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Abstract 

Polystyrene microcarriers were prepared in four size ranges (53-63 #m, 90-125/zm, 150-180 #m and 300-355 #m) 
and examined for ability to support attachment and growth of human diploid fibroblasts. Cells attached rapidly to 
the microcarriers and there was a direct relationship between cell attachment and microcarrier aggregation. Phase- 
contrast and scanning electron microscopic studies revealed that while aggregation was extensive, most of the 
aggregate consisted of void volume. Cell growth studies demonstrated that human diploid fibroblasts proliferated 
well in microcarrier aggregates, reaching densities of 2.5-3 x 106 cells per 2 ml dish after 6 days from an inoculum 
of 0.5 x 106 cells per dish. When cells were added to the microcarriers at higher density (up to 5x 106 cells per 
2-ml culture), there was little net growth but the cells remained viable over a 7-day period. In contrast, cells died 
when plated under the same conditions in monolayer culture. When the microcarriers were used in suspension 
culture, rapid cell attachment and rapid microcarrier aggregation also occurred. In 100-ml suspension culture, a 
cell density of 0.7x 106 cells per ml was reached after 7 days from an inoculum of 0.1 x 106 cells. Based on these 
data, we conclude that microcarrier aggregation is not detrimental to fibroblast growth. These data also indicate that 
small microcarriers (53-63 #m) (previously thought to be too small to support the growth of diploid fibroblasts) 
can support fibroblast growth and this occurs primarily because microcarriers in this size range efficiently form 
aggregates with the cells. 

Introduction 

In vitro cultivation of anchorage-dependent cells has 
traditionally been done using culture formats (i.e., fiat- 
bottom flasks and roller bottles) that allow the cells to 
grow as a monolayer. When microcarriers were first 
introduced (Van Wezel, 1967; Nielson & Johannson, 
1980) use-protocols were designed to minimize micro- 
carrier aggregation. This allowed for cell growth in 
bioreactors while maintaining the essential character- 
istics of monolayer culture. The first studies to con- 
tradict the widely-held impression that microcarrier 
aggregation would be detrimental were carried out by 
Goetghebeuer and Hu (1991). They showed that small 
DEAE-dextram beads (prepared by coupling DEAE 
to Sephadex G25-G50) could be used to successfully 
grow three different established cell lines (Vero, Chi- 

nese hamster ovary and swine testes). With the small 
microcarriers, aggregates formed, leading to cell yields 
of 2-3• 106 cells per ml. Cell yields were 50-100% 
higher than on large beads of the same composition. 
Subsequent studies by Alves et al. (1994) demonstrat- 
ed similar behavior with baby hamster kidney cells. 
Together, these studies provided initial information to 
indicate that some types of cells could be grown in 
microcarrier aggregates, resulting in high cell yields. It 
might be argued that established cell lines are the least 
likely to be affected by growth in aggregates. Indeed, 
chinese hamster ovary cells can be adapted to grow 
in suspension without any substrate. However, recent 
studies by Lewis et al. (1994) suggest that this is not 
the case. These investigators found that chick embryo 
fibroblasts were also capable of growing to high densi- 
ty in microcarrier aggregates. Thus, survival of cells in 
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aggregates is not unique to transformed cell lines. The 
present studies extend these earlier observations. In the 
studies described here, we have prepared polystyrene 
microcarriers in various size ranges. The microcarriers 
were examined for ability to support attachment and 
growth of human diploid fibroblasts. Attachment and 
growth data were correlated with microcarrier aggre- 
gation. 

Materials and methods 

Cells. Human neonatal (foreskin) fibroblasts were used 
in the present studies. They were isolated as described 
previously (Phan et al., 1985) and grown in plastic 
flasks. Culture medium consisted of Dulbecco's mod- 
ified minimal essential medium of Eagle with Earle's 
salts, non-essential amino acids, antibiotics and 10% 
fetal bovine serum (DMEM-FBS). The medium was 
from GIBCO (Grand Island, NY) and the serum was 
from Hyclone Laboratories (Logan, UT). Growth was 
at 37 ~ in an atmosphere of 5% CO2/95%) air. Cells 
were used through the fifth passage and subcultured by 
exposure to trypsin/EDTA as required. 

Substrates. The substrates for cell growth consisted 
of polystyrene microcarriers manufactured by Solo- 
Hill Labs (Ann Arbor, MI). The microcarriers were 
prepared as a single lot of polystyrene beads and then 
separated by sieving into the desired size ranges. Size 
ranges included 53-63 #m, 90-125/zm, 150-180 #m 
and 300-355 #m. All substrates were prepared for use 
by rinsing several times in phosphate-buffered saline, 
followed by autoclaving and resuspension in culture 
medium. Figure 1 compares the surface area and num- 
ber of microcarriers per gram of bead for each group. 
For most experiments, we used 40 mg of the micro- 
carriers, providing a surface area of approximately 41 
sq. cm per culture for the 53-63 #m microcarriers, 22 
sq. cm for the 90-125 #m beads, 14 sq. cm for the 
150-180 #m beads and 7 sq. cm for the 300-355 #m 
beads. In certain experiments, the large beads were 
also used at 160 mg/dish, providing a surface area of 
29 sq. cm per culture. This is in comparison to 9.6 sq. 
cm of surface area in a 35-mm (diameter) culture dish. 

Assessment of cell attachment, cell growth and micro- 
carrier aggregation. Microcarriers were added in a 
2-ml volume of culture medium to 35 mm (diame- 
ter) plastic petri dishes that had been coated overnight 
with 1% bovine serum albumin (BSA). BSA-coating 

was done to retard cell attachment to the culture dish. 
The culture medium was equilibrated by incubation 
for 1 hour at 37 ~ in 5% CO2/95% air. Fibroblasts 
that had been harvested from a monolayer culture were 
added to the dishes in the desired amount. Cells and 
microcarriers were mixed by gentle swirling of the 
dishes at 15 minute intervals over a 2-hour period. 
Cell attachment was assessed at the desired times by 
aspirating the contents of the dishes into tubes and 
allowing the microcarriers with attached cells to set- 
fie. The non-attached cells were discarded, following 
which the attached cells were separated from the sub- 
strate by exposure to trypsin/EDTA and counted with 
a hemacytometer. This provided a direct cell count. In 
addition, a fraction of each sample was centrifuged to 
remove the proteolytic enzyme, resuspended in growth 
medium and plated in plastic culture flasks. Four hours 
later, the number of cells that had reattached and spread 
was determined microscopically. This was used to pro- 
vide an indication of cell viability. In parallel dishes, 
microcarrier aggregation was assessed by counting the 
number of microcarriers present as single beads, the 
number in small aggregates (<20 beads/aggregate) and 
the number in large aggregates (everything else) under 
phase-contrast microscopy. 

In addition to the experiments in small-scale cul- 
ture, 100-ml suspension culture experiments were also 
carried out. Cells and microcarriers were kept in sus- 
pension by continuous stirring. In other ways, the 100- 
ml suspension cultures were handled in the same man- 
ner as the small-scale (2-ml) cultures. 

Results and discussion 

Fibroblast attachment to microcarriers of varying size: 
relationship between cell attachment and microcarrier 
aggregation. In.the first series of experiments, der- 
mal fibroblast attachment to the polystyrene micro- 
carriers was assessed. Microcarrier aggregation was 
determined in parallel. As indicated in the upper panel 
of Figure 1, fibroblasts rapidly attached to the small- 
est (53-63 #m) polystyrene microcarriers. Attachment 
was slower on the two intermediate-sized microcar- 
riers and slowest on the large beads (300-355 #m). 
As seen in the lower panel, there was a relationship 
between cell attachment and microcarrier aggregation. 
That is, aggregate formation occurred earlier and more 
extensively with the small-microcarriers, where cell 
attachment was also more rapid. In additional stud- 
ies, the small (53-63 #m) microcarriers were used at 
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Figure 1. Upper panel: Attachment of human diploid fibroblasts to polystyrene microcarriers of various sizes as a function of time. Lower 
panel: Aggregation of different-size microcarriers as a function of time. The values shown represent averages -4- standard errors of the means, 
based on quadruplicate experiments with duplicate samples per data-point. 
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Figure 2. Light, phase-contrast and scanning electron microscopic evaluation of cells in microcarrier aggregates. Panel A is a phase-contrast 
micrograph showing single microcarriers immediately after addition of cells. A few cells have attached but have not yet spread. Panel B shows 
a light microscopic view of the small microcarriers four hours after inoculation of cells. Extensive aggregation has occurred. Panel C shows by 
phase-contrast microscopy that the aggregated microcarriers are heavily laden with cells. Panel D is a scanning electron micrograph showing 
the interstices of an aggregate. In spite of extensive cell growth, the majority of the space within the aggregate appears to be void volume. 

20 mg/dish and the large (300-355 #m) microcarriers 
were used at 160 mg/dish. Even under these condi- 
tions, the differences in cell attachment and microcar- 
rier aggregation were still evident (data not shown). 
Figure 2 shows a series of  light, phase-contrast and 
scanning electron microscopic images of  fibroblasts 
in microcarrier aggregates. While it can be seen that 
aggregate formation is extensive, panel D shows that 
most of  the aggregate is, in fact, void volume. Thus, 
it would not be unreasonable to suggest that nutrients, 
synthesized biologicals and waste products would be 
able to freely diffuse in and out of  the aggregates. 

Using the smallest microcarriers (53-63 #m) at 
40 rag/dish, we next assessed the effects of  varying 
the cell number on microcarrier aggregation. When the 
inoculum was reduced from 1 x 105 to 2.5 X 105 cells 

per dish, aggregation was retarded. When the inocu- 
lum was increased to as high as 5 • 106 cells per dish, 
aggregate formation was increased (Figure 3). 

Taken together, these studies show that diploid 
fibroblasts rapidly attach to the polystyrene microcar- 
riers and induce the microcarfiers to aggregate. It is 
evident from this study that the smallest microcarri- 
ers (53-63 #m in diameter) support aggregation. In 
fact, it appears that the smallest microcarriers support 
cell attachment and aggregation more efficiently that 
microcarriers of  larger size. There are a number of  
possible reasons for this. With the large beads, cells 
attached and spread fully on individual beads, thus 
limiting their interaction with multiple microcarriers. 
Furthermore, it is likely that the massiveness of  the 
large beads prevents cells from generating the forces 
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Figure 3. Aggregation of small (53-63 /~m) microcarriers as a function of cell inoculum. The values shown represent averages based on 
duplicate samples per time-point. Values for the duplicate samples were within 10% of the mean values. The experiment was repeated three 
times with similar results. 

necessary to hold the beads together while the aggre- 
gates are forming. Another possibility is differences in 
surface charge density or concentration. Since volume 
decreases more rapidly than surface area as sphere size 
is reduced, the surface charge (responsible for initial 
interaction with the cells) may be greater in the small 
microcarriers than in the larger beads. Finally, differ- 

ences in attachment may be related to differences J[n 
surface areaper  se. On a per weight basis, the surface 
area of the small microcarriers is much greater than of 
the larger microcarriers. However, we do not believe 
that the difference in surface area is the major cause 
of the variation in attachment kinetics or microcarrier 
aggregation. When surface area differences were elim- 
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Figure 4. Upper panel: Growth of human diploid fibroblasts on small 
(53-63 #m) microcarriers. Lower panel: Maintenance of fibroblasts 
at high density in microcarrier aggregates. Values shown are aver- 
ages 4- differences between individual values and averages, based 
on duplicate samples in a single experiment. The experiment was 
repeated three times with similar results. 

inated (by decreasing the smaU-microcarrier concen- 
tration by a factor of two and increasing the concentra- 
tion of large-microcarriers by four-times), differences 
were still observed. In any event, the real question 
is not whether and how aggregation can be induced 
but, rather, the effects of  aggregation on cell viability 
and growth. To address this issue, growth studies were 
conducted using the small-microcarriers. 

Fibroblast growth in microcarrier aggregates. Figure 4 
(upper panel) shows results of studies in which 5 x 10 5 
cells were used as the inoculum in 2-ml cultures con- 

taining 40 mg of the small (53-63 #m) microcarri- 
ers. Extensive growth occurred such that by day 6 
there were over 2.5 x 10 6 cells per culture as indicated 
by direct count. When cells were harvested from the 
microcarrier cultures and replated, virtually all of the 
cells (>95%) were able to reattach and spread. Thus, 
not only was there extensive growth on the microcar- 
rier aggregates, but a high level of cell viability was 
also maintained. In parallel studies, virtually identical 
results were obtained with cells in monolayer culture 
(not shown). 

Cells were next added to the small microcarriers 
at concentrations ranging from 2-5 x 106 cells per dish 
(40 mg of microcarriers in 2ml). The cultures were 
incubated over a 3-day period with fresh culture medi- 
um provided daily. Although there was little net growth 
at these densities, virtually all of the cells added to the 
microcarriers survived incubation under these condi- 
tions (Figure 4, lower panel). In contrast, when the 
cells were added at high density (5 x 106 cells per dish) 
to 35 mm (diameter) plastic culture dishes containing 
2-ml of culture medium, the cells initially attached. 
However, the available substrate in the dishes (approx- 
imately 9.6 cm 2) was not sufficient to maintain that 
level of cells, and within 24 hours the cells detached 
from the substratum and died (not shown). 

In a final set of studies, fibroblasts were grown 
in 100-ml suspension culture using the small (53-63 
#m) microcarriers at 20 mg/ml as substrate. Cells were 
seeded at 1 x 105 cells per ml and incubated over a 
7-day period with fresh culture medium provided at 
2-day intervals. Under these conditions results very 
similar to those seen in the small-scale experiments 
were seen. That is, there was rapid cell attachment, 
extensive aggregation and good cell growth. Specifi- 
caily, 90% of the initially added cells were attached 
after one day and approximately 70% of the micro- 
carriers were in large aggregates by this time. By day 
seven, cell numbers had increased from 1 • 105 per ml 
to greater than 7x  105 per ml. Thus, human diploid 
fibroblast grew well on smail-microcarrier aggregates 
in both small-scale and 100-ml cultures. 

Conclusions 

Based on this study we conclude the following: (1) 
that formation of microcarrier aggregates does not a 
priori inhibit fibroblast growth; and (2) that small (53- 
63/zm) microcarriers are very efficient is supporting 
fibroblast attachment and cell growth. 



Table 1. Physical characteristics of the polystyrene microcarriers 

Size distribution Number of microcarriers Surface area 

(diameter range) per gram (• 106) (sq. cm. per gram) 

53-63/zm 10 1014 

90-125/~m 2 547 

150-180 ~m 0.42 357 

300-355 #m 0.05 180 

With regard to cell growth in aggregates, it is possi- 
ble that formation of 3-dimensional aggregates allows 
the cells to more effectively utilize paracrine loops, 
where growth factors secreted by one cell are used by 
neighboring cells. Perhaps in the same manner, the 
formation of 3-dimensional aggregates will allow for 
a more efficient cell-to-cell transfer of viruses in the 
vaccine manufacture process. With regard to the suc- 
cessful cultivation of diploid fibroblasts on the small 
beads, this argues against the view that microcarriers 
below approximately 75/zm could not be used as sub- 
strate. It had been thought that cells would be unable to 
conform to the geometry of the small-bead surface and 
that this would inhibit growth (Nielson & Johannson, 
1980). Evidently, human diploid fibroblasts are capa- 
ble of obviating this requirement by spanning multiple 
beads. 
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