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ABSTRACT 

An implantable analyte-measuring device including a mem 
brane adapted to promote vasculariZation and/or interfere 
With barrier cell layer formation. The membrane includes 
any combination of materials, architecture, and bioactive 
agents that facilitate analyte transport to provide long-term 
in vivo performance of the implantable analyte-measuring 
device. 
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ANALYTE MEASURING DEVICE 

RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 10/647,065, ?led Aug. 22, 2003, Which 
claims the bene?t of priority under 35 U.S.C. § 119(e) to 
Provisional Application No. 60/472,673, ?led May 21, 2003, 
and is a continuation-in-part of application Ser. No. 09/447, 
227, ?led Nov. 22, 1999, Which is a division of application 
Ser. No. 08/811,473, ?led Mar. 4, 1997, now US. Pat. No. 
6,001,067. This application claims the bene?t of priority 
under 35 U.S.C. § 119(e) to Provisional Application No. 
60/544722, ?led Feb. 12, 2004. All above-referenced prior 
applications are incorporated by reference herein in their 
entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to bioint 
erface membranes that can be utiliZed With implantable 
devices, such as devices for the detection of analyte con 
centrations in a biological sample. The present invention 
further relates to methods for determining analyte levels 
using implantable devices including these membranes. More 
particularly, the invention relates to novel biointerface mem 
branes, to devices and implantable devices including these 
membranes, and to methods for monitoring glucose levels in 
a biological ?uid sample using an implantable analyte 
detection device. 

BACKGROUND OF THE INVENTION 

[0003] One of the most heavily investigated analyte sens 
ing devices is the implantable glucose device for detecting 
glucose levels in patients With diabetes. Despite the increas 
ing number of individuals diagnosed With diabetes and 
recent advances in the ?eld of implantable glucose moni 
toring devices, currently used devices are unable to provide 
data safely and reliably for long periods of time (for 
eXample, months or years). See Moatti-Sirat et al., Diabe 
tologia, 35:224-30 (1992). There are tWo commonly used 
types of implantable glucose sensing devices. These types 
include those that are implanted intravascularly and those 
that are implanted in tissue. 

[0004] With reference to conventional devices that can be 
implanted in tissue, a disadvantage of these devices is that 
they tend to lose their function after the ?rst feW days to 
Weeks folloWing implantation. While not Wishing to be 
bound by any particular theory, it is believed that this loss of 
function is due to the lack of direct contact With circulating 
blood to deliver sample to the tip of the probe of the 
implanted device. Because of these limitations, it has pre 
viously been dif?cult to obtain continuous and accurate 
glucose level measurements. HoWever, such information is 
often extremely desirable to diabetic patients in ascertaining 
Whether immediate corrective action is needed in order to 
adequately manage their disease. 

[0005] Some medical devices, including implantable ana 
lyte measuring-devices, drug delivery devices, and cell 
transplantation devices require transport of solutes across 
the device-tissue interface for proper function. These 
devices generally include a membrane, herein referred to as 
a “cell-impermeable membrane” or “bioprotective mem 
brane” Which encases the device or a portion of the device 
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to prevent access by host in?ammatory or immune cells to 
sensitive regions of the device. 

[0006] A disadvantage of cell-impermeable membranes is 
that they often stimulate a local in?ammatory response, 
called the foreign body response (FBR) that has long been 
recogniZed as limiting the function of implanted devices that 
require solute transport. Previous efforts to overcome this 
problem have been aimed at increasing local vasculariZation 
at the device-tissue interface, but have achieved only limited 
success. 

[0007] FIG. 1 is a schematic draWing that illustrates a 
classical FBR to a conventional cell-impermeable synthetic 
membrane 10 implanted under the skin. There are three main 
layers of a FBR. The innermost FBR layer 12, adjacent to 
the device, is composed generally of macrophages and 
foreign body giant cells 14 (herein referred to as the “barrier 
cell layer”). These cells form a monolayer of closely 
opposed cells over the entire surface of a microscopically 
smooth membrane, a macroscopically smooth (but micro 
scopically rough) membrane, or a microporous (i.e., average 
pore siZe of less than about 1 pm) membrane. A membrane 
can be adhesive or non-adhesive to cells. HoWever, its 
relatively smooth surface causes the doWnWard tissue con 
tracture 21 (discussed beloW) to translate directly to the cells 
at the device-tissue interface 26. The intermediate FBR layer 
16 (herein referred to as the “?brous Zone”), lying distal to 
the ?rst layer With respect to the device, is a Wide Zone 
(about 30 to 100 Mm) composed primarily of ?broblasts 18, 
?brous matriXes, and contractile ?brous tissue 20. The 
organiZation of the ?brous Zone, and particularly the con 
tractile ?brous tissue 20, contributes to the formation of the 
monolayer of closely opposed cells due to the contractile 
forces 21 around the surface of the foreign body (for 
eXample, membrane 10). The outermost FBR layer 22 is 
loose connective granular tissue containing neW blood ves 
sels 24 (herein referred to as the “vascular Zone”). Over 
time, this FBR tissue becomes muscular in nature and 
contracts around the foreign body so that the foreign body 
remains tightly encapsulated. Accordingly, the doWnWard 
forces 21 press against the tissue-device interface 26, and 
Without any counteracting forces, aid in the formation of a 
barrier cell layer 14 that blocks and/or refracts the transport 
of analytes 23 (for example, glucose) across the tissue 
device interface 26. 

[0008] A consistent feature of the innermost layers 12, 16 
is that they are devoid of blood vessels. This has led to 
Widely supported speculation that poor transport of mol 
ecules across the device-tissue interface 26 is due to a lack 
of vasculariZation near the interface. See Scharp et al., World 
J. Surg., 8:221-229 (1984); and Colton et al., J. Biomech. 
Eng., 113:152-170 (1991). Previous efforts to overcome this 
problem have been aimed at increasing local vasculariZation 
at the device-tissue interface, but have achieved only limited 
success. 

[0009] Although local vasculariZation can aid in suste 
nance of local tissue over time, the presence of a barrier cell 
layer 14 prevents the passage of molecules that cannot 
diffuse through the layer. For eXample, When applied to an 
implantable glucose-measunng device, both glucose and its 
phosphorylated form do not readily transit the cell mem 
brane. Consequently, little glucose reaches the implant’s 
membrane through the barrier cell layer. The knoWn art 
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purports to increase the local vasculariZation in order to 
increase solute availability. See Brauker et al., US. Pat. No. 
5,741,330. However, it has been observed by the inventors 
that once the monolayer of cells (barrier cell layer) is 
established adjacent to a membrane, increasing angiogenesis 
is not suf?cient to increase transport of molecules such as 
glucose and oxygen across the device-tissue interface 26. In 
fact, the barrier cell layer blocks and/or refracts the analytes 
23 from transport across the device-tissue interface 26. 

[0010] The continuous measurement of substances in bio 
logical ?uids is of interest in the control and study of 
metabolic disorders. Electrode systems have been developed 
for this purpose Whereby an enZyme-catalyZed reaction is 
monitored (e.g., by the changing concentrations of reactants 
or products) by an electrochemical sensor. In such electrode 
systems, the electrochemical sensor comprises an electrode 
With potentiometric or amperometric function in close con 
tact With a thin layer containing an enZyme in dissolved or 
insoluble form. Generally, a semipermeable membrane 
separates the thin layer of the electrode containing the 
enZyme from the sample of biological ?uid that includes the 
substance to be measured. 

[0011] Electrode systems that include enZymes have been 
used to convert amperometrically inactive substances into 
reaction products, Which are amperometrically active. For 
example, in the analysis of blood for glucose content, 
glucose (Which is relatively inactive amperometrically) can 
be catalytically converted by the enZyme glucose oxidase in 
the presence of oxygen and Water to gluconic acid and 
hydrogen peroxide. Tracking the concentration of glucose is 
possible since for every glucose molecule converted a 
proportional change in either oxygen or hydrogen peroxide 
sensor current Will occur [U.S. Pat. Nos. 4,757,022 and 
4,994,167 to Shults et al., both of Which are hereby incor 
porated by reference. Hydrogen peroxide is anodically 
active and produces a current that is proportional to the 
concentration of hydrogen peroxide, Which is directly 
related to the concentration of glucose in the sample. See, 
e.g., Updike et al., Diabetes Care, 11:801-807 (1988). 

[0012] Despite recent advances in the ?eld of implantable 
glucose monitoring devices, presently used devices are 
unable to provide data safely and reliably for long periods of 
time (e.g., months or years). See, e.g., Moatti-Sirat et al., 
Diabetologia 35:224-30 (1992). For example, Armour et al., 
Diabetes 39:1519-26 (1990), describes a miniaturiZed sensor 
that is placed intravascularly, thereby alloWing the tip of the 
sensor to be in continuous contact With the blood. Unfortu 
nately, probes that are placed directly into the vasculature 
put the recipient at risk for thrombophlebosis, thromboem 
bolism, and thrombophlebitis. 

[0013] Currently available glucose monitoring devices 
that can be implanted in tissue (e.g., subcutaneously) are 
also associated With several shortcomings. For example, 
there is no dependable ?oW of blood to deliver sample to the 
tip of the probe of the implanted device. Similarly, in order 
to be effective, the probe consumes some oxygen and 
glucose, but not enough to perturb the available glucose 
Which it is intended to measure; subcutaneously implanted 
probes often reside in a relatively stagnant environment in 
Which oxygen or glucose depletion Zones around the probe 
tip can result in erroneously loW measured glucose levels. 
Finally, the probe can be subject to “motion artifact” because 
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the device is not adequately secured to the tissue, thus 
contributing to unreliable results. Partly because of these 
limitations, it has previously been difficult to obtain accurate 
information regarding the changes in the amounts of ana 
lytes (e.g., Whether blood glucose levels are increasing or 
decreasing); this information is often extremely desirable, 
for example, in ascertaining Whether immediate corrective 
action is needed in the treatment of diabetic patients. 

[0014] There is a need for a device that accurately and 
continuously determines the presence and the amounts of a 
particular analyte, such as glucose, in biological ?uids. The 
device should be easy to use, be capable of accurate mea 
surement of the analyte over long periods of time, and 
should not readily be susceptible to motion artifact. 

SUMMARY OF THE INVENTION 

[0015] It has been con?rmed through histological exami 
nation of biointerface membranes that the one mechanism 
for inhibition of molecular transport across the device-tissue 
interface is the barrier cell layer adjacent to the membrane. 
There is a strong correlation betWeen the desired device 
function and the lack of formation of a barrier cell layer at 
the device-tissue interface. For example, glucose-measuring 
devices that Were observed histologically to have substantial 
barrier cell layers Were functional only 41% of the time after 
12 Weeks in vivo. In contrast, devices that did not have 
signi?cant barrier cell layers Were functional 86% of the 
time after 12 Weeks in vivo. 

[0016] Consequently, there is a need for a membrane that 
interferes With the formation of a barrier cell layer and 
protects the sensitive regions of the implantable device from 
host in?ammatory response. The biointerface membranes of 
the preferred embodiments interfere With the formation of a 
monolayer of cells adjacent to the membrane, henceforth 
referred to herein as a “barrier cell layer”, Which interferes 
With the transport of oxygen, glucose, or other analytes or 
substances, across a device-tissue interface. 

[0017] The biointerface membranes, devices including 
these membranes, and methods of use of these membranes 
according to the preferred embodiments alloW for long term 
protection of implanted cells or drugs, as Well as for obtain 
ing continuous information regarding, for example, glucose 
levels of a host over extended periods of time. Because of 
these abilities, the biointerface membranes of the preferred 
embodiments can be extremely useful in implantable 
devices for the management of transplant patients, diabetic 
patients, and patients requiring frequent drug treatment. 

[0018] In a ?rst embodiment, a device for subcutaneous 
monitoring of glucose levels is provided, comprising a 
housing and a sensor, the sensor comprising an angiogenic 
layer for promoting adequate microcirculatory delivery of 
glucose and oxygen to the sensor, Wherein the angiogenic 
layer further comprises a bioactive agent. 

[0019] In an aspect of the ?rst embodiment, the device is 
siZed and con?gured for Wholly subcutaneous implantation. 

[0020] In an aspect of the ?rst embodiment, the angio 
genic layer comprises a material selected from the group 
consisting of hydrophilic polyvinylidene ?uoride, mixed 
cellulose esters, polyvinyl chloride, polyvinyl alcohol, poly 
ethylene, polytetra?uoroethylene, cellulose acetate, cellu 
lose nitrate, polycarbonate, nylon, polyester, mixed esters of 
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cellulose polyvinylidene di?uoride, silicone, polyacryloni 
trile, polypropylene, polysulfone, polymethacrylate, and 
mixtures thereof. 

[0021] In an aspect of the ?rst embodiment, the angio 
genic layer comprises expanded polytetra?uoroethylene. 

[0022] In an aspect of the ?rst embodiment, the angio 
genic layer comprises silicone. 

[0023] In an aspect of the ?rst embodiment, the bioactive 
agent is selected from the group consisting of anti-in?am 
matory agents, anti-infective agents, anesthetics, in?amma 
tory agents, groWth factors, immunosuppressive agents, 
antiplatelet agents, anticoagulants, ACE inhibitors, cyto 
toxic agents, anti-barrier cell compounds, vasculariZation 
inducing compounds, anti-sense molecules, and mixtures 
thereof. 

[0024] In an aspect of the ?rst embodiment, the bioactive 
agent is an anti-in?ammatory agent selected from the group 
consisting of nonsteroidal anti-in?ammatory drugs 
(NTHEs), aspirin, celecoxib, choline magnesium trisalicy 
late, diclofenac potasium, diclofenac sodium, di?unisal, 
etodolac, fenoprofen, ?urbiprofen, ibuprofen, indomethacin, 
ketoprofen, ketorolac, melenamic acid, nabumetone, 
naproxen, naproxen sodium, oxaproZin, piroxicam, rofe 
coxib, salsalate, sulindac, tolmetin, corticosteroids, corti 
sone, hydrocortisone, methylprednisolone, prednisone, 
prednisolone, betamethesone, beclomethasone dipropionate, 
budesonide, dexamethasone sodium phosphate, ?unisolide, 
?uticasone propionate, triamcinolone acetonide, betametha 
sone, ?uocinolone, ?uocinonide, betamethasone dipropi 
onate, betamethasone valerate, desonide, desoximetasone, 
?uocinolone, triamcinolone, triamcinolone acetonide, clo 
betasol propionate, dexamethasone, and mixtures thereof. 

[0025] In an aspect of the ?rst embodiment, the bioactive 
agent is an anti-infective agent selected from the group 
consisting of anthelmintics, mebendaZole, antibiotics, ami 
noclycosides, gentamicin, neomycin, tobramycin, antifungal 
antibiotics, amphotericin b, ?uconaZole, griseofulvin, itra 
conaZole, ketoconaZole, nystatin, micatin, tolnaftate, cepha 
losporins, cefaclor, cefaZolin, cefotaxime, ceftaZidime, 
ceftriaxone, cefuroxime, cephalexin, beta-lactam antibiot 
ics, cefotetan, meropenem, chloramphenicol, macrolides, 
aZithromycin, clarithromycin, erythromycin, penicillins 
penicillin G sodium salt, amoxicillin, ampicillin, dicloxacil 
lin, nafcillin, piperacillin, ticarcillin, tetracyclines, doxycy 
cline, minocycline, tetracycline, bacitracin, clindamycin, 
colistimethate sodium, polymyxin b sulfate, vancomycin; 
antivirals including acyclovir, amantadine, didanosine, 
efavirenZ, foscarnet, ganciclovir, indinavir, lamivudine, 
nel?navir, ritonavir, saquinavir, stavudine, valacyclovir, val 
ganciclovir, Zidovudine, quinolones, cipro?oxacin, levof 
loxacin, sulfonamides, sulfadiaZine, sul?soxaZole, sulfones, 
dapsone, furaZolidone, metronidaZole, pentamidine, sulfa 
nilamidum crystallinum, gati?oxacin, sulfamethoxaZole/tri 
methoprim, and mixtures thereof. 

[0026] In an aspect of the ?rst embodiment, the bioactive 
agent is an anesthetic selected from the group consisting of 
ethanol, bupivacaine, chloroprocaine, levobupivacaine, 
lidocaine, mepivacaine, procaine, ropivacaine, tetracaine, 
des?urane, iso?urane, ketamine, propofol, sevo?urane, 
codeine, fentanyl, hydromorphone, marcaine, meperidine, 
methadone, morphine, oxycodone, remifentanil, sufentanil, 
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butorphanol, nalbuphine, tramadol, benZocaine, dibucaine, 
ethyl chloride, xylocaine, phenaZopyridine, and mixtures 
thereof., 

[0027] In an aspect of the ?rst embodiment, the bioactive 
agent is selected from the group consisting of SIP, monobu 
tyrin, Cyclosporin A, Anti-thrombospondin-2, Rapamycin, 
Dexamethasone, Super Oxide Dismutase (SOD) Mimetic 
Compounds, Lipopolysaccharide, angiogenic lipid product 
of adipocytes, Sphingosine-l-Phosphate, Thrombospon 
din-2 antisense, and mixtures thereof. 

[0028] In an aspect of the ?rst embodiment, the bioactive 
agent is incorporated Within the angiogenic layer by absorp 
tion into the angiogenic layer. 

[0029] In an aspect of the ?rst embodiment, the bioactive 
agent is incorporated Within the angiogenic layer during 
formation of the angiogenic layer. 

[0030] In an aspect of the ?rst embodiment, the bioactive 
agent is incorporated Within the angiogenic layer using a 
microcapsule agent. 

[0031] In an aspect of the ?rst embodiment, the bioactive 
agent is incorporated Within the angiogenic layer using a 
carrier agent. 

[0032] In an aspect of the ?rst embodiment, the bioactive 
agent is incorporated in the angiogenic layer using at least 
one substance selected from the group consisting of an ionic 
surfactant, a nonionic surfactant, a detergent, an emulsi?er, 
a demulsi?er, a stabiliZer, an aqueous carrier, an oleaginous 
carrier, a solvent, a preservative, an antioxidant, a buffering 
agent, and mixtures thereof. 

[0033] In an aspect of the ?rst embodiment, the angio 
genic layer comprises a plurality of pores and Wherein the 
bioactive agent is contained Within the pores of the angio 
genic layer. 

[0034] In an aspect of the ?rst embodiment, the sensor 
further comprises a membrane impregnated With an oxidase. 

[0035] In an aspect of the ?rst embodiment, the oxidase 
impregnated membrane comprises a resistance layer, an 
enZyme layer, an interference layer, and an electrolyte layer. 

[0036] In an aspect of the ?rst embodiment, the oxidase 
impregnated membrane comprises a single homogeneous 
structure. 

[0037] In an aspect of the ?rst embodiment, the resistance 
layer restricts transport of glucose therethrough. 

[0038] In an aspect of the ?rst embodiment, the resistance 
layer comprises a polymer membrane With an oxygen-to 
glucose permeability ratio of at least about 100:1. 

[0039] In an aspect of the ?rst embodiment, the interfer 
ence layer comprises a hydrophobic membrane substantially 
permeable to hydrogen peroxide. 

[0040] In an aspect of the ?rst embodiment, the interfer 
ence layer comprises a hydrophobic membrane substantially 
impermeable to at least one substance having a molecular 
Weight substantially greater than hydrogen peroxide. 

[0041] In an aspect of the ?rst embodiment, the electrolyte 
layer comprises a semipermeable hydrophilic coating. 


































































