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1. Introduction

The term ‘bioencapsulation’ generally refers to the entrapment or
containment of living cells within a polymeric matrix or membrane.
The purpose of this review is to describe the various bioencapsulation
techniques developed to encapsulate and thus immunoisolate pancre-
atic islets or β-cells toward the engineering of a biomimetic endocrine
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pancreas. This will be approached initially by a discussion of the various
tissues and cell lines of interest, current pancreas and islet implants, en-
capsulation technologies for islet immunoisolation, and the properties
of alginate, the most commonly implemented encapsulation material.
New and novel encapsulation approaches will also be described.

2. Pancreas anatomy and transplantation

The pancreas is predominantly composed of exocrine cells which
produce digestive enzymes and buffers for excretion into the duode-
num via the pancreatic duct. Only about 1% of the pancreas is occupied
by endocrine structures known as islets of Langerhans, which are
scattered throughout the pancreas and account for roughly two million
cells in the average adult human. Islets are heavily vascularized via a
capillary network supplied by the pancreaticoduodenal and pancreatic
arteries, and drained by the hepatic portal vein, which flows directly
into the liver [1].

Islets are composed primarily of five endocrine cell types. α-Cells
produce glucagon, which raises blood glucose by increasing the rate
of glycogen breakdown and hepatic glucose release. β-Cells produce in-
sulin, which lowers blood glucose by increasing the rate of glucose up-
take in most cell types. Composing roughly 85% of the cells within an
islet, β-cells are the most prevalent [2]. δ-Cells produce somatostatin,
inhibiting production and secretion of both glucagon and insulin while
slowing the rate of food absorption and enzyme secretion in the diges-
tive tract. F-cells (pp-cells) produce pancreatic polypeptide, which in-
hibits gallbladder contractions and regulates the production of some
pancreatic enzymes. Finally, ε-cells produce the hormone ghrelin to
stimulate hunger [2]. Only α and β-cells are sensitive to blood glucose
levels, and are therefore the most prominently discussed and observed
cells for the purpose of endocrine pancreas engineering [3].

The insulin precursor proinsulin is synthesized by β-cells, which
then cleave it into the 51 amino acid, 5808 Da insulin molecule com-
posed of A and B chains joined by disulphide bonds [4]. The byproduct
of insulin production, cleaved C-peptide, is often quantified to measure
the rate of insulin production. As C-peptide differs betweenmammalian
species, blood levels can be monitored during in vivo studies to deter-
mine if insulin is being produced by a xenogenic transplant or by resid-
ual host pancreatic tissue [5].

Type I diabetesmellitus is a disease resulting from the destruction of
pancreatic islets, most importantly the insulin-producing β-cells. When
insulin production is absent or insufficient, the concentration of glucose
in the blood accumulates, a condition termed hyperglycemia. Chronic
hyperglycemia results in serious medical complications including ath-
erosclerosis, kidney failure, blindness, peripheral nerve damage, stroke,
coronary heart disease, limb amputation and depression [6,7]. Obverse-
ly, low blood sugar, termed hypoglycemia, is also a serious concern for
those with diabetes, as unregulated blood glucose levels are highly la-
bile and can fall to low levels with little warning, resulting in uncon-
sciousness, brain damage, and finally death if unresolved [8].

Currently, Type I diabetes is routinely managed bymultiple daily in-
sulin injections, blood sugar monitoring, and carefully controlled diet
and exercise. However, these non-continuous monitoring and adjust-
ment schemes simply retard the progression of the disease [9]. In addi-
tion, insulin therapy to reduce hyperglycemic spikes decreases the risk
of complications but increases the risk of life-threatening hypoglycemic
episodes [10].

Type I diabetes only accounts for 10% of patients with diabetes, how-
ever it develops much earlier, traditionally during adolescence, resulting
in an increased number of chronic complications and a 15 year average
reduction in life expectancy [11].

The increasing cost of diabetes treatment and the resulting second-
ary effects have promoted continued effort and funding to combat dia-
betes and the detrimental effects of labile blood sugar, in a manner
which is more controlled and biomimetic. This review will focus on
cell-encapsulation based therapies for Type I diabetes, which are an
important subset of the diverse and exciting fields of biological and
pharmacological therapies for the treatment of diabetes.

2.1. Whole pancreas transplant

When pharmacological alternatives are insufficient, the most direct
approach to replacement of endocrine tissue in Type I diabetes is
whole pancreas transplantation. Xenogenic pancreas transplantation
in part or as a minced injectable, was used as early as 1894, almost
30 years before the discovery of insulin, for the temporary relief of the
symptoms of diabetes mellitus, which at the time was inevitably fatal
[12]. Allogenic whole pancreas transplantation was first performed in
1966, and since then over 35,000 transplants have been reported to
the International Pancreas Transplant Registry [13]. However, unlike
heart, lung, and liver transplants, whole pancreas transplantation is
not a life-saving operation, but one to improve quality of life. The
long-term advantages of glycemic control must be balanced against
the severity of the procedure and the side-effects of life-long immuno-
suppression which is currently required to prevent alloimmunity and
autoimmune reoccurrence [14]. In addition, the number of donors
with transplant-quality pancreases is very low [15].

Therefore, whole pancreas transplant can only be justified for a small
subset of patients and another approach is needed to improve glycemic
control in the majority of the population afflicted with Type-1 diabetes.
The first step in the engineering of a cell-based treatment for diabetes is
to discard the bulk of the pancreas, the superfluous exocrine tissue, and
focus on the endocrine islets of Langerhans.

2.2. Islet transplant

Implantation of whole islets, initially proposed by Lacy and
Kostianovsky [16], is preferred over whole-pancreas or purified β-cell
transplantation, as islets can be easily isolated, quantified, and im-
planted, while retaining the complex multicellular interactions of the
glucose-modulating endocrine pancreas functional subunit [2]. Dividing
islets further into their constituent cells and implanting purified insulin-
producing β-cells reduces the body's ability to suppress insulin secre-
tion during a hypoglycemic episode. Islet dissociation also eliminates
the cell–cell interactions found within the aggregated islet state re-
quired for glucose responsiveness and the up-regulation of insulin se-
cretion [17].

Islet implantation sites are typically located such that secreted insu-
lin enters portal venous circulation, either through the hepatic portal
vein or through venous drainage of the peritoneal cavity. Hepatic drain-
age then replicates natural hormone delivery from the pancreas to the
hepatic portal vein via the pancreatic, pancreaticoduodenal and splenic
veins [1]. It is noteworthy that when islets are transplanted into the
liver, the insulin is drained into the sus-hepatic circulation and reaches
the hepatic cells only through the general circulation.

2.3. Islet isolation

Human islet isolation for transplantation, made famous by the
Edmonton Protocol [18] requires the proper collection, digestion, and
purification of the pancreas. Freshly procured pancreases are held in
chilled organ transplant solution such as ViaSpan®. The pancreatic
duct is then infused with chilled protease solution, generally a mixture
of collagenases and thermolysin such as Liberase [19], to digest the
pancreatic extracellular matrix (ECM). Islets are then separated from
the ECM by gentle mechanical dissociation and purified via a density
gradient of Ficoll–diatrizoic acid in an apheresis system. In place of
xenoprotein products, the isolation and purification media for the
Edmonton Protocol contains 25% human albumin [18]. In 46% of clinical
applications, islets are usedwithout pretreatment, and in the remaining
54% of cases, islets are cultured for 27 h on average, allowing the islet
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population to be checked for contamination while maintaining viability
and providing time to prepare for transplantation [20].

Table 1 summarizes islet yields from human-to-human transplants
reported to the CITR between 1999 and 2008. The Islet Equivalent
(IEQ) is a standard volumetric unit of measure for islet studies, defined
as a sphere with a diameter of 150 μm. It is important to take notice of
the number of IEQ isolated from a single adult pancreas, as many tech-
niques use cell quantities far higher than the physiological quantity, re-
quiring multiple donors [21].

2.4. Hepatic infusion

Many different implantation techniques have been developed for
both human and animal models. The most widely instituted islet trans-
plantationmethod in human-to-human clinical applications is intraportal
hepatic infusion [20]. The first case of human insulin-independence
after hepatic infusion of pancreatic islets was reported in 1989 [22].
The Collaborative Islet Transplant Registry reported that between
1999 and 2009, 1072 human-to-human islet transplant procedures
were performed on 571 patients at 41 transplant centers in North
America, Europe, and Australia [23]. For those wishing to learn more
about clinical islet transplantation, the CITR annual report is a wealth
of in-depth statistical information.

The most prominent breakthrough in the field of islet transplant oc-
curred in 2000 when the Edmonton Protocol by Shapiro et al. [18]
resulted in seven out of seven islet recipients becoming insulin-
independent at one year, with steroid-free immunosuppression. Islets
were infused into the patient's main portal vein over 2–3 separate pro-
cedures requiring a total of 11,500±1600 IEQ/kg to achieve insulin in-
dependence, compared to the 4620±1920IEQ/kg found in the average
donor. No patients experienced acute rejection.

The restoration of normoglycemia with glucocorticoid-free immu-
nosuppressionwas a sign that the fieldwasmaturing into a clinically vi-
able treatment for Type I diabetes. However, an international trial of the
Edmonton Protocol in 2006 [24] was less successful at achieving insulin
independence. The study involved 36 patients at 9 sites, only 16 of
whom (44%) achieved insulin independence at one year. Of the remain-
der, 10 had partial function and 10 had complete graft loss. The poor re-
sultswere attributed to inexperiencewith the procedure. At siteswhere
four ormore procedureswere performed in the preceding two years, 12
of 18 patients (67%) achieved insulin independence at one year, while
only 4 of 18 (22%) patients at less experienced sites achieved the
same result.

Although the international clinical trial failed to match the success
rate of the initial study, it succeeded in standardizing human pancreas
selection, islet processing, product-release criteria, recipient selection,
and post-transplantation care under a FDA investigational new drug
submission, while highlighting the need for less toxic immunosuppres-
sive therapy [24].

Of the 279 hepatic islet-transplant patients registered by the CITR
between 1999 and 2004, 23% retained insulin independence at 3 years
post first infusion, 29% maintained detectable levels of c-peptide, de-
spite resuming exogenous insulin therapy, 26% had complete graft fail-
ure with no detectable c-peptide levels, and 22% had unreported
outcomes at 3 years [25]. Despite low levels of insulin independence,
Table 1
Summary of human-islet isolation data from human-to-human clinical trials (modified
from exhibit 3–4A in CITR 2009 report [20]; used with kind permission of CITR).

N Mean SD Min Max

IEQ post purification (×10−3) 403 384 156 85 973
Total cell volume (mL) 805 3.5 2.1 0.1 16.0
Islet particle count (×10−3) 683 364 158 63 996
IEQ (×10−3) 721 388 162 54 1122
IEQ (×10−3)/kg donor weight 700 4.62 1.92 0.72 17
Beta cells (×10−6) 266 264 179 4 975
many patients report reduced exogenous insulin demands and a signif-
icant reduction in hypoglycemic episodes.

While intraportal infusion provides ready access to systemic circula-
tion, it also exposes the islets to high concentrations of toxic immuno-
suppressive drugs [26]. It has also been shown to increase the risks of
thrombogenesis by the blood-mediated inflammatory reaction to the
implanted islets, resulting in the immediate loss of half the grafted
islet mass [27]. For these reasons, as well as the inability to retrieve
the infused islets from the liver following infusion therapy, other im-
plantation sites and methods have been investigated.

2.5. Subcutaneous implantation

The subcutaneous space provides a site for islet implantation which
is much easier to monitor and revise in the event of an excessive im-
mune response or future advancements in the field, relative to hepatic
infusion, however the subcutaneous space is also poorly vascularized
[3,28]. To overcome this limitation, studies performed on the pre-
vascularization and concurrent vascularization of the subcutaneous
space are widely published [3,29,30].

Hiscox et al. [29] used a system of prevascularized collagen gels to
enhance islet cell survival in subcutaneous studies by maintaining
the intraislet endothelial cell structures. Islets placed within the
prevascularized structures maintained the ability to produce insulin
longer than controls and produced more insulin with fewer IEQ, while
remaining responsive to external stimuli. Perez et al. [3] investigated
the subcutaneous implantation of islets within plasma–fibroblast gel
scaffolds. The use of such a readily biodegradable material provides an
initial post-transplant support matrix while enabling the development
of a capillary bed and promoting the recovery of extracellular matrix
(ECM) interactions through natural tissue remodeling [31]. Culture in
3D fibrin gels has also been shown to improve in vivo islet function, sur-
vival and differentiation [32–34].

The plasma–fibroblast gel systemof Perez et al. [3] has only been im-
planted in an immunocompromised nude mouse model to date, but
shows the promise of protein-based scaffold designs. Their gel incorpo-
rated 3000 IEQ and 6.0–7.5 × 104 fibroblasts in a 4 mL plasma gel, all
components isolated from Wistar rats. Upon implantation into STZ-
induced diabetic nude mice, normoglycemia was restored at 3.9 ±
1.2days and was maintained for the 60day test period in all seven ani-
mals. Histological evaluation of the implant after 60days showed full in-
corporation into the subcutaneous space, complete with vasculature
and collagen matrix.

2.6. Islet immunoisolation

While studies on immunosuppressed patients and animal models,
including the hepatic infusions of Shapiro et al. [18,24,26] and the sub-
cutaneous transplantations of Perez et al. [3] are promising, these sys-
tems will need to be modified to work in a non-immunosuppressed
allogenic model before they can be broadly implemented in the clinic.
Current systemic immunosuppression therapies for the treatment of di-
abetes by transplantation are only warranted for patients who have
exhausted all other glycemic control strategies, due to the serious reper-
cussions of chronic immunosuppression [24]. Beyond endangering
the health of the patient, islet-transplant immunosuppression regimes
may also reduce the effectiveness of the therapy, as they have also
been shown to reduce the viability and glucose-responsiveness of rat
and pig islets in vitro [35].

The history of graft rejection and toxicity of systemic immunosup-
pression have resulted in extensive investigation of immunoisolation
to enhance the efficacy of transplant techniques. Microencapsulation,
the most commonly studied immunoisolation technique, has a proven
ability to protect cells from the main host immune response [36–38].
The elimination of systemic immunosuppression therapy enables the



Fig. 1. Formulation of alginate/poly-amino acid/alginate (APA) microcapsules.
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use of a tissue-engineered endocrine pancreas approach in amuch larg-
er group of patients.

When initially proposed, the goal of immunoisolationwas to usemi-
croencapsulation membranes with a low molecular weight cut-off to
allow the diffusion of nutrients,wastes andhormones,while preventing
all contact between graft tissue and the host immune system. However,
studies into alginate membranes with molecular weight cut-offs larger
than immunoglobulin G (~150kDa) have proven successful, indicating
that blocking antibodies and cytokines may not be a requirement of
immunosuppression [39]. It is believed that the main purpose of the
semi-permeable membrane is to act as a physical barrier, preventing
antigen recognition by the host T cells. However, studies continue to
show that reduced molecular-weight cutoffs in capsules, specifically
in the 150kDa range, are correlated with decreased fibrotic encapsula-
tion and anti-graft host immune response in vivo [40]. Solutions to
low-molecular weight antigen shedding from within the capsules
and interleukin-1β diffusion into capsules continue to be investigated
[41,42].

3. Microencapsulation

Thomas Chang introduced the use of semipermeable microcapsules
for the encapsulation of enzymes in 1964, with a brief mention of the
potential for cellular encapsulation [43]. The publication recognized as
the primary inspiration of modern bioencapsulation research was that
by Lim and Sun in 1980 [36] for their study of encapsulated pancreatic
islets within calcium alginate microcapsules.

Microencapsulation within spherical microparticles possesses many
benefits over other encapsulation geometries, including a high surface
area to volume ratio, a high resistance to mechanical stress, a relatively
short diffusion path length, and access to a number of implantation sites
by injection [44]. Immunoisolation in microcapsules has an additional
benefit in that it retains any apoptotic or necrotic cells and cell debris
within the capsule. In a preliminary in vitro study, these cells would oth-
erwise be shed from the islet and be removed by medium changes,
skewing viability analyses. For in vivo and clinical applications, the
same intrinsic retention of dead and necrotic cells greatly reduces or
eliminates the immune-response associatedwith the release of allogen-
ic and xenogenic cellular debris [45].

The most widely implemented microcapsule for islet immuno-
isolation is the ionically crosslinked alginate-poly-amino-acid-alginate
(APA) system [46]. Islets are entrapped within alginate beads produced
through a variety ofmethods,most often by assisteddropwise extrusion
of islets suspended within an alginate solution into an aqueous calcium
chloride gelation bath as illustrated in Fig. 1. Ionically crosslinked algi-
nate capsules entrapping islets are then added to a solution of cationic
poly-amino acid, commonly poly(L-lysine) (PLL) or poly(L-ornithine)
(PLO) which forms a well-defined semi-permeable membrane around
the polyanionic alginate. The final step is to re-incubate in a dilute algi-
nate solution, forming an additional ionically associated alginate layer,
to reduce the immunogenicity of the cationic poly-amino acid mem-
brane [2].

Barium chloridemay be used to replace calcium chloride, producing
stronger capsules with less susceptibility to dissolution in growthmedi-
um over extended periods of culture [47].

Passive diffusion of nutrients andwastes within alginatemicroparti-
cles necessitates short diffusion pathlengths. The rule of thumb is that
no islet should be more than 200 μm from the surface of the particle
as that is themaximumdistance for effective oxygen and nutrient diffu-
sion in most tissues [48]. Some groups have added an additional safety
factor, such that the average capsule should be no larger than 300 μm,
allowing for variations about the mean while staying safely within the
maximum 200 μm pathlength for even the most central cells of the
islet. This fine size necessitates a refined particle production technique.

Simple dropwise extrusion from a needle into a bath of divalent ions
(Ca2+ or Ba2+) relies on gravity to overcome the surface tension of the
droplet at the tip of the needle, producing particles with diameters ap-
proaching 2000μm[49]. Detachment of the drop from the needle tip oc-
curs when the droplet mass exceeds the surface tension forces:

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
6deγ
gρ

3

s

where d and de are the droplet and needle diameters, γ is the surface
tension and ρ is the liquid density. The reduction in droplet diameter
is a function of the cube root of external needle diameter, surface ten-
sion, and solution density. Therefore, when optimizing particle diame-
ters from an aqueous solution of alginate with relatively fixed density
and surface tension, the practicality of reducing the external needle di-
ameter is limited, and another approach must be investigated.

3.1. Electrostatic encapsulation

Electrostatic-mediated droplet production is effective, cytocom-
patible, and introduces no additional sources of contamination. In this
technique, islets are suspended in a dilute (1–4% w/v) alginate solution
which is dispensed through a needle charged with ~11 kV of potential
generated by a high voltage power source as illustrated in Fig. 2. The di-
valent cation collection bath is grounded and placed far enough from
the tip of the needle to prevent arcing, but close enough to produce a
stable electrical field to guide the droplets toward it. The difference in
potential causes an accumulation of charge on the surface of the droplet
which reduces surface tension by a factor of (1−U2/Ucr

2 ) where U is the
potential applied, Ucr is the critical potential required to produce a jet of
solution, and U b Ucr [49,50]. Pulsing the potential at frequencies of
~40Hz in a square wave pattern breaks the flow into discrete droplets
of uniform size, smaller than those achieved without electrostatic assis-
tance. While there are many benefits, including cytocompatibility, ste-
rility, and simplicity, one issue with the technique is limited scale-up
potential. Flow rates for 300 μm diameter particles are on the order of
5mL/h, thus the approach to scaling the process typically involves addi-
tional extrusion needles and larger collection baths.

3.2. Vibrating nozzle encapsulation

One approach used to scale up bead production is to increase the liq-
uid extrusion rate forming a liquid jet at the tip of the needle. Breakage



Fig. 2. Droplet extrusion technologies from simple dripping to electro or vibration assisted methods.

Fig. 3. Jet breakage by resonance (Inotech).
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of the jet into discrete droplets or beads is possible through vibration
[51] as shown in Fig. 2, or using a jet cutting tool [52].

Liquid jets will naturally break into droplets at a particular frequen-
cy, f:

f ¼ uj

λ

and

λ ¼ 4:058 dj

where uj and dj are the linear velocity and diameter of the jet respective-
ly, and λ is the vibrationwavelength [53]. The jet will be in resonance at
this frequency, resulting in jet breakup into nearly uniform diameter
with a diameter which can be approximated to about double the inter-
nal diameter of the needle. An illustration of a jet breakup device is illus-
trated in Fig. 3.

Increased productivity of small diameter beads is the main advan-
tage of this technology, while the main disadvantage is that liquid
jets generally do not break for liquids with viscosities greater than
200mPa.s, due to vibration damping. One approach for higher viscosity
fluids is to use a jet cutter consisting of a rotating wheel equipped with
fine wires [52]. The problem in this case is that high shear forces
can damage large cells and cell clusters, and there will be difficulties
maintaining aseptic conditions.

3.3. Emulsion based encapsulation

The challenge of limited scale-up potential has been addressed by
the emulsification with the triggered internal gelation technique. This
novel system, developed by Poncelet et al. [54] separates particle forma-
tion and ionic gelation. Alginate droplets formed in an oil/water emul-
sion are ionically crosslinked by the pH-triggered release of Ca2+ from
an insoluble CaCO3 complex within the emulsified droplet. Discrete
ionically-gelled alginate microparticles are formed virtually instanta-
neously with no limitations on batch size, as long as adequate mixing
is available to sustain a stable emulsion [54,55]. Like the dropwise
methods, particles are formed from a dilute solution of sodium alginate,
however in the emulsion system it is supplemented with ultra-fine in-
soluble calcium carbonate. One part of the alginate aqueous phase is
added to three parts oil and emulsified. The emulsion is allowed to sta-
bilize for 15min before the pH is decreased by the addition of acetic acid
dissolved in an aliquot of the oil phase. At pH6.5, calcium is solubilized,
ionically crosslinking the alginate, forming spherical microparticles.

One issue with the standard emulsion system is a wide particle size
range [54,56]. To ensure optimal diffusion kinetics and complete islet
encapsulation, a narrower size range is preferred [57]. This has been
partially solved through the application of static mixers in place of me-
chanical impellers to produce the emulsion as illustrated in Fig. 4. The
resulting particles have a significantly narrower size distribution.

image of Fig.�2
image of Fig.�3


Fig. 4. Encapsulation via emulsion production using a static mixer.
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The density distribution of the alginates in internally-gelled capsules
formed by emulsion gelation is different from that of externally gelled
particles formed by droplet extrusion. Internally gelled particles are
more homogenous as the calcium is liberated throughout the particle
upon acidification. Externally gelled particles rely on the diffusion of cal-
cium or barium into the particle, resulting in a denser periphery able to
withstand high shear forces [58]. There are advantages and disadvan-
tages of inhomogeneous alginates compared to homogenous alginates.
For example, a higher alginate density at the bead periphery may have
the advantages of reducing themolecularweight cut-off and to decrease
islet bulging at the capsule surface.

The internal gelation emulsion system developed by Poncelet et al
[54] was optimized for mammalian cells by Hoesli et al. [56] as illustrat-
ed in Fig. 5. Using buffered 1.5% alginate solutions and a protocol with
accelerated emulsion and acidification steps, they achieved a post-
encapsulation islet viability of 90±2% forMIN6 and 71±4% for primary
pancreatic tissue within particles 757 ± 20 μm in diameter. Survival
rates were on-par with electrostatic particle formation.

In a subsequent investigation, Hoesli et al. [40] further optimized the
internal gelation emulsion techniquewith 5w/v% alginate beads encap-
sulating β-TC3 cells, a murine insulinoma cell line. The high alginate
concentration, impractical for extrusion, was assessed relative to con-
ventional 1.5% alginate beads produced by external gelation. A study
in STZ-induced diabetic mice exhibited a significant blood glucose re-
duction after 2 days relative to 19days for the 1.5% alginate beads. The
5% emulsion beads had a reduced molecular weight cutoff profile rela-
tive to the control, no measurable graft-reactive IgG at 20 days in vivo,
Fig. 5. Emulsion encapsulation system optimized by Hoesli et al. for mammalian cell en-
capsulation (Fig. 1 from [56]; used with permission, Copyright © 2010 Wiley Periodicals,
Inc.).
and no fibrotic overgrowth at 56 days compared to the 1.5% extruded
control with 32% overgrowth.

The increase in performance from the 5% calcium alginate emulsion
particles produced by internal gelation, with theβ-TC3 cell-line, relative
to traditional external gelation shows this technique hasmerits not only
in ease-of-scale but also in superior performance relative to the stan-
dard technique.

Hoesli et al. [40] contributed significantly to encapsulation tech-
niques for the therapeutic treatment of diabetes. However, their system
remains a bio-inert alginate capsule which isolates but does not pro-
mote the performance of the encapsulated cells.
3.4. ECM-based fibrous scaffolds

Alginate, which is still the best material to form the core bead of the
microcapsule, is a polysaccharide and as such has no domain for the at-
tachment of integrins. Integrins are involved in cellular adhesion but
also in the transmission of signals that are important in cell survival, dif-
ferentiation and multiplication. Therefore, developing methods to in-
corporate ECM-based molecules within alginate beads is of critical
importance for the long-term survival of encapsulated cells.

The peri-isletmicroenvironment is far from inert, consisting of colla-
gens I–VI, laminin, fibronectin, elastin, nidogen/entactin, vitronectin,
heparin sulfate, and chondroitin sulfate [59]. The influence of these
ECM-based factors acting via integrin and non-integrin mediated inter-
actions has been proven to increase β-cell survival, decrease apoptosis,
maintain islet morphology, and increase insulin production in response
to glucose stimulation [3,59–61].

While Del Guerra et al. [62] incorporated protein-based porous ma-
trices within immunoisolated alginate particles, the process dissociated
the islets, eliminating the cell–cell interactions found within the aggre-
gated islet state and reducing insulin secretion relative to intact islet
controls [17,62]. However, the presence of the porous gelatin matrix
did significantly increase glucose-induced insulin production relative
to dissociated controls [62]. Therefore, matrices, while beneficial, must
be investigated on a scale that allows the seeding of intact islets,
which average of 150μm in diameter. To seed a preformed porous ma-
trix, theporesmust be 5–10 times the size of the islets to ensure homog-
enous seeding [63], thus rendering traditional porousmatrices too large
for immunoisolation within 300 μm particles.

Cultures of whole islets on matrices of synthetic microfibers have
also shown increased viability and insulin secretion [64–68]. The addi-
tion of basement membrane proteins to the surface of these scaffolds,
including collagen I, IV, laminin, and fibronectin have been proven to
further increase islet viability and insulin secretion [66,69–72]. The
use of ECM-based components, as simple as collagen I, and structural fi-
brous scaffolds have been shown to work synergistically to increase in-
sulin production and gene expression in islets [72].

Steele et al. [73] were the first to combine the physical benefits of a
microfibrous scaffold and chemical cues of ECM-derived components
within an immunoisolated alginate particle for the culture of intact pan-
creatic islets. The design utilized crosslinked gelatin microfibers to form
a matrix around isolated rat islets, incorporated into a traditional one-
step alginate encapsulation process using electro-static mediated drop-
let extrusion. The production of discrete, crosslinked gelatin fibers
~20μm in diameter was achieved by a vortex–extrusion method devel-
oped for the encapsulation technique. Particles composed of 1.6% (w/v)
barium-alginate containing 40% (v/v) gelatin fibers (Fig. 6)were used to
encapsulate primary rat islets. Islet viability was significantly improved
relative to fiber-free controls over 21 days in vitro. A distinct change in
islet morphology was also observed in the particles, with the fiber-
free control group losing their aggregated morphology, breaking apart
into dissociated live β-cells at a rate of 31% of islets by day 21, versus
8% for the fiber-scaffold group (Fig. 7A). Upon mechanical compression
of the alginate particles, distention of the islet aggregates was observed
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Fig. 6. Calcium alginate microcapsules approximately 300 μm in diameter, loadedwith gelatin microfibers at various concentrations [73] (used with permission, Copyright © 2012Wiley
Periodicals, Inc.).
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due to the adhesion between the outer cells of the islet aggregate and
the gelatin fibers (Fig. 7B).

This technique combines the benefits of a fibrous matrix support,
ECM-based biomolecule recognition and alginate encapsulation. The
study by Steele et al. [73] confirms significant benefits from this simple
yet effective alteration to the traditional encapsulation system.

4. Alginate

Considering that alginate is the primary polymer used for islet en-
capsulation, it deserves some discussion in terms of its properties and
purification protocols. Alginates are polysaccharides composed of un-
branched 1–4 linked α-L-guluronic acid (G) and β-D-mannuronic acid
(M) (Fig. 8), derived primarily from the brown algae Laminaria hyperbo-
rean,Macrocystis pyrifera, and Ascophyllum nodosum [74]. The organiza-
tion of the G and M monomers within the polymer is highly variable
with blocks of G and M interspersed with alternating MG sequences
[74]. Divalent cations, such as Ca2+ and Ba2+ bind to G blocks on neigh-
boring chains, forming junction zones, leading to an ionic gel. High-G
content alginates produce capsules with high mechanical strength,
while high-M alginates exhibit elastic properties [38].

As alginate gels are stabilized by divalent cations, capsule mechani-
cal integrity is sensitive to the presence of chelating agents including
EDTA, citrate, phosphate and lactate, as well as monovalent cations
such as Na+ [74].

4.1. Alginate purification

The largest issues with alginate-based microcapsule systems to date
have been standardization, stability and biocompatibility [75,76]. High-
quality alginates are produced from algal stipes collected directly from
Fig. 7. A: Example of intact versus disrupted islet morphology, visualized with acridine orange
present in the intact image only. Both intact and disrupted images depict alginate-encapsulate
fiber. [73] (used with permission, Copyright © 2012 Wiley Periodicals, Inc.).
the sea, peeled and treated with antimicrobial agents to reduce the cyto-
toxic gram-positive debris. Lower-grade alginates are produced from
algae which washed ashore and have significantly higher contamination
levels that are difficult to remove from the processed product. In both
cases, alginate is extracted from the algae by EDTA chelation, physical
sieving, precipitationwith ethanol andKCl andfinally lyophilization [38].

Mallet and Korbutt [75] investigated the effect of further purification
of pharmaceutical-grade alginate on encapsulated murine islet survival
in the peritoneal cavity of STZ-induced diabetic mice for a period of
105days. The isletswere encapsulated by electrostatic-assisted dropwise
extrusion of 1.5% alginate solution containing 10,000IEQ/mL into a CaCl2
collection bath. The purified alginate particles had an islet survival rate of
90.5% relative to 69.2% for a commercial alginate, with dramatically re-
duced capsular overgrowth and superior insulin secretion.

More extensive alginate purification protocols, such as the Klöch
method, have been developed and further optimized to reduce cytotox-
ic protein levels [77]. Ménard et al. [78] verified the efficacy of the
modified Klöch method of alginate purification which entails chloro-
form extraction, activated and neutral carbon treatment, sterile filtra-
tion, acetic acid wash, sodium citrate wash, ethanol extraction, saline
dialysis, precipitation and lyophilization. The entire process required
11 days and significant expense to purify a pharmaceutical-grade
starting product. However, the benefits of the modified Klöch method
are substantial. Langlois et al. [77] encapsulated rat islets in purified al-
ginate microparticles and observed significant improvement in insulin
secretion and an increase in viability at 14days from 18% to 48%.

5. Other immunoisolation techniques

In addition to microencapsulation in alginates, a number of other
techniques have been proposed for the immunoisolation of islets. The
viability stain (green) and auto-fluorescent genipin-crosslinked gelatin microfibers (red)
d islets at day 21. B) Viable cells (green) from an encapsulated islet adhered to a gelatin
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Fig. 8. Chemical structure of sodium alginate, composed of guluronic acid (G) and mannuronic acid (M) monomeric units (modeled after [74], Fig. 2).
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wide range of techniques can be roughly divided into intravascular and
extravascular devices.

5.1. Intravascular immunoisolation devices

Intravascular devices were of considerable interest in early islet
studies as they solved the problem of ischemic conditions outside the
vasculature by placing isletswithin semi-permeablemembranes in con-
tact with the systemic circulation. Many devices, such as that used by
Monaco et al. [79] were synthetic devices grafted directly to the vascu-
lature. While proving successful in large animal models, including the
induction of normoglycemia in dogs for up to a year, the constant risk
of thrombosis required severe systemic anticoagulation regimens. De-
spite the anticoagulation measures taken, thrombosis continued to be
an issue, along with complications associated with vascular prosthetic
surgery, and infection [80]. In addition, the polymer (PTFE) used to con-
struct the devices was shown to induce the production of interleukin-1
beta (IL-1β), a cytokine lethal to islets [81]. Intravascular devices also re-
quiremore invasive procedureswith higher risks of both short termand
long term complications.

The possibility of infusing the hepatic portal vein with encapsulated
islets in reduced capsule size has been investigated. Ten thousand parti-
cles smaller than 315μm can be infused with only a short andmoderate
increase in portal vein pressure immediately following injection,
returning to normal levels within two hours [82]. In comparison, the
same number of particles at 420 μm in diameter caused a considerable
increase in portal vein pressure, resulting in death within 3 h for 2 of
the 3 rats.

5.2. Extravascular immunoisolation devices

Due to the risks associated with vascular anastomosis, recent work
in immunoisolation has been focused on extravascular approaches, fo-
cusing primarily on microcapsules. However, macrocapsules have also
been investigated.

Macrocapsules containing large numbers of islets have the advantage
of easy retrievability and minimally invasive implantation. The produc-
tion of macrocapsules from hydrogels has increased biocompatibility
by reducing interfacial tension, protein absorption, and cell adhesion, rel-
ative to the older system of poly(acrylonitrile) and poly(vinyl chloride)
diffusion chambers [83]. Muthyala et al. [84] encapsulated mouse islets
grown on a crosslinked gelatin matrix within a poly(urethane)-poly
(vinyl pyrrolidone) macrocapsule 18±7mm in length, 4.0±0.5mm in
diameter and 1.0±0.2mm in thickness. An in vivo study in rats achieved
euglycemia after 15 days, which was sustained for up to 90 days. In the
absence of the gelatin scaffold, islet death was observed within 45days.
Macrocapsules suffer fromnutritional limitations, necessitating a cell vol-
ume fraction of b10% to guarantee adequate feeding [83].

Fibrous systems incorporatemany of the benefits discussed previous-
ly, including the inclusion of ECM proteins and low diffusional distances.
Townsend-Nicholson and Jayasinghe (2006) were the first to encapsu-
late living cells in electrospun fibers, using a core–shellmethod, encasing
a suspension of immortalized cells in culture medium within an outer
shell of PDMS [85]. More recently, the encapsulation of living cells with-
in core–shell microfibers has been developed in a highly-controlled
microfluidic device, capable of producing meter-long continuous fibers
with full cell–cell contact [86]. Fibers loaded with dissociated rat islets
suspended within a collagen I gel, immune-isolated in an outer core of
alginate–agarose interpenetrating network hydrogel, and injected be-
neath the kidney capsule of a diabetic mouse were able to maintain
normoglycemia for 2weeks. Due to the microfluidic production meth-
od, the fibers can be woven, wound and braided with other fibers
to produce robust, removable multi-cell systems. The cell–cell contact
afforded in this system may be sufficient to reduce the impact of islet-
dissociation on long-term glucose modulation.

6. Human trials with immunoisolating microcapsules

Neonatal porcine islets were encapsulated in alginate-PLL-alginate
capsules and transplanted in 1996 into the peritoneal cavity of a Type
I diabetic man at 15,000 IEQ/kg without immunosuppression [4].
The patient was able to reduce exogenous insulin by up to 30% at
12weeks, only returning to pre-transplant levels at week 49. A follow-
up study was conducted 9.5 years later to assess the long-term effects
of the treatment [4]. Via laparoscopy, nodules were observed through-
out the peritoneum and sampled. The capsules contained live islets
which stained for insulin and glucagon. The capsules were unchanged
in size, but had become opaque and rigid. The patient claimed to have
better glycemic control at 9.5 years, compared to pre-transplant, with
a reduction in hyperglycemic episodes and better overnight blood
sugar control. The primary conclusion of the follow-up study was that
xenogenic islets immunoisolated in alginate-PLL-alginate beads im-
plantedwithout immunosuppression did not lead to any detectable im-
mune response or fibrosis and achieved partial graft survival for a
period of 9.5 years.

With proven success in animal models, immunosuppressed, and
xenogenic immunoisolated human trials, clinical trials of allogenic
immunoisolated islets were launched. Calafiore et al. [87,88] combined
the islet extraction techniques from the Edmonton Protocol with
the alginate-PLO-alginate immunoisolation system to conduct non-
immunosuppressed human clinical trials, setting standard operative
procedures for human islet encapsulation and transplantation. In the
first two human trials of the Calafiore protocol [87], islets were isolated
from donor pancreases, cultured for 24h, and encapsulated. The beads
were formedby the extrusion of endotoxin and pyrogen-free sodiumal-
ginate (1.6%) into a CaCl2 bath, with an average bead diameter of
500 μm and 1–2 islets/bead. Coatings were formed by incubation in
0.12% and 0.06% PLO and finally 0.04% sodium alginate. The coated
beads were injected into the peritoneal cavity under local anesthetic
in 150 mL of saline solution through a 16 gauge needle (400,000 and
600,000 IEQ for patients 1 and 2, respectively). Published results indi-
cate that the patients were unable to eliminate exogenous insulin ther-
apy, but had improved glycemic control at one year, with an elimination
of weekly hypoglycemic episodes, and reported no adverse side effects.

image of Fig.�8


82 J.A.M. Steele et al. / Advanced Drug Delivery Reviews 67–68 (2014) 74–83
However, follow-up articles on the study indicating the performance of
the other 8 subjects in the 10 member study are noticeably absent.

Tuch et al. [21] outlined a four-member clinical trial for the implan-
tation of barium-alginate encapsulated islets by intraperitoneal infusion
of 340μmbeads into subjects with Type I diabetes. The clinical trial was
largely unsuccessful, with no change in insulin requirements or glyce-
mic control upon injection of approximately 180,000 IEQ on up to four
separate occasions. One subject, who received four infusions, had de-
tectable C-peptide levels for 2.5 years, but experienced no benefits
from the infusion. Upon laparoscopy, mimicking a follow-up study by
Elliot et al. [4], it was discovered that the capsules were intact, but
contained necrotic islets completely encased in fibrous overgrowth.

The variability amongst clinical trials and between animal and
human studies illuminates an issue in the field of islet microencapsula-
tion, due partly to the lack of uniformity in material purification and
characterization.

There are a number of companies currently investigating encapsulat-
ed cell-based therapies for diabetes. Living Cell Technologies is currently
undertaking a 30 patient late-stage clinical trial of their DIABECELL®
immunoprotected xenograft composed of alginate-encapsulated porcine
islets [89]. The study is building on previous successful trials of 5000
and 10,000IEQ/kg doses in the peritoneal cavity.While patients received
important benefits including 70% reduction in unaware hypoglycemic
events, and a 20% reduction in insulin dose, the requirement of exoge-
nous insulin injection was not eliminated [90]. ViaCyte, Inc. is develop-
ing a product, VC-01™, composed of β-cell precursors derived from
human pluripotent stem cells encapsulated within a retrievable,
immune-protecting macrocapsule for subcutaneous implantation. The
VC-01™ is currently at the pre-clinical stage with clinical testing
expected within 2 years [91]. On the road to commercialization, as
Novocell, they investigated PEG-encapsulated islets [92], but this has
been discontinued to focus on the VC-01™ system [93]. There are two
academic clinical trials of encapsulated cellular therapies for diabetes
registered with the NIH. UZ Brussel is conducting a 10-patient clinical
trial of alginate-encapsulated human islets implanted into the intraperi-
toneal cavity, under immunosuppression [94]. Finally, a team at
Cliniques Universitaires Saint-Luc at Université Catholique de Louvain
is subcutaneously implanting allogenic human islets into 15 patients
within a 1–3cm2 alginate-based, immunoprotective, “monolayer cellular
device” [95]. The four products summarized illustrate the wide range of
products under investigation for encapsulated cellular therapy for diabe-
tes. While the DIABECELL® clinical trials are highly promising as a ther-
apy for Type I diabetics with highly labile blood sugar and hypoglycemic
unawareness, the expense and limited lifespan of such devices will con-
tinue to be a barrier to approval by government healthcare agencies and
market saturation amongst the average Type I diabetic.
7. Summary

All of the immunoisolation techniques summarized above are
designed to increase the viability of the entrapped islets by protecting
from threats originating outside the microenvironment, primarily the
immune response. However, the long-term viability and productivity
of the islets are also dependent on conditions within the system, and
how well they mimic a physiological microenvironment.

The present article reviews the concepts and the progress that have
been accomplished toward the development of a bio-artificial endocrine
pancreas for the treatment in insulin dependent diabetes. Initially, rele-
vant aspects of the pancreas anatomy and physiology are summarized,
aswell as themost important issues in the research that led to successful
transplantation of pancreatic islets into immunosuppressed human
diabetic patients. The concept of immune isolation of transplanted
cells within semipermeable membranes or microcapsules as a method
to avoid the requirement of immunosuppression is also covered.
The review emphasizes methodological aspects in the production of
microcapsules, using different approaches. Finally, other immune isola-
tion techniques are summarized.
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