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Abstract 

The goal of encapsulated cell therapy research is to develop implants containing living xenogeneic cells to 
treat serious and disabling human conditions. The enabling concept is straightforward: cells or small clusters of 
tissue are surrounded by a selective membrane barrier which admits oxygen and required metabolites, releases 
bioactive cell secretions but restricts the transport of the larger cytotoxic agents of the body's immune defense 
system. Use of a selective membrane both eliminates the need for chronic immunosuppression in the host and 
allows cells to be obtained from non-human sources, thus avoiding the cell-sourcing constraints which have limited 
the clinical application of general successful investigative trials of unencapsulilted cell transplantation for chronic 
pain, Parkinson's disease, and type I diabetes. Thrget applications for encapsulated cell therapy include these 
same disorders as well as other disabilities caused by loss of secretory cell function which cannot be adequately 
treated by current organ transplantation or drug therapies and conditions potentially capable of responding to local 
sustained delivery of growth factors and other biologic response modifiers. Several types of device configurations 
are possible. Here we focus on easily retrieved, non.vascularized, macrocapsules. Such devices have four basic 
components: a hollow fiber or flat sheet membrane (usually thermoplastic based), cells (primary or dividing), and 
extracellular matrix (natural or synthetic) to promote cell viability and function, and other device components 
such as seals, tethers and radio-opaque markers. Choice of membrane and extracellular matrix polymers as well as 
issues surrounding implantation and biocompatibility evaluation are complex, inter-related, and ultimately driven by 
implantation site and delivery requirements. Cross species immunoisolated cell therapy has been validated small and 
large animal models of chronic pain, Parkinson's disease, and type 1 diabetes and is under active investigation by 
several groups in animal models of Huntington's, Hemophilia, Alzheimer's, ALS, and other CNS disorders. 
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1. Introduction 
ub· 

md The tenn biomaterials encompasses all ma

ina. 
Iex	 terials used for medical applications. This term 
S% 	 includes materials that are in direct contact with 

living systems (intracorporeal) as well as sys
lIlr

• Corresponding author. 

tems whose function is outside the body (extra
corporeal). Biomedical materials include metals, 
ceramics, natural polymers (biopolymers), and 
synthetic polymers [1]. The terms biodegrad
able, bioerodible, bioacceptable and biocompati
ble are associated with many of these materials. 
For the purpose of this review, the term biocom
patible will deal with the quality of the response 

0923-1137/951$09.50 © 1995 Elsevier Science B.V. All rights reserved. 
SSDI0923-1137(94)00097-2 

http:0923-1137/951$09.50


208 F.T. Gentile et al.! Reactive Polymers 25 (1995) 207-227 

of the host tissue to an implanted material while 
the terms biodegradable or bioerodible will deal 
with materials which are designed to last only a 
specific time after implantation. 

Much of biomaterials research stems from 
major efforts to investigate clotting phenomena 
related to the response of blood in contact with 
polymeric surfaces (originally for dialysis mem
branes and other extracorporeal circuits), and to 
develop systems with non-thrombogenic behav
ior in short- and long-term applications. These 
systems can be used as implants or replacements, 
and they include artificial hearts, lung oxygena
tors, hemodialysis systems, artificial blood ves
sels, small (:s4 mm in diameter) and large (>4 
mm) vascular grafts, artificial skin, wound heal
ing agents, catheters, and some drug-delivery 
systems. These uses encompass the majority of 
research into the areas of biomaterials. 

Recently, more attention has been focused on 
a new class of biomaterials used in tissue en
gineering: cell-containing artificial organs, based 
upon diffusion of key substances, which are ei
ther directly connected to the vascular system or 
implanted in tissue (e.g. subcutaneous or inter
parenchymal) or non-blood fluid (e.g. cerebral 
spinal fluid (CSF) or intraperitoneal fluid). 

Much of the general biomaterial criteria de
veloped over the last two decades [1,2] can 
be applied to this new area. Issues involved 
when choosing biomaterials for cell transplan
tation are: (1) chemical composition and chem
ical modification; (2) physical properties such 
as surface morphology, mechanical strength, and 
stability; (3) toxicology testing such as local tis
sue response, systemic responses, pyrogenicity, 
carcinogenicity and teratogenicity (see also Food 
and Drug Administration guidelines such as m
partite testing [3]); (4) manufacturing; and (5) 
sterilization. These issues, as they relate to bio
artificial organs, are illustrated in Table 1. 

1.1. Delivery ofactive substances to specific sites 

A growing area of interest for implantable 
biomaterials is the ability to deliver active sub-

Thble 1 
Major tests of physical properties for materials to be used for 
bio-artificial organs 

General in vivo material properties 
Non-toxic 
Non-carcinogenic 
Non-teratological 
Sterilizable 
Non-biodegradable (unless desired) 
Not induce inflammatory reactions 
Not cause thrombosis 
Not alter the stability of biological fluids 

Membrane properties 
Biocompatibility 
Protein adsorption 
Stability of transport properties 
Satisfactory mechanical properties in tension, compression, 

and shear 
Processable in a wide range of geometries and morphologies 

Matrix properties 
Chemical stability 
Lack of toxicity to the cells 
Inereases cell product output 
Stabilizes cells 
Allows easy refilling 

Device material properties 
Provide reproducible scals and easy closure to the device 
Seals are no more permeable than the membrane material 

and testable prior to loading with cells 
Materials are non-toxic to eells or host 
Materials do not eause damage to the membrane when 

attached 
Satisfactory mechanical properties in tension, compression, 

and shear 
Allows the incorporation of a radio-opaque marker 

stances to specific sites in vivo. 1taditionally this 
area has been dominated by degradable and non
degradable polymer capsules containing one or 
more drugs. The substances are mixed in with a 
polymer matrix during fabrication and then re
leased over time through the material or as the 
material degrades. Proper control of the release 
kinetics is important. One example is the zero 
order release kinetics achieved in ethylene-vinyl 
acetate copolymer (EVAC) rods or patches [4,5]. 

Another category of delivery systems encom
passes indwelling catheters or pumps. In most 
cases, the active agent is stored ex vivo and 
delivered to the in vivo location through the 
implanted system. In other cases, a depot or 

reservoir of the agent i 
taneous site for easy ac, 

The type of delive~ 
have most recently fO! 
active substances to spe 
organs comprised of a 
component encapsulate 

The goal of encap 
search is to develop if 
xenogeneic or allogem 
and disabling human ( 
concept is straightforwa 
of tissue are surround 
brane barrier which all 
of oxygen and other r, 
leases bioactive cell sec 
transport of the larger 
body's immune defensf 
lectively permeable mel 
the need for chronic im 
host and allows cells to 
human sources, thus a'\ 
constraints which have I 
cation of successful inv1 
capsulated cell transplan 

Target applications fc 
apy include chronic pain 
type I diabetes as well as 
by loss of secretory cell f 
adequately treated by c 
tation or drug therapies 
potentially capable of It 
tained delivery of grOWl 
ologic response modifi( 
this approach. Cross-S] 
cell therapy has been val 
animal models of chror 
disease [7], type I diabet 
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of Huntington's diseasf 
Alzheimer's disease [H 
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est to human clinical PI( 
been treated in humans 1 
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reservoir of the agent is implanted in the subcu
:ed for taneous site for easy access. 

The type of delivery system that researchers 
have most recently focused on for delivery of 
active substances to specific sites are bio-artificial 
organs comprised of a membrane and a cellular 
component encapsulated within the membrane. 

The goal of encapsulated cell therapy re
search is to develop implants containing living 
xenogeneic or allogeneic cells to treat serious 
and disabling human conditions. The enabling 
concept is straightforward: cells or small clusters 
of tissue are surrounded by a selective mem
brane barrier which allows unhindered passage 
of oxygen and other required metabolites, re

logies leases bioactive cell secretions, but restricts the 
transport of the larger cytotoxic agents of the 
body's immune defense system. The use of se
lectively permeable membranes both eliminates 
the need for chronic immunosuppression in the 
host and allows cells to be obtained from non
human sources, thus avoiding the cell-sourcing 

ce constraints which have limited the clinical appli
:rial 

cation of successful investigative trials of unen
capsulated cell transplantation. 

Thrget applications for encapsulated cell ther
apy include chronic pain, Parkinson's disease and lion, 
type I diabetes as well as other disabilities caused 
by loss of secretory cell function which cannot be 
adequately treated by current organ transplan
tation or drug therapies. In addition, conditions 

ythis potentially capable of responding to locally sus
non tained delivery of growth factors and other bi

Ile or ologic response modifiers can be treated with 
nth a this approach. Cross-species immuno-isolated 
n re cell therapy has been validated in small and large 
s the animal models of chronic pain [6], Parkinson's 
lease disease [7J, type I diabetes [8-13] and acute liver 
zero failure (extracorporeally) and is under active in
vinyl vestigation by several groups in animal models 
~4,5]. of Huntington's disease [14], hemophilia [15], 
::om- Alzheimer's disease [16-18], amyotrophic lat
most eral sclerosis (ALS) [19J and epilepsy. Of these, 
and chronic pain and acute liver failure are the clos
the est to human clinical products. Chronic pain has 

It or . been treated in humans using intrathecal implan

tation of xenogeneic adrenal chromaffin cells 
which secrete catecholamines and enkephalins 
in humans. This trial represents the record for 
xenograft function in humans (40-160 days). It 
is important to note that no immunosuppressive 
agents were administered [20]. 

Much attention has been focused on cell 
transplantation in the central nervous system 
(CNS). The use of this approach in both the 
parenchymal and intrathecal spaces (lateral ven
tricle and lumbar intrathecal) has particular 
strong advantages. First, it provides site-specific 
delivery of various agents. Many of the factors of 
interest do not cross the blood-brain barrier (e.g. 
dopamine for Parkinson's patients) or have a rel
atively short half-life (e.g. dopamine and ciliary 
neurotrophic factor (CNTF) , for ALS patients). 
Second, encapsulation provides the added safety 
benefit of being, in some forms, retrievable. Th
ble 2 shows the patient population for some of 
the CNS disorders for which delivery of various 
factors may be possible through encapsulated 
cells). 

Encapsulation of tissues has generally taken 
two forms: microencapsulation, where one or 
several cells are encapsulated in many spheri
cal dispersions (100-300 /Lm in diameter) and 
macroencapsulation (intravascular and extravas-

Table 2 
Prevalence of central nervous system disorders which may be 
treated via encapsulated cells a 

Indication Prevalence (U.S. only)b 

Dementias 4,000,000-5,000,000 
(Alzheimer's disease) (3,000,000-4,000,000) 

Parkinson's disease 800,000 
Amyotrophic lateral sclerosis (ALS) 25,000 
Huntington's disease 12,000-25,000 
Brain tumor (all types) 1,000,000 
Chronic pain 600,000 
Multiple sclerosis 200,000-500,000 
Epilepsy 2,000,000 

• Adapted from Swen et a!. [21]. 

b Sources: National Parkinson Foundation, Parkinson's Dis

ease Foundation, National Information Center for Orphan 

Drugs and Rare Diseases (ODPHP), National Health Infor

mation Center, and National Institute of Neurological Disor

ders and Statistics. 
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(A) Extravascular 
Chambers 

(8) Spherical
Dispersions
"Microcapsules" 

(C) Fibers or Disks 
"Macrocapsules" 

Fig. 1. Classes of immuno-isolatory vehicles. A: extravascular chambers. These chambers are directly connected into the vascular 
system. Flow is through the hollow fiber(s) and the cells are located in a sealed compartment around the fibers. One or more 
chambers are required. B: spherical dispersions ( microcapsules). One cell cluster or a smaIl number of cells or cell clusters are 
surrounded by hydrogel forming polymers (crosslinked or not). Selectivity is achieved by tightly crosslinking the hydrogel or 
by binding other polymers to the hydrogel surface. C: macrocapsules. Large numbers of cells or cell clusters are encapsulated 
within the lumens of hollow fibers or between two flat-sheet membranes. Disks or rods are implanted directly into tissue or into 
non-blood fluids. 

cular), where large numbers of cells or cell clus
ters are transplanted in one or several relatively 
large capsules (for hollow fibers, typical dimen
sions are 0.5-6 mm in diameter with a total 
length of 0.5-10 em). Advantages of the latter 
approach include better mechanical and chemi
cal stability and ease of retrievability if warranted 
or desired. See Fig. 1 for a schematic view of 
these devices. 

Table 3 summarizes the advantages and dis
advantages of these systems along with other 
delivery technologies. The main advantages of 
erodible drug-delivery systems or depot systems 

Direction of 
Blood Flow 

Cell Chamber 

Direction 01 
Product Flow Small Number 

01 Cells 

large Number of Cells 

Direction of Nutrient Flow 

Direction of 
Nutrient Row 

Membrane 

Cell 

such as catheters or pumps, are the relative ease 2. Polymeric membran 
of the surgical procedure and the high control fabrication 
over dose, especially over the short term. Where 
cell delivery systems, especially macroencapsu- 2.1. Structure-property l 
lation systems, seem to have an advantage are used in macroencapsu/(. 
in 4 basic areas, namely: (1) when the factor of 
interest needs to be delivered over long periods Three basic classes 
of time and has a very short half-life; (2) when for the production oj 
steady-state release of this factor over the time cial organs: (1) the m~ 
period is important; (3) when the factor needs vice components, i.e. 
to be delivered in the eNS, especially beyond the 'device' such as sea 
the blood-brain barrier; and (4) when quick ter- tethers, sutures or oth 
mination of treatment or easy retrieval of the terials used within the 

Thble 3 

Advantages and disadvan: 


System 

Non-cell based delivery 
Erodible drug 
Delivery systems 

Non-erodible drug 
Delivery systems 

Catheters/pumps 

Cell-based delivery 
General 

Microcapsules 

Macrocapsules 

device is warranted or 
observations, it seems 
capsulated celis has p 
of severe disorders dm 
tion. Each disease Stf 
macroencapsulation S) 
materials and cells for 
the success of each apI 
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Table 3 
Advantages and disadvantages of implantable delivery systems 

System Main advantages Main disadvantages 

Non-cell based delivery 
Erodible drug 
Delivery systems 

er 

Non-erodible drug 
Delivery systems 

nber 

Catheters/pumps 

Cell-based delivery 
General 

Microcapsules 

Macrocapsules 

IFlow 

Single surgical procedure 
Relatively good release in if needed 
in short term 

Retrievable 
Relatively good release in short 
term 

Quick delivery of factor 
Retrievable 

Cells constitutively produce active factor(s) 
Xenogeneic or engineered cells available 

Large number of cells transplantcd with 
small volume 
Relatively good biocompatibility 
Easy implantation 

Large number of cells in single device 
Mechanically strong 
Easily retrieved 
Easily implanted 
Good biocompatibility 

Not easily retrieved 
Poor long-term release kinetics 
Factor may degrade 

Poor long-term release kinetics 
Factor may degrade 

Prone to infections 
External depot not very comfortable to patient 
Factor may degrade 

More complex regulatory issues 

Fragile (degrade) 
Not easily retrieved 
Problematic in CSF fluid 

All cells in one device 
(a problem in device failure - but can be 
overcome using more tban one device) 

device is warranted or desired. Based upon these 
observations, it seems clear that the use of en
capsulated cells has promise for the treatment vascular 

or more of severe disorders due to secretory cell dysfunc
sters are tion. Each disease state may require different 
rogel or 

macroencapsulation systems. Choice of properpsulated 
: or into materials and cells for each disease is critical for 

the success of each application. 

'e ease 2. Polymeric membrane properties and 
:ontrol fabrication 
Where 
capsu- 2.1. Structure-property relationships for polymers 
ge are used in macroencapsu/ation 
;tor of 

Three basic classes of materials are required leriods 
for the production of membrane-based artifiI when 
cial organs: (1) the membrane material; (2) dee time 
vice components, i.e. materials used to create needs 
the 'device' such as seals, radio-opaque markers, teyond 
tethers, sutures or other fasteners; and (3) mack ter
terials used within the membrane as a scaffold of the 

or immobilizing agent for the cells (i.e. a cell 
matrix). 

It is important that the membrane material 
and selective membrane properties stay within 
an appropriate range over time. Membrane 
degradation involves the changing of both the 
physical and transport properties over time due 
to its interaction with the in vivo environment. 
The main properties that can be changed are 
the pore sizes (what can get through and what 
cannot) and the diffusive mass transfer coeffi
cients (how fast things can get through the mem
brane). 

A wide variety of membrane materials can be 
used for these types of artificial organs. One of 
the more extensively used materials for this ap
plication is poly( acrylonitrile-co-vinyl chloride) 
(P(AN-VC)), a statistical copolymer made from 
acrylonitrile and vinyl chloride monomers, used 
in artificial organs for the following reasons: 

history in medical applications (used for 
hemofiltration); 
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- long history in research application for artifi
cial organs; 

- in vivo stability; 
- no inflammatory tissue response (when prop

erly prepared) in multiple implant sites; 
- can be manufactured by a phase-inversion 

process; 
- membranes with appropriate transport pro

cesses have sufficient mechanical strength for 
most implantation and explantation proce
dures; 

- the acrylonitrile (AN) monomeric units on 
the chain give P(AN-VC) membranes a de
gree of hydrophilicity not found in most ther
moplastic materials (thus, P(AN-VC) mem
branes do not adsorb as much protein as 
other materials. 
Other candidate materials include poly (ac

rylonitrile) (PAN), poly( sulfone) (PS), poly 
(ether sulfone) (PES), poly(vinylidine difluoride) 
(PVDF), poly(amides), poly(carbonate) (PC), 
poly(ether imides), poly(propylene) and poly 
(ethylene). The following sections will cover in 
more detail the issues involved in the use of 
membranes, extracellular matrices, and in vivo 
evaluation of these materials. 

2.2. Membrane preparation for 
macroencapsu/ation 

The physical make-up of membranes used in 
macroencapsulation is determined by: (1) the 
metabolic requirements of the cells to be en
capsulated; (2) the size of the therapeutic sub
stance(s) to be released; (3) the degree of re
quired immunoprotection; and (4) adequate tis
sue biocompatibility. The most critical transport 
properties of membrane are determined by the 
metabolic requirements of the encapsulated cell. 
The membrane must have sufficient passage of 
nutrients for encapsulated cells to remain viable 
and functional. While maintaining cell function, 
the membrane must also have pores that are large 
enough to allow the therapeutic agent free pas
sage to the target site. If the encapsulated cells re
quire immunoprotection the membranes must re

ject the entrance of immunological elements into Sullivan et al. [31] 
the capsule. In addition, membrane morphology proach with a single 
has a strong impact on the biocompatibility at the an implantable artifici 
host/membrane interface. The transport proper- blood is passed. Single 
ties and external morphologies can be manipu- (amide) semipermeat 
lated using techniques described later. been used by Catapanl 

Semipermeable membranes have been used Other endocrine c 
extensively in studies of macroencapsulated Langerhans have be 
insulin-secreting cells for the treatment of type I poparathyroidism [32: 
diabetes. Semipermeable phase-inversion mem- P(AN-VC) membran. 
branes fabricated using a P(AN-VC) polymer the thymus by Christe 
have been used to encapsulate insulin secreting evaluated with a simila 
cells by Scharp et al. [11,13], Hegre et al. [22], Microporous PS fib 
and Altman et al. [23]. The technique employed as extracorporeal devil 
by these groups involves placing the islets of atocytes for use as ~ 
Langerhans containing insulin-secreting p-cells Heparinized blood Vi 

in a sealed hollow fiber membrane which allows cartridge to increase 
the insulin to be secreted via a glucose stimu- metabolites. Macrocat: 
Ius while maintaining cell viability by oxygen and for the treatment of gr 
nutrien~ diffusing into the implant. for chronic pain [6,19,~ 

Similar approaches to the encapSUlation MacroencapsulatiOi 
of insulin-secreting cells have been under- of neurodegenerative 
taken using microporous membranes fabri- son's disease in rodent! 
cated with poly(urethane) [24] and poly(2- has been studied by A 
hydroxyethyl methacrylate) (PHEMA) [25]. The used P(AN-VC) as thl 
poly(urethane) membrane was formed by disso- capsulation and transI 
lution of an entrapped pore-former, whereas the crete nerve growth fac 
PHEMA membrane was formed by a crosslink- al. [16] and Winn et al 
ing agent. lesioned rat have deml 

Macroencapsulation of islets has also been forebrain cholinergic Il 
studied in devices that are intravascular, whether dated with learning a 
implanted or extracorporeal. Although still diffu- Alzheimer's disease. 
sion based, a connective component may also be 
present in this system (e.g. Colton et at. [26] and 2.3. Membrane manufa 
Catapano et al. [27] have argued that Starling 
flow is possible in these devices). The design of Phase inversion 
these devices places the cells around the mem The majority of th 
brane and blood is passed through the mem (UF) and rnicrofiltrati, 
brane lumen. The P(AN-VC) copolymer have to encapsulate cells ar 
been used in studies involving multiple fiber mogenous polymer sol 
cartridges, primarily by Chick et at. [8]. Other UF membranes have 
membrane materials such as semipermeable PS nm to 0.1 JLm, while N 
membranes have been evaluated by Sun et al. branes have pores ra 
[28,29]. Segawa et al. [30] have also used multi Phase inversion is a VI 

ple fiber devices made with poly(vinyl alcohol) to lowing for the format 
macroencapsulate insulin-secreting cells. wide variety of nomU 
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nts into Sullivan et at. [31] have used a similar ap
,hology proach with a single large-bore membrane in 
yatthe an implantable artificial pancreas through which 
:>roper blood is passed. Single-fiber devices made of poly 
lanipu- (amide) semipermeable membranes have also 

been used by Catapano et al. [27] in this system. 
n used Other endocrine cells besides the islets of 
sulated Langerhans have been studied to treat hy
ftype I poparathyroidism [32] using immunoprotective 
Imem P(AN-VC) membranes. Immunodeficiencies of 
olymer the thymus by Christenson et al. [33] have been 
creting evaluated with a similar membrane. 
11. [22], Microporous PS fiber bundles have been used 
ployed as extracorporeal devices when seeded with hep
lets of atocytes for use as a liver assist device [34]. 
p-cells Heparinized blood was pumped through the 
aUows cartridge to increase the removal of harmful 
stirnu metabolites. Macrocapsules have also been used 
en and for the treatment of growth deficiencies [35] and 

for chronic pain [6,19,20]. 
ulation Macroencapsulation of cells for the treatment 
under- of neurodegenerative diseases such as Parkin
fabri son's disease in rodents and non-human primates 

[JOly(2- has been studied by Aebischer et al. [7,36] who 
;]. The used P(AN-VC) as the membrane material. En
,disso capsulation and transplantation of cells that se
~as the crete nerve growth factor (NGF) by Hoffman et 
Isslink- al. [16] and Winn et al. [18] in the fimbria-fornix 

lesioned rat have demonstrated survival of basal 
) been forebrain cholinergic neurons whose loss is asso
hether ciated with learning and memory disabilities in 
1diffu- Alzheimer's disease. 
lIso be 
:6] and 2.3. Membrane manufacturing techniques 
tarling 
!ign of Phase inversion 
mem The majority of thermoplastic ultrafiltration 
mem (UF) and microfiltration (MF) membranes used 

r have to encapsulate cells are manufactured from ho
~ fiber mogenous polymer solutions by phase inversion. 
Other UP membranes have pore sizes ranging from 5 
hIe PS nm to 0.1 fJ,.m, while MF (or microporous) mem
et al. branes have pores ranging from 0.5 to 3 fJ,.m. 
multi Phase inversion is a very versatile technique al
~ol) to lowing for the formation of membranes with a 

wide variety of nominal molecular weight cut

otIs, permeabilities and morphologies [37]. The 
morphology and membrane properties depend 
on thermodynamic parameters and kinetics of 
the process. The polymer is dissolved in an ap
propriate solvent. The solution is then cast as 
a flat sheet or extruded as a hollow fiber. As 
part of the casting or extrusion procedure, the 
polymer solution is precipitated by a phase tran
sition which can be brought about by a change 
in temperature or solution composition. This 
process involves the transfer of a single-phase 
liquid-polymer solution into a two-phase system 
that consists of a polymer-rich phase that forms 
the membrane structure and a second liquid
polymer-poor phase that forms the membrane 
pores. Any polymer that will form a homogenous 
solution which, under certain temperatures and 
compositions will separate into two phases, can 
be used. Thermodynamic and kinetic parameters 
such as chemical potential of the components 
and the free energy of mixing of the components 
determine the manner in which the phase sepa
ration takes place [37]. The process can be de
scribed by polymer/solvent/non-solvent ternary 
phase diagrams. 

Thennal gelation phase inversion 
The thermally induced phase-inversion pro

cess utilizes a polymer dissolved at an elevated 
temperature in a latent solvent (one that shows a 
lower solvency for a particular polymer at lower 
temperatures) which will produce a solution that 
will form a gel when cooled due to the loss of 
solvent power by heat removal [38]. The non
volatile latent solvents must then be extracted 
from the gel using another liquid which is a 
solvent for the latent solvent and a non-solvent 
for the polymer. The thermal gelation process 
is capable of yielding asymmetric and isotropic 
microporous and UP structures. 

Diffusion-induced precipitation 
The diffusion-based precipitation requires 

solvent removal which results in the insolubil
ity of the polymer. In one method, the solvent 
in which the polymer is dissolved is removed by 
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evaporation, contact with a non-solvent vapor or 
total immersion in a non-solvent bath. The evap
oration of a volatile solvent as the membrane 
is cast creates a dense homogenous structure. 
The vapor or immersion techniques rely on the 
diffusion of the non-solvent into the solution 
precipitating the polymer due to the decreased 
solubility. 

Post-treatments ofdense films 
Certain types of MF membranes are prepared 

by either mechanical stretching or chemical etch
ing of dense films. For example, Teflon and PTFE 
membranes are prepared by subjecting the films 
to a tensile stress. Another example are PC mem
branes prepared by track etching process [39]. 

The membranes that have been evaluated for 
macroencapsulation have generally been UF or 
MF types. A UF membrane is defined as retain
ing species in the molecular range 300-300,000 
MW depending on the membrane [40]. Most 
xenograft cell transplantations require a UF 
membrane while allografts may be successfully 
encapsulated in MF grade membranes which re
tain species in the range of 300,000 MW to 0.4 
lim and solely inhibit host cell/transplanted cell 
contact. 

2.4. Membrane strength 

The resilience of a medical device in the in 
vivo environment ultimately limits its success. 
The design of the final device configuration will 
determine the extent of strength required from 
the membrane. Note that membrane strength is 
in general inversely proportional to the diffusive 
transport in a homologous series. The membrane 
must also exhibit some degree of flexibility to re
main intact during implantation and retrieval. 
If some other device component is used as a 
strength-bearing member, the choice of mem
brane structure, dimensions, composition and 
materials may be limited to those that optimize 
transport properties. 

If membrane strength is limiting for the over
all device strength, then the membrane must 

be manufactured with certain considerations in 
mind. For example, the membrane dimensions, 
composition and structure may have to be al
tered to increase the strength. Choosing a ma
terial that is inherently stronger (i.e. more or
dered), or has a higher molecular weight with 
which to cast the membrane should increase 
the overall mechanical properties. UP or MF 
membranes can be fabricated with macrovoids 
within the wall or as an open cell foam where 
the microvoids are small and interconnected. 
By incorporating techniques that increase this __--=, 
isoreticulated structure within the membrane 
wall, the tensile strength can be increased. The 
strength can also be improved by increasing the 
cross-sectional area of the membrane by thick
ening the walls. Decreasing the overall mem
brane porosity will also serve to increase the 
overall membrane strength. Examples of both 
macrovoid-containing and isoreticulated struc
tures are shown in Fig. 2A and B, respectively. 

The outer morphology of the membranes 
can be altered during fabrication or by a post
treatment to improve the reaction required

• •• Fig. 2. (A) Scanning electrc 
for a successful Implant. Usmg vanous phase- taining membrane. (B) s~ 
inversion techniques, the outer surface of the isoreticulated membrane str 

membrane can range from a rejecting skin to a 
structure that is large enough to allow cells to (MW ~ 150-500k)). 
enter into the wall itself (approximately 10 lim dently high moleculaI 
in diameter). The combination of proper mem- pose the encapsulated 
brane transport and outer morphologies may cal attack, while one 0 

also be achieved using composite membranes. of necessary nutrients 
Brauker [15], and Boggs et al. [41] have used ing of the membrane 1 
such membranes for the treatment of type I dia- well as the specific cel 
betes. for optimizing an ell( 

cell viability and functi 
3. Membrane characterization 

3.1. Characterization OJ 
The polymer membrane used for cell en

capSUlation serves as a selectively permeable An understanding 
(permselective) barrier. This barrier must pro- mance of a membra! 
vide the appropriate metabolic flux to ensure chemical and physic~ 
cell viability, yet inhibit the transport of host brane. These structu: 
immunological species immunoglobulin G (IgG, complex [42J and dem 
MW ~ 150k), immunoglobulin M (IgM, MW phological characteri2 
~ 900k), and the various complement fractions surements. MorpholoJ 
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Fig. 2 (A) Scanning electron micrograph of macrovoid con
phase taining membrane. (B) Scanning electron micrograph of 
of the isoreticulated membrane structure. 

n to a 
ells to (MW ~ ISO-SOOk». A membrane of insuffi
lO tLm ciently high molecular weight selectivity will ex
mem pose the encapsulated cells to host immunologi

g may cal attack, while one of low flux will deprive cells 
Iranes. of necessary nutrients. A thorough understand
: used ing of the membrane transport characteristics as 
I dia well as the specific cell requirements is essential 

for optimizing an encapsulation membrane for 
cell viability and function. 

3.1. Characterization ofmembrane morphology 
11 en

leable An understanding of the transport perfor
t pro- mance of a membrane must be linked to the 
msure chemical and physical structure of the mem
f host brane. These structure-property relations are 
(IgG, complex [42] and demand a combination of mor
,MW phological characterization and transport mea
ctions surements. Morphological parameters influenc

ing transport behavior include gross dimensions 
(inner diameter, wall thickness, concentricity), 
surface structures (porosity and roughness), and 
transmembrane structures (pore size, pore size 
distribution, bulk porosity, and internal surface 
area). 

Inner diameter and wall thickness are easily 
characterized and documented using an ocular 
micrometer equipped with a video scanner. The 
transmembrane pore size distribution can be es
timated for UF and microporous membranes 
using liquid-liquid and gas-liquid displacement 
measurements, respectively. Surface and trans
membrane morphologies are routinely analyzed 
qualitatively using scanning electron microscopy 
(SEM) and, to a lesser extent, transmission elec
tron microscopy (TEM) and atomic force mi
croscopy (AFM) [42]. Although estimation of 
the pore size and pore size distribution using 
microscopy is difficult due to structure deforma
tions during sample preparation and image dis
tortion at high magnifications, these techniques 
are indispensable for membrane characteriza
tion. 

3.2. Characterization of transport through 
membranes 

The phenomenological transport characteris
tics of an encapsulation membrane can be deter
mined using many different transport measure
ments including hydraulic permeability (HP), so
lute rejection and diffusive coefficient. HP and 
solute rejection relate to convective processes in 
which bulk fluid motion is driven by a trans
membrane pressure difference. Solute rejection 
here is defined by the ratio of concentrations of 
a particular molecular weight species on either 
side of a membrane in a convective process (see 
below). These convective resistances for water 
and solute flow are captured in HP and solute 
rejection measurements, respectively. Diffusion 
is the process by which molecules move from a 
region of high concentration to low concentra
tion via Brownian-like motion. Measurements of 
the convective and diffusive properties of an en
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capsulation membrane will indicate the capacity 
to maintain immuno-isolation. 

Convective techniques 
The HP of a membrane is determined from 

the convective water flux at a set transmem
brane pressure. HP is normalized with respect 
to the exposed surface area and the trans
membrane pressure, resulting in the units of 
flux/area/pressure. Contemporary hemodialysis 
membranes range in HP from 2-6 ml/h m2 

mmHg for low-flux membranes to 10-200 ml/ 
h m2 mmHg for high-flux membranes [43J. This 
performance parameter is proportional to the 
percentage of surface pores which are continu
ous through the membrane wall, and averages 
the pore size, pore size distribution and tortuos
ity into a single parameter. Experimental mea
surements can be compared to theoretical fluxes 
calculated from the Hagen-Pouseille equation 
[42]: 

(1) 

where: Qf = volumetric water flux (m3/s), n = 
number of pores (dimensionless), 11 = viscosity 
(kg/m/s), r = pore radius (m), and 1: = tortu
osity ( dimensionless), I = membrane thickness 
(m), and i\p pressure difference across the 
membrane (N/m2). 

Skin-layer thicknesses for asymmetric UF 
poly(phenylene oxide) (PPO) membranes were 
measured using a solution of colloidal gold parti
cles, and the size distribution of open pores was 
determined by permporometry. Assuming a tor
tuosity of 1, Eq. 1 was then used to calculate wa
ter fluxes for the PPO membranes, which were in 
good agreement with the measured values. This 
comparison of measured and theoretical pure 
water fluxes indicated that the membrane mor
phological parameters found with permporome
try and the colloidal gold particle method were 
relevant for the membrane transport properties 
[42]. 

In another study, pore radii were calculated 
for Nucleopore Til membranes based on water 
flux measurements [44]. These calculations were 

used to estimate the hydrodynamic thickness of Concentration pol< 
adsorbed dextran (negligible), poly( ethylene ox- ary layer formation ( 
ide) (PEO), (6-7 nm) and poly(vinyl pyrolidone) surement can have a 
(PVP) (3-6 nm) used as tracers in diffusion ex- measured rejection Cl 

periments. profiles which represl 

Membrane pore size can also be assessed by membrane instead of 
determining the ultrafiltrate flow rate. The ul- erating flow condition: 
trafiltrate flux, Jf , is defined as the volumetric on the fiber geometry 
flow, Qr, per unit membrane area, A, according menal flow rates to • 
to [45]: rate and setting the p 

concentration polariza 
J f QdA (2) Solutes commonly I 

The rate of solute removal, M, is given by: curves include globul 
(MW ~ 150k), bovin 

M = QfCf (3) (MW ~ 67k), ovalbl 

where Cf is the ultrafiltrate solute concentra- myohglObdinxt(MW ~d ~ 
. h' h' I d h b Ik . suc as e ran an 1J

!lOn, w IC IS re a~ tO t e u b concdent~at~on be run singularly or 
m t he retentate, '--wh, b h sIevmg t' t Py teo serve .. en SIze racers. rotf 
coefficIent, S, accordmg to: I d UV t hcue spec rop Ot, 

S = Cr/Cwh (4) nent solutions and sizl 


... phy coupled with U\ 

The solute relectlOn coefficIent, R, often appears protein mixtures. For 
in the literature, and is defined as: 

R = I-S (5) 

Eqs. 2-5 can be combined to define the solute 
flux, Js, in terms of the ultrafiltrate flux and the 
observed rejection coefficient as: -

(6) 

Therefore, a solute flux through a membrane ... 
r:: 

can be calculated given the ultrafiltrate flux, the CD
'u 

bulk solute concentration and the membrane i 
rejection coefficient for the solute. (J 

o 

A range of solute sizes is used to generate r:: 
a rejection coefficient profile representative of :;:;

o 
uthe membrane. This profile can be character CD
'i'ized by the nominal molecular weight cut-off II: 


(nMWCO), defined as the solute MW reduced 

in concentration by a log order upon convec
tive transport through the membrane (Le. 90% 

rejection). The position of a rejection profile 

(nMWCO) represents an average pore size, 

while the shape of the curve represents the pore lig. 3. Rejeetion curve of a ty( 


size distribution. lSA·treated membrane. 

-~----------------------------------------------------.......................---------------
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Concentration polarization caused by boundess of 
ary layer formation during the rejection meaIe ox
surement can have a tremendous effect on thedone) 

mex- measured rejection curves. To obtain rejection 
profiles which represent the properties of the 
membrane instead of hydrodynamic effects, opled by 
erating flow conditions must be controlled based ne ul
on the fiber geometry. This involves setting lunetric 
menal flow rates to establish a set wall shear mting 
rate and setting the permeate flux to minimize 
concentration polarization. 

(2) Solutes commonly used to generate rejection 
curves include globular proteins such as IgG 
(MW ~ 150k), bovine serum albumin (BSA) 

(3) 	 (MW ~ 67k), ovalbumin (MW ~ 59k), and 
myoglobin (MW ~ 16k) and polysaccharides

entra such as dextran and ficol1. These solutions can 
ration be run singularly or as a mixture of differ
:ieving ent size tracers. Protein detection systems in

clude UV spectrophotometry for single compo
(4) 	 nent solutions and size exclusion chromatogra

phy coupled with UV spectrophotometry for 
ppears protein mixtures. For enhanced sensitivity, en 

(5) 

zymes such as lactate dehydrogenase or pyru
vate kinase can be used with their respective 
enzymatic assay, or a fluorescein-tagged protein 
coupled with fluorescence detection. 

Polydisperse dextran solutions (2000
2,000,000 g/mol) are commonly used to gener
ate membrane rejection curves. Size exclusion 
chromatography with refractive index detection 
is used to analyze reservoir and filtrate concen
trations as a function of molecular weight, and 
fluorescein tagged dextrans with fluorescence 
detection can be used for enhanced sensitivity. 
Membrane fouling issues inherent in protein re
jection curves are minimized using dextran solu
tions due to their low binding capacity to many 
polymeric membrane structures [46]. 

Protein and dextran rejection curves repre
sentative of a P(AN-VC) UF membrane are 
shown in Fig. 3. Three types of rejection curves 
are displayed: protein rejection, dextran rejec
tion of a clean membrane, and dextran rejec
tion for a membrane ultrafiltrated with a BSA 
solution at 4 mg/ml for 30 min. Recent work 

100solute BSA 

~ I{j3nd the 
Oval 

•• •
80 -

';1.(6) -...ilbrane 	 t:: •
,!! 60 •llX,the 	 () 

A·Chy
ilbrane i 

0 
(J 

40:nerate t:: 
0tive of 	 :;:: •MYO ••() • Dextran, Fouled Fiber•G)racter .Ii.'CD 20 • Protein Rejectionscut-off 	 a: 

~duced • Dextran, Unfouled Fiber 

onvec • 
0 ~. 90% 10 100 

profile 
e size, Solute Radii ( A ) 
le pore 	 Fig. 3. Rejection curve of a typical immuno.isolatory hollow fiber using polydisperse dextrans and individual proteins on clean and 

BSA·treated membrane. 
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[47-49] has demonstrated the effect of protein 
adsorption on pore shut-down for PS and PES 
membranes. Fig. 5 shows a decrease in nMWCO 
from 40k to 14k upon exposure to a BSA solu
tion, which is consistent with a decrease in pore 
size with protein adsorption. A comparison be
tween the protein and dextran rejection curves 
based on solute size shows good agreement for 
the BSA-treated dextran curve. 

Diffusive techniques 
The convective MWCO characterization test 

provides information on the membrane sieving 
properties, and is dominated by pressure-driven 
convective transport processes. Molecular trans
port in most immuno-isolation devices is gov
erned by diffusive processes, which are driven 
by concentration gradients instead of pressure 
gradients. The diffusive flux can be described 
according to Fick's law [50]: 

(7) 

where F = diffusive flux per unit area (g/cm2/s), 
Deff = effective diffusion coefficient (cm2/s), and 
6.cl6.x = solute concentration gradient across 
the membrane thickness (g/cm2). Eq. 7 can be 
simplified to the expression: 

(8) 

where the membrane thickness, diffusivity and 
partition coefficient are incorporated into the 
overall membrane mass-transfer coefficient km 

with the units cm/s. 
Eq. 7 states that the diffusive flux is inversely 

proportional to the membrane thickness, but the 
selectivity is independent of the thickness [43]. 
This has led to the development of extremely 
thin membranes which meet the separation re
quirements at an acceptable transmembrane dif
fusive flux (note that the same is true for mem
branes used in convective applications). Com
monly used asymmetric membranes incorporate 
a thin separating layer in series with a support 
substrate. The support substrate provides mini
mal transport resistance, and a majority of the 

mechanical strength. Experimental determina
tion of the device diffusive properties in both 
low- and high-range molecular weight is nec c 

o
';essary to understand the encapsulated cellular c 

environment. CD 
§

Molecular transport across an immuno ~ 
isolation device is influenced by the steric re
pulsion supplied by the pores of the mem
brane as well as the bulk porosity. Diffusive 
properties of smaller molecular weight species 
are governed by the overall membrane porosity, 
while larger molecular weight diffusive proper
ties are governed by the membrane pore size. 
Thchniques have been developed [51] to mea
sure the diffusive mass transfer for high-flux 
low-molecular-weight species (180-1000 MW) as 
well as low-flux high-molecular-weight species Fig. 4. Large molecular weig: 
(60,000-150,000 MW) for P(AN-VC) hollow the membrane relative to thl 

fiber membranes. 
The experimental apparatus for small molec- of dextran across a P( 

ular weight diffusion measurements involves a respect to diffusion th: 
dialysis set-up in which a tracer solution flows of dextran molecular \\ 
around the outside of the fiber, while a sampling 
solution flows down the fiber lumen. These flow 4. Materials for cell en 
rates are adjusted to minimize boundary layer 
formation on both the inside and outside of the The extracellular II 
fiber. Diffusion coefficients are calculated from duced by cells has be 
the concentration difference between lumen and cell growth and diffel 
bath at a set lumen flow rate. This test was tissue strength and st 
developed to measure the diffusion coefficients specific binding sites h 
for glucose (MW = 186), vitamin B12 (MW = cell-ECM interface wi 
l.3k), and cytochrome c (MW = 13.4k) through hesion [55]. The matn 
relatively higher water flux membranes. encapsulation aim to I 

For the large molecular species membrane re- properties of the extral 
sistances are far greater than the boundary layer In cell encapsulatic 
resistances, and thus the experimental design be provided for the 
does not involve flow [52]. The measurement ity, function, and gro\\ 
can be made with the tracer diffusing across the matrix material is me, 
membrane in either direction, both directions mitotically active cells 
resulting in the same value for the diffusion coef- propriate environment 
ficient. This test has been developed to measure dependent cells may re 
the protein species myoglobin, BSA, and IgG to grow, whereas suspc 
and dextran species with molecular weights from synthetic and naturall: 
50,000 to 300,000 MW. To enhance the sensitivity rials have been used 
of the measurement, fluorescently tagged species configuration of the m 
were used. Fig. 4 shows a graph for the diffusion its effectiveness and 1 

\ .. 
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;pecies Fig. 4. Large molecular weight diffusion curve for a typical immuno-isolatory hollow fiber. Diffusion coefficient of dextran through 
hollow the membrane relative to that of water. 

of dextran across a P(AN-VC) membrane with molec
respect to diffusion through water as a function )lves a 
of dextran molecular weight. 1 flows 

mpling 
~e flow 4. Materials for cell encapsulation 
y layer 

The extracellular matrix (ECM) that is proof the 
duced by cells has been shown to affect both dfrom 
cell growth and differentiation [53] as well asen and 
tissue strength and structure [54]. In addition,:st was 
specific binding sites have been identified at theficients 
cell-ECM interface which allow cell-matrix ad'vf.W= 
hesion [55]. The matrix materials chosen for cell luough 
encapsulation aim to mimic at least some of the 
properties of the extracellular matrix. ane re

In cell encapsulation, a matrix material may ylayer 
be provided for the cell to sustain its viabildesign 
ity, function, and growth or differentiation. Therement 
matrix material is meant to provide primary oross the 
mitotically active cells (cell lines) with the apections 
propriate environment. For example, anchoragen~oef
dependent cells may require a substrate on whichleasure 
to grow, whereas suspension cells may not. Both Id IgG 
synthetic and naturally occurring matrix matets from 
rials have been used to mimic the ECM. TheIsitivity 

species configuration of the matrix material determines 
ffusion its effectiveness and usefulness in a given ap

plication. Micro- and macroencapsulation tech
niques are discussed below with emphasis on the 
different materials used. 

4.1. Microencapsulation 

A number of academic and industrial re
searchers have developed polymer microbe ad 
technology for cell encapsulation. Microencap
sulation involves the formation of a semiperme
able membrane around a given substance, in this 
case viable cells. The microencapsulated mate
rial is bead-shaped on the order of 200-2000 
IJ.,m. In microencapsulation, as in macroencap
sulation (described in more detail below), the 
long-term stability of the material under physio
logical conditions is essential. The microcapsule 
must be permselective with a cut-off less than 
approximately 100,000 MW to allow the passage 
of nutrients and oxygen without allowing that 
of immunoglobulins. Additionally, the material 
must be biocompatible such that a fibrous re
action of the host tissue is not evoked. Such 
a reaction will not only further decrease the 
diffusive flux through the semipermeable mem
brane and thereby deny the cells within of essen
tial nutrients, but also the cells in such a layer 

pi III 
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will compete for nutrition with the transplanted 
cells. 

Microcapsules were prepared for the delivery 
of proteins [56] and later for cell encapsulation 
[57]. The latter researchers prepared microbe ads 
of islet cells in sodium alginate crosslinked in cal
cium chloride, coated with poly(L-lysine) (PLL) 
and then poly( ethylene imine). The beads were 
prepared by co-extruding a slurry of cells and 
alginate through a syringe needle, into an aque
ous solution containing calcium chloride which 
crosslinked the alginate, thereby causing it to gel 
upon immersion. Further research was done with 
cell-encapsulated alginate microbeads for xeno
geneic transplantation of islets [58], pheocro
mocytoma (PC12) cells [59] and bovine adrenal 
chromaffin cells [60]. The biocompatibility of the 
alginate microcapsules was reportedly improved 
by exposing crosslinked alginate micro spheres to 
PEG-grafted PLL [61] or by grafting hydrox
yethyl methacrylate (HEMA) to alginate prior to 
crosslinking it in calcium chloride [62]. 

In addition to alginate, other materials have 
been used for microencapsulation of cells. For 
example, agar, agarose, carrageenan, chitosan, 
polyacrylamide, gelatin, fibrinogen, and collagen 
were used to encapsulate both suspension and 
anchorage-dependent animal cells, plant cells, 
bacteria, algae, and fungi [63]. The polymer 
beads were prepared by dispersing an aqueous 
solution of polymer and cells in an organic phase. 
In a similar study, islet cells were suspended 
in agarose which was extruded from a syringe 
into a cooled bath of paraffin oil [64]. These 
beads were then further coated with polyacryl
amide by polymerizing acrylamide photochem
ically in situ and in the presence of bisacry
lamide. Agarose-encapsulated islet cells have 
shown a favorable insulin response to glucose 
[65]. While the agarose displayed good biocom
patibility and diffusion results, it failed to provide 
the cells with the immuno-isolation required in 
allogeneic and xenogeneic transplantation. Con
versely, PEG microbeads were found to be both 
biocompatible and immunoprotective [66]. Cells 
were suspended in multi-armed PEG-acrylate 

with ethyl eosin and triethanolamine which was 
then polymerized in situ by exposure to UV irra
diation [66]. 

The microcapsules offer the cells an optimal 
geometry (Le. high surface to volume ratio) for 
diffusion of nutrients and oxygen which enhances 
cell survivability. However, the implanted micro
capsules are subject to degradation, difficult to 
retrieve and may block the flow of CSF when 
implanted in the ventricles of the brain [67]. 

4.2. Macroencapsulation 

Macrocapsules, like microcapsules, provide 
cells with immuno-isolation, nutrient diffusion, 
and an optimum environment for cell survivabil
ity and functioning. A macrocapsule consists of a 
membrane sealed after the injection ofcells which 
are often suspended in a matrix material that en· Fig. 5. (A) Bovine adrenal cI 

sures their even distribution within the device. stained with hematoxylin ar. 

In recent studies using P(AN-VC) hollow capsule after 12 weeks in ch 
counterstained with HE. xl,

fiber membranes (or macro capsules ), cells were 
suspended in a matrix material prior to injection 
into the membrane. The matrix material provided release bovine growth 
an even distribution of cells within the membrane, in a microporous PS 
thereby optimizing transport of nutrients to the the passage of the gl 
cells and thus their viability. In addition, the ma_hibiting that of the cel 
trix material prevented aggregation of primary to a wound with a h~ 
tissue as was shown with bovine adrenal chromaf-consisting of either a I 
fin cells suspended in sodium alginate and cross-poly( urethane) foam. 
linked within the capsule with calcium chloride Macrocapsules, un 
[68]. A slurry of chitosan and PC12 cells was pre_rate the function of 1 

pared and injected into a hollow fiber immuno-brane. The matrix fun 
isolatory membrane after which the pH of themizing the environmel 
external environment was increased to deproto- functioning. This is ac( 
nate and precipitate the chitosan within the cap_providing an even dist 
sule [69]. Chitosan was shown to enhance both device. Other improv 
cell survival and distribution within the capsulethe matrix to interact, 
in vivo with respect to capsules without chitosan. 
Fig. 5A and B, respectively show examples of the4.3. Chemical and mec, 
use of alginate (with bovine adrenal chromaffin the matrix material 
cells) and chitosan (with PC12 cells) as extracel
lular matrix materials. The matrix matel 

Andreatta-van Leyen et al. [70] used a mi_chemically to providl 
croporous membrane for the delivery of growth example, spherical f( 
factors to wounds. Keratinocytes (SCC-13) that coated with specific I 

'..0 
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lich was 
Nirra

optimal 
ltiO) for 
nhances 
1 micro
ficult to 
Fwhen 
171· 

provide 
itfusion, 
rvivabil
lists of a 
llswhich 
that en Fig. S. (A) Bovine adrenal chromaffin cell-loaded (alginate) macrocapsule processed for a glycol methacrylate-embedded technique 
vice. stained with hematoxylin and eosin (HE) after 6 weeks in rat striatum shows abundant viable cells. x80. (B) PCl2 cell-loaded 

capsule after 12 weeks in chitosan from a guinea pig striatum stained with an antibody against the Thy-I.1 cell surface marker andhollow 
counterstained with HE. x160. 

:1ls were 
njection 
)rovided release bovine growth hormone were maintained 
mbrane, in a microporous PS membrane which allowed 
:s to the the passage of the growth hormone while in
the ma- hibiting that of the cells. The device was applied 
primary to a wound with a hydrogel adhesive bandage 
hromaf- consisting of either a hydrocolloid adhesive or a 
ld cross- poly( urethane) foam. 
chloride Macrocapsules, unlike microcapsules, sepa

was pre rate the function of the matrix and the mem
brane. The matrix function is simplified to optimmuno
mizing the environment for cell survivability andIof the 
functioning. This is accomplished most simply by leproto

the cap providing an even distribution of cells within the 
device. Other improvements involve modifying lce both 
the matrix to interact with cells in specific ways. capsule 

mtosan. 
es of the 4.3. Chemical and mechanical manipulations of 
romaffin the matrix material 
mracel-

The matrix material can be manipulated 
:d a mi- chemically to provide specific functions. For 
[growth example, spherical ferromagnetic beads were 
H) that coated with specific receptor ligands that me

diate cell attachment, but not cell spread
ing [71]. The oligopeptide, arginine-glycine
aspartic acid (RGD), which is a known ligand 
for fibronectin receptors, was used to mod
ify the beads for adherent endothelial cells. 
The cell's sensitivity to a mechanical stim
ulus was shown to be altered by changing 
ECM receptor number, location, or adhesion 
strength or by modulating focal formation. It has 
also been shown that glass microbeads modi
fied with RGD or tyrosine-isoleucine-glycine
serine-arginine (YIGSR) provide sites for cell 
adhesion [72]. 

More recently, Cima et at [73] have syn
thesized PEa-star copolymers as a potential 
synthetic ECM. The star copolymers provide 
many hydroxyl groups where various synthetic 
oligopeptides can be attached. 

The matrix material can also be used for re
constructive processes to rebuild injured tissue. 
The shape and pore structure of the material 
affect its performance. For example, both chi
tosan [741 and copolymers of lactic and glycolic 
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acids [75] have been used in tissue engineer
ing applications. In addition, numerous scien
tists are working to regenerate skin with selec
tive re-endothelialization within a specific mate
rial [76]. 

5. Biocompatibility issues for cellular 
encapsulation 

The interactions at a host tissuelbiomaterial 
interface ultimately determine the bioacceptance 
(or biocompatibility) of an implanted device. A 
fibrous reaction around a cell-containing poly
mer capsule (the implant) may impede the diffu
sive properties of a permselective membrane that 
is vital for successful application'). Identifying the 
cellular elements and mediators at a material in
terface provides insight into understanding the 
events that determine material biocompatibility 
[77]. With this information the host cellular re
sponse to an implant may be manipulated to 
enhance the success of encapsulated cell-loaded 
devices. 

5.1. Biocompatibility evaluation in the CNS 

The composition and types of cellular el
ements observed around an implant influence 
long-term compatibility. When a host reacts to 
an invasive procedure or material, an inflam
matory response results, the extent of which 
is dependent upon the content of the reactive 
components. In addition, the constituents of the 
implant must be analyzed through rigorous test
ing procedures, in vitro and in vivo, in order to 
evaluate device biocompatibility. Recent empha
sis has been on in vivo methods for evaluating 
biomaterial compatibility, especially with respect 
to the CNS tissue reaction to thermoplastics and 
polyelectrolytes. 

The extent of a host tissue reaction to im
plants is influenced by the implantation method 
[78], site [79-81], and material properties. Mate
rial variables that may affect the reaction include 
material composition [82,83], surface charges 
[84], morphology [85,86], the size [87] and shape 

[79] of an implant, sterility issues [88], and mate- migration of blood 11 

rial degradation [89,90]. ized access for mon 
Implant biocompatibility is dependent on the macrophages. The s 

cellular and humoral events that transpire at under aseptic condit 
a tissuelbiomaterial interface. Macrophages are disturbances and wit] 
a major cellular constituent of the reactive tis- potential contaminal 
sue, and the various inhibitors and effectors icals or pyrogens. 14 
of macrophage activity, as well as products of induced by the imp 
macrophage activation, may have different levels ciated with the surg 
of expression between species. The mediation of implant site at 3 day: 
macrophage chemotaxis, i.e. mobility within the the chemical compo 
tissue toward the area of insult along a chemical other important issu! 
gradient [91,92] is controlled by various agents is the device geomet 
that are intimately involved in the inflammatory of two types of cel1-1c 
process. These agents attract blood monocytes polymer capsules bru 
through endothelial cells lining the vessel walls viewed in Aebischer 
and move into the tissue producing the reac- are formed with wal 
tive stimulus. The monocytes differentiate into into a spherical shapl 
macrophages and, in some cases, foreign body fabricated from them 
giant cells in response to stimulating factors. rial into a tube or U-s 
The complex interrelated mechanisms of medi- The CNS, especil 
ators, effectors, inhibitors and products of acti- a unique environme 
vated macrophages may be influenced by altering biomaterial/host inte 
biomaterial properties, but it also appears that tive cells in the brai 
species differences in the expression and regula- be labeled immunocy 
tion of cellular and humoral pathways of inflam- specific markers. Tag! 
mation and immune complexes affect the degree lowing the cells that 
of compatibility. Lastly, the general health and Furthermore, provide 
nutritional status of experimental animals should imized during the im 
be consistent with control animals in a controlled CNS, in contrast to tt 
environment. Increased activity or excitation of sentially devoid of a 
animals may contribute to changes in humoral The ability to consen 
factors that could lead to differences in a foreign interface, while mainl 
body reaction. active tissue layer, n 

cell survival and allov 
compounds quicker a(5.2. Implantation issues 

The objective of the implantation procedure, 5.3. CNS compatibility 
regardless of the site, is to minimize the extent of macro capsules 
inflammation elicited by the insertion technique. 
The surgical procedure induces an acute inflam- The brain tissue r 
matory response, resulting in localized vascular trolytic microcapsule: 
dilatation, which in turn increases local blood low fiber macrocapsul 
flow. Swelling and pain, due to increases in 10- within several sites in 
cal vascular permeability and accumulation of human primates. Eva 
chemical mediators, respectively, stimulate the capsule interface has 

.... 
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mate- migration of blood monocytes and permit local
ized access for monocytes to differentiate into 

on the macrophages. The surgery must be performed 

,ire at under aseptic conditions, with minimal vascular 

;es are disturbances and without the introduction of any 

ve tis potential contaminants, such as foreign chem

:ectors icals or pyrogens. To isolate the inflammation 

ICts of induced by the implant itself from that asso

•levels ciated with the surgery, one should study the 

tionof implant site at 3 days postimplantation. Besides 

lin the the chemical composition of the implants an

emical other important issue for implant compatibility 

agents is the device geometry. Below is an evaluation 

natory of two types of cell-loaded selectively permeable 

locytes polymer capsules based on their geometry (re

1walls viewed in Aebischer et al. [93]). Microcapsules 

: reac are formed with water-soluble polyelectrolytes 

te into into a spherical shape, while macrocapsules are 

I body fabricated from thermoplastic hollow fiber mate

actors. rial into a tube or V-shaped configuration. 

medi- The CNS, especially brain tissue, provides 

)f acti a unique environment in which to analyze a 

ltering biomaterial/host interface. The primary reac

rs that tive cells in the brain, as well as others, can 

regula be labeled immunocytochemically by using cell

nflarn specific markers. Tagging cell types permits fol

degree lowing the cells that encounter a foreign body. 

th and Furthermore, provided that host trauma is min

should imized during the implantation procedure, the 

trolled CNS, in contrast to the peripheral system, is es

lion of sentially devoid of a fibroblastic scar reaction. 

lmoral The ability to conserve the host tissue/material 

foreign interface, while maintaining a minimal host re
active tissue layer, may enhance encapsulated 
cell survival and allow the secreted neuroactive 
compounds quicker access into the host brain. 

:edure, 5.3. eNS compatibility of micro- and 
lent of macrocapsules 
mique. 
lnflam The brain tissue reaction to both polyelec

ascular trolytic microcapsules and thermoplastic hol

blood low fiber macrocapsules has been characterized 

; in lo within several sites in rat, guinea pig and non

tion of human primates. Evaluation of the host tissue/ 

lte the capsule interface has been accomplished utiliz

ing general histologic stains such as hematoxylin 
and eosin (HE) or a Nissl stain, such as cre
syl violet, together with immunospecific mark
ers against many of the brain cell types. For 
example, the glial cells can be immunolabeled 
to identify astrocytes (antibodies to glial fibril
lary acidic protein (GFAP)) , oligodendrocytes 
(antibodies to galactocerebroside (GalC)) and 
microglia (antibodies to rat Ia determinants, 
OX-42). Evaluation of the neuronal popula
tion adjacent to the cell-loaded polymer im
plants has been performed with antibodies to 
neuron-specific enolase, NSE, or the phosphory
lated and non-phosphorylated neuronal neuro
filament population with the antibodies SMI -31 
and SMI -32, respectively. 

A primary host site for CNS implantation has 
been the region of innervation for the nigrostri
atal dopaminergic pathway, the striatum, which 
in Parkinson's disease is characterized by defi
ciencies in striatal dopamine. Cell-loaded poly
mer capsules have been evaluated in the striatum 
for delivering neuroactive factors, e.g. dopamine 
and neurotrophic molecules, in animal models 
of Parkinson's disease [7,94,95]. Previous studies 
have indicated that the host brain tissue adjacent 
to macrocapsule implants is highly preserved 
and no differences in oligodendrocytic density 
or proliferation were observed [94]. Addition
ally, with the NSE antisera, host neurons were 
immunopositive within 50 f.lm from the implant 
site for both thermoplastic macro capsules [94] 
and polyelectrolytic microcapsules. 

Perturbations to brain tissue will result in 
an increase in the expression of the astrocytic 
intermediate filament GFAP in adjacent astro
cytes, especially prevalent in the white matter 
fibrous astrocytes as compared to protoplasmic 
astrocytes found in the tissue parenchyma. Thus, 
antibodies to GFAP will label the reactive as
trocytes more readily since their expression of 
GFAP is increased. As was shown in a previous 
study [94], an increase in reactive astrocytes was 
observed approximately 500 f.lm from thermo
plastic polymer capsules at 2 weeks in rat brain 
tissue. However, with time the distance of re
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The key points in 
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branes, device compl 
(2) strong implants; 
made into membra) 
port properties; (4) 
those transport pro 
protein which may f( 
the proper geometril 
cell/device interactic 
and application; and 
possible systemic re! 
antigens. 

How can polymer 
concerns discussed at 
stronger members c 
ing membrane wall ) 
precipitation conditi, 

Fig. 6. Light micrographs of the host tissuelbiomaterial interface in the rat striatum showing reactive astrocytes identified by membrane interactio 
glial fibrillary acidic protein (GFAP) immunostaining. In (A), GFAP immunopositive astrocytes can be observed approximately ing outer morpholog 
200 /tm from the material interface of a polyelectrolytic microcapsule after 4 weeks postimplantation. However, by 12 weeks (B) I . d' 
immunoreactive astrocytes can be observed only at the host tissue/material interface of a thermoplastic polymer capsule. Scale non-vascu anze 1m]: 
bar =50 IJm. may be achieved by 

cessing conditions. 1 
active astrocytes observed away from the host macrocapsules, in contrast, are cylindrical and direct result of the IT 

tissue/implant interface diminishes. As can be therefore have less than optimal geometry for mulation conditions. 
observed in Fig. 6A, by 4 weeks this distance diffusion, but are mechanically more durable contains examples of 
decreased to 200-250 /Lm for polyelectrolytic and easy to retrieve. Both systems have been can be varied along tl1 
microcapsules. In general, by 8 weeks, only the effective for the release of neuroactive factors [39]. Membranes hav. 
astrocytes located at the host tissue/implant in from the encapsulated cells while maintaining munoprotective and ~ 
terface remain reactive (Fig. 6B) and may do so adequate bioacceptance of the implants within such as NGF (MW ~ 
for the duration of the implant. These observa the host. large [17] animals. ~ 
tions are consistent for both types of polymer port properties in vi' 
capsules. Provided implantation trauma is min 6. Current challenges facing encapsulated cell addition of a non-ft 
imized, host reactions described herein do not therapy example is the chern 
adversely affect encapsulated cell survival. PEO molecules on 

Researchers have used polyelectrolyte-based The use of encapsulated cell therapy for the hollow fibers. Shoict 
microcapsule and thermoplastic hollow fiber treatment of a wide variety of diseases has come protein adsorption c 
capsule cell-loaded devices as neuroactive factor a long way. Perhaps the most important mile- method. 
delivery systems in the CNS. The polyelectrolyte stone is the recent survival of encapsulated calf The greatest adval 
microcapsules are transparent and offer an op adrenal chromaffin cells in humans without the lation strategies may 
timal geometry to facilitate diffusion (enhanced use of any immunosuppression therapy [19,20]. polymer interactions 
cell survival). However, the polyelectrolyte mem These data far exceed what any contemporary side the device, in 
branes can be mechanically unstable: they are investigator has been able to achieve with whole described by Cima t 

relatively fragile, difficult to retrieve, and may organ or unencapsulated cellular xenografts, Langer [2]. As was I 

block the flow of CSF when implanted within even with the use of nearly toxic levels of im- tempting to optimiz~ 
the ventricles [93]. The thermoplastic opaque munosuppression. tion by synthesis of '~ 

.... 


\ 
\ 



225 F.T. Gentile et all Reactive Polymers 25 (1995) 207-227 

~ntified by 
~oximately 

weeks (B) 
:u1e. Scale 

cal and 
etry for 
durable 
re been 
factors 

ltaining 
~ within 

dcell 

for the 
'18 come 
It mile
ted calf 
lout the 
[19,20]. 
nporary 
bwhole 
,ografis, 
: of im-

The key points in the use of materials to cre
ate these devices are: (1) biocompatible mem
branes, device components and matrix materials; 
(2) strong implants; (3) materials that can be 
made into membranes with the proper trans
port properties; (4) long-term maintenance of 
those transport properties in the presence of 
protein which may foul the membrane; (5) using 
the proper geometries, morphologies, and host
cell/device interaction for the specific cell, site 
and application; and (6) a method to deal with 
possible systemic responses relating from shed 
antigens. 

How can polymer science address some of the 
concerns discussed above? As mentioned earlier, 
stronger members can be achieved by chang
ing membrane wall morphology by variation of 
precipitation conditions. The proper host-celli 
membrane interaction can be achieved by vary
ing outer morphology to form a vascularized or 
non-vascularized implant [15]. This morphology 
may be achieved by changing polymers or pro
cessing conditions. Transport properties are a 
direct result of the membrane polymer and for
mulation conditions. The membrane literature 
contains examples of how membrane nMWCO 
can be varied along the entire UF and MF ranges 
[39]. Membranes have also been shown to be im
munoprotective and still deliver large molecules 
such as NGF (MW :=::::i 20k) in both small [18] and 
large [17] animals. Maintenance of these trans
port properties in vivo may be possible by the 
addition of a non-fouling coating. One recent 
example is the chemical grafting of large chain 
PEO molecules on the surface of P(AN-VC) 
hollow fibers. Shoichet et al. [96] showed that 
protein adsorption could be decreased by this 
method. 

The greatest advances for the use of encapsu
lation strategies may lie in the optimizing cell 
polymer interactions within the device, and out
side the device, in a manner similar to that 
described by Cima et aI. [73] and Peppas and 
Langer [2]. As was noted, these groups are at
tempting to optimize the cell-polymer interac
tion by synthesis of 'smart-polymers' which con

tain natural occurring cell-adhesion molecules. 
We have presented a brief overview of some 

of the methods that various researchers have 
used to develop these devices. Possible 'best uses' 
for polymer science may be to both optimize and 
properly integrate the disciplines of membrane 
science, implant construction, immunology, cell 
and molecular biology and surgery. This is the 
challenge faced to move bio-artificial organ de
vices from the level of rodent and some large 
animal studies to commonplace for treating hu
man diseases. 
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