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ABSTRACT  

A brief review of equipment for use in serological procedures 

and equipment for isolating and identifying bacteria is followed by 

a study of basic laboratory test procedures used in medical diagnostio 

bacteriology, an analysis of the problems of developing automatio 

methods in diagnostic baotoriology and a discussion of possible fields 

of further study. 	The conclusions are stated. 

Tatensive investigations of some diagnostic procedures that lend 

themselves to mechanization and automation, and evaluations of the 

performance of definitive diagnostic test equipment are reported and 

discussed: the prooedures investigated include a method for serially 

diluting antibiotic and serum, as required for the measurement of the 

minimal inhibitory concentration of antibiotic and the serum 

antibiotic level, and a method for distributing the reagents for the 

":assermann reaction. 

Detailed investigations of some techniques that may lead to the 

development of further definitive diagnostic test equipment are 

reported and discussed. 	The techniques include automatically 

spreading a culture over an agar plate, and an r. 1% induotion heating 

method for sterilizing vessels with which infected material oomos 

into contact in situ;  and in a reasonable time: our inability to 

sterilize vessels in situ has hitherto been a major obstacle to the 
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further development of automatic methods in diagnostio baoteriology. 

The conclusions drawn from the investigations are stated and 

many sugaestions for further work are made. 
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Chapter I, 

Introduction 

Automatic methods have hitherto been very little used in 

diagnostic baoteriology, despite the fact that the work load in 

many laboratories has been increasing at a rate of about 20% per 

annum — not much less than the rate of increase in chemical 

pathology laboratories. This seems surprising, particularly in 

view of the serious shortage of technical staff, which necessitates 

increasing productivity, and the quantity of automatic apparatus 

used in chemical pathology and haematology. Some of this apparatus 

is reviewed. 

The auto—analyzer (Skeggs, 1957) is widely used in chemical 

pathology, particularly for electrolyte analysis (Marsh, 1963). 

In principle, a sample of serum is pumped along flexible tubing, by 

means of a peristaltic pump, and mixed with a stream of diluent. 

The mixture is pumped through a dialyser so that the diffusable 

constituents are separated, and eaoh constituent is mixed with 

appropriate reagents. Each mixture is then fed to one or more of 

a variety of instruments, such as a heating bath, a oolorimeter or 

a flame photometer, depending on the analysis being carried out. 

The electrical outputs of the oolorimeter or flame photometer are 

manipulated for presentation in either analogue or digital form, 

or fed to a computer. Many different analyses may he carried out 
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simultaneously on a single specimen, and it is frequently necessary 

to do this. The auto-analyzer is a continuous flow devices after 

each specimen has passed through the system, a washing fluid is 

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 and presents the 

results, on paper, without further manual intervention. 

The Coulter cell-counter (Coulter, 1953) is widely used in 

haematology for counting red blood cells (Breoher, Schneiderman and 

Williams, 1956) and white blood cells (Riohar and Breakell, 1959). 

In principle, a sample of blood is diluted in an electrically 

conducting fluid (usually saline) and the beaker containing the 

mixture is placed on a platform so that a probe is immersed in the 

mixture. The probe consists of a flat-plate electrode and a glass 

tube enclosing a second flat-plate electrode. 	There is a small 

orifice in the wall of the glass tube and an electric potential is 

applied across the electrodes, thus producing an electric, field 

across the orifice. The diluted sample is drawn through the orifice, 

and as each blood cell passes through it displaoes some of the 

conductive fluid, thus raising the resistance of the orifice contents 

and producing a voltage pulses the amplitude of the pulse is 

proportional to cell size. Tho output signal may be displayed on an 

oscilloscope or it may be prooessed to give the total count in 
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digital form, but no print-out is produced by the standard apparatus. 

Pulse amplitude discrimination techniques may bo used to count cells 

within a pre-determined size range, and size distribution curves can 

be obtained in a few minutes: it takes 20 seconds to count a sample. 

A microscope slide staining machine (Shandon Ltd.) is also widely 

•used in haematology, particularly for the Leishman, Jenner-Oiemsa and 

May-Grunwald-Oiemsa staining techniques (Davie, 1956): the apparatus 

is also used. 	hietology for haematoxylin and eosin staining 

(Culling, 1957)., • A rack containing a batoh of slides is attached to 

the underside of a circular rotary table. Baths of stains and 

washing fluids are placed under the circumference of the table, in the 

order appropriate to the particular staining technique to be carried 

out, and the apparatus is programmed so that the rack of slides is 

lowered, in turn, into each bath for a pre-determined period. The 

period may be different for each bath, but if the immersion times are 

the same, many batches of slides may be processed simultancouely. 

There are machines that take a maximum of 8 baths and 15 slides per 

. rack, machines that take a maximum of 12 bathe and either 16 or 46 

slides per rack and those that take a maximum of 23 baths and either 16 

or 46 slides per rack. The slide staining machine is much simpler 

than either the auto-analyzer or the Coulter counter, but is neverthe-

less very useful. Once loaded, the apparatus carries out the staining 

pr000dur0 automatically, but it does not measure and record the results 

automatically: slides have to be examined visually and the results 

recorded manually. 



The reason the auto-analyzer, the Coulter counter and other 

automatic apparatus have been very little used in diagnostic 

bacteriology is eluoidated in the following review of equipment 

used in bacteriology laboratories; tho slide staining machine has 

been used in some laboratories. 

Baoteriology may bo divided into two branches, serology, in 

which the procedures are very similar to chemical pathological 

procedures, although the indication systems are more complex, and 

the isolation and identification of baoteria, in which the indication 

systems are much more complex and in which the specimens are 

infective and the spread of infection, and also contamination of the 

specimen, must be avoided; the problems of handling infeCtive 

material are considerable (Sect. 1,2.5). 

1.1. Equipment for use in Serological Prooedures  

It is obvious that the auto-analyzer - so widely used in chemical. 

laboratories - would be introduced into bacteriology, or at least 

serology, and it has been used for performing the Wassermann reaction 

(Pugh and (laze, 1965) and other complement-fixation procedures 

(Vargues, 1965). 

Pugh and Gaze performed 900 Wassermann reactions on the auto-

analyzer and also by the manual method, and compared the results. 

They found that the automated method gave an error of 9.7%, 5.6 

being false positives and 4.1(iT) false negatives; in some eases the 

discrepancy was attributed to the sera being turbid, fat or grossly 

haemolysed. Improved results were obtained when the Maltaner antigen 
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was used instead of the crude heart extract antigen obtained from 

the V.D. reference laboratory: a discrepancy of 2.6) was obtained 

in this case. In a subsequent paper, Pugh and Gaze (1966) described 

a modification to the apparatus to permit samples to be tested at a 

rate of 60 per hour, and indicated _that after each run, sera that 

were found to be positive were run again without antigen, for an 

anti—complementary ()heck. 

It has been found, however, that the washing of the apparatus 

by the standard' volume of washing fluid is insufficient to remove 

all traces of antibody after the passage of a sample of serum with 

a high antibody titres there is some "carry-over" to the .next 

speoimen. It seems likely that the "carry-over" phenomenon 

represents a major obstacle to the use of the continuous flow system 

in diagnostic serology (Taylor, 1968): in fact, there is a tendency 

for chemical pathologists, who have been using the auto—analyzer for 

the past decade, to consider using disorete analysis methods 

(Loebl, 1966). 

Sequeira (1964) developed hand operated apparatus for performing 

serological titrations. In principle, the apparatus consisted of a 

table, containing racks of reservoirs of reagents and test tubes,'  

which could be moved so,  that any row of test tubes or any reservoir 

could be placed under a row of 12 plastic pipettes: the pipettes 

were lowered into the test tubes or reservoir. Each pipette was 

permanently connected to a syringe and the 12 syringe pistons were 

operated, simultaneously, by a single lever to suck up and expel 

fluids tho volume dispensed depended on the position to whioh the 
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lever was turned and, therefore, on the skill of the operatOr. 

Each. syringe piston was oonnected directly to the lever, and the 

stroke length of each piston, and hence the volume dispensed, was 

not independently - variables the accuracy of dispensing depended, 

therefore, on the tolerances of the syringes as well 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, very flexible in that 

variations of the order in whioh the reagents were dispensed, the 

volumes dispensed and the row of tubes into which the reagents were 

placed could be introduced without difficulty. 

Sequeira's apparatus was very similar to that produced by 

Baron, Buroh and Uhlendorf (1961), who claimed to be able to sterilize 

the pipettes by flushing them six times in boiling demineralised 

waters they did not discuss the technique. Sequeira's apparatus 

was also a simplified modification of Weitz'saaohine (1957). The 

only essential difference between Sequeira's machine and Weitzes 

machine was that in the latter, the volume each pipette—syringe 

system dispensed was independently variable, even though a single 

lever .operated them all simultaneously, and therefore inaccuracies 

due to tolerances in the apparatus could be reduced at the cost of 

making the apparatus very complicated. 



1.2 Ectuipment for Isolation and Identification of Bacteria  

Counting bacteria in suspension  

The Coulter counter was first used for counting bacteria in 

suspension by Knbitsohek (1958). He modified the standard cell—

counter, by'replacting the 100, orifice with a 10jg orifice, and 

counted Esoheriohia ooli (strain B) and. Bacillus megaterium spores: 

4 hour cultures of each were diluted in 0.1N hydrochloric acid. 

To calibrate the apparatus, he suspended 1.13)1 and 3.2 polystyrene 

latex spheres in saline and counted them on a haemooytometer, to 

obtain an absolute count, and compared the count with that obtained 

on the oleotronic counters agreement to within 25  was obtained. 

Kubitsohek also used the electronic counter for sizing the same 

organisms, but gave very little information about the techniquei he 

simply stated that he used a pulse height analyser to give the cell 

volumes. 

A more detailed investigation was carried out by Curby, Swanton 

and Lind (1963). 	They grew Staphylococcus auraus 5.71., E.00li 

(Sias) and an E.coli variant, and E.freundii (8454) and an E.freundii 

variant in brain heart infusion broth. Cultures inoculated from an 

agar slant and from a broth culture were diluted 0.9'ir,  in medium 

chloride solution and counted on a L-Todel A Coulter counter, with a 30 u 

orifice, at 1 hour intervals after inoculation; the inoculation 

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

each culture. 
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Curby and his co-yotkers found that the electronic count 

depended on the magnitude of the eleotrio field applied across the 

orifice of the counter, and that the relationship between oount and 

electric field depended on the organism. The phenomenon was not 

investigated in detail, but the authors concluded that "it was not 

related to a charge on the organism but was determined by an active 

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

the. eleotronio count obtained for the E.coli.and its. variant agreed 

with the pour plate method for the culture inoculated from an agar 

slant, but poor agreement was obtained for the culture inoculated 

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

agreement was obtained for both cultures and with the Staph. aurous, 

the electronic count was always higher than the pour plate count. 

The discrepancies were not discussed in detail, but there are 

various possible explanations. The eleotronio counter cannot 

distinguish live from dead bacteria or bacteria from other partioles 

which may be in the suspension, and consequently, the total viable 

count obtained by the pour plate method, which is taken to be the 

number of viable colony-forming units, could well  be loWer than the 

electronic count. Also, the electronic counter cannot distinguish 

single bacteria from aggregates and. this is likely to cause errors 

that offset errors. due to the aforementioned factors: When counting 

colonies on a pour plate one has to be oautious of aggregates, but 

- they are usually clearly recognisable. The effeots duo to all those 

faotors must vary considerably from specimen to specimen, and it is 

likely to prove difficult to formulate general criteria for relating 
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the electronio count to the total viable count. 

Toormioe, Is2ard, Rogers and Shockman (1961) used the cell—

counter to obtain the dietribution of particle sizes in growing 

cultures of :f,00li and Ztreztococcus faocalis, for °ell—

multiplication studies. They plotted a curve of total count 

versus threshold orifice current for each of two suspensions; 

they did not say if the suspensions wore of the same or 'different 

organisms. The two curves wore significantly different but this 

wan not discussed. 

7anor and Easelkorn (1967) used tLo °Al counter for the size 

fractionation of exponentially growing colt. In principle, 

different size fractions of bacteria in a culture were prepared in 

a zone centrifuge, and a sample of each fraction was counted to 

give information about the age of the organisms in the culture; 

the teohnique was not dieouseed in detail. 

The evidence indicates that muoh more work needs to be carried 

out before the oulter counter, or any similar apparatus, can be 

used as a diagnostic aid. Apart from the difficulties referred 

to above, in none of the papers discussed was there reference to 

the problem of "carry—over" (*oote4 1.1 and 1.2.5) whioh may be 

important in diagnostic work. However, if the problems can be 

overcome, cell—counters might be utilized for an actual diagnostic 

test, such as urine analysis, or for detecting growth. If one 

could count very small numbers of bacteria accurately, thin could 

be a very sensitive method for detecting growth and, possibly, 

for measuring 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 

used in experimental bacteriology for many years, at least since 1933 

when Alper and Sterne measured growth curves of Salmonella gallinarum, 

and Pulvertaft and Lemon measured opacity curves of 3. soli growing in 

beef broth and in- Lemoo broth: they did not define opaoity. Brief 

reviews of the applications of photometric methods to bacteriology 

are given by Norris (1959),  Kavanagh (1963) and Meynell and Meynell 

(1965). -Many devioes, such as the Vitatron universal photometer 

densitometer (Vitatron Scientific Instruments) and the Uhicam 

speotiophotometer (IIaio= Instruments Ltd.), are commercially 

available and new instruments are still being devised: Forrest 

and Stephen (1965) built a device in which the lamp/photo-cell 

unit was mounted in a water bath, and growth curves wore permanently 

recorded in analogue form. 

It appears that photometry is much more likely to become a 

diagnostic technique for measuring concentrations of bacteria in 

suspension than electronic cell-counting techniques. Many of the 

technical problems have been solved and one does not necessarily 

have to handle infective material directly, although Haney, Getke 

and Pagano (1963) deooribed a device for antibiotic assays in whioh 

the specimens 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 were simply rinsed through with water before the 

next specimen was processed. 



One of the biggest disadvantages of photometric methods is 

that their sensitivity is poor: the minimum concentration of 

organisms in suspension that can be deteoted is of the order of 106 

organisms/mi. 

Bowman, Blume and Vurek (1967) developed a much more sensitive 

method for counting viable bacteria, and also for determining 

antibiotic sensitivities, than classical photometric methods. 

Specially prepared agar was melted and the specimen was added to the 

agar and mixed thoroughly. The end of a capillary tube was dipped 

into the agar, the tube was filled by capillary action and both ends 

of the tube were sealed: approximately 150 ul. of agar was needed to 

fill the tube which was left until the agar had solidified. 

The capillary tube was scanned by a linear tungsten filament 

lamp which was focussed on to the centre of the capillary. An 

objective collected the light scattered_ within the capillary and 

the light was passed through a stop to a photo-multiplier tube: the 

image of the source was 50)u mm. wide. The instrument counted, 

electronically, light pulses scattered from growing colonies and 

from other points, such as the joint between the agar and the 

capillary. The tube was scanned at intervals, and growing organisms 

produced new or larger pulses than those obtained on a previous scan 

but other scattering points produced constant pulses. The background 

scatter was such that it obscured small signals and, therefore, the 

organism had to divide several times before it could be deteoted: 

the threshold level was set at four times the background and the 

minimum number of organisms that formed a reoognisable micro-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 the image of the source were counted as ones the effect 

becomes significant at a concentration of 105  E.00li. Also, 

at high concentrations the supply of nutrients is exhausted 

more quidkly than if fewer organisms are present. Growth curves 

for E.00lit  streptococcus, proteus and staphylococcus were obtained, 

and in the case of i.00li,  a quantitative estimate of the number of 

viable oells present in a capillary was made within 5 hours: a 

rough estimate of the number of viable cells present was made in 2 

hours. Longer periods were required for the other organisms. 

To determine antibiotic sensitivities, the antibiotic was 

mixed in the agar during its preparation and before the culture 

was added. Growth 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 was easily measured, but the resolution was poor. 

Bowman and his co—workers found that the preparation and 

handling of the capillary tubes was very laborious, and possible 

modifications to the teohnique are under investigation. 

74111st this work is in its very early stages, it has 

considerable potential. Rot only is it a very sensitive method 

for detecting growth of bacteria in suspension, it may lead to 

means of producing some baoteriologioal test results on the same 

day as the specimen is sent to the laboratory. 
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Apparatus for automatically counting bacterial colonies on 

solid agar plates was described by Alexander and Glick (1958). 

This was an electronic scanning device in which a cathode ray tube 

flying spot was focussed on to a culture, and variations of light 

transmitted during a scan were measured on a photo-multiplier. 

Two light/photo-multiplier ohannels were used. The first channel 

light spot traversed the culture and the photo-multiplier output 

signal was recorded immediately. The second channel light spot 

traversed the culture simultaneously with the first light spot, 

but the photo-multiplier output signal was delayed the time the 

spot took to traverse its span. Therefore, a channel 2 signal 

could be compared with the channel 1 signal of the next line 

Scanned, and the apparatus was arranged to record a count only if 

there was a pulse on channel 1 and no pulse on channel 2. 

Despite the two channel anti-coincidence networks, the chief 

source of error is still due to ooincidenoe. Bouffant and Soule 

(1954) discussed such errors in detail. Briefly, they fall into 

four categories, fraotional interception errors, when one particle 

is intercepted by two or more passages of the scanning beam, over-

lap errors, when particles overlap in the projected imago of the 

scanning beam and aro counted as one, coincidence errors, when two 

particles are so close together that the apparatus cannot 

discriminate between them, and sensitivity errors, when the 

apparatus cannot distinguish a particle from the background. 
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Alexander and Gliekgs apparatus :moo evaluated by 7.alligo in 1965: 

the time between publication of these two papers ou„,;jeste many 

diffieultias wore eneounterede Mallieo used-  2. eubtilis and 

Serratia mareescens plated on peptone agar ant tryptone agar 

respeotive/y: the_ agar had to be transparent an], therefore, 

blood agar could not bo used. Platen were prepared - SO that the 

number of colonies ranged between 30 and 300, and the colonies 

were koptexway from the edge of the plat?. 7al1iv counted 3,000 

plates, for each meeoies, on the machine ane visually. In general, 

the machine gave a lower count than the visual method if more than 100 

colonies were preeent and a higher count than the visual method if 

lase than 100 oolonile were present. 	These discrepancies were 

attributed to, colonies being on the periphery of the warming area l  

touching and overlapping colonion, and optical imperfootione in agar 

plates. • Cone Lent relationships beteoen machine and visual counts 

were sought- and an equation, for each spooiee, that related the 

maohine count to the visual count within the 95:, confidence limit 

vao derived. 

The difficulties that met have been encountered during this 

work wore not discussed, but it appears that within the obvious 

lieitations of the method, one can count colonies on an agar plate 

in this wag. 	A.  much more detailed investieetion is neoeeeary before 

one can decide if Chia in likely to become a useful diagnostic: technique, 

and the fact that so few papers have been published may well be 

indicative of the probleme involved. 



- An early attempt to use paper chromatography for identifying 

bacteria-wae-made by Proom and Woiwod (1949) who examined culture 

filtrates'of300 strains (27 genera) of bacteria grown in acid-

hydrolysed.cas+ medium. They examined the amino-acid and 

polypoptido -composition of the culture filtrates, and found 

marked differences in the chromatograms of different genera. 

• In 1956, Sellers, Mitchell and Davis examined the supernatant 

fluid .of centrifuged cultures and found differences in the 

ohromatograMs of several species of mior00000i, and Cummins and 

Harris (1955) examined the composition of the coil-wall of 60 

strains of . corynebaoteria, laotobaoilli, streptococci and 

staphylococci: the chromatogram of cell wall components of each 

bacterial-genus appeared to have a characteristic pattern. 

Mattiok, Cheeseman, Berridge and 3ottazzi (1956) examined 4 species 

of L.plantarum, 4 species of L. meal  2 species of L. acidophilus, 

8 species of Strop. oremorio and 7 species of Strop. lactis and were 

able to distinguish all these species by differcnoes in their 

chromatograms. Cheesoman and Silva (1959) examined 91 strains of 

laotobaoilli and subdivided them into groups according to certain 

characteristics of their ohromatograms: the constituents of the 

groups were identical to those constituents given by a biochemical 

grouping method. 

Henis, Gould and Alexander (1960- obtained different 

chromatograms for various genera and species, and for strains of the 

same species: B. subtilis(114538), B. lichoniformie(8190), 
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B circulans (4515), B. subtilis (6051), B. licheniformis (6598) and 

B. circulana (61) were identified, and qualitative and quantitative 

differences between strains were observed. 

The first attempt to use pyrolysis combined with gas chromatography 

was made by-Reiner (1965) who investigated possible chemical differences 

between bacterial strains of similar antigenic or pathogenic character: 

he examined 18 strains of E, cols, 1 strain of Shegella sp.,  4 types 

of group A Strep. uvenes and 10 forms of mycobacteria and each 

strain had its own distinctive pyrogram (chromatogram of the pyrolysis 

products), but some differences in the pyrograms were very slight 

and difficult to detect. This study was extencled(Reiner and wing, 

1968) to see if closely allied organisms could be distinguished: 

consistent differences in the pyrograms of E. call (0111a, 0111b: 

B4: H12) and ER coli (0111a, 0111c: B4: 1112) were obtained. 

Whilst taxonomists may well find chromatography and pyrolysis 

combined with chromatography useful techniques, they are unlikely to 

be used in diagnostic bacteriology: a great deal of preparative 

work, sometimes taking more than a day, is necessary before the specimen 

is ready for chromatography. 

1.2.4 Simple aids to manual methods  

1.2.4.1 Multipoint inoculators  

Multipoint inoculating devices are usually designed for one 

specific purpose, but they can almost invariably be used in two rays. 

The device can pick up many different inocula from an array of tubes 

I3 



or dishes and distribute the inocula successively to a series of 

tubes or test plates, or the device can pick up from one tray of. 

inoculum and distribute it to different plates or tubes. 

Lidwell (1959) developed a device for phage typing of -  Staph.  
aureus. A set of 21 loops, as designed by Tarr (1959), was 

mounted at eaoh end of a rod which rotated in a horizontal' plane, 

about a Vertical pillar, and stopped at 4 poSitions: the rod was 

depressed by means of a lever. In position 1, the loops were 

sterilized -by a 27 jet gas .burner and then the rod was turned - to 
. 	. 

position 2 to allow the loops to cool. 	In position 3, they were 

lowered. into the phage inoeula, which were in a drilled perspex 

block, and in'position 4 the charged loops were lowered on to the 

surface of a plate previously flooded with the organism to be tested. 

Since there were two sets of loops, many plates could be inoculated 

very rapidly. 

A more complicated device for applying phage inoculurn was 

devised by Zierdt, Fox and Norris'(1960). 	Twenty;-six syringe 

barrels were .fixedto a plate, and the syringe pistonS were fixed 

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

volume of each baoteriophage was dispensed, on to a previously 

inoculated agar plate placed. under the apparatus, for each turn of 

the lead screw. 

Another device for phage typing of staphylococci was developed 

by Simon and Undsetli (1963).. These workers used stainless steel 

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

guide rods, and'olaimed that if the plate was lowered so that the 
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pins touched the bottom of .the plastic tray type reservoirs, 

"0.003 ml. of phage inoculum was delivered": they did not give 

evidence to support this claim. Various other devices, based 

on similar principles, have been devised. 

An aid to inoculating liquid cultures was developed by 

gnadlinq and Colwell (2964); 	In principle, the apparatus consisted 

of a brass base plate into which 60 stainless steel needles were 

fixed at right angles: each needle was 4 in. long by 3/16 in. 

diameter. A guide rod was fixed in each corner of the base plate, 

and the rods fitted into corresponding tubes attached to a holder 

containing racks of culture tubes, thus ensuring that each needle 

was properly alignCd over the appropriate culture tube. A tray 

(or rack of tubes) containing the inocula was placed over the 

_culture tubes and the needlos.were lowered, by hand, until'each 

needle-touched.the inoculum. 	The base plate was raised, the 

inoculating tray was removed and the base plata lowered until the 

needles were in contact with the sterile broth in each of the culture 

tubes: the needles, were then raised and the caps planed over the 

culture tubes. 

Hale and Inkley (1965) developed a similar inoculating device 

specifically for the multiple inoculation of agar plates. 	The 

inocula were placed in 'Oxoid' aluminium test tube caps: 27 oaps 

were placed in a jig so shaped as to keep them within the area of 

a 4 in. petri dish. 	1 in. stainless steel noodles were mounted, 

in positions corresponding to those of the 'Oxoid' caps, in a.  

detachable stainless steel plate which was attached to a lever 

as 



operated press. The plate was lowered until the pins touched the 

inocula, it was raised, the inocula were removed and an agar plate 

(4 in. petri dish) was put in position under the pins which were 

lowered to inoculate the agar: the detachable plate was removed 

for sterilization purposes. 

1.2.4.2 A dilution device  
A simple device for titrating small measured volumes of liquid 

was developed by Takatsy (1955) and used for serological titrations 

by sever (1962). The devioe, known as the miorotitrator loop, 

consieted of a tightly wound wire spiral, closed at each end. One 

loop titrated 0.025 ml. of liquid and another titrated 0.05 mi. of 

liquid: one simply dipped the loop into the liquid, rotated the 

loop a few times, removed it from the liquid and the appropriate 

volume was held in the wire spiral by capillary action. 

fever found many difficulties. The loop, which was not mado 

of stainless steel, tended to rust and 'it was easily distorted, 

thus becoming very inaccurate. Also, in order to ensure that it 

transferred the correct volume, the loop had to be nre—wet and all 

particles and grease had to be removed before use. These factors 

suggest that the loop is very delicate and likely to become 

inaccurate very easily. 

Uarymont and Wentz (1966) used a 0.05 ml. loop for serially 

diluting antibiotics for sensitivity testing: they used 0.05 ml. 

volumes of diluent and, with an initial antibiotic concentration 

of 200 fug. /ml. , serially diluted the antibiotic twelve times. 
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The minimal inhibitory concentrations of 60 bacteria, for 3 

antibiotics, were measured by this method and also by the standard 

tube dilution method: a total of 111 minimum inhibitory concentra— 

tions were measured by each method. 	In 10 cases, the tube dilution 

method gave a minimal inhibitory concentration which was either one 

or two tubes higher than that given by the microtitrator method, and 

in iiiftassimiaiihow4 oases, the tube dilution method gave a minimal 

inhibitory concentration which was 3:or more tubes higher than that 

given by the miorotitrator method. 	These results confirth Seve:r's 

statements about the possible sources of inaccuracies in the spiral 

loops, and it is evident that exceptional care in handling them is 

vital. 

1,2.4.3 Other simple aids  

An aid to counting colonies on a roll tube culture was made by 

Barclay (1965): the method was specifically for counting colonies 

under a microscope. The device was a simple hand operated mechanism 

for rotating the roll tube and simultaneously moving it across the 

field of view: the tube moved in a spiral curve. The various gears 

were so arranged that, when the tube was turned through one complete 

revolution it moved laterally exactly one field of the microscope. 

Barclay counted 150 oolonies on a roll tube culture in approximately 

two—thirds of the time taken to count 150 colonies on a petri dish 

culture, by the visual method. Be found no significant difference 

between counts, of soil bacteria and bacteria of plant and root 

surfaces, obtained by the roll tube and petri dish methods. 
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An aid to scanning microscope slides was developed by Phipps 

(1966) who was concerned vith'scanning dried milk films to determine 

leucocyte contents: the count was estimated by spreading 0.01 ml. 

over a 1 cm. x 1 Om. area and counting the number of leumeytes in a 

total of . 10 strips across the film. The apparatus moved the slide 

very slowly and smoothly across the field of view by means of three 

fixed syringes. 	The pistons were attached to a brass block whioh, 

in turn, was attached to the carriage of the microscope. One syringe 

was filled with silicone oil, to provide hydraulic damping, and air 

was directed into one of the other two syringes to move the brass 

block the direction of motion depended on which of the two syringes 

rap filled with air and the speed of motion was controlled by a valve 

in the silicone fluid linos. 

2.2.'5 Discussion 

There are some complicating factors pertaining, exclusively, to 

all procedures for isolating and identifying bacteria. The specimens 

are infeocive and the spread of infection must be avoided. Contamina-

tion of the specimen must also be avoided and this is particularly 

'difficult because baoteria, even more than a serum antibody, stick to 

surfaces: in making serial dilutions of serum, it is adequate to use 

a pipette and wash it out, by sucking fluid up and down 10 times, 

after oach.dilution has been made, but if one does this when diluting 

bacteria one gets nonsensical results. Therefore, to avoid 

"carry-over", it is necessary either to discard any vessels with which 

the infected specimen comes into contact and replace them with freshly 
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sterilized vessels before the next specimen is processed, or, to 

sterilize the vessels before subsequent use. In consequence, 

continuous flow apparatus, ouch as the auto-analyzer, cannot be 

used for processing infected materials, and fully automatic apparatus 

for such procedures is likely to be siznifioantly more complicated - 

than apparatus at present in use in chemical pathology, haematology 

or eerolosys to our knowledge', the methods for counting bacteria 

in suspension (Sect. 1.2.1), for counting colonies on agar plates 

(Seot. 1.2.2) and for identifying baoteria by, chromatography 

(Soot. 1,2.3) have not been used in diagnostic bacteriology, and 

the simple aids to• manual mothods(Seot. 1.2.4) can hardly be 

described, as automatic methods. 

The difficulties of handling infective 'materials are such that 

it may not be possible to develop more automatic methods for use in 

diagnostio bacterioloay, but ue felt that the benefits of so doing, 

which'are well shown in the development of automation for clinical 

chemistry, are such that one should at least investigate the work 

of a routine laboratory to discover if one should attempt any further 

developments: the proliferation of automation in recent years has 

been such that one, is reluctant to reject the possibility of making 

further advances in this field. 	7:o proceed to study bacteriological 

techniques as applied in our routine laboratory. 



1.3 Brief study of Routinejllyinc Bacterio12LA2212roseLlureq, andf  

Conolusions 

1.3.1 p;eroloaioal.proceAures 

On average, 100 sera a day are tested for syphilis antibody. 

The procedures occupy one senior and one junior teohnician very -

nearly full time and a substantial proportion of this time is taken 

performing the Wassermann reaction. This is a procedure that other 

investigators have studied (Sect. 1.1), but, in view of the 

difficulties encountered with the only automatic method hitherto 

developed, we could usefully devote time developing an alternative 

automatic method for performing the 77assermann reaction, or at least 

certain parts of it, on a relatively small number of specimens, say 
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of the order of 50 to 250 per day. 

in Soot. 3.3. 

Eo other  

A detailed discussion is given 

but simple aids, such as single test is used so mush, 

automatic diluters and dispensers, might be of assistance. 

1.3.2 Procedures for isolation and identification of bacteria  

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 large 

number of experienced investigators. Many pr000dures involve a 

period during which a specimen is incubated and, consequently, many 

different tasks are performed by one person. Additional difficulties 

are that most procedures are performed in stages and it does not 

necessarily follow that each stage is performed immediately on 

completion of the previous stage, and that specimens are received 



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 inoculating loop, spreading a culture over an agar plate and 

examining the culture after incubation, and reporting the findings 

to the clinician who requested the teat: none of these procedures 

is a complete diagnostic test procedure, but each is merely one of 

a series of stages that constitute a complete procedure. 

Reporting the findings is a very tedious and time consuming 

procedure, and one that may well lend itself to mechanisation in 

view of the complex data processing techniques becoming available, 

but we have not investigated the possibilities and do not discuss 

them further. 

Spreading a culture over an 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 takes approximately 1 

hour. In addition to spreading swabs over an agar plate, a 

suspension or colony is spread over a plate for antibiotic sensitivity 

testing by the disc method: on average, 25 suspensions or colonies 

are spread each day. Also, a measured volume of suspension is 

spread for measuring the surface viable count of an organism. 

An inoculating loop is often used for spreading a culture and 

for other purposes, such as inoculating a row of tubes, and the loop 

has to be sterilised very frequently. There are obvious advantages 
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in mechanizing the sterilization.of-the inoculating loop. 	Similarly, 

it would be advantageous to be able to repeatedly use pipottes-for 

inoculating agar plates with suspension. 

The agar cultures fall into three main groups, cultures with a 

large number of colonies to be counted, cultures with inhibition 

zones to be measured, and cultures with single colonies to be identified. 

A comparatively small number of cultures are examined in a given manner, 

and methods for examining them that W9 can visualize, each as 

Alexander and Glick's electronic scanning method for counting 

colonies on transparent agar plates, would be very complicated. 

We process, on average, approximately 50 urine specimens per day 

and the procedure takes approximately 2 technician hours per 50 

specimens, This time may not be great, but an attempt,to develop 

an automatic method for examining urines should be made, although it 

will not be easy to develop a simpler method than the ousting manual 

method, 

Two other procedures that one should investigate are, the 

measurement of the minimal inhibitory concentration of an antibiotio 

by the tube dilution method, and the measurement of the serum 

antibiotic levels the greater part of these procedures - does not 

involve infective material but, nevertheless, they have to be carried 

out under aseptic conditions. The number of each tet performed is 

not great, but both tents involve repeatedly dispensing fixed volumes 

of diluent, and serially diluting a mixture of broth, or serum, and 

antibiotic. Both processes are very tedious and lend themselveu to 

automation. 
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Tho final stage of both the above procedures is to inoculate 

a row of tubes from the same culture. The inoculation is almost 

invariably carried out with a glass pipette, so manufactured that it 

produces drops of equal volumes, usually 0.02 ml. Similar pipettes 

are often used for transferring liquid cultures, and an automatic 

method for dispensing small volumes of infective liquids would be 

of considerable value, because it would save the time and expense 

involved in making the pipettes, which aro often used only once and 

thon disposed of: approximately 700 pipettes aro used each week in 

serological procedures alone. 

One might also consider methods for transferring a solid culture, 

other than by the inoculating loop,beoause one requires to pick a 

colony off an agar plate and inoculate a broth culture. 

The examination of broth cultures, usually to discover whether 

there is any growth or to produce growth curves, is also a procedure 

worth investigating. This technique is used comparatively 

infrequently, but since photometric techniques are well established 

(Sect. 1.2.1), the development of automatic techniques for examining 

broth cultures may be a practical proposition. 

1.3.3 'Discussion  

Despite the simplicity of our investigation, the need for 

further development of automatic methods in diagnostic bacteriology 

was obvious: when we commenced work, the only automatic apparatus 

in use in our laboratory was the slide staining machine (Shandon Ltd.) 

for the Gram staining technique. We were satisfied that advances 

could be made and concluded, therefore, that it was worth examining • 



in greater detail many of the procedures discussed, with a view to 

developing automatic methods for performing them. 

1.4 Possible Fields of_Stud 

It is convenient to divide the possibilities into two fields, 

namely the measurement and presentation of the results of the test 

procedures and the manipulation of the specimens and other materials. 

1.4.1 Measurement anclwelontation of the results of the teat 

procedures, 

1.4.1.1 Measurement of results  

The biggest problem in Measuring results is acquiring a transduoer 

that oonverte the parameter to bo measured into an electrical or 

pneumatic signal. 

It is established that the Eh of a bacterial culture varies 

during growth of the organism (Hewitt, 1950). It may be possible, 

therefore, to use a Madkereth Eh electrode (:Iackoreth, 1964), which 

is more stable and reliable- than those hitherto available, for 

automatically detecting growth in liquid cultures. 	Whether 

differences in the growth curves of the or3anisms commonly occuring .  

in diagnostic baotoriology are great enough for the technique to 

resolve them, is unknown. 

In Soot. 1.2,1 we referred to photometric techniques and the 

possibility of using them in an automatic method for detecting and 

measuring growth in broth cultures. Provided one could overcome 

the difficulties involved in feeding the cultures into the apparatus' 

automatically (Sect. 1.4.2), automatic, growth measuring methods 
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based on photometric techniques might be possible: we have made 

a simple modification to the 'Spekker' absorptiomoter (ringer and 

Watts Ltd.) for use in a kinetio stud;7'of the bacteriolytic and 

bactericidal action of human serum (Glynn and Milne, 1967 — 

see Appendix 1.1). 

The application of the Coulter cell—counter, and other similar 

devices (Particle Data Instrument Co.), to diagnostic bacteriology 

could be investigated, but the available evidence indicates that the 

cell—counter is.unlikely to become a diagnostic tool for some time 

(Sect. 1.2.1). 

Similarly, electronic scanning methods for counting colonies on 

a culture plate could be investigated, but this is also unlikely to 

become a diagnostic) tool in the near future. 

An electronic scanning technique for measuring areas was 

developed by Tattam (1966), and it may be possible to adapt the 

technique for measuring sensitivity disc) zone diameters. One might 

also use optical projection techniques for this purpose, and it is 

probable that the resulting apparatus would be significantly simpler 

than apparatus utilizing Tattamts technique. 

It may be possible to use optical techniques to detect lysis 

in the Wassermann reaction test automatically, and to detect the 

end point in the measurement of the minimal inhibitory concentration 

of an antibieUo and of a serum antibiotic level. 
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1.4.1.2 Presentation of results.  

If one can develop methods for measuring test results, it may 

be oomparatively easy to display them in a suitable form. A 

multitude of electronics techniques for processing electrical signals 

have been developed, and those may well be suitable: it is probable 

that ono would merely have to purchase the appropriate equipment. 

The availability of equipment for processing pneumatic signals'is 

limited, and displaying such signals would, therefore, present more 

difficulties. 

..../.... ...1.0211aTermecimens  and other materials  

1.4.2.1 Hole-infected materials  

A multitude of techniques for handling mechanically both solids 

and liquids are widely used, and it should be comparatively easy to . 

develop automatic methods for handling such materials. For example, 

handling antibiotics under aseptio conditions, for the measurement of 

minimal inhibitory concentrations of antibiotics, should not be 

difficult, and if one can devise an automatic device for spreading 

a culture °man agar plate, ono can visualise a conveyor-belt system 

for transporting the plates from the spreading machine to the 

incubator and on to the reporting bench. However, "carry-over" of 

serum antibody (Soot. 1.1) indicates that the handling even of none. 

infected materials is not always straight-forward. 

1.4.2.2. Infected materials  

The biggest problem in handling infected material mechanically 

is the fact that bacteria stick to surfaces and, therefore, one 



cannot simply rinse through a vessel that has contained bacteria 

and use the vessel for handling another sample: it is almost 

invariably necessary to re-sterilize the vessel or to discard the 

vessel and replace it with a freshly sterilized one (Sect. 1.2.5). 

An investi,ation of the problem of bacteria sticking to surfaces 

would be worthwhile. Some materials may not be wetted so easily 

as others, but it is likely to prove impossible to find a material 

that could be used repeatedly without re-sterilizing it. 

We have, therefore, to develop methods for feeding nre-sterilized 

disposable vessels into the apparatus and discarding them after use 

automatically or for sterilizing the vessels in situ. The former is 

probably basically simple, but the safessuards requir©d to ensure that 

neither the vessel nor the apparatus become contaminated are such that 

the apparatus would bo very complicated. Automatically sterilizing 

components in situ also presents problems, particularly as chemical 

sterilization is unacceptable: in any case, the time taken to 

sterilize chemically is too long for the technique to be of much 

value in automatic methods. 	Steam sterilization is a possible 

method, but is not very suitable for a routine laboratory. 

However, despite the difficulties, it will. be  essential to be able to 

sterilize vessels in situ before much progress is made in handling 

infective materials mechanically, and r.f. induction heating is a 

possible method. As an intermediate step, one might make more use 

of pre-sterilized disposable vessels and, also, of simple mechanical 

aids to manual methods that are automatically sterilized. 



1.5 Conclusions  

Both the fields of study discussed in soot. 1.4 aro interesting 

and will have to be investigated in duo course. 	e concluded, 

however, that we should first investigate the possibilities of 

manipulating specimens and other materials mechanically, for the 

following reasons. 

think it unlikely that any known method for measuring the 

results of test procedures could be developed into an coonomio, 

automatic method in the near future. 	In any cads, the ability 

to handle infective specimens mechanically is an essential pre—

requisite for a fully automatic diagnostic system, and, finally, 

so few automatic methods are in use in routine bacteriology 

laboratories that, in a comparatively Short period, one might make 

a useful contribution to the problem caused by the rapidly increasing 

work load, and the serious shortage of technical staff. 

To also concluded that whilst it may be possible to devise fully 

automatic methods for performing a given test procedure, it is 

unlikely that such apparatus would be economic in the average routine 

bacteriology laboratory. However, this should not deter'one from 

developing automatic methods, because the ever increasing work load 

and the shortage of technical staff makes it necessary to increase 

productivity: the availability of automatic methods may also enable 

bacteriologists to perform teats that should be performed but which 

hitherto could not be performed. In due course, it may become 

desirable to process all specimens in relatively few very larz;e 
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laboratories, because this may be the only economic way of processing 

the total work load with the simplest fully automatic apparatus that 

will be developed. 

The development of fully automatic methods will not be completed 

in the immediate future, and in the meanwhile it is desirable to 

design apparatus suitable for use in the average routine laboratory. 

Since some stages of many procedures are common to other procedures, 

it may be possible to assemble apparatus from a few basin units, each 

of which may, in principle, be utilized for a variety of different 

procedures: this may be the only way of producing an economic 

diagnostic test system suitable for processing small numbers of, 

specimens. 

In any automatic equipment for use in a baoteriology laboratory, 

simplicity of operation is essential, even at the cost of complicating 

the control mechanism, but it is rarely necessary 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 tack be minimal. 

For many test procedures it is unnecessary to achieve very high 

orders of accuracy, and one should aim at producing as high an order 

of accuracy as is consistent with any other criteria that have to be 

Satisfied, but reproducibility is important. 	In general, an 

accuracy of — 2' :1,  in probably adequate and, as ere shall see, this is 

significantly better than many manual methods and easily aohievad. 

I shall describe, in detail s  several automatic methods that 

have been devised and evaluated. 



Chapter 2 

Simple, Definitive ;iethods 

2.1 The Inoculating Loop  

The inoculating loop has been used in bacteriological laboratories 

for man,* years, and there is little doubt that it will never become 

redundant bemuse it is very simple, cheap and suitable for a variety 

of tasks. Usually, the loop is sterilized after use by 'flaming' it, 

a task whioh takes approximately 5 seconds. This is not in itself 

very long, but when multiplied by the number of times a loop is'flamed' 

in the average laboratory, we see the total time spent on this 

procedure is significant: the organisation of the work of a routine 

bacteriology laboratory is such that it would be very difficult 

indeed to determine an aocurate estimate of the man hours involved. 

Nevertheless, it is clearly desirable to develop an automatic method 

for sterilizing inoculating loops and two possible methods come to 

mind. One could devise a holder into which the loop is placed 

suitably positioned over a bunsen burner, the main jot of which is 

automatically ignited, and, one could pass a suitable eleotrio 

current through the infected part of the platinum wire, thus heating 

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

2.1.1 Automatically 'flaming' an inoculating loop  

Fig. 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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pilot jet which was fixed to the base plate in ,the optimum position: 

the stand could be moved vertically and horizontally to accommodate 

different lengths. of wire. The stop;-codk lever of the burner was 

replaced by an electrically operated rotary solenoid and this, in 

turn, was operated by a simple timing device which switched on the 

main gas supply for 5 seconds every 15 seconds: the cycle was simply 

varied if required: .The loop was placed.in the holder as shown and 

on actuating a switch, the 'flaming' cycle commenced. We 

continuously re-steriliied.the loop to ensure that it was al ways 

ready for' use, but the cycle allowed little time for the loop to 

cool, and if such a system were adopted for use in a routine laboratory, 

some indication Of the time elapsed eine* the loop wasi last heated 

would be necessary. 

The main probleM with this technique as that sine© the'platinUm 

wire is so flexible it was very difficult to . arrange for all parts of 

the wire to rest in the flame without spending time adjusting the, 

position of the wire, which defeated the objeot of the device. - 

No doubt one could have improved considerably on this simple 

apparatus, but we had doubts of finding a really satisfactory 

solution to the problem by this method. We therefore considered 

the possibilities of sterilizing the loop electrically. 

2.1.2 An electricall heated inoculati loo 

It would be very convenient if the standard platinum loop 

could be sterilized by passing an electric current through it. 

There are, however, two difficulties. 	Since a current of the 



42 

order of amperes has to be passed through the wire to produce 

sufficient heat, it is essential to make a high pressure connection 

between the wire and the power supply, to prevent aroing, and this 

would not be easy with such flexible wire as that ordinarily used 

for an inoculating loop. In addition, the current would have to 

be passed through the whole length of vire ono end of which was 

contaminated. Connection would have to be made with that end, thus 

contaminating the connector. One could have partially overcome 

these difficulties, but a much more suitable form of loop is one 

in which the loop is formed at the centre of a piece of platinum 

wire, both ends of which are permanently attaehed to thicker wires 

which form a handle, as shown in Fig. 2. The standard cautery 

burner (Fig. 3) in very similar to what is required, and the materials, 

21 gauge platinum wire with copper handles, are suitable from the 

sterilization point of view:_the suitability of tho standard cautery 

burner in general is discussed on page 11.1. 

For experimental purposes, the electrical power was derived from 

a continuously variable transformer, the output of which was connected 

to an a. o. current meter, a lAresistor. 	and the loop, all in series, 

as shorn in Fig. 4: this enabled one to increase the current passing 

through the loop slowly up to approximately 9A, at which point.  the 

platinum wire became red hot. The loop was permanently connected 

to the apparatus by copper braid. 

The current required to sterilize the loop was determined by the 

following technique. The current passing through the loop was 

increased until it became red hot. The current was passed for an 
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additional 10 seconds and then removed: the loop was left to cool. 

The wire was. contaminated by picking a colony off a plate, heated 

by passing a specific current through it for 5 seconds and then_ 

streaked on to a blood agar plate: the wire was heated.  to red heat 

and the procedure was repeated 25 times. The results obtained for 

two organisms, B. call and Staph. aureus, are shown in Table 1. 

The current required to sterilize the loop when it was contaminated 

with Bacillus stearothermophilui was determined, by a slightly . 

modified technique: the loop was dipped into fresh tryptono say. 

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

are shown in Table 2. A similar series of tests, in whioh the time 

the sterilizing current was passed through the low) was varied, was 

oarried out using -Staph. aureus, and the results are shown in Table 3. 

All these results show that the exact current required to 

sterilize the loop varies, as would be expected since no attempt was 

made to control the size of the inoculum. However, a current of 6A 

for 5 seconds vas usually adequate, and a current of 6.5A for 5 

seconds was adopted for routine use. 

The circuit diagram of the power supply used in the routine 

laboratory is shown in Fig. 5. The power is derived from the 

secondary of a tapped transformer: the secondary circuit is identical 

to that used in the experimental apparatus (Fig. 4). The apparatus . 

contains appropriate warning lights and a simple control device that 

automatically switches off the power at the end of a pre—determined 

but variable time: the operator has only to initiate the process by 



TABLE 1 

Sterilisation of t in. inooulating loop by varying 

currents passed for 5 seeonds  

Current passed 
in amperes 

Number of failures in 25 tests 

E.coli 	Staph. aureue 

1 25 25 

2 25 25 

3 11 20 

4 14 15 

5 0 5 

6 0 o 

7 0 0 

8 0 0 

9 0 0 

10 0 0 

4+ 



TABLE 2 

Sterilisation of 4- in. inoculating loop by varyinic 

currents ,tossed for, seconds  
' 	r 

Current passed 
	

Number of failures in 25 tests 

in amperes 
	

Bostearothermophilus  

1 25 

2 25 

3 25 

4 16 

5 9 
6 0 

7 0 

8 0 

9 

10 

4C 



TABLE 

Sterilisation of in, inoitulating 10GO, 

after various tines of heating 

Number of failures in 10 teats - 
Stitch. aureus  

Time in seconds 14A 5A 6A 

3 10 3 0 

4 7 1 1 

5 4- 1 0 

6 0 1 0 

7 0 0 1 

8 0 0 0 

9 0 0 0 

10 0 0 0 

11 0 	. 0 0 

12 0 0 0 
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momentarily pressing a switch, thus effecting a considerable saving 

of time. Any significant variations in the current passing through 

the loop, duo to agoing of the loop or differences between various 

loops, can be corrected by altering the tap on the transformer: 1V 

stops to a maximum of 10V is adequate. 

For use in the routine laboratory, it was necessary to prot3ot 

the handle of the cautery burner to ensure that it is safe to hold 

during sterilization, and we therefore moulded a silicone rubber 

sheath round the copper handle, as shown in Fig. 6: the copper 

braid is permanently connected to both the cautery burner and the 

power supply (Fig.7). 

-;hilst the standard cautery burner is suitable for use with 

solid cultures on agar plates, and thus has a place in a diagnostic 

laboratory, the "r in. length of platinum wire makes it unsuitable 

for use with liquid cultures or when the loop has to be put in a 

narrow tubo, because there is a danger that the joint of the platinum 

wire with the copper handle, and the handle, will become contaminated. 

A further series of tests showed that a minimum ourront of 9A for 

5 seconds is required to sterilize the joint between the platinum 

wire and the copper handle. This is nearly the maximum current 

that can be passed through the platinum wire without damaging it 

and is such that the life of the wire would be significantly reduced. 

A special loop was therefore manufactured for us. This has a 

standard copper handle and the platinum wire is approximately 2 in. 

long (Fig. 8). 

The current required to sterilize this loop was determined as 
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before (p41)s a current of 9A was passed until the loop became 

rod hot, the wire was contaminatedv heated by passing a speoifio 

current for a fixed period, and then streaked on to a- blood agar 

plate. The results obtained with Staph. aureus are shown in Table 4. 
In addition, a series of toots wore performed in whioh, the loop was 

.contaminated by dipping it into a liquid broth culture and the 

efficacy of sterilization was tested by dipping the loop into . 

sterile nutrient broth; this was necessary to ensure that sufficient 

heat is developed to remove, completely, any liquid that is held 

between the two straight lengths of vire. The results of this 

series of tests, conducted with Staph. aureus, are shown in Table 5. 
The results are very similar to those obtained with the -;1;- in. loop 

but, if anything, a slightly longer time is required to sterilize the 

2 in- loops a current of 6.5A for 6 seconds me adopted for routine 

Use. 

The 2 in. loop is more convenient and is almost as versatile 

as the conventional inoculating loop. We find the 21 gauge platinum 

rigid enough to withstand normal usage with negligible danger of the 

two aides of the loop touching each other: should this happen, the 

current that would flow is.limited by the 1,stresistor, thus safe— 

guarding the power supply. 	The loop can be (flamad'in the normal 

manner, but the silicone rubber sheath, whilst not namable, 

disintegrates if held in a flame. 

It may be inconvenient to have the loop permanently conneoted 

to a pair of wires, however flexible they may be. Consequently, 

we have also used a pair of single pole 10A miniature connectors, 



TABLE 

Sterilisation of 2 in inoculating loop by varying ourrente  

tossed for varying times: inoculation from solid culture  

\ 
Current passed 

in amperes 

Time in 

seconds 

Number of failures in 20 tests 

!tech. aureus 

4 20 

4 2 20 

4. 3 19 

4. 18 

4. 5 13 

4 6 11 

4. 7 6 

4. 8 8 

5 20 

5 2 19 

5 3 18 

5 4. 15 

5 5 8 

5 6 5 

5 7 6 

5 8 

Continued 
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TABLE 4. (continued) 

Current passed 

in amperes 

Time in 

seconds 

Number of failures in 20 tests 

Stt!ph. aureus 

6 1 20 

6 2 20 

6 3 17 

6 4 4. 

6 5 4. 
6 6 1 

6 7 0 

6 8 0 

So 



TABLB 

Sterilisation of 2 in, inoculating look by varxily currents  

Current passed 

in amperes 

Time in 

seconds 

Number of failures in 24 tests 

Stash, aureus 

4 3 a 

4 4 24. 

4 5 24 

4 6 21 

4 7 10 

4 8 11 

5 3 24  
5 4 14 

5 .5 3 

5 6 1 

5 7 0 

5 8 0 

6 3 3 

6 4 2 

6 5 0 

6 6 0 

6 7 0 

6 8 0 

S1 



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

in addition to its portability one may have a variety of different 

loops, eaoh of which may be plugged into the same power 

However, the plugs have to be located in the sockets and this takes 

time and attention whioh partially offsets the advantages. On 

balanoe therefore, we feel that it is better to have one or more 

loops permanently connected to the power supply by insulated copper 

braid. 

Our experience demonstrated that both loops are perfectly 

satisfactory from the bacteriological point of view. They may 

be used in some environments where a flame is unusable, such as 

in an anaerobic cabinet (Drasar, 1967) or in field work. whilst 

this method is unlikely to supersede the classical inoculating 

loop, it has a place in a diagnostic bacteriology laboratory. 

2.2 Di~ensinJrutriont Broth 

There are so many livid dispensers cormercially available 

today (Broughton, 1965) that one hesitates to design and construct 

yet another. However, our requirements are unusual in that the 

apparatus is unlikely to be used frequently, those parts with which 

fluid comes into contact muit'bestorilizable by heat, and it must 

be a simple matter to remove all parts with which the fluid comes 

into contact quickly and to replace these parts withatA affecting 

the calibration of the system. ?lost of the devices readily 

available are unsuitable, an they have to be sterilized chemically 

and they utilize a pin or ball valve which would probably stick due 

5.1 



to the formation of crystallized broth. One could dismantle the 

apparatus and clean it after use, but this is undesirable, 

particularly as most equipment" would have to be re-calibrated.. 

.We have, therefore, developed apparatus based on the Peristaltic_ 

pump. 

2.2.1 ,__The peristaltic). Rumx 

The peristaltio pump (Fig. 10) 'operates* squeezing a trapped 

volume of liquid along a flexible tube with some form of rollers or 

mechanical fingers. The volume of. fluid transferred depends on the 

bore of the tube (the volume of fluid trapped between rollers) and 

the speed with which the rollers rotate. A variety of pumps are 

available today, some single-ohannel with or without variable speed 

control '(Fig. 11) and some multi-ohannel also with,  or without speed 

control (Fig..12). 'Flow rates as low as 0.015 ml. /h. and as high' 

as 200 gal./h. are easily obtainable. 

The advantages of the poristaltio principle are that the pumps 

aro valveless and that 'one can use any flexible material that is 

storilizable by heat, such as silicone rubber. One can have a 

completely closed circuit (Fig. 13) and all parts with which the 

fluid comes into contact can be removed as ono entity and replaced 

without re-adjusting any controls. The disadvantage is that 

continuous squeezing of the flexible tube slowly distorts it and 

consequently the volume of fluid trapped in the tube gradually 

varies with time. 

Peristaltic pumps are almost invariably used for continuous' 

Si 



flow teohniques, such as continuous infusion chemotherapy 

(Pegg, Trotman and Piero°, 1963), but they can be used as simple 

dispensers of discrete small volumes of liquids and are particularly 

auitable for our purposes. 

E72t2T1isentS 

There are three mays of adjusting the quantity of liquid that 

is dispensed,by varying the bore of the tube, by varying the speed 

of rotation of the rollors and by varying the time they rotate. 

It is inconvenient to have to change the tubing and in any case, 

consequential changes in both the speed of rotation of the rollers 

and the time of rotation would follow. We decided, therefore, to 

fix tho born of the tubing and to find the combination of speed of 

rotation of the rollers and time of rotation that gives 1 ml. of 

broth, the volume of chief interest to us, with the greatest'accuracy. 

The technique adopted for finding the optimum conditions was as 

follows. Using 1/16 in. bore, 1/16 in. mall silicone rubber tubing, 

the pump was operated at a speed of 160 rev/Min.. for approximately. 

1.5 seconds to dispense 1 ml. of broth into a pre-weighed test tube: 

this process was repeated 48 times, keeping both pump speed and time 

of rotation constant. The test tubes wore re-weighed and the 

difference in weight, of each tube was taken to be the volume 

dispensed. The difference between the highest and lowest volume 

dispensed was called the spread of the readings in ml. about the 

mean value. This procedure was repeated for a variety of different 

speeds, the time for each speed being that required to produce a 

S+ 



volume of 1 ml. The results are plotted in Fig. 14, and a typical 

set of figures, those obtained at a speed of 70 rev.imin., is shown 

in Table 6 and in the accompanying histogram. The highest 

volume dispensed in the 48 samples was 1.0452 ml. and the lowest 

1.0210 ml. giving a spread of 0.0242 as plotted in Fig. 14. If 

♦ /N we take the moan M 2.5xstandard deviation (S.D.) points 

(these,values are exoeeded in only 0.75;.; of trials) for estimating 

the accuracy of dispensing, we see it is approximately t — 1.5;. 

Pig. 14 shows an unmistakable trend, namely that as the speed of 

rotation is reduced, the repeatability, is improved. We did not 

pursue this further because the time required to dispense 1 ml. at 

a speed of 70 rev. /min. is approximately 3.8 seconds, which is as 

long as practicable. 	Since an accuracy of — 1.5,; is sufficient, 

we adopted a speed of approximately 70 rev./min. for routine use. 

The mean of the readings given in Table 6 is slightly above 1 ml. 

and minor adjustments were necessary: either the speed of rotation 

or the time could be reduced slightly to give a mean reading of 

1 ml. and we viduced the time to 3.5 seconds. 

The complete apparatus is shown in Fig. 15. The control 

unit is based on a commercially available timer and the unit is 

arranged so that one can run the peristaltic pump continuously, 

for priming, or one can press a spring—loaded switch to dispense 

a single volume, or one can dispense a series of volumes; there is 

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 speed control on the pump is not 

ss 



TABLE 6 

Speed of rotation of rollers = 70 rev./min., time of rotation of 
rollers = 3,8 sees., bore of tubing = 1/16 in. 

Tube number 
Volume dispensed 

is ml. Tube number 
Volume dispensed 

in ml. 

1 1.0291 25 1.0284 
2 1.0302 26 1.0263 

3 1.0343 27 1:0324 

4. 1.0298 28 1.0342 
5 1.0344 29 1.0307 
6 1.0380 30 1.0299 

7 1.0428 31 1.0352 
8 1.0328 32 1.0275 

9 1.0369 33 1.0298 
10 1.0330 34 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 1.0301 39 1.0302 
16 1.0291 40 1.0286 
17 1.0328 41 1.0252 
18 1.0276 42 1.0366 

19 1.0271 43 1.0293 
20 1.0320 44 1.0295 
21 1.0311 45 1.0258 
22 1.0310 46 1.0210 
23 1.0388 47 1.0245 
24 1.0281 48 1.0296 

;7c = 1.0316 	S.D. = 0.00498 
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calibrated directly in revolutions per minute and consequently 

independent calibration was necessary (Fig. 16). 

The method has its disadvantages, it is not easy to significantly 

alter the volume dispensed and small changes have to be compensated 

for by trial and error. In addition, care has to be taken to ensure 

that the small drop of broth that sometimes, forms at the end of the 

nozzle is not knocked off. However, we have found that the 

repeatability is maintained over long periods and that the, broth 

remains sterile for at least two weeks. 	One could have devised a 

valve type dispenser (Scot. 3.3.3.1) which would not have the 

disadvantages of this method, although it would be unsuitable for 

infrequent use (Soot. 2.2). The advantagesand disadvantages of 

eaoh type of dispenser are fairly evenly balanced and the final 

decision depends to a large extent on the circumstances, but the 

method desoribed above has a place in bacteriology laboratories. 

2.3 Final Comments  

Two very simple devices that have been evaluated in our 

laboratory have been described. Both devices are very usefUl, 

particularly in that they save substantial time,and the dispenser 

is far more consistent and. at least as accurate as manual methods. 

The very simplicity of these devices illustrates the need for 

the introduction of automatic methods in diagnostic bacteriology, 

but it is necessary to introduce a much greater degree of 

automation. 	In Chapter 3 we discuss some more sophisticated methods. 

6" 8 



Fig.. 1. Drawing of apparatus for automatically 'flAmiret an 

inoculating loop: Ai*A2  adjustable sections of stands  

B-solenoid operated Unsen burner, L - loop resting on stand. 

59 



Fig. 2. Sketch showing form of inoculating loop suitable for electrical 

heating: P - platinum wire, the ends of which are oernanently 

joined to a pair of robust wires H which form a handle (the wires 

H are insulated from each other). 

P 
	

H 

Fig. 3. A standard cautery burner. 
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Fig. 14.. Circuit diagram of power supply used in experiments with the electrically heated inoculating loop: 

V - Variac (0-15V), F - fuse (10A), A - ammeter (10A), L connections to loop, R - iaresistor 

(150W). 



IN/ 

R 

Fig. 5. Simplified circuit diagram of power supply for the electrically heated inoculating loop used in the 

routine laboratory: T - tapped transformer (IV stages to 10V), C - timing and control circuit, 

F - fuse (10A), A - ammeter (10A), L connections to loop, R 1.11 resistor(1500. 



Fig. 6. A standard electrically heated inoculating loop dith moulded 

silicone rubber handle. 
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Fig. 7. The inoculvting loop and the power supply currently in use in 

the routine laboratory. 
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Fig. 8. A 2 in. inoculating loop with moulded silicone rubber handle. 

Fig. 	A standard. inoculating loop with moulded silicone; rubber handle 

and. with plugs attached. 



Vi. 10. Illustration of the principle of the peristaltic pump - the 

three rollers rotate in an anti-clockwise direction, thus 

s.ueezing the flexible tube and transfering the fluid along 

the tube from left to right. 
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Fig. 11. A single-channel peristaltic pump (with variable speed control). 



48 

Fig. 12. A multi-channel peristaltic pump (yithout variable speed control). 



fig. 13. The peristatic pump, the fluid reservoir R and the output 

nozzle 0, illustrating that the system through vihich the 

fluid passes is completely closed. 

69 



1.11! 
111 tti 

Pill 
tit ; 
rtn 

il'i l,, 

t: 
'-'----`1-, 

r. ;;t; 1:;:. . ; 1 1, 
4 ; . I t 

,. 	, 
,r [ 1 

•t - r.1 
't j' 

1 	-' 
: 
• 

:.:t 
trtt ; t t ,;11 r 

tr:-,-:-.-7-:: 
1:Ii 

. 

v.; ... 

:t.titrt. 
d t. tru 

trt: 
1:. 
It: 

t' ;: • 
.. 

. 
_ , : " - :: 	. - 

-;;T: 
rt-1 

, 
•t . 	il "-1,1 1 1, 

• r,.17.-. 
lil ,.. 

, 1  
It :: 

-tt- t---rh, 
;1';', 

- 
, 	; 

., 1 _ 
1.-•._11 HI ttt 

TM 
i 

.4t-t 

4t 

it;';rtr  
ttr.t:Ti 

4-.':,' 

t:tr, 

',-;:t 
Ittr 
lit; 
; f t; 

-' 

i.„ 
...I.,-.. 

t ,  
:: 

:tt; 
ittt 

:: 
r:: ,, 	r 

I • • • t 1 • •• 
. 	r , 

. 
t • 

I_ 
.t. 

_ 
t....:: 
.." 

. 
rt.- 
:I t: • 

-.- IT:: 11: .,... .t,, 
4[.  

.,,, t.-.. 
r,..-- 
..:r• 

:tit 
;tie 

t:.  
1.. 

I 
, 

ti irti :. t.t...tritu wrJr,- 

, 

..  
-,.-,-. 
• • ;::: 

:- t.! 
ir„ 
,_, 

„ 
. 

,. 
...._ 

„:1 17:: 
... 

.. 

.. 
, , ...-,_ :t•- t t-1: ri-';' 

Itr.t1 
4--  
t_trt 

ILI; 
' 	• 

": 
14 

"Il.t1 
i:.:rt-t- 

t •-• . 
i trIii 1-1-'i ttr:1111 

;--- 
ti-ittl-rt 

dd 
tu_r 
:,---4; 

, 
, 
, • .4.. rt.:), :.; t_. 

-: 
. 	r. 

itt:  
_ , .' t 	•• . 	. • :: 

, 
• 

• . :::: tirt - 	-r  r.:it •r r , I/ t t . 1 4 Ft1-1:ii •  11.1 L  iltirrill rlit-, ,1-  - • .4 fit' 
, . • 7 .47 ' 4,i tt i 

,;.t 
t'. 
I 

7 
- 

' 	' • 
,.- 

14 t, :-. , ' 
-'1--,tit WI ti.. . 

iTi'-ii'l tilt .' .: it 4;4 
-7 7 4;"..11Ett 7r[t t-ftt ;:t;:. -„ - :::: 

-f1-11-1- t-tt,,_ t _ . _ 
- ..,. 

I:...,.._,_ 
:,:: ..±:- ,-t 

- 
11;--  1 	• :LT 1 1: 	4 , 	t 741; 

..t- t; 
L; 

r 
4-, 

. , 

; - -- , •  , _. . 
• 

, 
- 

__ 
rt- I-. i. •. 1:.-'11-1. _ ;1:: „: ii, ' 	' 1 - .4 

,t, 
1111 

t---,,,, 
:. 7.-:t 

„-1. 
rr; 

, 

- 
• t.,. T.:: ,.._.. ----.4-Graph :::1 	- of -1-the--d.ifference--be 

• [volumes of a . set 
tween-rthe 

48 	lml. 
'highest7and 
volumes -dispensed 

-lowest :, 	I ..._ ♦ 

' 
. 

L • _ 
• . -,., . II7t-1 ' - t" .rat It t-; 

1_•„..; 
--- 

,. - • • 
. 	I_. 	. 	1. 	• • 1 srt_ the peristaltic 

of 	. nominal 
• _purnp_dispenser 1 	1 . 

_._  (Sp. )___Hvs.._speed_of__ 
 . 

: -t :_..__. 17,-:-.. _ 	- __ ' I .....,_ -.:=.: --.:.-tt :-?.:-: t:::: ..-::/ .. 
: 
f - - " ,-,- 

_. 
-- - nit .- 

• :, • 1 	--t 	• rotation -- 	• Of the rollers (s ). .- 	 :, ..... • i 	- z-r-:: • „ • -:-• •-i 	=it 1-..:•-i-; ii-i •,• 
r: 

, 
T-  --..i. 

,,_ 
iiH.E.-:-.1 

._,• 
0_ rr; 

- 
... 

- 
- 

, • • - ; 
,-, ..... ..._ 

. ' 
r_1.•:'" 
rt• : 

::1:::•  
ri• 

1.-21.7. 
. 

F.': IT/ 
.. 	: 

t 1:4 III.: 
tj 

'-'-' 1-: :;_t4! 
,.. - f71-  17_ET 

T • 
4" 11.1-4 . 

it  
•-•- 

'II: 
••-• , ( ?ft I • 

' - 
_ 

• • - 
•- -: .:-.. 

-: 
• ,t.: 

... 	: 	• r 
1.11 In- 

11- 	•11; ,... 
• 

Itt.t 
:ii 

 _ rtt.„-• 

.... 
- -.-:- • .,.. :47= .._. t, .. 4 . 

-IL:17i: TAFF,  :-.0",„'t.  r zr-1--  : i .... p-  -. -:err  
„ . ... 

., . r_ - , 
- - •- ti 	1 --;-- , 	

, 14-44,,, ,.,., 
,, 

• . ;T.:: .-- 17-.4._ 

. 	, 
1-1 	' 17  ::- - .. 

'11'. 
.  t - 41: 

-_, 
-;:-T;-:•-,,:. 

14-Lt  t; r.---- :1-t: .. . :: 	.., -- 	4, 
li. .._.• !-t-c ; . - • ;,; ' 

fil :;-",--1-4-r. , tf ._ /„... _ 
- 

t-  ' • 
t 
t• ..,. 

-- -4- :::1:--. :--t- 4--; -41-I •-•-z nitt  :_t_t-r. ,' ---•.--Lt.. -4.. ttt ' 	71  _ 1;1 	;• 1-,  -,:-.- 
G. 

77-4: , r..."-; 
tr.-t 

::': 
1-.1' 
--.1 

:1:1-.: 
r•I• 
Lt. 	' 

rt::".  
t':1  
•.*: 

--, 
rz-  
L'-'. 

'."--4:: 
-t-_- -'' -zItt.-t--; ttt; 

'0.10 
. _ .. 

• 

, 
, _ - - 

. _ 
- - II 

. 
- I 

" 
"LI 

..r.2. 
' 

, - 
,,,, 4  
--t-  

1111 
.-_,.t..:tri: 

::Ti 41-1 
, 	-,-,-. 

IT tr: 
I-- 

II . 
1: •tt. ..... 

rtli 
;-:. 

1-1 trl 
tt7,•.--"---,:, 

-,.4  3...-1,, 
-rt.t.., 

T-41.1  
'_-3. 
- 

..1.-, 
_,- 
,_-, 

.._t_t_t  

... -  .... 

--,-. 
...,__ 
..„."-', 
-.a-41'v--  

-4 

--,--- 
- 
_ 

44-t; 

r-- - 

r-,-...--_ 

.::-: 

d 

.0=08 

^ 

.7 
-- 

• r -, :., 
- 

r _ _ .7 v  '-t: ',.t... 
- 4.:::;" "-- ,,. ,_- , t-: 

:= 
:::::-.1-.4.1 

:71. 
:-1--t 
=44 

:_:.E 
-44. 

r-,:--:--:-:_ 
lin ntt 

tttr 
.-.,_11•T/ 

ttt; , 4-:.-_ti,---.1-1 .4,4 .fl-1 '-7 - t•-17-11- I- 4111 IFP:ftli •.-- .t ::::: -4---- :E."t•-•-_ 
. • 

, ' ' r ri- 1,--  - -- 'n-  • 
--t 
t*-1  * 	* • 1L14* t-!--ii 1:ill 11 .-:1 

1 	't 
ti ".•-,-; 

-at H---' 
P.11 

'-t-ri- 
1:rr 

-'it- 
lit', 

tt- t 
ttI-r-"4-,71: 

4-'4 `c.--::: 
...•::: --mt: 

7-7r-± 

1 • 1:-  r :::-r... 
r , 7. 	„_. 

. 
tat-- 
:._.-1-t,trt-: 

..._ ___,. 
:tr:t. 

-.- 
- tr 

. 
I..;  

... 
„. 

tv.... 
tt;tt.-_-11., 

- ' 	1  t-- 	1. r' w,':. 
.-.-,-, 

.t! 
I.• • 

1H 
1-,:, 

11'-t 
,,-3 

1111 
-ICI 

1-t t" 
04 

Ft', 
,-.1-,, 

'.-z--'-- 
L....- ..-,-.-1- 

. 	. .. " :4:;-___.. 
...a.- 
= 

.....-. 
'-.--' 71- --; 

. 	, 
3 - . 

.1 ...4...-.r ::: I •-t: , :1-1.-.: - It-t I - - -- t-tri 14- 
" 

---': ...“-'3.4-- .._,..„__ -1. t.:I. t..........„-- - 	' ,, 	ttrt.- 
1-1 	r, 

-t....• 
' 

t-.11 
•--:-., 

2.-4:: 
tt-'- 

r-T14. 
t:-; t:. 

rt!-- 
t_r::. 

4,t 
nt-t 

-4-t-. 
,-•=111. ----•tr_. 

::---_ -..-rq 

tt.--r4  
,-,,,,- 

4--1t-r 4... 
 
J.--}-4 
•••-4 

'.-,iit: 
--. 

:_-.: '.•.---t_•_ 
1-41 

:-..! 
nr ;-• r . - 1••- 

- :1_. 
'- •-• 

 .-41-, .. , - 	- _. _. 
,- 

1-I.  , I t *-r 1 : ,, ; I' _IIIII: - ; •- :11- . 
i • 

t-. 
'-'tit," - -1- Lt.:,  t --, +4. -14[1;t-,e 1-i 1- T 4+ ,,.4.... 4 .--.-t- 1141 

-,--t-I ---.1  
4-----4-ttt 

tat '1- II 
-,--". 

., 
' 0.06 

• .4-- 
, 
1-i-F. 
t:-.' 

'1.III t-i-i" .1._ ---- -.T  :-r. TITI .. 	- It: ..L I IIII ...- t-, t-', t 
- 

TIT 
.77 
'+i:=-IL: 
,; :rt.- 

ILTI: 
.-•-• 

1--  
- 

-,I-1.44, 
 - 

- 	 " 
t 
"11 

Irz 
--,- 
:7:4- 

- 
r-• 

; 
, 

.rj111., il--lit- Iti i : 7,, .:4'7fif 

- -,..: -.11-- - nt-••• • 
_- 

•_. .: 1: - 1.i-T.---,. I' - ti it 3 
4' 

.YID 	 ---,--,- 
41- 

--:: .LI /..-,,t-  ': 4  4 tr fin n1.-: It:1 :titjj_ti ..,11_: 4:ti 

- ..,I t . 	.... --,  
,_,... - 

•- 	-rt-T_T 1-;,. , _ 
1 
-.--t4 - -,,-,. - -• . _ ._ _ 

--t ,  
.-,-,, 

- r.-,-- 
.-;--1-i 

' -I:4 
--;-_,t 

,-,- I.,: 
._r_t: 

•,Tht 
....II- 

4- t;, 
-.--t.-_,, 

_,;±_r_,.... 
,..-tt_ 
_;";__"--„,- 

-,,..r.-.::::-.:-:_t_ti 
.. 1-- . r-U-4 

„“,-',...;.: •-t.- 
I.I; 

4.. 
ttr: •••-• 

._-,-, 

...._in. •/: ti",, ,:tt ,,n.- tr:::  7  
. -..1. ,.,'I-I'_:_;_', 

H= -“ :11 .„._ 
------_:-, 
=7r _- -:-.-_..i - 

F-ffri PI ,-'- 	- -.7. 
it-I2,t1 

--I--T-H-rf 
1 4 I t, . t • • 

- . 
. -... 

*4-_= .T1 - t 	t_. t " 7. tIt. L I . 1.II II t• ,,,, . : ''-::-:4-  LI 1.-'  ,--- jlETt rt- rt--+:1. - ---t- -'. 4- - -4--- . .1.,.+•Liti "t 	r 
•-ttA 
+ 

- 
3 , . 

t„. 
i-j-3 

-.ttLit 
3-3 .4.,_.; 

Li  i_t_t-+ 
.....'.7 

t- ti 
...'-' 	4  ±-:-----tf_rItt t-1_,IT 44,+-ti t-ri -114, ttEti IL,. tti-t lia ;,-- • : 

-;-_--,•: 
7::: 

;.-- E- 
 1.; 

•-•-•. 

••-1 

1-1- '' L: 

• t 

1: 

,__ 

I. 
-'1- 

--; I 

-.- 

-.-r::: 

,. 

-: 	4 t 

...-t: 
:=7-: 

_•":1 
,-;E:- 

I.-_•:_--. 
"-+. -.-1,-, 

--1--: 
.--t t 	' TP i . 

1.-; ti• 
'- 	"I'  

. 	11 -1 
 -144-. 

1.-"-.-  
4: .--.. 

-.-. 
-'-.- 
--P-= 

' . '-' 
I Zt • - - 

** '' ' 
'-V.1  -Ii 

[1:i. 
-: •441- 

' 
ttil  -4.---- 

,'" t.  

, .; r  .--1 	... 

 i . 

' 	+ 

,*-1+-  ' 

t-111. 
ter'- 
Ur. 

, 

.11,,. 

4'44 

i tt. 

1; 'r:  

7.- 

' . 

 -:1- 

•-•- 

04 -• ..-/ • •--- 1 
- ,-,- ,- ,,.. .-,-.. . ....., --:: r.t n_ti 1 1 - n-4 !in ' 1;41 -'""" '•:•,"-t- t iiititt_ E.:-:-  h- 

. 

-,-• • , 
.CP 

t -I • t- .1  I .1:----1 1: r r 	TI 4 ••---21-7:  • ::__ :-=T:t :...- trl_. + 	- -;--------47-4-r; 1:T.  

• 
nn 
t--:-,•-: .

• 
 .1 7- . t_..-1: _„ t  

rn- , ; ;_ .7 - t.  I• It 	, ----I r. IT-  .--,,t-I _1 
" r 

_ 
-1. a...,1 It.- -. -'" -:t  -, 'It 	r "11_ p-,  ..T. , t - -t- :- 4...-1- Lti-Eqq.: -+,---. --1--, ' - I:t t 	I ' 1:lt: .15-'..ft--11 itrj 1-14,.; -t.-E-'f 

•.„ 
tr' 

3-11.-...1-rt.-, 
-Wt 

.1-'11 -LI-Lt-, ' - 
- 4 	 

• , •• 
.. t- : 	I; 

..1-.4 

its 
: /1' .,,_ ...`„t - .r. ' i.t.t-t --."' .....-, 1-4-_,_. .-I... .--,+., .,----,EL : ,--, Ttr-• :11: 

--,„72 
---.4 

"It 
1I+. 

i "•,••• II ,1"--1--  
 -:•,..- It:  , ' 

4::  ---. .ff-T1.4-1-11 
1.1~-,.. . • , - . 

:II I' 
-:-.iii -- . .4 . .- -•-•E 

-  	4 

	 4:41- 
_---::-LOI.02 

it! I 
l•r• ;. 

-,, ---'- . .. -, tt: - "-ti -t t'''''' rrit  : L:71.---:  -4-1'1-  .-1  '1.--t:-;  :-L-:: 

-,-111 
rt.  

ITT; 
r--ta-  

-1-II-11-44, 
rr_t--..--_7:. 

t--  •-- - 11 :•-•:_itil 
.__,__ t-I- 

-:-_•.„..t 
T.-a: 

.,:.•.- 	tt..titt.-4 
._-•-•.;_t 1.7:.-t„ r 	1 1 	' 

It 
'r_t 

•t_tr •'-,- 
- 

---1 7.--t 
--d-lt 

._t" 
•,:t 

--- ._,_ ,_... 

' ,- 
,T1-1,'f=t;;;:l t--t, - 

-1 
t: 	. 

t-±-t.: 
::::-. 

t 
',-- -,-t--,..-:-.., 

- 
__,, ... 

At 
:_t• 

1...,, 
,:-,--- 

, 
tr„ 

:In 
:_t.•:: 

,:,,,t;  
...„, 

„if: 
-.. __. 

it,..1t:,- ..., 
_T--. ..,.- 

.--t.:5-,:r1.1._,. 
,4,r 

t.,..,..„, 
.--..... 

,, 
1-..-* 

,4:-, 
•-,,-, 

iii-nt. 
. -,4--. 

_ 
. 

- 1 :-..-. t."-- 
; 

it,.1 
^.2--  

-I_ tt.ti. 
.-1-t 

t.:-;_; 
-3. ,. 

....--..-4-It 
...,....,. 

di. 
IliVili 

: - .- . :It: 
-17  
-;---i tt--  

- • 
• '47.-;:t 

::i4 
,, 
4 ---  . 

 4;.:t-.--,  • '-'-'-' I •77! :4:: :---,:; - t-::: „::: -,. L;-,_: -7 t11 177t  .41.:11, -.1-4-Lt 71-411::. _ 1 . tt. :-. ;-_ ,-+ 

 111_;;-  ;--;-• ---,_. _tit: ' • 

_-..',. 
1,-=•-,.-=-: 

t • 	• ::- 
::::: :_ 

. 	. _ „, 
4-  :.... --: -: _ n-I ,:_:: --.- _,.. -1 -77-I  - - ---EI iil.it: ' --' •-• 

r. 
-t ., 

::: - --,---.- 
----: --•-- 17-  t - • +-r•- 

-,-• --•-.. ••r- ' -..,  
. glint:LI nnst:_nt-n_. . 

-F-r-q 	 
1 

'-'• 
'• 

--I 
•-t•- 0 • • • 

-. .. ---r.: - I .111 
, 	_. 

4 
_. 

- . t , 	-I-. 
. . .. ; -::::t-.....-- -.......,-. ...., - ... . -  

,-.., 
- 	t; 

1111 
n-rt 

+4,, 
nt:44-n. 

1111 
:4: 
11-1T-I'L-7,1 

:4.1 

2 0 40 60 	S O 	/O0 	120 	140 	160 	180 
S (-rc v. I mi 



Fig. 15. The peristfltie pump dis)ensEr. 
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Chap ter 3  

More Sophisticated, Definitive Methods  

3.1 Serial Diluting  

Two procedures often-used-in-diagnostic baoteriology are,

measurement of the minimial inhibitory concentration of an 

antibiotic (M.I.C.) and measurement of the serum antibiotic level. 

The method ueed for determination of the 11.1.c. in our laboratory 

is as follows. 2 ml. of appropriately oonoentratod antibiotic 

solution in nutriont broth is placed in a test tube and 1 ml. of 

broth is placed in eaoh of a series of 10-12 tubes. 1 ml. of the 

antibiotio containing broth is tranoferred 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 give a series of two—fold 

falling dilutions. 	Subsequently, a standard ousponsion of the 

bacterium under test is added to each tube. After incubation 

one observes the lowest concentration of antibiotic that inhibits 

growth. For a scrum antibiotic level, serum is similarly diluted 

and each tube is inoculated with a standard organism: a control 

M.I.C., in human serum, is also performed. After incubation, ono 

obsorves whioh dilution of serum contains sufficient antibiotio to 

inhibit growth of tho organism and the corresponding oonccntration 

of antibiotic is calculable from the :71.1.C. 

13 



There are three parts of the procedure that lend themselves to 

meohanization, the distribution of initial volumes of diluent, the. 

serial diluting and the final addition -of culture. We use the 

method described. in Sect. 2.2 to distribute the cnitial'volumes 

of diluent and final addition of culture is discussed in Soot. 3.2. 

3.1,1 Lvaluation of manual method  

TWO sources_ of error in -the-seriaI- diluting:teohniquo arei - in 

transferring the 1 ml. volume of antibiotic containing broth to the 

next tube in the series, and in mixing the solution With diluent; 

the accuracy with which' the initial volumes of .diluent are dispensed 

is also relevant, but we do not hero regard that procedure as part 

of the serial diluting technique.' . To investigate the magnitude-  of 

the errors we measured, the accuracy with Which a manual operator 

performs the transfer of solution from one tube to the neXt .andthe 

concentration of the solution left in each dilution tube at the end 

of the prooedure.. .We also measured the time taken to perform a 

series of dilUtions. 

The procedure used to measure the accuracy with which - an operator 

performs the transfer of.solution is as &flows. A set of 12 tubed 

was taken and 2 ml. of broth was dispensed into the first tube-and 

1 ml. of broth was dispensed into the remaining 11 tubes; very great 

care was taken to eliminate errors in dispensing. Dach of the 12 

tubes was then weighed. The set of tubes, together with a pipette, 

was given to.  a member of the routine laboratory staff who was asked 

to perform a sot of serial dilutions using the technique normally 

elf 
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adopted; the whole prooeduro was timed. The tubes were then re-

weighed and the ;volume of broth loft in each tube calculated: it 

was assumed that the initial volumes had been dispensed with 10070 

accuracy. A typical result is shown in Table 7. If we take the 

highest and lowest values and calculate the difference between these 

and 1 ml. s  the volume that should be left in each oases  we see that 

the errors vary between +7.6 and -1.0'70. The results of 19 similar 

tests aro given in Table 8. 

The procedure used to measure the concentration of the solution 

left in each dilution tube is as follows. 	To diluted a solution of 

Armor bovine albumin powder V in distilled waters  and measured the 

optical density of each dilution at 2800 X with a-Unicam 3.P.500 

spectrophotometer, using 0.5 ml..silica cells, a 12 mm. x 4 mm. 

slit ant the collimating lens. To calibrate the apraratuss -a 

series of standard solutions in the range 100 to 1600 pg/ml. was 

prepared as accurately as possible and the optical densities measured. 

The calibration curve is shown' in Fig. 17. 

With a solution of 4000pg./ml. in the first dilution tube 

(dilution 1), a series of six serial dilutions was produced and the 

optical densities of dilutions 3 to 6 were measured. Twelve such 

series were produced as accurately as possible, not under normal 

routine laboratory conditions as before, and the measured optical 

densities (Table 9) were plotted on the calibration curve (Fig. 18): 

the concentration of the solutions was derived. It was found to 

be impractical to measure more than four dilutions of a series 

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



TABLE 7  

Accura 	 serial dilution rocedure: 

12 successive dilutions 

Operator number 9 - see Table 8 

Tube number 

Volume of broth left 

in tube in ml. 

1 1.0761 

2 1.0075 

3 1.0029 

4 0.9899 

5 1.0108 

6 0.9896 

7 0.9910 

8 0.9909 

9 1.0095 

10 0.9920 

0.9915 
12 1.0050 

116 

= 1.0049 	S.D. = 0.0238 



TABLE 8 

Speed and accuracy; of manual operators performing 

. a series of 12 serial dilutions 

Operator 

maims° 

Percentage error in volume 
transferred 

Max. positive 	Max. negative 

Time taken for 
12'dilutions 

min. 	S008. 

1 6.9 2.3 1 15 
2 2.5 1.9 1. 17 
3 6.0 3.2 1 17 
4 6.5 1.1 1. 35 
5 7.7 2.1 2 0 
6 8.0 7.4 2 0 

7 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 4.2 4.7 3 5 
16 6.4 5.2 4 0 

17 0.7 1.1 4 40 
18 4.8 1.1 5 0 

19 4.3 5.5 7 30 

77 



TABLr 9  

Concentration of handmade dilutions of albumin 

DilUtion number Measured optical density 
12 sets of dilutions 

3 

4 

5 

6 

0.650 

0.625 
0.650 
0.665 

0.688 

0.656 
0.672 
0.672 

0.580 

0.590 
0.591.  
0.550 

0.260 
0.279 
0.292 
0.272' 

0.108 

0.144 
0.140 
0.235 

0.023 
0.031 
0.054 
0.069 

0.322 
0.347 
0.340 
0.341 

0.357 
0.368 
0.351 
0.353 

immemommi•M On••••••011M•4111110108.. 

0.155 

0.184 

0.188 
0.198 

0.182 

0.194 
0.184 
0.184 

0.094 
0.107 
0.103 
0.118 

0.096 
0.109 
0.101 
0.101 



intermediate concentrations, its slope is very small at high 

concentrations and the initial solution would have to big much 

more highly concentrated and would, therefore, be far too viscous. 

Further discussion of this point is given.  in Sect. 3.1.5. 

Fig. 18 shows that, despite the fact that great care was 

taken, the technique is very poor: there is a- very wide spread 

in the concentration of the solution left in each tube and many 

dilutions are more than 25;i; inaccurate. • If we assume that the 

errors in transferring.. he liquid Were no greater than — 32, 

which is easily achieved with grade A pipett4 it is interesting 

to speculate how much poorer the results would have been had the 

test been carried out under normal routine laboratory conditions: 

Table 8 shows that under those conditions the volume transfer can 

be as inaccurate as — 7.1% 'The time the manual method takes 

under routine conditions is discadsed in Soot. 3.1.5. 

3.1.2 Criteria for an automatic method 

Any automatic technique should not only save time but should 

also produce more accurate dilutions than those above provided this 

can be achieved simply, because the numb©r of M.I.C.'s and serum 

antibiotic level tents performed in the average laboratory does not 

justify very complicated and costly apparatus. The most important 

part of the apparatus is the meehanism for transferring the broth/ 

antibiotic mixture or serum, and whereas the absolute accuracy does 

not have to be of the highest order, reproducibility is most 

important; an accuracy of approximately — 20 is adequate. The 

'19 
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parts the liquid 'touches must be sterilizable by heat, and, since 

fi variety of different antibiotics and sera will be used, the 

pipettes must be readily removed from the apparatus and replaoed 

without affeoting the calibration of the apparatuS; the pipettes 

often have to be ohanged between series of dilutions. One can 

use 3 in. x .It  in. test tubes,and the racks and covers must be 

sterilizable by heat and detaohable from the apparatus for 

incubation purposes. The number of series of dilutions that one 

requires to perform simultaneously is purely arbitrary and depends 

on circumstances. '.14e felt that it was undesirable to uses. rack 

'significantly larger than those in general use and this places a 

limit of 4 seta of 12 tubes per rack; up to 12 dilutions are 

sometimes required and 4 sets are quite suitable for our purposes. 

3.1.3 The ausratia% 

3.1.3.1 The liquid transfer assembly  

Some manually operated and automatic devices for pipetting 

liquids are commercially available (Broughton, 1965), and 7ieitz 

(1957) published details of a manually operated multi—volume 

pipetting device. 	Sequeira (1964) has also produced a similar 

hand operated machine (p.12.). However, it is neither convenient 

nor economic to incorporate these devices in a multi—volume 

automatic pipotting device and many of them do not satisfy our 

requirements. It was decided, therefore, to use a different 

system and we decided to examine first the efficacy of an extremely 

simple method. 	The apparatus consists of a pipette, made of a 
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straight length of polytotrafluorethylone (p.t.f.e.) tubing, 

connected by a flexible tube to a 1 ml. syringe which is operated 

mechanically to draw up and expel the fluid. The principle of the 

apparatus used for evaluation purposes is shown in Fig. 19. The 

syringe is connected by a Luer connector to a length of silicone 

tubing and this, in turn, is connected to a piece of p.t.f.e. tubing 

A by a"Luer lock connecter B. 	The female part of the Luer lock 

connector is linked to the p.t.f.e. tube by a short length of 

silicone tubing C. The syringe barrel D is mounted between two 

fixed brackets E, with the, aid of device F which is adjustable to 

allow for tolerances in the external dimensions. The syringe 

piston 0 is connected to a 1 in. diameter double-acting pneumatic 

cylinder I, the inward stroke length being varied by device K. 

The p.t.f.o. tube, which has a * in. internal diameter and a 

3/16 in. outside diameter, is approximately 	in. long, so that 1 ml. 

occupies approximately three-quarters of its length; there is 

therefore no risk of the fluid being drawn into the flexible 

connecting tube. 	The apparatus is shown in Fig. 20. 

The procedure used to measure the accuracy with which this 

device performs the transfer of 1 ml. of solution is the same as 

that used to evaluate the manual method (Sect. 3.1.1), but in this 

case we performed 40 dilutions. A typical sot of results is given 

in Table 10 and in the accompanying histogram. Taking the 

x - 2.5 S.D. points as before (p.5.5), we can quote an accuracy of 
+ - 



TABLE 10 immilme• 

AL: s 	of automatic method of transfe 	1 ml. of li uid: 

40 suceessive dilutions 

Tube 
number 

Volume of broth left 
in tube in ml. 

Tube 
number 

Volume of broth left 
in tube in 

1 0.9994 21 Loom. 

2 0.9849 22 0.9923 

3- 1.0151 23 1.0006 

4 0.9990 24 1.0059 

5 0.9930 25 0.9994 

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 

11 0.9951 31 0.9947 

12 1.0010 32 1.0026 

13 0.9986 33 0.9995 

14 0.9894. 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 0.9994 

19 1.0001 39 0.9980 

20 0.9971 40 1.0036 

= 	0.9993 S.D. = 0.0078 
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We required four independent transfer systems and it was 

desirable to use a single pneumatic cylinder to actuate all four 

syringes. It would be difficult to arrange for the stroke length 

of each syringe to be adjusted independently, and so we had to 

discover if the absolute difference between syringes had any 

significant effect. The apparatus used is illustrated in Fig. 21. 

The system was tested in crractly the =me way as the single. transfer 

system, four sets of 40 dilutions being performed simultaneously. 

The highest and lowest values of the volumes loft in each tube were: 

Syringe No. 1: 1.0031 ml. Syringe No. 2: 1.0046 ml. 

0.9839 ml. 0.9846 ml. 

Syringe No. 3: 1.0124 ml. Syringe No. 4: 1.0147 ml. 

0.9829 ml. 0.9829 ml. 

Despite the fact that we are unable to adjust each syringe 

independently, there is little difference in the repeatibility and 

the absolute difference between syringes is negligible. The overall 
+ . 

accuracy is — 2,,; the Sumit 1 ml. tuberculin syringes were not 

specially selected. 

The above experiments show that this transfer system is adequate; 

it is too early to assess the effect of wear in the syringes, but this 

is unlikely to be a major problem because the syringes can easily be 

replaced. , In addition, the pipettes, the syringes and the 

connecting tubes can all be sterilized by heat and the pipettes can 

be removed without affecting the stroke length of the syringes. 	The 

syringes can be removed without affecting the calibration which is 

8+ 



as 

sot by device K, a completely independent component. 	Consequently, 

this system was adopted for use in our apparatus. 

3.1.3.2 Automatic feeding of dilution tubes  

There are a number of 'fraction collector' type devices readily 

available today, but it is surprisingly difficult to find a cheap, 

compact system that will accommodate only a small number of tubes in 

a rack that is both small and removable. Consequently, it wao 

decided to build one especially. 

It would have been advantageous to use the rectangular racks in 

common use. This, however, requires a device for moving.and 

accurately positioning the rack in two different directions. 	Ailst 

this is not impossible, the mechanism would be far more complicated 

than that required to rotate a circular rack and position it correctly. 

This entails making special racks, but the rectangular racks now in 

use easily become distorted and it is likely that they would, in any 

case, be unsuitable because the tube has to be positioned accurately; 

the outside diameter of the pipette is 3/16 in. and this is only 

approximately half the internal diameter of the test tubes. On 

balance, therefore, we felt that it is bettor to make circular 

racks and build a simple meohanism for rotating them. 

Fig. 22 is a drawing showing the principle used which is briefly 

as follows. An induction motor A runs continuously and its shaft is 

connected to the armature of an electro-magnetic clutch B. The rotor 

of the clutch is connected to another shaft C which runs through an 

eleotro-magnetic brake I) and thrust-race E. The armature of the 
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brake is attached to this shaft and the fields of both clutch and 

brake are fixed. A disc with 12 grooes round the circumference, F, 

is mounted, on this shaft and actuates a micro-switch LI which, in turn, 

operates the olutoh/brako aystem in such a way that the shaft will 

stop at 12 positions per revolution. Attached to the top of the 

shaft is a splined rod.(,. There are 12 aplinos and a,lug H fixed 

on the racks I (figc.22 and 23) will fit any of the splines, thus 

enabling the rack to bo mounted in any position. 

The brake is necessary to prevent the rack overshooting its 

oorreot position and to ensure that the splined rod is not rotated 

when removing or replacing the racks. 

This mechanism has a simple basic principle and by varying the 

number of grooves on disc F, the shaft C oan.be made to stop at any 

number of positions per revolution. Consequently, any number of 

tubes can be accommodated facilitating the mechanism's use in a 

variety of applications (see Seat. 3.3.3.2). With a device for 

motring a dispensing head, it makes a versatile fraction collector. 

3.1.3.3 The complete apparatus  

Pig. 23 shows the lay-out of the racks; the inner two rows, a 

and b, each contain 12 tubes and the outer row, o, contains 24 taboo. 

The pipettes are mounted in a holder (Fig. 24) in such a way that we 

have, in effect, four series of 12 tubes (or, say, 8 series of 6 

tubes). 	The overall diameter of the rack is 7 in. 

Pig. 25 shows the complete apparatus. The mechanism for 

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

unit and the liquid transferring mechanism is in the right background. 
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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. Fig. 26 is a drawing of the air 

control circuit for each of the cylinders. 	In the right foreground 

(Fig. 25) is the meohanism for raising and lowering the pipette 

holder. 

The loft-hand unit is the control system which produces the 

following sequence of events. 	On starting, after having placed the 

prepared rack and pipettes into position, the pipettes are lowered 

into the first tube of each series and 1 ml. of broth and antibiotic 

is sucked into each pipette. 	After a short delay, the 1 ml. is put 

back into the tube, sucked up and replaced twice and sucked up again. 

The pipettes are now raised, the rack rotated, the pipettes lowered 

into the second tube of each series and the procedure is repeated; 

as no bacteria are present, the same pipettes are used throughout. 

The number of times that the cycle is repeated is pro-selected by 

a 12 position switch and the machine stops with the pipettes raised 

and containing 1 ml. of the final dilution. ':=hen the pipette holder 

is rotated in an anti-clockwise direction to the position shown in 

Pig. 27, the final 1 ml. is automatically ejected to waste; Fig. 27 

also shows the rack and the four syringes which are mounted together 

and driven by a single pneumatic cylinder. Fig. 28 shows the 

apparatus in use. Full circuit diagrams and drawings are in 

Appendix 3.1. 
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3.1.4 Evaluation of automatic method 

Th© accuracy with which the solution is transferred from one 

tube to the next was measured using tho technique described in 

Sect. 3.1.1; we here performed four sets of 12 dilutions. The 

results aro given in Table 11; the first tube in each series was 

used to find the absolute volume transferred, which was between 

0.91 and 0.94 ml., and the remainder of the tubes were used to find 

the repeatibility. The results show that the accuracy with which 
+ 

the apparatus transfers the solution is within — 2/[e 	The complete 

cycle takes approximately 3.0 minutes. 

The concentration of solution left in each dilution tube after 

the serial dilution procedure had boon carried out on the machine 

was measured as described in Sect. 3.1.1. 	Twelve series of 

dilutions were made, after the apparatus had been adjusted so that 

the volume transferred was 1 ml., and the results are given in 

Table 12 and plotted in Fig. 29. 

Since the tubes are loft uncovered whilst the machine is working, 

we had to ensure that they do not become contaminated during this 

time. 	'.:(3 therefore performed a series of dilutions under aseptic 

conditions, exactly as one would normally except that the 2 ml. of 

broth in the first tube did not contain any antibiotic. 	The tubes 

were incubated for 48 hours. 	This experieent was rep.;,ated ten times 

and no tube showed any growth; there was no evidence of contamination 

due to the apparatus and no evidence that uoin,; a single lid to cover 

all 48 tubes in a rack introduces a greater disposition to 

contamination than using single lids for each tube. 



umszalla====aa of  utomati method of  transit rr 1 ml of li uid: 

4 sets of 12 serial dilutions  

Tube 
number Set no. 1 

Volume of broth left in tube in mi. 

Set no. 2 	Set no. 3 Set no. 4 

2 0.9944 0.9964 1.0098 1.0030 

3 0.9960 1.0036 1 .0012;- 1.0013 

4- 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 0.9994 0.9966 1.0016 1.0006 

8 0.9892 1.0012 1.0002 0.9990 

9 0.9978 0.9984. 0.9937 0.9874 

10 0.9971 1.0006 1.0005 0.9983 

11 0.9998 0.9956 1.0023 1.0034 

12 0.9941 0.9954 1.0026 0.9970 

Absolute volume 
transferred 0.9460 0.9322 0.9158 0.9290 

....... eaMMINIIMINNOM 

0.9972 0.9987 1.0018 0.9989 

S.D. 0.0037 0.0028 0.0037 04045 

a9 



TABLE 12 

Concentration of machine-made dilutions of albudin 

Dilution number 
Measured optical density: 
12 sets of dilutions 

0.542 0.632 0.611 

3 0.562 0.620 0.605 

, 0.588 0.597 0.582 

, 0.583 0.600 0.601 

0.304 0.302 0.325 

0.354 0.301 0.322 

0.299 0.311 0.290 

0.290 0.300 0.322 

0.154 .04178 0.178 

0.159 0.170 0.161 

0.146 0.158 0.163 

0.144 0.174 0.165 

0.063 0.110 0.088 

0.066 0,075 0.088 
6 

0.068 0.074 0.090 

0.072 0.081 0.098 

lo 



91 

3.1. Comparison of automatic method with manual method  

To facilitate comparison, the results given in Figs. 18 and 29 

are plotted together on vertically displaced axes in Fig. 30. 

The machine-made dilutions-are more closely bunched together 

• than the hand-made dilutions, indicating that the machine sroduces 

more consistent restate. This would be-exsected since the machine 

consistently transfers 1 ml. to within + - 2 (Tables -10 and 11), 

whereas manual operators aro much more erratic (Table 8). In the 

case of dilutiona 4 to 6; the machine-made dilutions are closer to 

the calculated concentration than those made by hand, indicating 

that the maohine produces more accurate dilutions than those made 

manually. 7,aohine-made dilutions 3 appear to be systematically 

displaced from their calculated positions. However, if the machine 

introduces a systematic error, dilutions 4 to 6 watAA be similarly 

displaced. 	This is not the case, and it is reasonable to assume 

therefore that these dilutions are more consistent than hand-made 

dilutions 3 but not significantly more accurate; the displacement 

is presumably due to a sampling error. One can explain this by the 

fact that manual operators can perform the transfer as aoourately as 

the machine (Table 8), but being far less consistent soon mike at 

least one very inaccurate transfer, thus introducing a largo error. 

We measured dilutions 3 to 6 only, but as the results are satisfactory, 

it is reasonable to assume that the mixing of antibiotic solution 

with diluent is satisfactory and, since the machine maintains its 

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

demonstrated that two mixing stages only are adequate when the 



meniscus always comes up to the same point in the pipette 

(Sect.' 3,1.3.3). 

The machine performs four series of 12 two—fold dilutions 

-in aeoroximately 3 minutes. prom Table 8 it can be seen that 

11 .out of 19 people performed a single series of -12 two—fold 

dilutions mere quickly thin this. Since the operators knew why 

they were asked to perform the task and were doubtless trying very 

hard, it-is reasonable to assume that this . is the best performance 

they aro likely to achieve in the.normal course of events. But 

• the machine performs four series of dilutions simultaneously and," 

therefore, it will perform 3 or 4 series more quickly than they 

can be performed by hand, assuming the preparative work takes the 

same time. Considerable saving of time is achieved, however, if 5 

or more series have to be performed because whilst the machine is 

diluting four series more dilution tubes can be prepared. 

3.1.6 Final discussion 

Whilst the machine is not very sophisticated, it satisfies the 

criteria against which we estimate its suitability for use in a 

diagnostic bacteriology laboratory (Sect. 1.5); 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 whioh is a necessary part of at least 

two routine diagnostic procedures. Although our machine 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 
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applications in other disciplines._ 

One may well ask if the overall accuracy of the method is 

adequate. It is possible to design apparatus that performs each 

part of the proceddre more accurately, or to desin apparatus that 

produces a series of dilutions in such a may that errors are not 

cumulative*  however, in either case, the apparatus would be much 

moro:ookaleg"and costly, and would probably not be economic in,  

view of the comparatively small numbers of specimens to be processed. 

In the case of M.I.04 1s, it id neoessari to decide, therefore, 

Whether the tube dilution method or one of the alternative methods 

is the most suitable in any given circumstance, but note that, with 

machine-made dilutions, there is no overlapping of points asAn 

hand-made dilutions; thus, despite the inaccuracy of the dilutions, 

none has produced fallacious results. 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 hero, could well be the nucleus 

of mph, a procedure. 

3.2 The' Distribution of Liquid Culture  

There is clearly a.need for an automatic, method for distributing 

liquid culture, because one often requires to inoculate agar plates 

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

3.2.1 Evaluation of manual methods  

In 1913 Donald described a device for producing measured small 

'volumes of liquids and ho gave more details of its performance in 1915. 
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The apparatus is a glass pipette with a perfectly cylindrical 

capillary, from which a fixed number of drops gives 1 ml. of 

.The actual number depends on the outside diameter of 

the capillary, and Donald described those devides giving from 

approximately 130 drops/ml. to 10 drops/61. Alson (1922 and 

1935) and Miles and Misra (1938) have exhaustively investigated 

various applications of the pipettes. 

_ 	A pipette still in common use today is one which gives 50 

drops/m1.; it is known as the 50 dropper. Donald showed that 

if the difference in outside diameter varies from 1,016 mm.to 

0.914 mm, the number of drops/mi. varies from 50 to 54, whioh 

is an error of — , this, doubtless, applies only if the. 

capillary is oylindrioal and if the tip of the pipette is smooth 

and out at right an.31es to the cylinder. 

There'is no reason to doubt that, when correctly manufactured; 50 

droppers are as accurate as this, but it is most unlikely that they 

are manufactured that accurately under modern routine laboratory 

conditions. 	Consequently, we took a 50 dropper from those supplied 

by our central supply department for routine purposes,. and checked 

its accuracy by repeatedly dispensing 8me2mm3 drops into pre— 

weighed tubes, which wore re—weighed to obtain the volumes dispensed: 

the results are shown in Table 13. The mean of the 12 volumes 

was 0.020 ml. but the volume varied. between 0.0237 ml. and 0.0175 ml. 

TO investigate the differences between different droppers, the above 

experiment was repeated with 12 different droppers. The results 



TABTIomid 

A1222512921•Mtsro r" 

Drop number Volume in ml. 

1 

2 

3 

5 

6 

7 

8 

9 

10 

11 

12 

0.0184. 

0.0205. 

0.0197. 

0.0190. 

0.0188 

0.0175 

0.0227 

0.0211 

0.0194 

0.0227 

0.0237 

0.0177 

= 0.0201 

S.D. = 0.0021 

qs- 



are given in Table 14. The mean for dropper number 3 is 0.0172 ml. 

and for number 12 it is 0.0244 and. the remainder ara distributed 

between these two extremes ("'ig. 31). 	The results are hardly 

surprising, when one considers the difficulty in keeping the 

capillary cylindrical during manufacture and also the difficulty 

in cutting the tip smoothly to within 0.1 mm. in diameter, which 

is necessary for an accuracy of - 

One may argue that'one should pay more attention to the 

manufacturing process, but this is a very time-consuming and, 

therefore, costly procedure. 

3.2.2 Criteria for an automatic method  

It is very difficult to produoe generalised criteria for an 

automatic method of distributing culture, because of the wide 

variety of applications. If one simply requires a single drop 

of a given culture, and accuracy is not important, it is unlikely 

that one could devise an automatic method that would be more 

practical than the 50 dropper: such a device would certainly be 

much more expensive. Similarly, even if accuracy was important, 

the same would probably be equally true. However, if one requires 

to inoculate a row of tubes by adding one drop of culture to each 

tube, as required in the final stage of the measurement of the 

M.I.C., it may be possible to produce an economic apparatus for 

performing this task. Our discussion is therefore limited to 

suoh apparatus. 

Simplicity is essential, because the number of rows of tubes 
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TABLE 14 

ictsirp;s7 of T drora?r 

Drop number' 
	Volume in ml. 

1 

Dropper 
2 

number 

3 	4 

1 0.0184 0.0224 0.0171 0.0158 

2 0.0205 0.0231 0.0172 0.0172 

3 0.0197 0.0229 0.0187 0.0132 

4 0.0190 0.0232 0.0140 0.0232 

5. 0.0194 0.0228 0.0149 0.0198 

6 0.0188 0.0227 0.0170 0.0160 

7 0.0175 0.0216 0.0163 0.0211 

8 0.0227 0.0244 0.0170 0.0155 

9 0.0211 0.0223 0,0188 0.0231 

10 0.0227 0.0220 0.0172 0.0222 

11 0.0237 0.0237 0.0189 0.0227 

12 0.0177 0.0194 0.0191 0.0196 

Imoolommommillot 

; 0.0201 0.0225 0.0172 0.0191 

3.D. 0.0021 0.0012 0.0016 0.0035 

Continued 



TABLE 14 (continued) 

Drop number 	 Volume in ml..  

Dropper 
5 	6 

number 
7 8 

1 0.0197 0.0253 0.0210 0,0244 

2 0.0240 0.0258 0.0195 0.0177 

3, 0.0192 0.0220 0.0189 0.0268 

4 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 0.0234. 0.0219 0.0253 

8 0.0262 0.0192 0.0196 0,0272 

9 0.024.8 0.0234 0.0206 0.0236 

10 0.0217 0.0226 0.0197 0,0228 

11 0.0256 0.0249 0.0150 0.0224 

12 0.0280 0.0212 0.0223 0.0232 

AMMemwm.mmeN. MIMM.010111M Solmimmlimmir AMIIIMIWITMOMMO 

Z 0.0234* 0.0231 0,0200 0.0239 

S,D. 0.0031 0.0026 0.0019 0.0028 
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Continued)  

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 0.0234 0.0198 0,0260 0.0257 

8 0.0223 0.0205 0.0240 0.0260 

9 0.0260 0.0196 0.0232 0.0253 

10 0.0251 0.0207 0.0241 0.0257 

11 0.0233 0.0197 0.0231 0.0234 

12 0.0208 0,0204 0.0260 0.0258 

.111111/...1111.114.110 

0.0233 0.0218 0.0242 0.0244 

S.D. 0.0019 0.0024 0.0025 0.0023 
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that have to be so inoculated is very mall, and one should aim at • 

achieving as high an order of accuracy as the other criteria permit. 

Since different cultures need to be handled, it is necessary to 

either, sterilize all components I:ith .:;hich a culture comes into 

contact in situ, or to remove all such components and replace them 

with freshly sterilized components. 	This suggests that one should 

automatically feed pro-sterilized components into the apparatus and 

automatically remove them after use, but we have not yet found a 

way of doing this economically and aseptically. 	It is olear, 

therefore, that until one can devise a method for sterilizing 

components in situ (see Sect. 4.3), the only economic method is to 

feed, manually, pre-sterilized components into the apparatus and to 

remove them, manually, after use; it is also necessary that this 

procedure in no way affects the calibration of the apparatus. 

One could feed the culture tubes automatically under the 

dispensing head (Sect. 3.1.3.2), but the apparatus could be used 

for inoculating a set of :lagers. 	Since Lhe sagar test is performed 

in scraw-capped bottles, it would be necessary to unscrew the caps 

automatically, and this ;,ould be oomplicated. 	decided therefore, 

that in the first prototype the babes should be fed manually. 

3.2.3 The apparatus  

3.2.3.1 The dispensins mechanism  

To our knowledge, no commercially available apparatus is suitable 

for distributing a few drops of each of a variety of cultures. A 

device known as the Repette (Jencon's Ltd.) is suitable for dispensing 
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volumes of liquids of the order of 0.02 ml. but the liquid comes 

into contact with a glass syringe (Pic. 32); the device is therefore 

unsuitable. Vowever, the mechanism used can be adapted and we 

therefore decided to examine the efficacy of a method for dispensing 

drops of culture based on the Repett© mechanism. 

This mechanism, shown in Fig. 33, functions in the following 

manner. The base B is fixed and on pressing button A, the arm to 

which it is attached pivots about point 7, and therefore the inner 

end of, the arm presses against the rod D. 	This end of the arm is 

serrated and grips the rod, thus moving it doeneards until the 

collar F touches the p.t.f.e. bush G, which is fixed to the base B. 

On releasing A, the spring !t forces the mechanism back to its 

original position and, provided sufficient frictional forces are 

applied to rod D, the rod remains in its final position. The 

sorer—thread device C controls the height the mechanism is raised 

above G and hence the movement of the rod D. 

For experimental purposes, we attached the lower end of rod D 

to the top part of a syringe -holder W (Fig. 34) into which fits the 

piston of a 1 ml. disposable syringe. 	The barrel fits into a 

fixed holder X. 	A p. t.f. e. disc Y is attached to the rod and 

fits tightly into tube Z to provide frictional forces. The button A 

is operated by a pneumatic cylinder P. In this arrangement the 

lover limit of the movement of rod. B depends on the stroke length 

of the cylinder P and is fixed: the screw thread C still controls 

the upper limit of the movement of collar F and hence the distance 

the syringe piston moves. 
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The syringe and needle are placed in situ, the liquid culture 

is hell over the needle tip and the rod D is raised, manually, to 

fill the syringe. 	-7ach time the cylinder 3' is operated, the syringe 

piston moves down a pre-determined distance and a drop of culture is 

dispensed. 

To evaluate the accuracy of the apparatus, we plugged in a 

syringe and adjusted C (Fig. 33) until a volume of approximately. 

0.02 ml. was delivered and then proceeded as follows. Forty-

eight :test tubes were weighed and a drop of distilled water was 

dispensed into each tube through a 21 gauge (i.d. = 0.019 in.) 

needle. 	The tubes were re-weighed and. the volume of each drop 

calculated. 	The results are given in Table 15 and in the 

accompanying histogram. 	Taking the x - 2.5 S. D. values we see 

that this gives an error of approximately ± 	However, the 

volume dispensed was larger than that required and so this was 

adjusted and the experiment repeated. 	The results are given 

in Table 16 anl in the accompanying histogram and give an error 
+ 

of approximately - 5,.; we repeated this experiment many times 

with remarkably consistent results. 

Any differences betaeon syringes is also important because 

it is not easy to recalibrate Lhe apparatus and, therefore, one 

cannot do this each time a different syringe is used. Wo 

therefore took five more syringes, at random, and repeated the 

above experiment with each syringe, without altering the calibration. 

The highest and lowest volumes dispensed in each case were: 



TAros=ll 

AcouraCj of method for dispensing liquidpulturt 

Tube 
number 

Volume dispensed 
in ml. 

Tube 
number 

Volume dispensed 
in ml. 

1 0.0231 25 0.0230 

2 0.0223 26 0.0230 

3 0.0228 27 0.0226 

4 0.0220 28 0.0224 

5 0.0225 29 0.0224 

6 0.0221 30 0.0226 

7 0.0222 31 0.0231 

8 0.0225 32 0.0222 

9 0.0227 33 0.0226 

10 0.0225 34 0.0230 

11 0.0225 35 0.0227 

12 0.0225 36 0.0226 

13 0.0227 37 0.0231 

14 0.0223 38 0.0229 

15 0.0229 39 0.0226 

16 0.0218 40 0.0227 

17 0.0219 41 0.0225 

18 0.0222 42 0.0221 

19 0.0221 43 0.0233 

20 0.0229 44 0.0223 

21 0.0228 45 0.0228 

22 0.0230 46 0.0232 

23 0.0231 47 0.0226 

24. 0.0230 48 0.0222 

= 0.0226 	S.D. = 0.00037 
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Tube 
number 

TABLE 1 

peuran of method for dis ansinlaulture 

Volume dispensed 
in ml, 

Tube 
number in 

Volume dispensed 
ml. 

25 0.0178 1 0.0175 

2 0.0171 26 0.0179 

3 0.0174 27 0.0179 

4 0.0177 28 0.0177 

5 0.0178 29 0,0179 

6 0.0174 30 0.0176 

7 0.0172 31 0.0177 

0.0173 32 0.0175 

8 0.0172 33 0.0176 

10 0.0172 34 0.0176 

11 0.0168 35 0.0177 

12 0.0172 36 0.0183 

13 0.0173 37 0.0176 

14 0.0174 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 43 0.0176 

20 0.0173 44 0.0175 

21 0.0176 45 0.0178 

22 0.0174 46 0.0178 

23 0.0176 47 0.0175 

211. 0.0172 48 0.0177 

x = 0.0175 	S.D. = 0.00029 

1 Of 
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No. 1 	No. 2 	No. 3 	No. 4 	No. 5 

	

0.0182 ml. 	0.0178 ml. 	0.0171 ml. 	0.0179 ml. 	0.0177 ml. 

	

0.0168 ml. 	0.0166 ml. 	0.0163 ml. 	0.0170 ml. 	0.0165 ml. 

Together with the results in Table 16, these results indicate that 

different syringes make a little difference and one can quote an 
overall accuracy Of t — 6 when volumes of the order of 0.0175 ml. 

are dispensed. 	As this is smaller than .the minimum volume it is 

intended to dispense, namely 0.02 ml., and as the accuracy improves 
as the volume increases, it is evident that this technique gives an 

- accuracy of better than ±  6;10 which is adequate; it is certainly an 

improvement on the manual method (Seat. 3.2.1). 7.e thought it 

unlikely that one oould improve on this without a significantly 

more complicated system whioh would be unjustified. Consequently, 

this principle was adopted for use in our apparatus. 

• 3.2.3.2 The complete apparatus  

The dispensing unit is shown in Fig. 35. The centre rod 

(D, Fig. 34) is connected to a 2" stroke pneumatic cylinder for 

filling and emptying the syringe: this cylinder also provides 

frictional forces to the rod D (Fig. 34)  and, therefore, disc Y 

and tube Z are not now required. Two dispensing mechanisms are 

used in order that one might dispense two different volumes, 

presently 0.02 ml. and 0.05 ml. respectively; each is operated 

by an independent cylinder which is pre--selected manually. 	The 

control unit, Fig.. 36., produces the following sequence of events. 

Having placed the syringe and needle in situ, the liquid culture 



1.0$ 

is held over the needle tip and. a hand aaitch is oonrated, this 

actuates the 2" stroke pneumatic cylinder ani appro-dmately 1 ml. 

of culture is dra-7n into the syringe. 	On depressing a foot- 

switch, the pre-selected dispensing cylinder reciprocates, thus 

repeatedly dispensing drops of culture. 	On releasing the foot 

s:•itch the process stops and one then discharges the remaining 

culture to waste and discards the syringe and needle. 	The 

complete apparatus is shown in ag. 37 and detailed circuit 

diagrams are given in Appendix 3.2. 

3.2.4 araluation of automatic method 

In this method, the speed with which the culture is ejected 

from the needle, whilst more consistent, is much greater than in 

the manual method.. 	There is, therefore, a possibility that 

aerosols are produced and that splashing occurs, and both possibilities 

were investigated in the following manner. 

Special roll tubes were prepared, as follows:- 

(a) a sterile 100 ml. bottle was cooled for at least 3,-

hour at -15°C 

(b) approximately 3 ml. of sterile molten nutrient agar 

was plaoed in the bottle 

(o) the bottle was rotated, under running cold water, until 

the whole surface was covered with a layer of partially 

solidified agar 

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

least 4 hours to allow the agar to set 



(e) before uses  the roll tube was left to slowly warm up. 

to room temperature.' 

A culture of 3taph. albus vas drawn into the syringe and a 

roll tube containing 2 ml. of sterile .nutrient broth was pldoed 

over the needle, so that the tip was approximately 1 in. above 

the surfaoe of tho broth. 	0.02 ml. of culture was dispensed and 

the bottle -eas left to stand for 2 minutes.. This procedure was 

repeated five times with 0.02 ml. drops and five times with 0.05 ml.  

drops, and the 10 bottles were then incubated. 

There was some growth on the aide of some bottls (Table 17), 

suggesting that either the speed of ejection was too high for the 

size of needle used and that splashing occurred, or that aerosols 

were produced; we suspected splashine. 	On reducing the speed of 

ejections  we found that the accuracy of dispensing deteriorated 

slightly and that it was necessary to use a 19 gauge needle 

(i.d. = 0.025 in.). 	therefore again measured the accuracy with 

whioh the drops are eispensad in the same way as before (.5eot. 

3.2.3.1); the results are given in Tables 18 and 19 and those show 

that the performance is as good as the experiments described in 

Soot. 3.2.3.1 indicated. 	Further experiments to detect aerosols 

and splashing wore carried out. 	A total of 10 roll tubes wore 

inoculated with 0.02 ml. drops and 10 with 0.05 MI. drops and no 

growth was obtained in any bottle, indicating that aerosols aro 

not present and that if splashing occurs, it is not dangerous. 

7e therefore adopted these operating conditions for routine use. 



TABLE 17, 

Evaluation of automatic method for distributing liquid culture 

Number of roll tubes containing growth after one 0.02 ml. drop 

of culture had been dispensed into nutrient broth in roll tube, 

in 5 tests: 

5 

Number of roll tubes containirg growth after one 0.05 ml. drop 

of culture had been dispensed into nutrient broth in roll tube, 

in 5 tests: 

110 

4 



TABLE 18 

Final evaluation of liquid culture dispensing apparatus: 

0 02 ml mechanism getememeetimmemmemin 

Tube number Volume dispensed in Ml. 

1 0.0205 

2 0.0196 

3 0.0194 

4 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 

= 0.0199 

S.D. 	= 0.0005 
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TABLE 19.  • 

Final evaluation of li uid culture di ..nsin a rates : 

0.05 ml mechanism 

Tube number 	 Volume dispensed in ml. 

1 0.0494. 

2 0.0494 

3 010499 

0.0504 

5 0.0505 

6 0.0505 

7 0.0516 

8 0.0499 

9 0.0501 

10 0.0500 

11 0.0500 

12 0.0497 

= 0.0501 

S.D.= 0.0006 
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3.2. Comparison of manual method with automatic method 

Tho automatic method is not as accurate as the manual method 

when performed with properly prepared pipettes, but is far more 

accurate than the manual method when performed with pipettes 

currently in routine use. 

The manual method is extremely simple and one would not use 

tho automatic method if. one only required a single drop of culture. 

In the automatic method, the increased accuracy, convenience of 

handling and the reduction in demand of 50 droppers, all of! which 

have to be madeipluggod, packed and sterilized in the department, 
• are all advantageous. Howavr:r, a 50 dropper costs approximately 

id whereas a syringe and needle costs approximately 6d. The 

oonvonienoe'of handling is an important factor, particularly as 

it reduces the likelihood of accidents but the automatic method 

is no quicker than the manual method. 

4.2.6 Final discussion 

This appears to be the simplest apparatus likely to. have any 

worthwhile advantages over the manual method but, nevertheless, it 

is quite complicated and its usefulness is limited. 7e now believe 

that it is unlikely that any significant adVance in handling 

infective material will be made until components with which 

infective material comes into contact can be sterilized in situ. 

3.3 The Serological Diagnosis of Syphilis  

A common method for the diagnosis of syphilis is the complement-

fixation reaction using the Wassermann antigon (Cruickshank, 1965). 
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To summarise, the reactions are: 

A. Serum. + antigen + complement — Incubate for 1.haur at 37°C 

(If antibodies present in serum — test positive — complement 

removed, if antibodies not present in serum — test negative —

complement remains). 

B. To above mixture add: 

sheep cell antigen + horse anti—sheep cell serum antibody. 

Incubate for hour at 37°C. 

(If no lysis of cells — no complement present — test 

positive, if lysis of cells — complement present — test 

negative). 

3.3.1 The manual method 

The complete procedure for the diagnosis of syphilis used in our 

laboratory involves testing the serum against the Wassermann 

antigen and, for confirmation, also against the Reiter antigen 

(Cruickshank, 1965); neither is 100% specific for syphilis but 

both give a very reliable indication. The test is quantitative 

and the details are as follows. 

A quantity of each patient's serum is dispensed into four 

tubes together with various reagents, as shown in Fig. 38. After 

incubation for 1 hour at 37°C,  0.1 ml. of sensitised sheep cells 

(sheep—cell antigen-glom) anti—sheep cell serum antibody) is added 

to each tube, and after incubating for a further b. hour one observes 

if lysis has taken place. 

The minimal haemolytic dose (M.H.D.) of complement (Fig. 38) 

11+ 
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is the minimal concentration of complement in sensitised sheep 

cells that will lyse red oells, and this has to be measured 

separately before the above prooedure can be oommenoed. 

A series of eight dilutions of complement is prepared, and 

0.1 ml. of each dilution is put into each of three tubes together 

with the appropriate reagents, as shown in Fig. 39. The 24 tubes 

are incubated for 1 hour at 37°C,  and 0.1 ml. of seneitised sheep 

*ells is then added to each. After further incubation for -?1 hour 

one observes the minimum concentration of complement that has lysed 

the cells: this concentration is 1 7:411.1). 

The procedure for performing the 7iassermaniand Reiter reactions 

is set out as in Fig. 38 to stress the number of operations performed, 

namely, an operator pipettes four different reagents into each of 

three tubes and three different' reagents into a fourth tube; two 

operations on tube 1 could be combined but it is more convenient 

to have two separate operations. 

On average it takes an experienced skilled technician 

approximately 4 minutes to dispense 12 specimens of sera into the 

tubes and approximately 10 minutes to dispense the other reagents 

into the tubes; the apparent disparity is due to the fact that When 

dispensing the sera, the pipette has to be rinsed through after each 

serum has been dispensed to avoid "carry—over". 

The accuracy with which the reagents have to be dispensed is 

very difficult to dotermine,because there are so many variables that 

a vary large quantity of each of many different sera would be required. 



However, simple tests on the pipettes normally used in our 

laboratory showed that the accuracy of dispensing is normally 

not better than — 3r. 
The accuracy with which 0.02 ml. of serum can be dispensed 

is poor. . One oould dispense the sera more accurately by pre—

diluting a larger quantity of serum than 0.02 ml. (say 0.1,  ma.), 

and dispensing 0.1 ml. of diluted serum into each of the first 

three tubes. There is, however, no evidence that incorrect 

results due to the inaccuracy of dispensing the sera have hitherto 

been obtained. 

It may be considered that the time involved in performing 

the procedure is not.very great. Nevertheless, we process, on 

average, 100 specimens a day and it is no longer neoessary to 

perform such a mundane procedure manually; even with very simple 

automatio pipetting devices the procedure can be made much less 

tedious and time consuming. 

3.3.2 Criteria for an automatic method 

The complement titration has to be performed only once eaoh 

week, and whilst one could meohaniso this procedure, one's time 

is far more usefully spent considering the Wassermann and Reiter 

reactions: the complete procedure lends itself to mechanisation. 

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

to use the auto—analyzer for performing the Wassermann reaction, 

but many difficulties have arisen due mainly to the foot that the 

auto—analyzer utilizes a continuous flow system and the problem of 
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"carry—over" is trcubleSome (p.11). The apparatus is also very 

expensive and we decided, therefore, to attempt to devise a method, 

based on a 'discrete' system, which would require significantly 

cheaper apparatus and which would be particularly suitable for the 

number of specimens we handle. 

Sequeira (1964) produced a suitable hand operated apparatus. 

However, whilst this has the advantage of being flexible, and is 

therefore particularly suitable for performing a variety of 

different procedures, our oircumstances are such that it is 

preferable to have a greater degree of meohanisation than his 

apparatus gives at the cost of lack of flexibility. 

One should dispense the reagents automatically, but whether one 

should dispense the sera automatically is a different matter. One 

could devise apparatus for doing this which has adequate safeguards 

against "carry—over", but in view of the additional complication this 

introduces, we decided to continuo to dispense the sera manually: if 

the number of specimens to be processed was significantly higher than 

100 per day, it would be worth considering automatic methods for 

performing this part of the procedure. 

The accuracy of the dispensing mechanism should be at least as 

good as the accuracy achieved by manual methods, namely —3i. The 

mechanism must be simply removed from the apparatus and replaced 

without affecting the calibration of the system. 	It is not neoessary 

to be able to sterilize the mechanism but merely to be able to keep 

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

not be used. 



In an automatic method it, is not necessary to have the same 

number of operations as in the manual procedure (Fig. 38) because 

some of the reagents can be combined before dispensing. There 

are a number of possible combinations and those given in Fig. 401. 

which are based on the prinoiple that 0.02 ml. of serum will bo 

dispensed manually, are convenient: incase it is decided to pre--

dilute the serum:  the volumes the automatic dispensing mechanisms 

dispense must be simply varied.: For purely technical reasons it 

is convenient to have four valves dispensing 0.1 ml. volumes (all 

driven by the same mechanism), one valve, whioh operates twice per 

cycle, dispensing 0.18 ml., and one valve dispensing 0.28 ml: the 

latter valves mast be driven by independent mechanisms. The 

additional complication involved in having only one valve dispensing 

the Reiter antigen into tubes 3 and 4 is such as to make this 

impractical: haVing two valves for the same reagent admittedly 

makes additional work for the operator and wastes more reagent, 

but this appears to be the best compromise. 

3.3.3 The apparatus  

3.3.3.1 The reagent dispensing mechanism  

The number of devices suitable for dispensing volumes of the 

order of 0.1 ml. is limited, in fact to our knowledge there is only 

one valve mechanism commercially available that dispenses volumes 

of this order and is also suitable for building into a multi—volume 

pipotting device. We therefore evaluated this valve mechanism .  

(Beaton Dickinson and Co.) which is a simple pin typo valve and 
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is combined with a. 1 ml. syringe (Fig. 41): the syringe piston 

is actuated by a pneumatic) cylinder to fill the valve and then to 

dispense the liquid. The apparatus is shown in Fig. 42: the 

stroke length of the piston, and hence the volume dispensed is 

easily varied as before (Seat. 3.1.3.1). 

We weighed 50 test tubes and then dispensed approximately 

0.1 ml. of distilled water into each. The tubes were re-weighed 

and the volume dispensed into each tube calculated. The results 

are given in Table 20 and the accompanying histogram. The 

accuracy of dispensing was approximately - 2.5d4, the mean being 

higher than the optimum 0.1 ml. 

Since the accuracy may deteriorate as the volume dispensed 

is decreased, we re-adjusted the stroke length of the pneumatic 

cylinder and repeated the experiment, taking care to ensure that 

the 	reservoir and the dispensing nozzle were nearly level: 

we found:that, since the pin valve is gravity seated, there is a 

tondenoy for a syphoning effect if there is a large difference in 

height between these two points. The results of this experiment 

aro given in Table 21 and the accompanying histogram. Here the 
e 

mean is approximately 0.095 ml. and the accuracy + - 170 which is 

more than adequate. - 	. 

Similar experiments were performed dispensing 0.18 ml. and 

0.28 ml. volumes to confirm that the performance does not 

deteriorate at these volumes, and we found this to be the case: 

the accuracy is within 
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TABLE 20 mommilms 

Acournedxsr arlvetforrinv dispensing „mechanism 

Tube 
nunber 

Volume dispensed 
in ml. 

Tube 
number 

Volume dispensed 
in ml. 

1 
2 

0.1143 
0.1143 

26 
27 

0.1146 
0.1151 

3 0.1143 28 0.1143 

4 0.1136 29 0.1145 

5 0.1141 30 0.1148 

6 0.1142 31 0.1118 

7 0.1140 32 0.1135 

8 0.1147 33 0.1147 

9 0.1152 34 0.1136 

10 0.1144 35 0.1129 

11 0.1134 36 0.1146 

12 0.1137 37 0.1126 

13 0.1133 38 0.1133 

' 14 0.1133 39 0.1130 

15 0.1130 40 0.1131 

16 0.1131 41 0.1133 

17 0.1126 42 0.1119 

18 0.1138 43 0.1096 

19 0.1150 44 0.1127 

20 0.1141 45 0.1128 

21 0.1126 46 0.1130 

22 0.1128 4.7 0.1112 

23 0.1135 48 0.1136 

24. 0.1126 49 0.1127 

25 0.1143 50 0.1126 

= 0.1134 S.D. = 0.0011 
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TABLE 21 NimammiNes 

Tube 
number 

Accuracy 01: ../a3 .,is n..0.2chanism 

Volume dispensed 
in al. Volume dispensed 	Tube 

in ml. 	number 

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 04945 

6 0.0943 31 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 

11 0.0946 36 0.0939 

12 0.0947 37 0.0943 

13 0.0955 38 0.0949 

14 0.0954 39 0.0952 

15 0.0949 4.0 0.0952 

16 0.0943 41 0.0947 

17 0.0946 42 0.046 

18 0.0952 43 0.0952 

19 0.0947 44 0.0946 

20 0.0941 45 0.0936 

21 0.0952 46 0.0942 

22 0.0942 47 0.0939 

23 0.0941 4.8 0.0937 

24 0.0942 49 0.0944. 

25 0.0945 50 0.0947 

; = 0.0945 S.D. = 0.00046 
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We were oonoerned also with differenOes between syringes 

since fourmechanisms were to be actuated by a ai'le pneumatio 

cylinder and therefore- the volumes dispensed would not be 

independently, variable. We therefore construoted apparatus in 

whioh four valve—syringe systems are- mounted together, the four 

syringe pistons being actuated by a single pneumatic cylinder 

(Fig. 43), and dispensed four sets of 12 volumes into tubas. 

The results are shown in Table 22. Thera are significant 

absolute differences in the volUmes dispenSed by these four 

mechanisms, whioh were not specially seleoted, but nevertheless 

the accuracy, which is approximately + — 2;04  ,- is more than adequate. 

We therefore adopted this mechanism and the apparatus (Fig. 43) 

was used in the first prototype. 

3.3.3.2 Automatic feeding of reaction tubes  

As the sera have to be dispensed manually and: as the reaction 

tubes have to be put in 'a water:bath, we required means for easily 

removing the tubes fro& the apparatus: we considered the possibility 

of building an incubator into the apparatus but did not pursue the 

idea. Small racks that may be simply attached to the devioe are the 

obvious choice, although thorn are other possibilities such as a 

continuous flow system operated by a . ohain. however, similar 

criteria to those for the serial diluter apply. (Scot. 3.1.3.2), and 

we decided, therefore, to use racks which can be attached to a' rotary 

table, whioh is permanently attached to the apparatus, and which will 

stand on a benoh for the manual dispensing of sera. A rack is 



TABLE 22 
SIMINIMUNEW 

Final evaluation of valvaioringe dispensing neasnisn 

Tube 
number 

1 

Volume dispensed in ml. 

Valve 	number 

2 	3 4 

1 0.1518 0.1517 0.1488 0.1503 

2 0.1511 0.1519 0.1496 0.1503 

3: 0.1514 0.1526 0.14.95 0.1514 

4; 0.1511 0.1523 0.14.92 0.1506 

5. 0.1509 0.1518 0.1488 0.1504 

6 0.1516 0.1527 0.1493 0.1504 

1 0.1504 0.1528 0.1491 0.1505 

8 0.1511 0.1523 0.1494 0.1506 

9 0.1515 0.1523 0.1491 0.1509 

10 0.1505 0.1520 0.1483 0.1508 

11 0.1512 0.1520 0.1475 0.1504 

12 0.1512 0.1512 0.1485 0.1501 

x 0.1511 0.1521 0.1489 041505 

s.0, 0.00041 0.00046 0.00060 04005 



ohown in Fig. 44. The number of racks that one needs to attach 

to the table at any ono timo depends on oircumstanoos and we 

deoidod to make provision for a maximum of 5 racks: this 

neoessitates a table of approximately 12 in. diameter. The 

mechanism used for rotating the table is idontioal to that used 

in the serial diluting apparatus (soot. 3.1.3.2, rig. 22 and 

Appendix 3.2) except that,' as in this case we require the table 

to stop at 60 positions per revolution, the dim F(rig. 22) has 

60 grooves. 

3.3.3.3 The complete apparatus  

The dispensers are mounted. in two groups, the four 0.1 ml. 

valves on one support and the other two valves on another support 

(Fig. 45), and the reagent reservoirs aro mounted behind the 

supports (Fig. 46). 	The valve outlet nozzles are fixed., in 

appropriate positions, in a holder (Pig. 47) whioh is mounted 

in soh a .,ay that the racks move underneath it (Pig. 48) and 

suoh that it may be moved radially' the four tubes containing 

ono patient's serum are in a straight line along a radius. 

The control unit (Fig. 49) pro,lucos the following sequence 

of events. 	All three pncumatio cylinders aro operated to dipponso 

4 x 0.1 ml. volumes, 1 x 0.18 ml. volume and 1 x 0.28 ml. volume 

into the appropriate reaction tubes. The nozzle holler is then 

moved, radially, co that the 0.16 721. valve nozzle is over tube 3, 

and the throe cylinders return to their orisinal positions, thus 

ro-filling each valve. 	1 x 0.16 ml. volume is ilispensed, the 

1 2 6 
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nozzle holder moves back to its original position, the_0.18 mi. 

volume- vulva is re-filled, the table rotates and the process is 

repeated a pre-selected number of times. As each rack is 

completely filled with reagents it may be removed and placed in 

the waterbaths a freshly prepared rack of sera may be put in 

the completed rack's place and the procedure repeated as necessary. 

The sensitised sheep polls are added independently whilst the racks 

are in the.water bath. The complete apparatus is shown in Fig. 50 

and the oirouit diagram is given in the accompanying reprint 

(Pneumatics in the Pathology Laboratory - 142. Trotman, 1967). 

3.3.4 Evaluation of automatic method 

The apparatus takes 20 seconds to complete one cycle, which 

is equivalent to 20 minutes for 60 sets of reaction tubes.' It 

takes approximately 10 minutes to prime and prepare the valve 

mechanisms and consequently, it is advantageous to use the apparatus 

even if one has as few as 24 tests to perform, but considerable 

saving of time is effected if 100 specimens have to be processed. 

However, the priming volume of a valve mechanism is 6 ml. and this 

volume of reagent is wasted. Consequently the waste of reagents 

is moro significant when small numbers of sera are processed than 

when large numbers of sera are processed. 

The maximum number of specimens that can be processed depends 

mainly on how long the diluted complement and the antigens maybe 

left standing at room temperature without deteriorating. We 

therefore performed some simple experiments to assess this. 



1 2 $ 

Twelve sera were taken, 6 known to be positive and 6 known to 

be negative to both antigens. The reagents required for the 

reactions were made up and distributed on the machine and the test 

was completed in the usual way. The apparatus was left standing 

for two hours and the procedure repeated using fresh samples of the 

same 12 specimens. The results were identical even in two cases in 

which only a few cells remained. The procedure was repeated after 

a further two hours with identical results. 

This dethonstrates that the apparatus may be run continuously 

for at least 3 hours without any deterioration of the reagents and 

there is a oonsiderable safety margin. In that time, 540 specimens 

would be processed which is many more than we are likely to have to 

process on any one occasion. One could, of course, run for a 

further hour and, if it ever became necessary, the roag3nts could be 

packed in ices the apparatus is designed to permit this. 

Com arisen of manual method with automatic method 

Forty—night specimens of sera were taken, and the complete 

diagnostic procedure carried out on each by the manual method as 

described in Soot. 3.3.1: this was done in the normal course of 

events. Samples of the same 48 sera were taken and the procedure 

was carried out on the machine. Complete agreement was obtained 

even in a few cases when tho Wassermann reaction was positive and 

the Reiter reaction negative. A total of 250 specimens were tested 

in this way, spread over a period of several weeks, and complete 

agreement was reached in all oases. We have therefore every 



reason to assume that the apparatus performs its function well. 

The maximum. number of sera that can be processed manually in 

one day is approximately 120, which number is processed in only 40 

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

_the operator does not spend 40 minutes performing the task but can 

utilize .this time in carrying out other tacks. 

4.3.6 Final discussion 

We have demonstrated that this is a satisfactory aid in 

performing the serological diagnosis of syphilis, which is now 

carried out by only one junior technician. It. requires 

oomparatively cheap equipment and does not suffer from the 

disadvantages of the auto—analyzer method (Pugh and Gaze, 1965). 

It is suitable for carrying out the procedure on up to between 

500 to 600 specimens per day and in smaller laboratories, for which 

it is particularly suitable, pathologists might well be onoouraged 

to store samples, thits effecting a considerable saving of time. 

de might have devised means for automatically deteoting lysis, 

but the time taken to do this manually is very small compared with 

the time taken to dispense the reagents and we decided, therefore, 

not to do so. 

The basio principles of the apparatus could be used in 

apparatus designed for use in, say, epidemological studios, but a 

modified reaction tube feed device may be more suitable (Soot. 

3.3.3.2): in this case, more attention would have to be paid to 

the deterioration of reagents, and more exhaustive experiments than 

121 



those reported here would have to be performed before the design 

was finalized. 	Similarly, the same basic principles could be 

used for a method of performing any complement-fixation technique. 
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Not drawn x-
to scale. 

Fig. 19. Drawing of a syringe/pipette system as used in the serial 

diluter: see text for legend. 
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Fig. 20. A mechanically actuated syringe used for evaluating the 

syringq/pipette device used in the serial diluter: I - oneunatic 

cylinder, - screw-thread device for adjusting the stroke length 

of the pneumatic cylinder, D - Sumit, 1 ml. tuberculin syringe. 



Fig. 21. Four syringes, mounted together and actuated by a single 

mechanism, as used in the serial diluter. 



Pig. 22. Drawing illustrating principle used to rotate the rack of tubes 

in the serial diluter: see text for legend• 

• • 	s 

• s 	• 	. 	• 	. 

F 	 
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Fig. 23. Drawing showing lay-out of racks used in the serial diluter: 

rows a and b contain 12 tubes. row a contains 2l tubes. 

1 3 I 
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Fie. 24. The pipette holder - the pipettes, eb.ch covered by c (lass tube, 

are loaded from the top of the holder which is arrnnged to 

accomodate the varying diameters of different parts of the 

pipette. 



Fig. 25. The serial diluter and the controller. 
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Uni-directional --
air-flow 
regulators 

Pneumatic air 
cylinder 
(double-acting) 

Cy11 	Cyl 2 

Ex2 
5 port, pilot solenoid 
operated valve 

Ex1 

Fig, 26. Circuit diagram of pneumatic cylinder control system. 
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Fig, 27. Close up view of the top o2 the seri, 1 diluter, shoving a rack 

of tubes and four pipettes loaded in the holder ond connected 

to the syringes ready for use. 

11'1. 



Fig. 28. The seriG1 'liluter in use. 
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32. A Repette. 
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Fig. 33. Close up view of the Repette mechanism: see text for legerf!. 
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Fig. 34. Drawing of modification to Repette enabling the use of removable 

disposable syringes instead of the fixed glass syringe (Fig. 32): 

see text for legend. 



Fig. 35. The dispensing mechanism of the liquid culture dispensing 

apparatus: A — 2 in. stroke pneumatic cylinder for filling 

the syringe, R — Repette mechanisms. 

14 



Fig, 36. The pneumatic control unit of the liquid culture dispensing 

apparatus. 
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Fig. 37. The liquid culture dispensing apparatus. 
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Pig. 38 

Reagenbp,reep4MLECthe seroloplal diagnosis of whine 

Tuba: 
number Reagents 

0.02 ml. of serum 

1 
	0.08 ml. of saline 

(Control) 	0.1 ml. of saline 

0.1 ml. of 1 minimal haemolytic dose (M.H.D.) complement 

0.02 ml. of serum 

0.08 ml of saline 

0.1 ml. of Wassermann antigen 

0.1 ml. of 1.25 U.H.D. complement 

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 serum 

0.1 ml.'of Reiter antigen 

0.1 ml. of 1.5 M.H.D. complement 

2 

3 

4. 



Fig. 39 

Reagents required for determination of the minimal  

haemoArtim 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 

0.1 ml. of Wassermann antigen 

0.1 ml. of diluted complement 

0.1 ml. of Reiter antigen 

153 

2 

3 



Fig. 4.0 

Codbinatign of reagents. for the serologic'sl diagnosis of syphilis, 

tbd may be convenienty disvnsed automatically 

Tube number 	Combination of reagents 

1 
	0.08 ml, saline + 0.1 ml. saline 

(Control) 	+ 0.1 ml. 1 M.H.D. complement 

.41111111011,11111.1.014110111.11101111 

0.08 ml. saline + 0.1 ml. 1.25 M.H.D. 

complement 

0.1 ml. Wassermannantigen 

0.08 ml. saline + 0.1 ml. 1.25 M.H.D. 

complement 

0.1 ml. Reitor antigen 

0.1 ml..Reiter antigen 

0.1 ml. 1.5 M.H.D. complement 

1,54 

... 

2 

3 



rig. 41. A simple valve/syringe mechanism suitable for dispensing 

sw11, .qeasund volumes f liquids: T - tube to reservoir 

of 3iluid, 0 - outlet, V - valve. 

0 
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Fig. 42. A valve/syringe mechanism and its actuating mechanism: 

C - pneumatic cylinder, K - sere -thread device :or vprying 

the stroke length of the pneumatic cylinder and hence the 

volume dispensed. 

I s' 



Fig. 43. Mounting for four valve/:syringe mechanisms - /11 ,bur syringes 

are actuated by a single pneumatic cylinder C. 

15 .7 
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Fig. 44. A rack into which the reaction tubes for the :assermann 

reaction are placed. 
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ig. /45. Photograph showing mountings for the six valve mechanisms in 

the apparatus for disnensing the reagents for the stssermann 

retction - the four valves on the left-hand panel each deliver 

0.1 ml., and the other two valves deliver 0.18 ml. and 0.28 ml. 

respectively. 



Fig. 46. Photograph showing positions of the reagent reservoirs in the 

apparatus for dispensing the reagents for the Wassermannreaotion. 

260 
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Fig. 47. The holder for the valve outlet nozzles in the apparatus for 

dispensing the reagents for the iassermannreaction: a - exploded 

view, b - assembled holder. 

b. 



162 

Fig. 46. Photograph showing a rack of rep ation tubes passing underneath 

the valve outlet nozzle, mounted in the holder, in the apparatus 

for dispensing the reagents for the Wassermantreaction. 



Fig. 49. The control unit of the apparatus for dispensing the reagents 

for the Wassermannreaction. 
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Fig. 50. The apparatus for dispensing the reagents for the 1,assermann 

reaction. 
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Chapter 4  

Exerimontal Methods .  

4.1 Spreading Bacterial Culture over a Solid Agar Plate  

An automatic device for spreading baoterial culture over a 

solid agar plate would be an extremely useful piece of apparatus 

because the procedure is an essential part of many diagnostic: 

test procedures (Seat. 1.3.2). 

Vie have investigated the possibilities of producing such a 

device and, although wo do not have a definitive maohine in 

routine use, considerable progress has been made. 

4.1.1 Evaluation of the manual method  

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

cover the whole plate with successive dilutions of inoculum so 

that, eventually, disorote colonies of the organism are isolat3d. 

There are a variety of techniques for doing this and one of the 

commonest is illustrated in Fig. 51. The plate is streaked at A 

with the charged loop. The loop is then sterilized and streaked 

at B: note that it partly overlaps A. This procedure is 

repeated at J and P and it is hoped that sufficient dilution of 

the inoculum is obtained so that single colonies appear in B. 

The advantage of the method is that one requires nothing more than 

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

required. 

16S 
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A simple experiment to measure the time taken to spread a 

culture gave the following results:- 

Plate No. 	 1 	2 
	

3 	4 	5 	6 

Time taken to spread culture, 
in seoonds. 	 30. 32 38 30 28 31 

We conclude that it takes approximately 30 seconds to spread a 

culture by the above method. 

. In routine work,,the complete procedure is not always adopted. 

We therefore observed some members.of the routine laboratory staff 

spreading a culture during their normal work. The results wore:- 

Plate No. 	1 	2 
	

5 	6 	7 	8 

'Time taken to spread 

culture, in seconds 	10.  10 10 	8 	6 	8 	8 	8 

We conolude that it takes approximately 8 seconds to spread a culture 

over an agar plate by the methods normally used in routine baoterio-

logy. 

Similarly, we found that it takes approximately 15 seconds to 

inoculate a plate from a swab and plate-out the inoculum: the plate 

is inoculated by rolling the swab over part of the plate (A in Fig. 51) 

and the inoculating loop is used to spread the inoculum, as before. 
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In 1967, approiimately 110,000 agar plates were supplied to 

our routine laboratory and a substantial proportion had cultures 

spread over them. A rough calculation shows, that if one 

teohnioian spread all cultures, it would take him 5 to 6 working 

weeks each year, which is approximately 10% of his time. 

Neverthelese, the method is very flexible in that all types 

of culture can be"spread with the bacteriological loop, and it is 

unlikely that a cheaper method of spreading a culture will be found. 

4.1.2 Criteria for an automatic method  

It is unlikely that one can devise an automatic method for 

spreading a culture over a plate which is quicker than the manual 

method usually adopted in routine work. It' is essentialv  therefore, 

to develop a method that is automated to at least such anextent that 

whilst the operator is marking an agar plate, for specimen 

identification, the machine is spreading the previous plate. 

Two other important criteria arc, that the total path traversed 

by the loop be long enough to give sufficient dilution or the culture 

to isolate single colonies, and that the pressure of the loop on the 

agar be sufficient to maintain contact between the loop and the agar 

but not so great as to damage the- sUrface of the agar: it is 

desirable for the loop to leave a permanent mark to assist in 

identifying contaminants. 

One method for spreading a culture automatically is to move the 

loop in a straight line across a rotating agar plate: the loop will 

describe a spiral curve on the agar, and the parameters of the curve 
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can be adjusted by altering the relative speed between the loop 

and the plate. If it is so arranged that the space between any 

two adjacent parts of the curve is as small as practicable, maximum 

use of the available space will be made. 

The ease with which one can sterilize the electrically 

sterilizable loop (Seat. 2.1.2) in situ. =Leo it particularly 

suitable for use in an automatic spreading maohine based on the 

principles outlined above. However, it is desirable to avoid the 

need to sterilize the loop during the spreading procedure, as is 

recommended in the manual method. 

la1.11222fir la-aturas  

The rotary table, on which the agar plate was plaoed, and the 

moving arm to which the loop was attaohed were driven by the same 

motor through a variety of gears.(Pig. 52)1 the ratios of the 

gears determined the space between adjacent turns of the spiral 

curve. The loop was hinged to the moving arm and the tip of the 

loop rested, under its own weight, on the agar. The copper braid 

connecting leads were permanently attached to the loop, as in Fig. 6, 

and the power supply shown in Pig. 4 was used. For preliminary 

toots, the agar plate was inoculated from a single colony on an 

agar culture by touching the colony with an inoculating loop and 

then streaking the loop across the centre of the plate. The plate 

was then placed on the rotating tablel .the loop on the apparatus, 

having been heated and allowed to cool, was lowered carefully until 

it rested on the inoculum and the motor was started and left running 
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until the loop had traversed the plate: the loop was then lifted 

off the plate and sterilized, and the plate was removed and incubated. 

Typical results are dhown.in Fig. 53. Lengths of agar were 

gouged out by the loop because it was too heavy and because the 

flexible copper braid connecting loads applied a variable, 

uncontrollable constraint to'the loop: in any case, insufficient 

dilution of the aulture was obtained. Nevertheless, some single 

colonies were isolated, and had we started with a smaller inoculum 

me might have isolated more single colonies. 

The results were encouraging, so it was decided to pursue the 

mothod in principle, but to construct more refined apparatus: the 

first experimental apparatus was construotod with very cheap components. 

4.1.4 'Sorg refined arparatus  

4.1.4.1 The first design  

The apparatus is Shown in Fig. 54. The essential difforenoes 

between this and the first experimental apparatus were that the loop 

was a different shape (Fig. 55), it was mounted horizontally and it 

had a variable counterbalance: the force the loop applied to the 

agar could, therefore, be varied and was more 'consistent than the 

force applied by the loop when mounted as in Fig. 52. 7;e also used 

more precise components. 

The apparatus was driven by a continuously running variable 

speed motor, and an electro-magnetic clutch was operated to rotate 

the table and move the arm supporting the loops the gJars used gave 

a space between adjacent turns of the spiral curve of approximately 

in. 
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Pigs. 54.and 55 show that the electrical connection to the 

loop was made through a pair of plugs and sockets and that the 

loop pivoted about the plugs. This vac unsatisfactory, because 

friction between the plugs and the bearing surfaces was such that 

the loop dil not rotate as freely as desired. We therefore 

modified this part of the apparatus. 

4.1.4.2 The final design  

The loop was mounted on miniature ball races, and the elootrioal 

power was supplied through copper braid loads permanently connected 

to the loop (Fig. 56). Wo found that these modifications reflueed 

the friction between the loop and its bearing and that this force 

remained constant. The power supply used vas that shown in Fig. 4: 

no further modifications to the first desi,;n ware :jade. 

The counter—balance was adjusted by trial and error. We simply 

set it and ran the loos across a variety of different agar plates to 

ensure that the pressure on the agar was within limits: it was 

unnecessary to adjust the counter-balance for use with different 

agar plates. 

4.1.5 Evaluation of the automatic method 

It was necessary to develop inoculation techniques, and since 

there are three main types of culture that have to be spread, namely 

solid culture, liquid culture and swabs, we discuss the work in 

three sections. 

4.1.5.1 Spreading solid culture  

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

inoculating loop, touched a colony and streaked the loop along a 
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radius for approximately in., commencing just off the centre of 

the plate: by inoculating the plate this way, one avoids having to 

speoify too precisely the part of the plate to be inoculated, because 

the loop on the apparatus will pass through the inoculum at least once, 

regardless of its exact position. 

The plate was then placed between the locating springs on the 

rotary table, the loop was lowered and the inoculum was spread across 

the whole plate without sterilizing the loop during the process: the 

parameters of the apparatus were such that it took approximately 10 

seconds for the loop to trtyverse the plate. 

Typical results are shown in Figc57. The path described by 

the loop is clear and many singlo colonies were isolated. Vany 

similar experiments were conducted with very consistent results, 

The methods for inoculating an agar plate from a solid culture 

and spreading the inoculum are satisfactory. The only forseeable 

difficulty is the possibility of not obtaining sufficient dilution 

of the inoculum and care has to be taken to ensure that the inoculum 

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

4,1.5.2 Sproadinl liquid culture  

took an inoculating loop full of a broth culture of 

Staph. anils (approximately 106  organisms/mi.) and streaked it along 

a radius of an agar plate for approximately 	as for inoculating 

a plate from a solid culture, and the culture was spread with the 

un-modified machine. The results were very poor. The inoculum 

appeared to be adequate, but the loop did not pick up sufficient 

culture. 
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7e repeated the procedure, but streaked the inoculating loop 

along the whole radius of the agar plata: the loop on the machine 

crossed the inoculum more times than hitherto, so there was a 

greater chance of the loop picking up and spreading culture. The 

recults were marginally better, but still very poor. 

40 then inoculated the agar plates by placing 0.02 ml. of urine 

just off the centre of the plate: samples of urine taken for 

diagnosis were used. The result of spreading this inoculum was a 

vast improvement on previous methods, in most cases many single 

colonies were isolated and there was no indication that insufficient 

dilution would be obtained. Occasionally, however, only a few 

single colonies were isolated. 

Consequently wo inoculated some plates with two 0.02 ml. drops 

of urine spread along a radius to approximately half way across the 

plate, and some plates with throe 0.02 ml. drops of urine spread 

across the whole radius. The results showed that the optimum 

inoculum was two 0.02 ml. drops of culture spread along a =gills 

to approximately half ;ay across the plate: there was no sign 

that insufficient dilution would be obtained but many single colonies 

wore invariably isolated. Typical results are shown in Fig. 58. 

Similarly, we have often isolated two or more organisms in a 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 immediately after it had. been placed on the plate, with the 

results obtained. when the inoculum was spread after it had. completely 

dried. The difference was not significant*  

Additional experiments were performed. to discover if the agar 

plate was rotating at the optimum speed.. T,7e compared the remlts 

obtained. when the loop on the machine took approximately 3 seconds, 6 

seconds and, 13 seconds to traverse the agar plate with the results 

obtained hitherto, when the loop took approximately 10 seconds to 

traverse the plate. 

The results obtained when the process time was 3 seconds wore 

very poor: hardly any spreading of culture was achieved. The 

results obtained. when the process time was 6 seconds wore not quite 

as good as those obtained when the process time was 10 seconds, and. 

the results obtained when the prooess time was 13 seconds were no 

better than those obtained when the process time ,..as 10 seconds. 

The results suggest that the speed of rotation of the agar plate i3 

not critical but that a procees time of approximately 10 seconds is 

the optimum. 

The results obtained in each series of experiments in which the 

plates were inoculated. with one or more 0.02 ml, drops of urine were 

remarkably consistent (there were, of course, differences due to the 

wide variations in the number of organisms in the inocula). A total 

of 106 plates were spread in these experiments and., with the 

exception of 5 plates spread. in 3 seconds, all were perfectly adequate 

for diagnostic purposes. The technique is adequate and. practical 



1'1 4 

for inoculating agar plates with liquid culture and spreading the 

culture to isolate single colonies. 

However, although 50 droppers, which were used for producing 

the 0.02 ml. drops of culture, are cheap (-std each), it was desirable 

to find an even cheaper and quicker inoculation teohnique. We used 

wax drinking straws for inoculating the plates. The tip of a 

sterilized straw-was dipped into the urine to a depth of.* in., 

approximately 0004 ml. of urine wan taken up and this was spread 

half way along a radius of the agar plate: it was not necessary 

to hold a finger over the end of the straw, the surface tension 

being adequate to hold the culture in the straw. The straws are 

very cheap (2/- for 500), and for this application there was no 

need to plug them: one merely had to sterilize them. 

To test the efficacy of the sterilization of the straws, we 

took 12 and autoclaved them at 10 lbs./sq. in. for 20 minutes. 

Each straw was immersed in sterile nutrient broth whioh was incubated. 

overnight. No growth was obtained in any of the 12 tines of broth. 

Similarly, ws'oontaminated 12 straws, by sucking a Staph. albue 

broth culture into each, and then repeated the above procedure.  

No growth was obtained in any of the 12 tubes of broth and we 

conolude, therefore, that sterilization of wax drinking straws 

by autoolaving is satinfaotory. Physically, sterilization had 

very little observable effect on the straws. They were slightly 

softer after the sterilization process than they were before, but 

their condition was perfectly satisfactory for inooulating agar plates 

by the method described above, and we have used straws in many 
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experiments. We see no reason why straws Should not be used for 

transferring small volumes of culture, if the volume to be 

transferred is not critical. 

414'43 Syreadinji. swab culture  

Ws inooulated a blood agar plate by streaking a swab across a 

small square just off the centre of the plate,. and the inooulum 

spread on the maohine'as before. The plate is shown in Fig..64. 

Further similar experiments gave very inconsistent results and 

indicated that a larger inoculum was required. 

Plates wore inoculated, therefore, by streaking the swab across 

a radius of the plate:' two such plates are shown in Fig. 61. 

Some plates mere adequate but far from perfect, and we next performed 

some experiments in Which the inoculum vas spread over a larger area 

than hitherto. In general, the ,results were slightly better but we 

felt that the inocula were not sticking to the loop, probably-because 

the. inooula were dry. 

We therefore conducted a series of experiments with wet agar 

plates. The results were an improvement on results obtained 

hitherto, and the best plates were perfectly adequate, However, 

we found that when the initial inoculum was light, the spreading 

was poor and decided to attempt to obtain more consistent results. 

We replaced the loop with one that had a flat platinum tip 

approximately 3/16 in. long and 3/32 in. vide (Fig. 62). The 

replacement loop was mounted in exactly the same way as the 

previous loop and no other modifications to the apparatus were made. 
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The first experiments with this loop were carried out with 

the counter balance in the same position as before: the pressure 

of the loop on the agar was, therefore, significantly less than 

with the other loop because the area of contact was much larger. 

The results were a significant improvement (Fig. 63). 7:e 

conducted a further series of experiments in which the pressure of 

the loop on the agar was gradually inoreased until the loop made a 

permanent mark on the agar. 	In this series of experiments, the 

plates were inoculated immediately after the technician in the 

routine laboratory had inoculated the plates required for diagnostic 

purposes. A typical result obtained with the machine is shown in.  

Fig. 64. 

A total of 108 plates, inoculated from 108 swabs taken for 

diagnostic purposes, were spread with the flat platinum tipped 

loop. Zaoh culture was more than adequate for diagnostic purposes 

and each compared very favourably with the corresponding manually 

spread culture: there were no discrepancies and approximately 20 

automatically spread cultures wore significantly better than the 

corresponding manually spread cultures. The automatically spread 

cultures are as consistent as one would expect ,pith the wide 

variations in the initial inocula (Figs. 63 and 66). 

4.1.6 Discussion  

The methods for inoculating agar plates and spreading the 

inoculum described in Soot. 4.1.5 are perfectly adequate for 

diagnostic bacteriology. Further experiments might well be 

performed; for example, we have not investigated spreading solid 



and liquid eulturee with the flat endod loop.. Before a definitive 

piece of equipment for use in the routine laboratory oan.bo deeigned, 

many refinements will have to be devoloped,.but- we feel that any 

further experieental work  should be carried out with a particular 

application in mind. The possibilities are diecuesed in Chapter 5.. 

ioutino Txadination ofUrin400,  

Many mothode for examining urines are ucod in different 

eetablishmento. Our method is as follows. An approximate count 

of bacteria present in the urine is obtained by the blotting paper 

method (Leigh and .'Williams, 1964). In this method, one dips a 

:1 in. x in. area of fluffloso blotting paper into the specimen 

and then holds this area on the sarfaoe of onager plate, thus 

transferring those organisms which are absorbed by the blotting 

paper and which remain on the surface of the paper to the agar 

plate. The number of colonies on the inoculated area is, within 

certain limitations, directly proportional to the number of 

organism° in the urine. 

Then, 10 ml. of the specimen is oentrifnged at 21500 rev. /min. 

for 5 minutes and the supernatant fluid diepoped of. An inoculating 

loop f411 of the residue is examined under a mioroseopot  and if moors 

than a pre-determined number of white blood cells is present, the 

specimen is assumed to be infooted (more than 104  to 105 organisms/61. 

are present) and farther examination of the specimen is carried out. 
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This further examination consists of spreading some of the 

centrifuged residue on both MoConkoy and blood agar plates, for 

identification of the organism, and of spreading five 0.02 ml. 

drops of undiluted sample on an agar plate, for a more reliable,  

quantitative surface viable count than the blotting paper method. 

On average, 50 specimens a day are subjected to the initial 

soreening procedures and approximately 10 — 20; are found. to be 

infected, and,thus require further examination. The total time 

taken to process 50 specimens is approximately 2 hours. 

The method is extremely simple, moderately accurate and quick. 

It is also very economic. in agar plates sinoe counts of bacteria 

in six specimens are estimated using only one agar plate, and only 

two additional plates are used for each specimen that is prooessed 

in depth. 

42.2. Discussion of possible automatic methods  

' Since the number of specimens examined in depth is so small 

(5 to 10 par day), it is more important to devise screening methods. 

However, the blotting paper method for estimating the number of 

organisms present and the preparation and examination of the 

microscope slides for the white blood cell count are so very 

simple, that it is difficult to devise equally simple automatic 

methods that require less time to perform than. the manual methods 

take: the capital cost of automatic apparatus is likely to be 

relatively very high indeed. 



The initial. approximate count of bacteria present in the 

specimen Could be found by placing 0.02 ml. of. the 1/100th dilution 

of the specimen on to an agar plate by the method described in 

Seot4.302.4. 	7:0 suggest the 1/100th dilution because 105  

organisms/mi. of specimen is the critical level, and. therefore, 

in 0.02 ml. of the 1/100th dilution of such a specimen there are 20 

organisms, which number is easily counted and gives a statistically 

valid result. We have repeatedly shown that when one inoculates 

plates in this way, the urine spreads over a sufficiently large 

area to enable one to count 20 organisms easily (Table 23). 

Similar drops of many different specimens could be placed on 

one plate, or, one could put one drop of the 1/100th dilution of 

speoimen in the centre of the plate, or slightly displaced from 

the centre, and spread a drop of undiluted urine, planted 

approximately half-way along a radius, with the automatio spreading 

apparatus (Sect. 4.1.4). Typical cultures are shown in Fig. 67: 

the organism is :B.00li,  on MoConkey agar. In this method, all 

specimens would be spread on agar plates which is unnecessary, but 

methods for performing the manipulations have been devised and could 

easily be used. in a definitive apparatus for routine use. Also, if 

subsequent examination in depth wore necessary, one would merely 

have to obtain a more precise quantitative count which could easily 

be done with the same apparatus. 

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

specimen on a plate and spread it with the machine (Sect. 4.1.4),  the 



TABLE 23  

Area a 0.02 amlkt  dro of urine sprvds apex. 3.t has been 

placed on an are.r.plate,and allowed to dr/4  

Drop 
nuaber 

Dimensions of rectangle enclosing 
area covered by drop in mm. 

14 x 1/.- 
2 17 x 15 
3 18 x 15 

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. 
11 19 x 14. 
12 19 x 15 
13 19 x 15 
14 17 x 15 
15 16 x 16 
16 i6 x 14 
17 16 x 14 
18 16 x 15 
19 17 x 14 
20 18 x 13 
21 20 x 15 
22 17 x 16 
23 18 x 16 
24. 19 x 16 
25 19 x 14- 

190 
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length of that part of the spiral curve that contained growth 

would be a measure of the number of organisms in the specimen. 

This idea clearly needs further investigation. 

It, is difficult to visualize an automatic method to replace 

the microscopic examination of the centrifuged residue, for 

counting white blood cells. The preparation of the slides could 

be mechanized and one could easily feed the slides on to the 

microscope stage, but manual intervention would be necessary at 

that point: in any case, automatically centrifuging the speoimens 

presents problems. As an alternative, it might be possible to use 

a cell—counter for counting white blood cells, but the problems are 

considerable (Soot. 1.2.1). 

Whilst these are some possible methods for processing urines 

that might be investigated more fully, it is unlikely that any 

could be developed into a practical and economic, automatic method 

unless one can sterilize the vessels to be used for handling the 

specimens in situ. 	We found (Sect. 3.2.4) that the apparatus for 

dispensing drops of culture, which is similar to part of the 

apparatus required for processing urines by the method outlined 

above, is of limited use due to the fact that one has to replace 

the syringe each time a different specimen is handled. In 

processing urines, the need to ohango a syringe or any other 

vessel repeatedly, whether by hand or mechanically, would lead 

to an unwieldy method, 



Further work on this investigation vas, therefore, postponed 

and we concentrated on devising methods for sterilizing vessels in 

situ. 

AO Sterilizing Vessels in Situ  

Many pieces of equipment, such as pressure transducers and 

automatic syringes, are sterilized by ethylene oxide or alcohol, 

but the method takes many hours and is, therefore, unsuitable for 

sterilizing vessels in automatic apparatus: the time taken to 

sterilize the electrically heated inoculating loop is approximately 

6 seconds (Sect. 2.1.2) and this is very convenient. 

Steam sterilization is also unsuitable. The apparatus 

required is very cumbersome and it is inconvenient to have high 

pressure steam apparatus in a routine laboratory. 

Wright and Colebrook (1921) sterilized syringes by mcans_of 

hot oil, but an M.R.O. Working Party (1962) found the method to be 

ineffective. Fleming and Ogilvie (1951) sterilized hypodermic 

needles by immersion for 5 to 10 seconds in liquid paraffin B.P. 

at 1400C, or in boiling water, but this was also found to be 

ineffective with some organisms, including B.00li  and Staph.aurems, 

(M.R.C. Memorandum, Be. 41, 1962). 

Ideally, one requires a method for generating thermal energy 

in suoh a way that it can be applied to a variety of different 

vessels and so that it can be applied only to the required area. 

It is also necessary to generate the heat very quickly. . Passing 

an electric current through a vessel, as in the electrically 

182 
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aterilizable inoculating loop, is possible only in a very few 

types of vessel. One might use radiant heat from an electric 

resistive generator, but this is inefficient and requires a 

cumbersome piece of equipment, very near to the vessel to be 

sterilized,, which severely limits its usefulness. " Also, the 

time taken for such a device.to generate maximum thermal power 

is too .long, and one would, therefore, have to keep the device 

permanently switched on and remove the vessel to be sterilized 

from the heater. The heat would then be directed at other 

parts of the apparatus and, in view of the temperatures reached, 

this would cause many design difficulties. 

A possible method for generating thermal energy is by 

radio-frequency induction. We have experimented with an induction 

heater, and the work is discussed in Seot. 4.3.2. We first, 

however, discuss some attempts to sterilize syringes with boiling 

water: this is saoh a simple sterilizing technique that we felt 

we should first evaluate its possible application to our problem, 

despite doubts about its suitability. 

4.3.1 Using boiling water  

A sterile 5 ml. all glass syringe was contaminated by 

drawing infected urine into it through a needle: it was so 

arranged that the piston of the syringe at no time contaoted 

that part of the barrel that had contained liquid. The urine 

was ejected to waste, the needle was removed and boiling water 

was drawn into the syringe, allowed to stand for a fixed time, 



and ejected to waste. Finally, the syringe was filled pith 

nutrient broth whioh was subsequently ejected into a sterilized 

bottle and incubated overnight. The experiment was repeated/  

with a freshly sterilized syringe, many times and the results 

are given in Table 24: not one syringe was sterilized. 

In a second sot of experiments the above procedure was 

repeated, except that, after the boiling water had been ejected 

to waste the syringe was filled with boiling water a second time. 

This was allowed to stand, the same length of time as the first 

filling. and ejected to waste: the syringe was then filled with 

nutrient broth and the procedure completed as before. This 

procedure was repeated many times and the results are given in 

Table 25: as before, not one syringe was sterilized. 

The results show that it is not possible to sterilize a 

syringe in a reasonable time simply by drawing boiling water into 

it: they also show that rinsing a vessel through with water does 

not remove bacteria from surfaces. 

On being drawn into the syringe, the water quickly cools down. 

Consequently, the next step would be to devise a method for keeping 

the water boiling whilst it remains in tho syringe. 	To do this, 

one would have to supply thermal energy to the water, and any 

method suitable for doing this would probably be equally suitable 

for heating the syringe direotly. 	There is, therefore, no point 

in developing a method specifically for keeping Who water boiling, 

particularly as the method would be suitable for sterilizing only 
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TABLE 24- 

Sterilisation of glass syringe using boiling water  

Time boiling water left 	 NUdber of failures 
in syringe 	 in three 
in seconds 	 tests 

	

15 	 3 

	

3o 	 3 

	

45 	 3 

	

6o 	 3 

	

75 	 3 

	

90 	 3 

	

105 	 3 

	

120 	 3 

	

150 	 3 

	

18o 	 3 



'ABLE 25 

Sterilisation of glass syringe using boiling water 

Time boiling water left 	Number of failures 
in syringe 	 in three 
in seconds 	 tests 

15 +15 	 3 

30 4. 30 	 3 

45 +45 	 3 

60 + 60 	 3 

75 + 75 	 3 

90 +90 	 3 

105 + 105 	 3 

120 120 	 3 

150 4. 150 	 3 

180 + 180 	 3 

1$'  



Vessels in valioh water can be contained: the syringe needle 

would have to be immersed  in the water and this would be very 

inconvenient in many circumstances. 

4.3.2 Using r f. induction heating 

4.3.2.1 Induction heating  

Radio-frequency induotion heating is commonly used in 

industrial processes, particularly for melting, hardening and 

tempering ferrous and non-ferrous metals: soldering and annealing 

are other applications. 

The principle of the technique is, briefly, that one produces 

an r-f magnetic field in the work piece and the field causes eddy-

current losses in a non-magnetio conductor, or hysteresis and eddy- 

current losses in a magnetic conductor (Fig. 68). 	The magnetic 

field is produced by an oscillator, the output of which is connected 

to a hollow, copper coil which surrounds the work piece (Fig. 69). 

The closer the coil is to the work piece the higher the, efficiency 

of the system. It is also possible to have an interior heating 

coil (Fig. 70), but this is less efficient than an equally close 

external coil. 

The method is very flexible because one can - make a coil to 

suit a particular work piece: for .example, one can have a multi-

turn ooil (Fig. 71), a hair-pin coil (Fig. 72) or a rotary skid 

type coil for use with a rotary table (Fig. 73). 	Induction 

heating provides a very high concentration of heat and the r.f. 

power is simply switched on and off. 

18'1 



The r.f. power required and the optimum frequency of the 

field depend on the size, configuration and material of the work 

piece, the maximum temperature required and the time in which 

this temperature has to be produced. In general, the higher the 

resistivity of the work piece the higher the efficiency of the 

system, and the higher the frequency of the field the higher the 

surface current density. 

For heating poor or non—conducing materials, one places a 

conducting susoeptor between the coil and work piece. 

4.3.2.2 Experimental work  

Fig. 74 shows.the apparatus whioh, in prinoiple, consisted 

of a vertical in. i.d., 22 gauge stainless steel pipette connected 

by flexible silicone tubing to a 1 ml. syringe. The syringe was 

operated mechanically to suck up and expel fluid, which occupied 

approximately 3 in. of the pipette. The lower 4 in. of the pipette 

was surrounded by a fixed copper coil, whioh consisted of 8 turns 

each of 1-iim diameter, which was connected to the r.f. generator 

(Fig. 75): the pipette was lowered, mechanically, into vessels 

placed below the heating coil. A tube from a reservoir of distilled 

water was connected to a three way tap in the silicone tubing 

connecting the pipette to the syringe, so that the pipette could 

be rinsed through with distilled waters the system was arranged 

so that infective material could not go above the level to Which 

the syringe draws fluid. 

To heat the pipette, r.f. power was coupled to it through 
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the coil. There were two independent variables, the magnitude of 

the power and the time it was switohed on... The magnitude of the 

power was fixed by two dependent variables, the current passing 

through the r.f. oscillator valve and the efficiency of the coupling 

between the coil and the pipette (Sect. 40.2.1). We chose, 

therefore, to specify the. heating process by the current passing 

through'the oscillator valve and the time the power was on: both 

parameters were easily varied. 

We found that the moat efficient coil (in which there was very 

little apace between the coil and the pipette) heated the pipette 

to red heat in a few-  seconds, even at the lowest possible oscillator 

current. In order to obtain a set of variables such that the heat 

generated in the pipette was_insuffioient to eternize it in a 

reasonable time, we used comparatively inefficient coupling: the 

use of a 14 in. diameter coil reduced the efficiency of the coupling 

by 'approximately 40;4. 

-To test the efficacy of this method of sterilization, we 

adopted the following technique. With a given oscillator current, 

the r. f. power was switched on until the pipette became red hot and 

was left on for an additional 5 seconds to ensure the lower 4 in. 

of the pipette was sterile. The pipette was lowered into a broth 

culture of Staph.aureus which was drawn up into the pipette and 

expelled. Distilled water was passed through the pipette for 5 

seconds, the pipette was raised so that the infected portion was 

between the heating coil, and the r.f. power was switched on for 
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a given period. After the pipette had cooled, it was lowered 

into a tube containing sterile broth which was sacked up into 

the pipette and expelled twice: the broth was 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 variables. A similar series of experiments was carried out 

using F•coli and another series using B.Stearothermoohilus. 

The results (Table 26) show that the optimum conditions for 

sterilizing the pipette were 350mA oscillator valve current for 8 

seconds. However, those figures apply only to the particular coil, 

pipette and generator used and cannot be used. to formulate general 

criteria. 

40.2.3 Discussion  

We have shown that this is a practical method for sterilizing 

vessels in situ. . It is vory flexible because of the ease with 

which one can make a coil to suit a particular work piece and 

because the generator can be remote from the workpieoe. The 

generator used in the experiments discussed in Sect. 4.3.2.2, 

was a 1 kr unit with an output frequency of 2 ;.To/s. This is 

much more powerful than is likely to be necessary for many 

applications that we can foresee, and it is necessary therefore 

to acquire a more suitable generator for these applications. 

Other problems remain, in particular, the time the pipette took 

to cool down was longer than desirable, but this problem should 



TABLE 26 

Sterilization of stainless steel pipette by r.f. induotion heating 

r.f. oscillator valve 
current in 

milliamperes 
Time power 
on in seconds E. coli 

Number of failures in 20 tests 

Staph. aureus 	B. stearothermophilus 

300 

4. 

8 

12 

14. 

9 

4 
2 

0 

19 

1 

0 

0 

20 

8 

0 

0 

4 4 17 20 

8 0 0 4 325 
12 0 0 0 

11+ 0 0 0 

6 14 5 

350 8 0 

12 0 
14. 0 
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not be difficult to solve. 

Possibly the biggest disadvantage with the method is that 

one oannot heat non-conductors directly. In this case one uses 

a susceptor, a conducting component that is heated by eddy-current 

and hysteresis effects, and the work piece is heated indirectly. 

we do not anticipate this being a major problem, however, because 

we see no reason 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 bacteriology 

is general purpose sterilization Which at present is usually carried 

out by autoclave in a central supply department. . The components to 

be sterilized could be packed in a suitable container which would. be  

placed in a boat-shaped sasceptor: alternatively, the container 

could be the sasceptor. The boats would automatically pass through 

a horizontally mounted multi-coil (Fig. 76), by means of a conveyor-

belt type device, and a hot zone would move along the component. 

It is probable that more power than 1 kW would be required and there 

are many problems one can foresee, but this is another application 

of r.f. induction heating that might well be investigated. 

Further experimental work on sterilization by r.f. induction 

heating must be carried out, but this is better done in connection 

with the development of a definitive automatic method, such as the 

analysis of urine, and further discussion is postponed to Chapter 5. 
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Fig. 51. -Drawing illustrating a manual technique for spreading a culture 

over an agar plate: see text for legend. 
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Fig, 52, Schematic diagram of first experimental apparatus for automatically 

spreading culture over an agar plate: T agar plate on rotating 

table, L - electrically heated inoculating loop attached, by a 

hinge, to an arm moved by rack R and pinion P, M - motor, 

G'11 G - gears 

p 	R  
I  .1  I 



Fig. 53. Typical results obtained by sprerding a culture on the first 

experimental apparatus: E.coli on jeConkey agar. 
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Fig. 54. Yore refined apparatus for automatically spreading a culture 

over an agar plate. 
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Ag. 55. The electrically heated inoculating loop used in the more 
refined apparatus for automatically spreading culture 

over an agar plate. 
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Fig. 56. Photograph showing final form of the mounting of' the 

inoculating loop used in the apparatus for automatically 

spreualng a culture over an agar plate. 
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Fig, 57. Typical results ebt,ined by spreading a culture on the more 

refined automatic apparatus — plates inoculated from a solid 

culture: staphylococcus on blood agar. 



'ig. 58. Typical results obtained by spreading a culture on the more 

refined automatic apparatus - plates inoculated with tvo 

0.02 ml. drops of urine: staphylococcus on blood agar. 

a 0 0 
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Fig. 59. Typical results obtained by spreading a culture on the more 

refined automatic apparatus - plates inocul.ted -,ith two 0.02 ml. 

drops of urine: E.coli and staphylococcus on jeConkey agar. 
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Fig. 60. Result obtained by spreading a culture on automatic apparatus-

plate inocullAcd from a swab; staphylococcus and staphylococcus 

on blood agar. 
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Fig. 61. Results obtained by spreading a culture on ..litomatic apparatus - 

plates inoculated from a swab: a - staphylococcus on blood agar, 

b st.phylococcus and streptococcus on blood agar. 



Fig. 62. Flat-tipped electrically heated inoculating loo,; as used in 

automatic culture spreading apparatus. 
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Fig. 63. result obtained by spreading a culture on automatic apparatus 

,pith fiat-tipped inoculating loop - plate inocul.ted from a 

stab: staphylococcus on blood agar. 

20S 
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Fig. 64. Typical result obtained by spreading a culture on automatic 

apparetus with flat-tipped inoculating loop - plate inoculated 

from a swab: staphylococcus and streptococcus on blood agar. 



Fig. 65. Typical rcsult obtained_ by spreading a culture on automatic 

apparatus with flat-tipped inoculating loop - plate inoculated 

from a swab - heav inoculum: P.coli on blood agar. 

zoq 
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Fig. 66. Typical result obtained by spreading a culture on automrtic 

apparatus with flat-tipped inoculating loop - plate inoculated 

from a swab light inoculum: staphylococcus and staphylococcus 

on blood agar. 
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Fig. 67. A culture with a 0.02 ml. drop of the 1/100th dilution of urine 

placed in the centre, for estimating the surface viable count, 

and with one 0.02 ml. drop of undiluted urine spread round the 

circumference: F.coli on McConkey agar. 



Fig. 68. Drawing illustrating the principle of r.f. induction heating: 

G - r.f. generator, C coil which induces an r.f. magnetic 

field M in the work piece W. 

a 1 o 
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Fig. 69. Drawing of a hollow copper coil C surrounding a work piece W - 

an external coil. 

Fig. 70. Drawing of a hollow copper coil C surrounded by a work piece W - 

an internal coil, 



Fig. 71. A hollow, copper, multi-turn r.f. induction coil. 
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rig. 72. f hollow, copper, hair-pin r.f. induction coil in glass fibre 

insulted sleeving. 
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Fig. 73. t rotary-skid type r.f. induction coil in glass fibre insulated 

sleeving. 
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eig. 74. The apparatus used to test the efficacy of sterilization by r.f. 

induction heating: G - r.f. generator, M - mechanically operated 

syringe, R - water reservoir connected to pipette, la - mechanism 

for raising and lowering pipette, C - r.i. coil. 



"'fig. 75. Close view of the r.f. coil C, the pipette P and the r.f. 

generator G, in the apparatus used to test the efficacy of 

sterilization by r.f. induction hewting. 
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Fig. 76. An r.f. induction multi-coil - the work piece may be moved 

through the coil and four hot zones will move along the 

work piece. 
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Chapter 5  

Conolueions 

The possibilities of mechanically manipulating specimens 

and other materials have been investigated, and definitive automatic 

equipment for performing some stages of a variety of routine test 

procedures has been designed and evaluated: the apparatus is now 

in routine use. Whilst it is not very sophisticated by automation 

standards, the apparatus works satisfactorily, and it satisfies our 

oriteria for automatic diagnostic test equipment: it is simple to 

operate, suitable for processing relatively small numbers of specimens 

and all parts that come into contact with infected material can be 

removed and discarded or sterilized by heat or both. The apparatus 

cannot perform complete diagnostic test procedures without manual 

intervention, but within this limitation, tho methods serve a useful 

purpose although one may argue that ono should have intremood more 

automation: for example, one might have included means for 

automatically scanning the sample cups of the apparatus for 

dispensing the reagents for the 7assermann reaction, to deteot lysis. 

It is difficult to determine the optimum balance between fully 

automatic) methods and mechanical aids to manual methods, but we feel 

we have achieved a reasonable balance between these two extreme, 

except in the method for distributing liquid culture (Soot. 3.2), 

2.27 
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particularly in view of tho number of specimens processed in the 

average routine laboratory, the need to gain e4perience in a field 

very fovr other workers have tackled, the need to show potential 

users of automatic methods the possibilities and the need to 

alleviate quickly the difficulties created by the ever increasing 

work load and the Shortage of technical staff. The number of times 

one needs to dispense 3 or more drops of a single liquid culture is 

limited, and the inconvenience of having to replace the syringe in 

the method for distributing culture (Soot. 3.2.6) is more significant 

than forecast, and we mast re-consider this method in the light of 

our more recent experience. 

A major obstacle to the development of automation in diagnostic 

bacteriolo3y has been our inability to sterilize many components with 

which infected material comes into contact, in situ and in a 

reasonable time. An effort to circumvent this difficulty, by 

independently mechanising those stages of a test procedure that do 

not involve handling infective material (Sect. 3.1), has boon 

successful. However, our attempt to use pre-sterilized disposable 

vessels, that are loaded in the apparatus and unloaded manually, 

when handling infeoted material (Sect. 3.2), has met with very 

limited success, and it is now evident that the difficulties in 

mechanically handling infective material cannot be circumvented 

but must be overcome. Some very promising preliminary experiments 

on an r. f. induction heating method for sterilizing vessels in situ 

have boon carried out (Sect. 4.3); to our knowledge this method has 
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hitherto not been used. `Whilst further experiments have to be 

conducted, we have reason to believe that we will be able t 

develop this method of sterilization to such an extent that, in 

the near future, it will be possible to sterilize most types of 

component likely to be required for mechanically handling infective 

material in automatic apparatus, in situ and in a reasonable time. 

If we succeed, and the r.f. induction heating method is being 

actively explored, many possibilities will be opened up. In the 

method for distributins liquid cultures (Sect. 3.2), ono could use 

a fixed gyring() (or other suitable vessel) which would be sterilized 

after each specimen had been processed. The apparatus would then 

be suitable for dispensing single drops of culture, and 7ould be a 

much more useful devicCthan one which utilized pre-sterilized 

disposable syringes that are manually replaced before a second 

culture is distributed. One could also develop methods for 

automatically feeding the tubes containing the cultures and the 

tubes to be inoculated into the apparatus, thus making tho culture 

distributing technique fully automatic. 3y combining this 

apparatus with the serial diluter (Sect. 3.1), which in turn 

incorporated a device for distributing diluent, a fully automatic 

method for measuring the minimal inhibitory concentration of 

antibiotic and a serum antibiotic level would be produced. 

The principles usoi in the serial diluter could be used in a 

method for serially 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 would have to be taken. 

One could also devise a methoa for inoculating an asar plate 

from a broth culture and spreading a lawn of the culture, for 

testing antibiotic sensitivities by the disc method. 	A pipette 

would be used to draw up an appropriate volume of culture and to 

place it on the agar plate which in turn would be rotated and 

rocked until the culture had spread over the surface of the agar: 

the surplus culture would be removed by the pipette and discharged 

to waste. Apparatus for dispensing discs is commercially available, 

and it could be incorporated in a fully automatic device for 

measuring antibiotic sensitivities by the disc method. 

The methods for processing urines discussed in Sect. 4.3 would 

become practical. 	7o decided that, since the number of specimens 

examined in depth is so small, the greatest need is for a method 

for screening the specimens: this would be an alternative to the 

blotting paper technique for measuring surface viable counts of 

bacteria and for the microscopic examination of the specimen for 

counting white blood cells. To be an improvement on the manual 

met,od an automatic method has to be as near fully automatic as 

possible and ideally, ono should merely have to put the specimen 

jar into the apparatus which would then perform the complete 

procedure. Vie consider a fully automatic method for processing 

urines would be most usful, and we are considering methods for 

screening the specimens for white blood cells: one possible 

method is to use a device similar to the slide centrifuge (—atson, 

1966) in which the oontrir,ngea wale in suspension are concentrated 



directly on to a mioroscopC slide. The development of a method 

for screening the specimens for white blood cells is likely to 

take some time however, and, on the assumption that vessels with 

which infected material comes into contact can be sterilized in 

situ by r.f. induction heating, we have decided to develop a 

nrototype device for determining surface viable counts and for 

performing the remainder of the urine test procedure as an 

intermediate stop. 

r!iperimental work automatically spreading a culture overan 

agar plate for identification (Sect. 4.1) was very encouraging, 

and we are now conducting further research leading to the design 

of definitive apparatus for 'the routine laboratory. 

Various possibilities present themselves. 7:e could devise 

a general purpose machine suitable for spreading inocula from all 

typos of specimen. In its simplost form, the operator would 

inoculate the plates, put them on the apparatus and remove them 

after the inoculum had been spread. A more complex possibility 

is one in which the operator inoculates the plates and puts them 

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

automatically spreads the inocula): a similar device would remove 

the plates from the spreading, machine and transport them to the 

incubator. Even more complex equipment would incorporate automatic 

means of inoculating the agar plates. 

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

we have decided to concentrate primarily on developing a method for 

processing swabs, and we have concluded that the minimum of 
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automation acceptable is a device which performs all operations 

except inoculating the plates. However, apparatus in which the 

agar plates are automatically inoculated would be most usefdl. 

Two methods for inoculating the plates from swabs are under 

investigation; inoculating the plate directly from the swab by 

mechanically streaking it aoross a radius of the plate, as in the 

manual method, and inoculating the plate from a broth aulture which 

was previously inoculated from the swabs -  the swab is immersed in broth 

and it is rotated vigorously. The former method, whilst probably not 

impossible, will almost certainly require a very intricate meohanism, 

but the latter method lends itself to mechanisation and the results 

of our preliminary experiments are encouraging (Fig. 77). We 

intend to pursue the experiments further before deciding whioh 

type of device for processing swabs we will develop. 

It is now almost certain that fully automatic apparatus for 

use in diagnostic bacteriology will be muoh more complex than 

apparatus hitherto used in bacteriology laboratories, and therefore, 

such apparatus will be uneconomic, if used in the average routine 

laboratory. It may well be advantageous, therefore, to concentrate 

the specimens to be processed in a few relatively large laboratories, 

and early consideration of this is desirable. 

If we continue to make progress in the mechanical handling of 

infective material, we may soon be able to turn to other fields of 

study, particularly to the measurement and presentation of test 

results (Sect. 1.4.1)s we hope soon to evaluate a prototype 'Bowman' 
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apparatus (Sect. 1.2.1), but we do not :expect this development to 

have a direct effect on our immediate future programme. 

Automatic methods in diagnostic bacteriology is a field that 

hardly anybody else has tackled. ":e believe tho hesitancy of 

others to enter this field is unjustified, because, whilst we have 

only just scratched the surface of the problem, we have made some 

progress towards solving tho major obstacle to further developments, 

and have shown that there are many unexplored but potentially very 

fruitful avenues. 
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Fig. 77. Typicol result obtained by spreading a culture on automatic 

aoparatus with the flat-tipped inoculating loop - the plate 

was inoculrted with two 0.02 ml. drops of nutrient broth 

which, in turn, was inoculated by dipping a swab into the broth 

and spinning the swab: staphylococcus and staphylococcus on 

blood agar. 



Appendix 1.1 A Modification to the "Spekker" Absorptiometer  

The principle of the absorptiomoter is as follows. A beam 

of light is passed through a heat filter, an iris diaphragm, a lens 

and on to a photo-cell. 	A'second beam of light, from the- same 

lamp, is passed through a heat filter, a variable shutter controlled 

by a graduated drum (calibrated in optical density and percentage 

transmission), a lens and on to a photo-cell. The outputs from 

the photo-cells are connected, in opposition, to a centre-zero 

galvanometer which has a variable resistor in parallel with it to 

vary the sensitivity. 	Shutters close to keep the light from the 

photo-Dells when 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 placed in the cell, the shutters are opened and the 

sensitivity control varied until the light spot of the galvanometer 

moves to full scale deflection (f.s.d.). The spot is then brought 

back to zero by opening the iris diaphragm, the shutters aro closed 

and the apparatus is ready for use. 	On opening the shutters,the 

light-spot deflection is reduced to zero with the calibrated drum 

and the optical density is read on the appropriate scale of the 

drum: the procedure is repeated at frequent intervals to obtain 

a growth curve. 
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In our modification, the centre-zero galvanometer is replaced 

by a direct writing potentkometric recorder (0 - 500)a f.s.d4) 

and the shutters are operated by a 2 in. double-acting pneumatic 

cylinder which in turn is actuated by a timing device. This 

produces a pulse that opens the shutters for 10 seconds in every 

minute or for 10 seoonds in every five minutes: the frequency is 

pre-selected to suit the anticipated growth rate of the organism 

under test. 

The apparatus is prepared for use as before. When the shutters 

are opened however, we do. not reduoe the deflection of the' pen to 

zero with the calibrated drum but simply reoord the deflection of 

the pen. Consequently, the pattern obtained on the recording paper 

is a series of equidistant rectangles, and the height of each peak 

is related to the optical density of the specimen. 3y joining the 

peaks of the rectangles one obtains a growth curve. 

The circuit diagram of the control system is shown in fig. Al. 

The pneumatic cylinder C (Martonair, type S778) is operated through 

a 5 port, pilot operated solenoid valve V (R.0.S., type R.P. 125/8): 

the uni-directional air-flow regulators (Lartonair, S577) restrict 

the exhaust air flow, thus controlling the stroke rate of the 

cylinder. The timer is based on the motor M which has two cams, 

ono with five ramps and one with one ramp, which operate micro- 

switches M. S.1 and 1.43.2. respectively. 	The motor speed is 1 

revolution in 5 minutes, so that M. S.1 operates every minute and 

11.45.2 operates every five minutes. 	Switch S..3 selects either 



M.S. 1, to operate the valve V every minute, or U.S.1 and n. S.2 
in series, to operate the valve V every 5 minutest the lengths of 

the ramps are such that the valve V is energised for approximately 

10 seoonds. The shutters are manually operated by S. W.4 and S. i7.2 

switches the timing device on and offt S. ;1.1 is the mains switch. 

This is a very simple modification to the "Spekker" which 

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

that the apparatus will work unattended for as long as required. 
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Appendix 2.1 The Control Unit of the Peristaltic Pump Dispenser  

The peristaltio pump ("Atson ;Jarlowl. typo 11.11.R.B.) is operated 

remotely by closing the contacts J (fig. A2) which are in the pump. 

The controller is based on a cOmmeroially available timer 

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

To operate the timer, the timer motor T and the clutch C are energised. 

Contacts C and D change over immediately the clutch is energised and 

the timed period, which is easily set on a dial, commences. At the 
end of the timed period, contact 3 changes over and after a short 

interval, contact A changes over. When the clutch is de-energised, 

the four sets of contacts revert to their original positions and the 

timer re-sets itself. 

To repeatedly dispense volumes of broth, the selector switoh 

S.1.2 is turned to position 1 and S.W.1 is closed. 	Power is then 

supplied to motor M through contact D and S.W.1A. 	Two cams, which 

operate micro-switches M.S.1 and 71.S.2 respectively, are attaoh2d 

to the motor (speed 12 rev. )Min.) and when it has turned almost a 

complete revolution, L1. S.2 is actuated by ramp d2 and, immediately 

afterwards, M.S.1 is actuated by the groove d/. M, S.1 operates 

the timer T and olutoh C through S.W.1B, and contacts C and D change 

over thus closing the contacts J and .starting the pump. Power to 

the timer is maintained through contact D and 	and power to 

motor M is maintained by M.2.2 until its actuator passes ramp d2: 

2.2 
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LI.S.1 changes to its original position just before M. S.2 opens to 

stop motor M. At the end of the timed period, contact B ,  changes 

over thus opening the oirouit to contacts J and stopping the pump. 

Soon after contact B has changed over, oontaot A changes over, thus 

de—energising. the timer and clutch so that contacts A, 3, C and. D 

revert to their original positions (as shown) and the timer 'stops 

and re—sets itself. The motor LI is now energised through contact D 

and S.17.1A .  and the prooess is repeated so long as S. W.1 is closed. 

. To run the pump continuously, one turns selector switch S.:7.2 

to position 2. The timer is not in circuit now and one merely 

operates S.W. 4 to close contacts Ji the contact T.1 of relay Y/1 

is an interlock which is opened. when S.7/.2 is in positions 1 and. 3, 

to ensure that S.'.7.4 is inoperative. 

To dispense a single volume, S.W.2 is turned to position 3 and. 

S.'.7.3 is operated. Relay X/3 is energised through S.T.3A, and 

locked on by contact X.1: contacts X.2 and. X.3 are closed.' Timer 

T and. olutoh Care energised, and contacts C and. D change over to 

start the pump and. to maintain power to the timer and. olutoh. At 

the end of the timed period, contact B opens followed. by contact A, 

thus stopping the pump and de—energising the timer and clutch so that 

clontaots A, 30 C and D revert to the positions shown, and the timer 

stops and. re—sets itself. The motor Lt is thus energised through 

contacts X.2 and D. ',Then the micro—switoh actuator Li falls into 

groove d2  relay X/3 is de—energised and. contact X.2 opens thus 

stopping motor Ms contact X.3 and relay Z/I constitute an interlock 
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so that 5.71.3 is ineffective once the timing cycle has.commenoed. 

The motor Li stops with the micro-switch actuators Ll and L2 in 

groove d1 and on ramp a2, respectively, .and rot, as shown. If 

S.W.3,is actuated to dispense another single volume, the pump 

will start and motor M will rotate until the micro-switch actuators 

Ll and L2 are in the positions shown when the motor will stop: it 

takes approximately 1 second for the micro-switches to revert to 

the positions shorn and as this is less than 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.W.2 is turned to position 1, the motor will rotate until 

the micro-switches are in the position.shown. 
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Appendix 3.1 The Control Unit of the A aratus for Distributi 

Liquid Culture,  

The 2 in. double-acting pneumatic cylinder A (figs. 35 and 

A3) is a through-rod type, and one end of the piston is permanently 

connected to a 2 in. standard double-acting pneumatic oylinder,B 

(fig..A3): the other end of the through-rod piston is connected 

to rod D (fig. 35). The two cylinders that actuate the Repette 

mechanisms are switched into the position-of cylinder C as required: 

the switches and second cylinder are, not ehommt. 

To fill the syringe, valve F is operated (manually) and, 

provided the interlock diaphragm valve 1 is relaxed (cylinder C 

is fully negative), mains air passes to the appropriate pilot port 

of pilot operated valve S and mains air is passed to line I: 

line II air is exhausted. Line I air changes pilot operated 

valve T, to ensure that no air is in cylinder B, and valve U to 

allow mains air to drive cylinder A (and therefore cylinder B) 

positive: the speed is controlled by restricting the exhaust air 

of cylinder A by means of uni-direotional air-flow regulator Rl. 

when cylinder A is fully positive, the pilot air in diaphragm 

valve 2 exhausts through regulator R2, and the'valve relaxes 

thus passing line I air to tine Id. Line Id air operates pilot 

operated valve V, thus exhausting air from cylinder A so that its 

piston is free to be moved in a negative direction by the Repette 
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mechanisms. 

Cylinder C reciprocates if foot operated valve G is olosedi 

provided, valves 3 and 4'are relaxed (cylinders A and B are. 

exhausted), valve M is open (cylinder A piston is not fully 

negative) and valve 1.is relaxed (cylinder C is fully negative).. 

On operating GI  mains air changes the pilot operated valve W and 

mains air drives C positives the speed is controlled by regulator 

R3. When C is fully positive, valve 5 exhausts through regulator 

Rkasid relaxes, mains air changes valve.W and mains air drives C .  • 

negative. When C is fully negative, valve 1 relaxes thus changing 

W to drive C positive. This sequence continues so long as 0 

remains operated: when G is closed the sequence continues until C 

is fully negative. 

To discharge the remaining culture to waste, valve F is 

returned to its original position thus exhausting line I air and 

passing mains air to line II (assuming valve 1 is relaxed C 

Hilly negative). Line II air fills cylinder B through reservoir 

2, so that cylinder 3 (and therefore A) moves slowly: the movement 

is not as slow, or as smooth, as when restricting exhaust air flow 

(which is not possible here), but is smooth enough since one is 

simply moving culture already in the syringe further into the 

syringe. Whilst B is going positive, pilot air in valve 6 is 

exhausting through regulator R5. When the valve relaxes, which 

is some time after B is fully positive, line II air passes to 

line Ild, line IId air changes 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. 

Components 

Cylinders 

Valves- s, nr, '177 

Valves V, • T 

Valves 1 — 6 

Valve F 

Valve 0 

Regulators R11  R3, 

Regulators R2,•- R4, 

Valve 

Sohrader, 

Martonair, 

Martonair, 

Martonair, 

Martonair, 

Martonair, 

R6 	Martonair, 

R5 Martonair, 

Davis Pneumatics;  

fie-  491 

type 5.556/3 

type 5.560/3 

type S.560/42 - 

type S.556/7 

type 3.256 

type S. 577 

type S.836 

type MV-10 (Mead) 
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Appendix 3.2 The Control System of the Serial Diluting Apparatus  

Tho control system is based on an 18 way, 12 position, rotary-

solenoid operated switch, Ledex II (N.S.T.P. Ltd.) 	This is energised, 

through two eleotro-magnetio relays, by micro-switches fit. S.I1 and 

MS.I2a, situated at either end of the stroke of the pneumatic - 

cylinder driving the diluting syringes respectively, and by micro- 

switches U.S.II1 and M.S.II2a, situated at either end of the stroke 

of tho.pneumatio cylinder which raises and lowers the pipette 

holder respectively: the cylinders are operated by pilot-operated. 

air-solenoid valves I and II 	typo EP.125/8) rospeotivoly. 

The contact arrangements of the switches on Lodox II are shown in 

fig. 

To prepare the apparatus the power supply is switched on and 

relay M/5 (fig. A5) is energised and locked on by contact n.2: 

oontaots 11.1 and M.3 open, contact M.5 closes and contact 11.4 

changes over: relay Y/2 is also energised. 	is olosed, 

delay relay LQAT3/1 is energised and, after a delay of approximately 

5 seconds, contact LQAT3.1 oloses, thus energising relay L/5 which 

is looked on by contact L.4: contacts L.1 and L.3 open and contacts 

L.2 and L.5 close. 

The pipettes are loaded into the pipette holder which is then 

turned to the operative position so that 	is switched to the 

position shown. 	is operated to energise Ledex II (through 
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closed interlock 1.I.2 - see below) which turns from position 6 
(in whioh position it had stopped when the apparatus was last used) 

to position 7, and to de-energise Y/2. Contact L411.2 energises 

air-solenoid II thus lowering the pipette holder. When the holder 

reaohes the end of its stroke, 141.S.II2b oloses to energise air-

solenoid I which operates the 'diluting' oylinder so that the 

broth/antibiotic mixture is sucked up into the pipettes: the 

machine stops so that the operator may chock that the pipette/syringe 

systems are not leaking. On depressing S.W.5, relay M/5 is 

de-energised, oontaots M.1 to LIN  5 revert to the positions shown and 

the motor starts to rotate: M.S.I2b is an interlock which ensures 

that S.W.5 is ineffeotive unless the 'diluting' cylinder has reached 

the end of its stroke. 	Since U.S.II2a  and L.II 10 are closed, 

relay A/i is energised and oontaot A.1 de-energises relay B/1 

(which has been energised throughout). After a short interval, 

oontaot Bl closes to actuate Ledex II which turns to position 8. 
L.TI.1 is opened to de-energise air-solonoid I so that the fluid 
in the pipettes is ejected into the tube. and L.II.10 is opened 

to de-energise A/1. energise B/1 and open B.1. When the diluting 

cylinder reaches the upper end of its stroke. M.S.I1  is closed and. 

since-  L.II.7 is olosed. A/1 is energised to turn Ledex II to 

position 9. 	L.II.1 is closed to operate the 'diluting' cylinder 

thus sucking fluid into the pipette. When the cylinder reaohes 

the end of its stroke. M.S.I2a  is operated and, since 1.11.8 is 

olosed. A/1 is energised to turn Ledex II to position 10 from whioh 
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it automatically 'homes' to position 1 (the 'homing' device circuit 

diagram is in fig. A4), When Ledex II is in position 1, the 

contacts are in the same state as they aro 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' 

process, is repeated two more times until Ledex II is in position 5, 

the broth is ejeotea and tucked up two more times. In position 5, 

L.II.1 is olosed, thus keeping the fluid in the pipettes, but L.II.2 

is operated to raise the pipette holder. When the holder reaches 

the end of its stroke, M.S.II1  is closed and, since L.II. q is closed, 

A/1 is de-energised to turn Ledex II to position 6. L.II.3 is closed 

to operate relays X/1 and Z/1. Contaot X.1 changes to de-energise 

the brake and energise the clutch, thus rotating the rack of tubes, 

and consequently, the actuator of 	CI in fig. 22) is raised 

out of its groove on disc F (fig. 22): U.S.III changes over from the 

position shown to maintain power to Z/1 and X/1. Then Z/1 is 

energised, contact Zel opens and, after a short interval, relay D/2 

(which has been energised throughout) is de-energised to open 

contact D.1 and close contact D.2. When the mioro-switoh actuator 

drops into the next groove, M.S.III changes to the position shown, 

thus energising Ledox II, through L.II.l1 and D.2, which turns to 

position 73 when 	changes to the position shown, X/1 and Z/1 

are de-energised to stop the rack of tubes rotating and to 

energise D/2 so that contact D.2 closes and contact D.2 opens. 

In position 7, L.II 2 is olosed to energise air-solenoid II. 
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The pipettes are lowered and M.S.II2a  is olosed: since L.II 10 

is closed, A/1. is de-energised to turn Ledex II to position 8. 

The sequence of events that has taken place since Ledex II 

was last in position 8 repeats until stopped, either manually or 

automatioally. The mechanism for stopping the sequence is based 

on another rotary-solenoid operated switch, Ledex I, and relay' Y/2. 

To stop the machine automatically, S.743 is turned to select the 

number .of dilutions required. 	Eaoh time Ledex II turns to 

position 1, contact L.II.14 operates relay 1//1 which in turn 

actuates Ledex I. When contact L.I.1 reaohes the position 

corresponding to the position S. T.3 is in, Y/2 is energised and 

locked on by contact Y.2: Y/2 may also be operated manually, by 

means of S.W.41  at any time except when Ledex II is in position 6. 
Contact Y.1 opens when Y/2 is energised and consequently, the 

machine will stop when Ledex II next turns to position 6, because 

Y.1 prevents X/1 and Z/I from operating. The machine stops, 

therefore, with the pipettes raised and with the pipettes containing 

1 ml. of the final dilution of antibiotic: the machind will stop at 

no other point in the sequenoe, but in an emergency the pipettes 

may be raised, by means of 	whilst the sequence to position 6 

is completed. When the pipette holder is turned to the loading 

position, M.S.IV is changed from the position shown, thus, de-

energising air-solenoid I, to eject the final 1 ml. to waste, 

energising M/5 and stopping the motor. 

The apparatus is now in its original state and ready for 
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further use. 	Ledex I is returned to position 18, through L.II. 

16 and 11.5, when S.Z.1 is operated to turn Ledex II from position 6 

to position 7, at the beginning of the complete sequence of events: 

'L.I 2 is an interlock which ensures that S..1 is ineffective when 

the. machine is operating. 

Further details of the mechanical design of the serial 

diluter than those given in the text are in figs. A6 and A7. 
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PNEUMATIC APPARA I 	IIAS hitherto 
been very little used in medical and 
biological engineering but, in the 
course of an investigation of the 
possibilities of automation and 
mechanization in diagnostic bacterio-
logy, we have demonstrated the 
practicability of utilizing pneumatic 
components in apparatus used in 
pathological laboratories. In this 
article we describe one such piece 
of equipment. 

As a result of infection, a sub-
stance known as antibody is found 
in blood and tissue fluids: it counter-
acts infection. Consequently, the 
presence 01 antibodies in human 
serum is often sought as an aid to 
diagnosis, a common method being 
to add an antigen. a substance V, hick 
stimulates the formation of anti-
bodies, and to study the reaction: 
the test is highly specific because 
antihodies often react only with the 
antigens which stimulate their pro-
duction, and therefore a positive 
reaction not only indicates the 
presence of antibodies hut greatly 
assists in identifying the microbe 
associated with the antibody. 

There are many antigen-antibody 
reactions but we are particularly 
interested in those involving a class 
of antibodies known as complement-
fixing, complement being a sub-
stance present in fresh normal serum. 
In this type of reaction, complement 
added to the serum-antigen mixture 
is removed if antibodies are present 
in the serum but otherwise it remains. 
Thus, if one can detect complement 
in such a mixture, the presence of 
antibodies in the serum, and thus of 
infection, can be determined: some 
complement-fixation reactions pro-
duce an invisible effect and in these 
cases complement is detected by 
means of a second, similar, reaction 
which produces a visible effect. 

In principle, therefore. the pro-
cedure involves dispensing a variety 
of different reagents into a set of 
receptacles containing serum, and, 
in order to obtain a quantitative 
result, the quantity of each reagent 
has to be controlled. 

A common complement-lixation 
reaction is that used to diagnose 
syphilis, the antigen used being 
known as the Wassermann antigen. 
In our laboratory we also test the 
serum against another antigen and 
the complete procedure involves 
placing a quantity or serum into 
each of four tubes and dispensing 
different volumes of six different 
reagents. With many sera to be so 
tested. this is a tedious and time 
consuming procedure and one that 
lends itself to mechanization. 

The mechanism for dispensing 
each reagent consists of a syringe 
attached to a simple pin valve 
assembly (Fig. 1): the syringe piston 
is moved to suck up and expel the 
fluid. 0.1 ml. of each of four re-
agents is dispensed and therefore 
four syringe pistons are actuated by 
the same mechanism: since a variable 
speed, reciprocating linear motion is 
required, the obvious choice of 
mechanism is the pneumatic cylinder, 
the stroke length. and hence the 
'volume dispensed. being adjusted by 
a simple screw-thread de\ ice. 0.18 ml. 
and 0.28 nil. oh the fifth and sixth 
reagent respectively are dispensed by 
independent mechanisms. 

A Fig. 1. .4 valve-syringe-cylinder system. 

y lig. 2. .4 view at the apparatus showing 
tube racks and valve outlet holder. 

4 
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A The mechanism for turning the rotary table. 

The tubes containing the sera are 
placed in a removable rack which is 
attached to a rotary table (Fig. 2); 
the four tubes containing one 
patient's serum are in a straight line 
along a radius. Each set of tubes 
moves into position under the valve 
outlets which are fixed, over appro-
priate tubes, in a holder. This is 
attached to a cylinder which moves 
the valve outlets radially : one re-
agent is required in each of two 
adja-ent tubes. If we designate the 
three dispensing cylinders A (0.28 
ml.), B (0.18 ml.) and C (4 x 0.1 ml.) 
and the cylinder attached to the 
valve outlet holder D, the required 
sequence of events is: 
A+, B+, C+, D+, B—, A—, C—, 
B+, D—, B—, rotate table, continued; 
or when grouped, as shown in the 
circuit diagram. 

A sequentially operated controller 
is preferred, and the simplest 
approach is to have each cylinder 

piston actuate a trip valve at each 
end of its stroke. However, the stroke 
length of three cylinders is approxi-
mately I in. so mechanically operated 
valves are unsuitable. Diaphragm 
valves are a suitable alternative. To 
control the stroke rate of the cylin-
ders, uni-directional flow regulators 
are used: with S778 miniature cylin-
ders, only 5577 regulators give the 
degree of control required. However, 
if the pilot air from the diaphragm 
valves is exhausted through these 
regulators the delay in actuating the 
valves is considerable. Consequently 
they are provided with independent 
S836 uni-directional flow regulators 
which give adequate control of the 
delay. 

The circuit diagram excludes the 
electro-pneumatic system for rotating 
the table and delaying the initiation 
of the cycle until the next set of tubes 
is in position: this is essentially an 
interlocking device with pressure  

indicators, in Group IV and Group I 
air lines, actuating electrical micro-
switches and a solenoid operated 
valve. 

When the S.256C/3 valve is oper-
ated, a Group I pilot air signal 
reverses the control valves of cylin-
ders A, B and C: these cylinders 
outstroke. The pilot air in valves 1, 2 
and 3 slowly exhausts to atmosphere, 
the valves operate and a Group I 
pilot air signal passes through them 
to reverse the control valve of 
cylinder D: this cylinder outstrokes. 
The pilot air in valve 4 slowly 
exhausts, the valve operates and a 
mains air signal passes through it to 
select Group II air. 

A Group II pilot air signal 
reverses the control valve of cylinder 
B: the cylinder instrokes. The pilot 
air in valve 5 exhausts, the valve 
operates and a Group II pilot air 
signal passes through it to reverse 
the control valves of cylinders A 
and C: the cylinders instroke. Valves 
6 and 7 operate and a Group II air 
signal passes through them to select 
Group III air. 

Group III air reverses the control 
valve of cylinder B: the cylinder 
outstrokes. Valve 8 operates and the 
control valve of cylinder D is 
reversed: the cylinder instrokes. 
Valve 9 operates and a mains air 
signal selects Group IV air. 

Group IV air reverses the control 
valve of cylinder B: the cylinder 
instrokes. Valve 10 operates and a 
Group IV air signal selects Group I 
air: the sequence is repeated until 
the start valve is reversed. 

Whilst our embodiment performs 
only the procedure adopted in our 
laboratory for the diagnosis of 
syphilis, very similar apparatus could 
be used to perform any complement-
fixation or similar reaction. 

The machine is not very sophisti-
cated but it demonstrates that pneu-
matic apparatus has a place in 
pathological laboratories and that 
designers of medical laboratory 
equipment might well make more 
use of the range of components now 
available: it is clear there is no 
reason why similar apparatus should 
not be used in any hospital depart-
ment. 

A Showing the control unit of the apparatus. 
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The work load in many bacteriological depart,  
ments has been increasing 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 subjected 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 
discrete 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 therefore 
the most urgent aspect of the problem, is mani-
pulating the specmens, 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 
M.I.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 antihiotio 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 give a 
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.C., in human serum, is also perform-
ed. After incubation, one observes which dilu-
tion of serum contains sufficient antibiotic 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 pump. 

In the serial diluter, the test tubes are 
mounted in a circular rack which revolves under 
four P.T.F.E. 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: 41 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 
number 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 
situ and approximately 1 ml. of culture is drawn 
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 ejected to waste and the 
syringe and needle are discarded. 

Both machines are constructed almost 
entirely of commercially available components 
and are controlled by electro-pneumatic logic 
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 diagnostic 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 10 % 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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made of a straight length of polytetrafluorethylene 
(p.t.f.e.) tubing connected by a flexible tube to a 1 ml. 
syringe which is operated mechanically to draw up and 
expel the fluid. The pipette-syringe unit is mounted in 

O 
such a way that the pipette can be lowered automatically 
into the tubes for the dilution and mixing steps. 

- - x' a 

C. 

A. 

Not drawn x 
to scale. 

FIG. 1. Drawing of syringe-pipette system. 
A Polytetrafluorethylene tubing; 	B Luer lock 
connector; 	C silicone tubing; 	D syringe barrel; 
E fixed 	brackets; 	F adjustable 	device; 
G syringe piston; I pneurn-tic cylinder; 
K adjustable device. 

CONSTRUCTION OF THE DILUTING MACHINE 

THE LIQUID TRANSFER ASSEMBLY (Fig. 1) A syringe is con-
nected, by a Luer connector, to a length of silicone tubing 
and this in turn is connected to a piece of p.t.f.e. tubing 
A by a Luer lock connector B. The female part of the 
Luer lock connector is linked to the p.t.f.e. tube by a 
short length of silicone tubing C. The syringe barrel D 
is mounted between two fixed brackets E, with the aid 
of device F which is adjustable to allow for tolerances in 
the external dimensions. The syringe piston G is con-
nected to a 1 in. diameter double-acting pneumatic 
cylinder I, the inward stroke length being varied by 
device K. 

The p.t.f.e. tube, which has a ,13  in. internal diameter 
and a -•5 in. outside diameter, is approximately bf in. 
long, so that 1 ml. occupies approximately 1 of its length; 
there is therefore no risk of the fluid being drawn into 
the flexible connecting tube. By disconnecting the pipette 
at the Luer lock connector a replacement can be intro-
duced very quickly. Using a Sumit tuberculin syringe, 
the apparatus repeatedly transfers 1 ml. within a tolerance 
of 1%. 

Four pipette-syringe units have been mounted to-
gether (Fig. 2) so that up to four separate series of 
dilutions can be performed at one time. The four syringes 
are operated by a single pneumatic cylinder and con- 

FIG. 2. Photograph of diluting 
machine showing four syringe-
pipette units mounted together and 
a rack of dilution tubes. 
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FIG. 3. Close-up view of pipette holder. 

sequently the stroke lengths are not independently 
variable. However, we have found that the syringes in 
use, which were not especially selected, have a spread in 
volume transferred of ± 0.5% and so one can quote an 
overall accuracy of ± 2%. 

The pipette holder (Fig. 3) is comparatively compli-
cated, but it enables the pipettes to be aligned properly 
without the operator having to spend a great deal of 
time checking and altering their positions. It is raised 
and lowered by means of a second double-acting pneu-
matic cylinder. 

One advantage of a pneumatic cylinder over an elec-
trically driven reciprocating mechanism is that the stroke 
rate in either direction is independently variable; fine 
speed control is obtained simply by the turn of a screw 
thread in a unidirectional air-flow regulator placed in 
each exhaust air line. This facility is very desirable be-
cause one needs to draw up the mixture into the pipette 
very slowly, in order not to create too much turbulence, 
to prevent air being sucked up, and to ensure that there 
is no 'overshoot'. On the other hand, the liquid should 
be ejected at a much greater rate in order to provide 
efficient mixing and to ensure that all the liquid is ejected 
from the tip of the pipette: in some devices the drop 
left in the tip can be as much as 20% of the volume trans-
ferred. 

This is a simple, flexible method of transferring liquids; 
any small volume may be transferred merely by using 
an appropriately sized syringe, although if used for 
volumes smaller than 0.5 ml. the accuracy would prob-
ably be reduced. The mechanism is so arranged that the 
meniscus always rises to the same level in the pipette, 
thus eliminating one source of error often present in 
manual methods. 

The device can simply be made into a heat sterilizable 
liquid dispenser by attaching a suitable valve mechanism 
to the nozzle of the syringe. There are many applications 
for both devices. 

a  0 C316  
\I 	b  0 -) ( 0 

0 0 

FIG. 4. Drawing of mechanism for automatically feeding 
the dilution tubes (not to scale). A Induction motor; 
B electromagnetic clutch; C shaft;  D electromagnetic brake; 
E thrust-race; F grooved disc; G splined rod; H lug; I rack; 
M microswitch. 

AUTOMATIC FEEDING OF DILUTION TUBES There are a 
number of 'fraction collector' type devices available 
today but it is surprisingly difficult to find a cheap, 
compact system that will accommodate only a small 
number of tubes in a rack that is both small and re-
movable. Consequently it was decided to build one 
especially. 

Figure 4 is a drawing showing the principle used, which 
is, briefly, as follows. An induction motor A runs con-
tinuously, and its shaft is connected to the armature of 
an electromagnetic clutch B. The rotor of the clutch is 
connected to another shaft C which runs through an 
electromagnetic brake D and thrust-race E. The arma-
ture of the brake is attached to this shaft and the fields 
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of both clutch and brake are fixed. 
A disc with 12 grooves round the circumference, F, 

is mounted on this shaft and actuates a microswitch M 
which in turn operates the clutch-brake system in such 
a way that the shaft will stop at 12 positions per revolution. 

Attached to the top of the shaft is a splined rod G. 
There are 12 splines and a lug H fixed on the racks. I 
will fit any of the splines, thus enabling the rack to be 
mounted in any position. 

The brake is necessary to prevent the rack over-
shooting its correct position and to ensure that the 
splined rod is not rotated when removing or replacing 
the racks. 

Figure 4 shows the layout of the racks; the inner two 
rows a and b each contain 12 tubes and the outer row c 
contains 24 tubes. The layout of the pipettes is such that, 
in effect, we have four series of 12 tubes (or, say, eight 
series of six tubes). The overall diameter of the rack is 
7 in. 

This mechanism has a simple basic principle and by 
varying the number of grooves on disc F, the shaft C 
can be made to stop at any number of positions per 
revolution; consequently, any number of tubes can be 
accommodated, facilitating its use in a variety of applica-
tions. With a device for moving a dispensing head it 
makes a versatile fraction collector. 

THE COMPLETE APPARATUS Figure 5 shows the complete 
apparatus. The mechanism for feeding the dilution 
tubes is mounted in the centre of the right-hand unit 
and the liquid transferring mechanism is in the right 
background. On the left-hand side of the motor is the 
chassis containing the solenoid valves and the unidirec-
tional air-flow regulators that control the pneumatic  

FIG. 6. Circuit diagram of pneumatic air cylinder control 
system. 

cylinders; Fig. 6 is a drawing of the air control circuit 
for each of the cylinders. In the right foreground (Fig. 5) 
is the mechanism for raising and lowering the pipette 
holder. 

The left-hand unit is the control system which pro-
duces the following sequence of events. On starting, 
after having placed the prepared rack and pipettes into 

FIG. 5. Photograph of 
apparatus. 
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FIG. 7. Photograph of 
apparatus in use. 

position, the pipettes are lowered into the first tube of 
each series and 1 ml. of broth and antibiotic is sucked up 
into each pipette. After a short delay, this 1 ml. is put 
back into the tube, sucked up and replaced twice and 
sucked up again. The pipettes are now raised, the rack 
rotated, the pipettes lowered into the second tube of 
each series and the procedure is repeated: as no bacteria 
are present, the same pipettes are used throughout. 
The number of times that the cycle is repeated is 
pre-selected by a 12-position switch and the machine 
stops with the pipettes raised and containing 1 ml. of the 
final dilution. When the pipette holder is rotated in an 
anticlockwise direction to the position shown in Fig. 2 
the final 1 ml. is automatically ejected into a waste tray. 
Figure 7 shows the machine in use. 

The instrument is controlled by a sequentially operated 
electrical system. Post Office electromagnetic relays 
and solenoid-actuated rotary switches are utilized, to-
gether with microswitches which operate when the 
pistons of the air cylinders reach the end of their strokes. 
The advantage of the sequentially operated system 
over a timed sequence is that if one step in not completed 
properly, the machine will stop. The operator will thus 
know that something is wrong, which is most important. 

It was decided not to use pneumatic control through-
out because, first, a counting mechanism is required; 
secondly, one wanted to keep the demand of air down 
to a minimum; and, thirdly, this particular sequence of 
events is more simply achieved by electrical techniques. 
However, the balance is fairly evenly divided and a 
pneumatically controlled system has its advantages, 
particularly if an unlimited supply of compressed air 
is available. 

THE USE OF COMPRESSED AIR 

It may be argued that pneumatic equipment, as used 
in this apparatus, requires a supply of lubricated corn- 

pressed air that is often not readily available in pathol-
ogical laboratories, whereas an electrically actuated 
system would require only the a.c. mains which is in-
variably available. At first this may appear to be an 
overriding consideration, but modern compressors are 
clean, compact and reasonably quiet and it is a simple 
matter to have one (cost of the order of £150) suitable 
for operating many pieces of equipment and to pipe the 
air to various points in the laboratory, as is commonly 
done in industrial and university laboratories today: 
if this practice becomes widespread in pathological 
laboratories, designers of medical laboratory equip-
ment will be able to use, to considerable advantage to 
all concerned, a vast range of equipment rarely considered 
hitherto because of lack of air supplies. 

We have shown that a practical alternative source of 
compressed air is the 110 cu. ft. cylinder: the machine is 
used exclusively in the laboratory and there is little 
difficulty in obtaining and handling the number of 
cylinders required. 

COMPARISON OF PERFORMANCE OF MACHINE 
WITH MANUAL METHOD 

It is a simple matter to test the accuracy with which 
1 ml. of liquid is transferred from one dilution tube 
to the next, but this operation is only one of many 
possible sources of inaccuracy in the serial dilution 
technique; poor mixing of the solution and diluent 
is another obvious source. In order to make a useful 
comparison between hand-made and machine-made 
series of dilutions, it was decided to obtain a measure 
of the concentration of the solution left in each 
dilution tube at the end of the procedure. We diluted 
a solution of Armour bovine albumin powder 
fraction V in distilled water and measured the optical 
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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, the initial 
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 itg./m1., was prepared and the optical densi-
ties were measured. With a solution of 4,000 pg./mi. 
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  

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 
± 7.5 % in one case and as good as approximately 

FIG. 8. Graphs showing measured optical 
densities of hand-made and machine-made 
dilutions 3 to 6 plotted on identical, but 
vertically displaced, calibration curves. 
x , 0, • —measured concentrations (µg./nil.) 
dilutions 3 to 6 respectively (limiting points 
only). 
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± 1 % in another (Table I), whereas the machine is 
consistently within ± 2 %. 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 
SPEED AND ACCURACY OF MANUAL AND MACHINE 

OPERATIONS COMPARED 
Operator 	Percentage Error in 
No. 	 Volume Transferred 

Maximum 	Maximum 
Positive 	Negative 

Min. Sec. 

6.9 2.3 15 
2 2.5 1.9 17 
3 6.0 3.2 17 
4 6.5 1.1 35 
5 7.7 2.1 2 0 
6 8.0 7.4 2 0 
7 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 
13 4.7 2.7 3 
14 3.2 1.6 3 
15 4-2 4.7 3 5 
16 6-4 5.2 4 
17 0.7 1.1 4 40 
18 4.8 1.1 5 
19 4.3 5.5 7 30 

Eleven out of 19 people performed one series of 
12 dilutions in under 21 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  

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 
I 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. 

We are greatly indebted to the Trustees of the Nuffield 
Foundation who are financing the project. 

The technical assistance of S. Haskey, G. Dickerson, 
and J. R. Robinson is gratefully acknowledged. 
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