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Abstract

The present study describes a novel microcarrier substrate consisting of a swellable, copolymer of styrene and
divinylbenzene, derivatized with trimethylamine. The co-polymer trimethylamine microcarriers support the growth
of a number of different cell lines – Madin Darby Bovine Kidney, Madin-Darby Canine Kidney, Vero and Cos-7
– under serum-free conditions, and human diploid fibroblasts in serum-containing medium. Cells attach to the
co-polymer trimethylamine microcarriers as rapidly as they attach to other charged-surface microcarriers (faster
than they attach to collagen-coated polystyrene microcarriers) and spread rapidly after attachment. All of the cells
examined grow to high density on the co-polymer trimethylamine microcarriers. Furthermore, cells are readily re-
leased from the surface after exposure to a solution of trypsin/EDTA. In this respect, the co-polymer trimethylamine
microcarriers are different from other charged-surface microcarriers. Madin-Darby Bovine Kidney cells grown on
this substrate support production of vaccine strain infectious bovine rhinotracheitis virus as readily as on other
charged-surface or collagen-coated microcarriers. Thus, the co-polymer trimethylamine microcarriers combine the
positive characteristics of the currently available charged-surface and adhesion-peptide coated microcarriers in a
single product. The viral vaccine production industry is undergoing considerable change as manufacturers move
toward complete, animal product-free culture systems. This novel substrate should find application in the industry,
especially in processes which depend on viable cell recovery.

Abbreviations:MDBK – Madin Darby Bovine Kidney Cells; MDCK – Madin Darby Canine Kidney Cells; CP-
TMA – Co-polymer trimethylamine; DMEM-FBS – Dulbecco’s Modified Medium Essential Medium of Eagle
with 10% fetal bovine serum; IBR – Infectious bovine rhinotracheitis virus.

Introduction

The ideal microcarrier should i) support rapid cell at-
tachment and spreading; ii) support high-density cell
growth; iii) not interfere with the elaboration or se-
cretion of metabolic products; and iv) allow cells to
be easily-detached. These characteristics should be
expressed under serum-free conditions as well as in
the presence of low serum-containing medium. Any
product that combines these features along with low
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manufacturing costs, long shelf-life, and ease of han-
dling will find acceptance in the biologicals industry
for the large-scale cultivation of anchorage-dependent
cells.

There are two basic strategies for achieving the
ideal microcarrier. One involves covalently linking
a strongly charged surface moiety such as diethyl
amino ethyl (DEAE) to a porous or semi-porous neu-
tral substrate such as dextran or polysytrene plastic
(Van Wezel, 1967). The other involves coating the sub-
strate surface with an adhesion-supporting extracellu-
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lar matrix component such as collagen or fibronectin
– or with synthetic peptides from the attachment-
supporting domains of these matrix components (Ru-
oslahti and Pierschbacher, 1986; Varani et al., 1989;
Varani et al., 1993). Cellular attachment to charged
surfaces involves electostatic interactions (Ginsburg,
1987) while interactions with adhesion peptides oc-
curs through specific cell surface receptors (Swartz,
1993). In general, charged surfaces support better
cell attachment under the high shear-stress conditions
present in bioreactor cultures, but once cells have at-
tached, they often spread and begin proliferating more
slowly than on collagen-coated microcarriers (Varani
et al., 1989; Varani et al., 1995). Furthermore, it is
often difficult to harvest viable cells from charged sur-
faces, while cells are readily released (and, therefore,
retain high viability) from matrix-coated materials
(Varani et al., 1986). In the present report we describe
a novel substrate consisting of a swellable copoly-
mer of styrene and divinylbenzene, derivatized with
trimethylamine (CP-TMA). The CP-TMA microcar-
riers combine the desirable properties of both types
of currently-available microcarriers in a single prod-
uct. This novel substrate should find application in
the viral vaccine-manufacturing industry (especially in
processes which depend on viable cell recovery) as the
industry moves toward complete animal product-free
culture systems.

Materials and methods

Microcarriers

CP-TMA microcarriers and collagen-coated polystyrene
plastic microcarriers were produced by Solohill Labs
(Ann Arbor, MI). DEAE-dextran microcarriers (Cy-
todex I) were obtained from Amersham – Phar-
macia Biotechnology (London, UK). All three mi-
crocarriers products were prepared for use as indi-
cated by their respective manufacturers. Briefly, the
dried collagen-coated polystyrene plastic microcarri-
ers were resuspended in PBS and autoclaved. The
CP-TMA microcarriers and DEAE-dextran microcar-
riers were swelled in PBS and washed several times.
Following this, these substrates were sterilized by au-
toclaving. After sterilization and cooling, all three
preparations were rinsed in PBS and brought to a final
bead concentration of 50 mg mL−1.

Experiments were conducted in 2-mL plastic cul-
ture dishes and in 100-mL, bulb-stirred suspension

culture flasks. When plastic culture dishes were used,
the surface was first coated with a polyhydroxy-
methacrylate solution to prevent cell-sticking to the
polystyrene plastic. CP-TMA microcarriers were
added to the cultures at 25 mg mL−1, providing a
surface area of approximately 18 cm2 mL−1. DEAE-
dextran and collagen-coated polystyrene microcarriers
were used at comparable amounts of surface area.

Cells

Four different cell lines were used in these studies.
These were Madin-Darby Bovine Kidney (MDBK),
Vero (African Green Monkey Kidney), Madin-Darby
Canine Kidney (MDCK) and Cos-7. All were obtained
from the American Type Culture Collection. In ad-
dition to the cell lines, low-passage human diploid
fibroblasts obtained from neonatal foreskin as de-
scribed previously (Tamm et al., 1984) were also used.
The cells were maintained in monolayer culture us-
ing Dulbecco’s Modified Minimal Essential Medium
of Eagle with Earles Salts, nonessential amino acids
and 10% fetal bovine serum (DMEM-FBS) as culture
medium. Incubation was at 37◦C in an atmosphere
containing 95% air and 5% CO2. Cell lines were sub-
cultured as required, while human neonatal fibroblasts
were isolated from fresh tissue weekly.

Cell attachment and spreading on CP-TMA
microcarriers

Attachment assays were carried out in 2-mL cul-
ture dishes. Cells (2.5× 105 per mL) were added to
cultures containing 25 mg per mL of CP-TMA micro-
carriers (or an equivalent amount of DEAE-dextran or
collagen-coated polystyrene microcarriers) and incu-
bated at 37◦C. After 0.5, 1, 2 and 4 hr, microcar-
riers with cells attached were removed. Cells were
separated from the microcarriers with trypsin/EDTA
and counted. From these counts, the percentage of
cells that were attached at each time point was deter-
mined. Additionally, microcarriers with attached cells
were examined microscopically. Cells that were fully
rounded were scored as non-spread, while fully- or
partially-flattened cells were scored as spread. The
percentage of spread cells was determined from this.

Cell growth

Growth studies were conducted in 100-mL suspen-
sion cultures. Cells (4-5×105 per mL) were added
to cultures containing 25 mg per mL of CP-TMA
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at time-zero and incubated. Fifty percent of the cul-
ture medium (serum-free Aim V culture medium;
[GIBCO, Grand Island, NY] unless otherwise in-
dicated) was replaced every other day. At days 2,
4 and 6, microcarriers with cells attached were re-
moved. Cells were separated from the microcarriers
with trypsin/EDTA and counted to give a total cell
count. A fraction of the harvested cells was washed
two times, resuspended in DMEM-FBS and plated in
plastic cell culture dishes. Four hours later, the cells
that had reattached were harvested and counted. Cells
that had successfully reattached were considered vi-
able, and from this the percentage of viable cells was
determined.

Scanning electron microscopy

Cells and microcarriers were fixedin situ with 4%
Sorenson’s buffered glutaraldehyde and processed for
scanning electron microscopy exactly as described
previously (Varani et al., 1983). Briefly, this involved
post-fixation with 1% osmium tetroxide buffered s-
collidine followed by staining with uranyl acetate,
subsequent dehydration in graded ethanol – liquid
carbon dioxide and finally gold sputter-coated. Speci-
mens were examined using an ISI Super IIIA scanning
electron microscope.

Cell detachment assay

Cells were grown for two days on CP-TMA microcar-
riers or on the control substrates in serum-free Aim V
medium. At the end of the incubation period, the cells
were exposed to a solution containing 0.5% trypsin
(w/v) and 0.5 mM EDTA in Ca2+ – and Mg2+ – free
PBS. The cells were incubated in this solution for 5,
10 or 15 min. At each time point, the cells and micro-
carriers were gently triturated to facilitate cell release.
The released cells were counted and a percentage of
released cells at each time point calculated.

Production of infectious bovine rhinotracheitis (IBR)
virus

IBR virus (ATCC VR-864) was obtained from the
American Type Culture Collection. Virus stocks were
prepared in MDBK cells, titered and frozen in liquid
nitrogen. To assess virus growth, MDBK cells were
grown for one day in 100-mL suspension cultures con-
taining either CP-TMA microcarriers or one of the two
control types of microcarriers. Virus was seeded at 0.5
infectious units per cell on day zero. After 1, 2 and 3

Table 1. Attachment and spreading of four different cell lines
and human diploid fiboblasts on CP-TMA microcarriers

Cell type Percent attached Percent spread

(mean± s.d.) (mean± s.d.)

MDCK 89±10 71±5

MDBK 75±6 92±7

Vero 94±8 89±16

Cos-7 90±2 55±6

Diploid fibroblasts 70±5 60±6

Cells were added to the microcarriers at time-zero and allowed
to attach for a period of one hour. At the end of the incubation
period, the percent attached was assessed by direct cell counts
made following removal of the cells from the substrate with
trypsin/EDTA. The percent spread was determined by assess-
ing cells on individual beads under phase-contrast microscopy
and determining the percentage of cells that were flattened out
on the bead (spread) and the percentage that were still round
and refractile to light (not spread). MDBK = Madin-Darby
Bovine Kidney; MDCK = Madin-Darby Canine Kidney; Vero =
African Green Monkey Kidney; Diploid fibroblasts are derived
from human neonatal foreskin.

days, samples of culture fluids were obtained. The cul-
ture fluids were clarified by low-speed centrifugation
and the virus quantified in MDBK cell monolayers.

Results

Attachment of cells to CP-TMA microcarriers:
Comparison with attachment to collagen-coated
polystyrene microcarriers and to DEAE-dextran
microcarriers

In the first series of experiments, MDBK cells were
examined for attachment to the experimental micro-
carriers under serum-free conditions. Attachment to
collagen-coated polystyrene microcarriers and DEAE-
dextran microcarriers was assessed in parallel as con-
trols. As expected, the cells attached rapidly to the
DEAE-dextran microcarriers and more slowly to the
collagen-coated polystyrene microcarriers (Figure 1).
When the CP-TMA microcarriers were examined,
MDBK cells attached as rapidly to this substrate as
to the DEAE-dextran microcarriers (Figure 1). By one
hour, 75–90% of the cells were attached to both the
CP-TMA and DEAE-dextran microcarriers as com-
pared to approximately 50% to the collagen-coated
polystyrene microcarriers (Figure 1). Table 1 sum-
marizes attachment and spreading data for the four
different cell lines and the low-passage human diploid
fibroblasts on CP-TMA microcarriers. All of the cells
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Figure 1. Attachment of MDBK cells to CP-TMA microcarriers: Comparison with DEAE-dextran and collagen-coated polystyrene microcar-
riers. The percent attached was determined by direct cell counts made following removal of the cells from the substrate with trypsin/EDTA.
The data represent average cell counts where standard deviations were within 10% of mean values. The experiment was conducted three times
with similar results.

rapidly attached to this substrate under serum-free
conditions, and all of the cells rapidly spread after
attachment. In previous studies it had been shown
that while cells attached more rapidly to charged
surface microcarriers than to collagen-coated micro-
carriers, cells spread more rapidly on collagen-coated
polystyrene microcarriers after attachment than they
did on the charged surface (Varani et al., 1995). Since
the cells rapidly spread after attaching to the CP-
TMA microcarriers, this suggests that the CP-TMA
microcarriers exhibit optimal adhesive characteris-
tics of both the DEAE-dextran and collagen-coated
polystyrene microcarriers.

Cell growth on CP-TMA microcarriers

In the next experiments, the four cell lines and the
human diploid fibroblasts were examined for growth
on the CP-TMA microcarriers under serum-free con-
ditions. All of the cell lines grew to greater than
1× 106 cells per mL within six days (Figure 2). Vi-
able cell counts indicated greater than 90% viability
in all cases (not shown). Phase-contrast and scanning
electron microscopy showed that the microcarriers be-
came completely covered with cells as the cell counts
increased. Figure 3 shows a scanning electron micro-

graph of CP-TMA microcarriers completely covered
with Vero cells.

In contrast to results with the cell lines, low pas-
sage human diploid fibroblasts did not proliferate well
on the CP-TMA microcarriers under serum-free con-
ditions (Figure 2, middle-right). However, human
diploid fibroblasts do not grow well in the absence
of serum under any conditions and the same lack
of growth was seen when these cells were grown in
plastic cell culture dishes under the same conditions
(not shown). To confirm that human diploid fibrob-
lasts would grow on the CP-TMA microcarriers, the
following experiment was peformed. Diploid fibrob-
lasts were allowed to attach to CP-TMA microcarriers
under serum-free conditions. One day later, the serum-
free Aim V medium in half the culture dishes was
replaced with DMEM-FBS. The other half received
fresh Aim V medium. Cell counts made over the sub-
sequent three day period indicated that proliferation
did occur in the cultures to which serum-containing
medium was added (Figure 2, lower-right). Thus, the
failure of the human diploid fibroblasts to grow under
serum-free conditions on the CP-TMA microcarriers
was attributed to their serum-requirement rather than
to incompatability with the substrate.

In a final set of experiments, small CP-TMA
microcarriers (average diameter; 38–75µm) and
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Figure 2. Cell Growth on CP-TMA microcarriers. Cells were added to 100-mL suspension cultures at 4–5×105 cells per mL and grown for
6 days in serum-free Aim V medium (or DMEM-FBS as indicated). Fresh culture medium was provided every other day. The data represent
average cell counts± s.d. based on triplicate or quadruplicate samples. Each cell type was examined at least three times with consistent results.
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Figure 3. Scanning electron micrograph showing appearance of Vero cells at high-density on CP-TMA microcarriers (Magnification X600).

large CP-TMA microcarriers (average diameter; 150–
300µm) were compared to the standard, intermediate-
sized CP-TMA microcarriers (average diameter; 75–
150µm) for ability to support attachment and growth
of MDBK and Vero cells. As shown in Figure 4, when
normalized for surface area, all three sizes of micro-
carriers performed equally well. This is of interest
because previously it had been thought that microcar-
riers in the range of approximately 90–225µm would
be optimal with a fall-off in efficiency on either side
of this range (Nielson and Johansson, 1980; Gebb,
Clark and Hirtenstein, 1982; Obrenovitch, Maintier
and Sene, 1982).

Cell detachment from CP-TMA microcarriers

In many large-scale cell culture applications, such
as in the animal health industry, cells are never re-
moved from the substrate. Rather, expressed products
(such as the feline leukemia virus) are harvested from
the culture fluid while cells, cell debris and substrate
are discarded together. For such applications, ease of
cell detachment from the substate is not an important
consideration. However, production of other types of
vaccines (for example, Marek’s disease vaccine) re-
quires that viable cells be released from the substrate
in a viable state. Likewise, ‘scale-up’ protocols require
removal of viable cells from the substrate. With this in

mind, experiments were conducted in which MDBK
cells, MDCK cells and human diploid fibroblasts were
grown for one day on CP-TMA microcarriers. At
the end of the incubation period, the culture medium
(Aim V) was removed and the cells were exposed
to trypsin/EDTA. Cells grown on DEAE-dextran and
collagen-coated polystyrene microcarriers served as
controls. Consistent with past findings (Varani et al.,
1986), cells were readily released from the collagen-
coated polystyrene microcarriers but were much more
resistant on the DEAE-dextran microcarriers (Fig-
ure 5). As can be seen from this figure, cell removal
from CP-TMA microcarriers occurred as readily as
from the CP-TMA microcarriers as from collagen-
coated polystyrene microcarriers.

Production of infectious bovine rhinotracheitis virus
by MDBK cells grown on CP-TMA microcarriers

In the final series of experiments, MDBK cells were
grown for one day on the CP-TMA microcarriers
in serum-free Aim V medium. Cells grown on this
substrate as well as on DEAE-dextran and collagen-
polystyrene microcarriers were then infected with IBR
virus. On the subsequent three days, duplicate cultures
were harvested and assayed for infectious IBR virus.
As shown in Figure 6, equivalent virus production
occurred in cells grown on all three substrates.
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Figure 4. Growth of MDBK and Vero cells on CP-TMA microcarriers of three different sizes ranges. Cells were added to microcarriers at
5×105 cells per mL and grown for 5 days in serum-free Aim V. Fresh culture medium was provided every other day. The data represent
average cell counts± s.d. based on triplicate samples. The experiment was repeated three times with similar results.

Figure 5. Release of cells from CP-TMA microcarriers in response to trypsin/EDTA. Comparison with release of cells from DEAE-dextran
and collagen-coated polystyrene microcarriers. Cells grown for two days on each of the three substrates in Aim V medium were exposed to a
solution of trypsin and EDTA. Released cells were separated from microcarriers and counted at each time point. The experiment was repeated
three times with similar results.
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Figure 6. Production of infectious bovine rhinotracheitis (IBR) virus by MDBK cells grown on CP-TMA microcarriers. MDBK cells were
grown for one day on CP-TMA microcarriers in serum-free Aim V medium. Collagen-coated polystyrene microcarriers and DEAE-dextran
microcarriers served as controls. One day later, 1×105 plaque forming units (PFU) of IBR virus was added per mL to the flasks (approximately
0.5 multiplicity of infection). Samples were then obtained over the subsequent three day period and assayed for infectious virus. Values shown
represent average number of plaque forming units, based on triplicate samples, where standard deviations were within 15% of the mean values.
The experiment was repeated 3 times with similar results.

Discussion

At present, large-scale cultivation of anchorage-
dependent cells is done primarily for the production of
vaccine strain viruses used in human and animal medi-
cine. However, additional applications, including pro-
duction of genetically-engineered biologicals, produc-
tion of virus vectors for gene therapy and production
of specific cell types for ‘cellular therapies’ – may uti-
lize similar technology in the future. In the past, roller
bottles have been the most extensively-used technol-
ogy for large-scale cell production. More recently,
other technologies including hollow fiber culture sys-
tems and microcarrier-bioreactor systems have re-
placed roller bottles in some applications. Hollow fiber
reactors are useful for growing anchorage-independent

cells or loosly adherent cells, but are not optimal for
strongly-adherent cells. Microcarrier/bioreactor sys-
tems offer the best alternative to roller bottles for the
large-scale cultivation of anchorage-dependent cells.

Microcarrier development got its start when Van
Wezel (1967) demonstrated that DEAE-dextran beads
could be used as a substrate for the growth of
anchorage-dependent cells in a suspension culture
mode. Since that time, a number of different mate-
rials including glass, polystyrene plastic, acrylamide,
solid collagen, cellulose and liquid fluorocarbons have
been successfully used as microcarriers (Giard, Thilly
and Wang, 1977; Nielson and Johansson, 1980; Gebb,
Clark and Hirtenstein, 1982; Obrenovitch, Maintier
and Sene, 1982; Varani et al., 1983; Keese and Gi-
aever, 1983). In addition, microcarriers have been
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produced which contain adhesion-supporting extra-
cellular matrix components (or synthetic adhesion-
promoting sequences) attached to the surface through
covalent or non-covalent linkages (Varani et al., 1993,
1995). Although a large number of different mater-
ial have been successfully used as microcarriers, only
two types of products are widely-used in the indus-
try today. These are charged-surface microcarriers (for
example, DEAE-dextran) and matrix-coated microcar-
riers (for example, collagen – polystyrene or collagen
– dextran).

Cells attach to charged-surface microcarriers pri-
marily through electrostatic interactions, while inter-
actions with extracellular matrix components on the
microcarrier surface is mediated through specific cell
surface receptors (Ginsburg, 1987; Swartz, 1993).
Attachment to charged-surface microcarriers occurs,
in general, more rapidly than to matrix-coated mi-
crocarriers. This is especially true with many of the
transformed cell types used for vaccine manufactur-
ing in the animal health industry, since these cells
are often deficient in cell surface adhesion receptors
(Plantefaber and Hynes, 1989). The high shear forces
generated in suspension cultures further exaggerate
the differences in attachment characteristics of the two
types of microcarriers. Although cells initially attach
to charged surfaces, cell spreading and cell growth
can be retarded if the electrostatic charge is too great.
Furthermore, the electrostatic interactions can prevent
release of viable cells from the surface. In contrast,
while initial attachment to the substrate through spe-
cific receptor-ligand interactions is less efficient, cells
rapidly spread and begin proliferating after attachment
(Varani et al., 1995).

The CP-TMA microcarriers described here are
unique in that they express desirable characteristics
of both the charged-surface and matrix-coated micro-
carriers. A variety of cell types rapidly attach to this
material in suspension culture (under serum-free con-
ditions). Once attached, the cells rapidly spread and
rapidly begin proliferating. Cells grow to high den-
sity, but at the end of the growth phase they can
be easily released from the substrate by exposure to
trypsin/EDTA. Given these characteristics of the CP-
TMA microcarriers, this substrate may provide an
ideal replacement for currently available substrates for
use in large-scale, serum-free culture systems.
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