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BIOINTERFACE WITH MACRO- AND 
MIC RO-ARC HITEC TURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a division of Us. application Ser. 
No. 11/055,779 ?led, on Feb. 9, 2005, Which claims priority 
to Us. Provisional Application No. 60/544,722, ?led on Feb. 
12, 2004, Which is incorporated herein by reference in its 
entirety, and is hereby made a part of this speci?cation. 

FIELD OF THE INVENTION 

[0002] The preferred embodiments relate generally to bio 
interface membranes that can be utiliZed With implantable 
devices such as devices for the detection of analyte concen 
trations in a biological sample (for example, from a body), 
cell transplantation devices, drug delivery devices, electrical 
signal delivering or measuring devices, and/ or combinations 
thereof. 

BACKGROUND OF THE INVENTION 

[0003] Some medical devices, including implanted analyte 
sensors, drug delivery devices and cell transplantation 
devices require close vasculariZation and transport of solutes 
across the device-tissue interface for proper function. These 
devices generally include a biointerface membrane, Which 
encases the device or a portion of the device to prevent access 
by host in?ammatory cells, immune cells, or soluble factors 
to sensitive regions of the device. 
[0004] A disadvantage of conventional implantable devices 
is that they often stimulate a local in?ammatory response, 
called the foreign body response (FBR), Which has long been 
recogniZed as limiting the function of implantable devices 
that require solute transport. The FBR has been Well 
described in the literature. 

[0005] FIG. 1 is a schematic draWing that illustrates a clas 
sical FBR to a conventional implantable device 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 membrane on the implantable device. The relatively 
smooth surface of the membrane causes the doWnWard tissue 
contracture 21 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 30-100 
microns) composed primarily of ?broblasts 18, contractile 
?brous tissue 20. The organiZation of the ?brous Zone, and 
particularly the contractile ?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, device 10). The outermost FBR layer 22 
comprises loose connective granular tissue containing neW 
blood vessels 24. 

[0006] 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 device-tissue interface 
26, and Without any counteracting forces, aid in the formation 
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of a barrier cell layer 14 that blocks and/ or refracts the trans 
port of analytes 23 (for example, glucose) across the device 
tissue interface 26. 
[0007] 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 molecules across 
the device-tissue interface 26 is due to a lack of vasculariZa 
tion near the interface. See Scharp et al., World J. Surg., 
8:221-229 (1984); and Colton and Avgoustiniatos, J. Bio 
mech. Eng., 113:152-170 (1991). 
[0008] The knoWn art purports to increase the local vascu 
lariZation in order to increase solute availability. HoWever, it 
has been observed that once the monolayer of cells (barrier 
cell layer) is established adjacent to a membrane, increasing 
angiogenesis is not su?icient to increase transport of mol 
ecules 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. Materials or membranes employed in 
implantable devices are described in Brauker et al. (U.S. Pat. 
No. 5,741,330), Seare, Jr. (US. Pat. No. 5,681,572), and 
Picha (U.S. Pat. No. 5,564,439). 

SUMMARY OF THE INVENTION 

[0009] There is a need for a membrane for implantation in 
soft tissue that supports tissue ingroWth, interferes With and 
resists barrier cell layer formation, and alloWs the transport of 
analytes across the membrane long term in vivo. 
[0010] Accordingly, in a ?rst embodiment, a biointerface 
membrane is provided, including a macro-architecture that 
de?nes a plurality of interconnected cavities that are greater 
than or equal to about 20 microns in a longest dimension and 
a micro-architecture bonded to and/or located Within at least 
some of the cavities of the macro-architecture, Wherein the 
micro-architecture includes elongated strands of material that 
are less than or equal to about 20 microns in the shortest 
dimension. 
[0011] In an aspect of the ?rst embodiment, the membrane, 
When disposed on an implantable device, is adapted to sup 
port tissue ingroWth and to interfere With barrier cell layer 
formation. 
[0012] In an aspect of the ?rst embodiment, the macro 
architecture is formed from homopolymer, copolymer, or 
terpolymer including a material selected from the group con 
sisting of polyurethane, silicone, polyethylene-co-tetra?uo 
roethylene, polypropylene, polyvinylchloride, polyvi 
nylidene ?uoride, polybutylene terephthalate, 
polymethylmethacrylate, polyether ether ketone, cellulose 
ester, polysulfones, polyole?n, polyester, polycarbonate, 
polytetra?uoroethylene, and combinations thereof. 
[0013] In an aspect of the ?rst embodiment, the micro 
architecture includes a a homopolymer, copolymer, or ter 
polymer including a material selected from the group con 
sisting of polyethylene-co-tetra?uoroethylene, polyurethane, 
silicone, polyethylene, polypropylene, polyvinylchloride, 
polyvinylidene ?uoride, polyvinylidene di?uoride, polybuty 
lene terephthalate, polymethylmethacrylate, polyether ether 
ketone, cellulose ester, polysulfones, polyole?n, nylon, poly 
acrylonitrile, polyesters, polycarbonates, polytetra?uoroeth 
ylene, expanded-polytetra?uoroethylene, and combinations 
thereof. 
[0014] In an aspect of the ?rst embodiment, the macro 
architecture includes a silicone material having a structure 
that de?nes the cavities. 
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[0015] In an aspect of the ?rst embodiment, the micro 
architecture includes a silicone material forming the elon 
gated strands. 
[0016] In an aspect of the ?rst embodiment, the micro 
architecture includes a non-Woven ?brous material. 

[0017] In an aspect of the ?rst embodiment, the micro 
architecture includes expanded-polytetra?uorethylene. 
[0018] In an aspect of the ?rst embodiment, the micro 
architecture is bonded to and/or located substantially 
throughout the cavities of the macro-architecture. 
[0019] In a second embodiment, an implantable device is 
provided, including a device adapted to be implanted in a 
body and a biointerface membrane disposed on the device, the 
biointerface membrane including a macro-architecture that 
has plurality of interconnected cavities that are greater than or 
equal to about 20 microns in a longest dimension and a 
micro-architecture bonded to and/or located Within at least 
some of the cavities of the macro-architecture, Wherein the 
micro-architecture includes elongated strands of material that 
are less than or equal to about 20 microns in a shortest dimen 
sion. 
[0020] In an aspect of the second embodiment, the micro 
architecture is bonded to and/ or located Within a portion of the 
macro-architecture proximal to the implantable device. 
[0021] In a third embodiment, an implantable glucose sen 
sor is provided including a glucose sensor and a biointerface 
membrane disposed on the sensor, the biointerface membrane 
including a macro-architecture that has plurality of intercon 
nected cavities that are greater than or equal to about 20 
microns in a longest dimension and a micro-architecture 
bonded to and/or located Within at least some of the cavities of 
the macro-architecture, Wherein the micro-architecture 
includes elongated strands of material that are less than or 
equal to about 20 microns in a shortest dimension. 
[0022] In a fourth embodiment, a drug-delivery device is 
provided including a device adapted to deliver drugs and a 
biointerface membrane disposed on the device, the biointer 
face membrane including a macro-architecture that has plu 
rality of interconnected cavities that are greater than or equal 
to about 20 microns in at least one dimension and a micro 
architecture bonded to and/or located Within at least some of 
the cavities of the macro-architecture, Wherein the micro 
architecture includes elongated strands of material that are 
less than or equal to about 20 microns in a shortest dimension. 
[0023] In a ?fth embodiment, a cell-transplantation device 
is provided including cells disposed on a biointerface mem 
brane including a macro-architecture that has plurality of 
interconnected cavities that are greater than or equal to about 
20 microns in at least one dimension and a micro-architecture 
bonded to and/or located Within at least some of the cavities of 
the macro-architecture, Wherein the micro-architecture 
includes elongated strands of material that are less than or 
equal to about 20 microns in a shortest dimension. 

[0024] In a sixth embodiment, a biointerface membrane is 
provided including a macro-architecture that has plurality of 
interconnected cavities that are greater than or equal to about 
20 microns in at least one dimension and a micro-architecture 
bonded to and/or located Within at least some of the cavities of 
the macro -architecture, Wherein the micro -architecture has a 
nominal cavity siZe of less than or equal to about 20 microns. 
[0025] In an aspect of the sixth embodiment, the mem 
brane, When disposed on an implantable device, includes the 
macro -architecture adapted to support tissue ingroWth and to 
interfere With barrier cell layer formation. 
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[0026] In a seventh embodiment, a method for forming a 
biointerface membrane including a micro-architecture Within 
a macro-architecture is provided, the method including: pro 
viding a ?rst membrane that has a macro-architecture includ 
ing co-continuous cavities and a solid portion; providing a 
second membrane that has a micro-architecture including a 
?brous material that is less than or equal to about 20 microns 
in the shortest dimension; and pressing the ?rst and second 
membranes together such that the second membrane at least 
partially exists Within the cavities of the ?rst membrane. 
[0027] In an eighth embodiment, a method for forming a 
biointerface membrane including a micro-architecture Within 
a macro-architecture is provided, the method including: plac 
ing a plurality of particles in a mold, Wherein at least some of 
the particles includes a micro-architecture therein; introduc 
ing an uncured polymeric material in the mold; compressing 
the mold to create substantial mutual contact of adjacent 
particles; curing the polymeric material to form a solid inter 
connected matrix betWeen the particles; and removing the 
particles from the matrix, Whereby the matrix includes a 
macro-architecture that includes the micro-architecture 
located Within at least some of the cavities. 
[0028] In a ninth embodiment, a method for forming a 
biointerface membrane including a micro-architecture Within 
a macro -architecture is provided, the method including: etch 
ing a ?rst material With a micro-architecture, including etch 
ing continuous pores substantially corresponding to the 
micro-architecture; breaking the etched ?rst material to form 
micro-porous particles of a siZe substantially corresponding 
to a desired cavity siZe(s) of the macro-architecture; placing a 
plurality of the micro-porous particles in a mold such that the 
particles are adjacent other particles; ?lling the mold With a 
second material, Wherein the second material is a substan 
tially uncured polymeric material; substantially solidifying 
the polymeric material; and selectively removing the micro 
porous particles. 
[0029] In an aspect of the ninth embodiment, the ?rst mate 
rial is a semi-conductor material. 
[0030] In an aspect of the ninth embodiment the semi 
conductor material is silicon. 
[0031] In a tenth embodiment, a biointerface membrane is 
provided including a macro-architecture that has plurality of 
interconnected cavities that are greater than or equal to about 
20 microns in at least one dimension and a micro-architecture 
that has plurality of interconnected cavities that are less than 
or equal to about 20 microns in at least one dimension, 
Wherein the micro-architecture is co-continuous With and at 
least partially super-imposed Within or bonded With a portion 
of the macro-architecture. 
[0032] In an aspect of the tenth embodiment, the membrane 
including the macro-architecture supports tissue ingroWth 
and interferes With barrier cell layer formation. 
[0033] In an eleventh embodiment, a biointerface mem 
brane is provided including macro-architextures and microar 
chitectures, Wherein the macro-architectures and the micro 
architectures are co-continuous and interconnected, Wherein 
the macro-architectures and the micro-architectures, When 
disposed on an implantable device, are adapted to promote 
vasculariZation Within the biointerface membrane and to 
interfere With barrier cell layer formation, and Wherein the 
biointerface membrane is con?gured to facilitate long-term 
analyte transport in vivo. 
[0034] In a tWelfth embodiment, a biointerface membrane 
is provided including a micro -architecture that includes inter 
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connected cavities With a cavity siZe of less than or equal to 
about 20 microns in at least one dimension, and Wherein the 
micro-architecture is co-continuous With a macro-architec 
ture that includes interconnected cavities With a cavity siZe of 
greater than or equal to about 20 microns in at least one 
dimension. 

[0035] In a thirteenth embodiment, a biointerface mem 
brane is provided including a ?rst architecture including cavi 
ties con?gured to facilitate ingroWth of invasive cells and 
vascular tissue into the biointerface membrane and a second 
architecture including cavities con?gured to facilitate 
ingroWth of invasive cells into the biointerface membrane 
While not permitting ingroWth vascular tissue. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 is schematic diagram of a foreign body 
response to a conventional implantable device. 

[0037] FIG. 2 is a cross-sectional schematic diagram of a 
foreign body response to a biointerface membrane of the 
preferred embodiments that includes a micro-architecture 
Within a portion of a macro-architecture. 

[0038] FIG. 3 is a cross-sectional schematic diagram of a 
biointerface membrane in one embodiment, Wherein a micro 
architecture is located Within a portion of a macro-architec 
ture adjacent to an implantable device. 

[0039] FIG. 4 is a cross-sectional schematic diagram of a 
biointerface membrane in another embodiment, Wherein a 
micro-architecture is located Within a macro-architecture, 
including along the cavity Walls of the macro-architecture. 
[0040] FIG. 5 is a cross-sectional schematic diagram of a 
biointerface membrane in yet another embodiment, Wherein 
the micro-architecture is super-imposed Within a macro-ar 
chitecture, both of Which can be formed by a molding process 
in one embodiment. 

[0041] FIG. 6 is a cross-sectional schematic diagram of a 
biointerface membrane in yet another embodiment, Wherein 
only a portion of the macro-architecture includes a micro 
architecture super-imposed Within the macro-architecture, 
both of Which can be formed by a molding process in one 
embodiment. 

[0042] FIG. 7 is a cross-sectional schematic vieW of a bio 
interface membrane in yet another embodiment, Wherein the 
macro- and micro-architectures are formed as a lattice struc 

ture. 

[0043] FIG. 8A is a perspective vieW ofan assembled glu 
cose sensor in one embodiment, including a biointerface 
membrane of the preferred embodiments incorporated 
thereon. 

[0044] FIG. 8B is an exploded perspective vieW of the 
glucose sensor of FIG. 8A, shoWing the body, the sensing 
membrane, and the biointerface membrane of the preferred 
embodiments. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0045] The folloWing description and examples illustrate 
some embodiments of the disclosed invention in detail. Those 
of skill in the art Will recogniZe that there are numerous 
variations and modi?cations of the disclosed embodiments 
that are encompassed by the scope of the invention. Accord 
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ingly, the description of a certain exemplary embodiment 
should not be deemed to limit the scope of the present inven 
tion. 

DEFINITIONS 

[0046] In order to facilitate an understanding of the dis 
closed invention, a number of terms are de?ned beloW. 
[0047] The term “biointerface membrane” as used herein is 
a broad term and is used in its ordinary sense, including, 
Without limitation, a permeable membrane that functions as 
an interface betWeen host tissue and an implantable device. In 
preferred embodiments, the biointerface membrane includes 
macro- and micro -architectures. 
[0048] The term “barrier cell layer” as used herein is a 
broad term and is used in its ordinary sense, including, With 
out limitation, a part of a foreign body response that forms a 
cohesive monolayer of cells (for example, macrophages and 
foreign body giant cells) that substantially block the transport 
of molecules to the implantable device. 
[0049] The term “cell processes” as used herein is a broad 
term and is used in its ordinary sense, including, Without 
limitation, pseudopodia of a cell. 
[0050] The term “solid portions” as used herein is a broad 
term and is used in its ordinary sense, including, Without 
limitation, a material having a mechanical structure that 
demarcates the cavities, voids, or other non-solid portions. 
[0051] The term “substantial” as used herein is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, a su?icient amount that provides a desired function. For 
example, in the micro-architecture of the preferred embodi 
ments, a suf?cient number of cavities have a siZe that alloWs 
a su?icient number of in?ammatory cells to enter therein, 
Which can include an amount greater than 50 percent, an 
amount greater than 60 percent, an amount greater than 70 
percent, an amount greater than 80 percent, and an amount 
greater than 90 percent of cavities Within a preferred nominal 
pore siZe range. 
[0052] The term “co-continuous” as used herein is a broad 
term and is used in its ordinary sense, including, Without 
limitation, a solid portion or cavities interconnected in such a 
Way that an unobstructed passageWay is formed through at 
least some of the cavities and/or solid portions interconnected 
in such a Way that that the solid portions together form a 
single solid structure, Wherein an unbroken curved line in 
three dimensions can be draWn betWeen tWo sides of a mem 
brane. 
[0053] The term “biostable” as used herein is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, materials that are relatively resistant to degradation by 
processes that are encountered in vivo. 
[0054] The term “sensor” as used herein is a broad term and 
is used in its ordinary sense, including, Without limitation, the 
component or region of a device by Which an analyte can be 
quanti?ed. 
[0055] The term “analyte” as used herein is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, to refer to a substance or chemical constituent in a 
biological ?uid (for example, blood, interstitial ?uid, cerebral 
spinal ?uid, lymph ?uid or urine) that can be analyZed. Ana 
lytes can include naturally occurring substances, arti?cial 
substances, metabolites, and/or reaction products. In some 
embodiments, the analyte for measurement by the sensing 
regions, devices, and methods is glucose. HoWever, other 
analytes are contemplated as Well, including but not limited to 
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acarboxyprothrombin; acylcamitine; adenine phosphoribo 
syl transferase; adenosine deaminase; albumin; alpha-feto 
protein; amino acid pro?les (arginine (Krebs cycle), histi 
dine/urocanic acid, homocysteine, phenylalanine/tyrosine, 
tryptophan); andrenostenedione; antipyrine; arabinitol enan 
tiomers; arginase; benZoylecgonine (cocaine); biotinidase; 
biopterin; c-reactive protein; carnitine; camosinase; CD4; 
ceruloplasmin; chenodeoxycholic acid; chloroquine; choles 
terol; cholinesterase; conjugated l-[3hydroxy-cholic acid; 
cortisol; creatine kinase; creatine kinase MM isoenZyme; 
cyclosporin A; d-penicillamine; de-ethylchloroquine; dehy 
droepiandrosterone sulfate; DNA (acetylator polymorphism, 
alcohol dehydrogenase, alpha l-antitrypsin, cystic ?brosis, 
Duchenne/Becker muscular dystrophy, glucose-6-phosphate 
dehydrogenase, hemoglobin A, hemoglobin S, hemoglobin 
C, hemoglobin D, hemoglobin E, hemoglobin F, D-Punjab, 
beta-thalassemia, hepatitis B virus, HCMV, HIV-l, HTLV-l, 
Leber hereditary optic neuropathy, MCAD, RNA, PKU, 
Plasmodium vivax, sexual differentiation, 2 l -deoxycortisol); 
desbutylhalofantrine; dihydropteridine reductase; diptheria/ 
tetanus antitoxin; erythrocyte arginase; erythrocyte protopor 
phyrin; esterase D; fatty acids/acylglycines; free [3-human 
chorionic gonadotropin; free erythrocyte porphyrin; free thy 
roxine (FT4); free tri-iodothyronine (FT3); fumarylacetoac 
etase; galactose/gal- l -pho sphate; galacto se-l -pho sphate 
uridyltransferase; gentamicin; glucose-6-phosphate dehy 
drogenase; glutathione; glutathione perioxidase; glycocholic 
acid; glycosylated hemoglobin; halofantrine; hemoglobin 
variants; hexosaminidase A; human erythrocyte carbonic 
anhydrase I; l7-alpha-hydroxyprogesterone; hypoxanthine 
phosphoribosyl transferase; immunoreactive trypsin; lactate; 
lead; lipoproteins ((a), B/A-l, [3); lysoZyme; me?oquine; 
netilmicin; phenobarbitone; phenytoin; phytanic/pristanic 
acid; progesterone; prolactin; prolidase; purine nucleoside 
phosphorylase; quinine; reverse tri-iodothyronine (rT3); 
selenium; serum pancreatic lipase; sissomicin; somatomedin 
C; speci?c antibodies (adenovirus, anti-nuclear antibody, 
anti-Zeta antibody, arbovirus, AujesZky’s disease virus, den 
gue virus, Dracunculus medinensis, Echinococcus granulo 
sus, Enlamoeba hislolylica, enterovirus, Giardia duodenal 
isa, Helicobacler pylori, hepatitis B virus, herpes virus, HIV 
l, IgE (atopic disease), in?uenza virus, Leishmania 
donovani, leplospira, measles/mumps/rubella, Mycobacle 
rium leprae, Mycoplasma pneumoniae, Myoglobin, 
Onchocerca volvulus, parain?uenZa virus, Plasmodium fal 
ciparum, poliovirus, Pseudomonas aeruginosa, respiratory 
syncytial virus, rickellsia (scrub typhus), Schislosoma man 
soni, Toxoplasma gondii, Trepenoma pallidium, Trypano 
soma cruzi/rangeli, vesicular stomatis virus, Wuchereria 
bancrofli, yelloW fever virus); speci?c antigens (hepatitis B 
virus, HIV-l); succinylacetone; sulfadoxine; theophylline; 
thyrotropin (TSH); thyroxine (T4); thyroxine-binding globu 
lin; trace elements; transferrin; UDP-galactose-4-epimerase; 
urea; uroporphyrinogen I synthase; vitamin A; White blood 
cells; and Zinc protoporphyrin. Salts, sugar, protein, fat, vita 
mins and hormones naturally occurring in blood or interstitial 
?uids can also constitute analytes in certain embodiments. 
The analyte can be naturally present in the biological ?uid, for 
example, a metabolic product, a hormone, an antigen, an 
antibody, and the like. Alternatively, the analyte can be intro 
duced into the body, for example, a contrast agent for imag 
ing, a radioisotope, a chemical agent, a ?uorocarbon-based 
synthetic blood, or a drug or pharmaceutical composition, 
including but not limited to insulin; ethanol; cannabis (mari 
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juana, tetrahydrocannabinol, hashish); inhalants (nitrous 
oxide, amyl nitrite, butyl nitrite, chlorohydrocarbons, hydro 
carbons); cocaine (crack cocaine); stimulants (amphet 
amines, methamphetamines, Ritalin, Cylert, Preludin, 
Didrex, PreState, Voranil, Sandrex, Plegine); depressants 
(barbituates, methaqualone, tranquilizers such as Valium, 
Librium, MiltoWn, Serax, Equanil, Tranxene); hallucinogens 
(phencyclidine, lysergic acid, mescaline, peyote, psilocybin); 
narcotics (heroin, codeine, morphine, opium, meperidine, 
Percocet, Percodan, Tussionex, Fentanyl, Darvon, TalWin, 
Lomotil); designer drugs (analogs of fentanyl, meperidine, 
amphetamines, methamphetamines, and phencyclidine, for 
example, Ecstasy); anabolic steroids; and nicotine. The meta 
bolic products of drugs and pharmaceutical compositions are 
also contemplated analytes. Analytes such as neurochemicals 
and other chemicals generated Within the body can also be 
analyZed, such as, for example, ascorbic acid, uric acid, 
dopamine, noradrenaline, 3-methoxytyramine (3MT), 3,4 
dihydroxyphenylacetic acid (DOPAC), homovanillic acid 
(HVA), 5-hydroxytryptamine (5HT), and 5-hydroxyin 
doleacetic acid (FHIAA). 
[0056] The terms “analyte-measuring device,” as used 
herein is a broad term and is used in its ordinary sense, 
including, Without limitation, any mechanism (for example, 
enZymatic or non-enzymatic) by Which an analyte can be 
quanti?ed. In one example of a glucose-measuring device, a 
membrane contains glucose oxidase that catalyZes the con 
version of oxygen and glucose to hydrogen peroxide and 
gluconate: 

[0057] In the above reaction, for each glucose molecule 
consumed, there is a proportional change in the co-reactant 
O2 and the product H202, one can monitor the change in either 
the co-reactant or the product to determine glucose concen 
tration, such as by measuring corresponding reduction or 
oxidation currents at an electrochemically reactive surface. 

[0058] The term “host” as used herein is a broad term and is 
used in its ordinary sense, including, Without limitation, 
mammals, preferably humans. 
[0059] The phrase “continuous analyte sensing” as used 
herein is a broad term and is used in its ordinary sense, 
including, Without limitation, the period in Which monitoring 
of analyte concentration is continuously, continually, and or 
intermittently (but regularly) performed, for example, at a 
rate from about every 5 seconds to about every 10 minutes. 

[0060] The term “sensing region” as used herein is a broad 
term and is used in its ordinary sense, including, Without 
limitation, the area of an analyte-monitoring device respon 
sible for the detection of a particular analyte. In one example, 
the sensing region generally comprises a non-conductive 
body, a Working electrode (anode), a reference electrode and 
a counter electrode (cathode) passing through and secured 
Within the sensor body forming an electrochemically reactive 
surface at one location on the body and an electronic connec 
tive means at another location on the body, and a sensing 
membrane a?ixed to the body and covering the electrochemi 
cally reactive surface. The counter electrode has a greater 
electrochemically reactive surface area than the Working 
electrode. During general operation of the sensor a biological 
sample (for example, blood or interstitial ?uid) or a portion 
thereof contacts (directly or after passage through one or 
more membranes) an enZyme (for example, glucose oxidase); 
the reaction of the biological sample (or portion thereof) 
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results in the formation of reaction products that allow a 
determination of the analyte (for example, glucose) level in 
the biological sample. In some embodiments, the sensing 
membrane further comprises an enZyme domain (for 
example, an enzyme layer), and an electrolyte phase (for 
example, a free-?oWing liquid phase comprising an electro 
lyte-containing ?uid described further beloW). 
[0061] The term “electrochemically reactive surface” as 
used herein is a broad term and is used in its ordinary sense, 
including, Without limitation, the surface of an electrode 
Where an electrochemical reaction takes place. In the case of 
the Working electrode, the hydrogen peroxide produced by 
the enZyme catalyZed reaction of the analyte being detected 
reacts creating a measurable electronic current (for example, 
detection of glucose utiliZing glucose oxidase produces H2O2 
peroxide as a by product, H2O2 reacts With the surface of the 
Working electrode producing tWo protons (2H+), tWo elec 
trons (2e‘) and one molecule of oxygen (02) Which produces 
the electronic current being detected). In the case of the 
counter electrode, a reducible species, for example, 02 is 
reduced at the electrode surface in order to balance the current 
being generated by the Working electrode. 
[0062] The term “sensing membrane” as used herein is a 
broad term and is used in its ordinary sense, including, With 
out limitation, a permeable or semi-permeable membrane 
that can comprise one or more domains and constructed of 
materials of a feW microns thickness or more, Which are 
permeable to reactants and/or co-reactants in determining the 
analyte of interest. In one example, the sensing membrane 
comprises an immobiliZed glucose oxidase enZyme, Which 
enables an electrochemical reaction With glucose and oxygen 
to measure a concentration of glucose. 
[0063] The term, “unit cells” as used herein, is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, the simplest polyhedron that embodies all the structural 
characteristics of and by repetition makes up a lattice. 
[0064] The term, “lattice” as used herein, is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, a regular geometrical arrangement of points or objects 
over an area or in space. 

[0065] The term “proximal” as used herein, is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, near to a point of reference such as an origin or a point of 
attachment. 
[0066] The term “distal” as used herein, is a broad term and 
is used in its ordinary sense, including, Without limitation, 
spaced relatively far from a point of reference, such as an 
origin or a point of attachment. 
[0067] In some instances, ranges of preferred dimensions 
for the micro-architecture or the macro-architecture are pro 
vided. It Will be appreciated that these ranges speci?cally 
encompass any dimensions at increments of 0.5 microns 
Within the cited range. For example, the range “betWeen about 
20 microns and about 1000 microns” includes, but is not 
limited to, 19.0 microns or less, 19.5 microns, 20.5 microns, 
21 microns 21.5 microns, 22 microns etc. through 1001 
microns or more. It Will also be appreciated that the provided 
ranges refer to preferred embodiments and that the cavity 
siZes of the micro-architecture and macro-architecture can be 
any dimensions consistent With their intended purpose. 

OvervieW 

[0068] Biointerface membranes and theiruse With implant 
able devices in a biological ?uid are employed in the pre 
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ferred embodiments. For example, the biointerface mem 
branes can be utiliZed With implantable devices and methods 
for monitoring and determining analyte levels in a biological 
?uid, such as measurement of glucose levels for individuals 
having diabetes. In some embodiments, the analyte-measur 
ing device is a continuous device, for example a subcutane 
ous, transdermal, or intravascular device. In some embodi 
ments, the device can analyZe a plurality of intermittent blood 
samples. The analyte-measuring device can use any method 
of analyte-measurement, including enZymatic, chemical, 
physical, electrochemical, spectrophotometric, polarimetric, 
calorimetric, radiometric, or the like. 
[0069] Although some of the description that folloWs is 
directed at glucose-measuring devices including the 
described biointerface membranes and methods for their use, 
these biointerface membranes are not limited to use in devices 
that measure or monitor glucose. Rather, these biointerface 
membranes can be applied to a variety of devices, including 
for example, those that detect and quantify other analytes 
present in biological ?uids (including, but not limited to, 
cholesterol, amino acids, and lactate), especially those ana 
lytes that are substrates for oxidase enZymes (US. Pat. No. 
4,703,756, Which is incorporated herein by reference in its 
entirety), cell transplantation devices (US. Pat. Nos. 6,015, 
572, 5,964,745, and 6,083,523, Which are incorporated herein 
by reference in their entirety), drug delivery devices (U. S. Pat. 
Nos. 5,458,631, 5,820,589, and 5,972,369, Which are incor 
porated herein by reference in their entirety) and electrical 
delivery and/or measuring devices such as implantable pulse 
generation cardiac pacing devices (U.S. Pat. Nos. 6,157,860, 
5,782,880, and 5,207,218, Which are incorporated herein by 
reference in their entirety), electrocardiogram devices (U.S. 
Pat. Nos. 4,625,730 and 5,987,352, Which are incorporated 
herein by reference in their entirety) electrical nerve stimu 
lating devices (US. Pat. Nos. 6,175,767, 6,055,456, and 
4,940,065, Which are incorporated herein by reference in their 
entirety), and in combination With angiogenic factor gene 
transfer technology to enhance implantable sensor function 
(Klueh U, Dorsky D I, KreutZer D L. Use of vascular endot 
helial cell groWth factor gene transfer to enhance implantable 
sensor function in vivo. J Biomed Mater Res. 2003 Dec. 15; 
67A(4): 1072-86, Which is incorporated herein by reference in 
its entirety), for example. One further example includes not 
only utiliZing the biointerface membranes for transplanted 
cells, for example, transplanted genetically engineered cells 
of Langerhans, either allo, auto or xeno geneic in origin, as 
pancreatic beta cells to increase the diffusion of nutrients to 
the islets, but additionally utiliZing a biointerface membrane 
of the preferred embodiment on a sensor proximal to the 
transplanted cells to sense glucose in the tissues of the patient 
to monitor the viability of the implanted cells. 
[0070] Implantable devices for detecting analyte concen 
trations in a biological system can utiliZe the biointerface 
membranes of the preferred embodiments to interfere With 
the formation of a barrier cell layer, thereby assuring that the 
sensor receives analyte concentrations representative of that 
in the vasculature. Drug delivery devices can utiliZe the bio 
interface membranes of the preferred embodiments to protect 
the drug housed Within the device from host in?ammatory or 
immune cells that might potentially damage or destroy the 
drug. In addition, the biointerface membrane prevents or 
reduces the formation of a barrier cell layer that might inter 
fere With proper dispensing of drug from the device for treat 
ment of the host. Correspondingly, cell transplantation 



US 2008/0195232 A1 

devices can utilize the biointerface membranes of the pre 
ferred embodiments to protect the transplanted cells from 
attack by the host in?ammatory or immune response cells 
While simultaneously allowing nutrients as Well as other bio 
logically active molecules needed by the cells for survival to 
diffuse through the membrane. 
[0071] The materials contemplated for use in preparing the 
biointerface membrane also eliminate or signi?cantly delay 
biodegradation, Which is advantageous for devices that con 
tinuously measure analyte concentrations, deliver drugs, and/ 
or for cell transplantation devices, for example. As one 
example, in a glucose-measuring device, the electrochemi 
cally reactive surfaces are in contact With (or operably con 
nected With) a thin electrolyte phase, Which in turn is covered 
by a sensing membrane that contains an enZyme, for example, 
glucose oxidase, and a polymer system, such as described in 
Us. Published Patent Application 2003/0032874, Which is 
incorporated herein in its entirety. In this example, the bio 
interface membrane (Which can additionally include a cell 
impermeable domain on one side) covers this sensing mem 
brane and serves, in part, to protect the sensor from external 
forces and factors that can result in biodegradation. By sig 
ni?cantly delaying biodegradation at the device, accurate 
data can be collected over long periods of time (for example, 
months to years). Correspondingly, biodegradation of the 
biointerface membrane of implantable cell transplantation 
devices and drug delivery devices can alloW host in?amma 
tory, immune cells, and/ or immune mediators to enter these 
devices, thereby compromising long-term function. 
[0072] Devices and probes that are implanted into subcu 
taneous tissue conventionally elicit a foreign body response 
(FBR), Which forms a foreign body capsule (FBC), as part of 
the body’s response to the introduction of a foreign material. 
Namely, implantation of a device (for example, a glucose 
sensor) results in an acute in?ammatory reaction resolving to 
chronic in?ammation With concurrent building of ?brotic 
tissue such as described in more detail in the background 
section, above. Ultimately, a mature FBC including primarily 
a contractile ?brous tissue forms around the device. See 
Shanker and Greisler, In?ammation and Biomaterials in 
Greco RS, ed., “Implantation Biology: The Host Response 
and Biomedical Devices”pp 68-80, CRC Press (1994), Which 
is incorporated herein by reference in its entirety. 
[0073] The FBC around conventional implanted devices 
have been shoWn to preclude the transport of analytes across 
the device-tissue interface. Thus, continuous long-term ana 
lyte transport in vivo has been conventionally believed to be 
unreliable or impossible. For example, because the formation 
of a FBC isolates an implantable sensor of the implantable 
device in a capsule containing ?uid that does not mimic the 
levels of analytes (for example, glucose and oxygen) in the 
body’s vasculature, long-term sensor function Was not 
believed reliable. Additionally, the composition of a FBC can 
prevent stabiliZation of the implantable device, contributing 
to motion artifact that also renders unreliable results. 

[0074] In contrast to conventional practice, it has been rec 
ogniZed that FBC formation is the dominant event surround 
ing long-term implantation of any sensor and is preferably 
managed or manipulated to support rather than hinder or 
block analyte transport. It has been observed that during the 
early periods folloWing implantation of an analyte-sensing 
device, for example a glucose sensing device, glucose sensors 
can track glucose changes in vivo, although signi?cant time 
delays are typically incurred. HoWever, after a feW days to 
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tWo or more Weeks of implantation, these devices lose their 
function. See, for example, U.S. Pat. No. 5,791,344 and Gross 
et al. and “Performance Evaluation of the MiniMed Continu 
ous Monitoring System During Patient home Use,” Diabetes 
Technology and Therapeutics, (2000) 2(l):49-56, Which are 
incorporated herein by reference in their entirety, Which have 
reported a glucose oxidase sensor (that has been approved for 
use in humans by the Food and Drug Administration) that 
functioned Well for several days folloWing implantation but 
loses function quickly after 3 days. These results suggest that 
there is su?icient vasculariZation and, therefore, perfusion of 
oxygen and glucose to support the function of an implantable 
glucose sensor for the ?rst feW days folloWing implantation. 
NeW blood vessel formation is clearly not needed for the 
function of a glucose oxidase mediated electrochemical sen 
sor implanted in the subcutaneous tissue for at least several 
days after implantation. 
[0075] After several days, hoWever, it is believed that this 
lack of sensor function is most likely due to cells, such as 
polymorphonuclear cells and monocytes that migrate to the 
Wound site during the ?rst feW days after implantation (for 
example, from the Wounding of the tissue during implant). 
These cells consume local glucose and oxygen. If there is an 
overabundance of such cells, they can deplete the glucose 
and/or oxygen concentration before it is able to reach the 
sensor enZyme layer, thereby reducing the sensitivity of the 
device or rendering it non-functional. Further inhibition of 
device function may be due to in?ammatory cells (for 
example, macrophages) that associate (for example, align at 
the interface) With the implantable device and physically 
block the transport of glucose into the device (for example, by 
formation of a barrier cell layer). 
[0076] Additionally, these in?ammatory cells can biode 
grade many synthetic biomaterials (some of Which Were, until 
recently, considered non-biodegradable). When activated by 
a foreign body, tissue macrophages degranulate, releasing 
hypochlorite (bleach) and other oxidative species. Hypochlo 
rite and other oxidative species are knoWn to break doWn a 
variety of polymers. 
[0077] Some methods for providing close vasculariZation 
of implantable devices using a micro-architecture Without the 
support of a macro-architecture are described in Us. Pat. No. 
5,741,330 to Brauker et al., Which is incorporated herein by 
reference in its entirety. 
[0078] There are some advantages associated With bioint 
erface membranes that have a micro-architecture as de?ned 
herein, for example, inducing close vascular structures, main 
taining of rounded in?ammatory cell morphology, preventing 
of barrier cell layer formation, and preventing organiZed 
?broblasts and connective tissue from entering into the mem 
brane. HoWever, there are additional advantages Which can 
result from employing biointerface membrane architectures 
including co-continuous interconnected macro- and micro 
architectures that promote vasculariZation Within the mem 
brane and interfere With barrier cell layer formation, While 
providing a robust, biostable membrane that is suitable for 
long-term implantation and long-term analyte transport in 
vivo. 

Biointerface Membranes 

[0079] The biointerface membranes of the preferred 
embodiments include a macro-architecture and a micro-ar 
chitecture, Wherein the macro-architecture includes a porous 
structure With interconnected cavities, Wherein at least some 
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portion of the cavities are co-continuous With and at least 
partially ?lled With and/or bonded With the micro-architec 
ture that includes a ?brous or other ?ne structured material 
that aids in preventing formation of a barrier cell layer, for 
example in pockets in the bottom of the cavities of the macro 
architecture adjacent to the implantable device. 
[0080] FIG. 2 is a cross-sectional schematic vieW of a bio 
interface membrane 29 of the preferred embodiments in vivo 
that has a micro-architecture 52 located Within a macro-ar 

chitecture 36. In some embodiments, the macro-architecture 
36 includes cavities 40 and a solid portion 38, Wherein the 
cavities 40 are betWeen about 20 and 1000 microns in at least 
one dimension. In the preferred embodiment of FIG. 2, the 
micro-architecture 52 includes elongated strands of material 
that are less than about 20 microns in all but the longest 
dimension and/or includes a cavity or nominal pore size from 
about 0.6 to about 20 microns. In some embodiments, the 
elongated strands of material include a cavity or nominal pore 
size of about 1, about 3, about 5, about 7, about 9, about 11, 
about 13, about 15, or about 18 microns. 

[0081] The macro-architecture 36 includes a solid portion 
38 and a plurality of interconnected three-dimensional cavi 
ties 40 formed therein, Which are described in more detail 
beloW. In general, the cavities 40 have su?icient size and 
structure to alloW invasive cells, such as in?ammatory cells 
(for example, macrophages 34) and blood vessels 48 to par 
tially or completely enter into each cavity 40, and to pass 
through the interconnected cavities 40 toWard the interface 50 
of the implantable device 28. Within the cavities 40 of the 
macro-architecture 36, forces from the foreign body response 
(for example, contractile forces 42 caused by organization of 
the ?broblasts 44 and ?brous matrix 46) are disrupted and 
redirected to contract around the solid portions 38 that de?ne 
the cavities 40 and aWay from the implantable device 28 
and/ or the micro-architecture 52 (see co-pending U.S. patent 
application Ser. No. l0/647,065, Which is incorporated by 
reference herein in its entirety). This disruption or re-direc 
tion of the tissue contracture 42 is advantageous because the 
contractile forces caused by the doWnWard tissue contracture 
that can otherWise cause cells to ?atten against the device and 
occlude the transport of analytes (see FIG. 1), are instead 
translated to and/or counteracted by the forces that contract 
around the solid portions 38 (for example, throughout the 
interconnected cavities 40) aWay from the implantable device 
28 and/ or micro-architecture 52. Subsequently, the re-direc 
tion of the contractile tissue throughout the cavities 40 and 
around the solid portions 38 of the macro-architecture 36 aid 
in anchoring the implantable device 28 in vivo and thereby 
reduce motion artifact, Which is knoWn to otherWise create 
tissue trauma and increased foreign body response. Addition 
ally, because the micro-architecture is substantially isolated 
from the doWnWard forces of tissue contracture, the micro 
architecture substantially maintains its original architecture 
that promotes vascularization and prevents barrier cell for 
mation long term in vivo. 

[0082] Although the macro-architecture 36 is associated 
With the numerous advantages described above, if used alone 
(for example, Without a micro-architecture), some circum 
stances can create an opportunity for foreign body giant cells 
to ?atten against the implantable device 28 and potentially 
create a layer of barrier cells that can block some or all analyte 
transport there across. It can therefore be advantageous to 
further disrupt the foreign body response, particularly in the 
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cavities 40 proximal to the implantable device, such as 
described in more detail With reference to the micro-architec 

ture, beloW. 
[0083] The micro-architecture 52 includes a solid portion 
(s) 54 and a plurality of interconnected three-dimensional 
cavities 56 formed therein. The cavities 56 of the micro 
architecture 52 have a su?icient size and structure to alloW 
some in?ammatory cells (for example, macrophages 34) to 
partially or completely enter therein through the cavities 56. 
The formation of close vascular structures 48 at the device 
tissue interface 50 may be dependent on entry of some in?am 
matory cells (for example, macrophages 34) into the cavities 
54 of the micro-architecture 52 so that the strands of the solid 
portion 54, Which de?ne the apertures and cavities 56, sur 
round the cells. Thus, macrophages 34 and other in?amma 
tory cells can groW into the micro-architecture 52, maintain a 
substantially rounded morphology, and stimulate blood ves 
sels 48 to form proximal to the surface thereof. By selecting 
cavities of appropriate size(s), one can prevent the formation 
of organized ?broblasts 46 and connective tissue 42 therein, 
Which aids in preventing barrier cell layer formation. 
[0084] Although the micro-architecture 52 is associated 
With the numerous advantages described above, if unpro 
tected, some circumstances can create crushing and delami 
nation of the micro-architecture 52 Which alloWs foreign 
body giant cells to ?atten against the implantable device 28 
and potentially create a barrier layer of cells that can block 
some or all analyte transport there across. It can therefore be 
advantageous to protect and support the micro-architecture 
52 as described herein to prevent the crushing and delamina 
tion that can negate the advantageous affects of the micro 
architecture 52. 

[0085] Accordingly, the biointerface membranes of the 
preferred embodiments are designed to cover or surround at 
least a portion of an implantable device and combine the 
advantages of the micro- and macro-architectures including 
substantially co-continuous interconnected macro- and 
micro-architectures that extend from the ho st tissue, through 
the biointerface membrane, to the implantable device. Pref 
erably, the micro-architecture is located co-continuous With 
and at least partially super-imposed Within and/or bonded 
With a portion of the macro -architecture that is proximal to the 
implantable device and is thereby substantially protected 
from doWnWard tissue contracture normally caused by a for 
eign body response in vivo. Additionally, the micro-architec 
ture is substantially strengthened (supported) and protected 
from motion artifact and other outside in?uences that can 
otherWise negatively affect the micro-architecture if it Were 
unprotected in vivo. 
[0086] By combining the macro- and micro-architectures 
as described in the preferred embodiments, the combined 
advantages Work together to manage and manipulate the 
high-level tissue organization and the loW-level cellular orga 
nization of the foreign body response in vivo, thereby increas 
ing neovascularization close to the device-tissue interface, 
preventing barrier cell layer formation, and providing good 
tissue anchoring, While reducing the effects of motion arti 
fact, and disrupting the organization and/ or contracture of the 
FBC. The result is a robust biointerface suitable for sustaining 
long-term analyte transport in vivo. Long-term analyte trans 
port in vivo alloWs solutes (for example, oxygen, glucose and 
other analytes) to pass through the biointerface membrane 
With relative ease and reduced diffusion distance such that the 
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implantable device can give and/or receive analytes and/or 
nutrients between the implant and the host. 
[0087] Additionally, it is known in the art that cellular 
response differs depending on material characteristics such as 
components (for example, cavity siZe), architecture, and 
materials. Thus, While not Wishing to be bound by theory it is 
believed that the cellular response to differing materials and 
architectures of some embodiments of the micro- and macro 
architectures can be advantageous in in?uencing different 
types of in?ammatory (for example, macrophages, monok 
ine, leukocyte and cytokine) responses, thereby modulating 
the foreign body response to the implanted biointerface mem 
brane by numerous mechanisms that can result in better 
Wound healing (for example, good neovasculariZation). 

Macro -Architecture 

[0088] The macro-architecture 36 of the preferred embodi 
ments includes cavities 40 and a solid portion 38, Wherein the 
cavities are from about 20 to about 1000 microns in at least 
one dimension. The cavity siZe of the macro-architecture 36 
provides a con?guration and overall thickness that encour 
ages vascular tissue ingroWth and disrupts tissue contracture 
that is believed to cause barrier cell formation in vivo (as 
indicated by the blood vessels 48 formed throughout the 
cavities), While providing a long-term, robust structure. 
[0089] Preferably, the solid portion 38 includes homopoly 
mers, copolymers or terpolymers of polyurethanes or sili 
cones and, preferably, is silicone. In some alternative embodi 
ments, the solid portion 38 can include non-Woven ?bers 
constructed of polytetra?uoroethylene, polyethylene-co-tet 
ra?uoroethylene, polypropylene (PP), polyvinylchloride 
(PVC), polyvinylidene ?uoride (PVDF), polybutylene 
terephthalate (PET), polymethylmethacrylate (PMMA), 
polyether ether ketone (PEEK), polyurethanes, cellulosic 
polymers, polysulfones, and block copolymers thereof 
including, for example, di-block, tri-block, alternating, ran 
dom and graft copolymers (block copolymers are discussed 
in Us. Pat. Nos. 4,803,243 and 4,686,044, hereby incorpo 
rated by reference in their entireties). Non-Woven ?bers that 
can be used include polyole?ns, polyesters, polycarbonates, 
or polytetra?uoroethylene. HoWever, in certain embodi 
ments, the solid portion 38 can include other materials. Thus, 
it Will be appreciated that the macro-architecture can be fash 
ioned from any material suitable for the intended purpose and 
that the cavities therein can have any dimensions, Which 
facilitate ingroWth of invasive cells. 
[0090] Numerous methods are contemplated for manufac 
turing the macro-architecture 36 in order to create the pre 
ferred architecture (for example, dimensions and overall 
structure). In some embodiments, the macro-architecture 36 
can be manufactured by forming a mold made from particles 
(for example, sugar, salt, or other natural or synthetic uniform 
or non-uniform particles), Wherein the particles have shapes 
and siZes substantially corresponding to the desired cavity 
dimensions. Most often, the particles are made to coalesce or 
otherWise connect to provide the desired interconnectivity 
betWeen the cavities 40. The desired material for the solid 
portion can be introduced into the mold using methods com 
mon in the art of polymer processing, for example injecting, 
pressing, vacuuming, depositing, or pouring. After the solid 
portion material is cured or solidi?ed, the interconnected 
particles are then dissolved, melted, etched, or otherWise 
removed leaving interconnecting cavities 40 Within the solid 
portion 38. In such embodiments, sieving can be used to 
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determine the dimensions of the particles (Which substan 
tially correspond to the dimensions of resulting cavities). In 
sieving (also knoWn as screening), the particles can be added 
to the sieve and then shaken to produce an “overs” and an 
“unders.” The overs are the particles that remain on the screen 
and the unders are the particles that pass through the screen. 
Although one example of determining particle siZe has been 
described, other methods knoWn in the art can be utiliZed, for 
example air classi?ers (for example, applying opposing air 
?oWs and centrifugal forces to separate particles doWn to 2 
microns) can be used to determine particle siZe Whenparticles 
are smaller than 100 microns. 

[0091] Accordingly in some embodiments, the dimensions 
of the cavities 40 can be substantially de?ned by the particle 
siZe used in creating the cavities. In some embodiments, the 
particles used to form the cavities can be substantially spheri 
cal, thus the dimensions beloW substantially describe a diam 
eter of the particle and/or a diameter of the cavity 40. In some 
alternative embodiments, the particles used to form the cavi 
ties can be non-spherical (for example, rectangular, square, 
diamond, or other geometric or non-geometric shapes), thus 
the dimensions beloW substantially describe one dimension 
(for example, shortest, average, or longest) of the particle 
and/or cavity 40. 
[0092] In some embodiments, a variety of different particle 
siZes can be used in the manufacture of the macro-architec 
ture 36. In some embodiments, the dimensions of the particles 
can be someWhat smaller or larger than the dimensions of the 
resulting cavities due to dissolution or other precipitation that 
can occur during the manufacturing process, for example. 
[0093] In some alternative embodiments, other molds can 
be used in the place of the particles described above, for 
example, coral, self-assembly beads, etched and broken sili 
con pieces, glass frit pieces, or the like. In these embodiments, 
the dimensions of the mold can be used to de?ne the cavity 
siZes, by measuring the cavities of the ?nal product, and/or by 
other measuring techniques knoWn in the art (for example, 
bubble point test). 
[0094] In some alternative embodiments, other methods of 
forming three-dimensional macro-architecture can be used, 
for example holographic lithography, stereolithography, 
microstereolithography, electrochemical fabrication, micro 
photoforming, spatial forming, microtransfer molding, local 
iZed electrochemical deposition, silicon micromachining, 
LIGA (Lithography, Electroplating, and Molding tech 
niques), precision mechanical machining, AMANDA (com 
bined surface micromachining, molding and diaphragm) pro 
cess, or the like, Wherein the cavities’ siZes are de?ned and 
precisely formed by the lithographic or other such processes 
to form a lattice of unit cells, such as described in more detail 
With reference to FIG. 7, for example. 
[0095] In some alternative embodiments, the macro-archi 
tecture 36 is de?ned using alternative methods, for example, 
non-Woven materials, Woven materials, or other such materi 
als, such as electrospun, sintered, scattered, melt-bloWn, and 
aggregate, and are manufactured by forming the solid por 
tions Without particularly de?ning the cavities therebetWeen. 
Accordingly, in these alternative embodiments, structural 
elements that provide the three-dimensional conformation 
can include ?bers, strands, globules, cones or rods of amor 
phous or uniform geometry that are smooth or rough. These 
elements are hereinafter referred to as “strands.” In these 
embodiments, the solid portion of the macro-architecture 
includes a plurality of strands, Which generally de?ne aper 
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tures formed by a scaffold of the interconnected strands. The 
apertures of the material form a framework of interconnected 
cavities. Formed in this manner, the macro-architecture can 
be de?ned by a cavity siZe of about 20 to about 1000 microns 
in at least one dimension. 
[0096] Referring still to the macro-architecture 36, a sub 
stantial number of the cavities 40, de?ned using any of the 
methods described above, are greater than or equal to about 
20 microns in one dimension. In some other embodiments, a 
substantial number of the cavities are greater than or equal to 
about 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 
240, 280, 320, 360, 400, 500, 600, or 700 microns in one 
dimension. 
[0097] In some embodiments, a substantial number of the 
cavities 40, de?ned using any of the methods described 
above, are less than or equal to about 1000 microns in one 
dimension. In other embodiments, a substantial number of the 
cavities are less than or equal to about 900, 800, 700, 600, 
500, 400, 360, 320, 280, 240, 200, 180, 160, 140, 120, or 100 
microns in one dimension. 

[0098] In one alternative embodiment, Wherein a substan 
tial number of cavities 40 are greater than or equal to about 20 
microns in one dimension, there can be additional cavities 
that are less than or equal to about 20 microns in their shortest 
dimension interspersed therein. In another alternative 
embodiment, Wherein a substantial number of cavities are 
greater than or equal to about 20 microns in one dimension, 
cavity dimensions can be gradually increased or decreased 
progressively through the layer, including some cavities that 
are less than or equal to about 20 microns in one dimension. 
[0099] Regarding the solid portion(s) 38 of the macro-ar 
chitecture 36, a substantial number of the shortest dimensions 
are greater than or equal to about 5 microns and a substantial 
number of the longest dimensions are less than or equal to 
about 2000 microns in one embodiment. In other embodi 
ments, the solid portion is less than or equal to about 10 
microns in a substantial number of the shortest dimensions 
and less than or equal to about 1000 microns in a substantial 
number of the longest dimensions. In further embodiments, 
the solid portion is less than or equal to about 10 microns in a 
substantial number of the shortest dimensions and less than or 
equal to about 400 microns in a substantial number of the 
longest dimensions. HoWever, the solid portion in other 
embodiments can have larger or smaller dimensions. 

Micro -Architecture 

[0100] The micro-architecture 52 of the preferred embodi 
ments is preferably co-continuous With the macro-architec 
ture and is located Within at least a portion of and/ or bonded 
to the macro-architecture 36, preferably, proximal to the 
implantable device 28. At least some of the cavities 56 of the 
micro-architecture 52 have a su?icient siZe and structure to 
alloW in?ammatory cells 34 to partially or completely enter 
therein into the cavities, hoWever in contrast to the macro 
architecture, do not alloW extensive ingroWth of vascular and 
connective tissues 42, 44, 46 Within the cavities 56. When the 
in?ammatory cells (for example, macrophages 34) enter the 
cavities 56, groWth of vascular structures 48 occurs proximal 
(for example, from about 0 to about 150 microns) to the 
interface 50 of the device 28 and host. The formation of close 
vascular structures 48 is dependent on entry of the in?amma 
tory cells into the cavities of the micro-architecture 52 so that 
the solid portion surrounds the cells. Thus, the micro-archi 
tecture provides an architecture that breaks up the high level 
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?brous organiZation 42, 44, 46 of the foreign body response 
and encourages close vascular structures 48 in order to opti 
miZe analyte transport there across. See Us. Pat. No. 5,741, 
330 to Brauker et al. and also Sanders J E, Rochefort J R. 
Fibrous encapsulation of single polymer micro?bers depends 
on their vertical dimension in subcutaneous tissue. J Biomed 
Mater Res. 2003 Dec. 15; 67A(4):1181-7. Both ofthe above 
cited references described micro-architectures that are suit 
able for implementation of the micro -architecture herein, and 
are incorporated by reference in their entirety. 
[0101] There are a variety of methods for describing and 
de?ning a micro-architecture 52 that can be used in the pre 
ferred embodiments. These methods depend, for example, on 
the material, its method of manufacture, and the technology 
available to measure the cavities and solid portion using stan 
dard techniques. A variety of materials can be useful as the 
micro-architecture 52 in the preferred embodiments, and thus 
more than one method for de?ning the structure can be suit 
able, such as described in more detail beloW. 

[0102] In some embodiments, the micro-architecture 
includes non-Woven materials, Woven materials, or other 
such materials, such as electrospun, sintered, scattered, melt 
bloWn and aggregate, Which are manufactured by forming the 
solid portions Without particularly de?ning the cavities ther 
ebetWeen. In these embodiments, for example, the solid por 
tion 54 is formed by structural elements that provide the 
three-dimensional conformation, Wherein solid portion 54 
can be formed from ?bers, strands, globules, cones or rods of 
amorphous or uniform geometry that are smooth or rough. 
These elements are hereafter referred to as “strands,” and, in 
some embodiments, consist of a scaffold composed of strands 
that are less than 20 microns in all but the longest dimension. 
Therefore in these embodiments, the micro-architecture can 
be de?ned by a strand siZe of less than about 20 microns in all 
but the longest dimension and a su?icient number of cavities 
of a siZe and structure to alloW in?ammatory cells (for 
example, macrophages 34) to completely enter therein 
through the apertures that de?ne the cavities 56, Without 
extensive ingroWth of vascular and connective tissues therein. 
In these embodiments, not all of the cavities 56 need have a 
suf?cient siZe to alloW in?ammatory cells to enter therein. 
What is preferred is that a su?icient number of cavities 56 
have a siZe that alloWs a su?icient number of in?ammatory 
cells to enter therein. Nor is it necessary that all of the strands 
54 are less than 20 microns in all but the longest dimension. 
The presence of a su?icient number of strands 54 and cavities 
56 of the prescribed siZe and architecture creates a suf?cient 
number of vascular structures 48 proximal the device-tissue 
interface 50. 

[0103] In some alternative embodiments, the micro-archi 
tecture can be characterized, or de?ned, by standard pore siZe 
tests, such as the bubble point test. In these embodiments, a 
micro-architecture can be selected With a nominal pore siZe 
from about 0.6 to about 20-micron nominal pore siZe. In some 
embodiments, the nominal pore siZe is about 1, about 3, about 
5, about 7, about 9, about 11, about 13, about 15, or about 18 
microns. It has been found that a porous polymer membrane 
having an average nominal pore siZe of about 0.6 to about 20 
microns functions satisfactorily in creating a vascular bed 
Within the micro-architecture 52 at the device-tissue interface 
50. 

[0104] The term “nominal pore siZe” in the context of the 
micro-architecture 52 in certain embodiments is derived from 
methods of analysis common to the membrane trade, such as 
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the ability of the membrane to ?lter particles of a particular 
siZe, or the resistance of the membrane to the ?oW of ?uids. 
Because of the amorphous, random and irregular nature of 
most of these commercially available membranes, the “nomi 
nal pore siZe” designation may not actually indicate the siZe 
or shape of the apertures and cavities, Which in reality have a 
high degree of variability. Accordingly, as used herein With 
reference to the micro-architecture, the term “nominal pore 
siZe” is a manufacturer’s convention used to identify a par 
ticular membrane of a particular commercial source Which 
has a certain bubble point; as used herein, the term “pore” 
does not describe the siZe of the cavities of the material used 
in the instant invention. The bubble point measurement is 
described, for example, in Pharmaceutical Technology May 
1983 pp. 36 to 42, Which is incorporated herein by reference 
in its entirety. 
[0105] HoWever, in some alternative embodiments, the 
micro-architecture of preferred embodiments can be de?ned 
by the actual siZe of the cavity, Wherein the cavities can be 
formed from a mold, for example, such as described in more 
detail With reference to the macro -architecture, above. HoW 
ever, in the context of the micro-architecture it is preferable 
that the majority of the mold dimensions, Whether particles, 
beads, crystals, coral, self-assembly beads, etched and broken 
silicon pieces, glass frit pieces, or other mold elements that 
form cavities, are less than about 20 microns in at least one 
dimension. 
[0106] Accordingly in these alternative embodiments, the 
dimensions of the cavities 56 can be substantially de?ned by 
the mold (for example, particle siZe) used in creating the 
cavities. In some embodiments, the particles used to form the 
cavities can be substantially spherical, thus the dimensions 
beloW substantially describe a diameter of the particle and/or 
a diameter of the cavity 56. In some alternative embodiments, 
the particles used to form the cavities can be non-spherical 
(for example, rectangular, square, diamond, or other geomet 
ric or non-geometric shapes), thus the dimensions beloW sub 
stantially describe one dimension (for example, shortest, 
average, or longest) of the particle and/ or cavity 56. 
[0107] In some alternative embodiments, other methods of 
forming three-dimensional micro-architecture can be used, 
for example holographic lithography, stereolithography, 
microstereolithography, electrochemical fabrication, micro 
photoforming, spatial forming, microtransfer molding, local 
iZed electrochemical deposition, silicon micromachining, 
LIGA (Lithography, Electroplating, and Molding tech 
niques), precision mechanical machining, AMANDA (com 
bined surface micromachining, molding and diaphragm) pro 
cess, or the like, Wherein the cavities siZes are de?ned and 
precisely formed by the lithographic or other such processes 
to form a lattice of unit cells, such as described in more detail 
With reference to FIG. 7, for example. 
[0108] Generally, the micro-architecture of the preferred 
embodiments, can be de?ned by the strand siZe, the nominal 
pore siZe, the cavity siZe, and/ or the functional con?guration 
that alloWs in?ammatory cells to enter therein, While discour 
aging extensive ingroWth of vascular and connective tissues 
Within the cavities 56. Therefore, the material used and its 
method of manufacture can dictate the de?nition of the micro 
architecture. 

[0109] The material that forms the solid portion 54 of the 
micro-architecture 52 can include polytetra?uoroethylene or 
polyethylene-co-tetra?uoroethylene. In some alternative 
embodiments, the solid portion includes homopolymers, 

Aug. 14, 2008 

copolymers or terpolymers of polyurethanes or silicones. In 
some embodiments, the solid portion 54 can include ?bers 
constructed of polyethylene, polypropylene (PP), polyvinyl 
chloride (PVC), polyvinylidene ?uoride (PVDF), polyvi 
nylidene di?uoride, polybutylene terephthalate (PET), poly 
methylmethacrylate (PMMA), polyether ether ketone 
(PEEK), polyurethanes, cellulosic polymers (for example, 
cellulose acetate, cellulose nitrate, mixed esters of cellulose), 
polysulfones, and block copolymers thereof including, for 
example, di-block, tri-block, alternating, random and graft 
copolymers (block copolymers are discussed in Us. Pat. 
Nos. 4,803,243 and 4,686,044, hereby incorporated by refer 
ence). In some embodiments, the ?bers 54 are comprised of 
polyole?ns, nylon, polysulfone, and polyacrylonitrile, poly 
esters, polycarbonates, or polytetra?uoroethylene. HoWever, 
in certain embodiments, the solid portion 54 can include other 
materials. In one embodiment, the solid portion 54 includes 
expanded-polytetra?uoroethylene (ePTFE), Which is a Te?on 
based material. Thus, it Will be appreciated that the micro 
architecture can be fashioned from any material suitable for 
the intended purpose and that the cavities therein can have any 
dimensions, Which alloWs in?ammatory cells to enter therein, 
While discouraging extensive ingroWth of vascular and con 
nective tissues. 

[0110] Numerous methods have been contemplated for 
manufacturing the micro -architecture 52 in order to create the 
preferred architecture (for example, dimensions and overall 
structure). In some embodiments, the micro-architecture 52 is 
manufactured as an amorphous material such as described 
With reference to the macro-architecture 36 above, Which can 
be modi?ed to create the micro-architecture 52. 

[0111] With regard to the overall thickness of the biointer 
face membrane of the preferred embodiments, the thickness 
can be optimiZed for decreased time-to-vasculariZe in vivo 
that is, vascular tissue ingroWth can occur someWhat faster 
With a thinner biointerface membrane than a biointerface 
membrane that is relatively thicker. Decreased time-to-vas 
culariZe results in faster stabiliZation and functionality of the 
biointerface in vivo. For example in a subcutaneous implant 
able glucose sensor, consistent and increasing functionality 
of the device is at least in part a function of consistent and 
stable glucose transport across the biointerface membrane, 
Which is at least in part a function of the vasculariZation 
thereof; thus quicker start-up time and/ or shortened time lag 
(for example, the diffusion path of the glucose through the 
membrane can be reduced) can be accomplished by decreas 
ing the thickness of the membrane. In general, the thickness 
of the biointerface membrane can be from about 20 to about 
2000 microns. In some embodiments, the thickness of the 
biointerface membrane can be about 30, 40, 50, 60, 70, 80, 90, 
100, 120, 140, 160, 180, 200, 240, 280, 320, 360, 400, 500, 
600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 
1600, 1700, 1800, or about 1900 microns. 
[0112] With regard to the above-described dimensions of 
the solid portion, the preferred structure, including the macro 
and micro-architectures has been found to provide the 
mechanical strength and overall structural integrity to With 
stand the natural biological and mechanical stresses that 
occur long term in vivo. The optimum dimensions and overall 
structural integrity of the membrane Will vary With the param 
eters of the device that it can support. For example, if the 
membrane is employed With a glucose sensor, the mechanical 
requirements of the membrane Will be greater for devices 
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having greater overall Weight and surface area as compared to 
those that are relatively smaller. 
[0113] In some embodiments, the biointerface membrane 
of the preferred embodiments can comprise an additional 
bioprotective layer, formed from the same or different mate 
rial as the macro- and/or micro-architectures. The additional 
layer can be incorporated as a part of the biointerface mem 
brane and lie adjacent to the implantable device or can form a 
part of the implantable device. In one embodiment, the bio 
protective layer includes a cell impermeable domain that is 
impermeable to cells, and is composed of a biostable mate 
rial. See US. Pat. No. 6,702,857, issued Mar. 9, 2004, and 
entitled “MEMBRANE FOR USE WITH IMPLANTABLE 
DEVICES,” co-pending US. patent application Ser. No. 
10/647,065, ?led Aug. 22, 2003, and entitled, “POROUS 
MEMBRANES FOR USE WITH IMPLANTABLE 
DEVICES,” and co-pending US. patent application Ser. No. 
10/695,636, entitled, “SILICONE COMPOSITION FOR 
BIOCOMPATIBLE MEMBRANE,” each of Which are incor 
porated herein by reference in their entirety. 

Design and Manufacture 

[0114] The biointerface membrane of the preferred 
embodiments is intended to protect an implantable device 
from the external in?uences in vivo While encouraging tissue 
ingroWth and alloWing analyte transport. There are numerous 
methods of designing and manufacturing these novel bioint 
erface membranes of the preferred embodiments, a feW of 
Which are described beloW. 
[0115] FIG. 3 is a cross-sectional schematic vieW of a bio 
interface membrane 30 in one embodiment, Wherein a micro 
architecture 52 is co-continuous With and at least partially 
super-imposed Within and/or bonded With a portion of a 
macro-architecture 36 proximal to an implantable device 28. 
The macro-architecture 36 shoWn in FIG. 3 is substantially 
amorphous, hoWever other structures, including a uniform, 
regular, crystalline, lattice, reciprocal lattice, repeating unit 
cells, or the like, can be formed from a polymeric or non 
polymeric biocompatible material (for example, silicone). In 
one embodiment, an amorphous structure is formed by a 
method such as described With reference to co-pending US. 
patent application Ser. No. 10/ 647,065, for example, Which is 
incorporated herein by reference in its entirety. 
[0116] In one embodiment, micro-architecture 52 is 
formed from a non-Woven ?brous material 54, such as 
ePTFE, Which is described With reference to US. Pat. No. 
5,741,330 to Brauker et al., for example, Which is incorpo 
rated herein by reference in its entirety. HoWever other meth 
ods knoWn in the art for forming the micro-architecture 
described herein can be used as is appreciated by one skilled 
in the art. 
[0117] In one method of manufacturing the biointerface 
membrane of FIG. 3, the macro- and micro-architectures are 
individually formed, such as described para supra and are 
pressed and/or adhered together such that at least a portion of 
the micro-architecture 52 is disposed Within the cavities 40 of 
the macro-architecture 36, forming a co-continuous associa 
tionbetWeen the tWo architectures. In one alternative embodi 
ment, pressing the micro-architecture in or on the macro 
architecture during curing of the macro-architecture forms a 
biointerface membrane Wherein the micro- and macro -archi 
tectures are co-continuous and bonded, but the micro-archi 
tecture is not necessarily disposed Within the cavities of the 
macro -architecture. While not Wishing to be bound by theory, 
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it is believed that the co-continuous association betWeen the 
macro- and micro-architectures provide for the combined 
advantages described in more detail above. 

[0118] The resulting biointerface membrane can then be 
bonded (for example, cast, adhered, or otherWise chemically 
or mechanically bonded) to the implantable device 28, for 
example some or all of the solid portions of the macro-archi 
tecture 38 and/ or micro-architecture 54 can be bonded to the 

implanted device 28. In this bonded con?guration, cellular 
ingroWth betWeen the implantable device 28 and the solid 
portions (38 and/or 54) proximal to the implantable device 28 
can be signi?cantly reduced or prevented. While not Wishing 
to be bound by theory, it is believed that reducing or prevent 
ing cellular groWth betWeen the biointerface membrane 30 
and implantable device 28 reduces or prevents delamination 
that can otherWise occur betWeen the layers When cells are 
alloWed to groW along the cavity Walls. 
[0119] FIG. 4 is a cross-sectional schematic vieW of a bio 
interface membrane 40 in another embodiment, Wherein a 
micro-architecture 52 is super-imposed Within a macro -archi 
tecture 36, including along the Walls of the cavities 40 of 
macro-architecture 36. The biointerface membrane 55 of this 
embodiment is formed from materials (for example, Woven or 
non-Woven materials) similar to those described With refer 
ence to FIG. 3, hoWever the micro-architecture 52 extends 
along the Walls of the cavities 40 of the macro-architecture 36 
in addition to being super-imposed Within the cavities 40 
proximal to the implantable device 28. In some embodiments, 
the solid portions (38 and/or 54) canbe bonded to the implant 
able device 28 such as described para supra. 

[0120] In one method of manufacturing the biointerface 
membrane 40 of this embodiment, particles that form the 
mold for the cavities 40 of the macro-architecture 36 are 
coated With a non-Woven material 54 to produce the micro 
architecture 52 of the preferred embodiments, prior to pour 
ing the polymeric material into the mold. HoWever, other 
methods of producing the biointerface membrane 40 of this 
embodiment can be used, for example, particles can be tex 
tured or otherWise provided With the micro-architecture 52 
resulting in the super-imposed structure of FIG. 4. 
[0121] While not Wishing to be bound by theory, it is 
believed that this embodiment provides the advantages 
described With reference to FIG. 3, and further provides a 
micro-architecture adjacent to cavities Walls of the macro 
architecture thereby preventing barrier cell layer formation 
thereon. In some alternative embodiments, the cavities of the 
macro-architecture can be fully ?lled With micro-architecture 
in some embodiments, Which is believed to produce a simi 
larly advantageous result in vivo. 
[0122] FIG. 5 is a cross-sectional schematic vieW of a bio 
interface membrane 50 in yet another embodiment, Wherein a 
micro-architecture 52 is super-imposed Within a macro -archi 
tecture 36, both ofWhich can be formed by a molding process 
in some embodiments. One such embodiment uses a micro 
etched three-dimensional structure as a negative, Which is 
?lled With polymer and then the negative removed using an 
etchant, solvent, or Water, for example. 
[0123] In this embodiment, a semi-conductor material, or 
the like, is etched With long channels creating a porous mate 
rial (for example, porous silicon). The porous material can be 
etched to any desired architecture, including dimensions and 
pattern, as is appreciated by one skilled in the art. In one 
exemplary embodiment, bulk silicon material is etched With a 










