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Cell microencapsulation continues to hold significant

promise for biotechnology and medicine. The controlled,

and continuous, delivery of therapeutic products to the

host by immunoisolated cells is a potentially cost-effec-

tive method to treat a wide range of diseases. Although

there are several issues that need to be addressed,

including capsule manufacture, properties and perform-

ance, in the past few years, a stepwise analysis on the

essential obstacles and limitations has brought the

whole technology closer to a realistic proposal for clini-

cal application. This paper summarizes the current situ-

ation in the cell encapsulation field and discusses the

main events that have occurred along the way.

Exciting biotechnological approaches have been developed
over the past two decades that have set the stage for tissue
and organ replacement, as well as for the continuous and
controlled release of therapeutic agents to the host. One of
these strategies is cell microencapsulation, which aims to
overcome the present difficulties relating to whole organ
graft rejection and, consequently, the requirements for the
use of immunomodulatory protocols or immunosuppres-
sive drugs. Cell encapsulation, or bioartificial organs, are
used to enclose a wide range of bioactive materials within
a, generally polymeric, membrane. The latter permits the
entry of nutrients and oxygen and the exit of therapeutic
protein products. Furthermore, the semipermeable nature
of the membrane prevents high molecular weight mol-
ecules, antibodies and other immunologic moieties from
coming into contact with the encapsulated cells and
destroying them as foreign invaders.

One of the earliest demonstrations of transplanted cells
in immunoprotective membranes for organ replacement
dates back to 1933, when Bisceglie enclosed tumor cells in
a polymer membrane and transplanted them into a pig’s

abdominal cavity [1]. The results showed that the cells
survived long enough for it to be concluded that they were
not destroyed by the immune system. Thirty years later,
Chang introduced the idea of using encapsulation for the
immunoprotection of transplanted cells and subsequently
evoked the term ‘artificial cells’ for referring to this concept
[2]. This approach was successfully put into practice in the
1970s and 1980s to immobilize xenograft islet cells to aid in
glucose control for diabetes in small animal models [3,4].
Since then, tremendous efforts have been made all around
the world to advance the understanding of biology,
genetics, polymer science and pharmaceutical technology.
This has included the development of novel microencap-
sulation devices and the substitution of the limited supply
of primary tissue with more suitable cell lines, improving
the long-term delivery of therapeutic peptides either in a
local or systemic manner. As a consequence, cell encapsu-
lation has been applied to a wide range of therapeutic
treatments including renal failure [5], diabetes [6] and
hemophilia [7].

The results achieved from small and large animal
models have provided the scientific basis for several
clinical trials, including the encapsulation of allogeneic
islets for the treatment of diabetes [8], or the most recent of
such trials, involving the immobilization of cytochrome
P450 enzyme expressing cells for the eradication of pan-
creatic cancer [9]. However, recent progress in this multi-
disciplinary field of research is lagging behind the
expectations expressed only a few years ago [10,11]. One
of the main reasons for this is that, although the leading
groups working in this field have excellent tissue and
biocompatible materials, the overall success rate is rela-
tively limited owing to either lack of, or uncertainty in,
reproducibility. As a consequence, many essential ques-
tions remained unanswered, and this has hampered
progress. In the past six years, however, the strategy in
the field has changed, applying a stepwise analysis to theCorresponding author: José Luis Pedraz (knppemuj@vc.ehu.es).
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essential research questions instead of an approach via
trial and error. Not surprisingly, this has renewed the
excitement and hopes surrounding this cell-based
technology.

Potential advantages

In light of the increasing incidence of age-related diseases
and the current desperate shortage of donor organs, the
hope that encapsulated cells might be used as a thera-
peutic tool is increasingly being realized. Furthermore, the
potential of this approach includes encapsulated cells
which supply the host with regulated and/or continuous
‘de novo’ delivery of therapeutic product. These artificial
cells can be transplanted into a variety of tissues and
organs, making the technology suitable for local (solid
tumors), regional (brain), oral or systemic (intraperi-
toneal) delivery of therapeutics. When long-term continu-
ous delivery of therapeutic agents is required, the cost of
encapsulated cells can be off-set by the cost of the thera-
peutic product. Moreover, the chemical composition of the
capsule can be the same for treating a large number of
patients, regardless of their human leukocyte antigen
(HLA) class, making this approach cost-effective. Certainly,
if the pharmacoeconomics of the life cycle of cell therapy
are favorable, compared with either existing whole organ
transplantation or a lifetime of exogenous hormone
delivery, the insurance companies will reduce the pay-
ments to hospitals for traditional therapies and increase
the demand for cell transplantation. Nevertheless, bio-
technology firms, whether startups or multinationals, are
faced with billion dollar development programs and a
decade of strongly negative cash flows, which put at risk
the viability of both the project and the company itself, or,
as has recently been seen with companies such as
Advanced Tissue Science and Cytotherapeutics.

The authors believe that cell microencapsulation has
enormous potential to make significant contributions to
medicine over the next decade. However, to be a viable com-
plement to the new modes of cell transplantation therapy
[12,13], encapsulation technology has to fulfill the strict
requirements applicable to these types of therapeutic
strategies, i.e. performance, biosafety, biocompatibility,

retrievability, stability, availability, purity, characteriz-
ation and cost.

Materials

It is widely understood that biocompatible materials,
which do not interfere with cell homeostasis, have to be
applied within capsules to allow for survival of the
enclosed cells, and that the polymers used for allo- and
xenotransplantation will differ, with the latter process
probably requiring a much tighter membrane. Further-
more, it is essential that the capsules should have an
adequate mechanical stability to allow for exchange of
nutrients and metabolic waste.

In the search for a better microencapsulation design,
many types of natural and synthetic polymers are being
explored. Finding a suitable material to form a capsule
is challenging. The overwhelming majority of the litera-
ture has employed sodium alginate (composed of man-
nuronic and guluronic (G) dimers) as the polyanion and
poly-L-lysine (PLL) as the polycation for microcapsule
formation. The former is probably the most suitable
material for capsule design, in part because of its excellent
biocompatibility and biodegradability, although the bio-
compatibility of the alginates in relation to their compo-
sition is a matter of debate. Whereas some researchers
believe that high G acid alginates are the most suitable
types, others prefer alginates with intermediate or low G
content [14]. All of this controversy is caused by the lack
of a standard definition for high G alginate and the
difference in the geometry of the capsules employed in the
various experimental studies. Very recently, the group in
Trondheim developed an enzymatically modified alginate,
improving the biocompatibility of sodium alginate/poly-L-
lysine microcapsules [15].

Similarly, to prevent foreign body reactions, the cation
content (e.g. PLL) should be kept to a minimum, or be
neutralized with an outer purified alginate coating, because
this polycation attracts inflammatory cells, thereby induc-
ing necrosis of the encapsulated cells [16]. Indeed, some
authors go as far as to recommend uncoated beads for
allotransplantation [17], recognizing that the polycation
needed in xenografts will be insufficient to block the direct
and indirect immune activation pathways. Although much

Table 1. Alternative encapsulation systems to the classical alginate-poly-L-lysine-alginate microcapsules

Microcapsule design Advantages Refs

Alga-PLOb Increased biocompatibility [25]

Alg-Cellulose sulfate-PMCG Independent adjustment of capsule parameters [26]

HEMA-MMAd Improved mass transfer, stability and durability [37]

Agarose-polystyrene sulfonate Blocks the activation of complement via enhancing the activity of C1 inhibitors [38]

Alg-Agarose Increased mechanical stability [39]

Barium-alg Increased mechanical and chemical stability [40]

PDADMACe Increased mechanical stability [41]

Alg-chitosan Increased biocompatibility [42]

PVAf Improved intracapsular nutrient transport [43]

Photopolymerised PEGg-diacrylate Increased biocompatibility [44]

aAlg, alginate;
bPLO, poly-L-ornithine;
cPMCG, poly (methylene-co-guanidine);
dHEMA-MMA, hydroxyethyl methacrylate-methyl methacrylate;
ePDADMAC, polydiallyldimethyl ammonium chloride;
fPVA, polyvinylalcohol;
gPEG, poly (ethylene glycol).
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effort has been focused on identifying alternative systems
to alginate/PLL chemistry (Table 1), none have overcome
all of the disadvantages of the PLL. Therefore, although
the polycation is required for xenotransplantation, and
this renders the solution problematic, the allografts are
likely to revert to the uncoated alginate beads [18].

Diffusion and mass transport

The premise in designing a device with a semipermeable
membrane is to adjust its permeability, in terms of the
entry and exit of molecules. The appropriateness of a
membrane depends on the control it allows over both the
size-based exclusion and rate of diffusion of the molecules
which either should or should not permeate the membrane
to control the survival, as well as the metabolic efficacy, of
the graft. Generally, the process of transporting various
species across a membrane, characterized as the mem-
brane permeability, is governed by both the thermodynamic
parameter known as the equilibrium partition coefficient
and the kinetic parameter known as the diffusion
coefficient. Comprehensive reviews devoted to the issue
of permeability in cell encapsulation devices have recently
been published [19,20].

The type and size of a solute, interactions between the
solute and the membrane, and the membrane thickness
are the chief factors determining the rate of diffusion, as
well as the partitioning, of the solute and, thereby, the
permeation properties. Furthermore, efficient diffusion
andaminimaldelayintheexchangeofthesubstancesacross
the membrane are crucial for influencing the membrane
environment and proximity to the circulation [21].

The development of currently used materials has mostly
been focused on setting the permeability parameters and
testing them in vitro. However, the most sensible way of
optimizing the technique of encapsulating cells should
involve assessing the diffusion and permeability properties
in vivo. This has been done by testing an implanted diffusion
chamber [22] in vivo and also the permeability of an explant
[23]. The proposed metrics for the characterization of
immunoisolation devices include this step as crucial for
standardization prior to being submitted to the Food and
Drug Administration (FDA) [24].

Microcapsule mechanical stability

The initial enthusiasm regarding the alginate-PLL micro-
capsule was dampened after realizing that the membrane
exhibits poor mechanical stability. The additional efforts in
achieving the improved mechanical stability and dura-
bility of capsules resulted in a modification to the chemical
composition of the membrane (Table 1). One approach
involved replacing PLL with poly-L-ornithine (PLO) and
decreasing capsule size from 800 to 400 mm [25]. In
another study, polyanions with both weak (alginate) and
strong (cellulose sulfate) interactions with the polycation
poly (methylene-co-guanidine) provided high and con-
trolled mechanical strength and capsule durability [26].
The importance of having both strong and weak inter-
actions controlling mechanical and chemical stability has
also been adopted in the recently patented polyanionic
material, Biodritin, formed by covalently bound chondroi-
tin sulfate and sodium alginate [27].

Other approaches have involved alginate beads made
from crosslinked barium ions, as used for allograft islet
transplantation in non-obese diabetic (NOD) mice [17],
optimization of the alginate-poly (methylene-co-guanidine)-
alginate microcapsules [28], coating the alginate beads
with alternating layers of different polyanions and poly-
cations, and even the incorporation of an inorganic silica-
based polycation, which was successfully tested with rat
islets in vitro and as empty capsules in vivo [29].

Rejection pathways

Several pathways are involved in the rejection of immuno-
isolated cells. In allograft immunity, because immune
mechanisms mainly consist of direct engagement of
T lymphocyte sub-populations (i.e. CD8þ) with donor cells,
the physical isolation provided by the capsules should
prevent cell-to-cell contact between the encapsulated
tissue and the host’s immune system, thereby facilitating
the immunological acceptance of the graft. In the case of
xenograft immunity, microcapsules could prevent access to
antibodies as well as complement fractions, because of the
membrane’s nominal molecular weight cut-off (MWCO)
selection properties. However, the risk for activation of
CD4þ-driven cellular reactivity cannot definitively be
ruled out. In fact, small molecules (,a few kD), or ‘shed
antigens’, such as proteins or enzymes, could easily cross
the capsular membrane, triggering a significant inflam-
matory cell reaction. In this scenario, small cytokines,
nitric oxide and free oxygen radicals released from the
inflammatory cells, individually or collectively, could
severely harm, and possibly destroy, the encapsulated
cells. Finally, the recurrent autoimmunity should mimic
the cellular arm of the xenograft-directed immune
response, and then affect the transplanted cells only by
the extent of the inflammatory cell tissue response that is
generated in the immediate vicinity of the encapsulated
cells the graft.

To address the problem of graft rejection, it is essential
to select highly purified and biocompatible polymers.
Specifically, a reduction in endotoxin content and the
elimination of proteins are essential. Furthermore, live
cells and their secretory products could play a role in the
biological acceptance of the encapsulated cells, as well as
the graft site and the adopted transplant procedure.
Spherical shape and suitable size of the microcapsule
are also major challenges for optimal immunocompati-
bility. The larger the volume of the grafted encapsulated
tissue, the more frequent the incidence of adverse side
effects in the recipients. Finally, it is still possible to
incorporate either chemical agents (i.e. vitamins D3 and E)
or cellular systems (i.e. Sertoli cells) that can act as anti-
oxidizing and immunomodulatory factors, within a multi-
compartmental microcapsule prototype [30]; this should
significantly strengthen the immunobarrier capacity,
although the crucial role of all of these agents still remains
to be proven.

Cell lines

Judicious choice of encapsulated cells is essential for the
success of any biomedical application. Over the past few
years, many different cell sources have been immobilized
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(immunoisolation is a specific form of a more general term
– immobilization – with the former referring only to
transplantation) (Figure 1), although clearly not all cells
are suitable for encapsulation. Several factors should be
carefully considered when choosing appropriate cell types
for immobilization. The use of allogeneic versus xeno-
geneic cells has important immunological repercussions.
Furthermore, cells that proliferate following encapsula-
tion could eventually fill the entire capsular space and lead
to diminished efficacy of therapeutic diffusion. As a result,
the long-term viability of encapsulated cells is often
compromised [31]. By contrast, cells that do not proliferate
after encapsulation, such as myoblasts, have the potential
to deliver therapeutic products for longer periods of time.
Finally, genetic engineering has certainly increased the
success of cell microencapsulation for biomedical appli-
cations. In essence, genes can now be used as templates,
cells as reactors to secrete the final product and capsules as
immunoisolation vehicles for drug delivery in vivo.
However, the use of genetically modified cells will have
to be balanced with respect to safety and stability of gene
expression. Some of the cell sources employed for cell
immobilization purposes are reviewed in Table 2.

Applications

The economic costs for standard medical treatment have
contributed to the re-evaluation of the affordability of

public and private healthcare options in many countries.
In the USA alone, hundreds of billion dollars, ,10% of the
Gross National Product, are spent on the treatment of
neurodegenerative and endocrine diseases and inborn
errors of metabolism, as well as a variety of acute and
chronic organ failures. Eighty five percent of these
expenses are a result of the morbidity associated with
these diseases. For diabetes alone, the incidence of which
increases by 3–4% per year, the annual direct and indirect
costs exceed 90 billion dollars (http://www.jdf.org). Given
the potential of cell microencapsulation technology to treat
these diseases, the societal and pharmacoeconomic impact
of such devices would be important.

Cell encapsulation has, thus far, focused on creating a
bioartificial pancreas by encapsulating pancreatic islets –
both allografts and xenografts. Pancreatic islet xenograft-
ing has prompted major concern because of the possible
transmission of infectious agents, particularly the porcine
endogenous retrovirus (PERV), from the donor to the
recipient [32]. Despite recent results suggesting that
encapsulated xenogeneic islets are less capable of binding
and taking up human cytokines [33], the risks involved in
xenotransplantation and the long developmental and
regulatory pipelines, publicly funded allotransplantation
seems more likely to succeed than privately supported
xenotransplantation.

However, the exciting improvements in outcomes fol-
lowing clinical islet transplantation using the ‘Edmonton
protocol’ have renewed hope for patients with type 1
diabetes [12]. Although excellent results have been
obtained, researchers believe that alternative strategies
will be required to make the treatment safer and more
available for these patients. These strategies could include
developing the means to minimize or totally avoid all
immunosuppression, hopefully through cellular encapsu-
lation or other strategies to induce robust tolerance,
combined with alternative cell sources including stem
cell or xeno-derived insulin secreting cells. Yet another
important challenge is represented by the banking of
enough donor tissues. Ultimately, cell source development
will have to focus on allografts of immortalized cells,

Figure 1. Different cell sources have been employed in cell encapsulation technol-

ogy, ranging from the islets of Langerhans (a), the most commonly used cell type,

to novel approaches using encapsulated stem cells and hepatocytes (b).

TRENDS in Biotechnology 

(a) (b)

Table 2. Different cell sources employed for cell immobilization purposes

Cell type Application Material

Fibroblasts Metabolic deficiencies, neurotrophic factors, epilepsy Alginate, HEMA-MMAa

Myoblasts Metabolic deficiencies, neurotrophic factors, cancer Alginate, HEMA-MMA

Kidney cells Hemophilia, neurotrophic factors, antiangiogenesis Alginate

Pancreatic islets Diabetes Alginate, Agarose-polystyrene/sulfonic acid,

AN69, Cellulose sulfate

Ovary cells Fabry disease Alginate, HEMA-MMA

Parathyroid cells Artificial organs Alginate

Hepatocytes Liver transplantation Alginate, HEMA-MMA

Chondrocytes Bone and cartilage regeneration Alginate

Leydig cells Hormone replacement Alginate

Adrenal chromaffin cells Parkinson’s disease, chronic pain Alginate

Stem cells Bone regeneration Alginate

PC12 pheochromocytoma cells Neurotrophic factors, neurotransmitters Alginate, HEMA-MMA

Myeloma cells Hepatic growth factor Alginate

Hybridoma cells Antibody production Alginate, acetate, alginate-agarose

Tumor cells Cancer vaccine, interleukins Alginate, chitosan

Virus producer cells Cancer Cellulose sulfate

Bacteria Elimination of urea Alginate

aHEMA-MMA, hydroxyethyl methacrylate-methyl methacrylate.
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although this will be complicated by the fact that co-
transplantation of cells will be required. Recently, pilot
phase-1 clinical trials of alginate/PLO microencapsulated
human islet grafts in nonimmunosuppressed patients
with type 1 diabetes have been recently approved
(September 2003) by the Italian Ministry of Health, to
be conducted at the University of Perugia, Italy (personnal
communication by R. Calafiore).

Other successful studies employing immobilized pri-
mary cells include the extracorporeal immunoisolation of
hepatocytes and the macroencapsulation of adrenal cells
for the treatment of chronic pain and the allotransplanta-
tion of microencapsulated parathyroid tissue [34].

Cell microencapsulation also has implications for gene
therapy, in that cells can be genetically engineered to
secrete a desired genetic product prior to their encapsula-
tion. For example, Löhr et al. [35] administered micro-
encapsulated cells transfected with the CYP2B1 gene into
a tumor, with the aim of creating a therapeutic vehicle that
could target delivery of a cytotoxic drug specifically to the
site of the tumor. The results showed that patients
tolerated the treatment without any side effects and that
the median survival of the patients was the same as that of
the control group. Encapsulated cells are also being
explored as a therapeutic tool for an in vivo gene therapy
approach. To avoid the repeated delivery of a vector in vivo,
and thereby avoid the development of an immune response
against the vector, retroviral packing cells that continu-
ously produce recombinant retroviral vector particles were
encapsulated in beads made from cellulose sulfate and
polydiallyldimethyl ammonium chloride. Encapsulated
virus-secreting cells remained viable and released virus
into the culture medium for at least six weeks, both in vitro
and in vivo [36].

Future perspectives

Microencapsulation has a potentially significant future in
medicine and biotechnology, the latter including agricul-
tural and environmental applications. However, several
significant challenges still face cell microencapsulation
technology. For example, dosing should be carefully con-
trolled by using cells that thrive and proliferate to a
limited degree only, thereby preventing uncontrolled cell
growth and overcrowding of the cells within the immuno-
isolation device. Moreover, constituent polymers should be
standardized in terms of physicochemical properties/
composition, purity grade, reaction conditions and source
reproducibility, so as to fulfill biosafety and efficacy
requirements uniformly and reduce the variability in the
results achieved by different laboratories [10]. Indeed,
transplant-grade biomaterials, which are characterized by
their batch numbers, are required, in the same way as in
the case of enzymes used, for example, in tissue digestion.

Another challenge is the scaling-up of the manufactur-
ing process while maintaining a controlled environment,
operational discipline and rigorous quality controls. This
step will be essential for allowing cell microencapsulation
technology to enter human clinical trials and thereby
become a real clinical therapeutic strategy. Another major
area of study is the retrievability associated with the
microcapsules and the banking and culture of suitable cell

sources. The importance of protocol design in yielding
donor cells of adequate quantity and quality is paramount
for the success of this technology.

The next step will be likely to involve the development
of ‘super-specialized’ microcapsules that embody multiple
micro-compartments, each one dynamically interacting
with the other, containing cells or pharmacological
agents that interact favorably with the ‘primary’ cellular
product. Such capsules will not be more complex, chemi-
cally or biologically, but will be based on simple engineered
materials, assembled in the correct manner. The final aim
is to continuously improve cell life expectancy and func-
tional performance, and eventually to establish a self-
perpetuating cell regeneration pattern, to address the
treatment of high social impact diseases, such as diabetes,
Parkinson’s disease or Alzheimer’s disease.
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