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In the past two decades, many polymers have been proposed for producing immunoprotective capsules.
Examples include the natural polymers alginate, agarose, chitosan, cellulose, collagen, and xanthan and synthetic
polymers poly(ethylene glycol), polyvinyl alcohol, polyurethane, poly(ether-sulfone), polypropylene, sodium
polystyrene sulfate, and polyacrylate poly(acrylonitrile-sodium methallylsulfonate). The biocompatibility of
these polymers is discussed in terms of tissue responses in both the host and matrix to accommodate the
functional survival of the cells. Cells should grow and function in the polymer network as adequately as in
their natural environment. This is critical when therapeutic cells from scarce cadaveric donors are considered,
such as pancreatic islets. Additionally, the cell mass in capsules is discussed from the perspective of emerging
new insights into the release of so-called danger-associated molecular pattern molecules by clumps of necrotic
therapeutic cells. We conclude that despite two decades of intensive research, drawing conclusions about
which polymer ismost adequate for clinical application is still difficult. This is because of the lack of documentation
on critical information, such as the composition of the polymer, the presence or absence of confounding factors
that induce immune responses, toxicity to enveloped cells, and the permeability of the polymer network.
Only alginate has been studied extensively and currently qualifies for application.
This review also discusses critical issues that are not directly related to polymers and are not discussed in the
other reviews in this issue, such as the functional performance of encapsulated cells in vivo. Physiological endo-
crine responses may indeed not be expected because of the many barriers that the metabolites encounter when
traveling from the blood stream to the enveloped cells and back to circulation. However, despite these diffusion
barriers, many studies have shown optimal regulation, allowing us to conclude that encapsulated grafts do not
always follow nature's course but are still a possible solution for many endocrine disorders for which the
minute-to-minute regulation of metabolites is mandatory.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Encapsulation involves the envelopment of living cells in polymer
membranes to protect the cells from immunedestruction. The introduc-
tion of this technology dates back to 1933, when Bisceglie et al. [1]
studied the effect of encapsulation on the survival of tumor cells in
the abdominal cavity of pigs. Bisceglie demonstrated that prolonged
cell survival can be achieved by enveloping cells in immunoprotective
membranes [1]. To achieve this, Bisceglie applied amnion tissue as a
membrane but did not recognize the potential of the technology for
the treatment of disease. In 1950, Algire et al. [2] introduced the concept
of the “diffusion chamber” to graft therapeutic cells. Algire was also
the first to emphasize the importance of the application of biocompati-
ble polymers with constant, predictable properties as a prerequisite
for therapeutic application [2]. Since then, many groups have demon-
strated the principal applicability of encapsulation technology for the
treatment of different types of diseases [3]. The number of diseases
forwhich this technology has been proposed is long and includes hemo-
philia B [4], anemia [5], dwarfism [6], kidney [7] and liver failure [8],
pituitary disorders [9], central nervous system insufficiency [10], and
diabetes mellitus [11].

Basically, the encapsulation of living cells is applied in two
geometries: macro- and microcapsules. In macrocapsules, living cells
are enveloped in relatively large diffusion chambers with semiperme-
able properties. Diffusion chambers have been produced in the form of
flat sheets, hollow fibers, and disks [12]. Macrocapsules can be distin-
guished in intra- or extravascular devices [13]. In intravascular devices,
cells are distributed outside of artificial capillaries and connected to the
blood circulation as a shunt. The advantage of these devices is that they
are in close proximity to the bloodstream, implying the fast exchange of
therapeutic molecules and nutrients, such as oxygen [14]. A major
disadvantage of this system is that thrombosis may occur with these
kinds of devices. This makes the use of life-long anti-coagulation thera-
py a requirement. For most endocrine diseases for which encapsulation
is proposed, this risk of thrombosismakes it an unacceptable alternative
for conventional treatment, in addition to its side-effects [15]. For this
reason, most groups currently focus on extravascular devices, in which
cells are enveloped within semipermeable diffusion chambers and
implanted under the skin or in the peritoneal cavity without direct
vascular access. The technology is associated with minor surgery and
allows easy replacement in case of failure of the graft orwhen the trans-
plant has to be substituted for other reasons. The numerous reports on
the successful application of macrocapsules in experimental animals
and humans [16–19] illustrate the potential of the technique. However,
there is also a drawback. Macrocapsules are characterized by a
relatively large surface-to-volume ratio. This implies that high
amounts of nutrients are required to build an adequate diffusion
gradient for ingress of the nutrients. This interferes with optimal
nutrition for the cells. Another obstacle is that the cell density in
macrocapsules should be quite low to guarantee adequate nutrition
[13]. Within most applications, the cell density should not exceed
5–10% of the volume fraction [14]. This suggests that if large numbers
of cells are required to cure disease [14], then numerous or large devices
must be implanted. Current research onmacroencapsulation focuses on
the development of techniques that increase nutrition for tissues
[20–22].
Microcapsules are not associated with surface-to-volume ratio
issues. They allow for the fast exchange of therapeutic molecules
and have been shown to closely mimic the release of insulin and glu-
cose. Because of this beneficial property of microcapsules, the majority
of research groups have concentrated on the development of micro-
capsules that provoke low or no inflammatory responses for the cure
of endocrine diseases [11,23–25]. During recent years, the technology
has reached the human stage [26–30].

Before discussing the advances in polymer research, a number of
important items should be discussed that influence the functional
survival of encapsulated tissue, regardless of the type of polymer that
is being applied. As outlined below, encapsulated grafts have several
limitations that cannot be overcome by simply applying better, innova-
tive polymers.
2. Functional performance of encapsulated cells

Aprerequisite is that the capsules or theirmaterials should not inter-
fere with cellular viability. Encapsulation procedures and the polymers
applied, therefore, should not be associated with toxicity. Toxicity is a
phenomenon that is rather cell-specific, and the susceptibility of cells
to toxic molecules varies considerably [31,32]. Moreover, cells with
high proliferation or regenerative capacities are more susceptible to
toxicity than cells that derive from cadaveric donors, such as pancreatic
islets [32,33]. In the latter case, minimal or no loss should be associated
with the encapsulation procedure. These issues are discussed below
with regard to the principal applicability of the procedure for mamma-
lian cells.

In addition to optimal viability, an encapsulation system should
allow for optimal function. Viability and function are not always directly
related (discussed below). Immunoprotected cells are proposed for the
treatment of diseases for which minute-to-minute regulation of a
metabolite is required. To illustrate its potential, diabetes is currently
being treated with multiple daily doses of exogenous insulin. This
therapy is associated with fluctuations in the daily glucose profile,
with consequently frequent episodes of hyper- and hypoglycemia.
In the long-term, this can lead to diabetic complications [34,35], hypo-
glycemic unawareness, or even the failure of organs, such as the kidneys
[36]. This can only be prevented by using an insulin source that regu-
lates glucose levels on aminute-to-minute basis [34]. Immunoprotected
pancreatic islets are proposed to be such a source.

Many studies have shown that immunoprotective capsules do not
interfere with the free diffusion of glucose and insulin. Until a size of
1 mm is reached, the capsules do not disturb the normal biphasic re-
lease of insulin after a glucose challenge [37]. However, this is very dif-
ferent in vivo, in which the same functional, biphasic serological release
patterns of insulin as those seen from islets in the normal pancreasmay
not be expected [38,39]. This canbe explained as follows. Conventionally
encapsulated islets are transplanted in the peritoneal cavity where they
remain free-floating in the peritoneal fluid without direct vascular
access. This implies that a number of barriers have to be overcome
before glucose-induced insulin release can be observed in the systemic
circulation. Glucose must first pass the basement membranes of the
capillaries in the peritoneal cavity. This can take up to 5 min after
glucose is increasing in blood [40]. The released insulin then must
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build a sufficiently high diffusion gradient to allow the diffusion of insu-
lin back to the circulation [39]. To study how efficiently this process oc-
curs, we mimicked the release of insulin by a pancreas in the peritoneal
cavity [39]. Thiswas achieved by releasing insulin in the sameamount as
that produced during a test meal via an intraperitoneally implanted
catheter in rats. This physiological dose effectively lowered glucose
levels, but we were unable to measure any elevation of insulin levels
during the experiment. Twice the amount of insulin that is normally
released during a test meal was necessary to detect an elevation of insu-
lin levels in the systemic circulation [39]. The explanation for this is sim-
ple. The released insulinmust build a diffusion gradient that exceeds the
basement membrane to be taken up into the circulation. This building
up of the diffusion gradient occurs over a relatively large diffusion
area. At the same time, the visceral organs and liver [41] adsorb a sig-
nificant amount of the released insulin to take up the elevated glucose
in the portal circuit. Consequently, high, non-physiological amounts of
insulin are required to detect an effect on insulin levels in the systemic
circulation [39]. Thus, a true measurable biphasic elevation in insulin
levels may not be expected in recipients of encapsulated islet grafts.

To quantify the delay in responsiveness of an intraperitoneally im-
planted encapsulated graft, we subsequently performed an experiment
in mice in which we measured graft-derived c-peptides upon a glucose
challenge [42]. C-peptide is not adsorbed by visceral organs or metabo-
lized by the liver. This experiment revealed that islets in the peritoneal
cavity responded rapidly to a glucose challenge. At 20 min,we observed
a significant elevation of c-peptides [42]. Glucose levels were adequate-
ly regulated and always remained below 6.8 mM, illustrating the ade-
quate regulation of glucose metabolism. This was also confirmed in
other studies that quantified HBac1 levels in rat recipients of encapsu-
lated islet grafts, in which glucose levelswere always within the normal
range [43], illustrating the adequate regulation of glucose levels in the
Fig. 1. Barriers that glucose and insulin must overcome to accomplish a glucose-induced insulin
consumption of a meal, glucose has to build a diffusion gradient across the basement membran
and diffuse through the non-vascularized islet to induce an insulin response. The released insul
across the blood vessels in the portal circuit. When entering the portal circulation, it must cr
systemic circulation where physicians measure the glucose-induced insulin response.
short and long-term. Fig. 1 illustrates the currently known barriers
that glucose and insulin must overcome before reaching the systemic
circulation.

The aforementioned issues illustrate an important item. Encapsulated
grafts do not always follow nature's course but are still functional.
The lack of direct vascular access or transplantation in ectopic sites is
responsible for different release patterns caused by barriers that the
therapeutic agent must overcome to reach the systemic circulation.
However, as outlined above, this does not imply that the graft or
regulation is inadequate. It is different when measured in the systemic
circulation but still adequately regulates metabolism on a minute-to-
minute basis.

3. Longevity of the graft and biotolerability

The optimal function of a graft is a prerequisite, but the longevity of
the graft is equally important. Formost applications, a survival period of
severalmonths is required [44]. This implies that the supply of nutrients
for cell survival is essential when choosing a transplantation site for the
encapsulated tissue. The cells in the capsules are not vascularized after
transplantation, and the lack of direct vascular access is considered a
true Achilles heel for encapsulation. The lack of direct vascular access
is considered an important issue for the exchange of glucose and
insulin and the exchange of nutrients and metabolic waste. Many feel
that long-term cell survival cannot be expected [22,45–51]. Consider-
able attention has been paid to the role of oxygen in the functional sur-
vival of encapsulated tissue. Again, many of these studies have focused
on encapsulated islets that require high amounts of oxygen for adeno-
sine triphosphate generation and optimal function [22,52]. Oxygen ten-
sion in the peritoneal cavity is 40 mm Hg [53], which is considerably
lower than the arterial pressure of 120 mm Hg [54]. Normally, every
response in recipients of an intraperitoneally implanted encapsulated islet graft. After the
e before it can diffuse into the peritoneal cavity. It then has to pass the capsule membrane
in must diffuse out of the capsule through the peritoneal fluid to build a diffusion gradient
oss the liver where a significant portion of the insulin is adsorbed. Finally, it reaches the



Fig. 2. Size matters. The size of the cell clump is a polymer-independent factor in tissue
responses. For pancreatic islets, tissue clumps with a diameter less than 150 μm stay
functional and do not develop necrotic zones in the core of the clumps. Above this size,
necrosis occurs in the center of the cell clumps due to competition for nutrients. This
influences not only the functional metabolic capacity of the graft but also the tissue
response in the vicinity of the graft. Necrotic cells release danger-associated molecular
patternmolecules, which are potent activators of immunecells found in the transplantation
site. After immune activation, cytokines are released that are sufficiently small to pass the
capsule membrane and deleterious to islet tissue.
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islet cell is in contact with a blood vessel and therefore exposed to high
oxygen tension. Several studies have shown that lower oxygen tension
may result in necrosis in the central part of islets when transplanted in
ectopic sites, such as the peritoneal cavity. The size of islets varies be-
tween 50 and 350 μm, and they remain in capsules as spherical clumps
of cells [43]. Especially larger islets are susceptible to the gradual devel-
opment of necrosis because of the competition for nutrients that diffuse
from the periphery to the core [55]. In rats, we found that islets less than
150 μmwere free of necrosis and functional 12 weeks after transplanta-
tion. In contrast, islets greater than 150 μm had large necrotic zones
with only a rim of living cells remaining at the periphery of the cell
clumps [43]. This has important implications for the longevity of the
graft because the adequacy of the regulation of glucose metabolism
depends on the endocrine volume of a graft [56,57]. Larger islets
make a relatively high contribution to this volume because the volume
increases by a third power as the diameter of the islets increases [58].
Losing all of the larger islets implies that 60% of the graft volume is
lost in the first weeks after transplantation because of nutritional issues
that impose a full metabolic load on the remaining 40% of the graft [43].
This issue is still insufficiently recognized in the field but should be
considered a major hurdle to improve the longevity of the graft. A
conceivable approach to solve this issue is to create grafts with smaller
islets (i.e., b150 μm diameter).

The diameter restriction that is necessary to prevent cell death was
found for rodent islets. Theoretically, however, the diameter restriction
may even be stricter with human islets. Recent observations showed
that human beta-cells may dedifferentiate and undergo an epithelial-
to-mesenchymal transition under the influence of the hypoxia-
mediated activation of hypoxia-inducible factor-1α (HIF-1α) [54].
HIF-1α mediates Twist expression, which contributes to the develop-
ment of progressive fibrosis. Although still a subject of debate [54], we
do not feel this is a substantial issue in encapsulation because we have
demonstrated the prolonged survival of encapsulated human islets in
the peritoneal cavity in rats with an oxygen tension of 40 mm Hg
[59]. This suggests that the epithelial-to-mesenchymal transition does
not occur at sufficiently high levels to interfere with the survival of
human grafts.

There is another reason to avoid large islets, the production of so-
called danger-associated molecular patterns (DAMPs). These DAMPs
aremolecules that are released by cells that undergo necrosis. Examples
of DAMPs are cytosolic proteins, such as heat-shock proteins or pieces
of DNA and RNA [60–63]. The mammalian immune system, including
the human immune system, has specialized receptors called pattern
recognition receptors (PPRs) that recognize these DAMPs. The most
well-known PPRs are Toll-like receptors. The immune system, however,
also has other DAMP sensors. These include c-type lectins, nucleotide-
binding oligomerization domain (NOD) receptors, retinoic acid
inducible gene (RIG) receptors, and inflammasomes [62]. The DAMPs
released from large islets might be very potent activators of PRRs,
which subsequently induce an inflammatory response. This response
leads to the release ofmassive amounts of cytokines that are deleterious
to the survival of encapsulated cells [60]. Therefore, it is advisable, if
not mandatory, to avoid the application of large tissue clumps in
which necrosis may occur. The avoidance of necrosis-induced immune
activation by danger signals deserves more attention in encapsulation
research (Fig. 2). As outlined above, we know that islets with a size
less than 150 μm do not develop necrosis. Because we do not yet
know the critical size for the release of DAMPs,we recommendapplying
islets of 150 μm to avoid necrosis-induced immune responses.

The aforementioned discussion of longevity-interfering factors does
not include polymers. They are included in this review to illustrate that
not all issues in promoting survival are related to the biomaterials we
apply. The size of cell clumps, distance to nutrient-supplying blood
vessels, DAMPs, and likely many other factors still to be discovered all
contribute to the duration and quality of graft performance. However,
the polymer applied is a leading subject in discussions on the crucial
factors involved in the functional survival of grafts. For the last two de-
cades, studies have shown that any polymer that qualifies for the encap-
sulation of cells should be fully biocompatible. Some groups claim that
suchmaterials are available [55,64], but others doubtwhether suchma-
terials can ever be designed [65–67]. This paradox can be explained by
different interpretations of the definition of “biocompatibility” and the
specific requirements for encapsulated cells. Biocompatibility is often
defined as “the ability of a biomaterial to perform with an appropriate
host response in a specific application.” Originally, this definition was
formulated at a time when the application of fully artificial organs,
such as artificial hips and knees, was emerging [68]. These fully artificial
organs provoke an innate immune response that results in fibrotic
reactions, with integration of the artificial materials in the surrounding
tissue. This fibrosis and integration in the surrounding tissue is an
“appropriate host response.” For bioartificial organs, such as encapsulat-
ed cells, defining the appropriate host response is far more difficult be-
cause any inflammatory response against the biomaterials is potentially
harmful to the cells in the capsules. For these reasons, the field has
moved away from the term “biocompatibility.” The current leading
opinion is that functional encapsulated grafts should have preferably
no or at least minimal cellular overgrowth to ensure free diffusion of
nutrients and oxygen and the exchange of therapeutic proteins. Rokstad
et al. [69] discusses this issue in detail in a different article in this
issue and explains that the term “biotolerability” is more appropriate
than “biocompatibility” for the encapsulation field. “Biotolerability” is
defined as “the ability of amaterial to reside in the body for long periods
of time with only low degrees of inflammatory reactions” [70]. This
definition also covers another important requirement for a polymer
in cell encapsulation (i.e., the compatibility of the biomaterial with the
encapsulated cells). Cells should grow and function in the polymer
network as adequately as in their natural environment.

Many biotolerable polymers have been introduced as encapsulation
material. In some cases, these matrixes are coated with other polymers
to improve biocompatibility [71]. As outlined above, to qualify as an
adequate biotolerable polymer for cell encapsulation, the polymer
should not interfere with the function and viability of the cells in the
capsules [71,72]. Additionally, the polymers should not induce a host

image of Fig.�2
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response that can interfere with the function of the encapsulated cells
[73]. In the present review, natural and synthetic polymers that meet
the aforementioned prerequisites are discussed from the perspective
of their potential and obstacles in the application of encapsulation
systems. The limitations of the most commonly applied procedures
are discussed, and aspects related to improving the performance of
polymers as encapsulation material are reviewed in view of the clinical
application of immunoisolatingmaterial for mammalian cell encapsula-
tion. Only polymers that have been studied by more than one research
group in more than one application over several years are discussed.
The origin of the polymers, the way they are processed for capsule
formation, and the successful production of immunoprotective capsules
based on the polymers are discussed with consideration of the optimal
functional survival of the encapsulated cells.

4. Polymers from natural sources

Generally, three main classes of natural polymers can be distin-
guished (i.e., polysaccharides, polypeptides, and polynucleotides).
Polysaccharides are the most commonly used natural polymers in cell
encapsulation. The reason for this is probably that polysaccharides
allow for the encapsulation of cells under relatively mild conditions
and generally do not interfere with the functional survival of the
cells [11,74]. Another pertinent reason is that the majority of polysac-
charides form hydrogels [75]. Hydrogels have many beneficial proper-
ties for cell encapsulation. They are pliable, soft, mechanically stable
[76], and reportedly associated with minor host responses [77].

4.1. Alginate

The most commonly applied polymer in encapsulation research is
alginate. Alginate was originally introduced for the encapsulation of
pancreatic islet cells for the treatment of diabetes [11]. Since then,
it has been applied for the encapsulation of not only pancreatic islets
[78] but also other endocrine cells and recombinant cells for the delivery
of therapeutic gene products [79,80], such as growth hormone and
human clotting factor IX.9 [81–84]. It is also applied in bioartificial
kidneys [7], for the protection of hepatocytes [85], and for bioartificial
parathyroids [86]. Alginate is being applied for both macro- and
microencapsulation.

Alginate is a natural anionic polymer and has been isolated
from Azotobacter vinelandii, several Pseudomonas species, and algae
[87]. Alginate is a linear polysaccharide composed of 1,4′-linked β-D-
mannuronic acid (M) and α-L-guluronic acid (G) residues in different
sequences (Fig. 3). The ratio of G and M blocks depends on the source
of algae used for alginate extraction. Alginates with high guluronic
acid content are preferred for applications where a more rigid structure
is required. Alginates with a higher mannuronic acid content are
preferred for applications where pliable gels are desired. This versatile
property of alginate is caused by the higher affinity of the guluronic
acid residues for divalent ions [13]. The alginate that is most commonly
applied for cell encapsulation is obtained from brown algae [71,72].
Fig. 3. Alginate. Alginate is a linear polysaccharide composed of 1,4′-linked β-D-ma
Sol–gel processes are usually applied to manufacture alginate
capsules. This process involves the extrusion of a solution of alginate
that contains the therapeutic cells in a crosslinking solution that
contains divalent cations, such as Ca2+, Sr2+, or Ba2+. Other divalent
cations, such as Pb2+, Cu2+, Cd 2+, Co2+, Ni2+, Zn2+, and Mn2+, will
also crosslink alginate gels, but their application is avoided because
they are toxic to cells [88]. Alginate's affinity for different divalent ions
has been shown to decrease in the following order: Pb2+ N Cu2+ N

Cd2+ N Ba2+ N Sr2+ N Ca2+ N Co2+, Ni2+, Zn2+ N Mn2+ [89]. A higher
affinity of the cation for the alginate residues is associated with a
stronger gel [90].

Alginate gels are too porous to provide immunoprotection [91]. The
pore size of barium-alginate gels have been reported to provide protec-
tion for allogeneic tissue but not xenogeneic tissue [92,93]. Therefore,
in most applications, researchers choose to coat the alginate gels with
cationic polymers of synthetic origin [94–96]. The most intensively
studied and characterized cationic polymers for alginate coating are
poly-L-lysine [97] and poly-L-ornithine [98]. However, poly(ethylene
glycol) (PEG), glutaraldehyde [99], chitosan [99,100], agarose [101],
cellulose sulfate with the polycation poly(methylene-co-guanidine)
[102], diblock polymers of poly-L-lysine and PEG [103], and poly
(allylamine) [104] have also been applied.

A critical issue that always requires confirmatory studies is that the
coating of the alginate matrix should not interfere with the diffusion
of the therapeutic molecules. The poly-L-lysine coating of alginate
has been shown to directly influence the ability of pancreatic islets to
respond to a glucose load [37]. The thickness of the poly-L-lysine layer
is even more important than the islet diameter and capsule diameter
[37]. Typically, the poly-L-lysine membrane should not exceed 4 μm in
thickness, and it should not be exposed to poly-L-lysine concentrations
higher than 0.1% for 10 min [37]. Pore sizes that are too tight have re-
ceived only minor attention in the field to date but require considerable
considerationwhen applying coatings to decrease permeability because
it may also lead to malnutrition of the tissue or accumulation of toxic
waste material in the capsules (Fig. 4). Wikstrom et al. [105] described
amodel for predicting the permeability of alginatemembraneswith dif-
ferent crosslinkers. Wikstrom demonstrated that substantial amounts
of proteins may accumulate in the microcapsules with permeability
less than 0.04 h−1 [105]. This will lead to the accumulation of waste
materials with toxic effects and necrosis of the cells as a consequence
[43].

Other types of coatings are also being applied to decrease the pore
size of alginate matrices. In some cases, polymers are being applied to
decrease the permeability and simultaneously increase the mechanical
stability and durability of the capsules. Polyethylene glycol has often
been applied as a coating material for that reason [106]. Chen and
colleagues showed that PEG-amines can be stably coated onto the
surface of microcapsules to stabilize the capsules and even contribute
to the prevention of cell overgrowth on the capsule surface [107].
They used charged derivatives of PEG, methoxypolyoxyethylene
amine and polyoxyethylene bis(amine). These derivatives contain
charged amine groups (NHs+) at one or both ends of the polymers
and contain a PEG backbone. The amine groups of the PEG derivatives
nnuronic acid (M) and α-L-guluronic acid (G) residues in different sequences.
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Fig. 4. Retention of metabolic waste material in an alginate–PLL capsule (A). The islets in
the capsules are necrotic (B).
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can interact with the negatively charged alginate on the microcapsule
surface [108]. Another approach for PEG coating has involved the use
of glutaraldehyde, which leads to the chemical grafting of PEG on the
beads [99]. The incorporation of very low levels of glutaraldehyde
during gelation improved not only the stability of the capsules but
also the biostability and function of the encapsulated cells [99]. Despite
encouraging results, the surface modification of alginate with glutaral-
dehyde has not been reported since 1999.

Another series of efforts to stabilize alginate gels is the application of
covalent crosslinking molecules. The application of photoactive cross-
linkers is the most commonly applied method for covalently cross-
linking alginate [109–111]. Notably, however, this method does not
meet the criterion that an encapsulation procedure should not interfere
with the functional survival of the cells. Photoinitiator solutions are
associated with free-radical generation following the initiation of bond
formation and can lead to cell toxicity [112,113]. Another method for
covalently crosslinking alginate molecules is the introduction of alde-
hyde or hydroxyl groups. These groups can chemically crosslink other
polymers that stabilize the capsule and provide adequate semiperme-
able properties [114,115]. Alginate with phenol moieties (Alg–Ph)
were recently applied [114]. This alginate is gelated through the forma-
tion of crosslinks by calcium ions or horseradish peroxidase (HRP).
Horseradish peroxidase catalyzes the oxidative coupling of phenols
with alginate using H2O2 dissolved in the aqueous solution or both
[114]. However, the synthesis of esters directly onto the alginate
carboxyl groups may lead to their consumption and consequently the
failure of the capsules.

The biotolerability of alginate-based capsules is probably the best
studied of all polymers applied for cell encapsulation. Alginate is the
polymer that has shown that purity is an important factor in preventing
host responses [38,116]. Many natural polymers, including alginate,
contain immunogenic substances, such as proteins, endotoxins, and
polyphenols [38]. When these molecules diffuse to the capsule surface,
they can provoke strong and deleterious responses [38]. A recent
finding is that alginate may contain so-called pathogen-associated
molecular pattern molecules (PAMPs), which are highly conserved
molecular motifs that are found not only on pathogens but also
throughout nature [117]. Similar to DAMPs, they are very strong activa-
tors of PRRs and consequently inflammatory responses. The presence of
PAMPs is likely not unique for alginate but most likely also present
in other polymers. Therefore, we will postpone the discussion about
its role in biotolerability until the “Concluding remarks and future
considerations” section below.

Other factors that might contribute to enhanced responses are
activation of the complement system [118,119]. Rokstad et al. [69] dis-
cusses this topic in depth in the present issue, so it will not be discussed
here. Complement activation may also be deleterious for islet tissue
because it might activate cells in the vicinity to produce large quantities
of cytokines that are able to pass the membrane [118]. However,
complement activation is not a direct threat for the encapsulated tissue
because the complexes are too large to pass the membranes. Thus,
the membranes protect against complement activation. In our hands,
complement activation was observed with high-G alginates within the
first days after implantation and not thereafter.

Additionally, alginate has been the model polymer to demonstrate
the importance of the adequate binding of crosslinking molecules
with the matrix of the capsules. For poly-L-lysine, adequate amounts
of G–M residues should be present in the matrix to allow for the
formation of super-helical cores and β-sheets [120]. These conforma-
tions mask positive charges on the poly-L-lysine molecules, which are
implicated in inflammatory responses [120–122].

A recent study [123], again with alginate, reported that the resis-
tance to changes in the in vivomicroenvironment should be considered
a prerequisite for the long-term functional survival of encapsulated
cells. High-G alginates could be engineered such that they have similar
physicochemical surface properties as capsules with a matrix with
high amounts of G–M to facilitate poly-L-lysine binding. However,
when implanted, the high-G capsule's surface undergoesmany changes,
including an increase in zeta-potential with protein adsorption and a
consequent host response [123]. This was not observed when the
capsules were produced with a high G–M content. This illustrates that
some compositions cannot withstand the lower pH or osmolarity
changes in vivo [124], with inflammatory responses as a consequence
(Fig. 5).

Although these facts are well known, they have received minor
attention in the area of other natural polymers.

4.2. Agarose

Agarose was first applied for cell encapsulation by Scheirer et al.
[125]. It has been applied for macro- and microencapsulation. Agarose
macrobeads have been shown to protect islet xenografts from rejection
and provide amicroenvironmentwhere the isletsmaintain and support
their function in vivo [126,127]. Agarose-encapsulated PC12 cells, a do-
paminergic cell-line derived from rat pheochromocytoma, delivered
dopamine for at least 5 weeks after transplantation without any signs
of immune rejection [128]. Agarose has also been used for the encapsu-
lation of genetically modified fibroblasts to treat brain disorders [129],
hybridoma cells for immunological disorders [82], kidney cells
[128,130,131], and insulinoma cells for the treatment of diabetes
[132,133]. Studies have reported varying degrees of success.

Agarose is a polysaccharide obtained from agar. It is composed
of β-D-galactopyranosyl and 3,6-anhydro-L-galactopyranosyl,
which are coupled through 1 → 3 binding (Fig. 6). Agarose allows
for the encapsulation of cells under mild conditions and reportedly
does not interfere with the functional survival of cells [134]. When
applied in a pure form, some types of agarose are associated with
minimal host responses [135].



Fig. 5. The physicochemical properties of capsules can change in the implantation environment. With alginate, alginate–poly-L-lysine with a high G-content will undergo a change in
surface charge directly after implantation. This is the consequence of a nonspecific immune response that occurs, with a consequent influx of cells and pH changes in the implantation
site. This response always occurs independent of the quality of the graft. Some capsule types are insensitive to these changes and do not undergo any change in surface charge.
For high-G alginate, an elevation of positive charges on the capsule's surface will occur (zeta-potential elevation) with consequent cell adhesion and inflammatory responses against
the high-G microcapsules.
Obtained from reference [121] with permission from the publisher.
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Immunoprotective gel formation is based on temperature-induced
suspension–gelation methods. The cell/agarose solution is usually
pressed though a nozzle at 37 °C. The agarose beads are subsequently
collected as droplets at 4 °C to allow the beads to gel [136]. Although
the procedure is simple and available in many medical laboratories, it
has amajor disadvantage. The suspension–gelationmethod is associated
with a broad size distribution of capsules and high shear forces that
are deleterious to cells [137]. Therefore, different methods have been
proposed and are still under investigation [137].

The immunoprotective properties of agarose gels are controlled by
varying the agarose concentration to form the gels. Usually 5% agarose
is applied to form immunoprotective capsules [138]. Agarose micro-
capsules can effectively prolong islet iso- and allografts in mice [139]
and canines [140,141]. Xenografts show limited durations of survival
[13], which is likely attributable to the fact that the applied agarose
gels cannot prevent the penetration of cytotoxic immunoglobulin
G (IgG) in xenografts [142,143]. The in vivo graft survival time was
improved by increasing the agarose concentration from 5% to 7.5–10%
[144] or by providing a coating on the surface with another polymers.
To this end, Dupuy et al. [145] coated agarose microcapsules with poly-
acrylamide. These capsules were shown to be impermeable to antibod-
ies but associated with major host responses that interfered with the
functional survival of the islets [146]. Anothermore successful approach
was coating the agarose surface with polybrene and carboxymethyl
cellulose (CMC) [147]. To engineer these capsules, microcapsules
composed of a mixture of 5% agarose and 5% polystyrene sulfonic acid
(PSSa) were formed and incubated with polybrene and CMC. Agarose/
PSSa provided immunoprotection and mechanical stability. However,
PSSa may provoke host responses. Therefore, the polybrene layer is
applied to inhibit PSSa leakage by forming a polyionic complex at the
surface of the agarose/PSSamembrane and outer layer. The CMC coating
improved the biotolerability of the microcapsules [147].

To facilitate functional survival of cells in agarose gels, agarose
has been mixed with polymers with growth-promoting properties.
Fig. 6. Agarose is composed of β-D-galactopyranosyl and 3,6-anhydro-L-galactopyranosyl,
which are coupled through 1 → 3 binding.
Collagen–agarose macrobeads, for example, showed superior effects
on the functionality of rat pancreatic islets compared with agarose
alone. These macrobeads were able to maintain normoglycemia in
diabetic rats [127,148–150]. Agarose/poly (styrene sulfonic acid)-mixed
gels also had positive effects on islet survival. These gels maintained
normoglycemia for a period of 38–101 days in mice [151].

Although the principal applicability of agarose for immuno-
protective capsules has been demonstrated, some major issues remain
unresolved. Tissue reactions against implanted PSS/agarose micro-
capsules increase when the PSS concentration increases. The 5%/5%
agarose/PSS microcapsules were free-floating in the peritoneal cavity,
whereas those that contained 10% PSS were surrounded by adipose tis-
sue [152–154]. Another issue is the presence of toxic molecules before,
during, and after the encapsulation procedure with agarose [145,155].
Compared with alginate, agarose has less versatile properties with
regard to adapting permeability to prevent the entry of deleterious
molecules. Complement factors and many cytokines are known to
pass through the agarosemicrocapsules [138,139]. Another major chal-
lenge is to find reproducible, pure sources of agarose when widespread
application is considered [115,156].

4.3. Chitosan

Chitosan has been applied as a polymermatrix for the encapsulation
of PC12 cells for the treatment of Parkinson's disease [157], hepatocytes
[158], R208F cells [159,160], fibroblasts [10,16,160,161], human bone
marrow stromal cells [162], and cardiomyocytes [163]. It is mostly
applied for microencapsulation [164] and is preferred for cells that
benefit from a cationic environment [165] or in applications in which
biodegradable properties are desired. In addition to cell encapsulation,
chitosan has been applied for drug delivery, for dermal substitutions,
and as wound healing accelerators [166,167].

Chitosan is a polycation and found in crustacean shells, fungi, insects,
annelids, and mollusks. It is commercially produced from chitin
[168,169]. Chitosan is a poly β(1 → 4)-2-amino-2-deoxy-β-D-glucan,
deacetylated chitin. Chitosan contains reactive amino and hydroxyl
groups and has a strong affinity for polyanions. It is soluble in acidic
aqueous solution and has versatile mechanical properties [170] (Fig. 7).

Chitosan has not been as intensively tested as alginate or agarose
for immunoprotection. The reason for this is that chitosan cannot be
easily dissolved in aqueous media at pH N 6, with the exception of
low-molecular-weight samples. It is soluble only at non-physiological
pH [170]. However, chitosan-alginate matrices have been successfully
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Fig. 7. Chitosan is a poly β(1 → 4)-2-amino-2-deoxy-β-D-glucan.
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applied for the implantation of pancreatic islets in streptozotocin (STZ)-
induced diabetic mice [171]. The authors, however, did not report how
they avoided toxicity at lowpH. Chitosan ismechanically not very stable
and interferes with the function of cells that do not benefit from a
positively chargedmicroenvironment. By combining gelatin with chito-
san, both the mechanical and biological properties of the chitosan
substrate can improve. Chitosan/gelatin solution with glycerol salt
becomes a hydrogel at 37 °C and has been successfully used for the
macroencapsulation of insulinoma cells [100,172].

Some groups have studied the applicability of N-acetylated chitosan
instead of chitosan because of its high solubility in water and aqueous
organic solvents [173]. However, the water solubility of N-acetylated
chitosan decreased as its molar mass increased at the same pH
[174,175]. Its mechanical instability also interferes with the stable and
reproducible production of microcapsules. Increasing the concentration
of N-acetylated chitosan has been reported to improve mechanical
stability, but this increase in concentration was associated with an
undesirable decrease in permeability [175]. Some improvements in
mechanical stability without effects on permeability were demonstrated
whenN-acetylated chitosanwas combinedwith alginate as encapsulated
HepG2 cells in N-acetylated chitosan/alginate matrices. This preserved
the viability of the cells over a 1 week culture period [176]. Longer
culture periods have not been reported.

Presently, because of its low compatibility with the enveloped
cells, chitosan will unlikely be acceptable as a matrix polymer for appli-
cation in immunoprotective capsules [177]. As a cationic polymer, it is
mucoadhesive and exhibits cellular cytotoxicity [94]. It will possibly
have more chances for success as a coating material [178]. The applica-
tion of chitosan instead of poly-L-lysine has been suggested to provide
higher mechanical strength and stability because of the stronger bond
between chitosan and the alginate gel [164,174,179]. Of course, this
depends on the type of alginate applied [180,181] and requires further
investigation.

4.4. Cellulose

Cellulose has been applied for the encapsulation of cytotoxic
epithelial cells for the treatment of pancreatic cancer [182–184],
insulin-producing cell lines (HIT-T15) [185,186], embryonic kidney
cells [187], and hybridoma cells [188,189]. Cellulose does not form
hydrogels and therefore is mostly applied in inert diffusion chambers
that are used as immunoprotective macrocapsules [18,190].

Cellulose is the structural component of the primary cell wall of
green plants, many forms of algae, and oomycetes [191]. It is a poly-
saccharide that consists of a linear chain of β(1 → 4)-linked D-glucose
units (Fig. 8). Some species of bacteria also secrete cellulose to form
biofilms [192,193]. Cellulose is biodegradable and therefore the subject
Fig. 8.Cellulose is a polysaccharide that consists of a linear chain of β(1 → 4)-linked
D-glucose units.
of debate for application in some forms of tissue repair [183]. However,
the degradation of cellulose in animals and humans is considered to
be limited [191], if it occurs at all, because of the absence of hydrolase
that degrades the β(1,4) linkage in mammals [191]. Physical transfor-
mations of higher-order structures of cellulose may even modulate its
degradation [191] and make cellulose a versatile and applicable natural
polymer.

Cellulose is insoluble in water and most organic solvents, and some
groups have explored the application of water-soluble derivatives,
such as sodium cellulose sulfate (NaCS) and carboxy methyl cellulose
(CMC), for cellular immunoprotection [183,194]. NaCS is the ester de-
rivative of cellulose. It is a product of the reaction of cellulose with sul-
furic acid or other sulfuric reagents. By dropping a solution of NaCS into
a solution of poly(diallyldimethylammonium chloride [PDADMAC]),
very mechanically stable microcapsulesmay be produced via interfacial
polyelectrolyte complexation [183]. The fast coacervation of cellulose
sulfate with the polycation results in a mechanically stable membrane
around a core of non-reacted cellulose sulfate [195]. Cells can be
dissolved in the cellulose sulfate solution under physiological conditions
and safely trapped within a liquid core during capsule formation.
Sodium cellulose sulfate serves as a polyanion, and PDADMAC serves
as a polycation [183]. This procedure reportedly does not interfere
with the functional survival of animal and human cells [196]. CS-
PDADMAC capsules have been successfully applied with hybridoma
cells to deliver monoclonal antibodies into the blood stream of immu-
nocompetent mice [188].

The cellulose derivative CMC contains carboxymethyl groups
(\CH2\COOH) bound to some of the hydroxyl groups of glucopyra-
nose monomers on the cellulose backbone. This derivative is mostly
applied as a matrix molecule in combination with a coating of the sur-
face to provide mechanical stability and immunoprotection. An evalua-
tion of six polyanion and six polycation combinations revealed that a
combination of high-viscosity CMC/chondroitin sulfate A-chitosan has
permeability properties and mechanical strength similar to alginate–
poly-L-lysine capsules [94,194]. Other approaches that have been
explored with CMC include the addition of chitosan molecules. This in-
creases pH and ionic strength and consequently establishes a favorable
environment to form a gel structure by reducing electrostatic repulsion
and enhancing hydrophobic interactions [197,198]. Thermosensitive
chitosan/CMC hydrogels have been tested and applied to encapsulate
chondrocytes [194]. Other applications have not yet been published.
Although production is technically challenging, these hydrogels are
relatively fragile because of the weak molecular interactions and high
water content. To improve this situation, Ogshi et al. [199] synthesized
CMC with phenol groups and then used HRP-catalyzed oxidation reac-
tions to conjugate phenol groups for the microencapsulation of feline
kidney cells. The reaction was performed in the presence of H2O2

[199]. The resulting microcapsules were not uniform and in the range
of 60–220 μm [200,201]. Many improvements must be made before
this procedure can be considered for application in immunoprotection.
Considering the harmful effect of H2O2, a faster gelation time and
lower H2O2 content would also be desirable for practical applications.
Presently, cellulose only has potential as a polymer for macro-
encapsulation [18].

The biotolerability of cellulose is the subject of debate [18,202].
However, it is compatible with the functional survival of enveloped
cells because it induces not more than minor inhibition of cell
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proliferation of the encapsulated cells [203,204]. Some authors
have reported strong tissue reactions that result in the infiltration of
cellulose-based macrocapsules with immune cells and a fibrous capsu-
lar reaction 15 days after implantation in mice [18]. This implies that
an inflammatory response can occur against cellulose. Other authors
have reported the absence of inflammatory responses, even when
cells were present in the cellulose-based capsules [188,205].
Unfortunately, the physicochemical properties of cellulose capsules
have never been studied or compared. Differences in these surface
properties are likely responsible for the differences in findings. Many
issues remain to be resolved for cellulose-based capsules, with minimal
optimism for clinical application in the near future.

4.5. Collagen

Collagen matrices are preferred for anchorage-dependent cell types,
such as stem cells [64], hepatocytes [206], and fibroblasts [207,208].
Collagen (Fig. 9) is regarded as one of the most versatile polymers for
cell encapsulation. Collagen hydrogels can be prepared in a number of
different geometries, including strips, sheets, sponges, and beads [209].

Collagen has a high content of glycerin residues (33%) [210]. To date,
29 types of collagens have been identified and described [211]. Collagen
can be found throughout the body [209,212], with five dominant types
of collagen in the human body. However, over 90% are type I collagen. Of
all types, collagen type I is the most commonly applied encapsulation
polymer. This is because of its abundance. It also provokes minor
humoral responses, and potential allergic reactions can be prescreened
[213].

The application of collagen as the major constituent in the capsule
matrix is limited because of its weak mechanical properties, short-term
stability, and difficulty controlling its permeability [209]. Collagen un-
dergoes very rapid enzymatic degradation [209]. To increase durability,
collagen-based microcapsules have been produced with an inner core
of collagen and an outer shell of a tetrapolymer of 2-hydroxyethyl
methylacrylate (HEMA), methacrylic acid (MAA), and methyl metha-
crylate (MMA) [206,214]. In this process, the cell suspension is mixed
with the collagen at 4 °C to prevent gelation of the collagen solution.
The negatively charged tetrapolymer molecules are then added to the
outer surface of the microcapsules to form a polyelectrolyte complex.
The microcapsules are incubated at 37 °C for 1 h to allow the collagen
to gel before themicrocapsules are harvested by sedimentationmethod-
ologies [158]. This system is applied to enhance cell survival and function
[21,215].

Encapsulated allogeneic islets in collagen type I reportedly show no
fibrous tissue 3 months after implantation [216]. However, because the
stability has a limited duration, collagen capsules require crosslinking
with other polymers for long-term biomedical applications [217].
Glutaraldehyde (GA) is the most widely used crosslinker but unfortu-
nately is associated with an inflammatory response and therefore
inadequate biotolerability [218].More research is required to determine
whether collagen type I is an adequate, biotolerable matrix for cell
encapsulation.
Fig. 9.Collagen is a family ofmolecules that are available in at least 29 types. A characteristic
is that it has a high content of glycine, proline, and hydroxyprolin.
4.6. Xanthan

Xanthan is usually applied for drug delivery applications [219], but it
has also recently been introduced for the encapsulation of chondrocytes
[220]. Xanthan is a natural polysaccharide derived from the bacterial
coating of the bacterium Xanthomonas campestris. It is commercially
produced by X. campestrisduring the fermentation of glucose or sucrose.
Its main chain (Fig. 10) consists of (1 → 4)-β-D-glucose units with a
terminal β-D-mannose, β-D-glucuronic acid, and β-D-mannose side
chain that has β-D-(1 → 2) and D-(1 → 4) linkages [221,222].

In microencapsulation procedures applied for chondrocytes [220], a
cell suspension mixed with aqueous carboxymethyl xanthan (CMX)
solution was collected in a crosslinker solution that contained 1.5%
CaCl2. To provide immunoprotection and reinforce stability, the beads
were coated with poly-L-lysine. After the procedure, the chondrocyte-
containingmicrocapsules were 500 μm in diameter and had a homoge-
nous size distribution [220].

Xanthan has numerous advantages because it is insensitive to a
broad range of temperatures, pH, and electrolytes [223]. This might be
beneficial for in vivo application because biomaterials should be able
to withstand changes in the microenvironment at the implantation
site [123,223]. These changes, such as a drop in pH or protein adsorption
[124,224], may induce undesirable changes in the surface properties
and cause biointolerability [124,224]. However, many more studies
that use different cell types should be performed to qualify xanthan as
a preferred biomaterial for cell encapsulation and immunoprotection.

5. Synthetic polymers

Synthetic polymers offer several advantages over natural polymers.
They can be more readily synthesized in large quantities than most
natural polymers. They do not suffer from batch-to-batch variations
like natural polymers, and they can be more easily engineered for
desired properties. Synthetic polymers can be tailor-made to improve
biotolerability or reinforce mechanical properties [225]. However,
few synthetic polymers achieve the criteria for optimal compatibility
with enveloped cells. Many synthetic polymers are associated with
encapsulation procedures that require the application of toxic solvents
[226,227]. This implies a loss of viability or loss of cell function. This is
especially an obstacle in applications where scarce cadaveric tissue is
required, such as in the application of encapsulation of pancreatic islets,
hepatocytes, or kidney cells for the treatment of various diseases. In
most cases, therefore, synthetic polymers are applied in combination
with macrocapsules as macrodevices prepared in the absence of the
cells. Just before implantation, the cells are brought into the already
manufactured device in the absence of any toxic solvent.

5.1. Poly(ethylene glycol)

Poly(ethylene glycol) (Fig. 11) is a polyether composed of repeating
ethylene glycol units. It is an inert biomaterial used for the encapsula-
tion of a broad range of cell types, such as pancreatic islets [228,229],
chondrocytes [230], osteoblasts [231], and mesenchymal stem cells
[232].

Poly(ethylene glycol) is produced by the interaction between
ethylene oxide andwater, ethylene glycol, or ethylene glycol oligomers.
The reaction is catalyzed by acidic or basic catalysts [233]. When PEG
macromeres are terminated with methacrylate or acrylate groups,
they undergo rapid crosslinking upon exposure to ultraviolet or visible
light in the presence of appropriate photoinitiators. Photoinitiators
create free radicals that can initiate polymerization [234,235]. Poly
(ethylene glycol) acrylate derivatives and PEGmethacrylate derivatives
are used to form photopolymerizable hydrogels.

Poly(ethylene glycol) is one of the few synthetic polymers that
allow application in both microencapsulation and macroencapsulation
because it is not associated with the use of harsh solvents. Many



Fig. 10. Xanthan consists of (1 → 4)-β-D-glucose units with a terminal β-D-mannose, β-D-glucuronic acid, and β-D-mannose side chain that has β-D-(1 → 2) and D-(1 → 4) linkages.
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different encapsulation procedures have been applied in the past two
decades. Cells have been encapsulated in microcapsules by applying
the photopolymerization of PEG diacrylate prepolymers. This approach
applies PEG macromeres that are terminated with methacrylate or
acrylate groups. These groups undergo rapid crosslinking upon expo-
sure to ultraviolet light or in the presence of appropriate photoinitiators
[234,235]. Cruise et al. [229] was the first to show that these capsules
can provide immunoprotection but suffer from another, unrelated
issue. The pores of the capsules were too small to allow adequate
nutrition [236]. This problem could partially be solved by decreasing
the thickness of the capsule wall [236]. Many successful studies
have been published with PEG since then [231,237,238], but one issue
has surprisingly gained only minor attention. As outlined above,
photopolymerization is associated with the generation of free radicals
and consequently cell damage and loss of function [239]. This has
been published for other types of polymers [234] but has been the
subject of only a few PEG studies [239]. Remaining to be determined
is the consequence of this free radical formation for the longevity of
encapsulated cells and their function.

Cellesi et al. [240,241] introduced a different concept for the
formation of PEG-based capsules. A gelation process was presented,
based on a combination of physical and chemical crosslinking. They
designed a procedure in which the functional PEG-blpoly(propylene
glycol)-bl-PEG (PEGPPG-PEG) was first thermally gelled and subse-
quently covalently crosslinked by the reaction of polymer end groups
[240,241]. The encapsulation process was performed under physiologi-
cal conditions.

Poly(ethylene glycol) hydrogels have some advantages over other
synthetic molecules that form hydrogels. They have a high water con-
tent and a short diffusion time scale. Furthermore, PEG molecules can
be easily coupled to functional peptides and mimic aspects of the
extracellularmatrix to support the survival and function of encapsulated
cells [242,243]. Another advantage is the low protein adsorption on PEG
surfaces. However, this depends on the molecular weight of the applied
PEG chains. Protein adsorption is minimal with PEG at a degree
of polymerization (DP) above 100 [244]. The decrease in protein
adsorption is attributable to the osmotic pressure and elastic restoring
forces generated by the PEG chains that are not compatible with
interactions with protein molecules [245]. Thus, large PEG molecules
are beneficial for diffusion characteristics and biotolerability.
Fig. 11. Poly(ethylene glycol) is a polyether composed of repeating ethylene glycol units.
Despite these beneficial properties, many reports have described
deleterious immune responses against PEG-encapsulated cells, suggest-
ing that PEG networks cannot prevent the entry of cytotoxic molecules
into the capsules [246]. Applying other strategies may solve this lack
of immunoprotection. Some researchers have engineered the capsules
by modifying the PEG capsule surfaces with immune cell receptors,
such as Fas Ligand (FasL) [247] and tumor necrosis factor receptor 1
(TNFR1) or WP9QY [235].

5.2. Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a water-soluble thermoplastic polymer. It
has been applied for the encapsulation of genetically engineered cells
that secrete neurotransmitters [157,248] and neurotrophic factors for
the treatment of Alzheimer's disease [157,249], Huntington's disease
[157,249], and Parkinson's disease [250]. It has also been applied
for the macroencapsulation of pancreatic islets for the treatment of
diabetes [251] and pituitary disorders [252].

Polyvinyl alcohol is commercially produced from polyvinyl acetate,
in which the vinyl acetate groups are hydrolyzed to the vinyl alcohol
group (Fig. 12). Polyvinyl alcohol is slightly soluble in ethanol but
insoluble in other organic solvents. As a thermoplastic polymer, it can
be converted to different structures by freeze-thawing processes. The
gelation of PVA is performed through repeated freeze/thaw cycles
[253,254]. Some have applied this procedure to a mixture of cells and
PVA [254]. The cells were protected during freezing with cryoprotec-
tants, such as glycerol. Obviously, this is associated with a loss of
the functional survival of the cells. Its processing into capsules is not
compatible with the simultaneous presence of cells. Therefore, it is
mainly applied for macrocapsules [255,256].

The most commonly applied co-polymer of PVA for macro-
encapsulation is polyacrylonitrile and polyvinyl chloride (PAN-PVC). It
is typically composed of 40–60%monomer of PAN-PVC with an average
molecular weight of 30,000–200,000 g/mol [257]. An XM-50 hollow
fiber with a nominal molecular weight of 50,000 g/mol is the most
frequently applied type of PAN-PVC. Its application dates back to 1977
Fig. 12. Polyvinyl alcohol is produced from polyvinyl acetate, in which the vinyl acetate
groups are hydrolyzed to the vinyl alcohol group.



Fig. 14. Poly(ether-sulfone) fibers are formed by the polymerization of dichlorodiphenyl
sulfone with dihydroxydiphenyl sulfone in the presence of sodium carbonate.
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when itwas applied by Chick et al. [258] for the encapsulation of islets of
Langerhans. PAN-PVCmacrocapsules have been applied as extravascular
[259] and intravascular [260] devices.

An obstacle in the application of PVA is its low hydrophilicity. This
makes PVA-based capsules susceptible to cell adhesion in vivo. This
cell adhesion interferes with adequate nutrition for the immuno-
protected tissue. To solve this issue, Mathews et al. [261] applied
chitosan-based composite systems. Although this increased the hydro-
philicity of the surface, the composites and gels that formed exhibited
stability issues [254]. Therefore, additional crosslinking steps may be
required to prolong stability [254].

Polyvinyl alcohol itself is not beneficial for enveloped cells because
they cannot easily adhere to the inside part of the capsules [262].
Therefore, a natural polysaccharide (e.g., alginate or chitosan) is used
as a supportive matrix for the enveloped cells [160]. As mentioned
above, the surface of PVA-based capsules can provoke a chronic inflam-
matory response [263], with the consequent death of immunoprotected
cells. Many efforts have beenmade to increase biotolerability by coating
the surface with alginate or PEG [264] or modifying the number of PAN
units in the device [265]. Although this has brought some improvement
[265], it has not avoided another pertinent issue that occurs in vivo. The
permeability of PAN-PVC decreases after long-term in vivo application
[266]. This interferes with the functional survival of the cells. Shoichet
modified PAN-PVC by grafting poly(ethylene oxide) (PEO) to the
surface, which resulted in a 40% decrease in protein adsorption to the
membrane [267] but unfortunately could not avoid strong fibrotic
responses against the grafts [268]. Some have applied incubation
in 70% ethanol to increase permeability and facilitate solute diffusion.
Although promising [268,269], the number of reports on successful
application in the past decade is limited.

5.3. Polyurethane

Polyurethane (PU) is an elastomer polymer (Fig. 13) with wide-
spread biomedical applications. It is commonly applied in vascular
grafts and artificial hearts. It is applied inmacrocapsules in the geometry
of hollow fibers and used for the encapsulation of pancreatic islets [270],
pituitary tissue [271], and PC12 cells [272]. Polyurethane is mainly pro-
duced by a covalent reaction between polyol, typically a polypropylene
glycol or polyester polyol, and diisocyanate in the presence of catalysts
[273].

To facilitate cell growth in PU hollow fibers, the cell suspension is
usually embedded in a matrix of collagen or alginate and subsequently
injected into the hollow fibers [76]. The advantage of using polyure-
thane membranes instead of PAN-PVC is the thin wall thickness,
which improves oxygen and nutrient transport [270]. A pitfall of using
PU, however, is its biodegradability [76]. After implantation, this may
lead to inadequacies at the capsule surface with consequently complete
degradation of the membrane and failure of the graft. To overcome
this problem, PU has been mixed with hydrophilic or hydrophobic
polymers, such as polydimethyl siloxane (PDMS) [274].

Although PU membranes show beneficial blood and tissue com-
patibility in vascular prostheses, blood filters, catheters, pacemaker
insulators, heart valves, and artificial organs, its biocompatibility
or biotolerability as an immunoisolation barrier is still a subject of
debate [275,276]. Because of its hydrophobic nature, PUmacrocapsules
can trigger a host response [277]. An approach to overcoming this
problem is treating the surface of the PU membrane with hydrophilic
Fig. 13. Polyurethane is formed by a covalent reaction between polyol, typically a polypro-
pylene glycol or polyester polyol, and diisocyanate in the presence of catalysts.
reagents, such as Tween 80 [278]. This method increases the hydro-
philicity of the PU membranes and decreases its surface energy. This is
associated with a reduction of the severity of the host response, but
it is still associated with failure of the enveloped tissue [276].

5.4. Poly(ether sulfone)

Poly(ether-sulfone) (PES; Fig. 14) is a thermoplastic polymer that
is predominately applied for cell macroencapsulation in the form of
hollow fibers. Poly(ether-sulfone) hollow fibers have been used for
pancreatic islets [279], myoblasts [280], and fibroblasts [281]. The fibers
are formed by the polymerization of dichlorodiphenyl sulfone with
dihydroxydiphenyl sulfone in the presence of sodium carbonate [282].
The cells are mixed with a matrix of collagen or alginate to facilitate
functional survival, after which it is injected in PES hollow fibers. The
fiber is usually sealed at both ends by photopolymerized acrylic glue.

The rough, open porous outer surface of the polysulfone capillary
has been shown to provide a suitable area for vascular tissue formation,
which may be beneficial for the function of cells after transplantation
[283]. The hydroxy methylation (CH2OH) of polysulfone capillaries
has also been reported to support vascular ingrowth and consequently
enhance the secretory behavior of macroencapsulated cells [284,285].
The main disadvantage of PES hollow fibers, however, is the limited
viability of the encapsulated cells because of an insufficient nutrient
supply, especially in the center of the macrocapsules [286].

Poly(ether-sulfone) as a membrane in dialysis therapy shows
acceptable biotolerability with blood [282]. However, as an extravascu-
lar immunoprotection device, it must meet other biotolerability require-
ments. It should bemore hydrophilic because its current hydrophobicity
is associated with a high risk of protein adsorption after prolonged
periods of implantation [287]. Blending hydrophilizing additives, such
as polyvinylpyrrolidone (PVP), or coating with silane is a conceivable
approach for increasing PES membrane biotolerability [287]. These
methods have not yet been used for cell encapsulation.

5.5. Polypropylene

Polypropylene (PP; Fig. 15) is a thermoplastic polymer. It has been
applied for the macroencapsulation of hepatocytes [288,289], OKT3
cells for secreting monoclonal antibodies [290], human parathyroid
cells [23], and WEHI-3B mouse cell lines that produce IL-3 [290].
Polypropylene is synthesized through the polymerization of propylene
in the presence of a Ziegler–Natta catalyst [291]. Also with PP, the
adherence of cells to the polymeric membrane is an issue, and the
Fig. 15. Polypropylene is synthesized through the polymerization of propylene in the
presence of a Ziegler–Natta catalyst.
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cells, therefore, are embedded in collagen or alginate before they are
brought into the macrocapsule [290].

Because of the stronghost responses against PP, the application of PP
for immunoisolation is not without problems [292]. The presence of
macrophages,fibroblasts, and lymphocyteswas observed on the surface
of empty PP hollow fibers 4 months after implantation under the skin in
mice [292]. Like other synthetic membranes, minimizing surface free
energy by coating PPmembranes with hydrophilic agents may increase
its biotolerability [287]. Siliconization has been reported to improve
the in vivo biotolerability of empty PP membranes [293]. However,
the long-term survival of allo- and xenografts in PP hollow fibers has
not been reported to date.

5.6. Sodium polystyrene sulfate

Sodium polystyrene sulfate (PSS) is the sodium salt of polystyrene
sulfonic acid. The polymer is a polystyrene, a thermoplastic polymer
[294]. Sodium polystyrene sulfate has the advantage that it is readily
soluble in water (Fig. 16). It has been used for the encapsulation of
pancreatic islets [153,154] and red blood cells [295,296].

Sodium polystyrene sulfate has been used in combination with
the natural polymer agarose. As an anionic polymer, it is also applied
in a layer-by-layer technique in combination with neutralizing cationic
polymers, such as poly(allylamine hydrochloride) (PAH) or poly
(diallyldimethylammonium chloride) (PDADMAC) [297]. In this
approach, immunoprotective and biocompatible layers are formed
by alternating the adsorption of oppositely charged polymers onto a
charged surface [298] (Fig. 17). Although comprehensive, the technology
must overcomeone large obstacle before application can be considered:
it suffers from mechanical instability issues. Sodium polystyrene
sulfate/PAH layers cannot withstand the shear forces during and after
transplantation [299].

Biotolerability is also an issue. Sodium polystyrene sulfate evokes an
undesired complement-activating effect [300]. Therefore, it can unlikely
compete with other polymers applied for encapsulation.

5.7. Polyacrylate

Polyacrylate is a large family of thermoplastic polymers.
The most commonly applied polyacrylates for cell encapsulation are
Fig. 16. Sodium polystyrene sulfate is the sodium salt of polystyrene sulfonic acid.
poly(hydroxyethyl methacrylate) (PHEMA) (Fig. 14) and hydroxyethyl
methylacrylate–methyl methacrylate (HEMA–MMA) (Fig. 18) [301,302].
Water-insoluble polyacrylates have been applied for themicroencapsu-
lation of hepatocytes [303], fibroblasts [304], PC12 cells [305], human
hepatoma cells [8], hybridoma cells [306], and pancreatic islets [307].
In macroencapsulation approaches, PHEMA has been applied for the
encapsulation of insulin-producing pancreatic islet cells [308], but it
has not yet entered in vivo applications.

Poly(hydroxyethyl methacrylate) is synthesized by crosslinking
HEMA using ultraviolet radiation [264,309]. In this process, polyethylene
glycol dimethacrylate is applied as the crosslinking agent, and benzoin
isobutyl ether (BIE) is applied as the ultraviolet-sensitive initiator
[264,309]. A copolymer of HEMA–MMA is usually prepared by solution
copolymerization using azobisisobutyronitrile as the initiator and
applying polyethylene glycol as a solvent [303].

A copolymer of HEMA and MMA was synthesized to obtain a
polyacrylate that combines optimal biocompatibility and adequate
permeability [310]. Capsules made from these polyacrylates can be
tailor-made for desired geometries and physicochemical properties
using different acrylate monomers. Despite this potential advantage,
most capsule types prepared from polyacrylates have shown lowmem-
brane permeability for water-soluble nutrients [302]. The permeability
of polyacrylate capsules can also vary significantly from capsule to cap-
sule, despite application of the same acrylates [311]. The reasons for this
are still largely unknown, but the heterogeneity of polymer distribution
in the capsule is probably involved. Another issue associated with
HEMA-based capsules is that HEMA does not allow for the adherence
of cells in the intracapsular core. For some cell types, this implies inter-
ference with the normal capacity to proliferate [302]. This is usually
solved by co-encapsulation of a matrix in the core of the capsule.
Agarose [302] and chitosan [160] matrices have been applied for this
purpose. In addition to this intracapsular adhesion issue, maintaining
cell viability in the presence of the mandatory organic solvents during
themicroencapsulation process also threatens the long-term functional
survival of the cells [312].

Poly(hydroxyethyl methacrylate) membranes have some advan-
tages over other polyacrylates. It does not suffer from protein adsorp-
tion and consequently cell adhesion [313]. However, it suffers from
low mechanical stability. To overcome this issue, mixing PHEMA with
natural polymers, such as collagen [313] and synthetic polymers [314],
has been proposed. Although these studies showed some degrees of
success, for unknown reasons, PHEMA has not received much attention
from the scientific community in the last 5 years.

Although a wide variety of mammalian cells can be encapsulated in
HEMA–MMA or other polyacrylates, a considerable gap exists between
their performance in vitro and in vivo. This is probably attributable
to biotolerability issues. On the surface of implanted HEMA–MMA
capsules, deposits of fibrinogen, IgG, fibronectin, and components of
the complement system were found [312,315,316]. Allo- and xeno-
transplantation of microencapsulated hepatoma cells in HEMA–MMA
cause severe host responses that lead to failure of the graft within
7 days of implantation in rats [316]. The presence of ethylene glycol
dimethacrylate (EGDMA) has been suggested because contamination
in HEMA monomer solutions can be the cause of this biotolerability
issue [317]. No reports have suggested a solution for this issue.

5.8. AN69

AN69 has wide applications in medical devices, such as hemofilters
and hemodialysis membranes [318]. It has also been used for the
encapsulation of pancreatic islets [319] and hepatocytes [320]. AN69
or poly(acrylonitrile-sodium methallylsulfonate) (Fig. 19) is produced
by the co-polymerization of acrylonitrile and methallylsulfonate. AN69
is applied for the production of macrocapsules.

The AN69 hollow fiber is formed in a coagulation step at room tem-
perature, followed by a solvent/non-solvent/polymer exchange phase.



Fig. 17. The principle of the layer-by-layer technique for forming capsules. The alternate adsorption of oppositely charged polymers onto a charged surface can result in capsules with
multiple layers.

Fig. 18. The polyacrylates applied in cell immunoprotection are poly(hydroxyethyl
methacrylate) (top) and hydroxyethyl methylacrylate–methyl methacrylate (bottom).
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The solvent is dimethylsulfoxide, the non-solvent is saline solution, and
the polymer is AN69 [321].

Because of its favorable characteristics for immunoisolation, some
researchers prefer the application of AN69. The membranes have a
defined molecular cutoff of 65 kDa, adequate hydraulic permeability,
and some beneficial hemocompatibility features [322]. The initial
success of AN69, however, was limited by extreme protein adsorption
in vivo with consequences for its permeability properties after implan-
tation [323]. Applying vascular endothelial growth factor as a supple-
ment for cell survival and the promotion of vascularization of the
surface of the device increased the in vivo viability and functionality of
encapsulated cells [324].

Prevost et al. evaluated the biotolerability of an AN69 hydrogel by
transplanting and comparing the efficacy of encapsulated islets in
curing diabetes in rats [321]. The biotolerability of AN69was reportedly
adequate because host reactions to syngeneic implants of pancreatic
islets were minor and composed of a thin layer of fibroblasts [325].
Surprisingly, however, neither glycemia nor diuresis completely returned
Fig. 19. Poly(acrylonitrile-sodium methallylsulfonate) or AN69 is a co-polymer of
acrylonitrile and methallylsulfonate.
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to normal levels, suggesting that the macrocapsules were incompatible
with long-term survival [321]. Subsequent studies showed that the
assumed minimal response could not be neglected because macro-
phages from the surface of the device produced IL-1β that passed the
membrane and decreased cell functionality [326]. This problem was
solved by incorporating physicochemical modifications of the mem-
brane. The surface of AN69macrocapsuleswasmademore hydrophobic
by corona discharge [319,327]. This increased biotolerability and
promoted the diffusion of insulin through the membrane [319,327].
Despite these technical advances, no follow-up studies have been
performed in the past decade.

6. Concluding remarks and future considerations

Many new polymers have been introduced for cell encapsulation
in the past decades. All of these polymers have been introduced to
overcome the obstacle of other polymers, such as a lack of sufficient
biotolerability in the host [328,325], undesired loss of the enveloped
cells, an inability to achieve appropriate mechanical stability in vivo,
and too low permeability that interferes with cell survival [329]. A
major pitfall has been that none of these new polymers have been
well characterized in the application of cell transplantation and that
investigations of applicability have mostly resulted in descriptions
of new challenges that must be overcome to apply the polymer for
cell encapsulation. Alginate is the only polymer forwhich large numbers
of researchers have chosen to identify the factors that determine the
success or failure of encapsulated cellular grafts [329].

Alginate as a polymer has been well-characterized. Its composition
and sequential characteristics have been studied in depth [330,331].
Its composition and sequential structure have been shown to vary and
have a pertinent effect on the properties of capsules. A seemingly
minor elevation of 10% in guluronic acid content results in capsules
that are far stronger, are more mechanically stable [123], and exhibit a
reduction of cell protrusion [332] because of a profound decrease
in swelling of the gels during capsule formation. This illustrates the
relationship between the chemical structure of the polymer and its
functional importance in capsule formation. This has not yet been
addressed for other polymers.

Studies with alginate have demonstrated that numerous characteris-
tics should be documented to make sound interpretations of the results
and compare immunoprotecting systems. The first is the molecular
weight of the polymer. The polymer's molecular weight determines the
viscosity and rheological properties of the polymer solution. These
parameters are not documented in the vast majority of the reviewed
papers but determine the quality and mechanical strength of the final
capsule [333]. Another issue is contamination in the polymer solution.
Endotoxins are devastating to biotolerability [44,334,335]. Only studies
of alginate have reported the purity of the polymer solution [72]. This
interferes with interpretations of the data and immune responses to
the polymers, in which the results may be confused with responses to
contamination in the polymers. Much attention has also been focused
on the influence of lipopolysaccharide (LPS) as the principal endotoxin
responsible for inflammatory responses [336]. A recent study from our
own group revealed that alginate applied for encapsulation research
does not contain LPS.We found that other PAMPs in alginate can be clas-
sified as endotoxins. We found various PAMPs, including peptidoglycan,
lipoteichoic acid, and flagellin, which are all highly potent inflammatory
molecules. Special steps are required to remove these molecules.
Currently unknown are whether other polymers proposed for encapsu-
lation contain similar contaminants and whether this contributes
to the observed biotolerability. Based on experience with alginate, we
feel that the presence and identity of contaminants in the polymers is
a pertinent parameter that should be documented in every report of
encapsulation research. As long as these parameters are not reported, it
is difficult if not impossible to select adequate polymers for cellular
immunoprotection.
Moreover, the permeability of the devices is only rarely reported
[72]. This is rather surprising because the devices are being applied as
a barrier for the immune system and should at least not allow for the
entry of cytotoxic molecules above 160 kDa [72]. Based on our review
of the literature, we conclude that the best documented and studied
polymer is alginate and thus presently has the highest chance of success
in clinical application [72]. Nonetheless, this conclusion does not
indicate that alginate is the most adequate polymer. The field needs a
more systematic approach to characterizing the properties of the
applied polymers to allow for sound interpretations of the results and
further innovation.

Acknowledgments

PdV is grateful for financial support from the Dutch Diabetes
Foundation and Juvenile Diabetes Research Foundation.

References

[1] V.V. Bisceglie, Uber die antineoplastische Immunitat, Z. Krebsforsch. 40 (1933)
141–158.

[2] G.H. Algire, J.M. Weaver, R.T. Prehn, Growth of cells in vivo in diffusion chambers.
I Survival of homografts in mice, J. Natl. Cancer Inst. 15 (1954) 493–507.

[3] R.A. Pareta, A.C. Farney, E.C. Opara, Design of a bioartificial pancreas, Pathobiology
80 (2013) 194–202.

[4] H.W. Liu, F.A. Ofosu, P.L. Chang, Expression of human factor IX bymicroencapsulated
recombinant fibroblasts, Hum. Gene Ther. 4 (1993) 291–301.

[5] J. Koo, T.S.M. Chang, Secretion of erythropoietin from microencapsulated rat
kidney cells, Int. J. Artif. Organs 16 (1993) 557–560.

[6] P.L. Chang, N. Shen, A.J. Westcott, Delivery of recombinant gene products with
microencapsulated cells in vivo, Hum. Gene Ther. 4 (1993) 433–440.

[7] D.A. Cieslinski, H. David Humes, Tissue engineering of a bioartificial kidney,
Biotechnol. Bioeng. 43 (1994) 678–681.

[8] H. Uludag, M.V. Sefton, Microencapsulated human hepatoma (HepG2) cells:
in vitro growth and protein release, J. Biomed. Mater. Res. 27 (1993) 1213–1224.

[9] C.K. Colton, Implantable biohybrid artificial organs, Cell Transplant. 4 (1995)
415–436.

[10] P. Aebischer, M. Goddard, A.P. Signore, R.L. Timpson, Functional recovery in
hemiparkinsonian primates transplanted with polymer-encapsulated PC12 cells,
Exp. Neurol. 126 (1994) 151–158.

[11] F. Lim, A.M. Sun, Microencapsulated islets as bioartificial endocrine pancreas,
Science 210 (1980) 908–910.

[12] E.C. Opara, W.F. Kendall Jr., Immunoisolation techniques for islet cell transplanta-
tion, Expert. Opin. Biol. Ther. 2 (2002) 503–511.

[13] H. Uludag, P. De Vos, P.A. Tresco, Technology of mammalian cell encapsulation,
Adv. Drug Deliv. Rev. 42 (2000) 29–64.

[14] P. De Vos, P. Marchetti, Encapsulation of pancreatic islets for transplantation in
diabetes: the untouchable islets, Trends Mol. Med. 8 (2002) 363–366.

[15] J.T. Wilson, E.L. Chaikof, Challenges and emerging technologies in the
immunoisolation of cells and tissues, Adv. Drug Deliv. Rev. 60 (2008) 124–145.

[16] P. Aebischer, N.A.M. Pochon, B. Heyd, N. DÇglon, J.M. Joseph, A.D. Zurn, E.E. Baetge,
J.P. Hammang, M. Goddard, M. Lysaght, F. Kaplan, A.C. Kato, M. Schluep, L. Hirt, F.
Regli, F. Porchet, N. De Tribolet, Gene therapy for amyotrophic lateral sclerosis
(ALS) using a polymer encapsulated xenogenic cell line engineered to secrete
hCNTF, Hum. Gene Ther. 7 (1996) 851–860.

[17] A. Haisch, A. Groger, C. Radke, J. Ebmeyer, H. Sudhoff, G. Grasnick, V. Jahnke, G.R.
Burmester, M. Sittinger, Macroencapsulation of human cartilage implants: pilot
study with polyelectrolyte complex membrane encapsulation, Biomaterials 21
(2000) 1561–1566.

[18] M.V. Risbud, S. Bhargava, R.R. Bhonde, In vivo biocompatibility evaluation of
cellulose macrocapsules for islet immunoisolation: implications of low molecular
weight cut-off, J. Biomed. Mater. Res. A 66 (2003) 86–92.

[19] A.V. Prochorov, S.I. Tretjak, V.A. Goranov, A.A. Glinnik, M.V. Goltsev, Treatment
of insulin dependent diabetes mellitus with intravascular transplantation of
pancreatic islet cells without immunosuppressive therapy, Adv. Med. Sci. 53
(2008) 240–244.

[20] S. Sakai, T. Ono, H. Ijima, K. Kawakami, Control of molecular weight cut-off for
immunoisolation by multilayering glycol chitosan-alginate polyion complex on
alginate-based microcapsules, J. Microencapsul. 17 (2000) 691–699.

[21] S.M. Chia, A.C. Wan, C.H. Quek, H.Q. Mao, X. Xu, L. Shen, M.L. Ng, K.W. Leong, H. Yu,
Multi-layered microcapsules for cell encapsulation, Biomaterials 23 (2002)
849–856.

[22] S.F. Khattak, K.S. Chin, S.R. Bhatia, S.C. Roberts, Enhancing oxygen tension
and cellular function in alginate cell encapsulation devices through the use of
perfluorocarbons, Biotechnol. Bioeng. 96 (2007) 156–166.

[23] L.H. Granicka, M. Migaj, B. Wozniewicz, T. Zawitkowska, T. Tolloczko, A. Werynski,
J. Kawiak, Encapsulation of parathyroid cells in hollow fibers: a preliminary report,
Folia Histochem. Cytobiol. 38 (2000) 129–131.

[24] M.K. Lee, Y.H. Bae, Cell transplantation for endocrine disorders, Adv. Drug Deliv.
Rev. 42 (2000) 103–120.

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0005
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0005
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0010
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0010
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0015
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0015
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0020
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0020
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0025
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0025
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0045
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0045
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0055
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0055
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0060
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0060
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0065
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0065
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0075
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0075
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0120
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0120


29P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
[25] M. Machluf, A. Orsola, S. Boorjian, R. Kershen, A. Atala, Microencapsulation of
Leydig cells: a system for testosterone supplementation, Endocrinology 144
(2003) 4975–4979.

[26] D. Jacobs-Tulleneers-Thevissen, M. Chintinne, Z. Ling, P. Gillard, L. Schoonjans, G.
Delvaux, B.L. Strand, F. Gorus, B. Keymeulen, D. Pipeleers, Sustained function of
alginate-encapsulated human islet cell implants in the peritoneal cavity of mice
leading to a pilot study in a type 1 diabetic patient, Diabetologia 56 (7) (2013)
1605–1614, http://dx.doi.org/10.1007/s00125-013-2906-0.

[27] E.C. Opara, J.P. McQuilling, A.C. Farney, Microencapsulation of pancreatic islets
for use in a bioartificial pancreas, Methods Mol. Biol. 1001 (2013) 261–266.

[28] D. Dufrane, P. Gianello, Macro- or microencapsulation of pig islets to cure type 1
diabetes, World J. Gastroenterol. 18 (2012) 6885–6893.

[29] E. Santos, J.L. Pedraz, R.M. Hernandez, G. Orive, Therapeutic cell encapsulation:
ten steps towards clinical translation, J. Control. Release 170 (1) (2013) 1–14.

[30] G.C. Weir, Islet encapsulation: advances and obstacles, Diabetologia 56 (7) (2013)
1458–1461.

[31] G. Orive, R.M. Hernandez, A.R. Gascon, M. Igartua, J.L. Pedraz, Survival of
different cell lines in alginate-agarose microcapsules, Eur. J. Pharm. Sci. 18
(2003) 23–30.

[32] G. Orive, R.M. Hernandez, A. Rodriguez-Gascon, R. Calafiore, T.M. Chang, P. De Vos,
G. Hortelano, D. Hunkeler, I. Lacik, J.L. Pedraz, History, challenges and perspectives
of cell microencapsulation, Trends Biotechnol. 22 (2004) 87–92.

[33] P. de Vos, M. Spasojevic, M.M. Faas, Treatment of diabetes with encapsulated islets,
Adv. Exp. Med. Biol. 670 (2010) 38–53.

[34] P. Fiorina, F. Folli, P. Maffi, C. Placidi, M. Venturini, G. Finzi, F. Bertuzzi, A. Davalli, A.
D'Angelo, C. Socci, C. Gremizzi, E. Orsenigo, S. La Rosa, M. Ponzoni, M. Cardillo, M.
Scalamogna, A. Del Maschio, C. Capella, V. Di Carlo, A. Secchi, Islet transplantation
improves vascular diabetic complications in patients with diabetes who under-
went kidney transplantation: a comparison between kidney–pancreas and
kidney-alone transplantation, Transplantation 75 (2003) 1296–1301.

[35] M.V. Hansen, U. Pedersen-Bjergaard, S.R. Heller, T.M. Wallace, A.K. Rasmussen, H.V.
Jorgensen, S. Pramming, B. Thorsteinsson, Frequency and motives of blood glucose
self-monitoring in type 1 diabetes, Diabetes Res. Clin. Pract. 85 (2009) 183–188.

[36] J.H. Juang, Islet transplantation: an update, Chang Gung Med. J. 27 (2004) 1–15.
[37] B.J. De Haan, M.M. Faas, P. De Vos, Factors influencing insulin secretion from

encapsulated islets, Cell Transplant. 12 (2003) 617–625.
[38] P. De Vos, B.J. De Haan, G.H.J. Wolters, J.H. Strubbe, R. Van Schilfgaarde, Improved

biocompatibility but limited graft survival after purification of alginate for micro-
encapsulation of pancreatic islets, Diabetologia 40 (1997) 262–270.

[39] P. De Vos, D. Vegter, B.J. De Haan, J.H. Strubbe, J.E. Bruggink, R. Van Schilfgaarde,
Kinetics of intraperitoneally infused insulin in rats: functional implications for
the bioartificial pancreas, Diabetes 45 (1996) 1102–1107.

[40] P.A. Jansson, J.P. Fowelin, H.P. Von Schenck, U.P. Smith, P.N. Lônnroth, Measure-
ment by microdialysis of insulin concentration in subcutaneous interstitial fluid,
Diabetes 42 (1993) 1469–1473.

[41] P. De Vos, B.J. De Haan, D. Vegter, J.L. Hillebrands, J.H. Strubbe, J.E. Bruggink, R. Van
Schilfgaarde, Insulin levels after portal and systemic insulin infusion differ in a
dose-dependent fashion, Horm. Metab. Res. 30 (1998) 721–725.

[42] K. Tatarkiewicz, M. Garcia, A. Omer, R. Van Schilfgaarde, G.C. Weir, P. De Vos,
C-peptide responses after meal challenge in mice transplanted with micro-
encapsulated rat islets, Diabetologia 44 (2001) 646–653.

[43] P. De Vos, J.F. van Straaten, A.G. Nieuwenhuizen, M. de Groot, R.J. Ploeg, B.J.
De Haan, R. Van Schilfgaarde, Why do microencapsulated islet grafts fail in the
absence of fibrotic overgrowth? Diabetes 48 (1999) 1381–1388.

[44] G. Orive, A.R. Gascon, R.M. Hernandez, M. Igartua, J. Luis-Pedraz, Cell micro-
encapsulation technology for biomedical purposes: novel insights and challenges,
Trends Pharmacol. Sci. 24 (2003) 207–210.

[45] R. Cornolti, M. Figliuzzi, A. Remuzzi, Effect of micro- and macroencapsulation on
oxygen consumption by pancreatic islets, Cell Transplant. 18 (2009) 195–201.

[46] P.O. Carlsson, F. Palm, A. Andersson, P. Liss, Chronically decreased oxygen tension
in rat pancreatic islets transplanted under the kidney capsule, Transplantation 69
(2000) 761–766.

[47] M.D. Brand, C. Affourtit, T.C. Esteves, K. Green, A.J. Lambert, S. Miwa, J.L. Pakay, N.
Parker, Mitochondrial superoxide: production, biological effects, and activation of
uncoupling proteins, Free Radic. Biol. Med. 37 (2004) 755–767.

[48] J. Bodziony, Bioartificial endocrine pancreas: foreign-body reaction and effective-
ness of diffusional transport of insulin and oxygen after long-term implantation
of hollow fibers into rats, Res. Exp. Med. Berl. 192 (1992) 305–316.

[49] B. Ludwig, A. Rotem, J. Schmid, G.C. Weir, C.K. Colton, M.D. Brendel, T. Neufeld, N.L.
Block, K. Yavriyants, A. Steffen, S. Ludwig, T. Chavakis, A. Reichel, D. Azarov, B.
Zimermann, S. Maimon, M. Balyura, T. Rozenshtein, N. Shabtay, P. Vardi, K. Bloch,
P. de Vos, A.V. Schally, S.R. Bornstein, U. Barkai, Improvement of islet function in
a bioartificial pancreas by enhanced oxygen supply and growth hormone releasing
hormone agonist, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 5022–5027.

[50] K.E. Dionne, C.K. Colton, M.L. Yarmush, Effect of hypoxia on insulin secretion by
isolated rat and canine islets of Langerhans, Diabetes 42 (1993) 12–21.

[51] P.O. Carlsson, F. Palm, Oxygen tension in isolated transplanted rat islets and in
islets of rat whole-pancreas transplants, Transpl. Int. 15 (2002) 581–585.

[52] W. Mueller-Klieser, J.P. Freyer, R.M. Sutherland, Influence of glucose and the
oxygen supply conditions on the oxygenation ofmulticellular spheroids, Br. J. Cancer
53 (1986) 345–353.

[53] S. Renvall, J. Niinikoski, Intraperitoneal oxygen and carbon dioxide tensions in
experimental adhesion disease and peritonitis, Am. J. Surg. 130 (1975)
286–292.

[54] A.M. Smink, M.M. Faas, P. de Vos, Toward engineering a novel transplantation site
for human pancreatic islets, Diabetes 62 (2013) 1357–1364.
[55] P. De Vos, C.G. Van Hoogmoed, J. van Zanten, S. Netter, J.H. Strubbe, H.J. Busscher,
Long-term biocompatibility, chemistry, and function of microencapsulated
pancreatic islets, Biomaterials 24 (2003) 305–312.

[56] P.T. van Suylichem, J.H. Strubbe, H. Houwing, G.H. Wolters, R. Van
Schilfgaarde, Insulin secretion by rat islet isografts of a defined endocrine
volume after transplantation to three different sites, Diabetologia 35
(1992) 917–923.

[57] D. Pipeleers, Z. Ling, Pancreatic beta cells in insulin-dependent diabetes, Diabetes
Metab. Rev. 8 (1992) 209–227.

[58] P.T. van Suylichem, J.H. Strubbe, H. Houwing, G.H. Wolters, R. Van Schilfgaarde,
Rat islet isograft function. Effect of graft volume and transplantation site, Trans-
plantation 57 (1994) 1010–1017.

[59] W.M. Fritschy, P. De Vos, H. Groen, F.A. Klatter, A. Pasma, G.H. Wolters, R. Van
Schilfgaarde, The capsular overgrowth on microencapsulated pancreatic islet
grafts in streptozotocin and autoimmune diabetic rats, Transpl. Int. 7 (1994)
264–271.

[60] S. Hirsiger, H.P. Simmen, C.M. Werner, G.A. Wanner, D. Rittirsch, Danger signals
activating the immune response after trauma, Mediators Inflamm. 2012 (2012)
315941.

[61] A. Kaczmarek, P. Vandenabeele, D.V. Krysko, Necroptosis: the release of
damage-associated molecular patterns and its physiological relevance, Immunity
38 (2013) 209–223.

[62] K. Pittman, P. Kubes, Damage-associated molecular patterns control neutrophil
recruitment, J. Innate Immun. 5 (4) (2013) 315–323.

[63] D. Tang, R. Kang, C.B. Coyne, H.J. Zeh, M.T. Lotze, PAMPs and DAMPs: signal 0 s that
spur autophagy and immunity, Immunol. Rev. 249 (2012) 158–175.

[64] E. Santos, J. Zarate, G. Orive, R.M. Hernandez, J.L. Pedraz, Biomaterials in cell micro-
encapsulation, Adv. Exp. Med. Biol. 670 (2010) 5–21.

[65] A.M. Rokstad, S. Holtan, B. Strand, B. Steinkjer, L. Ryan, B. Kulseng, G. Skjak-Braek, T.
Espevik, Microencapsulation of cells producing therapeutic proteins: optimizing
cell growth and secretion, Cell Transplant. 11 (2002) 313–324.

[66] G. Langlois, J. Dusseault, S. Bilodeau, S.K. Tam, D. Magassouba, J.P. Halle,
Direct effect of alginate purification on the survival of islets immobilized in
alginate-based microcapsules, Acta Biomater. 5 (2009) 3433–3440.

[67] G. Orive, S.K. Tam, J.L. Pedraz, J.P. Halle, Biocompatibility of alginate–poly-L-lysine
microcapsules for cell therapy, Biomaterials 27 (2006) 3691–3700.

[68] D.F. Williams, On the mechanisms of biocompatibility, Biomaterials 29 (2008)
2941–2953.

[69] A.M. Rokstad, I. Lacik, P. de Vos, B.L. Strand, Advances in biocompatibility
and physico-chemical characterization of microspheres for cell encapsulation,
Adv. Drug Deliv. Rev. 67-68 (2014) 111–130.

[70] J. Hilborn, L.M. Bjursten, A new and evolving paradigm for biocompatibility,
J. Tissue. Eng. Regen. Med. 1 (2007) 110–119.

[71] I. Lacík, Polymer chemistry in diabetes treatment by encapsulated islets of
langerhans: review to 2006, Aust. J. Chem. 59 (2006) 508–524.

[72] P. de Vos, M. Bucko, P. Gemeiner, M. Navratil, J. Svitel, M. Faas, B.L. Strand, G.
Skjak-Braek, Y.A. Morch, A. Vikartovska, I. Lacik, G. Kollarikova, G. Orive, D.
Poncelet, J.L. Pedraz, M.B. Ansorge-Schumacher, Multiscale requirements
for bioencapsulation in medicine and biotechnology, Biomaterials 30 (2009)
2559–2570.

[73] A.M. Rokstad, O.L. Brekke, B. Steinkjer, L. Ryan, G. Kollarikova, B.L. Strand, G.
Skjak-Braek, I. Lacik, T. Espevik, T.E. Mollnes, Alginate microbeads are complement
compatible, in contrast to polycation containing microcapsules, as revealed in a
human whole blood model, Acta Biomater. 7 (2011) 2566–2578.

[74] S. Prakash, T.M.S. Chang, Preparation and in vitro analysis of microencapsulated
genetically engineered E. coliDH5 cells for urea and ammonia removal, Biotechnol.
Bioeng. 46 (1995) 621–626.

[75] E.H. Nafea, A. Marson, L.A. Poole-Warren, P.J. Martens, Immunoisolating
semi-permeable membranes for cell encapsulation: focus on hydrogels, J. Control.
Release 154 (2011) 110–122.

[76] R.H. Li, Materials for immunoisolated cell transplantation, Adv. Drug Deliv. Rev. 33
(1998) 87–109.

[77] B.V. Slaughter, S.S. Khurshid, O.Z. Fisher, A. Khademhosseini, N.A. Peppas,
Hydrogels in regenerative medicine, Adv. Mater. 21 (2009) 3307–3329.

[78] P. de Vos, M. Spasojevic, M.M. Faas, Treatment of diabetes with encapsulated islets,
Adv Exp Med Biol. 670 (2010) 38–53.

[79] A.A. Li, F. Shen, T. Zhang, P. Cirone, M. Potter, P.L. Chang, Enhancement of myoblast
microencapsulation for gene therapy, J. Biomed. Mater. Res. B Appl. Biomater. 77
(2006) 296–306.

[80] Y. Zhang, W. Wang, J. Zhou, W. Yu, X. Zhang, X. Guo, X. Ma, Tumor anti-angiogenic
gene therapy with microencapsulated recombinant CHO cells, Ann. Biomed. Eng.
35 (2007) 605–614.

[81] A. Leung, Y. Ramaswamy, P. Munro, G. Lawrie, L. Nielsen, M. Trau, Emulsion
strategies in the microencapsulation of cells: pathways to thin coherent
membranes, Biotechnol. Bioeng. 92 (2005) 45–53.

[82] N. Okada, H. Miyamoto, T. Yoshioka, A. Katsume, H. Saito, K. Yorozu, O. Ueda, N.
Itoh, H. Mizuguchi, S. Nakagawa, Y. Ohsugi, T. Mayumi, Cytomedical therapy for
IgG1 plasmacytosis in human interleukin-6 transgenic mice using hybridoma
cells microencapsulated in alginate–poly(L)lysine–alginate membrane, Biochim.
Biophys. Acta 1360 (1997) 53–63.

[83] A. Leung, G. Lawrie, L.K. Nielsen, M. Trau, Synthesis and characterization
of alginate/poly-L-ornithine/alginate microcapsules for local immunosuppression,
J. Microencapsul. 25 (2008) 387–398.

[84] H. Miyamoto, N. Okada, T. Yoshioka, R. Suzuki, K. Sakamoto, A. Katsume, H. Saito, Y.
Tsutsumi, K. Kubo, S. Nakagawa, Y. Ohsugi, T. Mayumi, Prolongation of the
effective duration of cytomedical therapy by re-injecting SK2 hybridoma

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0125
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0125
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0125
http://dx.doi.org/10.1007/s00125-013-2906-0
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0135
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0135
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0140
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0140
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0165
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0165
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0180
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0185
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0185
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0210
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0210
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0210
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0215
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0215
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0215
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0225
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0225
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0250
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0250
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0255
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0255
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0260
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0260
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0260
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0270
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0270
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0275
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0275
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0275
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0285
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0285
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0305
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0305
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0305
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0315
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0315
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0315
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0320
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0320
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0340
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0340
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0350
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0350
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1640
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1640
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0375
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0375
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1645
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1645
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410


30 P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
cells microencapsulated within alginate–poly(L)lysine–alginate membranes
into human interleukin-6 transgenic mice, Biol. Pharm. Bull. 22 (1999)
295–297.

[85] S. Bruni, T.M. Chang, Hepatocytes immobilised by microencapsulation in artificial
cells: effects on hyperbilirubinemia in Gunn rats, Biomater. Artif. Cells Artif. Organs
17 (1989) 403–411.

[86] X.W. Fu, A.M. Sun, Microencapsulated parathyroid cells as a bioartificial parathy-
roid. In vivo studies, Transplantation 47 (1989) 432–435.

[87] S. Wee, W.R. Gombotz, Protein release from alginate matrices, Adv. Drug Deliv.
Rev. 31 (1998) 267–285.

[88] B.T. Stokke, O. Smidsroed, P. Bruheim, G. Skjaak-Braek, Distribution of uronate
residues in alginate chains in relation to alginate gelling properties, Macromolecules
24 (1991) 4637–4645.

[89] Y.A. Morch, I. Donati, B.L. Strand, G. Skjak Braek, Effect of Ca2+, Ba2+, and Sr2+ on
alginate microbeads, Biomacromolecules 7 (2006) 1471–1480.

[90] Y. Teramura, O.P. Oommen, J. Olerud, J. Hilborn, B. Nilsson, Microencapsulation
of cells, including islets, within stable ultra-thin membranes of maleimide-
conjugated PEG-lipid with multifunctional crosslinkers, Biomaterials 34 (2013)
2683–2693.

[91] R.P. Lanza, D. Ecker, W.M. KÅhtreiber, J.E. Staruk, J. Marsh, W.L. Chick, A simple
method for transplanting discordant islets into rats using alginate gel spheres,
Transplantation 59 (1995) 1485–1487.

[92] A. Horcher, T. Zekorn, U. Siebers, G. Klôck, H. Frank, R. Houben, R.G. Bretzel, U.
Zimmermann, K. Federlin, Transplantation of microencapsulated islets in rats:
evidence for induction of fibrotic overgrowth by islet alloantigens released from
microcapsules, Transplant. Proc. 26 (1994) 784–786.

[93] P. De Vos, A. Andersson, S.K. Tam, M.M. Faas, J.P. Halle, Advances and barriers in
mammalian cell encapsulation for treatment of diabetes, Immunol. Endocr.
Metab. Agents Med. Chem. (2006) 139–153.

[94] T. Wang, I. Lacík, M. Brissová, A.V. Anilkumar, A. Prokop, D. Hunkeler, R. Green, K.
Shahrokhi, A.C. Powers, An encapsulation system for the immunoisolation of
pancreatic islets, Nat. Biotechnol. 15 (1997) 358–362.

[95] A. Bartkowiak, L. Canaple, I. Ceausoglu, N. Nurdin, A. Renken, L. Rindisbacher, C.
Wandrey, B. Desvergne, D. Hunkeler, New multicomponent capsules for
immunoisolation, Ann. N. Y. Acad. Sci. 875 (1999)(vol.).

[96] R. Calafiore, M. Pietropaolo, G. Basta, A. Falorni, M.L. Picchio, P. Brunetti,
Pancreatic beta-cell destruction in non-obese diabetic mice, Metabolism 42
(1993) 854–859.

[97] P. De Vos, B. De Haan, R. Van Schilfgaarde, Effect of the alginate composition on the
biocompatibility of alginate–polylysine microcapsules, Biomaterials 18 (1997)
273–278.

[98] G. Basta, P. Sarchielli, G. Luca, L. Racanicchi, C. Nastruzzi, L. Guido, F. Mancuso, G.
Macchiarulo, G. Calabrese, P. Brunetti, R. Calafiore, Optimized parameters for
microencapsulation of pancreatic islet cells: an in vitro study clueing on islet
graft immunoprotection in type 1 diabetes mellitus, Transpl. Immunol. 13 (2004)
289–296.

[99] T. Chandy, D.L. Mooradian, G.H. Rao, Evaluation of modified alginate–chitosan–
polyethylene glycol microcapsules for cell encapsulation, Artif. Organs 23 (1999)
894–903.

[100] M. Sobol, A. Bartkowiak, B. de Haan, P. de Vos, Cytotoxicity study of novel
water-soluble chitosan derivatives applied as membrane material of alginate
microcapsules, J. Biomed. Mater. Res. A 101 (7) (2013) 1907–1914.

[101] G. Orive, R.M. Hernandez, A.R. Gascon, M. Igartua, A. Rojas, J.L. Pedraz,
Microencapsulation of an anti-VE-cadherin antibody secreting 1B5 hybridoma
cells, Biotechnol. Bioeng. 76 (2001) 285–294.

[102] I. Lacik, A.V. Anilkumar, T.G. Wang, A two-step process for controlling the surface
smoothness of polyelectrolyte-based microcapsules, J. Microencapsul. 18 (2001)
479–490.

[103] M. Spasojevic, S. Bhujbal, G. Paredes, B.J. de Haan, A.J. Schouten, P. de Vos, Consid-
erations in binding diblock copolymers on hydrophilic alginate beads for providing
an immunoprotective membrane, J. Biomed. Mater. Res. A (2013), http:
//dx.doi.org/10.1002/jbm.a.34863(in press).

[104] M.Z. Lu, H.L. Lan, F.F. Wang, S.J. Chang, Y.J. Wang, Cell encapsulation with alginate
and alpha-phenoxycinnamylidene-acetylated poly(allylamine), Biotechnol. Bioeng.
70 (2000) 479–483.

[105] J. Wikstrom, H. Syvajarvi, A. Urtti, M. Yliperttula, Kinetic simulation model of
protein secretion and accumulation in the cell microcapsules, J. Gene Med. 10
(2008) 575–582.

[106] G.M. O'Shea, A.M. Sun, Encapsulation of rat islets of langerhans prolongs xenograft
survival in diabetic mice, Diabetes 35 (1986) 943–946.

[107] J.-P. Chen, I.M. Chu, M.-Y. Shiao, B.R.-S. Hsu, S.-H. Fu, Microencapsulation of islets in
PEG-amine modified alginate–poly(l-lysine)–alginate microcapsules for construct-
ing bioartificial pancreas, J. Ferment. Bioeng. 86 (1998) 185–190.

[108] J.P. Chen, I.M. Chu, M.Y. Shiao, B.R. Hsu, S.H. Fu, Microencapsulation of islets
in PEG-amine modified alginate–poly(L-lysine)–alginate microcapsules
for constructing bioartificial pancreas, J. Ferment. Bioeng. 86 (1998)
185–190.

[109] N.P. Desai, A. Sojomihardjo, Z. Yao, N. Ron, P. Soon-Shiong, Interpenetrating
polymer networks of alginate and polyethylene glycol for encapsulation of islets
of Langerhans, J. Microencapsul. 17 (2000) 677–690.

[110] V. Breguet, R. Gugerli, M. Pernetti, U. von Stockar, I.W. Marison, Formation of
microcapsules from polyelectrolyte and covalent interactions, Langmuir 21
(2005) 9764–9772.

[111] J. Dusseault, F.A. Leblond, R. Robitaille, G. Jourdan, J. Tessier, M. Menard, N. Henley,
J.P. Halle, Microencapsulation of living cells in semi-permeable membranes with
covalently cross-linked layers, Biomaterials 26 (2005) 1515–1522.
[112] K.M. Gattas-Asfura, C.L. Stabler, Chemoselective cross-linking and
functionalization of alginate via Staudinger ligation, Biomacromolecules 10
(2009) 3122–3129.

[113] K.M. Gattas-Asfura, C.L. Stabler, Chemoselective cross-linking and functionalization
of alginate via Staudinger ligation, Biomacromolecules 10 (2009) 3122–3129.

[114] S. Sakai, I. Hashimoto, Y. Ogushi, K. Kawakami, Peroxidase-catalyzed cell
encapsulation in subsieve-size capsules of alginate with phenol moieties in
water-immiscible fluid dissolving H2O2, Biomacromolecules 8 (2007) 2622–2626.

[115] S. Sakai, K. Kawakami, Synthesis and characterization of both ionically and
enzymatically cross-linkable alginate, Acta Biomater. 3 (2007) 495–501.

[116] G. Klock, H. Frank, R. Houben, T. Zekorn, A. Horcher, U. Siebers, M. Wohrle, K.
Federlin, U. Zimmermann, Production of purified alginates suitable for use in
immunoisolated transplantation, Appl. Microbiol. Biotechnol. 40 (1994) 638–643.

[117] S. Kumar, H. Ingle, D.V. Prasad, H. Kumar, Recognition of bacterial infection by
innate immune sensors, Crit. Rev. Microbiol. 39 (3) (2013) 229–146.

[118] A.M. Rokstad, O.L. Brekke, B. Steinkjer, L. Ryan, G. Kollarikova, B.L. Strand, G.
Skjak-Braek, J.D. Lambris, I. Lacik, T.E. Mollnes, T. Espevik, The induction of
cytokines by polycation containing microspheres by a complement dependent
mechanism, Biomaterials 34 (2013) 621–630.

[119] A.M. Rokstad, O.L. Brekke, B. Steinkjer, L. Ryan, G. Kollarikova, B.L. Strand, G.
Skjak-Braek, I. Lacik, T. Espevik, T.E. Mollnes, Alginate microbeads are complement
compatible, in contrast to polycation containing microcapsules, as revealed in a
human whole blood model, Acta Biomater. 7 (2011) 2566–2578.

[120] K.T. Tam, J. Dusseault, S. Polizu, M. MÇnard, J.P. HallÇ, Y. L'Hocine, Physicochemical
model of alginate–poly-L-lysine microcapsules defined at the micrometric/
nanometric scale using ATR-FTIR, XPS, and ToF-SIMS, Biomaterials (2005)
6950–6961.

[121] C.M. Bunger, B. Tiefenbach, A. Jahnke, C. Gerlach, T. Freier, K.P. Schmitz, U.T. Hopt,
W. Schareck, E. Klar, P. De Vos, Deletion of the tissue response against alginate–pll
capsules by temporary release of co-encapsulated steroids, Biomaterials 26 (2005)
2353–2360.

[122] C.M. Bunger, C. Gerlach, T. Freier, K.P. Schmitz, M. Pilz, C. Werner, L. Jonas, W.
Schareck, U.T. Hopt, P. De Vos, Biocompatibility and surface structure of chemically
modified immunoisolating alginate–PLL capsules, J. Biomed. Mater. Res. 67A
(2003) 1219–1227.

[123] P. de Vos, M. Spasojevic, B.J. de Haan, M.M. Faas, The association between in vivo
physicochemical changes and inflammatory responses against alginate based
microcapsules, Biomaterials 33 (2012) 5552–5559.

[124] P. De Vos, B.J. De Haan, J.A. Kamps, M.M. Faas, T. Kitano, Zeta-potentials of alginate–
PLL capsules: a predictive measure for biocompatibility? J. Biomed. Mater. Res. A
80 (2007) 813–819.

[125] W. Scheirer, K. Nilsson, O.W. Merten, H.W. Katinger, K. Mosbach, Entrapment of
animal cells for the production of biomolecules such as monoclonal antibodies,
Dev. Biol. Stand. 55 (1983) 155–161.

[126] H. Yang, K. Zhao, Y. Ye, S. Deng, Study of macroencapsulated islet xenografts for
treatment of diabetes in mice, Hua Xi Yi Ke Da Xue Xue Bao 29 (1998) 132–135.

[127] K. Jain, H. Yang, B.R. Cai, B. Haque, A.I. Hurvitz, C. Diehl, T. Miyata, B.H. Smith, K.
Stenzel, M. Suthanthiran, et al., Retrievable, replaceable, macroencapsulated pan-
creatic islet xenografts. Long-term engraftment without immunosuppression,
Transplantation 59 (1995) 319–324.

[128] Y. Miyoshi, I. Date, T. Ohmoto, H. Iwata, Histological analysis of microencapsulated
dopamine-secreting cells in agarose/poly(styrene sulfonic acid) mixed gel
xenotransplanted into the brain, Exp. Neurol. 138 (1996) 169–175.

[129] G. Orive, R.M. Hernandez, A.R. Gascon, M. Igartua, J.L. Pedraz, Survival of different
cell lines in alginate–agarose microcapsules, Eur. J. Pharm. Sci. 18 (2003) 23–30.

[130] S. Sakai, I. Hashimoto, K. Kawakami, Agarose–gelatin conjugate for adherent
cell-enclosing capsules, Biotechnol. Lett. 29 (2007) 731–735.

[131] N. Okada, H. Miyamoto, T. Yoshioka, A. Katsume, H. Saito, K. Yorozu, O. Ueda, S.
Nakagawa, Y. Ohsugi, T. Mayumi, Therapeutic effect of cytomedicine on
mesangio-proliferative glomerulonephritis in human interleukin-6 transgenic
mice, Biol. Pharm. Bull. 20 (1997) 255–258.

[132] K. Inoue, Y.J. Gu, H. Hayashi, S. Shinohara, T. Aung, T. Tun, W.J. Wang, H. Setoyama,
Y. Kawakami, H. Kaji, M. Imamura, N. Morikawa, H. Iwata, Y. Ikada, Pig-to-rat xeno-
transplantation with mesh-reinforced polyvinyl alcohol bag: efficacy of agarose
gel, Transplant. Proc. 28 (1996) 1422–1423.

[133] Y. Kai-Chiang, Y. Ching-Yao, W. Chang-Chin, K. Tzong-Fu, L. Feng-Huei, In vitro
study of using calcium phosphate cement as immunoisolative device to enclose
insulinoma/agarose microspheres as bioartificial pancreas, Biotechnol. Bioeng. 98
(2007) 1288–1295.

[134] H. Iwata, H. Amemiya, T. Matsuda, H. Takano, R. Hayashi, T. Akutsu, Evaluation
of microencapsulated islets in agarose gel as bioartificial pancreas by studies of
hormone secretion in culture and by xenotransplantation, Diabetes 38 (Suppl. 1)
(1989) 224–225.

[135] S. Fernandez-Cossio, A. Leon-Mateos, F.G. Sampedro, M.T. Oreja, Biocompatibility
of agarose gel as a dermal filler: histologic evaluation of subcutaneous implants,
Plast. Reconstr. Surg. 120 (2007) 1161–1169.

[136] H. Gin, B. Dupuy, C. Baquey, D. Ducassou, J. Aubertin, Agarose encapsulation of
islets of Langerhans: reduced toxicity in vitro, J. Microencapsul. 4 (1987)
239–242.

[137] S. Sakai, K. Kawabata, T. Ono, H. Ijima, K. Kawakami, Development of mammalian
cell-enclosing subsieve-size agarose capsules (b100 microm) for cell therapy,
Biomaterials 26 (2005) 4786–4792.

[138] T. Kobayashi, Y. Aomatsu, H. Iwata, T. Kin, H. Kanehiro, M. Hisanaga, S. Ko, M.
Nagao, Y. Nakajima, Indefinite islet protection from autoimmune destruction in
nonobese diabetic mice by agarose microencapsulation without immunosuppres-
sion, Transplantation 75 (2003) 619–625.

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0420
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0420
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0425
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0425
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0465
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0465
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0465
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0475
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0475
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0475
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0485
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0485
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0485
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0490
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0490
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0490
http://dx.doi.org/10.1002/jbm.a.34863
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0500
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0500
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0500
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0505
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0505
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0505
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0510
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0510
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0515
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0515
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0515
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0525
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0525
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0525
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0540
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0540
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0555
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0555
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0555
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1680
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1680
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0575
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0590
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0590
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0590
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1690
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1690
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0610
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0610
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0615
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0615
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0620
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0625
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0630
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0635
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0640
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0640
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0640
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0645
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0645
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0645
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0650
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0655
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0655


31P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
[139] T. Kobayashi, Y. Aomatsu, H. Kanehiro, M. Hisanaga, Y. Nakajima, Protection of
NOD islet isograft from autoimmune destruction by agarose microencapsulation,
Transplant. Proc. 35 (2003) 484–485.

[140] H. Tashiro, H. Iwata, G.L. Warnock, T. Takagi, H. Machida, Y. Ikada, T. Tsuji,
Characterization and transplantation of agarose microencapsulated canine islets
of Langerhans, Ann. Transplant. 2 (1997) 33–39.

[141] H. Tashiro, H. Iwata, G.L. Warnock, Y. Ikada, T. Tsuji, Viability studies of agarose mi-
croencapsulated islets of Langerhans from dogs, Transplant. Proc. 30 (1998) 490.

[142] H. Iwata, T. Takagi, H. Amemiya, Agarose microcapsule applied in islet xenografts
(hamster to mouse), Transplant. Proc. 24 (1992) 952.

[143] H. Iwata, T. Takagi, H. Amemiya, H. Shimizu, K. Yamashita, K. Kobayashi, T. Akutsu,
Agarose for a bioartificial pancreas, J. Biomed. Mater. Res. 26 (1992) 967–977.

[144] H. Iwata, K. Kobayashi, T. Takagi, T. Oka, H. Yang, H. Amemiya, T. Tsuji, F. Ito,
Feasibility of agarose microbeads with xenogeneic islets as a bioartificial pancreas,
J. Biomed. Mater. Res. 28 (1994) 1003–1011.

[145] B. Dupuy, H. Gin, C. Baquey, D. Ducassou, In situ polymerization of a microencap-
sulating medium round living cells, J. Biomed. Mater. Res. 22 (1988) 1061–1070.

[146] H. Gin, B. Dupuy, A. Baquey, C.H. Baquey, D. Ducassou, Lack of responsiveness to
glucose of microencapsulated islets of Langerhans after three weeks' implantation
in the rat — influence of the complement, J. Microencapsul. 7 (1990) 341–346.

[147] T. Tun, K. Inoue, H. Hayashi, T. Aung, Y.J. Gu, R. Doi, H. Kaji, Y. Echigo, W.J. Wang, H.
Setoyama, M. Imamura, S. Maetani, N. Morikawa, H. Iwata, Y. Ikada, A newly
developed three-layer agarose microcapsule for a promising biohybrid artificial
pancreas: rat to mouse xenotransplantation, Cell Transplant. 5 (1996) S59–S63.

[148] K. Jain, H. Yang, S.K. Asina, S.G. Patel, J. Desai, C. Diehl, K. Stenzel, B.H. Smith, A.L.
Rubin, Long-term preservation of islets of Langerhans in hydrophilic macrobeads,
Transplantation 61 (1996) 532–536.

[149] K. Jain, H. Yang, B.R. Cai, B. Haque, A.I. Hurvitz, C. Diehl, T. Miyata, B.H. Smith, K.
Stenzel, Suthanthiran et al, Long-term preservation of islets of Langerhans in hy-
drophilic macrobeads, Transplantation 61 (1996) 532–536.

[150] Y.H., K. Jain, B.R. Cai, B. Haque, A.I. Hurvitz, C. Diehl, T. Miyata, B.H. Smith, K. Stenzel,
M. Suthanthiran, et al., Retrievable, replaceable, macroencapsulated pancreatic
islet xenografts. Long-term engraftment without immunosuppression, Transplan-
tation 59 (1995) 319–324.

[151] W. Wang, Y. Gu, Y. Tabata, M. Miyamoto, H. Hori, N. Nagata, M. Touma, A.N.
Balamurugan, Y. Kawakami, M. Nozawa, K. Inoue, Reversal of diabetes in mice by
xenotransplantation of a bioartificial pancreas in a prevascularized subcutaneous
site, Transplantation 73 (2002) 122–129.

[152] H. Iwata, K. Kobayashi, T. Takagi, T. Oka, H. Yang, H. Amemiya, T. Tsuji, F. Ito,
Feasibility of agarose microbeads with xenogeneic islets as a bioartificial pancreas,
J. Biomed. Mater. Res. 28 (1994) 1003–1011.

[153] H. Iwata, T. Takagi, K. Kobayashi, T. Oka, T. Tsuji, F. Ito, Strategy for developing
microbeads applicable to islet xenotransplantation into a spontaneous diabetic
NOD mouse, J. Biomed. Mater. Res. 28 (1994) 1201–1207.

[154] H. Iwata, T. Takagi, K. Kobayashi, H. Yang, F. Ito, Immunoisolative effectiveness
and limitation of agarose in a bioartificial pancreas, Transplant. Proc. 26
(1994) 789.

[155] H. Gin, B. Dupuy, C. Baquey, D. Ducassou, J. Aubertin, Agarose encapsulation of
islets of Langerhans: reduced toxicity in vitro, J. Microencapsul. 4 (1987) 239–242.

[156] S. Sakai, I. Hashimoto, K. Kawakami, Agarose–gelatin conjugate for adherent
cell-enclosing capsules, Biotechnol. Lett. 29 (2007) 731–735.

[157] D.F. Emerich, J.P. Hammang, E.E. Baetge, S.R. Winn, Implantation of polymer-
encapsulated human nerve growth factor-secreting fibroblasts attenuates the
behavioral and neuropathological consequences of quinolinic acid injections into
rodent striatum, Exp. Neurol. 130 (1994) 141–150.

[158] S.M. Chia, K.W. Leong, J. Li, X. Xu, K. Zeng, P.N. Er, S. Gao, H. Yu, Hepatocyte
encapsulation for enhanced cellular functions, Tissue Eng. 6 (2000) 481–495.

[159] P. Aebischer, E. Buchser, J.M. Joseph, J. Favre, N. De Tribolet, M. Lysaght, S. Rudnick,
M. Goddard, Transplantation in humans of encapsulated xenogeneic cells without
immunosuppression: a preliminary report, Transplantation 58 (1994) 1275–1277.

[160] B.A. Zielinski, P. Aebischer, Chitosan as a matrix for mammalian cell encapsulation,
Biomaterials 15 (1994) 1049–1056.

[161] Y. Sagot, S.A. Tan, E. Baetge, H. Schmalbruch, A.C. Kato, P. Aebischer, Polymer
encapsulated cell lines genetically engineered to release ciliary neurotrophic factor
can slow down progressive motor neuronopathy in the mouse, Eur. J. Neurosci. 7
(1995) 1313–1322.

[162] J.M. Kanczler, H.S. Sura, J. Magnay, D. Green, R.O. Oreffo, J.P. Dobson, A.J. El Haj,
Controlled differentiation of human bone marrow stromal cells using magnetic
nanoparticle technology, Tissue Eng. Part A 16 (2010) 3241–3250.

[163] F. Rask, S.M. Dallabrida, N.S. Ismail, Z. Amoozgar, Y. Yeo, M.A. Rupnick, M. Radisic,
Photocrosslinkable chitosan modified with angiopoietin-1 peptide, QHREDGS,
promotes survival of neonatal rat heart cells, J. Biomed. Mater. Res. A 95 (2010)
105–117.

[164] L. Baruch, M. Machluf, Alginate–chitosan complex coacervation for cell
encapsulation: effect on mechanical properties and on long-term viability, Bio-
polymers 82 (2006) 570–579.

[165] P.J. VandeVord, H.W. Matthew, S.P. DeSilva, L. Mayton, B. Wu, P.H. Wooley,
Evaluation of the biocompatibility of a chitosan scaffold in mice, J. Biomed.
Mater. Res. 59 (2002) 585–590.

[166] M. Zhang, X.H. Li, Y.D. Gong, N.M. Zhao, X.F. Zhang, Properties and biocompatibility
of chitosan films modified by blending with PEG, Biomaterials 23 (2002)
2641–2648.

[167] A.K. Azab, V. Doviner, B. Orkin, J. Kleinstern, M. Srebnik, A. Nissan, A. Rubinstein,
Biocompatibility evaluation of crosslinked chitosan hydrogels after subcutaneous
and intraperitoneal implantation in the rat, J. Biomed. Mater. Res. A 83 (2007)
414–422.
[168] D.W. Jenkins, S.M. Hudson, Review of vinyl graft copolymerization featuring recent
advances toward controlled radical-based reactions and illustrated with chitin/
chitosan trunk polymers, Chem. Rev. 101 (2001) 3245–3273.

[169] S.M. Hudson, D.W. Jenkins, Chitin and Chitosan, John Wiley & Sons Inc., 2002
[170] H.J. Kim, H.C. Lee, J.S. Oh, B.A. Shin, C.S. Oh, R.D. Park, K.S. Yang, C.S. Cho,

Polyelectroylte complex composed of chitosan and sodium alginate for wound
dressing application, J. Biomater. Sci. Polym. Ed. 10 (1999) 543–556.

[171] O. Skaugrud, A. Hagen, B. Borgersen, M. Dornish, Biomedical and pharmaceutical
applications of alginate and chitosan, Biotechnol. Genet. Eng. Rev. 16 (1999)
23–40.

[172] K.C. Yang, C.C. Wu, Y.H. Cheng, T.F. Kuo, F.H. Lin, Chitosan/gelatin hydrogel
prolonged the function of insulinoma/agarose microspheres in vivo during
xenogenic transplantation, Transplant. Proc. 40 (2008) 3623–3626.

[173] N. Kubota, N. Tatsumoto, T. Sano, K. Toya, A simple preparation of half N-acetylated
chitosan highly soluble inwater and aqueous organic solvents, Carbohydr. Res. 324
(2000) 268–274.

[174] S. Gupta, S.K. Kim, R.P. Vemuru, E. Aragona, P.R. Yerneni, R.D. Burk, C.K. Rha,
Hepatocyte transplantation: an alternative system for evaluating cell survival
and immunoisolation, Int. J. Artif. Organs 16 (1993) 155–163.

[175] J.H. Zhu, X.W. Wang, S. Ng, C.H. Quek, H.T. Ho, X.J. Lao, H. Yu, Encapsulating live
cells with water-soluble chitosan in physiological conditions, J. Biotechnol. 117
(2005) 355–365.

[176] B.R. Lee, K.H. Lee, E. Kang, D.S. Kim, S.H. Lee, Microfluidic wet spinning
of chitosan-alginate microfibers and encapsulation of HepG2 cells in fibers,
Biomicrofluidics 5 (2011) 22208.

[177] E. Ruel-Gariepy, G. Leclair, P. Hildgen, A. Gupta, J.C. Leroux, Thermosensitive
chitosan-based hydrogel containing liposomes for the delivery of hydrophilic
molecules, J. Control. Release 82 (2002) 373–383.

[178] M. Sobol, A. Bartkowiak, B. de Haan, P. de Vos, Cytotoxicity study of novel
water-soluble chitosan derivatives applied as membrane material of alginate
microcapsules, J. Biomed. Mater. Res. A 101 (2013) 1907–1914.

[179] T. Haque, H. Chen, W. Ouyang, C. Martoni, B. Lawuyi, A.M. Urbanska, S.
Prakash, In vitro study of alginate-chitosan microcapsules: an alternative to
liver cell transplants for the treatment of liver failure, Biotechnol. Lett. 27
(2005) 317–322.

[180] O. Gaserod, O. Smidsrod, G. Skjak-Braek, Microcapsules of alginate–chitosan — I. A
quantitative study of the interaction between alginate and chitosan, Biomaterials
19 (1998) 1815–1825.

[181] O. Gaserod, A. Sannes, G. Skjak-Braek, Microcapsules of alginate–chitosan. II.
A study of capsule stability and permeability, Biomaterials 20 (1999)
773–783.

[182] P. Karle, P. Muller, R. Renz, R. Jesnowski, R. Saller, K. von Rombs, H. Nizze, S. Liebe,
W.H. Gunzburg, B. Salmons, M. Lohr, Intratumoral injection of encapsulated cells
producing an oxazaphosphorine activating cytochrome P450 for targeted
chemotherapy, Adv. Exp. Med. Biol. 451 (1998) 97–106.

[183] H. Dautzenberg, U. Schuldt, G. Grasnick, P. Karle, P. Muller, M. Lohr, M. Pelegrin, M.
Piechaczyk, K.V. Rombs, W.H. Gunzburg, B. Salmons, R.M. Saller, Development of
cellulose sulfate-based polyelectrolyte complexmicrocapsules for medical applica-
tions, Ann. N. Y. Acad. Sci. 875 (1999) 46–63.

[184] W. Weber, M. Rinderknecht, M. Daoud-El Baba, F.N. de Glutz, D. Aubel, M.
Fussenegger, CellMAC: a novel technology for encapsulation of mammalian cells
in cellulose sulfate/pDADMAC capsules assembled on a transient alginate/Ca2+

scaffold, J. Biotechnol. 114 (2004) 315–326.
[185] S. Schaffellner, V. Stadlbauer, P. Stiegler, O. Hauser, G. Halwachs, C. Lackner, F.

Iberer, K.H. Tscheliessnigg, Porcine islet cells microencapsulated in sodium
cellulose sulfate, Transplant. Proc. 37 (2005) 248–252.

[186] V. Stadlbauer, P.B. Stiegler, S. Schaffellner, O. Hauser, G. Halwachs, F. Iberer, K.H.
Tscheliessnigg, C. Lackner, Morphological and functional characterization
of a pancreatic beta-cell line microencapsulated in sodium cellulose sulfate/
poly(diallyldimethylammonium chloride), Xenotransplantation 13 (2006)
337–344.

[187] M. Lohr, Z.T. Bago, H. Bergmeister, M. Ceijna, M. Freund, W. Gelbmann, W.H.
Gunzburg, R. Jesnowski, J. Hain, K. Hauenstein, W. Henninger, A. Hoffmeyer, P.
Karle, J.C. Kroger, G. Kundt, S. Liebe, U. Losert, P. Muller, A. Probst, K. Puschel, M.
Renner, R. Renz, R. Saller, B. Salmons, I. Walter, et al., Cell therapy using micro-
encapsulated 293 cells transfected with a gene construct expressing CYP2B1,
an ifosfamide converting enzyme, instilled intra-arterially in patients with
advanced-stage pancreatic carcinoma: a phase I/II study, J. Mol. Med. (Berl) 77
(1999) 393–398.

[188] M. Pelegrin, M. Marin, D. Noel, M. Del Rio, R. Saller, J. Stange, S. Mitzner, W.H.
Gunzburg, M. Piechaczyk, Systemic long-term delivery of antibodies in immuno-
competent animals using cellulose sulphate capsules containing antibody-
producing cells, Gene Ther. 5 (1998) 828–834.

[189] M. Pelegrin, M. Marin, A. Oates, D. Noel, R. Saller, B. Salmons, M. Piechaczyk,
Immunotherapy of a viral disease by in vivo production of therapeutic monoclonal
antibodies, Hum. Gene Ther. 11 (2000) 1407–1415.

[190] H. Ikeda, N. Kobayashi, Y. Tanaka, S. Nakaji, C. Yong, T. Okitsu, M. Oshita, S.
Matsumoto, H. Noguchi, M. Narushima, K. Tanaka, A. Miki, J.D. Rivas-Carrillo, A.
Soto-Gutierrez, N. Navarro-Alvarez, H.S. Jun, N. Tanaka, J.W. Yoon, A newly
developed bioartificial pancreas successfully controls blood glucose in totally
pancreatectomized diabetic pigs, Tissue Eng. 12 (2006) 1799–1809.

[191] T. Miyamoto, S. Takahashi, H. Ito, H. Inagaki, Y. Noishiki, Tissue biocompati-
bility of cellulose and its derivatives, J. Biomed. Mater. Res. 23 (1989)
125–133.

[192] L. Canaple, A. Rehor, D. Hunkeler, Improving cell encapsulation through size
control, J. Biomater. Sci. Polym. Ed. 13 (2002) 783–796.

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0660
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0665
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0670
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0670
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0675
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0680
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0680
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0685
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0690
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0690
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0705
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0705
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0705
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1695
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1700
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0730
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0730
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0730
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0735
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0735
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0740
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0740
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0750
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0750
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0760
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0760
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0765
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0765
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0765
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0765
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0770
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0770
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0770
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0775
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0775
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0775
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0775
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0780
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0780
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0780
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0785
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0785
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0785
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0790
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0790
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0790
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0795
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0795
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0795
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0795
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0800
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0800
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0800
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0805
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0810
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0810
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0810
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0815
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0815
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0815
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0820
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0820
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0820
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0825
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0825
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0825
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0830
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0830
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0830
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0835
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0835
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0835
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0840
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0840
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0840
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0845
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0845
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0845
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0850
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0850
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0850
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0855
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0855
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0855
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0855
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0860
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0860
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0860
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0865
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0865
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0865
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0870
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0870
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0870
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0870
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0875
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0875
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0875
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0875
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0880
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0880
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0880
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0880
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0880
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0885
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0885
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0885
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0890
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0890
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0890
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0890
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0890
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0895
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0900
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0900
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0900
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0900
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0905
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0905
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0905
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0910
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0910
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0910
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0910
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0910
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0915
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0915
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0915
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1705
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1705


32 P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
[193] Y. Nishiyama, J. Sugiyama, H. Chanzy, P. Langan, Crystal structure and hydrogen
bonding system in cellulose I(alpha) from synchrotron X-ray and neutron fiber
diffraction, J. Am. Chem. Soc. 125 (2003) 14300–14306.

[194] H.W. Matthew, S.O. Salley, W.D. Peterson, M.D. Klein, Complex coacervate micro-
capsules for mammalian cell culture and artificial organ development, Biotechnol.
Prog. 9 (1993) 510–519.

[195] V. Stadlbauer, P.B. Stiegler, S. Schaffellner, O. Hauser, G. Halwachs, F. Iberer,
K.H. Tscheliessnigg, C. Lackner, Morphological and functional characteriza-
tion of a pancreatic β-cell line microencapsulated in sodium cellulose
sulfate/poly(diallyldimethylammonium chloride), Xenotransplantation 13
(2006) 337–344.

[196] H. Dautzenberg, U.T.E. Schuldt, G. Grasnick, P. Karle, P. MÜLler, M. LÖHr, M.
Pelegrin, M. Piechaczyk, K.V. Rombs, W.H. GÜNzburg, B. Salmons, R.M. Saller,
Development of cellulose sulfate-based polyelectrolyte complex microcapsules
for medical applications, Ann. N. Y. Acad. Sci. 875 (1999) 46–63.

[197] K. Kim, X. Liu, Y. Zhang, J. Cheng,W.X. Yu, Y. Sun, Elastic and viscoelastic character-
ization of microcapsules for drug delivery using a force-feedback MEMS micro-
gripper, Biomed. Microdevices 11 (2) (2009) 421–427.

[198] Huangqin Chen, Mingwen Fan, Novel thermally sensitive pH-dependent
chitosan/carboxymethyl cellulose hydrogels, J. Bioact. Compat. Polym. 23 (2008)
38–48.

[199] Y. Ogushi, S. Sakai, K. Kawakami, Synthesis of enzymatically-gellable carboxymeth-
ylcellulose for biomedical applications, J. Biosci. Bioeng. 104 (2007) 30–33.

[200] S. Sakai, C. Mu, K. Kawabata, I. Hashimoto, K. Kawakami, Biocompatibility of
subsieve-size capsules versus conventional-size microcapsules, J. Biomed. Mater.
Res. 78A (2006) 394–398.

[201] S. Sakai, S. Ito, Y. Ogushi, I. Hashimoto, K. Kawakami, Feasibility of carboxymethyl-
cellulose with phenol moieties as a material for mammalian cell-enclosing
subsieve-size capsules, Cellulose 15 (2008) 723–729.

[202] G. Helenius, H. Backdahl, A. Bodin, U. Nannmark, P. Gatenholm, B. Risberg, In vivo
biocompatibility of bacterial cellulose, J. Biomed. Mater. Res. A 76 (2006) 431–438.

[203] M. Brissová, I. Lacík, A.C. Powers, A.V. Anilkumar, T. Wang, Control and measure-
ment of permeability for design of microcapsule cell delivery system, J. Biomed.
Mater. Res. 39 (1998) 61–70.

[204] I. Lacik, M. Brissová, A.V. Anilkumar, A.C. Powers, T. Wang, New capsule with
tailored properties for the encapsulation of living cells, J. Biomed. Mater. Res. 39
(1998) 52–60.

[205] S. Schneider, P.J. Feilen, V. Slotty, D. Kampfner, S. Preuss, S. Berger, J. Beyer, R.
Pommersheim, Multilayer capsules: a promising microencapsulation system for
transplantation of pancreatic islets, Biomaterials 22 (2001) 1961–1970.

[206] C. Yin, S.M. Chia, C.H. Quek, H. Yu, R.X. Zhuo, K.W. Leong, H.Q. Mao, Microcapsules
with improvedmechanical stability for hepatocyte culture, Biomaterials 24 (2003)
1771–1780.

[207] F.J. Wu, J.R. Friend, A. Lazar, H.J. Mann, R.P. Remmel, F.B. Cerra, W.S. Hu, Hollow
fiber bioartificial liver utilizing collagen-entrapped porcine hepatocyte spheroids,
Biotechnol. Bioeng. 52 (1996) 34–44.

[208] S. Lahooti, M.V. Sefton, Microencapsulation of normal and transfected L929
fibroblasts in a HEMA–MMA copolymer, Tissue Eng. 6 (2000) 139–149.

[209] C.H. Lee, A. Singla, Y. Lee, Biomedical applications of collagen, Int. J. Pharm. 221
(2001) 1–22.

[210] W. Traub, K.A. Piez, The chemistry and structure of collagen, Adv. Protein Chem. 25
(1971) 243–352.

[211] C.M. Perez, A. Panitch, J. Chmielewski, A collagen peptide-based physical hydrogel
for cell encapsulation, Macromol. Biosci. 11 (2011) 1426–1431.

[212] G. Ramachandran, Molecular structure of collagen, Int. Rev. Connect. Tissue Res. 1
(1963) 127–182.

[213] R. Parenteau-Bareil, R. Gauvin, S. Cliche, C. Gariepy, L. Germain, F. Berthod, Compar-
ative study of bovine, porcine and avian collagens for the production of a tissue
engineered dermis, Acta Biomater. 7 (2011) 3757–3765.

[214] S.M. Chia, A.C. Wan, C.H. Quek, H.Q. Mao, X. Xu, L. Shen, M.L. Ng, K.W. Leong, H. Yu,
Multi-layered microcapsules for cell encapsulation, Biomaterials 23 (2002)
849–856.

[215] S. Lahooti, M.V. Sefton, Effect of an immobilization matrix and capsule membrane
permeability on the viability of encapsulated HEK cells, Biomaterials 21 (2000)
987–995.

[216] K. Edamura, H. Ohgawara, K. Nasu, Y. Iwami, A. Sato, S. Ishikawa, N. Matsuki, K.
Ono, H. Ogawa, N. Sasaki, Effect of the extracellular matrix on pancreatic en-
docrine cell function and its biocompatibility in dogs, Cell Transplant. 10
(2001) 493–498.

[217] E. Jorge-Herrero, P. Fernandez, J. Turnay, N. Olmo, P. Calero, R. Garcia, I. Freile,
J.L. Castillo-Olivares, Influence of different chemical cross-linking treatments
on the properties of bovine pericardium and collagen, Biomaterials 20
(1999) 539–545.

[218] L. Marinucci, C. Lilli, M. Guerra, S. Belcastro, E. Becchetti, G. Stabellini, E.M. Calvi, P.
Locci, Biocompatibility of collagen membranes crosslinked with glutaraldehyde or
diphenylphosphoryl azide: an in vitro study, J. Biomed. Mater. Res. A 67 (2003)
504–509.

[219] C.W. Vendruscolo, I.F. Andreazza, J.L. Ganter, C. Ferrero, T.M. Bresolin, Xanthan and
galactomannan (from M. scabrella) matrix tablets for oral controlled delivery of
theophylline, Int. J. Pharm. 296 (2005) 1–11.

[220] A.C. Mendes, E.T. Baran, R.C. Pereira, H.S. Azevedo, R.L. Reis, Encapsulation and
survival of a chondrocyte cell line within xanthan gum derivative, Macromol.
Biosci. 12 (2012) 350–359.

[221] F. Chellat, M. Tabrizian, S. Dumitriu, E. Chornet, P. Magny, C.H. Rivard, L. Yahia,
In vitro and in vivo biocompatibility of chitosan–xanthan polyionic complex,
J. Biomed. Mater. Res. 51 (2000) 107–116.
[222] F. Chellat, M. Tabrizian, S. Dumitriu, E. Chornet, C.H. Rivard, L. Yahia, Study of
biodegradation behavior of chitosan–xanthan microspheres in simulated physio-
logical media, J. Biomed. Mater. Res. 53 (2000) 592–599.

[223] A. Becker, F. Katzen, A. Puhler, L. Ielpi, Xanthan gum biosynthesis and application: a
biochemical/genetic perspective, Appl. Microbiol. Biotechnol. 50 (1998) 145–152.

[224] B.J. de Haan, A. Rossi, M.M. Faas, M.J. Smelt, F. Sonvico, P. Colombo, P. de Vos,
Structural surface changes and inflammatory responses against alginate-based
microcapsules after exposure to human peritoneal fluid, J. Biomed. Mater. Res. A
98 (2011) 394–403.

[225] E. Piskin, Biodegradable polymers as biomaterials, J. Biomater. Sci. Polym. Ed. 6
(1995) 775–795.

[226] I. Gill, A. Ballesteros, Bioencapsulation within synthetic polymers (Part 1): sol–gel
encapsulated biologicals, Trends Biotechnol. 18 (2000) 282–296.

[227] I. Gill, A. Ballesteros, Bioencapsulation within synthetic polymers (Part 2):
non-sol–gel protein–polymer biocomposites, Trends Biotechnol. 18 (2000)
469–479.

[228] R.S. Hill, G.M. Cruise, S.R. Hager, F.V. Lamberti, X. Yu, C.L. Garufis, Y. Yu, K.E.
Mundwiler, J.F. Cole, J.A. Hubbell, O.D. Hegre, D.W. Scharp, Immunoisolation of
adult porcine islets for the treatment of diabetes mellitus. The use of photo-
polymerizable polyethylene glycol in the conformal coating of mass-isolated
porcine islets, Ann. N. Y. Acad. Sci. 831 (1997) 332–343.

[229] G.M. Cruise, O.D. Hegre, F.V. Lamberti, S.R. Hager, R. Hill, D.S. Scharp, J.A. Hubbell, In
vitro and in vivo performance of porcine islets encapsulated in interfacially
photopolymerized poly(ethylene glycol) diacrylate membranes, Cell Transplant.
8 (1999) 293–306.

[230] S.J. Bryant, R.J. Bender, K.L. Durand, K.S. Anseth, Encapsulating chondrocytes
in degrading PEG hydrogels with high modulus: engineering gel structural
changes to facilitate cartilaginous tissue production, Biotechnol. Bioeng. 86
(2004) 747–755.

[231] J.A. Burdick, K.S. Anseth, Photoencapsulation of osteoblasts in injectable
RGD-modified PEG hydrogels for bone tissue engineering, Biomaterials 23
(2002) 4315–4323.

[232] C.R. Nuttelman, M.C. Tripodi, K.S. Anseth, In vitro osteogenic differentiation of
human mesenchymal stem cells photoencapsulated in PEG hydrogels, J. Biomed.
Mater. Res. A 68 (2004) 773–782.

[233] S. Zalipsky, N. Mullah, J.A. Harding, J. Gittelman, L. Guo, S.A. DeFrees, Poly(ethylene
glycol)-grafted liposomes with oligopeptide or oligosaccharide ligands appended
to the termini of the polymer chains, Bioconjug. Chem. 8 (1997) 111–118.

[234] K.T. Nguyen, J.L. West, Photopolymerizable hydrogels for tissue engineering
applications, Biomaterials 23 (2002) 4307–4314.

[235] C.C. Lin, A.T. Metters, K.S. Anseth, Functional PEG–peptide hydrogels to modulate
local inflammation induced by the pro-inflammatory cytokine TNFalpha, Biomaterials
30 (2009) 4907–4914.

[236] G.M. Cruise, D.S. Scharp, J.A. Hubbell, Characterization of permeability and network
structure of interfacially photopolymerized poly(ethylene glycol) diacrylate
hydrogels, Biomaterials 19 (1998) 1287–1294.

[237] J.A. Hubbell, C.P. Pathak, A.S. Sawhney, N.P. Desai, S.F.A. Hossainy, Gels for encapsu-
lation of biological materials, in, Ca, USA, 2004.

[238] S.J. Chang, C.H. Lee, C.Y. Hsu, Y.J. Wang, Biocompatible microcapsules with
enhanced mechanical strength, J. Biomed. Mater. Res. A 59 (2002) 118–126.

[239] A. Sabnis, M. Rahimi, C. Chapman, K.T. Nguyen, Cytocompatibility studies of an in
situ photopolymerized thermoresponsive hydrogel nanoparticle system using
human aortic smooth muscle cells, J. Biomed. Mater. Res. A 91 (2009) 52–59.

[240] F. Cellesi, N. Tirelli, J.A. Hubbell, Towards a fully-synthetic substitute of alginate:
development of a new process using thermal gelation and chemical cross-
linking, Biomaterials 25 (2004) 5115–5124.

[241] F. Cellesi, N. Tirelli, A new process for cell microencapsulation and other biomate-
rial applications: thermal gelation and chemical cross-linking in “tandem”, J. Mater.
Sci. Mater. Med. 16 (2005) 559–565.

[242] M.P. Lutolf, J.A. Hubbell, Synthetic biomaterials as instructive extracellular micro-
environments for morphogenesis in tissue engineering, Nat. Biotechnol. 23
(2005) 47–55.

[243] C.R. Nuttelman, M.A. Rice, A.E. Rydholm, C.N. Salinas, D.N. Shah, K.S. Anseth, Mac-
romolecular monomers for the synthesis of hydrogel niches and their application
in cell encapsulation and tissue engineering, Prog. Polym. Sci. 33 (2008) 167–179.

[244] J.D. Andrade, V. Hlady, Plasma protein adsorption: the big twelve, Ann. N. Y. Acad.
Sci. 516 (1987) 158–172.

[245] A.S. Sawhney, C.P. Pathak, J.A. Hubbell, Interfacial photopolymerization of
poly(ethylene glycol)-based hydrogels upon alginate–poly(L-lysine) micro-
capsules for enhanced biocompatibility, Biomaterials 14 (1993) 1008–1016.

[246] J.Y. Jang, D.Y. Lee, S.J. Park, Y. Byun, Immune reactions of lymphocytes and
macrophages against PEG-grafted pancreatic islets, Biomaterials 25 (2004)
3663–3669.

[247] C.Y. Cheung, K.S. Anseth, Synthesis of immunoisolation barriers that provide
localized immunosuppression for encapsulated pancreatic islets, Bioconjug. Chem.
17 (2006) 1036–1042.

[248] D.F. Emerich, S.R. Winn, J. Harper, J.P. Hammang, E.E. Baetge, J.H. Kordower,
Implants of polymer-encapsulated human NGF-secreting cells in the nonhuman
primate: rescue and sprouting of degenerating cholinergic basal forebrain
neurons, J. Comp. Neurol. 349 (1994) 148–164.

[249] D.F. Emerich, S.R. Winn, P.M. Hantraye, M. Peschanski, E.Y. Chen, Y. Chu, P.
McDermott, E.E. Baetge, J.H. Kordower, Protective effect of encapsulated cells
producing neurotrophic factor CNTF in a monkey model of Huntington's disease,
Nature 386 (1997) 395–399.

[250] D.F. Emerich, S.R. Winn, M.D. Lindner, Continued presence of intrastriatal
but not intraventricular polymer-encapsulated PC12 cells is required for

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0920
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0920
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0920
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0925
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0925
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0925
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0930
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0930
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0930
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0930
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0930
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1710
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1710
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1710
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1710
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1715
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0945
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0945
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0945
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0950
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0950
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0955
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0955
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0955
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0960
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0960
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0960
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0965
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0965
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1720
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1725
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0975
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0975
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0975
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0980
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0980
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0980
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0985
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0985
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0985
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0990
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0990
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0995
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf0995
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1000
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1000
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1005
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1005
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1010
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1010
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1015
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1015
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1015
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1020
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1020
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1020
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1025
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1025
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1025
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1030
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1035
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1040
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1045
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1045
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1045
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1050
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1055
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1055
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1055
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1060
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1060
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1060
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1065
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1065
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1070
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1075
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1075
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1080
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1085
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1090
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1095
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1100
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1105
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1110
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1115
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1120
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1120
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1125
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1125
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1125
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1130
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1130
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1130
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1730
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1730
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1140
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1140
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1145
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1145
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1145
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1150
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1150
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1150
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1155
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1160
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1165
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1165
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1165
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1170
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1175
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1180
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1180
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1180
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1185
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1185
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1185
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1190
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1195
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1200


33P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
alleviation of behavioral deficits in Parkinsonian rodents, Cell Transplant. 5 (1996)
589–596.

[251] H. Iwata, H. Amemiya, R. Hayashi, S. Fujii, T. Akutsu, The use of photocrosslinkable
polyvinyl alcohol in the immunoisolation of pancreatic islets, Transplant. Proc. 22
(1990) 797–799.

[252] W.C. Hymer, D.L. Wilbur, R. Page, E. Hibbard, R.C. Kelsey, J.M. Hatfield, Pituitary
hollow fiber units in vivo and in vitro, Neuroendocrinology 32 (1981) 339–349.

[253] C. Dulieu, D. Bazile, Influence of lipid nanocapsules composition on their aptness
to freeze-drying, Pharm. Res. 22 (2005) 285–292.

[254] N.E. Vrana, A. O'Grady, E. Kay, P.A. Cahill, G.B. McGuinness, Cell encapsulation
within PVA-based hydrogels via freeze-thawing: a one-step scaffold formation
and cell storage technique, J. Tissue. Eng. Regen. Med. 3 (2009) 567–572.

[255] M. Qi, Y. Gu, N. Sakata, D. Kim, Y. Shirouzu, C. Yamamoto, A. Hiura, S. Sumi, K.
Inoue, PVA hydrogel sheet macroencapsulation for the bioartificial pancreas,
Biomaterials 25 (2004) 5885–5892.

[256] Z. Qi, Y. Shen, G. Yanai, K. Yang, Y. Shirouzu, A. Hiura, S. Sumi, The in vivo
performance of polyvinyl alcohol macro-encapsulated islets, Biomaterials 31
(2010) 4026–4031.

[257] S.R. Winn, M.D. Lindner, A. Lee, G. Haggett, J.M. Francis, D.F. Emerich,
Polymer-encapsulated genetically modified cells continue to secrete human
nerve growth factor for over one year in rat ventricles: behavioral and anatomical
consequences, Exp. Neurol. 140 (1996) 126–138.

[258] W.L. Chick, J.J. Perna, V. Lauris, D. Low, P.M. Galletti, G. Panol, A.D.Whittemore, A.A.
Like, C.K. Colton, M.J. Lysaght, Artificial pancreas using living beta cells: effects on
glucose homeostasis in diabetic rats, Science 197 (1977) 780–782.

[259] P. Aebischer, L. Wahlberg, P.A. Tresco, S.R. Winn, Macroencapsulation
of dopamine-secreting cells by coextrusion with an organic polymer solution,
Biomaterials 12 (1991) 50–56.

[260] T. Maki, J.J. O'Neil, J. Porter, C.J.P. Mullon, B.A. Solomon, A.P. Monaco, Long-term
function of porcine islets in xenogeneic hosts, Transplant. Proc. 28 (1996) 807.

[261] D.T. Mathews, Y.A. Birney, P.A. Cahill, G.B. McGuinness, Vascular cell viability on
polyvinyl alcohol hydrogels modified with water-soluble and -insoluble chitosan,
J. Biomed. Mater. Res. B Appl. Biomater. 84 (2008) 531–540.

[262] M.G. Cascone, M. Tricoli, P. Cerrai, R.S. Del Guerra, Cell cultures in the biocompati-
bility study of synthetic materials, Cytotechnology 11 (1993) S137–S139.

[263] K. Burczak, E. Gamian, A. Kochman, Long-term in vivo performance and
biocompatibility of poly(vinyl alcohol) hydrogel macrocapsules for hybrid-type
artificial pancreas, Biomaterials 17 (1996) 2351–2356.

[264] T.H. Young, N.K. Yao, R.F. Chang, L.W. Chen, Evaluation of asymmetric poly(vinyl
alcohol) membranes for use in artificial islets, Biomaterials 17 (1996) 2139–2145.

[265] F.T. Gentile, E.J. Doherty, Polymer science for macroencapsulation of cells for
central nervous system transplantation, React. Polym. 25 (1995) 207–227.

[266] M.S. Shoichet, D.H. Rein, In vivo biostability of a polymeric hollow fibre membrane
for cell encapsulation, Biomaterials 17 (1996) 285–290.

[267] M.S. Shoichet, S.R. Winn, S. Athavale, J.M. Harris, F.T. Gentile, Poly(ethylene
oxide)-grafted thermoplastic membranes for use as cellular hybrid bio-artificial
organs in the central nervous system, Biotechnol. Bioeng. 43 (1994) 563–572.

[268] P.A. Tresco, M.J. Bridge, Ethanol treatment alters the ultrastructure and permeabil-
ity of PAN-PVC hollow fiber cell encapsulation membranes, J. Membr. Sci. 195
(2002) 51–64.

[269] P.A. Tresco, M.J. Bridge, K.W. Broadhead, V. Hlady, Ethanol treatment alters
the ultrastructure and permeability of PAN-PVC hollow fiber cell encapsulation
membranes, J. Membr. Sci. 195 (2002) 51–64.

[270] R.S. Ward, K.A. White, C.A. Wolcott, A.Y. Wang, R.W. Kuhn, J.E. Taylor, J.K. John,
Development of a hybrid artificial pancreas with a dense polyurethanemembrane,
ASAIO J. 39 (1993) M261–M267.

[271] P. Lamberton, M. Lipsky, P. McMillan, Use of semipermeable polyurethane hollow
fibers for pituitary organ culture, In Vitro Cell. Dev. Biol. 24 (1988) 500–504.

[272] Y.T. Kim, R. Hitchcock, K.W. Broadhead, D.J. Messina, P.A. Tresco, A cell encapsula-
tion device for studying soluble factor release from cells transplanted in the rat
brain, J. Control. Release 102 (2005) 101–111.

[273] R.B. Seymour, G.B. Kauffman, Polyurethanes: a class of modern versatile materials,
J. Chem. Educ. 69 (1992) 909–914.

[274] H.N. Kim, D.H. Kang, M.S. Kim, A. Jiao, D.H. Kim, K.Y. Suh, Patterning methods
for polymers in cell and tissue engineering, Ann. Biomed. Eng. 40 (2012)
1339–1355.

[275] G. Soldani, P. Losi, M. Bernabei, S. Burchielli, D. Chiappino, S. Kull, E. Briganti, D.
Spiller, Long term performance of small-diameter vascular grafts made of
a poly(ether)urethane–polydimethylsiloxane semi-interpenetrating polymeric
network, Biomaterials 31 (2010) 2592–2605.

[276] A.P. Khandwekar, D.P. Patil, A.A. Hardikar, Y.S. Shouche, M. Doble, In vivo
modulation of foreign body response on polyurethane by surface entrapment
technique, J. Biomed. Mater. Res. A 95 (2010) 413–423.

[277] S. George, P.D. Nair, M.V. Risbud, R.R. Bhonde, Nonporous polyurethane mem-
branes as islet immunoisolation matrices — biocompatibility studies, J. Biomater.
Appl. 16 (2002) 327–340.

[278] A.P. Khandwekar, D.P. Patil, A.A. Hardikar, Y.S. Shouche, M. Doble, In vivo modula-
tion of foreign body response on polyurethane by surface entrapment technique,
J. Biomed. Mater. Res. A 95A (2010) 413–423.

[279] P. Petersen, N. Lembert, S. Stenglein, H. Planck, H.P. Ammon, H.D. Becker, Insulin
secretion from cultured islets encapsulated in immuno- and virus-protective
capillaries, Transplant. Proc. 33 (2001) 3520–3522.

[280] N. Deglon, B. Heyd, S.A. Tan, J.M. Joseph, A.D. Zurn, P. Aebischer, Central nervous
system delivery of recombinant ciliary neurotrophic factor by polymer encapsulated
differentiated C2C12 myoblasts, Hum. Gene Ther. 7 (1996) 2135–2146.
[281] F. Schwenter, B.L. Schneider, W.F. Pralong, N. Deglon, P. Aebischer, Survival of
encapsulated human primary fibroblasts and erythropoietin expression under
xenogeneic conditions, Hum. Gene Ther. 15 (2004) 669–680.

[282] T. Abe, K. Kato, T. Fujioka, T. Akizawa, The blood compatibilities of blood purifica-
tion membranes and other materials developed in Japan, Int. J. Biomater. 2011
(2011) 375390.

[283] N. Lembert, J. Wesche, P. Petersen, M. Doser, P. Zschocke, H.D. Becker, H.P. Ammon,
Encapsulation of islets in rough surface, hydroxymethylated polysulfone capillaries
stimulates VEGF release and promotes vascularization after transplantation,
Cell Transplant. 14 (2005) 97–108.

[284] N. Lembert, J. Wesche, P. Petersen, P. Zschocke, A. Enderle, H. Planck, H.P. Ammon,
Macroencapsulation of rat islets without alteration of insulin secretion kinetics,
Exp. Clin. Endocrinol. Diabetes 109 (2001) 116–119.

[285] N. Lembert, J. Wesche, P. Petersen, P. Zschocke, A. Enderle, H. Planck, H.P.T.
Ammon, Macroencapsulation of rat islets without alteration of insulin secretion
kinetics, Exp. Clin. Endocrinol. Diabetes 109 (2001) 116,119.

[286] M. Guttinger, V. Padrun, W.F. Pralong, D. Boison, Seizure suppression
and lack of adenosine A1 receptor desensitization after focal long-term
delivery of adenosine by encapsulated myoblasts, Exp. Neurol. 193 (2005)
53–64.

[287] X. Xu, Y. Yang, N. Zhu, Characteristics and molecular mechanism of adhesion
proteins on reused hemodialysis membranes, Blood Purif. 27 (2009)
321–329.

[288] K. Takebe, T. Shimura, B.Munkhbat, M. Hagihara, H. Nakanishi, K. Tsuji, Xenogeneic
(pig to rat) fetal liver fragment transplantation using macrocapsules for
immunoisolation, Cell Transplant. 5 (1996) S31–S33.

[289] K. Takebe, T. Shimura, B.Munkhbat, M. Hagihara, H. Nakanishi, K. Tsuji, Xenogeneic
(pig to rat) fetal liver fragment transplantation using macrocapsules for
immunoisolation, Cell Transplant. 5 (1996) S31–S33.

[290] L.H. Granicka, J.W. Kawiak, E. Glowacka, A. Werynski, Encapsulation of OKT3 cells
in hollow fibers, ASAIO J. 42 (1996) M863–M866.

[291] G.W. Coates, R.M. Waymouth, Oscillating stereocontrol: a strategy for the
synthesis of thermoplastic elastomeric polypropylene, Science 267 (1995)
217–219.

[292] L.H. Granicka, J. Kawiak, M. Snochowski, J.M. Wojcicki, S. Sabalinska, A. Werynski,
Polypropylene hollow fiber for cells isolation: methods for evaluation of diffusive
transport and quality of cells encapsulation, Artif. Cells Blood Substit. Immobil.
Biotechnol. 31 (2003) 249–262.

[293] L.H. Granicka, M. Wdowiak, A. Kosek, S. Swiezewski, D. Wasilewska, E. Jankowska,
A.Werynski, J. Kawiak, Survival analysis of Escherichia coli encapsulated in a hollow
fiber membrane in vitro and in vivo: preliminary report, Cell Transplant. 14 (2005)
323–330.

[294] L.F. Brown, M. Detmar, K. Claffey, J.A. Nagy, D. Feng, A.M. Dvorak, H.F. Dvorak,
Vascular permeability factor/vascular endothelial growth factor: a multifunctional
angiogenic cytokine, EXS 79 (1997) 233–269.

[295] G.B. Sukhorukov, E. Donath, S. Moya, A.S. Susha, A. Voigt, J. Hartmann, H. Mohwald,
Microencapsulation by means of step-wise adsorption of polyelectrolytes,
J. Microencapsul. 17 (2000) 177–185.

[296] R. Georgieva, S. Moya, E. Donath, H. Baumler, Permeability and conductivity of red
blood cell templated polyelectrolyte capsules coated with supplementary layers,
Langmuir 20 (2004) 1895–1900.

[297] S. Krol, S. del Guerra, M. Grupillo, A. Diaspro, A. Gliozzi, P. Marchetti, Multilayer
nanoencapsulation. New approach for immune protection of human pancreatic
islets, Nano Lett. 6 (2006) 1933–1939.

[298] C. Gao, S. Leporatti, S. Moya, E. Donath, H. Mohwald, Swelling and shrinking
of polyelectrolyte microcapsules in response to changes in temperature and
ionic strength, Chemistry 9 (2003) 915–920.

[299] Y. Teramura, H. Iwata, Bioartificial pancreas microencapsulation and
conformal coating of islet of Langerhans, Adv. Drug Deliv. Rev. 62 (2010)
827–840.

[300] H. Iwata, Y. Murakami, Y. Ikada, Control of complement activities for immuno-
isolation, Ann. N. Y. Acad. Sci. 875 (1999)(vol.).

[301] M.V. Sefton, M.H. May, S. Lahooti, J.E. Babensee, Making microencapsulation work:
conformal coating, immobilization gels and in vivo performance, J. Control. Release
65 (2000) 173–186.

[302] S. Lahooti, M.V. Sefton, Methods for microencapsulation with HEMA–MMA,
Methods Mol. Med. 18 (1999) 331–348.

[303] G.D. Wells, M.M. Fisher, M.V. Sefton, Microencapsulation of viable hepatocytes
in HEMA–MMA microcapsules: a preliminary study, Biomaterials 14 (1993)
615–620.

[304] H. Uludag, M.V. Sefton, Metabolic activity of CHO fibroblasts in HEMA–MMA
microcapsules, Biotechnol. Bioeng. 39 (1992) 672–678.

[305] A.J. Fleming, M.V. Sefton, Viability of hydroxyethyl methacrylate–methyl
methacrylate-microencapsulated PC12 cells after omental pouch implantation
within agarose gels, Tissue Eng. 9 (2003) 1023–1036.

[306] H. Gharapetian, N.A. Davies, A.M. Sun, Encapsulation of viable cells within
polyacrylate membranes, Biotechnol. Bioeng. 28 (1986) 1595–1600.

[307] M.E. Sugamori, M.V. Sefton, Microencapsulation of pancreatic islets in a water
insoluble polyacrylate, ASAIO Trans. 35 (1989) 791–799.

[308] S.H. Ronel, M.J. D'Andrea, H. Hashiguchi, G.F. Klomp, W.H. Dobelle, Macroporous
hydrogel membranes for a hybrid artificial pancreas. I. Synthesis and chamber
fabrication, J. Biomed. Mater. Res. A 17 (1983) 855–864.

[309] T.H. Young, W.Y. Chuang, N.K. Yao, L.W. Chen, Use of a diffusion model
for assessing the performance of poly(vinyl alcohol) bioartificial pancreases,
J. Biomed. Mater. Res. A 40 (1998) 385–391.

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1200
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1205
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1210
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1210
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1215
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1215
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1220
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1225
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1225
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1225
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1230
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1235
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1240
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1245
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1250
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1250
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1255
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1255
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1255
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1260
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1260
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1265
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1270
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1270
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1275
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1275
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1280
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1285
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1285
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1285
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1290
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1295
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1300
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1305
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1305
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1310
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1310
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1310
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1315
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1315
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1320
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1320
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1320
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1325
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1330
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1335
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1340
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1340
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1340
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1345
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1345
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1345
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1350
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1350
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1350
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1355
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1360
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1365
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1370
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1375
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1375
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1375
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1380
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1385
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1390
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1395
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1400
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1405
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1410
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1415
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1420
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1420
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1420
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1425
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1425
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1425
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1430
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1435
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1440
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1445
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1735
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1735
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1450
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1455
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1455
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1460
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1465
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1465
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1470
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1475
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1475
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1740
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1740
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1480
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1480
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1480
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1485
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1485
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1485


34 P. de Vos et al. / Advanced Drug Delivery Reviews 67–68 (2014) 15–34
[310] W.T. Stevenson, M.V. Sefton, Graft copolymer emulsions of sodium alginate
with hydroxyalkyl methacrylates for microencapsulation, Biomaterials 8 (1987)
449–457.

[311] H. Uludag, V. Horvath, J.P. Black, M.V. Sefton, Viability and protein secretion from
human hepatoma (HepG2) cells encapsulated in 400-μm polyacrylate micro-
capsules by submerged nozzle-liquid jet extrusion, Biotechnol. Bioeng. 44 (1994)
1199–1204.

[312] J.E. Babensee, J.M. Anderson, L.V. McIntire, A.G. Mikos, Host response to tissue
engineered devices, Adv. Drug Deliv. Rev. 33 (1998) 111–139.

[313] R. Jeyanthi, K.P. Rao, In vivo biocompatibility of collagen–poly(hydroxyethyl
methacrylate) hydrogels, Biomaterials 11 (1990) 238–243.

[314] J.S. Belkas, C.A. Munro, M.S. Shoichet, M. Johnston, R. Midha, Long-term in vivo bio-
mechanical properties and biocompatibility of poly(2-hydroxyethyl methacrylate-
co-methyl methacrylate) nerve conduits, Biomaterials 26 (2005) 1741–1749.

[315] J.E. Babensee, R.N. Sodhi, M.V. Sefton, X-ray photoelectron spectroscopy (XPS)
surface analysis of HEMA–MMA microcapsules, J. Biomater. Sci. Polym. Ed. 8
(1997) 655–665.

[316] J.E. Babensee, M.V. Sefton, Viability of HEMA–MMA microencapsulated model
hepatoma cells in rats and the host response, Tissue Eng. 6 (2000) 165–182.

[317] M. Feng, M.V. Sefton, Hydroxyethyl methacrylate–methyl methacrylate (HEMA–
MMA) copolymers for cell microencapsulation: effect of HEMA purity, J. Biomater.
Sci. Polym. Ed. 11 (2000) 537–545.

[318] C.K. Colton, Engineering challenges in cell-encapsulation technology, Trends
Biotechnol. 14 (1996) 158–162.

[319] L. Kessler, G. Legeay, C. Jesser, C. Damge, M. Pinget, Influence of corona surface treat-
ment on the properties of an artificial membrane used for Langerhans islets encapsu-
lation: permeability and biocompatibility studies, Biomaterials 16 (1995) 185–191.

[320] J. Honiger, P. Balladur, P. Mariani, Y. Calmus, M. Vaubourdolle, R. Delelo, J.
Capeau, B. Nordlinger, Permeability and biocompatibility of a new hydrogel used
for encapsulation of hepatocytes, Biomaterials 16 (1995) 753–759.

[321] P. Prevost, S. Flori, C. Collier, E. Muscat, E. Rolland, Application of AN69 hydrogel to
islet encapsulation. Evaluation in streptozotocin-induced diabetic rat model, Ann.
N. Y. Acad. Sci. 831 (1997) 344–349.

[322] V.I. Sevastianov, E.A. Tseytlina, A.V. Volkov, V.I. Shumakov, Importance
of adsorption–desorption processes of plasma proteins in biomaterials hemo-
compatibility, Trans. Am. Soc. Artif. Intern. Organs 30 (1984)(vol.).

[323] L. Kessler, M. Aprahamian, M. Keipes, C. Damge, M. Pinget, D. Poinsot, Diffusion
properties of an artificial membrane used for Langerhans islets encapsulation:
an in vitro test, Biomaterials 13 (1992) 44–49.
[324] S. Sigrist, A. Mechine-Neuville, K. Mandes, V. Calenda, S. Braun, G. Legeay, J.P.
Bellocq, M. Pinget, L. Kessler, Influence of VEGF on the viability of encapsulated
pancreatic rat islets after transplantation in diabetic mice, Cell Transplant. 12
(2003) 627–635.

[325] P.H. Prevost, S. Flori, C. Collier, E. Muscat, E. Rolland, Application of
AN69® hydrogel to islet encapsulation, Ann. N. Y. Acad. Sci. 831 (1997) 344–349.

[326] L. Kessler, C. Jesser, Y. Lombard, V. Karsten, A. Belcourt, M. Pinget, P. Poindron,
Cytotoxicity of peritoneal murine macrophages against encapsulated pancreatic
rat islets: in vivo and in vitro studies, J. Leukoc. Biol. 60 (1996) 729–736.

[327] L. Kessler, G. Legeay, R.West, A. Belcourt, M. Pinget, Physicochemical and biological
studies of corona-treated artificial membranes used for pancreatic islets
encapsulation: mechanism of diffusion and interface modification, J. Biomed.
Mater. Res. A 34 (1997) 235–245.

[328] B. Karen, S. Shalaby, A. Griet, Polymer Biocompatibility and Toxicity, in: Absorbable
and Biodegradable Polymers, CRC Press, 2003.

[329] P. de Vos, M. Bucko, P. Gemeiner, M.n. Navratil, J. Å vitel, M. Faas, B.L.k. Strand, G.
Skjak-Braek, Y.A. Morch, A. Vikartovska, I. Lacik, G. Kollarikova, G. Orive, D. Poncelet,
J.L. Pedraz, M.B. Ansorge-Schumacher, Multiscale requirements for bioencapsulation
in medicine and biotechnology, Biomaterials 30 (2009) 2559–2570.

[330] J.A. Rowley, G. Madlambayan, D.J. Mooney, Alginate hydrogels as synthetic
extracellular matrix materials, Biomaterials 20 (1999) 45–53.

[331] J.J. Schmidt, J. Rowley, H.J. Kong, Hydrogels used for cell-based drug delivery,
J. Biomed. Mater. Res. A 87 (2008) 1113–1122.

[332] P. De Vos, B.J. De Haan, R. Van Schilfgaarde, Upscaling the production of
encapsulated islets, Biomaterials 18 (1997) 1085–1090.

[333] S. Schneider, P.J. Feilen, O. Kraus, T. Haase, T.A. Sagban, H.A. Lehr, J. Beyer, R.
Pommersheim, M.M. Weber, Biocompatibility of alginates for grafting: impact
of alginate molecular weight, Artif. Cells Blood Substit. Immobil. Biotechnol. 31
(2003) 383–394.

[334] G. Orive, A.M. Carcaboso, R.M. Hernandez, A.R. Gascon, J.L. Pedraz, Biocompatibility
evaluation of different alginates and alginate-based microcapsules, Bio-
macromolecules 6 (2005) 927–931.

[335] G. Orive, R.M. Hernandez, A.R. Gascon, R. Calafiore, T.M. Chang, P. De Vos, G.
Hortelano, D. Hunkeler, I. Lacik, A.M. Shapiro, J.L. Pedraz, Cell encapsulation:
promise and progress, Nat. Med. 9 (2003) 104–107.

[336] M. Iwamoto, M. Kurachi, T. Nakashima, D. Kim, K. Yamaguchi, T. Oda, Y. Iwamoto,
T. Muramatsu, Structure–activity relationship of alginate oligosaccharides in the
induction of cytokine production from RAW264.7 cells, FEBS Lett. 579 (2005)
4423–4429.

http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1490
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1490
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1490
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1495
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1495
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1495
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1495
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1500
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1500
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1505
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1505
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1510
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1510
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1510
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1745
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1515
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1515
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1520
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1525
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1525
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1530
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1535
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1540
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1540
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1540
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1750
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1750
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1750
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1545
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1550
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1555
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1555
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1560
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1560
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1560
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1565
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1570
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1755
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1580
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1585
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1590
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1590
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1595
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1600
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1605
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1610
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1610
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1610
http://refhub.elsevier.com/S0169-409X(13)00264-0/rf1610

	Polymers in cell encapsulation from an enveloped cell perspective
	1. Introduction
	2. Functional performance of encapsulated cells
	3. Longevity of the graft and biotolerability
	4. Polymers from natural sources
	4.1. Alginate
	4.2. Agarose
	4.3. Chitosan
	4.4. Cellulose
	4.5. Collagen
	4.6. Xanthan

	5. Synthetic polymers
	5.1. Poly(ethylene glycol)
	5.2. Polyvinyl alcohol
	5.3. Polyurethane
	5.4. Poly(ether sulfone)
	5.5. Polypropylene
	5.6. Sodium polystyrene sulfate
	5.7. Polyacrylate
	5.8. AN69

	6. Concluding remarks and future considerations
	Acknowledgments
	References


