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Intra-portal injection of 400-pm 
microcapsules in a large-animal model 

Abstract To date, encapsulated 
grafts have usually been implanted 
in the peritoneal cavity. This site is, 
however, not ideal, mainly because 
of its low blood supply. We have 
investigated the feasibility of intra- 
portal injection of (400 pm) micro- 
capsules in the pig. Ten-thousand 
microcapsules per kilogram body 
weight were injected into six Large 
White pigs. Portal pressure, various 
biological tests, portographies and 
liver histology were recorded before 
and at various time points after in- 
jection. As a result, portal pressure 
increased after injection (1 5 f 2.3 vs 
8.7 + 1.7 mmHg) but remained 
within an acceptable range 
( < 20 mmHg) and returned to 
normal values at 3 months 
(8.5 f 3.7 mmHg). During the 
3-month follow up, liver function 
and liver tests remained stable. 

Portographies showed a homoge- 
nous implantation of the capsule, 
with the portal flow always directed 
to the liver. At histological exami- 
nation after 3 months the capsules 
demonstrated various degrees of 
fibrosis. We can thus conclude that 
these results demonstrate that intra- 
portal injection of microcapsules is 
feasible in a large-animal model. 
Hemodynamic, biological and 
radiological results are similar to 
those observed in clinical free-islet 
transplantation. 

Keywords Microcapsule . Intra- 
portal injection . Pig . Islet of 
Langerhans 

Introduction 

The transplantation of specific cells and tissue is a 
potential approach to the treatment of a variety of meta- 
bolic diseases. For instance, the transplantation of pan- 
creatic islets can restore normoglycemia and freedom 
from exogenous insulin in type-I diabetes patients [16, 18, 
211. The main hurdles to the widespread use of these grafts 
are the insufficient numbers of appropriate donors and 
the need for immunosuppression to prevent rejection of 
the graft and recurrence of an underlying autoimmune 
disease. Although new sources of cells and tissue may 
be found in the near future [7, 1 I ,  15, 191, to date, all 

immunosuppressive regimens inevitably have side effects, 
such as increased incidences of infection and cancer. 

To avoid immunosuppression, immuno-isolation 
(e.g., encapsulation) has been proposed, to protect the 
graft from the assaults of the host’s immune system. 
However, such immunoprotective devices have several 
biomechanical limitations. One of these is that the opti- 
mal site for transplantation remains to be defined. To 
date, the size and mechanical properties of most available 
microcapsules restrict the choice of the implantation site, 
to the peritoneal cavity. Therefore, most research has 
concentrated on the peritoneal site for implantation of 
encapsulated islets [6,  12, 14, 22, 241. This site however, 
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is, for several reasons, inappropriate for encapsulated cell 
therapy. The peritoneal cavity has a low blood supply, 
oxygenation tension, and concentration of essentials 
minerals, thus hampering the viability of the graft [6]. 
Release of hormones, such as insulin, from the peritoneal 
cavity to the blood stream has a delayed and reduced 
kinetic profile compared with hormones released in the 
portal vein [5].  In addition, peritoneal macrophages have 
a high cytotoxicity to encapsulated islets [lo]. 

Although the liver contains a large amount of 
potentially harmful cells, such as Kupffer and endothelial 
cells, most clinical islet transplantations have been 
performed intra-portally (184 of 200 islet allografts from 
1990 to 1997). The International Islet Registry reports 
significantly more c-peptide positive cases (20.5 ng/ml) 1 
year after transplantation in the portal vein than in any 
other site (36% vs 13%, P<O.O5) [2]. The intra-portal 
location has a high oxygen and nutriment supply thanks 
to its double vascularization. Moreover, this double 
blood supply reduces the risk of ischemia in the case of 
eventual thrombotic events induced by the islet graft. 

In this study we investigated the feasibility of intra- 
portal injection of microcapsules in a large-animal model 
that is relevant for possible future application in humans. 
We studied the hernodynamic, biological, histological 
and radiological modifications after injection of 10,000 
empty capsules/kg body weight in the portal vein of pigs. 

Materials and methods 

Capsule preparation 

We obtained capsules 400 pm in diameter by atomizing a sterile 
filtered solution of 0.54 wt% Keltone HV sodium alginate (Kelco 
Chemical Company, San Diego, Calif., USA) and 0.54 wt% sodi- 
um cellulose sulfate (Acros Organics, Geel, Belgium) in PBS with a 
coaxial air-flow encapsulator. The droplets were gelled for 10 min 
in a bath containing 15 ml of 1.5% CaC12, 0.9% NaCl and 1% 
polyethylene glycol (MW 1000, Sigma-Aldrich, Buchs, Switzer- 
land) at 37 "C, and were then transferred into 75 ml 1.2% 
poly(methy1ene-co-guanidine) hydrochloride (Scientific Polymer 
Products, Ontario, N.Y., USA) in 0.9% NaCl (pH 7.4). The 
reaction time for a 20-pm-thick membrane was 10 s. The capsules 
were washed with 0.9% NaCl solution. The standard error of both 
capsule diameter and membrane thickness was below 10%. The 
final volume of 300,000 microcapsules was 14 nil. 

Animal procedures and hernodynamic measurements 

Animal procedures were performed according to the principles of 
laboratory animal care. Large White pigs were bred in a farm under 
specific pathogen-free conditions (Apples, Switzerland). Six female 
pigs with a mean weight of 30 (26-37) Kg were used. The animals 
were brought to our animal house at least 48 h prior to being 
injected. They had no access to food for 12 h before surgery. A 
subcutaneous injection of azaperone (Stresnil, Janssen-Cilag, 
Wilm, Switzerland) 6 mg/kg, midazolam (Dormicum, Roche, 
Basle, Switzerland) 0.3 mg/kg, and atropine (Bichsel, Interlaken, 
Switzerland) 0.01 mg/kg was performed as pre-medication. After 
being intubated, the pigs were anesthetized with fentanyl citrate 

(Fentanil-Janssen, Janssen-Cilag) 0.006 mg/kg, N20/02  65/35%, 
and halothane 1 YO (Fluothane, Zeneca, Macclesfield, Cheshire, 
UK). During anesthesia, normal saline solution, 500 ml/h, was 
perfused through a catheter placed in the vein of an ear. 

Following upper median laparotomy, the portal vein was iso- 
lated. A small pancreatic branch was cannulated with a catheter 
1 mm in internal diameter and 15-cm long that was placed in the 
main portal vein. The central venous pressure was recorded through 
a catheter placed in the right atrium via the right jugular vein. Portal 
and central venous pressures were measured with a pressure trans- 
ducer (Abbott, Sligo, Ireland). Systemic arterial pressure was mea- 
sured with a sphygmomanometer (Dura-Cuf, Johnson and Johnson, 
Spreitenbach, Switzerland) placed at the right posterior leg. No 
heparin was administered. Three-hundred-thousand empty capsules 
(10,000 capsules/kg bodyweight) were injected into each animal. The 
capsules were prepared in six syringes of 50,000 capsules diluted in 
20 ml NaCl 0.9%. Injection was done manually at an approximate 
injection rate of 10 ml/s. Hemodynamic parameters were recorded 
between injection from each syringe, and continuously at the end 
of the injections. One hour after the end of injection, the catheters 
were taken out and the abdomen was closed in two layers. 

Three months after being injected, the pigs were brought back 
to our laboratory. Anesthesia, surgery and the recording of he- 
modynamic parameters were performed as described for injection 
of the capsules. 

Blood analysis, histology and portography 

Blood samples were collected prior to implantation and 5 min, 7 
days, and 3 months after injection. At day 7, the animals were 
sedated with midazolam (Dormicum, Roche) 0.3 mg/kg. Blood 
samples were collected through a catheter placed in the vein of an 
ear. Glucose, sodium, potassium, urea, creatinine, proteins, LDH, 
GOT, GPT, y-GT, bilirubin, amylase, and lipase, were measured 
(Synchron LX20, Beckman Coulter, Fullerton, USA). 

Systematic liver biopsies were performed on all animals prior to 
and early after implantation of the microcapsules (5 min after the 
end of injection). Systematic liver, spleen and lung biopsies were 
taken in each animal after completion of the 3-month follow up. 
They were fixed in 4% formol for 24 h, embedded in paraffin and 
stained with hematoxylin-eosin. Two x 15 slices for two liver bi- 
opsies per animal were examined by three examiners (C. T., F. R., 
and J. 0.) under a light microscope (Leica, Glattbrugg, Switzer- 
land) for the early and late liver biopsies after injection of the 
capsules. Moreover, 20 slices from randomly selected lung and 
spleen biopsies, taken after completion of the 3-month follow up, 
were analyzed by the same examiners. Portography was performed 
before and 5 min after an injection of 300,000 capsules. Before 
implantation of the capsules, the injection of contrast medium 
(Omnipac 350, Schering, Berlin, Germany) was performed at 
varying flow rates (5, 10 and 15 m1,k) to assess the distribution in 
the liver. After capsule injection, portography was obtained by 
injection at a standard rate of 15 ml of contrast materialls. 

Student's f-test was used for statistical analysis. P values lower 
than 0.05 were considered significant. 

Results 

Hemodynamic changes during and after intra-portal 
injection of 10,000 microcapsules/kg 

The hemodynamic changes are shown in Fig. 1. 
The mean f SD basal portal pressure was 

8.7 f 1.7 mmHg (n = 6) before injection. The total 
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Fig. 1 Hemodynamic data 
before implantation and 5 min 
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Table 1 Biological values before implantation and 5 min,7 days and 3 months after intra-portal injection of 10,000 microcapsulesjkg 
body weight in Large White pigs. All values remain within normal range for the age and weight of the animals. P-I post-injection, 
N V  normal values 

Parameter Pre-injection P-I 

Glucose (mmoljl) 
Sodium (mmoljl) 
Potassium (mmol/l) 
Creatinine (pmol/l) 
Protein (g/dl) 
CK (IUjl) 
LDH (IUjl) 
GOT (IUjl) 
GPT (IUjl) 

Bilirubin (pmolil) 
YGT (IU/l) 

4.4 
136.7 
3.6 

93.3 
48.4 

1350.3 
472.9 
45.9 
45.9 
23.3 
3.9 

4.3 
137.4 
3.8 
94 
45.7 
1254.7 
450.1 
53.9 
44.7 
20.4 
4.4 

1 week P-I 

6 
137.7 
3.9 
92 

54.8 
834.3 
642.3 
44.8 
52.3 
40.5 
3.8 

NV (10 to 30-kg pigs) Three months P-I NV (30 to 110-kg pigs) 

4.0-6.4 
13 1-1 49 
3.1-7.1 
85.3-1 15 
41 .I-64.6 
72-1 504 
468-1082 
6-61.1 
13.464.3 
6-33.9 
0.5-14.9 

4.7 
141.7 
4.3 

169.5 
54.7 

2161.2 
729.3 
54.3 
54.4 
43.5 
2.9 

4 .O-6.4 
134149 
4.1-6.8 
108-198 
46.9-82.7 
1344022 
450-1220 
10.149.7 
18.02.1973 

< 10.9 
1.7-69.9 

amount of capsule was injected within an 18 * 5.6-min 
& SD period. Portal pressure increased after each 
injection to a peak reached after injection by the last 
syringe (1512.3 mmHg i SD, P<O.OOOl). Portal 
pressure began to decrease between 2 and 4 min after the 
end of the last injection (14.2k2.22 mmHg k SD). One 
hour after the end of the injection, portal pressure had 
decreased to 11.9 * 2.89 mmHg f SD. Three months 
later, portal pressure returned to baseline values 
(8.5%3.7 mmHg k SD, P=NS). The heart rate, sys- 
temic arterial and central venous pressures remained 
stable during all experiments. 

Three-month follow up 

The pigs gained weight as expected. The mean weight 
was of 30* 3.7 kg before and 69.25 16 .5  kg 3 months 
after surgery. During the whole observation, the animals 
showed no behavioral disturbance. At second laparot- 
omy, there was no sign of cirrhosis or of portal hyper- 
tension (no ascites, no portal-vein distension, no 
splenomegaly). Biological tests showed no sign of liver 
failure (Table 1). All results remained within values 
expected for the age and weight of the pigs. 

Radiological findings during portography 

Portography performed before capsule injection showed 
a selective opacification of the right liver lobe when the 
contrast medium was injected at a slow rate ( 5  ml/s), 
and a homogenous opacification of all parts of the 
liver when the contrast medium was injected at 10 and 
15 ml/s. Portography performed after capsule injection 
demonstrated a homogenous implantation of the cap- 
sules in pre-sinusoidal veins in all the liver. Portal flux 
always remained in the direction of the liver, without 
any sign of thrombosis (Fig. 2). 

Liver histology after intra-portal injection 
of microcapsules 

Early post-injection biopsies showed microcapsules at 
the level of the pre-sinusoidal veins. There was no evi- 
dence of capsule fractures (Fig. 3). Most of them were 
spherical or slightly deformed according to the shape of 
the vessel. Although some portal veins were dilated, no 
major changes were found in the histology of the liver, in 
particular, no thrombosis was found. At 3 months, 
histological examination of the liver biopsies revealed 
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Fig. 2 Portography before (A) and 15 min after (B) injection of 
300,000 empty 400-pm microcapsules in a 26-kg Large White 
pig (microcapsules/kg body weight: 11,538; volume: 14 ml). For 
comparison, percutaneous, trans-hepatic portographies before (C) 
and 15 min after (D) transplantation of islet of Langerhans in a 
type-I diabetes patient are presented. Islet number: 61 5,000; islet 
equivalent: 505,000; islet equivalent/kg body weight: 7,214; purity: 
60%; volume: 3 ml. Both injections demonstrate a similar decrease 
in the number of small portal veins 

the presence of capsules in the small portal veins. The 
liver parenchyma demonstrated normal morphology. 
However, fibrosis was found constantly around the 
capsules (Fig. 4). No capsules were found in the tissue 
sampIes of the lung and spleen procured 3 months after 
intra-portal injection of the capsules. 

Discussion 

Micro-encapsulation facilitates the immunoprotection 
of cell grafts or the delivery of a variety of drugs or 
specific proteins. To date, the implantation sites most 
frequently tested for cell transplantation included the 
abdominal cavity, the fat pad and the subcutaneous 
space. These locations may not be suitable for clinical 
islet transplantation, mainly because of the low oxygen 
and nutriment supply. In the present study, we demon- 
strate the theoretical feasibility of intra-portal injection 
of microcapsules in a large-animal model. 

Leblond et al. have demonstrated the feasibility of the 
intra-portal injection of small (3 15 pm) microcapsules in 
the rat [13]. Following injection of 10,000 microcapsules, 
rat portal pressure increased from 6.4 * 1.8 mmHg to 
19 mmHg and returned to base level within 2 h [13]. 
With 420-pm capsules, intra-portal injections killed most 
of the rats, unless the capsule number was reduced from 
10,000 to 5,000. 

Human islets have a diameter between 50 and 
350 pm. In order to minimize the risk of protrusion [4] 
and of inefficient immunoprotection of the largest islets, 
while reducing the size to a minimum, the optimal cap- 
sule size would be 400 pm. Therefore, we investigated 
the feasibility of intra-portal injection of 400 pm-sized 
capsules in a large-animal model. 

Three-hundred-thousand capsules were injected in 
each animal, representing a mean of 10,000 capsules/kg 
body weight. This number of capsules seems to be the 
minimum required for a possible clinical application. In 
the series of allogeneic islet transplantations presented 
by the Edmonton group, insulin-independence in type-I 
diabetes patients was achieved after injection of a min- 
imum of 10,000 islets/kg body weight [18, 211. In the 
GRAGIL group and in the single-center Geneva expe- 
rience, patients reached freedom from exogenous insu- 
lin-therapy after the allogeneic transplantation of a 
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Fig. 3 Microcapsule in a pre-sinusoidal portal vein after the 
injection of 300,000 microcapsules in a 30-kg Large White pig 
(HE; x100) 

Fig. 4 Microcapsules in a pre-sinusoidal portal vein 3 months after 
injection of 300,000 microcapsules in a 30-kg Large White pig (HE; 
x100). The presence of fibrosis around the capsules can be seen 

minimum of 8,000 islets/Kg [I, 161. We must consider 
that, with any islet encapsulation procedure, at best 20% 
of capsules may not contain islets. Therefore, a mini- 
mum of 10,000 capsules/kg would be required to ensure 
the transplantation of an islet mass sufficient to achieve 
insulin-independence (8,000 islets/kg). 

The mean portal pressure increased temporarily by 
6.3 mmHg (from 8.7 to 15 mmHg) between basal and 
peak; it decreased significantly some minutes after the 
end of the injection, and was normal after 3 months. 
Liver tests remained stable during the 3-month follow- 
up period. These changes are similar to the clinical data 

from intra-portal islet transplantations performed in our 
center. During 13 human islet auto-transplantations 
described previously, we injected a mean of 13 (4-45) ml 
of tissue [16]. Mean portal pressure increased by 
6 mmHg (from 12 to 19 mmHg) between basal and 
peak, while liver tests remained stable postoperatively. 

Radiological examination by portography demon- 
strated a homogenous embolization of the capsules in 
the whole liver, with preservation of a normal portal 
flow. Although the anatomy and physiology of human 
and pig livers may be different, the decrease in the 
number of small portal veins observed after intra-portal 
injection of empty capsule was similar to that observed 
in portographies of patients receiving non-encapsulated 
islet grafts (Fig. 2). 

In the present model, an injection rate of 5 ml/s re- 
sulted in a selective flow of the contrast medium to the 
right portal vein. This can be explained by the laminar 
flow directed preferentially to the right portal vein, 
previously demonstrated in several animal models [ 3 ,  8, 
201 and in the human [9]. Splenic and mesenteric vein 
blood flows are not completely mixed in the portal vein 
and are drained in different parts of the liver. With an 
injection rate higher than 10 ml/s, the portal hemody- 
namic is altered to a turbulent flow, and a good distri- 
bution of the microcapsules is achieved in both liver 
lobes. 

As demonstrated by the biopsies, the capsules 
remained intact, in spite of the increased mechanical 
stress during faster injection. None of the examined 
capsules was damaged, and most of the capsules kept 
their spherical shape, or were slightly deformed, 
depending on vein size. As previously demonstrated in 
an in vitro uni-axial compression model, our multi- 
component microcapsules have to be squeezed by 
87-97% of their diameter before bursting [17]. This high 
deformation capacity may explain the good tolerance to 
injection. 

The clinical applicability of intra-portal encapsulat- 
ed-islet transplantation remains limited by a number of 
findings in our study. First, 3 months after implantation, 
histological examination demonstrated various degrees 
of peri-capsular fibrosis. The same multi-component 
microcapsules were previously implanted in the perito- 
neal cavity with good immunoprotection and no peri- 
capsular infiltration [23]. The present peri-capsular 
fibrosis may thus be site specific, and a more appropriate 
capsule chemistry has to be defined for intra-portal 
implantation. However, the present study was designed 
to assess the mechanical and technical potential of using 
the intra-portal site for encapsulated-cell injection. The 
second limitation of the study is the absence of cells 
within the capsules. Although we could speculate on the 
weakness of capsules with cells included, and on possible 
immunological impacts of the cells, such as the release of 
cytokines or the sensitization through antigen leakage, 
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the inclusion of cells within the capsule is unlikely to 
influence the mechanical obtained after intra- 
portal capsule injection. 

In conclusion, Our results indicate that the intra- 
portal injection of 10,000 microcapsules per kilogram in 

namically well tolerated, and does not alter liver func- 
tion. 
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