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Multicellular tumor spheroids (MTS) are gaining increased recogni-
tion as valuable tools and key elements in anticancer drug discov-
ery and tumor therapy test programs. However, the lack of
reproducible and uniform MTS sizes is a major problem for phar-
maceutical assays. Here, we show the usefulness of duplex micro-
capsules with a Ca-alginate gel membrane as a platform for
producing MTS with a highly homogeneous size distribution. HeLa
cells were enclosed with 86.9% viability within the microcapsules.
The enclosed cells grew and formed MTS with the same size as the
cavity of the microcapsules by arresting their growth with the
microcapsule membrane. The cells in the resultant MTS had a
higher proportion in Go/G, phase (71.2%) than 2-D cultured cells
in the stationary phase (64.3%) or those in MTS formed on a non-
adherent surface (65.3%) (P < 0.01). Furthermore, the cells in MTS
formed within microcapsules showed higher tolerance to mitomy-
cin C (1-1000 nM) and gemcitabine (4.5-4500 nM) than 2-D
cultured cells (P < 0.01). In addition, the expression of MDR1,
MCT1, HIF-1a, and GRP78 mRNA was 2.9-, 3.2-, 3.8-, and 5.5-fold
higher, respectively, than those in 2-D cultured cells (P < 0.04).
Cryopreserved encapsulated cells in the microcapsules showed
80.5% viability and formed MTS with a comparable tolerance of
100 and 1000 nM mitomycin C to those that were not cryopre-
served (P > 0.09). These findings suggest the duplex microcapsule
may be a promising tool for producing MTS for pharmaceutical
applications. (Cancer Sci 2012; 103: 549-554)

Three-dimensional tumor cell constructs are increasingly
recognized as valuable tools and key elements in anticancer
drug discovery and tumor therapy test programs because their
gene expression profiles reflect those of cancer cells in vivo
more accurately than those of 2-D cultured cells." The multi-
cellular tumor spher01d (MTS) is a well-known 3-D tumor cell
construct and various techniques have been reported for their
preparation.”” One conventional technique uses cultivation on
dishes with non-adherent surfaces or hanging drop cultures.‘”
One of the critical obstacles, however, is difficulty in preparing
MTS with a well-defined size under conditions of sufficient
medium renewals that are requ1red for pharmaceutical assays
with proper statistical analysis.””> One of the solutions to this
problem is to culture tumor cells in homogeneous microcap-
sules.*> We recently reported an original duplex microcapsule
suitable for mass production of spherlcal tissues with a narrow
size distribution from a variety of cells.”” The duplex mlcrocap-
sules were prepared from gelatin and sodium alginate using a
flow-focusing system.‘®™ The spherical tissues formed in the
microcapsule can be harvested easily and safely when necessary
for subsequent applications by liquefying the microcapsule
membrane.

The aim of this study was to evaluate the feasibility of duplex
microcapsules as a platform for producing MTS for pharmaceu-
tical assays. We used the HelL.a human cervical cancer cell line
and investigated the tolerance of the cells to anticancer drugs,
mitomycin and gemcitabine, gene expressions of multi-drug
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resistance protein 1 (MDRI1), monocarboxylate transporter 1
(MCT1), hypoxia-inducible factor 1o (HIF-1a), and 78-kDa glu-
cose-regulated protein (GRP78), and the cell-cycle distribution
in microcapsules. Gene expressions and the cell-cycle phase of
enclosed cells have not been reported in previous studies using
microcapsules for preparing MTS, despite the importance of this
information belng well recognized for drug discovery
programs.®~'> In addition, we investigated the possibility for
cryopreservation of the tumor cell-enclosing microcapsules.
Cryopreservation of cell-enclosing microcapsules would enable
a reliable supply of uniform MTS for reproducible anticancer
drug screening as needed because the microcapsules could be
stocked in large quantities after a single mass production run.®

Materials and Methods

Materials. Gelatin (type B from porcine skin, 225 Bloom)
was obtained from Sigma (St. Louis, MO, USA). I-1G sodium
alginate with a high content of guluronic acid, a molar ratio of
mannuronic acid to guluronic acid content of 0.65, and a molec-
ular weight of 70 000 Da was purchased from Kimica (Tokyo,
Japan). Mitomycin C (mitomycin) and gemcitabine were
obtained from Wako Pure Chemicals (Osaka, Japan) and Eli
Lilly Japan (Hyogo, Japan), respectively. The HelLa human
cervical cancer cell line was obtained from the Riken Cell Bank
(Ibaragi, Japan). The cells were cultured in DMEM (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 10% (v/v)
FBS, 75 mg/L penicillin, and 50 pg/L streptomycin in a humid-
ified atmosphere at 37°C in 5% CO,/95% air.

Cell encapsulation. Cell-enclosing duplex microcapsules
were prepared based on a prev10usly reported method (Fig. 1).©
Briefly, cells were suspended in 7.5% (w/v) gelatin solution
kept at 37°C at 2.5 x 10° cells/mL. This solution was extruded
from a 26-gauge needle at 0.05 mL/min into a co-flowing
immiscible stream of liquid paraffin containing lecithin at 2%
(w/w). An emulsion containing cell-enclosing microdroplets of
approximately 200 pm in diameter was prepared by controlling
the flow rate of the liquid paraffin. After cooling the suspension
in an ice bath for 6 min, PBS was added to the vessel containing
the suspension then centrifuged to collect the resultant cell-
enclosing gelatin microparticles in the aqueous phase. The
resultant gelatin microparticles were suspended in 1.5% (w/v)
Na-alginate aqueous solution and dropped into 100 mM CacCl,
solution using an electrostatic droplets generator to produce Ca-
alginate microparticles that contained the cell-enclosing gelatin
microparticles. After several washes using cell culture medium
(DMEM with 10% FBS), the microparticles were incubated at
37°C in 5% CO,/95% air. The medium was changed every
other day. A cavity structure in the microcapsules was devel-
oped by the incubation at 37°C due to the thermally induced
gel-to-sol transition of the gelatin hydrogel. For subsequent
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Fig. 1. Schematic of tumor cell encapsulation and multicellular tumor
spheroids (MTS) formation in a duplex microcapsule and subsequent
harvesting of MTS.

assays, the cells in microcapsules were collected by soaking the
microcapsules in 55 mM sodium citrate solution (pH 7.4).

Production of MTS on agarose gel. As a control for the cell-
cycle analysis of MTS formed in microcapsules, MTS were also
prepared by incubating HeLa cells on agarose gel. A dish coated
with agarose gel to provide a non-adherent surface was obtained
by pouring autoclaved agarose aqueous solution (1% (w./v)) into
a 6-well culture dish. A HeLa cell suspensmn in the medium
was poured into each well at 1.0 x 10° cells/well. The cells
were then cultured under the same conditions as the encapsu-
lated cell culture. The MTS obtained after 9 days of culture
were used for subsequent analysis.

Drug treatment and growth inhibition measurement. Aliquots
of cell-enclosing microcapsules (300 plL) were collected after
prescribed incubation times and poured into a 48-well dish.
Phosphate-buffered saline containing mitomycin or gemcitabine
(15 pL, pH 7.4) was added into each well to obtain desired
concentrations. After 72 h of incubation under the conditions
mentioned above, the medium was removed and the microcap-
sules were rinsed using PBS. The microcapsules were then sus-
pended in 300 pL. medium and poured into the 48-well dish and
15 pL reagent in a Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) was added to each well to measure the mitochondrial
activity of the cells. After 2 h of incubation at 37°C in a CO,
incubator, the absorbance of the supernatant was measured using
a spectrophotometer. The number of cell-enclosing micro-
capsule cavities in each well was counted using an optical
microscope. The cytotoxicity was expressed as the relative
viability using the following formula:

- Alreated /Acontrol) x 100

where Ageaed and Acongor are the average increases in absor-
bance compared to blank wells per cell-enclosing microcapsule
cavity in the wells treated with and without anticancer drugs,
respectively.

RNA isolation, cDNA synthesis, and real-time PCR. The cells in
microcapsules were collected by dissolving the Ca-alginate gel
membrane by treatment with sodium citrate. The control cells
on the culture dish were harvested by trypsinization. The cells
were rinsed with PBS, then total RNA was extracted using an
SV Total RNA Isolation Kit (Promega, Madison, WI, USA),

Relative viability (%) = (1
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according to the manufacturer’s instructions. Single-stranded
cDNA was generated from the extracted RNA using a GoTaq 2-
Step RT-qPCR Kit (Promega). The target sequences from the
resultant cDNA template were then amplified and quantified
using a real-time PCR with the following specific primers.
MCTI1: forward, 5-TGGCTGTCATGTATGGTGGA-3’, rev-
erse, 5’-AGCTGCAATCAAGCCACAG-3"; MDRI1: forward, 5’-
TGTTGTCTGGACAAGCACTGA-3’, reverse, 5-AAGAAAC
AACGGTTCGGAAG-3"; HIF-1o: forward, 5’-CAGTCGACA
CAGCCTGGATA-3’, reverse, 5’-GCGGCCTAAAAGTTCTTC
TG-3"; GRP78: forward, 5’-CACAGTGGTGCCTACCAAGA-
3, reverse, 5-CTTTTGTCAGGGGTCTTTCA-3’; glucuroni-
dase beta: forward, 5-TGCGTCCCACCTAGAATCTG-3,
reverse, 5-TTGCTCACAAAGGTCACAGG-3’. The PCR reac-
tion was then carried out under the following conditions: poly-
merase activation at 95°C for 2 min, then 40 amplification
cycles with denaturation at 95°C for 15 s, followed by annealing
and extension at 60°C for 1 min. Glucuronidase beta was used
as an internal reference gene. Data were analyzed with the Opti-
con Monitor 3 software (Bio-Rad Laboratories, Hercules, CA,
USA). Experiments were carried out in triplicate and data are
presented as the mean of relative quantities of mRNA.

Cell-cycle analysis. After the indicated period of time, the
cells on the cell culture dish, harvested from microcapsules, or
on the dish coated with agarose gels, were trypsinized for dis-
persing. After rinsing with Ca and Mg-free PBS, the cells were
fixed with 70% ice-cold ethanol and stored at 4°C for 12 h. The
cells were stained with propidium iodide (0.5% v/v) after incu-
bation with RNase (4000 U/mL) for 15 min at room tempera-
ture. The DNA content of at least 10 000 cells was measured
using a flow cytometer (Attune Acoustic; Life Technologies,
Tokyo, Japan) equipped with a red pass filter at 575 nm, and
data were analyzed using Attune Cytometric 1.2 software (Life
Technologies, Tokyo, Japan).

Cryopreservation. After 24 h of culture following encapsula-
tion, the microcapsules were soaked in a medium containing
10% (v/v) dimethyl sulfoxide. The suspension was then poured
into a cryotube. After 12 h of storage at —80°C, the cryotube
was transferred into liquid nitrogen. After 45-75 days of cryo-
preservation in liquid nitrogen, the microcapsules were put into
normal cell culture medium and incubated at 37°C to evaluate
the growth profiles of the cryopreserved cells in microcapsules,
as described above.

Statistical analysis. Quantitative data are expressed as the
mean + SD. Comparisons between two datasets were made using
an unpaired Student’s t-test. Comparisons among three datasets
were made using one-way ANOvA with Tukey’s post-hoc analysis.

Results

Growth of enclosed cells. We first studied the growth profiles
of enclosed HeLa cells to understand the relation between the
growth phase and culture period. The diameter of the cavity
enclosing cells templated by gelation microparticles was
185 + 13 pum. The viability of the cells immediately after encap-
sulation was 86.9 = 2.3% (n = 4). Immediately after encapsula-
tion, the cells existed individually (Fig. 2a). During several days
of culturing, the cells formed clusters within the cavities
(Fig. 2b), then multiplied and the diameter of the clusters
increased with increasing culture period (Fig. 2c). The cavities
were almost completely occupied by the cells at day 14
(Fig. 2d). A cross-section of the clusters in the microcapsules
stained by H&E shows the existence of living cells in the central
part of the microcapsules (Fig. 2e). The growth of enclosed cells
was also observed by an increase in mitochondrial activity, cor-
responding to an increased number of living cells per cavity.
The plateau mitochondrial activity per cavity, indicating the
stationary phase, was detected after 14 days of encapsulation
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Fig. 2.

Day 18 from microcapsules

Day 9 on agarose gel

(a—d) Transition of morphologies of Hela cells after encapsulation in duplex microcapsules. (e) Cross-section of multicellular tumor

spheroids (MTS) in a duplex microcapsule stained with H&E after 14 days of cultivation. (f) MTS harvested from microcapsules after 18 days of
cultivation. (g) MTS formed on agarose gel after 9 days of cultivation. Bar = 150 um (a—d); 200 um (e); 300 um (f,g).

(Fig. 3). Those MTS with a highly uniform size were collected
within 1 min from the cell-enclosing microcapsules through
chelation of the calcium ions cross-linking the alginate mole-
cules by soaking them in sodium citrate solution (Fig. 2f). In
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Fig. 3. Transition of mitochondrial activity of Hela cells enclosed in
duplex microcapsules. Bar = SD (n = 3).
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contrast, MTS prepared on agarose gel were heterogeneous in
size (Fig. 2g).

Tolerance to anticancer drugs. We used two widely used anti-
cancer drugs, mitomycin and gemcitabine, to evaluate the
chemosensitivity of MTS formed in duplex microcapsules.
Figure 4 shows the relative viabilities of 2-D cultured cells and
those cultured in the microcapsules for 1 or 19 days after being
exposed to 1-1000 nM mitomycin or 4.5-4500 nM gemcitabine
for 72 h. The cells after 19 days of encapsulation showed signif-
icantly higher tolerance to the anticancer drugs in the dose
ranges examined in this study than the 2-D cultured cells
(P < 0.01). In contrast, the cells cultured in the microcapsules
showed almost the same sensitivities to both drugs the day after
encapsulation as those of 2-D cultured cells.

Expression of MDR1, MCT1, HIF-1¢, and GRP78. We then
determined the mRNA expression for MDR1, MCT1, HIF-1a,
and GRP78 in the cells in MTS formed within cavities of
Ca-alginate gel microcapsules. As shown in Fig. 5, the MDRI1,
MCTI1, HIF-1o, and GRP78 mRNA expression in MTS after
19-21 days of encapsulation were 2.9-, 3.2-, 3.8-, and 5.5-fold
higher, respectively, than those in 2-D cultured cells on the
tissue culture dish (P < 0.04).
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Fig. 4. Dose-response curves of mitomycin (a) and gemcitabine (b)
for Hela cells cultured on a 2-D culture dish (W) at log phase, and in
microcapsules at day 1 (@) and 19 (4). Bar =SD (n = 3). *P < 0.01 vs 2-
D and Capsule Day 1; **P < 0.01 vs 2-D, analyzed by one-way Anova
with Tukey’s post-hoc analysis.
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Fig. 5. mRNA expression in Hela cells cultured on a culture dish at
log phase (2-D) and in microcapsules at stationary phase on Day 18-21
(Capsule). Each value was normalized by the means of data in the 2-D
culture. Bar = SD (n = 4). **P < 0.04 vs 2-D cultured cells analyzed by
Student’s t-test.

Cell-cycle distributions. To investigate the cell-cycle distribu-
tion of cells in MTS formed in microcapsules, flow cytometric
analysis was carried out and the results were compared with
those of 2-D cultured cells on the tissue culture dish, as well as
those in MTS obtained from culture on agarose gel. As shown in
Table 1, MTS showed a higher proportion of cells in Gy/G;
phase (P < 0.01) and a lower proportion in S phase (P < 0.01)
after 18 days of encapsulation than after 6 days of encapsula-
tion. The proportion in Go/G; phase detected after 18 days of
encapsulation decreased to the same level as after 6 days of
encapsulation, after 3 days of culturing the MTS harvested from
microcapsules on an agarose gel (P = 0.37). The cell cycle dis-
tribution of the cells in MTS after 6 days of encapsulation was
almost the same as the 2-D cultured cells in the stationary phase

552

Table 1. Cell-cycle distribution analysis of Hela cells on a tissue
culture dish, in microcapsules, and on agarose gel at indicated
culture periods

Culture condition  Go/Gq (%) Synthetic (%) G>/M (%)
2-D Log phase 56.3 1.4 18.4 +0.9 25.1 £ 0.5
Stationary phase 643+ 1.9 19.2+1.3 16.4 £ 2.7
Capsule Day 6 63.4+20 21.2+0.2 154+ 1.8
Day 18 71.2 +0.9 15.5+0.9 133+ 1.7
Day 18 — 65.0 + 0.9 239+ 14 11.1 £ 0.9
Agarose Day 3t
Agarose Day 9 65.3 + 0.5 20.8 = 1.0 13.9+0.7

tAfter 18 days of culture in microcapsules, the spheres of cells were
harvested and cultured on agarose gel for 3 days. Data are expressed
as the mean + SD (n = 3). 2-D, cultured on a tissue culture dish;
Agarose, cultured on agarose gel; Capsule, cultured in microcapsule.

and those in MTS after 9 days of culture on agarose gel
(P > 0.05).

Cryopreservation. The possibility of cryopreservation of the
cell-enclosing microcapsules was investigated by evaluating the
growth and chemosensitivity of the cells cryopreserved in liquid
nitrogen after 1 day of encapsulation. The viability of the cells
after thawing was 80.5 £ 6.5% (n=4; P=0.13 vs before
encapsulation) (Fig. 6a). The cells grew and filled the cavities of
the microcapsules (Fig. 6b,c) the same as those that had not
been exposed to the cryopreservation process (Fig. 2a—d). The
relative viabilities of the cells in MTS obtained through the
cryopreservation process after exposure to 100 and 1000 nM
mitomycin were 51.2 + 6.1% and 21.6 + 0.6% (n = 3), respec-
tively. Insignificant differences were detected for the values
compared with those detected for the cells that had not been
exposed to the cryopreservation process (P > 0.09).

Discussion

It is recognized that MTS better reflect pathophysiological
phenomena in tumor tissues that critically affect therapeutic
efficacy." Therefore, MTS have frequently been applied to
antitumor drug screening since the early 1970s.”> The present
study reports the production of MTS of HeLa cells using duplex
microcapsules with a Ca-alginate gel membrane and the
characteristics of the resultant MTS. Use of the duplex micro-
capsulation approach enables the preparation of MTS with a
well-defined size and a narrow size distribution (Fig. 2f) in large
quantities compared with other, conventional methods. The
narrow size distribution can be mainly attributed to the narrow
size distribution of the gelatin microparticles used as a template
for the cavities prepared by a droplet breakup process in a
water-immiscible fluid flow.® A Ca-alginate gel membrane
strong enough to arrest the excess growth of the enclosed cells
would also play a vital role in the formation of homogeneous
MTS, as indicated by the plateau in mitochondrial activity per
cavity evident after 14 and 21 days of encapsulation (Fig. 2).

In chemosensitivity analyses, MTS obtained from HeLa cells
after 19 days of encapsulation showed a higher viability than
2-D cultured cells, after exposure to mitomycin and gemcitabine
(Fig. 3). It may be considered that the hindrance of diffu-
sion/adsorption of the chemicals through/to the microcapsule
gel membrane resulted in this difference. However, the results
obtained for the cells after 1 day of encapsulation contradict
this: the trends in relative viabilities after exposure to mitomycin
and gemcitabine were similar to those detected for 2-D cultured
cells. The higher tolerance to anticancer drugs of the cells in
MTS formed in microcapsules, compared to 2-D cultured cells,
is consistent with those prepared by the conventional MTS
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(a) Viabilities of HeLa cells in duplex microcapsules before cryopreservation, immediately after encapsulation, and after thawing.

Bar = SD (n = 4). Morphologies of Hela cells at 2 days (b) and 25 days (c) of culture in duplex microcapsules after 45 days of cryopreservation in

liquid nitrogen. Bar = 150 pm.

preparation methods® such as the hanging-drop method'® and
a method using a non-adherent surface.”"’

The results of the chemosensitivity analysis motivated us to
investigate gene expressions and cell-cycle distributions of the
cells in MTS formed in microcapsules because the correlation
between chemosensitivity of tumor cells in vivo, gene expres-
sion, and cell-cycle phase is widely recogmzed ©=19 "The
expressions of MDR1 and MCT1 mRNA in the cells of MTS
after 19-21 days of encapsulation were approximately three
times higher than those in 2-D cultured cells (Fig. 4). The
enhancement of MDR1 mRNA expression in the cells of MTS
formed in microcapsules is consistent with those reported for
cells in MTS obtamed by other methods without the use of
microcapsules. -8 Con51der1ng previous reports descnbmg
the upregulation of MDRI1 expression by hypoxia,""'? and the
fourfold expression of HIF-1oo mRNA in the cells of MTS com-
pared to those in 2-D cultured cells (Fig. 4), the increase of
MDR1 expression in the cells in MTS formed in microcapsules
is intuitively consistent.

As far as we are aware, this is the first report describing the
upregulation of MCT]1 expression in MTS. Sonveaux et al.?
reported that human cancer cells converted glucose to lactate
under hypoxic conditions and excreted it, whereas aerobic can-
cer cells took up lactate through MCT1 and used it for oxidative
phosphorylation. They showed localization of MCT1 at the
vascularized tumor Perlphery and around blood vessels.*” In
contrast, Ullah ef al."”"’ reported that MCT1 was not upregulat-
ed by hypoxia induced by culturing under hypoxic gas. These
conflicting results indicate that oxygenated and hypoxic regions
are necessary for the upregulation of MCT]1, similar to tumors
in vivo. This means that MTS formed in microcapsules, at least
those in this study, replicate the heterogeneous population of
tumors in vivo. MDR1 is a major cause of multi-drug resistance
of cancer cells to chemotherapy®” and MCT1 is a confounding
factor When the transport of small anionic drugs is investi-
gated.®® The gene express10ns of MDR1 and MCT1 have been
reported to be upregulated in a variety of cancers in vivo. -12)
In addition, it has been reported that cancer cells develop drug
resistance through the upregulation of stress-induced molecules

Sakai et al.

such as HIF-10®*® and GRP78. Therefore, the results indicat-
ing the upregulation of MDR1, MCTI1, HIF-1a, and GRP78
in the cells of MTS formed in duplex microcapsules with a
Ca-alginate gel membrane indicate the suitability of MTS for
drug discovery programs.

In the cell-cycle distribution analysis, the proportion of cells
in Go/G, phase in MTS formed in microcapsules increased from
63.4 to 71.2% with increasing incubation period from 6 to
18 days (P < 0.01) but decreased to 65.0% after 3 days of
releasing the MTS from the microcapsules (P < 0.01, Table 1).
This result, together with the result indicating unchanged mito-
chondrial activity of enclosed cells after 14 days of encapsula-
tion (shown in Fig. 2), clearly shows that the microcapsule
membrane physically arrested the growth of enclosed cells. It is
known that z[groliferating cells are abundant near the surface of
the MTS,"*® that is, the proportion in Go/G; phase increases
with increasing MTS size. Considering this, it is possible to
obtain an abundance of cells in Gy/G; phase without preparing
large MTS by using microcapsules as the platform for produc-
tion. This would be useful for non-destructive observation of
MTS using a confocal fluorescence microscope in drug discov-
ery programs because the sharpness of the images is strongly
influenced by the thickness of the observed objects.

Comprehensively considering the results indicating the exis-
tence of hypoxic cells in MTS formed in duplex microcapsules,
high chemoresistance, and enriched distribution of Gyo/G; cells
in MTS, it appears that duplex microcapsules could be useful
for cancer stem cell studies. Cancer stem cells are defined as
those cells within a tumor that can self-renew and drive tumori-
genesis. Cancer stem cells have the properties of drusg efflux
ability and resistance to hypoxia and chemoradiation.””” Recent
studies suggest that sphere formation might be essentlal to the
cancer-initiating ability of cancer stem cells.*®**? In addition,
there are reports indicating the importance of hgé)oxm as a regu-
lator of cancer stem cell differentiation.®*" Kamohara
et al.*® showed that G, cells in hepatocellular carcinoma were
promising candidates as cancer stem cells. Studies of cancer
stem cells using MTS formed in duplex microcapsules are under
investigation in our laboratory.
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Finally, we investigated the possibility of cryopreservation of
the cell-enclosing microcapsules by evaluating the growth of
cryopreserved cells in the microcapsules and chemosensitivity
of the resultant MTS. No significant decrease in viability of the
thawed cells compared to those immediately after encapsulation
(Fig. 6a) indicates that the existing microcapsule membrane had
no adverse effect on the viability of encapsulated cells. Further-
more, the comparable growth and chemosensitivity of the cells
in the resultant MTS with those in non-cryopreserved microcap-
sules indicate that this microcapsulation approach should be a
useful tool for supplying MTS that will provide reproducible
results in anticancer drug screening programs when needed.

In conclusion, our results indicate the feasibility of duplex
microcapsules with a Ca-alginate gel membrane and a homo-
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