
Permeability of Subcutaneous Tissues Surrounding Long-Term 
Implants to Oxygen

Lucas S. Kumosaa, Timothy L. Routhb, Joe T. Linb, Joseph Y. Lucisanob, and David A. 
Gougha,b

aDepartment of Bioengineering, University of California San Diego, 9500 Gilman Drive, La Jolla, 
CA 92093-0412

bGlySens Incorporated, 6450 Lusk Blvd., Suite E-109 ,San Diego, CA 92121

Abstract

Certain types of implanted medical devices depend on oxygen supplied from surrounding tissues 

for their function. However, there is a concern that the tissue associated with the foreign body 

response to implants may become impermeable to oxygen over the long term and render the 

implant nonfunctional. We report oxygen flux recordings from electrochemical oxygen sensor 

devices with wireless telemetry implanted in subcutaneous porcine tissues. The devices remained 

implanted for up to 13 weeks and were removed with adjacent tissues at specified times for 

histologic examination. There are four main observations: (1) In the first few weeks after 

implantation, the oxygen flux to the sensors, or current density, declined to a sustained mean 

value, having unsynchronized cyclic variations around the mean; (2) The oxygen mass transfer 

resistance of the sensor membrane was negligible compared to that of the tissue, allowing for a 

sensitive estimate of the tissue permeability; (3) The effective diffusion coefficient of oxygen in 

tissues was found to be approximately one order of magnitude lower than in water; and (4) 

Quantitative histologic analysis of the tissues showed a mild foreign body response to the PDMS 

sensor membrane material, with capillaries positioned close to the implant surface. Continuous 

recordings of oxygen flux indicate that the tissue permeability changes predictably with time, and 

suggest that oxygen delivery can be sustained over the long term.
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I. Introduction

What is the rate of oxygen delivery to a medical device implanted in subcutaneous tissues 

over the long term? And, What is the permeability to oxygen of tissues that surround 

implants? These questions are central to the function of implanted devices that depend on 

the transport of oxygen from the subcutaneous tissues in which they are implanted, such as 

biosensors for oxygen and other analytes [1,2], polymer-encapsulated pancreatic islets for 

use in diabetes [3,4], tissue engineered devices containing metabolically active cells [5,6], 

and implantable electronic devices [7] or fuel cells that rely on the transport of oxygen and 

metabolic fuels from the tissue environment.

All implants elicit some degree of foreign body response in the surrounding tissues that may 

be expected to affect tissue permeability [8,9]. The characteristics and magnitude of this 

response can depend on many things, such as: the properties of the implant and the extent to 

which it releases even small amounts of irritants into the tissues, such as toxic organic and 

metallic species, residual sterilants, and ionic current; the type of tissue in which the device 

is implanted and the local mechanical stresses; the means of introduction of the implant into 

the tissue; and other factors. The resulting foreign body response may include some or all of 

the following features: a localized formation of dense and granular tissue, remodeling of the 

local microvasculature near the tissue-implant interface, the infiltration of granulocytes and 

macrophages, the development of chronic localized inflammation and tissue edema, and 

even the formation of a pocket of fluid transudate. Minimizing these affects by proper 

selection and preparation of implant materials, optimal design and placement of the implant, 

and the use of appropriate manufacturing and sterilization methods is a common goal.

Although the development of some degree of foreign body response seems unavoidable, 

little is known about the resulting permeability of the tissues adjacent to implants and how 

the tissue permeability changes with time. It is necessary to establish quantitative methods 

for measuring tissue permeability as a basis for the selection of biomaterials and for 

assessment of the effects of the tissue response on implant function.

Several approaches have been used previously to evaluate the effective permeability of 

foreign body tissues to oxygen. In one study, a perfusion chamber was implanted against the 

rat abdominal omentum, having a hydrogel membrane in contact with the tissue on one side 

and perfused with buffer on the other side [10]. After a 28-day period for stabilization of the 

tissue neovascularization, samples were collected from the buffer and the oxygen 

concentration was assayed. The overall permeability to oxygen was estimated to be, 9.4 × 

10−4 cm·s−1 observed by transport through both the tissues and membrane, and separately in 

vitro through the membrane alone, leading to the conclusion that the oxygen mass transfer 

resistance of the tissue is comparable to the resistance of the hydrogel membrane. The use of 

a membrane that is substantially more permeable than the tissue would have been 

advantageous to assess the limiting mass transfer resistance of the tissue, independent of 

membrane properties.

An alternative approach based on modeling has also been used to predict the oxygen 

distribution in tissues around implants. Models have been based the assumption that oxygen 
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distributions can be inferred from tissue structural features seen by post-mortem histologic 

examination [11,12]. This approach is, however, limited by several factors, including: the 

lack of an unambiguous means of defining the local oxygen distribution; incorporating the 

heterogeneous properties of living tissues, such as intermittent microvascular blood flow, 

diffusion and metabolic consumption of oxygen; and including changes in these properties 

with time.

Microarchitectural features on the surface of implants have been used to encourage the 

development of microvascularization at the tissue-implant interface [13], and have enabled 

maintenance of neovascularization for over 330 days in one study [14]. For comparison, the 

effective diffusion coefficient of glucose in such fibrotic tissue capsules implanted 

subcutaneously in rats was estimated to be one to two orders of magnitude lower than the 

diffusion coefficient in water [15].

We describe here the use of an oxygen sensor device having a wireless RF telemetry system 

that was implanted in the subcutaneous tissues of pigs to analyze, in conjunction with 

histology studies, the permeability of foreign body tissues to oxygen over the long term.

II. Methods

II.A. Implant Description

The implant is shown in Figure 1. The ceramic disc on the upper surface is composed of an 

imbedded sensor array of 300-μm diameter platinum disc sensing electrodes, Ag/AgCl 

potential reference electrodes, and platinum counter electrodes [2]. The electrodes and disc 

surface are covered by a thin electrolyte layer and a smooth, 25-μm thick membrane of 

medical grade polydimethylsiloxane (PDMS). A diffusion-limited reaction, O2 + 2H2O + 

4e− → 4OH−, occurs quantitatively at the electrode surface at an applied cathodic potential 

of −500 mV vs. the Ag/AgCl reference electrode [16]. The pore-free hydrophobic PDMS 

membrane is permeable to oxygen but not to polar molecules, and prevents current passage 

into the tissues.

The ceramic disc with the sensors is fused into a hermetically sealed titanium housing that 

contains individual potentiostats for each sensor and a wireless, battery powered telemetry 

system with a projected 2-year lifetime. The telemetry system samples the currents from 

individual sensors, converts the samples into multiplexed segments, and transmits the 

segments as a train of radio frequency signals at regular 2-minute intervals to an external 

receiver where they are decoded and archived. Inactive implants having identical mass, 

shape and materials, but lacking internal sensing and telemetry electronics, were used for 

serial removal and collection of histology samples. Eleven devices with a total of 60 

functional sensors and 20 inactive sensors were implanted at four dorsal subcutaneous tissue 

locations for thirteen weeks in four 20-kg adult female Yucatan minipigs. The PDMS 

membrane and titanium materials have been evaluated previously in standard cell culture 

tests [17]. Implants were sterilized using a validated chemical sterilization procedure [18]. 

The hermetic wireless telemetry system makes possible long-term recordings in animals 

without infection-prone percutaneous electrical leads.
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In related studies, analogous sensors for glucose based on immobilized glucose oxidase 

coupled dual oxygen sensors have functioned as implants in subcutaneous tissues of pigs for 

periods as long as 520 days [2]. This sensor system and has also been implanted in humans 

for extended periods with similar results.

II.B. Implantation Procedure

All procedures involving animals were consistent with AAALAC guidelines [19] and 

approved by the UCSD Animal Subjects Committee. The implantation procedure 

emphasized blunt dissection to avoid bleeding and minimize damage to the tissue and 

lymphatics. Implant locations were chosen on the dorsal skin of the pigs, offset on either 

side of the midline at a minimum of 15 cm from each other. A 5 cm long, 1 to 2 cm deep 

incision was made in each location, exposing the dermal layers. Using blunt dissection to 

ensure minimal damage to the fascia, a pocket was formed between the sub-dermal fat and 

underlying muscle. Implants were inserted into the pockets with the PDMS surface facing 

ventrally and the titanium surface facing dorsally. With the properly seated implant inside, 

the skin was sutured and a povidone-iodine topical antiseptic and sterile dressing were 

applied. A dual-lumen Hickman catheter (Bard Access Systems) for blood sampling and 

fluid infusion was placed into the central vena cava with access ports exposed at the 

midscapular region. The catheter was routinely flushed with a dilute heparin solution to 

maintain patency.

II.C. Explantation

The animals were given a combination of general and local anesthetics, and an incision was 

made in the skin, exposing the implant underneath. Tissue samples were excised from 

regions of the pocket adjacent to the PDMS and titanium surfaces and placed in histological 

fixative. The incision was sutured and wound site treated with antiseptic. No severe 

abnormalities, defects or injuries were seen in any of the procedures, indicating healthy 

tissue and implant pocket. Sterile technique was used in all procedures.

II.D. Model of Oxygen Flux

The observed oxygen flux (shown in Figure 2) is described by the product of four terms 

given sequentially in the descriptive equation below: (1) a quasi-steady state term containing 

mass transfer parameters and the local oxygen concentration; (2) an exponential decay term; 

(3) an oscillatory term corresponding to observed cyclic oxygen fluctuations; and (4) a term 

for the bias or background current produced in the absence of oxygen. Summed over J 

sensors having K oscillations, the normalized oxygen flux, which is equivalent to the 

transient current density, is described by

(1)

where n is the number of electrons per oxygen molecule reduced at the electrode surface, F 

is the Faraday constant, A is the effective electrode area (with corrections for edge effects 

[20]), and co is the mean tissue oxygen concentration. Bij , the dimensionless mass transfer 
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Biot number [21], is the ratio of the sensor-specific permeability of the tissue Pj to the 

permeability of the sensor membrane Pm , or Bij = Pj/Pm . Pm was determined from 

measurements in the gas phase [22]. The effective permeability of the tissue is given by Pj 

=hj/δ, where hj is the mass transfer coefficient within the tissue, and δ is the effective 

diffusional length in the tissue. The mass transfer coefficient represents all mechanisms of 

oxygen transport that occur in the tissues, including convection to the implant site via the 

local microvasculature, partial consumption by metabolic processes, and diffusion from the 

local capillaries to the sensor membrane surface. The magnitude of decay is Mj , where 0 < 

Mj <1, and τdj is the sensor-specific decay time. The k-th period of oscillation for the j-th 

sensor is Tj,k with its respective offset time toj,k, where tdj > Tj,k > Toj,k. The sensor-specific 

background current CJ is typically negligible.

II.E. Immunological Markers

Immunohistochemical stains known to be effective in pigs were used to identify endothelial 

cells, macrophages and granulocytes in fixed tissue samples. Endothelial cells were labeled 

using purified mouse anti-rat CD31 unconjugated antibodies (BD Biosciences, Inc.) [23]. 

Purified mouse anti-CD4+ antibodies (Biosciences, Inc.) [24], which label porcine cells of 

monocyte/macrophage linage [25] were used to identify macrophages. Anti-pig 6D10 

unconjugated antibodies (Abcam, Inc.) [26] were used to label granulocytes [27]. The 

effectiveness of these markers and their usefulness to identify specific porcine cells was 

confirmed by a study described in the Appendix.

II.F. Tissue Histology and Quantification

The subcutaneous tissue was fixed for 24 hours in either 10% neutral buffered formalin 

(Fisher Scientific) for standard histological staining, or in tris-based zinc buffer (BD 

PharMingen IHC Zinc Fixative, BD Biosciences) for immunohistochemical processing. The 

use of isotonic fixatives and a slow dehydration protocol using graded alcohols and xylene 

minimized tissue shrinkage and maintained the proportions of salient features during 

sectioning and staining. Staining was completed using a horseradish peroxidase/chromogen 

conjugated enzymatic detection kit (Abcam, Inc.) with goat anti-mouse IgG biotinalated 

antibodies. Counterstaining was carried out with Mayer’s hematoxylin solution (Sigma-

Aldrich).

Slides were viewed on an Olympus VANOX-S slide microscope. Imaging was performed 

using an Olympus E-30 DSLR with a microscope lens mount. Exposure and sensitivity 

settings were adjusted during imaging of the segments to maintain consistent camera 

sensitivity by setting the light intensity to maintain a fixed target output signal based on the 

internal light meter of the camera.

Regions of interest used for quantification were imaged with a magnification factor of 0.14 

μm/pixel. Full resolution images were captured in a raster pattern and were stitched together 

using software (Adobe Photoshop, Adobe, Inc.). After digital stitching of the images, 

brightness and contrast levels were adjusted to maintain consistency between slides of a 

given stain.
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Once a slide was digitally imaged, five regions of 250 μm width and 500 μm depth from the 

sensor surface were selected for quantitative analysis. From these five regions, one was 

chosen as reference based on quality of staining and representative feature content. 

Examples of these regions for each of the five staining methods at four time points (weeks 1, 

2, 6 and 13) are presented in Figures 5 and 6 for tissues adjacent to PDMS sensor membrane 

and titanium control surfaces, respectively.

Each analyzed region was first split into RGB color channels and passed through a median 

filter to reduce noise and preserve edges. Histograms of each channel were equalized to the 

corresponding channel of the reference region, and the image was then reconstructed. The 

reconstructed image was segmented into 25 μm-deep increments descending from the sensor 

surface. Thresholds for RGB and NTSC channels were chosen and applied to each slice. 

Thresholds were manually chosen for every image and verified by comparing to the original 

image without threshold filtering. The area, solidity ratio, eccentricity ratio, and orientation 

of the remaining regions were calculated. All image processing and quantification was 

performed using MatLab algorithms written specifically for this application.

III. Results

III.A Oxygen Flux Recordings

Examples of the oxygen flux from individual sensors of a typical implant are shown in 

Figure 2 as a function of time in weeks, with individual sensor recordings in respective 

colors and their moving average in black. There is a gradual decay of the moving average 

during the first six weeks, with an overlay of unsynchronized, sustained oscillations around 

the moving average value. The signal oscillations and decay trends reflect the use of the 

relatively permeable sensor membrane, which was chosen to produce a high degree of 

sensitivity to oxygen mass transfer in the tissues. The oscillations may be a result of 

variations in local oxygen concentration, and have been analyzed elsewhere [28]. The 

signals also contain rapid, small magnitude transients [29], which were removed by filtering. 

Examples of signal moving averages of sensors in arrays from individual implants are 

shown in Figure 3.

Figure 4 shows the moving average of all signals and the respective 95% confidence 

intervals. The exponential decay of the average flux is shown by the broken blue line, where 

the curve fits the equation , where X is approximately 20 × 10−12 

mole·s−1·cm−2, Y is approximately 4 × 10−12 mole·s−1·cm−2 (corresponding to about 1×10−9 

amp ), and k is approximately 0.16 week−1 . This fit to the exponential equation indicates 

that it takes about 3 weeks for the averaged oxygen flux to drop to about 37% of its original 

value, and thereafter the signal typically approaches an asymptotic average value at 20% of 

its original value. This exponential decay of tissue permeability may coincide with the time-

course of stabilization of the foreign body response.

From these experiments, three characteristic types of signal decay were distinguished. Type 

1 decay (seen in about 60% of the active sensors) showed an initial drop within 6 to 8 

weeks, followed by a sustained value at about 50% of the original signal. Type 2 decay 

(observed in about 30% of sensors) showed slow decay over 1 to 2 weeks followed by a 
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sustained signal at about 20% of original level. The final signal values of both groups were 

similar in absolute terms (1×10−9 amp ), even though the percentage decay and initial values 

were different. Type 3 decay (seen in < 10% of sensors) showed a slow, monotonic decay 

over the entire implant period for unknown reasons. These sensors were not included in the 

analysis.

III.B. Tissue Sample Collection

Tissue samples were harvested with inactive sensors at weeks 1, 2, 6 and with active sensors 

at week 13, and sectioned in planes normal to the implant surface. The tissue response to the 

implant was divided into three zones corresponding to the active sensor site at 13 weeks (n = 

11), control sites adjacent to inactive sensors at weeks 1 through 6 (n = 5); and control sites 

adjacent to the titanium housing at weeks 1 through 6 (n = 6). Titanium is a widely accepted 

control material [9].

III.C. Quantitative Immunohistochemical Analysis

Immunohistochemically stained tissue slices shown in Figures 5 and 6 display markers for 

various tissue components, including: general morphology and composition (H&E), 

collagen (GTC), endothelial cells (CD31), macrophages (CD4+), and tissue granulocytes 

(6D10). The CD31-labeled tissue slices demonstrated microvessels of various dimensions 

and shapes. Stain intensity was found to be conserved among the variously sized features, 

which permitted the identification of smaller capillaries. Macrophages stained with CD4+ 

and granulocytes stained with 6D10 were observable qualitatively, as shown in the 

Appendix and easily identified computationally, although found in very few numbers and 

sporadically distributed. No obvious trends could be discerned from CD4+ or 6D10-stained 

sections.

Scaled digital photographs of the type shown in Figure 5 and 6 were processed to calculate 

the capillary density distribution. Figure 7 summarizes the results from tissue sections 

adjacent to the PDMS membrane of active and inactive sensors and to titanium control 

surfaces, stained with CD31 antibodies to indicate vascular endothelial cells. The results 

obtained at 1, 2, 6, and 13 weeks are reported as the percentage of tissue stained per unit 

depth from the implant surface, with the tissue region having 50% of the available stain 

shaded gray. The tissue sections are 25 μm thick and the error bars represent maximal and 

minimal values. These results show that the highest density of capillaries and other 

microvessels indicated by the gray band were initially found within approximately 20 to 225 

μm from the PDMS membrane (Week 1), but were found within 75 (Week 2) to 350 μm 

(Week 13) later. By comparison, the highest density of microvascular structures adjacent to 

the titanium surface were found within approximately 175 to 350 μm during the first two 

weeks, and at 300 to 475 μm thereafter. The implant materials faced opposite directions 

(PDMS ventrally, titanium dorsally), and contacted different tissue strata: the PDMS surface 

was against at the relatively vascular, muscle-rich interior, whereas the titanium surface was 

against vascular-poor adipose tissue, which may partially explain the differences. 

Regardless, a similar shift in distribution occurred in both cases, likely as a result of fibrous 

tissue deposition in front of the implant.
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Similar results were found for implants located in various subcutaneous sites in the pigs, 

including the shoulder, midsection and rear, sites that might be expected to differentially 

influence the healing process due to possible differences in mechanical environment. There 

were no statistical differences in capillary density at these different locations (minimum p < 

0.12).

III.D. Nuclear and Collagen Density

Nuclear density values as a function of depth from the implant surface on Week 13 are 

summarized for all implants in Figure 8. Filled circles represent the data, and the 10% and 

90% data intervals are shown by the broken lines. Image quantification was performed for 

nuclear density on the H&E stained slides, done by isolating the dark purple/black nuclei 

from the red/pink/light purple background. Linear regressions were performed on the 

percent nuclear density both as a function of time and depth, and R2 and p values for the 

student t-test were calculated for each. For tissues adjacent to PDMS, an exponential 

decrease in nuclear density was found with respect to depth (p < 0.001), but no trend was 

found with time. For tissues adjacent to titanium, a linear increase in nuclear density was 

found as a function of time (p < 0.001) (not shown), but no trend was found with respect to 

depth (p < 0.01).

Collagen density as a function of depth from the implant surface is shown at Week 13 in 

Figure 9. Collagenous material appeared blue/green in GTC-stained slide images and was 

readily isolated from the remaining pink/red/purple background. For tissues adjacent to 

PDMS, there was a strong trend both with time (p < 0.001, not shown), and a less 

prominent, yet statistically significant trend with depth (p < 0.01). For tissues adjacent to 

titanium, a positive trend found was found for collagen density with time (p < 0.001). There 

were differences in the degree of fibrosis between tissues adjacent to the active sensors 

compared to titanium, but no significant differences between tissues adjacent to active 

versus inactive sensors. All other features showed no statistically significant differences.

There was a mild fibro-histocytic reaction with associated mild inflammation consisting 

mainly of histocytes/macrophages, some lymphocytes, and eosinophils in the cavity lining 

adjacent to the sensor region. There was also mild (< 2 mm) to moderate (3 to 5 mm) 

fibrosis/fibrous thickening, with mild to moderate fibroblastic activity of the cavity wall 

surrounding the implant, but no adverse tissue response or neoplasia. Overall, histologic 

observations were consistent with a typical tissue response expected for an otherwise benign 

implant of the same size and shape.

IV. Discussion

IV.A. Sensor Stability

To preclude the possibility that the overall changes in individual signals were due to changes 

in the sensors themselves, a method was developed for sensor-by-sensor comparison of the 

sensitivity to oxygen prior to implantation and after explantation [22]. This method is based 

on oxygen measurements in the gas phase, where concentration boundary layers are absent, 

as an alternative to typical measurements in the liquid phase where precise control of 

boundary layers for rapidly diffusing species such as oxygen is difficult, and reproducibility 
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of flux measurements is limited. For the vast majority of sensors, which showed no 

significant differences in sensitivity to oxygen pre-implantation vs. post-explantation, it can 

be inferred that the sensors remained stable and quantitatively accurate while implanted. 

Signals from the few sensors that showed statistically significant differences were 

disregarded. This demonstrable stability of sensors implies that changes in the signal can 

only have been due to variations in tissue oxygenation or permeability.

IV.B. Oxygen Flux Measurements and Mass Transfer Properties

After the signal decay, the asymptotic oxygen flux was approximately 4×10−12 

mole·s−1·cm−2 (Figure 4), with temporal variations about the moving average value. 

Assuming a mean tissue oxygen concentration of co= 4.0 × 10−8 mole·cm −3 (corresponding 

to PO2 = 40mmHg [30]), the steady average oxygen flux gives an estimate of 8.1×10 −5 

cm·s −1 for tissue permeability, with a range of 4 to 20 ×10 −5 cm·s −1 . The permeability of 

the PDMS sensor membrane, determined from studies in the gas phase [22], is 6.45 ×10−3 

cm·s −1. This gives a value of approximately 0.01 for Bij , the ratio of permeability of the 

tissue to that of the sensor membrane, or confirming that the tissue permeability is clearly 

limiting, supporting the conclusion that the signal is sensitive to tissue properties such as 

encapsulation, variable microvascular perfusion and oxygen oscillations.

The thickness of the oxygen gradient zone in tissues can be estimated as follows. We 

assume that diffusion is the rate-limiting transport mechanism, and that the main oxygen 

gradient zone extends from 125 to 350μm adjacent to the PDMS membrane, with a mean of 

225μm , (shown by the gray zone at Week 13 in Figure 7). The effective diffusivity of 

oxygen in tissues given by D = Pδ therefore ranges from 1.8×10−6 cm−2 · s−1to 2.8×10−6 

cm2 · s−1 , or approximately 8 to 12% of its value in water [31]. The accuracy of this 

estimate is most sensitive to the deduced length of the diffusion zone in tissues, but the 

estimate is comparable to values obtained by certain other methods [10,32,33]. For 

reference, the diffusivity of oxygen in the hydrophilic cellulosic membrane Cuprophane 

PT-150 is 2.9×10−6 cm−2 ·s−1 , or 13% of its value in water [31].

IV.C. Signal Decay

The signal decay indicated by values of Mj in Equation (1) ranges from 50 to 80%. As the 

implantation process temporarily exposes the tissue to atmospheric oxygen, the early phase 

of decay may correspond to restoration of the microvascular integrity and the 

reestablishment of normal local tissue oxygen levels. Subsequent decay may be due to a 

reduction in tissue permeability, corresponding to a reduction in oxygen diffusivity in tissues 

due to the increase in collagen density. From in vitro studies of materials with high collagen 

content, the diffusion coefficient of oxygen has been reported to be reduced by as much as 

50% [33]. A distancing of the capillaries away from the interface and simultaneous 

functional adaptation or accomidation of the microvasculature [34] may have also 

contributed to the decay.

IV.D. Oscillations

The observation of the unsynchronized oscillatory behavior was unanticipated, and not 

detectable by previous static oxygen sampling methods. Other oscillations at higher 
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frequencies (minutes to hours) corresponding to daily breathing patterns were also observed, 

but filtered [29]. The cause of the longer oscillations reported here is unknown, but may 

have been due to a cyclic infiltration of oxygen-consuming immune cells not detected 

histologically because of the timing of tissue sample collection. It is also plausible that as 

the animals grew over the course of this study, the tissue in front of the implants was 

compressed, thereby cyclically attenuating the signals. Further study of oxygen oscillations 

in tissues may lead to physiologic and metabolic insights.

IV.E. Foreign Body Response

The modest foreign body response observed here may be due, in part, to several unique 

features of the implant. First, the PDMS membrane and titanium materials have been 

extensively evaluated in standard in vitro testing, and devices release few irritants [18]. 

Second, the electrode system was completely isolated electrically from the body, and tissue 

irritation due to current flux is precluded. Third, although oxygen is quantitatively consumed 

at the electrode surface, the oxygen concentration at the membrane-tissue interface was non-

zero and there was no evidence of local necrosis. Fourth, there was deposition of collagen 

near the sensor-tissue interface and possible accommodation of the microcirculation, but the 

tissue apparently remained permeable to oxygen over the long term.

There may also be contributions to the modest foreign body response from the implantation 

site and insertion method. In the subcutaneous site, the implant remains untethered and 

relatively isolated from mechanical forces and motion, compared to possible alternative 

implant sites. This may reduce fibrous deposition associated with static and dynamic 

mechanical stresses, and mechanically support the microvasculature. The method of 

implantation based on forming a pocket by blunt dissection emphasizes spreading and 

stretching of the tissue, rather than incision. This approach likely produces much less 

damage to the microvasculature and lymphatics, and minimizes the release of blood-borne 

and intracellular stimulants of tissue activation and inflammation.

Although the current density decayed during first weeks, there remained a sustained average 

oxygen flux at predictable levels over the 13-week period, and presumably beyond. This 

calls into question the frequently made assumption that the encapsulation process 

inevitability blocks the access of small molecules to an implant [35]. However, these results 

may be due in part to the very mild foreign body response elicited from the implant 

materials used. These results serve for comparison, but do not imply that other implants 

which release antigens, cellular fragments, current, metabolic products or other irritants may 

be expected to perform similarly.

V. Conclusions

The formation of a relatively avascular and collagen-rich foreign body response to an 

implant may be a universal process. It has been assumed that the resulting tissue becomes 

impermeable to oxygen over the long term, rendering implants that depend on oxygen 

supply from the tissues nonfunctional. The sensor-telemetry system used here allowed 

continuous and sensitive recording of oxygen flux over a 13-week period to test this 

assumption. The average oxygen flux decayed exponentially to an asymptotic value during 
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the first few weeks, then remained constant to the end of the study, and contained sustained, 

non-synchronized oscillations. A histologic analysis showed a mild foreign body response, 

with capillaries close to the implant surface. The mass transfer analysis confirmed that a 

predictable and sustained supply of oxygen to implanted devices over the long term is 

feasible.
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VI. Appendix

6D10 and CD4+ antibodies that crossreact with porcine antigens are shown to mark 

granulocytes and macrophages, respectively (see text for protocols). These results 

demonstrate that porcine granulocytes and macrophages are clearly visible in in the 

histological sections using the methods described herein, when present.
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Figure A1. 
Granulocytes labeled with 6D10 antibodies in porcine tissues. TG = tissue granulocytes; LG 

= lumen granculocyte; EV = extravasated vessel granulocyte; V = vessel.

Figure A2. 
Subcutaneous tissue macrophages labeled with CD4 antibodies in porcine tissue. Tissue 

engulfing embedded Dacron fibers. D = Dacron fiber; V = vessel; Mϕ = macrophage; MNG 

= multinucleated giant cells.
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Figure 1. 
Oxygen sensor array with integrated wireless telemetry system at implantation. The 

electrodes are imbedded into a ceramic disc that is hermetically sealed into the titanium 

housing. The electrodes are covered by a PDMS membrane. The implant is 3.4 cm in 

diameter and 1.5 cm thick.
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Figure 2. 
Examples of individual signals (color) and their moving average (black). Data points were 

collected from each of the oxygen electrodes every 2 minutes.
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Figure 3. 
Examples of moving averages of signals from four sensor arrays, each with six individual 

sensors.
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Figure 4. 
Moving average of all sensor signals. Moving averages of sixty electrodes (black) with 95% 

confidence intervals (red), fitted to an exponential decay curve (broken blue line).
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Figure 5. 
Tissue morphology and composition over the course of 13 weeks implantation. Tissues 

adjacent to the PDMS membrane. Each panel has dimensions of 250μm x 500μm, and the 

implant surface is at the top.
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Figure 6. 
Tissues adjacent to titanium container as a control.
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Figure 7. 
Quantification of endothelial cell density from CD31 antibody-stained slides as a function of 

distance from the implant surface. Percentage of 25 x 250 μm tissue sections stained as a 

function of depth from the implant edge. Shaded areas represent the tissue region having at 

least 50% of available staining. (Error bars represent minimum and maximum values).
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Figure 8. 
Nuclear density quantified via H&E staining as a function of distance from the implant 

surface. (Above) PDMS surface. Solid points are averaged values for n points, error bars 

represent ± S.D., the R2 values are for the linear regression fit, and the p values are from the 

Student’s t-test. Broken lines are the 10th and 90th percentage signal limits. (Below) 

Titanium control surface.
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Figure 9. 
Collagen density quantified by GTC staining as a function of distance from the implant 

surface. (Above) PDMS surface. (Below) Titanium control surface.
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