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A3STRACT

A brief review of equipment for use in serolozical procedures
and equipmenf‘for isolating and identifying baotéria is followed by
a study of basic laboratory test proccdures used ih medical diagnostic
bacteriology, an analysis of the problems of dsveloping automatic
methods in diagnostic baotoriolosy and a discussion of possibie ficlds
of further study. The conclusions are statéd. | .

Txtensive invesiigations of some diagnostic procedures that lend
theﬁselves to mochanization and autoﬁation, and evaluations of the
performance of definitive diagnostic test equipment are reported and
digocussod: the probedurésiinvestigated include a mothod for serially
diluting antibiotic and serum. as required for the mcasurcment of the
minimal inhibitory concontfation of antibioti; and the serum |
antibiotic lovel, and a method for distributing tho reagonts for the
“assermann reaction.

Detailed investizations of somo techniques that may lead to the
development of further definitive diagznostic test equipmont are
reported and discussed, The téchniques includo automatically
spreading a oculture over an agar plats, and.an r. {s induotion heating
method for sterilizing vessels with which infeoted matorial oomes
into contact in situ, and in a roasonable time: our inability to

sterilizg vessels in situ has hitherto been a major obstacle to the



further development of automatic methods in diagnostic bacteriolozy.
The conclusions drawn from the invastigations are stated and

many sugzestions for further work are made,
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Ghagter I
Introduction

' Automatic methods have hitherto been very litfle used in
diagnostioc bioteriology, despito the faot that the work load in
mmr laboratories has been inoreasing at a rate of about ;075 per
annun - nof maoh less than the rate of inorease in ohemi‘cal
pathology labor‘a"tories. This seoens mrp'rising, particularly in
view of the serious shoriage of teohniocal staff, whioh necessitates
increasing productivity, and the quantit& of automatio a.pparatﬁa
used in chemioal patholozy and haematology. Some of this apparatus’
is revioewed. |

The auto-analyzer (Skeggs, 1957') is widely used in cﬁemical
pathology, particularly for electrolyte analysis (Marsh, 1963)..
In prinoiple, a sample of ssmﬁ is pumped along flexible tudbing, by
means of a peristaltlic pump, and mixed with a stream of diluent. -
The mixture is pumped throuzh a dialyser so that the diffusable
constituents are meparated, and each oonstifuent is mixgd with .
appropriate z;‘eagents.‘ Each mixture is then fed to one or more of

‘a yariéty of instruments, =uch as a heating bath, a colorimeter or
@ flame photometer, depending on t}xe analysis being oarriad out.’
The electrical outputs of the oolorimeter or flame photometer are
manipulated for presentation in either analogaé.or dizital form,

or fed to a ocomputer. Hany different analyses may be ocarried ocut



aimil taneously on a single speoimen, and it is frequentl& negessary
to do this. The auto-analyzer is a eontinuoué flow devices after
each specimen has passed through the system, a washing fluid ié
passed through followed by a short air space and then the next
specimen. The maximum work load depends on the analyses, but it
can be as high as 60 specimens per hour. The apparatus is fully
automatic, the operator has only to place the specimens in cups in
the machine which then carries out the analyses an@;presents the
results, on paper, without further mamal interﬁentionr

The Coulter cell-counter (Coulter, 1953) is widely-used in
haematolozy for counting red blood cells (Brecher, Schneiderman and
Williams, 1956) and white blood cells {Richar and Breakell, 1959).
In principle, a saméle of blood is diluted in an electrically
conduoting fluid (usually saline) and the beaker containing the
mixture is placed on a platform so tﬁat a probe 1is immersed in the
nixture. The probe consists of a flat-plate electrode and a glass
tube enclosing a seoond flat-plate eleoctrode. There is a smal;
orifice in the wall of the glass tube and an electric potential is
applied across the elesctrodes, thus producing an olectric fiold
across the orifice. The diluted sample is drawn through the orifioce,
and as each blood cell passes througzh it displaces some of the
conductive fluid, thus raising the resistance of the orifice contents
and producing a voltage pulset the amplitude of the pulse is
proportional to ¢ell size. Tho output sisnal may be disgplaysd on an

oscilloscope or it may be processed to give the total count in
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digital form, but no print-out is produced by the standard apparatus.
Pﬁlse amplitude disorimination tcohniques may be used to count colls
" within a pre-detexrmined size range, and size distribution ocurves can
be obtained in a few mimutes: it takes 20 seconds to count a sampls,
A‘miorosoobe slide staining machine (Shanden Ltd.) is also widely

‘used in haemafology, partioularly for the Leishman. Jenner-Giemsa and
May-Grunwald-Oiemsa staining techniques (Daocie, 1956): the apparatus
ia'alsé ﬁaéd.in histology for haematoxylin and eosin staining

(Culling, 1957).. ° A rack oontaining a batoh of slides is attached to
the underside of a circular rotary table, Baths of stains and
washing fluidﬁ are placed under the circumference of the tabls, in the
order appropriate to the particular staining teohniquo to be carried
out, and the apparﬁtna is programmed so that the rack of slidea‘is
lovered, in turn; into each bath for a pre-~dotermined period. The
period may be different for each bath, but if the Immorsion times are
the same, many batches of slides may be processed simultancogsly.

Thers are machines that take a maximum of 8 baths and 15 slides per
- rack, machines that take a maxirmm of 12 baths and either716 or 46
-slidee per rack and those that take a maximum of 23 baths and either 16
or 46 slides per rack. The slide ataining machine is muoh simpler
than either the auto-analyger or the Coulter counter, but is nevertho-
less very ussful. Once loaded, the apparatus carries uuf the staining
proocdure automatically, but it doos not measure and record the results‘
automatioally:' glides have to be examined vimually and the results

recorded mamally.
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The reason the auto~-analyzer, the Coulter counter and othar»
automatic apparatus have been very little used in diagnostioc
bacteriology is elucidated in the following review of equipment
used in basteriology laboratories: tho slide staining machins hes
been used in some laboratories. |

Baoteriolozy may bo divided into two branches, serology, in
which the procedures are very similar to chemiocal pathological
procedures, although the indication ayétéms are more complex, and
the isolation and identification of bacteria, in which the indicafion'
systems are muoh'more complex and in which the specim=ns are .
infeotive and the spread of infeotion, and also contamination of the
specimen, must be avoided; the problems of haﬁdling infective

material are considerable (Sscte 1.2.5).

1.1. Eguigment for use in Serological Procedures

It is obvious that the auto-analyzer -~ so widely usod in chemioal
laboratories — would be introduced into bacteriology, or at least
serology, and it has been used for performing the Wassermann réaction
(Pugh and Gaze, 1965) and other complement-fizaiion procedures
(Vargues, 1965).

Pugh and Gagze performed 900 VWassermann reactions on the auto-
analyger and also by the marmal method, and compared the results.

They found that the automated method gave an error of S.7%, S6%
being false positives and 4.1 false negatives; in some cases fhe
discrepancy was attributed to the sera being turbid, fat or grossly

haemolysed. Improved results werc obtained when the Maltaner antigen
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was used instead of the t.;nide ﬁeart extraci antigen obtoined from
the V.D. reference laboratory: a discreimnoy of 2,6% was obtainod

in this ocase. In a subsequent paper, Pugh and Gaze (1966) desoribed
- .a modification to the apparatugs to permit samples t0 be tested a.t a -
rate of 60 per hour, and 1ndioated that after eaoh mn, sera that ‘
) were found to0 be positive were mn again without antigen,_ for an
anti-oomplementary oheck, ‘ | ‘

It has been found, however, that the washing of the appérai;;ﬁ
by the stsndard'vélume‘of washing lfluic'l is insufficient to Temove
'all traoea of antibod,y after the passage of a sample of serun with
a h:lgh antibody titres there is some "oarry-over“ t0 tho next
apgqimen. It seems likely that the "carryh-over" phenonenon
represents a major obatao.fle-» to the‘ uge of the contimous flow'syst.em
' ix; diaénnstio serology (Taylor, 1968): in fact, there is a tendénoy o
for ohemical pathologists, who havo been using the auto-analyazer for~
the past decade, to consider using disorete analysis methods
. (Loebl, 1966). '

Sequeira (1964) developed hand operated apparatus for performing
serolog:loal titra.t:lons. In prinoiple, the apparatus oonsisted of a
tl.ble, containing racks of resarvo:lrs of reagents and test tubes,
which oould. be moved %0 that any row of test tubes or any rﬂservoir
could be placed under a row of 12 plaatic pipettes: ;hq pipettes
were lowered into the test tubes or resorvoir. Each pipette mas
permanently oonnected to a syringe and the 12 syringe pistons were
operated, simaltaneously, byl a single lover to subk up and ‘gxpal

fluids tho volume dispensed depended on tho position to which the
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lever was turned and, therefors, on the skill of the operator.
Lach syringe piston was comnectied direotiy to thé lever, and the
stroke lengtih of each piston, and hence the volums dispensed, was
nof independently varlable: the adcuracy of dispensing depended,
therefore, on the tolerances of the syringos as wsll as on the
operator, |
It was’necessary for the operator to know the test procedures,

because he controlled the order in which the reagents were dispensed,
the volumes dispensed and the row of tubes into which the reagents
were placed. The apparatus was, however, vory flexible in that
variations of the.order in whioh the reagents were dispensed, the
volumes dispenssd and the row of tubes into whioh tho reagents were
placed could be introduced without difficulty. |

‘ Seqneiia's apparatus was very similar to tﬁaﬁ produced by
Baron, Burch and Uhlendorf (1961), who olaimed to be able to sterilize
the pipettes by flushing them six times in boiling denineralised
vater: they did not discuss the technique. Sequeira's apparatus
vas also a simplified modification of Weitz's machine (1957). Thé
only essential difference between Sequeira's machino and Weitz's
machine vas that in the latter, the volume each pipette~syringe
system diépensed was independently variable, even though a single
lever operated them all simultaneously, and therefore inacouracies
due to tolerances in the apparatus could be reduced at the cost of

making the apparatus very complicated.
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1,2 rquipmont for Isolation and Identification of

ls2ele Gountigg baatoria in suggension

The Coulter counter was first used for counting baoteria in
suspension by Kubitsochek (1958)s He modified the standard cell-

counter, by replacing the lOO/u orifice with a IO/p orifice, and

oounted Escherichia coli (strain B) and Bacillus mezaterium sporess:

.4 hour culturce of each were diluted in 0,1F hydroohloric acid,
To calibrate the apparatus, he susponded 1.13)n and 3.2/u polystyrene
latex epheres in saline and counted them on a haemooytometer, to
obtéin an absolute count, and compared the count with that obtained
on the electronic counter: agrecmont ts within 2% was obtained.
Kubitaschek also used the electronic counter for sizing the same
organisme, but gave very little information about the technique; he
simply stated that he used a pulse height analyser 4o give the coll
volumes.
A more detailed investigation was carried out by Curby, Swanton

and Lind (1963). They grew Staphylococous aureus S.ils, &Hegoli

(sias) and an ©,coli variant, and E.freundii (8454) and an Zefroundii
variant in brain heart infusion broth; Cultures inoculated from an
agar élant and from a broth culture were diluted 0.9 in sodium
chloride solution and counted on a Modol A Coulter counter, with a 30/p
orifice, at 1 hour intervals after inoculation; tho inoculation

teohniques were not discussed. Similarly, pour plates were made of

each culture.



Curby and his co=workers found that the slectironic count
depended on the magnitude of the electric field applied across the
orifice of the ocounter, and that the relationship bstween ocount and
sleotric field dependsd on the organism. The phenomenon vas not |
investigated in detail, but the authors conoluded that "it was not

related to a charge on tho organism but vas determined by an active

process within the organism just before cell division". In general,

the electronic ocount obtained for the Tecoli and its variant agreed ‘
with the pour plate method for the culture incculated from an agar
slant, but poor agrecment was obtained for the culture inoculated

from a broth culture. With the E, freundii and its wariant, poor

agreement was obtained for botk ocultures and with the Stagh.auraus,u

the electronic count wes always higher than fhe pour plate oount;\
The disorepanoies were not discussed i; detail, but thers are
various possible eiplanations. The electronic counter cannot
distinguish live from dead bacteria or bacteria from other partiocles
which may be in the suspension, and conseguently, tho total viable
count obtained by the pour plate methed, which iz taken to be the
pumber of viéble colony~forming units, could well be ldwér than the
eleotronio count.  Also, the electronio counter cannot distinéuish
single baoteria froﬁ aggrogates and this is likely to cause errors
that offset errors due to the aforementioned faotors: when counting
colonies on a pour plate one has to be cautious of aggregates, dut
"they are usually olearly racognisable. The effects duo to all thase
faotors must vary oconsiderably from specimen to specimen, and it is

likely to prove difficult to formulate general criteria for relating

15
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the electronioc count to tho total viadbls count.
Toornioo, Ismrd, Rogors and Shockman (1961) ussi the coll-
countor to obtaln the diastrisution of particls eizes in growing

cultures of f.00li and Ziroptogoccus fascalis, for cell-

mltiplication studles. They plottod a ocurvo of total count
vorsus throchold orifiocs ocurrent for each of two muspanaions;
they did nct eay if tha ausponsions woro of the sams or dif?afant
orzaniams. Tha two zurves wore sizrnificantly difforent but this
vas not discusscd.

vanor and Paselkorn (1967) used itho ¢511 countor for the =sice
froctionation of cxponentially growing Z.coll. In prirncipls,
differont size fracotions of bacteria in o culturs wers proparod iﬁ
a zone centrifuge,and a sample of caoh fraction was ocountod to
give informaiion about the age of the orgonizms in the culture;
the teohnique was not diascusscd in dotail.

The evidenoe indicates that much mors work needs to be carried
out bofora the Caultér counter, or any similar apparatus, oan bo
used as & diagnootio aid..  Apart from the difficulties reforred
to above, in none of thé papars discussed was thore rcfersnce to
the problem of "carry-ovor" (Socte. lel and 1.2.5) whioh may bo
important in disgnostic work. However, if the probloms oan ho
overooms, oell-counteras might be utilized for an actuel diagnostic
tost, such as urins analysis, or for dotecting groﬁth. If one
could count very small mumbors of bacteria accuratsly, this could
be a very sensitive method for deteciing growth and, possibly,

for mcasuring antibiotic sensitivities: +the apparatus could also
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be used in experimental work for measuring growth curves.
Photometric methods (Snell and Snell, 1948) have been widely

uged in expériméntal baocteriology for many years, at least sinoce 1933

whon Alper and Sterno measursd growth curves of Salmonella gallinarum,
and Pulvertaft and Lemon—measured opacity'curves of 3,001} growing in
beef broth and in Lemco 3roth; they did not define opaocity. Brief
reviews of the applications of photometric methods to 5aoteriolqu
are given by Norris (1959), Kavanagh (1963) and Meynell and Meynsll
(1965). - Hany devioces, such as the Vitatron universal photometer -
densitometer (Vitatron Sciéntifio Instrumonts) ﬁnd the Unicam
speotrophotémeter (Unicam Instruments Ltd.), are commsroially
available and new instruments are still being devised: TForrest

and Stephen (196)) built a device in whioch the lamp/bhoto—cell

unit was mounted in a water bath, and growth curves were permanently
feoordod in analogue form.

It-appears that photometry is much mors likely to bacome a
diagﬁostio tochnique for measuring conoentrations of baoteria in
suspension than electronic cell-counting techniquos, Many of the
technioal problems have been solved and one does not nocessarily
have to handle infeotive material directly, although Haney, Gerke
and Pagano (1963) deseribed a device for antibiotic assays in which
the speéimens were transferred by a single pipette to a tube
containing the bacterium which was then incubated, killed with
formaldehyde and transferred to the cuvette: the cuvette and
transfer device wers simply rinsed through with water before the

next specimen vas processged.
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One of the biggest disadvantages of photometric methods is
that their sensitivity is poor: the minimum concentration of
organisms in suspension that.oan be dotected iz of the order of 106
organisama/ml.

Bowman, Blume and Vurek (1967) developed a much more sensitive
method for counting viable bacteria, and also for determining
antiblotio sensitivities, than olassical photometrioc methods,
Speocially prepared agar was meltod And the speoimen was added to the
aéar and mixed thoroughly. The end of a oapiilary tube vas dipped
into the sgar, the tube was filled by capillary action and both ends
of the tube were sealed: approximately 150 ul. of agar was needed té
£i111 the tube which was left until the agar/had solidified,

The capillary tube was soanned by a linear tungsten filamont
lamp whioh was focussa& on to the centrs of the capillary. An
objective oollected the light scattered within the capillary and
tﬁe light was pasased throughAa stop to 2 photo-multiplier tube: the
image of the source was 50/y mm, wide, The instrument counted,
eleotronically, light pulses scattered from growing colonies and
_frOm other points, such as the Jjoint between the agar and the
capillary. The tube was scannsd at intorvals, and growing organisas
produced new or larger pulses than thoss obtained on a previous scan
but other scattering points produced constant pulses, Tho background
scatter was such that 1t'obaaurad small signals and, therefore, the
organism had to divide several times before it could ba detacted:
the throshold level was set at four times the background and the

minimm rumber of organisms that formed a recognisable mioro~colony
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was of the order of 20.

At high concentrations the true count was higher than the
measured count because two or more colonies in the area formed
by tﬂe image of the s&uroe were counted as onet the effect
becomes signifiocant at a concentration of 105 F.c0ll., Also,
at high concentrations the supply of mutrients is exhausted
more quickly than if fower organisms are present. ~Growth curves
for E,co0li, streptococcus, proteus and staphylococous were obtained,
and in the case of Z,00ll, a quantitative estimate of the rumber of
viablé oolls present in & capillary was made within 5 hours: a
rough estimate of the rmumboer of viable cells present was mads in 2
hours. Longer poriods were required for the other organisms,

To determine antibiotié sensitivitlies, the antibiotic was
mixed in the agar during its preparation and bofore the culture
| was addeds Orowth curves for klebsiella in different concentration
of Na-colistimethate were obtained, and the difference in growth
rates of specimens with large differences in concentration of
antibiotic wes easily measured, but the resolution was poor.

Bowman and his co-workers found that the preparation apd
handling of the capillary tubes was very laborious, and possible
modifications to the technique are under investigation.

7hilst this work is in its very ocarly stages, it has
conslderable potential. Kot only is it a very sensitive method
for detsoting growth of bacteria in suspsnsion, it may lead to
means of producing some bacteriological test results on the same

day as the speoimen is sent to the laboratory.



1.2.2 Counting colonies on agar plates

Aﬁparatus for automatically counting bacterial coloniss on
solid 5gar.p1ates was desoribed by Alexander and Glick (1958).
This vas an eloctronic scanning device in which'a 6athode ray tube
. flying apét was focussed on to a culture, and variations of light

4ransmitted during a scan were measured on a photofmultipliera

‘-.rTwo light/fhoto-multiplier channels were uscd,s, The first channel’

- 1light spot traversed the culturc and ‘tha photo-maltiplier output
aignal}waﬁ reooréed immed;ateiy. . The second chaﬁﬁel light spot
fraversed the oulture simultanoouélj with the first light spot,
. but thé‘photo-multiplier outrut signal wa.s delayed the time'tha
spot took to traverse its span. Theréfora, a channel 2 signal

could be comparcsd with the channol 1 signal of the next 1ine

écannod, and the apparatus was arranged to rccord a count only if

there was a prulse on channel 1 and no pﬁlse on channol 2,

Despite the two channel anti-coincidence networks, the ohiéf
source of error is still due to ooincidenée. »Bouffant_and Soule
(1954) discumsed such errors in detail.  Briefly, they fall.into
four oategories, fractional intérdeption errors, when one particle
is interoepted by two or more passages of the scanning beam, over—
lap errors, whon particles overlaﬁ in the projected image of the
gcanning beam and are countod as ons, coincidences errors, whon two
particles are so olose togethor that the apparatus cannot
diéoriminate betﬁeen them, and sensitivity cerrors, whon the

apraratus canndt distinzuish a partiole from the vackground.

20
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Lloxander and Click's apparatus wms evaluated‘by Halligo in 19653
the timeo botwean publication of these two papers muggosis man&

7 diffioultices ware ensountersid, allizo ussi Beeubtilia and

Serratia marcegscons plated on poptons egar anl tryploro agar
raespeotively: hﬁe,agar had to Yo iransparant aniy therafors,
blood'agar'eould not bo usad, ?latﬁs ware prapared so theat the
mmbor of colonisn ranged butween 30 and 300, and tho colonios

ware kopt avay from the aldge of the plaie. *72llizo counted 3,000
platan, for cach apooinnz, on thﬁ machins ani vimially. In genaral,
the maohine gavo g lowar count then the visual mothod if mora than 100‘.
coloniaes wore present and a hishor aqount than the visual method if

" leas than 100 colonisa -woro prasent, Thesn diserepancies wero
attriduted to, colonios beins on ths perinhory of tha scanning ar:a,
touching anl overlapping colonion, and optical impérfootions in agar
platos, - Consiant rclationshipa betvoon maéhine and vioual ocounts:
wers sought and an oquation, for 2ach spuosles, that relatnd the
maohinevcoﬁnt to tha vimual ccunt within tho 957 confidencs 1imit
was derived,

The diffioculitios that must have besn onsountored during this
work #ora not disauased,Abut it oppears that within the obvicus
1iaitations of the mothod, one oan count éolonias on an agar plato
in this way. A much moro detailed inveatiiation is ncoascary bifore
oné oan deoide if this is likely to bocome a useful diagnostio tachniquo,
and the fact that so fow pagers have boun published oay well be

indiocative of the problems involwod.



- An early attempt to use paper chromatography for identifying
bacteria was made by Proom and Woilwod (1949) who examined ouiture
filtratos of 300 strains (27 gonera) of baoteria grown in aoid-
hydrolyaed-oaeéh mediums They examined the amino-acid and
polypeptido -composition of the culture filtrataé, énd found
markoed differences in the ohromatosrams of difforent 20onera.

- In 1956, Sellers, liteholl and Davis oxanined the supernatant
fluid of contrifuged culturos and found difforences in the
chromatograms of ssveral species of micrococoi, and Cummins and
Harris (1955) examinéd the composition of the cell=-wall of 60
strains of corynebacteria, lactobacilli, streptococci and
staphylocoocci: the ohromatogram of c2l11l wall components of each
baoterial gomus apreared to have a charactoristic pattern,
ilattiok, Cheeseman, Berridge and 3ottazzi (1956) examined 4 specioes

of L.Rlantarum, 4 speolos of Le casel, 2 species of L, acidophilusg,

able to distinguish all theose opeoies by differznoes in their
chromatonrams. Cheesoman and Silva (1959) examined 91 strains of
laotobaoilli and subdivided them into groups according to ocsrtain
characteristics of their chromatograms: the constitucnis of the

| groups were 1dentica1 to those constituonts given by a bioohsmiocal
groupiné ﬁsthod.

Henis, Gould and Alexander (1966) obtained different

chromatograms for various gonera and speciss, and for sirains of the

same speoios: 3B. subilie(1183€), B. lichoniformis(8190),
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B,_cireulans (4515), B, subtilis (6051), B, licheniformis (6598) and
B, oirculans (61) were identified, and qualitative and quantitative
differences between strains were observed,

The first attempt to use nyrolysis combined with gas chromatography
was made by Reiner (1965) who investigated possible chemical differences
between bacterial strains of similar antigenic or pathogenie character:
he examined 18 strains of E, coli, 1 strain of Shegelles sp., 4 types
of group A Strep, pyogenes and 10 forms of mycobacterla and each
strain had its own distinotive pyrogram ( chromatogram of the pyrolysis
products), but some differences in the pyrograms were very slight
and difficult to deteot. This study was extemied (Reiner and Fwing,
1968) to see if closely allied organisms could be distinguished:
consistent differences in the pyrograms of E. coli (0111a, 0111b:

Bh4: H12) and E, coli (0111a, O114c: Bh4s H12) were obtained.

Vhilst texonomists may well find chromatography and pyrolysis
combined with chromatography useful téchniques, they are unlikely to
be used in diagnostic bacteriology: a great deel of preparative
vork, sometines talﬁng more than a day, is necessary before the specimen

is ready for chromatography.

1.2.2 Simgle aids to manual methods

1.2.4.1 Multipoint inoculetors
Multipoint inoculating devices are usually designed for one

specific purpose, but they oan almost invariably be used in two wmys.

The deviee can pick up many different inocula from an array of tubes
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or dishes and distribute ths inocula sucoéssively to a series of
tubes or tsst plates, ﬁr the device can pick up from ons tray'o:,
inoculum and.distributa'it to different plates or tubes,

Lidwell (1959) developed a device for phage typing 6fj§3§2§,
aureus. A set éf 27 loops, as designed by Tarr (1959), was
mountad at each end of a fod which rotated in a horizontal plane,
aboﬁt'a vertical pillar, and'stoppéd at 4.p051tiohs=' the rod was
deprossed by meéﬁs of a iaver, in pqsitiop 1, the looﬁs Weie
~stérilized'by a.27 jet gas.bdrner énd then thse rod was turned to
position 2 to allow the loops 1o cool, In position 3, fhey were
loweréd-into-tho.phage indcula? which were in a &Qilled parspei
blogk, and.in'position 4 thoe oharged loops were lowered on io the
surface of a plate previously flooded with the organism to be tested.
Since;thefe were two sets of lodbs, nany platés'could be inoculated
very rapidly.

A nore cqmplicated dévioe for applying phage.inoculum wag
devined by Zierdt, Fox ;nd Norris (1960), Twenty-six syringe

barrels were fixed to a plate, and the syringe pistons were fixed

2¢

to & second plate which was attached to a lead screw.  An appropriate

volume of cach baoteriophage was dispensed,'on to a previously
inoculated agar plate plaoed‘upder the apparatus, for'eéch tu?n of
the load screw. ‘ | |
Anothor device for phage typing of staphylococoi was devalopeé
by Simon and Undseth (1963).. These workers used stainless steal

pins mounted in a base plats that moved up and down two vertical

guide rods, and claimed that if the plate vas lowsred so that the



as

vins touched the bottom of ‘the plastic tray type réservoirs,
. "0.003 ml. of.éhage iﬁocﬁluﬁ was delivoradﬁz ,they’did not zive ’
evidenes to ’upéort this cléiuu Various other devices, based
on aimilar principles, have been dovised.
An ald to inoculating liquid culturea vas uaveloped by _
; Quadlinq ard Colwell (1964) In prinoiple, the apparatus oonsisted
of a brass base pla.t6 into wLioh 60 stainlese steel ‘needlss were
| - fixod at :ight gnglosx each neadle vas 4 in, long by 3/16 in.

‘ di#meter; A guido rod was fixed in each céfner éf ths base plats,
aﬁd the réds fitted into corresponding tubes attached té a holder
oontdimnD racks of culture tubes, thus eﬂsﬁriﬁé that cach needls

- was properly aliz ,d over the appfo?&iatp culture tubé. A ffay
'(or rack of tubea) containing the inocula was placed over the
~culturoe tubes and the needles,werealower;d, by hand, until‘éach
. needle-tqgchcd,the inoculum. ' Tho basge plate‘was raic2d, the |
inoéulatiﬁg tray vas removed and the base plats lowerad until the
needles Qéré‘in contact with the sterile broth in cach of the cultﬁre
" tubes: tﬁe needlaglwere then raised and the caps placed over the‘
culture tubas.

| Hale and Inkley (1965) developed a ‘similar inoculating dovioce
'spac1fica11y for the multipln inooulation of agar platas. The
inocula viere placed in "0x0id! aluninium test tuoe enpse 27 caps
.were placed in a jig so shaped as to koup them lxthin the aresa of.
a4 in, potri dish. 1 in. stainless stsel nocdlzs wero mounted,
in positions correspondins to those of the '0Oxoid' caps, irn a

detach 5le stainless steel plate which was attached to a lever



operatad press. The plate wvas lowored until the pins touched the
inocula, it was ralsed, the inocula wera romoved and an agar plate
(4 in. petri dish) was put in poslition under the pins which were
lowered to inoculaté the azar:s the detaohable plate vas removod

for storilization purposes,

leZ2sde2 A dilution device

A simple devioce for titrating amall measured volumes of liquid
was dovoloped by Takatsy (1955) and used for serological titrations
by Sever (1962), The device, known as the miorotiitrator loop,
consisted of & tightly wound wire spiral, closed at each énd. One
loop titrated 0025 mi. of liquid and another titrated 0.05 ml. of
1iénids one simply dipped the loop into the liquid, rotated the
loop a few times, removed it from the liquid and the appropriate
volume vas held in the wire spiral by oapillary action.

Sever found many difficulties. The loop, which was not mado
of stainless steel, tended to rust and it was easily distorted,
thus becoming very inacourate, Also, in order to snsure that it
transferred the corieot volume, the loop had to be pre-wet and all
particles and grease had to be removed before uss, Thege faotors
suggost that the loop is very delicate and likely to become
inaccurcte very easily.

Larymont and Ventz (1566) used a 0.05 ml. loop for serially
diluting antibiotics for sensitivity toesting: they used 0.05 ml.
voiumes of diluent and, with an initial antibiotic concentration

of 200 mg./ml., serially dilutod tho antibiotio twelve times.
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The minimal inhibitory concontrations of 60 bacteria, for 3
antibiotics, were measured by this mothod and also by the standard
tube dilution method: a total of 111 minimum inhibitory ooncontra-
tions were moasurod by each methqd. In 10 cages, the tube diluﬁion
method gave 2 minimal inhibitory concentration vhich was éither ons l
or two tubes higi;er then that given by the microtitrator mothod, and
in tha—panalabig 4 oases, the tube dilution mothod gave a minimal |
inh;bitory conoentration which was 3 or moro tubes higher than that
given by the miorotltrator method. - Aéhase rosults confim Sever's
ptatements about tho possible sources of inaccuraéies in the spiral
loops, and it'ig evident that exééptional care in handling them is

- yital. o

le244¢3 Other simplc aids

An ald to oounting colonies on a roll tube culturo was made bj

Barolay (1965): the method was specifically for oounting colonics
undsr a mioroscope. The device was a simple hand operated mechanism
for rotating the roll tube and simnltaﬁeously moving it across the
field of view: +the tube moved in a spiral curve. The various. gsars
were so arrahged that, when the tube was turned through one completa
revolution 1t moved laterally exactly one field of the mioroscope. |
Barclay oounted 150 ooloniss on a roll tube culture in approximately
two-thirds of the time taken to count 150 colonies 6n a pétri dish
cﬁlture, by the visual mathod. He found no significanf differsence
between counts, of soil bacteria and bacteria of plant and root

surfaoes, obiained by the roll tubc and petri dish mothods.
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An aid to scanning mioroscope élides vas devsloped by Phipps
(1966) who was concerned with scamming dried milk films to detormine
leucocyte oontents: the count wao ostimated by spreading 0.01 ml,
over & 1 om, X 1 ome 2rea and oounting the mmbor of leucocytes in &
total of 10 strips 20ross the film. The apparatus moved the slide
vary glowly and smoothly across the field of wview bj means of three
fixed syringes. The pistons ware attachad to a brass block which,
in turn, was attached %o the ocarriage of the microscope. One'syringo.
vas filled with silliocone oil, to provide hydraulic daﬁping, ani air
"was directed intc one of the other two syringes to move the brass
blocks the direction of motion depended on vhich of the two syringes
was filled with air and the spaoed of motion was controlledlby a valvs

in th2 silicone fluid lines.

1.2.? igcussion

There are some complicating faotors pertaining, exclusively, to
all proccduros for isolating and identifying bactoria. The specimens
are infootive and the gpread of infection must be avoided, Contamina-
tion of the gpeoimen mst als§ be avoidced and this is partiocularly
‘difficult bocause baoteria, oven more than a serum antibody, stick to
surfaces: in meking serial dilutions of serum, 1t is adequate to use
a pipetie and wvash it out, by sucking fluid up and déwn 10 times,
after caoh dilution has besen made, but if one doos this when diluting
baoteria one gets nonsensical results. Therefore, to avoild
"ecarry~over"”, it is necessary either to discard any vessels with which

the infeoted specimen comes into contact and replace th:em with freshly
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starilizgd veasols befdre fﬁe next specimsn i; procossed;‘or, to
sterilizeltﬁe‘vesselé befofe subsequenf use.;, In consequence,
continuous flbw apﬁaratus, such as thenauto—analyzer; canno$ be
used for'processin; ihfected maférials, ahd“fqlly automatic apparatﬁs
—fzr such pfocedureé'isxlikely t0-be_signifioant1y more complicated
_ than‘éﬁpaiatés at prosent in use in'qﬁehical pafﬁglogy, haematoiogy:.-
or serology: 4o our knowledge; the'mefhﬁds-fbf counting baoteria -
in Busponsion (SBut. 1.2.1), for. oountlng colonics on agar platea -
, (Seot. 1.2.2) ani for ilentifyino b&cteri° by chronmatozraphy
(Seot. 1.2.3) have not bean'usod in diaznostic bactoriology, and
the simple'aids to- mamal mothbds (Sect. 1;2.4) sah hardly be
desoéibed,gé automatic methods, ' | H

' The difficultics of handling iﬁféctive'méfcrials are such that
it may, not be ponsible to defelop nora aufomatié méthods for uﬁa in
'diavnostic bactQIiOIOJy, but. we felt that the benﬂfita of so doing,
_which are ell spnovm in the development of automation for clinioal
chémisfry, arc such that one should at‘least investizate the work
of~a routine:iabp;atory.to discovef if one should attempt any further
: developmentsz the proliferation of automationrin recent yedrs has
| baen such that one is relﬁctant to rejeot the poésibility of nalking
‘further advances in this fiold. . 7e prooscd to.study bacteriological

techniques ago applied in our routine laboratory,.



1,3 Brief study of Routine Diagnostic ] Dacteriological Procedures and

Conolusions

le3.1 Serologioél.grooedurea
On average, 100 sera a day are tesied for syphilis-antibody.

The procedures occupy one scnior and one Jjunior techniclan very:
nearly full timo and a substantial proportion of this timé is taken
parforming the Vlassermann reaction. '~ Thig is a procodure thaﬁ othor
investigators havo studied (Seote 1l.1), but, in view of the
difficultics encounterod with tho only aﬁtoéatié method hitherto
devaldped, we could usefully devoto time developing an altornative
automatio method for porforming the "assermann reaction, or at least
certain parts of it, on a relativelJ ‘small number of spocimens, say
of the order of 50 to 250 per day. A detailed discussion is ziven
in Sects 343.

Xo othef single test is used so much, but simple alds, such as

‘automatic diluters and dispensors, might bo of assistance,

1l.3.2 Proceduros for isolation and identilioation of bactnria

The nature of the work of the laboratory is such that it is very
difficult to apply work study techniques without the aid of a 1arge
rumber of expericenced invostigatbrs. dany prooouuras involvs a
period during which a specimen is incubatod and, consequsnily, many v
differont tasks are porformed by one person. Additional difficultie
are that most procedurcs are performed in stages and 1t does not
necessarily follow that oach stage is porformed immediately on

conmplotion of the previous stage, and that specimens are received

3o

S



in the laboratory throughout the day.

Nevertheless, it is obvious that four procedures take up a
substantial proportion of the working day. These are, sterilising
an inooulating loop, spreading a culture over an agar plete and
examining the culture after incubation, and reporting the findings
to the clinioian who requested the test: none of these procedures
is a complete diagnostic test procedure, but each is merely one of
a series of stages that oonstitute a complete procedure,

| Reporting the findings is a very tedious and time consuming
- procedure, and one that may well lend itself to mechanization in
view of the complex data processing techniques becoming available,
but we have not investigated the possibilities and do not discuss
thea further,

Spreading a culture over en agar plate is a technique that should
be mechanized, because there are obvious advantages in so doing,
For example, all swabs, numbering approximately 50 per day, are
spread on a total of 100 agar plates: this taokes approximately 1
hour, In addition to spreading swabs over an agar plate, e
suspension or colony 1s spread over a plate for antibiotioc sensitivity
testing by the disc method: on average, 25 suspensions or colonies
are spread each day. 4Also, a measured volume of suspension is
spread for measuring the surface viasble count of an organisa,

An inocula ting loop is often used for spreading & culture and
for other purposes, such as inoculating a row of tubes, and the loop
has to be steriligzed very frequently. There are obvious advantages
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in mechanizing tho storilization of the inoculating loop. . 3imilarly,
it wquld oe advantageous to be able to rspeatedly usse pipettes for
inoculating agar plates with suspension,

The azar cultures fall into three main groups, culturcs with a
large munvor of colonies to be counted, culturess with inhibition
zonas to Vo measurad, and cultures with singls co;onies to be idontified.
A comparatively small mmber of culiures are examined in a given manner,
and methods for qxamining them that we can visuﬁlize, cuoh as
Alexander and Jlick's elootronic scanninglmethéd for counting
colonies on transparent azar platos, would bo very complicated.

“fe procgssc, on average, approximately 50 urine gpecimeons per ﬁa
and the prooadure takes aﬁproximately 2 technician hours per 50
spaclizons. This timoe may not bo gfoat, but an attemptvto'dgvclop
an automatio method for examining urines should be mads, although it
will not bs casy to develof a simﬁler method than the existing mamual
nathods

Two other prooedureé that one should investigate are, the
measurement of the minimal inhibltory concentration of an antibiotie
by the tube dilution method, and the measurcment of the serum
antiblotic levels the greater part of these proceduros does not
involve infective matorial but, nevertheless, they have to ve carried
out under aseptlc conditions. The rmumber of each it4st parformod is
not great, but both tests involve repeatedly dispovsing fixed volumes
of diluent, and serially diluting a mixture of broth, or serum, and

antibiotic, Both processes are very tedious and lend themselves to

automation.
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The final stage of ﬁoth the above procedurss is to inoculato
a rov of tubes from the same culture. The inooculation is almost
invariably carried out with a zlass pipette, so mamfaotured that it
produces drops of equal volumes, usually 0.02 ml. Similar pipettes
are~often used for transferring liquid cultures, and an automatic -
mothod for dispcnsing emall‘volumes of ;nfective liquids would be
of considerable wvalue, because it would save the time and expence
involved in making the pipettos, whioh aro often used orly onco and
thon disposed oft approximately 700 pipetton are used éach veek in
serological procedures alone,

One mizht also oonsidor‘metﬁods for transferring a solid cultura,
‘ other than by the inoculating loop,because one requires to pick a
coloﬁg of{ an agar plate and inpoulate a broth culture,

Thoe examination éf broth cultuies, usually to discover whether
there is any growth or to produce growth curves, is also a procedure
worth invostigatingf This toohnique 1s usged comparativoly.
infrequently, but since photometrio teohniques are well established
(Secte 1e2.1), the developmont of automatio techniques for examining
broth cultures may bo a practical proposition.

1,343 Discussion

Despite the simplicity of our invesiizntion, the need for
further developmont of automatic methods in diagmostic baoteriology
was obvioust whon wo commoncod work, the only automatic apparatus
in use in our laboratory wac the slide staining machine (Shandon Ltd.)

for the Gram staining technique. e wore satisfied that advances

could be made and concluded, thorefors, that it was worth examining .
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in greater defail many of thes procedures diascussed, with a view to
daveléping automatic mothods for performing them.
1.4 Possible Fields of Study

It is convenient %o divide the possibilifiea into two fieclds, .
nomely, tho measurement and presantétion of the results of the tost’

procedures and ihe manipulation of the épecimens and other materials,

ls4.1 UHeasurement and gresentation of the rasults of the tost

grooadures

l.4.1.1 leasurocment of rosultis

‘The bigzest problem in moasu;ihg results is acquiring 2 trﬁnsauoer
that converts the paranetor to be measured into an elsotrical or
oneumatic signal.

It ie establisheod that the Eh of a bacterial culture variec
during growth of the organiem (Hevitt, 19505. "~ It may boe possible,
thereforo, to use a !Mackerath Ch electrods ({Tackereth, 1964), vhich
is more stable and reliadle than those hitherto awvailable, for
automatiocally detooting growth in liquid cultures. Yhaother
differencos in the groﬁth curves of tho orzanisms conmmonly pccuring\
in diagnostic bactoriology are grcat enough for the techniquo to
rosolve them, is unknovm,

In Scote 1e2.1 we referred to photometris techniques and the
p0551b111t§ of using them in an automatic method for detcoting and
measuring growth in broth cultureco. Provided one could ovorcome .
the difliculties involved in feoeding the cultures into the apparatus

autonatically (Secte le4.2), automatioc growth measuring mothods
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based on photometric techniques might be possible: wo havo made
a simple modification to the 'Spekker' absorptiomoter (Hilger and
ﬁatts Ltdy) for use in a kinetic study of the bactoriolytio and
bactericidal aotion of human serum (Glynn and liilne, 1967 -

see Appendix 1.15.

The application of the Coultor cell-oounter, and other similar
devices (Particle Data Instrument Co;), to diagnostic bacteriology
could be investizated, but the availablo evidence indicates that the
cell-counter is unlikely to become a diaznostic tool for some time
(Secte 1e2e1)e

' Similarly, elsctronic scanning methods for counting coloniass on
a oulturc blate cduld be investigated, but this is also unlikely to
become a diagnostic tool ip the near future.

An eleotronic scanning technique for.mcasuring arcas was
developed by Tattam (1966), ani it may be possible to adapt the
technique for measurinz sonsitivity Jdisc zone diametors, One might
also use ocptical projection tochniques for this purpose, and it is
' probable that the resulting apparatus would bo significantly simpler
than apparatus utilizing Tattam's technique.

It may be possible to uce optioal technigues to detoct lysis
in the ‘assermann reaction test automatically, and to detect the
end poinﬁ in theo measurement of the minimal inhibitory concentration

of an antibiotiic and of a serum antibiotic level.
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le4sle2 Frogentation of results

If one can develop mothods for measurinz test results, it may

be comparativoly casy to display them in a suitable form. A

multitude of electronicz techniques for processing oleotrical siznals
have beén developed, and these may well be suitablo: it is probable
fhat one would merely have to purchase the appropriats equipmeont,

The availability of equipment for processinz pneumatic signals is
1imited, énd displaying éuch sisnals would, therefbre, praesent more

diffioul ties.

1.4.2 Manipulatine ﬁgéoimens ani other matorials

le 4421 Ton~-infcotod materials
A mltitude of techniques for handling mochanically both solids

_and liquids aro widely used, and it shduld be oomparatively>easy to

develop automatic methods for handling such matorials., For example,

handiling antibioticé undsr asgeptio conditions, for the measurement of
minimal inhibitory concentrations of antibdiotics, should not be
diffioult, and if one can devise an sutomatio device for spreadiﬁg

a cultursc owran agar plato, ono can visualisc a conveyor-bslt systom
for transporting the plates from the spreading'machine to the ‘
incubator and on to the reportinzg bench. However, "carry-over" of
sorun antibody (Socts. 1l.1) indieates that the handling oven of non—

infccted materials is not always straight-forward,

le4s2.2. Infected matorials
Tho bigzest problem in handling infected material mechanically

is tho fact that bacteria stick to surfaces and, therofore, one
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cennot simply rinso thrqush a vesszal that has contained bacteria
and use the vessel for handling #nothar samplé: it is z2lmost
invariably nceceszary to ro-sterilize the vessel or to discard the
vessel and replace it with a freshly sterilized one (Sect. 1.2.5).
An investization of the probloﬁ of bacteria sticking to surfaces
vould be worthwhile. Some materials may not be wettod so easily
as others, but it is likely to prove impossible to find a material
that could be used repeatedly without re-sterilizing it.

‘e have, thoreforz, to dsvelop methods for fecdingy pro-sterilized
disposable vesaels into the apparctus and discarding then after use
automatiocally or for storilizing the wesscls in situ. The former is
probably basically simple, but the safeguﬁrdé requirsd to onsure that
noither the vessel nor the apparatus bocome contaminated are suoh'that
the apparatus would be'very complicated. Automatically sterilizing
components in gsitu also prosonts problems, partlcularly as chcmical
sterilization is unaocoptablo: in any cagze, tﬁo time takon to
sterilize chemically is too long for tho technique to be of muoh
value in antomatic methods, Stoam atorilization is 2 possible
mathod, but 1s not very saitablo for a routine laboratory.

However, despito tho difficulties, it will be essential to bo able to
storilize vossols in sltu before much progross is mads in handling
infective materials mechanically, and r.f. induction heating is a
possible methods  Ap an intermediate step, ona might make more use
of pre-sterilized disposable vossels and, also, of simple mechanical

aids to mamal mothods that are automatiocally storilized,
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1.5 Conclusions
Both tho fiolds of study discussed in Scote. 1.4 aro intorosting

and will havo to be inveastigated in due course. je concluded,
howevor, thdt'we should firat invostigatc the possibilities of
manipulating specimens and other matorials mechanically, for ths-
following reasons,

“a think it unlikely that any'known rie thod for heasuring the
recults of test procedures could be developed into an esonomio,
automatic method in the near fuluro. In any case, the ability
to handle infeotive spocimens mechanically is an essential preo-
requisito for a fully automatic dlasnostic gystem, and, finally,
so fow automatio methods are in use in routine bactoriology
laboratories that, in a comparatively short psriod, one might make
2 useful coniribution to the problecm cauged by the rapidly incrsasing
work load; and the serious shortaze of technical staff,

Vie also concluded that vhilst it may be possiblo to devise fully
autpmatic mathodé for performing a given test procedurc, it is
uﬁlikely that such apraratus would be cconomic in tho average routine
bacteriology laborafory. Howeover, this should not deter onc from
developing automatic mathods, bocause the ever increasing work load
and the shortage of technicél stafi makes it necessary to increasse
productiﬁity: tho availability of automatic mothods may also enable
bacteriologists to porform tesis that should be performed but which
hitherto could not be performed. In due course, it may bacome

desirable to process all specimens in relativoly fow very lar:ze
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laboratories, bocauso this may be the oﬁly economic wvay of processing
the total work load with the simplest fully éutomatio apparatus that
will be developed. ' ‘ »

The development of fully autonatic mothods will not be oomplétéd
in tho immediate future, and in the meanwhile it is desirableAto
design apﬁaratus cuitable for use in the average routine laboratory.
Since some stages of many proéednrcs are common to othor proceduros,
it may be poasible to assrmblo apraratus from a few basio units, each
of which may, in principle, be utilized for a variety of differcnt
procodurest this may be the only vay of producing an economic
diaénostio tost system smitable for pracessing smali mmbars of
specimnaens.

In any automatio equipmont for usé in a bacteriology laboratory,
aimplicity of operationvis essontial,Aevcn at the cost of oomplioating
the control mechanism, but it is rarely naoeésary for.automatic '
apparatug to perform 1ts funcfion more quickly than it ocan be porfpfmed_
by hand: vhat is important is that the total time the operator sponds
porforming the tack be minimal, .

For many test proceduros it is unnecessary to achieve very high
orders of accuracy, and onc should aim at producing as high an order
of accuracy as is consistent with any other oriteria that have to be
satisfied, but reproducibility is importaﬁt. In general, an
accurasy off: 27 ig probably adequate and, as we shall see, this is
significantlyAbetter than many mamial methods and casily achieved.

I shall describo, in detall, several automatic methods that

have been devised and svaluated,
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_ Cha.gter 2
Simple, Definitive Methods

Z2e1 The Imculatig Loog

The' inoculating loop has been used in bacteriolozical laboratories
for many years, and thers is little doubt that 1t will never bacome |
redundsnt because it is very simple, cheap and suitable for a variety
of tasks. ' Usually, the loop is storilized aftor use by 'flaming* it;
a task which takes approximately 5 seconds. This is not in iteslf
very long, but when multiplied by the numﬁar of times a loop is'flamed'
in the average laboratory, we sec the total time sponf on this
procedure is significant: tho organisation of the work of a routine
bacteriology laboratory is such that it would be very difficult
indeed to dotermine an accurate estimate of the man hours involved,
Hevertheless, it is clearly dosirable to develop an automatioc method
for sterilizing inoculating locops and two possible méthods come to
mind. One oould devise a holder intoc whioh the loop is placed
suitably positioned over a bunsen burner, the main jot of which is
automatically ignited, and, one could pass a suitable eclesoiric
ourrent through the infected part of the platirum wire, thus heafing

it. Both methods have been attompted and are described below.

2.1.1 Automtioallz 'flamigﬁ' an_inoculating loop
Pige 1 is a drawing of the apparatus used. Briefly, it

consisted of an adjustable stand and a standard bunsen burner with
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p110£ jot vhich was fixed %o the base platé in the 6ptiaum position:
the stand could be moved vertically and horizontally to aocommodate
aifed ernnt lengths of wire. The Btop-codk lever of the burner wag
' replaced by an elcotrioall& oporated rotary solenoid and this, in
turn, was oneraued by a sinple timing device ‘which switohed on the'.
main gas oupply for 5 ‘soconds every 15 gacondes the cycle wasqsimply
| '-varied if réquirad; _The loop'vas pladed in fﬁe hoider_gs shown‘and
on aotuating a switoh, the 'flaming' cyole commencad We‘
' oontinuously ra-aterilized the loop to ensure that it was always
| ready for use, but the oyolo allowad littlo time for the lcop to
" 6ool, and if such a gystem were adopted for use in a routine laboratory;
éome indioatién of the.tiﬁe eiapsad gince the loop was last heated
would be necessary. |

The main problem with this technique was that sinoo the’ platinum
wire is so flexible it was very difficult to arrange for 811 parts of

the wire to rost in the flame without spending tine adjusting the .

vposition of the vire, whioh defcated the objeot of the device. .

Yo doubt one could have improved considerably on fhis si@élé»
apparatus, but wo had doubts of fiﬁding a really satisfactory
solution to the problem by this method. ‘e ;herafbrélcdnéidered

the ﬁossibilities of sterilizing the loop electrically.

2.1,2 An olectrically heated inoculating logp

It would be very oonvenient if the standard platinum lobp
could be sterilized by passing an electric current through it.

There are, howover, two difflcultias. Since a current of the
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order of amperss has to be passed thrcugh:the wire to produce
sufficient heat, it is eSScnfial to make 2 high pressure connection
botween the wire and the power supply, to prevent arcing, and thié
_ﬁmuld not bo easy with such flexible sire as that‘ordinariiy usad
for an incculating loop. In'addition, the curront would have to
be passed through thé whole length of wire ono end of which was
contaminated, Connection would have to ﬁe made with that end, thue
contaminating the connector. One could have parfiailyIOVercome
these difficulties, but a much more sultable form of loop is one
in vhich the loop is formed at the contre of a plece of ﬁlatinum
wire, both ends of which are permenently attached to thicker wires
vhich form 2 handle, as shown in TFig. 2. The standard coutery
burner (Fige 3) is very similar to vhat is requircd, and the materials,
21 geuge vlatimum wire with copper han@les, are suitable from the
storilization point of view: the suitability of tho standard cautery
burner in goncral is dchuséed on page 4."|. '

TFor expérimental purposés, the electrical power was derived from
a contimously variable transformer, the output of which was connootad
to an a.c, current meter, a la resistor and tha loop, 511 in sories,
28 shown in Fig. 4: this enabled one to inorease the curr:nt passing
through tho loop slowly up to approximatoly 9A, at vhich point the
platimum wire became red hot. The loop was porﬁanently connscted
to the apparatus by copper braid. |

The current required to sferilizé tha loop was detarmined by the

following technique. Ths currcnt pdséing throuzh the loop was

inoreased until it becoame red hot. The current was passcd for an
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additional 10 scconds and then removed: tho loop was left to cool.
’I‘hg wire wvas. contaminated by pici:ing a qélony off a plate,' heated
by passing‘a specifio currentAthrough it for 5 seconds and then
strecaked on to a blood agar plate: the wire was heated to red heat‘
and the prooedﬁre was ropeated 25 times. - The rosults cbtainéd for

two organiams, E. coli and Staph. aureus, are shown in Table 1.

The current required to sterilize the loop when it was contdminatod

with Bacillus stearothermophilus was determined by a slightly

modified technique: +the loop was dipred into fresh tryptone sdyA'

" broth and not streaked on to an sgar plate. The results obtained

are shovn in Table 2. A similar 3ariq§;of tosts, in which the timéA“.

the sterilisging current was paesed'through the loop was varied, wﬁg

oarried out using Staph. aurcus, and the resulis are ah&wn in Tgble:B.
All thess results éhow thatAtheAexact current required to

storilize the ioop varics, as would be expasoted since no aftemﬁt wﬁs

made to oontrol the size of tho inoculum. waevor,ié current of 6A

for 5 seconds was usually adequate, aﬁd a current of 6;5A fof 5

soconds was adopted for routine use.

" The oircuit diagram of the power supply used in the routine
laboratery ia‘shown in Mg. 5 The'power 1s derived from the
sacondary of a tappod transformers +the secondary circuit is idontical
to that used in the oxperimontal apparatus (Fig. 4). The apparatus -
contains appropriats warning lights and a sinple control device fﬁat
automatically switches off the powsr at the end of a pre-dotermined

but variable time: thoe operator has only to inltiate the process by



TABLE 1
R—

Sterilisation of é 1:1i inooulat;._nﬁ loog bx vam
_ourrents E‘.'E‘d for 2 seconds

Number of failures in 25 tests

Current passed

in amperes E.c0li Staph, aureus
1 25 25
2 25 25
3 11 20
& 14 15
5 0 5
6 0 0
7 0 0
8 0 0
9 0 0
10 0 0
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TABLE 2

Sariliugon of i :lni ino%tim loga bx nﬂ‘

ourrents

Cmcnt passed

ssed for 5 segonds

Number of failures in 25 tests

in amperes B,stearothermophilus
1 25
2 25
3 25
4 16
5 9
6 'l 0
7 0
8 0
9 0
10 0
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Ste sation in, ino 1
after various times of hoatg

Number of failures in 10 tests -

Staph, aursus

Time in seconds LA BA 6A

3 10 3 0
4 7 1 1
5 b 1 0
6 0 1 0
7 0 0 1
8 0 0 0
9 0 0 0
10 0 0 0
14 0. 0 0
12 0 0 0
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nonentarily pressing a gwitch, thus effecting a considerable soving
of time, Any significant variations in the current passing throush
the loop, dus to agoing of the loop or diffasrencoes betwesn variocus
loops, can bo cofrectod by altering the tep on the transformer: 1V
~ stops to a.maximum of 10V is adequate.

For use in the rouiinoe laboratory, it was neocssary to protset
the handle of the oautefy burner to ensure that it‘is safe to hold
during sterilization, and we therofore moulded a silicone rubbar
sheath round the ooppér handle, as shovn in Tig. 6t  the coppor
braid is permanently connected to both the cautory burner and the
power supply (Fig.7).

ﬁhilét the standard cautery burner is suitablc for use with
solid cultures on agar plates, and thus has a place in a diagnostic
iabcratory, the i in. longth of platimum wire makes it unsuitadle
for uso with liquid culturss or when the loop hag to be put in a
narrdw tube, bocause thore is a danger that the joint of the platimm
wire with the copper handle, and the handle, will bocome contaminnted.
A further series of tests showed that a minimnm curreht cf 9A fTor
5 seconds is required to sterilize the joint between the platimum
wire and the copper handle, This is nearly the maximum currcont
that can be passod throuzh the platimum wire without damazing it
and is such that the 1ifoe of the wire would be significantlj roducad.
A special loop vas therefore manufaotured for us. This hag 2
étandard copper handle and the platimum wire is approximately 2 in.

long (Fig. 8).

The curront requirod to sterilize this loop was determined as
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before (p42): a ourrent of 9A was passed until the loop bacame
red hot, the wire was contaminated, heated by passing a specifio
current for a fixed period, and then gtreakod on to a'blood-agar
plate. The rosults obtained with'StaEh. aurzug are shown in Table 4.
In addition, a series Sf tdsts‘wora performad ip whioh the loop vaa
ocontaminated by dipping it into a liquid broth culture and the
efficacy of sterilization was tested by dipping the loop into
sterile mutrient broth; this vas necessary to ensurs that sufficient
heat is deVeloped to remove, complétely, any liquid that is held
between the two straight lengths of wire. The results of this
series of tests, conducted with Staph. aursus, arc shown in Table 5.
The results aro very similar to thosc obtained with the -7 in. loop
but, if énything, a slightly longer time is required to storilize the
2 in"loép: a current of 6, 5A for 6 seconds was adoptsd fof routine
use.

Tﬁe 2 in, loop is more convenient and is almost as versatile
as the conventional inoculating loop. We find the 21 gaugo platinmum
rigid enough to withstand normal usaze with nozligible dangor of the
twvo sides of the loop touching each other: should this happen, the
ourrent that would flow is.limited by the’la.resistor, thus safo- |
guarding the power supply. The loop oan be ‘flamzd’ in the normal
manner, but the silicone rubber sheath, vhilst not flamable,
disintegrates if held in a flame,

It may be 1nconvenient to have the loop pormanonlly conncoted

to a pair of wiros; however f{lsxible they may bo. Conscquently,

we have also usad a pair of single pole 10A miniature conneotors,



Sterilization of 2 in, inoculati

Current pashed

in amperes

passed for varying

TABLE

Time in

seconds

loop by va

tines: inoculation golid

+9

ourrent

Number of failures in 20 tests

Staph, aureus
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TABLE 4 ( continued)

Current passed Time in Number of failures in 20 tests
in amperes seconds Staph, aureus
6 1 20
6 2 20
6 3 17
6 4 L
6 5 %

6 6 1
6 7 0
6 8 0

§o



Current passed Time in Number of failures in 24 tests
in amperes seoonds Staph, sureus
4 3 2
4 4 24
4 5 24
4 6 24
b 7 10
L 8 14
5 3 2
5 " 1%

5 5 3
5 6 1
5 7 ]
5 '8 0
6 3 3
6 I 2
6 5 0
6 6 0
6 7 0
6 8 0

£1
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as shown in Fig. 9. This type of loop has its advantages, for

in addition to its portability oﬁe may havo a variaty of difforent -
loops, sach of which may be plugged into the séme power supply.
However, the plugs hav§ to be loocated in the sockets anﬁ this takos
{time and attention which partially off'sets the advantiages. On
balanoe, thorefora, we'fgel that it is botter to have one or more
loops permanently connected to the power supply by insulated copper
~ braid, |
Cur experisnca demonstrated that both loops are perfoctly

- satisfactory ffpm the bacteriological point of view, Thoy may

Bo used in come onvironments where a flame is umisable, such as

in aﬁ anaerobio cabinot (Drasar,'i967);-or in fi21d work, “hilst
this ﬁethdd‘is unlikoly to supersede the claassical inoculating

loop, 1t has a place in a diagnostic bacteriology laboratory.

2ol Disgensigﬁ Tutriont 3roth

There aro so many liquid dispensers commerdially available
today (Bfoughton, 1965) tha£.bne hositates to desizn and construct
yot athher. However, our requirements are umuzual in that the
apparatuavis uplikely to be used freqﬁently, those parts with which
£luid comes into contact must be storilizable by héat, and it mst
be a éimpla natter to remove all parts with ﬁhioh the fluid comes
into ocontact quiokly and'to raplace these parts withou% affaeocting
the calibration Sf the system. Illost of the davices readily
available are unsuitablo, as thoy have to be storilized chemically

and they utilizoc a pin or ball wvalve which would probably stick due
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to the formatién of orystallized broth. One could dismantle the
apparatus and clean it aftor use, but this iS'undaeirable,
particularly as most eqn;pment'wouidrhave to‘ha‘re-calibrated..
‘Vé have, therofore, dAValéped apparatus based on the peristalt;ou'
Fusp. |
2.2!1 fhe geristaltio pump ' _ ’

The peristalf;d.pump (Fig. 10) operates by gqueezing a trapped
volums of 1iquid along & flexible tube with some form of rollers or
heohahioal fingers. The volume of fluid trﬁnsferred doponds on the

bore of the tube (the vnlume of fluid trapped botween rollers) and |
| the speed with ahioh the rollers rotate. A var;gty of pumps are
ava;lable today, some singlo—qhannel vith or without vgriable spsed
control'(Fig. 11) and some multi~chgﬁ£el also whith or without speed
control (Fig.-lZ). 'Flow rates as low as 0,015 ml. /h. and as high‘
as 200 gal./h. are easily obtainable. |

The adxantages of the peristaltic principle are that the pumps
aroc valveless and that one can use any flexible matorial that ig
siorilizablé by heat, such as silicone rubber. One oan have a |
compleioly olosed oircuit (Fig. 13) and all parts with which the
fluid comes into contaot can be removed as ono entity and roplaced
without re~-adjusting any oontrols. The disadvantage is that
contimious squeezing of tho flexible tube slowly distorts it and
consequently tho volume of fluid trapped in the tube gradnally
varies with time.

Poristaltioc pumps ars almost invariabl; usad for contimious
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flow techniques, such as contimious infusion chomothsrapy
(Pegz, Trotman and Picrce, 1963), but they can be used as simple
dispensors of disoroto small volumes of liquids and are particularly

suitable for our purposes,

252.2 The disponser
. There are three ways of'adjueting'the quantity of liquid that

is dispensed,by varying the bore of the tube, by wvarying the spoed
of rotationvof the follers and by varying tho time they rotate.
It is inconvenient to have to ohénge the tubing and in any case,
oconsequontial ochanges in both the sposd of rotation of the rollors
and the time of rotation would follow. 4 “e decided, thorefore, to
£ix tho boro of the tubing and to find tho combinatiion of speod of
rotation of the fYollers and time of rotation that gives 1 ml. of
broth, tho volﬁmo of ochief interasf to us, with the greatest'accuracy.'
The teschnique adopted for finding the oﬁtimum conditions vas as
follows., Using 1/16 in. bore, 1/16 in, wvall silicone rubber tubing,
the pump.was oporatoed at a speed of 160 réw/min; forxr approximatcly.
1.5 seconds to disponse 1 ml. of broth into a pre-woighed teost tube:
this prooess was ropoated 48 times, koeping both pump specd and time
of rotation constant. The tost tubes woro rc-weished and the
differcnce in welght of cach tube was taken to bo the volume
dispensecd. The differonce botwson the highest and lowast volume |
disponsod vas called the spread of the readings in ml. about the
mcan value. This procecdure was repeated for a varioty of differant

speods, thce time for each speed boing that required to produce a



volume of 1 ml. The rosults are plottad in Pig. 14, and a typical
et of figuros, those obtained at a speed of 70 vov, /min., is shown
ih Tablé 6 and in the accompénying histogram. The highost
volumo dispensed in tho 48 samples was 1.,0452 ml. and the lpwnst
1;0210 nl, giving a spread of 0.0242 as plotted in;Fig. 14. If
wo take the moan (;) : 2.5x standard deviation (S.D.) points
(these values ars exoseded in only 0.75% of trials) for estimating
the accuraoy of dispensing,'we see it is approximatoly.t 14 55
Fig. 14 shows an unmistakable trond, namcly that as tho speed of
rotation ia roduoed, the repeatability is improvéd. Vie didAnot
pursue this further because the time}requirqd to dispense 1 ml, at
a speed of 70 rev, /min. is approximately 3.8 secondsy which is asl
long as praoticable. Since an accuracy of't 1.5/ is guffioicnt,
wa adoptod a speed of approximately 70 rav, /min, for routine uae,
' The mean of tho readings given in Table 6 is slightly above 1 ml.
and minor adjuatments were'neoessaty= either the speed of rotation
or the time could be reduced slightly to give a mean reading of
1 ml. and we réﬁqoed the time to 3.5 seconds,

The complets apparatus is shown in Fige 15 The control
unit is bascd on a ocommercially available timer and the unit is
arranged so that one can run the peristaltié pump‘continuously,
for priming, or one can press a spring-loaded switoh i& disponse
a single voiume, or one can dispense a gerics of volumes; +thoere ia
just sufficient time to move the nozzle from one receptacle to the

next. The full oircuit diagram of the control unit is given in

Appendix 2,1. The variable spead control on the pump is not

s



TABLE 6

Speed of rotation of rollers = 70 reanin. , time of rotation of
rollers = 3,8 seos., bore of tubing = /16 in.

Volume dispénsod

Volume dispensed

Tube mmber in ml1, Tube mmber in ml,
1 1.0291 25 1.,0284
2 11,0302 26 1,0263
3 1.0343 27 - 1.0324
L 1,0298 28 1,0342
5 1.0344 29 1,0307
6 1.,0380 30 1.0299
7 1.0428 34 1.,0352
8 1.0328 32 1.0275
9 1.0369 33 1.0298
10 1.0330 3k 1.0330
11 1,0265 35 1.0280
12 1,0350 36 1.0295
13 1.0436 37 1.0401
14 1.0452 38 1.0327
15 1.0304 39 1.0302
16 1.0291 40 1.0286
17 1.0328 44 1,0252
18 1,0276 42 1,0366
19 1.0271 43 1,0293
20 1.0320 L 1.0295
21 1.0311 L5 1.0258
22 1.0310 46 1,0210
23 1.0388 L7 1.0245
2 '1.0281 48 1.0296

x =

1.0316

S.D. = 0.00498

5é
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calibraied direotly.ih revolutions per mimte and consequently
independent calibration was necessary (Tig. 16).

The method has its disadvantages, it is not casy to signifioantly
alter the volume dispensed and small ohanges have to be ocompensated
Pfor by trial and error. In addition, oare has %o bc taken to eonsure
that the small drop of Broth that sometinmss forms at.the end of the
nozzle is not knocked off, Howaever, we ﬁaVe found that the
ropeatability is maintained over long periods and that tha.brﬁth
ronaing storile for at least tvwo wecks. One could have devised a
valvae fype'diapenser (Secte 3s34301) whiph.would'n&t have the
disadvantages of this method, although it would be unsuitable for
infrequent use (Scct. 2.2). The advantagesand disadvantages of
eaoh type of dispenser are fairly evenly balancad and the finzl
dzolision depends to a iarge extont on the circumstances, but the

method desoribed above has a place in baotericlogy laboratorien,

203 Minal Comments

Two very simple devices that have beon evaluated in our
lzboratory have boen describods  Both dovices are vory useful,
particularly in that they savo subsiantizl time,and the dispenser
ia.far more oonsistent and at least as accurate as mamal mothods.

The very simpliclity of these devices illustratos the need for
the introduction of automatic metheds in diagnostic bacteriology,
but it is neoessary to introduoce 2 much greator degrsese of

autometion. In Chapter 3 we discuss scme more sophisticatod methods.
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Fig. 1. Drawing of apparatus for automatically 'flaming' an
inoculating loop: A‘l Ay adjustable sections of staend,
B-solenoid operated imnsen burner, L - loop resting on stand.
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¥ig. L. Cilrouit diagrem of power supply used in experiments with the eleotrically heated inoculating laop:
V - Variae (0-15V), ¥ - fuse (10A), A ~ ammeter (10A), L - connections to loop, R - 14 resistor
(150%).

79
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Fig. 5. Simplified cirouit diagram of power supply for the electrically heated inoculating loop used in the
routine laboratory: T - tapped transforuer (1V stages to 10V), ¢ - timing and control circuit,

F - fuse {10A), A - ammeter (10A), L - connections to loop, R = 1A resistor (150mW).
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Chapter 3

Mora Sophisticated, Jofinitive Mothods

3.1 Serial Diluting

Two procedures often-usad- in-diagnostiec bactoriology are; -~

'measurement of the minimial inhibitofy concentration of an

" antibiotio (M.I,C.) and measurcment of tho serum antibiotic lovel.

Tho mothod used for dotermination of fhe l¢IeCe 1In our laboratory
is as follows. 2 ml, of'appropriately concentratod antiblotic
solution in mitriont broth is placed in a test tubo and 1 ml. of
broth is placod in eaoh of a gseries of 10-12 tubes. 1 ml., of the
antibiotic containing broth is tranuferfed from the first tube to
the 1 ml, of broth in the sscond tube and mixed thoroughly. This
transfer is ropeatod 9 or 10 times fo give a sories of two-fold
falling dilutions. Subsaquently, a standard susponsion of the
bactoriun uhder toat is added to cach tube. Aftor incubation
one obscrvos the lowest concontration of antibiotio that inhibits
grovwth. Por a serum antibiotic lovel, sorum is similarly diluted
and each tube is inoculated with a standard organism: a control
HeIeCey in human serum, is also porformed. After incubation, ono
observes vhioch dilution of serum contains sufficient antibiotic to
inhibit growth of theo organiem and the corrasponding conccntration

of antibiotic is calculable from the 1T, I, Ce
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There are three parts of the procedurs that lend themselves to ‘
mechanization, the distribution of initial volumns of diluent, the
eoriel diluting and the final addition of culture. We use thc‘
-method desoribed in Seot., 2.2 to distribute the initial volumes.

of dilusnt and finzl addition of culture is discussed in Seot. 3.2.

31,1 _tvaluation of m%mxa.l =meth_jg__c_1_ |
T Twe 'soai-c‘es.of'er;iox-’ in tho serial diluting. techniquo are, in -~ - -
tranuferfing the 1 ml. volume'uf antibiotic containing broth to the
next tube in the geries, and in mizing thé:sdlutiuh.#ith‘iiluenté
thé aoourucy with whicﬁ‘the initialfvulumau‘of diluent are di~pensed 1
is also relevant, but we do not here regard that procedure as part
of the serial diluting technique. . To invastigate the uagnitude of ’
the errors we measured, the aocuracy with whioh a manual operator |
performa the truusfer of solution from one tubento the noxt and the
oonoentration_of_the‘solution left in each dilution tube at fhe ond
of the prboadure.' e also méasureu the time taken to perform.a.
soriea 5: dilutionm. |

| The procsdure useu to meagufe the accuracy with which an operator.

performs the transfer of solution is as £6llows. | A set of 12 tubes
was taken and 2 ml. of broth wau diapeuséd into ths firat wbe and
1 ml, of broth vzs diséensed into the reugining 11 tubess vory great
care was taken to eliminate errors in dispensing. Eéch.of the 12 .
tuber vag then weighed, The set of tubes, toz ether nitq & pipotte,

was givon to a member of the routine laboratory stafz who was asked

to perform a sot of serial dilutions using the technique normally
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adoptoed; the whole prooedurc was timed. The tubesg were thon re-—
welzhed and the volume of broth loft in each tube calculatod: if '
was assumed that the initial volumas had been dispensed with 100%
acouraoy. A typloal result is shovm in Tabla 7. If we take the
highest and loweat values and caloculate the diffaranoé between thase
and 1 ml,, tho volume that schould be left in ecach oase, wo sce that\
tha errors vary beotween +7.6" and =1.0%. The :§§91§37p£'19“sig;}gr -
toste aro given in Table &,

The procedure used to measure the concentration of the»solution
left in each dilution tube is as follows. " diluted o solution of
Armor bovine albumin powder V-in distilled vater, and measureﬁ the
optical density of each dilution at 2800 % with a Unicam 3. P, 500
speotrophotome ter, using 0,5 ml. silica colls, 2 12 m. x 4 nm.
8lit anl the ocollimating lens. To calibrate the apparatus, a
series of standard solutions in the rangs 100 to IGOO)MQ&H. was

propared ag acocurately as possible and the optical densitizs measured,
The calibration curve is shown in FMig. 17.

7ith a solution -of 4000 }zg,./ml. in the first dilution tube
(dilution 1), a meries of six serial dilutions vas produced and the
optical densities of dilutions 3 to 6 were measured, Twelve such
sories wero produced as accuratoly as possible, not under normal
routine laboratory conditions as before, and the measired optical
densities (Table 9) were plotted on tho calibration curve (Fig. 18):
the concontration of the solutions was derived, It was found to
bs impraotical to meacure more than four dilutions of a serles

becauso, of doubts about the linearity of the calibration curve at



12 suceessive dilutions

Operator number 9 - see Table 8
Volume of broth left

Tube number in tube in ml,

-l

1.0761
1.00757 -
1.0029
0.9899
1.0108
0.9896
0.9940
0.9909
1.0095
0.9920
0.9915
1.0050

NV 0 N OO WwWN

N
N = O

x = 1.0049 S.D. = 0,0238

né



TABLE 8
==

Sgeed and accuragz of mamual gggrators ggrforning

. a series of 12 serlal dilutions
= . T T

Peroentage error in volume Time taken for
Operator transferred 12 'dilutions
_ mumber  Max, positive  Max, megative  min. seos.
1 6.9 2.3 1 15
2 2.5 1.9 1. 17
3 6.0 3.2 1. 17
I 6.5 1.1 1. 35
5 7.7 241 2 0
6 8.0 T 2 0
¢ 5.1 1.7 2 0
'8 6.0 4.1 2 -5
9 7.6 1.0 2 5
10 3.3 1.3 2 30
11 5.0 1.1 2 30
12 8.7 4.5 3 0
13 4.7 2.7 3 0
14 3,2 1.6 3 0
15 54,2 4.7 3 5
16 6.4 ' 5.2 4 0
17 0.7 1.1 L 40
18 4.8 1.1 5 0
19 L.3 5.5 7 30




Dilution number

TABLLE 9

Congentration of hand-made dilutions of albumin

Measured optieal density:

412 sets of dilutions

0.650 0,688
3 0.625 0.656
0.650 0.672
0.665 0,672
L 0.347 0.368
0.340 0.351
0.341 0.353
0.155 0,182
0.188 0.18@
0,198 0.184
0.094 0.096
6 0,107 0,109
0.103 0.101
0.118 0.101

0.580

0.590
0.591
00550'

0.260
0.279

10,292
0,272

0.108

0,144
0.140
0.235

0.023
0.031
0.054
0.069

18
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intermediate concentrations; its slope is vory small at high
conogntrations and the initial solution would have to be ruch
more highly concentrafed and would, thersfore, be far too viscous.
Furthcr &isaussion of this point‘is given in Scote 34145 o
Fig. 18 shows that, despité the fact that éreat care was
taken, the taoﬁnique is vory poor: thore is a~§ery vide spraéﬁ~
in the con?entration of the solutidn‘}ett in each tube and many
dilutions are more than 255 inaccurate. - If we assume that the
' errors in transferring.theiliquid ware no greater than't 3z,
whiohuis easily achievad with giada A pipettes, it is interestiné
to speculate how snch poorer the results would havs boen had the
test been carried out under normal rbutine laboratory condiiiona:{
Tabié 8 shows ihat unde; fhoée‘éonditions tﬁe volume transfer ocan
ﬁe aé inaccurate as‘t 7.5%  The time the mamal method takes
‘ ﬁnder rﬁutine conditioﬁs 1a_discu§sed in Seét. 3;1;5.

T

Any autcmatic technique‘shouldvnoﬁ only save time but chould
also Qroduce’mbre accurate dilutions than those above providsd this
qah be achieved simply, becausa-ﬁhe ﬁumbor of M.1.0, 'a and serunm
| ﬁntibiotic level tcots pefforméd in th;~average laboratory does not
justify very compliocatcd and qbétly épparatus.' ' Tho nost important |
part of the apparatus ié-the mechanism for trénsferring tho broth/
antibiotio mixture or sorum, and whereaé the absolute accuracy doss
not have to be.of the highest order, raproducibilitﬁ is most

: ‘ + - :
importanti; an acocuracy of approximately - 2% is adequate. Tho
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parts the liquid touches must be sterilizable by heat, and, since
a variety of differcnt antibiotioszand sora ﬁill be used, the
pipettos must be readily removed from the apparatus and repleoced
wvithout affeotinz the calibration of ths apparatué; the pipettes
often have to be changed between series of dilutions, One can
use 3 in. x % in. test tubes,and the racks and covers mst be
sterilizable by heat and detachable f;om the appafatus for
incubation purposes., The mumber of sories of dilutions that one
roequires to perform simultaneously is pursly arbitfar& and depends
on oircumstances. e felt that it vas undosirabls to ﬁseva rack
‘significantly larger than thoso in genoral #se and this places a
limit of 4 sots of 12 tubos per rack; up to 12 dilutiona are

sometimes required and 4 sets are quite suitable for our purposes,’

3else 3 The apparatus
'3.1¢3e1 The liquid transfer assembly

Some mamually operated and automatic devices for pipeotting
liquids are commercially available (Broushton, 1965),Aand Yeitz
(1957) published dotails of a mamually oporated mul ti-volume
pipetting device., Sequeira (1964) hes also produced a similar
hand operated machine (p.1L). Howevar, it is noither convenient
nor economic tb incorporate these doevices in a mlti-volume
: gutomatic pipotting device and many of them do not satisfy our
requiremonts, It was decided, therofore, to use a differont
- system and we decided to examine first the efficacy of an extreonmely

simple mothod. The apparatus consista of a pipetis,mado of a



81

straight length of polytotraflucrcthylene (petef.e.) tubing,
connected by a flexible tube to 2 1 mls syringe which is operated
mechanically to draw up and expel the fluid, The principle of the
apparatus used for ovaluation purposcs is shovn in Fige 19 The
syringe is connccted by a Luer connector to a length of silicone
fubing and phis, in turn, is connected to a pisco of p, tuf.o0. tubing
A by a’luer lock connector B, The femalo part of the Imer lock
connector is lirkeod to the petefecs tube by o short longth of
silicone tubing C. The tyringe barrel D is mcpnted betwecn two
fixed brackets B, with the aid of device F vhich is adjustable to
allow for tolorances in the externzl dimonsions. The syringe
piston @ is connoéted to a 1 in, diameter double-acting pnoumatic
cylinder I, the inward stroke length being varied by device K.

The p.t.fee. tube, which has a 4 in. internal diamctor and a
3/16 in, outside diameter, is approximately 6% in, lonz, so that 1 ml.
occupies approximately three-quarters of its lenzth; there is
tharefore no risk of the fluid boing drawn into the flexiblo
comnecting tube. The apparatus is shovm in Tig. 20.

The procedurc used to measure the accuracy with which this
device performs the transfer of 1 ml., of solution is ths sana as
that used to evaluate the marmual method (3oct. 3.1.1), but in this
case we porformed 40 dilutions. 4 typical sot of results 1s given
in Table 10 and in the accompanying histogram. Taking the

x ¥ 2¢5 S.0s points as before (p.SS), wa oan quotc an accuracy of

+

- 2%



TABLE 10
g

Acouraoy automatic method of transfe of liquid:

éo guodessive diln:ions
Tube Volume of broth lef't Tube | Volume of broth left
number in tube in ml, number in tube in ml,
1 0.999% 21 1.007%
2 0.98.9 22 o 0.9923
3 1.0154 23 1.0006
b 0.9990 2 1.0059
5 0.9930 25 . . - - 0.99%
6 1.0041 26 0.9953
7 0.9839 27 0.9995
8 1.0091 28 1.0077
9 1.0047 29 0,9953
10 0.9858 30 1.0040
1 0.9951 ' 3 0.9947
12 1.0010 32 1.0026
13 0.9986 33 0.9995
1% 0,989 34 1,0003
15 1,.0063 35 0,9866
16 1.0020 36 1.0146
17 0.9878 | 37 0.9962
18 1.0153 38 0.999%
19 1.0001 39 0.9980
20 0.9971 40 1.0036

; = 0.9993 SQD. = 0-0078
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wo requirsd four indopendent transfer systems ard 1t was
desirable to use a2 singzle pneumztic cylinder to actuato all Zour
syringcs. It would be difficult to arrange for the stroke longth
of cach sjringe to be adjusted indspendently, and so we had to
discover if the absolute differenco between syringes had any
significant effect. The apparatus used is illustrated in‘?ig. 21,
- The system was tested in eractly the sane %ay as tha single transfar
sysiem, four gets of 40 dilutions being performed simultaneoucly.

The highest and lowest values of the volumes loft in each tube -weres

Syringe %o. 1l:  1,0031 ml. Syringe No. 2t 1,0046 ml.
0.9839 ml. 0.9846 ml.
Syringe No. 33 1.0124 ml. Syringo No. 43  1.0147 ml.
0.9829 ml. 0.9829 ml.,

Despite the fact that we are unable to adjust each syringe
independently, therc is little difference in the repeatibility and
the absolute differcnce betwesn syrinzes is nezligible. The overall
accuracy is i 2,53 the Sumit 1 ml, tuberculin syringes wers not
specizlly soleccted.

The above oxporinents show that this transfer gystom is adequate;
it is {oo early to assoss the effect of wear in the syringes, but this
is unlikely to be a major problem because the syringes ocan easily be
replaced, . In addition, the pipettes, the syringes and the
connectiing tubes can all be storilized by heat and the pipettes can

be removed without affecting the stroke length of tho gyringes. The

syringes can be removed without affocting the calibration whioh is
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sot by dovice X, a completaly indepenident componont. Consequently;

this systsm was adopted for use in our apparatus.

Jelelde2 sutomatic foeding of dilution tubes

There are a numbef of 'fraction collector' type davices readiiy
available today, but it is surprisingly difficult to find a cheap,
compact systom that will accommodate only a amsll numboer of tubeé in
a rack that is both small and Temovabdle. Consequenily, it s
decided to'build one ospaclally. '

It would have been advantageous to use the rectangular racks’in
comion usd. This, howover, requiros a device for moving . and
acocurately positioning the rack in two differaont diréctions. whilst
this is not impossible, the mechanicm would be far mors complicatoed
than that required to rotate a circular rack and position it correcctly.
This ontaiia making spoocial racks, but the rectangular racks now in
use casily bocomo distorted and it is likely that they would, in any
case, beo unsuitable baeause fha'tube bas to be positioned acouratsly;
the outside diametor of the pipette is 3/16 in. ani thisz is only
approximatal& half the internél dianeter of the test tubes, On
balance, thorefore, we felt that it is battor to maké circular
racks and build a simple mochanism for rotating them,

Mz, 22 is a drawing showing the principle ussd which is briofly
as follows. An induction motor A runs contimously and its sﬁaft is
conneotad to tho armature of an elactro-magnetic clutch 3. The rotor
of the clutch is connected to another éhaft C which runs through an

olectro-magnotic brake D and thrust-race E. The armature of the
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brake is attached to this shaft and the fialdg of both olutch and
brake are fixed, A diso with 12 grooves round the circumference, F,
is mounted on this shaft and gotuatés a nmicro-switch i vhich, in turn,
operataé the olutoh/brako aystem. in such a way thaj the shaft will
stop at 12 positions per revolution. Attabhed to the top of the
shaft is a splined rod Q. Thero ars 12 splines and a-lug B fixed

on the racks I (£1gs.22 and 23) will £it any of the splines, thus
enabling the rack to bo mounted in any posifioﬁ.

The brake is necessary-to-éreveﬁt the rack ove;shﬁoting its
correct position and to ensure that the splined rod is not rotatsd
when removing or replaoinb the racks,

This meohanism has a simple basic principle and by varying the
mmber of grooves on disc Fy the shaft C can be made to_stop at any
number of positlons per revolution. Cphaeqﬁently, any rumber of
tubes can be accommodated faollitating the mechanism's use in a
variety of applications (seo Seots 3.3¢3.2). tlth & device for.
moving & dispensing head, it makes a versatile fraoticn collootor.

3ele3e3 The cogplete apparatus

Fige 23 shows tho lay-out of the rackss theiinner two rows, a
and b, each contain 12 tubes and the outer row, c,'contains 24-tu500.
The pipetfca aro mounted in a holder (Fig. 24) iﬁ such a way that we
have, in effeot, four sories of 12 tubes (or, cay, 8 séries of 6
tubes)es The overall diameter of tho rack is 7 in.

Pige 25 shows the complete apparatus. The mechanism for

feeding tho dilution tubes is mounted in the centre of the risht-hand

unit and the liquid transferring mechanism is in the right back:;round,
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On the left~hand side of the motor is the chassis containing the
solenoid valves and the uni-diroctional air-flow regulators that
control the pneumatic cylinders. 7ige 26 is a drawing of tho zir
control circuit for each of the oylindsrs, In the right foreground
(Pig, 25) is ithe mechanism for raicing and lowering the pipetic
holder,

The left-yand unit is the control systcm’which producas the
following sequence of events. Cn starting, after having placéd the
prepared rack and pipettes into position, the pijottes are lowered
into thé first tube of each sefiea and 1 ml. of broth and antibiotio
is sucked into each pipette. ATter a short delay, the 1 nl., is put
back into the tube, sucked up and replaced twice and sucked up again.
The pipettes aro now raised, the rack rotzied, the.pipatteg lowered
into the second tubs of sach series and the proszodure is repeatods
as no bacteria are preosent, the samo pipatizs are used'fhroughout.
The mumbsr of times that the cycle is repcated is pre-sclacted by
a 12 position switch and the machine stops with the pipettes raised
and containing 1 ml. of the final dilution. Vhen the pipefte holdoer
is rotated in an anti~clockwise direcilon to the posiiion shown in
Pig. 27, the final 1 ml, is automatically cjected to vaste; TFig. 27
also shows the rack and the four syrinses which ars mounted togather
ani driven by a single pneumatic oylindar, fig. 28 shows the
apparétus in usse. Tull oircuit diagrams and drawings are in

Appendix 3,1.
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3.1.4 “valuation of automatiec method

Tho accuracy with which the solution is transferrad from one
tubo o tho next wvas measured using tho technique descriﬁed in
Scete Jelel; we here performed four sets of 12 dilutions. The
recsults arc given in Table 11; the firat tube in each series was
used to find the absoluts volume tfaﬁsferred, which was betwsen
0.91 and 0.94 ml., ﬁnd the remaindesr of the tubes were used to find
the repeatibility. Tﬁe rosults show that the accuracy with whioch
the apparﬁ%&s transfors tﬁe solution is within r 27, The oomplate
cycle takes approzimately 3.0 minutes.

The concontration of solution left in each dilutionAtub; aftor
the scrial dilution procedure had boon carriod out on tho machine
vas measurcd as desoribed in 3Scet. 3,1,1, Tuslve sories of
dilutions ware:made, after the apparatus had beon adjusted so that
the volume transferred was 1 ml., and ths results are given in
Table 12 and plottod in Mige 29.

Since the tubocs are laoft uncovered vwhilst tho maéhine is working,
we had %o ensure that thoy do not become contominatel during this
time. "o therefors performed a series of dilutions under asoptie
conditions, exactily as one would normelly sxzcept that thg 2 nl, of
broth in the first tube did not. contain any antibiotic. Tho tubes
were incubated for 48 hours. This experinént vas ropaatod ten‘timos
and no tubo showed any growth; thoro was no cviionce of contamination
" due to tho apparatus anl no cvidence that using a sinzle 1id to cover

all 48 tubes in & rack introduces a greatsr disposition to

'

contanination than using single lids for sach tube.



& aﬁa of 12 serial m\m@

Volune of broth left in tube in mnl,

-Tube ,
nunber Set no, 1 Set no, 2 Set no, 3 Set no, 4
-2 0.%12 0.9964 1.0098 . 14,0030
3 0.9960 1.0036 1,001 - 1.0013
" 1,0030 0.9960 1,0035 - 0,9992
5 0.9998 1,0009 1.0033 - 1.0030
6 0,9987 1.,0013 1.0012 0.9958
-7 0,999 0,9966 1.0016 : 1.0006
8 0.9892 1.0012 1,0002 - 0,9990
9 0.9978 0.998% 0.9937 - 0.987%
10 0,9974 1.0006 - 1,0006 .  0.9983
14 0.9998 0.9956 1,0023 - 1.0034
12 0.9941 0.995% 1.0026 . 0,9970
A rotan® 09400 0.9322 0.9158 0.9290
x 0.9972 0.9987 1.0048 0.99€9

S.D. 0.0037 0.0028 0.0037 0,0045




TABLE 12
e

Concentration of machine~-made dilutions of albumin
D ———

Dilution number

Measured optical density.

12 sets of dilutions

. 0,542 0,632
. 0,562 0,620
. 0,588 . 0.597
. 0.583 0,600
" 0.300 0,302
0,354 0,301
0,299 0.314
10,290 0.300
0,154 .0.178
0.159 0,170
‘0.1&6 .64158
0,14 0.7
0,063 0.110
0.066 0,075
0,068 0,074
0,072 0,081

0,611
0,605

0.582
0.601.

0.325

0.322
0.290
0.322

0.178
0,161
0,163
0.165

0.088
0.088
0.090
0.098

0
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‘3. 1.5 Comparison of_ autonati

od with manual method

To facilitato comparisbn, tho results givon in Figs, 18 and 29
| ~ars plotted togcther'on vartically displacod axes in Fig.~30;

The chhine—made dilﬁtioﬁs-are mora closely bunched tozether
:thén the hand-made dilutions, indicating that the machine produces
m&re'cdnsistént results.  This vwould ba.expeoﬁadlsince the mashine
consistontly transfers 1 ml. té within _t 2% (Tables 10 and 11),
‘,wheréas marmal oﬁefatﬁrs aro nuch mora e:fatio (Table 8). In the
case ofAﬁilutioné 4 to 6, the machinc-mads dilutions aroc oloser to
ths caloﬁlated con&entrﬁtioﬁ than thosc made by hand, indicating’
that tha @aohine producces more accurate dilutions than those made
ma£ually. Kaohiﬁe-mado iiiuﬁions 3 appear to bo systematically
displaccd from their calcula#ed positione; 'However, if the machine
introducos a sysiematic orror, dilutions 4 to 6 wcgld b similarly
displaced. This is not the casa, and it is reasonable to assume
~ thersfore that these diluti&ﬁs are more consistent than hand-made
dilutions 3 but not siznificantly more accurate; +the displacement
is présumably due to a sampling error, One can explain'this by the
faot that»manual 0peratofs can perfdrm the transfer as accurately as
" the machine (Table 8), but boing far less consistent soon make at
least ono very inaccurate transfer, thus introduscing a largo errors.
e measﬁred dilutions 3 to 6 onl&, but as the rosults are satisfactory,
it is roasonable to assume that the mixing of antibiotiio sﬁiution
- with diluent is satisfactory and, sinoe the machine maintains ita

accuraoy, that dilutions 7-12 would also be satisfactory; we have

demonstrated that two mixing stages only are adequate when the



menisous alwvays comss up to the same point in the pipette
(Sect. 341.3.3)e

The machino performs four series of 12 two-fold dilutions
in az%pfoximately 3 mimates. ¥rom Table 8 it can b2 seen ﬁat
11 .out of i9 people performad a single series oi" 12 tvo-fold
-dilutions moré quickly fb'i}dn thia. Since ‘l:hé operators knew why
thoy were acked to- perform the task and were doubtless trying vory
hard, it is .*;'casonable to assume that this is tho best perfo;-mance‘
thoy are l»ikely' to achieve in the normal courss of events, But
. _thfa machine pérfor:ns four serios of diiﬁtiqns zimltansously andy
| thércfore, it w11l perform 3 or 4 serics moi’e quickly than they
'cé.n be performad by I}and, agsuning t’he‘prapa;ra.tive V'ork takes the _
same time, 'Conside‘mble saving of timo is achieved, héwevor,. if 5
or more series have to be perfomed'bccause‘ whilst the machine is

diluting four sorics more dilution tubes can be proparsd.

3dele6 Finél discussion A

Whilst tho maoliinet is not very.sophisticatad, it sé.tisfies thé
criteria against whiéh we ostimate ite suitability for use in a
diagnostio bactoriology laboratory (Sect. 1.‘5); it is suit:;bie
for processing small rumbers of specimens, all parts that come
'into contact with the liquid can simply bo dismantled and sterilized
by heat and 1t perforns a task vwhich is a necessary part of at loast
two routine diagnostio proccduroes. Althouzh our machine 1is arranged
%o transfer 1 ml. of solution and to accommodate fouf series of 12

tubes, it ié, in principle, very flexible and it may well find
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applications in othor disciplines.

Ons may well ask 1f the overall accuracy of the method is
adeQuate. It 1is possibie to design apparafus that performé each
part bf tho procedure mors accurately, or to desi;n apparatus that
produces a series of dilutlons in such a vay that orrors ara‘npt
cumulatives Towever, in_eithe? cass, the apparatus would be much
moro;cdéﬁléx'an& costly, and woﬁld‘probably not be cconomio‘in’
viow of the comparatively small mmbors of specimens to be processed.
In the cagcc of I 14 Cs 'sy 1t 18 neoeasary'to_decide, thersfore,
whether the tube diiution method or one»cf the altornative mothods
is tho most suitable in any given circumstance, bﬁt note that, with
machine-made dilutions, the;e is no OVOriaﬁping of points as: in
hand=-mado dilutionss thua, dospite the inaceuraoy of the dilutibns,
none has produced fallacious resulta. If one docidos to use the
tube dilution method, it is nocessary, as Branch, Starkeoy and
Powor (1965) havo pointod oui, to standardize the procedura,

A machine, such as the one described here, could well be the muiclcus

of suoch a proccdure,

The Distribution of Liquid Culture

Thero 1s clearly a need for an automatic method for distributing
liquid culture, bécause one often requires to inpculate azar plates

and tubces or bottles with one or more drops of culture.

3.2.1 Evaluation of mamal methods

In 1913 Donald described a device for producinz measured cmall

‘wvolumes of liquids and he gave mors details of its performance in 1915.
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The apparatué is a glass pipette with a perfectly cylindricql
capillary, from which a fixed mumber of drops givés 1 ml., of
liquid. The actual mumber depends on fhe outside»diamete; of
the‘capiliary, and Donald desoribed those devices giving from
approximatély 130 drops/mle to 10 drops/ml., wilson (1922 and
1935) and Mfiles and Misra (1938) have exhaustively investigated
various applications of the pipettes.f' | |

A'bipetto 5till in common use today is one whioch gives 50v
drops/ml; it 1o known as the 50 dropper. Donald showed that |
1f_the.d1fférence in outside diameter varies from 1,016 mnm.to -
0¢914 mm, the mmber of drops/ml, varies from 50 to 54, which
is an error of ™ 4%; thils, doubtless, applies only if the -
oapillary is cylindrical and 1f the tip of the plpette is smooth
and cut at right angles to the cylindor,

There 1s no rcason to doudt that, when correctly manufactured; 50
droppers are as aocurate as this, ut it is most unlikely that they
ars mamfactured that accurately under modern routine laboratory
conditions. Consequently, we took a 50 dropper from those supplied
by‘our ocntral supply department for roufine purposes,,and‘oheckéd
its accuracy by ropeatedly diapeﬁsing SBtomiy drops into pro-
weighed tubes, which wore rs-welghed to obtain the volumes dispenssd:
the results are shown in Table 13. The géaﬁ of the.l2 volumes
was 0,020 ml. but the volume varied betwsen 0.0237 ml, and 0.0175 ml.
'To 1nvast1gate the differsnoes bstween different droppers, the above

experiment was repeated with 12 different droppers. The results



Drop number

Volume in ml,

-h

O O~ O WM £ W N

10
11

12

MW

S.D.

0.0201
0,0021

0.018, .
0.0205 .
0.0197 .
0.0190 .
0.0188
0.,0175
0.0227
0.0211{
00194
0.0227
0.0237
0.0177

95



96

aré Ziven in Tehle 14. The nean for dropper mumber 3 is 0.0172 ml.
and for mamber 12 it is 0.0244 ani the renalinder ars distributed
botweon thess o oxtremes (Fig. 31). The results are hordly
surprising, when one considers the difficulty in keeping the
capillary cylindrical during mamufacture and also the diffioculty
in cutting the tip smoothly to within 0el mm. in diameter, wvhich
is necegsary for an accuracy of‘t 45

One may'argue that one should pay more attention to the
mam facturing process, but this is a very time~consuming and,

therefore, coatly procsdure.

;.2.2 Criteria for an automatic method

It is very difficult to produce generalised criteria for an
automatio mothod of distributing culturs, because of the wide
variety of applications. If one simply requires a single drop
of a given culture, and accuracy is not imporiant, it is unlikely
that one could dovise an automatic method that would be more
-practical than the 50 dropper: s=such a device would oertainly be
mach more expensive. Similarly, even if accuracy was imporiant,
the same would probably be equally trus. However, if one requires
40 inoculate a row of tubes by adding ons drop of culture to each
tube, as required in the final stoge of the measurement of the
#HeIsCoy 1t may be possible to produce an economic apparatus for
porforming this task. Qur discussion is therefore limited to
such apparatus,

Simplioity is essential, because the rumber of rows of tubes



Aceuracy of "50 droppers"
Drop number’ Volure in ml,
Drop p’e *r numbdber
1 2 3 [N

1 0,018 0.022h 0,0174 . 0,0158
2 0,0205 0,0231 0,072 0,072
3 0.0197 0,0229 0,0187 . 0,0132
IN 0.0190 0.0232 0.0140  0,0232
5 0.019% 0,0228 0.0149 0.0198
6 0,0188 0.0227 10,0170 10,0160
7 0.0175 0.0216 0.0165 0,021
8 0.0227 0.0244  0,0170 0,0155
9 0.0211 0.0223 0.0188 0.0234
10 0.0227 0.0220 0.0172 0.0222
11 0,0237 0,0237 0.0189 0.0227
12 0,0177 0.019% 0,0194 0.0196
x 0,0204 0.0225 0.0172 0.0191
SJ.D. 0.0021 0,0012 0.0016 0,0035

Continued ssaee

11



TABLE 1& Scontinued)

Drop number Volume in ml,
Dropper numbe r
5 6 7. 8
1 0.0197 0.0253 0.0210 0,024
2 0.0240 0.0258 0.0195 0.0177
3. 0.0192 0.0220 0.0189 0.0268
b 0.0178 0.0250 0.,0200 0.0277
5 0.0247 0.0210 0.0217 0.0213
6 0.0249 0.0239 0,0198 0.0247
7 0.0253 0,023 0.0219 0.0253
8 0.0262 0.0192 0.0196 0.0272
9 0.024,8 0.0254 0.0206 0.0236
10 0,0217 0,0226 0,0197 0,0228
1 0.0256 0.0249 0,0150 0.022%
12 0.0280 0.0212 0.0223 0.0252
x 0.023L " 0.0234 0.0200 0.0239
SJD. 0.0031 0,0026 0.0019 0.0028

continu‘do ses

18



TABLE 1é scontinuedz

Drop number Volume in ml,
Dropper number
9 10 11 12
1 0,0220 0.0269 0,0274 0,0202
2 0.0207 0.0256 0,0246 0.0215
3 0.0249 0,0204 0.0250 0.0236
4 0.0256 0.0232 0.0172 0.0265
5 0.0249 0.0235 0.0253 0.0217
6 0.0210 0.0220 0,0246 0.0272
7 0,023 0.0198 0.,0260 0.0257
8 0.0223 0.0205 0,020 0.0260
9 0.0260 0.0196 0.0232 0.0253
10 0.0254 0.0207 0.0241 0.0257
14 0.0233 0.0197 0.0231 0.0234
12 0.0208 0,020% 0.0260 0.0258
x 0.0233 0.0218 0,0242 0,024
S.D.: 0,0019 0.002% 0.0025 0,0023

1
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thet have to bo co ireoculated is very cmall, and ono should aim at -
achioving as high an order of accuracy as the other oritoriﬁ parmit,
Since different cultures nced to bo haondledi, it is necessary to
eithor, sterilize 21l componenie with vhich a cul ture comes into
contact in situ, or to remove all such conponents and replace them
with freshly sterilized componentis, This suggests that one should
autonatically feed pro-sterilized components into the apparatus and
automatically remove them after use, but we have not yet found a
way of dolng this economically and aseptically. It is oleaf,
thorofore, that until one can devise a method for sterilizing
components in situ (see Scet. 443), tho only economic method is to
feed, manually, pre-starilized components into theo apparatus ani to
remove them, marmially, after use; it is zlso nedessary that this
procodure in no way affects the calibration of thz apparatus,

One could fcad the culture tqbes autona tically under tho
dispensing head (Scot. 3e1e3.2), but the apperatus could be used
for inoculating a set of =ugars. Since the sugar tost is performed
in screv~capped botples, it would bo necessary to unscraw the caps
sutomatically, and this would be complicated. “e decided th=rcfors,

that in tho first prototype the tbes should be fed mamally.

3e2e3 The apparatus

3e2e3s1 The dispensins mochanism

——

To our knowledgo, no commercially available apparatus is sultadle
for distributing a few drops of each of a varioty of cultureas. A

dovice knovn as the Repette (Jencon's Ltds) is suitable for dispensing
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volumos of liquids of the order of 0.02 ml., bu# the liquid comes

into contact with a glass syrinze (Fig. 32): tha devico is therofore
unsuitadle. TMowaver, tﬁe machanism usod éan:be‘adaptad and e
therefongdgcided to exémina_tha afficacy of a method for disponsing
drops of culture based on the Ropette mechanism,

Thic mechanism, shovmn in Fig. 33, funotions in the following
manher. The base B is fixcd and on pres:sing bution A, the arm to
which it is attachod pivots about point & and éherafqre the inner
-end of the arm presses against the rod 2. This end of the arm is
- gorrated and grips the rodi, thus moving it downwards until the
' collar F touches the pe t.f.0. bush G, which is Pixed to the base B.
fOn releasing A, the gpring U Porces ths mgchaniém hack to its—‘
-original position and, provided sufficieht frictional forces ars
appliod to rod D, ths rod remains in its finel position.  The
sorevw=-thread govioe G controls the height the mechanism is raised
abovo G and hence the movement of the Tod D. 7

Fof exporimental purposes, we attached the lower snd of rod 2
to the top part of a syringe holder W (Fig. 34) into which fits the
piston éf a 1 ml., disposable syrings. The barrél fits into a
Lixad holdcr.X. A petefece dise T is atiached to the rod and
fits tizhtly into tube 2 te provide frictionalrforces. Tha button A
is opsratod by a pneumatic cylinder P. In this arrangsment the
lower 1limit of the movement of rod D depends on the stroke length
of the cylinder P and is fixed: +the scrow-thread C still controls

the upper limit of the movement of collar I" and hence the distance

the syringe piston moves.



The syringe and needlao aro placad in situ, the liquid culturs

is heldl over the nceedle tip and the rodl D is raised, mamally, to

102

111 tha'syringo. ~ach timo the cylinder P is operated, the syringe

piston moves do'm a pre-determined distance and a drop of culture is

dispenéed.
| To evalﬁgto the accuracy of the apvaratus, we plugzed in a
syrinze and adjusted C (Pig. 33) until a volume of approximately.
_0;02 ml. vas delivered and then proceedad as follows. Forty-
eightftast tubag were weigﬁad and a drop ofAiistillad wator wms
lispensed into sach tube through a 21 gouge (i.d. = 0.01S in.)
‘needle. The tubes were. re-weighed and the volume of oach drof
caloulated. The results are given in Tablz 15 and in the
ﬁccompanying histogram, Talting the ;‘t 2.5 Sa 0. values we seoo
that this 5ivos an erroxr of gpproximately t 4 - Howavar, the
volume dispenced was larger than that requirod and oo fhis s
adjuatad and the experiment repcated. The results are given
in Table 16 and in the accompanying hisitogram and give an orror
of appfoéimataly't 5};. we ropeated this expoeriment many timos
with remarkably consistont results.
Any difforences betweon syringcs is alco important because
it is not casy to rscalibrate Lho apparatus and, thorefore, one
cannot do this each time o different syringe is used. <)

therafore tock fivz moro syringos, at reandom, and repeatod the

above exporiment with oach syringe, without cltering the ealibration,

The highost and lowest volumcs dispensed in each cass were:



TABLE 1

Tube Volume dispensed

mmber in ml.
1 0,023
2 0.0223
3 0.0228
4 0.0220
5 0.0225
6 0.,0221
7 0.0222
8 0.0225
9 0.0227
10 0.,0225
1 0.0225
12 0.0225
13 0.0227
14 0.0223
15 0,0229
16 0.0218
17 0.0219
18 0,0222
19 0.0221
20 0.0229
21 0,0228
22 0.,0230
23 0.0231
24 0.0230

Tube Volume dispensed

number in ml,
25 0.0230
26 0,0230
27 0,0226
28 0,022
29 0.0224
30 0,0226
31 0.0231
32 0,0222
33 0.0226
34 0.0230
35 0,0227
36 0.0226
37 0.0231
38 0,0229
39 0.,0226
40 0.0227
41 0.0225
L2 0,0221
43 0.0233
Lt 0.0223
L5 0.0228
46 0.,0232
L7 0.0226
48 0.0222

x = 0,0226

S.D, = 0,00037

103
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TABLE 1§
Tube Volume dispensed Tube Volume dispensed
number in ml, numbexy in ml,
1 0.0175 25 0.0178
.2 0.0174 26 0.0179
3 0.0174 27 0,017
IN 0.,0477 28 ‘ 0.0177
5 0.,0178 29 0.0179
6 0.0174 30 0.0176
7 0,0172 34 0.0477
8 0.,0173 32 0.0475
9 0,0172 33 0.0176
10 0.0172 3 0,0176
11 0,068 35 0.0177
12 0.0172 36 0.0183
13 0.0173 37 0.0176
1 0,017 38 '0,0179
15 0.0175 39 0.0177
16 0.0170 40 0.0176
17 0,0171 41 0.0178
18 0,0175 42 0.0180
19’ 0.0175 ' L3 0.0176
20 . 0.0173 L 0.0175
21 0.0176 S 0.0178
22 0.,017% L6 0.0178
23 0.0176 L7 0.0175
2

0,0172 48 0.0177

x = 0,0175 s, b, = 0.,00029
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No. 1 No. 2 . TNo. 3» To. 4 To. 5
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0.0182 mil, 0.0178 ml, 0.0171 ml. 0.0179 mil. 0.0177 ml.

0,0168 ml.  0.0166 ml.  0.0163 ml.  0.0170 ml.  0.0165 ml.

Together vith the results in Table 16, thsse results indicats that
difforent syringes make a little difforence and one can quote an
ovérall accuracy of ¥ 65 whon volunes of the ofder of 0,0175 ml.

_ are disponseds As this 1s'smaller than the minirmum volume it is

" intended to dispenss, namoly 0.02 ml., and as the acocuracy improves

- as the volume iné:aases, it 1s ovident that this techniqne gives éh

accuracy of botter than.t 65 whioh is adequate; it is certainly an

improvement on the mamal method (Sect. 3.2,1)s e thought it

unlikely that one ooculd improve on this without a significantly

 _more oomplioated system whioh would bs unjustified. Consequently,

thié principle was adopted for use in our apparatus.

- 3620342 The complete apparatus

The dispensing unit is ghovm in Fiz. 35. The dentre rod
(D, Pige 34) is connected to a 2" stroke pneumatic cylipder'for
£illing and emptying the gyringe: this cylinder 2lsc provides
frictional forees to the rod D (Fiz. 34) and, therefors, disc Y
and tﬁbe A ére not now required. Tvo dispenasing mechanismé are
ugsed in order that one might dispcnse two different volunmes,
" presently 0,02 ml. and 0.05 ml. respectively; oach is operated
by an independent oylinder which is pra-selectsd mamially. The
control unit, Fig. 36., prodvoss the followin: sequencs of svents.

Faving placed the syrinze and needle in situ, the liquid culture
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ias helld over tho neoedlo %ip and a hand switch is operated; this
actuates the 2" atroke pnoumatic cylindsr and appf wimatoly 1 ml.
of culturo is drawm into tha gyringe. On depreassing a foot-
agwitch, the pre—seloctsal dispensing cylinder reciprocates, thus
ropeatodly dispensing drops of culture. On relcasing the foot-
switch-the process atops and one then diacharzes the remaining
culture to vmste and discards the syringe and needle. The
complets apparatus is éhown in Pg. 37 and dstailed ocireuit

diagrams are given in Appendix 3.2,

3e244 Tvaluation of automatic method

In this method, the speed with which the culture is‘ejected
from the needle, whilat more consistent, is mmch greater than in
the mammal mothod. There is, thereforo, a possibiliiy that
aerosols are producsd and that splashing occurs, and both possibilities
were investigated in the following nanner,

Speocial roll tubes were prepared, as followss-

(2) =a sterile 100 ml. bottle was cooled for at least &
hour at -15°G

(b) approximately 3 ml., of sterils moltén mitrient agar
vags placed in the bottle

(o) the bottle was rotated, under running cold watesr, until
the vhole surfacs was ooverad with a layer of partially
solidified agar

(d) the bottle was ﬁlaoed in a +4°C refrigerator for at

least 4 hours to allow the agar to sot
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(e) befora use, the roll tube was left to slowly warm up -

to room temparature.

A culture of Staph. albus was drawn into the syrings and a

roll tube containing 2 nle of sterile. ﬂutrinnt broth was. placed

© ~ovor the neeile, go that the tip vias approximately 1 in. abovo

-the surz faca of tho broth. 0.02 ml. pf cglture wa.g dlsponsed aud  -
the bottls was loft to stani fﬁr 2 mihutes., This proceuurc was
rapoatod five tinos with O.O2Im1.vdrops and ivo Liues with 0.0j ml.
drops, anl the 10 bottles were thon inaubated. A 4
There was some growth on tho side of some boftleé‘(Tabie 1?); ‘
suggosting that oeither tho sﬂeéd of ajection was.to; hiJhAfér the
. size of ngedle used anl that splushina 090urrea, or tnat aarosols
vare pro;uced; ’we sugpected splashlng. On reducinb tho spa «d of
ejoction, we founu that the acourasy of dispensing deterioratod
slighuly and that'it was necessary to use a 19 gauge neadle
,(iqd. = 0;025 in. ). ‘g therofore again measured the accuracy with
which tho .irops are disp§nsed in fhe sama waj as before (Sa0t.
342.3.1); the rscults are given in Table; 16 and 19 and theso‘sﬁow
that tho porformance is as good as the experimgnts daacribed in
S5eots 3.2.3.1 indicated. Further exporiments to detsct aerozols
and splashing wero carried out. A total éf 10 roll'tubos wore
inooulatsd with 0,02 ml. drops and 10 with 0.05 ml. drops and no
growth was obtainad in any vottle, indicating that serosols aroc
not presont and that if splashing oocurs, it is not dangorous,

~'a therefore adopted these operating conditions for routine uss.



TABLE 1

Evaluation of eutomatic mathod for distributing liquid culture

- —— ————

Number of roll tubes conteining growth after one 0,02 ml, drop
of culture had been dispensed into nutrient broth in roll tube,
in 5 tests:

Number of roll tubes containinrg growth after one 0.05 ml. drop
of culture had been dispensed into nutrient broth im roll tube,
in 5 tests:

110
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TABLE 18

Final evaluation of liguid culture disgnsing a;m_;ratus: .

oloz ml= mechani sm

Tube mmber . Volume dispensed in x:nl.
1 0,0205
2 0.0196
3 0.0194
L 0,0211
5 0.0198
6 0.0206
7 0,0193
8 0.0197
9 0,0201

10 0.0199

11 0;0198

12 0,0198
x = 0,0199

S.D.

0,0005
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TABLE 19 -

0!0: mli meachaniam

uid culture dispensing apparatus:

Tube mumber Volume dispensed in ml,
1 0,049
2 0,049,
3 0.0499
L 0.0504
5 0.0505
6 0.0505
7 0.0516
8 0.0439
9 0.0501

10 0.0500

1 0,0500

12 0,0497
x = 0,050

SQDQ= 0.0006




3. 2.2 Comparison of mamal method with automrtic method

The autoriatic method is not as accourate as the marual method
'_when rerformed with properly prepared pipettes, but is far mo:co-
acourate than the manugl method when ‘perfom'ed \’;ith pipetties
currently in routine use.

'l‘h‘o marma;l noethod is extramely simple and one would not use
Ny tho automatio mothod 1f. ono only required a single drop of culturc.
. In the automatic méthod, the inersased accuracy, conveniencoe of

hdnﬁling and the roduction in demand -of ‘50 droppers, all of which
bava to be made;pluggod, padked and sterilized in tho depariment,
are all a.dw\rahtagéous.. Howovor, a 50 dropper costs approximatély
. -E-d whéréa.s a syringe and needle costis approximately 6d. Tho
oqnveniondo‘ of handling is an important factor, particularly as
1t i‘ednéeé the 1ikelihood of acoidents but tho automatic method

is no quicker than the mamual method.

;. 2,6 Minal discussion

This appéa.rs to be the simplcsot apparatus likely to have any

worthwhile advantages over the mamual method but, nevortholoss, it

is quite complicated and its usefulness is limited, e now believe

that it is unlikely that any siznificant advance in handling
infective matorial will be made until components with which

infective material comes into contact can be storilized in situ.

3.3 The Serological Diagnosis of Syphilis

A common mothod for the dlagnosis of syphilis is the complomsnt-

fixation reaction using the asgormann antigon (Cruickshank, 1965),
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To summarise, the reactions are:
A. Serum 4 antigen + complement - Incubate for 1 hour at 37°C
(I£ antibodies preosent in serum - test positive - ooinplement
removed, ifA antibodieé not presenf in serum - test negative -

" complement remains).

B. To above mixture add\t
sheep o0ell antizen + horse anti-shesp oeli serum antibody,
Inoubate for hoqr at 37°%.
(If no lys:l.é of cells = no oomplement present « teast
poa:l.;l;iva, if lysis of cells - 'oomplemant present — tost

negative).

331 The mamal method

‘The complete procedure for the diaénosis of sypixilis used in our
‘laboratory involves tosting the serum againat the Vassermann
antigen and, for confirmation, also against the Reitor antigen
(Cruiokshark, 1965); neither is 1007 spoocific for syphilis but
both give a very reliable indication. The tost is quantitative
and the details are as follows.

A quantity of caoh patient's serum is dispensed into four
tubes together with various reagents, as shown in Fig. 36. After
inoubation for 1 hour at 37°C, Oel mls of sensiﬁised sheop colls
(sheep-cell antigenshorse anti-shoep oell serum antibody) is added
to each tube, and aft;r incubating for a furthor % hour one observes
if lysis has taken place.

The minimal haemolytic dose (MeH.Ds) of complement (FPig. 38)

11+
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is the minimal conosntration of compl:meﬁt in sonsitised sheep
cells that will lyse red o0211s, and this has to be mea;ured
separately before the above proccdure can be ocommonced.

A sories of oight dilutions of complement 1s prepared, and
Oel ml. of each dilution is put into each of three tubes togethér"
with the appropriate rcagents, as shown in Fig., 39. The 24 tubes
are inoubatod for 1 hour at 37°C, and 0.1 ml. of sensitised sheep
oells is then added to each. After further incubation for % hour
one obsorves the minimum conoontration of complement that has lysed
the cellst this oonéentration is 1 M, He D

The prooedure for performing thé:ﬁassermannand Reiter rsaotions
is set out as in Fize 38 to sfress the mumber of operations pefformed,
namely, an operator plpettes four different reagents into each éf
three tubes and three Jdifforent recagonts into a fourth tube; two
gpefﬁtions on tube lhoould bé combined but it is morc convonient
to havo two soparate operations. |

On average it takes an experienced skilled techniéian
approximatecly 4 minutbs'to dispense 12 speoimens of sera into the
tubos and abproximately 10 minutes to dispense the other raageﬁts
into the tubes; +the apparent disparity is due to the faof that when
dispénsing the sera, the pipette has to bq‘rinsed throuzh after each
sarum has been dispenszsld to zv¥oid "carry-over".

The accuracy with which the roagents have.to be dispensed is
very difficult to dotermine,bscausc there are so many variables thet

a vory large quantity of cach of many difforent sera would be requiresd.



However, simple tests on the pipettes normally used in our
laboratory showsd that the accuracy of dispensing'is normally
not better than & 3%

| The accuracy with whick 0,02 ml. of sexum‘oah be diapensed
‘ia poor. . One oculd dispénsé the sera more'gccurately by pre—
diluting a larger quaﬁtity of serum than 0,02 ml. (say 0.1 ml.),
and dispensing 0.1 ml, of diluted serum into sach of the first
three tubes, There is, however, no evidence that incorrect
'resnlts-dne to tﬁé inacocuracy of dispensing the séra have hitherto
" been obtained, |

It may be considered that the time involved in pgrform¥ng

the procedure is not very greate MNevertheless, we process, on
'average, 100 specimens a day and it is no longer necessary to
perform such a mndane procedure ménually; ‘even with vory simple
agtdmatic pipettiing devioés the prooedure_pan be made much less

tedious and time consuming,

3e3.2 Critoria for an automatic method

The comploment titration has to be performed only onca cach
week, and whilst one could mechaniso this prooedurs, one's time
is far more uscfully spent considering the “‘assermann and Reiter

reactions: +the complete proccdurs lends itocelf to mechanisation,

Some workers (for example Pugh and Gaze, 1966) have attempted

tc use the auto-analyzer for performing the Vassermann reaction,
but many difficulties have arissn due mainly to the faoct that the

auto~analyzer utilizes a contimwous flow system and the problem of

114
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“"carry-over" is troublosome (p«11)s The apparatus is also very
expensive and we deoided, thereofore, to attempt to deviss a method,
baged on a 'disorote’ system, which would require significantly
oheaper apparatus and which would be particularli suitablo for tho
mumber ¢f speoimens we handle.

Sequeira (1954) produced a suitable hand operated apparatus.
However, whilst this has the advantage of being flexible, and is
therefore particularly suitable for performing a vﬁriety of
different prooedures, our circumstances are mach that it is
preferable to have a greater degree of mechanisation than his
apparatus gives at tho cost of lack of flexibility.

One should dispense the reagents automatically, but wheﬁher one
should dispensc the sera automatically is a different matter. One
céuld devise apparatus for doing this which hasiadequate saféguards
against "oarry-over", but in view of the additional complication this
introduces, we deoided to contimue to dispense the sera mamally: if
the mumber of speoimens to be proosssed was significantly higher than
100 per day, it would be worth considering automatio methods for
performing this part of the prooedure.

The aocuraby of the dispensingz mochanism should be at least as
good as the accuracy achiecved by mamual methods, lnaxxlel;y"t 3% ' The
moohanism mist be simply removed from the apparatus and replaoad
without affecting the ocalibration of the system, It is not nsoossary
to be able to sterilize the me&hanism but merely to be able to keap

it olean, and there is no reason why a pin or ball valve device should

not be used,
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In an automatic method it is not necessary to have the same
rmumbor of operations as in the mamal procedure (Fiz. 38) because
some of the reagents can be combincd bofore dispensiné. Thera
are a mumber of possible combinations and those given in Fig., 40,
which are bascd on the prinociple that 0,02 ml, of serunm ﬁill bo
- dispensed mannally; are convenlent: in case it is deoided to .pre-
dilute the sorum, the volumos the automatio dispensing mechanizms
dispense must bo simply varied.: For purely teohnical reaszons it
is convenient to have four valves dispensing 0.1 ml. volumes (al2
driven by the same mochanism), one vélve, which operates twice per
ocyole, dispénsing 0¢18 ml., and one valve dispensing‘O.ZS ml: the
latter valves mist be drivon by independent mechanisma, The
addiiional compliocation involved in having only one valve dispensing
the Reiter antigen into tubes 3 and 4 i3 such as %o make this
impraotical: having two valves for tho same rcagont admittedly
makeé additional work for the oporator and wastos morae reagent,

but this appears to be the bost compromise.

3e3e3 The apparatus

3e3e3el The reagont dispensing mechanism

2

The rmumber of devices suitable for dispensing volumoes of the
order of 0,1 ml, is limited, in fact to our knowledge there is only
one valve meohanism oommorcially aveilablo that dispensas volumos
of this oxrder and is also suitable for building into a multi-voluma
ﬁipotting device. -] thcgefore evaluated thié valve mechanism

(Beoton Dickinson and Co.) which is a simple pin type valve and
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is combinsd with a. 1 ml. syringe (Fige 41): the syringo piston
is actuated by a pneumatic c¢ylinder to fill the valve and then to
dispense thé liquid. The apparatus is shown in Fig. 42: the
stroke iength of the piston, and hencs the volume diépensed is
easily varied as befors (Sect. 3¢ls3sl).
We‘weighed'sp’test tubes and then dispensod approximately

Osl ml, of distilled vater into eaoch. The tubes wers re-woighod
and the volume dispenscd into sach tube calculatad. The results
are given in Table 20 and the accompanying histogram. The
accuracy of dispénsihg vas approximatoly': 2,55, the mean boing
higher then the optimm Ol ml.

| Sinco the'acouracy may deteriorata as the volume dispensed
is deoreased, we re~adjustod tho stroke length of the pncumatic
cylinder und'ropeatod the experiment,‘taking care to encure that
tho liquid reservoir and the dispensing nozzle wore nearly lovel:
wo found that, since the pin valve is gravity scated, therec is a
tondency'fbr a cyphoning effeet if thors is a laige differeonce in
hoight between these two points. The results of this experiment
are given in Table 21 aﬁd the accompanying histogram, Here the
mean 1s approximately 0.095 ml, and tho accu:acy't 1% which is
more than adequate.

Similar experiments wore performed dispensing 0.18 ml. and

0.28 ml. volumes to confirm that the porformanoe does not
deteriorato at thess volumes, and we found this to bo the casai

the accuracy is within ¥ 15%



Tube Volume dispensed
mmber in ml,
1 0.1143
2 0.1143
3 0.1143
L 0.1136
5 0.1141
6 0.,1142
7 0.1140
8 01147
9 0.1152
10 O0.1144
1 0.1134
12 0.1137
13 0.1133
1 0,1133
15 0.1130
16 0.,1131
17 0.1126
18 0.1138
19 0.1150
20 0.1141
21 0.1126
22 0.1128
23 0.1135
2 0.1126
25 0.1143

Tube Volume dispensed
number in ml,
26 0.1146
27 0.115%
28 0.1143
29 0.1145
30 0.1148
31 0.1118
32 0.1135
33 0.1147
34 0,1136
35 0.1129
36 0.1146
37 0.1126
38 0.1133
39 0.1130
L0 0.4134
41 0.1133
42 0.1119
13 0.1096
L) 0.1127
L5 0.1128
L6 0.1130
N 0.1412
18 0.1136
49 0.1127
50 0.1126

X = 0.1134 S.D. = 0.0011
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Tube Volume dispensed Tube Volume dispensed

nunber in ml. mmber in ml,
1 0.0945 26 0.,0938
2 0.0944 27 0,0946
3 0.,0942 28 0.0941
4 0,0949 29 0,0937
5 0.0940 30 0.0945
6 0,0943 3 0.0950
7 0.0946 32 0.0947
8 0.0947 33 © 0.0951
9 0.0947 34 0.0948
10 0.0942 35 0.0941
1 0.0946 36 0.0933
12 0.0947 37 0.0943
13 0,0955 38 0.0949
LS 0,095 39 0.0952
15 0.0949 40 0.0952
16 040943 L3 0,0917
17 0,0946 42 0.0946
18 0,0952 43 0.0952
19 0,0947 Ly 0,0946
20 0.0941 L5 0.0936
2 0.0952 46 0.0942
22 0.0942 L7 0.0939
23 0.0941 48 0.0937
24 0.0942 49 0.094
25 0,0945 50 0.0947

x = 0,0945

SoDo = 0.000’4-6
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we weré conoefned also with differenées between syringes
‘since four mechanisms were to be actuated by a simgle pneumatio
cylinder and therefore. the volumes digpensed would not be
independently,variable. Yo therefors construutad apparatus in
. which four valve-ayringé éysteme:é;giaouhted togather, the four
syringe pistons being éﬁtuated by a sinzgle pneumatic dﬁlinior
(Fig. 43), and dispensed four sgté of 12 volumes into tubes,
The reshits are shovn in Table 22. Thero are significant
absolute differences in the volumes dispensed by ihese four
-meohahisms, whioch wore not speoially Belected,‘buf‘nevgitheless
the accuraoy, whioh is approximately £ 24, is more than adequate.

”e therefore adopted this meohanism and the apparatus (Fig. 43)

was used in the first prototype.

3.3.3.2 Antomatio feeding of rsaction tubes

Aa the sera have to be dispensed marmally and as’thevreaotion
tubes have to be put in'a water bath, wa required means for easily
‘:eﬁoving the tub;e from the apparatus: we considered the possibility
of bullding an incubator into the spparatus tut did not puraue the
idea. Small racks that may be simply attached to the device are the
obvious choice, although thora are other possibilities such ag a
oontinuaua flow system operated by a'chain. However, similar
criteria to those for the sorial diluter apply. (Seot. 3.1.3.2), and
| we deoided, therefore, to use racka which can be attached to a rotary
-table, whiqh is permansntly attaohed'to the apparatus, and which vill

stand\dn a bench for the ménnal'dispensing of sera. A rack is



TABLE 22
=

anal evaluaitién of mlg am;; diawm mechani sm

Volume dispensed in ml, '

Tube .
number Valve nunber
1 2 3 b,
1 0,1518 0.1517 0.4488 0.1503
2 0.1511 0.1519 0.1496 0.1503
3 0.15%4 0.1526 0.1495 0.1514
N 0.4511 0.1523 0.1492 0.1506
5 0.1509 0.1518 0.1488 0.1504
6 0.1516 0.1527 0.1493 0,1504
? 0.1504 0.1528 0.1491 0.1505
8 0.1511 0.1523 0.149% 0.1506
9 0.1515 0.1523 0,491 0.1509
10 0.1505 0.1520 0.14,83 0.1508
11 0.1512 0.1520 0.1475 0.150%
12 0,1542 0.1512 0.1485 0.1504
x 0.1511 0.1521 0.1489 0.1505
S.D. 0,000 0.00046 0.00060 0.00035

12§
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cshown in Tig. 44. The mmboxr of racks that ono nceda to nttach
40 the table at any one time doaponds on oircumatunces and vie
dooided to make proviclon for a maximum of 5 racks: <¢this
noooasitatos a teble of approximately 12 in. diamotera The
nachanicm used for rotating tho table ia identical to that uwad
in the serial diluting apparatus-(Seot. 30143.2, Fige 22 and
Appendix 3.2) except that, as in this case wo reﬁuiro the table
to otop at GO ponitions per rovblutign, the Moo P (Fige 22) has

60 grooves.

3s3e3s3  The comploto apraratus

The disponsors ars mounted in two groupsy the four 0.1 ml.
valves on one suppori and the othor &wo valves on anothor aupport
(Fig. 45), and the reagent reccrvoirs are mounted behini the
supports (Fig. 46). The valvs outlet nozzles arzs fixed, in
appropriato positlons, in a holder (Pig. 47) whioh is mountead
in such a way that the racks move undarnoath 1f (Pig. 48) and
such that it may bo movod radiallys tho four tubes containing
ono patient's serum are in a atreizht line along a radius.

The oontrol unit (FMig. 49) proiuces tho following scquence
of ovento, All throo pneumatio cylindara'aro oparatod to disponas
4 x 0.1 ml. volumes, 1 x 0,18 ml, vuluﬁe ant 1 x 0,28 mls volumo
into tho nppropriate reaction tubes. Tho nozzla hol;er is then
moved, ra.ilally, =o that the 0.16 ml., valvs nozale is ovor tube 3,
ani the threo oylindors return to their oriiinal positions, thus

ro=-il1linz cach valve. 1 x 0.1 ml. volume is dispensed, the
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nozzle holder moves back to its original pﬁsition; tha_O.lS mil,
voiume'valve is re—filled, the table rotatés'and the process is
rapeatéd a pre-saledtgd'numbar of timgs. As‘eaéh rack is ‘
oomﬁlotely filled w7ith reagents it may be removed and placed 15

the waterbath: =2 froshly propared rack of sera may be put in

the complotod rack's place and the procedurs repeated as nécessarj.
The sonsitised sheep cclls are addad indepanéently whilst tha réeks
are in-the.watar bath. The complete appaiatus is showﬁ in Fig.'5QA"
and the oircuit diagram is given 1n~the accomﬁanying reprint

(Pneumatics in the Pathology Laboratory - R.E. Trotman, 1967).

3. 3.4 Evaluation of automatic method

The appa:atus takes 20 seconds 1o conplete one cyocle, which
is equivalent to 20 mimites for 60 sets of reaction tuﬁes.‘ It
takes approximately 10 mimites to prime.and prepare the valve
mochanismg and conpequently, it is advantageous to use thé appar;tus
even if one has as few as 24 tests to perform, bu£ oonsiderable
saving of time is effscted if 160 specimens have to be procasséd.
However, the priming volume of a faIVG mechanizm is 6 ml. and this
volume of reagent is Wésted. Consequently the waste of roagents
is more significant when emall mumbors of sera are processsd than
when largo mmbers of sera are prodessad.

The maximum numbor of specimens that can ﬁe processed dopends’
mainly on how long the diluted comploment and the antigsns may be
lof't standing at room temperature without deteriorating, vie

therefore performed some ocimple experimonts to assess this.
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Twelve sera were taken, 6 knowm to be jositive and 6 known to
be negatife to both antizens. The reagents required for the
reactions were made up and distriduted on the maohine and the test
was completed in the usual way. The apparatus was left standing
for two hours and tho procedure repeatod using fresh samples of the
sameo ;2 spoocimens, The reosults were identionl even in two cases in
which only a few ocells remained, The proocedure was rapcated after
a further.two hours with identical results.

This demonstratcs that the apparatus may be run continuously
for at least 3 houis without any deterioration of the reagents and
there 18 a conalderable safety margin. In that time, 540 spcoimcns
wonld bo processed vhich is many more than we are likocly to have to
process én any one ocoasion. Ons could, of course, run for a
further hour and, if it ever beocame necessary, the réagants could he

packed in icet +tho apparatus is desizned to permit this.

omparison of manual mothod with automatio method

Forty-eight specimens of sera were taken, and the complete
diagnostio brooedure carried ocut on sach by the mamal method as
desoribed in Scots 3+3+1t this was done in the normal course of
ovents. Samples of the same 48 sora were takon and the proccdure
was carried out on the machine. Complete agreemsnt vas obtained
even in a few cases vhen tho ‘assermann reaotion was positive and
the Reiter rcaction negative. A total of 250 specimons were tested
in this way, spread over a perioed of several wecks, and complete

agreement vas reachod in all ocases. 'ie have therefore every
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reason to assume that the apparatus performe its function well.
The maximum number of sera that can bs processed manually in
one day is approximately 120, which number is processed in only 40

minutas by the machine., This speaks for itself,‘bearing in mind

" _the operator does not spena 40 minutes performing the task but can

utilize. this time in carrying out other taéks.

.g. 3.6 Fina.l discussion

e have demonstrated that this 19 a satisfaotory ald in
) performing the serological diagnosis of syphilis, which is now ‘
oarfiqd 6ut by only one ﬁunipr teohnioian. _.It_reduirésA
>_goﬁbarative1y oheap equipment and does not suffer from the
disa&véntagaa of the auto-analyzer method (Pugh énd Gaze, 1965),
It is suitéble for oarrying out the procedure on up to boiween
506 fo 600.specimens per dayiand in smaller laboratories, for'whioh
it is particularly suitable, pafhologists might wall bs ondouraged
' tQ.store:samples, thﬁs‘affeotiné a conaidarﬁble saving of time,

ie might have devisod means for automatically detecting lysis,
but the time taken to do this mamally is very small compared with

the time taken to dispense the reagents and we decided, theféfore;

hot to do so.

The basio principles of the apparatus could be ugod in
apparatus designed for use in, say, epidemologzoal studios, but 2
modified reaction tubo foed device may bo more suitable (Sect.
343.3+2): 4in this case, more attontion would have o be paid to

' the deterioration of reagenis, and mors exhaustive experiments than
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‘those reported here would have to be performed befors ths design
was finalized. Similarly, the same bacic principles could be

used Por a method of performing any complemant-fixation techniqne.'
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Fig. 19. Drawing of a syringe/pipette system as used in the serial

diluter: see text for legend.

Not drawn  x---|}j= == ==f|-== X'
to scale.
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Pig. 22. Drawing illustrating principle used to rotate the rack of tubes

in the serial diluter: see text for legend.
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Fig. 23. Drawing showing lay-out of racks used in the serial ailuter:
rows a and b contain 42 tubes, row ¢ contains 24 tubes.
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Pig, 26, Circuit diagram of pneumatic cylinder comtrol system,
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Fige 34. Drawing of modifiocation to Repette cnabling the use of removable
disposable syringes instead of the fixed glass syringe (Fig. 32):

see text for legend.
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Fig. 38

Reagents

(Control)

0,02 ml, of serum
0,08 ml, of saline
0.1 ml, of saline

0.4 ml, of 1 minimal haemolytic dose (}4.H.D.) complement

0,02 ml, of Berum
0,08 mi of saline

0.1 ml, of Vassermann antigen

0,1 ml, of 1.25 U.,H.,D, complemen®

0,02 ml, of serum

" 0,08 ml, of saline

0.1 ml, of Reiter antigen

0.1 ml., of 1.25 M H,D, complement

0,1 ml, of sermm
0.1 ml, of Reiter antigen

0.4 ml, of 1,5 M,H,D, complement
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Pig. 39

Roagnts nguired for determination of the minimal

haemolytie dose (M H.D.) of complement

Tube number Reagents

0.1 ml, of diluted complement

1
(Control) 0.1 ml, of saline
0.1 ml. of diluted complement
2
0.1 ml, of Wassermann antigen
0.1 ml, of diluted complement
3

0.4 ml, of Reiter antigen
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Fig, 40

(:ombigtign of reggenta! for the sorologoal diagosis of sghnis,

Tube mmber Combination of reagents

0.08 m1, saline 4+ 0,1 ml, saline

1
""" . 0.08 ml. mline ’* 0.1 ml. 1.25 M.HQD.
complement
2
0.1 ml, Vassermamantigen
0008 ml. Saline +» 001 ml. 1.25 LI.H.D.
complement
3
0.1 ml, Reiter antigen
0.1 mla'REiter Mtigan
4 .

0‘1 ml. 1.5 M.HQDO Oomplemant


































Chapter

Eggerimental Hethods
5&1 Sgreadigﬁ Bactorial Culture over a Solid Aﬁgr Plate

An automatic device for sproading bacterial culture over\ah
solld agar plats wouid be an extremely useful pieco 6f apparatus
beoause‘the procedurs is an essontial part of many diagnostic
test procedures (Seots 1e¢3.2)e -

Vie have investigated-the possibilities of producing such a
device and, although we do not have a definitiﬁe machine in

" routine use, considerables progress has been made,"

4els1 Fvaluation of the manual method

The object of spreading a culture over an agar plate is to

covor the whole plate with succoésive dilutions of inoculum so
that, eventually, discrete colonios of the organism are isﬁlatad.
There are a varioty of tcohniques for loing this and one of the
commonest is illusirated in FPig. 51. The plate‘is streaked at A
with the chargod loop. The loop is then storilized and strcaked
at B1 noto that it partly ovsrlaps A. This procedurs is
repeéted at C and D and 1t is hoped that suffioient dilution of
the inoculum is obtained so that single colonies appear in D.

The advantage of tho method is that one requires nothinz more than

a simple bactoriologiocal loop and an agar plate, but some skill is

roquired,

165§
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A simple experimeont to mecasure the time taken to spread a

culture gave the following results:-

Plate No. 1 2 3 4 5 6

Timo takon to spread culturas, ‘
in seconds. : 300 32 38 3 28 A

o conclude that 1t takos approximately 30 soconds to spread a
_culkmro by the abovo method,

. In routine viork,. the comploto procedure is not always adoptod.

“i@ thoroforc obsorved some mcmbers of the routine laboratory staff

spreading a culture during their normal work. Tho results woro:-

Plate No. 1 2 37 4 5 6 7 8

‘Time taken to spread
oulturo, in seconds . 10 10 10 8 &6 8 8 8

e conclude that it takes approximatsly 8 seconds to spread a cultureo

over an agar plate by the moethods normally uzsed in routine bacterio-

105y

Similarly, wo found that it takes approximately 15 soconds to
inoculate a plate from a swab and plate-out tho inoculum: the plate
is incculated by rolling the swab over part of the plate (A in Fig, 51)

and theo inoculating loop is usod to spread the inoculum, as before.
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In 1967, approximately 110,000 agar plates were supplied to
our routine laboratory and a substantial proportion had cultures
gpread ofer thems A rough calculatidn shows, that 1f one
tochniolan spread all culturos, it would take him 5 to 6 working
woeks each year, whioh is'approiiﬁately 107 of his time.

Nevertholoss, the mothod is very flexiblo in that all types
of culture oan he spread with the baoteriologieal loop, and it i

unlikely that a choaper mothod of spreading a'culture will be found.

5:1.2 Critoria for an automatic method

It is unlikely that one can deviso an automatic method for
sprgading a culturo over a plate which is quickser than the ﬁanual
méthod usually adopted in routine ﬁork. It is essential, therefore,
to develop a mothod that is automatod to at least such an extent that
whilst tﬁo operator is marking an agar plate, for specimen .
identification, the machine is spreading the provious plats.

o Two othor important oriteria aro, that the total path traversed
by the loop be long enough to give sufficient dilution of the culture
to 1solata.sin319 colonies, and that the proszure of the loop on the
agar be sufficient to malntain contact betwean the loop and the agar
but not so great as to damage tho surfaco of the agar: it is
desirable for the loop to leave a permancnt mark to assist in
idontifying coniamirnants,

One metﬁod for spreading a culturs automatically is to move the
loop in a straight line across a rqtating agar plate: <the loop will

describe a spiral curve on the agar, and the paramotors of tho curve
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can be adjustod by altering the rolative speedAbotwoon tha loop
and the plate. If it is so arrangad that the spaco between any
two adjacent parts of the curve is as small as praocticable, maximum
uge of the awvailable spacé w11l be hade. |

Tho easa with which one can storilise the slcotrically
storilizable loop (Sact. 2.1e2) in situ. m;kas it parficularly
suitablo for use in an automatic sproading machine based on the
principles quﬁlined above. Ilowovor, it is desirable to avoid the
neod to etorilizé the loop durinz tho sprcading procecdure, as is

rocommended in the mamal nethod.

dole iho firsk o

The rotary table, on whiﬁh the agar plato wvas plaoced, and the
. moving arm to which the loop was éttaohcd wore drivon by the same

" motor through a variety of gears (Fig. 52):+ the ratios of the

- goars dotermined the space betﬁeen adjacont turns of tho spiral
curve. The loop was hinged to the moving arm and tho tip of the
loop restod, under its own woight, on the agar. Tho copper braid
conneoting leads were permanently attached to tho loop, as in Tig. 6,
anl the power supply showm in Fiz. 4 vas used. For proliminary
tosts, the agar plate vms inoculated from a sinzle colony on an
azar culfurs by touching tho colony with an inoculating loop and
then stroaking the loop across the centro of the plate. The plate
wag then placed on the rotating table, thoe loop on the apparatus,
having been hoatod and allowed to cool, vas lowerod carefully until

it rosted on the inoculum and the motor mas siarted and left running
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until the loop had traversod the plate: the loop was thon 1ifted
off the plate and steriliged, and tho plate was removed and incubated,

Typical results are chown.in Fig. 53. Lengths of agar were |
gougod out by the loop becauso it vas too héavy and because the
flexible copper braoid oonnecting loadsvappiied a variable,
uncontrollable constraint to’ the loopt in any 6asa, insufficiont
ddlution of the culture was obtaineds  FHevertheless, some single
colonies were isolatcd, and had e startedeith a»smallor inoculum
we might have isolatsd moro single colonies.

The resultg were encouraging, co it was decidod to pursue the
mothod in principlc, but to construct more refined apparatus: the

first experimental apparatus vas constructed with vory chcap compononts,

ele More refined apparatus

4eledel Tho first design

The apparatus is showvn in Mige 54. The essential diffaronces
between this and the first oxporiuental apparatus were that the loop
was a differcnt shape (Fig. 55), it vas mountoa horizontally aﬁd it
had a variable counterbalance: the forco the loop appiied to the’
agar could, thorefors, 0o varied and was moro consistont than the
force applied by the loop when mounted as in Fig. 52. e also usad
moro procise componenta,

The apparatus vas driven by a contimiously running variabls
speed motor, and an electro-masgnotic cluich vas operated to rotate
the table and move the arm supporting the loop: the gears used gave

a space between adjacont turns of the spiral curve of approxircately

2 in,
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Piges 54 .and 55 phow that the electrical connection to the
loop was made through a pair of plugs and sockets and that tho
loop pivotcd about the plugs. This waﬁ unsatisfactory, bocause
friotion botween the plugs and the bearing @rféces vas csuch that
the loop did not rotate as frecly as dosirod. Via thorofore

mocdified this part of the appc.ra.tus.

4e1s4.2 The final desizn

The loop was mountod on miniature ball races, and the eloctrical
powor vas supplied throug;h copper braid leads permanontly connected
to the loop (iig. 56). wo found that these modifics;tions reduced
the friotioﬂ betiicen the lo'op’ and its bearing and that this foroo
‘ remained constant. The power supply used vas that showm in Fiz. 4:
no further modifications to the first dosign wers nade,

The counter-balance vas adjusted by trial anci error, e simpiy
set 1t and ran the loop zcross z var;ety o‘f'different agar platoes to
ensure that the prossure on the ezar was X’Iithil;.l limits: it vms
unneceossary to ad.just the oountér—baianoe for use with ciifferent

asar platess

41,5 Evaluation of tho automatic mothod
It vas necessary to dovelop inoculation tochniques, and since
thore are three mzin types of culmre that have to bo spread, namely
solid cmlture, liquid culture and svabs, we discuss the work in
three sections,

4ele 51 Spreading solid culture

To inoculato the plate from a solid culture, we took a portable

inoculating loop, touched a colony and streaked the loop along a



111

radius for approximately 7 ine, commenoinz just off the centre of

_ the plates by inoculating the plato this vay, one avoids having.to
speolfy too precisely the part of the piate to bs inoculated, bcoauée
the loop on the apparatﬁs will pass through the inoculum at least once,
regardlesg of its exact position.

| Tho plate was then placod betwoen the locating springs on the'
rota;y.tgblc, the loop was lowered and the inoculum was spread across
:the vhole plate without sterilizing the loop during the process: the
parametors of the apparatus wore such that it took aﬁprbximately 10
secqnds for the ;oop to trgversé the.plate, ‘

Typicél results are chown in Figg#éﬂ. The path.doscriﬁed by
tho loop is cleer and'many singlo coionges TIeTe iaqlated. Hany.
.oimilar cxperiments were conduoted with Very_consimton? rosults,

Tﬁe methods for inoculating an agar plate from 2 solid culture
énd'sp:eading the inoculum are satisfactory. = The only forsceable
difficulty is the possibility of nbt obtaining suffioioent dilution

of the inoculum and care has to beo taken to snsure that the inoculum

is not too heavy: a single stroke of the imoculating loop is adequate.

gﬁl.ﬁ.2 Sgreading liggid cul turse

Ve took an inoculating loop full of a broth culture of

Staph. 2lbus (approximately 106 organisms/mle) and streaked it along

a radius of an agar plate for approximately + in., as for inoculating
a plate from a solid culture, and the culturs vas spread with the
un-modifiod machine, The results were very poor. The inoculum

appearad to be adequate, but tho loop did not pick up sufficient

culture.
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Weirepeéted tha procsdure, but stroaked the inoculating loop
along the vhole radius of tho agar plata: +the loop on the machine
crossed the inoculum more times than hitherto, so thers was a -
groater chance of the loop picking up and spreading culture, The
recults were marginally betier, but still very poor,

“e then inoculated the azar plates by placing 0.02 ml, of urine
just off the centre of the plate: samples of urins taken for
diagnosis wore uscds Tho‘result of spreading this inoculum w=s a
vast improvemgnt on prévious methods, in most cases many single
colonies wora isolated and therc was no indication thet insufficiont
d4lution would be obtaincd. | Occasionslly, however; only a few
single colonies wers isolatcd.

E Consequently wﬁ inbculated 5ome plates with tvo 0.02 ml. drops
of urine spread along a radius to approximately half way acrogss tho
" plate, and somé plates wwith throe 0,02 ml, drops of urins spread
across fho whole radius. -Thé results sﬁowod that thevoptimuﬁ
inoculum vas two 0,02 ml. drops of culturo spread along 2 radius
to approxinately half way acrosa the plate: there was no sizn
that insufficiont dilution vould be obtained but many single colonies
wors invariably isolatod. Typical reoults are shown in Fig. 58.
Similarly, we have oftsn isolatocd two or more orgﬁnisms in 2 mixed
culture (Fig. 59).

In all the above experiments, the inoculum was spread before it
had completely dried, We performed some further‘experiments,

therefore, and compared the results obtained when the inoculum was
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spread immedlately after it had been p}aced on the plate, with the
resulta‘obtained when the inﬁculum wvas spread after it had completely
driéd. Thevdifferénoe was not significant, -

Additional experimonts were parformed to discover if the azar
platé was rotating at the optimunm speed. Tlo compared the rosults
obtainod vhon the loop on the machins tock approximately 3 séconds, 6
geconds and 13 seconds to traverso the agér plate with the results
obﬁained hithcrto, when the loop took approximatoly 10 seconds to
traversa the plate,

Tho resulis obtained when the process time was 3 seconds wore
very poor: hardly any spreading of culture vas achieved, The
resuits obtained vhen the proccss time vas 6 soconds were not quito
as good as those obtained vhen the pracess'time vas 10 sesconds, and
the recults obtainod when the proc2ss time was 13 seconds wero no
batter than those obtained when the procoss time was 10 seconds.

The results suggest that the speed of rotation of the agar plate is
not oritical but that a procoss time of approximately 10 ssconds is
the optimam.

The rosults obtained in eaéh series of experiments in which the
platoes woro inoculated with one or moro 0.02 ml, drops of urine wore
rcemarkably consictont (there wer:, of course, difforoncos due to the \\
wide variations in tho mumber of organisms in ths inocula). A total
of 106 plates were gpread in these exporiments and, with tho
excoption of 5 plates spread in J sccondsy all were perfectly adequats

for diagnostic purposecs, The tochnique is adequate and practical
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for inoculating agar plates with liqui_d .culture end spreading th_e
culture to isolate single colonios.

However, although 50 droppers, which were used for produoing
the 0,02 ml, drops of culture, are cheap (34 each), it was desirable
to :f:lnd.v an even cheaper and quioker inoculation technique, ~ We used
wax drinking straws for inoculating the plates. The tip of a
sterilized straw was dipped into the uﬁne to a dopth of % in.,
approximately 0404 ml. of urine was taken up and this was spread
half way along a radius of the agar plater it was no"c néoessary
to bhold a finger over the end of the straw, the surface tension
being adequate to hold the culture ‘inr the stiraw. The straws are
véry cheap {2/- for 500), and for this application there was no
neéd to plug thom: one merely héd to sterilize them,

To tost the efficaoy of the sterilization of the siraws, we
took 12 aﬁd autbclnvo:l them at 10 1lbs,/sqs in. for éo ninutes.
anh atraw was immersed in sterile mtfient ‘broth whioch vas inoubdted
overnizht, No growth vas obtainod in any of the 12 tibes of broth,

Similarly, we contaminated 12 straws, by sucking a Staph. albus

broth culture into each, and then repcated the above proaedure,
No growth was obta.tnﬂed‘ in any of the 12 tubes of broth and we
oonclu.de, thorefors, that sterilization of wax drirking straws
by auntoclaving is satisfactory. Physically, sterilization had
vory little observable effeot on the straws. They were slightly
softer after the sterilization process than they were bofore, /but

their condition was perfectly satisfactory for inooulating agzar plates

by the method desoribed above, and we have used straws in many
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exporiments. ie sec no reason why straws should not be used for
transferring small volumes of culture, if theo volume to be
transferred is not oritioal.

4.1: 53 Spreading swab culture

Ve inoculated a blood agar plate by strecaking a swab across a
small squé.re Just dff. the coentre of the plate, and the incculum vas
spread §n the maochine as befors. The plate is showm in Fig, 60,
Further similar experiments gave very inconsistent remits agd
indiocated that a larger inoculum was required, ‘

Plates wors inoculated, thorefore, by streaking the swab aoross
a radius of the plate: . two suéh plates arc shown in Fig; 61, |
Some plates were a.dequéte but far from‘pérfeot, and we noxt psrformed
some experiménta in vhioh the inoculum vas sp;-éad over a larger arsa
than hitherto. In general, the results were sliéhfly batter bﬁt we
felt that the inooula wore not sticking to the lcdp, probébly- because
the inocula were dry.

e therefore oonduotedla series of experiments with wet aga.r:
plates. The rosults were an improvement on rosplté obtained
hitherto, and tho best pla.te;s wors poerfectly adqua.ta.‘ However,
we found that when the initial inoculum ﬁaa light, the spreading
vas poor and decided to attempt to obtain more consistent results,

t/e replaced :.he loop with one that had a flat platinum tip
approximately 3/16 in. long and 3/32 in, wide (Fig., 62). The
roplacement loop vwas mounted in exacotly the same way as the

previous loop and no othor modifications to the apparahié wers made.
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The first experimonts with this loop were carriod out with
ths counter halance in the same position as before: tho pressure
of the loop on the agar was, thersforo, significantly less than
with. the other loop beocause the area of contaot was much larger.

bad

The results wore a significant improvement (Fig. 63). Te
conduoted a further séries of experiments in which ths pressure of
tho loop on the agar vas gradually inoreased until the loop made a
permanent martk on the azar. In this sorios of sxporiments, the
pla.fes werc inooulated immediately afier the technician in the
routine laboratory had inoculatad the plates required for diagnostic
purposes, A typ‘ica.l rosult obtained with the machine is shown in
Pig. 64

A total of 108 platos, inoculated from 108 swabs taken for
diagnostio purposes, wero spread with the flat platimum tipped
loop. rach culture was more than adequate for riiagnostic PUTPOSes
and each compared wery favourably wi‘th the corresponding mamally
sproad culture: there were no discrepancies and approximately 20
automatically spread oulfures wore significantly better than the
corresponding mamially spréa.d. cultures, The automatically sproad

cultures are as coneistent as one would expect with the wide

variations in the initial inocula (Fige. 65 and 66).

4. 1,6 Disoussion

The mothods Tor inoculating agar plates and spreading the
inoculum described in Scete 4e1lse 5 are perfeotly adequate for

diagnostic baoteriology. Further experiments might well be

performed; for example, we hava not invesiigated spreading sclid
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and liquid culiuros with the llat ended loop.. DBeforo a definitive
piecs of equipment for uso in ‘tho routine lnboiatory can bo ﬁesignad,
nany ’rofinemantﬁ vill have to hé dovolopad, 'buf.".ic; £o0l ﬁmt ém:;
ﬁzrtﬁqr cxperiuental work should bo earried out with a particular

npplicaﬁon in minds The pbssibilities are discussed in Chaptox 5...

#-2 ﬁoutino E@mina%on of Urine
3.2.1 The mormal mothod

!-.!z.my mothods for oxamining urinos arc uced in difrerant.
oatablishments,  Our mothod ia aa.follsnma. An approximato count
of 5&9’:911:1 prescnt in the urine is obtoinod by the blottir.xg' papor
method (Loigh and '.’4’illiams, 1964)e 1In this method, one iips a |
B in, x % ins area of f’lufflesa blottins paper into the spaocimen
and thez;z holds th;l.:a aroo on the murfecc of an agar plato,' thus

transferring thoso orzonisma which arc> absorbed by tho blotting
paper and which remain on tha mrfaoo. of tho papar 4o the asar
plato. ‘fhe rumber of colonice on ‘tho inoculatod arcn i3, vithin
oertain limitations, dircotly proportional to tho numbor of
organiems in the urine. -

Thon, 10 ml. of tho specimon is contrifuged at 2,500 rove /min.
for 9 mirutes and the supernatant fluid disposed of. An inooulating
loop full of tho resiiua is examined undcr a mioroscope, and if more |
than & pre~determined mimber of white blood cells is present, the |
specimon 1o assumad to bo infaoted (moro than 104 to 105 organisme/ml.

aro presont) and furthor examination of the specimen is carried out,
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This further exomination oorxsiaf;s of spreading some of the
centrifuged rosidus on ‘potl; McConkey and 'blooci agar jla.tes, for
identification of the érmnism, and of spreading five 0,02 ml,
drops of undiluted sample on an agar pla.te, for a more reliable
quantitative surface via.ble count than the blotting paper method.

On average, 50 speoimons a day are subjected to the initial
sereening pz;ocedures and approximately 10 - 20/ are found to be
infeoted, and thus require further examination, The total time
tal'cn to proceéss 50 specinens ;s approximately 2 &ur&

The method is extrenely oimple, mod'eré.te;y acouiate énd quick,
It is also very economic in agar platos since counts of bactaria
_ in six ‘opecinons are estimated using only '655 egar platé, and only
two additional p'lates ars uged for cach specimen tha:b is processed

in dep th,

, 4_,232 Discusaion of gossible antomatic mothods

: Sinoe the mnber of spacimens examined in depth is so small
(5 to 10 por day), it is more imporiant to devise screening methods.
However, the blotting paper mothod for estimating the rumber of
A organisms pregont and the preparation and examination of the
mioro'scope slideé for the white blood cell count are so very :
gimple, that it ié aifficult to deviase equally simpio autox;at.i.o
mothods that require lesa time to perform than. the mamal nethods
tako: the capital cost of automatic apparatus is likely to be

relatively very high :lndeed.
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The initial approximate count of bacteria present in the
specimen could be found by placing 0.02 ml, of. the l/iOOth dilution
of the specimen on to an agar plate by the mothod desoribed in
Seot.,3.2.4. o sugzest the 1/100th dilution because 107
organisms/ml, of speoimen is tho critical level, andAtherefo:é,
in 0,02 ml, of the 1/100th dilution of such a specimen there are 20
organismé, wiioh mumber ias easily counted and gives a statistioally
valid result, 7o have ropeatedly shown tkat when one inoculates
plates in this way, the urine spreads over a sﬁffioiently large
area to enable onos to count 20 organisma easily (Table 23).

Similar drops of many different épeoimens could be placed on
one plate, or, ons could put ono drop of the 1/1C0th dilution of
speoimen in the oentre of the plate, or slightly displaced from
the oentrs, and spread a drop of undiluted urine, planted
apprbximately half-way along a radius, with the automatic sproading
apparatus (Sect. 441.4)e Typical cultures are shown in Fig. 673
the organism is .00l on MoCorkey agar. In this method, all
specimens would be spread on agar platos which is unnocossary, but
methods for performing the manipulations have beon devissd and ocould
eagily be used in a definitive apparatus for routine use, Also, if
subsequent oxamination in depth were necessary, one would merely
have to obtain a more prcoise quantitative count vwhich could easily
be done with the samo apparatus.

It is possible that if one put a small measured quantity of theo

speoimen on a plate and spread it with the machine (Seots 4¢1.4), the



TABLE 2

Dimensions of rectangle enclosing

Drop
mmber area covered by drop in mm,
1 1 x 1
2 17 x 15
3 18 x 15
4 17 x 14
5 19 x 15
6 19 x 15
7 17 x 15
8 18 x 15
-9 18 x 15
10 23 x 14
1 19 x 14
42 19 x 15
13 19 x 15
KT 17 x 15
15 16 x 16
16 16 x 14
17 16 x 14
‘18 16 x 15
19 17 x 1
20 18 x 13
21 20 x 15
22 17 x 16
23 18 x 16
2 19 x 16
25 19 x 14

180
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length of that part of the spiral curve that containod growth
would be a measure of the number of organisms in the specimen.
Thig idea clearly nceds further investization. |

It is difficult to visualize an automatic method to replaoe
the microscopic examination of the contrifuged residue, for
counting white blood cells. The proparation of the slides c¢could
be mechanized and one could easily feed the slides on to the
microscope stage, but mamal intervention would be necescary at
that point: in any caso, automatically centrifuging the specimens
presonts problems. As an alternative, it might be possible to use
a cell=counter for counting white bloocd cclls, but tho problems are
oonsiderable (Socte 1le2.1)e

vhilst these are some possible methods for procossing urines
that might be investigatod mors fully, it is unlikely that any
could be developed into a practical and cconomic automatic method
unless one can sterilize the vessels to bde used for haniling the
specimens in situ. ‘e found (Secte 3.2.4) that the apparatus for
dispensing drops of culture, which is similar to part of tho
apparatus required for processing urinses by tho method outlined
aboie, is of limited use dus to the faot that one has to replace
the syringe each timo a different specimen is handled. In
processing urines, the need to change a syringe or any other
vessel repeatedly, whether by hand or meohanioally, would lead

to an unwieldy method,
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Tuxrther work on this 1nvest1gafion was, therefors, postponed
and we concentrated on devising methods for sterilising wessels in

Biw.

| 4s3 Sterilising Vessels in Situ

Many pieces of equipment, such as pressure transdu‘cers and
automatioc syriﬁgas, are sterilized by ethylene oxide or valcﬂohol,‘
but the method takes many hours and is, therefore, unmita'.blol for
sterilizing vessols in automatlic apparatus: the time taken to
sterilize the eleotrically heated inoculating loop is éppmximtoly
6 seconds (Sect. 2.1.2) and this 1B‘very co'nvenienf.

Steam storilization is also unsultable, The appa.re;ws
required is very cumbersome and it is inobnven:lent to- have high
pressure stoam appé.:f;ah:s in a routine ladboratory, ‘

Wright and Colebrock (1921) sterilised syringos by mcans of
hot oil, but an M,ReCs Jorking Pafty (1962) found the method to be
ineffeotive, Fleming and Ogilﬂe (1951) sterilized hypodermic
needles by immersion for 5 to 10 seconds in liquid paraffin B.P,
at 14000, or in boiling water, but this was also found to be
ineffeotive with some organisms, including E.coli and Staph,aursus
(M R.C. Memorandum, Noe 41, 1962).

Ideally, one requires a method for generating thermal energy
in such a way that it can be applied to a variety of differsnt
vessgels and so that it ocan be applied only to the required aresa.
I+ is also necessary to generate the heat very. quickly, = Passing

an electric current through a vessel, as in the eleotiioally
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sterilizable inoculating loopy 1is posasible only -in a very fow
types of vemsel. One might use radiant heat from an eléctrio
rosistive generatﬁr, but this ia in;afficient and requires a
cumbersome piece of-' equipment very near to the \'ressel to be . -
steriliged, which Qevarely limits 1ts usefulness, - Al’uo,‘ tho
time taken for such a device .to gonorate maxirmm thermal power
is too long, and one would, therefore, have to 'keep the device
permanently swiltiched on la.nd remove the vessel {0 be sterilized
from the heaters The heat would then be dircoted at other
parts of the Vappar_a.t‘u':_a and, in view of the tomperatures reachod,}
this wouldﬂo'a.ﬁee many design difficulties.

A possible method for generating thermal energy is by
radio-frequency induction. We have expei'imgnteld with an induction
heater, and the work is discussed in Seot, -4.*3. 2. e first,
howsver, discuss some attempts to sterilize syringes with boiling
water: this is such a simple stei'ilizing tochniquo that we felt
we should first evaluate its possible application to our problom,

despite doubts about its suitability.

l Using boilinz wvater
- A sterile 5 ml. all glass syringe was contaminated by
drawing infeoted urine into it through a needlet it was so
arrangod that the piston of the syringe at no time sontacted
that part of the barrel that had contained ligquid. The urine -
wvas 8jeoted to waste, tho noedle was romoved and boiling water

was drawn into the syringe, allowed to stand for a fixed time,
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and ejooted to waste. Finally, the syringe was fillaed With
rutrient broth which was subsequontly ejected into a steriliszed
bottle and lncubated overnight. The experiment Was-rspeated;
with a frsshly sterilizod syringe, many times and thé fesults
are given in Table 24: not one syringe was sterilized,

In a2 sscond set of experimonts the above prooedurs was
ropeatod, exoept that, after the boiling vater had bceﬁ ajected
to waste the syringe was filled with boiling wator a second time.
Thie was allowsd to stand, the same length of time as the first
£illing. and ejeoted to waste: the syringe vas thon filled with
nutriaﬁt broth and the procedure compleoted as bafore. This
prosedure vas rcecpested many times and the results are ziven in
Table 25: as before, not one syringe was sterilized.

Tha results show that it ia not possible to sterilize a
syringe in a rsasonable time simply by drawinz boiling water into
its they also show that rinsing a vessol ithrough with water does
not remove bacteria from surfaces.

Cn being dravm into the syringe, the water quiockly cools down.
Consequanily, tho next atep weuld bo to doviasn a method for keeping
the water boiling whilst it remains in tho syringe. To do this,
one vould have to supply thermal enorgy to the wator, and any
method suitable for deingz this would probably be equallyvsuitablé
for heating the syringe dirsctly. There is, therafora, no point

in devoloping a method specifically for keeping the water boiling,

particularly as the method would be suitable for sterilizing only
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TABLE %

Sterilization of gass agge usig boig water

Time boiling water left . Number of failures
in syringe in three
in mseoonds tents

15 3
30 3
L5 3
60 3
75 3
90 3
105 3
120 3
150 3
180 3
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TABLE 22

Sterilisation of gss sggée uségé boiling water

Time boiling water left Rumber of failures
in syringe ' in three
in seoonds . tests

15 + 15

30 + 30

45 + 45

60 + 60

75 + 75

90 + 90
105 + 105
120 4+ 420
150 + 150
180 + 180

W W W W W W W e W W
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vessels in vhioh water can be contained: the ayringe naedle
would haves to be 1mmersed in the water and this would be very

. inconvenient in ma.w circumstancas,

g. 3.2 Usig T £, indnction hea.tig

4e3:2.1 Induction heating

A Radio-“freque‘n.cy induction heating is commonly ﬁqed in
indn_atriai' processes, particularly for u}elting; hardening a;xd
tempering ferrous and non-ferrous metal‘az sd'l'daring and annealiﬁg '
‘are othexr applioations. |

The principle of the technique is, briefly, tha.t one produces
an r-f magnetic field in the work piece .and the field causes eddy—
current losses in a non—ma.gnetio oonductor, or hysteroais and eddy—-
current losses in a magnetio conductor (Pig, 68). The magnet:'n_.o
field is producod by an oassillator, the outpﬁt of which is‘c‘o\x‘meotedv
to a hollow, oopper coil whioh surrounds the work piace -(I“ig. 69).
The 61036;' the coil is to thoe work piece the higher the efficiency
of the system. It is also possible to have an interior haating
coil (Fig. 70), but this 15 less officient tho.n an equally close
external coil,

The methéd is féry fl'exible because one can make a coil to .
suit a particulazf work pieco: for examplse, one can havé a mlti-
turr coil (Fig. 71),‘a hair-pin coil (Fig. 72) or a rotary deid E
type coil 'for'uee with a rotary table {Fig. 73). Induction
heating provi-cieé a very high conoentration of heaf and the r,f.

power is simply switched on and off.
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The r.f. power required and the optimum frequency of the
fleld depend on the size, configuration and material of the work
piece, the maximun temperamrg required and the time in whioh
this tgmperamre has to be produced, In genoral, the higher the
resistivity of the work piece the higher the efficiency of the
system, andA the higher the frequenocy of the ficld the higher rthe
surface current density. .

For heating pooz;' or non-conducing materials, one places a

oconduoting msqeptor between the coll and work pieoa.

4o 32,2 FExporimental work
rig. 74 shows - the apparatus whioh, in prinociple, consisted

of a vertical 2 in. i.d., 22 gauge stainless steel pipette oconnectsd
by -flexible siiioone‘tubing to a 1 ml, syringo. The syringe was »
operated mechanically to suck up and expel fluid, which occupioci

. approximately 3 in. of the pipette. The lower 4 in, of the pipette
vas surrounded by a fixed copper coil, which consisted of 8 turns
each of 1% in, diametor, which vas connocted to the r.f. genorator
(Fig; 75)s the pipeite was lowered, mechanically, into vessels
placed below the heating coil, A tube from a reservoir of distilled
wator was connected to a, thres way tap in tho silicone tubing
connecting the plpette to the‘ syringe, so that the pipette cculd.

be rinsed through with distilled wators the system was arranged

go that infeciive material could not go ab.ove tho leval to which

the syringe draws fluid,

To heat the pipette, r.f., power was coupled to it through



184

the coil. - There were>two independent vaiiablss, the maznitude of
the power and the time it was switiched on. .- The magnitude of the
power was fixed by tvo dependent varigbles, the current passing
thrbggh the r.f. oscillator valve and the efficisncy of the coupling
between the coil ant thé pipette (Sect. 4,3.2.1). Ya chose,
theéefore; %o speoify the heatinz prﬁcess'by the ourrent passing
through' the oscillator valve and the time the power was on: -both
parameters were easily wvaried, | |

We found that the most affioient coil (in - hich thare was very
‘:little spaee‘between the coil and the pipetto) heatsd the pipette
to Qea ﬁeat in a few seconds, evon at the 10weét possible oscillator
cuire;t; In order to obtain a set of variables such that- the heat
generatad in the pinette vas. insufficient to storilize it ina
reasqnableAtime, we uged comparatively lnefficiont coupling: the
use of & I%rih. diamoter coil reduced  the efficicney of the coupling
| by approximately 407,

| _To test the efficacy of this mothod of storilization, we

‘adopted the following technique. With a givan oscillator ocurrent,
the r.f, power was switchod on until the pipetts hecame red hot and.
vas left onkfof an additionsl 5 seconds to ensurs the loﬁar 4 in.
of the pipette vas sterile. The pipette was iowered into 2 broth

culfure of Staph.aursus which was drawm up into the pipstte and

sxpelled. Distilled water was passed through the pipetts for 5

seconds, the pipette vas ralsed so that the infected portion was

botween the heating coil, and the r,f, powef wag switchad on for
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a given period. After the pipette had cooled, it was lowered
into a tube containing sterile broth vhich was sucked up into
the pipette and expelled twice: the broth’wa.s incubated overnight.
The pipette was then washed through with distilled water, raised to
the sterilizing position and heated to red heat. The experiment
 was repeated 20 times for each of a variety of combinations of the
two vgriablea. A similar series of experiments was carried out
using F,coli and another series using B, Stearothermophilus,

| The rosults ('l‘abie 26) show that ths optimum conditions for

sterilizing the pipetts were 350mA oscillator valve ouﬁ'ent for 8
seconds. Howevor, _those figures apply only to the particular ocoil

b
pipette and generator used and cannot be used to formlats general

oriteria.

k 2. 2e ; Disocugsion

%e have shown that this is a practical method for sterilizing’
vossels in situ., . It is vory flexible because of the ease with
which one can make a coil to suit a parficnla.r work plece and
bacause the generator can be. remote frorh the vworkplace. The
generator used in tho experiments discussed in .Seot. 4e3.2.2,
was & 1 k% unit with an output frequoncy of 2 ilo/s. This is
much more powsrful than is likély-tq ble heoessary for many .
applicaticns tha.f we can foresee, and 1t is necessary therofore
to acquire a moré suitable gencrator for these applications,

Other prodbloms remain, in particular, the time the pipetto took

to cool dovn was longer than desireble, but this problem should



TABLE 26
paae -

r.f. oscilletor wvalve

ipette by r.f, induction heating.

Number of failures in 20 tests

current in Time power
milliamperes on in seconds E, coll Staph. eureus B, stearothermophilus

L 9 19 20
300 8 h 1 8
12 2 0 0
14 0 0 0
L 4 17 20
305 8 0 0 L
12 ] 0 0.
1 0 0 0
4 6 1 5
0

350 8 0 0
12 0 0 0
1 0 0 0

IbhT



192

not be difficult to solve. A

Possibly the biggest disadvantage with the method is that
one cannot heat non-conduotors direotl&. In this case one uses
a susceptor, a conducting component that is heated by eddy-current
and.hysteresis offects, and the workhpiece is heatod indirsctly.,

e do not anticipate this boing a major problem, however, bacause
we see no roason why the majority of vessels we are likely to use
cannot be made from suitable conducting materials.

Another possible application of r,f, heating to bacteriolog&
is generai purpose sterilization which at present is usually garried
out by autoclave in a cent;al supply department. . Tho comﬁonents to
be storiliszed could bo packed in a suitable container which would be
placad in a boat-shaped susceptor: altornafively, the container
could be the susceptor. The boats would automatioally paas throuzh
a horizontally mounted mlti-coil (Fiz, 76), by means of a conveyor—
bélt type devioe, and a hot zone would move alonz tho compenont,

It is probable that mora power than 1 k7 would be required and‘there
are many problems ons can foresee, tut this 1s another application
. of refs induction heating that might woll be investigated.

Further exporimental_work on storilization by r.f. induction
heoating must be carried out, but this is botter done in connection
with the devolopment of a definitive automatic method, such as the

analysis of urine, and further discussion is postponad to Chapter 5.

-
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Fig. 51, Drewing 1llustrating a mamual technique for spreading a culture

over an agar plate: see text for legend,




Fig, 52,

19¢

Schematic diagram of first experimental apparatus for automatically
spreading cuj.ture over an agar plate: T ~ agar plate on rotating
table, I - electrically heated inoculating loop attached, by a
hinge, to an arm moved by rack R and pinion P, M - motor,

G1, Gz - gears,

T
-4
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Fig. 68, Drawing illustrating the principle of r.f. induction heating: :
¢ - r.f. generator, C - coil which induces an r.f. magnetie
field M in the work plece V.
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Fig, 69. Drawing of a hollow copper eoil C surrounding a work plece W -

an external coil,

* Fige 70, Drawing of a hollow copper coil C surrounded by a work plece W -

an internal coil,
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Fig. 71. A hollow, copper, multi-turn r.f. induction coil,

L]
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Chagtcr i

Conclusions
RTINS

Tho possibilities of mechanically manipulating spocimens
and other4patérials have beeﬁ investigated, and dofinitive automatlc
eqnipmént fof performing some stages of a varietonf routiné test.
procedurcs has been dasigned and evaluated: the apparétus is now
in_rou%ine usé. vWhilst it is not very sophisticated by antomation
standards, the apparatus works satisfactorily, and it satisfies our
oriteria foi aﬁtomatic diagnostic test equipment: it is simple to
oporate, suitable for processing relatively small numbers of specimens
and all parts that}céme into contact with infocted material ocan be
removed and discarded or sterilized by heat or both. The apparatus
‘cannot porform complete diagnostic test rrocodures without manualn
‘intorvention, bﬁt within this linitation, tho methods serve a useful
purpose although ono ﬁay arguolthat one should have introducod nore
" automation: for example, one might have included m2ans for
autonatically scénning the sample cups of the apparatus for
disponsing tho reagents for the “assermann reaction, to deteot lysis.
| It is difficult to dotermiﬁa the optimum balance between fully
au tomatio mothods and mechanical aids to mamal nethodsy but wo fael
wo have échievod a2 reasonable balance between thess two extrenos,

‘except in tho method for distributing liquid oulture (Secf. 3.2),
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particularly in view of tho numbar'of spocimens processad in the
average routine laboratory, the need to gain exporience in a ficld
vory few other workers have tackled, tho need to show potentizl
-users of cutomatic methods the possibilitios and the need to
alleviate quickly the difficultios created by the ever increasing
work load and the chortage of technical staff.  The mmber of times
one neceds to dispense 3 6r more drops of a single liquid culture is
limitod, and the inconvonisnce of having to roplaco the syrings in
the maethod for distributing culturs (Scets 3.2.6) is moro si"nificant
than forecast, and we st re—consider'thls method in the lisht of
' our more rocent experienca. | | |

A major obstacle to the development of automatibn in dizgnostio
bacterlology hasg been our inability to sterilize many components with
vhich infected material comes into contact, in situ and in a |
reasonablo time, An effort to circumvent this difficulty, b&
independently mochanicing those stagcs of a test procsduro that do
not involve handling infective material (Sect. 3.1), has been
successful, However, our attoempt to use pre-sterilized disposable
veoaols, that are loaded in the apparatus and unlozded mamally,
when handling infected material (Sect. 3.2), has met with very
limitod succoss, and it is now evident that the difficulties in
mechanically handling infcective material cannot be circumvented
but muat be ovsrcomo. Somo very promising prsliminary expsriments
on an . fs induotion hoaiing mothod for sterilizing vessels in situ

have boon carrizd out (Secct. 443): to our knowledge this method has
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“hitherto not beon used. Vvhilst further experiments have to be
conducted, ﬁé havo reason to believe that we will be able to
develop this method of sterilizafion to such an extent that, in
the near future, it will be possible to storilize most types of
conponent likely to be required for mechanically handling infective
material in automatic apparatus, in situ and in 2 rcasonable time,

If we succeed, and the r.f, induction heatihg nethod 1s boing
actively explored, many pOSSibilitios.will be dponed up. In the
moethod for diauributiné liquid cultures (Sect.. 3.2), one could use
a fixed syringe (or other suitable vessol) whlch would be sterilizod
after cach speclinon had beon processed. The apraratus would then -
be sultable for disnensing single drops of culture, and would be é
mich more useful devico than one which utilized pre-sterilized
disposable aypihges that are mamuzlly feplacsd beforsua aecond
culture is distributed. . One could also devslop methods for
automatically feeding the tubes confaining the cultures and the
tubes to be inoéulated into the apparatus, thus meking tho culture
distributing technique fully automatic. 3y combining this
apparatus with the serial diluter (Sect. 3.1), vhich in turn
incorporated a dovice for distriduting diluent, a fully automatic
method for measuring the minimal inhibitory concentration of
antibiotic and a serum antibiotio level would be produced. .

The principles usocd in the serial diluter could be ussd in a
mothod for sorially diluting bacteria: one would have to sterilize

the pipettes between each stage of the procedure and many precautions
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against spilling infective material wonld have to bé tcken.

One could also dovisc a method for inoculating an agar plato
fron a broth culture andﬁspraading é lavm of tha“culturo, for
testing antibiotic sonsitivities by the disc method, A pipotto
would be used to draw up an appropriato volume of culturs and to
place 1%t on the amar plote vhich in turn would be rotated and
rocked until the culturo had spread over the surfaco of the agars:
the surpl&s culture would bo removed by the pipefte and dischargsd
to vaste. Apparatus for dispensing dises is commsrcially available,
andi it c;uld bhe incorpor#fed in a fully automatioc aeviCQ for
’ measuring antibiotiﬁ sensifivitiea by the disc method.

Thg mothods for processing urines discussed in Soct. 4.3 would
become practical. . e docldod that, since the rumber of spbcimans
examined in depth ié co small, the groatest nced is for a method
for screening the speoimens: this would be an altefnativo to the
bldtting paper tochnigue for mcasufing surfaéo viable counts of
bactoria and for the microscopic cxomination of tho speeimen for
counting white blood cells. To be an,imprQVamnnt.on the mamal
netiod an autonatioc mothod hes to bo as near fully automatioc as
possible and ideally, one should meroly have to put tho spocimen
jar into the appraratus which would thon perform the complote
procedura, Ve consider a fully automatic method for prozessing
urines would bho most usaful, and we ére consldering methodé for
gercening the specimens for whito blood ¢211s8: one possiblo

method is to uso a dovice similar fo the zlide centrifuge (Vatcon,

1966) in vwhioh the cemtrifuged cells in suspension are goncontratod



direotly on to a miorosocope: slide. The devolopment of a mothod
for soreening the specimena for white blood cells is likely to
takeo some time howover, and, on the asmmption that vessels with
whioch infected material comes into contact can be atefilized in
situ by refe induction heafing, we have decided to doiolop a .
prototype dovico for determining mrface viable counts and fof
pqrforming the remainder of the urine test procgduro as an |
internediate stop.

“xperimantal work sutomatically sprcading a culture overan

ager plate for identification (Sect. 4.1) was very encourazing,

and we are now coniuctinzy further resecarch leading to the design . -

of definitive apparctus for ‘the routine 1gboratory;

' Varioun possibilitios prosent themsolvos, e oould deviée
a general purpose machiﬁe sultable for spreading inocuia from all
. typos of specimen, In its simplest form, the operator would
inoculate the plateag, ﬁut them on the apparatus and-remove then
after the 1npcu1um had beon spreads A more compléx possibility
is ono in which the operator inoculates the platos and puts them

on a device that feeds them on to the spreading machine (vhich

‘automa tically spreads the inocula): a similar device would rcmove

the plates from the sprecading machine and transport them to the
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incubator, Ewen more complex equipment would incorporate automatie

means of inoculating tho agar plates,

In view of the rolative numbers of specimens to be processed,

we have decided to concontrote primarily on dovoloping a msthod for

processing swabsy and we have concluded that the minimum of
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automation accoptable is a devioo vwhioh performs all operations
exoept inoculating the plates. However, apparatus in vhioh the
agar plates ares automaiiocally inoculated would be most useful,

Two methods for 1noou1atingithe plates from swabs are under
investigation; inoculating the plate directly from the swab by
meohaniqall& sireaking it across a radius of the plate, as in the
manual method, and inoculating the plate from a broth oulture which
was previously inoculated from the swabs - the swab is immersediin broth -
and 1+ is rotated vigorously. The former method, whilst probably not
impossible, will almost certainly requirs a very intricats mechanism,
but the latter method lends itself to méchanieafién and the results
of our preliminary experiments arse enoouraéing (Pige T7)e Ve
intend to pursue the experimenis further before deciding which
type of devioe for proocessing swabe wé will devolop.

It is now alﬁost o;rtain that fully automatic apparatus for
use in diagnostioc bacteriology will be much more oomplex than
apparatus hitherto used in bacteriology laboratories, and therafore,
such apparatus will be unsconomic if used in the average routine
laboratory. It may well be advantageous, therefore, to conceontrate
the speoimsens to be processed in a few relatively larze laboratories,
and early oonsideration of this is desirable,

If we oontimue to make progress in the mechaniocal handling of
infective material, we may soon be able to turn to other fislds of
study, particularly to the measurement and presentation of test

results (Sect. 1l.4.1): we hope soon to evaluats a prototype 'Bovman'
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apparatﬁs Sects 1,2,1). but we do not expeet this development to
have a dirsct effzet on our immediate future prozramme.

Automatic methods in diagnostic bactorioclosy is a Fis=ld that
hardly anybody eolse has tackled. “e believe tho hositancy of
othors to enter this field is unjustified, Eecause, vhilst ws have
only juct seratchad the sﬁrfaca of the problem, wz have made come
- progress tovards solving tho major obstacls to further dovelepmonts,
and have shown thaf there ars many unexpiored but potantizlly vary

fruitful avemes.
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Appendix 1.1 A Modification to the "Spekker" Absorptipméteg

o—
—

The principle of the absofptiometer is as follows. A beam
of 1light is passed through a heat filter, an'irie diaphragm! 2 lens
and oh to a photo-éell. A second beam of light, from the same
lamp, is passed through a heat filtor, a variable shutter controiled
by a graduated drum (calibrated in optical density and perosntage
transmission), a lens and on to a photo—osell, The outputs from
the photo-oells are oonneoted, in opposition, to a centro-zero
gaivanometer vhich has a variable resistor in parallel with it to
vary the sensitivity. Shutters olose to keep the light from the
photo-oeilsrwhen not in use,
| The calibrated drum is set to zero on the density scale and
the iris is closed - the galvanometer should be balanced. The
sample is plaocd in the oell, the shutters are opened and tha
sensitivity control variod until the light spot of the galvanomater
moves to full scale deflection (fesede). Tho spot is then brought
back to zero by oponing the iris diaphragm, the shutters are closad
and the apparatus is ready‘for use. On opening the sﬁutters,the
light-spot doflectiion is reducod to zZero with the calibrated drum
and the optical density is read on the appropriate scale of the
drum: the prooedure is repeated at froquent intervals to obiain

a growth curve.
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In our modification, the centre-zero galvanometer is\r.eplaoad
by a direct writing potentiometric recorder (0 - 500 /uV R d..‘)
and the shutters are operated by a 2 in, doudble-aoting pneumatic
oylinder which in turn is actuated by a timing device, This
produces a pulso that opens the shutters for 10 seconds in evary
nmimte or for 10 éeconds in every five mimites: the frequenoy is
pre=selected 10 suit the anticipated growth rate of‘the organism
under test.

The apparatus is proparsd for use as before. 'v‘ihen. the éhutters
are opened however, we do not reduce the deflection of the pen to
zer6 with the oalibrated drum but simply record the deflection of
- the pen. Consequently, the pattern obtained on the recording paper
is a series of equidistant rectqngles, and the héi.g;ht-of each peak
is related to the optical density of the specimon. 3y Jjoining the
péa.ks of the reotangles one obtains a growth ocurve,

The circuit diagram of the control system is shown in fig. Al,
The pneumatic cylinder C (Martonair, type S778) is operatsd through
a 5 port, pilot opérated solen;)id valve V (R.G.Sey type Z.P. 125/8) 3
tho uni-directionnl air-flow regulators (Uartonair, S577) restrict
the exhaust air flow, thus controlling the stroke rate of the
cylinder. The timer is based on the motor }! which has two cams,
onc with five ramps and one with one ramp, which operate micro-
avl tohes MeSel and ¥,S.2. respectively. The motor speed is 1
revolution in 5 mimites, 80 that !1,S.1 operates every mirnute and

MeSe2 Oporates every five mimtos, Switech S.¥.3 selacts either
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HeSel, to operate the valve V every xﬁinuta, or ,S.1 and ¥, S.2

in series, to operato the valve V gvery 5 mimtes: .the longths of

the ramps are such tha.t the valve V is ensrgised i‘or approximately

10 seoondg. - The shutters are mamally operated by Se%.4 and S,¥.2

switches the timing devioce on and off: S.W.1l is the mains switoh.
Thié is 8 very simple modification to the "Sp'eld{er"; which

relieves an operator of muoh tedious and time consuming work, in

that the apparatus will work unattended for as lonz as required,
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Aggendix 2ol The Control Unit of the Peristaltioc Pumg Disgenser

The peristaltic pamp (7atson 'iarlow, type ! H.R.Z.) is oparated
remotely by closing the contacts J (fig. A2) vhich are in the pump,
The controller is based on a ccmmeroially available timer

(Crouzet, type 207) which has four sets of change-over contacts,

To operate tho timer, the timor motor T and the olutch ¢’ are energiséd.
Contacts C and D change over immedliately the clutich is energised and
the timed period, which is easlily set on a dial, commonces, At the
énd of the timed period, contaot 3 changes over and aftor a short
interval, contact A chanéee over. Wheﬁ the clutch is de-energised,
the four sets of contacts revert to their original positions and the
timer re~sets itself,

To repeatodly dispense volumes of broth, tha seleotor switch
SeWe2 is turnod to position 1 and S,W.1l is closead. Power is then
supplied to motor Ii through contact » and S,".1A.  Two cams, which .
operate mioro=switohes i, S.1 and i, S.2 respectively, are attachad
to the motor (speed 12 rev./hin.) and vhen it has turned almost a
complete revolution, !M,5.2 is actuated by ramp dp and, immediately
aftervards, %, Ss1 is actuated by the groove d;, 1. S.1 operates
the timer T and c¢lutoh Clthrough Se 7e1B, and contactis C and I change
over thus olosing the contacts J and starting thoe pump. Power to

the timor is maintained through contact D and S.49.1A, and power to

motor Il is maintained by !, S.2 until its actuator passes ramp dp:
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M,S.1 changes to its original position just befors i,5.2 opens to
stop motor ¥. At tho end of ihe timed period, contact B changes
over thus opening the 'circuif to contacts J a.n‘d' stopping tho pump,
Soon after contaot B has changsd ovpf, oohtéct A ohaﬁgeé over, thus
do-enérgising:the‘timer and clutch so. that contacts A, 3, C énd D
revert to their original posifions (as shown) and the timer 'afo'dps
and re-sets 1tself, The motor M is now enqrgissd‘through contact’ D
a.ﬁd Sﬁf.l&f and the proocess is :repaated g0 long as SeVel is closed.

To run the pump ooﬁtimously; one turns:selector swifoh Se 762
to position 2, The timer is not in circuit'néw and one merelj
operatés SeTe4 to close contacts Js tﬁe oontaét‘Y.l'of reldy /17
. is an interlock which 15 opened whap‘S.W.Q is in pbsitions 1 and 3,
to eﬁsure'that S.W;4 ié inoperative. - \

To dispenseva single volume, S.%.Z is turned to position 3 and
S.We3 is opérated. Relay X/3 is onergisod through S.W.SA, and
locked on by contaci'; X.1s oontacts X.2 and Xe3 are closed.  Timor
T and olutoﬁ ¢’ are energised, and contacts C and D change over to
gtart the pump and to maintain power to the timer and clutoch. At
the end of the timed period, contact B opene followed by contact A,
thus stopping the pump and de-energising tﬁe timor and clutch so that
oontaots Ay B, C and D reveft to tho positions shown, and the timer
stops and re-sots itself, Tho motor 1 is thus enorgised through
contacts X,2 and 5. © Then the micro-switch aotuator L1 falls into
groove d, relay X/3 is de-energised and contact %2 opens thus

stoppinz motor s contact X.3 and relay Z/1 constitute an interlock
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80 that S.Ve3 is ineffective once the timing cycle has-commenced,
The motor I stops with the micro-gwitch actuators L1l and L2 in
groove d1 and on ramp dp, respectively, and not as shown, If
Se'e 3 is a2acituated to dispense another single volume, the pump

will start and motor I will rotate until the micro-switch actuators
Ll and L2 ars in the positions showm when the motor will stop: it
takes approximately 1 second for the micro-switches fo reverti to
the positions showvm and as this is less fhan'the minimum timed
period, the micro-switches will bo in the required positions at the
end of the timed period. Similarly, if after dispensing a single
volume, S,%.2 is turned to position 1, the motor ! will rotate until

the micro-switches are in the position shovn.



Fiq. R2. C(iRcuIT DIAGRAM OF CoNTROA UNIT OF THE PERISTALTIC PUMP DISPENSER.
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.&Bgendix ;. 1

The Control Unit of the Apparatus for Distributin
Liﬂid Culture

The 2 in, double-aoting pneumatioc oylinder A (figs. 35 and
A3) is a through-rod type, and one .end of the piston is permanently
oc;mneoted %o a 2 in., standard double~acting pneumatic oylinder B
(£ige A3): the’_otlier end of the through-rod piston :is connectéd
to rod D (fige 35)s The two oylindéra that actuate the Repette
o meohanisms are ewltohed :lnto the position.of oylinder C as raequireds
the switches and second oyl:lnder are not shown.

To £ill the syringe, vaIVe P is: operated (manually) and,
provided the interlock diaphragm valve 1 is rclaxed (oylinder C
is f‘ulAl:,r negative), mains air rasses to the apprqpria.te pilot port
of‘ pilot operated valve S and mains air is passed to line It '
line IX air is exhausted, Line I air changes pilot operéted
valve T, to onsure that no air is in oylinder B, and valve U to
allow mains air to drive cyl:ln;ier A (and thersfors cylinder 3)
positive: tho speed is controlled by restricting the exhaust air
of oyi:lnder A by means of uni-directional air-flow regulator 'Ilfl.
“hen oylinder A is fully positive, the pilot air in diaphragm
valve 2 exhausts throush regulator R2, and the valve rolaxes
thus pass:lhg line Iv air to line id. Line Id a:l_r operates pilot
operated valve V, thus exhéusting air from cylinder A =o that its

piston is free to be moved in a negatlve dircction by the Repette



mechani sms,

| Cylindor C reoiprooatss 1f foot operated valve G is closed,
provided, valves 3 and 4 are rolaxed (oylinders A and B are
“exhausted), valve M is open (oylinder A piston is not fully
negative) and valve 1 .ia rolaxed (oylinder C is fully nogative)s
On operatin{,’; G, mains air bhangés the pilot operated vai;ra W and
mainé air drives C rositivesr the spoed is eontrolled by ragulator
R3. Then C 1s<fully positive, valve 5 exhausts through resulator
N R4 é.n"d rolaxes, mains air ohangéa valve W and rﬁains air drives C
| nezative, '.‘fh.en C is fully negative, valve 1 relaxos thus changing
':‘..(- to drive C positive. This sequcnce continuoas so long as G
,reméixjis opere_iteds whon G 1s olosed the sequence contimies until C
is 'i‘ully nozative.

To diséharge- the remaining culturs to waste, valve I is
returned to its original position thus exhausting line I air and
pascing mains air to line II (aésuming valve 1 is rolaxed - C
fully negative). Line II air fills oylinder B through reservoir
Z, so that oylinder B (and thorefors A) moves slowly: the movcment
is not aé slow, or as smooth, as when restriotinz exhaust air flow
(vhich is not possidble hei‘e), but is smooth enough since one is
simply moving culture already ih the syringe further into the
syringe. Thilst B is going positive, pilot air in valve 6 is
exhausting through regulator RS, “'hen ﬁhe valve rolaxes, whioh
is somo time after B is fully positive, line II air passes to

line IId, line IId air ohanges valves U and T and mains air

drives A (and therefore B) negatives the air in valve B
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exhausts through regulator R6, and valve T, to control the speed

of pistons A and B,

' comzonents

Cylinders

valvas_s; u, v
Valves V, T

Vaives 1-6

Valve I

. Valve G |

Regulators R1, R3, R6
Reéulatora R2,- R4, RS
Valve i

Sohréder,

Martonair,

Martonair,

‘Hartonair,

hﬁrfonair ,
¥artonair,
Martonair,
Martonair,

Davis Pneumatios,

© . type 491
typ

S. 556/3
type 3. 560/3

S 556/7
type 3.256»

typ'e Se 5"77

type S.836

tgpe V=10 (Mead)
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fig. A3, (IRCWIT DIAGRAM OF THE CONTROL UNIT OF THE RPPARATUS FOR
DISTRIBUTING LIQUID CULTURE
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Appendix 52 The Control System of the Serial Diluting Apparatus

The control system is based on #n 18 wvay, 12 position, rotary-
solenoid operated switch, Ledex II (N,S.? Ltd,) This is enorgisod,
through.two eleotronagnetic rclays, bj micro-awitcheé ¥, S.I1 and
M. SeI2g, situated at oither eni of the stroke of tho pnoumatic - -
cylihder driving the diluting syringos respectivoly, and by micro-
switches . S.II3 and . S.IIp,, eltuated at ofther ond of the stroke
of the pncumatic oylinder which raises and lowers the pipotte
holdér respeotivelf: the cylinders are‘operatéd by pilot-operated.
air-solenoid valves I and IX {ReGeS., typo-EP.léS/B) rospeotivoly,
The contaot arrangements of tﬁe ewl tohes on Lodex II aré shown in
fig. Ad |

To prepare the apparatus the power supply is switched on and
relay'H/B (fig. A5) 1s energised and locked on by contact 1,2z
oontaots il,1 and M;3 open, contact h.S closéa and contact i, 4
ohanges overs vreolay Y/2 is also snergised. Se e 6 1o closed,
dolay relay LQAT3/1 is enefgised and, after a delay of approximately
5 soconds, ooﬁtaot LQAT3+1 closes, thus onergising relay L/5 which
is locked on by contact l.4: ocontacts L.l.and L.3 open and contacts

Le2 and L¢5 close.

The pipettes are loaded intc the pipette hoider which is then

turned to the operative position so that 5.1V is switched to the

position shown. S.% 1 is oporated to encrzise Ledex II (through
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closed interlock LsI,2 - see below) which turns from position 6

(in whioh position it had stopped when the apparatus was last used)
40 position 7, and to de~energise Y/?. Contaot LsII.2 onergises
a:lr-ieolenoid II thus lowering the pipette holder, Then the holder
reaches the end of its strcke, ldeS.IIpp oloses to energise air-
solenold I which operates the 'diluting' oylinder so that the

bro th/ant:lb:lot:lo mi:_:ture is sucked up into the pipettes: the
machine stops so that the oi)erator may check that the pipette/syringe
aystems are not leaking, On depressing S.We5, relay 4/5 is
de~enorgised, contacts ll,1 to iy 5 revert to the positions shom and
the motor starts to rotates 1i,S.I2y 1s an interlock which ensures
that SeVWe 5 18 ineffeotive unless the 'diluting' oylinder has reached
- the end of its stroke. Since il S.IIp, and L.II 10 are olosed,
rolay A/1 1s energised and contact A.1 de-cnergises relay B/1
(whioch has been ensrgised throughout). After a short intorval, |
contaot Bl closes to actuate Ledex II which turns to position 8.
LeII,1 is opened to de-enorgise air-solonoid I so that the fluid
in the pipettes 1s ojected into the tubo, and L, II.JIO is opened

to de-energise A/1, energise B/1 and open Bel.  Vhen the diluting
oylinder reaches the upper end of its strokey Li,S.I; is olosed and,
since L.II+7 is olosed, A/l is energised to turn Ledex II to
position 9. LeII.1 is closed to operate the 'dilutinz' oylinder
thus sucking fluid into the pipette. Vhen the oylinder reaches
the end of its stroke, HeSeI2g 18 oporated and, since L.II,8 is

olosed, A/l is energised to turn Ledex II to position 10 from vhioh
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it automdtioally thomes' to posi;ion 1 (the 'hoﬁing'-devioe cirouit
diagram is in fig. A4). “hen Ledex II is in position 1, the

contaots aro in the sams state as.they ara in when Ledex II is in
position 8 (except in the case of contact L.II;14 ~ see below), and
the sequence from position 8, with the exception of the 'homing'
prooess, 1is fepeated two more timos until Leqéx I1 is in positibn 5%
tpé broth is ejeoted and suckad up two more timée. In position 5,
luII;l is olosed, thus keeping the fluild in the pipettoes, but L.I1I,2 -
is opérated to raise the pipette ﬁolder; Vhen the holder reaochas
the end of its stroke, M.S3.1I; is olosed and, sinoce L.II.9 is closad, -
A/i is dofénefgisod to turn Ledex II to poéition 6. LeII.3 is olosed.
to oporate relays X/1 and Z/1, Contaot X.1 ohangec to de-enorgise
the brake and energise tho clutoh, thus rotaiing the rack of tubes,

and consequently, tho aotuator of MeS.III (i in fig. 22) is raised
out of its groovo on diso I' (fig. 22): I1,S.III ohanges over from the
position ahﬁwn to ﬁaintain.power to 2/1 and X/1, hen Z/1 is
enerzised, contact Z.1 opéne and, after a short interval, rslay /2
(which has been epefgised throﬁghout) is de-energisa& to open
oontaot D1 and olose contact D,2. Vhen the mioro-switoh aotuator'
drops into the next groovs, !l S.III ohanges to the position showm,
thus enorglising Ledex II, through L.II.11 and Ds2, whioh turns to
position T+ when i.S.III changes to the position shown, X/1 and z/1
are de-onergised to stop the'rack of tubea rotating and to
energise'D/é so that contaot 5,2 closes and contact D2 opens.

In position 7, L.II.2 is olésad to energise air-solenoid II.
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The pipettes are lowered and Ile S¢II2y im closed: ‘sinoe L.II 10
is closed, A/l is de-energised to turn Ledex II to position 8.
The sequence of evenis that has taken place ;inoe Ledex 11
vas last in position 8 repeats until étoppéd, either mamally or
automatically. The mechanism for stopping the sequence is based
on another rotdny—solenoid operated ewitoh; Ledex I, and relay‘Y/é.
~ To stop the maoﬁine automatically, S.7e3 is turmed to select the
number -of dilutions required, Fach time Ledex II turns to
position 1,'oontacf LsII.14 operaice relay R/l which in turn
aofuates Ledex I. hen contaot L.I.1 rcaches the position
corresponding to ithe position S.%e3 is iﬁ, Y/2 is eneréised and -
locked on by contact Y.23 Y/2 may also be operated mamally, by
moans of S.'.4, at any time except whon Ledex II is in position 6.
Contact Y1 opens whon Y/2 is enorgised and consequently, tho
machine willvstop when Ledex II next turns to position 6, because
Y.1l prevents X/i and Z/1 from operating. The machine stops,
therefore, with the pipettes raised and with the pipettes coniaining
1l ml, of the final dilution of antibiotioc: the machine will stop at
no other point in the sequenoce, but in an emcorgency the pipoettes
may be raised, by means of S, .2, vhilst the sequence to position 6
is completad. “hen the pipette holder is turned to the loading
positiony e S.IV ig cﬁanged from the position shown, thus, de-
enerzising airvsolonbid I, to oject the final 1 ml, to wasta,
encrglsing H/B and stopping the motoxr.

The apparatus is now in its orisinal state and realdy for
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further use, Ledex I is returried to position 18, through L.II.

16 and 1145, when S.7.l is operated to turn Ledex II ffom position 6

to position 7, at the beginning of the complete 'sgciuenoa of cvents:

'L.I,? is an interlock which ensu?eg that Se¢%el i8 ineffective when

the machine i‘s operating. ' - |
Further details of the mechanical desiin of the serial

dilutor than those given in the toxt are in figs. A6 and A7,
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The work load in many bacteriological depart-
ments has been inereasing rapidly, but automatic
methods have hitherto been very little used.

This seems surprising, but there are two import-
ant complicating factors pertaining, exclusively,
to bacteriology. First, relatively few specimens
are subjectsd to any given test procedure and
second, the specimens are infective and the
spread of infection and contamination of the
specimens must be avoided.

Most test procedures consist of a series of
discrets manipulations and some of these are
common to at least two procedures. If, therefore,
one constructs certain basic units, each of
which may be utilised in many different proced-
ures, it may be possible to produce an economic,
automatic diagnostic system.

We have embarked on a broad study of the
problems of automation and mechanisation in diag-
nostic bacteriology, and in this paper describe
some of the apparatus developed: since the most
time consuming part of the work, and thorefore
the most urgent aspect of the problem, is mani-
pulating the specimens, we have concentrated on
this rather than methods for measuring and dis-
playing results.

Two oft used procedures are the measurement
of the minimal inhibitory concentration of an
antibiotic (M.I.C.) and of the serum antibiotic
level. The method used for determination of the
MeI.C. in our laboratory is as follows. 2 ml. of
appropriately concentrated antibiotic solution
in broth is placed in a test tube and 1 ml. of
broth is placed in each of a series of 10-12
tubes. 1 ml. of the antibiotic containing broth
is transferred from the first tube to the 1 ml.
of broth in the second tube and mixed thoroughly.
This transfer is repeated 9 or 10 times to givea
series of two-fold falling dilutions. Subsequent-
ly a standard suspension of the bacterium under
test is added to each tube. After incubation
one observes the lowest concentration of anti-
biotic that inhibits growth. For a serum anti-
biotic level, serum is similarly diluted and each
tube is inoculated with a standard organism: a
control M.I.G+, in human serum, is also perform-
ed. After incubation, one observes which dilu-
tion of serum contains sufficient antiblotic to
inhibit growth of the organism and the corres-
ponding concentration of antibiotic is calcul-
able from the M.I.C.

We have developed equipment for carrying
out, mechanically, three stages: the distribu-
tion of initial volumes of diluent, the success-
ive dilution steps and the addition of culture.
Three separate machines are used so that each
may be utilised for other tasks. ~

The diluent dispenser is based on the

peristaltic pumpe.

In the serial diluter, the test tubes are
mounted in a e¢ircular rack which revolves under
four P.T.F.5E. pipettes, so arranged that there
are, in effect, four sets of 12 tubes each. The
pipettes are connected by silicone rubber tubes
to 1 ml. syringes: all parts may be sterilised
by heat and are removed and replaced simply with-
out affecting the calibration of the.system. The
four syringes are operated by a single pneumatic
cylinder to suck up and expel the fluid.

The rack of tubes is mounted on a spindle,
the pipettes are lowered, by a pneumatic cylin-
der, into the first tube of each series and 1 ml.
of liquid is sucked up into the pipettes. This
1 ml. is now put back into the tube, sucked up
and replaced twice and sucked up again. The pip-
ettes are raised, the rack rotated and the pip-
ettes lowered into the second tube of each ser-
ies: this procedure is repeated a pre-selected
nunber of times.

In the apparatus for dispensing drops of
culture, the barrel of a pre-sterilised dispos-
able syringe is fixed vertically. The piston is
attached to a rod, the upper end of which is
attached to a pneumatic cylinder to facilitate
filling and emptying the syringe. The rod pass-
es through two intermittent linear motion mech-
anisms each of which moves the rod a pre-
determined distance: these are actuated by
separate pneumatic cylinders and dispense 0.02
ml. and 0.1 ml. respectively.

The syringe, with a needle, is placed in
gitu and approximately 1 ml. of culture is dramn
in. On depressing the foot switch, the pre-
selected dispensing mechanism reciprocates thus
repeatedly dispensing drops of culture. On re-
leasing the switch, the process stops: the re-
maining culture is ejeoted to waste and the
syringe and needle are discarded.

Both machines are constructed almost
entirely of commercially available components
and aré controlled by electro-pneumatic logie
circuits. By any automation standards they are
not very sophisticated, but they save consider-
able time and perform their tasks far more
accurately than these can be performed by hand.
We have shown that diagnostloc bacteriology
technology can be modernised to considerable
advantage.
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Automatic serial diluting: an instrument for use
in bacteriological laboratories!

R. E. TROTMAN
From the Wright-Fleming Institute, St. Mary's Hospital Medical School, London

SYNOPSIS

A machine for automatic serial diluting in bacteriological laboratories is described. It

is simple to operate, not too expensive, and results are sufficiently accurate for use in a diagnostic

laboratory.

Automatic methods have hitherto been very little
used in diagnostic bacteriology, despite the fact
that the work load in many departments has been
increasing at a rate of about 109, per annum.
However, the serious shortage of technical staff
justifies the design of automatic apparatus that is
suitable for processing small numbers of specimens
even if it seems, at first, rather expensive. If such
apparatus can be assembled from a few basic units,
each of which may, in principle, be utilized in a
variety of different procedures, it may be possible
to produce an economic automatic diagnostic
system.

In any equipment of this nature simplicity of
operation is essential, even at the cost of compli-
cating the control mechanism, but it is rarely neces-
sary for automatic apparatus to perform its function
more quickly than it can be performed by hand;
what is important is that the total time the operator
spends performing the test be minimal.

For many diagnostic test procedures a very high
order of accuracy is not essential, and one should
aim at producing as high an order of accuracy as is
consistent with the other criteria; in fact, it is likely
that automatic equipment can easily be made to
give a higher degree of accuracy and reproduci-
bility than is generally achieved in routine diagnostic
laboratories.

A broad study of the possibilities of mechaniz-
ation and automation has been embarked upon,
and in the present paper a machine constructed to
make serial dilutions, as used in the determination
of the minimal inhibitory concentration of an anti-
biotic or a serum antibiotic level, is described.

The invention is covered by patent application no. 32470/66 and full
patent rights have been assigned to the National Research and
Development Corporation.

Received for publication 2 January 1967.

METHOD FOR DETERMINATION OF MINIMUM
INHIBITORY CONCENTRATION (M.I.C.)
OF ANTIBIOTICS

In this laboratory the M.I.C. is determined by the
tube dilution method: by successively diluting 1 ml.
of antibiotic solution in broth, we produce a series
of two-fold falling dilutions and subsequently add
a standard inoculum of the bacterium under test
to each tube.

There are three stages that could be carried out
mechanically; the distribution of the initial 1 ml.
volumes of diluent into the tubes, the successive
dilution steps, and the final addition of culture. In
this laboratory, the first stage is performed by an
automatic dispenser, based on the peristaltic pump.
The apparatus described here performs the second
stage and apparatus to perform the third stage is
under development.

METHODS FOR TRANSFERRING LIQUIDS

The efficacy of any apparatus for performing serial
dilution depends on the device for transferring the liquid
from one tube to another. Two important requirements
are that it must be a simple matter to change the pipettes
in order that dilutions of a number of different anti-
biotics can be made in quick succession, and that all
parts that come into contact with the liquid can be dis-
mantled, sterilized by heat and re-assembled quickly
without affecting either the calibration or the reproduci
bility of the volume transferred.

Some manually operated and automatic devices for
pipetting liquids are commercially available (Broughton,
1965), and Weitz (1957) published details of a manually
operated multi-volume pipetting device. Sequeira (1964)
has also produced a similar hand-operated machine.
However, it is neither convenient nor economic to in-
corporate these devices in a multi-volume automatic
pipetting device and many of them do not satisfy our
requirements. It was decided, therefore, to produce a
different system. In principle, this consists of a pipette
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density of each dilution at 2,800A on a Unicam
S.P.500 spectrophotometer (using 0-5 ml. silica
cells, a 12 X 4 mm. slit and collimating lens).

To ensure that any differences in the results were
due primarily to those parts of the technique per-
formed by the machine, namely, transferring the
solution and mixing it with diluent, very great care
was taken to eliminate errors due to inaccurate dis-
pensing of the initial volumes of both solution and
diluent. Also, the same initial solution of albumin
was used for all tests: inaccuracies in preparing this
solution, which are important when an absolute
determination of concentration is to be made, are
comparatively unimportant when comparing results
as here.

It was found to be impractical to measure more
than four dilutions of a series because, first, of doubts
about the linearity of the calibration curve at inter-
mediate concentrations; secondly, its slope is very
small at high concentrations; and, thirdly, theinitial
solution (dilution 1) would have to be much more
highly concentrated and would, therefore, be far too
viscous. However, if one obtains satisfactory results
for dilutions 3 to 6, it is reasonable to assume that
dilutions 7 to 12 would also be satisfactory, pro-
vided the volume of the solution transferred remains
within tolerance, as is the case with the machine.

A series of standard solutions, in the range 100
to 1,500 pg./ml., was prepared and the optical densi-
ties were measured. With a solution of 4,000 pg./ml.
in the first tube (dilution 1), a series of six serial
dilutions was produced and then the optical densi-
ties of dilutions 3 to 6 were measured. Twelve such

,——— Calculated concentration dilution
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series of dilutions were made on the machine and 12
were made manually by members of staff using the
technique they normally adopt in their routine work.
Thus, we have two sets of 12 optical density measure-
ments for each of dilutions 3 to 6. In Fig. 8, the
highest and lowest values of each set are plotted on
the calibration curves. The short vertical lines indi-
cate the calculated concentrations of each dilution.
The 12 points for each dilution are not plotted but
are fairly evenly distributed between the limiting
points.

The points obtained from the machine-made
dilutions are more closely bunched together than
those obtained from the hand-made dilutions, indi-
cating that the machine produces more consistent
results. In the case of dilutions 4 to 6, the machine-
made dilutions are closer to the calculated concen-
tration than those made by hand, indicating that
the machine produces more accurate dilutions than
those produced manually. Machine-made dilutions
3 appear to be systematically displaced from their
calculated positions. However, if the machine intro-
duces a systematic error, dilutions 4 to 6 would be
similarly displaced. This is not the case and it is
reasonable to conclude, therefore, that these dilu-
tions are more consistent than hand-made dilutions
3 but not significantly more accurate: the displace-
ment is presumably due to a sampling error.

Independent tests to measure the speed and
accuracy with which manual operators transfer the
solutions from one tube to another showed that the
accuracy varied considerably, being as bad as
4+ 7-5% in one case and as good as approximately
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4 1% in another (Table I), whereas the machine is
consistently within 4+ 29%. This could explain the
fact that in the comparative tests described above
(Fig. 8), machine-made dilutions 3 were no more
accurate than hand-made dilutions 3: hand opera-
tors can perform the transfer as accurately as the
machine but, being far less consistent, soon make
a very inaccurate transfer, thus introducing a large
error which may not be nullified.
TABLE 1
SPEED AND ACCURACY OF MANUAL AND MACHINE
OPERATIONS COMPARED

Opcrator Percentage Error in
No. Volume Transferred

Time Taken to
Perform One
Series of 12
Dilutions

Maxpnun
Negative

Maxinmum
Positive -_
Min. Sec.

69
2:5
60
65
77
80
51
6-0

15
17
17
35
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Eleven out of 19 people performed one series of
12 dilutions in under 2 minutes (see Table I), the
time taken by the machine. The operators knew
why they were asked to perform the task and were
doubtless trying very hard, and also they performed
only one series of dilutions so that the task did not
become tedious. It is reasonable, therefore, to
assume that this is the best performance they are
likely to achieve in the normal course of events.
Since the machine performs four series of dilutions
simultaneously, it will perform three or four series
more quickly than they can be performed manually.
assuming the preparative work takes the same time.
Considerable saving of time is achieved, however,
if five or more series have to be performed, because

R. E. Trotman

while the machine is diluting four series more dilu-
tion tubes can be prepared.

FINAL COMMENTS

Although the machine is not very sophisticated, it
satisfies the criteria against which we estimate its
suitability for use in a diagnostic bacteriology labora-
tory: it is suitable for processing small numbers of
specimens, all parts that come into contact with the
liquid can simply be dismantled and sterilized by
heat, and it performs a task which is a necessary
part of at least two routine diagnostic procedures.
Although our embodiment is arranged to transfer
1 ml. of solution and to accommodate four series of
12 tubes, it is, in principle, very flexible and it may
well find applications in other disciplines.

One may ask if the overall accuracy of the method
is adequate. It is possible, of course, to design appara-
tus that performs each part of the procedure more
accurately, or to design apparatus that produces a
series of dilutions in such a way that errors are not
cumulative. However, in either case, the apparatus
would be much more complex and costly, and would
probably not be economic in view of the compara-
tively small numbers of specimens to be processed.
In the case of M.I.C.s, it is necessary to decide,
therefore, whether the tube dilution method or one
of the alternative methods is the most suitable in
any given circumstance. If one decides to use the
tube dilution method, it is necessary, as Branch,
Starkey, and Power (1965) have pointed out, to
standardize the procedure. A machine, such as the
one described here, could well be the nucleus of
such a procedure.
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