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INTRODUCTION

The �-cells within the islets of Langerhans produce and secrete insulin, a hormone

essential for normal glucose homeostasis. Type 1 diabetes is characterised by a defi-

ciency in insulin, caused by the destruction of the �-cells. The aetiology of type 1

diabetes is not known, although there is evidence that most cases are due to an

autoimmune disorder [4]. The current treatment of choice for type 1 diabetic patients

is insulin therapy. However, many patients develop secondary complications such as

nephropathy, neuropathy and cardiovascular problems. Intense insulin therapy

decreases the risk for such complications but increases the risk of hypoglycaemic

episodes [92]. Whole pancreas transplantation can normalise blood glucose home-

ostasis in diabetic patients [86]. Moreover, complications are reduced and the quality

of life of the patient is improved [50]. However, this process involves an extensive

surgical procedure and it is therefore more desirable to transplant only the islets of

Langerhans.

The success rate of islet transplantation has, however, been low [6] until Shapiro

et al in Edmonton succeeded in restoring insulin independence in almost 100% of

patients transplanted [72,77]. There were several improvements in the Edmonton

protocol that probably contributed to the high success rate. The patients received a

large number of islets (on average 11,500/kg bw) compared to previous studies, the

cold ischaemia time was limited, the islets were not cultured and perhaps most

importantly, cyclosporin and steroids were excluded from the immunosuppression

regimen. Moreover, the patients transplanted were generally free from severe

secondary complications and the relatively good health of these patients may also

have contributed to the success. That study proved that islet transplantation could

consistently reverse hyperglycaemia in diabetic patients, although the long-term

success remains to be shown. However, despite the success of the Edmonton proto-

col, islet transplantation is still only available to patients where the benefits of

restored glucose metabolism outweigh the risks of immunosuppression. Immunos-

uppression has been linked to increased susceptibility to infections, increased risk

of malignancy and general toxicity [32,62,68]. Moreover, some immunosuppressive

drugs have been found to induce insulin resistance and/or are toxic to islets of

Langerhans [1,41]. Indeed, a follow-up study from Edmonton indicated that the
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patients suffered from various side effects from the immunosuppression [72]. The

risks associated with such side effects presently exclude patients with stable diabe-

tes from treatment with islet transplantation. It is therefore evident that it would be

beneficial to perform islet transplantation without the need of immunosuppressive

drugs. 

Encapsulation of cells

Encapsulation of cells provides the means of transplanting cells in the absence of

immunosuppressive drugs. The principle of encapsulation is that the transplanted

cells are contained within an artificial compartment separated from the immune sys-

tem. Thus, the capsule should protect the cells from potential damage caused by

antibodies, complement and immune cells. However, small molecules such as nutri-

ents should be able to freely enter the capsules and waste products and hormones

such as insulin should be easily released. There are three main types of encapsula-

tion [7,18,51,63], namely a vascular shunt system, macroencapsulation and microen-

capsulation. In a vascular shunt system, the islet graft surrounds a shunt so that the

graft is in close vicinity to the blood. This allows the graft to be well nourished,

although the risk of thrombosis together with the risks associated with the surgical

procedure have prevented this type of encapsulated graft being investigated in

humans [17,56].

Macroencapsulation involves the encapsulation of the whole islet graft within a

hollow fibre or diffusion chamber. These types of capsules have been particularly

prone to inducing a fibrotic response [17,93,96]. Moreover, the diffusion to the islets

in the centre of such devices is limited and islets tend to become necrotic due to lack

of oxygen and nutrients [17,87,88].

In microencapsulation, each islet is individually encapsulated (Fig. 1). This offers

advantages over other types of encapsulation. An important point is that the risk of

Fig. 1. Structure of an alginate microcapsule. Immune cellsare too large to penetrate the barrier whereas nutrients
and insulin can easily diffuse in an out of the capsule.

Immune cells

Nutrients

Insulin

Alginate core

PLL

Islet of Langerhans



163

breakage is spread over a large number of capsules, and thus if one capsule breaks

the whole graft is not lost. Another advantage in comparison with macroencapsula-

tion is that the distance of diffusion is decreased. Moreover, the spherical shape of

the microcapsules is optimal in reducing a foreign body reaction, due to the absence

of corners [83]. 

Microencapsulation

Chang first described microencapsulation in 1964 [8] and this technique was used by

Lim and Sun in 1980 to encapsulate islets of Langerhans [55]. Microencapsulation

has been used experimentally with a variety of cell types including PC12 cells [103]

for the treatment of Parkinson’s disease, hepatocytes [53] for the treatment of liver

disease and parathyroid tissue [34] for hypoparathyroidism. Moreover, this tech-

nique has been used for the encapsulation of genetically modified cells producing,

for example, factor IX for the treatment of haemophilia B [38] or growth hormone

for the treatment of dwarfism [9]. However, the most common application is proba-

bly in the microencapsulation of islets of Langerhans, which has been widely stud-

ied [12,24,97]. 

Production of microcapsules

The most common material used for microencapsulation is alginate, although other

materials have been used such as hydroxyethyl methacrylate methyl methacrylate

(HEMA-MMA) [54] and polyethylene glycol (PEG) [67]. Alginate is an intercellular

matrix polysaccharide in brown algae and is produced as an extracellular coating by

some types of bacteria [60]. It is non-toxic and its gelling properties make it ideal for

the immobilisation of cells under mild conditions. The polysaccharide consists of

regions of mannuronic acid (M-blocks), regions of guluronic acid (G blocks) and

regions of mixed sequence (MG-blocks). The ratio and sequence of these uronic

acids differ depending on the source of the alginate and can determine the properties

of the alginate [84]. 

To form spherical beads, islets are suspended in liquid alginate and then pushed

through a nozzle to form a droplet of alginate around the islet (Fig. 2). The beads of

alginate formed fall into a solution containing divalent cations such as calcium,

which gels the alginate beads. An electrostatic potential is created between the nee-

dle of the droplet generator and the CaCl
2

solution, thus pulling down the beads

rapidly before large droplets form. This allows the production of uniformly sized

beads, the size of which can be regulated by the voltage. As well as acting as an

electrode, a metal rod submerged in the CaCl
2

solution controls the level of the liq-

uid by use of a vacuum. This is achieved through a hole in the hollow rod that is at

the solution surface. Thus, when the volume of the solution increases as beads accu-

mulate, the excess liquid is removed. This ensures that the distance between the nee-

dle and the solution surface is constant, both within and between experiments.

After the alginate beads have gelled for at least 5 min, the beads are washed in

saline. To decrease the porosity of the alginate bead and to increase the strength of

the capsule, a layer of poly-L-lysine (PLL) is added. This is done by shaking the

beads in a solution of PLL for 5–10 min. However, the positively charged PLL facil-
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itates adhesion of host cells to the surface of the capsule and thus a final layer of

alginate is added to shield the PLL and improve biocompatibility. Capsules produced

in this manner are approximately 500 mm in diameter. Capsules containing islets are

then picked from the empty capsules formed and cultured in the same way as naked

islets or transplanted. 

Fig. 2. Production of alginate/poly-L-lysine/alginate capsules.
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In vitro function of microencapsulated islets of Langerhans

For successful transplantation of encapsulated islets, it is essential that the islets

function properly. Thus, islets should not be detrimentally affected by the microen-

capsulation process or the presence of the capsule. Indeed, it has been shown that

microencapsulated mouse islets have similar glucose oxidation rates and insulin

release rates as naked islets the day after microencapsulation [46]. Moreover, the

histology of the microencapsulated islets appears normal after 1 week culture within

the capsule (Fig. 3).

However, the insulin secretion of rat islets seems to be slightly suppressed after

microencapsulation [44,91], although one study has showed that this initial suppres-

sion of the insulin secretion of microencapsulated rat islets is reversed after 6 days

culture [75]. 

In a perifusion system, microencapsulated rat islets have been shown to respond

to high glucose challenges as quickly as naked islets [14]. However, the absolute

amount of insulin released was decreased compared with naked islets. This may

have been due to the use of citrate to liquefy the centre of the capsules. Indeed, it has

since been shown that the use of citrate severely inhibits insulin secretion from islets

[30]. 

The composition of the alginate does not affect the viability or function of cul-

tured microencapsulated islets [14]. However, it has been suggested that PLL in cap-

sules may be toxic to encapsulated Jurkat cells [85], although no such studies have

been carried out with islets. 

The viability of microencapsulated cells is dependent on the supply of nutrients

and protection from adverse components of the host’s immune system. The sup-

ply of nutrients is unlikely to be a problem during culture, unless the porosity of

the capsule is too low. However, the supply of nutrients in vivo could be affected

by a variety of factors including implantation site and the host response to the

capsules. 

Fig. 3. Micrograph of a microencapsulated C57BL/6 islet one week after microencapsulation. Haematoxylin and
eosin staining. The capsule is deformed by the histological processing. Bar is approximately 100 �m.
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The peritoneal cavity as an implantation site

Due to the large volume of microencapsulated islet grafts required to reverse hyper-

glycaemia, the peritoneal cavity has to be used as a transplantation site. Interestingly,

this was the first site used for experimental islet transplantation [5]. It is easily

accessible and thus the surgical risk is minimised for implantation of capsules.

Although the peritoneal cavity is not the physiological route for insulin delivery,

studies using insulin pumps have shown that blood glucose concentrations are low-

ered by intraperitoneal delivery of insulin [95]. The peritoneal cavity is, however, a

rather harsh environment compared to the other more commonly used sites for islet

transplantation, such as the intraportal site or beneath the kidney capsule. These sites

are richly vascularised, as are endogenous islets [40] but there is a low oxygen ten-

sion in the peritoneal cavity [43,65]. Moreover, the peritoneal cavity is rich in

macrophages [35], which is the most active cell type in the host response to biomate-

rials. Indeed, it has been shown that islet transplantation to the peritoneal cavity

requires an increased islet mass [79]. 

Host responses to capsules

The host inflammatory reaction is a normal response to the implantation of a biomedical

device. However, it is important that this reaction does not interfere with the function of

the microencapsulated islets. The reaction usually starts with adsorption of proteins on

to the surface of the biomedical polymer, the most important being fibrinogen [90].

Macrophages may then adhere to the surface and produce cytokines such as IL-1�,

TNF-� and TGF-�, which further activate macrophages and fibroblasts [3,33,39,71,90].

Empty microcapsules induce a foreign body reaction with a cellular overgrowth, which

is metabolically active as indicated by the glucose oxidation rates [45,46]. Indeed, the

glucose oxidation rates of the cellular overgrowth on 10 empty capsules are often in the

range of that for 10 naked islets. It can thus be speculated that the cellular overgrowth

could act as a metabolic barrier as well as a physical barrier to nutrient diffusion. The

host response to the capsules can be affected by the composition of the capsule and bio-

logical factors produced by the encapsulated cells and/or the recipient.

Effect of capsule composition on cellular overgrowth

When lower concentrations of PLL (0.05%) are used in capsules, biocompatibility is

improved [45]. Moreover, the cellular overgrowth on capsules is markedly reduced

when PLL is omitted from the capsule [45]. Indeed, the integrity of the capsules is

important, as any exposure of PLL in the capsule increases the cellular reaction

against the capsule [25,99]. With regard to the type of alginate used in the capsule, it

has been reported that alginate with a high mannuronic acid content is more effec-

tive in eliciting an immune response [81,99], whereas others have claimed that algi-

nate with a high mannuronic acid content is less immunogeneic [22]. It has been

suggested that these discrepancies may depend on the purity of the alginate [97].

Differences in comparing alginate per se [81] or intact capsules [22] may also

account for differences reported in these studies.
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Biological responses affecting the cellular overgrowth on capsules

It has been shown in several studies that macrophages are the main cell type

involved in the response against capsules [29,78]. Indeed, even when capsules are

transplanted to nude mice and rats, the response is intensive [14,75,98], indicating

that T-cells are not involved in this process. 

The presence of cells within capsules increases the cellular overgrowth on the

capsules [37,46,78,98,102,104]. This may be due to shedding of cellular proteins

from the encapsulated islets evoking an immune response [31], or the release of

chemokines from encapsulated cells. Indeed, it has been suggested that cells within

islets may produce cytokines such as IL-1 [100], which could increase the inflamma-

tory response. Insulin released from islets could also affect, for example, the metab-

olism and function of macrophages [19].

The role of nitric oxide (NO) in the host response to capsules has been investi-

gated by studying the cellular overgrowth on capsules implanted to knockout mice

lacking iNOS [45]. NO is an effector molecule in macrophages and has previously

been detected in macrophages in foreign body inflammation [61]. Interestingly,

there was a tendency for an increased foreign body reaction to capsules transplant-

ed in the mice lacking iNOS. Furthermore, iNOS-deficient mice have shown more

severe trinitrobenzene-induced colitis, indicating that NO can play a protective role

in this model of inflammation [59]. Indeed, NO can act as either a proinflammatory

or anti-inflammatory molecule [11] and in this model of cellular overgrowth on

implanted capsules it seems to act as an anti-inflammatory molecule. This may be

due to the anti-adhesive properties of NO [36,48]. However, NO has been shown to

be detrimental to microencapsulated islets co-cultured with macrophages [101] and

from this viewpoint, NO should be avoided. It has been previously reported that

cellular overgrowth differs between species and is increased in animal models of

diabetes such as the BB rat [15]. It has thus been suggested that cytokines may be

involved in this process. Moreover, it has been shown that microcapsules can

induce IL-1 production from macrophages in vitro [69]. Indeed, there are differ-

ences in the host response to capsules depending on the mouse strain used [45].

C57BL/6 mice have a more severe host reaction to capsules than BALB/c mice.

Furthermore, C57BL/6 mice also have an increased mRNA expression of IL-1� and

TNF-� in their peritoneal macrophages after capsule implantation compared with

BALB/c mice [45], suggesting a role of these cytokines in the reaction against the

capsules. 

Consequences of cellular overgrowth on the capsule

A foreign body reaction and the resulting cellular overgrowth on the capsule may be

detrimental for encapsulated islets for two reasons. First, it may cause a physical and

metabolic barrier to effective nutrient diffusion into the capsule. Second, the islets

may be exposed to macrophage-derived cytokines, for example interleukin-1� (IL-

1�) and tumour necrosis factor (TNF-�), which are known to be detrimental to the

function of the islet. 

Macrophages and fibroblasts account for the majority of cells found in the cellular
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overgrowth on capsules [78,99]. Both of these cell types have a high metabolic rate

with high rates of glucose utilisation [64,70]. These cells attach to the surface of the

capsule (Fig. 4A) and it can be assumed that the nutrient diffusion to the islets with-

in the capsules is decreased due to the presence of these cells. Moreover, fibroblasts

produce different types of fibres (Fig. 4B), which could act as a physical barrier to

nutrient diffusion. 

The cytokines IL-1� and TNF-� are produced in activated macrophages. The

expression of these cytokines has been shown to occur in macrophages in contact

with biomaterials [47,94]. Moreover, these cytokines have been implicated in the

pathogenesis of type 1 diabetes and have been shown to inhibit the function of pan-

creatic islets [57,58,76]. Experimental evidence has also suggested a role for these

cytokines in rejection of allografts [73,74]. One effect of these cytokines on �-cells

is the induction of inducible nitric oxide synthase (iNOS) and the subsequent pro-

duction of NO [82]. NO has several detrimental effects on the islets including inhibi-

tion of the mitochondrial enzyme aconitase and induction of DNA damage [26],

although some of the suppressive effects of IL-1� on islets of Langerhans are inde-

pendent of NO [2,28]. Nevertheless, NO has been shown to suppress encapsulated

islets co-cultured with macrophages [101] and it is therefore evident that cytokine

and/or NO production in the vicinity of the islets is highly undesirable.

We have shown that microencapsulated rat islets are functionally suppressed after

exposure to the macrophage derived cytokines IL-1� and TNF-�, indicating the per-

meability of the capsule used to these cytokines [44]. At high concentrations of IL-

1� (10 U/ml and 25 U/ml), microencapsulated islets were more suppressed than

naked islets exposed to the same activities of the cytokines. After a 48 h exposure to

25 U/ml IL-1�, neither microencapsulated islets nor naked islets were able to recov-

er their function after 6 days. However, after a 48 h exposure to 2.5 U/ml IL-1�,

both microencapsulated and naked islets were able to regain approximately 90 % of

their function after a 6-day recovery period. These results showed that the

alginate/PLL/alginate capsules used did not confer protection against the effects of

cytokines. However, microencapsulated islets can recover after a short-term expo-

sure to low concentrations of IL-1�. 

Other studies have shown contradictory results with regard to the permeabili-

Fig. 4. Cells attached to the surface of capsules (A) and fibre production by cells on the capsule (B). Scanning Elec-
tron Micrographs of empty capsules retrieved 1 week after intraperitoneal implantation to C57BL/6 mice. The bars
are 10 �m.
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ty of capsules to cytokines. This is probably due to different types of capsules

in those studies. Cole et al also found that IL-1� and TNF-� were able to pene-

trate alginate/PLL/alginate capsules [16]. Tai et al claimed that alginate/

PLL/alginate capsules protected islets against functional suppression induced

by IL-1 and TNF [89]. A high concentration of PLL (0.5%) was used in that

study, which would markedly decrease the porosity of the capsule. It should be

pointed out in this context that decreasing the porosity of the capsule may

reduce its permeability to nutrients. In a study by Kulseng et al, IL-1� but not

TNF-� penetrated the capsule [49]. The exclusion of TNF-� may be due to a

larger capsule being used, which is more stable to swelling and thus the porosi-

ty is not changed.

With regard to the permeability of cytokines, the three dimensional structure of

the compound should be considered. TNF-� forms conical shaped trimers with a

molecular weight of approximately 55 kD [42,80]. The three dimensional structure

of this protein may therefore impede its penetration into the capsule. It could there-

fore be feasible to exclude TNF-� from capsules, whereas preventing the penetration

of IL-1� may be more problematic. IL-1� is a small protein with a molecular weight

of 17.5 kD. It is likely that if the porosity of the capsule were reduced to prevent the

penetration of IL-1�, insulin diffusion would probably be hindered. Thus, it would

be more desirable to prevent cellular overgrowth on capsules and consequently

inhibit the production of cytokines in the vicinity of the microencapsulated islets.

In vivo function of microencapsulated islets

Several studies have shown that hyperglycaemia in rodents can be reversed by

implantation of microencapsulated islets, although the long-term function of such

grafts has been limited [13,20,66]. Some studies have linked the failure of the graft

with cellular overgrowth of the capsules [12,16,29]. However, it has also been sug-

gested that grafts can fail due to an imbalance in the birth to death ratio of the b-cells

[23,97]. Indeed, it is evident that the microencapsulation of islets and/or transplanta-

tion to the peritoneal cavity increases the number of islets required to reverse hyper-

glycaemia in rodents [13,79]. The insulin response from microencapsulated islets

transplanted intraperitoneally in mice tends to be somewhat delayed after a meal

challenge, although this delay does not prevent the normalisation of blood glucose

concentrations [91]. 

In studies from our own laboratory, there is a clear correlation between the suc-

cess of encapsulated islets in reversing hyperglycaemia and the capsules’ biocompat-

ibility. Islets in capsules that had previously been shown to have poor biocompatibil-

ity failed to reverse hyperglycaemia for more than a few days, whereas islets within

capsules with better biocompatibility were functional for several weeks (unpublished

results). Indeed, in grafts that had failed, cellular overgrowth on the capsule surface

was seen (Fig. 5). 

In a recent study by Duvivier-Kali et al [27], a simple barium-alginate bead pro-

tected islets in an allograft and allowed function for over 1 year. It had previously
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been assumed that PLL was required to reduce porosity to an appropriate level to

prevent allograft rejection. However, it is evident from that study that a simple bari-

um alginate bead prevents cell-mediated rejection. Moreover, the improvement in

biocompatibility of the capsules by omitting PLL has most likely also played an

important role in the success of this model. It should be noted, however, that the cap-

sules used were rather large (approximately 1 mm) and it remains to be seen whether

the same results could be achieved with smaller capsules. 

Concluding remarks

It is obvious from the present and previous studies that good biocompatibility is an

essential property of alginate/PLL/alginate capsules for successful use in transplanta-

tion of islets. The exclusion of immune cells is probably adequate to avoid immune

rejection in allogeneic transplants. For xenogeneic transplantation it is, however, 

likely that antibodies and complement have to be excluded from the capsules. It has

been argued that small capsules should be used to decrease graft volume and diffu-

sion distances [10], although such capsules are associated with an increased risk of

protruding islets [21]. The use of smaller capsules should make it possible to implant

the capsules intraportally. Indeed, recent studies have investigated implanting small-

er capsules into the liver [52], which may be a more suitable site than the peritoneal

cavity. However, the safety of this site has to be more thoroughly investigated before

it can be considered as an alternative. It is evident that scientific investigations in the

field of microencapsulation of islets have provided new, vital information in the pur-

suit of the end goal: transplantation of microencapsulated islets to diabetes patients.
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