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I. INTRODUCTION 

The importance of environmental control in tissue culture has 

become increasingly evident over the last few years. Ideally, 

culture methods should provide the environment cells experience 

in vivo; but there is increasing evidence that cells grown by pop-

ular methods create their own micro-environment in which such im-

portant factors as p0 2, pC0 2, and pH can be far from physiologi-

cal values (McLimans, et al., 1968; Rubin, 1971; Jensen, et al., 

1976). One documented example of the effect on cells of cultur-

ing under nonphysiological conditions is the fact that established 

cell lines respire at much lower rates than freshly isolated cells 

of the same type (McLimans, et al., 1968). An obvious corollary 

of this effect is increased non-volatile acid production through 

glycolysis. Another general effect of classical culture methods 

on cells is contact inhibition in cultures of "normal" cells; liv-

ing organisms do not grow in monolayers. 

589 



590 MONA D. JENSEN 

Several methods have been developed which increase environ-

mental control in small scale cultures; but many of these methods 

have been extremely difficult to scale up for production of cells 

in quantity. I would like to describe a recent development in 

cell culture which allows large scale production of cells in 

layered culture and also provides controls on the cells
1
 environ-

ment which are not possible with other methods. This instrument 

is the 410 Cell Culture System made by Instrumentation Laboratory, 

Inc. 

II. THE IL 410 SYSTEM 

A. Theory 

The major inovation in this system is the use of a gas-per-

meable, nonporous plastic film (FEP - teflon)
1
 as the growth sur-

face. This plastic is permeable to gases, water vapor, and some 

small molecules such as methanol, but will not allow passage of 

salts or other tissue culture medium constituents. The 0 2 and 

C0 2 permeabilities for this film compare favorably with those of 

other films which have been used in tissue culture (Table I). 

Due to its strength, FEP - teflon can be used as a thin film (2.5 

x 10~
3
 cm thickness). Since the flow rate of gas across a dif-

fusion barrier is proportional to P/t, where Ñ is the gas permea-

bility in cm
3
 gas, cm barrier/sec, cm

2
 barrier, atm and t is the 

barrier thickness in cmf flow across FEP will be faster than 

across the other diffusion barriers in Table I. For instance, 

P/t for oxygen is 2.6 x 10~
4
 across FEP and 1.4 x 10"

5
 across a 

typical culture medium thickness of 1 mm. 

^-Fluoroethylene - propylene copolymer. "TEFLON" is a registered 
trademark of DuPont. 
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TABLE I Permeabilities of Various Diffusion Barriersa 

o 2

b c o 2

b 

FEP - Teflon 6.48 X 1er
7 8.16 X 1er

7 

Polyethylene 2.23 X 1CT8 
6.75 X ier

8 

Polypropylene 7.3 X 1CT
9 2.48 X 1er

8 

Medium 1.4 X 1CT6 

1.6 X ier
5 

aFrom Jensen, et al.C1976) 
Permeabilities in cm gas, cm film/sec, cm film, atm. 

Gas used or generated on one side of the FEP film rapidly 

equilibrates with the atmosphere on the other side of the film. 

Therefore, cells attached to the film grow at essentially the at-

mospheric partial pressures of the incubator and do not create 

steep gas concentration gradients such as those which are formed 

by cells grown on a gas-impermeable surface under a layer of medi-

um (McLimans, et al., 1968). The steady state pericellular par-

tial pressure of a gas can be calculated for confluent cultures 

growing on gas-permeable and impermeable supports (Jensen, et al., 

1976). Table II gives some sample results for the p0 2 of several 

cell-types grown on various surfaces. Depletion of pericellular 

oxygen is drastic on all but the FEP surface. Similarly, the 

build-up of pericellular C0 2 due to cell respiration, and the re-

sultant drop in pericellular pH, is much greater on surfaces 

other than FEP. 

Since the p0 2 and pC0 2 of cultures grown on FEP are essential-

ly those of the incubator atmosphere, measurement and control of 

these gases in the atmosphere results in control of the pericel-

lular values. Medium pH must be measured directly because it is 

a function of C0 2 and acid metabolic product concentration. 
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FIGURE 1 The IL 410 culture reel. 

B. Instrumentation 

In this system, cells grow inside containers made of the FEP -

teflon film. This film is formed as a long tube which is then 

wound spirally with spacers to allow air contact to the membrane 

(Fig. 1). The resulting configuration is a culture reel which 

packs considerable growing surface area into a relatively small 

volume. Figure 2 shows a cross-section of the culture tube and 

its dimensions. A reel with 8 feet of tubing contains 2.6 x 10
3 

cm
2
 of growing surface. Production reels, for large scale cul-

ture, have 2.5 x cm
2
. Since the tube is completely filled with 

medium, cells grow on both upper and lower interior surfaces of 

the vessel. 

Inlet and outlet ports in the culture reel allow medium cir-

culation. Medium pH is continuously monitored by an autoclavable 

pH electrode. Figure 3 shows the system's medium flow. The medi-

um is pumped past the cells in the culture tube(s) , past the pH 

electrode, and then back to the culture reel(s). The pH is con-

trolled to a selected set-point by addition or dilution of C0 2 in 

the incubator atmosphere. 
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FIGURE 3 Medium flow in the IL 410 System. 

The instrument will automatically refeed the cultures and 

collect the effluent medium by operating the flow control valve. 

When this valve is in the refeed position, spent medium flows in-

to a collection reservoir and is replenished by fresh medium from 

the medium reservoir. Figure 4 shows typical fluxuations in pH 

and pCC>2. The upper graph shows a culture grown at constant 

pCC>2; pH drops until the culture is refed. The lower graph gives 

the fluxuations in the 410. As non-volatile metabolic cell pro-

ducts accumulate in the medium, the 410 lowers incubator pC0 2 un-
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FIGURE 4 Typical pK - pC02 fluctuations of cultures grown 
(a) on a non-permeable support, (b) in the IL 410. 

til a predetermined value is reached, in this case 35 mm. The 

cultures are then automatically refed. 

The IL 410 continuously monitors the p0 2 of the incubator at-

mosphere using a Clark-type electrode, and controls the oxygen 

level to a set point selected by the operator by adding oxygen or 

nitrogen. Incubator pC0 2 is continuously monitored as a measure 

of cell lactate production, and the value is used to operate the 

refeed mechanism. 

The instrument has two sections, the incubator and the elec-

tronic console (Figure 5). Fully loaded, the incubator will hold 

200,000 cm
2
 of growth surface. That is the equivalent of 129 

large roller bottles. Reels, tubing, pH electrodes, and medium 

and collection reservoirs can be set up on a wheeled transport 
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INCUBATOR 

FIGURE 5 The IL 410 Cell Culture System. 

which fits inside the incubator. The entire assembly can be 

autoclaved together; as a result, maintaining sterility is fairly 

simple. The incubator also contains the p0 2, pC0 2, and tempera-

ture sensors, humidifier, and pump drive mechanism. 

The incubator environment is controlled by a console unit. 

This console displays and controls temperature, pC0 2, p0 2, and pH, 

provides a real-time chart record of the 4 parameters, and dis-

plays a variety of alarm messages. 

III. CULTURE STUDIES 

Instruments have been evaluated in several laboratories where 

they have been used for production of animal viruses and various 

cellular products, as well as for large scale cell production. 

Cells grown in the 410 include WI-38 bovine kidney and mammary 

epithelial primaries, chick embryo primaries, several human tumor 

lines and a variety of common normal lines. For normal cell 
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FIGURE 6 Relative attachment of NBC-6 cells to FEP - teflon, 
•, and Falcon plastic, as a function of fetal calf serum con-
centration. Maximum cells attached per cm

2
 in the range of serum 

concentration tested is given as 100%. 

lines run under controlled optimal conditions, the IL 410 at 
2 

maximum cm capacity will produce m the vicinity of 200 ml packed 

cell volume per culture run. 

Most of the studies in our lab have been with VERO cells 

(African green monkey kidney fibroblasts). Growth properties of 

this system seem to be fairly typical of all the cell types grown 

so far. Cultures multilayer readily, typically showing 3 or 4 

layers. Up to 7 layers have been observed. When multilayered 

cells are returned to glass or plastic flasks, the resulting cul-

tures show typical monolayer, "contact inhibited," growth. Cul-

tures have been grown at serum levels as low as 0.1% with the pH 

controlled at the optimum of 7.2 (Jensen, et al., 1974a). Cells 

can be removed non-enzymatically by flexing the FEP membrane. 

Cells pop off easily and retain their long microvilli. 

Cell attachment studies have been made using NBC-6, a bovine 

leukemic lymphocyte line (Lin, et al., 1973). A maximum of about 
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FIGURE 7 Growth of VERO with and without diffusion across 
the FEP film. ·, FEP - teflon; m? Falcon plastic; o, FEP - teflon 
attached to a pitri dish to prevent gas diffusion across the film. 

5% of these cells in a suspension culture will adhere to and 

spread out on the culture vessel; spread cells per a given area 

are easily counted microscopically. Figure 6 shows the relative 

attachment of these cells to FEP and to Falcon plastic as a func-

tion of medium serum content. Attachment to Falcon plastic is 

maximum in the absence of serum and drops to roughly 60% of the 

maximum at 0.1% serum or more. Attachment to FEP shows an es-

sentially linear increase with serum content over the range 

tested. 

Culture multilayering is probably a function of several varî -

ables, including oxygen availability. VERO cells grown on a sheet 

of FEP attached to a petri dish to prevent gas diffusion through 
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the teflon divide at a slightly reduced rate for 2 days and then 

go into stationary phase at a relatively low cell density. (Fig-

ure 7) Cells on Falcon plastic reach a higher density in the same 

manner, while cells on FEP with gas diffusion through the plastic 

continue to devide for 5 more days. Electron micrographs of thin 

sections of multilayered DON cultures on FEP, made by Dr. W. H. 

G. Douglas of the W. Alton Jones Cell Science Center, show unusu-

ally high densities of well-defined mitochondria and endoplasmic 

reticula. The multiple effects of cell dιpendance on oxydative 

phosphorylation as opposed to glycolysis may well determine the 

layering characteristics of a culture. 

Some preliminary work has been done with primary cultures, 

particularly cell types which are difficult to grow or maintain 

in other systems. Normal mouse lymphocytes have been maintained 

in culture for up to 10 days and good primary immune response can 

be elicited throughout this culture period. (Munder, et al., 

1973) If these lymphocytes are cultured with a macrophage layer 

attached to the FEP - teflon, the lymphocyte population doubles 

in 4 days (Munder, et al., 1971). 

Epithelial primaries do very well in this system. Normal bo-

vine mammary cultures form epithelial nests. (Munder, et al., 

1971) Primary cultures from decapitated 10-day chick embryos are 

roughly 40% fibroblast and 40% epithelial cells at confluence if 

the cultures are grown at 130 mm 0 2. The other 20% is a variety 

of cell types, such as lymphocytes and yoke cells. (Jensen, et 

al., 1974b) We have maintained chick cultures at 130 mm 0 2 for 6 

months, or about 13 passages. During this time, the fibroblasts 

did not dominate the cultures, and the cell types maintained 

their histochemical properties. Also, many epithelial clumps 

formed vacuoles with histochemical staining properties different 

from the surrounding cells, which may indicate cellular secre-

tions. If the cultures are grown at 100 mm 0 2 or if cultures are 

passaged into non-gas permeable surfaces, fibroblasts dominate by 

the next passage. 
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IV. SUMMARY 

Since both the instrument and the environmental control it 

provides are quite recent developments, there is still much to be 

learned about the culture of specific cell types for specific pur-

poses, as well as the effects of culture conditions on those 

cells. Evidence now available does indicate that cells grown by 

this method more closely resemble cell morphology in vivo. Suc-

cessful culturing of such difficult cells as normal lymphocytes 

suggests that the method can be used to increase the number of 

cell types which can be cultured. We believe that these factors, 

plus the capacity for culturing large volumes of cells under con-

trolled conditions will greatly expand cell culture capabilities 

and their uses. 
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