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lactic acid excretion rate provided that (1) the flow rate is slow enough and
(2) the toxin is in direct contact with the cells. -To meet the latter condi-
tion, we have investigated a new design for perfusibn where the shell contain-
ing the cells is directly perfused with growth medium.

1
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SLUMMARY

A rapid, sensitive detector of toxic components in recycled water intended

for human consumption is being developed by (,SRI for the U.S. Army MUJST pro-

gram. In -tir first 'sear of effort we have investigated the feasibility or using

metabolic changes of mammalian cell cultures on artificial capillary units as

the detector response.

Activities directed toward this goal in the first year have included (1)

rowth of cells on highly permeable capillary units, (2) the optimization of

* the response times of cel Is on these units, both for detection of metabolic

activity and for assessment of toxic response, and (3) the measurement of

response to certain selected toxins. These activities are prerequisite to

successful development of a detector prototype.

We have investigated methods Lo establish, rapidly, a population of

motabolicallv stable cells sufficient for metabolic rate measurement, on the

"" units. T'hese methods include planting of high celt numbt rs per unit and the

use of medium containing a low serum content. Metabolic activity of cells on

artificial capillary units has been assessed by measuring the rate of glucose

and oxygen utilization from, and the Lactic acid excretion into, the pertusot e

medium of L929 and BIlK cells on the units. Variation of metabolic activities

with (I) time in culture, (2) flow rate, (3) medium serum concentration, and

(4) toxin dosages has been followed. Different perfusion modes have also

P been studied. Capillary culture units have been perfused (1) bv medium re-

circulating from a reservoir through the capillary bore, (2) by medium passing

throiugh the c-apillary bore and then to waste, and (3) by medium which is

passed through the shell and then discarded.

Our initial findings include the following: The metabolic activity of

the cells is dependent on the perfusion flow rate. Cultures of BHK and 1,929

cel Is can be maintained for extended periods in medium containing low serum

"•(17) using eit her once-through or recycIed flow. To date, the best mode of

operation for measurement of rapid toxic response is to pass medium contailting
toxin through, the sheIl of the artifici-il capillary unit. W1hen this mode was

the change in cellular metabolic activitv upon introduction of KCN,

Si
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"o-toluidine, and iodoacetate into the medium was sensed almost immediately after

introduction of the toxin within the capillary unit shell. In some cases,

U the change in metabolic activity could be entirely reversed by subsequent

perfusion of fresh medium (not containing toxin) through the shell. The best

* and most sensitive means of assaying ctIlular metabolic activity is by oxygen

utilization.

0 The results of our first year of investigations indicat? that stable

"" populations of either 1.929 or BHK cells can be maintained on the capillary

units for extended periods, that response to certain toxins can be detected

- within 5-15 min after introduction of toxin, and that cell recovery after

brief exposure to toxins is possible.
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,', 1 , INTRODUCTION

.,, In portable field 5ospitals under development in the U.S. Army •IUST

.-." -• progrum, it •s •ntended that the water supply will come only from wastewater

Spurified bv a multiple treatment process includino• reverse osmosis and ozonation.
i] •-. '['he purification will require that tile water supply contain no •,]ements that

-" <'an be immed[atelv or subsequently toxic to humans, in order to insure that

• "- -. the toxin leveI in the water is low enough for safe human consumption, a

:[•, " biological detector of toxicity is being developed by Gulf South Research
Sinstitute. Such a detector must be capable of rapid response and stlfficient

7• "
, , %' sensitivity. We plan to use a det•ctor in which mammalian cells are main-
.. q, %' .
••'i tained on artificia! capillary tissue culture unitsl by a perfusate composed

-" of growth medium mixed with the water stream to be tested. A deviation in

•-: the cellular metabolic activity below or above a threshold (to be determined)

.-. , would indica[e a toxic response. Should a toxic response be obtained, the

i-1:7• "" water stream would be diverted from the potable water reservoir. The response

-2"" .- of anima! cells in culture to toxins incorporated i• the growth medium has

Salready been shown to be a vaild method for testing the relative toxicity of

?• •,•- a chemical•.

•-• "" The first-year goals included selection of tissue culture cell tvoes

"•'. suitable for monitoring metabolic activities of the cells on the artificial

Sq•_ capil[arv units, establishment of cell populations on the units, and measure-

.- ," -' ment of the r•.sponse of these cells to selected toxins. Wc propose to devise

b',; ,• ,• flow-through_ •letector capable of a rapid response to toxins, and capable of.-...
•"- •ood instrumental control.

=;. •

S. •
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L.2 BACKGROUND

-1..1- Perfusion Cell Culture

It has been widely recrogni zed t hat n I t urC of rCells as molno- or mulIti -

lavers in flasks usin4 only periodic mUd i urn Change s to s'upplIv nutrients is

s uhop t ima 1 There arc, several rea sons t or suho pt imal L11u1 ttire-c unl o~r Sl IC1

C0end 4 t ions the growt h env i ronno n t viir i t' sa'i 01r t inc af t or J 000i1dnot

Mntr jent depletion b\y the LCells (Aliternato feast jug and tast ing) , a mnatr ix

* f~or three-dimensional growth cannot he [Llii t Up, the Mc'di unt ntis t he 'eoi

d it loned" after eac h ft.eeding per iod, And ceci I -,rowthi to tissule-i ike dens it ie

cannot beachieved.

Becaulse the so Iini ~tations- inl coiiventioenalI fl1ask culItire hlave been ro'C0g-

- - nized, several perfusion systems for cell t ul tore have been des igned .Some

of these earl- methods borrowed techniques from microbiological resetirch,

namely the citemos tat .Such techniqJues were designed forrotmosgoh

0i Coils in suispens ion, Perfusion systems tor mono Iayer cuti ure were,

initially designed primarily for microscopic work3 94.9O perfusion system

ISfor cuiilture flasks has been descrribed by, Kruse et all. This systLem allows-

elsto grow to tissue-I ike densitites (up to iS3 cel I layers thick) in culture

flasks. Kruse' s stud ies with thi rteen different cellI types showed that

thos-e cci I1 types are able to form muILti layers tunder per fusion cenditions.

S3Kruse also showed with V138 cells that a nonmitotic cell population rould he

maintained for almost one month by lowering the medium serLriM content from
8

10 to 0.17X

*Although it is generally difficult to correlate glucose uptake, c IlI

nuimtber-; and rates of celi1. proi i feraL ioin in stat ic fl]ask -1l Lures , Kruse and

N1i edema werc ablIe to make such correla iOtiOTs in perfusion- i 1 ask cul tures". As

th10 Cell popu)lLa tion wen t f rom a proc on f h ien t dens ity to post ron fluenn tdnsi

til- he cla uge in t he rate of prol i f erat ion was atccompanieod hy ai proportionate

chang. in the ralte (of glucose uptake~t. iesof gIoeuptal-ke col-relIated

well ~~- wit prb rforb io ratese for a nlumber of f ibols ellnes 1

a veraige r;i Los, of glIuco se tuptake and l acti ;i ra d prod c t i~on inpotrnfItet

I1 Lures of- WIý 38 atnd t rans formed tI118 iIswereV tilt'snei in pr-~Orf ~I nnt

Uj



citi Ltures. Kruse calcul ated that on t lie average for a var ietyt of t VI. t s

in perfusion cul]ture the glucose consumption was roughly 5 wimol / C cI Is
6"per day (0.208 cmol/hr per 10 cell s) and I act ic ic id production was 9s.

6 6• "incht10ol/tO cel Is per day (0.396 winol/hir per If0 culls).

T " The perfusion systems described above al I allow direct medium onltact

SI with the cells. This insures that serum proteins necessary for cel growth

wi I I be ab) I e to i nt erac t w i t h ce 1 1 surt fact! recept ors and t hat C el I UIar cr-

"L 1on products which might interfere with cellular proliferation can be

S-. - continuously removed. The only limitation to cell growth in such systems is

5the requirement that the bottom cetl- laver rceive adequat nut:rilots for

. J growth.

4 : 1.2. 2 Perfusion Cell Culture on Artif icuial Capillarv U'nits

In L972 Knazek and coworkers described a perfusion system which used

somipermeah le ho L low fibers in a tube-and-shell conf iguration to support cel I

growth . Since then a number of reports describing artificial capillary

* systems fo•r cell ciil~ture have appeared 11-17 Iiploi cel l s" , transformed

cells I 1 and other cell types have been successful ly maintained on such

r''.''. .'. units for periods as long as 3 months. Tissuelike densities can be achieved

C - and hormone product ion per cell can execeed tlha:t to be expected front the same

cells maintained in flask culturesI1
In the tissue culture mode uescribed by Knazek, et al. 1O,1 medium from

a reservoir is circulated tUrough hollow fibers which are sealed into a shell
and then back to the reservoir. The colls adhere to the outside of the fibers

iand are fcd by nutrients from tile mediiutm, including ox.Kygen which di f fuses
""trtirgh the fiber wall. the deoxygenated medium passing back to the reservoir

i s reoxvgena ted ba mshri c oxygeni d i f f using t hrough s 1 1 as t-i c tubing that

is tu,,-;(td L;- connect the various compononts of the pert usion system. 'ito f low

* S rito (mriiintainted I>' a peristaLtic putip) is adIusted to snI)J IYv nTd iturn to thu

units at a rite last enough to mainta in a constant oxygen deliverv Lt, all

c ells in the unit. (:,ll growth on the units ca]n be judged by determining

.( n•] iumber af tcr trvpsinization or by determining i DNA content \ lterna-"¢ ""' "14
ivelv, cev l growt-h cal bhe estimat d from tIe rate of glucose utit i I;t ion

S. % '
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With such a system, at any one time onlv a small amount of medium is in con-

tact with the cells. Nutrients must pass through the fiber walls to feed

the cells, but apparently this requirement represents no restriction to the

"growth of most types of cells, especially in units containing fibers that

"are permeable to molecules of molecular weight 30,000 to LO0,U00. In fact,

.such limited permeabilities could be advantageous; soluble collagen secreted

by fibroblast cells might not be lost upon medium change as would occur in

conventional flask cultures. Therefore, the collagen mi7fht remain to supply

.- a matrix for further cellular support. With artificial capillary per osion

ceil culture, medium must be replaced periodically as nutrients in the

reservoir supply become exiausted and as lactic acid builds up. Whether or

not periodic change of the shell medium is necessary has not been discussed in

the above studies but in recent work (at least with some cell types), such

a routine replacement of the shell medium does not seenm to be necessary (Knazek,

. unpublished results).

6
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2. CONSThUCTION OF A TISSUE CUL'XURE MONITOR

The tissue culture monitor which we plan to construct will use tl.e change

in the m-tabolic rat- of nondividing mammalian cel Is after exposure to toxins

in the medium to indicate the biohzezard associated with thic water supply which

is used to dilute the medium. The cells will be grown on artf4lcial capillary

-,,nits and perfused by a medium reconstituted with the water supplv to be

tested. Determination of the feasibility and sensitivity of tLis scheme for

toxin monito ing required (1) study of the growth of cells on artificilI

capillary units, (2) construction ot new artificiil -apillarv units, (3)

investigation of different methods which sense metaboliL. response (4) adapta-

tion of these methods for rapid detecLion of metabolic rate changes, and
(5) study of the performance of difterent perfusion systems for introduction

.-- of toxin to the cells. These aspects of the firsL year research program will

be dis cussed in detail below.

2.1 GROWTH OF CELLS ON ARTIFICIAL CAPILLARY UNITS

2.1.1 Perfusion System for Cell Growth

Initial efforts to grow cells on capillary units were based on the culture

conditions reported in thelitera ure, which use a perfusion circuit similar

to that of Figure 1. In such a circuit, growth medium contained in a reser-

voir is circulated by a peristaltic pump to the cell culture unit and then

i' - returned to the reservoir. The medium flows through the bore of the fiber

at- flow rates from 0.7 to 5 ml/min. The cells adhere to the capillary surface

in medium contained in n shell surrounding the fibers (of. Fig. 1). Aý of

-lulv 1975, no li terature suggested any dependence of culture succ(s I on flow01

I ate or f Lber type although proper oxygenation of tt-e medinm was stated to

be a be a prin pipl tactor in the performance of the cap i farvt1 n unLt S f,

dete, tor system dictates that the medium porfusing the cilture unit should flw to

o, t, rather t;ir re nArn to 0ho reserv ir. [t is ,I,.,r thtL* iS such a svsten,

is to be fc,)sible, the flow rate must be suffih ieintlv slow to allow cellular

* & metabeoic activity to i.,e monitored and to prevent large expenditures on medium.

.1

°.7

. . . . . . .. . ..A. , . -



uci

AJ J

,2 --



Whet'er slow perfusion of medium would adversely affect cell growth or mainten-

ance was unknown.

At the beginning of this first year of research, we tried to culture

"several different types of mammalian cells (human foreskin fibroblasts in secon-

dary culture, 3T3 mouse fibroblasts, L.929 and primary porcine kidney Cells) on

i several different kinds of capillary units with media perfused at slow flow

• rates ('v0.l0-0.05 ml/min). Approximately 1-5 x 106 cells were planted in

the extracapillary space in the units and the units were perfused by medium

from a small reservoir. Perfusion for some units was to waste, and in others

the medium was recirculated. (The recirculation mode was tried to ascertain

Swhether or not "conditioning" of the culture medium was critical for cell

growth.) In both cases after a number of weeks, very little growth was

- evident from glucose and lactic acid assays of the culture media. Only 4-5 x
610 cells could be recovered from the units by trypsinization. These results

indicated that our culture conditions were possibly unsuitable for growth of

a large population of cells.

Since it was possible that cells were not receiving sufficient oxygen

to support a large population when slow flow rates were used we next allowed

the medium to circulate at flow rates of 2-5 ml/min using the perfusion mode
6* of Figure 1. In one case, 62 x 10 BHK (Baby Hamster Kidney) cells were

recovered after 8 days from a GSRI cellulose acetate fiber unit initially

5 loaded with 5 x 106 cells. In another case, 47 x 10 cells were recovered

from an Amicon 3S100 unit after 15 days of growth from an initial seeding of

. 5 x 106 cells. Other units also showed substantial growth over a two-week

- period as evidenced by glucose utilization from the perfusing medium. During

tiLse periods of growth, the reservoir medium of 100 ml of Dulbecco's

" nM•imum Essent ial '-Tedium (D11KM) containing 107 fetal calf serum (FCS) was

refr•e.shed every second day.

Currently, we are using the following protocol to establish a population

of cells on ,n artificial capi I lary unit. The unit is perfused bh medium in

"a reservoir as in Figure 1. The medium is recireulated at greater than

"*'2 ml/Min Unt i1 its pHi becomes too acidic (-<pvi 6.8) or tihe glucose concentra-

tion falls bolow 1 m%. The medium in the reservoir only, is then replaced.

iL. The_' cultures are intiated by introducing cells into the extracapillary space

:2?
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in the shell by syringe with no medium flowing and with the exit and inlet

tubing clamped. Sufficient medium is included to fill the fluid space in the
6shell. Approximatelv 30-100 x 10 celLs are loaded. After 0 to 30 min is

allowed for the cells to adhere, the peristaltic pump is started and perfusion

is begun. The reservoir contains 100 ml of DMEM supplemented with 107 calf

serum (CS), 20 mnM Hepes, 100 u/ml penicillin, 100 kg/ml streptomycin, 100

Sg//.l ,hlorotetracycline, 50 pg/ml mycostatin. The medium contains 0.35 g/l

sodium bicarbonate and an additional 2 g/l sodium chloride is added to main-

tain osmolality. The medium pH is 7.3. The culture units including pump

and reservoir are maintained at 37%C in a warm room. Connections between

unit, pump, and reservoir are made by a total of I meter of silastic tubing.

A three-way Luer nylon stopcock is included in the circuit to aid in sampling.

The circuit is shown in Figure 1. The medium used for subsequent culturing

does not contain mycostatin. After a plateau in growth is reached as

determined by a plateau in the rate of glucose uptake and/or lactic acid

excretion, the medium is supplemented with only 1% CS and antibiotics. After

three weeks of growth in 17/ CS and a total of six weeks of growth, no dele-

terius effect on the cells was observed due to the reduced concentration of

calf serum. We have found that cells can be grown to high densities even

when the cultures are initiated using medium with 1% CS. Typical growth

curves for BHK and L929 cells maintained for over three weeks are shown in

Figures 2 and 3, respectively. Both of these cultures were initiated using

medium containing 107 CS. At the arrow in Figure 2, the same medium supple-

mented with only 1% CS was used. Flow rates were 8.5 ml/min for the L929

cells (Fig. 3) and 3.0 ml/min for the BHK cells. A plateau in the rate of

glucose utilization and lactic acid excretion is reached on the average

within one week after the units are planted with a large number of cells (30 x

106 or greater). At the termination of these studies, cells were recovered
7 7 '"

from the units by trypsinization. More than 6 x 10 L cells aiid 5 x 10 BHK

cells were recovered.

kMhen this protocol is used, planting success with BHK and 1,929 cells is

essentially 100% provided that no leakage of cells through the potting at the

end of the unit occurs after flow is initiated. Most of the units reached

c'li populations with an average lactic acid excretion rate of at least 12

Z.
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umol/hr and a glucose uptake rate of 8 Pmots/hr. In some cases higher rates

were seen.

BHK and L929 cells were chosen for these studies to test the behavior of

a cell type subject to density-dependent inhibition of growth in flask
+ .- 18

"culture (BHK) and a cell type which shows no such growth control but which

ceases proliferation when medium nutrients become depleted or when access to

Sthese nutrients is inhibited due to cell overgrowth1 9 . .,e also wanted to test

a diploid cell type with a finite life span (human foreskin fibroblast), but

- poor growth prevented these studies. Both BHK and L929 seem able to adapt

p readily to growth on artificial capillary units as evidenced by their initial

rapid growth immediately following planting (Figs. 2 and 3). Part of this

ready adaptation may be due to a beneficial stimulus provided by the perfusion

" .system which overcomes any negative effects on growth caused by the change

from a support matrix of treated polystyrene to permeable poLysulfone or cellulose

acetate. Since artificial capillary perfusion culture geometrically limits

" . cell growth to a certain density, we were not sure how well a cell type sub-

ject to density-dependent inhibition of growth might grow in capillary culture.

We were also concerned that L929 might reach a certain limiting density and
then rapidly die back to allow new growth. In both cases the growth curve

is stable after the first week (Figs. 2 and 3). This stability suggests

* that, regardless of whether the cells limit their growth by death and pro-
-)f th cell19,

"E • liferation or by being locked into the G phase of the cell cycle9, the

. average net metabolic rate (measured as oxygen and glucose utilization or

lactic acid excretion at the exit stream from the culture unit remains

"* . essentially constant. Our oxygen utilization studies, described below

(section 2.5.2.2), also verify that metabolic rate does not fluctuate rapidly

when the flow rate is constant. This fact is amenable to the choice of

oxygen utilization as the metabolic parameter to be sensed in the prototype

biological detector. We will continue to use both cell lines for evaluation

of the biological detector. Toxicity parameters have been well worked out
20,21"for L929 by other workers and BHK cells have a number of differentiated

"functions (proteoglycan synthesis, collagen synthesis) that might affect

, +their sensitivity to toxins. Both cell lines can be maintained with only 1%

i L serum in the medium. If an increase in toxin sensitivity is desired, even lower

i "12
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concentrations of serum will be used. Kruse showed that, under perfusion condi-

tions, even the diploid cell line W138 could be maintained for weeks (without

.- cell division) in medium containing 0.1% serum

2.1.2 Perfusion System for Toxicity Monitoring

The perfusion scheme shown in Figure 1 is being used to initiate cell

cultures on artificial capillary units. Cultures which show no further increase

in metabolic rate as indicated by a plateau of their growth curves (cf. Figs.

"" 2 and 3, day 7 and after) are then used for toxicity studies or the once-

through perfusion studies described below (section 2.5.2).

"The Luer fittings on the capillary units (indicated by D in Fig. 1)

enable the units to be moved from one perfusion system to another. The once-

through perfusion circuits shown in Figure 4 has Luer fittings at all the

capillary unit entrance and exit ports. In Figure 4a the perfusion scheme is

shown for once-through flow through the fiber bore of the capillary unit, and

Figure 4b shows the scheme for once-through perfusion of the capillary unit

shell. In both cases the outflow medium is monitored. It may be monitored

continuously as by oxygen or pH sensing or it may be sampled as with glucose

and lactic acid content determinations. The nutrient content in the inlet

-" stream to the capillary unit is determined only once in the course of an

individual experiment. After it is monitored, the medium is discarded into

a waste medium receiver. The flow rate is monitored periodically by measuring

the rate at which the outflow medium fills a 1-cc syringe. More elaborate

flow meters could also be used.

In both perfusion schemes shown in Figure 4, the flow rate is adjusted

so that, after the capillary unit is connected, the outlet pOl is between 30

"and 8n mm Hg. For some experiments flow rate was adjusted to allow detection

of the glucose and lactic acid content of the medium. We are currently

attempting to devise a perfusion scheme that will allow simultaneous glucose,

lactic acid, and oxygen detection.

T-ie sample to be tested for toxicity will be mixed with tissue culture

medium and introduced at the 3-way stopcock (B,Fig. 4). Change to the per-

fusion stream containing only the uncontaminated medium can be made by simply

b
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Fig. 4a . Perfusion scheme for once-throuh low.
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"turning the stopcock. With these schemes, there is no need for the interrup-

"tion of flow between exposure to toxin and exposure to recovery medium. Results

using such perfusion schemes will be described in detail below (section 2.5).

2.2 METHODS TO DETECT METABOLIC ACTIVITY

"We have been monitoring cellular metabolic activity by assessing the rate

of glucose and oxygen utilization and lactic acid excretion. Medium glucose

and lactic acid content is determined by enzymatic methods using glucose oxi-
*22 23dase and lactic dehydrogenase . Oxygen content is determined by oxygen-

"specific electrode.

"For determination of glucose we are using a test kit supplied by Sigma

chemical (Kit 0510). This kit uses the enzymes, glucose oxidase (Aspergillus

niger) and peroxidase (horseradish). In the presence of glucose oxidase,

"D-glucose is convcrted to gluconate and hydrogen peroxide. The hydrogen

peroxide released (I mol for each mol of glucose) is used to oxidize the

oxygen-donor, o-dianisidine dihydrochloride, to a brown product whose absorption

is measured at 450 nm. A 1 mg/ml solution of glucose in water is used as the

standard. The amount of glucose/ml is calculated by dividing the optical

density at 450 nm for the test sample by the optical density at 450 nm for the

glucose standard. The coefficient of variation for this test performed on a

1 mg/ml glucose solution assayed over 13 days was 4.9%.

"Lactic acid analysis was performed using Sigma kit 826-UV. The procedure

designed for blood lactic acid measurement was modified as follows: 2 ml of

glycine buffer (0.4 M hydrazine; 0.5 M glycine; pH 9.0), 4 ml of water and 0.1

SI ml of lactic dehydrogenase (•5 mg protein/ml) and 10 mg NAD (nicotinamide-

. adenine dinucleotide) are combined. To 0.9 ml of this solution is added

"0.05 ml of sample. The sample is prepared by adding 2 volumes of cold 8%

HCIO4 to I volume of the medium to be tested and the cold mixture is centri-

- fuged at %500 rpm for 10 min. After this centrifugation, the sample is the

.- "* supernatant. The reaction mixture is allowed to incubate at 37'C for 30 min.

During this time the lactic dehydrogenase converts one molecule of

L-(+)-lactate to one molecule of pyruvate (which is trapped as the hydrazone).

Ui i



Simultaneously, one mol of NAD+ is converted to one molecule of NADH. The

absorption of NADH at 340 nm is measured. Lactic acid concentration is

II calculated from the millimolar extinction coefficient for NADH at 340 nm, the

"optical density, and the reaction volume by the equation:

i (A3 4 0 ) (0.95 ml)

lactic acid (nMole/l) =

6.22 (0.01667)(1)

"where A final maximum absorbance at 340 nm
340

9 0.95 = reaction volume

6.22 = millimolar extinction coefficient of NADH at 340 nm

0.01667 = volume of medium in covet (1/3 x 0.05 ml)

1 = light path (cm)

*7 With medium which contains serum and which has not been incubated with cells, a

"slight background A arises which is subtracted from the A of the test
340 340

sample. This background averages 0.049 for medium containing 1% serum and

,°l 0.155 for medium containing 10% serum. The coefficient of variation for 17

samples at an average A3 4 0 of 0.155 was 8.9%. The limit of sensitivity for this

test is considered to be n1.2 mg/100 ml corresponding to an A of 0.015.
340

Due to the necessitV for background subtraction, the practical limit is

considerably higher.

"We are measuring oxygen in the medium by an Instrumentation Laboratory

"Model 113 pH/Gas Analyzer. This machine has an electrical accuracy of 0.5%

for all scales and an accuracy of + 1% of the full scale pO 2 . Oxygen is"w-

'6 determined amperometrically by this instrument. This instrument uses a con-

stant polarizing voltage of 0.6V. Reduction of 02 at the pO2 cathode occurs

according to the equation:

02 + 21120 + 2e ..... H, 0 + 20H + 2 c ..... 40H
2 ~2 22

The electron flow is proportional therefore to the amount of oxygen consumed.

The electrode is specific for oxygen because it is covered by a polypropylene

membrane which is permeable only to gases . The instrument is calibrated by

17
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zeroing using a gas mixture containing 10% CO ,?, 90% N2 . An upper point
is set using a mixture of 5% CO2 , 11.82% 09, and the remainder N,. The

meter is calibrated in the morning and afternoon. Drift during tl.e day has

-K'. been found to be less than 5 mm Hg and at night less than 7 mm Hgg over many

days of continuous use.

2.3 ARTIFICIAL CAPILLARIES FOR CELL GROWTH

2.3.1 Choice of Hollow Fiber Units

"For many of the cell growth studies, artificial capillary units were

purchased frum Amicon Corporation. These units, shown in Figure 5 a,. contain

- 150 capillaries prepared from polysulfone (Vitafiber 3S100). The nominal

- • protein retention of the lumen surface is 100,000 MW, determined by ultra-

-. filtration under pressure. Molecular weight cutoff for molecules in a

£. -• diffusion mode may be even higher. The advantage of these capillary units is

"the fact that they are completely autoclavable (121'C,10-15 mn, 15 lb/in 2 ).

Although the shell entry ports were designed with Luer fittings, the fiber bore

entry and exit were not; for ease in operation, fittings were added at these

points using a short length of silastic tubing. Polysulfone fibers, although

autoclavabie, have been shown to become less permeable due to binding of serum

protein to the lumen wall after continued use with protein. This loss of

permeability does not noticeably affect cell growth, however, as some of these

units have now been in operation for nearly four months.

"However, there are two other potential disadvantages to the use of these

"capillary units as biological detector prototypes. The polysulfone fiber is

highly polar and might adsorb trace components in the medium, thereby lowering

"the dutecLot sensitivity. The -. iitruction of the units will influence the

'.,. time for the detector to respond to toxin. The extracapillarv volume of the

- ,- Amicon unit is approximately 2.6 ml and the intracapillar's volume onlv 0.27 ml.

If toxin is passed throutgh the fiber bore, it must pass through the fiber walls

in order to reach the cells on the shell side. The initial toxin-containing

medium will therefore be diluted until eventually it displaces the residual

medium. Such dilution could interfere considerablv with the sensitivity of

. the test. Also the detection of metabolic response by lactic acid or
4.F

U, i s

•ii ,i .'4%1 i+ ............................ i ...". -, . . * .. ,-" ".-"-"- .° '•+%.- • *' " -. ' - -• -" •

S" • + " " * " +" +" ' .+ + m° l'+ -. " ." , -. . . .



C c

*--

Fig. 5a. Designs of artificial capillary units.

9 E

Fig. 5h. Design., of artificial capillarv unit-,.

b..

A - septum fittings D - CuILture- tube
B - female Luer :c - capillary entrs (potted)

C - tubing connector F - Anti-rotation ring
C'- male Luer connector C - O-ring
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glucose determination might be delayed for the same reasons. The-se same con-

* ~siderations apply if the toxin-containing medium is direct ly passed through the

shell and therefore is at all times in direct contaCt. With thC ni-icabelizing-

cells. In this perfusion scheme, the entering mediumi containing toxinl mTust

*displace medium in the shell in order to bathe Z1l1 Lie CCl Is in ',1e Unit. Tile

smaller the shell volume the more rapidly the displacement willI tritk plIace anil

* the sooner the cells will respond to their new onvironment-

Hol Low fiber units are being developed by GSRI (SeFig. 5b) . The

pr)pert ies of these units are compared inl Table,1 I to those iised foi the Aniieon

3IS OO units. The extracapillIary vol ume-s of GSITl units ;-I and -"2 are2 seven

t imes and three t imes t bat Of their respective lot rac-apill Lir'Y ye Lim~es. P th

the Amni on tin it theC d iffore nce i n v,lu tme is tenfolId . Hit., txtraca p i arv ,,)ILume

* of both GSR I units is 11;Out four times less thanl toot Of the Anicon unit

therefore, for throug-h-shel 1 fllow a -ipo if i~cantly more rapid res;ponse;( t ime

would be anticipated. The GSRI units, however, hadve I two~fold lower tot;,l

sort ace areai for cell growt-h -ind , therc-fore , would hepctdto suIpport

fewer cells than woulId the. Amicon unit. The GSRI units are, not auitoc lavaitle

a nd are sterilized by ei ther ethylene oxide or 3, forrT-a 1i in. The GSR1 units-

conaina hghl plmeable hollow fiber made of kcellulose acetate (1-ac etyl

ASPM visc 2-), Eaistman Org.) precipitated in water from a formamide/acctone(

solut ion. 1bib er ý"l had a lhydraul ic per-meabil Lty I- (Hi.)0) at 200 an li, pres;sure
p

of 970 x 10~ em/sec atm, fiber ~2 ai permeability of 747 x 10~ cm/sket atm

awl Amicon 3S100, a Permeability of 240 x 1l0 cm/see atM.

In our experiments both GSRI units ;nc the Amicon 3Si O support 'the g-rowth

*of BlIK and Lý929 cells. Final cellI populat ions up to 60 x Ii0 cc vt us X : een

achieved for hothI units , so pe rff)rmrloce must ho l udge0g 5v th i r relIat ilye

*abilities; as toxinI (ietectors;.

2.3.2 Produict ion cf P-SRI 'n its

Hollow fiber unitIs aire prepa)rer fro)m pol V.-rint tuo 0 -7i') ID 8 cm

lg.Sidea-rms to provide entry to the bc I Ar" alttached It 2r!po ec

tr& Ii' 51b . bTe effective grwhira.is i: . I lo (¾). r-.1. Te fiber end-~

iare (cost ricted wi tht a s-uture tie and then seale 1.u L be -tube vi t RIX-I



Silico ie rubber (General Electric:) or Vorite-6ci9 !187-7IRG iPolve in 932®_)

%%% ~a urethane polymer fro)m Industrial Chemlicals- Divi-sion ot .'L li~dustricL2s. i

the former sealing agent, the fibers (.in be left wet during ithe pro:esýs bait

*-with the lat ter the fibers are immersed in 101K ,- vero aind ii I lowed t o d rv

before portting. The give- rol treatment aind dry Pno 710L il:aI- C,' d) Iv Ift e et

the mol ecular weight p.Žrme, bili rv of th1, f ibert or T th1 t he i reLt I.i:ait! po t og,

leaks Letý,een the ýýeah and bet e fluiid are solder cxpurice;:ed bDitt w` th thc

siliceone potting such le-aks *'qn d ~ve Lop if to:. repeat d us 1 unit entr\'

Tac rt s are fitted w itht Lucr-l k adnot ers by nt-dos k.f I \on t oh1 inTc (se2t- Fig' 51))

Such an arrangem,.enti: w easy en ti to the Sh), I I r' -)pir! moot. and] Ver sat Iit-'

in p lacilng the unit in to d iffe root pt r folsiIT knirca tS. 1.0fre use.( hoUnits

re tested for I e~iks by s epara rtcIv pass jog iir th-ougI> thei fibers and e

she]" wh ile immerslng the unit in wavter. During th-is. opeýration the se-cond

unit 2nd or shell port,. respe(L i velI is clos-ed by a tuhhner sieptiim,. Rap id

bubb ILong i s evidence ofr leaks; in such riýses the unit is not usedc. Mýore than

two-thirds of the uniits so far ioro)d u ced pe; Is t ut l I tes r

-. 3.3 W1ýashincz and Sterilization of Holllow Fiber Units

After assembl v of the fibers into the unit>;,, the units arc, washd wthI

cuinning water for several days and L'ien are, soaked i-a ii e110(thanolI -wa ite r

SOILution. The uin Its are also washed for -sevura-l hours-, by aiiltra fi tration

of water through the fibers. This extensive washing i~s int end(-d to remove

traces of the formamide used as, a solventL fo r t he_ c IIt1 los c c ta t e. o ucr

wa shing, the GSRI on its are allowed to sit in a 2.5 f nl frmai i n soIt n

ovc rn igh t -icre i s ta ken to ave lio enof 1§.,-i ent of t r in hie Iha or i e rý;;

Foll owing ttue formal Iin sterilI izat ion, the un it ist fi~ted witi ehlcu oxide-

ster~ 1 i-sod Tya f It tns cniir Itiersý tsect, *.r Ah} and iconau ed to ntok

i-t erii.. (aut-c Laved) p,_rftis;ion circuit as S5own1 Ji u~~trk I. l"ie i-i

i.s flIusd Witl ste rilIe WaItetr for th)ree( days, I tb ti, io wateiýr r one dayv

and m-,ediuim contraining, srer o;- Ofle day pri ir to0C ce 1) 1I 1U "n 1og..: 5k0 cst

tic mi t -a~ (cn i on 1 ft ti wt v-re s t orn I ird by ' to ixd ii i24, ho)urs

anld rie wahe aI abo , 1; I)ve. C AIir 1o .o I - t S Wt >t-im c or i 'c be tor, usec

anti! no wsigwas necessary - Fo)r rett'-;, of 'nita, I! ,r i*r ;mtl'. tud%,



the cells were removed by treatment with 0.25- trypsin-l0 - M EDTA (ethylene

diamine tetraacetic acid). The units were then washed in water, retreated

with trypsin-EDTA, rinsed and then steril]ited as above. Reused units, whether

manufactured by Amicon or bv GSRI , showed no Io ss in their original tabil itv to

support thriving cell cultures.

TAL E

* N' !PROPERTIES OF DIFFERENT ARTIFICIAL CAPILLARY

UNITS FOR CELL CULTURE

Amicon 3S100 GSRI :_l GSRI #2

Capid lary type polysulfone cellulose ace.tate cellulose acetate

Potting epoxy, with soil ica silastic silastic

F Number of fibers 150 150 75

ID 250 'cm 109 ,rm 275 'cm

"01) 350 'nm 200 urm 475 'cm

Total area,
fiber surface 94 cm- 51 rm- 48 cm-

Effective
fiber length 5.7 cm 6.0 cm 6.0 cm

"Intracapil lary
volume 0.27 ml 0.0855 ml 0.269 ml

~ I Extracapil lary
volume 2.6 ml 0.6 ml 0.8 ml

- Molecular weight permeable permeable

perme.ability N/A to albumin to albumin

. 2. Vi. Plant ing Cei :; o n ArL if iciii jCJ _i I I lay Units

w-ith-Units are planted bh in) ction of the c lls into the shell volume

" "With 1: l-c, yvriin t,. whilt, a second svrLn;o is ui;ed to vit:tdr.raw the air.

" .r i ri-l thi f tIperaIt itO 1l1w L tite j1ut1 to the tin it is t oppcii and the ent ry and

e it tub Lg in). <I I|. Iie -. Is ar, t t hen rinsecd Itackl: ind fort h between the

- rintts ,v.,vral tiime:s tt -h l o)w the(m to( peteltl rate bt v 1tn t ;w I ib r .I "Flow i

i | ;t t r ,I h--Ut cii I r'. 2 Iit I ii I iii t icý, ind M - ) i n i I.t r, i t rvjt; 1in : rat. ton o

I,
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flask ciultures. After 30 min to 2 hr the unit is tuirned over to il low

e 11 els which set tle on thle hot tor ( the, Do I vtc irhona to shel 1) raitl ar than I

on the fibers to fail. back onto the fibers. From 5 to 30 x I' 1ol1

* ~~are rout ineiv plhinted on each kin it .Add it jona mdii,£ne sa:i

aidded to f ill the shell , and the sh I ntr v port s ace s- 0 ealt

2 .OPT IMIZAT ION 01F THE ARTIFICEIAL. CAPI LLARY UNITS ,ASA Al MULUG iCAL

DETECTOR

sa if heriro e t L it'T -
in order r-o satsyterql onn htteMS ci~t' or he

* opaýiLible of a rapid response upon. expo si:re to an~ "i ute to.t .. if", icey conuditLions

m - ust be satisf7ied: (1) The cellI cu I ture svstem must Ie s;uffIi c ien t Iv

p ~~ sensitLive to Lox in to allow the cel Is to ailter th, i r nict abel ic art ivit v

within mi nutoes afteor expos;ure and (2) the met abeol i c ait, change muist be,

dct e tLable in thiis r i mc L' aI sip p pr ferahl i~n- i e)sostlyasa

ior glucose, oxy~gen, or lac tic arcid in the. medi um il cen1t act ith te
ce~lls.

2 .4 - ý Ot irizat ion for Lactic Acid and p1H Det' rmjinit ion

! I ~~We Los ted two different operationail modes wii ici a b o. u ildup of

detectable I eveLs of lactic acid in the medium aind depi et ion of de'tec't-

an eI ee sOf gluIcose f rom the med turn using a ontoc houheLW.Vii

those modes wore used with medium not contaiining Hoepes, Lbý medium pH

Sailso decreased significant lv. Ini the I irst mode. of eac)(rat ion the perfusion

med jun- w"asi all owed to fI-low through the uni I tat a rate an f f i c ini mLIxslow

Lo a t low i gn i nLg I rutluc-ose depite.t io~n aind lacick ar id Lu i i!uip in tChe

medjuiiLvt hoell in a1 onct-through flow%,. The. p11 of thr med inm (not

out cT ;o nnafI o ralte ()1 0.0 MI/min pOr si ricer- Woo- 15o0 2 the

ý.oriord mode. o f operatrion, fa ist F ls rte was' aI tO Irnat ''d w it no ti of

I 5 ->0011 nuid was t r i.ld ams oxj'on -T rv t pr .:; -nr

,i i, i l i;w en t x1 i li.u I td ' bLut won11 1)a '' o *'i l il, ") r u'!
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"of fast flow: therefore such an operational mode night be less harmful to

continuous healthy cell maintenance than a system in which the cells are

constantly in oxygen debt. As will be seen later, if the "detector" is

oxygen depletion, a continuous flow system for a biological detector is

"* achievable without such considerations.

To test these two modes of operation we used a unit containing BHK cells

(GSRI 1l fibers) on which cell growth had been followed for more than two

weeks. No contamination by microorganisms was detectable by periodic culture of

waste medium samples in Brain Heart Infusion broth or in ThioglYcollate medium.
Also no fungal growth was visible. The unit was fed by medium circulated by

7 the aid of a variable speed (Buchler polystaltic) peristaltic pump. Flow rate

- was varied on the same unit from 0.04 to 2 ml/min and samples of medium were

collected from a stopcock placed at the exit From the shell (F in Fig. 1).

The variation in pH and lactic acid with flow rate is shown in Figure 6. As

can be seen at slow flow rates (<0.1 ml/min) for this unit, the outlet is more

than 0.5 units more acid than the inlet pl1 (but still well within a range

suitable for cell culture). Most of this change is presumably due to the

a excretion of lactic acid into the medium by the BHK cells; at 0.1 ml/min this

amounts to almost 12 ýig/ min. In Figure 7 we have plotted the concentration

.* C(mg/10Oml) versus l/Q (ml/min) where Q is the flow rate. The excretion rate

"" (IU) is equal to Q-AC where AC is the difference between the inlet and outlet

concentrations in mg/l00 ml. If the excretion rate is ;:ot flow rate-dependent,

then this graph should give a straight line with a slope, U. As can be seen

in Figure 7, at slow flow rates (Q<0. 2 ml/min) the metabolic rate decreases

• . somewhat.

In a separate experiment we studied the effect of prolonged exposure to

F7 low flow rates on cellular metabolic activity. The measurements given in

"- Tabi e 2 were made over 3 days at each of the three flow rates. Again,

established cultures of BHK cells on CSRI fiber units were ued. The metabolic

rate as determined by lactic acid excretion is flow rate-dependent, but this

rate does not decrease over the three-day period. These findings iLndicate

"that even prolongned exposure to maintenance conditions in which some portion

of the cell population is presumablyv anoxic dots not cause a rapid cell die-off.

'-4

% -A-A*r,-



0.l

0.10

,* 0.09

3.08

0--

7.6 0.06

7.5 0.05

- 74 0.D0 .

7.3 0.03

7.1 0.01

70- a
.2 4 6 8 1.0 1.2 1.4 1,6 1.8 2.0

Flow Rate (ml/min)

Fig. 6. Variation of pH and lactic acid with flow rate.

An established culture of BHK/21 cells on a GSRI capillary unit was
perfused through the bore at different rates by DMEM with 10W fetal
calf serum. The bicarbonate in the medium was 0.35 g/L. The medium
leaving the unit was collected, (I ml) placed in plastic tubes and
after the final point was taken, all samples were assayed for pH.."
The pH of tho med iurm enterint, the ,mit was 7 . !,ht , du( to I(n lO"oss,
rose to 7.6 over this time. The medium was al lowed to perfais? the
''Ilture unit for 30 mini at each speed before ain al iquot wais taken.
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•TABLE 2

EFFECT OF PROLONGED EXPOSURE TO

SLOW FLOW RATES ON CELL METABOLISM

"Time Lactic Acid Utilization Rate
2"• (hr) (mg/min) x 10-

Flow Rate(a) Flow Rate(b) Flow Rate(c)
"0.18 mI/run 0.12 ml/m in 0.06 MImin/

0 2.7 3.1 1.9

* 12 29 3. 1 1.9

"2 4 2.9 3.2 1.9

36 2.9 3.0 1.9

48 2.9 3.1 1.9

60 2.9 3.0 2.0

72 2.9 3.0 2.0

SE

• ." i :

.1!

r.: •2.

"% i.-I

. - -. .



: .. . .. .. ........ . , . .. ...... .. . --ý . .-- . . . ; . - 17 -7• ' I •;-7 `7 .-7.-

"- Presumably the adenosine triphosphate (ATP) production necessary for ceihular

processes arises only or mainly from glycolysis under these Conditions, whereas

,I when oxygen is available, relatively more ATP arises from respiration. These
25

observations were made by Gregg, et al. for cells in suspension; a higher

glycolytic rate was found for cells under anaerobic conditions than was found

under aerobic conditions for growth.

. -• Results similar to those obtained with a slow flow method are seen with

the stopped flow method. The medium sampled from within the tubing bore for

"the periods of time shown in Figure 8 probably includes some medium that was

not in contact with the cells. Therefore, the actual changes are probably

substantially greater than those values indicated. Sampling was performed by

"allowing the medium within the shell and fiber bore to stagnate for the periods

of time indicated. This medium was then withdrawn by syringe. Between each

stopped flow period, medium flow at 3 ml/min was resumed for 10 min.

The amount of lactic acid excreted is directly proportional to the length

of time the medium is in contact with the cells. This relationship indicates

that under these temporary anaerobic conditions, metabolic rate was not signi-

k n ficantly slowed.

The pH values were determined after the samples were placed in test tubes.

! - No attempt was made to prevent equilibration of the sample with the room

atmosphere. Thus, in all cases the measured pH values are higher than the

actual pH of both the initial medium and the spent medium due to loss of CO2

from the medium on standing. An in-line pH eectrode would provide a more

sensitive measure of the actual differences obtained. In-line methods will

'~- "be carefully tested during our second year of research effort on development

of a biological detector.

mk•

2.4.2 Optimization for Oxygen Determination

iDuring the performance of the studies described in sc,'tion 2.4.1, n

oxygen detector was not available. Since that time, we obtained the use of an

IL 113-01 instrument used clinically for blood gas determinations, ITis

* instrument has been incorporated into the perfusion schemes sh(,wn in Figure 4.

L The oxygen tension of the input medium is 150 mm Pg. We tested the effect of

slow perfusion rates on output o>:ygen content of thie inkddimn. The culture

,* p.•
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tested in these studies contained BHK cells ., a (5R1 nit The ceýl I were in

i g culture for 2 weeks prior to this study and had reached a pl1itcau in netaboI ic

rate as indicated from glucose and lactic acid determinations made over this

period of time.

In Figure 9a is plotted the variation 01 ouLlet pO.) With perfusion flow

rate Q, and in Figure 9b, var iat-ion of •t)0,2 with 1/Q. As with lactic acid

the points in the plot in Figure 9b can be f itted to a straight I ine for f low

rates 0.2 ml or higher; a straight line indicates a constant utilization rate

, at these perfusion rates. With slower perfusion, the cells use almost, all

the medium oxygen and utilLzation rate seems to slow slightly.

In recent studies we have attempted to measure lactic acid excretion,

" glucose utilization and pO) depletion simultaneously on the same detector unit.

We chose a unit containing L929 cells whose outlet pO2 was 70 mm Hg at n flow4-,"

rate of 0.2 ml/min. Since the inlet pO2 was 150 mm Hg, the utilization over

this time was 80 mm Hg corresponding to -3 0I 0 2/ml of medium. The util iza-

tion rate is equal to (0.2 ml/min) x 3 hli/min or 0.6 ol/min for this unit.

- Using the known utilization rate of oxygen by L929 cells26 of 7.0 [il/hr/lO6

""l •1cells (obtained for unperfused cultures), we calculate that this unit containsu6

5.1 x 106 cells. Such a cell population would he expected to have a glucose

utilization rate of ,1.07 pmol/hr and a lactic acid excretion rate of -2.04

g vimol/hrI . At a flow rate of 0.2 ml/min these utilization rates would correspond

to a lactic acid concentration of 0.170 pmol/ml and a glucose concentration

of 5.51 pmol/ml and a AOD for the colorimetric test of 0.019 and 0.006,

respectively. These AOD are too low to be significant in the colorimetric

tests. Therefore, we would not expect to be able to measure glucose and

lactic acid at flow rates which would allow any outlet pO2 . Experimentally,

we have verified this conclusion. Samples were collected from a unit con-

taining 1,929 cells whose effluent oxygen content was 5 mm Hg at i flow rate

of 0.35 ml/min. Under these conditions aliquots ot effluent and reservoir

medium were sampled and their lact ic acid and glucose content were measured.
The difference detected (<0.01 01) unit) was not significant.

-.

i-r4. 30
[~ .0

............................- *,.*-
. . . . . . . . . . . . . . . . . . . . . .. . . . .



140

S120

S00 -

80

-: 60 -

4(0

"20

"0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.0 1.8 2.0 2.2 2.4

j eFl ow Ra te {H/min)

,-F , a. . Variation of pO, wi th flow rto.

.S |

140

120 -

100

, 80 00

S60

40

0 *

I ,F" Ii n//i I

Fig. 9b. Variation of util i zat ion r~ite with 1low rnut .

|7t7............................................ o



Figz. 9a . Vair at ion of po~ with flowra.

An estahi iLshed CU 1 tu re k ft lFlK / 2 1 C e I I S On an1 A\m i 1on 35 01) (:1I t Ilrt In wasM
perfuse throu hct~ bore oi th ltf ibers 'Indti le nxgnme i ll

4~a) . oxvgen tens [ons. were con t inutous Iv rt.,o rcled on ai Sargent Clh- r eco rd ~r
and tile values given were af ter no fuirthter cliange inl the tenson ait ctaeh

f low rate was f ound.

* Fig. 91) Variat iOn Of Ut iiizit ion ratec with lflow raitu.

Dependeonto of t he oxvgen tiens ion onl flow rate . Wit h raltes F~i at r thazn 0.2
ml 1mi essent jal Iv no variations inl oxygken nt iiiZatiOn with FHOW is Found,
but at slower rates (in accord withi the lacit acid resi Its) a decrease in

* oxygen metabolism was observed.

N%



2.5 TOXICITY STUDIFS USING ARTIFICIAL CAPILLARY UNITS

2.5.1 Toxicity Studies on Cells in a Perfusion Circuit

Our initial studies were performed using a culture unit fed by 25 ml of

"medium in a reservoir (Fig. 1). The medium was allowed to flow through the

unit at 8.5 ml/min and returned to the reservoir. Aliquots (0.5 ml) werep
withdrawn at hourly intervals and assayed for lactic acid and glucose content.

Normal and toxin-inhibited metabolic rates for L929 cells under such a system

are shown in the curves in Figure 10. As can be seen, significant concentra-

tion changes for lactic acid and glucose are obtained by assaying at hourly

intervals. Five time points were chosen for convenience in doing the measure-

ments as well as to minimize the contact time of the cells with toxin.

Experiments were performed on the same culture unit, one metabolic rate curve

per day. After each challenge with toxin the return to normal or near normal

me-abolic activity by the cells was assessed on the following day by the

"procedure described above. Before a new dose of toxin was administered,

normal or nearly normal metabolic activity was established. In this study,

dinitrophenol toxicity was tested prior to iodoacetate and a return to normal

metabolic rate was found. In these experiments, toxin (iodoacetate [I ppm]

"and dinitrophenol [2 ppm] ) was added to the reservoir containing 25 ml of
DMEM supplemented with 1% FCS. The toxin-containing medium was circulated

for 10 min at the above rate to insure mixing with the residual medium in

"the tubing and culture unit; then 0.5 ml aliquots were removed at the indi-

cated times. During this experiment pH was not controlled by Hepes; therefore,

* the leveling off of the curves may in part reflect metabolic inhibition due

to pH change at the later times. Final pH was approximately 6.9.

The slopes of lines drawn from time, t=O to t=2 hr in Figure 10 can be used

to calculate the metabolic rate for the uninhibited and toxin-treatment con-

*- ditions. Uninhibited cells utilize glucose at the rate of 0.29 omol/min and

excrete lactic acid at the rate of 0.17 ýmol/min. For cells incubated with

2 ppm dinitrophenol the rates are 0.17 and 0.15 iimol/min, respectively. For

cells treated with 1 ppm iodoacetate, the rates are 0.064 and 0.11, respec-

tively.
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Fig. 10. Change in lactic acid and guCltw'Os( metabolism of 1.929 ccll5
after treatment with din itrophenoil (I)NP) and iadoacetate (IAC).

The L929 cells were maintained by perfusion as in Fig. I with a reservoir
containing 25 ml DMEM + 10,' FCS with or without ox\in. At the hourIv
intervals shown 0.5 ml aliquots of the mediom were withdrawn from the
reservoir and asqaved for lactic acid and glucose. The conditions of
testing were as describeg in the text. A, the conclusion of the iodo-

"- acetate study, '&50 x 10 cel is we-e recovered.
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From Figure 10 a metabolic rate decrease caused by toxin is detectable

even at the initial time points. Therefore, at least for the metabolic,* * toxins, iodoacetate and dinitrophienol, rapid response could be detected if

the detector could -)e made more sensitive. Two methods of achieving a more

*rapid detector response are evident from con.sideration of the curves in

Figure 10 and the mode in which the detector was operated. If, instead of

25 ml in the reservoir flask only 1 ml could he circulated, the detection

time could be decreased to as little as 12 min. A second method of decreasing'

the response time in Such a Circuit requires a proportionate increase in thle

sensitivity of the assay method. That is, by a tenfold increase in the sensi-

~~ tivity of the lactic acid assay (ain ichievable oecieu.Sing a fluorimetric

method), aliquots taken from t=0 to t1l hr would have SUfIficient lactic acid

to give a significant optical density. Thus, the inhibited and uininhibited

metabolism of the cells could be compared. A third method would be to

ir increase the utilization rate/unit time by increasing the number of cells on

the unit.

2.5.2 Toxicity Studies on Cells Using Unce-Through Perfusion

2.5.2.1 Lactic Acid Excretion Studies

A preferred system would allow media to flow from a reservoir through

the unit and then to waste. For such an approach to be feasible, the flow

~ I rate must be slow enough that inordinate amounts of medium are not required

to perfuse the unit and so that buildup or depletion of metabolites in the

K '~ medium is large enough to be detected with accuracy. Furthermore, for the

MUST detector, a 5-30 min response time was set as a desired goal. We have

been testing the most highly toxic components, studied by other toxicity

"r.

pcriteria in the M1UST program, namely, o-tLoluidine, N,N-diethyl-m-toluamide

and phenol, rather than dinitrophenol and iodoacetate. In addition, potassium

X"- . ".

-cyanide was used as an example of a well-known acute toxin. The dose which

inhibits growth to 50/7a of the olrntrol value (EC ) found for these toxins are 26,
27 5

19ad50 ppm, respectively -nteetss H ells were first grown

-- nintie at plthea inita tmetao Ipo tivivntsrace. Thereo•a es o unihwatenab placeSHtoinio1a19t and diirohnLl, rapi testos, col b etcedi

- the dduplicate capillary culture units in the perfus ion circuit of Figure

• :'ntiguelO an pl theaui meaoe ic ahc~htividty co was reahe. heuatld was inthenpacd
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in the perfusion scheme shown in Figure 2a and perfusion with 1% serum-

containing medium was begun at a flow rate of 0.120 ml/min. This medium was

allowed to go to waste after perfusing the unit. Each challenge with toxin

was begun by flushing the old medium from the tubing at I ml/min for 10 min

"- using the toxin-containing medium. Then operation at 0.05 ml/min was initiated

"in order to maximize the lactic acid response. After 5, 10, 15, 20, 25, 30,

SR and 35 mi, the medium which had flowed through the fibers was collected from

a syringe attached to a three-way Luer stopcock located immediately after the

culture unit. Before and after each challenge with toxin-containing medium,

" the same medium without toxin was allowed to pass through the fibers, and

samples were collected as above to establish a "normal" metabolic rate in the

"- absence of toxin. The lactic acid content of the samples was then determined.

.- These results and the average utilization rates are given in Table 3 for o-

toluidine and Table 4 for N,N-diethyl-m-toluamide. The results are averages of

the two determinations on two different culture units containing BHK cells and

maintained identically. Deviations were less than 10%.

In some cases, the early time points listed in these tables show an

upward drift due to equilibration of the lactic acid with the dead volume in

the shell side of the unit. When medium was introduced through the bore at

high flow for about 10 min, most of the lactic acid in the shell volume was

dialyzed out, while the toxin diffused in. After this exposure, the flow was

-. slowed to permit measurement; during this analysis period, not only the bore

volume but also the shell volume increases in lactic acid concentration. When

the fast "maintenance" flow is restored (this fast flow was also used to

supply oxygen to all the cells on the culture units), the accumulated lactic

acid in the shell again dialyzes out. Tt takes about 15 min to reach steady

__, state equilibrium when the Amicon units, with their 2.6 ml dead volume, are

used (as they were for these experiments). After a steady state level was

reached, further drift did not occur over the measurement time course.

No oxygen meter was available to us when the above experiments were per-

* formed. Thus, we did not know at that time, that the outlet oxygen content

.. of the medium at this flow rate was probably zero and that some portion of

the cell population was in oxygen debt. These conditions have been subsequently

• -. confirmed by use of an oxygen meter. Since the control unit (no toxin) was

r37
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Table 3

Effect of o-Toluidine on BHK Cells: Lactic Acid

Excretion (omols/hr)

concentration of o-toluidine

time 0 ppm
(min) 1 ppm I JM(epa) 0ppm

"- 5 5.91 4.80 6.84 0.96

10 7.56 5.22 6.87 0.96

15 9.63 5.49 6.87 1.11

20 10.32 5.55 6.45 1.23

25 10.71 5.76 6.60 1.38

30 10.71 5.91 7.02 1.38

35 10.71 6.18 6.45 1.23
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Table 4

Effect of N,N-diethyl-m-toluamide on BHK Cells:

Lactic Acid Excretion (Pmol/hr)

concentration of N,N-diethyl-m-toluamide

time
' (min) �0p 1 ppm 10 ppm 100 ppm I00 pm

10 5.76 2.88 3.72 2.76 1.23

- 15 7.95 3.72 5.37 3.03 1.50

"20 8.22 5.49 5.64 3.03 1.68

25 8.25 6.18 6.06 2.88 1.68

30 8.52 6.72 6.06 2.88 1.92

35 8.79 6.73 6.18 3.03 2.07
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•"-- ... operated under flow conditions identical to those for toxin-perfused units,
results can still be compared, unless it is found that the slow flow induces

a metabolic abnormality, and that this abnormality combines with the toxic

effect to vitiate the response. We feel that the slight lowering of metabolic

rate when either N,N-diethyl-m-toluamide or o-toluidine is perfused through

the culture unit is an indication of a cellular toxic response to these com-

pounds.

More sophisticated experiments are now being performed to elicit a toxic

response of cells maintained in a once-through perfusion system. In these

studies described below oxygen uptake is monitored continuously.

2.4.2.2 Oxygen Utilization Studies

The effect of various toxins (cyanide, o-toluidine, iodoacetate) on the

oxygen utilization rates of cells on hollow fibers was measured using the

once-thrc,,h perfusion modes of Figures 4a and 4b. Medium contained 1% calf

serum and was buffered by Hepes (initial pH 7.3). The medium with toxin and

control medium without added toxin were allowed to flow through the artificial

capillary unit at 0.25 ml/min. The first series of experiments used the per-

* j fusion scheme of Figure 4a through the fiber bore; in the second series, medium

was perfused through the shell as shown in Figure 4b. In the later experiments,

prior to perfusion, the shell medium was replaced with the same medium used for

"- "the perfusion in order to demonstrate the real-time necessary to elicit a

cellular metabolic response following toxin exposure.

Toxins were iodoacetate at 100 ppm, cyanide at 6.5 and 0.65 ppm and

o-toluidine at 100 ppm and 28 ppm. With o-toluidine no response of either

L929 or BHK cells was seen over 3 hr when medium carrying the o-toluidine was

allowed to flow through the capillary fiber bore. However, when the medium

in the shell was replaced with o-toluidine, at 28 ppm and 100 ppm, a decline

in oxygen utilization occurred within 10 min (Figs. 11 and 12a) although simple

replacement of the shell medium (Fig. 12b) did not alter the oxygen utilization

F* O rate of the cells significantly. A similar decrease in oxygen utilization is

found when cyanide-containing medium is either perfused through the shell or

through the bore, shown in Figure 13 and Figure 14, respectively. The response

to cyanide is much slower when the shell medium is not replaced (Fig. 13) than

40
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Fig. 12. Change in the oxygen utilization rate of BHK cells en -in artificial
capillary unit after exposure to 100 ppm o-toliidine.

C Part A: BHK cells on an Amicon 3S100 unit were perfused at 0.25 ml/min by
U-'• K medium containing 100 ppm o-tol0idine, using tie perfti-sion modc Shov.'n in

Fig. 4 a. The extracapillary medium was replaced by medium cntaining k)-

toluidine at 50 min and then perfusion was continued.

"Part B: Illustrates that change of the extracapi I arv medium does not
significantly affect the oxygen utilization rate. The mcdi unM wi Lihkt was
changed at 70 min. By 100 min the utilization rate of oxyvgen by, the

- - cells had returned to the prechange level, whereas when medium with tox:in
was added as in Part A, a decrease in 0 utilization was found.
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when exposure is immediate (Fig. 14). The result is cxpected since the equili-

bration of the bore fluid with the fhell -luid is nece-s-ary in the pe r! .5 ion

mode of Figure 4a. In addition, the toxin concentration could be lowoer due

to adsorption of the toxin to the capillary walls. A similar result is found

for the toxic effect elicited from BHK cells by iodoa,'etatc. Figure 135 shows

the effect on oxygen utilization when the medium containing iodOaeLaiL•, is

perfused through the fibers only; Figure 1.6, the effect when the mediuim in

the shell is replaced by iodoacetate.

The lack of response of the cells to o-toluidine when the medium is perfused

only through the fiber bore may be due to adsorption of the o-toluidime by' the

polvsulone fibers of the Amicon unit used in these studies. Significant adsorp-

tion could prevent toxin from contacting the cells or it could lower the

exposure dosage to a nontoxic level. For detection of such weak toxins,

direct exposure of the cells in the capillary units may be necessary.

The reversibility of the response has been demonstrated in one experiment

performed using o-toluidine as the toxic component in the medium (Fig. 17). In

this experiment the shell medium was replaced with o-toluidine-containing

medium (at 28 ppm) and the response was followed until oxygen utilization was

j almost completely inhibited. The shell medium was then replaced with medium

without o-toluidine. A return to the preexposure utilization rate occurred.

3. CONCLVS IONS

Cultures of BHK or L929 cells can he established on the capillary culture

"units in one week (or less) after the initial seeding. After a plateau in

growth is reached, the cells, as indicated by their metabolic rate do not seem

'. to be harmed by a reduction in serum content of the medium from 107 to Iz.

The culture can be maintained on 17 serum at a flow rate of 0.120 mi/min for

.' at least three days using a once-through perfusion scheme. Acute toxic dosage

"can he sensed almost immediately by monitoring changes in the effluent medium's

lactic acid or oxygen content, provided that (1) the flow rate is slow enough

and (2) the toxin is in direct contact with the cells. By perfusing an

established cell cuiture (where cells adhere firmly to the fibers) rhrough the

shell of the capillary unit, the latter condition can be met.
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U Fig. 16. Change in the oxvgen uit iiizat ion rate of BH-K cellis at-ter eXPOSUrc
to 100 ppm iodoacetilte: pe-f-usionl throtugh the shell1.

BHKcels on a GSRI ;:I cuIl ture unit were pefsed through the shell ports by
medium containing 100 ppm iodoacetate (freshlv prepared). The medium In the
shell was replaced at t-40 min by the iodolacetate-containing mnedium before

*begý-inning the perfusion at a rate of 0.25 mI/min (Harvard pump).
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Fig. 17. Change in the oxygen utilization rate of cells after exposure
to o-toluidine: reversibility of the response.

BHK cells on an Amicon 3SI00 unit were perfused through the shell (perfusion
m node of Fig. 4b) with DMgI, 1% CS, 10 mM Hepes. At the arrow -"I the miedium
"in the shell, was changed to the same medium containing 28 ppm o-toluidine
and perfusion with this medium through the shell also was begun. At arrow
.2 (70 min), the _-toluidine-containing medium was replaced by medium without
toxin and perfusion was continued. Perfusion was at 0.27 ml/min maintained
by a Sage Instruments Syringe pump.
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