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Publication of this paper was prompted by the numerous inquiries pertaining
to details of the cup assay procedure following the appearance of our recent
article (Foster and Woodruff, 1943a) discussing the principles, advantages and
disadvantages of the various methods of assay for penicillin. This surprisingly
wide-spread interest in the cup assay, shown by military and civilian investi-
gators alike, emphasized the realization that (a) numerous features of the test
which are taken for granted by workers experienced with this method are quite
uinknown to the great majority of people who assay penicillin, and (b) there is
no source in the literature where details of the complete procedure are available.
This paper is intended to provide such information. It contains also a number
of points of practical efficiency value which have evolved in this laboratory
as a result of the handling of 100 to 400 cup assays in quadruplicate per day.
The principle of the assay is that originally described by the Oxford group
(Abraham ct al., 1941), but the procedure has since undergone substantial modi-
fication (Foster and Woodruff, 1943b).

TEST BACTERIA

Staphylococcus aurcus (brought to this country from Oxford University by
Dr. N. G. Heatley and hence called the "H"strain), first proposed by the Oxford
group for use in the cup assay, has, in our experience, a number of features which
make it considerably less suitable for this purpose than the strain of Bacillus
subtilis already in use (Foster and Woodruff, 1943b).

Theoretically, any bacterium sensitive to penicillin can be used in the CUp
assay since the determination is based on the inhibitory power of the unknown
sample as compared to the inhibitory power of a standard penicillin preparation
of known potency against the same organism under identical conditions. Prac-
tically, the selection of a specific test organism is almost mandatory because
of certain cultural characteristics of the different organisms. Our observations
about variabilities in the biological properties of S. aureus under the conditions
prevailing at different steps in the assay have been confirmed in other labora-
tories (priv-ate commuinications). Probably any rather sensitive spore-forming
bacterium could be used similar to B. subtilis, but for general uniformity it ob-
viously is best to employ one organism whose behavior characteristics already

1 Papers number IV and V of this series are, for obvious reasons, being withheld from
publication until after the war.
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are well known and which has worked satisfactorily. Cultures of B. subtilis
and S. aureus H are available from this laboratory without cost.

EVALUATION OF S. AUREUS AND B. SUBTILIS FOR THE CUP ASSAY

Use of S. aureus has a number of disadvantages, which do not apply to B.
subtilis. For inoculum, young broth cultures must be used, necessitating daily
transfer of the organism for overnight incubation in preparation for the next
day's assays. This frequently means that inoculum must be prepared during
inconvenient times, such as on weekends and holidays, if penicillin assays
are to be run the following day. From day to day the physiological state (as
well as the cultural appearance) of these broth cultures is apt to vary considerably.
Inexplicably, different amounts of growth are obtained, and on one dav the
growth may consist principally of sediment, whereas on another it may be
entirely suspended. Stock slant cultures have to be tiansferred at frequent
intervals to keep) them alive.

Preparatory to seeding the melted agar in the assay, it has to be carefully
cooled to about 42-45°C. so that the cells of S. aureus are not destroyed by the
heat. For a large number of assays where a considerable amount of agar is
required, two consequences arise: (a) Prolonged exposure to this temperature
gradually kills off S. aureus, so that, depending oI1 how long it takes to dispense
the agar into Petri dishes, the inoculum concentration becomes gradually
diminished. Cooling 2- to 2 liters of agar carefully to 42-45° is awkward. (b)
This temperature is so near the solidification point of the agar that the danger
of hardening before all the plates are prepared always exists.
Optimum incubation of S. aureus is at 37°C. and at this temperature, espec-

ially in a humidified incubator, excess water condenses on the inside of the
plate cover. Frequently during handling, drops of this condensate fall to the
surface of the agar where they can cause the sharp edges of the inhibition zones
to be less clear. The S. aureus plates can be incubated at 300 but full growth
takes 20 to 30 hours as compared to 10 to 16 hours at 37°. Also, the opacity
of S. aureus growth is not very great and it does not stand out in excellent
contrast to the clear zones of inhibition on the plates.
At times S. aureus exhibits a peculiar behavior which is seriously disad-

vantageous in the assay and which has not been encountered with B. subtilis.
Irregularly, but frequently, the inhibition zone edges are quite indistinct and
exact delineation of the zone is difficult if not impossible to establish accurately.
Instead of being sharply inhibited, growth grades progressively from compl)ete
inhibition to full growth. Sometimes there are concentric rings of turbidity
over several millimeters in which there are alternate zones of growth and partial
inhibition, resembling Liesegang rings. This was particularly noticeable w.ith
the F.D.A. strain of S. aureus in the few experiments tried with it. These
phenomena are due to progressive lysis of the cells under penicillin inhibitioil.
The tendency for full grown S. aureus cultures to lyse in the presence of bacterio-
static concentrations of penicillin has lbeen observed repeatedly, and particularly
under the conditions of the plate assay. This behavior is mnore pronounced with
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some preparations than others and seems to be more frequent with lyophilized

ctultures of Staphiylococcus. An example of progressive lysis is obtained by

allowing S. aurcus assay1pla.tes to incubate several hours beyond thle normal
16-hour perio(l, recording the zone sizes at intervals. The following tabuilation
shows the zone size increase with S. aureuis due to lvsis. There Nvas no change
wit,h B. subtilis.

ZONE SIZE (us¶.)*
INCUBATION ___ __ _

S. aureuis B. sutbtilis

hours

17 24.5 17.3
21 25.0
46 25.8 17.2

* Averages of quintuplet rea(lings.

'I'ble advantages of B. St111)tiis staln(l in distinct contrast to the (lefects of S.
atircuis. Tlhe troulblesome (lailv preparation of firesh inocutlim is eliminated;
one spore preparation can be used indefinitely, or as long as the liquid cultule
lasts. In our laboratory, one flask of spore inoculum prepared as described
below was used daily for six months. This eliminates variation in the amouint
an(I condition of the inoculunm cells and thereby achiev-es l)ractically perie(t
standardization of inoctultunm. Kept cold in a refrigerator, the spores in the
suispension cail e p)eserve(l indefinitely2 alnd the stispensioi is isecl when
nieeled, much like a laboratory reagent. Aseptic )recautioiis with the suspen-
siol, while desirable, are hardlv necessary since cchance contaminants coul(l
Inot develop at refrigerator temperattures, aind when ssuch contaminants fin(d theil
way into the finished assay plate, they cannot compete with the massive B.
sutbtilis inoculum and at best \would (levelop only as isolated colonies.

Preservation of stock cultures of this spore-former requires v-eriy little atteil-
tion. The temperature of the agar at time of seeding can be 55-600C. since the
spo1es are unaffected, thereby eliminating the requirement for cauitious cooling
to 420C. The ability to wvork with agar at higher temperatures minimizes the
chances of hardening of the agar; this is an important featurie where large
numbers of assavs are ruin, requiring liter quantities of agar to be seededI at one
time.

Incubation temperature with B. sub)tilis is 30'C(. which dloes not allow exces-
sive condlensation of moistuire on the dish tol). Also, possibly the penicillin
is more stable dturing the incubation than it would be at. 370(C. Growth of B.
suibtilis in a propertly seedeIlplate is very o()paque and provides a very goo(l
contrast to the inhibition zones (Fig. 1). The edges of the inhibition zonies
are almost without exception knife-sharp, aInl the ly;sis Property d(lescri)e( t'ol

2 After standing 5months at 4(*. ilat e counts for viable cells beforeadI(alter pasteurizla-
tioII (20 inim. at (00(1.) showed 324 an(I 278 millioins per ml., respectively. Thus, 85.8 per
cent of the total spore count had persisted as viable spores (luriing this period.
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S. aturicuDs hias inewveri- been obse-ved(. Priolonged incubation of a B. sob/ilis assay
plate for several lhouirs (loes Inot, change' sigiiificanltly' the zone (lialmeters.

Finallv, B. std)tis is non-p)athogenic and( p)lates and cups need not be sterilized
before (leaning. In fact, plates have been used for the assay without any

p)revious sterilizaition. Tihus, B. s/)tilLs is. alm()st ,II1 idel(d test organ1iilsl for
the Clii) assay ot l)enicillinl.

11G. 1. B. SI-BTI IS C(i-i ASSA.Y FOR(m PENIcIL,I,-N
101) plate showvs cup) ()11 se('e(e agar rcadv f(o) ilIetl1tioLowerr-iglht plate shows ill-

libitio(ll ZOICS foIr a stadllihld culive after 16 hlouIrls inleihtiou at 30" C. Lower left l)late
R}lOw\s ill libitiOIl ZOIICS pII(luimeil1db some uiiniknownI sa ples. (Tile siflaiCr zolies oti the
staloldr(ld plate are ol)Selr(8l dilu to Ilandlilng p)rep.ar"atol- to Inllailng tills pllotograplh.)

PREtIPARIATION OF SPORE1 IN'O(CIUMl.NI

Stand(lr(l initrieiit b)i()th Ot the followillo (coIip)ositiOIn is usd1: IPe)toiie (Difco),
1 per (cult; Beetf exti.ct (I)ifco), 0.3 per cent; Na( 1, 0.5 per ceIt; D)istille
water.

h'l'e p1I lafter sterilization shlotul(l be (G. to 7.0.
After sterilization(of 150 mnl. in a 250 ml. fla-sk, the mnedlium is inoculated

fromn a slant culture ()f B. siibtili anid iincuibate(d at 30( or 370( I. in a manner
which prievents foirmation of the surfiace pellicle typ)ical Of aerobic Sl)ore-forlmeirs.
Trhis is (lone l)v mainitining the liquii(l continuolyMSv ill a1 State of agitation,
which inistures (levelopment of the cells as a iuimiformi slis)eplisioil. (Growtli, also,
is greatly accelerated l)ecaulse the limitations of diflusion rates are mliInilmz(l.
The l)est, way to olhiatin the agitation is to secure the flask to any type! iif a
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shaking machine, rotary or reciprocal. The degree of agitation is immaterial.
Ordinary Kahn shaking machines can be easily adapted by any device which will
secure the flask. An alternative, though less satisfactory method, is to aerate
the culture continuously by passage of a stream of sterile humidified air rather
vigorously through the liquiid. The incubation is allowed to proceed until
miaximum sporuilation occurs, usually 4 to 8 days. 'Microscopic examination
of the fully grown ctulture confirms the abundant presence of spores. Suspen-
sions preparedl from growi-th on agar surfaces are just as satisfactory.
The whole flask culture or suspension is then pasteurized at 60°C. for 30

minutes to destroy the iemaining viable vegetative cells. In effect, what is left
is a rather heavy spore suspension of the organism which, stored cold, can be
used repeatedlyv as inoculuim foor the penicillin assayvs until the supply is depleted.
The optimum dlensitv of inoculum is in the range of 15,000,000 spores per

liter of melted agar. The spore count is established for each new batch of
spoie inoculum and that amount containing 15 million spores is used so long
as that paiticular batch lasts. This level just gives a dense bacterial turbidity
throughout the agar but still does not cause the individual minute colonies
to be confluent with one another. Such a level normally showvs a definite zone
witlh 0.2 unit penicillin per ml. Zone sizes are somewhat larger for any given
concentration of penicillin if the inoculum is lighter and vice versa. However,
the amount of inoctulurm specifiedI al)ove provides good optical density for
distinguishing the zones, without significantly reducing the sensitivity of the
measurement.

PREPARING THE PLATES

The required amount, of cooled melted agar3 (50-60°C.) is seeded Avith the

apppropriate amouint of spore suspension as established above and shaken thor-
oughly. The agar requiredI for all the assays covering a week or more can be
prepared in one batch, subdi-ided into convenient amounts, autoclaved and the
melted sterile agar stored in a liquid state in an oven at 55-60°C. until used.
This eliminates dail- p)reparation of and melting of sterile agar medium which
has solidified. Thirteen ml. portions (=t 0.5 ml.) of the melted seeded agar
are pipetted into sterile standard. (100 x 15mm.) Petri dishes by means of wide-
mouth pipettes or anl auitomatic pipetting machiine. Regular 10 ml. graduated
pipettes with the tips cutt off to make an opening of about 3 to 4 mm. are satis-
factory; the 13 ml. level is marked withired wX-ax pencil. Accurate quantitative
measurement of the agar is not essential. The plates are shaken gently to
distribute the agar evenly over the entire surface and they are then allowed
to lharden. At this stage it is preferable that they be stored in the refrigerator
for an hour or more. They can be stored cold for at least 24 hours before use
(Foster and W;oohdullff, 1943a). The seeded plates never should be allowNed to
stand for more than several minutes at room temperature between the time

3 2 per ceCIt agar a(lde(c to the me(lium described above. If niecessary, the agar should be
clarifie(l by filtration tlhrouglh absorbent cottoII; clear agar makes a better contrast between
thle iiihibition zoIIe a(ld the bacterial turbidity wlhich ultimately develops on the plate.
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they ate prepare(d aild tlle time thev ae tre'te(l with the penicillin Samp)les and
inctubated (see below). Flie cooling prevenfts the 4)acterlti from (leveloping too
soon an(Id also ren(lers the ag.1o1 l)etter fm0 the lltext sttep \wlich comprises se"ling
the gla9ss (Cup)S to the surfalce.

s,'ErTrING t-1P THE (liPS

The cups are small glass cylinders cut uniformly f'romill plain pyrex glass ttubinlg
(8 nim. outside dia,imeter; 1 mm. \wa1ll tlhickness) ly meanms of a motorlr(lvenl
glass-euttiing disc. Thie cylinders shiouil(d be aIbout 12 mIm. in lenigtlh, but they

F'(;. 2. (ILAtSS (CYLIND)E"Rs 1iSiD IxitN' (it1'SA \.\I) 1 D'rimtI)tsoi:sfimi Ri xoi
X,lte it I ], ZvI. ()Xs.N

The ty)pe ,tf mdic(hiile old)rpei'lr (dtou r fillilg thle (icps ts '1(o ShiO\wIi

all imu1st be ot-f uni;form Size. 1h bevelled e(dge origina'Illy rec(oInmen(led 1bv the
)xford group for1 making .a water- aii(1 )acteria-t iht seaI is Inot essenItial with
the hIeating)O(lIe(prcldescribed( l)el( a. 1h1 l)evclled( cylind(ers are difficuilt

t,() imake anI(l are iit, generally ava.ilal le inl tis cohntry,hereats ill the course

(o a (lay any suitably equipped glass-blowing s )(shpan tllll oult tllOttsaH(ls
of the stiaighit edge type. A few\\ (CltJ)s ate availa-l.ble as satnip)les irom this lahlira-
tI mv. lPerfectlY tflat (dges .tre ppeIsiraletcipved(tcyllivllilders are ois-
cIrdet l. The cvlitlder-ts a r stetilize(d with (1 iv heat ill ttlt)pighlt )o,sition in
Petrti odishes. 119ig; t 2 shovs Som1e 4f tlls().eglss (cvlil(des anothe(l m'anner of
sterilizing thella.
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One end of each cylinder is warmed and then set lightly on the surface of the
seeded agar in the prepared plates so that the pressure on the agar comes only
from the weight of the cylinder. The warm edge slightly melts the agar locally
which hardens again almost immediately, thereby effecting a seal between the
agar and the glass cylinder (making a "cup"). Six cups are spaced equidis-
distantly around each plate. Until recently, the heating was done by passing
momentarily the end of each cylinder through a Bunsen flame by means of
forceps. Considerable improvement in this technique has been achieved by
heating all the cylinders (one or more Petri dishes full) simultaneously on an
electric hot plate and setting them individually on the agar with forceps. This
eliminates an important variable which can affect the assay, due to differences
in the depths to which the warm cylinders melt the agar. Caution should be
taken that the cups are not warm enough to sink into the agar. Removal of
sealed cups should leave only a slight rim indentation in the agar. The correct
hot plate temperature can be established by trial assays. If the cups are not
warm enough, the seal gradually gives way on standing for several hours filled
with liquid. Properly sealed cups do not permit any free liquid to escape from
the cup during the whole incubation period. Inverting the plates tests whether
the cups are sealed securely. They should remain attached. Often, leaky
cips can be traced to unevenness of the cylinder edge.

In practice, all the plates planned for use in any one day should be seeded
in one batch, placed quickly in the refrigerator, withdrawn in small batches for
setting up the cylinders and then all stored again in the refrigerator until used.

SETTING UP THE SAMPLES

Unknown penicillin solutions are diluted with sterile M/50 phosphate buffer
at pH 7.0 so that on the basis of predicted potency the final dilution contains
approximately 0.5 to 1.0 Oxford unit per ml. (See Foster and Woodruff, 1943a
for discussion of Oxford unit.) With solids, 2 to 5 mg. are weighed to the nearest
0.1 mg. in a tared small test tube and sterile buffer added so that the ml. of
buffer equals numerically the mg. of sample. This gives a solution of 1 mg.
per ml. If, for example, the sample is expected to contain about 250 units per
mg., this first solution is then diluted 1 part plus 24 of buffer and this in turn
1 part plus 9 of buffer, giving finally a dilution of 1:250; thus, the final solution
ready for assay contains approximately 1 unit per ml. Although the range is
missed occasionally, workers soon become experienced in estimating the potency
of solutions or solid products. Significant amounts of extraneous materials,
such as solids, reagents and solvents, should not, of course, be present.

It is essential to keep penicillin solutions cold at all times, especially where
large numbers of samples are being assayed with consequent long delay before
the last samples are finished. All samples should be diluted first, and then
filled into the cups at one time later. One person can assay about 150 pre-
viously diluted samples per day. Glassware used for penicillin solutions should
be scrupulously clean.
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The final dilution of each sample is filled by means of a medicine dropper1
(see Fig. 2) of about 2 ml. capacity (Nith outlet at 900 angle) into one cul) oIn
each of four different plates. Cups should be filled to the top, but extreme
accuracy in this is not essential, minor variations in the amounts of liquid having
little effect on zone size. For the next sample, the same medicine dropper is
used after rinsing briefly in 5% phenol, followed by a wash in sterile distillcd
water and finally by one rinse with the next solution to be tested. This prevents
carrying over of contamination to subsequent samples if one sample should
happen to be contaminated with penicillin-destroying bacteria (Abraham and
Chain, 1940). The same medicine dropper is used for all the samples, thereby
obviating the requirement for countless pipettes.
Four plates with empty cups are withdrawn at a time from the refrigerator

and these accommodate six samples each in quadruplicate. Triplicates could
be used with perhaps somewhat less assurance of accuracy. Only one dilution
is run for each sainple unless the potency of the sample is entirely unknowvn. As
soon as the four plates have been filled with six samples, they are set in the 30°
incubator and the next set withdrawn for filling from the refrigerator. This
precaution of not allowing the plates to stand at room temperature before or
after filling the cups is particularly important when large numbers of samnples
are being handled since some plates would stand longer than others. The in-
hibition zones finally obtained are essentially the resultant betw-een the rate
of diffusion of the penicillin from the solution down and out radially throtugl
the agar and the rate of growth of the test bacterium. T'lhe longer the interv-al
between diffusion and growth at the optimum temperature, the furthier the
penicillin diffuses out into the agar before the bacterial development appear.s
and is delineated at the points where.the penicillin concentration is sufficient
for inhibition. In the manner described, the zero time for the diffusion process
is standardized at the minimum by incubating at 30°C. each set of plates im-
mediately after filling, reg-ardless of the time of setting up different samples.

Similarly, if the seeded plates stand at room temperatur-e for as little as 1
to 2 hours before filling the cups, B. stibtilis starts to grow. Consequiently,
after the cups are filled and penicillin diffusion commences, the bacterial turbidity
will have appeared before diffusion l)roceeded to the extent it would have other-
wvise, and the inhibition zones are, therefore, smaller.
On the other hand, several hours differeince in total incubation time after the

B. su1btilis has dleveloped is inconsequential, so that even if several hours elapse
between the tiIme the first sample is set up and the last sample, they may all be
read at the same time the following morning. Atctually, ftull bacterial growth
and zone development takes place in about 12 hours. Plates may\be removed
from the iincubator after 12 to 16 hours and storedl in a refrigerator for one or
more days before reading them, without affecting signiificanitly the results. This

4 USC of this instrument was demonstrated to us by Dr. N. G. Ileatley of Oxford U-ni-
versity, England.
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is of great aid over weekends when it may be inconvenient to read plates on
schedule.

STANDARD CURVE

Penicillin assays have precise quantitative meaning only if a standard is run
daily side by side with the unknowns and the values of the unknowns calculated
from a standard curve. The principles of a standard and details of its prepara-
tion are discussed elsewhere (Foster and Woodruff, 1943a). Fig. 3 shows a
typical standard curve.
The dry standard5 (and solutions made from it), whose unitage has been

carefully calibrated directly or indirectly against the original Oxford standard
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FIG. 3. STANDARD INHIBITION CURVE

should be stored at refrigerator temperature at all times. The dry product is
quite hygroscopic and rapidly loses activity after picking up moisture from
the atmosphere. The vessel containing the dry product should be allowed to
eome to room temperature in a desiccator before opening. For a stock solu-
tion, two to ten mg. are accurately weighed out as rapidly as possible on an
analytical balance. The stock solution is made to contain 32 Oxford units per
ml. with sterile M/50 phosphate buffer at pH 7.0. It is best to keep this stock
solution frozen because even at refrigerator temperatures it tends to lose activity
slowly over a period of a few weeks. Freezing can be done in dry ice or in the

6 Small amounts for purposes of standardization are available from this laboratory
without cost.
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freezing compartment of a refrigerator. Each day 0.5 ml. of this stock solution
is diluted with 7.5 ml. buffer to give 2.0 units per ml.
The following tabulation shows how subsequent dilutions are made to give

the desired final concentrations used for the standard curve.

ML. OF SOLUTION CONTAINING 2.0 UNITS/MIL. BUFFER FINAL CONCENTRATION

ml. units/ml.

2.0 0 2.0
1.6 0.4 1.6
1.2 0.8 1.2
0.8 1.2 0.8
0.5 1.5 0.5
0.2 1.8 0.2

Extreme care must be taken with the cleanliness of the glassware coming in
contact with the standard penicillin solution.

Occasionally all the samples on any one day give unexpectedly high values
indicating that the potency of the stock standard penicillin solution was lower
than it was assumed to be. It seems likely that this is due to rapid inactivation
of the penicillin by impurities left in the flasks and pipettes used to handle the
solution. However, direct proof of this has not been obtained.

Glassware for use in penicillin assays should not be cleaned with regular
H2SO4-IK2Cr2O7 cleaning solution. Slight traces of residual chromium ion may
partially inactivate low concentrations of penicillin. Heating to 80-90°C.
in concentrated H2SO4 to which is added a few crystals of KN03 daily is recom-
mended. Penicillin in solution is well known to be extremely unstable, parti-
cularly at room temperatures and in the presence of certain metallic ions.

In this laboratory, to eliminate the possibility of ruining a wvhole day's assays
and also as a check on the daily standard solutions, two different sets of standard
curves are made up independently from different penicillin standards and run
daily. Usually the curves are virtually superimposable (see Fig. 3). If one is
significantly lower than the other, this is a good indication of loss of activity
and the samples for that day are read fiom the good curve. On several oc-
casions these extra precautions have justified themselves. All standard solu-
tions should be kept cold up until the few minutes before they are placed into
the cups. Each of these six standard solutions is put into one cup of each
of quintuplet plates in the manner described for the unknown samples. Thus,
each plate has on it an entire range of concentrations for a standard curve.
These plates are incubated immediately at 30°C. for 12 to 16 hours.

MlEASUREMIENT OF INHIBITION ZONES

After incubation, different sizes of clear circular zones of inhibition are ob-
served depending on the concentration of penicillin in the solutions in the cups
(Fig. 1). Within limits, the diameter of the inhibition zones, the edges of
w-hich almost without exception are knife-sharp, is measured in any convenient
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manner. A good system is to set a pair of mechanical drawing dividers for the
dliameter limits and then measure the span against mm. lines on printed graph
paper or on a mm. rule. Readings are made to the nearestlhalf mm.

AN'here large numbers of assay plates aie to be read, a handv device is one in
which the plates are set on an exposed blank lantern slide with mm. lines cut
into the gelatin wvith a dtull razor. This side is counter-sunk in a wooden block
and a small microscope lamp6 shining up through the ruled scale provides a
goodl optical contrast for the measurement of the zones. A piece of white paper
set under the scale diffuses the light and facilitates the reading of the plates.
The zones are in clear contrast against the black background. A magnifying
glass fixed on a ring stand eases strain on the eyes. The construction of the

curJ Our FOR LAANP
Z' z "x 2"

FIG. 4. READIN.,G 13LOCK FOR MEASURING INHIBITION ZONES

reading block is illustrated in Fig. 4, and the setup un(ler lal)oratory conditions
is shwon in Fig. 5.
The replicate zone diameter values of unknowns and standard are averaged

sep)arately. In practise, all six zones on one plate are read in sequence. A
simplified system of identifying the samples and their respective replicates is
to number the plates only with a wax pencil. The individual cUps need not be
marked if a vertical wax pencil mark is made on the side of the Petri dish bottom
opposite one of the cups. B3eginning wsith that cup, the others are identified
by clockwise sequence. Thus, one needs only to have a list of the samples
and to read the plates in order and record the values beside the respective
sample numbers on the list.

Greatest reliability of resuilts is obtained if the value.s for the unkiown fall

6 Bausch & Lomb AMicro-lamp substage form. A. H. Thomas (at. No. 6927-A.
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within points on the curve conl espon(iing to al)omut ().3 to 1 .4 iunits. P'oints
on the high iregion of the curve are apt to he oily ap)pr(oximate, because small
differences in zone measurements (an meani relhutivelv large differences in the
penicillin value rea(l, (lel)ell(ing () how flat the sitaidalad 1cur>ve is aIIn1V part -i(
uilar (lar. Fromil day to (lay thierle are some clianges in the sh.'p otlfb1ecurve,,
hut usually tins occurs in thc upper regioni where it flat t ens (w)ut. Values o()i
tlle curve b)elow tlhe 0.3 nIlit l)()iilt also are lm)t ap)t to) gi hest accura-cy hut ca11
be couInted oni withinnla))lut 3(0 pr cenlt.. \\hce highuest 'accurlay is (lesired(,

Fi(;. 5. (Ao\Ec 1 ASE ORBI 1011 READI.\N(1)11; PlATES

samples wN-ith
ireassayed.

values falling oultsi(le thie centrallegion of the curve s5ioll(1 )e

(C.AC(ULATION OF RESVLT,1'S

(enerally, the in(livi(ll.ll zoIe (liamIetels chlck witlinn 1 .. mm. of thle average,
thle arbitrarily establishied limilit ill tis la'1borat(ory. ( )-IIaIinllv,foran uI1-
known reasoil, all the (liaiiueter- valtues on any nIe p)Ilt , .e., o11e(replicate for
each of six samrples, (leviate significantly (usually dlowinwaltrs) from thlose on thle
rest of the plates. ILxperience has shown that suh le.ldings are generally
invalid, andI they mayv l)e excludde from the .a-verages. Witlh (uadrlplicates,
however, inclusion of anv one vdalue which is sllsp)iciouslv ingh or low (loes not
change greatly the final ave(r1 Lage. The fo vnllow .(re t ypical readings f)r stand(l-
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ard curves from two different standards for one day's assays. The readings from
four unknown samples are also given.

DILUTION-UNITS/ILL.

0.2 0.5 0.8 1 1.2 1.6 2.0

Standard curve using standard "A"

Replicate inhibition zone 15.5 19 22 23 24 25
diameters, mm. 17 21 22 23 24.5 25

17.5 20 21.5 23 24 24.5
16 20 22 22.5 24 24.5
16 19 21 23 24 24

Average .............. 16.4 19.8 21.7 22.9 24.1 24.6

Standard curve using standard "B"

Replicate inhibition zone 17 21 22 23 24 25
diameters, mm. 15 19 22 23 23 24

17 20 21 22 22.5 25
17 20 21 22.5 24 25
17 20 22.5 23 24.5 25.5

Average .............. 16.6 20 21.7 22.7 23.6 24.9

Unknown samples

81 82 83 84

Replicate values for diam- 19.5 19 20 22
eters of inhibition 18 17 20 22

zones, nim. 18 18 21 23
19 19 21 22

Average ............... 18.6 18.3 20.5 22.3

A standard curve constructed from the above data is illustrated in Fig. 3.
It is similar to that originally published by Abraham et al. (1941) except that
it covers only the lower concentrations of penicillin and thereby increases the
accuracy of the assay.
The zone diameter averages for the unknowns are projected from the ordinate

horizontally to the curve, thence vertically to the abscissa, giving thereby
that unitage of penicillin producing the same diameter of zone inhibition as
the particular dilution of the unknown. Read against the standard curve in
Fig. 3, the four unknowns contain, in order, 0.32, 0.31, 0.58 and 1.0 units per ml.
Multiplication by the dilution factor gives the potency of the original solution.

ACCURACY

Abraham et al. (1941) claimed a ±- 25 per cent precision for the cup method.
It is probable that it is well within that figure and can be taken as nearer 4: 15
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per cent. Still better accuracy is obtainable if more than one dilution of the
unknown is run and the values averaged.
The variation on different days generally is greater than that between samples

run side by side on the same day. For that reason in experimental work it is
always preferable to assay all the treatments and controls from any one experi-
ment on the same day. For absolute precision in evaluating a particular
sample, as for example in establishing a standard, it is imperative to assay it
on a number of successive days and average the results or to assay different
aliquots of the original sample. The following tabulation illustrates the order
of variation in cup assay values on one solid preparation over a period of 14
months.

DATE ASSAYED OXFORD UNITS PER MG.

7/14/42 95
7/16/42 118
7/22/42 120
12/10/42 112
12/18/42 98
12/21/42 86
7/ 2/43 108
7/ 3/43 120
7/ 7/43 96
7/10/43 97
7/12/43 84
9/18/43 103
9/20/43 95
9/21/43 93
9/22/43 99

Average ................................ 102

Maximum deviation from the average is +18 and - 18 per cent.

DISCUSSION

As emphasized in our earlier paper (Foster and Woodruff, 1943a), the type
of assay used, the manner of executing the separate steps and the precautions
taken all depend on the particular interest, objectives and requirements of
different investigators or laboratories. The procedure outlined above has
evolved from the handling of large numbers of assays per day. All operations
are designed for efficiency without sacrifice in accuracy or reproducibility, hence
they also are directly applicable for the running of small numbers of assays.
However, in the latter case, some alternative steps or modifications are just
as applicable since they do not become limiting factors until the turnover of
assays reaches sizable proportions.
For example, wN-ith only small numbers of samples it probably is just as satis-

factory to dispense with the glass cups entirely and use the filter paper disc
modification of V'incent, Vincent and Dowdy described previously (Foster and
WXToodruff, 1943a). However, it appears that carefully measured amounts

5a,6
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of the samples must be added to the paper discs. Although satisfactory for
small numbers of assays, these pipette measurements become a great handicap
with large numbers. Also, bacterial contamination becomes much more of a
problem with the disc method. Again, a higher order of accuracy is possible
if more replicates or different levels of each sample are run and vice versa, but
this is not feasible with a considerable number of samples.
Up to the present, the best application of the cup method is in the micro-

biological research and development and production of penicillin for clinical
use. Numerous assays are required daily for continuous laboratory experimental
studies, pilot plant fermentation studies and as controls and analyses for large
scale fermentation batches. In addition, numerous assays come daily from
the extraction process and in the evaluation of the finished product ready for
ampule distribution. Meanwhile, there are continuous investigations on
chemical purification and fractionation which can be studied only with assays.
Invariably, in all these cases the original penicillin samples have to be diluted
out so far that the final dilution offers no difficulties due to solids, the nature
of solution, etc.
Assay of blood and body fluids. Up to now the cup assay has not been suc-

cessfully adapted to the determination of penicillin in blood and other body
fluids. Because of the low concentrations of penicillin it usually contains, blood
usually has to be assayed undiluted or in low dilution. However desirable,
in our opinion the need for an assay for clinical work giving the order of precision
of the cup assay is not great. The main objective of blood level studies is
to establish whether the blood contains sufficient penicillin at any given time
to inhibit the development of the infecting organisms. The first requirement
is to isolate in pure culture the organism and ascertain by streak or tube dilutioni
methods in the presence of blood the concentration of penicillin effectively
inhibiting its growth. For that particular organism, the inhibiting concentration
(including the antibacterial power of blood itself) is the critical value in the
blood, and blood levels below that value clinically are unimportant. The
important thing is to determine whether the blood contains the critical concen-
tration or more and how long it continues to exceed that level. Also, since
the blood level changes so rapidly due to excretion, except where the continuous
intravenous drip method of administration is employed, accuracy better than
50 to 100% is not particularly valuable. The tube serial dilution procedure
of Rammelkamp (1942) is satisfactory for this purpose, whereas, for example,
in studies on the chemical purification of penicillin it would not be suitable.
Generally, the clinical studies on penicillin do not involve the assay of large
numbers of blood or body fluid samples which makes the tube dilution method
readily applicable.

After this manuscript was wvritten, we learned that the idea of preparing a
stock suspension of bacterial spores (Bacillus metiens) as a means of standard-
izing test bacterium inoculum over long periods of time was successfully em-
ployed in 1927 by Levine and coworkers in testing the efficiency of hypochlorite
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solutions (see Rudolph, A. S., and Levine, M., Bulletin 150, Iowa Engineering
Experiment Station, 1941).

SUMMARY

Complete details of the cup assay for penicillin are described including dis-
cussions of the principles involved.
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