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Abstract

As a novel therapeutic application of microfabrication technology, a micromachined membrane-based biocapsule is described
for the transplantation of protein-secreting cells without the need for immunosuppression. This new approach to cell encapsula-
tion is based on microfabrication technology whereby immunoisolation membranes are bulk and surface micromachined to
present uniform and well-controlled pore sizes as small as 10 nm, tailored surface chemistries, and precise microarchitecture.
Through its ability to achieve highly controlled microarchitectures on size scales relevant to living systems (from mm to nm),
microfabrication technology offers unique opportunities to more precisely engineer biocapsules that allow free exchange of the
nutrients, waste products, and secreted therapeutic proteins between the host (patient) and implanted cells, but exclude
lymphocytes and antibodies that may attack foreign cells. Microfabricated inorganic encapsulation devices may provide
biocompatibility, in vivo chemical and mechanical stability, tailored pore geometries, and superior immunoisolation for
encapsulated cells over conventional encapsulation approaches. By using microfabrication techniques, structures can be fabricated
with spatial features from the sub-micron range up to several millimeters. These multi-scale structures correspond well with
hierarchical biological structures, from proteins and sub-cellular organelles to the tissue and organ levels. © 2000 Published by
Elsevier Science B.V.
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1. Cellular immunoisolation

The immunoisolation of transplanted cells and tissue
emerged as an extremely promising method of treating
hormone deficiencies arising from such diseases as Type

I diabetes, Alzheimer’s, and hemophilia [1–3]. Im-
munoisolation, in this case, refers to the physical pro-
tection or separation of cells from immunological
attack. It has been demonstrated that cellular trans-
plants, such as isolated pancreatic islets of Langerhans
or hepatocytes, respond physiologically both in vitro
and in vivo by secreting bioactive substances in re-
sponse to appropriate stimuli, given appropriate im-
munoprotection. However, with the exception of
autologous cells and tissue, overcoming immunologic
rejection of the transplanted cells is still the greatest
obstacle.

Ideally, in diabetic patients, transplantation of pan-
creatic islet cells (allografts or xenografts) could restore
normoglycemia. However, as with most tissue or cellu-
lar transplants, the islet grafts, particularly xenografts,
are subjected to immunorejection in the absence of
chronic immunosuppression. To overcome this need for
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immunosuppressive drugs, the concept of isolating the
islets from the recipient’s immune system within bio-
compatible size-based semipermeable capsules was de-
veloped [4–6, 7]. In principle, such capsules can allow
for the free diffusion of glucose, insulin, and other
essential nutrients for the islets, while inhibiting the
passage of larger entities such as antibodies and com-
plement components [8]. This selective permeability can
allow for the physiological functioning of the islets,
while preventing acute and chronic immunorejection.
Fig. 1 shows the basic structure of a polymeric micro-
capsule, as well as several membrane morphologies that
can be obtained through different processing routes [9].
It demonstrates the thickness of the membranes used,
which can greatly impede diffusion of the nutrients and
insulin.

The requirements for an immunoisolating biocapsule
are numerous. In addition to well-controlled pore size,
the capsule must exhibit thermomechanical stability,
non-biodegradability, and biocompatibility. All encap-
sulation methods to date have used polymeric semiper-
meable membranes [10–18]. However, a number of
challenges remain with these current microcapsule pro-
cessing techniques using polymeric materials. These
membranes have exhibited insufficient resistance to or-
ganic solvents and inadequate mechanical strength —
all of which eventually lead to destruction of cell xeno-
grafts [19–21]. The most common method of im-
munoisolation, that of polymeric microcapsules, have
the disadvantage of limited retrievability and possible
mechanical failure of the spherical membrane. More
importantly, due to their polymeric nature, they often
exhibit broad pore size distributions that allow un-
wanted immune components to diffuse through the
membrane (Fig. 2). These characteristics may limit the
use of microcapsules for non-immunosuppressed xeno-
transplantation [2,22].

Despite significant progress in cell transplant therapy
over the last 30 years, long-term and complete im-
munoisolation of xenogeneic cell grafts, specifically
pancreatic islets of Langerhans, via membrane encapsu-
lation remains a much sought after therapeutic goal.
Previous studies have hypothesized that pore sizes
smaller than 100 nm would be effective providing im-
munoisolation, but more recently it has been demon-
strated that these membranes still do not completely
block immune molecules from reaching xenogeneic cells
[2,5,23]. These problems are usually associated with
membrane integrity, selectivity, and configuation. Cur-
rently, no consensus has been reached as to the ideal
pore size, geometry, and surface conditions needed for
complete immunoisolation of encapsulated xenogeneic
cells. Although approaches involving polymeric micro-
capsules have yielded promising results for allogeneic
cell transplantation without immunosuppression [7],
few approaches have been effective for xenogeneic cell

Fig. 1. Polymeric immunoisolation biocapsule and various membrane
structures [9].

encapsulation. The shortage of allogeneic human
donors makes xenograft immunoisolation an extremely
sought after goal in cell transplant therapy. Moreover,
the clinical success of encapsulated islet transplantation
is still only minimal, with less than 30 documented
cases of insulin independence occurring from over 250
attempts at clinical islet allo-transplantation since 1983
[24,25].

In light of these issues, a new approach to cellular
immunoisolation has been developed. The microfabri-
cated biocapsule is achieved by applying fabrication
techniques originally developed for micro electro me-
chanical systems (MEMS), and represents one of first
therapeutic applications of this technology in
biomedicine. Although research on microfabricated
devices for biomedical applications (BioMEMS) has
rapidly expanded, it has mainly focused on the develop-
ment of diagnostic tools such as electrophoretic, chro-
matographic, biosensor, and cell manipulation systems
[26–28]. Relatively few researchers have concentrated
on therapeutic applications of microfabrication technol-
ogy such as neural regeneration, CNS stimulation, and
microsurgery [29–31]. With this in mind, microma-

Fig. 2. Typical broad pore size distribution exhibited in polymeric
membranes.
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chined ultrafiltration membranes have been used to
create an immunoisolation biocapsules that we can use
to analyze therapeutic effectiveness and begin funda-
mental investigations on the physical parameters neces-
sary for the complete immunoisolation of cells.
Selecting an appropriate cut-off dimension for the im-
munoisolation membrane is just one of the many design
parameters to be considered. Permeability of glucose,
insulin, and other metabolically active products, must
be high enough to insure islet functionality and thera-
peutic effectiveness. Additionally, pore size-based sepa-
ration of immune molecules may not be sufficient to
prevent immunorejection — other physical parameters
such as diffusion length, surface topography, and sur-
face chemistry must also be investigated.

Utilizing bulk and surface micromachining and mi-
crofabrication, membrane-based biocapsules can be en-
gineered to have uniform and well-controlled pore sizes,
channel lengths, and surface properties. This precise
control offers the unique ability to selectively vary
parameters in order to monitor the passage of a variety
of stimuli and immunomolecules to target cells. By
virtue of their biochemical inertness and relative me-
chanical strength, silicon and its oxides and nitrides
offer an alternative to the more conventional organic
biocapsules. These capsules can provide the advantages
of mechanical stability, uniform pore size distribution,
and chemical inertness. By taking advantage of silicon
bulk and surface material properties, structures can be
engineered to perform specific functions. Microfabrica-
tion technology may be advantageous in the field of
tissue engineering by creating precisely controlled mi-
croenvironments to stimulate and enhance transplanted
cell behavior. Micromachined capsules may provide
advantages over conventional encapsulation ap-
proaches due to their mechanical stability, uniform
pore size distribution, chemical inertness, geometry,
and retrievability.

A further, and perhaps more important, advantage of
microfabrication technology is the ability to fabricate
membranes of specific pore size, allowing one to opti-
mize the biocapsules specifically for the encapsulation
of pancreatic islets or any given cell type. Current
polymeric biocapsules have not been able to achieve
uniform pore size membranes in the 10s of nm range.
By contrast, we have developed several variants of
microfabricated diffusion barriers, containing pores
with uniform dimensions as small as 20 nm [32]. Fur-
thermore, improved dynamic response of islets tissue
can be obtained due to the reduced membrane thick-
ness (9 mm) of microfabricated membranes compared to
polymeric membranes (100–200 mm). It is important to
retain rapid intrinsic secretion kinetics, in particular
first phase insulin release [5], so as to provide physio-
logical feedback control of blood glucose concentra-
tions.

Fig. 3. Size scale of biologically relevant molecules in immunoisola-
tion [37].

Microfabricated biocapsules with membrane pores in
the 10s of nm range seem suitable for application in
xenotransplantation (Fig. 3). The typical dimension of
insulin, glucose, oxygen and carbon dioxide, molecules
that should pass freely through the membrane, is less
than 35 A, . The blockage of immune molecules, how-
ever, is a much more complicated task. Although it is
relatively easy to prevent the passage of cytotoxic cells,
macrophages, and other cellular immune molecules
through the biocapsule, a potentially more serious
problem is blockage of humoral immune components
such as antibodies and cytokines as well as cell-secreted
antigens. Antibody binding to a cellular transplant, by
itself, usually does not cause a cytotoxic reaction.
Moreover, it is the binding of the complement compo-
nents that initiate the cytotoxic events [24]. Binding of
C1q to IgM or two molecules of IgG can lead to the
formation of a membrane attach complex (MAC)
which will ultimately lyse the transplanted cell. There-
fore, the immunoisolation membrane should prevent
the passage of either host C1q or IgM to remain
effective. Studies indicate that both C1q and IgG are
completely retained by a membrane with maximum
pore diameters of 30 to 50 nm [7].

All previous immunoisolation membranes, due to
their polymeric nature, have found that meeting these
cut-off requirements is quite difficult, due to the broad
pore size distribution of real membranes. Even if only
1% of pores are larger than the cut-off goal, the pores
would allow the passage of antibodies in sufficient
amounts to initiate immunorejection pathways [24].
The technology involved in our microfabricated biocap-
sules is based on the creation of membranes with
absolute and uniform pore sizes in order to better
immunoisolate cellular transplants. Moreover, the po-
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tential to integrate other ‘smart’ capabilities such as
multicompartmental structure; local release of immuno-
suppressive drugs; biosensor incorporation, self-clean-
ing capabilities; modulation of angiogenesis via surface
architecture or immobilized growth factors; tailoring
inside and outside surfaces of capsules to elicit appro-
priate response, is extremely attractive. Having such
capabilities on one platform may be beneficial in the
long term.

2. Microfabricated membranes

Several research groups have used microfabrication
to directly pattern a filtration membrane on a mem-
brane for microfiltration. While this allows a simple
fabrication process, it also greatly limits the minimum
features that can be used for filtration. State of the art
photolithography is still limited to 250 nm features, so
pores smaller than this cannot be produced using stan-
dard photolithography. In fact, most university and
government research microfabrication facilities are lim-
ited to much larger feature sizes for entire wafer pro-
cesses. Yang et al., therefore have identified that air
filtration focuses on the 1–10 mm size range, which is
easily achievable through standard microfabrication.
Their study investigated the use of microfabricated
membranes (made of silicon nitride and parylene) for
studying the effects of pore size and shape on the
passage of gases [33].

Another approach to reducing the pore size using
microfabrication is the use of interference lithography
to produce microfiltration membranes. By using a
columnated laser source and a reflecting mirror at an
angle to the substrate, they produced an interference
pattern on the photoresist-coated wafer. By under-ex-
posing the pattern, rotating the wafer 90° and underex-
posing the wafer again, a two-dimensional pattern of
260 nm holes was produced with a spacing of 510 nm.
The minimum hole size that can be fabricated using this
system (Ar+ laser focussed through a pinhole 1.7 m
from the wafer) was 175 nm, still above the pore sizes
needed for direct interaction with biomolecules [34].

Other research groups have recognized the potential
of creative microfabrication for defining pores in mem-
brane structures. A previous group at Chalmers Uni-
versity of Technology (Göteberg, Sweden) used a
sacrificial oxide to define a flow channel between two
silicon membranes. The fabrication process gave a self-
aligned filter based on the etch-stop created by heavily
boron-doping an opened silicon substrate. While this
process has many of the advantages of a simple fabrica-
tion scheme and control over pore sizes, it had prob-
lems of doping control, pore density considerations,
and a tortuous flow path [35].

Work by our multi-institutional group has focused
on the use of microfabricated devices with nanopores
for size-based separation of biomolecules. While the
overall design has gone through several generations (see
below), the basic structure and fabrication protocol for
the nanopores has remained the same. By using a
thermally grown silicon oxide sandwiched between two
structural layers of silicon (either single crystal or poly-
crystalline (polysilicon)), nanopores can be fabricated in
silicon structures by selectively etching the sacrificial
silicon oxide in a highly selective etchant (HF) [36].
These designs give membrane structures with highly
defined pore sizes.

2.1. Micromachined nanoporous membranes

The geometry of the pore through which the
molecules are diffusing is often the main consideration
for design for applications that use diffusion as the
driving mechanism for separating molecules. In fact, for
applications where nutrients and time-sensitive com-
pounds are diffusing across a membrane, it is highly
desirable to be able to control the diffusion length
precisely. For these applications, membrane structures
are more desirable than bulky filter structures. In
these devices, the ability to withstand high pressures is
replaced by the ability to allow fast diffusion of
small molecules. The fabrication processes and flow
patterns of several membrane filter designs are given
below.

2.1.1. The first membranes — lateral diffusion between
polysilicon layers

The first design of nanoporous membranes consisted
of a bilayer of polysilicon with L-shaped pore paths.
An outline of the protocol use to produce these mem-
branes is given in Fig. 4 (from [37]). As shown, the
protocol used two layers of polycrystalline silicon
(polysilicon or poly), with an intermediate oxide growth
step. Both of the polysilicon layers were heavily boron
doped to protect them during the final ethylene diamine
pyrocatechol (EDP) etch through the silicon wafer. The
pores were defined, as they are in all the designs,
using a thin sacrificial oxide that is grown by thermal
oxidation of the bottom structural layer. Anchor points
were defined in the oxide layer to connect the two
polysilicon layers, thus maintaining the oxide spacer
distance after the oxide is removed from the final
structure.

The second polysilicon layer was deposited on top of
the oxide, heavily boron doped, and the entrance holes
to the pores were etched through this layer. The wafer
was coated with a protective phosphosilicate glass layer
(PSG) for the through-wafer etch. Etch windows were
defined in the backside PSG and the wafers were placed
in an EDP etching bath. Once the EDP had etched
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Fig. 4. Fabrication of M1 design filters: (a) etch support ridge into
wafer and grow oxide; (b) deposit polysiliccon and etch exit holes; (c)
grow thin sacrificial oxide to define pore widths and etch anchor
points; (d) deposit second polysilicon layer and etch entrance holes;
(e) pattern etch windows in protective phosphosilicate glass (PSG)
and etch through silicon wafer up to protected membrane; (f) remove
sacrifical and protective oxides in HF [37].

Fig. 6. Fabrication of M2C filter: (a) dope silicon with boron and
etch through doped layer to define exit holes; (b) grow thin sacrificial
oxide to define pore thickness; (c) etch anchor points through sacrifi-
cial oxide; (d) deposit polysilicon, dope with boron and etch entrance
holes through polysilicon; (e) deposit protective PSG layer, define
etch windows in backside, and etch through wafer; (f) remove protec-
tive and sacrificial oxides in HF [37].

through the wafers (and stopped at the etch stop layer),
the oxides (PSG and pore oxides) were removed by
putting the wafers in concentrated HF. To make the
pores hydrophilic, they were then cleaned in a Piranha
bath (H2SO4:H2O2), which hydroxylated the silicon sur-
face to make it hydrophilic.

The flow path of fluids and particles through the
membrane is shown in Fig. 5 (adapted from [37]). As
shown, fluids enter the pores through openings in the
top polysilicon layer, travel laterally through the pores,
make a 90° turn, and exit the pores through the bottom
of the pore (where both the top and bottom polysilicon
layers lay on the etch stop layer). While this design
performed well for preventing the diffusion of the
larger, unwanted immune system molecules, its L-
shaped path slowed down and in some cases prevented
the diffusion of the smaller molecules of interest. The
pores in this design were fairly long, which led to the
slow diffusion of the desired molecules. Also, because
of the large area per pore, it was difficult to increase the
pore density and thus the diffusion rate.

2.1.2. Single crystal and straight pores
The next design had an improvement in the produc-

tion of short, straight, vertical pores through a single
crystal base layer. A schematic process diagram of the
design fabrication is given in Fig. 6 (from [37]). As
shown in the diagram, the base layer in the structure is
a heavily boron doped single crystal silicon layer. Dur-
ing the final etch of the wafer in EDP, this layer acts as
an etch stop with a selectivity of greater than 1000:1 to
the undoped silicon. To define the backside holes in the
membrane structure, holes were etched through the
silicon deeper than the calculated doped layer. The thin
sacrificial oxide layer to define the pore size was grown
on the doped silicon and the anchor points to the
polysilicon layer were defined in the oxide by shifting
the same mask by 1 mm from the hole pattern. Thus,
the anchors were located at each pore hole, connecting
the two layers for around half the pore area. A polysil-
icon layer was deposited over the oxide, filling in the
holes and mechanically connected to the silicon base
through the anchor points. The polysilicon layer was
heavily boron doped and the entrance hole to the pores
were defined by shifting the same mask for the holes by
1 mm in the opposite direction from the anchor points.
The entire structure was then protected with PSG, the
etch windows were defined on the backside, and the
wafer was etched in EDP to expose the membrane. The
oxides were removed in HF and the pores were made
hydrophilic in a Piranha bath.

Fig. 5. Flow path through M1 filters, with lateral diffusion through
the nanopores defined by sacrificial oxide ([38]).
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Fig. 7. Cross-section of M2 design showing dirext flow path.

Fig. 9. Micrograph of pores from D1 design with highlighted anchor
points [38].

This design had the advantage of direct flow paths,
as shown in Fig. 7. This direct path allows the smaller
molecules of interest to diffuse much quicker through
the membrane, while still size-separating the larger
molecules. This design also incorporated a shorter dif-
fusion path length, based on the thicknesses of the two
structural layers.

2.1.3. Low stress, straight pores, and precise
geometrical control

To further improve the reliability of the nanoporous
membranes, several basic changes were made in the
fabrication protocol from the M3 membrane design to
eliminate problems with the previous diffused etch stop
layer ([38]). The design of a new membrane fabrication
protocol incorporated several desired improvements: a
well-defined etch stop layer, precise control of pore
dimensions, and a lower stress state in the membrane.
The new protocol also increases the exposed pore area
of the membranes. Fig. 8 shows a schematic representa-
tion of the fabrication protocol (from [38,39]), called
the D1 design.

The major changes from previous protocols were the
use of a buried nitride etch stop layer and the pla-

narization of the outer structural layer to expose the
total pore area. As with all the membrane protocols,
the first step in the fabrication was the etching of the
support ridge structure into the bulk silicon substrate.
A low stress silicon nitride (LSN or nitride), which
functioned as an etch stop layer, was then deposited
using low pressure chemical vapor deposition
(LPCVD). The base structural polysilicon layer (base
layer) was deposited on top of the etch stop layer.
Because the etch stop layer did not fill the machined
ridges, the structural layer was deposited down into the
support ridge, which remained after the membrane was
released and the etch stop layer was removed.

The etching of holes in the base layer was what
defined the shape of the pores. For this research, the
mask consisted of separated square holes (see Fig. 9),
but other pore structures could easily be adapted to this
protocol. In this step, it was important to make sure the
etching went completely through the base layer, so an
overetch was used. It is useful to note that the buried
nitride etch stop acted as an etch stop for the plasma
etching of a silicon base layer. After the pore holes were
defined and etched through the base layer, the pore
sacrificial oxide was grown on the base layer. The
sacrificial oxide thickness determines the pore size in
the final membrane, so control of this step was critical
to reproducible pore sizes in the membranes. The basic
requirement of the sacrificial layer is the ability to
control the thickness with high precision across the
entire wafer. Thermal oxidation of polysilicon allowed
the control of the sacrificial layer thickness of less than
5% across the entire wafer. Limitations on this control
came from local inhomogeneities in the polysilicon,
such as the initial thickness of the native oxide, the
grain size or density, and the impurity concentrations.

Anchor points are defined in the sacrificial oxide
layer to mechanically connect the base layer with the
plug layer (necessary to maintain the pore spacing
between layers). This was accomplished by using the
same mask shifted from the pore holes by 1 mm diago-

Fig. 8. D1 design process: (a) growth of buried nitride layer; (b) base
polysilicon deposition; (c) hole defination in base; (d) growth of thin
sacrificial oxide; (e) patterning of anchor points; (f) deposition of plug
polysilicon; (g) planarization of plug layer; (h) deposition and pat-
terning of protective nitride layer, and through etch; (i) final release
of structure in HF [38].
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Fig. 10. Pore size measurements showing: (a) single 50 nm pore; (b) high magnification image of 50 nm pore; and (c) high magnification of 25
nm pore [38].

nally (see the defined anchor points in Fig. 9). This
produced anchors in one or two corners of each pore
hole, which provided the desired connection between
the structural layers while opening as much pore area
as possible.

After the anchor points were etched through the
sacrificial oxide, the plug polysilicon layer was de-
posited (using LPCVD) to fill in the holes. To open the
pores at the surface, the plug layer was planarized using
chemical mechanical polishing (CMP) down to the base
layer, leaving the final structure with the plug layer only
in the pore hole openings.

As the membrane was ready for release, a pro-
tective nitride layer was deposited on the wafer (com-
pletely covering both sides of the wafer). The
backside etch windows were etched in the protective
layer, exposing the silicon wafer in the desired areas,
and the wafer was placed in a KOH bath to etch. After
the silicon wafer was completely removed up to the
membrane (as evidenced by the smooth buried etch
stop layer), the protective, sacrificial, and etch
stop layers were removed by etching in concentrated
HF.

Fig. 9 shows a cluster of four pores on a membrane
after the release. The square black lines are the pores,
showing the location of the plug layer, and the faintly
visible squares of solid material, false outlined in a
dashed white line, show the location of the anchor
points. This pattern is repeated across the entire mem-
brane surface.

To assess the size of the pores fabricated on the
D1 protocol membranes, both in situ ellipsometry
and post-fabrication microscopy were used. Profiles of
the oxide thickness were taken across the wafer,
and random measurements around the entire wafer
were taken to get a statistical average of the oxide
thickness. After the completed fabrication, the
pore sizes were measured with a SEM at high magnifi-
cation and compared to the expected values from
the oxide thickness measurements. Fig. 10 shows
some of the micrographs obtained for a 25 and a 50 nm
pore.

3. The micromachined immunoisolation biocapsule

The micromachined immunoisolation biocapsule pro-
ject started with the general concept of introducing a
membrane with highly defined pores into a structure
that would allow the microencapsulation of cells for
immunoisolation [40]. The biocapsule consists of two
separate microfabricated membranes bonded together
with the desired cells contained within the cavities. The
cavities containing the cells are bounded at the wafer
surfaces by microfabricated membrane filters with well-
defined pore sizes, to protect the cells from the larger
molecules of the body’s immune system. A schematic
diagram of the microfabricated biocapsule is shown in
Fig. 11, showing the exclusion of immune molecules
(with sizes of ]15nm) while allowing the passage of
insulin and nutrients (sizes of 56 nm).

The basic technology that was developed for the
pores themselves was the use of a sacrificial oxide
sandwiched between silicon layers, thus defining a space
that could be opened by a subsequent etching of the
oxide in HF. To make the complete immunoisolation
capsule, the silicon substrate is etched up to the mem-
brane, leaving a cavity in the wafer with an encapsulat-
ing immunoisolation membrane. Any of the membranes
fabrication protocols described in the previous section

Fig. 11. Diagram of basic microfabricated immunoisolation biocap-
sule concept.
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Fig. 12. One-half of immunoisolation biocapsule.

Fig. 14. Top views of micromachined membranes showing entry ports
with diffusion channels underneath [43].

could be used. For the majority of the in vitro and in
vivo biocapsule studies, the M2 design was used. This
yields a final biocapsule with dimensions of: 1100 mm in
thickness, 4×4 mm in lateral dimensions, membrane
area of 10.4 mm2, cavity volume of approximately 10
ml, and a membrane thickness of 9 mm (Figs. 12–14).
Isolated islets are suspended in an alginate matrix (2%)
to keep cells evenly dispersed. This suspension is gently
pipetted into a half-capsule and joined by another
half-capsule by an adhesive (medical grade silicone
elastomer) to form the full capsule. Prior to use, bio-
capsules are stored in culture dish wells under appropri-
ate culture conditions (incubation at 37°C, 5% CO2, in
1 ml of RPMI complete medium+10% fetal bovine
serum).

3.1. Biocapsule loading and assembly

One major challenges associated with the microfabri-
cated biocapsule is the procedure for bonding the two
half capsules together. Due to the close proximity of

cells and living tissue to both the internal and external
capsule interface, the choice for a suitable bonding
agent is nontrivial.

Because the cells are placed in the biocapsule before
the pieces are bonded together, the bonding process
must be able to occur in the presence of the biological
materials to be transplanted without affecting their
functionality. The microelectronics industry has studied
adhesives for standard silicon processing, as needed for
the packaging of Ics, but these materials are not accept-
able due to their processing temperatures, outgassing
problems, or presence of other potentially cytotoxic
substances. While research has been performed exten-
sively on adhesives that can be used in biological condi-
tions, especially for dentistry and surgery, there has
been little work done on bonding techniques that are
specifically non-cytotoxic during the application and
curing process on materials such as silicon. The surface
chemistry of silicon is quite different from traditional
biomaterials and therefore, a biocompatible bonding
agent for silicon is not necessarily readily available, nor
thoroughly investigated.

In our in vitro studies with fully bonded microfabri-
cated biocapsules, the bonding agent used was a medi-
cal grade silicone elastomer (Type A Medical Adhesive,
Factor II Inc.). However, we have also developed alter-
native bonding materials (PPMA, and PEBMA) that
have suitable processing temperatures and biologic
compatibility. Both PPMA and PEBMA are suitableFig. 13. Cross sectional view of the biocapsule membrane.
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bonding agents for the biocapsules. Their non-cytotoxi-
city is clearly sufficient for use in the presence of live
cells ([38]). They both have been used to bond silicon at
body temperature (by pressing two pieces of silicon, one
coated with the polymer, together between the hands of
the investigator), but at that temperature defects be-
come highly relevant. Mechanically, the methacrylates
have shown that once properly bonded, they have more
than sufficient strength for use in the body. By com-
parison, PPMA and PEBMA have higher adhesive
strengths that PMMA, which is currently used as a
bone cement, perhaps one of the most demanding
mechanical applications of biomaterials to date. The
small size of the devices also greatly limits the stresses
that can be experienced, lowering the adhesive require-
ments well below the strengths of most bonding
processes.

Once the membranes were fabricated, the capsule
was made by encapsulating cells within a pocket
defined by the cavities of two. The pancreatic islets
were harvested from neonatal rats using collagenase to
digest the extracellular collagen matrix supporting the
cells. The cells were concentrated in solution by sedi-
mentation for more densely filled capsules. One half of
the capsule was used to hold the cells while the other
half had adhesive applied to the bonding areas. By
keeping the bonding areas on the cell half clean of
biological fluids through careful pipetting, it was possi-
ble to form a hermetic, strong seal between the two
halves. After the adhesive cures or completes its bond-
ing process, the capsules were backfilled with serum
until they were completely filled with fluid and the
pores on both membrane sides were wetted with serum
[41].

3.2. Biocompatibility of nanomembrane and biocapsular
en6ironment

Our preliminary studies centered upon investigating
the general biocompatibility of silicon membranes. Di-
rect cell contact tests and long-term bulk material im-
plants indicated a sufficient degree of long-term
biocompatibility ([42]). In vivo, the biocompatibility of
silicon microimplants was evaluated by implanting
square block samples (3×3×5 mm3) into the pan-
creas, liver, spleen and kidney of adult rats. Specimens
were fabricated either with 2 mm blind filtration chan-
nels cut into the central portions of silicon blocks
coated with polysilicon or single crystal silicon blocks
with no polysilicon coating. For both groups of silicon
microimplants, the surface appearance was the same
both before and after the implantation. There appeared
to be no changes in the mechanical properties of the
implants and no corrosion was observed. The surface of
the samples remained smooth although some of the
wafers displayed slight tissue adherence. The blind

Fig. 15. Cells cultured in arrays of membrane-bounded wells.

filtration channels appeared clear and free from any
obstructions.

The tissue response to the implants was assessed by
light microscopy by a modification of the method de-
veloped by Salthouse. No significant differences were
observed between the two implant types in terms of
chronic tissue response. Although a fibrous tissue cap-
sule was maintained by the continuing presence of the
implant, the surrounding tissue appeared normal and
extremely well vascularized. No gross abnormalities of
color or consistency were observed in the tissue sur-
rounding the implant. In general, the fibrous capsule
was well-formed and displayed little migration. No
necrosis, calcification, tumorgenesis, or infection was
observed at any of the implant sites. Overall, our
biocompatibility studies suggested that silicon sub-
strates were well-tolerated and non-toxic both in vitro
and in vivo, leading to our further studies on islet
encapsulation within biocapsules.

The behavior of different cell types in three-dimen-
sional silicon microstructures was studied using micro-
fabricated half-capsules (or culture wafers) (Fig. 15).
Cytotoxicity tests were performed by examining the cell
morphology, growth, and function of test cell lines
placed in contact with arrays of membranes, with
promising results. The biocompatibility was evaluated
via direct contact tests by cultivating several different
cell lines such as macrophages, fibroblasts, and HeLa
cells, as well as isolated primary islets of Langerhans
both on the wafer surface and within the porous wafer
pockets [42] (Fig. 16). All cells were seeded on silicon

Fig. 16. Pancreatic islet cultured on permselective silicon membrane.
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culture wafers, observed via light microscope, stained
for cell viability and functionality, and counted with a
hemaecytometer. All cell types had normal growth char-
acteristics, morphology, and \90% viability.

Cell functionality has also been studied in microfabri-
cated silicon three-dimensional permselective environ-
ments, with varying pore sizes in the mm- to nm range.
Evaluating antibody secretion from hybridomas and
insulin secretion from rat islets of Langerhans ([41])
monitored cell functionality. The level of antibody se-
cretion from hybridomas cultured on silicon membranes
and in control polystyrene culture wells was similar by
western blot analysis, indicating no apparent impair-
ment of hybridoma function in the culture wafer pock-
ets. Overall, islets in microfabricated silicon pockets and
the control dishes appeared to have similar morphology
and viability. Glucose-supplemented medium was al-
lowed to diffuse to the islets, from underneath the
membrane, to stimulate insulin production and monitor
cell functionality. Similar levels of insulin secretion were
measured for islets within microfabricated cell culture
arrays and on control surfaces suggesting that glucose
was able to sufficiently pass through the pores of the
wafer pockets to stimulate islets for insulin production.
The environment of the silicon pockets showed no
inhibition of islet functionality and insulin secretion, as
compared to control islets [41].

3.3. Diffusion studies

Initial diffusion studies were carried with polystyrene
beads of various dimensions in a two reservoir diffusion
chamber. It was found that biocapsules membranes of
18 nm pore size completely blocked the diffusion of 44
and 100 nm diameter polystyrene beads, while 66 nm
pore sized membranes only blocked 100 nm diameter
beads. No fluorescent signal above baseline was de-
tected in the incubation medium surrounding 18 nm
biocapsules after 1 and 4 days [37].

3.4. Glucose and insulin diffusion

The concentration of insulin, secreted by the islets
through the membrane, into the surrounding medium
was compared between the unencapsulated islets and
the islets on micromachined membranes ([43]). The
concentration of diffused insulin through the membrane
into the medium was compared to the amount of insulin
secreted by unencapsulated islets. The amounts were
similar in concentration and time release suggesting that
glucose was able to sufficiently pass through the pores
of the wafer pockets to stimulate islets for insulin
production.

Results indicated that the insulin secretion by the
islets and subsequent diffusion through the biocapsule
membrane channels was similar to that of unencapsu-

Fig. 17. Insulin secretory profile through differing pore sizes.

lated islets for both 3 mm and 78 nm pore sized
membranes, with insulin diffusion though the mem-
brane occurring within ten minutes of stimulation. Fig.
17 shows the typical insulin release profile in response
to stimulatory (16.7 mM) glucose medium over 1 hour
under static incubation for 78, 66, and 18 nm pore-sized
membranes. This profile indicated that insulin and glu-
cose diffusion occurred at sufficiently high rates
through the microfabricated membrane to ensure nutri-
ent exchange for encapsulated islet cells. These experi-
ments show that no diffusion barrier is formed by the
membrane for glucose and insulin, while taking into
account the effect of rotation on mass transfer.

3.5. IgG diffusion

The data indicated that microfabricated biocapsule
membranes could be tailormade to attain desired IgG
diffusion kinetics. At the same time, the complete dese-
lection of IgG requires absolute pore dimensions below
18 nm. This refines the previous understanding that
pore in the range 30–50 nm would suffice to provide
membrane-based immunoisolation [7]. With reference
to the data reported in Fig. 18, it is noted that the
percent of IgG diffusion (concentration of IgG that
passes through the membrane) was less than 0.4% after
24 h and 2% after over 150 h through the 18 nm
membranes. Compared to commonly used polymeric
membranes, this rate was several times smaller indicat-
ing superior immunoprotection. For example, Dionne
et al. measured an IgG concentration of 1% after 24
hours through poly(acrylonitrile-co-vinyl chloride)
membranes with a molecular weight cut-off of :80 000
MW ([44]). Although the IgG molecule has a molecular
weight of approximately 150 kD, studies have disagreed
on the actual dimensions of the molecule, estimated to
be tens of nm or less. For example, Wang and col-
leagues (1997) investigated permeability of relevant im-
mune molecules to sodium alginate/poly-L-lysine
capsules and found that significant amounts of IgG
(close to 40%) passed through both 230 and 110 kD
membranes in 24 h [12].
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3.6. Islet immunoprotection

As shown in Fig. 19, the 18 nm biocapsules seem to
provide significant immunoprotection to those islets
encapsulated within its semi-permeable membrane. Af-
ter 2 weeks in culture with antibodies and serum com-
plement, islets in microfabricated biocapsules
maintained close to original glucose stimulated insulin
secretory capability even after 2 weeks in the presence
of antibodies and complement. Islets immunoprotected
by 18 nm pore-sized membrane maintained their func-
tionality better than those in 78 nm pore sized biocap-
sules, confirming that greater immunoprotectiveness
was offered by 18 nm membranes. In contrast, there
was a marked decrease in baseline and stimulated re-
sponse in free islets.

3.7. Studies on the short-term immunoisolation of
insulinoma xenografts

Microfabricated biocapsules incubated in vitro for 8
days showed stimulus secretion coupling of glucose and
insulin for encapsulated insulinoma cells (Table 1). As
shown in Fig. 20, the static incubation study resulted in
insulin secretion from the microfabricated biocapsules
containing RIN cells in response to basal glucose levels
and stimulatory glucose (2.8 mmol/l) levels. The stimu-

Fig. 19. Insulin secretion of islets within different pore-sized biocap-
sules and unencapsulated incubated for (a) 2 weeks with seerum
complement/antibody solution (20 islets/biocapsule, n=6) and (b)
over 1 month [41].

latory index (SI=stimulatory/basal insulin secretion) in
picograms (pg) for RIN cells in 18 nm pore-sized
microfabricated biocapsules was approximately 1.9. In
66 nm pore-sized biocapsules, the basal value was
12.095.65 and jumped significantly to 71.3917.25
under stimulatory conditions, a 5.9-fold increase. Simi-
larly, encapsulated bTC6F7 cells also displayed basal
and stimulatory (16.7 mmol/l) insulin release, with a SI
of 4.3 for 18 nm pore-sized biocapsules. Biocapsules of
66 nm pore-size containing bTC6F7 cells had a SI value
of 9.2 in vitro [45].

3.8. In 6i6o study

Microfabricated biocapsules filled with either RIN or
bTC6F7 cells were also implanted into mice. After 8

Fig. 18. IgG diffusion through microfabricated biocapsules of (a)
three different pore sizes and (b) 18 nm pore-sized membrane [43].

Table 1
Insulin secretion from glucose stimulated biocapsules where SI=
stimulatory index (stimulatory insulin secretion over basal insulin
secretion)

SI (66 nm)SI (18 nm)Cell

In vitroRIN 1.590.4 1.790.2
In vitro 1.990.05 5.990.9
In vitrobTC6F7 3.690.3 1.790.2
In vitro 4.390.7 9.290.5
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Fig. 20. In vitro insulin secretion from RIN and bTC6F7 filled
biocapsules in response to basal and stimulatory glucose levels. Mean
values are expressed in pg insulin released (9SD) per 18 or 66 nm
pore sized biocapsule [46].

taken up by the immune system while encapsulated
insulinoma cells survived and maintained functionality
(Fig. 21).

Several issues regarding microfabricated biocapsule
implantation and effectiveness were revealed in these
experiments. Insulinoma cells did maintain their viabil-
ity within microfabricated biocapsules over the studied
period. However, it was shown that encapsulated
bTC6F7 cells in vitro maintained a greater stimulatory
insulin response than in vivo. Also, the size of the pores
of the biocapsule greatly affected the secretory re-
sponse. The lower insulin response in the 66 nm biocap-
sules implanted compared to the implanted 18 nm
biocapsules could be attributable to the penetration of
immune molecules through the relatively larger mem-
brane pores and subsequent attack of encapsulated
insulinoma cells. The effective size of antibody and
complement components of the immune system has
been hypothesized to be between 20 and 50 nm. Previ-
ous studies on biocapsules have suggested that pore
sizes smaller than 100 nm are effective in hindering
passage but still do not completely block immune
molecules from reaching the target cell [23]. Therefore,
it is likely that a pore size of 66 nm still allows passage
of immune molecules. Comparing the stimulatory in-
dices of bTC6F7 cells in 18 and 66 nm pore-sized
capsules in vitro, we find that the indices are approxi-
mately 4 and 9, respectively (Table 1). This suggests
that the larger pores of the 66 nm capsules are more
effective in facilitating nutrient diffusion to the encap-
sulated cells, leading to greater cell viability. This be-
havior is echoed in the case of RIN cells in 6itro, where
indices are approximately 2 and 6 for 18 and 66 nm
biocapsules, respectively.

Turning to the explanted biocapsules, we observed
stimulatory indices of approximately 4 and 2 for

days of intraperitoneal implantation, glucose stimulated
insulin secretion from the retrieved biocapsules was
examined under static conditions ([46]). Microfabri-
cated biocapsules were easily located in the abdominal
cavity of laparotomized mice. Three biocapsules re-
mained in the original implantation site, while the
remaining biocapsules migrated to either the abdominal
cavity, bowel loops, or mesentery. Nonetheless, all bio-
capsules seemed mechanically intact with no macro-
scopic changes in surface architecture or properties.
Tissue surrounding the biocapsules found in their origi-
nal implantation site showed no abnormalities while
tissue around two of the migrated biocapsules displayed
minor neutrophil infiltration. This could reflect poor
surgical implantation or sterile techniques. Some cap-
sules (n=4) had agglutinated during their migration
but were mechanically intact nonetheless.

In vivo, the bTC6F7 cells remained viable in micro-
fabricated environments. The stimulatory index for 18
nm and 66 nm pore size microfabricated biocapsules
was 3.6 and 1.75, respectively. The xenogeneic RIN
cells encapsulated in 18 nm biocapsules were also able
to maintain their functionality and displayed basal and
stimulatory insulin secretion of 2.2390.12 and 3.109
0.5, corresponding to a stimulatory index of approxi-
mately 1.5. In 66 nm pore sized biocapsules, RIN cells
had a stimulatory index of approximately 1.7. In con-
trast, the freely injected RIN and bTC6F7 cells were
undetectable in the peritoneum as well as in any other
organ (liver, kidney, lungs, or brain) as determined by
careful autopsy. The peritoneum is known to elicit a
strong immune reaction to these free insulinoma cells.
Viable free insulinoma cells are expected to form a
tumor nodule. However, it was nonetheless observed
that all 2×105 free insulinoma cells were completely

Fig. 21. Insulin secretion from RIN and bTC6F7 filled biocapsules in
response to basal and stimulatory glucose levels after 1 week in-
traperitoneal implantation. Mean values are expressed in pg insulin
released (9SD) per 18 or 66 nm pore sized biocapsule [46].
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Fig. 22. Unencapsulated islet with lymphoctic infiltration (left) and
immunoprotectd islet encapsulated within micromachimed biocapsule
(right) after 2 week implantation.

and Microfab BioSystems (MF). Special thanks to the
Berkeley Microfabrication Laboratory where much of
this work was performed.
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