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ABSTRACT 

We examined parameters affecting growth of diverse cell types 

in microcarrier culture. We found nutrient absorption by the 

DEAE-Sephadex A50 carriers to be a major problem in the growth of 

the strain of normal human fibroblasts, HEL 299, and an obstacle 

to increased vessel productivity. We discovered that this effect 

can be offset by the use of carboxymethylcellulose in the growth 

medium. Using this technique in conjunction with medium perfu-

sion, we have obtained rapid exponential phase growth to a level 

of 2 x 1 0
6
 cells/ml. Other cell types which have been successful-

ly cultivated are secondary chick fibroblasts, mouse bone marrow 
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epithelial cells and a transformed mouse fibroblast. The trans-

formed mouse fibroblast has been grown to maximum cell density of 

6 x 1 0
6
 cells/ml. Current research efforts include the synthesis 

of improved microcarriers, application of non-trypsinized cell 

transfer among beads as a means of continuous culture and develop-

ment of a microcarrier fermentor unit for mass production of cells 

synchronized in mitosis. 

I. INTRODUCTION 

Progress in large scale mammalian cell propagation has been 

limited to cell lines capable of growth in suspension culture. 

Such cells lend themselves to the techniques of microbial fermen-

tation. There has been no comparable progress for the propagation 

of anchorage-dependent animal cells. 

Current operational techniques for large scale propagation of 

anchorage-dependent cells are based on linear expansion. Cell 

culture plants utilize a large number of low yield, batch reac-

tors, in the forms of dishes, prescription bottles, roller tubes 

and roller bottles. Each bottle is a discrete unit, an isolated 

batch reactor; individual environmental controls must, of economic 

necessity, be of the most primitive type. Variation in nutrients 

is corrected by a medium change, an operation requiring two steps, 

medium removal and medium addition. Since it is not uncommon for 

a moderately sized facility to operate hundreds of these batch 

reactors at a time, even a single change of medium requires hund-

reds of operations, all of which must be performed accurately, 

and under exacting sterile conditions. Any multiple step opera-

tion, such as cell transfer or harvest, compounds the problem ac-

cordingly. Costs of equipment, space and manpower are great for 

this type of facility. 

Recently, experimentors in the Netherlands, (van Wezel, 1967; 

van Hemert, et al., 1969; van Wezel, 1973) reported the growth of 

anchorage-dependent cells on microcarriers in a stirred tank. 
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They used DEAEr^Sephadex beads as carriers, Since the ultimate 

limit to productivity of any bottle is the surface area available 

for cell attachment, the most obvious advantage to a microcarrier 

system is the great increase in the attainable ratio of growth 

surface to vessel volume CS/V). A one liter fermentor with an 

S/V equal to 48 cm
2
/cm

3
, has a surface area equivalent to that of 

50, 2 liter roller bottles. This increase in productivity, in 

turn, allows the construction of a single-unit homogeneous batch 

(or semi-batch) propagator of high volumetric productivity. A 

unit of this type has two distinct advantages over a multiple 

unit batch system. First, a single, stirred-tank vessel with sim-

ple feedback control of pH and p 0 2 presents a homogeneous environ-

ment for a large number of cells, thus eliminating the necessity 

for expensive and space consuming, controlled environment incuba-

tors. Secondly, the use of a single, high-productivity reactor 

drastically reduces the total number of operations required per 

unit of cells produced. Microcarriers, then, offer economies of 

capital, space and manpower in the production of anchorage-depen-

dent cells, relative to current porduction methods. 

Another advantage gained by use of microcarriers is the en-

vironmental continuity afforded cells growing in a controlled en-

vironment. Although little data are available to document the 

effects of constant versus variable environment on cell growth, 

Ceccarini and Eagle (1971) have shown that the final attainable 

cell concentration is very much dependent of the pH history of 

the culture. Certainly, best cell growth will be obtained if all 

cells being cultured are exposed to constant, optimal conditions 

and not forced to contend with exposure to suboptimal conditions. 

Microcarriers are not, however, the only alternate method to 

linear scale up of small batch cultures. Six promising tech-

niques have been reported as being in the development stage: 

plastic bags, stacked plates, spiral films, glass bead propaga-

tors, artificial capillaries and microcarriers. These techniques 

are presented in schematic form in Fig. 1. 



194 



O P T I M I Z I N G P A R A M E T E R S F O R G R O W T H 195 

TABLE I A Comparison of S/V Value Estimates 
for Cell Propagators 

System S/V Ccm
2
/cm

3
) Reference 

Roller bottles 
Plastic bags 
Multiplate propagator 

Spiral film 
Glass Bead propagator 
Artificial capillary 
Microcarriers 

,2-, 7 
5 . 0 
1.7 

4.0 
10.0 
31 
36 

Potential S/V 
increase 

Munder, et al., 1971 
Weiss and Schleicher, 
1968 

House, et al., 1972 
Wöhler, et al., 1972 
Knazek, et al., 1972 
van Wezel, 1973 

Potential Physical 
scale-up 

Roller bottles 
Plastic bags 
Multiplate propagator 
Spiral film 
Glass bead propagator 
Artificial capillary 
Microcarriers 

± L<2 fold) 

± (<2 fold) 

+ CÙ0 fold) 

+ 
+ 

A comparison of these six methods must account for two major 

criteria: potential volumetric cell productivity (cell/reactor 

volume) and system potential for large scale operation, that is, 

physical scale up. Table I presents a comparison of these tech-

niques for currently attained S/V, potential for S/V increases 

and potential for physical scale-up. These data show the micro-

carrier system to be approached in current S/V only by the glass 

bead propagator and artificial capillaries. Neither of these 

systems has practical potential for physical scale-up, and nei-

ther of these systems, nor any of the other techniques have the 

potential for virtually order of magnitude increases in S/V which 

the microcarrier system affords. 



196 D . W . L E V I N E et al. 

The plastic bag culture vessels developed by Munder, et al. 

C l971), are non-rigid polymer sheet bags, containing growth medi-

um and cells (Fig. la). Their main advantage over roller bottles 

is their increased S/V (̂ 5) effected by the elimination of dead 

volume (airspace) from the interior of the culture vessel. This 

is possible because the films employed are permeable to 0 2 and 

C0 2. While these bags are an improvement over conventional tech-

niques, this method is still a multiple unit batch system of bet-

ter, but limited, surface to volume ratio, without increase in 

environmental control potential. 

The multiplate propagator (Fig. lb), (Weiss and Schleicher, 

1968) is ideally suited to single unit batch operations, being 

essentially a homogeneous reactor with discs as surfaces for cell 

growth. The use of discs however, tends to limit the maximum ob-

tainable S/V. As more plates are included per volume, static me-

dium is trapped between the plates. The consequences of this en-

trapment are nutrient depletion in localized areas, and a general 

loss of culture homogeneity, leading to a loss of cell productivi-

ty. 

The spiral film propagator (Fig. lc) consists of a 2 liter 

roller bottle which contains a spiralled film of plastic suitable 

for cell attachment. The system described by House, et al. 

(1972), has an S/V of 4. This system is a single-unit batch and 

so has potential for environmental control similar to microcar-

rier culture. However, the scale-up potential of this system is 

limited. As with the multiplate propagator, as surface area is 

increased, medium flow between two stationary surfaces in close 

proximity decreases. Maintenance of uniform environment through-

out the vessel would, therefore, be difficult. 

The glass bead propagator (Fig. Id) of Wöhler, et al. (1972), 

is actually a limiting case of the microcarrier system. In this 

case, the beads are stationary and medium is constantly recircu-

lated. By almost all of the previous criteria, this system seems 

to be an outstandingly good one. A major drawback, however, is 
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that the glass bead bed must remain stationary, Any movement re^ 

suits in the death of cultured cells by grinding (Wöhler, et al., 

1972). This means that the propagator must be very carefully 

packed, and fluid flow through the vessel must also be carefully 

planned to prevent any shifting of the packing. Secondly, packing 

must eliminate dead spaces which would create non-homogeneous 

growth conditions. Thirdly, as volume increases in scale-up, so 

must volumetric flow rate. This means that superficial velocity 

of the medium will also increase. This increase will further 

compound problems of channelling, packing shifts and shear expo-

sure of the cells. Thus, as scale increases, environmental conti-

nuity, and, hence, productivity must suffer. 

The artificial capillary of Knazek, et al., (1972), is also a 

serious alternate propagation system. In this case, cells are 

grown on the surfaces of hollow fibers, set in a dialysis shell. 

Medium is circulated through an external pumping loop, where pH 

control and oxygenation take place. This system's major advan-

tages are a high S/V (31) and ease of synthesized product recov-

ery by dialysis through the growth surfaces. Knazek, et al., 

have demonstrated the ability to recover dialyzable components 

(human chorionic gonadotrotrophin) throughout the course of cel-

lular growth, with no threat of contamination. As a mode of cell 

production, however, there are some disadvantages. As with other 

non-homogeneous type reactors, constant environment is maintained 

only by adequate medium perfusion, a factor which becomes increas-

ingly difficult to maintain with increasing scale. Furthermore, 

direct examination of culture growth is difficult. 

A comparison of the microcarrier system (Fig. If) outlined 

above to alternative systems of propagation shows it to be al-

ready the equal in S/V ratio of any other system, while maintain-

ing a greater potential for further increase. Van Hemert, et al. 

(1969), have achieved an X/V of 36. However, there is no a pri-

ori reason why this value could not be increased as much as ten-

fold. The system provides all the advantages of a homogeneous 
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propagator, particularly the potential for physical scale^up. 

Furthermore, the system has shown itself to be well suited to pro-

cedures involved in separating cells from medium by simple set-

tling of the beads. This property is extremely useful in virus 

production, for example, or for growth systems requiring medium 

renewal. 

Van Wezel and his colleagues have introduced a major new con-

cept with this system, the concept of combining multiple surfaces 

with movable surfaces. We feel that this innovation carries the 

potential for innovative cellular manipulations, advantages in 

scale-up and advantages in environmental controls. Curiously, 

few laboratories have exploited van Wezel
1
s technique, probably 

because of the few remaining difficultues in its application to 

cell production. These problems were described by van Wezel as a 

"toxic effect" of the DEAE-Sephadex, which prevents cell attach-

ment and growth. We confirmed van Wezel
1
s observations, extended 

them to other cell strains and lines of general interest and found 

a simple means of overcoming the "toxicity" of the anion exchange 

resins. 

II. MATERIALS AND METHODS 

A. Cell Types 

Human embryo lung cells (ATCC HEL 299) were used at passage 7 

and 8. These cells were obtained frozen from ATCC at passage 4 

and maintained in dishes for two passages (at 1:10) before being 

refrozen and stored under liquid nitrogen. A continuous strain 

of mouse bone marrow epithelial cell and a murine leukemia virus 

producing strain of mouse fibroblast were obtained from Dr. R. 

Weinberg of the M. I. T. Cancer Research Center. Secondary chick 

fibroblasts were obtained from the Cell Culture Center at M. I. T. 
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B. Media 

For all experiments, DMEM medium was used. For the growth of 

HEL 299 cells, and the epithelial mouse cells, the medium was 

supplemented with 10% fetal calf serum. For the growth of chick 

fibroblasts, the medium was supplemented with 1% calf serum, 1% 

chick serum and 2% tryptose phosphate broth. For the growth of 

the mouse fibroblasts, the medium was supplemented with 10% calf 

serum. The pH was controlled by a 5% CC^iAir overlay and a bi-

carbonate buffering system. Carboxymethylcellulose used in spin-

ners was Hercules CMC-Gum 7H4F. 

C. Culture Vessels 

Cells were grown in spinner cultures of 100 ml working volume 

with approximately 150 ml head space. The glass bottles were 

siliconized to prevent adhesion of both cells and microcarriers 

to the sides. Cultures were agitated by suspended magnetic spin-

ners. The ratio of bottle diameter to spinner length is 1.4. 

Agitation speed was fixed at 80-90 rpm. 

D. Microcarriers 

For all spinner cultures DEAE-Sephadex A50 was used. The dry 

Sephadex was sieved to obtain a uniform bead size >90μ<105μ. 

These were then suspended in phosphate buffered saline and auto-

claved, excess PBS removed, and the sequence repeated five times. 

This washing procedure was found to serve as well as the acid/ 

base washes employed by van Wezel. The beads were stored in PBS 

at room temperature. Beads were prepared in stock preparations 

of 10 mg/ml. Before use, the beads were settled and excess PBS 

was removed. Beads were then suspended in the appropriate amount 

of medium. At 1 mg/ml, the spinners have an estimated surface 

area of 4.5 cm
2
/ml of culture volume. 
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E, Cell Count 

Growth, of cells in microcarrier culture was followed by tak> 

ing a well mixed sample C3 ml), centrifuging, removing medium, 

and adding 3 ml of a 0.1% crystal violet solution in aqueous 0.1 

M citrate. After ^1 hour incubation at 37°C, the samples were 

sheared by repeated pipetting. The cell nuclei, which were 

stained and liberated by this procedure, could then be counted in 

a hemocytometer. 

F. Microcarrier Culture 

Excess PBS is removed from stock microcarriers; the appropri-

ate amount of medium is added, and the suspension transferred to 

the growth vessel. Plated cells are harvested with trypsin ac-

cording to standard procedures and added directly to the agitated 

growth vessel at a concentration of ^ΙΟ^/ταΙ. Aliquots of growth 

medium are renewed as required by culture growth. This operation 

is simplified by the settling rate of the carriers, which is on 

the order of a few minutes. All cell growth is carried out at 

37.5°C with a 5% C0 2:Air overlay. 

III. RESULTS AND DISCUSSION 

A. Optimization of Microcarrier Culture 

The main objective of this study is to develop a convenient 

and simple procedure of microcarrier culture for the growth of 

anchorage-dependent mammallian cells. Our criteria of optimiza-

tion is based on comparison of microcarrier culture with cell 

growth in plastic dishes. Growth kinetics for strain HEL 299, a 

human embryonic fibroblast, in dishes are shown in Fig. 2. Three 

parts of the curve are of concern: that portion of the inoculum 

which is available for culture growth; the overall growth rate of 

the culture; and the final cell density obtained. In most growth 
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10 20 30 40 50 100 
TIME (hours) 

FIGURE 2 Growth of EEL 299 in dishes. 

systems, the saturation cell density is limited by surface area 

available for growth. Increase in this saturation density is a 

direct reflection of increased carrier concentration, and a prin-

cipal advantage of microcarrier culture. In the case of HEL 299 

in plastic dishes, approximately 60% of the inoculum attaches to 

the growth surface, and is, therefore, potentially part of the 

growing population. The culture doubling time is 18-20 hours. 

Comparing this growth curve to Fig. 3, which is a curve for cell 

growth in DEAE-Sephadex A50 microcarrier culture, we see that on-

ly 30% of the inoculum remains in the culture after 24 hours. We 

also see that once growth begins, the culture doubling time is 

greater than 30 hours. An increase in microcarrier concentration 

decreases the potential growing population to as little as 10% of 

the inoculum in 24 hours, and increases culture doubling time. 
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FIGURE 3 Microcarrier culture of HEL 299, at 1 mg/ml DEAE-
Sephadex A50. 

These results are in agreement with van Wezel's observations, and 

represent a major obstacle to development of microcarrier tech-

nique. 

We postulated either the presence of a soluble toxic factor 

released by the beads or absorption of medium nutrients by the 

carriers to explain these adverse effects (Levine, 1974). To 

test these hypotheses, we first established a "toxic" limit for 

carriers. In this case, we suspended varying amounts of DEAE-
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10 2 0 3 0 4 0 5 0 100 

T I M E (hours) 

FIGURE 4 Plate growth of HEL 299 in medium contacted with 
varying amounts of DEAE-Sephadex A50. ο 0.0 mg/ml, • 0.1 mg/ 
ml, Δ 0.25 mg/ml. 

Sephadex A50 in growth medium at 37°C for 24 hours. After remov-

ing the beads, we used this "conditioned" medium for plating 

cells. These results are presented in Fig. 4. At a DEAE-Sepha-

dex concentration greater than 0.1 mg/ml, no cell growth was ob-

served. We then suspended 5 mg/ml DEAE-Sephadex in medium and 

equilibrated it as above. After removing the carriers, we mixed, 

at varying ratios, the "conditioned" medium with normal growth 

medium. If a soluble toxic compound were present, then we would 

expect to see growth inhibition even at relatively dilute concen-

trations of the "conditioned" medium, corresponding roughly to 

the ratio of the toxic limit of 0.1 mg/ml to 5 mg/ml. If nutri-

ent absorption were the effect, we would expect the varying ratio 

of "conditioned" medium in the plating medium to have little ef-

fect on growth. Figure 5 gives the results of this experiment. 

In fact- there is no evidence of a soluble toxic factor. This 
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FIGURE 5 Plate growth of HEL 299 in varying levels of medium 
contacted with 5 mg/ml DEAE-Sephadex. Contacted medium was di-
luted with fresh medium in the following ratios (conditioned medi-
um-.final volume) : • 1.2 , Δ 1:5, V 1:10, ο 0:1. 

conclusion is supported by the observation that there are signi-

ficant amounts of protein associated with DEAE-Sephadex beads 

which have been exposed to growth medium. We feel, therefore, 

that there is significant uptake of nutrients by the beads. This 

conclusion was also reached by Horng and McLimans (1975) in their 

work with microcarriers. 

Our solution to the postulated problem of nutrient leaching is 

to add to the medium a negatively charged non-nutritive component 

to compete with the positively charged exchange sites on the 

beads. Use of carboxymethylcellulose (CMC), a polyanion, has giv-

en excellent results. That, in fact, the CMC is competing for ad-

sorptive sites on the DEAE-Sephadex is shown in Fig. 6. Here, as 
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FIGURE 6 Plate growth in medium equilibrated with DEAE-
Sephadex A50, in the presence and absence of CMC. ο Control, 
CMC", Δ CMC+r • CMC, V Control, CMC

+
. 

before, medium is equilibrated with low levels of the microcarri-

ers; the carriers are removed and cells are plated in dishes. 

When CMC is not present during contact time, no growth occurs. 

This indicates that the CMC either completes with medium compos 

nents for adsorptive sites on the beads, or otherwise renders the 

sites inaccessible to the critical nutrients. 

Using CMC as an additive to growth medium, we have grown 

cells on the carriers with excellent results. At low microcarri-
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FIGURE 7 Microcarrier culture of EEL 299 at 1 mg/ml DEAE-
Sephadex A50r in presence of CMC. 

er concentrations (<2 mg/ml), 0.01 gm/1 CMC is added to growth 

medium, and the culture is inoculated as above. At higher micro-

carrier concentrations (>2 mg/ml), microcarriers are first sus-

pended in growth medium and CMC (at a ratio of .01 mg of CMC per 

mg of carrier), and then after 12 hours, resuspended in growth 

medium with .01 gm/1 CMC. Figure 7 shows the growth of normal 

human fibroblasts (HEL 299) in microcarrier culture at a concen-

tration of 1 mg/ml of DEAE-Sephadex A50. In this case, very lit-

tle of the initial inoculum is lost. Poor culture growth was 

seen with these conditions, however, unless additional media was 

provided by periodic replacement of a portion of growth medium as 

was done in Fig. 7. In this case, 25% of the culture volume was 

renewed daily, and culture growth rate is comparable to growth in 

dishes. Similarly, in Fig. 8, with a carrier concentration of 4 

mg/ml, we see little decrease in cell inoculum and strong expo-

nential phase growth up to a final density of 2 χ 1 0
6
 cells/ml. 
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FIGURE 8 Microcarrier culture of EEL 299 at 4 mg/ml DEAE-
Sephadex A50 in presence of CMC. 

Here, daily medium renewal was unnecessary. Good growth was ob-

tained with only two 25% media renewals, one at 24 hours, and one 

at 72 hours. This final density compares favorably with densi-

ties obtained in suspension cultures of established human cell 

lines such as HeLa. Typically, less than 2% of the total cell 

population is in free suspension; cell yield on a medium volume 

basis is comparable to that obtained with dishes, and cells are 

easily recovered from the carriers by standard trypsinization 

procedure. Of course, the facility of recovery is much greater 

for the microcarrier culture, since only one vessel is involved 

in cell recovery. 

A second approach to the problem of nullifying nutrient ab-

sorption is also being pursued. In this case, we are attempting 

to synthesize a carrier which is optimal for cell adhesion and 
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TABLE II Screening of Support Materials 

Material Adsorption Growth 

DEAE-Sephadex A50 + + 
DEAE-Sephadèx A25 + + 
Sephadex G-10 

- -Sephadex C-25 

- -
Sephadex LH-20 - -
Amberlite IR-45 + + 
Amberlite XAD-2 ± 

BioRad AG-21K + + 
Biosil BH 

- -Florisil - + 
Silica gel (1) - ± 

Silica gel (2) — ± 

growth. A survey of possible carrier materials is shown in Table 

II. The survey experiments consisted of bringing together cells, 

medium and test materials in plates. Two criteria for successful 

spinner operation were applied: adhesion of cells to the carrier 

surface and cell spreading with accompanying overgrowth. Our re-

sults confirmed the desireability of a positively charged surface 

Therefore, we are in the process of establishing minimum workable 

charge densities for cell adhesion and growth and are attempting 

to place charged groups on both impervious bead supports (such as 

polyethylene and polystyrene) and on uncharged Sephadex G50. In 

the case of our studies with modified Sephadex G50, the key con-

cepts of our efforts are to either concentrate all charges at the 

surface, leaving the center of the bead uncharged, or simply to 

reduce the total milliequivalents per gram of carrier, and thus 

reduce the total nutrient uptake. Adding impetus to this effort 

have been apparent variations in cell growth behavior in DEAE-

Sephadex microcarrier culture, which seem to correlate with 

changes in commercial DEAE-Sephadex lots. We feel that this ap-

proach, alone or in conjunction with CMC addition, could yield an 

order of magnitude increase in workable S/V. 
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40 80 120 2 0 0 

TIME (hours) 

FIGURE 9 Microcarrier culture of secondary chick fibroblasts 
at 1 mg/ml DEAE-Sephadex A50. 

B. Application of Microcarrier Culture to Diverse Cell Types 

In addition to our studies with normal human fibroblasts, we 

have examined the applicability of microcarrier culture to growth 

of other cell types. Figure 9 shows preliminary observations of 

secondary chick fibroblasts. As can be seen, a relatively high 

inoculum yields good results. Figure 10 shows the growth of an 

established line of mouse bone marrow epithelial cells. As shown, 

after a slight loss of cells, growth is rapid to 1.2 χ 1 0
6
 cells/ 

ml. Therefore, the use of positively charged microcarriers seems 

to be generally adaptable to both fibroblastic and epithelial-

like cells and to cells of diverse species of origin. To our 

knowledge, no failures in adapting anchorage-dependent cells have 

been encountered in other laboratories. Certainly we have ob-

served no difficulties once the nutrient leaching effect is over-

come. In all cases, at maximum cell densities, less than 2% of 

the cell population is free in suspension. 
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FIGURE 10 Microcarrier culture of epithelial mouse bone mar-
row cells at 1.5 mg/ml DEAE-Sephadex A50. 

C. Applications of Microcarrier Culture 

A pressing need of virologists and cancer researchers inter-

ested in oncogenic viruses, is a constant and sufficiently large 

supply of virus for experimentation. We have examined in micro-

carrier culture the growth and virus producing characteristics of 

a Moloney murine leukemia virus-producing strain of mouse fibro-

blasts. Figure 11 shows growth of this line at a microcarrier 

concentration of 4 mg/ml. With medium renewal, a simple matter 

with the microcarrier system, we were able to obtain the remark-

ably high cell density of 6 x 10^ cells/ml. Growth was exponen-

tial up to approximately 2 x 1 0
6
 cells/ml. From there on to 6 x 

1 0
6
 cells/ml, growth was linear, as shown in Fig. 12, a linear 

replotting of the previous data. The linear nature of growth in-
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FIGURE 11 Microcarrier culture of mouse fibroblast at 4 mg/ 

ml of DEAE-Sephadex A50. 

dicates that gas exchange may be involved. In addition to good 

cell growth, we have also found that murine leukemia virus produc-

tion for these cells continues at a rate comparable to controls 

grown in monolayer cultures. 

Finally, we have begun to investigate cellular manipulations 

made possible by the microcarrier concept. We have demonstrated 

that cell transfer can occur between a confluent bead and an un-

seeded bead by direct transfer, as shown in Fig. 13. This sug-

gests a means to eliminate the trypsinization process involved in 

cell passaging. The implications of Fig. 13 are that cells in 
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FIGURE 12 Microcarrier culture of mouse fibroblast at 4 mg/ 
ml of DEAE-Sephadex A50. 

microcarrier culture may be maintained, from initial isolation to 

senesence, without the necessity of the stress of the physiologi-

cally disruptive process of trypsinization. Furthermore, the 

multi-step trypsinization process in cell passaging is a major 

drain of time and manpower for cell production facilities. Re-

placement of this process with single-step passaging, as with 

suspension cultures, would be a most welcome development, both 

psychologically for workers and economically for management. 

Another potentially useful application of microcarriers is 

the facile production of large quantities of cells in mitosis. 

Our own studies of synchronization procedures (Thilly, et al., 

1974; Thilly, et al., 1975a, 1975b) have concentrated on anchor-

age-independent cell cultures, but the frequent appearance of mi-
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FIGURE 13 Non-trypsinized cell transfer between a confluent 
carrier and an unseeded carrier, 

totic cells unattached to microcarriers (Fig. 14) leads us to be-

lieve that comparable facility can be obtained for anchorage-

dependent cells. The procedure under development is based on the 

observations of Terasima and Tolmach (1963) that mitotic cells 

can be detached from monolayers by shear forces insufficient to 

detach non-mitotic cells. The microcarrier fermentor operating 

at 1 0 6 cells/ml and 24 hour doubling time has 2.93 x 10 4 cells/ml 

(assuming 1 hour for mitosis) in mitosis. Thus, a one liter cul-

ture contains 2.9 x 10^ mitotic cells at any particular moment. 

These should be easily isolated by applying appropriate minimal 

shear conditions, separating beads from freely suspended cells by 

simple settling of the culture and pelleting mitotic cells from 

the beadless supernatant. The cells could be used for cell cycle 

studies, and the medium returned to the microcarrier culture. 



214 D . W . L E V I N E et al. 

FIGURE 14 Microcarrier culture of mouse fibroblast showing a 

mitotic cell in free suspension. 

This scheme is particularly attractive, since the cells would be 

selected under normal culture conditions and available in suf-

ficient numbers for biochemical analysis. Our preliminary obser-

vations indicate that cell lines vary with regard to strength of 

attachment to microspheres at mitosis: some lines detach under 

normal agitation shear forces, while others are considerably more 

sticky. 

ACKNOWLEDGMENTS 

Technical assistance was provided by Thomas Skopek of the M. 

I.T. Undergraduate Research Opportunities Program. We are grate-

ful to Dr. Robert Weinberg for discussions of oncogenic virus 



O P T I M I Z I N G P A R A M E T E R S FOR G R O W T H 215 

production and for performing plaque assays for murine leukemia 

virus. 

We gratefully acknowledge the financial support of the Nation-

al Science Foundation, Grant No. BMS 740 5676A01. David Levine is 

the recipient of an M.I.T. Health Science Fellowship. 

REFERENCES 

Ceccarini, C. and Eagle, H. (1971). "pH as a Determinant of Cel-

lular Growth and Contact Inhibition." Proc. Nat. Acad. Sei. 68, 

229. 

Horng, C. and McLimans, W. (1975). "Primary Suspension Culture of 

Calf Anterior Pituitary Cells." Biotechnolo. Bioeng. 17, 713. 

House, W., Shearer, M. and Maroudas, N. G. (1972). "Method for 

Bulk Culture of Animal Cells on Plastic Film." Exp. Cell Res. 

71, 293. 

Knazek, R. Α., Gullino, P. M., Kohler, P. 0. and Dedrick, R. L. 

(1972). "Cell Culture on Artificial Capillaries." Science 178, 

65. 

Levine, D. W. (1975). Ph.D. Thesis Progress Report. Department of 

Nutrition and Food Science, Massachusetts Institute of Tech-

nology, Cambridge, Massachusetts. 

Munder, P. G., Modolell, M. and Wallach, D. F. H. (1971). "Cell 

Propagation on Films of Polymeric Fluorocarbons as a Means to 

Regulate Pericellular pH and pC0 2 in Cultured Monolayers." FEBS 

Letters 15, 191. 

Terasima, J. and Tolmach, J. (1963). "Growth and Nucleic Acid 

Synthesis in Synchronously Dividing Populations of HeLa S3 

Cells." Exp. Cell Res. 30, 344. 

Thilly, W. G., Arkin, D. I., Nowak, Jr., T. S. and Wogan, G. N. 

(1975al. "Maintenance of Perpetual Synchrony in HeLa Cell Sus-

pension Cultures: Question of Unbalanced Growth." Biotechnolo. 

Bioeng. 17, 703. 



216 D . W . L E V I N E et al. 

Thilly, W. Q, f Arkinf D. I.,. Nowak, Jr., T. S. and Wogan, G. N. 

(1975b). "Behavior of Subcellular Marker Enzymes During the 

KeLa Cell Cycle." Biotechnolo. Bioeng. 17, 695. 

van Hemert, D., Kilburn, D. G. and van Wezel, A. L. (1969). "Ho-

mogeneous Cultivation of Animal Cells for the Production of Vi-

rus and Virus Products." Biotechnolo. Bioeng. 11, 875. 

van Wezel, A. L. (1967). "Growth of Cell Strains and Primary Cells 

on Microcarriers in Homogeneous Culture." Nature 216, 64. 

van Wezel, A. L. (1973). "Microcarrier Cultures of Animal Cells." 

Tissue Culture, Methods and Applications. Kruse, P. F. and Pat-

terson, Μ. Κ., eds. Academic Press, New York. p. 372. 

Weiss, R. E. and Schleicher, J. B. (1968). "A Multisurface Tissue 

Propagator for the Mass-scale Growth of Cell Monolayers." Bio-

technolo. Bioeng. 10, 601. 

Wöhler, W., Rüdiger, H. W. and Passarge, Ε. (1972). "Large Scale 

Culturing of Normal Diploid Cells on Glass Beads Using a Novel 

Type of Culture Vessel." Exp. Cell Res. 74, 571. 


