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% Abstract

researchers to collaborate with statisticians.

Critical Knowledge before Needed Statistics to Conduct Clinical
Research

- Statistics is one of the most important tools needed to solve out clinical questions and to evalu-
ate the correlation of various clinical phenomena. However, statistics cannot answer clinically
valuable questions by itself. Only when statistics is applied with the scientifically appropriate
methods and procedures does, it help us to clarify new thoughts and knowledge. This is called
clinical epidemiology or clinical research methodology. Therefore, clinical researchers are
strongly advised to learn them in addition to StatIStICS Such knowledge also helps clinical
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Percutaneous Transhepatic Portal Vein Embolization: Effectiveness of
Absolute Ethanol Infusion with Balloon Catheter in a Pig Model
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Satake M, Tateishi U, Kobayashi T, Murata S, Kumazaki T. Percutaneous transhepatic
portal vein embolization: effectiveness of absolute ethanol infusion with balloon catheter
in a pig model. Acta Radiol 2005;46:000-000.

Purpose: To evaluate the effectiveness of portal vein embolization (PVE) with absolute
ethanol using multidetector-row computed tomography (CT) angiography in a pig
model.

Material and Methods: Percutancous transhepatic PVE with 10 ml absolute ethanol was
performed in liver segments (n=>5) or subsegments (n=35) in 10 pigs. CT images and
volumetric data were qualitatively and quantitatively assessed to determine future liver
remnant (FLR) hypertrophy and to correlate with histopathologic changes 2-6 weeks
after PVE. Effectiveness evaluation was based on changes in absolute FLR size and ratio
of FLR to total estimated liver volume (TELV).

Results: Occlusion of the embolized vessel was achieved immediately after injecting
absolute ethanol within a range of 0.25-0.33 mli/kg. The TELV prior to PVE was
660.494+103.66 cm® (range 527.22 to 833.70 cm®) and after PVE 769.51+29.36 cm®
(range 685.95 to 887.34 cm?). The mean FLR/TELYV ratio increase after PVE was 14.2%.
No statistically significant difference was found in the increase of TELV
between segmental or subsegmental PVE. On microscopic observation, atrophy of the
embolized liver was noted in all animals and was seen distinctly at 3 weeks after PVE in 2
animals.

Conclusion: Both regenerative response and histopathologic changes of the liver were
seen after PVE with absolute ethanol with a mean FLR/TELYV ratio of 14.2%.
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Percutaneous transhepatic portal vein embolization
(PVE) of the liver leads to atrophy of the embolized
lobe and compensatory hypertrophy of the remnant
liver, which may prevent liver failure after
hepatic resection (17). The PVE procedure mini-
mizes the risk of portal vein thrombosis and
contralateral vascular injury to the future liver
remnant (FLR). PVE is performed mainly in the
preoperative treatment of selected patients who are
potential candidates for major hepatic resections (2,
-5, 11, 12, 14, 18). By inducing selective
lobar hypertrophy of the normal liver, PVE may
reduce complications after major resections (2, 5,
11, 12, 14, 18).

The substances used for embolization include
coils (5), microspheres (5), cyanoacrylate and
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ethiodized oil (6), gelatin (6, 19), polyvinyl alcohol
(PVA) particles (7, 16), and absolute ethanol (4, 10,
15, 20-22). Absolute ethanol is one of the most
reliable agents for achieving atrophy of the embo-
lized lobes and induces histopathologic changes in
the embolized liver that lead to periportal necrosis
and fibrosis (4, 10, 15, 20-22). The hypertrophy of
the remnant liver segments observed in previous
studies almost certainly represents hepatic regenera-
tion, but we know of no experimental studies in
which hepatic regeneration after PVE with absolute
ethanol has been evaluated by CT angiography (1,
5). The purpose of this study was to evaluate the
effectiveness of PVE with absolute ethanol in pigs
by correlating the CT angiographic findings with the
histepathologic observations.

DOI 10.1080/02841850510021328 © 2005 Taylor & Francis
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Material and Methods

Procedure

Ten female domestic pigs (Saitama Experimental
Animal Supply, Saitama, Japan) weighing 30.0 to
35.0 kg were used in this study. The study protocol
was approved by our institutional animal study
committee. Animals were sedated and anesthetized
by premedication with an intramuscular injection of
15 mg/kg ketamine-HCI (Sankyo, Tokyo, Japan),
2 mg/kg atropine sulfate (Yamanouchi, Tokyo,
Japan), and 4 mg/kg 4'-fluoro-4-butyrophenone
(Sankyo, Tokyo, Japan), and ventilated with
administration of 50-100 mg thiamylal sodium
(Yoshitomi, Tokyo, Japan). The anesthesia was
maintained mainly by inhalation of sevoflurane
(Maruishi, Tokyo, Japan). Intravenous ketamine-
HC! and pancronium bromide (Sankyo, Tokyo,
Japan) were also administered to maintain anesthe-
sia when necessary. 0.5 g Cefazolin sodium
(Fujisawa, Tokyo, Japan) was administered intra-
venously to prevent infection. A catheter was
inserted into a femoral artery with a 5 Fr. supet-
sheath introducer set (Medikit, Tokyo, Japan).
Under fluoroscopic guidance, a 6 Fr. super-sheath
introducer (Medikit, Tokyo, Japan) was transhepa-
tically introduced into a branch of the right portal
venous system. A 0.035-inch guide-wire (Radifocus
Guide Wire, Terumo, Tokyo, Japan) and a 0.035-
inch Amplatz guide-wire (Cook  Medical,
Bloomington, Ill., USA) were used to secure access,
and the 6 Fr. vascular sheath was placed with a 5 Fr.
dilator.

Digital subtraction portography was performed
with a 5 Fr. angiographic balloon catheter (Clinical
Supply, Gifu, Japan) inserted into the main portal
vein, which was identified by injecting 5-10 ml of
contrast material (Iopamiron 370 mgl/ml; Nihon
Schering, Osaka, Japan) during suspended respira-
tion. Portal vein branches were embolized by
injection with from 5 to 10 ml of absolute ethanol
into a 5 Fr. balloon catheter within the portal vein
branches supplying the segments targeted. The
balloon catheter was used to block the embolized
branches and prevent reflux. After embolization of
the targeted segments, the catheter was positioned in
‘the main portal vein, and a portogram was
obtained. The portal vein catheter was thereafter
left in place as an indwelling.

Selective embolization of segment IV was per-
formed in three pigs, segment VI in two pigs, the
anterior segment in two pigs, the posterior segment
in two pigs, and the lateral segment in one pig.
Blood samples were collected and serum creatinine,
total serum bilirubin, serum alkaline phosphatase,
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serum lactate dehydrogenase, serum aspartate ami-
notransferase, and serum alanine aminotransferase
levels were measured before and after embolization.
The blood ethanol concentration was also deter-
mined before and 3, 5, 10, 15, 20, 30, and 60 min
after embolization.

CT examinations

The animals were sedated with sevoflurane, keta-
mine-HCl, and pancronium bromide before receiv-
ing a propofol infusion. The animals were placed in
the CT scanner in the supine position. All CT
images were obtained with a multidetector-row CT
system (Aquilion V-detector CT; Toshiba, Tokyo,
Japan), and the following scan parameters were
used: axial 4 slice mode, 2.0 mm collimation, 0.5 s/
rotation, 120 kVp, 150 mA/rotation, 30-40 cm of
field of view, and 512 x 512 matrix. Images were
reconstructed using standard algorithms with 5 mm
section thickness on a display window width of 300-
350 Hounsfield Units (HU) and a window center of
120-180 HU. A 5 Fr. cobra-type femoral artery
catheter (Clinical Supply, Gifu, Japan) was first
placed in the superior mesenteric artery for CT
arterial portography (CTAP) and then repositioned
in the common hepatic artery for CT hepatic
arteriography (CTHA). CTAP was performed with
scan delays of 10 s (early-phase) and 35 s (delayed-
phase) after injection of the 1:2 diluted contrast
material (Topamiron 370 mgl/ml; Nihon Schering,
Osaka, Japan). CTHA was also performed with
scan delays of 10 s (early-phase) and 35 s (delayed-
phase). The contrast material was injected with a
dedicated CT injector (Autoenhance A250; Nemoto
Kyorindo, Tokyo, Japan) at a flow rate of 2.0 ml/s,
and a total volume of 60 ml for each scan. Both
CTAP and CTHA were performed before and
60 min after the embolization procedure in all
animals. Follow-up CT (CTAP and CTHA) was
performed after 2 (n=5) and 3 (n=5) weeks. The
interval between PVE and scarification ranged from
2 to 6 weeks: 2 weeks (n=5), 3 weeks (n=2), 4 weeks
(n=1), and 6 weeks (n=2).

Image analysis

Two radiologists interpreted all of the CT images by
consensus. All CTAP images were evaluated for the
morphology of portal trunk and branches, the
presence of portal occlusion and recanalization,
perfusion defects, and periportal hyperattenuation.
All CTHA images were also evaluated for the
presence of normal or abnormal hepatic arterial
perfusion. The extent of perfusion defects or
periportal hyperattenuation on CTAP images and



hepatic arterial perfusion on CTHA patterns was
recorded based on the following grading system:
grade 0, normal; grade 1, no more than 25% of the
embolized segment involved; grade 2, 26-50% of
the embolized segment involved; grade 3, 51-75% of
the embolized segment involved; grade 4, 76-100%
of the embolized segment involved.

CTAP images were used to calculate liver volume
before and after PVE. The 3-dimensional models of
the whole liver were reconstructed on a workstation
(Ziosoft M900, Quadra, v. 3.10f; Ziosoft Inc.,
Tokyo, Japan). Threshold limits were applied to
exclude soft tissue surrounding the liver by using a
standard algorithm mode that manipulates a voxel
matrix of 512 x 512 pixels. The portal vein, biliary
tract, and gastrointestinal structures were selectively
removed from the model. The embolized fraction of
the liver was calculated by measuring the enhanced
and non-enhanced areas and dividing the sum of
volumes that were not enhanced by the volume of
the entire liver. The percentage of voxels with
attenuation values below a specified level was
defined as the lower attenuation volume. The initial
evaluation of the FLR was performed by consensus
between two radiologists and was based on calcula-
tion of the total estimated liver volume (TELV) on
cross-sectional images. TELV was estimated before
PVE and follow-up. In addition, a second evalua-
tion of the FLR and TELV was performed by
another radiologist to assess reproducibility.

Histopathologic examinations

‘On the day of sacrifice, the animals were given an
intravenous dose of ketamine-HCI, and portogra-
phy was performed via the indwelling portal vein
catheter. Tissue specimens were immediately col-
lected from each lobe of the liver. Tissue wedges
from each lobe of the liver were fixed in 10% neutral
buffered formalin and were prepared for paraffin
embedding and sectioning. A series of 4-um-thick
sections was prepared, mounted on slides, and
stained with either hematoxylin-eosin or Masson
trichrome. All pathologic specimens were evaluated
by one pathologist. ’

Statistical analysis

Paired ¢ tests were used to determine whether any of
the changes in TELV, FLR/TELYV ratio, or serum
concentrations  were statistically  significant.
Correlation between the serum concentrations of
the substances analyzed and the areas of PVE or the
duration after PVE and the correlation between the
weight of the liver and TELV were assessed by
Pearson’s correlation coefficients. The agreement
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between the CT findings was assessed by using
weighted kappa statistics. The kappa statistics and
95% confidence intervals (CIs) were calculated as a
measure of agreement. The kappa statistic was
interpreted thus: 0.00 to 0.20, slight agreement; 0.21
to 0.40, fair agreement; 0.41 to 0.60, moderate
agreement; 0.61 to 0.80, substantial agreement; and
0.80 to 1.00, almost perfect agreement. The signifi-
cance criterion for all tests was set at the P < 0.05 level.

Results

Imaging findings

PVE was technically successful in all pigs. Occlusion
of the embolized vessel was achieved immediately
after the injection of absolute ethanol, and the doses
ranged from 0.25 to 0.33 ml/kg. No inflow of portal
blood into the embolized portal branches was detected
by portography after PVE (Fig. 1). No constriction or
obstruction of unembolized vessels was observed.

Early-phase CTAP revealed that the embolized
portal branches were dilated by wedge infusion
during balloon occlusion (Fig. 2). Late-phase CTAP
showed slight obliteration of the embolized
branches in all animals (Fig. 2). There was no CT
evidence of portal vein recanalization in any of the
animals. Perfusion defects in the embolized liver
(mean grade 3.0) were identified on CTAP in all
animals (Fig. 3). Late-phase CTAP showed peri-
portal hyperattenuation of the embolized portal
branches (mean grade 0.7) in 70.0% of the animals
(Fig. 4). Both early- and late-phase CTHA were
performed after PVE, and parenchymal enhance-
ment in the embolized liver was observed in all
animals (Fig. 3).

Findings at follow-up CTAP and CTHA after 2 or 3
weeks demonstrated severe atrophy of the embolized
parts of the liver (Fig. 5). Complete occlusion of
portal branches without recanalization was found in
all animals. The areas of the embolized liver with
periportal hyperattenuation on CTAP became com-
pletely atrophic, which showed almost perfect agree-
ment (weighted Kappa 0.87; 95% CI:. 0.73-1.00).
Perfusion defects in the embolized liver were identified
on CTAP, and the mean grade was 3.4. CTHA also
showed parenchymal enhancement of the embolized
liver in all animals. The agreement between the
perfusion defects on CTAP and the hepatic arterial
hyperperfusion on CTHA was almost perfect
(weighted kappa 0.84; 95% CI: 0.67-0.94).

Blood samples and CT volumetry
Complications were not recorded in any animal, and
the course after PVE was uneventful. All laboratory

Acta Radiol 2005 (4)
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Fig. 1. Percutaneous transhepatic portal vein embolization (PVE) of
the posterior portal branches of the right lobe. A. Digital subtraction
portography before PVE. B. Digital subtraction portography of the
posterior portal branches during balloon occlusion. C. Portography
after PVE shows total occlusion of the posterior branches of the
right lobe.
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values determined to detect hepatic or renal damage
were in the normal range before PVE. Statistically
significant increases were observed in the serum
concentrations of the liver transaminases, alanine
aminotransferase, and lactic acid dehydrogenase
(Table 1). The serum concentration of alanine
aminotransferase depended not only on the interval
after PVE (P <0.0001), but also on the size of the
PVE areas (P<0.05). The serum lactic acid dehy-
drogenase concentration was also dependent on the
interval after PVE (P <0.05), but not on the size of
the PVE areas. No statistically significant correla-
tion were found between PVE areas and serum
concentrations of the substances measured including
aspartate aminotransferase, the bile canalicule
marker alkaline phosphatase, total bilirubin, or
creatinine. The average serum ethanol concentration
decreased after PVE (range 0.51 mg/dl [3 min] —
0.25 mg/dl [60 min)).

The TELV prior to PVE was 660.49 + 103.66 cm®
(range 527.22 to 833.70 cm®) and the TELV after
PVE was 769.51+29.36 cm® (range 685.95 to
887.34 cm®). The increase in TELV after PVE was
109.01 +-44.94 cm®. The mean increase in FLR/
TELV ratio after PVE was 14.2%. There was a
statistically significant correlation between liver
weight and TELV after PVE (r=0.964,
P <0.0001). No statistically significant difference
was found between the results of initial and second
calculation of TELYV.

Histopathologic findings

Grossly, the embolized liver appeared yellowish,
and contained mass-like (Fig. 6) or amorphous
(Fig. 7) areas, predominantly in the parenchyma
surrounding Glisson’s capsule. Atrophy of the
embolized liver was noted in all animals and was
seen distinctly at 3 weeks after PVE in 2 animals.
Hypertrophy of the unembolized liver was evident
at least 2 weeks after PVE. Microscopic examina-
tion revealed degenerated hepatocytes with intact
lobular architecture in the mass-like areas of the
embolized liver (Fig. 8). No hepatic blood perfusion
was observed in the sinusoids in tissue fixed with
absolute ethanol. Inflammatory infiltration accom-
panied by giant cells and parenchymal necrosis was
seen mainly in the sinusoids at 3-6 weeks after PVE.
The portal veins were dilated and occluded with
fresh emboli in the amorphous areas in the
embolized lobes. Mononuclear cell infiltration was

observed in Glisson’s capsule without destruction of

the hepatic lobule at least 2 weeks after PVE.
Degenerated hepatocytes in the embolized lobes
were much more likely to be eosinophilic and to
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Fig. 2. PVE of the anterior portal branches of the right lobe. A. Early-phase CTAP with wedge infusion during balloon occlusion
demonstrates the dilated embolized portal branches (arrow). B. Late-phase CTAP shows slight obliteration of the embolized branches (arrow).

have a high nuclear-to-cytoplasm (N/C) ratio.
Microscopic examination also revealed parenchymal
damage and fibrosis 3-6 weeks after PVE. However,
no significant changes were observed in either hepatic
arteries or bile ducts at any time after PVE.

Discussion

The results of this study provide experimental
evidence that a regenerative response and histopatho-
logic changes in the liver with an increase of mean
FLR/TELV follow PVE in pigs. The results also
showed that the serum ethanol concentration after
instillation was less than 0.51 mg/dl. These results

suggest that this procedure is safe and followed by
only a transient, low serum ethanol level.

PVE leads to atrophy of the lobe embolized and
secondary hypertrophy of the unembolized lobes (3,
9, 13). The results of this study confirm the delay
and extent of hypertrophy induced in the unembo-
lized lobe and the feasibility of PVE. The results are
consistent with the findings in previous studies of
PVE effects in pigs (7). The lack of complications
after PVE with absolute ethanol in this study may
be explained by the fact that the balloon catheter
prevented reflux of absolute ethanol.

In our study, no blood perfusion was observed in
sinusoids of the embolized liver when the tissue was

Fig. 3. PVE of the anterior portal branches of the right lobe. A. A perfusion defect was seen in the embolized liver on CTAP. The extent of
the perfusion defects ranged from 76% to 100% of the embolized segment involved (grade 4). B. Parenchymal enhancement was observed in
the embolized liver. Heterogeneous enhancement with central low attenuation was seen (arrow).
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Fig. 4. PVE of the portal branches supplying segment I'V. Periportal
hyperattenuation of the embolized portal branches was observed on
CTAP (arrows). The extent of periportal hyperattenuation was less
than or equal to 25% of the embolized segment involved (grade 1).

fixated with absolute ethanol. Nevertheless, our
observations conflict with the findings of previous
studies suggesting that absolute ethanol is advanta-
geous as a destructive embolizing agent for liver

tissue in rats (7, 8). The investigators reported that
the thrombi allowed incomplete obstruction or
recanalization of vessels in the short term after
PVE. This apparent discrepancy must be attribu-
table to the procedure used to infuse absolute
ethanol during balloon occlusion. Qur results seem
to suggest that dilution occurs more readily and the
affected tissue is more likely to be fixated by
absolute ethanol.

Significant increases in the serum concentrations
of alanine aminotransferase and lactic acid dehy-
drogenase were observed in our study. The relation-
ship between the concentrations of substances
measured in the serum samples and areas of PVE
showed that the serum concentration of alanine
aminotransferase depended on the interval after
PVE. The serum lactic acid dehydrogenase concen-
tration was also dependent on the interval after
PVE. Both values peaked at a level less than three
times the baseline value 1-3 days after PVE and
returned to the baseline value at 7-10 days (16). The
serum transaminase concentrations rose in propor-
tion to the dose of absolute ethanol injected in dogs

Fig. 5. Six weeks after PVE of the anterior portal branches. A. Perfusion defects with severe atrophy of the embolized liver were identified on
CTAP, and the grade was 4, B. CTHA showed parenchymal enhancement corresponding to the perfusion defects on CTAP.

Table 1. Changes of serum concentration of blood samples after PVE

Pre-PVE Post-PVE P value
ALT (U/L) 33.147.2 (25-48) 400.74-185.4 (70-691) <0.05
AST (U/L) 56.7+26.2 (34-121) 66.8+25.8 (44-112) ns
Total bilirubin (mg/dl) 0.0140.03 (0.00-0.10) 0.024-0.04 (0.00-0.10) ns
LDH (U/L) 808.5+276.1 (447-1461) 1279.7+717.4 (582-2945) <0.05
ALP (U/h 237.0+45.3 (173-325) 249.0+51.1 (170-325) - ns
Creatinin (mg/dl) 0.91+0.10 (0.76-1.02) 0.93+£0.20 (0.79-1.12) ns

ALT=Alanine aminotransferase, AST=asparate aminotransferase, LDH=lactic acid dehydrogenase, ALP=alkaline phosphatase.

All values after PVE were measured on the day of sacrifice.
ns=not significant.

Changes in serum concentration of blood samples were assessed using the Friedman test.
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Fig. 6. A. Cut surface of a specimen of the embolized liver 3 weeks
after PVE shows yellowish mass-like areas adjacent to Glisson’s
capsule (arrows). B. Numerous degenerated hepatocytes are identi-
fied but the lobular architecture of the liver is preserved (arrows).

(22). The significant and transient increases in
transaminases after PVE may be explained by
extensive peribiliary inflammation and hepatic
necrosis observed histopathologically. The increases
were caused by massive cell destruction by ethanol,
and the clearance of the enzymes was rapid and
correlated with the fast reabsorption of the necrotic
tissue observed pathologically. The serum ethanol

Percutaneous Transhepatic PVE 7

Fig. 7. Cut surface of a specimen of the embolized liver 3 weeks
after PVE demonstrates yellowish amorphous areas in Glisson’s
capsule (arrows).

Fig. 8. Degenerated hepatocytes in the embolized lobes are more
likely to be eosinophilic and to have a high nucleus-to-cytoplasm
(N/C) ratio.

concentration increased within the first 3 min after
injection in every animal. PVE with absolute
ethanol is associated with minimal side effects and
is considerably less toxic.

Table 2. The difference of serum concentration of blood samples between segmental and susegmental PVE

Segmental PVE Subsegmental PVE P value
ALT post-pre (U/L) 352.54+83.7 390.3+91.1 ns
AST post-pre (U/L) 10.2+6.9 10.0+2.6 ns
Total bilirubin post-pre (mg/dl) 0.024+0.02 0 ns
LDH post-pre (U/L) 592.74-245.7 289.0+109.1 <0.05
ALP post-pre (U/l) 9.3+20.9 16.0+7.3 ns
Creatinin post-pre (mg/dl) 0.0440.03 0.06+0.03 ns

Data are presented as post-PVE minus pre-PVE. ALT=Alanine aminotransferase, AST=asparate aminotransferase, LDH=lactic acid

dehydrogenase, ALP=alkaline phosphatase.
ns=not significant,

The diffence of serum concentration of blood samples between segmental or subsegmental PVE was assessed by two-way analysis of variance

(ANOVA).
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Since ethanol only causes tissue necrosis above a
certain concentration, it must be delivered to the
target segment of the liver without systemic dilution.

- To achieve this, we rapidly and forcibly injected
ethanol via a catheter wedged into the portal vein,
thereby obstructing portal blood flow to the target
segment. There is a paucity of information on the
systemic effects of absolute ethanol after PVE (1).
The results of the present study are consistent with
previous results and revealed that this procedure is
safe and associated with only a transient appearance
of low ethanol levels in serum.

Ethanol causes tissue fixation, sludging of blood
cells, and protein denaturation and coagulation. In
our study, the portal veins dilated and thrombosed
when they came into contact with ethanol. Animal
studies (10, 20, 22) of portal vein occlusion have
shown that the hepatocytes in the embolized lobes
undergo apoptosis. Hepatocyte apoptosis is likely to
explain the minimal alterations in liver function
tests observed in human studies (7, 8). However, no
hepatocyte apoptosis was observed in the embolized
lobes in our study. Our findings were attributable to
tissue fixation by absolute ethanol that induced
hepatocytes degeneration without destruction of the
lobular architecture of the embolized lobe.
Therefore, damage to hepatocytes by tissue fixation
may result in parenchymal necrosis.

The safety of the PVE procedure may allow
expansion of its indications to patients with
insufficient remnant liver volume. It has been
hypothesized that liver regeneration is attributable
to the ability of hepatocytes to dedifferentiate and
expand clonally (1). Intrahepatic and extrahepatic
factors may also contribute to the induction and
control of hepatocyte growth (13). Additional
randomized study of the PVE procedure will
improve our understanding of the mechanisms in
liver regeneration.

In conclusion, a regenerative response and
histopathologic changes in the liver follow PVE in
pigs. The induction of liver necrosis can be well
controlled and these changes are followed by a
regenerative response in the remnant liver.
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Abstract

Size-controlled small (i.e. less than 300 pm) polyelectrolyte complex gel beads are urgently desired for wide-spread application,
including use in medical, pharmaceutical, and bioengineering fields. However, it was impossible to obtain smaller beads less than
300 um with conventional apparatuses. We developed a novel microfluidics device that utilizes silicon micro-nozzle (MN) array,
enabling to produce 50-200 um calcium alginate beads with a narrow size distribution. Alginate aqueous solution was extruded
through a precisely fabricated thin (30 um x 30 pm) and short (500 pm) MN and was sheared by the viscous drag force of oil flow- to
form alginate droplets. Alginate droplets were immediately reacted with CaCl, droplets at the downstream of oil flow to form
calcium alginate gel beads. This device enabled us to successfully encapsulate living cells into 162 um calcium alginate beads with

maintaining viability, which was confirmed by the expression of marker protein.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Alginate; Cell encapsulation; Microcapsule; Micromachining; Microstructure; Size control

1. Introduction

Spherical gel beads containing Iiving cells have been
applied in the transplantation of pancreatic islet into
diabetic animals [1,2], treatment of hormone or protein

-deficient diseases [3], and cancer therapy [4-6]. Another

utilization includes microcarriers [7], scaffold [8] for cell
cultures and tissue engineering [9]. As gel materials,
polyelectrolyte complex systems have often been used.
Among them, calcium alginate is the most commonly
employed system for its easiness in gel formation. Once
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E-mail address: mnaka@affrc.go.jp (M. Nakajima).

0142-9612/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.biomaterials.2004.08.029

liquid alginate solutions are contacted with polycation
(Ca®?™), they immediately transformed into gel by
binding between guluronic acid blocks in alginate and
Ca®*,

Smaller beads offer many advantages, such as better
transportation of nutrients and oxygen [10], better
dispersion, better mechanical strength, easier implanta-
tion, and potential access to new implantation sites [11].
Widely used production techniques for preparing poly-
electrolyte complex gel beads include the vibrating
nozzle method and coaxial air-flow method [12].
Calcium alginate beads with 300-800 pm diameters have
been successfully prepared using these methods. Though
preparation of smaller beads with 170 um diameter was
reported through the electrostatic droplet generation



