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ABSTRACT

Several types of microcarriers suitable
for large-scale cultivation of mammalian
cells are commercially available. However,
many of these carriers have disadvantages,
e.g., the need for enzymatic digestion for
cell harvesting, size limitations and insuffi-
cient biocompatibility. These limitations
have been overcome by the development of
collagen-coated Ba2+-alginate microcarri-
ers. Ba2+-alginate microspheres, made with
the air-jet droplet generator technique,
were collagen-coated by incubation in a
0.5% collagen solution, with subsequent
gelling of the collagen layer around the al-
ginate microspheres. Human chang liver
(CCL-13) and mouse fibroblast (L929) cell
lines were cultivated in stationary, unstirred
cultures as model systems. After a lag phase
of nearly 24 h, the cells grew rapidly on
these microcarriers and reached confluence
after 3 days. The microcarrier cultures were
stable for an additional 4–9 days and
longer. Cells were harvested either by
trypsinization or by dissolution of the algi-
nate matrix using 5 mM EDTA. The main
advantages of this new microcarrier system
are that the preparation procedure is easy
and can be accomplished on demand with
standard laboratory equipment.

INTRODUCTION

Since the first report on the use of
small beads as microcarriers (MCs) for
cell culture (27), several different mate-
rials and techniques have been used for
their preparation. These include dex-
tran (12), polystyrene (7), polyacry-
lamide (19), cellulose (20), gelatin
(15), chitosan (16) and protein-coated
microspheres (1,10). Most commercial-
ly available MCs were designed mainly
to meet certain requirements for large-
scale industrial production of biologi-
cal products (15,18). Several investiga-
tors have found that these MCs do not
fit the criteria for more sophisticated
cell culture systems (15,16,18). Some
of the disadvantages of common MCs
are the need for enzymatic digestion for
cell harvesting, limitations in size and
geometry, and insufficient biocompati-
bility. Microcarrier-bound growth sys-
tems for mammalian cells require sur-
face structures that allow attachment
and spreading of the cells. The role of
collagen and other connective tissue
proteins in cell attachment and growth
has been well-established (8), and col-
lagen-based carrier systems are widely
used in biotechnology. In most cases,
these systems require the use of lytic
enzymes for cell harvesting. In this
study, we examined the use of Ba2+-al-
ginate as a matrix for MCs. The advan-
tages of alginates are that the prepara-
tion procedure is easy and that the same
matrix material can be adjusted to ac-
commodate different bead or pore sizes
by varying alginate concentration, mol-

ecular weight and the mannuronic: gu-
luronic acid ratio (29). Further impor-
tant advantages are the biocompatibili-
ty of purified alginates (9,31) and their
common use as encapsulation (2,4,6,
13,14,17,21,23,25) and implantation
materials (3,5,9,28,30). However, un-
modified alginate surfaces do not sup-
port attachment and growth of anchor-
age-dependent mammalian cells. In this
communication, we used barium-algi-
nate beads coated with a layer of native
collagen. Our technique resulted in
MCs with excellent properties for cell
culture. Furthermore, cells could be
harvested without the use of lytic
enzymes.

MATERIALS AND METHODS

Cells

Mouse fibroblast (L929) and human
chang liver (CCL-13) cells were ob-
tained from ATCC (Rockville, MD,
USA) and maintained in monolayer
culture grown in 50-mL culture flasks.
The cells were maintained in complete
growth medium (CGM) consisting of
RPMI 1640 medium (PAA Laborato-
ries GmbH, Linz, Austria) containing
phenol red, supplemented with 10% fe-
tal calf serum (HyClone Laboratories,
Logan, UT, USA), 2 mM L-glutamine,
2 mM sodium pyruvate, 1× nonessen-
tial amino acids, 50 µM of 2-mer-
captoethanol, 100 U/mL penicillin and
100 µg/mL streptomycin (Biochrom,
Berlin, Germany).
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Production of Ba2+-Alginate 
Microspheres

Alginates from the brown alga
Durviella potatorum with a mannuron-
ic acid content of about 70% (kindly
provided by Kelco, London, England,
UK) were purified as reported previ-
ously (9). The alginate solution (2%
[wt/vol] in 0.9% NaCl) was processed
as described earlier (4). Before filtra-
tion, the pH was adjusted to 7.2–7.4
with 0.1 N NaOH. For the preparation
of Ba2+ cross-linked alginate micro-
spheres, the alginate solution (1 mL)
was transferred into a 1-mL syringe and
injected by a motor-driven piston at a
constant rate of 0.2 mL/min into the
central channel of a homemade nozzle
with an inner diameter of 350 µm. The
filter-purified air flow was regulated by
a pressure valve to 35 mbar. Alginate
droplets fell into a solution containing
20 mM BaCl2, 10 mM morpholino-
propanesulfonic acid and 115 mM
NaCl. The microspheres were washed
three times by centrifugation (10 min,
170× g) with a 0.9% NaCl solution. Be-
fore collagen coating, the alginate
microspheres were stored in RPMI
1640 for at least 24 h.

Collagen Coating of Ba2+-Alginate
Microspheres

Ba2+-alginate microspheres, made
using 1 mL alginate solution, were col-
lected at the bottom of a 15-mL cen-
trifuge tube (Greiner, Nürtingen, Ger-
many). Then 1 mL of a collagen

solution (calf skin type I, 0.5 mg/mL in
0.1 M acetic acid, pH 4.5 [Calbiochem-
Novabiochem, La Jolla, CA, USA])
was added to the microspheres. The so-
lution was gently mixed with a sterile
10-mL pipet and incubated for 30–60 s
at room temperature (22°C), after
which 10 mL of CGM were pipetted di-
rectly into the collagen solution con-
taining the microspheres. The suspen-
sion was mixed three times with the
pipet. After centrifugation (10 min,
170× g) the collagen-coated Ba2+-algi-
nate microspheres formed a pellet in
the centrifuge tube, whereas excess
gelled collagen remained in the super-
natant. The supernatant was removed
using a Pasteur pipet, and the micros-
pheres were washed with CGM. The
collagen-coated Ba2+-alginate micros-
pheres were stored until use in CGM at
room temperature. The size of the re-
sulting MCs was determined with a
light microscope using a calibrated
grid.

Initiation of Microcarrier Cultures

Collagen-coated Ba2+-alginate mi-
crospheres (prepared from 1 mL of al-
ginate solution) were seeded at a con-
centration of 5 × 103–1 × 104 beads/mL
in polystyrene petri dishes (diameter,
85 mm; Greiner) containing 20 mL of
CGM with a single-cell suspension
trypsinized from monolayer cultures.

The initial cell density was adjusted to
105 cells/mL, resulting in a ratio of
10–20 cells per bead. Control experi-
ments were made by inoculation of
cells with alginate beads without the
collagen coating.

Maintanance of Microcarrier 
Culture

After the first day and then every
2–3 days, the growth medium was re-
placed, and the MCs were transferred
to fresh petri dishes. For the determina-
tion of the cell growth kinetics, at-
tached cells were counted after they
were released from the MCs by
trypsinization (see below).

Cell Harvesting

For cell harvesting, the MCs were
transferred from the culture into a well
of a 24-well plate (Greiner). After sedi-
mentation of the MCs, the culture
medium was removed and the beads
were washed with 1 mL of phosphate-
buffered saline (PBS) without Ca2+ and
Mg2+. For trypsinization, the PBS solu-
tion was removed, and 400 µL of
trypsin solution containing 0.5%
porcine trypsin and 2 g/L EDTA (Sig-
ma Chemical, Deisenhofen, Germany)
were added to the beads derived from 1
mL of microcarrier culture. After incu-
bation at 37°C for 10–15 min, PBS was
added to a final volume of 1 mL, and
the solution was gently mixed. The re-
leased cells were counted with a hema-
tocytometer. The cell viability was de-
termined with the trypan blue assay.
For cell harvesting without the use of
lytic enzymes, 1 mL PBS (without
Ca2+ and Mg2+) (pH 7.4) containing 5
mM EDTA was added to the beads
from 0.1 mL of microcarrier culture.
After 10 min incubation at 37°C, the
EDTA solution was removed and the
released cells were washed with CGM.
The viability of the cells was deter-
mined by the propidium-iodide assay
(4).

Time-Lapse Video Microscopy

For determination of cell-spreading
kinetics and cell morphology on the
microcarrier, time-lapse video micro-
scopy was used. One hundred micro-
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Figure 1. Kinetics of cell spreading of L929
( ■ ) and CCL-13 (◆) cells on collagen-coated
Ba2+-alginate microspheres. Time-lapse video
microscopy was used for evaluation of cell at-
tachment to, and spreading on, the surface of the
microcarrier. The data from a single representa-
tive experiment are shown.

Figure 2. Kinetics of cell attachment of L929
( ■ ) and CCL-13 (◆) cells on collagen-coated
Ba2+-alginate microspheres. 1 × 105 cells/mL
were mixed with a suspension of collagen-coated
Ba2+ alginate beads (ca. 10–20 cells per bead)
and incubated in CGM in a polystyrene petri dish
under a humidified atmosphere of 5% CO2 at
37°C. During a 4-day cultivation, the number of
attached and unattached cells was determined.
Each point represents the mean of three indepen-
dent experiments (± standard deviation [SD]). 
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liters of the initial microcarrier culture
were transferred into a homemade in-
cubation chamber humidified at 37°C
and supplied with 5% CO2. The cells
were monitored by inverse light micro-
scopy (Leitz Labovert, Wetzlar, Ger-
many) with an installed video camera
(Panasonic WVBP310; Matsushita,
Osaka, Japan). Video pictures were re-
corded with a time-lapse video cassette
recorder (AG-6730; Panasonic, Wies-
baden, Germany) using a rate of ap-
proximately 20 pictures/min.

RESULTS

Production of Collagen-Coated
Ba2+-Alginate Microspheres

For a successful coating procedure,
it was necessary to incubate Ba2+-algi-
nate microspheres in a buffered solu-
tion (RPMI 1640) before collagen coat-
ing. The gelling of the collagen
solution containing Ba2+-alginate mi-
crospheres was caused by a change in
pH, which was produced by adding a
CGM solution. The procedure de-
scribed above resulted in two fractions

of MCs: small MCs (ca. 50%) with a
mean diameter of about 95 µm and
larger MCs with a diameter of about
410 µm (n = 100). The two subpopula-
tions of MCs resulted from the condi-
tions of the air-jet technique for droplet
generation. The smaller droplets result-
ed from drop breakup by interaction
with the ambient air (11). The resulting
MCs were optically transparent. The
MCs showed no indication of disinte-
gration before or during cell cultivation
in CGM for more than 2 weeks.

Initiation of Culture/Cell 
Attachment

Freshly trypsinized L929 or CCL-13
cells adhered spontaneously to the sur-
face of the collagen-coated Ba2+-algi-
nate microcarriers. About 10 min after
inoculation, CCL-13 cells started to
spread on the surface of the microcarri-
er (Figure 1) (about 50 min for L929
cells). After 50 min cultivation, all at-
tached CCL-13 cells (and after 5 h cul-
tivation, 93% of attached L929 cells)
exhibited a spread morphology. None
of the cell lines tested showed any cell
attachment to unmodified alginate sur-
faces (data not shown). In contrast,
78% of CCL-13 cells and 64% of L929

cells were attached after 24 h to the col-
lagen-coated MCs (Figure 2). After a
cultivation period of four days, only a
small number of cells remained unat-
tached (about 2 × 104 cells/mL) in
CCL-13 and L929 cell microcarrier
cultures.

Cell Growth on Collagen-Coated
Ba2+-Alginate Microspheres 

Figure 3 shows the cell growth ki-
netics of anchorage-dependent mam-
malian cells on collagen-coated Ba2+-
alginate microspheres. After a lag time
of about 24 h, both tested cell lines
grew rapidly. The cells reached conflu-
ence on the carrier by the third to the
fifth day of cultivation (Figure 4). After
4 days, the CCL-13 cells reached a den-
sity of approximately 8 × 105 cells/mL
(Figure 3). The maximum cell density
of L929 cells was approximately 2 ×
106 cells/mL after the seventh day of
cultivation (Figure 3). L929 and CCL-
13 cells grown on collagen-coated
Ba2+-alginate microspheres in station-
ary culture exhibited the same cell mor-
phology as cells grown in a monolayer
of culture flasks (Figure 4, A and B).
After 7–14 days of cultivation, the cells
began to grow in multilayers on the
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Figure 3. Cell growth of CCL-13 (◆) and L929
( l ) on collagen-coated Ba2+-alginate micro-
spheres. The cells, in an initial concentration of
1 × 105 cells/mL, were inoculated into a suspen-
sion of beads (ca. 10–20 cells per bead) and
grown in polystyrene petri dishes in a final vol-
ume of 20 mL. During 4 days (CCL-13) and 7
days (L929) of cultivation, the number of cells at-
tached to MCs was determined after washing off
the nonadherent cells and subsequent trypsiniza-
tion (see Materials and Methods). Each point rep-
resents the mean ± SD of three experiments.

Figure 4. Morphology of cells growing on collagen-coated Ba2+-alginate microspheres. (A) CCL-13
cells 2 days after seeding. (B) L929 cells 3 days after seeding. Original magnification 100×.
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microcarrier. At this stage, the cells
were also observed to form bridges be-
tween the MCs, and some of the con-
fluent cell layers on the MCs shed from
the alginate matrix, resulting in free
spheroids.

Harvesting of Cells

Usually, harvesting of cells from
collagen-based MCs requires enzymat-
ic treatment, which might be harmful to
sensitive cells. In this study, trypsiniza-
tion was used to obtain single-cell sus-
pensions for analytical purposes. The
use of the ionotropically gelled alginate
matrix allowed us to use a much sim-
pler procedure. After incubation of the
MCs carrying confluent cell layers of
CCL-13 or L929 cells in 5 mM EDTA
solution, the alginate matrix gradually
dissolved. This resulted in the detach-
ment of the intact collagen layer (carry-
ing the cells) from the bead matrix. The
released cells remained as intact cell

layers on the collagen substrate and re-
sembled small pieces of polarized con-
nective tissue.

DISCUSSION

The objective of this study was to
develop an alginate matrix microcarrier
suitable for growth of anchorage-de-
pendent cells. In contrast to alginates
cross-linked by Ca2+ ions, Ba2+ ions
lead to alginate gel matrices that are
chemically very stable under both in
vitro and in vivo conditions (4,9,31).
This is especially important for the
mannuronic acid-rich alginates used in
the present study. As alginate beads
may change their volumes in response
to the ionic composition of the medium
(24), the alginate microspheres were in-
cubated in RPMI 1640 solution to pre-
vent swelling of the MCs during cell
cultivation. This study shows that dif-
ferent sizes of alginate microspheres

can be coated easily with a stable colla-
gen layer. Thus, it is possible to select a
particular size and geometry of MCs for
special applications. For a homoge-
neous culture, the size distribution of
the MCs should be as narrow as possi-
ble (18). As an alternative to the air-jet
technique, other methods are available
to obtain uniform alginate droplets (22).
The two anchorage-dependent cell lines
tested in this study showed only small
differences in the extent of spreading,
attachment and growth kinetics. The
slower attachment of the L929 cells
may be attributed to their defect in
laminin metabolism. Parameters for op-
timal conditions in microcarrier cell
culture in stirred cultures or perfusion
systems need to be analyzed in further
experiments. Occasionally, we ob-
served that confluent cell layers in later
stages of cultivation shed from the algi-
nate matrix, resulting in free spheroids.
This  effect may be caused by fibroblast
contraction forces (26). One main



advantage of our new collagen-coated
alginate microspheres is the possibility
of cell detachment and harvest without
the use of lytic enzymes. This might be
important for cultures of sensitive cell
types and, in particular, for in vitro tis-
sue reconstruction. The possibility of
producing alginate microspheres coated
with a layer of collagen should lead to
considerable progress in the develop-
ment of three-dimensional co-culture
and feeder culture systems. In contrast
to conventional MCs, only biocompati-
ble substances are used for the develop-
ment of collagen-coated alginate micro-
spheres, therefore promising their use in
three-dimensional tissue engineering
and in vivo biomedical applications.
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