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Abstract

Transplantation of islet or beta cells is seen as the cure for type 1 diabetes since it allows
physiological regulation of blood glucose levels without requiring any compliance from the
patients. In order to circumvent the use of immunosuppressive drugs (and their side effects),
semipermeable membranes have been developed to encapsulate and immunoprotect transplanted
cells. This review presents the historical developments of immunoisolation and provides an update
on the current research in this field. A particular emphasis is laid on the fabrication,
characterization and performance of membranes developed for immunoisolation applications.
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2. INTRODUCTION

As of today, it is estimated that diabetes affects 346 million people worldwide(1). This
chronic disease is characterized by high levels of blood glucose (hyperglycemia) that, if
untreated, lead to devastating complications such as heart disease, stroke, loss of vision,
retinopathy, kidney failure, nervous system damage and even death(2). Type 1 diabetes
(T1D), also known as “juvenile diabetes” or “insulin dependent diabetes mellitus”,
represents about 10% of all cases. It is the most severe form of diabetes: the pancreatic beta
cells (located in the islets of Langerhans) are progressively destroyed by the patient's
immune system (autoimmune attack). These cells are essential since they normally produce
the hormone insulin in amounts that regulate the blood glucose concentration. Their
destruction reduces and then permanently stops the insulin production which translates in
high blood glucose levels. The current treatment consists of several subcutaneous injections
of insulin every day (based on a careful monitoring of blood glucose levels via finger
pricking). This treatment is obviously inconvenient for patients and the bolus-type
administration of insulin is not physiological. This has lead to the development of portable
insulin pumps(3) and the hope to develop an artificial pancreas that would combine an
implantable insulin pump, a continuous glucose monitoring system and a control
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algorithm(4, 5). However, before the development of a clinical application, a closed-loop
insulin delivery approach must still surmount obstacles related to the delay of insulin action
when infused subcutaneously and to the blood glucose estimation made by subcutaneous
interstitial measurement(5). More complex algorithms are thus needed to compensate for the
time lags impairing the system reactivity.

An alternate approach that would be a real cure for type 1 diabetes patients is to replace their
pancreas(6) or alternatively to transplant functional islets of Langerhans or beta cells
alone(7-11). This constitutes the best solution in terms of physiological regulation of blood
glucose and patient compliance. However, two major problems have hindered the successful
development of transplantations up to now: 1) the supply of pancreas/islet cells available for
transplantation is very limited; 2) the transplanted organs/cells are subject to the host's
immune attack and destruction (resulting in brief viability and efficacy of the graft in the
best case scenario). A lot of progress has been made to tackle both of these problems over
the last few years but more effort will be needed to bring a safe transplantation approach to
the whole community of type 1 diabetic patients.

2.1. Immunosuppressed pancreas/islet transplantation

Approximately 30,000 pancreases have been transplanted worldwide since 1966 with the
annual numbers of transplants reaching a steady state since the late 1990s(6). The procedure
is usually performed in conjunction with a kidney transplant for patients with type 1 diabetes
and chronic renal failure (the patients receive both a pancreas and a kidney from a single
deceased organ donor). With this method, the overall 1-year pancreas graft survival rate that
achieves insulin independence is 85% and decreases to about 50% 10 years after
transplantation(6, 12, 13). However, recipients of these transplants must adhere to a strict
lifelong immunosuppressive therapy in order to avoid rejection of the grafts(6, 12). The
currently used anti-rejection medications present side effects that are not acceptable for
patients with type 1 diabetes only (insulin injections still constitute a better treatment for
those). The complications associated with immunosuppressive drugs include increased
incidence of infection and malignancy, decreased wound healing, renal dysfunction...(14-16)
Only patients who require a kidney transplant are then incentivized in a whole pancreas
graft.

An alternative therapy is to transplant isolated islet cells instead of a whole pancreas (here
again, graft recipients have to take immunosuppressive drugs for the rest of their lives, with
the associated complications)(11, 16-18). Only the endocrine component of the pancreas is
transplanted in this case (~2-3% of the pancreas mass), considerably reducing the risks of
the surgical procedure(17). Islets are usually injected in the portal vein and transported via
the bloodstream into the liver where they take up residence(16). Over 1400 islet
transplantation procedures have been performed worldwide since 1974(17). These
transplantations lacked success before 2000: only 8% of recipients maintained insulin
independence one year after transplantation from 1990 to 1998(19). However, in 2000,
Shapiro et al. reported 7 consecutive recipients who were all insulin independent one year
after transplantation, which is commonly referred to as the Edmonton Protocol(7). Success
rates decreased after 5 years, with only 10% of patients still achieving insulin
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independence(8). Nevertheless, clinical benefits are observed after islet transplantation even
in the absence of insulin independence since the incidence of life-threatening hypoglycemia
decreases dramatically(20).

2.2. Cell sources for islet transplantation

A normal human pancreas contains roughly 1 million islets(11); however islets purified
from donor pancreases require several steps to be ready for transplantation, and all these
steps can be detrimental to the harvested islets(17). Consequently, 2-4 donor pancreases are
required to perform a successful islet transplantation procedure(17). The significant
mismatch between the number of islets needed for transplantation and the islet availability
highlights the urgent need to find additional islet sources. Various cell sources are currently
envisaged to overcome this obstacle(17, 18, 21-24): expansion/replication of existing human
beta cells(25-28), differentiation of human embryonic stem cells (hESC) to beta
cells(29-35), conversion of either pancreatic or nonpancreatic adult stem/progenitor cells to
beta cells(36-48) and animal islet cells. Among xenogeneic sources, porcine islets are
particularly interesting due to the close homology between porcine and human insulin and
the similarity of islets between both species(49).

Despite great promises from these diversified islet sources, several issues must be overcome
before large-scale utilization will be made possible. Cells derived from stem cells are not yet
fully functional beta cells and animal cells induce a more aggressive immune rejection than
human cells. Moreover, the risk of transmittable diseases between animal and human will
have to be carefully investigated(50).

2.3. Immunoisolated islet/cell transplantation

In order to circumvent the use of immunosuppressive drugs and their side effects following
transplantation of islet or beta cells, the idea of encapsulating the cells in a protective
semipermeable membrane has been developed. Such a membrane has to be immunoisolating
(i.e. impede contact with immune cells, antibodies, complement...) yet at the same time this
membrane must allow rapid transport of glucose, insulin, nutrients (oxygen (O,)...) and
waste products. Conceptually immunoisolation membranes are possible given the relatively
smaller size of glucose (180 Da; Stokes radius: 0.4 nm)(51) and insulin (monomer/hexamer:
5.8/34.2 kDa; 1.35-2.75 nm)(52) compared to inflammatory cells (size of ~10 pm) and
molecules responsible for immune rejection such as immunoglobulin G (IgG: 150 kDa;
Stokes radius: 5.9 nm)(53, 54), complement C1q (410 kDa)(55), immunoglobulin M (IgM:
910 kDa)(55). Figure 1 presents the concept of immunoisolation on a molecular weight
scale.

Cell encapsulation is sometimes referred to as cell-based drug delivery: in the case of islet or
beta cells, they secrete insulin (a therapeutic protein) in quantities related to external glucose
stimulation.

Two distinct approaches have been developed to immunoisolate cells using semipermeable
membranes (see Figure 2): macrocapsules (macroencapsulation) confine a large number of
transplanted cells in an implantable device (a macrocapsule can be transplanted
extravascularly or intravascularly) and microcapsules (microencapsulation) only contain
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from 1 to 3 islet cells in each device (typically 400-800 um in diameter)(56, 57) (a very
large number of these microbeads need to be transplanted in this case). New
microencapsulation techniques with thinner or even nanoscaled coatings have recently been
developed, introducing the terms conformal coatings and nanoencapsulation in the
community(57). Nanoencapsulated islets could also be used in conjunction with
macrocapsules to enhance the immune protection.

Possible transplantation sites are different for each type of device(58). Extravascular
macrocapsules are generally transplanted intraperitoneally or subcutaneously whereas
intravascular macrocapsules are connected as a shunt to systemic blood circulation. With
macrocapsules, it is possible to encapsulate islet cells at a high tissue-like density or
dispersed in a chosen extracellular gel matrix (alginate, chitosan, agarose...)(55).
Extravascular microcapsules are usually transplanted in the peritoneal cavity.

All of these immunoisolation approaches present advantages and disadvantages that will be
detailed in section 3. Other reviews of interest may be found elsewhere as well(49, 56-65).

Despite many promising encapsulation studies and the development of numerous devices,
cell encapsulation has yet to make an impact in the clinical setting. Some of the factors
limiting widespread application of encapsulated islets include incomplete isolation of islets
from the immune system and inadequate physiological nutrient accessibility for cells within
the devices.

In fact, transplanting immunoisolated islet cells is challenging since both the innate and the
adaptive immune responses have to be overcome. Membranes presenting pores smaller than
1 um easily block the passage of immune cells but blockage of antibodies (the smallest
being 1gG) or cytokines is much more challenging(55). These problems are even more
important for xenogeneic transplants. Avgoustiniatos et al. estimated that both IgM and Clq
should be completely blocked by a membrane with a maximum pore diameter of 30 nm(55).
However, IgG will require smaller pores to be fully blocked and this will significantly
hinder the diffusion of glucose and insulin. Thus, a compromise has to be found. It is also
interesting to note that a tiny permeability of IgG may not be so detrimental to encapsulated
cells: Iwata et al. showed that complement components are rapidly inactivated, and therefore
it should be sufficient to hinder 1gG diffusion in the first days after transplantation rather
than totally block it(66).

As mentioned before, the other issue with encapsulated cells is poor access to oxygen and
nutrients caused by the membrane barrier. In a healthy pancreas, islets are perfused by blood
and supplied with O, at arterial levels(55, 56). When encapsulated, islets can easily be
located more than 150-200 um away from the nearest blood vessel, which can induce
hypoxic conditions leading to cell necrosis(55, 56, 67, 68). Furthermore, biocompatibility of
the device material is extremely important(56): if the foreign body response induces the
formation of an avascular layer on the membrane (typically on the order of 100 um), there is
little chance that the cells will be able to survive. On the other hand, biocompatible materials
can induce neovascularization (growth and proliferation of new blood vessels near the
membrane interface) that will drastically improve diffusion of O, and nutrients. However,
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the development of such vasculature takes 2-3 weeks, meaning that grafted cells will
experience the most severe nutrient limitations immediately after transplantation since they
will only depend on peripheral diffusion from the surrounding tissue(55). Some solutions are
currently investigated to tackle this problem: prevascularization of the macrocapsule before
adding cells(69), faster vascularization with growth factors(70), incorporation of oxygen
carriers or oxygen-generating biomaterials(71-78).

Another interesting idea to improve islet transplant success would be to use controlled size
beta cell clusters(79, 80) within the capsules. It has been shown that clusters of cells secrete
insulin more efficiently than single cells(80-84), indicating that communication between
cells should be preserved in transplantation situations to improve cell function. Moreover,
cluster size could be optimized to avoid insufficient O, or nutrient supply to the cells.

3. IMMUNOISOLATION OF TRANSPLANTED ISLETS: DIFFERENT
APPROACHES

3.1. Extravascular macrocapsules

3.1.1. Advantages and disadvantages—Extravascular macrocapsules present several
advantages for cell encapsulation: they can be made from a variety of different materials,
they are easily retrievable and/or reloadable (clear advantage if an issue arises after
implantation), they can be implanted with minimally invasive surgeries and the extracellular
matrix can be chosen independently (important to ensure a suitable environment for
encapsulated cells). Pancreatic beta cell behavior is known to depend on the surrounding
matrix environment(85). Moreover, a very tight pore size distribution is now achievable for
inorganic nanoporous membranes(61), which is of utmost importance for immunoisolation
properties. Finally, the fact that cells can exist as clusters (as in a healthy pancreas) within
the macrocapsules is beneficial regarding the communication between cells and the
synchronization of insulin secretion pulses(86).

The main drawback of these macrocapsules is their lack of direct vascular access. This
results in increased diffusion times for O, and glucose. As a consequence, the production of
insulin and its release are also delayed. Moreover, if large concentrations of insulin build up
inside the chamber, the enclosed islets may be subject to insulin inhibition from their own
products(87). Another problem of macroencapsulation is the potential lack of oxygenation
for the islets located far away from the membranes, creating risks of central necrosis and
cellular death. It is well known that cells have to be close to blood vessels, typically at a
distance less than 150-200 um to allow diffusion of O, and nutrients and to perform
metabolic processes appropriately(55, 56, 67, 68). Thus, membranes have to be thin (to
address the possible hypoxic conditions for the inner part of the graft) and at the same time
mechanically and chemically robust.

3.1.2. Historical aspects and developments—The first study that used encapsulated
biological material for diabetes treatment was reported in 1933 by Bisceglie who placed
human insulinoma tissue in membranous bags transplanted into rats(88). However, the
concept of immunoisolated transplantation was really developed in the early 1950's by
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Algire et al.(89-93). These researchers were interested in immune rejection mechanisms and
wanted to know if cellular or humoral factors were responsible for the destruction of
nonvascularized transplants. In order to answer that question, they designed a diffusion
chamber by gluing together two thin membrane disks made of porous cellulose (supported
by plastic rings) around the cells (see Figure 3). They used different pore sizes: some
allowing free passage of host immune cells (leukocytes and macrophages) and others
blocking those entities (pore diameters < 0.45 pm). Their results showed that allogenic tissue
transplanted in mice was destroyed more rapidly with large pore membranes that permitted
external cellular invasion. The lack of contact with immune cells prevented the direct
antigen presentation pathway that leads to immune-mediated destruction.

Subsequently, many endocrine tissues were transplanted in similar extravascular diffusion
chambers. However, only after the isolation of the islets of Langerhans in 1965 by
Moskalewski(94) did immunoisolated islet cell research really begin.

The company Millipore produced a commercial extravascular transplantation chamber with
0.45 pm pores by modifying the design from Algire(64) (see Figure 3). Researchers used
this chamber to confirm the improved survival of grafts within protective capsules(95, 96).
Other types of membranes were developed and tested(64): nitrocellulose ester membranes,
cuprophane (cellulose) bags, hydrogel membranes, hollow fibers... In 1991, Lacy et al.
developed hollow fibers fabricated from an acrylic copolymer and used them to encapsulate
rat islets immobilized in an alginate hydrogel. They transplanted these fibers either
subcutaneously or intraperitoneally in diabetic mice(97) and these implants reverted diabetes
for up to 60 days.

Transplant failure occurred sooner or later with these early extravascular macrocapsules due
to fibroblastic overgrowth inside or/and outside the chamber(64). Inadequate oxygenation of
the grafted cells was also advocated as a significant issue with macrocapsules(56).

Major advances have been made since the early developments of extravascular
macrocapsules, which have been reviewed in details elsewhere(61, 64). Section 4 will also
give a complete update about current designs for immunoprotective membranes for
extravascular macroencapsulation of islet/beta cells.

3.1.3. Commercialization of extravascular macrocapsules—Several companies
have produced extravascular chambers for islet encapsulation since the 1980s. Baxter
Healthcare Corp. (Round Lake, Illinois) designed an encapsulation planar device called
TheraCyte (see Figure 4) that is still in use today in several laboratories around the
world(98, 99). The TheraCyte system is made of polytetrafluoroethylene (PTFE) and is
composed of a cell impermeable membrane (400 nm pore diameter) laminated to another
membrane (5 pm pore diameter) that promotes neovascularization (angiogenesis). This
double layer approach seeks to reduce diffusion time delays by development of a new
vasculature within the large pores while the small pores immunoprotect the encapsulated
cells. Angiogenesis can also be promoted by infusion of vascular endothelial growth factor
(VEGF) transcutaneously into the device(70). Some success has been achieved in animal
models using islets encapsulated in TheraCyte devices(100-102); however, there are no
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reported studies of clinical success in human subjects and it is improbable that the 400 nm
porous structure would lead to a full immunoisolation (IgG and cytokines will be able to
cross the membrane of these devices).

Several other companies have also come and gone over the years: Encelle (A.-L. Usala) (pig
islets macroencapsulated in a hydrogel matrix wrapped in a polyester net coated with a
stealth polymer, device transplanted intramuscularly), BetaGene (C. Newgard) partnered
with Gore Hybrid Technologies (cartridge of immortalized cells inserted in a
prevascularized flexible tube transplanted subcutaneously) and iMedd (T. Desai and M.
Ferrari) (macroencapsulation of islets with nanoporous silicon membranes)(103-107). The
failure of these companies was mainly related to difficulties in achieving long-term viability
of the encapsulated islets (fibroblastic growth over membranes, poor islet oxygenation and
poor diffusion of nutrients) and lack of funding due to unmet objectives.

Two other companies are still in operation today: Cerco Medical and ViaCyte. Cerco
Medical (formerly Islet Sheet Medical, Scott R. King, San Francisco) is developing the Islet
Sheet, which consists of islets encapsulated in an alginate sheet(108, 109). This very thin
(0.3 mm) device is the size of a business card (4 cm x 6 cm) and can sustain approximately
100,000 islets (see Figure 4). About 6 sheets will be necessary per transplanted human
patient to achieve insulin independence. The envisioned implantation sites are the peritoneal
cavity or a subcutaneous space. The Islet Sheet is intended to be fully retrievable and
replaceable, ensuring safety. Cerco Medical is probably the most advanced company
working with macroencapsulation today and is currently performing trials on
pancreatectomized dogs (their pancreas has been totally removed to mimic type 1 diabetes)
with encapsulated canine islets.

ViaCyte (formerly Novocell) (San Diego) is developing a macroencapsulation device called
Encaptra (based on the TheraCyte device) that is designed to be transplanted
subcutaneously. This retrievable and vascularizing capsule will contain pancreatic
progenitor cells that are expected to differentiate into functioning islet cells(29-32, 110).
Stem-cell derived pancreatic islets represent a promising alternative to the short supply of
human islets available for transplantation. However, Matveyenko et al. are currently
doubtful about the clinical application of such engineered cell types(33). They believe the
extent of endocrine cell formation and secretory function is insufficient to be clinically
relevant.

3.2. Intravascular macrocapsules

3.2.1. Intravascular diffusion chambers: advantages and disadvantages—
Intravascular diffusion chambers (see schematic representation in Figure 5) present a clear
advantage over extravascular devices: they have a direct access to blood and thus more
accurate tracking of blood glucose levels. This reduces delays for insulin secretion and the
islets are also very well oxygenated due to the blood proximity. Extracellular matrix can also
be chosen independently with intravascular macrocapsules to ensure the most suitable
environment for cells.
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However, these devices also present disadvantages, including a complicated and risky
surgical procedure and blood coagulation issues after transplantation(64). Blood flow
distortion at the interface between the blood vessel and the device can induce platelet
deposition leading to thrombosis. Moreover, the tubing and membranes themselves can
cause blood coagulation. Unfortunately, systemic anticoagulation medication is unadvisable
for people suffering from type 1 diabetes.

3.2.2. Intravascular diffusion chambers: historical aspects and developments
—Development of intravascular macrocapsules began in 1972 when Knazek et al. fabricated
an artificial capillary system for continuous perfusion culture systems(111). Three years
later, Chick et al. reported the first culture of islets in such a device and referred to it as an
“artificial endocrine pancreas”(112). In 1977, Chick managed to reverse diabetes in rats by
transplanting this device in the aorta with heparin anticoagulation(113). The membrane was
made of Amicon (polyacrylonitrilepolyvinyl chloride copolymer (PAN/PVC)). Tze(114),
Sun(115) and Orsetti(116) published similar results with diabetic rats. These studies
constituted a proof of concept for intravascular macrocapsules, although coagulation and
hemorrhage complications occurred after several days(117-119). Scharp et al. obtained
similar results with tubular polycarbonate membranes(64).

Development of intravascular capsules was subsequently slowed or even stopped because of
clotting issues. However, a report from Prochorov et al. published in 2008 has renewed
interest in this approach(86). They transplanted a nylon macrocapsule (pore diameter: 1-2
um) into the arteria profunda femoris or into the forearm cubital vein of 19 diabetic human
patients, 3 of them with diabetes resulting from pancreonecrosis (non-immune nature). They
used islets from fetal rabbits and no immunosuppressive therapy was used, only standard
antithrombotic therapy for 5 days after surgery. Positive results were still observed in 14
patients two years after transplantation. Exogenous insulin demand was reduced by 60-65%
and hypo- and hyperglycemic comas disappeared completely. C-peptide and
immunoreactive insulin levels increased significantly.

T-cell immunity to grafting was absent and neither vascular lumen narrowing nor
thrombosis was observed. However, approximately 40% of the islets died in the first weeks
because of poor vascularization in the chamber (neoangiogenesis only developed in the
macrocapsule after 2 weeks).

3.2.3. Intravascular ultrafiltration chambers—A slight design modification of
intravascular diffusion chambers lead to ultrafiltration chambers (see schematic
representation in Figure 6). This configuration eliminates any diffusion-based delay in the
transport of nutrients and therapeutic products: blood is ultrafiltered by the membrane,
crosses the islets and stimulates them with respect to its glucose concentration and finally
delivers the secreted insulin via the venous connection. This approach permits the best
oxygen and nutrient availability to encapsulated cells. However, these intravascular
macrocapsules present the same blood coagulation problems as the diffusion chambers.
Moreover, deposition of proteins can also occur on ultrafiltration membranes over time,
ultimately leading to clogging and thrombosis(64).
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Ultrafiltration chambers have been used in diabetic rats by Reach et al.(120) and Scharp et
al.(64). However, the devices only worked for hours before being clotted. Their
development has been on hold since then.

3.2.4. Commercialization of intravascular macrocapsules—In 1985, Hayes and
Chick founded BioHybrid Technologies that developed a reseedable intravascular chamber
with limited success transplanting allogenic islets into pancreatectomized dogs(121). Their
device was connected to the vascular system as an arteriovenous shunt. 6 out of 10 dogs
remained insulin-independent after 5 months but the glycemic control in response to a meal
or an intravenous glucose tolerance test remained abnormal. They also implanted a device
with bovine islets in a pancreatectomized dog that remained insulin-independent for 80 days.
Developments of this company were halted because of the previously mentioned issues with
intravascular approaches.

3.3. Microcapsules

3.3.1. Advantages and disadvantages—Microencapsulation presents several
advantages: the microbeads (see Figure 7) are implanted via minimally invasive surgery
(simple injections are even possible), and their high surface to volume ratio confers better
diffusion characteristics than extravascular macrocapsules (at least in theory). Faster
diffusion kinetics are beneficial for cell oxygenation and glucose-stimulated insulin
production and release.

However, microcapsules also present several disadvantages. They are difficult if not
impossible to retrieve after implantation (that may be very dangerous in case of a
complication). They have indirect access to blood, which causes delays in diffusion of O,
glucose and insulin. The thickness of microcapsules is also a barrier for diffusion, although
recent strategies have permitted a reduction of it. Moreover, since the cells are encapsulated
while forming the microcapsules, these lack the capacity to choose a different material for
the extracellular matrix. Another problem arises from the broad pore size distributions of
microcapsules associated with their polymeric nature (with the exception of recently
developed self-folding microcontainers presented in section 4.2.4., microcapsules can only
be made of polymers). This could be an issue for complete immunoisolation of cells. Indeed,
even if only 1% of pores are larger than the cut-off goal, passage of antibodies, complement,
and cytokines will be sufficient to initiate immunorejection pathways(56). Finally,
microcapsules prevent formation of clusters of encapsulated cells, unlike a real pancreas.

3.3.2. Materials—The most popular materials for microencapsulation are alginates.
Alginates (primarily extracted from seaweeds) are natural anionic polysaccharides
composed of homopolymeric regions of beta-D-mannuronic acid (“M-blocks™) and alpha-L-
guluronic acid (“G-blocks™) interspaced with regions of mixed sequence (“MG-blocks”).
They have hydrogel-forming properties with di- or trivalent cations (Ca2*, Ba?*, Fe3*..)
used as cross-linking agents(122). Alginates are a good material choice for cell
encapsulation due to their good biocompatibility and the fact that the encapsulation
procedure can be performed under mild conditions not detrimental to cells(123).

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2014 November 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schweicher et al. Page 10

Alginate-based microencapsulation usually consists of extruding a suspension made of a
solution of sodium alginate plus islets through a microdroplet generator that incorporates a
peristaltic pump and an air flow source (electrostatic droplet generation)(62). The
suspension is continuously cut (by air shearing forces) into small spherical droplets. These
drop into a positively-charged cation bath (usually CaCl, or BaCl,) and immediately turn
into water-immiscible gel microbeads that contain one or a few islets. The beads are then
coated with an aminoacidic cation solution, typically poly-L-lysine (PLL) or poly-L-
ornithine (PLO). The amine groups bind to carboxylic alginate radicals, preventing access
by unwanted cellular and humoral mediators of the host's immune system(62). Less
frequently, non-spherical microcapsules have also been produced by using polymeric replica
molds in polydimethylsiloxane (PDMS)(124) or polypropylene (PP)(125).

3.3.3. Historical aspects and developments—The term microencapsulation was first
mentioned by Chang in 1964 to describe aqueous solutions of protein within polymer
microcapsules of 1-100 pm in diameter(126). However, the first microencapsulation of
pancreatic islets was performed by Lim and Sun in 1980(127). They showed that insulin was
released from spherical microcapsules made of alginate-polylysine-polyethyleneimine. They
also managed to revert diabetes in rats for 3 weeks using intraperitoneal implants. The graft
failed after that period due to poor material biocompatibility. Biocompatibility was
improved in 1984 by O'shea and Sun who used intraperitoneal implants of islets in alginate-
polylysine-alginate microcapsules(128). Diabetes was reverted in rats for up to 1 year.
Subsequent chemical purification of alginates further improved the biocompatibility of
microcapsules(129-131). Polyethylene glycol (PEG) hydrogels have also been used as a
coating on microcapsules to improve their biocompatibility(132). In 1997, Wang et al.
evaluated over a thousand combinations of water-soluble polyanions and polycations to find
the best polymer for encapsulation of living cells(133). Their most promising combination
consisted of sodium alginate, cellulose sulfate, poly(methylene-co-guanidine) hydrochloride,
calcium chloride and sodium chloride. This formulation allowed independent control of
capsule size, wall thickness, mechanical strength and permeability. Reversal of diabetes was
maintained for up to 6 months in mice with intraperitoneal implants.

Besides alginates, other materials have also been studied for microencapsulation, including
sol-gel silica (SiO,)(134, 135), polyacrylates(136), agarose(137, 138), chitosan(139)...

In order to improve nutrient availability for microencapsulated cells, several groups tried to
decrease the thickness of the capsules. With this perspective, they developed techniques to
directly deposit very thin (1.5 to 50 um)(57) conformal coatings of protective biomaterial
(usually alginate) on the surface of islets. The transplant volume in this case is determined
only by the size of objects being coated and the coating thickness, reducing void volume and
diffusion delays. In theory, immunoisolation could also be achieved by applying even
thinner coatings down to submicron or nanoscale thickness. The terms nanoencapsulation
and molecular camouflage have been introduced to refer to this subclass of
microcapsules(57). Polyethylene glycol (PEG) chains are usually anchored to the cell or islet
surface to create a barrier preventing molecular recognition between cell surface receptors
and soluble ligands(140, 141). Attachment of PEG is generally performed by covalently
coupling PEG to amines of cell surface proteins or carbohydrates, or by direct insertion of
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PEG-lipid conjugates into the cell membrane(141). Despite promising results with PEG
protected islets transplanted in rats, it is unclear how long PEG coatings will remain stable
enough to provide protection for a graft(57). Besides PEGylation, it is also possible to
construct nanothin films of controlled permeability and surface chemistry directly on the
surface of cells via layer-by-layer (LbL) polymer self-assembly(57, 142, 143).
Polyelectrolyte multilayer (PEM) films are created that way by using polycations and
polyanions: poly(L-lysine)(PLL)/alginate, chitosan/hyaluronic acid, PLL/hyaluronic acid,
poly(diallyldimethylammonium chloride)/poly(styrene sulfonate)(PSS)... However, the
possible toxicity of polycations and the immunoisolation properties of these multilayers
need to be further investigated.

Microcapsules have already been evaluated in clinical tests on humans. Soon-Shiong
reported the first case of transplantation into a human in 1994(144). This team used human
cadaveric islets microencapsulated in purified alginate with a high guluronic acid content.
Insulin independence was demonstrated 9 months after the procedure, yet the patient was
already on low-dose immunosuppression due to a kidney transplant.

More recently, in 2006, Calafiore led a clinical trial on non-immunosuppressed patients
using alginate microcapsules (containing human islets) that were double-coated with poly-L-
ornithine and sodium alginate(145). They first reported results from two patients showing
amelioration of their mean daily blood glucose levels and reduction of daily exogenous
insulin (although exogenous insulin independence was unsuccessful)(146). In 2011, they
reported new results from a total of four non-immunosuppressed patients including the
previous two patients(147). Patients were followed through 3 years after transplantation of
the microcapsules and no sign of islet rejection was seen (absence of islet cell antibodies and
anti-MHC class I-11 antibodies). Amelioration of blood glucose levels was achieved for all
patients as well as reduced need for exogenous insulin. However, these improvements
dissipated over time and patients had reverted to their original exogenous insulin therapy
regimen at the end of the trial.

Developments and current research in microencapsulation have also been extensively
reviewed elsewhere(57, 62, 148-153). Rabanel specifically reviewed fabrication techniques
for microcapsules(123). Among the different reviews, de VVos et al. provided
recommendations for characterization of microcapsules for cellular encapsulation(151).
They stressed the importance of standardizing characterization procedures to resolve current
lab-to-lab variations and lack of reproducibility in organic microcapsules. They have
identified five criteria that should be detailed in any research related to microencapsulation:
polymer characterization (high-resolution NMR), permeability, surface properties (FT-IR,
XPS, TOF-SIMS, Microscopies), biocompatibility and storage conditions.

3.3.4. Commercialization of microcapsules—The company Living Cell Technologies
(LCT) (Auckland, New Zealand) has been using alginate microencapsulation over the last
few years. LCT is investigating the use of encapsulated porcine islets following a study on a
human recipient published in 2007(154). LCT is the first company to enter clinical trials
using therapeutic porcine cell implants. They have completed a successful Phase I/l1a
clinical trial in Russia and currently have Phase I1b clinical trials underway in New Zealand
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and Argentina. LCT and Otsuka Pharmaceutical Factory created a new company in 2011,
Diatranz Otsuka Limited (DOL), to accelerate development and commercialization of their
porcine cell product. LCT is poised to be the first company to launch a product on the
market within the next few years.

Microldlet (San Diego) also developed a strategy to microencapsulate porcine islets to treat
type 1 diabetes in humans, but the company is no longer operating.

Microencapsulation is also currently envisaged by the company ALTUCELL (Dix Hills, New
York) that plans to transplant microencapsulated porcine-derived Sertoli cells into humans
to revert type 1 diabetes (Dr. Calafiore is also involved in this company)(155).

4. CURRENT IMMUNOPROTECTIVE MEMBRANE DESIGNS

This chapter will discuss the current membrane designs for cellular immunoprotection. It is
divided in 2 parts: organic (polymeric) membranes and inorganic ones. Another recent
review discusses broader medical and biological applications of nanoporous
membranes(156).

4.1. Organic membranes

The first and most common materials used to fabricate immunoprotective membranes are
polymers. Their main drawback is a relatively broad pore size distribution (variations as
large as 30% for polymeric membranes formed by solvent-casting)(157). The use of ion-
track etching to form polycarbonate filter membranes (e.g.: 1sopore from Millipore) has
permitted much tighter pore size distributions (~10%) but these membranes have low
porosities (maximum 20%), limited pore sizes and randomly distributed pores across their
surface(158). These limited properties have excluded commercial track etch filters from cell
encapsulation applications.

The most studied polymeric materials for cell immunoisolation are not synthetic but natural
polymers, the alginates (a hydrogel consisting of anionic polysaccharides extracted from
seaweeds). They currently lead the field of microencapsulation and are also gaining a lot of
attention in macroencapsulation as “islet sheets”, layers of islets sandwiched between thin
layers of alginate (described in section 4.1.1.).

Besides alginates, other polymeric materials have also been studied for cell encapsulation.
They can mainly be separated in two classes: hydrogels and thermoplastic polymers(63,
159). Hydrogels are water swollen 3D networks of hydrophilic homopolymers or
copolymers(160). Their structural integrity relies on cross-links formed between polymer
chains (chemical bonds and physical interactions). Due to their viscoelasticity and high H,O
content, they resemble natural biological tissues and often induce minimal inflammatory
response. Their permeability is adjustable, which is promising for cell immunoisolation, but
since they rely on crosslinks, these materials will always present a broad pore size
distribution (which is broader than inorganic membranes). This can be an issue for complete
immunoprotection of encapsulated cells. Indeed, even if only 1% of pores are larger than the
size cut-off goal, the pores will allow sufficient passage of antibodies, complement, and
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cytokines to initiate immunorejection(56). Besides alginates, hydrogels that have been
studied for cell encapsulation include: polyethylene glycol (PEG)(161, 162), agarose
(macrobeads)(163, 164), polyvinyl alcohol (PVA) (islet sheet)(165, 166), polyvinyl alcohol
and polyacrylic acid copolymers (PVA/PAA) (membrane)(167).

The other category of encapsulating polymers is thermoplastics. They consist of long, linear
and water insoluble chains that can be processed into multiple configurations by heat
melting followed by cooling. Their chemical and mechanical stability properties are superior
to those of hydrogels, which explains why thermoplastics have mainly been used for
macrocapsules. However, hydrogels still remain the most popular choice for cell
encapsulation due to their very good biocompatibility.

Thermoplastic materials that are currently used for cell immunoprotection are
polyacrylonitrile and polyvinyl chloride copolymers (PAN/PVC or Amicon; hollow fibers)
(97, 113, 168, 169), polyurethane (PU) and polyurethane and polyvinyl pyrrolidone
copolymers (PU/PVP) (macrocapsules)(170, 171), PU (membranes)(172), polysulfone
(hollow fibers)(173, 174), AN69 renal dialysis membranes (69% acrylonitrile and 31%
sodium methallyl sulphonate) modified by electrical discharges(175),
polytetrafluoroethylene (PTFE) membranes(98, 99, 176, 177), dual porosity nylon
membrane(178)...

Among organic materials that have been tested for cell immunoisolation, alginates are
certainly the most promising, both as microcapsules (see section 3.3.) and as the “islet
sheets” (macrocapsules) described below.

Another interesting approach that is still in its infancy is the fabrication of SU-8 (an epoxy)
microcapsules with very precise nanopores. The use of photolithographic techniques permits
to obtain a very narrow pore size distribution which is normally never achieved with
polymeric materials. Section 4.1.2. gives more detail about this technique.

4.1.1. Alginate islet sheets—While alginates have led the microencapsulation field, they
have also been used for macroencapsulation by Dufrane et al. who recently developed an
alginate device(179, 180). Briefly, their device consists of a collagen matrix on which islets
are seeded to produce a cell monolayer, allowing faster diffusion kinetics as compared to
clusters of islets. This monolayer is then covered by a gelled layer of alginate 3% wt./vol.
rich in mannuronic acid (the other side of the collagen matrix is also covered by an alginate
layer). This produces an islet sheet (“monolayer cellular device”, MCD) that is ready to be
transplanted (see Figure 8).

Dufrane et al. have already reported very promising results with this type of devices in
2010(180). They transplanted (without any immunosuppression) encapsulated pig islets in
streptozotocin-induced diabetic monkeys: 4 primates received alginate microcapsules
transplanted under the kidney capsule and 5 primates received 3 to 5 alginate MCDs
transplanted into abdominal subcutaneous tissue (same batch of alginate for micro and
macrocapsules). Only two animals within the microcapsule group showed complete control
of diabetes and for a very limited time (2 weeks). The animals that received the
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macrocapsules performed significantly better and their diabetes was corrected for up to 28
weeks. The MCDs were removed when diabetes reappeared for all 5 animals and 2 of these
primates then received a new transplantation of islet sheets. Diabetes was then controlled
again for up to 20 weeks.

The micro and macrocapsules were histologically examined after explantation and showed
no sign of graft fibrosis or alginate degradation. However, CD3 (lymphocytes) and CD68
(monocytes-macrophages) cells were detected with both types of capsules, but in lower
amounts than for free pig islets transplantation (control group). No complement (C3d/C9)
deposition was observed on the macrocapsules. Humoral immunoresponse was also
evaluated by measuring the level of anti-pig antibodies (IgM and IgG) in the sera of the
primates. This level was strongly increased for all graft recipients but it decreased after 2
months for the MCDs group (the second graft with MCDs produced a similar response).

In vitro diffusion studies were also carried out with FITC-lectins (36, 75 and 150 kDa)
before and after implantation (the capsules were incubated with lectins for 48h at 4°C and
then frozen in order to count the fluorescent lectins inside them). While the 150 kDa lectin
(same size as 1gG) was able to diffuse into the microcapsules, it did not cross the MCDs
barrier, even after the 20 week transplantation. The smaller molecules were able to diffuse
into all capsules at any time. The MCDs thus present very interesting semipermeable
properties, although a more rigorous testing of the diffusion properties will have to be
carried out at 37°C.

This study presents very encouraging results since it shows that alginate subcutaneous
devices containing porcine islets can control diabetes up to 6 months in primates without
immunosuppression. The authors associate the failure of the grafts after 6 months with the
limited lifespan of adult pig islets and expect better islet sources to overcome the half year
limitation.

The MCDs are also currently being tested in a phase I clinical trial by Dufrane in Belgium
(ClinicalTrials.gov Identifier: NCT00790257). The aim of this trial is to test the safety and
efficacy of encapsulated human islets in an MCD for allogeneic islet transplantation in type
1 diabetic patients. Encapsulated human islets are transplanted in the subcutaneous tissue of
patients (1 device of 1-3 cm? per patient; total of 15 patients). The first phase of the trial will
deal with patients already with a transplanted organ and under immunosuppression, whereas
the second phase will be carried out in patients without immunosuppression. The estimated
completion date of this clinical trial is December 2013.

4.1.2. SU-8 nanoporous membranes—With the development of nanofabrication
technologies such as electron-beam lithography and nanoimprinting, nanoporous membranes
have been fabricated in the commonly used photosensitive polymer SU-8 (epoxy-based) by
Gimi et al.(181-184). Biocompatibility of SU-8 has already been studied and found
satisfactory(185). The fabrication of nanoporous SU-8 membranes occurs in two steps. A
silicon (Si) mold is first created by conventional electron beam lithography(183, 184). In
order to reduce the dimensions of the mold features down to the final target of a 20 nm wide
grating and 200 nm pitch, controlled and cyclic oxidation and etching steps are applied.
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Then, the mold is used to superficially imprint nanoslots in a SU-8 membrane. A metal is
then deposited at an oblique angle to the membrane to protect the superficial imprint
features. The nanoslots are finally etched chemically and anisotropically through the entire
cross section of the membrane producing a semipermeable membrane that can be used for
cell immunoisolation. The final pores present a width of 20 nm that is precisely controlled
over the whole membrane surface and a length of about 1 pm. The reusable mold permits to
achieve reproducibility and allows possible high-throughput fabrication.

The nanoslotted membranes are then integrated into the surfaces of SU-8 cuboid
microcapsules fabricated by lithography. The microcapsules provide support to the thin
(350-450 nm) nanoporous membranes and consist in a base with a female structure that
hosts the insulin-secreting cells and a lid with a male structure (see Figure 9).

One difference of this approach as compared to other photolithographic techniques is that it
aims to produce microcapsules, rather than macrocapsules like those presented in section
4.2.1. on Si nanoporous membranes. These SU-8 microcapsules are designed to house a
single pancreatic islet, or an equivalent cluster of insulin-secreting cells, with an
encapsulation space of 200 x 200 x 200 pm3. They thus present the advantages of
microencapsulation but have better diffusion characteristics due to their very thin
membranes (as compared to the thicker alginate microcapsules). Moreover, the pore width is
very precise and uniform, comparing favorably with polymer conformal coatings.

A key feature of these nanoporous containers is their optical and MRI transparency,
allowing multimodal imaging of encapsulated islets post-transplantation (two-photon
confocal microscopy and MRI)(181). In vitro experiments showed that islet function is
unimpaired after 48 h of encapsulation(181). Other experiments studied the diffusion of
fluorescent probe molecules across the nanoporous membranes: 1gG-FITC(182), lectin-
FITC (140 kDa) and FM 4-64 (608 Da)(183). While FM 4-64 diffused without any problem,
some diffusion of the larger molecules (that would ideally be blocked) was also observed.
This may be attributed either to the slit shape of the nanopores, possibly enabling flexible
proteins to cross the barrier, or to a gap between the lid and the base of the microcapsules
(no experiment has been carried out yet to determine the degree of sealing of the assembly).
In order to investigate cell oxygenation within these nanoporous containers, 9L rat glioma
cells were engineered to bioluminesce under hypoxic conditions(182), which could
potentially be used for future in vivo experiments. The preliminary results indicate that the
nanoporous capsules may provide restricted oxygenation of the encapsulated cells.

It is also important to mention the robustness of these microcapsules(181), which do not
fracture or rupture when manipulated during manufacture and encapsulation. This is another
advantage over alginate-based microcapsules that are not so mechanically stable.

Although this research is still in its infancy, hanoporous SU-8 containers may prove useful
to encapsulate islet cells in the future. Concerns about the lack of biocompatibility of this
polymer may be solved by applying coatings of biofriendly molecules or bioinert materials,
such as gold(181).
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4.2. Inorganic membranes

Advances in inorganic materials research in the electronics, sensors and photovoltaics
industries have enabled the development of inorganic nanoporous membranes with well
controlled pore sizes and geometries. The produced nanoporous membranes have inspired
researchers active in drug delivery and cell encapsulation. For instance, silicon
microfabricated membranes were already proposed for biomedical applications in 1995(186,
187).

Three inorganic materials currently present very promising properties for the production of
immunoisolating membranes(61): silicon (Si), aluminum/aluminum oxide (Al/Al,03) and
titanium/titanium oxide (Ti/TiO,). The extravascular macrocapsules that use those
membranes present several advantages over their polymeric counterparts: a tighter pore size
distribution and faster diffusion kinetics due to decreased membrane thickness(105). For Si
and Al/Al,O3 membranes, these advantages have to be balanced with decreased levels of
biocompatibility. The three materials will be presented in the following sections. The
fabrication techniques discussed here are not the only ones available, yet they present a
major advantage over other techniques: they lead to materials with straight nanopores,
ensuring the fastest diffusion possible for nutrients and therapeutic products. Indeed, powder
sintering and sol-gel methods also produce nanoporous SiO,, Al,O3 and TiO; - but the
pores are always tortuous in these cases(156). Commercial porous Al,Os filter membranes,
Anopore from Whatman, could also be interesting to encapsulate cells. They present uniform
pore sizes with high pore densities (>101%/cm?2), but available pore size is quite limited.

Finally, a last section will present a different and very innovative approach to produce
nanoporous microcontainers that assemble by self-folding. One interesting feature of this
technique is that numerous materials can be used to form these microcapsules.

Since the science behind these inorganic nanoporous membranes is rather new, these
materials have not been tested as much as the polymeric membranes for cell encapsulation.
However, they have the potential to catch up with the currently popular alginate
microcapsules and sheets by offering better stability and tighter control of porosity.

4.2.1. Silicon nanoporous membranes—Inspired by the fabrication techniques used
for the production of silicon computer chips, silicon nanoporous membranes were initially
developed and used to encapsulate pancreatic islets by Desai and Ferrari(103). The
development of this silicon membrane technology has been extensively reviewed
elsewhere(53, 105, 158, 188). The process scheme is presented in Figure 10.

Fabrication of Si nanoporous membranes starts with a Si wafer. A support ridge structure is
first etched by photo-lithography to provide mechanical support to the final structure (not
shown in Figure 10). A very thin silicon nitride (Si3N4) layer is then deposited on top of the
wafer, serving as an etch-stop for future processes. A structural base layer of polysilicon is
deposited on top of the SigN,4 (Figure 10a), and its thickness will determine the overall
thickness of the final nanoporous membrane (0.5 pm to 5 pm). Holes are then etched
through poly Si by a chlorine plasma (Figure 10b), and a sacrificial silicon oxide (SiO5)
layer is thermally grown over the Si base layer (Figure 10c). The sacrificial oxide thickness

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2014 November 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schweicher et al. Page 17

determines the pore size in the final membrane, and pores ranging from 7 nm to 100 nm
have been obtained with tight pore size distributions (<5% pore width variation)(105, 158).
The next step consists in depositing plug poly Si in the holes of the base layer (Figure 10d).
The surface is then planarized, leaving a smooth exposed surface of sacrificial oxide (Figure
10e). Subsequently, a Si3N4 protective layer is deposited uniformly across the wafer.
Windows are etched through this layer on the bottom side of the wafer to expose the bulk Si
in specified areas. The wafer is then placed in a KOH bath at 80°C where bulk Si is
dissolved up to the SigNy4 etch stop layer (Figure 10f). Finally, the protective and etch-stop
SizNy layers and the sacrificial SiO, layer are removed by etching in hydrofluoric acid (HF)
(9). The finished product is a Si nanoporous membrane of controlled thickness presenting
slit nanopores of controlled channel widths. These pores are organized in parallel arrays
along the membrane major dimension. The length of the pores is fixed at 45 um and there
are 10,000 pores/mm? (105). Hence, the total pore area increases linearly with the pore size.

Figure 11 shows a picture of one Si nanoporous membrane as well as SEM micrographs
illustrating the pore structure.

The very tight pore size distributions (<5%)(158) of these Si nanoporous membranes make
them advantageous over their polymer counterparts for which pore size distributions of 30%
are common(157).

Desai et al. used 18, 66 and 78 nm porous Si membranes to encapsulate rat islets. They
performed a glucose stimulated insulin secretion test and showed that encapsulated islets
presented a similar release profile as compared to unencapsulated islets(103, 189).
Moreover, 18 nm pores significantly hindered the passage of IgG as compared to the larger
pores, although with incomplete blockage(189). They also incubated islet-filled capsules in a
serum complement/antibody solution during 2 weeks. At day 14, the insulin secretion
following stimulation by glucose was approximately 5 times higher for the encapsulated
islets (18 and 78 nm pores) as compared to free islets, proving the potential of this
immunoisolation technology.

In vivo tests were also performed with encapsulated rat and mouse insulinoma cells
implanted intraperitoneally in mice(190). After 8 days, biocapsules were removed for cell
viability and functionality tests. The insulinoma cells encapsulated by 18 nm membranes
exhibited higher insulin secretion upon glucose stimulation than the cells in 66 nm porous
capsules, highlighting the correlation between smaller pores and immunoprotection.
Membranes with pores below 18 nm have also been tested for diffusion of glucose, albumin
(67 kDa) and 1gG(53, 191). The diffusion of glucose was constrained with pores below 13
nm (non-Fickian diffusion) and albumin was unable to pass through 7 nm pores. Diffusion
of 1gG was greatly hindered, especially for 7 nm pores. However, total immunoisolation was
not achieved, despite early estimations that pore sizes between 30 and 50 nm should be able
to exclude 1gG(192). This can be explained by the flexible characteristics of the Y-shaped
IgG protein that can adopt different conformational changes(53), easing its diffusion through
the slit pores (a few nm wide but 45 um long). Unfolding of the 3D protein structure may
also occur, easing the passage of 1gG as well. Therefore, slow diffusion of 1gG may be
expected even for pore sizes below 20 nm. A strategy that could be applied to block IgG is
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to decrease the length of the pores. However, a very tiny leak of IgG may not be so
detrimental to the cells. Iwata and others showed that complement components are rapidly
inactivated, and therefore it should be good enough to hinder 1gG diffusion in the first days
after implantation rather than completely block it(66, 193, 194).

Thus, a Si membrane with pores just below 20 nm should be able to immunoprotect cells
while allowing sufficient diffusion of glucose and insulin (due to their very low thickness of
a few micrometers).

Silicon membranes can also be modified in terms of surface chemistry. Strategies have been
developed to decrease unwanted adsorption by coating Si with polyethylene glycol (PEG)
(195, 196). The PEG chains can be covalently attached to Si and permit reduced adsorption
of albumin, 1gG and fibrinogen by 76, 82 and 64%, respectively, as compared to untreated
Si.

The assembly of these Si nanoporous membranes into actual biocapsules has been
performed differently over the years. The interested reader can find information on that
matter elsewhere(53, 105-107, 189, 197).

4.2.2. Alumina nanoporous membranes—It is well known that surfaces of aluminum
(Al) present a high affinity for oxygen, resulting in the formation of an aluminum oxide
layer covering the metal. However, this natural oxide layer is uncontrolled, and this has led
researchers to develop anodization techniques to grow controlled porous or non-porous
layers of aluminum oxide (Al,O3) on Al substrates(198). An interesting feature of these
porous layers is that they present ordered straight circular pores in a hexagonal arrangement.
Provided the layers are separated from the underlying Al, they could be used as membranes
for cell immunoisolation.

Following Itoh et al. in 1996(199, 200), Gong et al. reported in 2003 a sequential etching
technique to produce an Al,O3 nanoporous membrane embedded in a cylindrical Al
tube(201) (see Figure 12). They showed that such devices could control release of dextran
conjugates of varying molecular weight by adapting the pore size, via the anodization
voltage. The same fabrication process has also been used to produce flat membranes of
Al,0O3 (202).

Briefly, the external surface of an Al tube is coated with a thin layer of protective polymer,
e.g. nail polish (Figure 12a). Then, an anodization step is performed from the inner side of
the tube in 0.25 M oxalic acid, producing a layer of nanoporous Al,O3. Voltage selection
determines the pore size (diameter). This layer is then etched in a mixture of H,CrO,4 and
H3POy, leaving a uniform concave array of nucleation sites that are critical to obtaining
narrow pore size distributions during the subsequent anodization step. A second anodization
step is then performed at the same voltage, producing the final Al,O3 nanoporous membrane
with circular pores (Figure 12b). The duration of this anodization determines the membrane
thickness. In order to expose the nanoporous membrane, window-areas are created with
acetone in the protective outer polymer film. Both ends of the Al tube are then protected
with Parafilm and the tube is dipped in a 10 wt. % HCI and 0.1M CuCl, solution that
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selectively etches unprotected Al areas, thereby revealing a transparent Al,O3 membrane
(Figure 12c). Since the nanoporous membranes are incorporated in the Al tube, they are
strong enough for easy handling and use. The final step is to etch the barrier layer present at
the outer surface of the Al,O3 membranes in a mixture of H,CrO4 and H3POy4. The Parafilm
and polymer protection layers are then removed (Figure 12d), resulting in an Al cylinder
with Al,O3 nanoporous membrane windows (see Figure 13).

Superior control over the size and shape of the nanoporous Al,O3 windows within a flat Al
frame can be achieved by using a photoresist polymer as the initial protective coating that
can then be removed at selected locations by photolithography(203).

The general technique presented here produces nanoporous Al,O3 membranes in a variety of
configurations that may be used for immunoisolated cell encapsulation(204). Anodization
technology is really simple and inexpensive, especially if no photolithography step is
involved. Diameters of circular vertical nanopores reported in the literature are comprised
between 25 and 80 nm and the thicknesses of these membranes range from 55 to 100
um(201-204). Pore size distributions of Al,O3 membranes(204) are worse than those of
microfabricated Si membranes but they are still better than those of their polymeric
counterparts. The thicknesses of Al,O3 membranes are larger than those of Si. Thicker
membranes obviously impede diffusion of oxygen, glucose and insulin but simultaneously
render the whole device more robust and resistant. Moreover, the high density of pores
(~101%/cm?2)(204) achievable for alumina membranes could compensate for their increased
thickness from a diffusional point of view.

La Flamme et al. compared diffusion coefficients of glucose and 1gG for an Al,03 75 nm
membrane, for a Si 49 nm membrane, and for a poly(vinyl alcohol) 10-30 nm
hydrogel(204). Transport of glucose was comparable for all 3 membranes, but diffusion of
IgG was significantly reduced for Al,O3 vs. Si and the hydrogel, even though these two
presented a smaller pore size. The circular shape of Al,O3 nanopores seems to be really
advantageous over rectangular slit pores of Si or the hydrogel pores regarding blockage of
the flexible IgG. In vitro encapsulation studies have also been performed by La Flamme
with MING insulinoma cells(204). They showed insulin secretion upon glucose stimulation
although the secreted insulin amounts were lower with the 75 nm Al,O3 membranes than
with unencapsulated cells due to the physical barrier of the membrane.

The main concern for the use of Al,O3 nanoporous membranes is the extent of
biocompatibility for this material. However, in vitro tests have shown that these membranes
are nontoxic to fibroblast cells and do not induce significant complement activation(205). It
has also been shown that incorporation of a polyethylene glycol (PEG) coating(202, 206)
reduces the interactions of serum albumin with the material(205). This reduction in protein
adsorption will certainly help to prevent any clogging of the pores. Finally, in vivo tests of
up to 4 weeks with empty Al/Al,O3 capsules have demonstrated that implantation of these
capsules into the abdominal cavity of rats induces a transient inflammatory response
(probably due to the surgery and not to the capsule), and that PEG coatings were useful in
minimizing the host response(205). The membranes were fully intact and free from fibrous
growth at the end of the 4 weeks.
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Despite encouraging preliminary results, Al,O3 nanoporous membranes have not yet been
tested in vivo with encapsulated cells.

4.2.3. Titania nanotubular membranes—As for aluminum, surfaces of titanium (Ti)
present a high affinity for oxygen, resulting in the formation of an oxide layer covering the
metal. Since this natural oxide layer is not controlled, anodization techniques have also been
developed for this material. Less studied than Al anodization, Ti surface modification
encountered a major breakthrough in 1999 when Zwilling et al. anodized a Ti sample in a
solution of H,CrO,4 and HF and observed the formation of a porous layer of TiO, nanotubes
in a hexagonal arrangement(207). In 2001, Gong et al. obtained uniform arrays of well-
aligned TiO, nanotubes after anodization of a Ti foil in an aqueous solution containing 0.5
to 3.5 wt. % HF(208).

Numerous studies of the formation and characterization of TiO, nanotubes have been
published afterwards(209-220). The influence of anodization experimental parameters
(electrolyte composition, temperature, voltage, current, anodization time...) on the resulting
nanotubular TiO, arrays has been thoroughly investigated in these studies. Layers of
vertically-oriented nanotubes with diameters from 15 to 150 nm (mainly controlled by
anodization voltage) and lengths from a few nm to 1000 um (mainly controlled by
anodization time) have been produced. Synthesis of TiO, nanotubes by anodization,
properties of these tubes and their applications have been reviewed extensively
elsewhere(221-224).

Aurrays of TiO, nanotubes present several excellent characteristics for biofiltration
applications such as cell-based drug delivery and immunoisolation: they have circular
nanopores that are ideal for blocking flexible proteins like 1gG and a very narrow pore size
distribution coupled to a very high pore density(217), their thickness can be varied over a
broad range, and their biocompatibility is excellent(225).

A variety of procedures are given in the literature to produce a uniform TiO5 nanotubular
layer. A simple recipe that is widely used currently is to anodize a Ti foil in an ethylene
glycol solution containing 0.3 wt. % of NH4F and 2 vol. % of H,O (220). A nanotube length
of about 200 pm (pore diameter 125 nm, standard deviation 10 nm) is obtained after
anodization of the Ti foil at 60V for 72 h. SEM micrographs of such a TiO, nanotubular
layer are presented in Figure 14.

A common practice to improve the close-packed hexagonal arrangement of the nanotubes is
to carry out 2 subsequent anodizations on the same Ti foil(217). A first anodization produces
a layer of TiO, nanotubes that is not perfectly ordered, which is then removed. This leaves a
dimpled pattern on the Ti surface. A second anodization conducted with this textured
surface then produces a layer of TiO, nanotubes with improved ordering.

Despite promising properties for immunoisolation, TiO, nanotubes have not yet been
applied to cell encapsulation. This is mainly due to the fact that this avenue of research is
still in its infancy for Ti. Techniques to produce a free-standing membrane of TiO,
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nanotubes are not as mature as they are for nanoporous Al,O3. TiO, nanotubes have to be
detached as an array from the Ti foil and their bottom ends (barrier layer) need to be opened.

Different techniques have been reported so far(219, 220, 226-234) but these approaches
remain difficult to realize in practice, especially for large area membranes.

Another very interesting approach to produce membranes was developed in 2010 by Albu et
al. (see Figure 15)(235). They evaporated a 5 um film of Al on a 6 um Ti foil. After
depositing a positive photoresist on Ti (Figure 15a), they defined a grid structure via
photolithography (Figure 15b). They subsequently performed anodization in an ethylene
glycol electrolyte containing NH4F and DI H,0O, producing TiO, nanotubes connected to
Al,0O3 nanopores (no TiO, barrier layer in this case) (Figure 15c¢). The Al substrate and the
Al,O3 porous area were then selectively etched in an acidic solution of 19(H3PO,):
1(HNO3):1(CH3COOH):2(H,0) parts by volume (Figure 15d). The remaining Ti frame
allows for a high mechanical flexibility. The nanopores present a diameter of 3010 nm.
These membranes have been tested for diffusion of methylene blue and nanospheres of 20
and 200 nm, showing total blockage of the latter while 20 nm spheres diffused slower than
methylene blue.

Other studies on TiO, nanotubular arrays for membrane applications have investigated
diffusion of methylene blue(226), phenol red(219), phenol red, glucose, bovine serum
albumin (BSA) and 1gG(220). This last study used a 200 um thick membrane with 125+10
nm pores and showed that the diffusion coefficient of IgG was about 100 times smaller than
that of BSA and 1000 times smaller than that of glucose, which are encouraging results for
islet encapsulation applications.

TiO, nanotubular layers seem to be an excellent choice for incorporation into macrocapsules
for cell immunoisolation. However, the research in this field is still in its infancy and a lot of
work will need to be carried out to assess the potential of this material for biofiltration
applications.

4.2.4. Self-folding microencapsulation devices—An innovative microencapsulation
approach that was developed by Gracias et al. utilizes patterned self-folding devices to host
and immunoprotect cells(236-238).

Current microfabrication and lithography techniques can produce very precise pores at the
nanoscale on 2D surfaces, and resulting cell-containing capsules typically incorporate 1 or 2
of these membranes. This can result in hypoxic conditions for cells residing far away from
these porous surfaces. In order to tackle this problem, Gracias et al. developed a technique
derived from the ancient Japanese art of paper folding, origami. Using lithography
techniques, they produce a patterned 2D precursor structure with hinges. The next step
involves self-folding of the 2D structure along the hinges to produce a precise 3D hollow
structure. Different polyhedra have been produced this way, and the main advantage resides
in that nearly all faces of these objects can be porous. Precisely patterned hollow polyhedra
with overall dimensions from 100 nm to 1 cm have been fabricated with a variety of
materials, including metals, ceramics and polymers(236-242). Straight or curved pores as
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narrow as 15 nm have been produced on the faces of these objects using electron beam
lithography(240). These very small containers present all the advantages of
microencapsulation but have better diffusion characteristics due to their very thin walls (as
compared to thicker alginate microcapsules). Moreover, their pores are very uniform and
present a narrow size distribution due to lithography. These microcontainers thus compare
favorably with polymer conformal coatings. Very similar in size to SU-8 nanoporous
microcapsules from Gimi et al., self-folded capsules present the advantage of being porous
on all of their faces, improving oxygenation of the encapsulated cells and enhancing
diffusion of nutrients and therapeutic products. The variety of materials that are compatible
with this approach is another advantage of this technique.

The self-folding phenomenon is usually driven by minimization of surface energy(238, 239,
243) or the release of thin film stress(244). The first technique is currently the most popular,
and it is the only one described here. Briefly, a low melting point material is deposited
between panels to generate folding hinges and at panel edges to generate locking hinges.
After 2D microfabrication, the templates are released from the substrate and heated to
liquefy the solid solder hinges. Upon heating, the hinges fold and lead to the final 3D
structure, where liquefied locking hinges fuse and subsequently harden upon cooling. The
use of locking hinges produces well-sealed, mechanically robust hollow polyhedra that can
be manipulated without breaking. Figure 16A presents video snapshots of the self-folding
phenomenon that is typically carried out in a high-boiling-point solvent (e.g. N-
methylpyrrolidone)(238, 239). Figure 16B shows a gold (Au)-coated hollow cube with
patterned pores on 5 faces (the bottom face is left open for subsequent cell loading) and
Figure 16C shows a close-up of different pores. It is also possible to induce self-folding by
exposing Ni/Sn objects to a CF4/O, plasma (the angular orientation between panels can be
controlled by altering the flow rate of O, gas)(240). However, gaps are present in between
panels with this approach that is thus not directly applicable to cell immunoprotection.

As already mentioned, different materials have been successfully used to fabricate these
patterned 3D microcapsules. The faces of the cubes can easily be made with copper (Cu) or
nickel (Ni)(238, 239), using pure tin (Sn) or tin/lead (Sn/Pb) as the solder hinge material.
Before any contact with biological molecules, gold (Au) is electrodeposited onto all surfaces
of these microcontainers to improve their biocompatibility(245, 246). The Au
electrodeposition time can also be varied to control the final pore size of the membranes
with considerable precision down to the nanoscale(246).

In order to encapsulate cells, 3D cubes with one missing face (microwells) are produced by
self-assembly(245). Cells can then be loaded by tumbling the microwells in a concentrated
cell solution (~10* cells/ml). Loaded microwells are then oriented with their open face
upwards using a glass pipette. An adhesive tape (or polyurethane adhesive spin-coated on a
glass slide) is then brought into contact with the open face of multiple microwells. The
polymer cures typically within 30 minutes in cell media, thereby sealing the microwells.
Arrays of microcontainers can then be formed on rigid or flexible (curved) geometries. It is
also possible to create arrays of microcontainers by first positioning the microwells in an
SU-8 holder patterned with recessed slots. The cells can also be loaded by simple settling
after positioning the microwells in the holder.
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Insulinoma cells (beta-TC-6) have been encapsulated for up to 1 month into such 500 pm-
sized cube arrays with 1, 3 and 5 porous faces (6-7 um pores)(245). These in vitro tests
showed increased and faster glucose-stimulated insulin production for cubes with higher
number of porous faces after 7 days of encapsulation. Moreover, the steady-state release of
insulin following glucose stimulation (after 240 minutes) was compared between the 1, 3
and 5 porous-faced microwell arrays at different time points following encapsulation. The
insulin steady-state release was similar after 1 day for the 3 categories but decreased over
time for 1 and 3 porous faces. The 1 porous face group did not produce insulin any more
after 28 days whereas the 5 porous faces group maintained its insulin concentration levels.
Some microwells were also peeled from the substrates at different time points to study cell
viability using a live/dead cytotoxicity assay. Higher numbers of live cells were consistently
observed within the 5 porous faces cubes as compared to the 1 porous face cubes. These
experiments clearly demonstrate the advantage of 3D porous microcontainers (cubes with 5
porous faces) as compared to 2D porous microcapsules (cubes with 1 porous face) for cell
encapsulation. Cells encapsulated in the latter suffer from inadequate oxygenation and die
after some weeks. It is interesting to note that these experimental results are in agreement
with cell viability simulations solely based on O, diffusion(245).

Diffusion of insulin and 1gG has also been studied with 500 pm-sized cubes presenting
different precise pore sizes (from 78 nm to 2 pm) on 5 faces(246). It has been shown that 78
nm pores permitted diffusion of insulin over one week while blocking IgG diffusion, which
is encouraging for cell immunoisolation applications. Insulinoma cells (beta-TC-6) have also
been encapsulated within 78 nm porous microcontainers. After 2 days in the capsules, the
cells produced insulin within 5 minutes in response to a glucose challenge and a continuous
insulin production was measured for up to 2 hours.

These results show a proof-of-concept for this self-folding encapsulation technology,
although this procedure is still in its infancy. Numerous in vitro and in vivo tests will have to
be carried out to assess the stability and biocompatibility of these microcontainers over time.
The hinges will have to be carefully studied for potential toxicity or leaking after several
weeks in media.

The self-folding microcapsules have also recently been produced from all-polymer
materials(242). The polyhedral objects, made of SU-8 faces and biodegradable
polycaprolactone (PCL) hinges, spontaneously assemble upon heating at 58°C. This
approach produces transparent microcontainers, enabling in situ imaging of encapsulated
content using bright-field or fluorescence microscopy. Here again, all faces of the polyhedra
can be porous which represents an improvement over Gimi's approach discussed previously.
However, since PCL degrades over time in the body, this solder material is not suitable for
islet/beta cell encapsulation (however, it is interesting for drug delivery applications).
Indeed, the current SU-8/PCL containers release their content both through pores patterned
on the faces of the capsules and by hinge degradation.
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5. CONCLUSIONS

While encapsulation of islet or beta cells by semipermeable membranes has a history of
more than 50 years, no definitive cure for type 1 diabetes has been seen so far. This situation
is explained by the complexity of the compromise that must be reached: membrane pores
have to be small enough to block the molecules and cells responsible for immune rejection
but the very same pores need to be as large as possible to facilitate transport of O,, glucose
and insulin. While prevention of an immune attack on encapsulated cells seems to be nearly
achieved today, the adequate supply of nutrients, especially Oo, is still a problem. This
explains why capsule designs that minimize the distance between cells and the surrounding
environment have gained a lot of interest in the past few years. For instance, alginate
microcapsules and alginate islet sheets are the most advanced realizations in terms of
clinical application. However, the broad pore size distribution of polymeric materials (such
as alginates) may be a problem for immunoisolation over long periods. On the other hand,
nanoporous inorganic membranes (Si, TiO,, Al,O3...) possess well defined pore sizes that
are expected to perform better in immunoprotection applications. The research in this field is
still in its infancy but could lead to interesting results in the near future.

Besides membrane biocompatibility and design, several other approaches could help to
produce a long-lasting implantable capsule with islet or beta cells: prevascularization of
macrocapsules prior to cell transplantation, use of growth factors and oxygen generating
materials, or arrangement of beta cells in controlled size clusters.

Apart from the materials science point-of-view, a cure for type 1 diabetes will require
additional reliable sources of islet or beta cells since islet availability from donor pancreases
is insignificant as compared to demand. Xenogeneic cells and cells derived from stem cells
seem to be promising substitutes for human islets, but several remaining issues with these
cell sources have yet to be overcome.

A lot of research and development is still required before encapsulated islets or beta cells
will be able to cure type 1 diabetes, but such a treatment would represent a tremendous
improvement over the multiple injections of insulin that patients currently have to undergo
every day.
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Figure 1.
Molecular weight spectrum in immunoisolation: molecules that should pass the

immunoisolation barrier are in italics, all other molecules may be deleterious to implanted
tissue. Reproduced with permission from (56).
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Figure 3.
Algire and Millipore diffusion chambers for extravascular macroencapsulation. Reproduced

with permission from (64).
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Figure4.
Commercial macroencapsulation devices: TheraCyte (left and middle) and Islet Sheet

(right).
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Figurebs.
Schematic representation of an intravascular diffusion chamber. Reproduced with

permission from (64).
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Figure6.
Schematic representation of an intravascular ultrafiltration chamber. Reproduced with

permission from (64).

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2014 November 13.



Schweicher et al. Page 44

Figure7.
Two human pancreatic islets encapsulated in an alginate-based microcapsule (the red color

is obtained after staining with dithizone that binds to zinc ions present in beta cells).
Reproduced with permission from (149).
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Figure8.
Alginate and collagen macrocapsule containing a monolayer of pig islets, schematic

representation (top) and picture (bottom, left) ; Implantation of the device into abdominal
subcutaneous tissue of non-human primate (bottom, right). Reproduced with permission
from (180).
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Figure9.
SU-8 nanoporous microcapsule micrographs showing the lid, the base and a close-up of the

nanoslots in the lid. Reproduced with permission from (184).
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Figure 10.

Process scheme for the fabrication of Si nanoporous membranes. Reproduced with

permission from (158).
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Figure 11.
Picture of a Si nanoporous membrane showing the porous area surrounded by the support

ridge (left), SEM micrographs: top view (middle) and cross-section showing the nanopores
across the whole thickness of the membrane (right). Reproduced with permission from
(191).
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Figure 12.
Process scheme for the fabrication of Al,03 nanoporous membranes embedded in an Al

cylinder (side view). Reproduced with permission from (201).
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Figure 13.
Cylindrical Al macrocapsule with Al,O3 nanoporous membrane windows, close-up: SEM

micrograph of the top of the membrane. Reproduced with permission from (201, 205).
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Figure 14.
SEM micrographs of a TiO, nanotubular membrane: cross-section of free-standing

membrane with inset showing high magnification (left); nanotubular array top surface with
inset showing high magnification (right). Reproduced with permission from (220).
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Process scheme for the fabrication of flexible TiO, nanotubular membranes. Reproduced

with permission from (235).
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Figure 16.
Video snapshots showing the self-assembly of a lithographically fabricated template into a

3D hollow container (A) ; SEM micrograph of a 3D porous container (B) ; SEM micrograph
of pores on the faces of containers of different pore sizes (C). Reproduced with permission
from (236, 246).
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