loss of sensor visibility beneath the window (3), technical difficulties (2), or infection (2).  

There appeared to be no component-related failures, and none of these failure appeared to be 

related to whether the sensor was bare or porous coated.  
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Figure 33:  Average cumulative vessel length within 1mm2 of sensor surfaces.  No 
difference in vessel length between bare and porous coated percutaneously implanted 
sensors over 14 days. 

 

Figure 33A and B are plots of the cumulative vessel length adjacent to the surface of functional 

percutaneous sensors. The average cumulative vessel lengths for percutaneously implanted 

sensors with and without a porous coating were not statistically different at any of the four time 

points examined. Note: vessel length data for the percutaneously implanted porous coated 

sensor on Day 10 was excluded from statistical analysis due to an n=1.  The vessel lengths 

measured for porous coated percutaneously implanted sensors [Figure 33B] were also not 

statistically different than the porous coated fully implanted sensors [Figure 27B].  The only 

significant difference was a two-fold increase in vascularity on Day 14 for percutaneously 

implanted bare sensors [Figure 33A] compared with the fully implanted bare sensor strips [Figure 

27A].   
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Figure 34:  No significant difference in red blood cell flow, measured in laser Doppler flow 
(LDF) units, was observed between percutaneously implanted bare and porous coated 
sensors over 14 days. 

 

No intra- or inter-group statistically significant differences between LDF measurements were 

observed over the 14 days for either porous coated or bare sensors percutaneously implanted 

[Figure 34]; nor were there any statistical differences in LDF measurements between bare 

sensors and sensor strips, or and porous coated sensors and sensor strips, respectively from 

Day 3 to Day 14 [Figure 28 vs. Figure 34].  

 

9.4.3.          Sensor Response to Glucose Challenge 

Figure 35 superposes the average sensor responses to a glucose challenge for bare [Figure 35A] 

and porous coated [Figure 35B] percutaneous sensors.  Note that that the shape and magnitude 

of these sensor traces exhibited only minor variances.  Table 9 lists the average baseline current, 

the maximum sensor response, and time to reach the maximum response determined from 

sensor data in Figure 35.  Note that Day 10 and 14 porous coated sensors were limited to n=2, 

thus not statistically valid. No statistically significant intra- or inter-group trends were observed for 

the data in Table 9, with the exception of bare sensor response on Day 7, in which the response 
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to the glucose challenge was slightly faster and stronger in magnitude than porous coated 

sensors (P<0.05). 

 

9.4.4.          In Vitro Testing of Explanted Sensors 

Of the 17 implanted sensors, thirteen remained sufficiently intact (not destroyed by rats) that they 

could be tested post-implantation to in vitro step changes in glucose concentration from 0 mg/dL 

to 400 mg/dL.  Explanted sensors had a t90% response time of 5±1 minutes and a mean in vitro 

sensitivity (∆current/∆concentration) of 0.13 ± 0.0 nA/mg/dL.  Twenty newly unpackaged MiniMed 

sensors responded to the same in vitro step increase testing with a t90% response time of 2±0 

minutes with a mean sensitivity of 0.20 ± 0.0 nA/mg/dL.  The explanted sensors had a 

significantly slower mean response time (P<0.0001) and a significantly lower sensitivity (P<0.001) 

than did the new sensors.  
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Figure 35:  Comparison of sensor response to glucose bolus injection between bare and 
porous coated sensors on (A) Day 3, (B) Day 7, (C) Day 10, (D) Day 14.  Summary of 
baseline (nA), maximum sensor response (nA) to bolus and time to reach maximum 
response (min) included below each graph. 
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Table 9:  Summary of baseline current (nA), maximum sensor response following a 
glucose bolus injection (nA), and the time to reach maximum sensor response (min) for 
Days 3, 7, 10 and 14 for bare and porous coated sensors.  Number of sensors (n) included 
in calculating baseline and maximum sensor response values are included.    

Baseline (nA) Max response (nA) after 
glucose bolus 

Time to reach 
maximum sensor 
response (min) 

Bare n Porous n Bare n Porous n Bare Porous

Day 3 17.5 ± 1.2 9 14.6 ± 2.0 7 40.7 ± 5.9 4 49.5 ± 2.0 5 16 ± 2 22 ± 2 

Day 7 17.6 ± 1.9 5 15.6 ±2.5 5 47.4 ± 7.5 4 38.6 ± 9.1 3 13 ± 2 23 ± 2 

Day 10 20.8 ± 0.6 4 17.7 ± 2.1 4 49.7 ± 2.6 3 54.3 2 19 ± 2 15 

Day 14 15.9  ± 1.9 3 11.2 ± 2.6 3 39.6 ± 9 3 29.9 2 17 ± 4 13 

 

 

 

9.5. Discussion  

The often-erratic behaviour of implanted glucose sensors presents a dynamic experimental 

scenario that is impacted by time-dependent changes at the sensor-tissue interface.  Gough and 

co-workers noted that direct tissue visualization is necessary to understand the underlying 

physiology behind unpredictable sensor response52.  While subject to limitations, a window 

chamber model is the only way to simultaneously image changes at the sensor-tissue interface 

while collecting live sensor data, particularly during the first two weeks post-implantation that are 

the least favourable time for glucose measurement33. The window chamber model also lends 

itself to incorporation with other non-invasive detection methods; i.e. blood perfusion adjacent to 

sensor could be gathered by coupling intravital microscopy with laser Doppler flowmetry, 

providing valuable information on the health of the surrounding tissue. 
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In the current study a window chamber implanted into a single animal allowed direct monitoring of 

changes in the microvascular network and sensor function over several days.  Vessel number, 

patency, and orientation were visualized repeatedly, and non-destructively, using fluorescent 

dyes, and correlated with sensor function using glucose bolus injections. Two implantation 

conditions were also monitored, fully implanted non-functional sensor strips [Chapter 8] and 

percutaneously implanted functional sensors.  Each sensor was also either implanted bare 

(unmodified, smooth) or implanted with a PLLA porous coating.   

 

In the non-functional fully implanted studies described in Chapter 8, sensors were detached from 

the plastic hub connector and completely inserted within the tissue beneath the viewing window.  

The functional percutaneously implanted sensor studies described herein also involved inserting 

the sensor beneath the window; however, the sensor remained attached to the plastic hub 

connector, permitting attachment to the MiniLinkTM transmitter.   In these studies, rats received 

bolus injections of fluorescein-glucose to simultaneously illuminate the microvascular network 

beneath the window and measure sensor response to the glucose challenge.  Unlike the non-

functional sensor strip studies [Chapter 8] that provided a clear distinction in tissue response 

between the bare and porous sensor strips, the functional sensor studies generated a more 

ambiguous outcome.  The following discussion focuses on the surprising disparity between the 

results of the non-functional and functional studies.   

 

Tissue irritation 

Numerous studies have shown that fully implanted porous materials stimulate angiogenesis 

compared with smooth materials 2, 35, 86, 117, 129. In these studies the implants were fully implanted, 

and thus relatively free of mechanical stresses.  In contrast, mechanical irritation of percutaneous 

devices is a leading cause in device failure.  Acute mechanical interfacial stresses tear the device 

from its implantation bed 153, while chronic, small mechanical stresses cause localized injury, 
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resulting in inflammation 154 and increased susceptibility to infection153.  Mechanical forces also 

prevent an epidermal seal to form, increasing infection risk153. 

 

Tissue irritation appeared to be a dominant factor in the functional sensor studies.  When non-

functional sensor strips were fully implanted in the rat dorsum, we observed a two fold increase in 

average cumulative vessel length adjacent to the porous coated sensor strip by Day 14, 

compared with the bare strip [Chapter 8].  The lumbar sacral region where the sensors were 

implanted is located in an area on the rat subjected to limited muscle motion 155, therefore, 

minimal shear forces at the implant-tissue interface were expected.   

 

When sensors were percutaneously implanted, we observed no difference in neovascularization 

between bare and porous coated sensor groups, and this similarity in angiogenesis translated in 

similar sensor responses over 14 days for both groups.  We believe that suturing of the plastic 

hub connector to the rat dermis may have contributed to chronic mechanical stress and irritation 

of the tissue along the sensor-tissue interface, resulting in increased inflammation 156.  The 

integration of the porous coating with the surrounding tissue may have further increased tissue 

tearing at the porous coating-tissue interface compared with a smooth, non-tissue integrated 

surface. It is well known that chronic inflammation and angiogenesis are strongly linked157. The 

similar tissue responses between bare and porous coated sensors suggest that the capillarity 

adjacent to the sensor surface was induced less by surface texturing and more from mechanical 

irritation resulting from normal rodent movement (i.e. ambulation, grooming) and scratching the 

plastic hub connector sutured to the dermis.    

 

The percutaneous functional sensors also showed no correspondence between cumulative 

vessel length and sensor response to glucose bolus.  Cumulative vessel length adjacent to the 

sensor surfaces increased three- to seven-fold from Day 7 to Day 10, and up to two- fold by Day 

14.  However, the lowest sensor responses to glucose bolus challenge were recorded for both 
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bare and porous coated sensors on Day 14.  Though modest, this attenuation in sensor signal, 

despite increased angiogenesis, suggests that angiogenesis plays a secondary role in 

maintaining sensor function long-term.   

 

Dungel et al. 158 previously observed that porous sensor coatings may increase fibrosis and 

subsequently reduce sensor longevity compared with non-porous coated sensors in spite of 

increased vascularity of the surrounding tissue 38.  We similarly observed in previous studies that 

increased collagen deposition often accompanies increased vascularity [Chapter 7].  

Extrapolation to the functional sensor studies presented here suggests that increased collagen 

trumped the benefits of increased angiogenesis surrounding the porous coating by attenuating 

baseline current.  While an interesting hypothesis, the reason for the attenuating effect of 

increased collagen deposition is not clearly apparent. Unlike histology, the intravital microscopy 

and laser Doppler flowmetry using window chamber model did not allow one to measure the 

extent of collagen deposition. 

 

A number of steps were taken to minimize anaesthetic effects. In the current studies, animals 

were anaesthetized twice weekly for glucose bolus challenges using inhaled isoflurane rather 

than injectable pentobarbital, as inhaled anaesthetics provided better control over length and 

depth of anaesthesia than injectable anaesthetics 159. We believe the observed increases in 

sensor current were the result of the 50% glucose solution injected for the glucose bolus 

challenge, although isoflurane is known to elevate blood glucose levels.  Rats were anaesthetized 

for approximately 15 minutes with isoflurane to allow for glucose bolus injection and imaging, 

following which the rat was removed from the anaesthetic.  Moreover, a high dose (2.5% 

isoflurane) was used initially to induce rapid anaesthesia (~ 5 minutes), then reduced to 1.5% 

isoflurane for the remainder of the experiment. However, for future studies, fasted rats may be 

used instead of fed rats to minimize any effects of isoflurane on glucose levels since 

hyperglycaemia does not occur during isoflurane administration when rats are first fasted 160. 
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Finally, we observed a significant reduction in sensor sensitivity between explanted and new 

sensors, as well as an increase in sensor response time to step changes in glucose 

concentration. (We did not test the sensor sensitivity and response times prior to sensor 

implantation in order to maintain sensor sterility.)  Possible reasons for the observed changes in 

sensor sensitivity and response time are changes in permeability of the glucose limiting 

membrane and/or porous PLLA coating (i.e. from protein adsorption, biofouling, collagen 

deposition), and loss of enzyme activity38, 129.   The overnight soak in unstirred PBS may not have 

adequately removed the fouling agents from the sensor surfaces.  Severed vessels and collagen 

deposition within the porous matrix could further limit glucose diffusion during ex vivo testing 38. 

 

While Medtronic MiniMed claims their sensors can continuous function in physiological glucose 

levels for more than 30 days 138, a small (n=5) in vitro study performed in 2007 using R&D 

Medtronic sensors (i.e. not quality controlled for commercial sale) found a statistically significant 

reduction in baseline over 28 days (p<0.001). We obtained these results by continuously soaking 

five sensors in unstirred 100mg/dL glucose dissolved in PBS (physiologically relevant glucose 

concentration) for four weeks at 37oC to evaluate changes in sensor baseline current.  The 

reduction in baseline, particularly from Day 7 onwards suggested that glucose oxidase 

degradation may play an important role in the sensor signal attenuation observed in vivo.  

However, the limited number of sensors tested (all from the same batch of R&D sensors) in our 

study necessitates that conclusions not be drawn on robustness of the glucose oxidase in the 

MiniMed sensors.   Moreover, the MiniMed sensors are only FDA approved for three days, during 

which time negligible differences in sensor baseline current were observed. 

 

Fluorescent glucose analogue and sensor response 

2-NBDG, a fluorescent glucose analogue, is currently used in vitro to detect cellular glucose 

uptake activity 161, 162.   Poor glucose sensor detection of 2-NBDG prevented the use of this 
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compound in in vivo experiments. The rate of glucose oxidase reaction is highly dependent on the 

hexose structure of glucose.  Any alteration from the beta-D-glucose structure (the only 

biologically active stereoisomer of glucose) will reduce the rate of oxidation though the degree of 

reduction varies depending on the alteration.  Precipitous reductions in oxidation rate have been 

documented with each alternation of the D-glucose structure.  While D-glucose has a relative 

oxidation rate by glucose oxidase of 100, the 2-deoxy-D-glucose compound has a relative rate of 

20 and 6-deoxy-D-glucose has a relative rate of 10 163.     

 

The respective oxidation rates of these altered compounds are important, as the only two 

commercial fluorescent labelled glucose molecules available are derivatives of 2-deoxyglucose 

and 6-deoxyglucose.  The 2-deoxyglucose form is still active and can be metabolized 

downstream; however, the 6-deoxyglucose form is inactive 164. The addition of the fluorescent tag 

to the D-glucose form increases the molecular weight from 180g/mol to 342 g/mol 165.   This 

altered, bulky structure [Figure 29B] most likely interacted ineffectively with glucose oxidase, 

resulting in poor sensor response.    

 

Future considerations 

In this study attempts were made to correlate sensor response with perfusion and clearance of 

the tissue using injection of a glucose bolus doped with fluorescein.  While fluorescein provided 

an excellent marker for observing vessel patency, conclusions were not be drawn about glucose 

perfusion of the sensor based on visualizing fluorescein diffusion as these two molecules have 

different transport mechanisms.  We are currently seeking a fluorescent marker with appropriate 

perfusion and clearance characteristics that would make this measurement possible.   Another 

important area of development is the incorporation of diffuse reflectance and autofluorescence 

spectroscopy into the window chamber model that may provide repeatable and non-destructive 

methods for quantifying tissue changes beneath the window, such as collagen deposition and 

haemoglobin saturation 166-169 [Chapter 10].  
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9.6. Conclusions 

The benefit of tissue integration to promote angiogenesis, which was clearly evident in the fully 

implanted non-functional sensor studies, was not apparent in the percutaneous functional sensor 

studies.  We postulate that the effect of the porous coating was overridden by chronic mechanical 

irritation of the percutaneously implanted functional sensors.  While our functional sensor 

experiments extended beyond the FDA-approved three-day range for the MiniMed sensors, the 

percutaneously implanted sensors became increasingly subject to animal-related failure modes, 

such as sensor pullout, that reduced the number of fully-functional sensors at longer time points.  

Ultimately, longer-term experiments will be needed to better understand why sensor attenuation 

occurs despite increased angiogenesis at the sensor-tissue interface, regardless of surface 

topography.   
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Part V: CONCLUSIONS AND FUTURE WORK 

 

Chapter 10:  Summary of work presented 

 

10.1. Porous coating development and characterization 

Porous poly-L-lactic acid coatings were fabricated with open-architecture pores of cellular 

dimensions (~ 30µm pore size, 90% porosity, 50µm coating thickness) using ammonium 

bicarbonate.  In vitro characterization demonstrated that porous PLLA coatings were non-

cytotoxic, minimally interfered with sensor sensitivity to glucose concentrations, and did not 

appreciably degrade over the course of six weeks.    Sensors with the porous coating responded 

to glucose challenges with lag times comparable to bare sensors (~ 2-3 minutes), indicating that 

the porous coating did not significantly retard glucose diffusion to the sensor surface.  In vivo 

experiments were warranted to examine if these porous coatings could modify the foreign body 

response adjacent to indwelling glucose sensors.  

 

10.2. Tissue response to porous coatings 

Subcutaneously implanted non-functional glucose sensors, with and without porous coatings, 

showed the anticipated effect on enhancing vascularity and decreasing collagen deposition 

Histological examination of the tissue-sensor interface after three weeks found approximately 

three-fold more vessels within 100 µm of the porous coated surface compared to the bare sensor.   

Using an in-house developed MATLAB® program to quantify collagen using colourmetric 

analysis, tissue within 100µm of bare sensor surfaces had three-fold more collagen than tissue 

adjacent to porous coated surfaces.   
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To evaluate how increasing angiogenesis adjacent to porous coated sensors effects sensor 

performance, glucose sensors, with and without porous coatings were percutaneously implanted 

in the rat dorsum for two and three weeks.    Interesting, percutaneous functional sensors with 

and without porous coatings showed no significant effect in terms of histology or sensor 

response.   Vessel density and collagen content adjacent to the bare sensor surface, and within 

the space between the sensor and interior of the porous coating were almost identical at 150 

vessels per mm2  and 25% collagen, though exterior of the porous coating, vessel counts were 

1.5-fold higher and percent collagen two-fold greater.   Both bare and porous coated sensors 

experienced attenuation of sensor signal over two weeks, ~ 30% and ~ 60%, respectively.  These 

results indicate that while texturing does favourably affect the tissue that surrounds implanted 

sensors, the additional mechanical stresses imposed by percutaneous tethering may override the 

beneficial effects induced by the porous coatings.  

 

10.3. One-sided dorsal window model 

Coupling intravital microscopy with continuous interstitial glucose monitoring provided a unique 

opportunity to better understand the interplay between neovascularization and long-term sensor 

performance.   When non-functional sensor strips, with and without porous coatings, were fully 

implanted, a two-fold increase in total cumulative vessel length within 1mm2 of porous coated 

sensor strip surfaces was observed after 14 days.  Red blood cell perfusion on Day 14 was also 

significantly higher around porous coated sensor strips than bare sensor strips.  However, when 

functional sensors, with and without porous coatings, were percutaneously implanted for the 

same duration, no significant difference in average cumulative vessel length or blood perfusion 

was observed between these groups. The only significant difference was a two-fold increase in 

vascularity on Day 14 for percutaneously implanted bare sensors compared with the fully 

implanted bare sensor strips.   No significant attenuation in baseline current over 14 days was 

measured, regardless of sensor surface topography.    Longest cumulative vessel lengths were 
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measured on Day 14; however, magnitude of sensor responses to glucose boluses was lowest.  

This attenuation in sensor signal, despite increased angiogenesis, suggested that angiogenesis 

played a secondary role in maintaining sensor function long-term.     

 

10.4. Conclusions 

10.4.1 Dissertation contributions 

The efforts of this doctoral research were aimed towards better understanding the interplay 

between angiogenesis and sensor performance.    This dissertation contributes to the fields of 

glucose sensors and engineered tissue scaffolds by coupling these two technologies through the 

development and testing of porous polymeric coatings for indwelling amperometric glucose 

sensors.   In brief, a novel dip-coating method was developed to fabricate porous PLLA coatings 

for a needle-like glucose sensor configuration.   The first studies investigating the tissue response 

and sensor performance of porous coatings on percutaneously implanted glucose sensors were 

performed, and catalyzed the development of the one-sided dorsal window chamber model to 

expand the techniques available to investigate wound healing on sensor function. This model 

permitted continuous glucose monitoring coupled with visualization of developing microvascular 

networks adjacent to sensor surfaces, allowing serial, real-time observations without animal 

sacrifice.   Through this research, new questions were raised about the impact of mechanical 

irritation on wound healing and the utility of porous coatings, or the impact any other reasonably 

subtle tissue modification strategy, on sensors placed in mechanically unstable environments.   

 

To better understand how this work complements the contributions made by scores of 

investigators over decades of research, the following summary captures what is know, what is 

speculated and what remains unclear about sensor-tissue interactions and the use of porous 

coatings as a strategy for improving sensor performance. 
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10.4.2. Current state on glucose sensor technology and the use of surface topography to 
modify sensor-tissue interactions and sensor performance: 
 

Sensors 

• Sensor membrane stability is critical to maintain suitable glucose and oxygen 

permeability.  Glucose influx must never exceed oxygen influx to minimize the amount of 

glucose oxidase in its reduced form.  In the reduced form, glucose oxidase is highly 

susceptible to hydrogen peroxide degradation.  Moreover, a greater influx of glucose 

compared to oxygen results in sensor non-linearity33.    

 

• Glucose oxidase slowly becomes inactive; however, hydrogen peroxide decays glucose 

oxidase more rapidly than natural enzyme inactivation 33.   

 

• Explanted sensors perform similar to pre-implanted sensors, despite considerable sensor 

signal drift observed during in vivo implantation 29.  

 

Porosity 

• A significant range of materials and pore sizes are capable of promoting angiogenesis 

and reducing capsule thickness 1, 2, 35, 86, 117.  

 

• Well-defined, open-architecture, interconnecting pore structures ranging from 5µm 

to 60µm incite optimal angiogenesis in the subcutaneous tissue 2, 86, 115, 117, 152.  More 

rigid, well-defined pore structures incite more vascularity than similar pore dimensions in 

softer, less defined pore structures115.  

 

• Porous materials incite a low-grade chronic inflammatory state with granulation tissue 

persisting around implanted porous materials for months (highly vascularized and 
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cellular)86.    This granulation tissue permits more rapid diffusion of low molecular 

weight analytes to the implant surface compared to dense, avascular capsules which 

form around smooth implants 115. 

 

• Fully implantable functional sensors with an angiogenic membrane of expanded PTFE 

reliably tracked glucose for multiple weeks longer than the same sensors without this 

membrane by encouraging capillary formation adjacent to the sensor 35. 

 

• The angiogenic inducing properties of porous coatings become non-substantial when 

sensors are percutaneously implanted.   Sensor signal attenuation occurs, despite 

increased angiogenesis adjacent to the sensor surface.  The use of porous coatings on 

percutaneously implanted glucose sensors does not prevent sensor signal attenuation 

during the initial two weeks post-implantation 170. 

 

Vascularization 

• Vessels regress after two weeks during normal wound healing171; however, 

vascularization is maintained for months if the porosity persists (i.e. non-degrading 

porous scaffold)2. 

 

• Plasma-tissue exchange of glucose depends on vessel density (number of vessels) and 

vessel permeability (how easily glucose can diffuse from vessels)86. 

 

• Vessels less than 10µm radius are an order of magnitude more permeable than vessels 

with radii greater than 10µm86. 
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Foreign Body Capsule 

• Capsules forming around smooth implants are characteristically avascular with tightly 

packed collagen oriented in parallel with the implant surface. A clear distinction between 

densely packed collagen and connective tissue is observed for smooth implants. The 

avascular collagen matrix increases the diffusion distance between vessels and the 

sensor surface 88.  The dense, organized fibres around smooth implants impede glucose 

diffusion by up to 50% compared to native subcutaneous tissue and granulation tissue                 

(1.1x10-6/cm2/s)88.  A finite difference model predicted that a 200µm thick dense capsule 

would retard glucose diffusion time by three-fold compared to no capsule88. 

 

• Capsules forming around porous implants are more vascular than non-porous 

materials86, with sparse, randomly oriented, collagen fibres.  Due to tissue ingrowth into 

porous material, minimal distinction between capsule and surrounding connective tissue 

is observed. The randomly oriented fibrovascular ingrowth around porous implants is 

similar to subcutaneous tissue, allowing glucose to diffuse at 2.4x10-6cm2/s 88. 

 

• Increased collagen deposition within a porous matrix correlates with decreased sensor 

sensitivity 158. 

 

• Implant thickness significantly effects capsule thickness, despite identical material 

chemical composition.  Thinner implants illicit thinner foreign body capsules 1.   

 

• Less cell necrosis and capsule formation occurs around fully implanted textured 

materials than smooth materials 89. 
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Cellular response to porous materials 

• Materials that promote neovascularization have interstices that allow host inflammatory 

cell infiltration 2.   Round morphology will be sustained if porous scaffold has structure 

and pore size preferred by cells.  Pores too small or too large will result in macrophages 

to flatten and adhere to the pore lumens 2. 

 

• Inflammatory cell counts within a porous material increase until Day 7, then remain stable 

for several weeks 171. Macrophages persist in the porous scaffold for the lifetime of the 

implant171. 

 

• Cells must actively react to the biomaterial, not remain inert to induce angiogenesis 2.   

Activated inflammatory cells consume glucose at accelerated rates 172, 173. 

 

Placement and micromotion 

• Sensor placement has a significant effect on tissue response and perfusion170. 
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10.4.3. Speculations on sensor-tissue and sensor failure 

 

Sensors 

• Sensor performance is influenced by wound healing, host response to the implant and 

vascularity in tissue surrounding sensor 29. 

 

• Sensor failure can be divided into biocompatibility-based failure (i.e. fibrotic 

encapsulation membrane biofouling/degradation, electrode corrosion) and component-

based failures (i.e.mechanical, electrical)35, 107. 

 

Porosity 

• Pore geometry, not material surface chemistry, influences the extent of vascularization 2.  

Implant geometry contributes to vascularization and collagen deposition by influencing 

the rate and orientation of host proteins and/or cells adsorption to the implant surface, 

and subsequent downstream responses 1, 2.  Spatial constraints imposed by particular 

pore dimensions on infiltrating macrophages may lead to phenotypic changes that prompt 

angiogenic-mediating secretions and/or wound healing signals123 2008 

 

• Low oxygen in the porous scaffold stimulate macrophages to continuously secrete 

angiogenic factors to prevent vessel regression and hypoxic conditions for the lifetime of 

the implant171.  In particular, VEGF (vascular endothelia growth factor), VPF (vascular 

permeability factor), and TNF-α (tumour necrosis factor-alpha) are secreted by 

macrophages in hypoxic conditions.  These factors are chemotactic, mitogenic and 

stimulate endothelial cell migration171.   Macrophages may also secrete proteases (i.e. 

collagenase) to modulate and degrade the extracellular matrix, facilitating growth factor 

release from the matrix to future support neovascularization171.  
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• However, if macrophages flatten in response to the spatial constraints of the porous 

scaffold (i.e. pores too small or too large), gene expression favouring fibroblast 

proliferation and collagen formation will be activated, regardless of hypoxic conditions171.   

This would support the formation of a dense, fibrotic, avascular capsule around smooth 

implants.  

 

• Porosity may prevent capsule maturation, resulting in a persistent capsule of 

vascularized granulation tissue, unlike capsules around smooth surfaces that transform 

from granulation tissue to mature collagen networks within the first few weeks 88.  

 

Vascularization 

• Instead of minimizing fibrotic encapsulation, enhance capsule vascularity and 

permeability to increase analyte availability to the sensors and greatly improve sensor 

response time 115.  

 

• Vascularized granulation tissue that surrounds the sensor during the first weeks post 

implantation may be the cause of rapid glucose diffusion to the sensor surface 88.   

 

• Maturation of the vascular granulation tissue into less vascular, more collagenous tissue 

may be the cause for sensor signal attenuation following weeks of implantation 88.  

 

• Native subcutaneous tissue would not be vascularized enough to support rapid sensor 

response 115. 

 

• Variations in local tissue perfusion account for sensor signal fluctuations60. 
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• Functional blood vessels are critical for maintaining some level of sensor function; 

however, angiogenesis is not sufficient to overcome the glucose diffusion barrier 

created by fibrous encapsulation 158. 

 

• Diffusion into the interstitial space is significantly more rapid than uptake into cells, 

therefore,  seconds following a bolus injection, the concentration of glucose in the 

interstitium will match that of  the blood glucose concentration 33. 

 

Foreign body capsule 

• Break-in period: From implantation to approximately three weeks, sensors perform 

below pre-implantation function as the tissue developing around the sensor lacks 

adequate transport (diffusion, convection) of glucose and oxygen to the sensor surface 33.   

This time period is least favourable for glucose tracking as the foreign body capsule has 

not sufficiently formed.  Once foreign body capsule formation has stabilized, sensor 

response will also stabilize 33.   

 

• Inadequate supply of oxygen and glucose to the sensor through the foreign body capsule 

leads to sensor failure 29.  

 

• A mature, fibrous capsule forms a transport barrier by88: 

1. retarding analyte diffusion from dense fibres that reduce fluid volume and 

increase tortuosity and steric hindrance.  

2. restricting perfusion due to avascularity adjacent to the sensor and producing a 

longer diffusion path between the sensor and the capillaries located exterior of 

the capsule. 
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• Capsules consisting of well-vascularized granulation tissue provide better analyte 

diffusion than avascular, fibrous capsules 1, 29, improving senor lag time by three-fold 

compared to native subcutaneous tissue 88.    However, granulation tissue, indicative of 

chronic inflammation, will also affect the longevity of the sensor 29. 

 

• Other contributing factors in the development of foreign body capsules: 

o Material hydrophilicity contributes to thinner foreign body capsules by reducing 

protein adsorption and macrophage adhesion 1.  Incorporating hydrophilic 

coatings into sensor design may be efficacious 1. 

o Differences in surgical trauma between implanting smooth or porous materials, 

and mechanical shear stress at the tissue-implant interface contribute to 

differences in collagen adjacent to implant surfaces 89. 

 

Protein/Cellular reasons for loss of sensor sensitivity  

• Inflammatory cells lower the interstitial glucose concentrations 37, 172, 173.  Cellular 

glucose consumption adjacent to the sensor may affect sensor signal32. 

 

• Protein and cellular attachment to the sensor surface (membrane biofouling) impedes 

analyte diffusion and perfusion to the implanted sensor, resulting in decreased sensor 

response 32, 107. 

 

• Excreted enzymes and free radicals from inflammatory cells (i.e. neutrophils, 

macrophages) damage sensor components and/or consume hydrogen peroxide formed 

during the oxidation of glucose 32, 33, 35. 
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• Low molecular weight oxidizing molecules in serum compete with oxygen for 

accepting electrons from oxidized glucose oxidase 32 leading to sensor signal attenuation 

by reducing the amount of hydrogen peroxide formed. 

 

Mechanical irritation on capsule formation and sensor response 

• Implant stability may be a key factor in foreign body response 89.  

 

• Mechanical irritation along the implant-tissue interface has a significant effect on 

inflammation 154 156.  

 

• Capsule thickness is related to the extent of cell necrosis adjacent to the implant 

surface89.  Cell necrosis is related to the extent of mechanical shear stress experienced 

along the implant-tissue interface 89.  Cell death incites inflammation and cell infiltration 

that may contribute to capsule formation 89.  

 

• When fully implanted, textured/porous surfaces stabilize implants in soft tissue better 

than smooth implants, thereby reducing cell necrosis, inflammation, and fibrotic capsule 

formation from mechanical sheer stress 29, 89.  

 

• Tissue integration of porous coatings on percutaneously implanted sensors subjected 

to high mechanical irritation result in tissue damage, leading to exacerbated 

inflammation, cellularity, and collagen deposition.   Increased cellularity and collagen 

reduce glucose availability to the sensor surface via cellular consumption and increased 

diffusion resistance, attenuating sensor signal greater than smooth surface sensors170. 
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10.4.4. Factors influencing sensor-tissue interactions and sensor performance that remain 
to be investigated 

 

• Sensor signal attenuation from protein and cellular adsorption, leukocyte interaction 37. 

 

• Low molecular weight oxidizing compounds competing with oxygen to react with 

glucose oxidase 37. 

 

• Contribution of mechanical irritation on stimulating angiogenesis, collagen, cellularity, 

and what role chronic micromotion plays in sensor signal attenuation170.  

 

• The role textured/porous surfaces have on membrane biofouling and biofilm 

development and subsequent sensor signal attenuation 107, 170. 

 

• Comparison of biofilm formation between percutaneous and fully implanted sensors170. 

 

• Acidic degradation of PLLA on local tissue environment (i.e. increase inflammation) 

and sensor components (i.e. membrane degradation, glucose oxidase deactivation)170. 

 

• What factors contribute to sensor baseline attenuation yet do not effect sensor response 

time 170. 
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10.4.5.  A retrospective evaluation of experimental design 

In retrospect, the following modifications and additions to histological analyses, animal models, 

and intravital microscopy set-up would have been made. 

 

Histology 

Several additional histological stains could have been incorporated into the analysis of the tissue 

surrounding the sensors: 

 

• Von Willebrand factor (vwF), an endothelial cell marker to allow easy identification of 

microvessels 

• EF-5 to detect tissue hypoxia 

• Stains for macrophage, fibroblasts for easier cell identification 

• Stains for phosphorylated Smad proteins to identify TGF-β activation in cells.  TGF-β 

plays an instrumental role in fibrotic capsule formation 174. 

• Stains for bacteria, such as silver 175, to detect biofilm formation along the sensor shaft or 

bacterial infection  

 

Animal model 

Performing the same sensor experiments using diabetic rats or pigs would have been 

advantageous.  It is well known that individuals with diabetes have impaired wound healing176.  

Comparing tissue and sensor response between diabetic and non-diabetic rats could provide 

useful insight into how differences in wound healing affect sensor performance, and if these 

differences might also play a role in sensor function between diabetic and non-diabetic humans.   

Using a pig model, in addition to or in lieu of rodents, would also be advantageous as pigs are 

commonly used for wound healing models due to numerous similarities with human skin and 

subcutaneous tissue 83.   
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Intravital microscopy 

A higher numerical aperture should be experimented with to improve microvessel resolution 

beneath the window.  Additionally, thinner, transparent, bioinert materials, such as polycarbonate, 

should be investigated as alternative window material.  The 0.75mm acrylic disks required a low 

numerical aperture and objective lens magnification to provide adequate depth of field.  A higher 

numerical aperture could be used to improve resolution if a thinner window was employed to 

reduce the depth of field. 

 

10.4.6. Final remarks 

In the context of what is known about porosity and its impact on glucose sensor performance, this 

doctoral research called to question the long-held assumption that extensive angiogenesis at the 

sensor surface would maintain sensor performance long-term, at least in terms of sensors 

implanted percutaneously and subjected to chronic mechanical stress.   The effects of 

micromotion need to be taken into account when designing and testing new strategies for 

improving sensor performance.  This research illustrated that implantation scheme has a 

significant impact on tissue response: percutaneously implanted bare sensors had up to five-fold 

more vascularity than fully implanted bare sensor strips, despite the same implant location.    

 

Cellular and tissue changes that hinder sensor reliability still remain largely unknown, since 

histology only provides a tissue snap-shot at experiment termination.  While information about 

collagen deposition and microvessel density around a sensor can be glean from histological 

analysis, little is known about microvascularization patency and analyte availability using this 

method.  Without a better understanding of what causes deteriorating sensor signals in vivo, 

sensor research and development remains stagnant. Further efforts in sensor technology should 

be directed to expanding the techniques available for non-invasive, serial evaluation of sensor-

tissue interaction, instead of relying on static histology for understanding the complex, dynamic 

wound-healing environment adjacent to sensor surfaces. 
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Chapter 11: Recommendations for future work 

 

This doctoral research aimed to understand if increasing angiogenesis at the sensor surface 

promoted stable sensor signal with minimal sensor attenuation over several weeks. We observed 

that despite increasing vascularization adjacent to sensors through the use of porous coatings, 

sensor sensitivity still deteriorated by Day 14, with slightly more attenuation found in porous 

coated sensors than bare sensors. While microvessels are critical to ensure adequate availability 

of glucose and oxygen to the sensor, these findings also suggest that angiogenesis plays a 

secondary role in maintaining sensor function.  It remains to be determined what additional 

factor(s) are involved with maintaining reliable, long-term sensor sensitivity.  

 

Areas requiring further investigation: 

 

1. To what extent does collagen deposition at the sensor surface influence sensor function? 

2. To what extent does micromotion have on wound healing and subsequent sensor 

performance?  Can strategies be developed to reduce the micromotion experienced by 

percutaneous glucose sensors? 

3. Can the angiogenic-inducing, capsule reducing effects of porosity prevent sensor 

attenuation in a micromotion-limited environment? 

4. What effects, if any, does PLLA degradation have on tissue response and sensor 

components? 

5. The role of biofilms on sensor signal attenuation 

6. Different coating strategies to reduce inflammation and capsule formation around sensors 
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11.1. Collagen and sensor function 

Collagen formation around the sensor is considered a key contributor in sensor sensitivity 

reduction 158.   Histological analysis is the gold standard for evaluating collagen deposition 

adjacent to a sensor surface; however, this method does not permit correlation with real-time 

glucose sensor performance.  In contrast, diffuse reflectance and autofluorescence spectroscopy, 

combined with the dorsal window model, would allow non-invasive, repeated measurements of 

tissue property changes at the sensor surface while collecting real-time sensor signals.   

 

UV-visible diffuse reflectance spectroscopy is a rapid and non-destructive tool gaining popularity 

in diagnosing precancerous and cancerous lesions 177, as well as in wound assessment178.   

Diffuse reflectance spectroscopy involves illuminating tissue with white light and measuring the 

absorbance and scattering of light returning from the tissue 168.  Quantification of tissue 

absorption and scattering properties provides insight into changes in vascularity and cellularity.    

Increases in vascularity correlate with increased absorption, as haemoglobin strongly absorbs at 

~ 430 nm, ~540 nm and ~ 570 nm, though exact positions vary with oxy- and deoxy- 

haemoglobin concentrations 179.  Increased scattering corresponds to increased cytoplasm-to-

nuclear ratio and hyperchromasia, while decreases in scattering suggests collagen network 

breakdown 177.    

 

Structural changes in water molecules also relate to tissue properties. In the near-infrared 

spectrum, information related to free and bound states of water can be gleaned using diffuse 

reflectance spectroscopy 180.     For example, more bound water (e.g. water bound to 

macromolecules such as proteins) suggests a reduction in water diffusion 180.  Knowledge of the 

free and bound states of water in tissue adjacent to implanted sensors may help clarify causes for 

sensor signal attenuation (e.g. increased bound water, decreased glucose diffusion, decreased 

sensor signal).  
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Collagen is not a strong absorber in the UV-visible wavelengths 179; however, is an endogenous 

fluorophore that can be excited with light between 325 nm and 360 nm, with emission between 

400 nm and 500 nm 167, 168.  Collagen is also the predominant component in foreign body 

capsules.    Collagen can be detected using autofluorescence spectroscopy, a technique that 

illuminates tissue with specific wavelength(s) to excite endogenous fluorophores present in 

tissue.  The fluorescence response in tissue depends on the fluorophore concentration, 

distribution and biochemical/biophysical environment 167, 169.    

 

Another non-invasive technique to image and monitor changes in collagen real-time is second-

harmonic generation (SHG) 181.  Photons interacting with collagen combine and form new protons 

with twice the energy and therefore twice the frequency with half the wavelength of the initial 

photons.  SHG is gaining popularity as a tool for cancer diagnostics, and has been shown to have 

many advantages over alternative methods to detect collagen, such as dyes and 

autofluorescence, as SHG does not require extrinsic dyes, has improved signal and background 

compared to autofluorescence, has 3D resolution in vivo, and can easily detect collagen from 

other fluorophore in tissue 181.  

 

Proof of concept of combining UV-Vis diffuse reflectance spectroscopy with the dorsal 
window chamber model 
 
Proof of concept of using diffuse reflectance spectroscopy to detect changes beneath the dorsal 

window is outlined.  Diffuse reflectance spectroscopy was performed by Vivide Chang, a graduate 

student in Dr Nimmi Ramanujam’s lab, Duke University, September 2008.  

 

One male Sprague-Dawley rat was implanted with a window (i.e. no sensor beneath the window). 

Four diffuse reflectance measurements (A, B, C, D) and nine laser Doppler flowmetry 

measurements were taken along the midline of the window [Figure 36A] at four time points (Days 

3, 14, 21, and 28), using a fibre-optic probe [Figure 36B, C]. Diffuse reflectance was normalize to 
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a reflectance standard (Spectrolon®, LabSphere, North Sutton, NH) to calibrate for wavelength-

dependent throughput of the system as well as to the peak intensity of the light source as 

measured by a photodiode (built in to SkinSkan®) to account for day-to-day variation of the lamp. 

 

The results of this preliminary experiment were encouraging [Figure 37 A].  A dramatic reduction 

in reflectance between Day 3 and Day 28 was observed.  Oxygenated and deoxygenated 

haemoglobin concentrations, as well as scattering coefficients were extracted from the 

reflectance data [Figure 37 B,C].    Percent haemoglobin saturation, an indication of oxygen 

saturation in tissue, was obtained using the following formula:   

 

% Hb saturation = [Hb oxygenated]/[total Hb] 

 

Percent haemoglobin saturation ranged from 94% to 98% over the 28 Days, indicating sufficient 

oxygenation of the tissue.   Likewise, laser Doppler Flowmetry (LDF) measurements showed 

consistent blood perfusion beneath the window over the experimental time course [Figure 37D].    

Reduced reflectance by Day 28 was most likely due to decreased scattering elements in the 

tissue, such as fewer inflammatory cells, blood vessel regression, and more organized tissue, all 

expected occurrences in normal wound healing progression.     
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Figure 36:  (A) Schematic of probe position on the dorsal window for diffuse reflectance 
measurements showing the four sampling sites (A,B,C,D). (B) Set-up for diffuse 
reflectance spectroscopy, including fibre-optic probe, laptop computer and SkinSkan 
spectrometer (JY Horiba, Edison, NJ). (C)  Fibre-optic fastened in clamp and positioned 
over window chamber. Probe was lowered until flush with acrylic disk prior to 
commencing reflectance measurements.  Saline was added onto the acrylic disk to aid in 
index matching and reduce specular reflection. 
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Figure 37:  (A) Raw diffuse reflectance measurements taken for sampling sites A and B 
through the dorsal window (B) extracted oxygenated (Oxy Hb) and deoxygenated (Deoxy 
Hb) haemoglobin and % Hb saturation over 28 days (averaged for the four sampling sites) 
(C) extracted scattering coefficients (averaged for the four sampling sites).  Diffuse 
reflectance data is courtesy of Vivide Chang, Duke University, 2008.  (D) Laser Doppler 
flowmetry of blood vessel perfusion beneath the window over 28 days.  
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These results demonstrated that changes in tissue property can be detected beneath the window, 

and warrant future investigations with diffuse reflectance spectroscopy to complement the 

intravital microcirculation images and laser Doppler flowmetry analysis of local blood perfusion 

around the sensor.   Determining the saturation of haemoglobin with oxygen would also provide 

valuable insight into how fluctuations in tissue oxygen saturation during wound healing influence 

sensor response.     However, while LDF and DRS provide complementary information, the 

sampling depths of LDF and DRS may not overlap.   The sampling depth of LDF is approximately 

1000-1500µm 75, while the DRS penetrates 300 to 1000µm into tissue 178, 179, which may preclude 

direct comparison of LDF values with DRS results.    

 

Additionally, autofluorescence could be collected in future experiments to compare fluorescence 

intensities between sensors (or novel biomaterials) with different surface topographies (smooth, 

porous) and implantation schemes (percutaneously or fully implanted) to determine which factors 

induce high collagen deposition (an indication of scar formation/foreign body reaction), and how 

these changes in tissue property influence sensor sensitivity.   Combining diffuse reflectance and 

autofluorescence spectroscopy with real-time glucose sensor data would provide more 

comprehensive analysis of why a sensor may be losing sensitivity:  

 

↑ fluorescence intensity ≈ ↑ collagen deposition ≈ ↓ sensor function 

 

To investigate the reliability of diffuse reflectance spectroscopy in detecting changes in tissue, a 

supplemental experiment was performed using non-frozen bovine cube steak.   Two cubes of 

beef, maintained in ambient oxygen at 40C (generously donated by Whole Foods Durham) were 

measured for the oxy- and deoxyhaemoglobin concentrations, as well as the scattering coefficient 

at four locations.  Areas with visible streaks of fat tissue were not included in these data.   As 

oxygen reactions with the myoglobin in fresh cut, uncooked beef, colouration transitions from 
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purplish (deoxymyoglobin) to bright red (oxymyoglobin) 182.  The bright cherry red colour of the 

cube steak suggested high oxygenation of the tissue 183, which was consistent with the high % Hb 

saturation (95%) measured using DRS.  However, the cube steak had lower (0.13 µM) 

oxygenated haemoglobin concentration [Oxy Hb] than living rat subcutaneous tissue (0.17 to 0.19 

µM), which was to be expected. 

 

Scattering coefficient in bovine tissue was at least two-fold lower than rat subcutaneous tissue 

(0.66 cm-1).   Cube steak (cubes of beef) is a lean, muscular cut of meat; therefore an extremely 

low scattering coefficient was expected due to the highly organized (striated) tissue.   In contrast, 

even at Day 28, the rat subcutaneous tissue was still undergoing wound remodelling, therefore, 

less organized tissue with more cells and vessels residual from the inflammatory response may 

have been present, increasing scattering elements in the tissue (1.93 cm-1). 

 

The lower oxygenated haemoglobin concentration and lower scattering coefficient measured for 

the bovine cube steak compared to the living rat tissue suggested that DRS could discern 

differences in tissue structure.  However, more extensive experimentation incorporating multiple 

rats and histological confirmation of changes in collagen content, cellularity and vascularity is 

required to validate DRS as a reliable method for monitoring tissue changes through the one-

sided dorsal window.    Subsequent experiments should be performed with a biomaterial or 

sensor implanted beneath the window to perturb the tissue to test if a foreign body capsule can 

be detected using DRS.  Histological examination of the tissue post DRS analysis could easily 

confirm capsule formation. 

 

11.2. Micromotion, tissue response and sensor performance  

With histology, we have observed a striking difference in tissue response between fully implanted 

and percutaneous implanted bare sensors.  When fully implanted in the subcutis, bare sensors 



 

133 

exhibited the traditional dense, avascular capsule, characteristically found around failed sensors.  

In contrast, bare sensors implanted percutaneously have comparable neovascularization and 

collagen characteristics as porous coated sensors.   Attenuation of baseline current over two 

weeks was several nanoamps (nA) less than sensors with porous coatings, calling into question 

the utility of using porous coating in percutaneously implanted sensors. 

 

The observed tissue responses around percutaneously implanted bare sensors are contrary to 

decades of research purporting porous coatings increase vascularization and reduce capsule 

formation, while bare surfaces induce avascular capsules 1, 2, 86, 117.    Future studies could include 

investigating how sensor implantation scheme influences tissue response.     Mechanical irritation 

and micromotion continue to be insinuated as leading causes of increased inflammation, infection 

and device failure 89, 156, 184.  However, there lacks quantifiable studies of device micromotion, and 

how different degrees and duration of motion influence tissue response and subsequent device 

performance. 

 

One approach to quantify micromotion would be to attach micro-accelerometers to the sensors, 

and implant these sensors both fully and percutaneously.  A group in the Mechanical Engineering 

department at Stanford recently published on a submillimeter piezo-resistive accelerometer 

(0.034mm3) for biomedical applications as the accelerometer could be attached to the target 

implant, with the circuitry and power supply located ex vivo 185.    When a force (i.e. shearing, 

flexing, compression) is applied to a known mass located in the accelerometer, a change in 

electrical resistance occurs and is expressed as a change in voltage 186.   Force is proportional to 

the acceleration, allowing quantification of motion experienced by the sensors in relation to 

placement.  Histological sections of the tissue and sensor should be quantified for total nuclei 

counts, vessel counts, and collagen deposition, to observe if a correlation exists between motion 

(due to sensor placement) and tissue response.  If possible, functional sensors should be used to 

also correlate motion and tissue response with sensor performance. 
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Micromotion Reduction System 

As mentioned previously, percutaneous sensors implanted into subcutaneous tissue often 

experience chronic micromotion from natural body movement.  The direct and indirect effects of 

micromotion on device performance may be linked to premature device/implant failure due to 

increased fibrosis around the implant and heightened activity of inflammatory cells.187-189 

 

One potential strategy to minimize micromotion and shearing is described.  This strategy involves 

subcutaneously implanting a fenestrated, hollow, tube-like construct that can integrate into the 

surrounding tissue (by natural tissue processes or artificial mechanical attachment (e.g. sutures)).  

Following tissue integration of the construct, a sensor can be introduced into the lumen of the 

construct.  Additional elements can lock the sensor to the construct (such as a Leuer-lock 

connection) to prevent any independent movement of the sensor in relation to the surrounding 

construct.  Ensuring that the construct is integrated into the tissue before introducing and 

securing the sensor into the construct is critical to deflecting direct motion from the sensor.  

Ideally, a mature, vascularized capsule will surround the construct, thereby providing adequate 

supply of glucose and oxygen to the sensor.  Studies by Updike et al 33 have indicated that 

sensor stability occurs following the establishment of a mature capsule around the sensor.  

 

The sensor, secure inside the lumen of the construct, will move with the construct, not 

independent of the construct, in order to prevent shear forces at the sensor surface.  Essentially, 

the sensor and tissue within the lumen of the construct will be shielded from direct micromotion 

via the stabilizing construct, thereby preserving the delicate wound healing processes at the 

tissue-sensor interface. 

 

11.3. Fully implanted functional sensor 

Constrained by the Medtronic glucose sensor/MiniLinkTM configuration, transmitter bulk, and the 

necessity to recharge and download sensor data weekly, experiments with fully implanting 
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functional sensors were not possible.   It still remains unknown if fully implanted sensors with 

porous coatings would experience the same attenuation in signal as observed with 

percutaneously implanted porous coated sensors.   Full implantation in the rat dorsum would 

provide an environment with reduced micromotion compared to percutaneous placement.  When 

sensors were percutaneously implanted, the benefits of porosity appear overshadowed by other 

factors, such as micromotion 152.   Future studies could test the hypothesis that in an environment 

with minimal micromotion, the angiogenic-inducing, capsule reducing effects of porosity observed 

previously [Chapter 7] would translate into maintainable sensor sensitivity long-term, compared to 

bare sensors that experience dense avascular foreign body responses.   

 

11.4. What effect, if any, does PLLA degradation have on tissue response and sensor 
components? 
 

An acidic environment generated during PLLA degradation may have contribute to the 50+% 

baseline reduction over three weeks measured around porous coatings compared to the 30% 

baseline reduction for bare sensors [Chapter 7].   The acidity from PLLA degradation may have 

partially degraded or altered the glucose-limiting membrane properties and/or corroded the 

electrodes, all of which could lead to sensor signal attenuation.  However, the optimal pH for 

glucose oxidase is 5.5, with a broad working range from pH 4 to 7190, 191, therefore, acidic 

conditions from PLLA degradation should not adversely affect the enzyme.  Examination of the 

pH immediately adjacent to porous coatings would identify if an acidic environment is generated 

during PLLA coating degradation, or if pH changes are sufficiently buffered by the body.   

Additionally, an in vivo study using sensors with PLLA porous coatings and sensors with porous 

coatings of comparable characteristics fabricated from a non-degradable polymer may be 

warranted to better understand what role PLLA degradation has on sensor performance. 
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11.5. The role of biofilms on sensor signal attenuation 

A biofilm is a slimy layer of bacteria encased in proteins and polysaccharides192.  Biofilms 

commonly occur on implanted medical devices, leading to chronic infection as biofilms have high 

antibiotic resistance 192.  Percutaneous placement of the sensors could further increase 

susceptibility to biofilm development due to ease of bacterial invasion from the disrupted skin 

barrier.  Moreover, surfaces with irregular topologies may be more prone to harbouring bacteria 

than smooth surfaces 193.    Percutaneous placement coupled with porosity may encourage 

bacterial biofilm development along porous coated sensors compared to bare sensors. Future 

studies should compare bacterial load and biofilm development between bare and porous coated 

sensors, both percutaneously and fully implanted.   

 

In addition to causing infection and heightening the inflammatory response, biofilms consume 

glucose and oxygen, often creating hypoxic conditions within the biofilm 194. Limited oxygen 

availability for glucose oxidase reactions would contribute to reduce sensor signal.   Acidic waste 

products from biofilms accumulating adjacent to the sensor surface could further alter sensor 

membrane properties for analyte diffusion.   Increased bacterial presence around porous coated 

sensors may be a contributing factor in more drastic sensor signal attenuation for these sensors 

than bare sensors.  Techniques for measuring bacterial load include quantitative microbiology, 

electron microscopy and histological staining 175.   

 

11.6. Different coating strategies to reduce inflammation and capsule formation around  
sensors 

 

Several new strategies to improve sensor function should be investigated, including reducing 

capsule formation by inhibiting TGF- β or releasing halofuginone, suppressing inflammation, 

reducing oxidative stress, and improving oxygen availability at the sensor surface. 
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1. Inhibiting TGF-β:  TGF-β is secreted by a host of cells, including platelets, 

macrophages, and fibroblasts 195, 196.  An important role of this growth factor is 

differentiation of quiescent fibroblasts into active myofibroblasts to synthesize collagen195, 

196.  Up-regulated of TGF-β is a common characteristic of fibrotic pathologies, resulting in 

excessive collagen deposition195.  TGF-β has also been found up-regulated in foreign 

body capsules 174.    Strategies to reduce collagen deposition adjacent to sensor surfaces 

may include coatings releasing biomolecules (e.g. antibodies) that bind and inactivate 

TGF-β, or bind to TGF-β receptors on fibroblasts to stop fibroblast activation and the 

intracellular signalling pathways (e.g. Smad) to secrete collagen.    

 

2. Releasing halofuginone: Halofuginone is a low molecular weight molecule that is 

effective in inhibiting collagen production197.  However, this molecule also has strong anti-

angiogenic effects, primarily by inhibiting basic fibroblast growth factor (bFGF) 197.  

Therefore, if designing a coating to minimized fibrotic encapsulation by releasing 

halofuginone, angiogenesis proximal to the sensor may be prevented.  Optimization of 

halofuginone release will be required to balance decreased collagen with increased 

diffusion distance from reduced capillarity. 

 

3. Glycine-releasing coatings to reduce inflammation and suppress macrophage 

activity: Glycine is a natural, non-toxic amino acid present in the body.  Studies suggest 

glycine reduces white blood cell (e.g. macrophages, neutrophils) sensitivity to 

inflammatory molecules, such as endotoxins and certain growth factors198.  Glycine has 

also been shown to inactivate macrophages, suppressing their release of inflammatory 

cytokines198, 199..  Less active inflammatory cells should lead to a less aggressive foreign 

body response and also reduce glucose and oxygen consumption at the sensor surface, 

affording more analytes available for glucose oxidase reactions.   Dietary glycine is a 

promising therapy for several inflammatory diseases, such as asthma and arthritis198, 199.  
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4. Reducing oxidative stress:  Activated macrophages undergo respiratory burst, 

releasing superoxide (O2
-), a toxic reactive oxygen species (free radicals) to kill foreign 

microorganisms.  However, excess superoxide results in tissue damage, disabled 

metabolic pathways, and DNA destruction, if not quickly neutralized by the body.   

Oxidative stress occurs when the body can not sufficiently neutralize these free radicals, 

such as in environments with chronically activated macrophages.  Oxidative stress also 

occurs with tissue hypoxia,  when macrophage are stimulated to release superoxide as 

well as TGF-β and VEGF 200.  Superoxide dismutase mimetic, a low molecular weight 

antioxidant that reduces free radicals, has shown promise in ameliorating oxidative stress 

and suppressing cytokine production in vitro 200.   Thus, developing a coating to release 

superoxide dismutase mimetic molecules may be a promising strategy to reduce 

inflammation and fibrotic capsule formation adjacent to the sensor surface.   

 

5. Improving oxygen availability at the sensor surface:   Excess oxygen is required 

for sensors to function properly due to the oxygen demands of glucose oxidase. Low 

tissue oxygen causes glucose sensors to report erroneously low glucose values, despite 

high glucose concentrations 34.   One potential strategy to increase tissue oxygen 

concentrations would be to apply a topical oxygen emulsion (TOE) on the epidermis, 

directly above the sensor.  TOEs are creams supersaturated with oxygen to provide 

continuous oxygen release over time to the underlying tissue.  TOE have shown effective 

in healing second-degree burns and partial-thickness wounds in pigs, owing to the 

external supplemental oxygen 201. 
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Appendix I: Colourmetric algorithm development 

 

With kind permission from Felix Yap, Pratt Engineering Undergraduate Research Fellow (January 

2007 to April 2008).  Felix graduated with a Bachelor of Science in Biomedical Engineering in 

May 2008 from Duke University. 

 

Colorimetric Analysis 

You must have MATLAB on the computer with which you will perform colorimetric analysis on 

your histology images. Not only will you need to run your M-files in MATLAB, you will also need to 

use the Image Tool in MATLAB’s Image Processing Toolbox to determine the criteria that will 

distinguish the target collagen pixels from other “background” pixels. Place your images in the 

same directory. 

 

Picking threshold values for the collagen index function 

The MATLAB M-files are based on logic statements and mathematical inequality expressions. In 

order to construct the correct statements that will distinguish certain pixels from each other in 

your histology images, you must first determine the criteria for a collagen pixel. Since Masson’s 

Trichrome staining serves to visually distinguish collagen components, these criteria will be 

defined by numerical thresholds that you must determine. 

 

Analyzing RGB values using the MATLAB Image Tool 

The Image Tool is an image display and exploration tool that presents an integrated environment 

for displaying images and performing common image processing tasks. To view the values of 

pixels in a specific region of an image displayed in the Image Tool, use the Pixel Region tool. The 

Pixel Region tool superimposes a rectangle, called the pixel region rectangle, over the image 
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displayed in the Image Tool. This rectangle defines the group of pixels that are displayed, in 

extreme close-up view, in the Pixel Region tool window. Figure 38 shows the Image Tool with the 

Pixel Region tool. Note how the Pixel Region tool includes the value of each pixel in the display. 

 

 

Figure 38: Using the MATLAB Image Processing Tool to analyze RGB values 

 

1. To start the Image Tool, enter imtool into the MATLAB command line. You can also start 

another Image Tool from within an existing Image Tool by using the New option from the File 

menu. 

2. Start the Pixel Region tool by clicking the Pixel Region button in the Image Tool toolbar, 

or by selecting the Pixel Region option from the Tools menu. The Image Tool displays the 

pixel region rectangle in the center of the target image and opens the Pixel Region tool. 
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3. Using the mouse, position the pointer over the pixel region rectangle. The pointer changes to 

the fleur shape, . 

4. Click the left mouse button and drag the pixel region rectangle to any part of the image. As 

you move the pixel region rectangle over the image, the Pixel Region tool updates the pixel 

values displayed. You can also move the pixel region rectangle by moving the scroll bars in 

the Pixel Region tool window. 

 

Customizing the Pixel Region view 

To get a closer view of image pixels, use the zoom buttons on the Pixel Region tool toolbar. As 

you zoom in, the size of the pixels displayed in the Pixel Region tool increase and fewer pixels 

are visible. As you zoom out, the size of the pixels in the Pixel Region tool decrease and more 

pixels are visible. To change the number of pixels displayed in the tool, without changing the 

magnification, resize the Pixel Region window using the mouse [Figure 39]. 

 

  
↓ 
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Figure 39: Changing number of pixels visible in the Pixel Region. 

 
As you zoom in or out, note how the size of the pixel region rectangle changes according to the 

magnification. You can resize the pixel region rectangle using the mouse. Resizing the pixel 

region rectangle changes the magnification of pixels displayed in the Pixel Region tool. 

 

If the magnification allows, the Pixel Region tool overlays each pixel with its numeric value. For 

RGB images, this information includes three numeric values, one for each band of the image. For 

indexed images, this information includes the index value and the associated RGB value. If you 

would rather not see the numeric values in the display, go to the Pixel Region tool Edit menu and 

clear the Superimpose Pixel Values option. 
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Finding patterns using Microsoft Excel 

Now that you are able to display the RGB value of each pixel in MATLAB’s Image Tool, the next 

step you can proceed to is looking for RGB numerical patterns that help to distinguish the 

collagen areas of the image from the non-collagen areas (which we will call the “background”). It 

is commonly known that Masson’s Trichrome stains collagen blue-green, so one can conclude 

that collagen pixels will generally have G and B values greater than the R values. 

 

This criterion alone, however, is not sufficient to accurately separate the target areas from the 

background. White areas of our image correspond to the absence of collagen (or any tissue for 

that matter), for example. White pixels have very high RGB values, so this means a large G and 

B value does not necessarily qualify a pixel to be a target pixel if its R value is high enough. To 

reject these white areas, we must specify a margin or buffer between the R value and the G and 

B values. 

 

For example, we could require that a pixel’s G and B value must both exceed the R value by 30. 

This way, an RGB triplet of [100 151 173] will pass this criterion whereas a [152 154 173] triplet 

will fail. Even though both triplets have G and B values that exceed their respective R values, the 

difference is how much the G and B values exceed the R value by. 

 

The above example demonstrates the need to develop exact numerical thresholds that will help 

MATLAB be more specific in distinguishing a target pixel from the background. 

 

1. Using the Pixel Region Tool as described in the previous section, randomly select several 

pixels (both collagen and non-collagen) and record their RGB values in a spreadsheet 

(e.g. Microsoft Excel). Be sure to indicate whether the pixel is a collagen pixel or a 
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background pixel in a separate column labelled ‘Pixel Category. Try to gather a sample size 

of 20 pixels. 

2. Formulate as many mathematical expressions concerning the R, G, and B values as you can 

that you think may yield values unique to one pixel category over the other. Using the 

previous example, valid expressions would be G – R and B – R since we would expect those 

expressions to yield positive values for collagen pixels. 

3. Enter these formulas onto different columns and populate them with the respective values. 

Your spreadsheet should look like the following: 

 

 

Figure 40: Spreadsheet tabulating the RGB triplets of 20 pixels sampled from two images. 

 

4. To see if there is a correlation between an expression and the pixel type, select its column 

and sort it in ascending or descending order. In our example, when you sort the table by the 

value R – G in descending order, we see a distinct correlation between the pixel type and the 

difference between the pixel’s R and G values: collagen pixels have G values that exceed 
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their R values by at least 18 according to Figure 41. We have discovered our first 

mathematical relationship between the pixel type and the pixel’s RGB values! 

 

 

Figure 41: Sorting columns in Excel to identify correlations between pixel type and value 
of expression. 

 

5. One possible target criterion we can then formulate from this preliminary observation is R – G 

≥ –18 for collagen pixels. As you repeat step 4 to more thresholds that separate collagen 

and non-collagen pixels, you will uncover more criteria that will help MATLAB better analyze 

your histology images with greater accuracy. This pattern-finding step may take a significant 

amount of time in your data analysis, but incorporating these constraints into your algorithm 

will greatly improve your colorimetric analysis in the long run. 



 

146 

Processing images using MATLAB M-files 

There are two MATLAB M-files: the function collagenindex.m and the script imagefinal.m 

that will assist you in colorimetric analysis of histological images. The difference between scripts 

and functions is that scripts are simply files containing a sequence of MATLAB statements, while 

functions make use of their own local variables and accept input arguments. 

 

In colorimetric analysis, collagenindex.m computes the collagen index of your histology image 

by determining how many pixels in the image fit the target criteria for collagen, and 

imagefinal.m resembles an assembly line by calling the collagenindex.m function 

repeatedly when there is more than one image file to be analyzed. For this reason, 

imagefinal.m is referred to as the assembly line script in this documentation. 

 

 

Figure 42: Schematic showing relationship between the collagen index function and the 
assembly line script. 

 

imagefinal.m

collagenindex.m CI = 0.375 

CI = 0.375 

CI = 0.375 

CI = 0.375 
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Collagen index function: [collagenindex.m] 

The collagen index function is a MATLAB function that accepts inputs file and options and 

returns outputs CI and binary. 

Syntax of function 

You can call the collagen index function in the following ways: 

collagenindex(filename) 

collagenindex(filename,'fig') 

CI = collagenindex(...) 

[CI,binary] = collagenindex(...) 

Description of function 

collagenindex(filename) calculates the collagen index of an image taken from a Masson’s 

Trichrome-stained histology tissue slide. If a pixel’s RGB values fit all the target criteria for 

collagen, its respective element in the binary matrix will be assigned a value of 1. If not, a value of 

0 will be assigned instead. 

 

collagenindex(filename,'fig') displays a figure window showing the original image and 

its binary profile side-by-side. Grid lines are there to help the user qualitatively determine the 

accuracy of the algorithms. 

 

CI = collagenindex(...) returns the collagen index value to the workspace. 

 

[CI,binary] = collagenindex(...) returns the collagen index value, as well as the 

binary matrix that contains the image information for the binary profile (black and white image). 

Using the imwrite function, you can manually write this information to a new .tif image file. This 



 

148 

capability is especially important in the assembly line script, a function of which is to create a 

binary profile image for each color image that the script analyzes. 

 

Example image and target criteria 

For demonstration purposes, let’s assume that our input image file, Example.tif [Figure 43], is the 

following 2x4 image: 

 

Figure 43: Example.tif and the RGB values (0-255) of all 8 pixels. 

 

For the purposes of demonstration as well, let’s assume that our target criteria consist of the 

following conditions: 

• The pixel must have an R value less than or equal to 128 (i.e. R ≤ 128), and 
• At least one of the following two must be met: 

o The pixel must have a G value greater than or equal to 128 (i.e. G ≥ 128), or 
o The pixel must have a B value greater than or equal to 128 (i.e. B ≥ 128). 

 

In the language of mathematical logic, this can be expressed as: 

( ) ( )128 AND 128 OR 128  or 128 128 128R G B R G B≤ ≥ ≥ ≤ ∧ ≥ ∨ ≥  
 

As shown in the annotated code in Appendix 2, we enter the following line of code into our 

collagen index function to encompass the above target criteria: 

binary = (red <= 128 & (green >= 128 | blue >= 128)) 

RED 
R = 255 
G = 0 
B = 0 

BLUE 
R = 0 
G = 0 

B = 255 

CYAN 
R = 0 

G = 255 
B = 255 

MAGENTA 
R = 255 
G = 0 

B = 255 

GREEN 
R = 0 

G = 255 
B = 0 

YELLOW 
R = 255 
G = 255 

B = 0 

BLACK 
R = 0 
G = 0 
B = 0 

WHITE 
R = 255 
G = 255 
B = 255 
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If the pixel satisfies all of the target criteria, then its corresponding pixel in the binary profile 

[Figure 44] will carry a value of 1, which in Boolean algebra corresponds to “true”. If the pixel 

does not satisfy any of the target criteria, a value of 0 will be entered into the binary profile 

instead since 0 corresponds to “false” in Boolean algebra. 

 

Based on the above target criteria, we can easily predict what the binary profile of Example.tif will 

look like Figure 44: 

 

Figure 44: Binary profile of Example.tif and the logical values (0 or 1) of all 8 pixels. The 
collagen index is 3/8 = 0.375. 

 

We define the collagen index (CI) as the percentage of total pixels in an image that are target 

pixels. Three out of the eight pixels in Example.tif fit the target criteria, leading to a collagen index 

of CI = 3/8 = 0.375. Creation of a binary profile facilitates this computation since MATLAB can 

simply calculate the mean of all the logical values in the binary image: (0 + 1 + 1 + 0 + 1 + 0 + 0 + 

0)/8 = 3/8 = 0.375. 

 

 

 

 

RED 

0 

 

BLUE 

1 

 

CYAN 

1 

 

 

MAGENTA 

 

GREEN 

1 

 

YELLOW 

0 

 

BLACK 

0 

 

WHITE 

0 
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Syntax examples 

Based on the four different ways previously listed under Syntax of function, you can call the 

collagen index function in a total of six different syntaxes as listed below. Each syntax stores 

input and output values differently, and may or may not display a figure as explained before under 

Syntax of function. 

collagenindex('Example.tif') 

 

(No figure will be displayed.) 

What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'n' 

What you will see in the 
MATLAB Command Window: 

ans = 

    0.3750 

CI = collagenindex('Example.tif') 

 

(No figure will be displayed.) 

What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'n' 

 

What you will see in the 
MATLAB Command Window:  

CI = 

    0.3750 
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[CI,binary] = collagenindex('Example.tif') 

(No figure will be displayed.) What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'n' 

 

What you will see in the 
MATLAB Command Window: 

CI = 

    0.3750 

 

binary = 

 

     0     1     1     0 

     1     0     0     0 
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collagenindex('Example.tif','fig') 

 

A figure will pop up: 

 

What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'fig' 

 

What you will see in the 
MATLAB Command Window: 

ans = 

0.3750 

CI = collagenindex('Example.tif','fig') 

A figure will pop up: 

 

What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'fig' 

 

What you will see in the 
MATLAB Command Window: 

CI = 

    0.3750 
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[CI,binary] = collagenindex('Example.tif','fig') 

A figure will pop up: 

 

What MATLAB will define as 
your input arguments: 

% 1st input argument 

filename = 

   'Example.tif' 

 

% 2nd input argument 

options = 

   'fig' 

 

What you will see in the 
MATLAB Command Window: 

CI = 

0.3750 

 

binary = 

 

     0     1     1     0 

     1     0     0     0 

 

Customizing your collagen index function 

In the previous section “Picking threshold values for the collagen index function”, you 

analyzed histology images using MATLAB’s Image Tool and picked color thresholds that you 

believe will help distinguish your collagen pixels from the other background pixels that do not fit 

your criteria. Now that you know what makes a pixel a collagen pixel and what doesn’t, it is time 

to instruct your collagen index function to do the same. 
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The gist of the collagen index lies in the %% FILTER section of  %collagenindex.m  code in 

Appendix 2, where the colour thresholds are specified and the criteria is set. The code in this 

section is usually the one you have to change in order to fit your needs and your experiment. 

 

Annotated code: collagen index function 

1 function [CI,binary] = collagenindex(file,options) 

2 

3 

4 

if nargin <2 

    options = 'n'; 

end 

% Create dummy 
OPTIONS variable if 
you supply only 1 
input argument in 
the function. 

5 %% READ IMAGE 

% Split original image’s color 
information into three primary colors 
red, green, and blue according to RGB 
color model. 

 

% Read image from 
graphics file. The 
resulting m×n×3 
matrix contains the 
numerical values 
that correspond to 
the RGB values of 
each pixel. 

6 A = imread(file); 

A = 

 

(255,0,0)   (0,255,0)   (0,0,255)   (255,255,255) 
(0,255,255) (255,0,255) (255,255,0) (0,0,0) 

7 red = A(:,:,1);  

% Red matrix 

red = 

 

  255    0    0  255 

    0  255  255    0 
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8 green = A(:,:,2);  

% Green matrix 

green = 

 

    0  255    0  255 

  255    0  255    0 

9 blue = A(:,:,3);  

% Blue matrix 

blue = 

 

    0    0  255  255 

  255  255    0    0 

10 %% THRESOLDS 
% Determine which pixels should belong 
in the background and not be counted as 
collagen 

11 binary = (red <= 128 & (green >= 128 | blue >= 128)); 

   

binary = 

 

     0     1     1     0 

     1     0     0     0 

12 %% DISPLAY PROFILE 
% Display binary profile based on 
OPTIONS argument to display the 
original image on the left hand side. 

13 if strcmp(options,'fig') == 1 

% IF loop: Only run 
the ensuing 
commands in the IF 
loop if the 2nd 
input argument is 
supplied in the 
command that the 
user types in. 
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14 
    

figure('Name',file)  

% Create a new 
figure object, with 
the figure title 
being the filename 
of the original 
image. 

15  
% Plot the original image on the left 
hand side: 

16 h1 = subplot(1,2,1); 

% Break the figure 
window into a 1-by-
2 matrix of small 
axes, select the 
1st axes object for 
the current plot, 
and return the axes 
handle as h1. 

17 imagesc(A)  
% Display original 
image in 1st 
subplot. 

18 
    

colormap('default')  
% Set colormap to 
full color. 

19 
    

title('Original')  
% Add title to 1st 
subplot. 

20 axis image  

% Set the aspect 
ratio so that the 
data units are the 
same in the x and y 
directions, and 
ensures that the 
plot box fits 
tightly around the 
image. 

21 grid on   

% Add grid lines to 
1st subplot. 
(Default grid color 
is black.) 
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22  
% Plot the binary profile on the right 
hand side: 

23 h2 = subplot(1,2,2); 

% Select the 1st 
axes object for the 
current plot, and 
returns the axes 
handle as h2. 

24 
    

imagesc(binary)  
% Display binary 
profile in 2nd 
subplot. 

25 
    

colormap('gray')  

% Set colormap to 
black and white, 
such that a value 
of 0 corresponds to 
black and 1 
corresponds to 
white. 

26 title('Binary background') 
% Add title to 2nd 
subplot. 

27 axis image  

% Set the aspect 
ratio so that the 
data units are the 
same in the x and y 
directions, and 
ensures that the 
plot box fits 
tightly around the 
image. 

28 grid on   
% Add grid lines to 
2nd subplot 
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29 set(h2,'XColor',[0.5 0.5 0.5],'YColor',[0.5 0.5 0.5]) 

   

% Specify grid line 
style as a dotted 
line (:), turn grid 
on, and make grid 
gray in color. 
([0.5 0.5 0.5] is 
the RGB triple that 
specifies gray 
color) 

30 end   

 

 

Figure 45: MATLAB figure displaying original image and binary profile 

31 %% OUTPUT   
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32 CI = mean(mean(binary)); 

% Output collagen 
index by taking the 
average mean of 
binary matrix 
(value is in 
decimal form, must 
multiply by 100 for 
percent 

CI = 

    0.3750 

 

Assembly line script: [imagefinal.m] 

The assembly line script, as the name suggests, automates the following tasks: 

1. opening a .tif image in MATLAB, 

2. using the collagen index function to analyze the image, 

3. writing the binary profile to a new .tif file, and 

4. storing the collagen index value to a text file. 

 

The script will repeat the above sequence for as many image files as the user can specify. In 

order to use this assembly line script effectively, it is necessary to name the image files you are 

about to analyze in a systematic fashion. Using numbers in filenames to distinguish individual 

images from each other and yet keeping filenames structurally similar to each other will help 

expedite the process. 

 

Customizing your assembly line script 

Because of the versatility of the assembly line script, the script’s code has no set structure and its 

modification is entirely up to the user. For example, if statements and for loops can be added or 

removed to suit the user’s experiment, and the skeleton filename can be customized to reflect the 
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naming conventions the user uses to name his or her histology image files. These are some ways 

to customize your assembly line script and will be explained below. 

 

An example experimental scenario 

In this example that we provide below, we are running an experiment involving 2 different 

materials implanted in 5 rat subjects. Each material is either treated or not treated with IL-1ra 

before implantation. Next we prepared histology slides from each material in each rat and then 

captured 4 photographs from each slide under the microscope. 

 

Therefore, we have four different experimental variables being studied in this experiment and the 

total number of images we will have at our disposal after data collection is: 

materials treatments images2 2 5 
rats material materia

5 rats 100 imag
l

es=× × ×  

 

The output data file: specifying a filename 

The first line of code you should modify in the script is the line fid = 

fopen([cd,'/ZOutput.txt'],'wt'). This command creates a text file named ZOutput.txt 

(if it doesn’t already exist) in the current directory and opens it to store the colorimetric analysis 

data. This text file will contain all the image filenames on the left column and the calculated 

collagen index values on the right column, and can be later imported into Microsoft Excel. You 

can name this text file any way you’d like, but it is recommended that you choose a filename such 

that you can easily locate the file in Windows Explorer. ‘ZOutput’, for one, will likely place the text 

file at the end of all the images when you view the directory in Windows. 

 

 

 



 

161 

The for loops: how many loops and how many variables do I need? 

Since this scenario entails four experimental variables, we can therefore structure the assembly 

line script around a maximum of four nested for loops. But for reasons to be explained further, we 

can condense the script into three nested for loops instead. 

 

1. The first loop will specify the rat number using the loop counter variable r and we will 

designate the loop’s end index as numrats == 5: 

Rat 1 r == 1

Rat 2 r == 2

Rat 3 r == 3

Rat 4 r == 4

Rat 5 r == 5

for r = 1:5 

    ... 

end 

 

2. The second loop will specify the material and whether the material is treated with IL-1ra 

or not. We will designate the loop’s end index as nummaterials == 5. 

Poly-L-lactic acid (non-treated) material == 'ntpla' 

Polyurethane (non-treated) material == 'ntpu'  

Poly-L-lactic acid (treated) material == 'tpla'  

Polyurethane (treated) material == 'tpu'  

 

Another possibility is to split the second for loop into two for loops, one specifying the 

material and the second specifying the treatment (treated vs. non-treated). Given the 

relative small number of materials (2) and treatments (2) we are experimenting with, 

however it is easier to combine the two for loops accounting for these two variables into 

one for loop accounting for four (2 × 2 = 4) variables instead. 
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3. The third loop will specify the image number. The loop’s counter variable will be i, and 

the loop’s end index will be numimages == 4. 

 

Image 1 i == 1

Image 2 i == 2

Image 3 i == 3

Image 4 i == 4

Image 5 i == 5

for i = 1:5 

    ... 

end 

 

The if statements: when experimental variables cannot be expressed in numbers 

In the second for loop of our above example, we assigned non-numerical strings to the MATLAB 

variable material whereas numbers were assigned to the MATLAB variables r and i in the first 

and third loops respectively. Since for loops do not accept strings (only numbers) as a loop 

counter variable, we must therefore assign a separate numerical variable (which we will 

designate as m) to each material. 

 

Poly-L-lactic acid (non-treated) m == 1 material == 'ntpla' 

Polyurethane (non-treated) m == 2 material == 'ntpu'  

Poly-L-lactic acid (treated) m == 3 material == 'tpla'  

Polyurethane (treated) m == 4 material == 'tpu'  
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To make the connection between the different values of m to the possible string variables of 

material, we must use if statements to redefine what material is depending on what m equals to. 

After doing this, the second for loop will look something like: 

 

Poly-L-lactic acid 
(non-treated) m == 1 

material == 
'ntpla'  

Polyurethane 
(non-treated) m == 2 

material == 
'ntpu'  

Poly-L-lactic acid 
(treated) m == 3 

material == 
'tpla'  

Polyurethane 
(treated) m == 4 

material == 
'tpu'  

for m = 1:5 

    if m == 1 

        Material = 'ntpla'; 

    elseif m == 2 

        Material = 'ntpu'; 

    elseif m == 3 

        Material = 'tpla'; 

    elseif m == 4 

        Material = 'tpu'; 

end 

 

Missing variables: using arrays instead of vectors 

What if rats 3 and 4 died and you hence only wish to process those images for rats 1, 2, and 5? 

In such a case when you want only certain files to be analyzed, then you can specify using an 

array like [1 2 5] instead of a sweeping numeric range like 1:5 in the first for loop. If you replace 

'm = 1:nummaterials' with 'm = [1 2 5]', the script will not look for image filenames that 

are from rats 3 and 4. 

 

Doing this step forces the script to skip over filenames that you already know doesn’t exist. 

Although this will shorten the processing time in MATLAB, this step is not really necessary since 

the script knows not to run the collagen index function on a nonexistent file. Therefore the script 

always overestimates the number of filenames whose files actually exist in the current directory. It 

will never underestimate this number unless you specify too low end indices for your for loops. In 

our example scenario, specifying numimages to be as high as 100, for example, will not leave 
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out any images unprocessed (MATLAB will albeit run for a long time thinking there are 5 × 2 × 2 × 

100 = 2000 images total) but specifying numimages to be 2 will exclude images 3-5 from 

analysis. 

 

The skeleton filename: creating a consistent naming convention and following it 

The above for loops will assist the collagen index function to automatically recognize a filename, 

analyze that image file, and create a binary profile of that image, so it is essential that you name 

your image files in a way that your assembly line script can recognize. The naming conventions 

you use in your nomenclature will determine the skeleton filename that your script will utilize to 

recognize. Listed below are some example skeletons and the resulting filenames when r == 2, 

i == 4, and material == 'ntpu'. 

Skeleton filename Resulting filenames 

[material,' r',num2str(r),' 0',num2str(i),'.tif'] 'ntpu r2 04.tif' 

[material,' r',num2str(r),' ',num2str(i),'.tif'] 'ntpu r2 4.tif' 

['Rat ',num2str(r),material,'Image 
0',num2str(i),'.tif'] 

'Rat 2 ntpu Image 
04.tif' 

['r ',num2str(r),material,' 0',num2str(i),'.tif'] 'r2 ntpu 04.tif'  

[num2str(r),' fun ',num2str(i),' work 
',material,'.tif'] 

'2 fun 4 work 
ntpu.tif' 

 

As the above table shows, there are infinitely many possibilities when it comes to creating your 

skeleton filename of your choice, but you must be consistent in ensuring that your image 

filenames follow the exact same naming conventions as used in your skeleton (or vice versa). 

You must use the function num2str convert numerical MATLAB variables (r and i in our case) 

into string variables when including them in your skeleton. 
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In addition, you must ensure that characters in the skeleton which are not MATLAB variables (r, 

i, and material are MATLAB variables in the above examples) are entered with quotation marks 

around them (these characters will appear purple in MATLAB). These characters in purple font 

(e.g. .tif) will appear in all the resulting filenames, whereas the strings in black font will change 

accordingly to experimental variable. In this way, the skeleton filename has the versatility to 

create a range of filenames, each of which will hopefully correspond with the file to be analyzed. 

 

A way to visualize this skeleton’s versatility is to imagine an umbrella being manufactured in a 

factory assembly line featuring three different colors (red, green, or blue) and two different 

handles (straight or crooked). By providing a general prototype that includes all the umbrella parts 

except for the coloring and the handle, we can instruct the assembly line to build all kinds of 

umbrellas by putting all the common components together first and then adding the remaining 

variable colors and handles afterward. The prototype is analogous to the skeleton filename. The 

parts we specify to be constant in the prototype, such as the ribs and the tube, will not vary from 

umbrella and umbrella. The color and handle shape are not explicitly stated in the prototype and 

but we leave room in the prototype to be customized later on as the umbrella is being built. 
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Appendix II: Matlab code for colourmetric analysis of  
collagen 

 

 

With kind permission from Felix Yap, Pratt Engineering Undergraduate Research Fellow (January 

2007 to April 2008).  Felix graduated with a Bachelor of Science in Biomedical Engineering in 

May 2008 from Duke University. 

 

Collagen Index code 

The collagenindex.m file calculates the collagen index of a Masson’s Trichrome stained histology 

tissue slide.  COLLAGENINDEX distinguishes target pixels (collagen), which will be assigned a 

value of 1 in the binary profile, from the background (everything else), which will be assigned a 

value of 0.  

 

%collagenindex.m 

 

function [CI,binary] = collagenindex(filename,options) 

%    CI = COLLAGENINDEX(FILENAME) stores the collagen index value into 

%    the variable 'CI'. 

%    e.g. CI = collagenindex('ctrl r1 01a.tif') 

% 

%    CI = COLLAGENINDEX(FILENAME,'FIG') opens a figure window that  

%    compares the original and binary profiles of the image. 

%    e.g. CI = collagenindex('ctrl r1 01a.tif','fig') 

% 

%    [CI,BINARY] = COLLAGENINDEX(FILENAME,'FIG') returns the binary  

%    matrix and stores it into the variable 'binary'. The binary matrix  
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%    contains the image information for the binary profile (black and  

%    white image)  This allows you to write the binary profile to a   

%    new .tif file using IMWRITE function.  This is primarily used in  

%    the assembly line script. 

%    e.g. [CI binary] = collagenindex('ctrl r1 01a.tif','fig') 

% 

%    Enter any one of the above into the Command Window prompt. 

% 

%    'fig' is the only OPTIONS parameter for COLLAGENINDEX 

  

%============================= 

% Creates dummy OPTIONS variable if there is only 1 input argument in 

the 

% function 

if nargin <2 

    options = 'n'; 

end 

  

%% READ IMAGE 

% Read image from graphics file and splits into three primary colors 

% red, green, and blue according to RGB color model 

A = imread(filename); 

red = A(:,:,1);     % Red matrix 

green = A(:,:,2);   % Green matrix 

blue = A(:,:,3);    % Blue matrix 

  

 



 

168 

%% FILTER 

% Determine which pixels should belong in the background and not be 

% counted as collagen.  Note, several iterations of the filtering  

% algorithm may be required to adequately filter the background (see  

% below examples commented out, as well as the final iteration of the  

% algorithm used) 

% Iteration 1:  

% binary = (red >= 20 & red <= 170 & green >= 40 & green <= 220 & blue  

% >= 63 & blue <= 220 & green >= red+10 & blue >= red);   

% Iteration 2:  

% binary = (red >= 10 & red <= 170 & green >= 20 & green <= 220 & blue 

% >= 63 & blue <= 220 & green >= red+10 & blue >= red);   

% Iteration 3: 

% binary = (red >= 0 & red <= 170 & green >= 20 & green <= 220 & blue 

>= 63 & blue <= 220 & green >= red+10 & blue >= red);    

% Iteration 4  

binary = (red >= 0 & red <= 170 & green >= 15 & green <= 220 & blue >= 

40 & blue <= 220 & green >= red+5 & blue >= red);     

  

%% DISPLAY PROFILE(S) 

% Display binary profile based on OPTIONS argument 

if strcmp(options,'fig') == 1   

    figure('Name',filename) % Create figure title 

% to display the original image on the left hand side 

    h1 = subplot(1,2,1);  

    imagesc(A)  % Displays original image in subplot area 

    colormap('default') % Sets colormap to full color 
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    title('Original image')   % Create subplot title 

    axis image  % Set the aspect ratio equal on the x- and y-axis 

    grid on     % Add grid lines to 1st subplot 

     

% to display the binary image on the right hand side  

    h2 = subplot(1,2,2); 

    imagesc(binary) % Displays binary profile in subplot area 

    colormap('gray')    % Sets colormap to black and white 

    title('Binary profile')  % Create subplot title 

    axis image  % Sets the aspect ratio equal on the x- and y-axis 

    grid on     % Add grid lines to 2nd subplot 

    set(h2,'XColor',[0.5 0.5 0.5],'YColor',[0.5 0.5 0.5]) % Change grid 

color to gray (0.5 for gray) 

end 

  

%% OUTPUT 

% Output collagen index by taking the average mean of binary matrix  

% (value is in decimal form, must multiply by 100 for percent) 

CI = mean(mean(binary)); 
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Assembly script code 

The assembly script code is run in conjunction with the Collagen Index code in order to expedite 

image processing.  The code allows all histology images to be processed automatically,  instead 

of processing one image at a time using only the Collagen Index code.  

 

% assembly script 

% imagefinal.m 

 

%% NUMBER OF EXPERIMENTAL VARIABLES 

numrats = 5;    % Number of rats 

nummaterials = 5;   % Number of materials 

numtissues = 2; % Number of tissue types 

numimages = 4;  % Number of images 

  

%% CREATE DATA FILE AND PREALLOCATE VARIABLES 

fid = fopen([cd,'/ZOutput.txt'],'wt');   % Open text file to store 

% output data in the current directory (i.e. folder where images are  

% stored)  

% the final name is called "ZOutput" and because it starts with Z, the  

% file will be stored at the very bottom of the files 

fprintf(fid,'Filename\t%s\n',date);   % Label first line of text file  

% with column titles 

  

kc = 0; % Create counter variables 

CI = zeros(numrats*nummaterials*numimages,1);   % This pre-allocates 

% empty data matrix for collagen index 
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%% RUN FOR LOOPS AND WRITE DATA TO FILE 

% If you only want certain files to be analyzed, then you can specify 

% using an array like [1 2 5] instead of a sweeping range like 1:5 in  

% the FOR loop. For example, replace 'm = 1:nummaterials' with  

% 'm = [1 2 5]' in line 25 if you do not want. 

  

% Add as many FOR loops as needed to account for additional types of 

% variables (i.e. materials and tissues are two different types of 

% variables). However, if there are more than 5 materials, and/or more  

% than two (2) tissue types then additional ELSEIF statements need to  

% be written. 

  

% the following code breaks down the file name into individual  

% variables. 

% For example r1 ntpla 02a - rat is 1, material is ntpla, 2 is the  

% image number (numimages) and a is numtissue (for example if one image  

% has 2 digital boxes labelled as a and b) 

  

for r = 1:5;  % Select how many rats (i.e. files labelled for rats 1 to  

% 5 would be 1:5, rat files labelled from 6 to 10 would be 6:10) 

    for m = 1:nummaterials; % Select which materials (i.e. enter the  

% file name abbreviation for the material) 

        if m == 1   

% this is the first material in the list of materials used 

            Material = 'ntpla'; % Non-treated poly-L-lactic acid 

        elseif m == 2 
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            Material = 'ntpu';  % Non-treated polyurethane 

        elseif m == 3 

            Material = 'tpla';  % Treated poly-L-lactic acid 

        elseif m == 4 

            Material = 'tpu';   % Treated polyurethane 

        elseif m == 5 

            Material = 'ctrl';  % Control tissue 

        end 

        for t = 1:numtissues;   % Select which tissues (i.e. could be  

% sub vs fat, could be a vs b, as in example above with r1 ntpla 02a) 

            if t == 1 

                Tissue = 'a'; 

            elseif t == 2 

                Tissue = 'b';    

            end 

            for j = 1:numimages; % this is the number of images  

%(i.e. r1 ntpla 02a, with 2 being the numimages) 

% This creates a filename based on all the variables that we tested.   

% A file with this filename may or maynot exist in the file directory  

% (i.e. didn't have image r1 ntpla 2b, only had file r1 ntpla 02a) 

temp = [Material,' r',num2str(r),' 0',num2str(j),Tissue,'.tif']; 

% this command creates a file name for the original image 

                 

% This creates a filename for TIF binary file to be written to current  

% directory on computer (a file name is being created in case a real  

% file name exists.  If so, then this bin image will be created next to  

% the coloured image (i.e. r1 ntpla 02a bin.tif is created since there  
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% is a r1 ntpla 02a.tif 

bintemp = [Material,'r',num2str(r),'0',num2str(j),Tissue,'bin','.tif']; 

% this creates a file name for the binary image 

% Note: our files names always have an r for rat and a 0 before the  

% image number, so everything that is in purple font:  

%('r', '0', 'bin', '.tif') will appear in all skeleton file names.   

% The black font are the variables that will change per each file name  

% to correspond with the file being analyzed. 

  

                if exist(temp,'file') ~= 0  

% The following statements will be run only if file exists                  

% Find collagen index for Masson's Trichrome stained images 

                    kc = kc + 1;  

% every time the counter increases by 1, a new text row is created in 

% the data text file 

                    [CI(kc) bin] = collagenindex(temp);  

% this runs the collagen index program (no OPTIONS argument since we 

% don't want a lot of binary profile images to appear during the  

% analysis. 

% The bin variable is used to create a new binary image (see below) 

                    fprintf(fid,'%s\t%f\n',temp,CI(kc));  

% this stores file name and corresponding collagen index in a row in a  

% text file 

% Write binary image to local TIF file 

                    imwrite(bin,bintemp,'tif','Compression','none'); 

% bin is the binary matrix, bintemp is the file name 

                else 
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                    % Display message if file is not found 

                    disp([temp ' not found']) 

                end 

            end 

        end 

    end 

end 

  

% Truncate extra rows at end of matrix (for file names that did not 

% exist) 

CI = CI(1:kc,:);   

% this outputs a column vector (in matlab) of all the collagen index  

% values for the images analyzes 

  

  

%% CLOSE DATA FILE 

fclose(fid);    % Close text file 
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Appendix III:  Sample score sheet for MatLab              
colourmetric analysis program validation  

 
 

SCORE SHEET 
 

Instructions: Estimate the percent of blue-green areas in each picture in multiples of 5% (e.g. 
0%, 10%, 25%, etc.). These images are meant to be viewed on a computer monitor instead of on 
printed paper. Please score all 30 pictures to the best of your ability and after you are finished, 
please email this score sheet to Heidi Koschwanez (hek2@duke.edu) or Felix Yap 
(felix.yap@duke.edu). 

 

Picture # % blue-green Picture # % blue-green 
1  16  
2  17  
3  18  
4  19  
5  20  
6  21  
7  22  
8  23  
9  24  
10  25  
11  26  
12  27  
13  28  
14  29  
15  30  

 

 

Thank you for your participation! 

 

 

mailto:hek2@duke.edu�
mailto:felix.yap@duke.edu�
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