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ABSTRACT

Routine tissue processing is usually as-
sociated with histological artifacts as a con-
sequence of shrinkage and distortion during
dehydration required for embedding. With
hydrated specimens such as lung, embryon-
ic, and tissues in hydrophilic membranes,
tissue processing can induce severe artifacts
that interfere with adequate microscopic
evaluation. Here we present a method for
embedding hydrophilic alginate-polylysine
microencapsulated pancreatic tissue that
combines the absence of histological arti-
facts with a practical tissue processing
method. We found that the glycol-methacryl-
ate (GMA)-embedding method preserved the
integrity of the encapsulated tissue better
than snap-freezing or paraffin embedding,
but the overall quality of the hydrophilic
capsules remained poor. Next, we modified
the GMA method by introducing gradual de-
hydration to investigate whether the integri-
ty of the sectioned capsules was better main-
tained by a more gradual pattern of water
extraction. This modification resulted in
well-preserved morphological details of the
hydrophilic membranes, hydrogel-cell inter-
face, and encapsulated pancreatic tissue.
Subsequent routine staining gave excellent
contrast between the islet tissue and hydro-
philic components, which allowed adequate
quantitative histological and pathological
comparisons.

INTRODUCTION

Encapsulation in semipermeable
and immunoprotective artificial mem-
branes allows for successful transplan-
tation of allo- and xenogenic tissues in
the absence of immunosuppression
(4,14,16,17). Transplantation of encap-
sulated hormone-producing cells is un-
der investigation for a wide variety of
diseases, including anemia (11), liver
failure (21), pituitary disorders (2), cen-
tral nervous system insufficiencies (1),
and diabetes (13).

Conventional light microscopy is
commonly used to determine the bio-
compatibility of the artificial mem-
branes and for investigating the integri-
ty of the encapsulated biological
material. Unfortunately, this is not
without problems since processing of
bioartificial tissue is usually associated
with severe histological artifacts (8,12)
as a consequence of shrinkage and dis-
tortion during the processing required
for embedding.

When hydrophilic material is used
in the design of the artificial mem-
branes, shrinkage-induced histological
artifacts can even interfere with ade-
quate microscopic evaluation. This has
been noticed by several authors work-
ing with alginate-polylysine (APA)
capsules as commonly used for immu-
noprotection of pancreatic islets (8,10,
12). A number of modified paraffin
(15) and resin (8) embedding methods
have been proposed for studies with
APA capsules, but none combines the
absence of histological artifacts with a
practical method of processing.

In the present study, we have select-
ed the most appropriate embedding
methods for testing modifications by
comparing three commonly used pro-
cessing methods [i.e., snap-freezing,
paraffin embedding, and glycol meth-
acrylate (GMA) resin embedding].
Next, we have investigated whether
modifications in the selected embed-
ding method for APA-encapsulated islet
tissue can reduce shrinkage-induced ar-
tifacts. Subsequently, we have analyzed
the preservation of morphological de-
tails for histochemical assessment.

MATERIALS AND METHODS

Islet Isolation and Graft Recipients

Male inbred Albino Oxford (AO/G)
rats were obtained from the Central
Animal Laboratory of Groningen.
AO/G rats weighing 300–350 g served
as donors. AO/G rats weighing 290–
320 g were used as recipients of islet
grafts. Diabetes was induced in these
rats by injection of 75–90 mg/kg Strep-
tozotocin (Zanosar; Upjohn, Kalama-
zoo, MI, USA) via the tail vein.

Islets were isolated as previously de-
scribed (19). Briefly, after surgical re-
moval from the abdomen, the pancreas
was chopped and digested with 1.0 and
0.7 mg/mL collagenase (Sigma type
XI; Sigma, St. Louis, MO, USA) using
a two-stage incubation of 20 min at
37°C. Islets were separated from ex-
ocrine tissue using a discontinuous dex-
tran gradient (18) and further purified
by handpicking. The total islet volume
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obtained by the isolation procedure was
determined by measuring the diameters
of islets in a 4% aliquot of the islet sus-
pension. In each transplant experiment,
we collected 3500–4200 islets, which
corresponds to 10–15 µL islet tissue—
approximately equal to the islet volume
of one normal pancreas.

Islets were cultured before encapsu-
lation to reduce contamination of the
islets with exocrine tissue, ducts, or
damaged cells. They were cultured in
untreated petri dishes (Greiner, Alphen
a/d Rijn, The Netherlands) in portions
of 100 islets per 25 cm2 for 19–44 h in
CMRL1066 [containing 10% FCS (In-
vitrogen, Groningen, The Netherlands),
8.3 mM glucose, 10 mM HEPES, pH
7.4, and 1% Penicillium/Streptomycin]
at 37°C in humidified air containing
5% CO2.

Alginates

Low-guluronic acid (G) (Manucol),
intermediate-G (Keltone LV), and high-
G (Manugel) sodium alginates were
obtained from Kelco International
(London, UK). Crude sodium alginate
(Keltone LV; Kelco International) was
purified as previously described (4).

Purified alginates were dissolved at
4°C in Krebs-Ringer-HEPES (KRH)
with an appropriate osmolarity to a so-
lution with a viscosity of 4 cm2/s. The
viscosity of an alginate solution is de-
termined by the concentration of algi-
nate, but different alginates have differ-
ent viscosities. This value implies a
concentration of 4.3% for the low-G so-
lution, a 3% concentration for the inter-
mediate-G solution, and a 2% concen-
tration for the high-G solution. Before
application, the solutions were sterilized
by 0.2 µm filtration. For the initial ex-
periments to overcome the histological
artifacts, we used intermediate-G algi-
nate since this is the type of alginate we
routinely apply for in vivo studies.

Encapsulation

After culture, islets were washed
3–5 times with RPMI containing 10%
FCS and subsequently suspended in
sterile filtered (0.2 µm filtration) puri-
fied alginate solution. The alginate so-
lution was converted into droplets us-
ing an air-driven droplet generator as

previously described (3). Polylysine-al-
ginate encapsulation was performed as
described elsewhere (9). Briefly, the al-
ginate droplets were transformed to al-
ginate beads by gelling in a 100 mM
CaCl2, 10 mM HEPES, pH 7.4, 2 mM
KCl solution for at least 5 min. After
gelation, the beads had a diameter of
450–550 µm. Subsequently, the Ca-al-
ginate beads were suspended for 1 min
in KRH containing 2.5 mM CaCl2.  A
polylysine membrane was formed by
suspending the alginate beads in 0.1%
polylysine solution for 10 min (polyly-
sine-HCl, molecular weight 22 kDa;
Sigma). Non-bound polylysine was re-
moved by three successive washes for 3
min with Ca-free KRH containing 135
mM NaCl. The outer alginate layer was
subsequently applied by a 5-min incu-
bation in 10× diluted alginate solution.
Finally, the capsules had a diameter of
700–800 µm.

Capsules were injected into the peri-
toneal cavity. Upon peritoneal lavage,
microcapsules were either freely float-
ing and non-adherent or adherent to the
surface of abdominal organs. First, non-
adherent microcapsules were retrieved
by peritoneal lavage and brought into a
syringe with appropriate measures for
quantification of the retrieval rate (4).

All animal experiments were per-
formed according to the institutional
council guidelines.

Tissue Processing

Initial experiments were performed
with freshly encapsulated islets without
prior implantation. Snap-frozen mater-
ial was prepared by embedding APA
microencapsulated islets in tissue-tek
matrix (Tissue-Tek®; Sakura Finetek
Europe, Zoeterwoude, The Nether-
lands), followed by immediate freezing
in pre-cooled 2-methylbutane. Five-mi-
cron sections were prepared using a
Leica CM 1850 microtome (Wetzlar,
Germany) [a Reichert-Jung 2055 mi-
crotome (Nusslook, Germany) was
used for GMA sectioning].

For GMA embedding, microencap-
sulated islets were fixed for 3 h in 2%
paraformaldehyde at 4°C, buffered
with 0.1 M phosphate (pH 7.2). This
was found to be an adequate fixation
procedure in a previous study (8). After
fixation, microencapsulated islets were
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washed overnight at 4°C in PBS (pH
7.2) containing 6% sucrose. The sam-
ple was then dehydrated in 100% ace-
tone at 4°C for 1 h (sudden dehydra-
tion). Next, Technovit 8100 solution A
(Heraeus Kulzer, Friedensdorf, Ger-
many) was added and allowed to infil-
trate the tissue for 6 h at 4°C. A 1:30 di-
lution of solution B was then added to
harden the Technovit. Excess embed-
ding medium was aspirated, and the en-
capsulated islets and block holders
were placed in the embedding molds.
Paraffin was poured around the block
holders to prevent disturbance of the
polymerization by oxygen present in
atmospheric air. Two-micron sections
were then prepared.

For paraffin embedding, encapsulat-
ed islets were fixed for 3 h in Bouin’s so-
lution since we found that this fixative
was more adequate for evaluation of mi-
croencapsulated islets in paraffin than
2% paraformaldehyde. The samples
were dehydrated by sequential incuba-
tion in 80%, 90%, 96%, and 100% etha-
nol (sudden and conventional dehydra-
tion). Samples were then treated with
isoamyl acetate, amylacetate celloïdine,
and embedded in paraffin wax at 65°C.
Five-micron sections were then pre-
pared. Before histochemical or immuno-
cytochemical analyses, the sections
were deparaffinized by two 5-min incu-
bations in xylene. Sections were then in-
cubated in 100%, 96%, 90%, 70%, and
50% ethanol and water for 2 min each
and finally stored in PBS until use.

In a number of experiments, we
studied the morphology of encapsulat-
ed islets after gradual dehydration in-
stead of sudden dehydration of samples
before embedding in GMA or paraffin.
For paraffin embedding, gradual dehy-
dration of fixed samples began in a
25% ethanol solution instead of an 80%
ethanol solution. During gradual dehy-
dration, the ethanol concentration was
increased in steps of 5% until the sam-
ples were completely dehydrated in a
100% ethanol solution. For GMA em-
bedding, the fixed samples were dehy-
drated in graded concentrations of
ethanol, acetone, or GMA monomers
using identical starting concentrations
and the same stepwise concentration
increase as used for gradual dehydra-
tion of paraffin-embedded tissues. Dur-
ing gradual dehydration, the integrity

of the capsules was studied by using a
dissection microscope with a fluores-
cent illuminator (BVB-125 and 31-33-
66; Bausch & Lomb, Schiphol-Rijk,
The Netherlands).

Histochemistry and 
Immunohistochemistry

A panel of staining procedures was
used: hematoxylin and eosin (H&E),
Loeffler’s methylene blue, Romanov-
sky-Giemsa, and Celestin blue.

Before immunostaining of GMA-
embedded tissue, sections were dried at
37°C and incubated in 0.01% trypsin
(in 6.8 mM 0.1% CaCl2 and 0.1 M
Tris-HCl, pH 7.8) for 5 min. For im-
munostaining in PBS, the sections were
incubated for 2 h at 37°C with guinea
pig anti-insulin antibody [(Dako Diag-
nostics BV, Glostrup, Denmark), 1:250
dilution in PBS + 1% BSA]. After sev-
eral washes in PBS (pH 7.2), sections
were incubated with 0.075% H2O2 in
PBS, followed by an incubation of 30
min at 20°C to block endogenous per-
oxidase. Next, a 1:40 dilution goat anti-
rabbit horseradish peroxidase-conju-
gated second step reagent (Dako
Diagnostics BV) diluted in PBS (pH
7.2) + 1% BSA supplemented with 5%
normal rat serum was added, and sec-
tions were incubated for 45 min at
20°C. Peroxidase activity was demon-
strated by applying 0.2 mg/mL 3-
amino-9-ethylcarbazole (AEC) con-
taining hydrogen peroxide.

RESULTS

Initial experiments were performed
with freshly encapsulated islets without
prior implantation. A comparative study
of three processing techniques (i.e.,
snap-freezing, paraffin embedding, and
GMA embedding) showed that process-
ing and embedding in GMA or paraffin
preserved both the capsule and the tissue
in intermediate-G alginates better than
snap-freezing (Figure 1). Also, snap-
freezing was associated with a signifi-
cant loss of encapsulated islets during
staining, which could not be prevented
by coating of the microscope slides.
However, irrespective of the method, the
overall preservation and integrity of the
hydrogel membrane remained poor. Be-

cause these types of artifacts are usually
interpreted to be the consequence of
shrinkage induced by dehydration (8),
we investigated whether the integrity of
the sectioned capsules was better main-
tained by a more gradual pattern of wa-
ter extraction. This was done for encap-
sulated islets embedded in GMA and in
paraffin.

Effects of Gradual Dehydration

When in the paraffin-embedding pro-
cedure microencapsulated islets were
subjected to gradual instead of sudden
dehydration conditions, we found some
improvement in both the morphology of
the capsule-membrane and the preserva-
tion of the islet tissue. However, the
overall quality of the sections remained
unsatisfactorily low since the mem-
branes were still severely folded.

In the GMA-embedding method,
gradual dehydration instead of sudden
dehydration gave better results, as evi-
denced by the preservation of the in-
tegrity of the capsules and by the
preservation of the morphology of the
encapsulated tissue (Figure 2). This
positive effect of gradual dehydration
was not restricted to diluted acetone but
was also observed when diluted ace-
tone was replaced by diluted GMA
monomers or when diluted acetone was
replaced by diluted ethanol.

The efficacy of ethanol as a gradual
dehydrant for GMA embedding is sur-
prising since it could not prevent fold-
ing of the membrane of encapsulated
islets embedded in paraffin. This might
be associated with the use of different
fixatives for paraffin and for GMA
embedding (e.g., Bouin’s solution for
paraffin embedding and 2% parafor-
maldehyde for GMA embedding) since
it cannot be excluded that fixation in
Bouin’s solution induces folding of the
membranes already before the gradual
dehydration step in the paraffin-embed-
ding procedure. Therefore, in a sepa-
rate series of experiments, we com-
pared the degree of distortion in
paraffin-embedded microencapsulated
islets that were fixed in Bouin’s solu-
tion or in 2% paraformaldehyde. We
found that the distortion and, thus, the
inefficacy of ethanol as a gradual dehy-
drant in paraffin embedding is related
to other pertinent differences between
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paraffin and GMA embedding since
both Bouin’s and 2% paraformalde-
hyde-fixed samples embedded in paraf-
fin contained large numbers of artifacts.

Histochemistry

Since our modifications were effica-
cious in preventing the distortion of the
encapsulated tissue in the GMA-em-
bedding method, but not in the paraffin-
embedding method, we restricted our
subsequent investigations to encapsu-
lated tissue embedded in GMA.

The gradual dehydration procedure
does not interfere with the ability to per-
form histochemistry on GMA-embed-
ded microencapsulated islets. Sections
of gradually or suddenly GMA-embed-

ded microencapsulated islets were in-
distinguishable when stained by Gill’s
H&E, Loeffler’s methylene blue, Ro-
manovsky-Giemsa, and Celestin blue.
However, we found that H&E and Loef-
fler’s methylene blue were the only
stains that provided enough contrast be-
tween the islets and the hydrophilic
membrane to allow for detailed study of
the membrane-tissue interface.

Immunohistochemistry

To investigate whether gradual de-
hydration interferes with the antigenici-
ty of the tissue, we have immunos-
tained sections of gradually dehydrated
GMA-embedded microencapsulated
islets for insulin. Sections of suddenly

dehydrated GMA-embedded microen-
capsulated islets were used as control.

Both gradually and suddenly dehy-
drated GMA-embedded sections can be
readily stained for insulin. However,
the staining intensity was more pro-
nounced in sections of capsules sub-
jected to sudden dehydration than in
sections subjected to gradual dehydra-
tion. This difference in staining intensi-
ty did not interfere with adequate as-
sessment of the sections.

Effect of Type of Alginate

Alginates are composed of man-
nuronic acid (M) and guluronic acid
(G). There are different types of algi-
nates available with varying G content.
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Figure 2. The effect of gradual dehydration of alginate-polylysine cap-
sules. (A) An encapsulated islet processed according to the GMA procedure
with sudden dehydration. Note the severe folding of the capsule membrane.
(B) Spherical encapsulated islets after gradual dehydration of the capsules.
Note the empty space between the islet and the alginate, which is caused by
shrinkage of the islets after encapsulation. Also note the clear distinction be-
tween the outer alginate-polylysine membrane and the inner alginate core sur-
rounding the islet. All slices are stained with Loeffler’s methylene blue. Orig-
inal magnification, 200×.

A

B

Figure 1. Alginate-polylysine-microencapsulated islets processed accord-
ing to two histological techniques. (A) A section of snap-frozen encapsulat-
ed islets. (B) A section of paraffin-embedded encapsulated islets. The embed-
ding procedures were performed according to the standard methods described
in the Materials and Methods section. All slices are stained with H&E. Origi-
nal magnification, 200×.

A

B



Since in encapsulation research differ-
ent types of alginate are used, we ques-
tioned whether the new processing
method could also be applied on cap-
sules prepared with low-G or high-G
alginates instead of on capsules pre-
pared of intermediate-G alginates.

The type of alginate did not appear to
influence the quality of the sections
processed according to the gradual de-
hydration method since, irrespective of
the type of alginate, we found an ab-
sence of distortion and an adequate qual-
ity of the membrane-tissue interface.

Evaluation of Encapsulated Islets
after Implantation

All streptozotocin-induced diabetic
AO/G recipients of encapsulated allo-
genic islets became normoglycemic
within five days of implantation. One of
the seven recipients failed within 10
days. This unsuccessful recipient was
sacrificed, and capsules were retrieved
by peritoneal lavage. The six other, suc-
cessful grafts were retrieved by peri-
toneal lavage at four weeks after implan-
tation, and most of the capsules were
freely floating in the abdominal cavity
without adhesion to the abdominal wall
or organs, as quantified by a retrieval
rate of more than 90% of the capsules.

The retrieved capsules were processed
according to the gradual dehydration
procedure for GMA embedding.

The mean percentage of capsules
with cellular overgrowth was usually
well below 10%, with the exception of
the animal with the failing graft at 10
days after implantation. Virtually all
capsules were overgrown in this unsuc-
cessful graft.

Histological slides were used to
evaluate the causes of the cellular over-
growth. Figure 3 shows a classical ex-
ample of a capsule with a localized de-
fect surrounded by inflammatory cells
invading the capsule and the allogenic
islet. In the unsuccessful graft, we
found groups of bacteria (Figure 4),
which suggest a bacterial infection to
be the cause of the early graft failure.

DISCUSSION

Our study demonstrates that GMA
embedding is better than snap-freezing
or paraffin embedding for microscopic
evaluation of alginate-polylysine mi-
croencapsulated islets. This method
was not associated with the loss of em-
bedded material during staining and it
was the only method that could be
modified to preserve the integrity of the

capsules and the morphology of the en-
capsulated tissue.

Gradual dehydration proves to be
mandatory for preserving the integrity
of the capsules since the osmotic shift
of water out of the capsule core during
sudden dehydration induces severe cap-
sule deformation. As a consequence,
hydrogel-tissue interfaces of capsules
are distorted and membranes are bro-
ken, which interferes with adequate
histological evaluation.

Histochemistry could be adequately
performed on slices of gradually dehy-
drated GMA-embedded islets. We now
routinely use Loeffler’s methylene blue
since it allows optimal contrast between
tissues and the capsule membranes. The
sharp purple metachromatic staining (8)
of the alginate-polylysine membrane al-
lows for the meticulous inspection of
the integrity of the capsule membrane
and for the detection of inadequacies as-
sociated with early graft failure such as
tails on the beads (5,6,20) and broken
membranes. Also, it allows one to study
the interaction and type of cells sur-
rounding the membrane after retrieval
from the implantation site (6,7,17).

Our conclusion that paraffin embed-
ding is inadequate for processing en-
capsulated islets does not corroborate
the findings of Lue et al. (12), who
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Figure 4. Groups of bacteria in the alginate-polylysine membrane. A bac-
terial infection caused failure of the graft. Bacteria (arrows) could be identified
in histological slices of the capsules. Note the optimal morphology of the cap-
sule membrane and the clear distinction between the alginate and the groups of
bacteria. All slices are stained with Loeffler’s methylene blue stained. Original
magnification, 250×.

Figure 3. A localized defect in an alginate-polylysine capsule containing
an allogenic islet. Note the optimal morphology of the capsule membrane
and the clear distinction between the alginate-polylysine membrane and the
inflammatory cells (arrow). All slices are stained with Loeffler’s methylene
blue. Original magnification, 250×.



show that distortion of paraffin-embed-
ded encapsulated tissue can be prevent-
ed by using gradual solvent and medi-
um exchange. However, these authors
used specially designed equipment for
gradual solvent exchange in steps of
2%, which might be associated with
less distortion than with the graded so-
lution exchange in steps of 5% in the
present study. Unfortunately, the equip-
ment for gradual solvent exchange is
complicated, labor intensive, and im-
practical for the routine processing of
encapsulated islet tissue. GMA embed-
ding with gradual dehydration gives
similar results and does not require any
sophisticated equipment.

Our observation that standard
GMA embedding without gradual de-
hydration is not suitable for micro-
scopic examination of encapsulated
pancreatic islets appears to contradict
the conclusion of our previous study in
which we found that the GMA-embed-
ding method with standard, rapid de-
hydration was adequate for processing
of alginate-polylysine-encapsulated is-
lets. That study, however, was per-
formed with capsules with a high
degree of permeability and no im-
munoprotective properties since they
were prepared of 1.4% alginate instead
of 3.3% alginate and 0.05% polylysine
instead of 0.1% polylysine. This high-
er degree of permeability allows for
faster exchange of water and the dehy-
drant over the capsule membrane and
is thus associated with less distortion.
By adding the gradual dehydration
steps, the GMA procedure can be ap-
plied in the absence of any obvious
distortion to capsules with low and
high permeability and most important-
ly to capsules with immunoprotective
properties. We find GMA embedding
to be the best option for processing of
tissues encapsulated in hydrophilic
membranes. It is not associated with
any obvious histological artifacts and
may also be adequate for hydrated tis-
sues such as lung (12), embryonic, or
those in hydrophilic membranes.
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