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Therapeutic cells encapsulated in immunobarrier devices have promise for treatment of a variety of human dis-
eases without immunosuppression. The absence of sufficient oxygen supply tomaintain viability and function of
encapsulated tissue has been the most critical impediment to progress. Within the framework of oxygen supply
limitations, we review the major issues related to development of these devices, primarily in the context of en-
capsulated islets of Langerhans for treating diabetes, including device designs andmaterials, supply of tissue, pro-
tection from immune rejection, and maintenance of cell viability and function. We describe various defensive
measures investigated to enhance survival of transplanted tissue, and we review the diverse approaches to en-
hancement of oxygen transport to encapsulated tissue, includingmanipulation of diffusion distances and oxygen
permeability ofmaterials, induction of neovascularizationwith angiogenic factors and vascularizingmembranes,
and methods for increasing the oxygen concentration adjacent to encapsulated tissue so as to exceed that in the
microvasculature. Recent developments, particularly in this latter area, suggest that the field is ready for clinical
trials of encapsulated therapeutic cells to treat diabetes.
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immune systemwithout immunosuppressive drugs, have the potential
to treat a large range of diseases, including diabetes [1], hemophilia [2],
anemia [3], parathyroid disease [4], chronic pain [5], Parkinson's disease
[6], Huntington's disease [7], and amyotrophic lateral sclerosis [8]. The
therapeutic cells constantly produce a therapeutic protein required for
the treatment of most of the diseases listed above. For diabetes treat-
ment, the cells secrete insulin in response to changes in the blood glu-
cose concentration in a feedback-controlled manner.

Cells can be encapsulated at a high, tissue like density or dispersed in
an extracellular gel matrix, such as agar, alginate, chitosan, or other
hydrogels. The immunobarrier ideally prevents access of immune cells
and of the larger humoral immune components but permits passage
of smaller secreted products such as insulin. Theremust be sufficient ac-
cess to oxygen and nutrients such as glucose and removal of secreted
metabolic waste products, such as lactic acid, carbon dioxide, hydrogen
ions, and nitrogenous products of metabolism. Encapsulated cells must
be supplied with oxygen and nutrients by diffusion from the nearest
blood supply, through surrounding tissue, the immunobarrier mem-
brane, and the graft tissue itself.

The issue of oxygen supply to encapsulated therapeutic cells is criti-
cally important to their viability and function. Because this issue inter-
sects with all areas of design and performance of devices, we begin
this review with a brief discussion of major issues related to the perfor-
mance of immunobarrier devices, especially as they relate to oxygen
supply limitations: (1) device design andmaterials, (2) supply of tissue,
(3) protection from immune rejection, and (4) maintenance of cell via-
bility and function. Most of the literature cited in this review deals with
immunobarrier devices used in transplanting islets of Langerhans for
type 1 diabetes treatment. The concepts and methods described also
apply to other cell therapy applications, especially those involving
metabolically active cells. After discussing the major issues, we focus
on (1) the existence of oxygen limitations in islet transplantation and
its deleterious effect on islet viability and function, and (2) a compre-
hensive discussion of diverse approaches investigated with encapsulat-
ed cell therapy in order to overcome these oxygen limitations. We
conclude with the author's perspective on what we have learned
about oxygen supply limitations and the challenges that remain for
the future. The material presented here builds on previous reviews of
thefield by the author [9–15] andothers [16–23] andhighlights recently
reported work.

2. Issues in encapsulated cell therapies

2.1. Device designs and materials

Therapeutic cells have been encapsulated in intravascular devices
and in extravascular implants.

2.1.1. Intravascular devices
Blood flows from artery to vein through the lumen of a tube encased

in a chamber. The tube is an immunoisolatingmembrane, on the outside
of which cells or tissues are cultured, thereby maximizing the effective-
ness of oxygen, nutrient, waste, and therapeutic protein transport
because diffusion distances are relatively short. The presence of blood
flow in close proximity to tissue provides a good arrangement for oxy-
gen supply from the bloodstream. On the other hand, this device is an
arteriovenous shunt that disrupts the patient's vascular system, thereby
leading to a greater risk of complications such as thrombosis.

Work with intravascular devices began more than four decades ago
by Dr. William Chick together with a multidisciplinary team, culminat-
ing in the first paper that demonstrated normalization of a disease
state (hyperglycemia) with a tissue-engineered device containing en-
capsulated therapeutic cells [24]. In that study, islets were cultured out-
side of very small diameter hollow fibers through which anticoagulated
blood flowed in an ex vivo arrangement. Subsequently, a single
large-diameter tube was used to eliminate the need for systemic
anticoagulation.

Additional papers using this approach have been described in an
earlier review [10]. In one study [25] in which two devices were im-
planted in each of 10 diabetic dogs, exogenous insulin was completely
supplanted in six animals. Even with the favorable oxygen transport
conditions arising from blood flow through the tube, each device
contained more than 50% of nonviable islets when examined after
explantation. In these experiments, islet surface density was about
2670 islets/cm2 tubular surface area and dose was 19,400 islets/kg
body weight, which was nearly four times the 5000 islets/kg required
for satisfactory blood glucose control in a canine autotransplant [26].
Because canine islets have an average diameter of 122 μm compared
to 150 μm for an islet equivalent (IE, volume 1.77 × 10−6 cm3), the
volume of canine islets is reduced by a factor of 1.86 compared to an IE.
Whenput on the samevolumetric basis of a human IE, the surface density
and dose were about 1440 IE/cm2 and 10,400 IE/kg, respectively.

Work on the intravascular approach progressed successfully to the
point where more than 360 successful implantations in diabetic dogs
had been carried out, and a human clinical trial of a tubular intravascular
device for islet transplantation was being planned. The planning was
suspended by the FDA because of a mechanical failure of a cannula in
one dog. By the time the cannula was redesigned, resources of the
small company that championed this approach were depleted, and the
work has never been resumed. This type of device is not currently
under study. Surprisingly, designs involving blood flow through hollow
fibers [27], akin to the original concept [24], and blood flow through
narrow channels [28] have been proposed in the past decade without
recognition of their clinical impracticality for chronic use because of
the need for chronic systemic anticoagulation.

2.1.2. Extravascular implants
Extravascular implants differ in geometrical characteristics and also

in the way the effects of oxygen supply limitations are manifested. Dif-
fusion in a spherical geometry is privileged because, at any radial posi-
tion away from the center of a sphere, the available surface area for
diffusion relative to the volume of tissue contained within that radius
is the highest; conversely, the surface to volume ratio is the lowest for
the slab. In addition, the presence of an external layer, such as fibrotic
tissue arising from the foreign body response, through which diffusion
must also occur decreases the available driving force for diffusionwithin
the tissue. This decrease has the smallest relative effect for a spherical
geometry, whereas the effect is largest for a planner slab. The mass
transfer resistance of a layer outside a sphere reaches a maximum as-
ymptotic value as the thickness of the layer increases. Conversely, as
the region outside of a slab thickens, its mass transfer resistance
growswithout bound. For these reasons, themass transfer effectiveness
of each geometry decreases in the order sphere N cylinder N planar slab.

2.1.2.1. Microcapsules. Beginningwith thework of Lin and Sunwith islets
microencapsulated in alginate [29], small spherical hydrogel beads con-
taining usually 1 or 2 islets and ranging in diameter from 200 μm for
thin coatings to 1000 μmormorehavebecome themost extensively stud-
ied approach for encapsulated islet transplantation to treat diabetes. The
larger beads [30–33], sometimes called macrocapsules or macrobeads,
have received less attention. The peritoneal cavity is the most common
implantation site because there is ample space for the capsules, and, if
the capsules are able to float freely, immune responses are less aggressive
than at other implantation sites, such as the subcutaneous space where
immune cells can more easily attach to the surface. Microcapsules may
aggregate and may be located far from the blood supply; under these
conditions, the islets have very limited oxygen supply, which further
degrades tissue survival. The feasibility of intraportal injection (used for
naked human islet transplantation) has been examined to enhance
microcapsule proximity to the blood supply, but there is an increased
immune response, which requires short-term immunosuppression [34].
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The most commonmaterial for microcapsules is still alginate, which
forms a viscous solution at low concentration in water and gels in the
presence of a divalent (e.g., calcium or barium) or trivalent (e.g., gado-
linium) ion without causing damage to cells. Because it is a naturally
derived product, its properties are batch and source dependent, and
impurities can have detrimental effects. Most typical is alginate cross-
linked with barium ions [1,35] or alginate cross-linked with calcium
and then used uncoated [36] or coated with poly-L-lysine [37,38] or
poly-L-ornithine [39,40] to form a permselective barrier and enhance
capsule stability. Because the water content is very high, the diffusivity
of small molecules such as oxygen in alginate is only modestly reduced
from its value in water. However there is a surprisingly large effect of
decreasing protein diffusivity (e.g. albumin) with increasing alginate
concentration [41]. Alternate materials investigated include synthetic
Tetronic polymers that thermally gel and chemically cross-link to form
more stable gels while still maintaining gentle processing steps [42].
The capsule formation process for the Tetronic polymers is adaptable
to the machinery developed for making alginate capsules [43]. Reviews
are available for cell and islet microencapsulation [43,44] and materials
used for islet encapsulation [45,46].

Experiments in primates and exploratory clinical trials in diabetic
patients with microencapsulated islet allografts and xenografts
[47–52] have yielded a variety of mixed results. In only one study
with polylysine-coated microcapsules [47] did all subjects become
normoglycemic for many months, and that striking work was never
repeated. In all of these studies, very large doses of islets (20,000 to
40,000/kg) were used, which is far in excess of the dose actually needed
and implies a very large loss of viability and function of the implanted
islets. It is impossible to retrieve all of the microcapsules following
implantation. This is a major limitation that has, in part, driven interest
in macroencapsulation devices that can be retrieved.

2.1.2.2. Macroencapsulation devices. Macroencapsulation devices are
usually in the form of a planar diffusion chamber (or slab) or a tubu-
lar hollow fiber membrane in which tissue is contained, often
encased in a hydrogel encapsulant. An important feature of these
devices is the ability to be retrieved because of their macroscopic
dimensions. Devices of this type are often implanted subcutaneously
or within a physiological space or cavity of the body. They contain
tissue alone or tissue embedded in a hydrogel within the device inte-
rior surrounded by an immunoisolating membrane. Delivery of oxy-
gen and nutrients requires diffusion from the surrounding tissue to
the device, across the immunobarrier membrane, and then through
the interior of the device itself to the tissue. The amount of tissue
that can be included within the device is constrained by oxygen sup-
ply limitations in the interior of the device. These limitations are fur-
ther aggravated by overgrowth of fibrotic tissue, which adds another
transport barrier and which also consumes some of the oxygen (if
there are cells present) that would normally be delivered to the
transplanted tissue [11,12]. Macroencapsulation devices are usually
made of materials that are stable after implantation in the body
and can be retrieved.

Macroencapsulation devices have been studied for several applica-
tions, including diabetes [53] and diseases of the central nervous system
[54]. The first macroencapsulation devices were wide bore (internal
diameter 0.5 to 5 mm) hollow fibers prepared from polyacrylonitrile-
co-vinyl chloride [55–59] and polyethersulfone [60].

These hollow fiber devices received intensive investigation and use
in small animal in vivo studies, and they achieved some success when
a low tissue density was used, usually with a very high islet dose, but
suffered large viability losses with high tissue density. A critical flaw
with hollow fibers became apparent in the mid 1990s [61] for applica-
tions that require a large amount of tissue, such as diabetes. Oxygen
diffusion limitations dictate a maximum diameter that can be filled
with respiring cells without development of central necrosis [62],
which is in the range of several hundred μm or more depending upon
tissue density. Because of this constraint and the large tissue mass re-
quired in islet transplantation, the large length of hollow fiber needed
to provide sufficient volume becomes impractical for implantation.
This conclusion is illustrated by an example: Consider a hollow fiber
filled completelywith islet tissue, which, because of oxygen diffusion re-
quirements, has a maximum internal diameter of, say, 200 μm, an opti-
mistic estimate [10–12]. Encapsulation of 250,000 IE would require a
length of about 1700 cm. Implantation of such a long fiber in a conve-
nient location with provision for suitable oxygen supply and prevention
of fibrous overgrowth would be a daunting challenge. Even more pessi-
mistic estimates have been reported [63]. This constraint, in turn, limits
the use of hollow fibers to applications requiring small numbers of cells
such as neurological diseases [8]. As a consequence, recent efforts with
macroencapsulation devices are limited primarily to slab configurations.

Planar slab devices began to appear in the late 1990s and can be cat-
egorized in terms of their mechanical rigidity. The most flexible is the
so-called islet sheet composed of a layer of islets embedded in a thin
(250 μm) sheet of alginate [64,65]. Elegant in its simplicity and its ability
to be used as a patch, it has remained largely conceptual. A related
approach is the thin monolayer cellular device [66,67] that was also de-
veloped to improve oxygen supply, the construction of which is best
discerned from a patent [68]. It consists of sequential layers of human
acellular collagen matrix, islets, a polyester filter, and high mannuronic
acid alginate, 3% (w/v). Although correction of diabetes in primates for
up to 6 months was reported with a dose of 15,000 IE/kg, subsequent
studies [69,70] verified that oxygenation of tissue within the device
was insufficient to maintain islet viability and function without some
form of oxygen supply enhancement. A different approach with a flexi-
ble device is use of living cells as an immunoisolationmembrane. In one
study, a multilayer structure of alternating sheets of chondrocytes and
islets was fabricated and maintained in vitro for 3 months but with a
declining rate of insulin secretion [71].

The discovery at Baxter Healthcare Corp. of polytetrafluoroethylene
(PTFE) microporous membranes that induce neovascularization [72]
led to incorporation of these materials as part of the outer envelope of
structures inwhich tissuewas placedwithout the use of an encapsulant.
These planar diffusion chambers were subsequently marketed by
Theracyte Inc. They are less flexible than the alginate slabs, but the
outer envelope is deformable so that the device can accommodate
primary tissue as well as proliferating cells. Devices of this type
have been used with genetically engineered human fibroblasts [73],
insulinomas [74], parathyroid tissue [75,76], and rat islets [77,78]. In
one study with a 4.5 μl Theracyte device, 1000 rat islets in diabetic
athymic mice [40,000 IE/kg, 900 IE/cm2 surface area (one side)]
normalized blood glucose, but 500 islets did not. The device can
be prevascularized by implantation prior to islet transplantation
[79], which lowers the dose of islets required closer to that of
naked transplantation [80].

Rigid planar slab devices have been fabricated using alumina [81]
and nanoporous micromachined silicon-based membranes [53], which
can result in more stringent control over the exact pore size of the
immunobarrier. An interesting rigid composite structure has been de-
scribed [63,82,83] composed of a precisely perforated metal scaffold
coated with a reinforced amphiphilic co-network immunobarrier.
These sophisticated designs do not address the issue of oxygen supply
limitations.

Another type of rigid planar diffusion chamber arose from the notion
that supply of exogenous oxygen at increased concentration directly to
the tissue canmaintain viability and function of transplanted islets. This
conceptwas explored in a series of papers thatmade use of oxygen gen-
eration by electrochemical decomposition ofwater [13,84], algae photo-
synthesis [85,86], and direct injection of air or oxygen-enriched gas
[87–92] using devices produced by Beta-O2 Technologies. These studies
demonstrated feasibility of allografts in rats, xenografts in pigs, and
allografts in a human with modest islet doses and with islet densities
that can be increased to high levels by appropriate modification of
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exogenous oxygen concentration. These studies are discussed in more
detail in the subsequent section on elevated oxygen concentration adja-
cent to tissue.

2.2. Supply of tissue

There are four types of sources: (1) primary human tissue, (2) pri-
mary xenogeneic tissue, (3) cell lines, and (4) differentiated pluripotent
stem cells. Human tissue is desirable because, as described in the next
section, it should be easier to provide immunoprotection to allografts
as compared to xenografts. Themain drawback of primaryhuman tissue
is the limited supply of cadaveric donors. In addition, procedures used to
isolate primary islet tissue cause substantial damage and loss of viable
tissue. Xenogeneic tissue has the advantage that its supply can be
mademore plentiful. However, there is a risk of retroviral disease trans-
mission, immunobarrier requirements are thought to bemore stringent,
and damaging tissue isolation procedures are still required. As described
in the next section, the presence of dying tissue in xenografts is even
more harmful than in an allograft.

Islet transplantation in humans requires 10,000 IEQ/kg bodyweight
(about 700,000 islets for a 70 kg patient), usually from two or three
cadaveric donors in order to achieve insulin independence [93]. In con-
trast, about 10–20% [94,95] of the roughly onemillion endogenous islets
[96] are needed to maintain normal blood glucose concentration in a
normal non-diabetic person. This large disparity is caused by islet losses
at each stage of processing and use. A substantial fraction of islets are
damaged during isolation and die prior to transplantation [97]. Only
about two-thirds of the islet dose survives the implantation and early
engraftment period in mice [98], and an even smaller fraction survives
clinical islet transplantation [99,100]. The hypoxic conditions to which
islets are exposed after implantation in the liver, the currently-
employed transplantation site, is thought to be a major contributor to
this loss of tissue [101]. Similarly, oxygen supply limitations to encapsu-
lated islets would further exacerbate this problem. If oxygen supply to
encapsulated tissue could be sufficiently enhanced, it is conceivable
that the loss of viable tissue could beminimized so as to be substantially
smaller than in naked islet transplantation.

Cell lines could provide indefinite supply of a particular cell type, and
there are no isolation requirements. When immunobarrier devices are
used to deliver a desired product at a continuous rate, as is typically
desired for gene therapy strategies, the use of cell lines has proven to
be an adequate cell source [54]. The main drawback for diabetes treat-
ment is that the cell line must secrete insulin under the same feedback-
control mechanisms as the islet, but this type of cell line has yet to be
developed, although efforts have been made in this direction [102,103].

Stem cells also offer great promise as an unlimited source of cells for
immunobarrier devices, but understanding and control of the differen-
tiation process to a greater extent than now available is required in
order to generate cellswith the desired phenotype for a particular appli-
cation. Current protocols for differentiation of pluripotent (including
embryonic) stemcells to beta cells follow a five-stage procedure that re-
capitulates embryonic stages of development [104]. Only the first four
stages have been carried out successfully in vitro. The fifth stage,
which involves maturation to glucose-responsive insulin-secreting
beta cells and other islet cells, can only be carried out by implantation
in vivo with current methods.

Viacyte Inc., a pioneer in developing a β-cell differentiation protocol,
has successfully used the Theracyte device in order to carry out in vivo
maturation without allograft rejection in immunocompetent mice
made diabetic chemically [105]. As described on its website, Viacyte
has also developed a device of its own design that functions in amanner
similar to the Theracyte. The Theracyte device has been used without
prevascularization in immunodeficient diabetic mice with human islets
(216 IE/kg) and human β-cell precursors (fetal pancreatic islet-like
cell clusters) [106]. The human adult islets exhibited poor survival and
function, whereas the human fetal β-cells matured and ameliorated
diabetes. The young islets underwent significant cell death immediately
post transplant, followed by recovery of cell mass, which suggests an
important role for replication in their performance. The same phenom-
enon would also benefit differentiated stem cells encapsulated in the
Theracyte device.

2.3. Protection from immune rejection

Immune rejection is not normally associated with oxygen supply
limitations. However, prevention of cell death by providing sufficient
oxygen supply to encapsulated islets may provide an important benefit
to immunobarrier protection so that true immunoisolation of encapsu-
lated allogeneic or xenogeneic islets can be attained, thereby eliminat-
ing the need for immunosuppression [10].

Allograft rejection is mediated primarily by the direct pathway,
which requires activation of the cellular immune response by direct
contact between donor-derived antigen-presenting cells (APCs) and
host-derived T cells. Direct cell contact is prevented by the use of an in-
tact immunobarrier, such as amicroporousmembrane or encapsulation
in a hydrogel. This may be the only requirement for immunoisolation of
allogeneic tissue, at least for periods up to several months [107].

Evenwith all cell contact prevented, the indirect pathway canmedi-
ate rejection of xenografts and may also be operative with allografts
[108]. In the indirect pathway, host APCs take up graft proteins and pep-
tides released from the encapsulated cells and present donor-derived
peptides on host MHC molecules to host T-cells, thereby initiating the
immune response. The extracellular domain of many cell surface pro-
teins is normally released by proteolysis to produce immunogenic
shed donor antigen [109,110], some of which may be small enough to
diffuse across an immunobarrier material. The rate of antigen genera-
tion is sharply increased when peptides are released from the interior
of dying cells [111–113], a phenomena that may be involved in initiat-
ing autoimmune type 1 diabetes [114–116].

It has been hypothesized [117] that antigens shed from only dead or
dying cells are important in immune recognition. The presence of dying
cells in encapsulated donor islets is likely to generate a large immuno-
genic stimulus, especially with xenografts, that triggers the indirect
pathway in the host, sensitizes the host to donor antigens, and ultimate-
ly leads to attack by components of the humoral immune response that
should be kept out of the donor tissue compartment. These components
include large molecules such as C1q and newly formed antibodies to
immunogenic antigens that have leaked across the barrier. In addition,
activated immune cells attracted by the antigen leaking from the
dying tissue can form a florid response around the implant that con-
sumes oxygen, further lowering the local pO2. These cells also release
small free radicals and cytokines and lymphokines (e.g., interleukin-1),
which are relatively small proteins that can permeate across the
immunobarrier and can have deleterious effects on β cells. The possible
routes by which the indirect pathway of immune rejection can function
with encapsulated cells are illustrated in Fig. 1.

An immunobarrier that must allow permeation of insulin, a small
protein, will not have selectivity to prevent passage of the lowmolecu-
lar weight cytokines. The only way this scenario can be prevented is to
stop the enhanced release of antigens that accompanies dying cells,
which, in turn, requires sufficient oxygen supply in order to maintain
cell viability. By maintaining the viability of virtually all islets encapsu-
lated in the device, development of this immunogenic stimulus to the
indirect pathway is prevented, and immunoisolation can be attained.

Experimental studies with encapsulated islet xenografts are consis-
tent with the scenario described above. Planar slab devices that used
microporous membranes to prevent cell contact but permit relatively
unhindered diffusion of dissolved molecules prevented allograft rejec-
tion [75,78,118] and autoimmune rejection in the rat [119]. Conversely,
xenograft rejection was not prevented in any study with these devices
[118,120–124] and was invariably attributed to antigen shedding. The
same mechanism of antigen shedding was suggested with uncoated



Fig. 1. Possible immune rejection pathways in the presence of a semipermeable immunobarriermembrane that prevents cell–cell contact. The release of antigenic polypeptides from dead
or dying cells that permeate across the membrane can markedly stimulate the immune response.
Reproduced, with permission, from [15].
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but not coated hydrogel microencapsules [36,123,125,126], for which
rejection was also attributed to incomplete encapsulation of parts of
the islet graft [123,127], and with hollow fiber diffusion chambers
[59]. Studies with uncoated alginate planar slabs have also demonstrat-
ed immune response to xenografts [67,69,128–131] although the role of
shed antigen in these studies was not recognized. In all of these studies,
the extent of xenograft immune reaction should depend on the shed
antigen contributions from live and dead or dying cells and the
immunobarrier diffusive permeability to these polypeptides, none of
which is known in these studies. Islet xenograft survival and function
without immunosuppression was reported for a tubular perfusion de-
vice in dogs [132], polylysine-coated alginatemicrocapsules inmonkeys
[47], and a planar diffusion chamber with exogenous oxygen in pigs
[89]. Success in the tubular perfusion device may result, in part, from
shear forces associated with blood flow, which may prevent adherence
of activated immune cells to the immunobarrier surface. Experience
with the planar diffusion chamber using exogenous oxygen is discussed
subsequently.
2.4. Maintenance of cell viability and function

Maintenance of cell viability and function is essential and is lim-
ited by the supply of nutrients and oxygen. Diffusion limitations of
oxygen in tissue in vivo are far more severe than those of glucose
because the molar concentration of glucose in tissue is manyfold
higher [133]. The requirements of specific tissues for other small
molecules and for large macromolecules are poorly understood or
have not yet been quantified, and the possible existence of transport
limitations for large molecules is unknown and highly dependent on
immunobarrier membrane properties, whereas oxygen limitations
are always serious. Moreover, a low value of oxygen partial pressure
(pO2) that is sufficient to keep cells alive can nonetheless have
deleterious effects on cell functions that require higher pO2 in order
to maintain high cellular ATP concentrations, for example, ATP-
dependent insulin secretion [134]. Supply of oxygen to immunoisolated
tissue is therefore the critical component that determines tissue survival
and function.
2.4.1. Oxygen supply in islet transplantation
Islet transplantation has the potential to cure type 1 diabetes. The

fraction of patients achieving initial insulin independence has im-
proved, but longer term outcomes remain poor compared to those for
whole pancreas transplants. The diverse set of factors and mechanisms
that can lead to graft failure has recently been reviewed [135] and in-
cludes issues related to thedonor, pancreas retrieval and transportation,
islet isolation, instant blood-mediated inflammatory reaction, immuno-
suppressive medication, delayed immune attack, and hypoxia. Oxygen
supply limitations are important in all islet processing and culture and
can be particularly severe in vivo after transplantation, especially prior
to revascularization, as has been confirmed by direct measurement
[136–138]. In rats, roughly one-third of islets implanted in the kidney
capsule are lost acutely. The limited revascularization that occurs
more than a week after transplantation of naked islets does not resolve
the initial oxygen limitation [139].
2.4.2. Oxygen supply to encapsulated islets
The problem of hypoxia in naked islet tissue can be even more

severe with encapsulated islets. Oxygen supply to encapsulated cells
depends in a complicated way onmany factors, including (1) site of im-
plantation and the local pO2 in the blood, (2) spatial distribution of host
blood vessels in the vicinity of the implant surface, (3) oxygen perme-
ability of the membrane or encapsulant, (4) oxygen consumption rate
of the encapsulated tissue, (5) geometric characteristics of the implant
device, and (6) tissue density and spatial arrangement of the encapsu-
lated cells or tissues. Despite encouraging results with various tissues
and applications [18], the problem of oxygen transport limitations is a
critical hurdle in all encapsulated cell therapies. It poses constraints on
various device geometries, plays a predominant role in maintaining via-
bility and function, andholds the key to achieving true immunoisolation.
The maximum pO2 in the microvasculature available for extravascular
devices limits the steady-state amount of viable tissue that can be sup-
ported in terms of its volumetric or surface density.

Islets lose their vascular system from enzymatic and mechanical
processing and are particularly prone to oxygen supply limitations be-
cause they have a relatively high oxygen consumption rate [134,140].
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In the normal physiologic state they are highly vascularized and are sup-
plied with blood at arterial pO2. When cultured in vitro under ambient
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 consumptionwithin the islet [133]. Central necro-
sis of the encapsulated islets occurs after islet microcapsule transplanta-
tion, resulting in reduction in transplant volume when only a small
fraction (about 10%) of the capsules have fibrotic overgrowth [141].
The fact that necrotic tissue is at the center instead of the periphery of
the islet indicates that it is likely a nutrient or oxygen supply limitation
causing the necrosis and not a mechanism associated with the immune
system.

The reduction of pO2 to hypoxic levels was first measured within
encapsulated islets cultured in vitro nearly 30 years ago [142], and its
potential importance in vivo was recognized at about the same time
[9,10,143]. Hypoxia causes encapsulated islets in culture to become
necrotic and to up-regulate inducible nitric oxide synthase (iNOS),
which indicates that islets are producing NO that can cause damage
to themselves. Hypoxia also causes islets to up-regulate monocyte
chemoattractant protein 1 (MCP-1), which can attract macrophages
and hence also induce islet damage postimplantation [144]. Thus, in ad-
dition to its direct deleterious effect on viability and function, hypoxia
leads to an intensification of the immune response separate from the re-
lease of immunogenic peptides fromdead cells. These early publications
established that oxygen transport limitations exist within transplanted
islet microcapsules and could have serious effects on islet survival.

An improved understanding of the interplay of oxygen diffusion and
consumption rate in devices containing encapsulated islet tissue has
come from development of theoretical mathematical models for a
wide range of situations and configurations [11–13,62,145–150]. Simple
geometries in the formof slabs, cylinders, and sphereswith oxygen con-
sumption kinetics expressed as the limiting cases of zero and first-order
in oxygen concentration have been amenable to analytical solutions
that have wide generality. For a specific set of operating parameters,
these analyses provide an estimate of the pO2 as a function of position
throughout the device from which the viability and function can be
estimated.More complicated geometries or use ofmore realistic nonlin-
ear kinetic expressions (e.g., Michaels–Menten) for oxygen consump-
tion rate require numerical solutions of the governing equations,
typically by the use offinite elementmethods, to obtain the oxygen con-
centration field directly. The recent availability of software packages
that incorporate finite element methods in formats that are easy to
use has made this capability widely available. These analyses show
that all geometries are feasible to usewhen tissue density is low. As den-
sity increases, the relative advantages and disadvantages of each geom-
etry become apparent. As described in an earlier section, in general a
spherical geometry is most favored and a slab least favored purely in
terms of mass transfer considerations. The opposite is true for practical
packaging considerations, i.e., a slab can be increased in any of three di-
mensions, and it may be possible to encapsulate all of the islets required
for a human in a single slab configuration, as described below, whereas
a sphere can only be increased in one dimension, and a single large
microbead containing 250,000 islets is impractical from many stand-
points. The cylindrical configuration in the form of a small diameter
hollow fiber is not usable for large quantities of tissue for the reasons
given in a previous section.

In addition to solving for the pO2 field in islet tissue, the mathemat-
ical models have been used to estimate viability and function of islet
tissue in specific configurations. For this purpose, estimates of certain
viability and function parameters are needed. The critical pO2 at which
cells lose viability is unknown and has been estimated at about
0.1 mm Hg, whereas the Michaels constant for mitochondrial respira-
tion is 0.44 mm Hg. In perfusion measurements [134], the highest
medium pO2 at which second-phase insulin secretion began to be
reducedwas about 60mmHg, and an apparent half-maximal insulin se-
cretion rate occurred at 27mmHg. Amodel for the intrinsic effect of pO2
on an individual cell is unknown.Using a hyperbolic function akin toMi-
chaels–Menten kinetics, the half-maximal inhibition constant was eval-
uated as 2.9 mmHg by fitting the raw data [134] to a diffusion reaction
model [151]. An equally good fit was obtained with a function that
dropped linearly from its maximal value at 5.1 mm Hg. A much more
complicated model with many adjustable parameters has been de-
scribed [150]; the general applicability of the parameters and their nu-
merical values is unknown. Examples of predicted pO2 profiles in
spherical capsules and planar slabs that were generated using numeri-
cal methods and used to estimate the viability and function of encapsu-
lated islet tissue are provided subsequently in Section 4.1.

As O2 diffuses radially inward from the islet surface, it is consumed
by the cells and its concentration decreases toward the center of the
islet. A very useful rule of thumb is revealed from analysis of a single
spherical IE of human origin, containing an average of 1560 cells [152]
and having a diameter of 150 μm: the outer islet surface should be
at an oxygen partial pressure of about 35–40 mm Hg to maintain full
viability and about 45–50 mm Hg to maintain full functionality of all
cells [10,14,15,134,149,152].

At the higher values of pO2 where zero-order kinetics apply for the
oxygen consumption rate, an important dimensionless parameter arises
from the differential equations that comprise the mathematical models
referred to above [e.g., 11–13]:

Φ2 ¼ Vh2

αDPs
ð1Þ

where V is the constant oxygen consumption rate per unit volumeof the
system under consideration, h is the radius R of a sphere or cylinder or
the half thickness of a slab L, α is the Bunsen solubility coefficient for
oxygen, D is the diffusivity of oxygen, and Ps is the oxygen partial
pressure at the outer surface of the system. The system could be a single
islet or, for example, a suspension of islets in a planar slab of alginate. In
the latter situation the average reaction rate in the tissue compartment
is related to the rate in islet tissue Vt by

V ¼ Vt 1−εð Þ ð2Þ

where ε is the void fraction (non-tissue in the compartment). Φ2 is
known as the Thiele module and represents the ratio of the time scale
for oxygen diffusion divided by the time scale for oxygen consumption
in the tissue compartment. For each geometry, a fixed value ofΦ corre-
sponds to a unique operating condition such as the situation where the
pO2 at the center of an islet is a specific value, say 3mmHg. Eqs. (1) and
(2) showhow each parameter must relate to each other. For example, if
Φ is fixed, then an increase in h by a factor of 2 requires that Ps increase
by a factor of 4 to maintain the same pO2 profile in the islet.

3. Defensive measures to enhance β cell survival

One approach to dealing with the effects of hypoxia is to strengthen
the ability of β cells to respond to the stresses of transplantation, of
which hypoxia is a major component. Strategies for enhancement of
β-cell defense properties against hypoxia include gene therapy [153].
While most of these measures have been aimed at improving native
islet transplantation, they are applicable not only to islets but to other
cells when encapsulated as well. These diverse measures are briefly
reviewed here.

Gene therapy, through overexpression or silencing of genes, has
been applied to prevent β cell apoptosis, inhibit rejection, and improve
islet function [154–157]. Nongenetic methods to modify β cell behavior
include delivery of deferoxamine to increase HIF-α levels, which pro-
tects against adverse transplantation outcomes [158], and co-delivery
of CXCL12 and Exendin-4 in alginate capsules to promote the survival,
function, and proliferation of β cells [159].
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An entirely different approach is preconditioning of islets. In one
study, dynamicmodulation of glucose concentration andpO2 to hypoxic
levels improved glucose-stimulated insulin secretion under hypoxic
conditions [160]. In another study, enhanced resistance to toxic agents
and hypoxia was observed in islets that underwent three repeated
rounds of encapsulation, xenotransplantation, and explantation [161].

Macrophages play an active role in the immune response to
immunoisolated tissues, and they are also activated by MCP secreted
by beta cells under hypoxia. Neutralization or trapping of toxic mole-
cules released bymacrophages, such as nitric oxide, has been examined
to enhance graft survival by including a nitric oxide scavenger such as
hemoglobin within microcapsules to inhibit islet cell death through
nitric oxide-mediated mechanisms. The inclusion of live erythrocytes,
fixed erythrocytes, or cross-linked hemoglobin in alginate microcap-
sules enhances islet survival with exposure to activated macrophages
or nitric oxide [162,163].

In a related study with the same methods [164], an increase in the
length of islet survival after transplant was attributed to enhanced oxy-
gen permeability. However, that mechanism is unlikely compared to
trapping of nitric oxide because highmobility of hemoglobin is required
in order for it to facilitate oxygen transport [165]. Similar conclusions
apply to a later study [166]. Rather than rely on endogenous hemoglo-
bin, another study used induction of cytoglobin, an intracellular oxygen
binding protein, by genetic means. These modified islets underwent a
reduction of ischemic cell death in culture [167] and promoted islet
cell survival and insulin synthesis and secretion following transplanta-
tion with hollow fibers in rats [168]. The authors speculated that the
mechanismwas protection of islets from the deleterious effects of reac-
tive oxygen species in a chronically hypoxic environment.

4. Enhancement of oxygen transport to encapsulated tissue

There are three broad areas in which research has been carried out
in order to enhance oxygen supply to encapsulated therapeutic cells:
(1) manipulation of diffusion distances of the device and host tissue
and the oxygen permeability of encapsulating material; (2) induction
of neovascularization adjacent to the immunoisolation device in order
to bring blood flow close to the tissue; and (3) provision of exogenous
oxygen to produce a direct increase in oxygen concentration adjacent
to the tissue.

4.1. Diffusion distances and oxygen permeability

Oxygen transport to encapsulated islets can be enhanced by reduc-
ing diffusion distances through the use of smaller tissue entities or thin-
ner membranes. Use of smaller tissue entities can be particularly
effective because of the squared dependence on length scale in Eq. (1).
There are drawbacks to reducing the diffusion distance because free
radicals released from immune system effector cells may not become
inactivated prior to reaching the encapsulated tissue, and the amount
of shed antigens from the encapsulated tissue can be increased, thereby
enhancing the recipient's immune response to the transplant.

Alginate capsules made using an electronic droplet generator can be
made smaller than 500 μm. There are also techniques in which only a
thin coherent membrane is used to coat the islets. Examples are the
use of an emulsion procedure to form calcium alginate PLO microcap-
sules [169] or by centrifuging an islet alginate cell suspension in a dis-
continuous gradient that contains a barium chloride layer [170].
Because of its purported biocompatibility, polyethylene glycol and its
derivatives have also been employed to prepare extremely thin coatings
around islets with a layer-by-layer encapsulation technique [171] and
other methods [172,173]. Methods for preparing conformal coatings
have been reviewed [174]. A hydrogel layer around an islet reduces
the availability of oxygen, but the magnitude of the effect can be rela-
tively limited. Hence, the use of conformal coatings around islets is
not motivated strictly on the basis of improving oxygen supply but
also for the purpose of reducing the total volume of the implanted cap-
sules, which increases with the cube of the capsule radius.

Enhanced oxygen delivery within encapsulated tissue can be
achieved two ways: (1) increase the effective oxygen solubility of the
encapsulant material and thus increase the oxygen permeability and
the rate at which oxygen can be delivered to the tissue, for example,
by combination of a highly concentrated perfluorocarbon (PFC) emul-
sion with alginate (PFC alginate); and (2) reduce islet tissue size so as
to decrease the diffusion distancewithin the tissue, for example, by dis-
persing the islets into single cells followed by reaggregation into cell
clusters smaller than the original islet.

Components that can be used for enhancing oxygen permeability
are organic compounds with high oxygen solubility, such as perfluo-
rocarbons, silicone oils, or soybean oils. Perfluorocarbon emulsions
have been developed as blood substitutes and can be incorporated
into the encapsulation material to increase its oxygen permeability.
Perfluorocarbons and silicone oils have been used to enhance oxygen
transfer in bioreactors [175,176], and including a perfluorocarbon
emulsion in islet culture medium enhances islet function [177,178].
Perfluorocarbons have also been used in the storage of the pancreas
prior to islet isolation to increase islet yield and storage time [179].
Low concentrations of perfluorocarbon emulsion in alginate have
demonstrated beneficial effects on hepatic cells [180,181] and on is-
lets with perfluorocarbon grafted onto alginate [182], but a study at
higher concentration with insulinoma cells produced only limited
beneficial effect [183]. Inclusion of hemoglobin in alginate microcap-
sules increases the length of islet survival after transplantation [164],
but this enhancement likely results from a mechanism that does not
involve enhanced oxygen permeability such as trapping of nitric
oxide. Examination of emulsification parameters and physical prop-
erties in perfluorocarbon emulsion revealed the importance of parti-
cle size for enhancing oxygen transfer [184,185].

In a recent study [149], a theoretical reaction–diffusion model was
used to predict the three-dimensional distribution of oxygen partial
pressure in a spherical microcapsule and a planar slab containing islet
tissue, from which the loss of cell viability and the reduction in insulin
secretion rate was estimated. Numerical simulations were carried out
for normal alginate and PFC alginate to examine the effect of capsule
surface oxygen partial pressure, capsule diameter, slab thickness, diam-
eter of tissue sphere, tissue loading, and volumetric or surface density of
dispersed islet tissue on viability and function. Some of the results of
that study are summarized in Figs. 2 through 8. The spatial distribution
of pO2 in capsules is shown as contour plots (Fig. 2) and radial profiles
(Fig. 3). The distribution is driven by the oxygen consumption of islet
tissue, and gradients develop to provide the required diffusion rate in
the capsule. Reduction of tissue size leads to marked increase in oxygen
levels, and use of PFC alginate leads to a modest increase. Increasing
tissue loading steepens gradients and lowers oxygen levels, distorting
contours in both domains at very high tissue densities because of
crowding effects. Increasing capsule size at constant, high tissue loading
(Fig. 2, Group 3 versus Group 2) produces the counterintuitive result
that pO2 values are higher in the larger capsules. This surprising result
occurs because the tissue density and the mean consumption rate de-
crease with the cube of capsule radius, and the crowding effect is there-
by substantially reduced, whereas diffusion distances increase with the
first power of radius. The effect of capsule size is also examined in terms
of the fractional second phase insulin secretion rate in Figs. 4 and 5. The
benefit of increased capsule size is not observed with a single, centrally
located islet but is pronounced at very high loadings with arrays of mul-
tiple tissue spheres. The oxygen distribution for an islet or an array of
multiple tissue spheres within a planar slab is illustrated in Figs. 6 and
7. Similar qualitative trends are observed. Increased slab thickness is
not investigated, but counterintuitive effects with increased slab thick-
ness would not occur. A comparison between the two geometries at
equivalent volumetric densities is shown in Fig. 8. Both geometries ben-
efit from increased encapsulant permeability and reduction in tissue



Fig. 2. Contours of constant pO2 in a capsule containing one centrally located islet (A, B) or a multiplicity of aggregates in a cubic array plotted in a plane of symmetry that contains the
maximum number of tissue spheres along the axes (C–L). Independent parameters varied include diameter of encapsulated tissue sphere(s), diameter of capsule, tissue loading, and
use of normal or PFC alginate. Maximum oxygen consumption rate used in calculations is 4 × 10−8 mol/cm3/s [97,239]; other parameters are summarized elsewhere [149].
Reproduced, with permission, from [149].
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size. Under all conditions at high density, a capsule suffers less from ox-
ygen supply limitations than a slab. However, the slab configuration is
more suitable for enhancing oxygen supply via neovascularization and
use of exogenous oxygen as described in subsequent sections.

The effect of enhancing encapsulant oxygen permeabilitywas exam-
ined experimentally [186]with twomodel systems: (1) barium alginate
and (2) barium alginate containing a 70% (w/v) perfluorocarbon (PFC)
emulsion that is a far higher concentration than in prior studies and
would be expected to provide a higher effective oxygen permeability
of the encapsulating material. Mitochondrial function was assessed by
oxygen consumption rate measurements. After low oxygen culture
for 2 days, islets in normal alginate lost substantial viable tissue and
displayed necrotic cores,whereasmost of the original oxygen consump-
tion rate was recovered with PFC alginate, and little necrosis was
observed. These findings suggested that enhancement of oxygen per-
meability of the encapsulating material with a concentrated PFC emul-
sion improved survival of encapsulated islets under hypoxic conditions.

Small islet cell aggregates were also studied [187] to determine if
their survival and function were superior to intact islets within micro-
capsules because of reduced oxygen supply limitation and inflammato-
ry mediators. Islet cell aggregates were generated by dispersing rat
islets into single cells and allowing them to re-aggregate in culture.
Rat islets and islet cell aggregates were encapsulated in barium alginate
capsules and studied when cultured in low or normal oxygen or
transplanted into mice. Encapsulated islet cell aggregates were able to
survive and function better than intact islets in terms of oxygen
consumption rate, nuclei counts, insulin-to-DNA ratio, and glucose-
stimulated insulin secretion. The islet cell aggregates also had reduced
expression of pro-inflammatory genes and reduced tissue necrosis in
an immunodeficient transplantmodel. Amuch greater proportion of di-
abetic xenogeneic transplant recipients receiving islet cell aggregates
had reversal of hyperglycemia than recipients receiving intact islets.
These aggregates were superior to intact islets in terms of survival and
function in low-oxygen culture. They demonstrated substantially
improved performance following transplantation and provided more
efficient utilization of islet tissue.

4.2. Induced vascularization

Insufficient blood supply in close proximity to an immunoisolated
macroencapsulation device exacerbates the problem of oxygen supply.
Approaches to improve oxygenation by increasing blood supply to the vi-
cinity of the device fall into three categories: (1) Release of angiogenic
factor(s) fromdrug delivery constructs or cells, (2) use of syntheticmate-
rials that induce neovascularization by virtue of their microarchitecture,
and (3) minimization of the inflammatory response that leads to forma-
tion of a fibrotic layer adjacent to an implanted material.

4.2.1. Angiogenic protein
In order to induce vascularization, early studies perfused a solution

containing vascular endothelial growth factor (VEGF) through the sur-
face of the device [190] or incorporated VEGF together with islets in
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Fig. 3. Profile of pO2 versus radial position in a 500-μm diameter spherical capsule. Each
profile corresponds to the contour plot in specific panels in Fig. 2 as follows: (A) A, B;
(B) C, E, and G; (C) D, F, and H.
Reproduced, with permission, from [149].

Fig. 4. Effect of capsule diameter on fraction of normal insulin secretion rate as a function
of capsule surface pO2. Solid lines — normal alginate, dashed lines — PFC alginate, corre-
sponding to Fig. 2, panels A and B, respectively. Reprinted, with permission, from [149].

101C.K. Colton / Advanced Drug Delivery Reviews 67-68 (2014) 93–110
implanted hollow fibers in diabetic mice [189,190]. In the later study,
VEGF increased the viability of encapsulated islets and the duration of
normoglycemia following transplantation. Other studies incorporated
endothelial cell growth factors into hollow fibers containing alginate
[191,192], fibroblast growth factor-1 into alginate microcapsules for
sustained release without cells [193–195], and fibroblast growth
factor-2 in gelatin implanted in bag-like structures [196–198], all of
which caused blood vessel density near the implant to increase for a pe-
riod of time and then decline. Stable neovasculature formed adjacent to
the devices only with encapsulated endothelial cells in these devices
[199], which suggests that the vasculature wasmaintained over long pe-
riods of time by hypoxia-induced angiogenesis [200–202] attributable to
the encapsulated endothelial cells. Continuous release of VEGF and/or
other angiogenic factors from the device into the local environment
is therefore likely to be necessary for formation of stable vasculature.
This phenomenon can occur with other cell types including β-cells
[203,204]. Such sustained release has also been achieved with
coencapsulated mesenchymal stem cells [70,205] and encapsulated
fibroblasts [206], vascular endothelial cells [199], bone marrow pro-
genitor cells [207], and β cells and other cells engineered to increase
secretion of vascular endothelial growth factor.

A far larger body of literature has recently developed around neo-
vascularization for purposes other than support of microencapsulation
devices, especially therapeutic vascularization and related tissue engi-
neering applications. These areas have been extensively reviewed, and
on-going research may provide new ideas and methods useful for
encapsulated therapeutic cells [e.g., 208–219].

4.2.2. Vascularizing membranes
It was discovered at Baxter Healthcare in the 1990s that certain

microporous membranes can induce neovascularization at the mem-
brane surface by virtue of themembrane microarchitecture alonewith-
out the use of exogenous agents. Neovascularization at themembrane–
tissue interface occurred with several membranes that had nominal
pore sizes large enough to allow complete penetration by host cells
(0.8–8 μm pore size) [72]. This discovery led to the development of a
composite structure incorporating two membranes: (1) an exterior
vascularizing membrane that has an optimal pore size (5 μm) so that
cells can penetrate the layer and vascularization is induced, and (2) a
cell-impermeable immunoisolating membrane for protection from the
direct pathway, pore size of 0.45 μm, both made from PTFE [72].
Under some circumstances, a highly porous third outer layer was
added that consisted of thicker fibers for mechanical support. Devices
using vascularization membranes, including the Theracyte™ planar
diffusion chamber (originally developed at Baxter Healthcare,
Corp., later marketed by Theracyte, Inc.) has been effective in main-
taining cell viability and protecting from allograft rejection in rodent
models [220,221]. Because host tissue may integrate with the outer
layers, device retrieval can be more difficult than with a device having a
smooth surface. The device can be preimplanted in order to induce vascu-
larization of the device prior to transplantation, which aids in islet surviv-
al post-transplantation [78–80]. In addition, infusion of the device with
vascular endothelial growth factor (VEGF) improves the density of
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Fig. 5. Effect of capsule diameter and tissue loading on fraction of normal insulin secretion rate. These results correspond to contour plots designated bypanels in Fig. 2 as follows: (A) C, G, I
and K; (B) D, H, J and L. Note the improved performance of the larger capsules at high tissue loading as compared to smaller capsules at the same loading.
Reproduced, with permission, from [149].
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blood vessels that form around the device [188]. Additional papers
concerning Theracyte devices are discussed in the previous section on
planar slab diffusion chambers. Other materials have been examined
for use in promoting neovascularization, including a dual porosity
electrospun nylon membrane [222] and a stainless steel mesh [223].
The timecourse ofmembranemicroarchitecture-driven neovasculariza-
tion involvesmigration of vessels towards themembrane surface over a
10-day period [224], after which the microvascular structure within
15 μm of the surface stabilizes for a long period of time [79,225].
Fig. 6. Contours of constant pO2 in a 500-μm thick slab containing centrally located islets (A, nor
10 layers arranged in a body centered cubic array (C, normal alginate; D, PFC alginate) at a var
Reprinted with permission from [149].
As previously described, the observations with vascularizing mem-
branes are consistent with the course of events seen in normal wound
healing [226]. Neutrophils are thepredominant cell type at the site of in-
jury within the first 24–48 h, killing and phagocytosing any bacteria
present. The macrophage becomes the predominant cell after this
time, removing cellular and foreign debris from the area. Within
3–4 days, fibroblasts migrate out of the surrounding connective tissue
into the wound area and begin to synthesize collagen, which quickly
fills the wound space. New blood vessels begin to grow into the area
mal alginate; B, PFC alginate) or amultiplicity of 50-μmdiameter spherical aggregateswith
iety of surface densities.
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Fig. 7.Oxygenprofiles plotted versus vertical position in a plane that cuts through the center of one column of tissue spheres in a 500-μmthick slab. Panels (A), (B), (C), and (D) correspond
to equivalent panels in Fig. 5.
Reprinted, with permission, from [149].
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at this time to supply oxygen and nutrients needed by the metabolically
activefibroblasts andmacrophages in thewound. Themain difference be-
tween normal wound healing and membrane microarchitecture-driven
neovascularization is that in normal wound healing the vessels begin to
regress in the second week, while in membrane microarchitecture-
driven neovascularization the vessels remain at the interface. Themature
scar is avascular and acellular in a normal wound; in membrane
microarchitecture-driven neovascularization, a multitude of vessels per-
sist at the material–tissue interface, which is overlain by an otherwise
largely acellular scar (akin to a foreign body response).

We have hypothesized [224] that host inflammatory macrophages
invade thesemicroporousmaterials and encounter locally reduced oxy-
gen partial pressure caused by oxygen consumption of these cells. This
hypoxia induces macrophages to secrete angiogenic factors provided
that the macrophages have not flattened on the internal structural ele-
ments of the membrane. Macrophages are capable of producing a large
number of molecules that are involved in the process of angiogenesis.
Any flattened macrophages that adhere to the interior membrane ele-
ments would begin the process of “frustrated phagocytosis” that leads
to the foreign body response and formation of a fibrotic capsule.

4.2.3. Minimization of inflammatory response
A different approach to improving oxygen supply falls in the general

category of improved biocompatibility of materials in contact with host
tissue [227,228]. This approach is based on the notion that elimination
of the ubiquitous avascular foreign body response would result in im-
proved oxygen supply in the vicinity of the implant, whether it be mi-
crocapsules that perform better when not attached to tissue surfaces
or static macroencapsulation devices. Despite extensive efforts for de-
cades, studies with new materials and coatings to reduce protein
absorption and immune cell adhesion have achieved at best inconsistent
results in vivo with respect to eliminating acute and chronic inflamma-
tion responses [229]. Active strategies for delivery of anti-inflammatory
agents are currently in vogue, and it is too early to assess their effective-
ness. Nonetheless, it is important to keep in mind that when neovascu-
larization is successful, new vessels often develop immediately adjacent
to the implanted material and can be overlain by a foreign body
response, especially in the case of vascularizing membranes. In this
context, elimination of the foreign body response may be neither suffi-
cient nor necessary.

4.3. Elevated oxygen concentration adjacent to tissue

Induction of neovascularization adjacent to an implanted macroen-
capsulation device will improve viability and function of encapsulated
tissue in comparison to no neovascularization at all. However, neovas-
cularization should not be viewed as a panacea because the best it can
do is to provide an oxygenmicroenvironment around the implant com-
mensurate with the pO2 in the capillaries and perivascular tissuewithin
the microvasculature. The pO2 measured in the microcirculation of the
awake hamster skinfold reaches a minimum in the range of 25 to
35 mmHg for tissue, capillaries, and the smallest arterioles and venules
[230], which is comparable to values in the venous circulation of
humans [231,232]. This is the same range for pO2 values required at
the surface of a single 150-μm diameter islet in order to keep cells
alive all the way to the center (but not high enough to ensure full func-
tion by all cells). In contrast, pancreatic islets are perfused with arterial
blood normally at a pO2 in excess of 100 mm Hg. Because the oxygen
level available from the microvasculature is actually insufficient to
ensure that all of the islet tissue is maximally functional, it is desirable
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Fig. 8. Comparison of fraction of normal insulin secretion rate for a 500-μmmicrocapsule (A, C) and 500-μm planar slab (B, D) that have similar loading of 50-μm aggregates and 150-μm
islets based on the encapsulated tissue volume fraction (indicated bynumbers on thefigures). The encapsulant is normal alginate (slid lines) or 70% (w/v) PFC alginate (dashed lines). For a
microcapsule, cases examined are one centrally located 150-μm islet and 1.2 and 9.5 IE of 50-μmaggregates in a 500-μmmicrocapsule,which correspond to tissue volume fractions of 0.03,
0.07, and 0.3, respectively; for a planar slab, 150-μm islets arranged in 3 layers and 50-μm aggregates arranged in 10 layers at a tissue density of 764 IE/cm2, which correspond to a tissue
volume fraction of 0.03, and 10 layers of 50-μm aggregates at a density of 2000 IE/cm2 for the 0.07 volume fraction and a density of 7272 IE/cm2 for the 0.3 volume fraction.
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to expose the encapsulated islet tissue to a level greater than that
normally available locally in the tissue, even for supporting just amono-
layer of islets. In order to increase islet density, which is extremely
important in order to decrease required device dimensions, supply of
exogenous oxygen at a higher pO2 is needed.

One solution to this problem is to supply implanted tissuewith addi-
tional oxygen at a higher pO2 adjacent to one side of a tissue slab in a
planar immunobarrier device, either by generation within the body or
by injection from outside. On the other side, the exterior of the device
is exposed to either culture medium for in vitro studies or to the host
tissue for in vivo conditions. This concept of supplying exogenous oxy-
gen at elevated pO2 to one side of a tissue slab was first explored [84]
using the electrolytic decomposition of water in an electrolyzer for in
situ oxygen generation. The electrolyzer was in the form of a thin, mul-
tilayer sheet, within which electrolysis reactions took place on the
anode and the cathode to form oxygen and hydrogen, respectively. In
vitro studies with βTC3 cells contained in a chamber mated to the in
situ oxygen generation device showed that the thickness of viable tissue
increased with oxygen generation as compared to the situation of no
oxygen generation [84]. Furthermore, glucose-stimulated insulin secre-
tion rate from islets contained in such devices and placed in a hypoxic
environment was higher with than without oxygen generation.

A detailed theoreticalmathematical analysis [13] of oxygen diffusion
and consumption in the tissue compartment of such a device containing
islets encapsulated in a planner slab revealed that support of tissue at a
higher surface density by virtue of either increased slab thickness at
constant volumetric density or increased volumetric density at constant
slab thickness would require some of the islets (those closer to the
oxygen source) to be exposed to pO2 substantially higher than physio-
logical levels. This caused concern about the possibility of oxygen toxic-
ity to encapsulated islets [13]. There is very limited prior work in the
literature on the effect of hyperoxia on pancreatic islets, and even recent
studies provide conflicting guidance [233,234]. Work on in situ electro-
chemical generation stopped in the early 2000s for non-technical rea-
sons, and its ultimate utility remains to be further developed and tested.

Another method investigated for in situ oxygenation is light illumi-
nation of encapsulated algae to produce oxygen by photosynthesis
[85,235]. However, this method is far less efficient than electrolysis of
water. Bothmethodswould require an implantable battery and transcu-
taneous energy transmission for recharging. Equipment and power
requirements for water hydrolysis would be much smaller. Hydrolysis
of calcium peroxide [236] and sodium percarbonate [237] has been
proposed for oxygen generation on a temporary basis where a chronic
increase in oxygen supply is not needed. The former study demonstrat-
ed improvement in viability and function of a β cell line and islets
in vitro for a 3-week period.

Periodic supply of exogenous oxygen in gaseous form to an internal
chamber in an implanted device is an alternative to in situ generation.
One novel approach developed by Beta-O2 Technologies in Israel,
termed the βAir® device, contains islets immobilized within a flat algi-
nate slab that is suppliedwith oxygen by diffusion through a gas perme-
ablemembrane froman adjacent inner gas chamber. The gas chamber is
replenished daily through an external port. The encapsulated islets are
protected from the host immune cells by a microporous membrane,
the pores of which are filled with alginate. Initial studies with the
βAir® device achieved normoglycemia and nearly-normal intravenous
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tolerance tests in diabetic rats with isogenic and allogeneic islet im-
plants [88,89] for up to 6 months without immunosuppression and
demonstrated the benefit of supplying oxygen at increased pO2 levels
from one side of the alginate slab.

In a subsequent study [90], rat islets encapsulated in the device using
a relatively high alginate concentration of 6% (w/v) and implanted in
minipigs for up to 90 days demonstrated persistent graft functions,
restoration of normoglycemia, and no evidence of any graft rejection
without any immunosuppressive therapy. The success of this xeno-
transplantation study is consistent with the notion posed earlier in
this review that islets maintained alive with good oxygenation behind
a restrictive hydrogel immunobarrier do not release sufficient shed
antigen to cause an immune response by the indirect pathway. The
high alginate concentration may have also contributed by retarding
the permeation of shed antigen across the immunobarrier.

In connectionwith the other studies just described, the effect of islet
density on oxygen concentration profiles in the islet slab wasmeasured
with a microelectrode. These measurements were used to determine
the pO2 levels required in the gas chamber in order to ensure that the
external surface of islets furthest away from the oxygen source were
not exposed to a pO2 less than 50 mm Hg so as to retain maximum
function of all cells [92]. Islet densities as high as 4800 IEQ/cm2 were
studied. Devices containing various islet densities and sufficient gas
chamber oxygen levels were implanted in STZ-induced diabetic rats for
periods ranging from 2 to 6 months. The rats achieved normoglycemia
for all time periods and displayed near-normal responses to intravenous
glucose tolerance tests. Furthermore, the total oxygen consumption rate
of islets in the explanteddevicewas the same aswhen loaded into the de-
vice, thereby demonstrating that no viable islet tissue was lost. The data
demonstrated the ability of the device to supply oxygen to implanted is-
lets and to maintain islet viability and function at high islet immobiliza-
tion densities, thereby reducing the required size of an implanted
device suitable for humans. At the highest density studied, 250,000
human islets could be supported on a device having an active surface
area on each side of 25 cm2, which could be implanted in a human at a
variety of sites.

Lastly, a 63-yer-old patient with type 1 diabetes was transplanted
with 160,000 human islets in the device (2100 IE/kg, surface density
of 4100 IE/cm2) and followed for 10 months. The transplant demon-
strated persistent graft function with regulated insulin secretion and
preservation of isletmorphologywithout any immunosuppressive ther-
apy [91]. Hemoglobin A1C levels decreased, and the insulin requirement
was reduced. Although only moderate improvements in clinical disease
were observed, the results are nonetheless remarkable because they
were achieved with an extremely low islet dose. After explantation,
the complete device was submerged in an elevated glucose solution
and demonstrated rapid insulin and C-peptide secretion in response to
mild glucose challenge.

Taken together, these recently-published studies obtained a number
of important findings, some for the first time: (1) At the highest density
studied, islets nearest the gas chamber were exposed to pO2 ranging
from570 to 350mmHgover each 24 hour period. No effects of hyperoxia
were observed. (2) There was no significant change in total oxygen con-
sumption rate of implanted islets from pre- to post-transplantation, and
islet quality assessed as oxygen consumption rate per IE also did not
change. (3) Almost all islets maintained their viability throughout the
transplantation period, and few islets died. The encapsulated islets main-
tained normal glucose homeostasis during the period of implantation in
diabetic animals. (4) Xenotransplantationwas achieved in a large animal
without immunosuppression. (5)An islet allograft functioned in ahuman
for 10 months without immunosuppression.

These findings with the βAir® device suggest that a human clinical
allograft trial and primate xenograft trial with therapeutically relevant
islet doses are appropriate.

Although not aimed solely at improving oxygen supply, a different
strategy has been to start from scratch and engineer an improved site
and microenvironment for islet transplantation [70,101,238]. These
efforts are generating novel ideas, some of which may be applicable to
islet immunoisolation.

5. Perspective

In order for the promise of encapsulated cell therapy to be realized,
many issues must be dealt with simultaneously. Foremost among
these, at least for islet transplantation, is the problem of oxygen supply.
Solving this problem alone is not sufficient, but research over four
decades demonstrates that it is necessary. Furthermore, because loss
of viability and functionmay be a consequence of differentmechanisms,
there is scant justification for extensive research in systems and config-
urations that suffer from substantial oxygen diffusion limitations and
have no prospect of amelioration.

Adequate oxygenation of encapsulated tissue maintains its viability
and function. It allows more efficient use of tissue, and it is likely to
play a key role in eliminating the need for immunosuppression with
xenogeneic tissue. Two approaches have emerged as potentially prom-
ising: (1) neovascularization to increase blood supply immediately
adjacent to the device–host interface, and (2) use of exogenous oxygen
to increase its concentration at the encapsulated tissue interface away
from the device–host interface. Vascularizing membranes currently ap-
pear to be the simplest route to stable, long-term neovascularization.
The Theracyte device has been used on a small scale by several academic
and commercial laboratories for small volumes of tissue and for islet
precursor cells that may be more resistant to hypoxia. However,
vascularizingmembranes have not yet been studiedwith large amounts
of tissue nor successfully with adult islets. There is scant data in the lit-
erature to assess the maximum tissue density attainable. Mathematical
model calculations indicate that the surface densitywill bemodest even
if complete, uniform neovascularization is attained, thereby necessitat-
ing a device with large surface area. Some of the other methods de-
scribed, such as the use of an encapsulant with increased permeability
or reduction in islet aggregate size, may be combinedwith vascularizing
membranes to increase the supportable surface density.

Use of exogenous oxygen at higher concentrations than physiologi-
cal has provided promising results recently, including demonstration
that hypoxia is not toxic to islet tissue, virtually all of the implanted is-
lets can be maintained viable and functional without loss of tissue,
and xenogeneic rejection can be prevented by immunoisolation. As
with any breakthrough, these findings need to be repeated and tested
on a larger scale. The recently-reported device design currently requires
frequent injection of oxygen-enriched gas through a port, whichmay be
tolerable to only a fraction of the diabetic population. Transcutaneous
power transmission to a rechargeable battery may be more palatable,
in which case electrochemical generation of oxygen or related tech-
niques may ultimately prove most attractive.

The recent developments for improving oxygen supply to encapsu-
lated tissue are cause for optimism that clinical application may be
possible in the foreseeable future.
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