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Abstract
Background Islet transplantation has become a valuable thera-
py for patients with diabetes mellitus type 1.However, only se-
lected patients with exhausted insulin therapy characterized by
instablemetabolic control and repeated severe hypoglycemia are
transplant candidates. This strict indication is mainly due to the
requirement for lifelong immunosuppression and the critical
shortage for donor organs. Therefore, numerous research activ-
ities address these issues in order to provide beta cell replace-
ment therapy to a broader cohort of patients with diabetes.
Methods The encapsulation of pancreatic islets within mainly
alginate-based macro- or microcapsules withvarious physical
configurations may allow protecting the islet graft without the
need for immunosuppressive agents and moreover expanding
the donor pool to animal tissue and novel insulin-producing
cells. Despite major advances in encapsulation technology, a
significant translation into clinical application is not evident.
There are still issues that need to be resolved associated with
graft oxygenation, immunprotection, inflammatory response,
material biocompatibility, and transplantation site to list some
of them.

Conclusion The recent advances in xenotransplantation and
particularly in the field of stem cell-derived beta cells have
generated a renewed scientific interest in encapsulation. This
review aims to provide an overview on current encapsulation
technologies as a treatment modality in cell replacement ther-
apy for type 1 diabetes.

Keywords Diabetes . Transplantation . Encapsulation

Introduction

Islet transplantation has evolved into a viable treatment option
for a subset of patients with type 1 diabetes [1–4]. Improve-
ments in islet isolation techniques and more tailored immuno-
suppressive therapies and anti-inflammatory regimen have
positively impacted on clinical outcome [5]. However, in spite
of these achievements, there remain a number of factors that
hamper a more widespread utilization of this therapeutic mo-
dality (Fig. 1). The main limitation to advancement in islet
transplantation is access to a sufficient number of high-
quality donor pancreata [6, 7]. Secondly, in successful islet
transplantation, partial or total loss of the islet graft still occurs
within the early post transplantation phase, which is mainly
attributed to hypoxia and inflammation. Instant blood-
mediated inflammatory reaction (IBMIR) represents
thrombo-inflammatory injury elicited upon pancreatic islet
transplantation, thereby dramatically affecting transplant sur-
vival and function [8]. Thirdly, effective strategies to mini-
mize immune response to the transplant and recurrence of
autoimmunity are essential to move this field forward [9].

Encapsulation of islets prior to transplantation could poten-
tially address some of those issues. Moreover, these barrier-
creating methodologies might pave the way for safe applica-
tion of alternative cell sources such as xenogeneic tissue or
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novel insulin-producing cells to approach the critical factor of
human organ shortage.

Cell encapsulation is an old concept that was intro-
duced almost 60 years ago. In a first review article on
this topic 30 years ago, David W. Scharp et al. collected
the knowledge and research strategies at that time and
pioneered the field of “immuno-isolation” as an ap-
proach to protect encapsulated pancreatic islets from au-
toimmunity and allo- or xenograft rejection [10]. The
fundamental strategy of encapsulation is to create a se-
lectively permeable barrier that allows free diffusion of
oxygen, nutrients, and effector molecules, while
preventing the migration of immune cells and cytotoxic
molecules that could potentially harm the cells. The
most obvious application for this concept is the field
of islet transplantation.

This review aims to provide an overview of strategies
in islet encapsulation, critical issues for achieving the
level of a clinical therapy, current preclinical and clini-
cal trials, and future perspectives in this tantalizing field
of diabetes research.

Structural approaches and materials

The three key aspects that need to be considered for the de-
velopment of an implantable bioartificial pancreas device are
the material for encapsulation, the dimension of the capsule,
and the implantation site. In general, encapsulation devices
can be classified in macroscale, microscale, and nanoscale
devices that can be implanted in either intravascular or extra-
vascular sites in the body.

Macroencapsulation

Macroencapsulation systems combine the total transplanted
cell volume in a single, defined container that can be easily
transplanted and retrieved. The main challenge for
macrodevices is a sufficient input of oxygen and nutrients
and free output of effector hormones.

Extravascular devices Extra-vascular macroencapsulation
devices have been developed since the early 1950s. These
devices were associated with only minor implantation compli-
cations but most animal trials were compromised by the in-
sufficient oxygen and nutrients diffusion into the device and to
the cells [11]. However, in these early studies, important mea-
sures for any further encapsulation research such asmembrane
biocompatibility, host cell membrane overgrowth, delays in
immune rejection of encapsulated tissues, and prevention of
allograft rejection were defined [11–16]. Following the devel-
opment of hollow fiber technology for renal dialysis, hollow
fibers became the target of inserting islets inside to use as
diffusion devices [17–19]. Based on this system, first encap-
sulated islet transplants were successfully performed in ro-
dents and introduced in a non-curative preclinical trial. This
study demonstrated the recovery of viable and functional hu-
man islets after several weeks of implanted islet allografts [20,
21]. However, the low packing density of the device reduced
the clinical interest; due to the large volume of encapsulated
islets hollow fibers required for a curative clinical trial.

Another approach to develop a macroencapsulation system
for extravascular implantation is planar devices, which consist
of encapsulated islets immobilized in flat sheets fastened to
make a sealed chamber. This configuration is believed to pro-
vide better stability than fiber systems and improve oxygen

Fig. 1 Limiting factors in clinical
islet transplantation. The main
obstacles in current islet
transplantation are the lack of
human cadaveric donor organs,
the chronic need for
immunosuppression, insufficient
revascularization of islet graft
resulting in chronic hypoxia, and
a gradual loss of functional islet
mass due to an inadequate
microenvironment
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diffusion to the cell-containing slabs. The most prominent
device of this kind was designed by Baxter Healthcare in the
early 1990s. Promising efficacy data were published in rodent
models [22, 23]. The critical issue of oxygenation was re-
solved by induction of a robust capillary ingrowth in the outer
cover of the polyester shell though the results were not quite
reproducible in large animal models. Several research groups
including pharmaceutical industry are investigating different
modifications to create a clinically relevant device [24]. This
system is known as the Theracyte device (sold by Baxter® to
Theracyte®) and is currently used in the first preclinical and
clinical trials for the use of human embryonic stem cell-
derived islets.

As outlined above, one of the major challenges in
macroencapsulation is the engineering of a device that
provides an ideal oxygen environment to the cells but is
of an appropriate clinically applicable scale. Many of
the approaches found that the major acute cause of en-
capsulated islet death was hypoxia [9, 25]. While vas-
cularization of the implant may improve oxygen gradi-
ents within the device, the time required for the forma-
tion of a fully functional vascular bed is too long to
maintain islet viability. Since 2005, the biotechnology
start-up Beta O2© has been exploring methods to pro-
vide direct oxygen delivery to the encapsulated islets;
their most successful devices to date being oxygen sup-
plemented via an oxygen chamber that is refilled daily
through peripheral connections [26–28]. These Beta
O2© studies have been successful in rodents and more
recently in large animals [28, 29]. The first individual
patient trial for this device showed persistent islet graft
function in the chamber for 10 months with regulated
insulin secretion and preserved islet morphology without
immunosuppression [30]. Expanded trials in patients are
planned for the near future.

Intravascular devices Intravascular devices consist of hol-
low fibers or tubes filled with encapsulated islets that are at-
tached to the recipient’s vascular system. While these systems
have advantages compared to extravascular devices in regards
to oxygen and nutrient supply, they have the tendency for
thrombosis of the fibers and bleeding complications. The most
popular intravascular device was developed by WR Grace
Company in a research venture with Biohybrid© [31–33].
Their so called BHockey Puck^ device, which was perfused
by arterial blood through tubing around, was very successful
in curative large animal models for islet allo- and xenotrans-
plantation. Unfortunately, disastrous bleeding complications
in the recipient animals (disconnection of the carotid artery
cannulae to the device, which resulted in exsanguination of
the diabetes cured canine recipient) stopped this promising
device configuration from further development and clinical
exploration.

Microencapsulation

In islet microencapsulation, islets are immobilized in alginate,
agarose gel, or other biocompatible hydrogels inside micro-
capsules and implanted into the recipient. The most common
implantation site is the peritoneal cavity [34]. Numerous stud-
ies on islet microencapsulation have been published and
reviewed on various rodent diabetes models [35, 36]. Howev-
er, this approach has shown limitations in achieving signifi-
cance within large animals and human clinical trials [37–43].
The standard islet encapsulating alginate microcapsules are
produced by dropwise addition of sodium alginate, mixed
with islets, into a bath of CaCl2 or BaCl2, which rapidly
crosslinks to form a hydrogel capsule containing the islet.
Standard alginate microcapsules are 500–1000 microns in di-
ameter. Compared to macroencapsulation devices, those mi-
crospheres are mechanically more stable and have a better
surface area to volume ratio and a superior immunological
profile [41]. However, technical challenges with this approach
include empty (islet-free) capsules, incomplete encapsulation
of larger islets, capsule instability in vivo, and fibrotic over-
growth [24, 44]. This encapsulation method for islets gener-
ates a significant increase in the total volume of the transplant
required to achieve a clinically relevant dose. Therefore, trans-
plant sites are limited basically to the peritoneal cavity. Mul-
tiple methods have been developed to reduce capsule size.
Those approaches are also driven by the observation that hyp-
oxic injury and apoptosis occur in a relevant percentage of
microencapsulated islets following transplantation [44].

Overall, hundreds of publications with multiple successes
have been produced in rodent studies using microencapsulated
islets. Successful large animal and clinical trials are limited. Very
recently, Living Cell Technologies© has been conducting clinical
trials on xenotransplantation of encapsulated porcine islets in
different countries. However, preliminary results were discussed
and indicate overall safety of this xenotransplantation approach
while efficacy data failed to achieve the desired success [45].

Encapsulationmaterial alternatives While the vast majority
of published islet encapsulation studies used alginate-
encapsulated islets, this material might not be the most suitable.
Alternatives, such as agarose gel as done by Iwata’s group,
have shown some promise [46]. Due to slower crosslinking
when compared to alginate, they employ an emulsion approach
that results in centered islets with smaller volumes. Another
approach of multi-component coatings has been developed by
Taylor Wang and has shown great success in rodents [47].
Large animal studies are ongoing and seem promising [48].

Another interesting alternative to natural alginate and aga-
rose polymers is synthetic polymer approaches, which provide
a higher degree of control in purity, functionalization, and
permeability. A possible synthetic material for biomaterial ap-
plications is poly(ethylene glycol) (PEG). PEG forms a thin
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coating on the surface of each islet by radical-induced poly-
merization [49–51]. Small animal therapeutic studies were
very successful [52], unfortunately the translation to large an-
imalmodels failed due to bioincompatibility issues. Following
modifications on the PEG formulation, subcutaneous alloge-
neic grafts of PEG-coated baboon islets were highly success-
ful in diabetic recipients achieving insulin independency for
up to two years without any immunosuppression [53]. Based
upon that, innovative approaches using PEG and microfluidic
platforms have recently been developed by Hubbell et al. with
very promising albeit preliminary results [54].

Nano-encapsulation or layer-by-layer coating Further al-
ternative to microencapsulation or conformal coating is the
formation of nanoscale polymeric layers directly onto the islet
surface via layer-by-layer assembly. Several groups have de-
veloped unique approaches, such as PEG-lipid coatings,
streptavidin/biotin layers, and covalently linked hyperbranched
polymers [55–57]. These approaches are mostly in the very
early stage albeit auspicious [58, 59].

Immunprotection

Although islet transplantation has demonstrated its potential
use in treating type 1 diabetes, this remains limited to a small
subset of patients with brittle diabetes suffering from severe
hypoglycemia [60]. This restriction is at least in part due to the
chronic need for immunosuppression to establish graft accep-
tance, which is potentially associated with severe side effects.
Macro- and microencapsulation of islets may enable the trans-
plantation of pancreatic islets in the absence of immunosup-
pression by protecting the graft through a mechanical barrier.
This protection may even allow for the transplantation of an-
imal tissue or novel insulin-producing cells and opens up the
perspective of using animal donors or stem cells as a means to
solve the problem of organ shortage.

Transplantation of allogeneic or xenogeneic islet grafts in-
duces complex interactions between the foreign islet graft and
the recipient that involve non-immunological factors as well
as innate and adaptive immunity. These reactions can cause
gradual or rapid functional graft loss. In patients with type 1
diabetes, the situation becomes even more complex since this
is an autoimmune disease, where destruction of the
transplanted beta cells may occur due to recurrence of auto-
immunity. Islet encapsulation approaches may have the poten-
tial to attenuate or even abrogate these mechanisms. Yet, en-
capsulation systems themselves may induce at least some of
these reactions due to biocompatibility issues.

Inflammatory reactions Islet transplantation is usually per-
formed by intraportal delivery to the liver [61]. However, the
exposure of isolated allogeneic or xenogeneic donor islets to

the recipient’s circulating blood triggers a rapid thrombo-
inflammatory reaction termed instant blood-mediated inflam-
matory reaction (IBMIR). The activation of coagulation and
the complement systems, accompanied by the activation and
infiltration of platelets and innate immune cells to the trans-
plantation site, constitutes major components of IBMIR that
dramatically affect the survival and function of the
transplanted islets [8]. The extent of the inflammatory events
can be even greater in xenograft models [62] due to molecular
incompatibilities between the coagulation systems of different
species [63]. Encapsulation may have the potential to protect
the islets against IBMIR. In addition, islets may directly be
shielded from IBMIR by PEGylation, as an increasing number
of studies over the past years could show [64–70]. As
discussed above, PEGylation involves the addition of linear
PEG molecules to the surface of islets. This method allows
attaching multiple molecules to the surface of an islet.
Teramura and Iwata presented several studies, e.g., coupling
with bioactive molecules such as urokinase, thrombomodulin,
complement receptor 1, and heparin, and could demonstrate
very promising results in mammals with significant inhibition
of IBMIR effects on islet grafts [36, 57, 66, 70]. Another
interesting approach is to use PEG-based shielding systems
and low-dose immunosuppression to protect islet grafts from
inflammation and allograft rejection [71].

Overall, early inflammatory reactions after islet transplan-
tation are a well-known phenomenon that is possibly delete-
rious for graft survival and function. Approaches to prevent
components of IBMIR might be of high interest for encapsu-
lated islets as well as traditional islet transplantation. Howev-
er, more work is needed to evaluate the described shielding
procedures for their benefit on islet graft survival in relevant
preclinical model systems.

Immunprotection against allografts Upon islet transplanta-
tion, both the innate and the adaptive immune systems are acti-
vated to destroy the foreign graft. It has been shown that both
allo- and autoimmunity influence beta cell survival after islet
allo-transplantation in type 1 diabetes [72, 73]. Macro- as well
as microencapsulation techniques have been shown to create an
immune barrier that protects islet allografts in various experi-
mental and preclinical models and first clinical trials [30, 35,
74, 75]. Currently, there are five clinical trials retrievable form
ClinicalTrials.gov (Table 1) that recruit patients with type 1 dia-
betes mellitus for encapsulated islet transplantation without or
with minor immunosuppression [https://clinicaltrials.gov/].
These studies will hopefully help to understand the current role
and future potential for encapsulated islet transplantation for
diabetes therapy.

Immunprotection against xenografts The response of the
immune system against xenografts is generally more aggres-
sive than in allo-transplantation due to the presence of
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preformed antibodies [76], e.g., pig islets that are transplanted
into non-immunosuppressed nonhuman primates are rejected
by both humoral and cellular immune reactions [28, 77, 78].
Thus, encapsulation technologies that allow for sufficient im-
mune shielding of the islet graft are of extreme interest in the
xenogeneic setting since a clinically acceptable regimen
against xeno-responses has not been attained yet.

Macro- and microencapsulation systems have been dem-
onstrated to prolong xenogeneic islet graft survival in several
experimental and preclinical studies [10, 27–29, 39, 79]. As
described above, the first clinical trials with microencapsulat-
ed neonatal insulin-producing porcine islet cells have been
conducted by Living Cell Technology® but adequate informa-
tion on these trials is urgently awaited.

A specific appeal of xenotransplantation is that it is possible
to genetically modify donor tissue to promote islet isolation
performance and reproducibility and islet engraftment and to
protect or hide the xenograft from immune attacks. The com-
bination of encapsulation and local immunosuppression may
open up another novel and potent strategy. Given that the use
of systemic immunosuppression should be avoided when pos-
sible, localized immunosuppression, which seeks to deliver
immunoprotective agents adjacent to or from within the encap-
sulating device, may be sufficient to protect the islets. Polymers
could be used to provide a controlled release for local immu-
nosuppression or immunomodulatory cells, such as mesenchy-
mal stem cells (MSC), and could be co-encapsulated for local
modulation of the graft microenvironment. Alternatively, the
use of a genetically modified islet source, such as transgenic
pigs expressing LEA294, a high affinity variant of T cell co-
stimulating inhibitor CTLA-4 Ig, may provide local immuno-
suppression for encapsulated islet transplants [80].

Kinetics of insulin release and transplantation sites

The primary goal of islet transplantation is the reconstitution of
physiological glucose homeostasis that is maintained by insulin
production and secretion from pancreatic beta cells. Although a
variety of hormones and neurotransmitters can induce insulin
release, glucose is the main physiological insulin secretagogue
[81]. It has been shown that in healthy beta cells the release of
insulin is oscillatory with relatively stable pulses of variable
amplitude [82, 83]. Maintaining this subtle regulation within
an encapsulated islet is one of the major challenges in this field.
The production, secretion, and diffusion of insulin through a
capsule/chamber system depend on a variety of biological and
physico-chemical factors [75, 84]. Extensive research has been
done to identify the most optimal conditions and select appro-
priate capsule components [75, 79] with reasonable success in
insulin release upon glucose in vitro and in vivo. The compo-
sition of the Beta O2® device is an example for almost unre-
stricted hormonal response without relevant diffusion delayT
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[26, 28]. Nevertheless, the relatively large surface-to-volume
ratio of macrocapsules may interfere with optimal
interexchange of nutrients and hormones, thus compromise a
narrow metabolic homeostasis. In this regard, microencapsula-
tion might be superior to any kind of macro device. Indeed,
microencapsulated islets from various sources have generally
shown appropriate competence for insulin release, but the ki-
netics are often compromised with delayed insulin response
in vitro and in vivo [75, 85–88]. This might be related to the
size of the capsules (layer-by-layer encoated nanocapsules
show improvement in insulin kinetics [59]), the composition
of encapsulation material, and possibly pericapsular fibrotic
overgrowth. The latter is understood to be attributed to an im-
mune response against microcapsules themselves or to antigen
shedding through microcapsule pores from encapsulated islet
tissue [89]. It might also be possible that the dynamics of insu-
lin release from microencapsulated islets are affected by the
intraperitoneal transplantation site. It has been shown that insu-
lin infusion into the peritoneal cavity leads to a markedly de-
layed and reduced increase in peripheral blood insulin levels
when compared to intraportal insulin infusion [90].

The transplantation site for encapsulated islets is actually a
controversial and highly critical issue to be considered. In clin-
ical islet transplantation, free islets are commonly infused into
the liver via the portal vein [61]. The insulin release from
grafted islets into the portal circulation matches the physiologic
route. In the case of microencapsulation, the intraperitoneal
space is themost popular site for implantation. Themain reason
therefore is the ease of access via laparascopy and the less
restriction on the volume of material that can be transplanted.
However, as mentioned above, the location per se might be
suboptimal in regards to insulin kinetics. The lack of close
contact to a vascular network and the difficulty in retrieval of
implanted islets are additional negative features. Moreover, in
contrast to the situation in rodent and pig models, microencap-
sulated islets transplanted into the peritoneal cavity show a
tendency to gravity-dependent clumping in upright nonhuman
primates and man [91]. The most promising alternative site for
transplantation of microcapsules appears a surgically created
omental pouch [92]. Although it is a more complex procedure,
the advantages are obvious due to the physiological route of
insulin delivery, the close proximity to extensive vasculature
and the relatively easy retrieval of grafted capsules.

In the case of macroencapsulation, most trials were per-
formed in the subcutaneous space. It is easily accessible for
implantation, retrieval, and even biopsy. However, the subcu-
taneous space is a bradytroph area, and while various rodent
models of subcutaneous macro-device implantation were suc-
cessful, they failed after upscaling to large animal models. The
rare vascularization is causing poor oxygen supply to the en-
capsulated islets and prohibits a relevant route for insulin dif-
fusion. Beta O2® has developed a system that allows a con-
trolled oxygen supply to the islet graft by means of an

integrated oxygen reservoir that can be refilled regularly and
can maintain oxygen pressure. Thereby, a sufficient supply of
oxygen for maintaining optimal islet function can simulta-
neously ensure functional potency and immunprotection
[26–30]. Another approach is the prevascularization of the
transplantation site either by local administration of vascular
growth or trophic factors or by the implantation of a foreign
material to induce strong neovascularization prior to implanting
the islet-containing devices several weeks later [93, 94].
Prevascularization has been evaluated to mimic the native
microarchitecture of the islets, where each beta cell is in intimate
contact with the surrounding microvasculature [95, 96].

Future perspectives

Islet transplantation represents a potential cure for diabetes
with limitations caused by insufficient long-term success, the
risks associated with chronic immunosuppression, and donor
organ shortage. Islet encapsulation is an expanding field that
attempts to overcome these hurdles by providing the means to
transplant islets without immunosuppression, creating a ben-
eficial microenvironment for long-term function, and may en-
able the safe usage of animal tissue or stem cells. We have
presented an overview of current research lines in the field of
islet encapsulation and several small and large animal models
that have demonstrated the promise of encapsulated islet
transplantation. The key issues that need to be addressed are
the definition of the optimal capsule configuration to effec-
tively deliver oxygen and nutrients to the islet graft, the use of
anti-inflammatory agents to prohibit graft loss and promote
sustained islet function, and optimized biomaterials and en-
capsulation methods to eliminate the need for immunosup-
pression. A major challenge is to further reach consensus
about appropriate animal models. It is a matter of common
knowledge that rodent models although indispensable cannot
predict success in large animal models or man. Therefore,
clinically relevant large animal models are of great relevance
in order to adequately evaluate the clinical potency of encap-
sulation systems and eventually satisfy regulatory agencies in
order to proceed to clinical studies. However, also the putative
gold standard model of human/pig islet transplantation into
nonhuman primates has been shown to be highly critical both
regarding efficacy as well as safety [97, 98].

In our view, the possibly highest potential of islet encapsu-
lation is due to the exploitation of alternative cell sources. Nu-
merous studies have demonstrated the potential of encapsulated
islet xenotransplantation to treat diabetes. Porcine islets are the
species of choice as pigs are readily available and have a glu-
cose physiology similar to humans and pig insulin has a long
history of use in humans. Furthermore, in recent years, effective
methods have been established for genetic modification of pigs.
Somatic cell nuclear transfer using genetically modified donor
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cells facilitates the generation of tailored pig models for xeno-
transplantation. However, despite all advances in the field of
xenotransplantation, there is a serious even though possibly
irrational reservation against xenotransplantation which is
mainly associated with safety concerns. Here, macro- and mi-
croencapsulation may offer a safe strategy that will lead to a
clinically viable therapy that is both effective and safe.

Stem cells are another attractive alternative, virtually unlim-
ited source for transplantation. Viable insulin-producing beta
cells can be derived from various kinds of stem cells (human
embryonic [hESC], induced pluripotent [iPSC], etc.), and over
the last years, various encouraging studies in the field of beta
cell differentiation have been published. However, the lack of
sustained insulin independence using beta cells generated from
stem cells in appropriate preclinical models is a matter of con-
cern. Moreover, one has to keep two principle issues in mind
that have not been resolved yet. Beta cells generated from
hESC/iPSCs show a high persistence of undifferentiated cells
with the competence to proliferate rapidly in an unpredictable
manner by undergoing malignant transformation. Further,
transplanted stem cells may be recognized by the host immune
system and subsequently attacked and destroyed. Moreover, if
presenting key features of beta cells, autoimmunity might reoc-
cur in type 1 diabetes patients and further push destruction of
the transplant. However, encapsulation techniques may allow
safe enclosing of SC-derived insulin-producing cells and tumor
formation, and immune attack can be prevented.

Conclusions

With a world diabetes prevalence of 330 million and an esti-
mated increase to 550 million in 20 years, there is an urgent
need for therapy. It is reasonable to envision that within the
next decade, the cure of diabetes will rely on the conjoined
application of pharmacological- and cell-based treatments.
The field of islet encapsulation may provide important contri-
butions and fulfill the own pretension of establishing a simple
and safe therapy as a functional cure for diabetes.
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