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Abstract: Alginate-polylysine (PLL) capsules are com-
monly applied for immunoisolation of living cells for the
treatment of a wide variety of diseases. Large-scale applica-
tion of the technique, however, is hampered by insufficient
biocompatibility of the capsules with failure of the grafts as
a consequence. Most studies addressing biocompatibility is-
sues of alginate-PLL capsules have focused on the degree of
overgrowth on the capsules after graft failure and not on the
reaction against the capsules in the immediate posttrans-
plant period. Therefore, capsules were implanted in the peri-
toneal cavity of rats and retrieved 1, 5, and 7 days later for
histological examination and X-ray photoelectron spectros-
copy analysis for evaluation of chemical changes at the cap-
sule surface. After implantation, the nitrogen signal in-
creased from 5% on day 0, to 8.6% on day 7, illustrating
protein adsorption on the capsule’s surface. This increase in
protein content of the membrane was accompanied by an

increase in the percentage of overgrown capsules from 0.5 ±
0.3% on day 1 to 3.3 ± 1.6% on day 7. The cellular over-
growth was composed of monocytes/macrophages, granu-
locytes, fibroblasts, erythrocytes, multinucleated giant cells,
and basophils. This overgrowth was not statical as generally
assumed but rather dynamic as illustrated by our observa-
tion that at day 1 after implantation we mainly found mono-
cytes/macrophages and granulocytes that on later time
points were substituted by fibroblasts. As the inflammatory
reaction predictably interfere with survival of encapsulated
cells, efforts should be made to suppress activities or recruit-
ment of inflammatory cells. These efforts may be temporary
rather than permanent because most inflammatory cells
have disappeared after 2 weeks of implantation. © 2002
Wiley Periodicals, Inc. J Biomed Mater Res 62: 430–437, 2002

Key words: alginate; poly-L-lysine; encapsulation; X-ray
photoelectron spectroscopy; protein adsorption

INTRODUCTION

Immunoisolation is a technology in which tissue is
encapsulated in semipermeable membranes to protect
donor cells against antibodies and cytotoxic cells of
the host immune system. This encapsulation allows
for successful transplantation of cells in the absence of
immunosuppression. Also, it allows for transplanta-
tion of cells from nonhuman origin, i.e., xenografts or
genetically engineered cells,1–4 which overcomes the
obstacle of limited supply of donor tissue. Because of
these benefits, the feasibility of transplanting cells in
immunoisolating membranes is under study for the

treatment of a wide variety of endocrine diseases such
as diabetes mellitus,5 central nervous system insuffi-
ciencies,6 anemia,7 dwarfism,3 Hemophilia B,8 pitu-
itary,9 kidney inadequacies,10 and liver11 failure.

A commonly used procedure for immunoisolation
is microencapsulation of tissues in alginate-poly-L-
lysine (PLL)-based capsules as originally described by
Lim and Sun.5 During recent years, important ad-
vances have been made with this technology. The first
allotransplantations in humans with encapsulated
parathyroid cells and islets have been successfully
performed.12 Although this illustrated the principle
applicability of the alginate-encapsulation technique,
a fundamental barrier has to be overcome since graft
survival varies considerably from several days to
months and was in one study even 2 years.13 This
variation in success rate is usually attributed to differ-
ences in biocompatibility of the applied capsules.

Previous investigations on biocompatibility issues
of microcapsules have mainly focused on the degree
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of overgrowth of capsule grafts after failure of the
graft.1,14–19 These studies have shown that a portion of
2–10% of the capsules is overgrown by fibroblast and
macrophages. This cellular response forms a meta-
bolic barrier to nutrient diffusion with ischemia and
necrosis of the tissue as a consequence. This loss of
2–10% of islets cannot explain, however, the failure of
the graft. Therefore, other mechanisms not related to
necrosis of overgrown encapsulated tissue should be
considered responsible for failure of the graft.

It has been shown that the reaction against capsules
is complete within 7 days after implantation.20 The
characteristics of this reaction against capsules in the
first 7 days are not known but essential for under-
standing and deleting biocompatibility issues related
to implantation of immunoisolating capsules. There-
fore, the present study was undertaken to assess the
degree and composition of the cellular overgrowth at
day 1, 5, and 7 after implantation of capsules in the
peritoneal cavity of rats. Also, we studied the protein
adsorption on capsules after implantation since this
may be an essential part of the reaction against cap-
sules.

MATERIALS AND METHODS

Design of the study

Microcapsules were implanted in the peritoneal cavity,
i.e., the usual transplantation site for an encapsulated islet
graft, of AO-rats. Only highly purified alginates were ap-
plied in order to exclude that contaminating components
were the cause of an inflammatory response. The capsules
were inspected before and after implantation in order to
confirm that the majority of the capsules was intact. The
capsules were retrieved at days 1, 5, and 7. The capsules
were divided in two portions. The first portion was pro-
cessed for X-ray photoelectron spectroscopy (XPS) to study
the protein adsorption on the capsule’s surface. The other
portion was processed for histology to study the degree of
overgrowth and the composition of the overgrowth.

Alginate and purification procedure

Sodium alginates with an intermediate-G content (Keltone
LV) were obtained from Kelco International (London, UK).
Crude sodium alginate was dissolved at 4°C in a 1 mM
sodium EGTA solution to a 1% solution for intermediate-G
alginate and to a 0.25% solution for high-G alginate under
constant stirring. Subsequently the solutions were filtered
over, successively, 5.0, 1.2, 0.8, and 0.45 �m filters (Schlei-
cher & Schuell, Dassel, Germany). During this filtration step,
all visible aggregates were removed.

Next, the pH of the solution was lowered to 3.5 by addi-
tion of 2N HCL + 20 mM NaCl. The solution was kept on ice

to prevent hydrolysis of alginate. The next step was slow
lowering of the pH from 3.5 to 1.5 and was associated with
gradual precipitation of alginate as alginic acid.21 Routinely,
the solutions were brought at a pH of 2.0 and subsequently
filtered over a Buchner funnel (pore size, 1.5 mm) to wash
out nonprecipitated contaminants. To extend the washout of
nonprecipitated contaminants, the precipitate was brought
in 0.01N HCL + 20 mM NaCl, vigorously shaken, and fil-
tered again over the Buchner funnel. This washing proce-
dure was performed three times.

Then, proteins were removed by extraction with chloro-
form/butanol.22 The alginic acid was suspended in 100 mL
of 0.01N HCl + 20 mM NaCl and supplemented with 20 mL
chloroform and 5 mL 1-butanol. The mixture was vigorously
shaken for 30 min and filtered over the Buchner funnel. This
chloroform/butanol extraction was performed three times.
Next, the alginic acid was brought in water and slowly dis-
solved by gradually raising the pH to 7.0 by slow addition of
0.5N NaOH + 20 mM NaCl over a period of at least 1 h. The
alginate solution obtained was subjected to a chloroform/
butanol extraction to remove those proteins that can only be
dissolved in chloroform/butanol at neutral pH.22 The solu-
tion was vigorously shaken in a mixture of chloroform (20
mL at each 100 mL alginate solution) and 1-butanol (5 mL at
each 100 mL alginate solution) for 30 min. The mixture was
centrifuged for 3–5 min at 3000 rpm, which induced the
formation of a separate chloroform/butanol phase, which
was removed by aspiration. The extraction was repeated
once.

The last step was precipitation of the alginate with etha-
nol.23,24 To each 100 mL of alginate solution, we added 200
mL absolute ethanol. After an incubation period of 10 min
all alginate had precipitated. The alginate was filtered over
the Buchner funnel and washed two times with absolute
ethanol. Subsequently, the alginate was washed three times
with ethylether. Finally, the alginate was freeze-dried over-
night.

Endotoxin content of purified alginate samples was as-
sessed by a commercial Limulus-lysate assay25 following the
protocol of the E-toxate kit recommended by Sigma. The
alginate samples purified by this procedure was always
close to zero and never higher than 0.01 units/mL.

Encapsulation

Purified alginates were dissolved at 4°C in Krebs-Ringer-
Hepes (KRH) with an appropriate osmolarity to a solution
with a viscosity of 4 cps. The viscosity of an alginate solution
is determined by the concentration of alginate, but different
alginates have different viscosities. This implies for the in-
termediate-G solution a concentration of 3% and for the
high-G a 2% solution to obtain a viscosity of 4 cps. Before
application the solutions were sterilized by 0.2 �m filtration.

The alginate solution was converted into droplets using
an air-driven droplet generator as previously described.26

Polylysine-alginate encapsulation was performed as de-
scribed elsewhere.27 Briefly, the alginate droplets were
transformed to alginate beads by gelling in a 100 mM CaCl2
(10 mM HEPES, 2 mM KCl) solution for at least 5 min.
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Subsequently, the Ca-alginate beads were suspended for 1
min in Krebs-Ringer-Hepes buffer containing 2.5 mM CaCl2.
A PLL membrane was formed by suspending the alginate
beads in 0.1% PLL solution for 10 min (poly-L-lysine-HCl,
Mw: 22,000, Sigma). Nonbound PLL was removed by three
successive washings during 3 min with Ca2+-free KRH con-
taining 135 mM NaCl. The outer alginate layer was subse-
quently applied by 5 minutes’ incubation in 10× diluted al-
ginate solution. The diameters of capsules and beads were
measured with a dissection microscope (Bausch and Lomb
BVB-125, and 31-33-66) equipped with an ocular micrometer
with an accuracy of 25 �m. The capsules had a diameter of
600–700 �m. The same microscope was used for inspection
of the capsules before implantation.

Implantation and explantation of empty capsules

Male inbred Albino Oxford (AO/G) rats served as recipi-
ents of alginate-PLL capsules and were obtained from the
Central Animal Laboratory of Groningen. Their body
weights ranged from 300 to 350 g. NIH guidelines for the
care and use of laboratory animals were observed.

Capsules were injected into the peritoneal cavity with a
16G cannula via a small incision (3 mm) in the linea alba.
The abdomen was closed with a two-layer suture. The im-
planted volume was always 2.0 mL, as assessed in a syringe
with appropriate measure.

The microcapsules were retrieved at days 1, 5, and 7 after
implantation by peritoneal lavage. Peritoneal lavage at days
1 and 5 was performed by infusing 5 mL KRH through a
3-mm midline incision into the peritoneal cavity and subse-
quent aspiration of the KRH containing the capsules.

On day 7 the animals were subjected to laparotomy to
inspect the peritoneal cavity. Microcapsules were either
freely floating and nonadherent or adherent to the surface of
abdominal organs. First, nonadherent microcapsules were
retrieved by peritoneal lavage and brought into a syringe
with appropriate measures for quantification of the retrieval
rate.28 Subsequently, the microcapsules adherent to the sur-
face of abdominal organs were excised and processed for
histology.

All surgical procedures were performed under halothane
anesthesia.

X-ray photoelectron spectroscopy

For measuring protein adsorption, samples of fresh cap-
sules and capsules retrieved by lavage at days 1, 5, and 7
after implantation were washed three times with ultrapure
water and gradually lyophilized (Leybold Herecuis, Combi-
tron CMI). Because the XPS spectroscope only identifies el-
ements at the surface of the capsules, it is a prerequisite that
the membranes of the capsules are intact and not broken.
Therefore, before applying XPS, we confirmed the integrity
of the surfaces and membranes by scanning electron micros-
copy.

Samples of lyophilized beads or capsules with intact cap-
sule membranes were fixed on a sample holder. The sample

holder was inserted into the chamber of an X-ray photoelec-
tron spectrometer (Surface Science Instruments, S-probe,
Mountain View, CA). An aluminum anode was used for
generation of X-rays (10 kV, 22 mA) at a spot size of 250 ×
1000 �m. During the measurements, the pressure in the
spectrometer was approximately 10−7 Pa. First, scans were
collected over the binding energy range of 1–1100 eV at low
resolution (150 eV pass energy). Next, we recorded at high
resolution (50 eV pass energy) C1s, N1s, and O1s peaks over
a 20-eV binding energy range. The protein content of the
capsule’s surface was expressed as a percentage of the total
C, N, and O content of the membrane. Pure lyophilized PLL
was measured after bringing it on the sample holder in the
same fashion as described above.

Experiments were repeated four times to exclude varia-
tions between different encapsulation sessions.

Microscopy

To assess the integrity of capsules before implantation,
samples of capsules were meticulously inspected for the
presence of irregularities or broken parts in the capsule
membranes by using a dissection microscope.

To detect physical imperfections and to assess the compo-
sition and degree of overgrowth after implantation, samples
of adherent capsules recovered by excision and nonadherent
capsules were fixed in precooled 2% paraformaldehyde,
buffered with 0.05M phosphate in saline (pH 7.4), and pro-
cessed for glycol methacrylate (GMA) embedding.29 Sec-
tions were prepared at 2 �m and stained with Romanovsky-
Giemsa stain and applied for detecting imperfections in the
capsule membrane and for quantifying the composition of
the overgrowth and determining the number of capsules
with and without overgrowth. Different cell types in the
overgrowth were assessed by identifying cells in the capsu-
lar overgrowth with the morphological characteristics of
monocytes/macrophages, lymphocytes, granulocytes, fibro-
blasts, basophiles, erythrocytes, and multinucleated giant
cells. To confirm the adequacy of this approach, portions of
adherent and nonadherent capsules were frozen in pre-
cooled isopropane, sectioned at 5 �m, and processed for
immunohistochemical staining and quantification of the dif-
ferent cell types as previously described. The monoclonal
antibodies used were as follows: ED1 and ED2 against
monocytes and macrophages,31 HIS-40 against IgM bearing
B-lymphocytes,32 and R73 against CD3+ bearing T-
lymphocytes.33 In control sections we used PBS instead of
the first stage monoclonal antibody. Quantification of these
cell types after immunocytochemistry was compared with
the assessments on the basis of morphological markers and
always gave similar results.

The degree of capsular overgrowth was quantified by ex-
pressing the number of recovered capsules, with over-
growth as the percentage of the total number of recovered
capsules for each individual animal.

Statistical analysis

Results are expressed as mean ± standard error of the
mean. Statistical comparisons were made with the Mann
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Whitney U test. p < 0.05 was considered statistically signifi-
cant.

RESULTS

At each time point, i.e., on days 1, 5, and 7 after
implantation, we washed out 25–40% of the capsule
graft from the rat peritoneal cavity. After the three
lavages, the total retrieval rate of the capsules varied
between 91 and 95%, indicating that the majority of
the capsules could readily be washed out and was
freely floating in the peritoneal cavity.

Implantation of biomaterials is associated with the
release of a large number of bioactive proteins that can
be adsorbed by the biomaterials and facilitate the tis-
sue responses against the materials by allowing adhe-
sion of cells.34–37 To investigate whether bioactive pro-
teins are released and adsorbed after implantation of
alginate-PLL capsules, we applied XPS on the cap-
sule’s surface.

Table I shows the elementary composition of cap-
sules before and after implantation. Before implanta-
tion, on day 0, capsules are composed of 5.0 ± 1.2%
nitrogen. From this assessment we can calculate the
PLL content of the membrane, by dividing the N/C
ratio of PLL through the N/C ratio of the capsule
membrane. From this calculation it follows that the
capsule membranes are composed of 56% PLL. After
implantation, the nitrogen signal does not stay 5.0%
but gradually increases to 8.6% at day 7 (Fig. 1), illus-
trating protein release in the vicinity of capsules and
adsorption of those proteins by the capsule’s surface.
This elevation in nitrogen signal was only statistical
significant at day 5 (p < 0.05) and day 7 (p < 0.05).

The other elementary changes on the capsule’s sur-
face after implantation was a gradual increase in the
C-signal and a gradual decrease in the O-signal. These
changes only reached statistical significance at day 7
(both p < 0.05). We found no new elements after im-
plantation.

The percentage of freely floating capsules with cel-
lular overgrowth increased during prolonged stay in
the peritoneal cavity from 0.5 ± 0.3% on day 1 to 3.3 ±

1.6% on day 7 (Table II). In some cases we observed
the overgrowth infiltrating a localized defect in imper-
fect capsules. Before transplantation, we observed all
batches of microcapsules to contain some imperfect
capsules, such as capsules with strains or capsules
with a broken membrane. The number of imperfect
capsules was small and represented not more than
∼3% of the total number of capsules. This fraction of
capsules with physical inadequacies must be consid-
ered to be responsible for the observed overgrowth of
a portion of the capsules.1,30,38

The overgrowth on capsules recovered by peritone-
al lavage was composed of monocytes/macrophages,
granulocytes, fibroblasts, erythrocytes, multinucleated
giant cells, and basophiles. This observation was done
in GMA-embedded sections, and it was confirmed by
applying immunocytochemistry on frozen sections.
As in previous studies with empty capsules,30,38 we
found no immune-cell elements such as B- or T-
lymphocytes.

As shown in Figure 2, at day 1 the overgrowth was
for its majority composed of macrophages and granu-
locytes. At day 5, we observed a first increase in the
number of fibroblasts in the infiltrate (p < 0.05), which
was associated with a decrease in the number of
granulocytes. By day 7, the infiltrate was for a consid-
erable fraction of 32 ± 15% composed of fibroblasts.
This increase in the fraction of fibroblasts was accom-TABLE I

Elemental Surface Composition of Alginate-PLL
Capsules (n = 4) and an Analysis of Pure PLL

(Representative Sample is Shown)

C (%) N (%) O (%)
Others

(Na, K, Si) (%)

Day 0 56.2 ± 0.6 5.0 ± 1.2 34.3 ± 1.8 4.5 ± 0.8
Day 1 57.8 ± 3.6 5.4 ± 1.0 30.0 ± 3.9 6.8 ± 1.0
Day 5 58.9 ± 1.7 7.2 ± 0.9 30.1 ± 1.2 3.8 ± 0.4
Day 7 61.6 ± 2.6 8.6 ± 1.0 26.3 ± 2.7 3.5 ± 0.5

PLL 67.2 10.7 17.9 4.2

Figure 1. Protein content of the capsule surface before and
after implantation, as determined from the N/C ratio as
measured by XPS. The nitrogen content was measured by
XPS. The n-values are identical to the elemental surface com-
position of alginate-PLL capsules given in Table I.

TABLE II
Percentage of Freely Floating Alginate-PLL Capsules

with Overgrowth at 1, 5, and 7 days after Implantation
in the Peritoneal Cavity of AO Rats

Days after
Implantation n % Overgrowth

1 4 0.5 ± 0.3
5 4 1.1 ± 0.4
7 4 3.3 ± 1.6
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panied by a decrease in the fraction of macrophages
and by a further decrease of granulocytes, which were
by day 7 only present in low numbers.

The other cell-types, i.e., erythrocytes, multinucleat-
ed giant cells, and basophiles were present in low
numbers but were pertinent for the sequence of events
in the tissue response against capsules. Erythrocytes
were observed in and around the capsules at day 1
and not on days 5 and 7. The observation that eryth-
rocytes were only present at day 1, i.e., immediately
after implantation, suggests that the erythrocytes have
been introduced during or after trauma associated
with the surgical implantation of the capsules. The
large numbers of erythrocytes at day 1 were respon-
sible for the relative high numbers of “others” at day
1 in Figure 2.

Multinucleated giant cells were absent in slices of
capsules retrieved at day 1 and present in low num-
bers in slices of capsules retrieved at days 5 and 7.
Multinucleated giant cells were mainly observed in
and around capsules containing localized defects, sug-
gesting that these cells are involved in breakdown of
imperfect capsules.

At all time points, we found basophiles in the sec-
tions. These basophils were activated as suggested by
the observation that large numbers of basophils were
expelling its granulla into the surrounding tissue (Fig.
3). These basophils were found in the cellular infiltrate
on overgrown capsules or in cell clusters containing
large numbers of inflammatory cells freely floating be-
tween nonovergrown capsules (Fig. 4).

The cell clusters without capsules need some further
consideration because they were freely floating in the
peritoneal cavity and were observed in high numbers
at days 1 and 5 after implantation. The cell clusters
were for its majority composed of activated basophils,
macrophages, and granulocytes. The cell clusters were

not observed in sections of capsules retrieved at day 7,
illustrating that the presence and formation of cell
clusters was a temporary phenomenon essential for
the reaction in the first few days after implantation.

DISCUSSION

This is the first study analyzing and demonstrating
inflammatory reactions against immunoisolating cap-
sules in the first days after implantation. It shows that
monocytes/macrophages, granulocytes, fibroblasts,
erythrocytes, multinucleated giant cells, and baso-
philes are involved in the reaction against capsules in
a time-dependent fashion. Also, we show that the

Figure 4. Cell cluster without capsules in the peritoneal
cavity at day 5 after implantation in AO rats. These clusters
were only observed at days 1 and 5 after implantation and
are composed of basophils, macrophages, and granulocytes.
(GMA-embedded histological section, Romanowsky-
Giemsa staining, original magnification ×150).

Figure 2. Frequency of granulocytes (�), macrophages (�),
fibroblasts (�), and others (�) in the cellular overgrowth on
alginate-PLL capsules on days 1, 5, and 7 after implantation.
Others are the total number of erythrocytes, multinucleated
giant cells, and basophiles at the different time point. Values
represent mean ± standard error of the mean of four experi-
ments.

Figure 3. Basophils in the cellular overgrowth of alginate-
PLL capsules at 1 day after implantation in the peritoneal
cavity of AO rats. Note that the basophils marked by an
arrow secretes its granula into the surrounding tissue.
(GMA-embedded histological section, Romanowsky-
Giemsa staining, original magnification ×250).
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quantitative protein deposition on the capsule’s sur-
face follows the profile of cellular overgrowth of cap-
sules, suggesting that protein adsorption is essential
for cellular overgrowth of the capsules.

The very first step in the reaction is probably not
related to the implantation of capsules but to the re-
quired surgical procedure for implantation. Although
it was only minor surgery, the procedure was associ-
ated with bleedings in the peritoneal cavity as illus-
trated by the observation of erythrocytes in the peri-
toneal cavity at the first day after implantation. The
bleedings and subsequent tissue repair is associated
with the introduction of serum factors in the perito-
neal cavity and release of bioactive proteins such as
trombin and fibronectin.34 These factors will have che-
motactic effects on inflammatory cells which will mi-
grate to the peritoneal site.39

The reaction will be reinforced by the presence of
the foreign biomaterials in the peritoneal cavity be-
cause the implantation of foreign materials is associ-
ated with an inflammatory reaction.34–36,39,40 In gen-
eral, the host response starts with release of bioactive
proteins such as fibrinogen41 in the implantation site
of the foreign materials. These proteins are subse-
quently adsorbed by the foreign polymers. We clearly
demonstrated in the present study that this type of
response also occurs after implantation of alginate-
PLL capsules because we found a substantial increase
in the protein content of the capsule’s surface after
implantation in the peritoneal cavity. The release of
proteins will facilitate the response because inflamma-
tory cells may now adhere to the surface and produce
cytokines such as IL-1�, TNF-�, and TGF-�, which
further activate inflammatory cells in the vicinity of
the foreign materials.34,35,42,43

The site of adherence of inflammatory cells on algi-
nate-PLL capsules is probably not the whole capsule
surface but only the imperfections on the capsule as
suggested by our recurrent histological observa-
tions14,28,38,44 of cellular overgrowth at sites where the
capsules were broken. This is also the site where we
observed the multinucleated giant cells. Multinucleat-
ed giant cells are most likely formed by fusion of mac-
rophages45–47 as a result of insufficient biodegradabil-
ity of the capsule materials.46–50

The observation of high numbers of basophils in the
cellular infiltrate suggests that basophils play an im-
portant role in the host response against capsules. Ba-
sophiles are strong producers of bioactive proteins
and cytokines such as histamine,51–55 monocyte and
macrophage chemoattractant proteins (MIP and
MCP),52,56 IL-4,55,57,58 and IL-13.55,59–61 These cyto-
kines are well known to have chemotactic and activat-
ing effects on inflammatory cells such as granulocytes,
macrophages, and fibroblasts. This suggestion is sup-
ported by Tang et al.,56 showing that histamine is pri-
marily responsible for recruitment of inflammatory

cells to the peritoneum after implantation of biomate-
rials. It is quite plausible that basophils are mainly
responsible for the fast and high recruitment of cells to
the capsules after intraperitoneal implantation.

Basophils were never observed when overgrown
capsules were studied in the second week of implan-
tation15 or at later time points.14,28 Also, granulocytes
were only temporary present in the cellular over-
growth since Fritschy et al.15 showed that at 2 weeks
after implantation the cellular overgrowth of capsules
was only composed of activating macrophages and
fibroblasts, whereas granulocytes were totally absent.
When studied at 2 months postimplant,14 we showed
that the overgrowth was reduced to a strictly fibrotic
response because we only found fibroblasts and con-
nective tissue, whereas macrophages had totally dis-
appeared from the overgrowth. This illustrates that
the tissue response against capsules is not a static pro-
cess but a rather dynamic event with involvement of
varying cell types at different time points.

Recently, it has been shown with microencapsu-
lated pancreatic islet grafts, that in capsules retrieved
by peritoneal lavage 40% of the initially grafted islets
had disappeared during the first weeks after trans-
plantation.28 This disappearance of islet tissue could
not be explained by overgrowth and necrosis of the
encapsulated islets or by insufficient retrieval of cap-
sules because <10% of the capsules was overgrown
with macrophages and fibroblasts and because >90%
of the capsules was retrieved by lavage.28 Our present
study provides new insight in the causes of this loss of
pancreatic islets. As demonstrated, grafting of cap-
sules is associated with severe tissue responses in the
first week after implantation because high numbers of
granulocytes, of macrophages, and of basophils were
observed in the immediate vicinity of the capsules.
These cells are known to secrete NO, TNF-�, and IL-
1�, which predictably interferes with survival of islets
because these cytokines can diffuse into the capsules62

and have been shown to be potent stimulators of islet-
cell death.63–67 These reactions are expectedly more
pronounced with islet-containing capsules because
cells in the capsules may reinforce the tissue reaction
against capsules.

There are several approaches to overcome the prob-
lems associated with tissue responses against alginate-
PLL capsules. First, responses can be reduced by re-
moving imperfect capsules before implantation.30,68

Expectedly, however, this will only bring about a
modest reduction in the tissue response because im-
perfections on capsules will also develop after expo-
sure to shear forces in the implantation site.1,69 and
because the response is for its majority initiated by
surgery and implantation of foreign materials. Alter-
natively, conceivable approaches are designing and
testing pharmacological treatment strategies to sup-
press activities or recruitment of inflammatory cells.
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These treatment strategies may be temporary rather
than permanent because most inflammatory cells have
disappeared after 2 weeks of implantation. These
strategies will serve as a pertinent basis for future
clinical application of microencapsulated tissue.
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