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(57) ABSTRACT 

An apparatus and method to enhance oxygen delivery to 
tissue encapsulated in an immunobarrier device. In one 
embodiment, in situ electrochemical oxygen generation by 
electrolysis of Water into oxygen and hydrogen supplies 
oxygen to the tissue. In one embodiment a thin, multilayer 
sheet electrolyZer is enclosed in silicone rubber membranes 
permeable to gas and Water vapor but not liquids. The anode 
side of the electrolyZer is in contact With one face of the 
device. Water vapor diffuses into the electrolyZer, decom 
poses at the anode, and oxygen diffuses back through the 
membrane to the implanted tissue, thus providing a continu 
ous supply of Water, continuous diffusion of O2 and H2 out 
of the electrolyZer, and exclusion of biological components 
that might contaminate the electrolyZer. 
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METHOD AND APPARATUS FOR DELIVERING 
OXYGEN TO CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority under 35 U.S.C. 35 
§119 (e) to US. Provisional Application No. 60/093,147, 
?led Jul. 17, 1998, the entire disclosure of Which is incor 
porated herein by reference. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to devices for deliv 
ering oxygen to cells and more speci?cally to devices Which 
deliver oxygen in situ to cells in the body of an organism. 

BACKGROUND 

[0003] Techniques to transplant cells into people in need 
of the functions that these cells provide have application in 
the treatment of a variety of chronic conditions including 
diabetes, hemophilia, dWar?sm, anemia, kidney failure, 
hepatic failure, familial hypercholesterolemia, immunode? 
ciency disorders, pituitary disorders, and central nervous 
system disorders. 

[0004] Cell implantation techniques are typically limited 
by shortages of cells. For example, successful transplanta 
tion of insulin-secreting cells or tissue into people With 
diabetes has been a challenge because of the obvious short 
age of human islet tissue. The approximately 3000 cadaver 
pancreases that could be available each year in the USA. 
come noWhere near to meeting the needs of people With 
Insulin Dependent Diabetes Mellitus (IDDM). Use of cells/ 
tissue from other species as xenogeneic cells may therefore 
provide the fastest path to clinical application. 

[0005] Immunobarrier devices have been developed as a 
means of protecting xenogeneic cells from transplantation 
rejection by a host organism. The xenogeneic cells are 
encapsulated at a high, tissue-like density or are dispersed in 
the form of individual cells or cell aggregates (e.g., islets of 
Langerhans) in an extracellular gel matrix such as agar, 
alginate, or chitosan, Within these devices. 

[0006] High-density culture, if attainable, is advantageous 
because it minimiZes the siZe of the implanted device used 
in a particular application. This is desirable because the 
complexity and dif?culty of the application increases With 
the volume of implanted cells/tissue. Consequently, appli 
cations Which have tended to require the least amount of 
transplanted cells/tissue, such as central nervous system 
applications, have been the ?rst to advance to clinical 
testing. 
[0007] Maintenance of the viability and function of 
implanted cells Within an immunobarrier device is essential 
and limited by the supply of nutrients and oxygen Which can 
be provided to the cells from the host. Apoptosis in trans 
planted tissues has been observed and may be a general 
response to severe hypoxia, as Well as to methods of 
isolation and culture, glycemic state, and the nonspeci?c 
in?ammatory reaction associated With the transplantation 
procedure. 
[0008] The impact of hypoxia is also in?uenced by the 
type of cells/tissues being implanted. For example, pancre 
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atic islet cells are especially prone to oxygen supply limi 
tations because they have a relatively high oxygen consump 
tion rate. They are normally highly vasculariZed and are 
supplied blood at arterial pO2. When cultured in vitro under 
normoxic conditions, islets develop a necrotic core, the siZe 
of Which increases With increasing islet siZe, as is to be 
expected as a result of oxygen diffusion and consumption 
Within the islet. HoWever, the death of implanted cells due 
to hypoxia is not the only concern. Oxygen levels high 
enough to keep cells alive can nonetheless have deleterious 
effects on cell functions that require higher cellular ATP 
concentrations, for example, AT P-dependent insulin secre 
tion. 

[0009] Only scant attention has been paid to the issue of 
islet viability Within implanted immunobarrier devices. 
HoWever, recently, critical parameters such as the number 
and volume of viable islet cells that can be supported by 
such devices, and the development of islet necrosis and 
?brosis in such devices has begun to be examined. It is clear 
from these recent studies that all attempts to support larger 
volumes of islet tissue in high-density culture (i.e., Where all 
or most of the internal device volume is occupied by viable 
islet tissue) have led to massive islet necrosis, invariably in 
regions furthest from the oxygen source. As With transplan 
tation of naked cells, the hypoxic environment for several 
days folloWing transplantation appears to be a critical prob 
lem. For example, most of the loss of viable [3-cell mass 
undoubtedly occurs during the ?rst feW days after transplan 
tation Within these devices. 

[0010] With feW exceptions, only by suspending islets in 
an extracellular gel matrix at very loW islet volume fractions 
(e.g., 1 to 5%), Which greatly increases the siZe of the 
implanted device, have investigators been able to maintain 
the viability of the initially loaded islets. HoWever, use of 
such loW tissue density puts undesirable constraints on the 
maximum number of islets that can be supported in a device 
of a siZe suitable for surgical implantation. 

[0011] Attempts to modify the design of immunobarrier 
devices have been made to try to overcome these limitations. 
Abiohybrid arti?cial pancreas for insulin secretion knoWn in 
the art consists of a semipermeable membrane tube through 
Which arterial blood ?oWs. The membrane tube is sur 
rounded by the implanted tissue Which is, in turn, contained 
in a housing. This approach provides the highest available 
pO2 (100 mm Hg) but suffers from the need to open the 
cardiovascular system; thus, it may be limited to only a 
small fraction of patients. 

[0012] One alternative is an extravascular device in the 
form of a planar or cylindrical diffusion chamber implanted, 
for example, in subcutaneous tissue or intraperitoneally. 
Such devices are exposed to the mean p02 of the microvas 
culature (about 40 mm Hg) limiting the steady state thick 
ness of viable tissue that can be supported. Further limits are 
imposed When such devices are implanted into soft tissue. If 
a foreign body response occurs, an avascular ?brotic tissue 
layer adjacent to the chamber can be produced, typically on 
the order of 100 pm thick. This ?brotic tissue increases the 
distance betWeen blood vessels and implant, and the ?bro 
blasts in ?brotic tissue layer also consume oxygen. Oxygen 
de?cits are especially likely during the ?rst feW days after 
implantation before neovasculariZation has a chance to 
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occur. Anoxia may exist Within regions of the device, 
leading to death of a substantial fraction of the initially 
implanted tissue. 

[0013] Microporous membranes that induce neovascular 
iZation at the device-host tissue interface have also been 
used. This angiogenic process takes 2-3 Weeks for comple 
tion, and the vascular structures induced remain inde?nitely. 
By bringing some blood vessels close to the implant, oxygen 
delivery is improved. Oxygen delivery also may be 
improved by prevasculariZing the device, e.g, by infusion of 
an angiogenic factor(s) through the membranes into the 
surrounding tissue. 

[0014] Another means of implanting cells in an extravas 
cular environment involves the use of spherical microcap 
sules. The microcapsules comprise small quantities of cells 
enclosed in a semipermeable membrane and can be 
implanted in an extravascular space, for example, in the 
peritoneal space. HoWever, the large volume of microcap 
sules employed, and the tendency for most to permanently 
attach to peritoneal surfaces, may lead to clinical problems. 
Thus, despite encouraging results With various tissues and 
applications, the problem of oxygen transport limitations 
remain. 

[0015] The present invention improves the viability and 
function of encapsulated tissue. 

SUMMARY OF THE INVENTION 

[0016] The invention provides an oxygen generator device 
for delivering oxygen to cells or to a cell compatible ?uid. 
The oxygen generator device disclosed herein has applica 
tion for in vitro or in vivo use. In one aspect the device is 
placed in proximity to a cell compatible ?uid. In another 
aspect, the oxygen generator is placed in proximity to cells 
for Which supplemental oxygen is desired. In a further aspect 
of the invention, the oxygen generator is placed in proximity 
to a cell encapsulating device. The oxygen generator dis 
closed herein provides a system to deliver oxygen to cells in 
situ in the body of an organism. 

[0017] In one embodiment of the invention, the oxygen 
generator is an electrolyZer device Which electrolyZes Water 
into oxygen and hydrogen. In another embodiment of the 
invention, the oxygen generator is in the form of a thin, 
multilayer electrolyZer sheet and is permeable to gas and 
Water vapor but impermeable to liquids and dissolved mate 
rial. In a further embodiment of the invention, the oxygen 
generator comprises a multilayer electrolyZer sheet having a 
proton exchange membrane sandWiched by an anode layer 
and a cathode layer. In a further embodiment of the inven 
tion, the device comprises a multilayer electolyZer sheet 
adapted for mating to a container containing cells. 

[0018] In one embodiment of the invention, the oxygen 
generator is in communication With an energy source, such 
as a battery. In another embodiment of the invention, the 
battery is rechargeable transcutaneously. In a further 
embodiment of the invention, the battery is recharged using 
a transcutaneous energy transfer system (TET) system. In a 
further embodiment, the invention may be operated directly 
and continuously from a battery-poWered TET system. 

[0019] In one embodiment of the invention, the oxygen 
generator is provided in proximity to cells in vitro. The 
oxygen generator is provided, either Within a container 
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containing the cells, or as an integral part of the container. 
In one embodiment of the invention, the oxygen generator is 
provided, either Within, or as an integral part of, a cell 
containing cartridge in an extracorporeal circuit device. 

[0020] In a further embodiment of the invention, the 
oxygen generator is provided as an in-line oxygenator 
through Which blood, plasma, and other bodily ?uids may 
?oW. In this embodiment, the oxygen generator is mated to, 
contained Within, or is an integral part of, a holloW tube 
through Which blood, plasma, and other bodily ?uids, or 
culture medium may ?oW. 

[0021] In one embodiment, the invention provides a sys 
tem for delivering oxygen in situ to cells Within the body of 
an organism. In this embodiment of the invention, the 
system comprises an oxygen generator positioned in prox 
imity to a cell encapsulating chamber and is implanted 
Within the body of an organism. The cell encapsulating 
chamber comprises a containment space for cells bounded 
by a semipermeable barrier layer Which acts as a selective 
diffusion layer, alloWing selected components to enter and 
leave the cell encapsulating chamber. 

[0022] In a further embodiment of the invention, the 
system includes an oxygen generator Which comprises a 
multilayer electrolyZer sheet mated to a cell encapsulating 
chamber comprising tWo semipermeable membranes sealed 
together by a ring seal. 

[0023] In another embodiment of the invention, the system 
for delivering oxygen in situ comprises a cell encapsulating 
chamber Which de?nes an immunoisolation chamber. In this 
embodiment, the semipermeable barrier layer of the immu 
noisolation chamber immunoisolates cells contained Within 
the chamber When the device is exposed to components of 
the immune system. In a further embodiment, the invention 
relates to a system implantable in the body of an organism 
for groWing tissue in immunoisolation While providing 
supplemental oxygen to the tissue. 

[0024] In another embodiment of the invention, the system 
for delivering oxygen in situ comprises an oxygen generator 
provided in proximity to, or mated With, a semipermeable 
membrane tube through Which blood, plasma, and other 
bodily ?uids may ?oW. In another embodiment of the 
invention, the membrane tube is surrounded by implanted 
tissue. In a further embodiment of the invention, the mem 
brane tube and tissue is contained Within a housing. 

[0025] The invention also relates to a system for deliver 
ing oxygen in situ to cells Which are not contained Within a 
cell encapsulating device. In a one embodiment of the 
invention, the system for delivering oxygen in situ com 
prises an oxygen generator placed in proximity to cell 
containing microcapsules Which are free to migrate Within 
an intraperitoneal space. In another embodiment of the 
invention, the system comprises an oxygen generator posi 
tioned in proximity to a cell-supporting, biocompatible, 
polymeric scaffold Within the body of an organism. In this 
embodiment, the oxygen generator can be used to maintain, 
and support the groWth of arti?cial tissues. 

[0026] In a further embodiment of the invention, tWo 
oxygen generators are placed back to back With cells on both 
sides of the oxygen generator, maximiZing the amount of 
oxygen that can be delivered to cells. 
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[0027] In another embodiment, the system is designed to 
deliver oxygen in situ to cells located at a distance from the 
oxygen generator. A tube With loW oxygen permeability is 
attached to the oxygen generator. Generated oxygen is 
transferred through the tube to a ?exible oxygen distributor 
fabricated from oxygen-permeable membranes. In one 
aspect of the invention, the oxygen distributor is placed in 
proximity to cells, tissues, or organs, for Which supplemental 
oxygen is desired. In another aspect of the invention, the 
oxygen distributor is placed in proximity to a cell encapsu 
lating device. The ?exible oxygen distributor provides a 
means to deliver oxygen from an oxygen generator located 
at a distance to cells, tissues, or organs located anyWhere, 
and having any shape, Within the body of an organism. 

[0028] In a further embodiment of the invention, the 
oxygen generator is an oxygen transfer device Which elec 
trochemically transfers oxygen from the cathode side to the 
anode side of the oxygen generator substantially Without the 
generation of hydrogen. 

[0029] The invention also relates to methods of delivering 
oxygen to cells in vitro comprising positioning an oxygen 
generator in proximity to the cells. In one embodiment of the 
invention, the method comprises delivering oxygen to cells 
contained Within a container, such as a cell culture dish or a 
?ask. In another embodiment of the invention, the method 
comprises placing an oxygen generator in proximity to the 
cells Within a cell-containing cartridge in an extracorporeal 
circuit or in culture medium in a perfusion circuit. In another 
embodiment of the device, the oxygen generator is provided 
as an in-line oxygenator through Which culture medium 
?oWs. In this embodiment, oxygenated culture medium 
?oWs through the cell-containing cartridge and is then 
discarded or recycled through the oxygenator for reoxygen 
ation. In a further embodiment of the invention, the oxy 
genated culture medium is made to ?oW in and around an 
organ for transplantation, such as heart, kidney, liver, or 
pancreas, during the period When it is stored or shipped. 

[0030] The invention also relates to a method of delivering 
oxygen in situ to cells Within a body of an organism. In this 
embodiment of the invention, an oxygen generator is placed 
in proximity to cells Which are free to migrate Within an 
intraperitoneal space. In another embodiment of the inven 
tion, the method includes implanting a system Within the 
body of an organism, the system comprising an oxygen 
generator Which is in proximity to a cell encapsulating 
chamber, such as an immunoisolation chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] In the draWings, like reference characters generally 
refer to the same parts throughout the different vieWs. Also, 
the draWings are not necessarily to scale, emphasis instead 
generally being placed upon illustrating the principles of the 
invention. 

[0032] FIG. 1 is a schematic diagram of an oxygen 
generator according to one embodiment of the invention. 

[0033] FIG. 2 is a schematic diagram of a system com 
prising an oxygen generator in proximity to a cell encapsu 
lating chamber in an in vitro embodiment of the invention. 

[0034] FIG. 3 is is a schematic diagram of a system 
comprising an oxygen generator in proximity to a cell 
encapsulating chamber in an in vivo embodiment of the 
invention. 
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[0035] FIG. 4 shoWs a graph of viable tissue thickness vs. 
oxygen ?ux When using an oxygen generator according to 
one embodiment of the invention. 

[0036] FIG. 5 is a schematic TET system used With an 
oxygen generating device according to one embodiment of 
the invention. 

[0037] FIG. 6 is a schematic diagram of a ring cell 
encapsulation chamber according to one embodiment of the 
invention. 

[0038] FIGS. 7a-f shoW photomicrographs of hemotoxy 
lin-stained sections of [3TC3 cells cultured in vitro in barium 
alginate Within a planar immunoisolation chamber accord 
ing to one embodiment of the invention. 

[0039] FIGS. 8a-e shoW photomicrographs of hemotoxy 
lin-stained sections of [3TC3 cells cultured in vitro in barium 
alginate Within a planar immunoisolation chamber accord 
ing to another embodiment of the invention. 

[0040] FIGS. 9a-h shoW photomicrographs of hemotoxy 
lin-stained sections of [3TC3 cells cultured in vitro in barium 
alginate Within a planar immunoisolation chamber accord 
ing to another embodiment of the invention. 

[0041] FIGS. 10a and 10b are photomicrographs of hemo 
toxylin-stained sections of an in vitro cultured planar immu 
noisolation chamber according to one embodiment of the 
invention loaded With rat islets (500 islets/device) in barium 
alginate. FIG. 10a shoWs cells after four days in the absence 
of in situ oxygen generation (With the oxygen generator 
disconnected from its poWer source). FIG. 10b shoWs cells 
after four days With in situ oxygen generation (With the 
oxygen generator connected to its poWer source). 

[0042] FIG. 11 shoWs a graph of oxygen partial pressure 
vs. distance from the oxygen generator/electrolyZer side/ 
semipermeable barrier layer interface for different values of 
oxygen ?ux generated by the electrolyZer. 

DETAILED DESCRIPTION 

[0043] The invention relates to an oxygen generator Which 
may be used to deliver oxygen to cells in vitro or in vitro. 
FIG. 1 is an exploded schematic diagram of the components 
of an oxygen generator (electrolyZer) 18, according to one 
embodiment of the invention, that carries out electrolysis of 
Water. The Water is obtained from a cell compatible media, 
i.e., cell culture media (synthetic or natural), or bodily ?uids, 
such as blood or plasma. 

[0044] The oxygen generator 18 comprises tWo catalytic 
electrodes, i.e., an anode 21 and a cathode 23, separated by 
a solid polymer electrolyte proton exchange membrane 
(PEM) 24 Which alloWs passage of hydrated H+ but has 
much loWer permeability to gases such as 02 and H2. As a 
consequence, the half-cell reactions at each electrode (21 
and 23) are compartmentaliZed. For normal acid electrolysis, 
the reactions are 

NetReaction ZHZO —> O2 + 2H2 
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[0045] O2 is formed at the anode 21. H", Which is also 
formed at the anode 21, is transported through the PEM 24 
under the in?uence of a potential gradient imposed by a 
constant current controller 66 in an external circuit 40 shoWn 
in phantom in FIG. 1. The hydrogen ions arriving at the 
cathode 23 recombine With electrons passed through the 
external circuit 40 from the anode 21 so as to form molecular 
hydrogen. 
[0046] Because of the permeability properties of the PEM 
24, virtually all of the O2 diffuses into the cells in proximity 
to the oxygen generator 18, Whereas the H2 diffuses aWay 
from the oxygen generator 18. The quantity of hydrogen 
generated is expected to be less than the stoichiometric 2:1 
ratio relative to oxygen for normal electrolysis because 
oxygen diffusing into the cathode 23 side of the oxygen 
generator 18 from the cell media is preferentially reduced as 
compared to H". With oxygen present at the cathode 23, the 
reaction 

[0047] competes With the reaction 

[0048] thereby decreasing the net hydrogen production. 
The extent of the decrease in net hydrogen production 
increases With an increase in the rate at Which oxygen 
reaches the cathode surface. 

[0049] In another embodiment of the invention, both elec 
trodes, 21 and 23, are covered by silicone rubber membranes 
20, so that Water enters the oxygen generator 18 only in its 
vapor form and the interior of the oxygen generator 18 is 
kept free of all other components of biological ?uids. In a 
further embodiment of the invention, metal contact rings 25 
are provided Which provide connections to the external 
circuit 40. 

[0050] An oxygen generator 18 according to another 
embodiment of the invention is shoWn in FIG. 2. The active 
components of the oxygen generator 18 are the catalytic 
electrodes, 21 and 23, and the PEM 24. In one embodiment 
of the invention, the PEM 24 is Na?on 117 (1100 equivalent 
Weight, about 1250 pm thick hydrated, DuPont Co., Wilm 
ington, Del.) Which has 02 and H2 permeabilities more than 
tWo orders of magnitude less than silicone rubber. The 
Na?on membrane is received in the Na+form and is 
exchanged in acid to convert it to the proton form. The 
electrodes 21 and 23 are placed in intimate contact With the 
PEM 24. 

[0051] In a further embodiment of the invention, a sub 
strate is provided for the electrodes, anode 21 and cathode 
23, in the form of a very ?ne platinum (Pt) screen (150 mesh 
With 43-pin diameter Wire). The cathode 23 catalyst is Pt (25 
m2/g), and the anode 21 catalyst is Pt-iridium oxide (100 
m2/g). The platinum screens comprise high surface area 
particles mixed With polytetra?uoroethylene (PTFE) par 
ticles and pressed onto a ?ne-mesh substrate screen Which in 
turn is pressed onto the PEM 24. 
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[0052] To make electrical contact With the electrodes 21 
and 23, contact rings 25 are provided Which comprise rings 
of tantalum foil, provided With a tab 67, resistance Welded 
to the edge of the electrodes 21 and 23 before bonding to the 
PEM 24. The silicone rubber membranes 20 are then hot 
pressed on either side of the contact rings 25. In a further 
embodiment of the invention, a disk of ?ne mesh support 
screen 19 comprising a biocompatible, inert metal (e.g., 
titanium) is added over the outside of the silicon rubber 
membranes 20. In one embodiment of the invention, the 
entire thickness of the oxygen generator, including the 
silicon rubber membranes 20 and outer support screens 19, 
is about 0.75 mm. 

[0053] In another embodiment of the invention, oxygen 
generator 18 is enclosed in a housing 68 (e.g., a polysulfone 
housing) incorporating Wire leads 69 for connection to a 
current control circuit 40 and a poWer supply 70 (the current 
control circuit and poWer supply are shoWn in phantom in 
FIG. 2). In a further embodiment of the invention, the 
housing 68 is adapted for coupling to a container 100, Which 
may be mated to the housing 68 at one face of the housing 
68. 

[0054] In operation, the oxygen generator 18 is provided 
in communication With a poWer supply 70 and a constant 
current controller 40, in order to maintain a constant rate of 
oxygen generation in the presence of resistance variations in 
the oxygen generator 18 and declining battery voltage (When 
a battery/energy source 199 is used). In one embodiment of 
the invention, a constant current control 40 is implemented 
With a HoWland circuit, a voltage-controlled current source 
Which utiliZes positive and negative feedback to provide 
precise current control. In a further embodiment of the 
invention, the current control circuit 40 is poWered by an 
AC-DC converter or by a single battery/energy source 199. 
In a further embodiment of the invention, a potentiometer is 
provided to adjust current from about 0 to about 200 MA. 

[0055] In a further embodiment of the invention, the 
oxygen generator 18 is an oxygen transfer device, in Which 
hydrogen generation at the cathode 23 is suppressed, When 
the cathode 23 has access to a continuous supply of oxygen, 
such as air or dissolved oxygen, at a rate in excess of the 
oxygen generation rate at the anode 21. Oxygen is prefer 
entially reduced at the cathode 23, When available, in lieu of 
the reduction of protons to hydrogen in the pure electrolysis 
reaction; the same oxygen generation reaction occurs at the 
anode in both cases. 

[0056] In a further embodiment of the invention, the 
oxygen generator 18 is an oxygen transfer device in Which 
hydrogen generation at the cathode 23 is suppressed by an 
alternative means; the oxygen generator 18 is made to have 
a larger geometric area than the cell encapsulating chamber 
10, thereby providing the cathode 23 With access to dis 
solved oxygen in excess of the oxygen generation rate at the 
anode 21. 

[0057] The oxygen generation rate M (mol/s) of the oxy 
gen generator 18 is related to the applied current I (A) by 

I=nFM (1) 

[0058] Where n=4 is the number of electrons required to 
make one molecule of oxygen, and F is Faraday’s constant 
(96,500 A~s/equivalent). The imposed ?ux of oxygen Ne 
from the oxygen generator/electrolyZer 18 into the cell 
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encapsulating chamber/planar diffusion chamber 10 (mol/ 
cm2~s) is 

M (Z) 

T, 

[0059] Where Ae=0.317 cm2 is the cross-sectional area of 
the gap betWeen the oxygen generator/electrolyZer 18 and 
the cell encapsulating chamber/diffusion chamber 10. Equa 
tion (2) can thus be Written as 

i=nFNe (3) 

[0060] Where i=I/Ae is the effective current density at the 
electrodes 21 and 23. 

[0061] The oxygen generator 18 disclosed herein may be 
used in a variety of in vitro and in vivo applications. In one 
embodiment of the invention, the oxygen generator 18 is 
provided in proximity to cells in vitro, and is either con 
tained Within, or is an integral part of the container 100. 
Types of containers 100 encompassed Within the scope of 
the invention include, but are not limited to, cell culture 
plates, ?at-bottom tissue culture ?asks, roller cell culture 
?asks, microtiter plates, and the like. In this embodiment of 
the invention, the oxygen generator18 may be used to 
provide supplemental oxygen to cells in culture and may be 
used to enhance the proliferation of these cells. In another 
embodiment of the invention, the container 100 further 
comprise an oxygen sensor or other type of biosensor to 
monitor the level of metabolites in the cell media in Which 
cells are cultured. 

[0062] In another embodiment of the invention, the oxy 
gen generator 18 is positioned in proximity to cells Within 
the cell-cartridge of an extracorporeal circuit device or 
Within a cell cartridge in a cell perfusion circuit. Such 
devices are Well knoWn in the art. In a further embodiment 
of the invention the oxygen generator provides oxygen 
Which delivers oxygenated ?uids to cells and does not have 
to be in proximity to the cells themselves. In this embodi 
ment of the invention, the oxygen generator is either mated 
to, contained Within, or is an integral part of, a holloW tube, 
?at plat channel or other conduit through Which cell com 
patible media, such as cell culture media, plasma, blood, and 
the like, may ?oW. 

[0063] The invention also relates to a system for deliver 
ing oxygen in situ to cells Within the body of an organism. 
In this embodiment of the invention, the system (shoWn in 
FIG. 3) comprises an oxygen generator 18 positioned in 
proximity to a cell encapsulating chamber 10 and is 
implanted Within the body of an organism. The cell encap 
sulating chamber 10 comprises a containment space for cells 
bounded by a semipermeable barrier layer 9 Which acts as a 
selective diffusion layer, alloWing selected components to 
enter and leave the cell encapsulating chamber 10. The 
oxygen generator 18 enhances the viability and/or prolifera 
tion of cells 14 Within the containment space. In a second 
embodiment of the invention, the oxygen generator 18 
includes an energy source 199 (e.g., a battery, current 
controller, fuel cell, and the like). 

[0064] The system may be used to deliver cells 14 Which 
can provide a function lacking in a body of a patient. The 
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function may be naturally provided by these cells 14, or the 
cells 14 may be genetically modi?ed to provide the function. 
The system may be used in methods of treatment of condi 
tions, especially chronic conditions, including, but not lim 
ited to, the treatment of diabetes, hemophilia, dWar?sm, 
anemia, kidney failure, hepatic failure, immunode?ciency 
disorders, pituitary disorders, and central nervous system 
disorders. Nervous system disorders Which may be treated 
include, but are not limited to, chronic pain, Parkinson’s 
disease, AlZheimer’s disease and amyotrophic lateral scle 
rosis. The cells 14 may come from a variety of sources, 
including, but not limited to, pancreas cells, hepatocytes, 
kidney cells, lung cells, neural cells, pituitary cells, parathy 
roid cells, thyroid cells, and adrenal cells. Multiple types of 
cells 14 may be mixed in a single cell encapsulating chamber 
10 (e.g., hepatocytes and pancreas cells may be provided 
Within a single isolation chamber 10). As used herein, the 
term “cells”14 encompasses individual or isolated cells, cell 
lines, tissues, such as islets, and cell aggregates. In an 
embodiment of the invention, a bioarti?cial organ is pro 
vided. As used herein, the term “bioarti?cial organ” encom 
passes any device that incorporates both synthetic and living 
material. 

[0065] In one embodiment of the invention, the [3TC3 cell 
line is used as a source of cells 14. [3TC3 cells are derived 
from an insulinoma from a transgenic [36DZF1 mouse 
carrying a hybrid insulin-promoted SV40 T-antigen gene. 
The [3TC3 line is among those genetically engineered [3-cell 
lines Which can be used for the treatment of diabetes. 

[0066] The concentration of cells 14 required for trans 
plantation is determined by the secretion rate of the desired 
agent by the cell 14 and the amount of active agent required 
by the body. For example, the average patient With IDDM 
requires approximately 30 Units of insulin per day to control 
blood glucose levels. The amount of insulin (Units/cells/ 
day) produced by a population of islet cells is then deter 
mined in culture and the number of transplanted cells 14 
needed to provide the patient’s required insulin dose is 
loaded Within the immunoisolation chamber 10. Typically, 
this is on the order of about 109 cells 14. In the case of cells 
14 that proliferate, a determination of the insulin production 
rate in culture permits an estimation of the number of cells 
14 required in a given volume Within a cell encapsulating 
chamber 10. A small number of cells 14 can be used Which 
Will then proliferate to ?ll the volume of the chamber 10 and 
provide the necessary amount of insulin. It is readily appar 
ent, that similar calculations may be performed for any 
application for Which a required dosage of active agent is 
knoWn, or is determinable, and for Which the amount of 
bioactive agent produced by cells 14 may be measured. 

[0067] In addition to cells 14, the system may be used to 
deliver a variety of bioactive molecules, including deriva 
tives, analogs, and active fragment of these molecules. 
Bioactive molecules include, but are not limited to, hor 
mones, groWth factors, cytokines, vasculariZing agents, 
receptors, ligands, antibodies, antibody fragments, fusion 
proteins, peptides (natural or synthetic), drugs, nucleic acids 
(including naked DNA, DNA encapsulated in liposomes, 
viral particles, or microspheres, antisense molecules, 
riboZymes, triple helix DNA, PNA molecules, and aptam 
ers). Autologous molecules, as Would be generated by 
tissues derived from transgenic animals, can be used to 
minimiZe immune responses by the host organism. While 



US 2003/0087427 A1 

the system provides a means to immunoisolate transplanted 
living cells 14 and to prevent the immune system of the 
recipient organism from attacking the transplanted cells 14, 
the system may also be used as a bioreactor in in vitro 
applications. 

[0068] In a further embodiment of the invention, the 
disclosed system provides a cell encapsulating chamber 10 
Which immunoisolates transplanted cells 14 by surrounding 
cells 14 With a semipermeable barrier layer 9. The semiper 
meable barrier layer 9 protects the transplanted cells 14 from 
components of both the cellular and humoral immune sys 
tem but permits passage of the agent of interest, for example, 
secreted insulin. The transport properties of the implanted 
cells 14, semipermeable barrier layer 9, and surrounding 
host cells/tissue/?uids must permit a sufficient supply of 
nutrients and oxygen, as Well as the removal of metabolic 
Waste products, by diffusion from, or to, the nearest blood 
supply. 

[0069] As used herein, the term “semipermeable barrier 
layer”9 includes biocompatible encapsulants, such as mem 
branes, Which provide a selective diffusion layer Which 
controls the entry and exit of molecules into and out of the 
cell encapsulating chamber 10. Minimally the barrier layer 
9, must be have a pore siZe, pore density, percent porosity, 
molecular Weight cut off to keep cells Within the cell 
encapsulating chamber 10. Particularly in embodiments 
Where allogeneic or autologous cells 14 are transplanted, the 
pore siZe may be quite large as about 0.1 pm but must 
completely prevent passage of cells 14. In the embodiment 
of the invention Where the cell encapsulating chamber 10 is 
a xenogeneic immuonisolation chamber, the membranes 
may have any type of pore siZe, pore density, percent 
porosity, molecular Weight cutoff, sufficient to keep selected 
components of the immune system out, yet alloWing for the 
transport of nutrients, oxygen, secreted cellular products 
(e.g., secreted insulin), metabolic Wastes, ions, and other 
bioactive molecules. When xenogeneic cells 14 are used, the 
molecular Weight cutoff should be about 100,000 daltons or 
less, so as to prevent components of the humoral immune 
system from entering into the cell encapsulating chamber 10 
and to prevent endogenous retroviruses transmittable by the 
cells 14, or other infectious macromolecules Which might be 
secreted by the cells, from exiting the cell encapsulating 
chamber 10. 

[0070] Semipermeable barrier layer 9 material is selected 
from the group including, but not limited to, acrylic, poly 
urethanes, cellulose acetate, agar, alginate, chitosan, or other 
types of hydrogels, polysulfone, polyether sulfones, polyvi 
nyl chloride, polyvinyl alcohols, polyvinylidene ?uoride, 
polytetra?uoroethylene, polyacryl nitrites, and including 
derivatives, and/or mixtures thereof. Any porous polymeric 
material is encompassed Within the scope of the invention 
Which has the desired membrane strength (i.e., ability to 
survive handling, transplantation, and the environment 
inside the body) and the desired permeability. The cell 
encapsulating chamber 10 is preferably easily removable 
from the body and replaceable in the body. 

[0071] The cell encapsulating chamber 10 can be a variety 
of shapes including tubes or cylinders, cubes, spheres, discs, 
or sheets, so long as it is able to provide a sufficient 
containment surface for the number of cells 14 suitable for 
a given application. In one embodiment (shoWn in FIG. 6), 
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the cell encapsulating chamber 10 is a ring chamber Which 
includes tWo thin disc-shaped semipermeable barrier layer 9 
membranes sealed together on their circular periphery by a 
ring seal 32. Suitable ring seal 32 materials include, but are 
not limited to, biocompatible, noncorrosive metals (e.g., 
titanium), Te?on®, plastic and the like. In this con?guration, 
the space betWeen the tWo semipermeable barrier layer 9 
membranes contains the cells 14 to be implanted. The 
semipermeable barrier layer 9 membranes are both disten 
sible and conformable. Distensible semipermeable barrier 
layer 9 membranes alloW for the expansion of the cell 
encapsulating chamber 10, Which is important When prolif 
erating cell lines are used. When islets are the source of cells 
14, the conformable semipermeable barrier layer 9 mem 
branes partially conform to the shape of the cells 14, leading 
to a structure akin to peanut brittle. In a further embodiment 
of the invention the oxygen generator 18 can be provided 
proximal to, mated With, or an integral part of, a holloW tube 
through Which blood flows. In this embodiment of the 
invention, cells 14 are implanted outside the tube. In a 
further embdiment of the invention, the cells 14 are sur 
rounded by a housing. 

[0072] The semipermeable barrier layer 9 of the cell 
encapsulating chamber 10 may be coated by other biocom 
patible molecules on the interior (i.e., the side proximal to 
the encapsulated cells 14), such as polymeric scaffolds 
Which may also be coated by bioactive molecules such as 
ECM proteins, morphogenic proteins, groWth factors, cytok 
ines, and/or polysaccharides. As shoWn in FIG. 3, the 
interior of the semipermeable barrier layer 9 membrane in 
one embodiment further includes a gel matrix 15 (e.g., agar, 
alginate, chitosan, polyglycolic acid, polylactic acid, and the 
like) in Which the cells 14 are embedded. In another embodi 
ment, cells 14 in the cell encapsulating chamber 10 may 
themselves be encapsulated Within microcapsules. The 
semipermeable barrier layer 9 membrane may also be coated 
With an anti-microbial and/or an anti-thrombotic agent on its 
outside surface. 

[0073] The present invention provides a means of mini 
miZing the siZe of a cell encapsulating device 10. For 
illustrative purposes, consider a planar diffusion immunoiso 
lation chamber and the limiting case in Which islet cells 14 
occupy all available internal volume. The surface area A 
required by the device is given by A=V/h, Where V is the 
required islet volume and h is the maximum total thickness 
of tissue that can be supported. If V=1 cm3 and h=50 pm, 
then A=200 cm2 (about 5.6 inches square). If enhanced 
oxygen delivery alloWs an increase to h=200 pm, then A=50 
cm2 (about 2.8 inches square). This reduction in required 
area makes it feasible to implant a single or small number of 
planar immunobarrier device(s). 

[0074] The present invention thus provides a solution to 
tWo practical problems: reduction of the siZe of the cell 
encapsulating chamber 10 so that it can be implanted in a 
human, and minimiZation of the cost of the implantable 
tissue (e.g., islet tissue) by maximiZing the number of cells 
14 that can survive implantation. 

[0075] The present invention supplements oxygen pro 
vided to isolated cells 14 by the blood stream by providing 
an oxygen generator 18 in close proximity to the cell 
encapsulating chamber 10. As used herein, the term “close 
proximity” refers to a distance through Which suf?cient 
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oxygen can diffuse to enhance cell 14 viability and/or 
proliferation Within the cell encapsulating chamber 10 in 
comparison With a device lacking an oxygen generator 18. 
In one embodiment of the invention, the oxygen generator 
18 is adjacent to the cell encapsulating chamber 10. 

[0076] In one embodiment of the invention, the system for 
providing an oxygen to cells in situ comprises an oxygen 
generator 18 Which is a multilayer electrolyZer, of the type 
discussed above, comprising an anode layer 21 and a cath 
ode layer 23 sandWiching a proton exchange membrane 24. 
Oxygen is supplied to implanted tissue by diffusion from the 
host side and the anode side 21 of the oxygen generator 18. 
In contrast, nutrients are supplied from, and Wastes and 
secreted insulin are removed from, the faces of the implant 
able device Which are in contact With host cells/tissue/?uid 
(e.g., the faces of the cell encapsulation chamber 10 not in 
contact With the oxygen generator 18). The maximum total 
amount of cells 14 that can be viably maintained Within the 
immunoisolation chamber 10 is the sum of that Which can be 
substituted by each side of the device. 

[0077] The oxygen generator 18 provides a continuous 
supply of reactant Water from the surrounding host cells/ 
tissue/?uids, continuous diffusion of generated gases out of 
the oxygen generator/electrolyZer 18, and exclusion of bio 
logical components that Would otherWise contaminate the 
oxygen generator/electrolyZer 18. It is clear that the oxygen 
generator 18 can supply oxygen to the transplanted cells 14 
at a p02 far higher than is possible from any physiological 
source. Furthermore, it is possible to completely prevent 
exposure of the transplanted system to the sustained hypoxic 
environment folloWing transplantation. HoWever, the p02 
value should be optimiZed to limit oxygen toxicity that may 
result from chronic exposure at high p02. 

[0078] In the instant invention, the rate of oxygen gener 
ated per unit area of the oxygen generator/electrolyZer 18 
(oxygen ?ux, mol O2/cm2~s) is determined quantitatively by 
the current density betWeen the anode layer 21 and cathode 
layer 23, Which can be set at Will to provide the optimum 
oxygen ?ux required to maintain the maximum viability of 
the cells 14. Factors such as the site of implantation and the 
local oxygen partial pressure (p02) in the blood, the spatial 
distribution of host blood vessels in the vicinity of the 
implant surface, the oxygen permeability of the semiperme 
able barrier layer 9, the oxygen consumption rate of the 
encapsulated cells 14, the geometrical characteristics of the 
implant system, and the tissue density and spatial arrange 
ment of the encapsulated cells 14 Will be considerations in 
optimiZing oxygen ?ux. 

[0079] The oxygen generation rate M (mol/s) of the elec 
trolyZer is related to the applied current I (A) by 

I=nFM (1) 

[0080] Where n=4 is the number of electrons required to 
make one molecule of oxygen, and F is Faraday’s constant 
(96,500 A~s/equivalent). The imposed ?ux of oxygen Ne 
from the oxygen generator/electrolyZer 18 into the cell 
encapsulating chamber/planar diffusion chamber 10 (mol/ 
cm2~s) is 
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M (2) 

T. 

[0081] Where Ae =0.317 cm2 is the cross-sectional area of 
the gap betWeen the oxygen genreator/electrolyZer 18 the 
cell encapsulating chamber/diffusion chamber 10. Equation 
(1) can thus be Written as 

i=nFNe (3) 

[0082] Where i=I/Ae is the effective current density at the 
electrodes 21 and 23. 

[0083] As discussed beloW, an understanding of oxygen 
diffusion and consumption in the system provides a frame 
Work to use to calculate the necessary parameters of the 
oxygen generator 18 Which may be optimiZed to maximiZe 
oxygen generation and delivery to cells 14 While minimiZing 
the siZe of the oxygen generator 18. 

[0084] We consider one dimensional oxygen diffusion, 
perpendicular to the membranes 9 in Cartesian coordinates. 
Oxygen consumption is assumed to folloW Michaelis 
Menten kinetics With the local rate per unit volume V given 

by V=Vmax-(1—e)~P/(Km+P) for P>Pc, Where P is the local 
oxygen partial pressure, Vmax is the maximum oxygen 
consumption rate per unit volume of tissue, 1-e is the live 
tissue volume fraction in the tissue layer, Km is the Michae 
lis-Menten constant, and Pc is the critical value of P beloW 
Which loss of tissue viability occurs due to hypoxia, and 
oxygen consumption ceases. We present here the analytical 
solution to the oxygen diffusion-reaction equation using 
Zero-order kinetics (Km set equal to 0, V=Vmax (1—e)= 
constant) and then examine the small difference that results 
from the solution obtained With numerical methods using the 
nonlinear Michaelis-Menten kinetics. 

[0085] Assuming that all the tissue layer Within the cell 
encapsulating chamber 10 is exposed to P>Pc, the solution 
for the local oxygen partial pressure is given by 

S X 
m + (PS2 — Pm) 

[0086] Where x is the distance from the center plane of a 
tissue slab having a thickness L, considered positive in the 
direction toWards the oxygen generator 18, PSe and PSrn are 
the values of P at the tissue-semipermeable barrier layer 9 
interfaces at the oxygen generator 18 and medium side, 
respectively, D is the effective diffusion coefficient of oxy 
gen in tissue, and 0t is the Bunsen solubility of oxygen in 
tissue. PSe and PSrn are not knoWn a priori but can be 
calculated in terms of the knoWn quantities N6 (the imposed 
oxygen ?ux from the oxygen generator/electrolyZer 18) and 
Prned (the oxygen partial pressure in the medium bulk): 
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[0087] and 

vL2 (6) L 
PS. = PM + (N. — Mm + + TM 

[0088] Where Rext is the sum of the diffusion resistances in 
series external to the tissue, ie those imposed by the 
semipermeable barrier layer 9 membrane laminate and 
boundary layer, given by 

1 L L (7) 

Rm = % *(mh, *(m)... 

[0089] M1, and M2 refer to the cell 14 retentive and 
vasculariZing membranes, respectively, kc=Dmed/6c is the 
boundary layer mass transfer coef?cient betWeen the stirred 
medium and the vasculariZing membrane M2, and 6c is the 
concentration boundary layer thickness (including the out 
ermost polyester mesh). 

[0090] The maximum thickness of viable tissue LrnaX that 
can be supported in the system is 

[0091] Where L6 and Lrn are the maximum tissue thick 
nesses that can be supported by the imposed oxygen ?ux and 
by oxygen diffusion from the bulk medium, respectively. Le 
can be calculated by making a mass balance around the 
tissue layer 

[0092] and setting the oxygen ?ux at the tissue-semiper 
meable barrier layer 9 membrane interface at the medium 
side Nrn equal to 0: 

NE (10) 
V 

[0093] Lm, equal to the distance from the tissue-semiper 
meable barrier layer 9 membrane interface at the medium 
side (xc=—L/2) to the point Where the oxygen ?ux is equals 
0 and P=Pc, is given by 

2D 1/2 (11) 
L.. = 4M... + [(DwR...)2 + 7%.... — P.) 

[0094] When the tissue thickness is not large enough for P 
to fall to PC, the minimum value of oxygen partial pressure 
Prnin can be calculated in a similar Way, by replacing Pc by 
Prnin and Lrn by L-Le to yield 

v 2 (12) 
Pmi = med — V(L— MR”, — EQ- LE) 
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[0095] This minimum occurs at distance xmin=L/2—Le 
from the tissue-semipermeable barrier layer 9 membrane 
interface at the oxygen generator/electrolyZer 18 side, pro 
vided that LeéL. 

[0096] For purpose of illustration, the oxygen partial pres 
sure pro?les Were calculated in immunoisolated tissue sup 
ported on one face by an imposed oxygen ?ux from an 
oxygen generator 18 for the case that LZLe so that P 
decreases to Pc in the interior of the cell encapsulating 
chamber 10. Transport from the medium Was not included. 
For Zero-order kinetics, Equations (4) and (10) Were used to 
calculate the maximum supportable thickness Le, the local 
partial pressure P(Z) Where Z=L/2—x, and the surface partial 
pressure PS6. Calculation of the same dependent variables 
using Michaelis-Menten kinetics Was carried out numeri 
cally. Parameter values selected for these calculations Were 
1—e=0.75, Vmax=2.76><10_8 mol/cm3~s, V=2.07><10_8 mol/ 
cm3-s, D(X=1.70><10_14 mol/cm3~mm Hg~s, 22 Pc=0.1 mm 
Hg, and Km=0.44 mm Hg. Oxygen partial pressures are 
plotted as a function of distance from the interface in FIG. 
11 for values of imposed oxygen ?ux Ne ranging from 1 to 
6x10‘10 mol/cm2~s. These values of N6 correspond to current 
densities i calculated from Equation (3) of 39 to 232 ptA/cm2 
and to applied currents I of 12 to 73 pA (With Ae=0.317 cm2 
in our system). With increasing oxygen ?ux, both the 
interface partial pressure and the maximum thickness 
increase. The underprediction of P(Z) by Zero order as 
compared to Michaelis-Menten kinetics is hardly noticeable 
on the linear plot but is apparent on the semi-logarithmic 
plot (loWer panel). At loW partial pressures, the relative, 
difference in P(Z) can be large. 

[0097] FIG. 4 is a plot of the interface oxygen partial 
pressure PSe and the maximum viable tissue thickness sup 
ported by the oxygen generator/electrolyZer 18 L6 as a 
function of the imposed oxygen ?ux Ne. At the highest 
oxygen ?ux investigated, L6 is about 300 pm, and PSe is 
about 500 mm Hg. Oxygen toxicity at these PSe levels may 
be of concern With some cells and tissues, thereby setting a 
maximum limit on the imposed oxygen ?ux. 

[0098] There is virtually no difference in FIG. 4 betWeen 
the tWo predictions for PS6, but the Zero-order model under 
predicts Le by nearly 20 pm, except at very loW Ne, as a 
consequence of the difference in pro?les that develops at 
very loW P(Z) (FIG. 11). Because the error in estimating 
oxygen partial pressure pro?les is negligible and the error in 
Le relatively small, the Zero-order kinetic model is appro 
priate for optimiZing performance of the oxygen generator 
18. 

[0099] The above parameters provide a means to calculate 
the optimal amount of oxygen generation that may be 
produced by a given oxygen generator 18. 

[0100] While the production of oxygen by the oxygen 
generator 18 should be monitored and optimiZed, hydrogen 
production in vivo is not a problem. Hydrogen produced at 
the cathode side 23 of the oxygen generator 18 diffuses 
through the silicone rubber membrane 20 into the surround 
ing tissue to the bloodstream from Which it is expelled in the 
lungs. Hydrogen is biologically inert in mammals under 
normal atmosphere conditions and is not oxidiZed by mam 
malian tissues under hyperbaric conditions. 

[0101] In operation, the oxygen generator 18 is coupled to 
an energy source 199, such as a battery or a current con 












