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SUMMARY

This thesis reports on the study of a number of strains 
of bacterial spores to identify potential biological indicators 

for sterilization by Low Temperature Steam and Formaldehyde.

The introduction includes a summary of the kinetics 
of sterilization processes together with methods of process 
validation including biological monitoring. Current theories ex

plaining the resistance of bacterial spores and factors which 
affect resistance to both heat and chemicals are discussed.
The experimental is divided into five sections. The first 
reports on the growth and sporulation of twenty strains of 
Bacillus species on three chemically defined sporulation media 
and the germination index of the resultant spores.

In the second section experiments are reported where the

moist heat resistance of these spores in aqueous suspension
was determined and spores of six strains were selected for

detailed investigation. The moist heat resistance of these
o ospores over a range of temperatures from 120 C to 70 C is 

then described. The third section reports a detailed 
investigation into the resistance of B. subtilis Trav 5230 

to formaldehyde in aqueous solution and compares the resistance 
of all six strains to this treatment.

The design and construction of an experimental apparatus



to expose spores to Low Temperature Steam and Low Temperature 
Steam and Formaldehyde is then described. The final two experi

mental sections describe methods used to examine the resistance 
of spores of the six selected strains to LTS and LTSF using 

this apparatus.

The findings of these experimental sections are discussed 
in relation to concepts of bacterial spore inactivation and 

compared to published work.
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ORIGIN AND SCOPE



Many items in current medical practice have to be sterile 
in order to protect the health of the patient. The established 
method of choice for sterilization is autoelaving in high 

pressure steam. This method has been found to be reliable 
and also is precisely defined in physical terms and automatic 

sterilizers have been developed. However, many items, such 
as bronchoscopes, cytoscopes and external pacemakers, will 

not withstand this process and for these items a combination 
of sub-atmospheric steam and gaseous formaldehyde has been 

found useful. Normal temperature and pressure measurements 
do not provide enough information for control of Low Temperature 
Steam Formaldehyde (LTSF) sterilization and biological indicators 
have to be used to monitor the process. Commercially available 
bacterial spore strips vary widely in their response and those 
currently available are not intended specifically for LTSF.

This investigation was initiated to examine the growth and 
sporulation of a number of spore forming bacteria and then to 
measure the resistance of the resultant spores to the parameters 
of LTSF sterilization with a view to selecting a suitable indicator 
organism. Using the selected organism investigations into 

sterilization efficiency can then be carried out.



CHAPTER 1

INTRODUCTION



1.1 STERILIZATION

Sterilization is the process of killing or removing micro
organisms. A sterile material contains no living organisms and 

so a sterilization process must be capable of coping with all 
micro-organisms, including the most resistant bacterial spores.

The process is therefore distinct from disinfection, which is 
the destruction of harmful micro-organisms and is not intended 
to include the most resistant spores.

The term sterile, therefore, is an absolute one. However, 
the killing or removing of bacteria follows a probability function 
and there is always a finite probability of an organism surviving 

any given treatment. Sterilization methods are therefore designed 
to reduce this probability to a minimum.

A sterile preparation can be produced by exposure to defined 
physical or chemical agents for known periods of time. Three 
types of agent are used to kill micro-organisms, namely heat, 

radiation and toxic gases. In addition, micro-organisms can be 
removed from solutions by passage through a filter which will 

retain them.

For heat sensitive equipment only ionizing radiation and 
toxic gases are applicable. Processing of reusable items 
needs to be as rapid as possible, so at present non-disposable, 

heat sensitive items are only sterilized by chemical methods.

Many chemicals are toxic to micro-organisms but only gaseous



ethylene oxide and formaldehyde are of value as sterilizing 
agents as opposed to disinfectants.

To decide on an adequate level of treatment to achieve 
sterility with a physical agent it is assumed that organisms 

present in any load will not be more resistant than the most 
durable bacterial spore. The particular spore is chosen as 

a reference organism on the basis of its resistance to the 
particular sterilizing agent. The choice of period and intensity 
of treatment is then made on the basis of the quantitative 
response of these bacterial spores.

1.2 KINETICS OF BACTERIAL SPORE imCTIYATION
Sterilization by moist heat and radiation^^® been exten

sively studied and in both cases, to a first approximation, 
the fraction of the spore population surviving decreases expon
entially with-time. Spore inactivation is graphically expressed 
as a plot of surviving fraction on a logarithmic scale against 
time of exposure or radiation dose on a linear scale. The shape 
of such curves is independent of the initial number of spores and 
four basic forms of survivor curves have been shown to occur 

for inactivation by moist heat. These are illustrated in 

Figure 1.

Curve A follows an exponential relationship where a constant 

fraction of the population is inactivated per unit time. In this 
case first order kinetics may be applied and the curve can be



fio
+Jüfi
Ê

g
>Efiw

o10

-110

-2

-310

-4lO
Time of Exposure.

FIGURE 1. Types of Time-Survivor Curves for Moist Heat 
Inactivation of Bacterial Spores.



described by

N _ -kt / I X~  - e ...(eq. 1)

where N = initial viable count o
N = viable count at time t 
t = exposure time 

k = inactivation rate constant.

In this equation, k, the inactivation rate constant, is the 
slope of the line. This gives a numerical value for the sensitivity 
of spores to the treatment, an increase in k indicates an increase 
in sensitivity.

Type B curves, in which there is an initial shoulder or lag 
period, have been shown to occur with spores of Bacillus stearo
thermophilus NCA 1518 equilibrated to various water activities 
and the following relationship proposed (1)

(log - log N)^ = kt + c ^..(eq.,2)

where exponent a is intended to linearise the shouldered curve. 

When a = 1 the curve is log-linear. If c = O the data exactly 

fits equation 2.

k is the slopei-of the linearised line and a is the reciprocal 

slope of a plot of log (log - log N) against log time (2).



Curve type C shows a decreasing death rate with time. A 
small proportion of Clostridium botulinum spores will survive 
prolonged heating (3) and a high resistance to 90°C is shown 
by a fraction of Bacillus cereus spores (4). This is due to 

the distribution of heat resistance within the population rather 

than the selection of heat resistant mutants as spores cultured 

from resistant survivors are not more resistant than the original 
population (4,5).

Heat activation of bacterial spores, first described by 
Curran and Evans (6,7), leads to survivor curves of type D.
A sharp initial rise in viable count is due to the activation 
of dormant spores and inactivation follows at an increasing 
rate until the curve is exponential (8,9).

The period of heating required for activation is dependent 
upon the temperature used and the strain (10) . This heat 
treatment has been shown to alter the germination requirements 
of certain strains. For example, a decreased requirement for 

hexose sugars for the germination of Bacillus megaterium spores 
(11) and reduced amino acid requirement for the germination of 

B. cereus spores (12) have been observed after heat activation.

The kinetics of type D curves are more complex and have been 
described by the following equation (13)

cxN
A = A e"kt + o (e"Gt _ g-kt) ...(eq. 3)u o k-ot



where A and A^ are the numbers of activated spores at times o t
t = O and t = t

and are the numbers of dormant spores at t = O
and t = t

and are the total number of spores at t = 0 and
t = t ( L = A + N )o o o

a = activation rate constant
k = inactivation rate constant (derived from the linear 

portion of the curve)

A^e represents the inactivation of activated spores and the 
remainder of the equation is the activation and subsequent death 
of the original non-activated population.

1.3 MEASURES OF SPORE RESISTANCE

A number of terms are used to express the resistance of 

bacterial spores. These are generally based on the assumption 
of logarithmic death and first order kinetics.

Inactivation Rate Constant (k)
As already stated, the inactivation rate constant, k, is 

the slope of logilinear survivor curves and gives a measure of 

spore sensitivity. Increasing k values indicate increasing 
sensitivity.



Decimal Reduction Time (D-value)

The D-value is the time taken at a fixed temperature to reduce 
the viable population by 90%, i.e. one log cycle. The temperature 

of inactivation is shown as a subscript i.e. D^g^ the Decimal 
Reduction Time at 121°C.

where t = exposure time
N = initial viable count o
N = viable count at time t

For type A curves, D-values can be calculated from the slope 
of the line. For curve types B, C and D the D-value is obtained 
from the linear portion of the curve (10).

Activation Energy of Bacterial Death (Ea)

Assuming first order death, the inactivation rate constant, 
k, can be related to the temperature employed using the Arrhenius 
Relationship

Ea
k = Ae RT . ..(eq. 5)

where k = inactivation rate constant 

A = Frequency Factor

Ea= Activation Energy of Bacterial Death 

R = gas constant 

T = absolute temperature ( K)



If log k is plotted against reciprocal absolute temperature
Eaa straight line of slope - is obtained from which the Activation

Energy of the lethal process can be calculated (14).

Z-value

The z-value is a measure of the effect of temperature change 
on the resistance of an organism and is a fundamental characteristic 

of that organism. It is the slope of a plot of D-value on a 
logarithmic scale against corresponding temperature on a linear 
scale. The value represents the increase in temperature needed 
to reduce the D-value of an organism by 90%.

Inactivation Factor(IF)
The inactivation factor indicates the fraction of a given 

type of organism that may be expected to be destroyed by 
exposure to specified conditions for a known time period.

The IF is given by:

tk
IF = 2.303 . . . (eq. 6)

where t = time
k = inactivation rate constant

or
IF = 10^^^ ...(eq. 7)

where D = Decimal Reduction Time (D-value)



10

The concept of IF is important in calculating the probability 
of an organism surviving a given treatment and therefore, with 
a knowledge of the initial bacterial load, the chance of obtaining 
an unsterile item can be found.

Figure 2 shows an example of a log-linear survivor curve.
Assuming there was an initial load of 10^ organisms and exposure

6 -3for time t gave an IF of 10 , there would be a probability of 10
of an organism surviving and a 1 in 1000 chance of obtaining an
unsterile itan.

In the case of type B survivor curves, the IF value can be 
overestimated and allowance must be made for the initial 

shoulder (15).

The IF values for official sterilization protocols vary 
enormously and therefore each process has a different safety 
factor. The IF for B. stearothermophilus spores autoclaved at 

121°C for 15 minutes is 10^ - 10^ whereas for 115°C for 30
minutes it is 10^. The IF for B. pumilus spores exposed 
to 2.5 Mrad of y-radiation in aqueous suspension is about 10^^.

1.4 MONITORING THE STERILIZATION PROCESS

Quality Assurance must be built into any sterilization process 

The degree of assurance depends upon the control of variables 

within the product and within the process itself. A knowledge of
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the inactivation of resistant spores makes it possible to design 
sterilization protocols which provide a large safety margin.
For a proven process, such as heat or radiation, it is possible 
to ensure sterilization conditions are produced by monitoring 
physical parameters such as temperature, pressure and time, or 

radiation dose. Chemical indicators are also available and these 

integrate time and temperature by means of a calibrated chemical 

reaction producing a visible colour change.

A biological indicator is a calibrated preparation of micro
organisms, usually bacterial spores, for monitoring a sterilization 

process and is another method of sterilization validation (16). 
Biological monitoring is considered superior to sterility testing 
of samples from a treated batch because of inherent problems of 
representative sampling (16, 17, 18). However, the best validation 
is provided by an accurate time-temperature profile, when the 
process is accurately defined in physical terms. Biological 
monitors are not routinely used to monitor high temperature auto

claves but are used to validate performance during commissioning.

In LTSF, however, possibilities exist for variations in 
temperature, pressure, formaldehyde concentration, uniformity of 

conditions due to stratification of formaldehyde, circulation 

and penetration. It is difficult to envisage either physical 

or chemical monitoring reliably measuring all these variables.

Only biological monitoring could integrate all these parameters 

and therefore biological indicators need to be included in all
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batches processed (19). Monitoring,procedures for LTSF sterilizers 
include tests for penetrative and sporicidal abilities (20) but 

the choice of the bacterial strain to be used in test pieces is 

critical (18). Currently, spores of B. stearothenaophilus intended 
for monitoring moist heat sterilization at temperatures over 

life have been used for LTSF. Their response has not been quanti

fied with respect to the parameters of LTSF and they are notoriously 
unreliable (20, 21, 22, 23, 24, 25). Spores of Bacillus subtilis 

var niger have recently been developed as biological indicators 
for ethylene oxide sterilization (26) but these would not be 
resistant to the temperatures employed in the LTSF process.

1.5 PROPERTIES OF AN IDEAL BIOLOGICAL INDICATOR

Ideally, the strain selected as a biological indicator could 

have a number of favourable characteristics. Firstly, the spores 
must be reproducibly inactivated by the sterilization conditions.
It is not necessary to have spores of the highest available 
resistance or type A survivor curves provided inactivation is 
consistent and reproducible. Secondly, spores should be aerobic 

and non-pathogenic for simplicity and to prevent the introduction 

of pathogens into autoclave loads.

Further, identification of the marker organism should be 
simple. This is to distinguish it from contaminants which may be 

accidentally introduced after testing. Such airborne contaminants
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do not generally grow at elevated incubation temperatures so the 

use of a thermophilic strain as the indicator would reduce the 

possibility of contamination producing a false-positive test 

result.

The requirements for spore production, harvesting and cleaning 
need to be as simple as possible. Spores of some strains have 
a low germination index. If only a small proportion of the total 
spore population will germinate and reproduce there is potential 
for enormous activation on heating and it may be difficult to 

distinguish between inactivated and dormant spores. Ideally a 
biological monitor should have as high a germination index as 
possible.

It is necessary for the spores to be presented to the steri
lizing conditions on an inert carrier such as paper, aluminium 
foil, kaolin or membrane filters which can be stored for seme 

years prior to use. The characteristics of the spore strain 
should be unchanged by storage under simple, defined conditions.

1.6 THE BACTERIAL SPORE
Members of the genera Bacillus and Clostridium are, respectively, 

the principal aerobic and anaerobic spore forming species. Spores 
may also be formed by other bacteria, e.g. Sporosarcinae (28), and 

thermophilic actinomycetes (29). Typically, bacterial spores 

are highly retractile structures which do not take up simple 
stains and have increased resistance to chemicals, heat and
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radiation compared with vegetative cells. They have the ability 

to remain dormant for long periods of time, survival for 300 years 
has been reported in dried soil (30) and in excess of 1000 years 
deduced for spores recovered from lake mud (31).

The structure of a typical spore is outlined in Figure 3.
It consists of a central protoplast (germ cell) surrounded by 
the cortex and then the spore coats, the outer spore coat being 
more dense than the inner. In ;Some strains, e.g. Bacillus 
polymyxa, an exosporium may be found outside the spore coats
(32) .

The macromolecular constituents of the protoplast are the 
same as those of the vegetative cell (32) and the protoplast 
contains the machinery for gene transcription and protein synthesis
(33). The cortex consists largely of peptidoglycan in a three- 
dimensional matrix (34). The spore coats are mainly protein in 
nature (35) with small amounts of complex carbohydrates and 
lipid (32). In Bacillus species there is an inner, laminated 
coat surrounded by the outer coat (36). The exosporium may be 
loosely fitting as in B. cereus (32) or have a three-layered 
structure as in the Clostridia (37).

1.7 THE RESISTANCE OF THE BACTERIAL SPORE

In order to exhibit a high resistance to LTSF the spores 
must show highthermoresistance and chemical resistance. As spores
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FIGURE 3. Diagramatic representation of the structure of 
a "typical" bacterial spore.

1

4

1. Protoplast.
2. Plasma membrane.
3. Cortical membrane
4. Cortex.
5. Spore coats.
6. Exosporium.
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do not exhibit equal resistance to chemical and physical 
agents then it is difficult to predict which spores will show 

high LTSF resistance. Table 1 shows the relative resistance 
of different spores to moist heat, dry heat or radiation. It 
can be seen that spores of B. stearotheimophilus strains have 

the highest resistance to moist heat but not to dry heat and 

Bacillus megateriuia ATCC 8245 spores are sensitive to moist 

heat but resistant to radiation. Spores of Clostridia are 
generally less resistant than spores of Bacillus species.

Again, resistance to one chemical is not necessarily related 
to resistance to another chemical, heat or ultraviolet radiation 
(38). Although the mechanism of spore heat resistance may 
be important in determining chemical resistance, there is no 
correlation between heat resistance and resistance to such 
chemicals as ethylene oxide (39), chlorine (40), phenol (41) 
or hydrogen peroxide (42).

Spores of different species have markedly different resistance 
to chemicals. B. stearothezwophilus spores are more resistant 

than Ci. botulinum spores to hydrogen peroxide (43) and B. subtilis 

spores more resistant than Clostridium bifermentans to chlorine 

(40). Variation in resistance also occurs between strains 

of the same species, as shown with the spores of B. subtilis 

strains and hydrogen peroxide (44).

Spore Heat Resistance
Although the property of heat resistance has been known for
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Table 1. Decimal Reduction Times for Bacterial Spores exposed 

to Moist Heat, Dry Heat and Ionizing Radiation.

Organism
Moist

Temp
°C

Heat
°10
mins

Dry
Temp
°C

Heat

^10
mins

Radiation
°10

M.rad.

B. stearothermophilus

1518 121 5.1 121 15 -

NCIB 8924 121 3.77 121 8 -

B. subtilis
NCIB 8054 95 4 ,8 121 108 0.23

B. megaterium

ATCC 8245 100 0.99 - 0.27

Cl. sporogenes 121 1.3 160 1.95 0.16-0.22

Cl. botulinum

Type 8E 77 0.77 - 0.138

From Russell, A.D. (1982). Destruction of the Bacterial Spore. 
Academic Press, London.
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many years the characteristics within the spore responsible for 
it are still not established. The discovery of dipicolinic acid 
(DPA) (45), which is solely distributed within the spore proto

plast (46, 47, 48, 49) led to speculation relating DPA to heat 
resistance. However, no correlation has been found to exist 

between DPA content and heat resistance (50, 51, 52) and DPA- 
negative mutants have been isolated which produce thermorésistant 
spores (53).

It has been hypothesised that bacterial spores have a lower 
water content, at least in a critical portion of the spore, 
than vegetative cells (54). Dryness has long been known to 

increase the resistance of mould spores (55). The high 
refractive index of spores, which is seen as phase-brightness, 
could indicate a low water content in part of the spore (56) 
and decreased environmental e^ilibrium relative humidity has 
been shown to increase heat resistance (57). Spore enzymes are 

stabilized within the spore (58) and isolated enzymes have been 
stabilized to heat by a reduction in water content (59).

Spore heat resistance has been inversely correlated with 
the water content of the entire spore (60). It has been hypo
thesised that resistance is based on the extent of dehydration 
and diminution of the protoplast (60) and B. subtilis spores 

with the smallest protoplasts and the largest cortices have been 
shown to be the most heat resistant (38) .

This evidence suggests that low water activity within the
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spore protoplast is an important factor in heat resistance.
Two theories have been put forward in an attempt to explain the 
production and maintenance of the dehydrated protoplast.

The first of these is based on the contractile cortex.
It is hypothesised that the compressive contraction of the cortex 
during sporulation could keep the spore protoplast dehydrated by 
resisting its expansion (61). The cortex depends on peptido

glycan for its integrity (34) and contraction could be brought 
about by calcium, calcium dipicolinate or other cations(34).
The neutralizing or cross-linking of electronegative groups 
within the polymer could cause contraction around the core 
and resist expansive rehydration. However, cortex peptido
glycan does not appear to be essential for the development 
of phase-bright spores (62). Phase-brightness is dependent 
on calcium binding to protoplast membrane phospholipid(63, 64).

The second explanation proposes an expanded nature for the 
cortex (65). This has been supported by observations that peptido
glycan in spores is less dense than in vegetative cell walls (66). 
The peptidoglycan could be expanded by the repulsion of 
negative charged groups on the acidic polymer structure (66) and 
could be maintained by low salt levels. The structure would 
collapse if salt levels increased. As with the contractile 
cortex, the expansive rehydration of the spore protoplast is 
resisted.

Recently it has been suggested from ^H-NMR studies that the
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spore protoplast contains as much water as the cortex and the coat 
and that this water in the protoplast is more mobile than in the 
outer layers (67). It is proposed that essential macromolecules 
in the protoplast are stabilized by non-covalent interactions 

with calcium dipicolinate acting as a solid support. Other small 

molecules, such as glutamic acid, sulpholactic acid and 3-phospho- 

glyceric acid which are present in the protoplast in high concen
trations, may play a role in this structure, especially in DPA- 
negative mutants.

Spore Chemical Resistance
The mechanism of spore heat resistance may be important in 

chemical resistance but other factors must also be involved as 
there is no correlation between thermoresistance and chemical 
resistance (68).

a) Role of the spore coat:

An intact spore coat has a protective effect against the 

action of some chemicals. The isolation of mutants with either 
defective spore coats or coats of increased thickness have shown 
that the coat provides some protection from ethylene oxide 

(69, 70, 71), hypochlorous acid (69) and octanol (69, 72) in 

B. subtilis spores. The outer layers of the coat appear to be 

responsible for octanol resistance (72). Coat defective mutants 

are also more sensitive to chloroform (73) and mutant spores 
of Cl. bifermentans with coats which are less permeable to 
germinants are more resistant to hypochlorous acid (74, 75). Spore
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coats can be altered by reducing disulphide bonds and this reduces 
resistance to hypochlorous acid in spores of Cl. bifermentans,

B. cereus and B. subtilis (76) and reduces resistance to hydrogen 
peroxide in Cl. bifermentans (77). However, although spores with 

intact coats are lysozyme-resistant (78), spores of B. cereus which 

are sensitive to lysozyme are not more sensitive to sodium hydroxide, 

ethanol or hydrogen peroxide (69). An intact coat provides no 

protection from glutaraldehyde in B. pumilus spores (79).

Although it provides some protection from some chemicals, 
an intact coat offers no protection from most chemical agents.
It seems unlikely that the coat would act as a barrier to small 
molecules such as ethylene oxide (70) but some chemicals may 
be neutralized by the coat, thus preventing their entry to the 

protoplast (68).

b) Role of the cortex and protoplast:
In spore formation, cortex synthesis occurs with the

development of resistance to chloroform, ethanol and octanol (73).
Evidence for a role for protoplast structure in chemical resistance
has been provided by studies on Cl. bifermentans. Spores of
this species have protoplasts with an increased capacity to

bind Cu^^ and P.b̂  ̂ions (80). Pre-incubation with Cu^^ reduced
the resistance of these spores to hydrogen peroxide but had no
effect on the resistance of other species which do not bind 

2+Cu (81, 82). Compared to other species, these spores are 

also less resistant to chlorine (74), hydrogen peroxide (77) 
and a combination of glutaraldehyde and formaldehyde (68).
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1.8 FACTORS INFLUENCING SPORE RESISTANCE

Bacterial spores selected as biological indicators need to 

be of standardized resistance to the sterilizing process (84).

The choice of species and strain requires considerable attention 
(17) but both the chemical and thermal resistance of spores can be 
altered by many factors.

Influences during sporulation
The resistance to both heat and chemicals can be significantly 

influenced by the choice of sporulation media (84, 85, 86, 87). 
Increased spore resistance to hydrogen peroxide has been produced 
by the addition of glucose and mineral salts to the sporulation 
medium for B. subtilis (44). Heat resistance has been correlated 
with calcium ion concentration (8 0) and the omission of calcium 
caused a reduction in heat resistance in B. megaterium spores 
(89). Studies on B. coagulans var thermoacidurans showed magnesium 
having little effect on heat resistance, while calcium and 
manganese had a significant influence (90), Tallentire and Chiori 
(91), however, suggest that magnesium may contribute significantly 
to heat resistance. High phosphate levels may decrease 
resistance (92, 93) but spores from a medium containing dipotassium 
hydrogen phosphate (0.05%) have been demonstrated as being more 
resistant than those from a medium with phosphate omitted (89). 
Alderton and Snell (65) have shown that ion-exchange treatment 
of B. megaterium spores modified their thermoresistance. Cations 
were removed from spores by incubation at pH 3 and the spores 
then loaded with specific cations by re-equilibrating with the
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required hydroxide solution. The calcium-form of spores were the

most resistant, re-equilibration with any other cation reduced
resistance (94) although Marquis et al. (95) suggested that the
manganese form of B. megaterium had the highest resistance.

-4Sporulation media containing 10 M calcium have produced B. 
stearothermophilus spores of maximum heat resistance (27, 96). 

The effect of ion-exchange on chemical resistance is variable. 
Replacement of cations in B. subtilis var niger spores with 

hydrogen decreased resistance to propylene oxide compared with 
untreated or calcium-form spores (97).while Thomas and Russell 
(79) showed that calcium-form spores were less resistant than 
normal spores to glutaraldehyde.

Increasing the sporulation temperature can increase heat 
resistance (86) but an optimum temperature for the production 
of resistant spores has also been demonstrated (88, 96, 98).
It does seem that a relationship exists between the optimum 

growth temperature of a species and the heat resistance of the 
spores (27) with thermophilic species producing the most 
resistant spores. Sporulation temperature did not affect 

ethylene oxide resistance in B. subtilis (84).

Influences during cleaning and storage
Spore resistance may be altered by any cleaning method em

ployed (68) and evaluation of the methods available is important, 

Washing crops of spores can lower resistance (99) possibly due 
to the removal of organic or inorganic materials which may
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protect spores (100, 101, 102). Spores that have been incompletely 
washed may carry germinants from the sporulation media which 
should be removed before assessing resistance (44, 103). The 
addition of material such as serum or saline to cleaned spores 
has a protective effect which is more reproducible than assessing 

the resistance of unwashed spores (44, 104).

Sonication of spore crops to remove sporangial material 

can reduce resistance (105) and the two-phase cleaning systems 
of Sacks and Alderton (106, 107) may induce some spores to 
germinate (88). Heating at 80°C to inactivate vegetative cells 
in B. subtilis spore suspensions reduced the resistance of 
the spores to ethylene oxide, presumably due to increasing 
the permeability of the spore coat (84). Vegetative cell debris 
should be removed from spore suspensions as it may neutralize 
reactive chemicals (68).

The effects of spore age in resistance are complex and cannot 

easily be separated from the state of dryness of the spore 
protoplast (17). Dried spores show an increased resistance 
to moist heat (108), dry heat (109) and ethylene oxide (110,111). 

Very young and very old spores tend to show lower heat resis
tance (112). Cook and Brown (113) demonstrated a reduction 
in heat resistance and viability on storage of spore papers 

containing low numbers of spores. Reich et al. (114) 
showed that storage conditions affected both the viability and 

heat resistance of spores. Refrigerated storage affected
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resistance but not viability while freezer storage affected
viability but not heat resistance. Storage for 10 months at 
o4 C produced a slight decrease in ethylene oxide resistance of 

B. subtilis spores but storage for the same period at -20°C 

markedly increased resistance (84). Gould (115) has recommended 

freezer storage for the maintenance of high heat resistance. 

Refrigerated storage of suspensions in 0.02 M calcium acetate 
(116), ethanol (117) and drying from methanol (102) have also 
been recommended for maintaining heat resistance, but it is 
important for ethanol to be removed prior to testing as it may 

inhibit germination (118) thus leading to false results.
Using a methanol-water suspending medium reduced the viable 
count of suspensions and reduced resistance to ethylene oxide 
(84) . This may be due to clumping in the suspension induced 
by the methanol, inhibition of germination or variation in 
drying conditions produced by the evaporation of the methanol 
(84) .

Influences during treatment

To present spores to gaseous chemicals they must be dried 
onto a suitable carrier which may be a permeable material such 

as filter paper, or impermeable surface such as porcelain, 

glass or aluminium foil (17). The type of carrier can markedly 
influence spore resistance. Impermeable surfaces increased 
resistance to ethylene oxide (111) and formaldehyde in solution 

(120).
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Many factors influence spore resistance to heat in aqueous 

solution. Bigelow and Esty (120) noted that the pH of the sus
pending medium could markedly affect resistance and later showed 
the greatest effect to be below pH 5 and above pH 10 (121).

A direct relationship between inactivation rate constant and 

pH of the suspending medium between pH 7 and pH 5 has been 
demonstrated (122). Constituents of buffer solutions used to 
suspend spores can also affect resistance, for example, phosphate 
ions reduced the resistance of B. stearothermophilus spores 
(123). Maximum resistance has been reported in 0.025 M phosphate 
buffer (124) and also in water rather than buffer solution at 
the same pH (87). Citrate, ammonium or phthallate in buffers 
reduced resistance below that in phosphate buffer(125).

Sodium chloride has been reported to increase, decrease 
and produce no change in spore resistance. No reduction in the 
heat resistance of anaerobic spores was noted until the sodium 
chloride concentration increased to above 8% (121) when 

resistance decreased, although 2,4 and 8% concentration reduced 

heat resistance in B. stearothermophilus spores (126). Low 

salt concentrations (0.5, 0.9%, 1%), however, had a protective 
effect (121,24). 1% to 8% sodium chloride added to tomato juice
decreased resistance of B. thermoacidurans, although the pH 
was also decreased (127). Roberts et al. (128) found no effect 

for 3% and 6% sodium chloride.
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Influences during recovery

In this context, recovery is the ability of a spore to 
germinate and multiply in a suitable environment to a level at 

which growth is visible. It does not refer to the ability to 

repair damage caused by an inactivation process (129). Such damage 
may increase or decrease spore dormancy and viable spores present 

in low numbers may fail to grow immediately. Spores surviving 
any process are susceptible to adverse conditions or chemical 
inhibitors. Therefore, optimum conditions for germination, 
outgrowth and division are required to produce visible colonies 
(129, 130, 131).

Enriched media may enhance recovery of heated spores as 
the nutritional requirements may be altered (132). This has 
been observed for spores of B. anthracis (133), B. stearothermo
philus (134) and B. subtilis (135, 136). Some constituents of 
media may be inhibitory to the recovery of heat damaged spores, 
for example, thioglycollate is inhibitory to Bacillus spp.
(132) and bromocresol purple to B. stearothermophilus (137).

Increased recovery after heating using media containing 
starch has been reported for B. coagulans (138) and Cl, botulinum 
(139) but this has not been substantiated by all reports (41,
140). Long chain fatty acids can inhibit cell division in 

Ci. botulinum (141) leading to inhibition of recovery which 
can be overcome by the addition of starch to the medium (142).
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Recovery of B. stearothermophilus spores can be affected 
by the pH of the recovery medium. Highest counts of unheated 
spores have been achieved at pH 5.9 but after severe heat treat
ment the optimum is pH 7.0 - 7.3 (136, 143, 113). The optimum 
pH for the recovery of B. subtilis spores after exposure to 
ethylene oxide is pH 6.9 (84).

The optimum temperature for incubation may be different 
for spores which have been exposed to lethal treatment. In
creased recovery of B. subtilis spores after ethylene oxide
exposure has been reported for incubation at 32^C (16) and
o o25 C (84) compared to 37 C. Optimum recovery of B. stearo-

othermophilus spores after heating has been reported at 45 - 50 C 
(144, 145), and at 27°C for Cl. perfringens spores (146, 147).

The viability of damaged spores can be rapidly lost if 
transfer to recovery conditions is delayed (16, 148). This may 
be due to the presence of a repair process which is only 
active after the spore has germinated. If the spore does not 
germinate soon after the damage is sustained repair may not be 
possible.

Long lag periods before visible growth is observed often 
follow exposure to chemicals. This may be either because the 
chemical has induced a delay in outgrowth, as observed with 
ethylene oxide (149) or to recovery conditions not being optimal 
for outgrowth of damaged spores (44).
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1.9 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FORMALDEHYDE (METHANAL)

O Mp = -118°C
H - C ^

N Bp = -19°C
H

MW = 46

Pure, dry formaldehyde is a colourless gas with a character
istic pungent odour. It polymerizes rapidly at room temperature 
to produce a white film of polyoxymethylene glycols on any 
containing vessel.

®2°n HCHO — ....HO - (CH.O) - H^  2 n
formaldehyde polyoxymethylene glycol

No polymerization is apparent at temperatures in excess of 
80 - 90°C (150). Paraformaldehyde is a mixture of polyoxy
methylene glycols containing 90 - 99% formaldehyde and a balance 
of combined and free water. Paraformaldehyde gradually vapourizes 
generating monomeric formaldehyde gas and this depolymerization 
is accelerated by increased temperature (150).

Formaldehyde gas is soluble in water and in solution is 
principally present as the monohydrate, methylene glycol 
(CH^COH)^)/ and a series of low molecular weight polyoxy
methylene glycols. Low formaldehyde concentrations favour 
methylene glycol but as the concentration rises so does the 
proportion of polyoxymethylene glycols.
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Commercial formaldehyde solutions contain 37 - 40% w/v 

formaldehyde with 10 - 15% methanol present to prevent precip

itation of solid polymer.

Formaldehyde is extremely toxic. Acute toxic symptoms 

are irritation of the conjunctiva and respiratory tract followed 

on continued exposure by pulmonary oedema (151). Allergic 

dermatitis has also been demonstrated (152). It has the ability 
to alkylate proteins, nucleotides and nucleic acids (153) and 
has been shown to be mutagenic in Drosophila, yeast and bacteria 
(153) and to induce nasal cancer in rats (154).

The permitted maximum concentration of formaldehyde in 
the air at work places in Great Britain is lO ppm (155). In 
the USA a ceiling of 5 ppm is set, with an acceptable maximum 

peak above the ceiling of 10 ppm for no more than 30 minutes 
in eight hours (156).

1.10 HISTORY OF FORMALDEHYDE AS A BACTERICIDAL AGENT

Early investigations into the bactericidal . properties of 

formaldehyde date from 1886 (157) and its use as a vapour phase 
decontaminant for rooms started in 1892 (158). Gaseous form

aldehyde was generated by vapourizing formalin solution either 

by direct heating or by initiating an exothermic reaction in 
the solution with oxidising agents (150).

A system for disinfection in a heated vacuum chamber was
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reported in 1894 (159) . The jacketed chamber was heated to 

80 - 90°C and gaseous formaldehyde generated by heating 
formalin with glycerin and calcium chloride. Exposure was 

for 30 minutes and ammonia was used to neutralize excess form

aldehyde. The method inactivated B. anthracis spores but no 
precise quantification was carried out.

Nordgren (160) extensively reviewed the history of form

aldehyde introducing his investigations into gaseous formaldehyde.
He showed increased bactericidal action with increased temperature, 

relative humidity (up to 50% RH) and partial pressure of form
aldehyde. He also demonstrated that dried spores could be 
inactivated over long exposure periods. He concluded that 
although formaldehyde had a strong bactericidal action, it only 

had a limited capacity to sterilize without elevated temperatures 
and reduced pressure to aid penetration through narrow orifices. 
Therefore formaldehyde should only be used with caution for 
special purposes.

The Committee on Formaldehyde Disinfection set up by the 

Public Health Laboratory Service in 1958 (161) confirmed 
Nordgren's results and concluded that formaldehyde vapour should 

be used only if no alternative was available.

Sterilization with formaldehyde
Disinfection of woollen blankets using steam at sub-atmospheric
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pressure was reported by Alder and Gillespie (162) who subsequently 
showed an increased sporicidal action when gaseous formaldehyde 
was added to this system (163). They concluded that Low Temperature 

Steam with Formaldehyde (LTSF) above 70°C was comparable to 
ethylene oxide gas as a sterilizing agent (164).

Development of the process by Dahlstrcm (165) led to the 
production of automatic sterilizers.

LTSF Operating Cycles
LTSF usually operates in the temperature range 70 - 80°C, 

although the use of 65°C has been reported (155). Figure 4 is 
a representation of the essential features of a typical LTSF 
cycle conducted at 70°C (155, 166). The stages illustrated are:

1. Pre-vacuum: Steam is drawn through the chamber while the
pressure is being reduced to remove air and humidify
the load.

2. Formalizing: Formaldehyde gas from vapourized formalin
is let into the chamber with steam, raising the pressure to
the set temperature/pressure level. The chamber is
evacuated and this process repeated.

3. Sterilizing: The selected temperature/pressure is maintained

for a set period (usually 90 minutes).

4. Airing/Drying: Steam is flushed through the load to act

as a rinse to remove any residual formaldehyde gas. This
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is followed by air rinsing and final degassing.

An alternative to this cycle is a multiple-pulse system,
when the formalizing period is increased to 20 pulses and the
hold period reduced to only a few minutes (167). This is
illustrated in Figure 5. The stages of the cycle are essentially 

the same with a 20 pulse formalizing cycle and a 15 minute 
holding period.

l.ll RESIDUAL FORMALDEHYDE AFTER THE STERILIZATION PROCESS
A major problem with gaseous sterilization is that potentially 

toxic residual gas may remain in processed items. Residual 
levels in plastics, rubber and polythene are considerably 
lower after LTSF than ethylene oxide sterilization and it has 
been stated that if sufficient aeration time is allowed formaldehyde 
levels should not constitute a hazard, (168).

Levels in fabrics and paper are considerably higher than 

in plastics (168, 169, 170, 171). Contact dermatitis from 
formaldehyde exposure has been well established (151) but there 

have been no reported cases from treated textile materials (172, 

173).

The level of residuals is dependent on the concentration 
of formaldehyde used in the sterilizing cycle (170) and studies 

have recently led to reduced concentrations being employed in 
LTSF (155, 170) and so residual levels of formaldehyde would
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therefore be reduced.

1.1.2 MECHANISMS OF INACTIVATION OF BACTERIAL SPORES BY MOIST HEAT 

AND FORMALDEHYDE

Inactivation by Moist Heat

The exact mechanism by which moist heat inactivates bacterial 

spores is not known. It is generally accepted that inactivation 

is due to dénaturation affecting the geometric structure of 
critical molecules, principally proteins and nucleic acids.
This dénaturation may be related to breakage of intramolecular 
hydrogen bonds (174).

Moist heat has been shown to produce a number of effects 
within bacterial spores. Chromosomal damage has been inferred 
from heritable mutations induced both by moist heat (175) and 
also by dry heat (176, 177). Both single (178) and double 

(179) strand breaks have been shown to occur in vegetative 

organisms exposed to moist heat. Single strand breaks were 
demonstrated in B. subtilis spores exposed to moist heat by 
Grecz and Bruszer (180). Kadota et al. (175) suggested that 

DNA breakage in vegetative cells was due to stimulation of 

endonuclease enzymes but severe heating of spores caused DNA 
injury by the direct action of heat itself.

t

Electron microscope observations have revealed structural 
damage including disruption of the cortical and plasma membranes
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(181,182) and the spore coats (182). Membrane damage can lead 
to leakage of cytoplasmic constituents especially calcium di- 
picolinate (52). Dénaturation of spore enzymes (183) and an 

increased sensitivity to inhibitory agents such as sodium chloride 
(184) have also been reported.

Inactivation by Formaldehyde
As a potent alkylating agent, formaldehyde will react with 

primary amide and amino groups in protein molecules (185) . This 
binds the protein together and gives a denser and less permeable 
structure (186). A reasonably specific reaction occurs between 
purine nucleotides and formaldehyde (187) but pyrimidine nucleo
tides do not form stable reaction products (153). A reaction 
between formaldehyde and adenine is illustrated in Figure 6. 
Alkylation of the N(7) atom of guanine or the N(3) atom of adenine 
have also been described (188) ,

Formaldehyde reacts with nucleic acids to a greater extent 
than proteins (189) and with RNA more than with DNA (189,190) .
It will not react with the tightly wound nucleic acid molecule 
but reacts readily with any unwound sites (153).

The reactions depend upon the presence of monomeric formaldehyde 
and so increased temperature shows synergism with formaldehyde as 
it shifts the monomer -polymer equilibrium .towards the monomeric 
form (191). Increased temperature would increase the rate of 
reaction with nucleic acid if it increased the number of sites
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NH
H-C

H

Adenine Formaldehyde

H-CHo-OH

t Adenine

NH NH

R

+  H g O

Methylene-bis-adenylic Acid

FIGURE 6. Reaction of Formaldehyde with Adenine Nucleotides.
From Auerbach, C., Moutschen-Dahmen, M. and Moutschen, J. 

( 1977 ) Mutation Research 39 317-362.
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available for formaldehyde to attach. This may be significant 

in inactivation by LTSF which combines elevated temperatures 
with gaseous formaldehyde.



CHAPTER 2 
GENERAL APPARATUS, MATERIALS AND 

METHODS
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2.1 GENERAL MATERIALS

Glassware

All volumetric glassware used was of Grade B standard (Fisons 
Ltd.), Narrow neck, Erlenmeyer flasks (Pyrex) of 250 ml capacity 
were used for the growth of micro-organisms in liquid media. Test- 
tubes were rimless, 150 mm x 16 mm of Pyrex glass with metal 
caps (Oxoid). Medical flat bottles of 100, 150 and 500 ml capacity 
(Fisons Ltd.) with polypropylene caps were used throughout this 
work.

Spreaders were prepared from 2 mm glass rod, bent at an 
angle of 60° to give a 70 mm handle with a 30 ram spreading portion,

Preparation of glassware
Glassware was cleaned with a dilute solution of Linkdet 708 

(Link Chemicals ,Ltd.) and rinsed five times in running tap water 

and three times in glass distilled water. After rinsing, items 
were dried at 160°C in a hot air.oven. The openings of glassi- 
ware were enveloped with aluminium foil, spreaders were packed 
in beakers and covered with foil. All glassware was sterilized 

in a hot air oven at 160°C for a minimum of 90 minutes 
(Griffin 200 FC). Tops of medical flat bottles were packed 
into heat-sealed autoclave bags (DRG Ltd) and autoclaved at 
135°C for 4 minutes in a porous loads autoclave (Drayton Castle Ltd.)
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Disposable Plasticware
Pre-sterilized, 10 cm diameter, single vent polystyrene 

Petri dishes (Sterilin Products Ltd.) were used generally for 

the performance of viable counts. Pre-sterilized polystyrene 

universels (Sterilin) were used as sterile containers of 30 ml 
capacity.

Automatic Pipettes
Adjustable replicating pipettes (Jencons Ltd.) were used 

throughout this work. They were of the following volume ranges

Volume Range Pipette
0-50 yl Finnpipette
50-250 yl Finnpipette
200-1000 yl Oxford "Sampler'!-
1-5 ml Oxford "Macroset"

These were checked by weighing 10 replicates of a set 
volume of distilled water on an analytical balance. The co
efficient of variation in all cases was between 0.5 - 0.9% and 
the difference from the nominal volume not greater than ±0.5%.

The appropriate polypropylene tips were cleaned by boiling 

in three changes of distilled water, rinsed as for the glassware 
and dried in a warm air oven at 80°C. Tips were packed into 

heat sealed autoclave bags and autoclaved at 135°C for 
4 minutes.
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Chemicals
All Chemicals were of Analytical Reagent grade and obtained 

from Fisons Ltd. unless otherwise stated. All amino acids were 
chromatographically homogeneous and were obtained from Sigma 
Chemical Company. Vitamins were obtained from Sigma Chemical 
Company and stored under desiccation at -20°C.

Water
All water used was glass distilled. For microbiological use 

this was packed in 150 ml medical flat bottles and sterilized by 
autoclaving at 121°C for 15 minutes.

For the preparation of defined media and solutions, distilled 
water was vigorously boiled and cooled to remove dissolved carbon 
dioxide immediately before use.

Membrane Filters
Membrane filtration was carried out through Sartorius 

cellulose nitrate filters of 25 or 47 mm diameter, 0.22 ym 

pore size. Membranes were sterilized at 121°C for 15 minutes 

in a bench-top autoclave (Taylor Rustless Fittings). Before 
filtration, 100 mis of boiled distilled water was passed 
through the membrane to remove surfactant. The first portion 
of filtered solution was always discarded.
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pH Meter
pH was measured with a combined electrode pH meter PW9418 

(Phillips). Standardization was carried out with solutions pH 
4.0, 7.0 and 9.2 freshly prepared from buffer solution tablets 

(Fisons).
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2.2 MICROBIOLOGICAL METHODS

Preparation of Nutrient Media

The media shown in Table 2 (Lab M Ltd.) were prepared by 
mixing the indicated quantity of dried granules with 1 litre of 

distilled water and allowing to stand for 15 minutes. Sterili
zation was by autoclaving in a bench autoclave at 121°C for 
15 minutes.

Table 2. Preparation of Nutrient Media

Media
Weight of Granules 
(g litre )̂

Tryptone Soy Agar (TSA) 37
Nutrient Agar (NA) 28
Blood Agar Base (BAB) 37
Columbia Agar Base (CAB) 44

Tryptone Soy Broth (TSB) 30

After cooling to 60 C, approximate 20 ml volumes of molten 
media were distributed into petri dishes and allowed to solidify, 
Plates were stored at 4°C in the dark and used within 5 days. 

Prior to use, the surface of the agar was overdried at 37°C 

for one hour.
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Determination of Total Count of Spore Suspensions
Total counts of spore suspensions were determined using a 

platelet counting chamber with improved Neubauer ruling (Hawksey 
Ltd.) as recommended by Cook et al. (192). A drop of a suitable 

dilution of spore suspension was introduced under the coverslip 
with a sterile pasteur pipette and left to settle for 10 minutes.
The slide was observed at x400 magnification under phase-contrast 
(Wild, Switzerland) and the number of phase-bright spores in at 
least 80 small squares of the counting chamber were recorded.

The dilution of original suspension was such that each small 
square contained 6 - 1 0  phase bright spores and at least 500 
spores were counted for each replicate determination. Quintuplicate 
determinations of the total number of spores in each suspension were 
made. An example of a total spore count is given in Table 3 which 
summarizes the results obtained for B. subtilis Trav 5230 spore 
suspension BE.

Table 3. Summary of data obtained for the estimation of the
total count of spores of B. subtilis Trav 5230 suspension BE,

Sample No. Dilution Mean count/ 
small square

Total count 
/ ml

Mean
Total
Count/ml

1 6.38 1.28x10^

2 7.23 1.45x10^

3 1/50 6.60 91.32x10 91.35x10
4 6.83 1.37x10^

5 6.76 1.35x10^

Coefficient of Variation = 4.7%.
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Determination of Viable Count of Spore Suspensions
To determine the viable count of spore suspensions a series 

of ten-fold dilutions in sterile water (0.5 ml + 4.5 ml) was 

performed to give a final suspension containing 200 - 750 viable 

spores per millilitre. At each dilution the suspension was mixed 
using a vortex mixer (Whirlimix, Fisons). A 0.2 ml sample of 

the final suspension was spread onto the surface of five replicate 
plates of the chosen recovery medium with a sterile glass spreader. 

The plates were incubated, inverted, for 48 hours. The number of 
visible colonies was recorded and from the mean of each series 
and the dilution factor the viable count was calculated.

To investigate the reproducibility of this procedure, viable 
counts were performed on five samples from B. subtilis Trav 5230 
spore suspension BE. The colony counts obtained and the analysis 
of variance of these counts are shown in Table 4.

The analysis of variance confirms that variation between 

samples is not greater than within replicates from a single sample 
and that the overall coefficient of variation (4.41%) is 
within acceptable limits.
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Table 4. Counts obtained from quintuplicate - plating of five 
samples of B. subtilis Trav 5230 spore suspension BE 
onto Nutrient Agar, with analysis of variance of the data.

Sample Dilution Colony Counts Mean Mean viable 
count/ml

1 93,92,98,92,87 92.4
2 93,98,100,99,93 96.6

3 10^ 91,90,100,95,92 93.6 4.65x10^
4 88,89,92,100,87 91.2
5 96,90,90,92,90 91.6

Source of Degrees of Sum of Mean
Variance Freedom Squares Square

Between
Samples 4 93.04 23.26 0.375

Within
Samples 20 1240.6 62

Total 24 1333.64

^0.05 (4,2°) = 2.87
Overall coefficient of variation = 4.41%.



CHAPTER 3
GROWTH AND SPORULATION OF BACILLUS SPECIES ON 

DEFINED MEDIA
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3.1 INTRODUCTION

The choice of an organism as a biological indicator depends 
upon selecting a strain with the optimum balance of desirable 
properties. The ideal properties of an organism have already 

been outlined (see Section 1.5) but of paramount importance is 
that the strain should grow and produce a high yield of viable 
spores. The objective of the experiments described in this 
section was to examine the sporulation of a number of strains 

of Bacillus and to determine the germination index of the re
sultant spores.

In the initial screening of strains only Bacillus species 
have been examined because spores of an aerobic, non-pathogenic 
organism were required. Emphasis has been placed on strains 
of B. stearothermophilus because ultimately a high heat resis
tance will be required to effectively monitor LTSF. Strains 
of B. stearothermophilus were obtained from culture collections 

or isolated from biological test pieces. For comparison, the well 
characterised strain B. subtilis Trav 5230 and strains of B. 
coagulans expected to have intermediate heat resistance (193) 
were included.

Sporulation Media

Chemically defined media are recommended for physiological, 

genetic, and biochemical studies on bacterial spores because their 
exact composition is known and so there is less opportunity for
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batch to batch variation (194), Waites and Bayliss (44) have 

recommended defined sporulation media for the production of 
biological indicators.

In defined media, the specific nutrient whose depletion ini

tiates sporulation can modify spore properties in B. megaterium 

(195) and thermal resistance in B. stearothermophilus (196).
B. subtilis spores have shown less variation in their resistance 

to glutaraldehyde (197) and B. stearothermophilus spores have 
greater stability of heat resistance on storage (198) when produced 

from defined media.

B. stearothermophilus does not produce spores as readily 

as many other ^ecies (199) but several defined sporulation media 
have been reported and three of these media were selected to 
test the sporulation of the chosen strains. These were:-

1. SSMAVIT medium, developed by Hobbs (200), from a medium 
reported by Lazzarini and Santangelo (201) with additions 
for B. stearothermophilus (202, 203 , 204). It was used 

both as a solid and a liquid medium.
2. DeGuzman's medium (205), developed from the growth medium 

of Campbell and Williams (202, 203) for the sporulation of 

B. stearothermophilus NCA 1518 (smooth variant). This was 
used as a solid medium.

3. Anderson's medium (199), devised for B. stearothermophilus 

NCTC 10003. This was used in a liquid form.
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Cleaning Spore Suspensions

Spore suspensions need to be free from vegetative cells 
and debris as well as germinants from rich media which may 

be attached to spores (44). Several methods have been reported 

for cleaning spore suspensions, and these may be categorised as:

1. Centrifugal Methods
The simplest method is prolonged low-speed centrifugation 

and the subsequent removal of surface layers of vegetative cells 
from the pellet (206). Density gradient centrifugation has also 
been used (207, 208) but is complex and can only deal with small 
samples.

2. Two-phase Separation
Bacterial spores can be removed fran debris and vegetative 

cells in the suspension in a two-phase system of polyethylene 

glycol and phosphate buffer (106, 107) in which the spores 
accumulate in the upper, polyethylene glycol phase and the 
vegetative cells and subcellular debris are concentrated in the 
phosphate buffer phase and at the interface respectively.

. 3. Lysozyme Treatment

Enzyme treatment can be used to lyse vegetative cells and 
debris but such treatment may affect the characteristics of 

some spores (209).
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3.2 MATERIALS AND METHODS 

Bacterial Strains
1. The following strains were obtained from the National 
Collection of Industrial Bacteria, Torry Research Station, 

Aberdeen :

a) B. stearothermophilus NCIB 8157 (NCA 1518; Col 2447; 
ATCC 7953).

b) B. stearothermophilus NCIB 8223
c) B. stearothermophilus NCIB 8224

d) B. stearothermophilus NCIB 8547 (ATCC 8005)

e) B. stearothermophilus NCIB 8919 (ATCC 12976; NCTC 10003)
f) B. stearothermophilus NCIB 8921 (ATCC 12978)

g ) B. stearothermophilus NCIB 8923 (ATCC 12980)

h) B. stearothermophilus NCIB 8924 (ATCC 7854)

i) B. stearothermophilus NCIB 10814

2. The following strains were obtained from Unilever Research 

Laboratories, Colworth, Bedfordshire;

a) B. stearothermophilus Col 2447 (NCIB 8157; NCA 1518;

ATCC 7953)
b) B. stearothermophilus Col 2801

c) B. stearothermophilus Col 2802

d) B. stearothermophilus Col 2848

e) B. stearothermophilus Col 3037
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3. B. subtilis Trav 5230 was obtained from Travenol Laboratories, 
Thetford, Norfolk.

4. The following strains were isolated from American Sterilizer 
Company (AMSCO) biological indicators, Philadelphia, USA;

a) B. stearothermophilus "Spordex"
b) B. stearothermophilus "Chemspor"

Both were described as ATCC 7953 (NCIB 8157; NCA 1518; Col 2447)
5. B. coagulans FRR B666 was obtained from Dr. Pflug, Uni
versity of Minnesota, USA.
6. B. coagulans NCTC 3993 was obtained from the National Type 

Culture Collection, London.
7. B. stearothermophilus fs 1518 (NCA 1518; ATCC 7953; NCIB 8157; 
Col 2447) was obtained from the National Food Processors Association, 
Washington, USA.

Preparation of Defined Media

1. SSMAVIT Medium

The composition of complete SSMAVIT medium is shown in 
Table 5. The complete medium was prepared by aseptic mixing of 
sterile stock solutions, the compositions of which are shown in 

Table 6.

All the ingredients for solution 1 were dissolved with gentle 

heat in 1800 ml of freshly boiled and cooled distilled water. The 
solution was cooled, the pH adjusted to 6.9 - 7.1 and the solution
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Table 5. Constituents of Complete SSMAVIT Medium

Constituent
Concentration
M g litre-1

Potassium Dihydrogen Phosphate 1.76 X 10-2 2.4

diPotassium Hydrogen Phosphate 3.21 X 10-2 5.6
Sodium Citrate 3.2 X 10-3 1.0
"TRIS" Buffer Base 2.98 X 10-2 2.4
L-glutamic Acid 3.02 X 10-2 4.45
L-tryptophan 1.22 X 10-4 0.025
L-methionine 1.68 X 10-4 0.025

L-histidine HCl 4.51 X 10-4 0.07
L-leucine 9.51 X 10-4 0.12

L-valine 7.68 X 10-4 0.09
Ferrous Sulphate (VH^O) 1 X 10-5 0.003
Magnesium Chloride (GHgO) .1 X 10-3 0.203

Zinc Sulphate (VHgO) 5 X 10-5 0.010

Calcium Chloride (2 H2O) 1 X 10-3 0.147

Manganese Chloride (48^0) 5 X 10-5 0.010

Thiamine HCl 4.45 X 10-7 0.0015

Nicotinic Acid 1.22 X 10-5 0.0015

Biotin 4.09 X 10-8 0.00001

Pyridoxal HCl 5.38 X 10-7 0.00009

Folic Acid 1.36 X 10-7 0.00006

D-Glucose 8.33 X 10-3 1.5

pH = 6.9 - 7.1
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made up to volume. Sterilization was by positive pressure fil

tration through a 47 ram, 0.22 ym membrane under laminar flow 
conditions. The first 200 mis of filtrate was discarded and 

subsequent 200 ml aliquots were stored in sterile 600 ml medical 
flat bottles at 4°C in the dark until required.

Solutions of the individual components for Solutions II and 
III were prepared. The required volumes of each solution were 
mixed and sterilized by positive pressure filtration. In each 
case the first 50 ml of filtrate was discarded and subsequent 
25 ml aliquots stored in lOO ml medical flat bottles at 4°c in 
the dark.

The vitamins for Solution IV were dispersed in 450 ml of 
COg-free distilled water. The pH was then adjusted to 6.8, the 
dissolution of ingredients completed and the solution made up 
to volume. Sterilization was by positive pressure filtration 
through a 0.22 ym membrane. The first 100 ml of filtrate was 

discarded and 1.5 ml aliquots then sealed into sterile 2 ml ampoules 

which were frozen and stored at -20°C.

Agar solution was prepared by mixing 7.5 g of agar powder 

(Lab M Ltd.) with 250 ml of distilled water and allowing to 

hydrate. It was sterilized by autoclaving at 121°C for 15 minutes 
in 500 ml medical flat bottles.

The final medium was prepared by aseptically mixing these
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solutions in the order given in Table 7. Solutions were added 
to molten agar solution (for solid media) or sterile water (for 
liquid media). The solution was carefully mixed between each 

addition and solution III added in several portions to avoid 
precipitation. The liquid media was distributed between 250 ml 

Erlenmeyer flasks and the solid media between sterile 500 ml medical 

flat bottles. The solid media was allowed to set as slopes on 

the flattened, sides of these bottles.

2. Anderson's Medium
The composition of Anderson's medium is shown in Table 8 

As for SSMAVIT, the medium was prepared fran sterile stock 
solutions, the compositions of which are shown in Table 9.

Table 7. Preparation of Complete SSMAVIT medium from Sterile. Stock
Solutions

Component Quantity (ml)

Solution I 200
Solution IV 1.25

Solution II 25

Solution III 25
Agar solution or sterile water to 500 ml
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Table 8, Constituents of Complete Anderson's Medium

Constituent Concentration 
M g litre ^

D-Glucose -31 X 10 0.18
Ammonium Hydrogen Phosphate -21 X 10 1.32
Potassium Dihydrggen Phosphate -21 X 10 1.74

Ammonium Sulphate -21 X 10 1.32

Magnesium Sulphate (VHgO) -45 X 10 0.123

Ferrous Sulphate (VH^O) “51 X 10 0.0028
Manganous Sulphate (48^0) -41 X 10 0.022
Calcium Chloride (GH^O) -41 X 10 0.022
L-Glutamic Acid 2.4 X 10”3 

pH = 6.4 - 6.6
0.35
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The constituents of Solution I were dissolved, the pH ad^ 

justed to 6.5 and the solution made up to volume. Sterilization 

and storage were as for SSMAVIT Solution I. The constituents 
of Solutions II and III were dissolved with gentle heating, cooled 

and made up to volume. Sterilization and storage were as for 
SSMAVIT Solutions II and III.

The final medium was prepared by mixing these solutions in 

the order given in Table 10 and distributed between 250 ml 
Erlenmeyer flasks.

stock solutions

Component Quantity (ml)

Solution I 200

Solution II 25

Solution III 25

Sterile water to 500

3. DeGuzman's Medium
The complete composition of this medium is shown in Table 11. 

As before, it was prepared from sterile stock solutions, the 
compositions of which are shown in Table 12. Each was prepared 
as for the corresponding Anderson's solution. The concentration
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Table 11. Composition of complete DeGuzman's medium

Constituent M
Concentration

g litre

Potassium Dihydrogen Phosphate 7.35 X 10-3 1.0
Di podium Hydrogen Phosphate 6.98 X 10-3 2.4
Sodium Acetate (SH^O) 3.7 X 10-3 0.504
Sodium Chloride 1.7 X 10-2 1.0
Ammonium Chloride 1.87 X 10-2 1.0
L-Leucine 1.07 X 10-3 0.14
Ferric Chloride (ôH^O) 3.1 X 10-G 0.00085

Magnesium Chloride (GH^O) 5.2 X 10-G 0.00105

Calcium Chloride (2H2O) 4.5 X 10-G 0.001

Manganese Chloride (4 H2O) 5.05 X 10-4 0.1

Thiamine HCl 4.45 X 10-7 0.0015
Nicotinic Acid 1.22 X 10-5 0.0015

Biotin 4.09 X 10-8 O.OO0Ô1
Pyridoxal HCl 5.38 X 10-7 0.00009

Folic Acid 1.36 X 10-7 0.00006

D-Glucose 1.1 X 10-2 2.0

pH = 7 - 7.2
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of vitamins was slightly altered so SSMAVIT Solution IV could be 

used as the vitamin solution. The final medium was prepared by 

adding the solutions to molten sterile agar in the order illus
trated in Table 13 and distributed into sterile 500 ml medical 
flat bottles as for solid SSMAVIT.

stock solutions

Component Quantity (ml)

Solution I 400

Solution IV 2.5

Solution II 50

Solution III 25

Distilled water 22.5

Molten Agar Solution 500

Sporulation of Strains

18 hour cultures of each strain in TSB, grown unshaken at 55°C 

(37°C for B. subtilis Trav 5230), were centrifuged (1500 g, 15 

minutes, MSE Chillspin), in sterile 30 ml universels. The 
supernatant was discarded and the pellet resuspended in the 
liquid form of the defined media. This procedure was repeated 
and the vegetative cells in liquid media.were used to inoculate 

50 ml of liquid medium in 250 ml Erlenmeyer flasks with cotton
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wool/gauze plugs, or solid media in 500 ml medical flat bottles.

Incubation was at 56°C (37°C for B, subtilis Trav 5230). 

Liquid SSMAVIT was incubated without shaking to limit aeration, 

Anderson's medium was shaken continuously (100 rpm; New Brunswick 
Scientific Shaking Incubator). All solid media were incubated 

in a glass tank with a beaker of water to maintain a high 
humidity. Strains were examined daily for sporulation by phase 

contrast microscopy until maximum sporulation was achieved.

Harvesting of Spore Crops
10 ml of ice-cold, sterile water was pipetted onto the 

surface of solid media and the spores were detached with a 
sterile glass rod. The crude^suspension was drained and aspirated 
off, bulked and stored at 4°C for cleaning.

Liquid media containing spores were distributed between 

several nylon centrifuge tubes (100 ml capacity; MSE) and 
centrifuged at 12,000 g for 30 minutes at 4°C (MSE HS18 
centrifuge) . The supernatant was removed and discarded and the 
spore containing pellet resuspended in ice-cold, sterile water. 

Suspensions were stored at 4°C for cleaning.

Cleaning Spore Suspensions
Preliminary attempts to separate spores of B. stearo- 

thermophilus by any of the two-phase systems (106, 107) proved
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unsuccessful, presumably due to the presence of firmly attached 
sporangial material on the spore surface.

It was therefore decided to clean spore suspensions by 
prolonged water washing and to remove vegetative cells by low 

speed centrifugation (206).

Preliminary Cleaning
Crops of spores were centrifuged at 12,000 g, 4°C for 30 

minutes and the pellets resuspended in sterile, ice-cold distilled 
water. This was repeated five times using 80 ml of distilled 
water for each wash before resuspending to give a suspension of 
10^ - lO^^ spores/ml.

Removal of vegetative cells
The suspension obtained was centrifuged at lOOOg for 

20 minutes (MSE Chillspin). The supernatant was examined by 
phase contrast microscopy and contained mostly vegetative cells 

and debris with only occasional spores. The supernatant was 

discarded, the pellet resuspended and centrifugation repeated. 
After three repetitions the centrifugation time was increased 

to 30 minutes and the process repeated until the suspension 
contained greater than 95% phase bright spores.

Large, intractable clumps of spores were removed by centri

fugation at 1500 g for 2 minutes. The supernatant was retained
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and the pellet discarded. The final aqueous suspension contained 
substantially single spores (lO^ - lo^^ spores/ml) and was 
stored at 4°c in the dark.
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3.3 EXPERIMENTAL

Growth and Sporulation of Bacillus species

Each test strain was inoculated onto solid SSMAVIT, 

liquid SSMAVIT, Anderson's and DeGuzman's media and incubated 
as described (see page 63) . Strains were examined daily for 

growth and sporulation and the degree of sporulation estimated 
microscopically from examination of at least 10 random fields 

of view under phase contrast.

Table 14 shows the extent of growth and maximum degree 
of sporulation of each strain in each medium. Growth has been 
described on a scale of + (low growth) to ++++ (greatest growth) 
and the degree of sporulation is shown as the percentage of 
the total cells observed which were phase-bright spores. 
Incubation was continued until no further increase in the extent 
of sporulation was noted. This period varied for each strain. 
Spores were harvested from strains when maximum sporulation 
was in excess of 40%, but if this level was not achieved 
within 14 days, incubation was discontinued.

These data are discussed on page 76.
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Effect of modifications to Anderson's medium on sporulation of 
B. stearothermophilus NCIB 8919

B. stearothermophilus NCIB 8919 is a strain often used to 
monitor sterilization by autoclaving. The yield of spores of 
this strain was poor from all sporulation media except Anderson's 
mediuip. Several i. modifications were made to Anderson's medium 
in an attempt to further improve this yeild.

Additional glucose was included in the medium to try to 
increase vegetative growth and vitamins were added to give 
the same final concentration as in SSMAVIT and DeGuzman's medium. 
The effect of oxygenation was also examined.

Replicate cultures were set up as before comparing
unmodified Anderson's medium to Anderson's with, additional

-1 -1 1 g litre , 5 g litre glucose, vitamins or both 2.5 g
litre  ̂glucose and vitamins. Media in 250 Erlenmeyer flasks

were incubated at 56°C with and without aeration until

maximum sporulation was achieved.

The effect of these modifications is shown in Table 15. 

The results emphasise the importance of aeration in the sporu

lation of this strain. Sporulation was only increased by the 
addition of both glucose and vitamins to aerated Anderson's 

medium.
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Reproducibility of Germination Index Determinations
The Germination Index (GI) is the percentage of the total 

count which will produce visible . colonies on a recovery 
medium. Before this parameter could be used for comparing spores 
from different-Strains it was necessary to establish the re
producibility with which the GI could be determined:,:. Total 
and viable counts were performed as described (pages 46, 47 ). 

Four recovery media were used for viable counting and these 
were Tryptone Soy Agar (TSA), Nutrient Agar (NA), Blood Agar 
Base (BAB) and Colombia Agar Base (CAB).

The reproducibility of determinations of viable and 
total counts have already been demonstrated (pages 46, 48) .
Table 16 shows the reproducibility of GI determinations for 
B. subtilis Trav 5230. This table shows the reproducibility 
of five replicate GI determinations on a single batch of 
spores using the four recovery media and the variation which 

occurs between separate batches of spores. The variation 
between GI determinations performed on a single batch of 

spores on different days is also included. The data in 
Table 16 confirms that the GI can be determined with 

acceptable reproducibility and it can, therefore, be used as 
a basis for comparing spores of different Bacillus strains.
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Table 16. Reproducibility of Germination Index for B. subtilis 
Trav 5230 spores

a) Variation within a single batch of B. subtilis Trav 5230 spores

Replicate
CAB

Recovery Medium 
BAB NA TSA

1 2.8 2.7 3.4 2.7

2 2.7 3.2 3.3 3.0
3 2.8 3.1 3.6 2.9

4 2.6 2.6 3.5 3.1

5 2.9 2.8 3.3 2.9

Mean 2.8 2.9 3.4 2.9
Coefficient of variation 3.9% 8.9% 3.8% 5.2%

b) VariationI between batches of B. subtilis Travw 5230 spores

Batch CAB
Recovery Medium 
BAB NA TSA

A 2.8 2.8 3.3 3.2

B 3.0 2.9 3.3 2.8

C 2.9 2.6 3.4 3.4

Mean 2.9 2.8 3.3 3.1

Coefficient of variation 3.4% 5.4% 3.0% 10%
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c) Variation in GI determinations for 
B. subtilis Trav 5230 spores

a single batch of

Day
Recovery Medium 

CAB BAB NA TSA

1 3.0 2.9 3.3 2.8

2 2.7 2.8 3.5 3.0

3 2.9 2.8 3.3 2.9
4 2.9 2.7 3.2 3.1
5 2.6 2.7 3.4 2.7

Mean 2.8 2.8 3.3 2.9
Coefficient of variation 5.7% 2.9% 3.3% 5.5%
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Germination Index of Strains

For each strain which showed greater than 40% sporulation 
the spores were harvested and cleaned as described on page 64. 
The GI was determined for each strain on the four recovery 

media within three days of harvesting. These data are shown 
in Table 17.

It is typical of the strains studied for one recovery 
medium to give a higher GI than the other three and this medium 
varies with each strain. Table 17 shows the GI on each recovery 
medium and the highest GI obtained has been categorised into 
three groups of high GI (>35%; Category 3), intermediate GI 
(5 - 35%; Category 2) and low GI ( <5%; Category 1). These 

GI data are discussed on page 80
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3.4 DISCUSSION

Great variation is shown in the abilities of the strains 
investigated to grow and then sporulate on the different media 
investigated. This was not unexpected with the diversity and 

heterogenicity with respect to taxonomy which occurs within the 
species B. stearothermophilus (210).

The data show that wide variations occur in the extent of 
growth of the various strains on the different media. Growth of 
all strains was poor on DeGuzman's medium and was generally better 
in SSMAVIT than Anderson's, with the exception of B. stearothermo
philus NCIB 8919, for which Anderson's was originally devised. 
Table 18 compares the provisions of the various media. The 
improved growth on SSMAVIT may be due to the wide range of amino 
acids present (glutamic acid, methionine, leucine, tryptophan, 
histidine, valine). Anderson's medium contains only glutamic 
acid and DeGuzman's only leucine, although both have ammonium 

as a nitrogen source. A requirement for amino acids for the 

sporulation of B. stearothermophilus strains has been reported 

(211, 212).

There is no apparent pattern for the sporulation of strains 
on the different media. Good sporulation was achieved with 

more strains on solid than liquid SSMAVIT, which may be due to 
oxygen limitation. The solid media gives a large surface area 
for gaseous exchange while oxygen depletion may occur in non
aerated Liquid SSMAVIT. Reports on the effects of
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Table 18. Comparison of composition of defined media

Concentration (M)
SSMAVIT Anderson's DeGuzman's

D-Glucose 8.33x 10"8 -3
1x1 0 1 .1 0 x1 0 * 2

Acetate - - 3.7x10*8

Citrate 3.2 0 x1 0 - 8 - -
+NH.4 - - 2

1x1 0 1.87x10*2

L-Glutamic Acid 3.02x10-^ 2.4x10*2 -

L-Leucine 9.51x10-4 - 1.07x10*8

Other Amino Acids* 1 .51x10*8 - -

Fe^*^ - - 3.1x10*8

Fe++ -5
1x1 0

-5
1x1 0 -

Mg'*"’' -3
1x1 0

- 55x10 5.2x1 0 * 8

Zn^ -55x10 - -
++Ca -3

1x1 0
-4

1x1 0 4.50x10 8

Mn"*"̂ -55x10 - 5.05x10 4

1.76x10*^ - 2
1x1 0 7.35x10*8

HPO4
-33.20x10 - 2

1x1 0 6.98x10*8

Cl~ -32.50x10 "4
1x1 0 3.53x10*2

SO4 "
-5

6 .0 0 x1 0
"4

6 .1x1 0 -
— 22.40x10 - 2

1x1 0 7.35x10*8

Na"** -33.20x10 -
- 21.40x10

•kicVitamins Yes No Yes

TRIS Buffer Base 2.98x10*^ - -

-4 -4* L-tryptophan 1.22x10 M, L-methionine 1.68x10 M, L-histidine
-4 -4HCl 4.51x10 M, L-valine 7.68x10 M

-7 -5** Thiamine HCl 4.45x10 M, Nicotinic Acid 1.22x10 M, Biotin
- 8  - 7 -74.09x10 M, Pyridoxal HCl 5.38x10 M, Folic Acid 1.36x10 M
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aeration on sporulation are contradictory. In
complex media, aeration of cultures has been reported as in
creasing vegetative growth in B. stearothermophilus but inhi
biting spore formation (213). In contrast, Yao and Walker 
(214) used very high oxygenation rates for sporulation of a 

number of B. stearothermophilus strains due to low gaseous 

solubility at elevated incubation temperatures. The importance 
of oxygenation in the sporulation of B. stearothermophilus 
NCIB 8919 in Anderson's medium is demonstrated by the data 
in Table 15. When Anderson's medium was incubated without 
aeration growth was unaffected but the extent of sporulation 
was considerably reduced, even when modifications to the 
medium were carried out.

These data also show the balance of provisions of 
defined media to be important. The addition of glucose or 
vitamins alone did not affect growth but depressed sporulation, 
but when both vitamins and glucose were added, growth and 

sporulation increased. Inhibition of sporulation by glucose 

may be simply due to a change in the limiting nutrient, 
however, metabolism of glucose by vegetative cells leads to 
the accumulation of acetate in the medium and.a drop in 
pH. The pH drop is directly related to the glucose concentration 
in the medium (216), and sporulation of B. stearothermophilus 

NCTC 10003 is inhibited by low pH (199). The addition of 

glucose and vitamins to the medium would alter the limiting 
nutrient and so changes in the GI of the spores produced 
were not unexpected (196).
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Although several strains produced good sporulation on 
DeGuzman's medium, the growth was often so poor that sufficient 
spores could not be harvested for further study.

Strains isolated from "Chemspor" and "Spordex" biological 
indicators, although described as B. stearothermophilus ATCC 

7953, showed much greater sporulation than samples cf the 
same straiin isolated from three different culture collections 

(NCIB 8547; fs 1518; Col 2447). This strain has at least two 
morphological variants (205, 212) and has been shown to have an 
unstable phenotype (215). The spores have also been reported 
as being very difficult to germinate (216). For these reasons 
it is not an ideal biological indicator strain and so no 
further examination of this strain was attempted.

The sporulation of B. subtilis Trav 5230 was good on 
all the media examined suggesting that this strain is less 
demanding in its requirements for growth and sporulation than 
the thermophilic strains examined. Spores were obtained in 

high yield from SSMAVIT (both solid and liquid) and Anderson's 
medium. Growth on DeGuzman's medium was poor and so, although 

sporulation was good, spores could not be harvested in sufficient 
quantity for further study.

Sporulation of the two B. coagulans strains, however, 
was generally poor. Good yields of spores were only obtained 
with B. coagulans FRR B666 on solid SSMAVIT.
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The high degree of reproducibility of GI shown by spores 
of B. subtilis Trav 5230 from different batches shows that 
consistent properties can be obtained when spores are produced 
from chemically defined media.

When spores of a strain have been produced from more 

than one medium, the changes in sporulation conditions have 
produced changes in the GI value. The change in value, however, 
is generally small and only in the cases of B. stearothermophilus 
NCIB 8919 and B. subtilis Trav 5230 have the GI categories 
been changed. This suggests that the GI value may be an 
intrinsic property of the strain which can only be modified 

within limits by changes in the sporulation conditions.
Changes in limiting nutrient will alter the GI (196) and so 
the observed changes in GI value are not unexpected.

For B. stearothermophilus NCIB 8224 and B. subtilis 
Trav 5230 changing from Liquid to Solid SSMAVIT has increased 
the GI value. The modifications to Anderson's medium by in
creasing the glucose concentration and adding vitamins 
increased the GI value of B. stearothermophilus NCIB 8919.
In all cases, spores produced on DeGuzman's medium had a 
higher GI value than spores of the same strain from either 
SSMAVIT or Anderson's media.

The data presented in this chapter confirm, that wide 
variations occur in the requirements for sporulation of 
different Bacillus species and also for different strains of
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B. stearothermophilus. Spores of consistent germination index 
can be obtained when chemically defined media are used.
This GI varies between Bacillus species and between strains 
of B. stearothermophilus and can be altered by variations in 

the sporulation conditions.



CHAPTER 4
MOIST HEAT INACTIVATION OF BACILLUS SPORES
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4.1 INTRODUCTION
In the previous chapter the ability of a variety of Bacillus 

strains to grow and sporulate on three chemically defined media was 

investigated. In order to compare the resistance of the different 

strains to each parameter of LTSF separately, preliminary experi

ments were performed to measure the moist heat resistance at 

110°C of all the strains previously harvested. On the basis 
of these data, six strains were selected for more detailed 

examination. Resistance at 110°C is not a good basis for
selection of a biological indicator intended for use at 70 - 80°C 
and so the moist heat resistance of these selected strains was 
then examined over a range of temperatures including those 
employed in LTSF.
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4.2 PRELIMINARY EXPERIMENTS

Assessment of Heat Resistance
0.5 ml samples of stock spore suspensions were diluted with

9.5 ml of filter-sterilized, freshly boiled and cooled distilled 

water. The pH of the water was measured and the water was dis

carded if not in the pH range 6.3 - 6 .6 . 1.5 ml samples of this
suspension were sealed into 2 ml freeze-drying ampoules (FBG- 
Trident Ltd.). The ampoules had previously been immersed in
boiling distilled water for 30 minutes to leach out any removable

oions, and sterilized by dry heat at 160 C for one hour.

Ampoules were immersed in an oil bath (Grant Instruments 
Ltd.) at the selected temperature, removed at intervals and 
i m m e d i a t e l y  placed into crushed ice. The viable count of the 
suspension in each ampoule was then determined as previously 
described (see page 47 ) using the recovery media which had 
given the highest GI (see Table 17). Plates were incubated at 

56°C (37°C for B. subtilis Trav 5230) and colonies counted after 

48 hours. Further incubation for up to five days did not increase 

recovery.
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Determination of Heating and Cooling Times
In order to determine the precise time for which spores had 

been exposed to a particular temperature it was necessary to 
establish, and make allowances for, the times required for the 

spores to heat up to and cool down from the chosen temperature.

A copper-constantan thermocouple was sealed into a freeze- 
drying ampoule containing 1.5 ml of distilled water. This was 
immersed in the oil bath equilibrated at 110°C and the 

temperature of the sample continuously recorded until it had 
reached the temperature of the oil. The temperature-time profile 
obtained is shown in Figure 7(a). The ampoule was then removed, 
immersed in crushed ice and the temperature-time profile again 
recorded. This is shown in Figure 7(b).

In the light of these data, a heating up allowance of 90 

seconds was subtracted from the time for which the ampoules were 
immersed in the oil. For practical purposes the cooling-down 
time was considered to be small enough to be ignored.

o oTemperature-time profiles for heating to 120 C and 100 C
were also determined and the required heating allowance found to

be the same as for 110°C. 90 seconds was subtracted from times
o ofor 120 C, but at 100 C and below, the heating times were long 

enough for this to be ignored.
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Reproducibility of Survivor Curves
Spores to be used as biological indicators need to be of a 

standard resistance (18, 44, 193), and this means that there must 
be a high degree of reproducibility between the response of 

different batches of spores when exposed to the sterilizing 
conditions.

A comparison was therefore m a d e  of the variation in heat 

resistance which occurred within and between batches of spores 

of B. subtilis Trav 5230, Three replicate determinations of 
the survivor curve for spores from a single batch of B. subtilis 
Trav 5230 were made at temperatures of llO°C and 90°C and these 
are shown in Figures 8 (a) and 9(a). These survivor curves can 
be compared with Figures 8 (b) and 9 (b) which show the mean survivor 
curves for three separate batches of B. subtilis Trav 5230 spores 
at the same temperatures. The error bars show the standard 
deviations about each point.

It can be seen that the variation between batches is not 

greater than that within a single batch. This shows that spores 

of reproducible heat resistance can be produced from chemically 
defined medium.
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oMoist Heat Resistance of Spores of Bacillus strains at 110 C
The resistance of spores of each Bacillus strain produced 

on the sporulation media which gave greater than 40% sporulation 

was determined as a basis for preliminary comparison of the 
strains. Resistance was determined as detailed on page 83 

and the data obtained were used to construct the survivor curves 
of log surviving fraction against time, shown in Figures 10, 11 

and 12. Figure 10 shows curves for strains of low GI (category 
1), Figure 11 curves for strains of intermediate GI (category 2) 
and Figure 12 curves for strains of high GI (category 3).

The figures show the wide variation in shape of survivor 
curves for the different strains, with log-linear, shouldered 
and tailed curves and curves showing activation. Comparison of 
resistance by reference to calculated constants,such as D-values, 
would therefore be meaningless. There is, however, a general 
pattern between survival at 110°C and GI and this is discussed on
page 1 2 1 .
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Selection of strains for further study
On the basis of those data, together with those presented

in the previous chapter, six strains were selected for more 

detailed investigation. The rationale behind this selection 
is discussed on page ^^3  ̂ Table 19 shows the strains selected,

the sporulation media used and summarizes the properties determined,
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4.3 EXPERIMENTAL

The heat resistance at 110°C was used, with data from the 

previous chapter, to select six strains for detailed examination. 

The moist heat resistance of these selected strains was then 
examined at a range of temperatures including those used in the 
LTSF process.

The strains and sporulation media used are shown in Table 19. 
Spore production, harvesting, cleaning and storage have been 
previously described (see page 63 ). Assessment of heat resistance 
was as described in the preliminary experimental section of this 
chapter except that filter-sterilized, freshly boiled and cooled 
distilled water was of pH 5.9 - 6.2 because this pH range was 
more conveniently attained. Ampoules were immersed in an oil 

bath for temperatures of 90°C and above, and a water bath (Grant 
Instruments Ltd.) for 80°C and below. The oil bath was found to 
maintain the required temperature within ± 0.1°C and the water 
bath maintained the temperature within ± 0.5°C. The recovery 
medium for each strain was that which had given the highest 

GI value (see Table 19) and incubation was at 56°C (37°C for 

B. subtilis Trav 5230) for 48 hours.

Treatment of Results
There is considerable variation in the shape of survivor 

curves produced by the six selected strains. In order to produce 

a comparison between strains, the inactivation rate constant, k.
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has been calculated from the linear portion of survival curves.
The slope was calculated by least squares regression. Other in

activation constants were not calculated because of the variations 

in shape and the activation response observed with certain strains 
at some temperatures.



97

Inactivation of strains at 120 C

The survivor curves obtained for B. stearothermophilus strains 
NCIB 8919, NCIB 8224, NCIB 10814 and Col 2848 at 120°C are shown 
in Figure 13. B. subtilis Trav 5230 and B. coagulans FRR B666 
were too sensitive at this temperature for survivor curves to 

be constructed. B. stearothermophilus NCIB 8919 showed enormous 
activation followed by log-linear inactivation. Col 2848 showed 
some activation and both NCIB 10814 and NCIB 8224 showed shouldered 
curves.

Table 20 shows the slope and inactivation rate constants

derived from these data. These data show NCIB 8919 to be the
-1most sensitive strain at this temperature (k = 5.85 mins ) and

-1Col 2848 to be the most resistant (k = 1.36 mins ).

Table 20. Inactivation parameters determined for spores of Bacillus 
stearothermophilus strains at 120°C in aqueous suspension

Strain Slope 

(mins )̂ .

Standard 
Deviation 
of Slope 

- 1. .(mins )

Inactivation
Rate
Constant

- 1(mins )

NCIB 8919 2.54 0 . 1 2 5.85

Col 2848 0.59 0 . 0 2 1.36

NCIB 8224 1.06 0.05 2.44

NCIB 10814 1.89 0.09 4.35
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FIGURE 13. Inactivation of spores of B.stearothermophilus 

strains by moist heat at 120°C.
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Inactivation of strains at 110°C

Survivor curves were obtained at 110°C for all six strains 
under investigation and are shown in Figure 14. At this 
temperature B. stearothermophilus NCIB 8919 again showed enormous 

activation and Col 2848 slight activation. The other four 
strains showed shouldered survivor curves. B. stearothermo

philus NCIB 10814 showed less tailing of the survivor curve at 

the lower pH employed in this experimental section (compared .with 

Figure 12).

The values of the slopes and inactivation rate constants 
derived from these curves are shown in Table 21. Again B. stearo
thermophilus Col 2848 was the most resistant strain (k = 0.20 

-1mins ). B. subtilis Trav 5230 were the most sensitive spores 
- 1(k = 1.08 mins ) and B. stearothermophilus NCIB 8919 the most

-1sensitive thermophilic spores (k = 0.60 mins ).
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B.stearothermophilus
NCIB 8919 
NCIB 8224 
NCIB 10814 
Col 2848
B.coagulans FRR B6 6 6  
B.subtilis Trav 5230

O10

-110

•H

-310

-410
10 20 30 40

Exposure Time ( mins )
FIGURE 14. Inactivation of spores of Bacillus strains by 

moist heat at 110 C.
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Inactivation of strains at 100°C
oSurvivor curves for the six strains at 100 C are shown in 

Figure 15. At this temperature, B. stearothermophilus NCIB 8919 again 

showed enormous activation, as did b . coagulans FRR B566 which 

had shown shouldered curves, but no activation, at higher 

temperatures. B. subtilis Trav 5230 also showed slight acti

vation. B. stearothermophilus Col 2848, previously the most 

resistant, strain, was relatively sensitive at 100°C and the 
survivor curve showed a curvilinear shape.

The slopes and inactivation rate constants for each strain
are shown in Table 22. B. stearothermophilus NCIB 10814 was

-2 -1now the most resistant strain (k = 0.93 x 10 mins ). B. subtilis
- 2  -1Trav 5230 was the most sensitive strain (k = 9.21 x 10 mins ) 

and B. stearothermophilus Col 2848 was a. very sensitive thermo

philic strain (k = 4.42 x 1 0   ̂mins having been the most resis- 
o otant at 120 C and 110 C. Inactivation rate constants for B. 

stearothermophilus Col 2848 were calculated from the initial 

linear portion of the curve.
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B.stearothermophilus
NCIB 8919 
NCIB 8224 
NCIB 10814 
Col 2848
B.coagulans FRR B6 6 6  
B.subtilis Trav 5230

10

-110

- 2C 10

-310

-410
155 10O

Exposure Time ( hours )
FIGURE 15. Inactivation of sgores of Bacillus strains by

moist heat at 100 C.
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Inactivation of strains at 90°C

Survivor curves for the six strains are shown in Figure 16.
At 90°C, B. stearothermophilus NCIB 8919 and B. coagulans FRR 

B6 6 6  again both showed activation, as does B. subtilis Trav 
5230. For the first time there is sane activation in the 

shoulder seen with B . stearothermophilus NCIB 8224. B.

stearothermophilus Col 2848 was again relatively sensitive at 
this temperature and the survivor curve shows some tailing.

B. stearothermophilus NCIB 10814 displayed a shoulder and then 
log-linear inactivation.

The slope of the linear portions of these curves and derived
oinactivation rate constants are shown in Table 23. At 90 C, B.

stearothermophilus NCIB 10814 was the most resistant strain
-3 -1in terms of inactivation rate constant (k = 1.49 x lO mins ) but B,

stearothermophilus NCIB 8224 had a large shoulder to its survivor
-3curve and a larger inactivation rate constant (k = 1 . 6 8  x 1 0  

-1mins ). B. stearothermophilus Col 2848 was the most sensitive
-3 - 1thermophilic strain (k = 5.94 x 10 mins ) and B. subtilis

Trav 5230 was again the most sensitive strain overall (k = 1.02 
- 2X 10 ) .
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B.stearothermophilus
+ NCIB 8919 
O  NCIB 8224 
■ NCIB 10814 
▲ Col 2848 
A  B.coagulans FRR B6 6 6  
#  B.subtilis Trav 5230

10
#  +

-110

-310

-410
2 3 51 4O

Exposure Time ( days )
FIGURE 16. Inactivation of spores of Bacillus strains by

moist heat at 90°C.
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Inactivation of strains at 80°C

Survivor curves for five strains, B, stearothermophilus 

NCIB 8919, NCIB 8224, NCIB 10814, B. coagulans FRR B6 6 6  and 

B. suhtilis Trav 5230 at 80°C are shown in Figure 17. All 
five strains showed some activation at this temperature.

The slopes of the linear portions of the curves are shown
in Table 24 together with the derived inactivation rate constants.
B. stearothermophilus NCIB 8224 again showed an enormous shoulder
but the inactivation rate constant (k = 3.2 x 10 mins ) was
again larger than that obtained for B. stearothermophilus NCIB
10814 (k = 2.14 X lO ^ mins . B. suhtilis Trav 5230 was

—3 —1the most sensitive strain overall (k = 3.54 x lO mins ).
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B.stearothermophilus 
+  NCIB 8919 
■ NCIB 10814 
O  NCIB 8224
A B.coagulans FRR B6 6 6  
# B.suhtilis Trav 5230

O1 0

-110

-2

-310

-410
8 16O 24 32 40

Exposure Time ( days )
Figure 17. Inactivation of spores of Bacillus strains by

moist heat at 80°c.
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Inactivation of strains at 75 C

Survivor curves for B. stearothermophilus strains NCIB 8919 
o

and NCIB 8224 at 75 C are shown in Figure 18. B, stearothermo

philus NCIB 8919 again showed activation and NCIB 8224 an 

enormous shoulder before log-linear inactivation. The slopes of 

the linear portions of the curves together with the derived 
inactivation rate constants are given in Table 25.

Table 25. Inactivation parameters determined for spores of
B. stearothermophilus strains in aqueous suspension 
at 75°C.

Strain Slope
- 1(mins )

Standard
deviation
of slope (mins )

Inactivation 
Rate Constant, 
k, (mins“ )̂

-4 -5 -4NCIB 8919 2.15 X  10 1.38 X  10 4.95 X  10
-5 - 6NCIB 8224 6.31 X  10 5.90 X  10 1.45 X  10
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B.stearothermophilus
+ NCIB 8919 
O  NCIB 8224

10

-110

-3
1 0

-4
1 0

8 16 24 32 4840O
Exposure Time ( days )

FIGURE 18. Inactivation of spores of B.stearothermophilus
by moist heat at 75°C.
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Inactivation of strains at 70°C

Survivor curves for all six strains at 70°C are shown in 

Figure 19. At this temperature B. stearothermophilus Col 2848 
showed log-linear inactivation, NCIB 10814 a tailed curve and 
NCIB 8224 a shouldered curve. B. suhtilis Trav 5230, B. coagulans 

FRR B656 and B. stearothermophilus NCIB 8919 showed activation.

The slopes of the linear portion of the curves and the derived 
inactivation rate constants are shown in Table 26. B. stearo-

-5
thermophilus NCIB 8224 was the most resistant strain (k = 4.91 x 10 

- 1mins ) and B. stearothermophilus Col 2848 the most sensitive
-4 - 1thermophilic strain (k = 1.84 x 10 mins ). B. suhtilis

-3Trav 5230 was the most sensitive strain overall (k = 1.03 x 10
-1 .mins ).
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B.stearothermophilus
+ NCIB 8919 
O  NCIB 8224 
■ NCIB 10814 
▲ Col 2848
A  B.coagulans FRR B6 6 6  
#  B.suhtilis Trav 5230
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Figure 19. Inactivation of spores of Bacillus strains by

moist heat at 70 C.
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Effect of temperature on inactivation of spores of Bacillus strains 
by moist heat .

As previously described, the inactivation rate constant, k, 
can be related to the exposure temperature of the inactivation 
process by the Arrhenius relationship (see page 8 ). This 

relationship is:
- Ea

k = A e RT (Eq. 5)

where k is the inactivation rate constant, A is the frequency
-1 -1factor, R is the gas constant (8.314 Joules degree mol ), Ea 

is the Activation Energy and T is the absolute temperature.

The logarithmic form of Equation 5 is ;

which indicates that a plot of log k against 1/T should be 
linear and the slope would give an apparent activation energy 

for the inactivation process. A change in the value of Ea for 

different strains would indicate a change in the inactivation 
mechanism. Likewise a change in the Frequency Factor, A,would 
indicate a change in the susceptibility of the spore to the 
lethal mechanism with an increase in A indicating an increased 

probability of a lethal event occurring at a given temperature.

Figures 20 and 21 show plots of inactivation rate constant, 

k, on a log scale against reciprocal absolute temperature for 
the six Bacillus strains heated in aqueous suspension between
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120°C and 70°C. Table 27 shows the Activation Energy and Frequency 

Factor values derived from these data. This is discussed on 

page 124.
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FIGURE 20. Arrhenius plot of Inactivation Rate Constant on

a log scale against reciprocal Absolute Temperature 
for B.stearothermophilus Col 2848 spores
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FIGURE 21. Arrhenius plot of Inactivation Rate Constant on

log scale against reciprocal Absolute Temperature 
for spores of Bacillus strains.

B.stearothermophilus 
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■ NCIB 10814 
A B.coagulans FRR B6 6 6  
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4.4 DISCUSSION

The data presented to illustrate the reproducibility of the 

heat response, as shown by the survivor curves, shows the variation 
between batches of spores to be not greater than the variation 
between replicates from a single batch. These data, together 

with the reproducibility of GI which was demonstrated in the 
previous chapter (page 71 ), show that chemically defined media

can produce spores with consistent properties.

The general pattern which is observed between heat resistance
at 110°C and GI is of interest and confirms the importance of
sporulation conditions in affecting the heat resistance of spores.
When spores of a single strain have been harvested from more than

o
one medium, the spores have different heat resistances at 110 C. 
Table 18 shows the numerous differences between the sporulation 
media and it is not possible to relate resistance to specific 
nutrients. However, it may be significant that DeGuzman's 

medium, which invariably produced spores of the lowest resistance, 
and highest germination index for a particular strain, has the 
lowest concentration of calcium and magnesium ions. Heat resis

tance in spores has been correlated with the calcium concentration 
of the sporulation medium (8 8 ) and B. megateriim spores with 

decreased heat resistance were produced when calcium was omitted 
from the medium (89). It has also been suggested that magnesium 
may have a significant effect on heat resistance (91) but studies 
on B. coagulans var. thermoacidurans showed magnesium having little 
effect but increasing calcium and manganese concentrations increased
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resistance (90).

Changes in the sporulation medium which have decreased the 
GI have increased the heat resistance, except for B. stearothermo
philus NCIB 10814 when Anderson's medium produced spores of 

higher GI and higher heat resistance. Strains of low or inter
mediate GI (Figures 10 and 11) have the greatest potential for 
activation and this is shown by heat activation and shouldered
survivor curves. Strains with high GI (Figure 12) show no acti- 

ovation at 110 C and exhibit tailed survivor curves.

It has been suggested (193) that B. coagulans FRR B6 6 6  is a 
suitable strain for biological monitoring because the character
istics of its spores are highly reproducible. The spores of B. 
coagulans FRR B6 6 6  were of similar resistance to that reported 
by Jones and Pflug (193). Differences are almost certainly due 
to the different sporulation conditions used. Jones and Pflug 

(193) reported the use of two undefined sporulation media 
and incubation at 50°C, but in this study the chemically defined 
medium solid SSMAVIT was incubated at 56°C. An increased resis
tance has been reported with increased sporulation temperature 

for spores of B. coagulans var. thermoacidurans (124, 217).
B. coagulans FRR B6 6 6  spores produced in this way were of ccm- 
parable resistance to many of the strains of B. stearothermophilus 

investigated (Figure 10). The spores of mesophilic species are 
less heat resistant than those from thermophilès (27) and, as 

expected, the spores of B. suhtilis Trav 5230 were less heat 
resistant than the thermophilic species examined.
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The data shows the wide variation in heat resistance between 

strains of B. stearothermophilus and suggests that a spore with 
the ideal properties for a biological indicator of high germination 
index, high heat resistance and log-linear thermal inactivation, 
may not be available.

On the basis of these preliminary data on heat resistance 
and the sporulation data in the previous chapter, six strains 

were selected for more detailed investigation. This selection 
was intended to cover the range of properties displayed in terms 

of germination index, resistance at 110°C and survivor curve 
type. B. stearothermophilus strains with high, intermediate 
and low germination index were included and these had a range 
of heat resistance at 1 1 0 °C and produced a variety of survivor 
curve shapes at this temperature. For comparison between 
spores, B. coagulans FRR B6 6 6  and B. suhtilis Trav 5230 species 
were also investigated.

With the exception of B. stearothermophilus fJCIB 10814,

spores of selected strains were produced on the medium which

gave the highest heat resistance at 110°C. B. stearothermophilus
NCIB 10814 spores were produced on solid SSMAVIT because a

greater yield of spores was obtained than with Anderson's medium.
Spores of this strain from Anderson's medium had a higher resi- 

o
stance at 110 C.

The heat resistance of these strains was investigated at a 

range of temperatures between 120°C and 70°C to provide data on
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the moist heat resistance of the spores at the temperatures used 
in LTSF sterilization.

The most noticeable point from these data is that the strain 
which had the highest heat resistance at temperatures of 120°C 

and 110°C, B. stearothermophilus Col 2848, was not the most 

resistant at 70 - 80°C. This was the only strain not to show an 
inflexion at around 90°C in the Arrhenius plots of log inactivation 
rate constant against reciprocal temperature. The other five 
strains all showed inflexions in these plots around 90°C which 
may indicate different inactivation mechanisms occurring in the 
different temperature ranges. This inflexion clearly means 
that these spores are more sensitive at the higher temperatures 
than would be predicted from their resistance at the lower 
temperatures and shows that biological monitors should not be 
selected on the basis of high température resistance if they 
are to be used at lower temperatures.

The calculated Activation Energy (Ea) and log Frequency 
Factor (log A) values are shown in Table 27. The calculated 

values can be divided into three separate groups :

1) B. stearothermophilus NCIB 8224, NCIB 8919, NCIB 10814,

B. coagulans FRR B6 6 6  and B. suhtilis Trav 5230 at temperatures 

between 120°C and 90°C. The Ea values are around 300 kJ mol  ̂

and the log A values around 40. There is no significant 
difference between the values obtained at the 5% probability 
level but the values are significantly different to values
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from the other groups.
2) B. stearothermophilus Col 2848 over the whole temperature

range and B. stearothermophilus NCIB 8224 between 90°C and
o — 170 C have Ea values around 190 kJ mol and log A values

of approximately 23.

3) B. stearothermophilus NCIB 10814, NCIB 8919, B. coagulans

FRR B656 and B. suhtilis Trav 5230 at temperatures below the
-1inflexion have Ea values around 90 kJ mol and log A values 

of around 1 2 .

Anderson and Friesen (218) have reported inflexions in 
Arrhenius plots of thermal inactivation of B. stearothermophilus 
NCTC 10003 spores occurring at temperatures of 100 - 105°C. They 
reported Ea values equivalent to those in Group 1 above the 
inflexion and those in Group 2 below the inflexion point. The Ea 
values in Group 1 are in accordance with most previously reported 

values for thermophilic spores (219, 220) and a value similar 
to Group 2 was reported for one of three Bacillus species investi
gated by Amaha and Sakaguchi (133). Anderson and Friesen (218) 
postulated that the inflexion was due to a change in the lethal 
mechanism. Over the lower temperature range, inactivation could 
be due to a vital change at a single molecular site, perhaps 
in the nucleic acid, but at higher temperatures the inactivation 

would involve the breakage of a large number of weak bonds, 
probably hydrogen bonds.

This does not provide an explanation for the third group 

of Activation Energies, which are much lower than the previously
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reported values. Finley and Fields (221) reported that temperatures 
below 100°C induced superdormancy in B. stearothermophilus spores, 
and that this could be reversed by activation at temperatures in 
excess of 100°C. The third category may, therefore, not be a 
lethal event occurring within the spore but may be the induction 

of superdormancy by sublethal temperatures. No attempts were 

made to reactivate these spores either by subsequent heating or 
prolonged refrigeration.

The data presented in this chapter show the wide range of 
resistance between strains of B. stearothermophilus. Changes in 
sporulation conditions which increase germination index appear 

to decrease heat resistance and the ideal combination of high 
germination index, high heat resistance and linear inactivation 
may not be available. The effect of temperature on rate of 
inactivation shows that a high resistance at one temperature does 
not imply high resistance at another. All these factors will 
affect the choice of a strain to be used as a biological 
indicator for LTSF.



CHAPTER 5 
INACTIVATION OF BACILLUS SPORES BY 
FORMALDEHYDE IN AQUEOUS SOLUTION
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5.1 INTRODUCTION

Experiments reported in the previous chapter were performed 
in order to examine the resistance of spores of six selected 
Bacillus strains to moist heat. The intention of the experiments 
reported here was to examine the relative resistance of these 
selected strains to formaldehyde in aqueous solution.

In order to investigate the bactericidal properties of 
any chemical it is necessary to inactivate the chemical to 
stop the lethal process once a sample to estimate the remaining 
viability of the micro-organisms has been taken. This also 
prevents bacteriostatic concentrations of the chemical being 
carried over into the recovery media where they could prevent 
germination or outgrowth of surviving spores. Numerous methods 
have been used to inactivate formaldehyde including chemical 

inactivators such as glycine (2 2 2 ), morpholine and dimedone 
(222), sulphite (160), ammonia (159) or physical removal of 

the formaldehyde by filtration (223) or centrifugation (224).

The preliminary experiments reported in this chapter 
include screening methods for the inactivation of formaldehyde 
in the development of a protocol for assessing formaldehyde 

resistance. Experiments were also performed to investigate 

possible bactericidal effects of methanol, present in commercial 
formaldehyde solutions as a stabilizing agent. Finally, an 

evaluation was made of the reproducibility of the method of 
assessment of the formaldehyde resistance within and between
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batches of spores of B. suhtilis Trav 5230.

The experimental section includes an investigation into 

the effect of formaldehyde concentration and temperature on 

the inactivation of B. suhtilis Trav 5230 spores by formaldehyde 

in aqueous solution before using the established protocol to 

determine the relative resistance of spores of the six selected 
Bacillus strains to formaldehyde.
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5.2 PRELIMINARY EXPERIMENTS

Screening for Inactivator Compounds

A preliminary screen was carried out to detect potential 
inactivators of formaldehyde which could be used either as the 

first dilution in a serial dilution or be incorporated into the 

recovery medium. The compounds investigated were morpholine 
and dimedone, glycine, cysteine, activated charcoal and sulphite.

The ability to recover low numbers of spores was investigated 
by adding known concentrations of formaldehyde to B. suhtilis 
Trav 5230 spores suspended in inactivator solutions at a final 
spore concentration of 200 - 500 viable spores/ml. The sus
pensions were immediately mixed and, after 30 seconds, triplicate 
0.2 ml samples were plated onto NA plates, incubated at 37°C 
and colonies counted after 7 and 10 days. Alternatively, B. 
suhtilis Trav 5230 spores (sufficient to produce a final con

centration of 200 - 500 viable spores/ml) were added to a 

series of concentrations of formaldehyde in aqueous solution, 
mixed and triplicate 0 . 2  ml samples immediately plated onto 
NA plates with or without inactivator added.

Solutions of sodium sulphite, cysteine and glycine were 

prepared at the rec[uired concentration and sterilized by 

filtration through a 0.22 ym membrane. Morpholine and dimedone 
solutions (1 % morpholine and dimedone is a solution of 1 % w/v dimedone 

and 0.6% w/v ïriorpholine; B.D.H. Chemicals Ltd.) were sterilized by 
autoclaving at 121°c for 20 minutes. In the preparation
of media containing inactivators, activated charcoal was
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was added to NA prior to sterilization and

all other additions were aseptically mixed with molten, sterile 
NA before distribution into petri-dishes.

Table 28 shows the percentage of the added spores which 

were recovered when formaldehyde was added to the inactivator/ 

spore suspension and Table 29 shows the effect of inactivator 

in the recovery medium. Inactivation of formaldehyde is seen 

as an increase in percentage recovery over that obtained without 
inactivator, and toxicity of the inactivator by a decrease in 
this value compared to the control.

All the compounds screened, with the exception of activated 
charcoal, increased the recovery after exposure to formaldehyde 
in aqueous solution but they also affected the count of un
exposed spores.
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Effect of inactivators on viability of B. subtilis Trav 5230 
spores exposed to 35% w/v formaldehyde in aqueous solution 

for different times
Two chemical inactivators were selected from the previous 

screen for comparison with physical removal of formaldehyde by 

filtration as methods of inactivating formaldehyde. Incorporation 

of inactivators into the recovery medium had a greater effect 

on unexposed spores than inactivator in the first serial dil
ution and morpholine and dimedone and glycine were selected for 
comparison with filtration because they combined inactivation 
potential with the lowest effect on untreated spores.

B. subtilis Trav 5230 spores were exposed to 35% w/v 
formaldehyde in aqueous solution for different periods. The 
results were used to construct survivor curves using each in
activation method. A suitable dilution of 38% w/v formaldehyde 
solution in sterile distilled water was prepared and held at 

30°C for 24 hours to allow the monomer-polymer ratio to equili
brate (150) . The dilution was such that when the volume of 

spore suspension was added a 35% w/v formaldehyde solution was 
produced containing approximately 5 x 10^ spores/ml. A parallel 

dilution of spore suspension in sterile distilled water was 
performed to assess the initial viable count. At timed intervals, 

0.5 ml samples were withdrawn from the formaldehyde solution 
and added to 4.5 mis of each of sterile water, 10% glycine 
solution and 1% morpholine and dimedone solution. The water 

sample was immediately serial diluted and five replicate 0 . 2  ml 
samples of a suitable dilution spread onto NA plates. Triplicate
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2 ml samples of a suitable dilution were also filtered through 
a 0.45 ym, 47 mm membrane using a negative pressure filtration 

apparatus (Sartorius Ltd.) and the filters rinsed with two 

successive 5 ml volumes of sterile water. The filters were 
removed and each placed on the surface of an NA plate which 

had been overdried at 37°C for 10 minutes to remove surface 
water. The samples in morpholine and dimedone or glycine 
solution were left for two minutes before serial dilution 

in sterile water. Quintuplicate 0 . 2  ml samples of the final 

dilution were plated onto NA plates which were incubated at 

37°C for 7 days before colony counting. Filters were incubated 
under the same conditions without being inverted and colonies 
developing on the filter counted.

Figure 22 shows the survivor curves obtained. At the 
lowest survivor level, the filtration technique gave the 
greatest recovery. As the chemical inactivators had given 

slightly improved recovery compared to serial dilution with 
sterile water alone, it was decided to compare the effect of 
a combination of chemical inactivation and filtration with 
no inactivator or with each technique alone. 1 0 % glycine 

was selected as the chemical inactivator as it appeared to 

have less effect on the viable count of unexposed spores.

In Figure 23 the combination of 10% glycine solution 
as the first serial dilution combined with filtration was 

compared with using no inactivator, 1 0 % glycine solution alone 
or filtration alone. The combination of 10% glycine solution
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Exposure Time ( mins )
FIGURE 22. Effect of Inactivators on the recovery 

of B.subtilis Trav 5230 spores from 35% 
w/v Formaldehyde solution at 30 C.

V Dilution in water and plate.
# Dilution in water and filter.
□ Morpholine & dimedone inactivator, dilute and plate. 
▲ Glycine inactivator, dilute and plate.
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FIGURE 23. Effect of inactivators on the recovery 

of B.subtilis Trav 5230 spores exposed 
to 35% w/v Formaldehyde solution at 30°C,

#  10% Glycine in first dilution, filter.
O  Dilution in water, filter.
V 10% Glycine in first dilution, plate.
T Dilution in water, plate.
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and filtration was consistent in giving the highest recovery 
of viable spores, particularly at low survivor levels.
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Method for the assessment of formaldehyde resistance
On the basis of the experiments described, the following 

protocol was developed for assessing formaldehyde resistance.
A suitable dilution of 38% w/v formaldehyde solution was pre
pared and left to equilibrate for 24 hours at 30°C. 4.8 ml 
of this solution in a sterile 150 x 15 mm glass stoppered 

test-tube (Quickfit; Fisons Ltd.) was equilibrated to the 
required temperature in a water bath. At temperatures above 

40°C, the glass stopper was replaced by a small condenser unit

(Quickfit; Fisons Ltd.) to prevent evaporation. 0.2 ml of
0

spore suspension containing approximately lO viable spores/ml 
was added and mixed using a magnetic stirrer and flea (Rank 
Instruments Ltd.). A parallel dilution in sterile water 
(0.2 + 4.8 ml) was used to determine the initial viable count. 
At predetermined intervals, 0.5 ml samples were withdrawn 
and added to 4.5 mis sterile 10% glycine solution. After two 
minutes contact, this was serially diluted in sterile water 
and triplicate 2 ml volumes of the final dilution filtered 

through sterile 0.45 ym, 47 mm diameter membranes in a negative 
pressure filtration apparatus. Each filter was washed with 

two successive 5 ml volumes of sterile water and placed on 
the surface of recovery media. The media used for each strain 

was again that which had given the highest GI for untreated 
spores (see Table 19). Plates were incubated at 56°C 

(37°C for B. subtilis Trav 5230) for 7 days and the colonies 
on the filter counted. Further incubation for up to 10 days 

did not increase recovery.
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Effect of methanol on survival of B. subtilis Trav 5230 spores
Commercial formaldehyde solutions contain 10 - 15% methanol 

to prevent precipitation of polyoxymethylene glycols. To 

assess the possible effects of this methanol on inactivation 
by formaldehyde solutions, spores were held in O, 0.2%, 2%,

6 % and 15% methanol at 30°C for 24 hours and in O, 0.2% and 

6 % methanol at 70°C for up to two hours. Samples were removed 
at intervals and viable numbers determined using the filtration 
technique described previously (page 138) . Survivor curves plotted 
from data obtained at 30°C are shown in Figure 24 (a) and 

those plotted from data obtained at 70°C are shown in Figure 
24(b). There is no significant difference at the 95% probability 
level between survival in any methanol concentration and survival 
in sterile water at the same temperature. Methanol, therefore, 
has no sporicidal action at concentrations encountered in the 
dilutions of 38% w/v formaldehyde solution that are likely to 
be employed in subsequent experiments.
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Reproducibility of formaldehyde resistance
Previous experiments have demonstrated that spores grown 

on chemically defined media exhibit highly reproducible ger
mination indices (see page 71 ) and heat resistance (see page 
8 6  ). Before spores could be considered as potential biological 

indicators for LTSF it was considered necessary to demonstrate 
that they also possessed reproducible resistance to formaldehyde. 

The variation in formaldehyde resistance within and between 
batches of B. subtilis Trav 5230 spores was therefore assessed. 

Triplicate determinations of the response to 0.5% w/v formalde
hyde solution at 70°C were carried out on a single batch of B. 
subtilis Trav 5230 spores and the survivor curve obtained is 

shown in Figure 25(a). Figure 25(b) shows the variation of 
resistance of three separate batches of spores of the same 
strain. It can be seen that the variation between separate 
batches is not greater than that within a single batch.
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5.3 EXPERIMENTAL

The effect of concentration of formaldehyde solution on 
inactivation of B. subtilis Trav 5230 spores

In order to decide upon conditions to be employed for the 

determination of the relative resistance of the six selected 

strains to formaldehyde in aqueous solution, it was decided to 

investigate the effects of formaldehyde concentration and temp
erature on the inactivation of spores of a single strain. B. 

subtilis Trav 5230 spores were expected to be more sensitive 
to formaldehyde than the other strains (224) and were therefore 
selected for investigation. A wide range of concentrations 

and temperatures could thus be investigated without the need 
for extended exposure times.

Initially the effect of formaldehyde concentrations on 
inactivation of B. subtilis Trav 5230 spores was investigated. 
Spores were exposed to aqueous formaldehyde solutions at 
concentrations of 35%, 25%, 20%, 15%, 10%, 5%, 1% and 0.5% 

at 30°C. Formaldehyde resistance was determined using the 
protocol described on page 138 and the data expressed as 

survivor curves.

Survivor curves for concentrations from 35% to 10% are 

shown in Figure 26 and for concentrations from 5% to 0.5% 
in Figure 27. All the curves except that observed with 5% 

formaldehyde exhibited a shoulder followed by linear inacti
vation and inactivation rate constants, k, were calculated 
by regression of the linear portion of each curve. 5% w/v
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Formaldehyde Concentration 
O  35%
■ 25%
▲ 20%
V  15%
#  10%

10

-110

-210

-310

-35
60 80 1004020O

Exposure Time ( mins )
FIGURE 26. The effect of Formaldehyde Concentration

on the Inactivation of B.subtilis Trav 5230 
spores in aqueous solutions at 30 C.
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Formaldehyde Concentration 
□ 5%
•  1 %
O  0.5%
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-35 X
8 12 16 20 24

Exposure Time (hours)
FIGURE 27. The effect of Formaldehyde Concentration on the 

Inactivation of B.subtilis Trav 5230 spores in
aqueous solutions at 30 C.
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formaldehyde shows evidence of tailing and the inactivation 
rate constant was derived from the initial linear portion of 

the curve.

Table 30 shows the derived inactivation rate constants 
for each formaldehyde concentration and Figure 28 is a plot of 

inactivation rate constant on a log scale against concentration 
of formaldehyde. These data are discussed on page 161.

Table 30. The effect of concentration of formaldehyde on the 

Inactivation Rate Constant of B. subtilis Trav 5230 
in aqueous formaldehyde solution.

Formaldehyde Inactivation Standard
concentration Rate Constant, deviation
(% w/v) k, (mins~^) of k (mins )

35 2.13 X 1 0 - 1 2.07 X 1 0 - 2

25 1.96 X 1 0 - 1 3.98 X 10-3

2 0 2.09 X 1 0 - 1 1.40 X 1 0 - 2

15 1.34 X 1 0 - 1 6.45 X 10-3

1 0 7.14 X 1 0 - 2 6.91 X 10-3

5 4.12 X 1 0 - 2 4.49 X 10-3

1 8.59 X 10-3 8.72 X 10-4

0.5 4.88 X 10-3 1 . 1 2 X 10-3
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FIGURE 28. The effect of Formaldehyde Concentration on
the Inactivation Rate Constant for B.subtilis 
Trav 5230 spores in aqueous formaldehyde 
solutions at 30 C.
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Effect of temperature on inactivation of B. subtilis Trav 5230
spores by 0.5% w/v formaldehyde in aqueous solution

The effect of temperature on inactivation of B. subtilis

Trav 5230 spores by 0.5% w/v formaldehyde in aqueous solution
o owas then investigated. Formaldehyde resistance at 30 C, 40 C, 

50°C, 60°C and 70°C was determined using the protocol described 

on page 138. This range of temperatures measured resistance in 
aqueous solution up to the temperature range employed in LTSF.

o oSurvivor curves plotted from data obtained at 30 C and 40 C 

are shown in Figure 29 and from data at 50°C, 60°C and 70°C in 
Figure 30. The inactivation rate constants were again 
calculated from the linear portions of the curves and Table 31 
shows the derived values for each temperature. As previously 
described (see page 116 ) inactivation rate constants can be 

related to the temperatures at which they were obtained by 
the Arrhenius relationship. Figure 31 shows the Arrhenius 
plot of log inactivation rate constant against reciprocal 
absolute temperature for B. subtilis Trav 5230 spores exposed 

to 0.5% formaldehyde in aqueous solution. The Activation 
Energy and Frequency Factor values derived from these data 
are shown in Table 32. These data are discussed on page 162.
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Temperature 
O  30°C 
•  40°C1 0

- 1
1 0

•H

•H
- 2

-310

-35 X 10
8 12 204 16 24O

Exposure Time ( hours )
FIGURE 29. The effect of Temperature on the Inactivation of 

B.subtilis Trav 5230 spores by 0.5% w/v 
Formaldehyde solution.
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Temperature 
V  50°C 
A 60°C e 7o°c10
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321O
Exposure Time { mins )

FIGURE 30. The effect of Temperature on the Inactivation of 
B.subtilis Trav 5230 spores by 0.5% w/v 
Formaldehyde solution.
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FIGURE 31. Arrhenius plot of Inactivation Rate
Constant on a log scale against reciprocal 
Absolute Temperature for the inactivation 
of B.subtilis Trav 5230 spores by 0.5% w/v 
Formaldehyde solution.
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Table 31. Inactivation Rate Constants derived from survivor

curves for B. subtilis Trav 5230 spores in 0.5% w/v 
formaldehyde at various temperatures.

Temperature
(°C)

Inactivation Rate 
Constant, k,

- 1(mins )

Standard 
deviation 
of k,

- 1(mins )
—3 -330 4.88 X  10 1.12 X  10
— 2 -340 2.46 X  10 2.69 X 10
— 2 —350 6.01 X  10 7.90 X  10
— 1 - 260 1.54 X  10 2.88 X  10
— 1 — 170 5.50 X  10 1.71 X 10 ^

Table 32. Arrhenius data for the inactivation of B. subtilis 
Trav 5230 spores by 0.5% w/v formaldehyde in 
aqueous solution.

Correlation coefficient = 0.99

Activation Energy (Ea)

Standard Deviation of Ea 

Log Frequency Factor (log A) 
Standard Deviation of log A

= 93.8 kJ mol-1

±5.77 kJ mol 

13.95 
0.94

-1
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Inactivation of Bacillus spores by 0.5% w/v formaldehyde in 
aqueous solution at 70°C

It was decided to investigate the relative resistances 

of spores of the six selected strains to formaldehyde in 
aqueous solution using a single combination of formaldehyde 

concentration and temperature. A concentration of 0.5% w/v 

formaldehyde solutiopand 70°C were selected as the conditions 
as this would allow survivor curves to be constructed over 
convenient time periods and 70°C is in the normal temperature 
range of LTSF.

The protocol used to determine formaldehyde resistance 
was as previously described (see page 138). Figure 32 shows 
the survivor curves plotted from the data obtained. These 
curves show a variety of shapes and so comparison of resis
tance by calculated constants, such as inactivation rate 
constants or values, would be meaningless. B. stearo- 

thermophilus NCIB 8919 showed sane activation and then a 
tailed curve, B. stearothermophilus Col 2848 and NCIB 8224 

showed sigmoid curves with a shoulder and a tail. B. 
subtilis Trav 5230, B. coagulans FRR B6 6 6  and B. stearo- 

theimophilus NCIB 10814 show approximate linear inactivation 
with B. subtilis Trav 5230 being the most sensitive of the 

six strains. The most resistant strain was B, stearothermo

philus NCIB 8224.
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B.stearothermophilus
+  NCIB 8919 
O  NCIB 8224 
A NCIB 10814 
A Col 2848 
■ B.coagulans FRR B6 6 6  
# B.subtilis Trav 5230

10

-110

-rH

-2

-310

-410
302515 205 10O

Exposure Time ( mins )
FIGURE 32. The Inactivation of spores of Bacillus strains by

0.5% w/v Formaldehyde in aqueous solution at 70 C,
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-1Inactivation of Bacillus spores by 8 mg 1 formaldehyde in
aqueous solution at 80°C

A concentration of 0.5% w/v formaldehyde (5 g 1 is

considerably higher than the concentrations employed in the
-1LTSF process and so the effect of 8  mg 1 formaldehyde in 

aqueous solution at 80°C was investigated. This concentration 

and temperature are more relevant to the conditions used in 
the commercial sterilization process.

The survivor curves plotted fran the data which was 
obtained using the same protocol as previously described (see 
page 138), are shown in Figure 33. The maximum exposure period 

was five hours which is considerably in excess of a commercial 
sterilizing cycle and it can be seen that over this period 
the extent of inactivation is very small in terms of a steri
lizing system. In fact three strains, B. stearothermophilus 
NCIB 8919, B. subtilis Trav 5230 and B. coagulans FRR B6 6 6  

show only activation over this exposure period.

These data show that, when used in aqueous solution, a 
concentration of formaldehyde in the range employed in LTSF 
sterilization has little sporicidal action, even at elevated 

temperatures. The significance of these data is discussed on 
page 165.
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5.4 DISCUSSION

As well as its sporicidal action, formaldehyde can inhibit 

spore germination (225). When investigating the sporicidal 
properties of formaldehyde, therefore, it is important to 

prevent significant carry-over of formaldehyde into the 

recovery conditions which may prevent germination of spores. 

Chemical inactivators have been recommended to stop the lethal 

process once samples have been taken and to prevent bacterio- 
stasis in the recovery media (226). Morpholine and dimedone, 
glycine, cysteine, activated charcoal and sodium sulphite were 
all examined for their ability to inactivate formaldehyde either 
in the first serial dilution after sample removal or incorporated 
in the recovery medium.

The use of morpholine and dimedone, glycine, cysteine and 
sodium sulphite in the first serial dilution was first investi
gated. Table 28 shows the percentage recovery of B. subtilis 
Trav 5230 spores after exposure to O, 0.5% cind 2% w/v 

formaldehyde solutions. It can be seen that all the compounds 
gave better recovery after formaldehyde exposure than the 

control. All the compounds, however, also had some effect 
on the viable count of unexposed spores. 1 % morpholine and 

dimedone and both cysteine concentrations induced a significant 

increase in viable count but the effects of the other compounds 
on the viable count of unexposed spores were not as marked.

Activated charcoal, morpholine and dimedone and sodium
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sulphite were then incorporated into the recovery medium. The 
percentage recovery using these media after exposure to 
formaldehyde solutions are shown in Table 29. 0.2% activated

charcoal did not increase recovery compared to the control and 
1% activated charcoal decreased recovery. It was thought that 

activated charcoal may absorb formaldehyde and its incorporation 

in the recovery medium has previously been shown to increase 
recovery of spores exposed to LTSF (167). This data, however, 
suggests it may affect the recovery media, possibly by adsorbing 

some essential nutrient. Morpholine and dimedone in the 
medium gave improved recovery of spores but also greatly 
reduced the viable count of unexposed spores. Sodium sulphite 
also gave a slight reduction in initial counts but better 

recovery than the control.

The use of chemical inactivators appeared to be affecting 
the counts of untreated spores and so physical removal of 
formaldehyde by filtration was compared to chemical inactivation 
with glycine or morpholine and dimedone. Physical removal 

of formaldehyde by centrifugation has also been reported (224) 

but this will not immediately stop lethality on sample removal 
and is a time consuming procedure not suited to the type of 

experiment envisaged in this study. Morpholine and dimedone 
were selected for comparison because of their high inactivating 

capacity and glycine had inactivating capacity together with 
little effect on initial counts. These were employed in the 

first serial dilution because this showed less effect on initial 

counts than incorporation in the recovery media.
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The effects of these inactivation methods on the survivor 
curve for B. subtilis Trav 5230 spores in 35% w/v formaldehyde 

solution at 30°C is shown in Figure 22. After 30 minutes 

exposure there is no significant difference between non

inactivated samples and those with chemical inactivation or 

filtration. This is because the number of serial dilutions
needed to produce countable colony numbers was sufficient to

/

reduce the formaldehyde concentration below bacteriostatic 
levels. However, at low survivor levels when less dilution 

was involved, approximately double the number of survivors 

were recovered using the filtration technique. There was 
no significant difference between the survivor curves observed 
using morpholine and dimedone or glycine as inactivators. 
Because of the small effect glycine had on the initial viable 
count, glycine is probably the chemical inactivator of choice.

The effect of a combination of glycine and filtration 
compared with either treatment alone or no inactivator is 
shown in Figure 23. This shows that the greatest recovery 

is obtained when glycine is used in combination with filtration, 
This method was standardized and employed in all subsequent 
experiments.

Cheung and Brown (237) evaluated glycine as an inactivator 

for glutaraldehyde and concluded that a 2 % solution or higher 
was required to inactivate 2% alkaline glutaraldehyde. In 

this study, 1 0 % glycine solution was used to provide an excess
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of glycine for all concentrations of formaldehyde used.

Spicher and Peters (228) reported that heat activation 

after exposure to formaldehyde solutions gave increased recovery 

of B. subtilis spores. This may indicate that formaldehyde is 

inhibiting germination of the spores and this inhibition can 

be overcome by heat activation. However, these authors have 
not shown the effect of this heat activation on spores not 
exposed to formaldehyde and thus they may have activated a 

previously dormant portion of the population. This is a 
reason for using spores of high germination index for inacti
vation studies. Subsequent heating did not increase recovery 
of B. subtilis var niger spores exposed to vapourized formalde
hyde solutions (229).

Before investigating the effect of formaldehyde in solution 
it was necessary to show that methanol, a stabilizing agent in 
commercial formaldehyde solutions, had no effect on the viability 

of spores at the concentrations liable to be encountered.
Figures 24(a) and (b) show that the effect of holding in 

methanol solutions is not significantly different from holding 
in distilled water at the same temperature. This is not un
expected as methanol has been reported as possessing only a 

wea!k bactericidal action and no sporicidal activity (230) . 

Methanolic solutions of formaldehyde have been reported as 

having less sporicidal activity than aqueous solutions (231) 

and methanol and other alcohols (232) have been shown to 
reduce the activity of formaldehyde solutions.
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The data on the reproducibility of formaldehyde resistance 
within and between batches of B. subtilis Trav 5230 spores 
shown in Figure 25(a) and (b) confirm the reproducibility of 

the method and show that spores of reproducible resistance 
to formaldehyde in solution can be produced from chemically 
defined media. Thus, spores of consistent germination index, 

heat resistance and chemical resistance can be produced when 
defined sporulation media are used.

Using B. subtilis Trav 5230 spores the effect of formalde
hyde concentration and temperature on inactivation were investi
gated. These were assessed in unbuffered solutions and the pH 
varied between 3.6 for 35% w/v formaldehyde solution and 4.3 

for 0.5% w/v formaldehyde solution. However, variations in 
pH between 3.6 and 7.8 do not affect the proportion of poly
meric hydrates and so do not affect the biocidal properties 
of formaldehyde solutions (232, 233) .

Figure 28 shows the effect of formaldehyde concentration 

on the rate of inactivation of B. subtilis Trav 5230 spores 
at 30°C. Dissolved formaldehyde is present principally as 

methylene glycol and a series of polyoxymethylene glycols.
Low formaldehyde concentrations favour the presence of 

methylene glycol and solutions containing 2 % or less 
dissolved formaldehyde are completely monomeric but high 

formaldehyde concentrations favour polyoxymethylene glycols 
whose average degree of polymerization increases with 

increasing formaldehyde concentration (150). Table 33 shows
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the distribution between monomeric methylene glycol and polymer 

in a series of formaldehyde solutions of different concentrations 
at 35°C. A small amount of unhydrated monomeric formaldehyde 

is also present but the concentration is very low. Table 34 
shows the approximate concentrations of unhydrated monomeric 

formaldehyde in aqueous formaldehyde solutions at 30°C and 60°C. 
However, the net effect of reactions with methylene glycol in 

solution is generally that which would be expected if monomeric 

formaldehyde were employed (150).

From Figure 28 it can be seen that increasing the con
centration of formaldehyde in the solution only increases the 
rate of inactivation up to 20% w/v formaldehyde. Increases 
above this concentration have little effect on the rate of 
inactivation. This is not surprising as sporicidal action 
depends on monomeric formaldehyde (233) and at low concen
trations a small increase in concentration has a relatively 
large effect on the monomer levels but as the concentration 

rises the fraction of the formaldehyde present as monomer 
decreases (see Table 33).

Increasing the temperature of formaldehyde solutions favours 

methylene glycol content and produces a small reduction in 
the polyoxymethylene glycol concentration (150). It also 

increases the free formaldehyde monomer concentration (see 
Table 34). Figures 29 and 30 show that the rate of inactivation 

of B. subtilis Trav 5230 spores by 0.5% w/v formaldehyde solution 
increases with increasing temperature and this increase follows
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Table 33. Distribution of formaldehyde between monomer and 

polymer in aqueous solution at 35°C.

Formaldehyde 
concentration 
(% w/v)

Percentage
monomer

Concentration 
of monomer 
(% w/v)

5 82 4.11
1 0 67 6.65
15 55 8 . 2 2

2 0 46 9.24
25 40 1 0 . 1 1

30 36 10.69
35 31 10.92

Table 34. Approximate concentration of unhydrated formaldehyde 

monomer in aqueous formaldehyde solutions

Total dissolved Unhydrated montrer content
formaldehyde
(% w/v) 30°C 60 C

2 0.001 0.004
5 0.002 0.007

15 0.005 0.0017

From Walker, J.F. (1964). "Formaldehyde" ACS Monograph 

No. 159, Reinhold, New York.
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the Arrhenius relationship (Figure 31) . An Activation Energy
—  *]value of 94 kJ mol can be derived from these data and this

-1is similar to the value of 110 kJ mol reported for the
inactivation of B. subtilis spores by gaseous ethylene oxide

(234) . These values indicate a low energy requirement for

the lethal process compared to moist heat inactivation at high
-1temperatures (Ea - 300 kJ mol ) . The Ea values are similar to 

those obtained for B. stearothermophilus NCIB 10814, NCIB 8919, 
B. coagulans FRR B656 and B. subtilis Trav 5230 for moist 

heat inactivation in the temperature range 70 - 90°C (see 
page 1 2 0 ) , but this does not imply that the same inactivation 
mechanism is operative.

A combination of 0.5% formaldehyde solution at 70°C was 
then used to assess the resistance of spores of the six 
previously selected Bacillus strains. The curves obtained 
are shown in Figure 32 and, as would be expected from the 
data already presented, the strains vary in both survivor 

curve shape and resistance when exposed to these conditions.
The differences in resistance, however, are not as marked 

as the differences observed between the moist heat resistance 

of these strains. B. stearothezmophilus spores have previously 
been shown to be more resistant than B. pumilus or B. subtilis 

spores to‘formaldehyde in solution (224) and these data show 

the B. subtilis spores investigated to be more sensitive than 

the thermophilic strains examined.
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As is often observed with inactivation by chemical treat
ments, some strains show evidence of increased resistance 

when low survival levels are reached, this resulting in tailing 

of their survivor curves. This may be due to a portion of the 
spore population with an increased resistance to the chemical 

or lower concentrations of the chemical available at the later 

stages of treatment. Although there is no direct correlation 

between moist heat resistance (see Chapter 4) and formaldehyde 
resistance, there are some general trends which are of interest. 

B, stearothermophilus NCIB 8224 is the most resistant strain 
to formaldehyde in solution and was previously the most resistant 

strain to moist heat below 90°C. B. stearothermophilus NCIB
8919 was activated by formaldehyde in solution at 70°C as 
it had been by moist heat at each temperature examined. The 
low GI of this strain gives it enormous potential for activation. 
B. subtilis Trav 5230, the most moist heat sensitive of the 
strains examined, was also the most sensitive to formaldehyde 
in solution and B. coagulans FRR B6 6 6  spores were again of 
similar resistance to the B. stearothermophilus strains examined. 

B. stearothermophilus Col 2848 had a large shoulder on the 
survivor curve in formaldehyde solution at 70°C although the 

subsequent rate of inactivation was similar to that shown 
by B. stearothermophilus NCIB 10184, for example . Both strains 

show some evidence of tailing of the curves.

-1When these strains were exposed to 8 mg 1 formaldehyde 

in solution at 80°C, however,little, if any, lethality was 
observed over a period of five hours (see Figure 33). B.
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stearothermophilus NCIB 8919 showed enormous activation over 

this period and activation was also seen with B. subtilis 
Trav 5230 and B. coagulans FRR B6 6 6 . These three strains 

had the lowest GI values of the six investigated and all 
were previously categorised in GI category 1, showing these 

strains to have the greatest potential for activation. The 

other three strains show a slight reduction in viable numbers, 

to between 30% and 50% of the initial count over five hours.

Spiner and Hoffman (235) have shown that significant
inactivation (a six to seven log cycle reduction) of B. subtilis
var niger spores is bought about by gaseous formaldehyde

—1 oconcentrations of 1.1, 3.5 and 10.6 mg 1 at 25 C. This 
suggests that gaseous formaldehyde is far more sporicidal 

than aqueous solutions. This may be due to the relative 
concentrations of unhydrated monomeric formaldehyde present 

in the two systems as, in solution, only a very small 
proportion of the monomer will be unhydrated (see Table 34). 

Although the net reaction involving methylene glycol in 
solution may be the same as if monomeric formaldehyde were 
employed, this does not imply that the rate of reaction will 

be the same (150). The differences in activity between 
gaseous formaldehyde and aqueous solutions seem too great 

to be explained by a reduction in activity in formaldehyde 
solutions brought about by the presence of methanol (231, 232).

These data may be significant for LTSF. It can be seen 

that neither moist heat alone nor formaldehyde in solution at
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the temperatures and concentrations employed in commercial 
LTSF processes produced a significant reduction in viable 
count of the bacterial spores investigated over the time course 

of a typical LTSF cycle i.e. 2 hours. This suggests that either 

the latent heat of Low Temperature Steam or the gaseous formalde

hyde provide a significant degree of lethality to the process 
or that considerable synergism between these two agents contributes 
to the sterilizing effect.



CHAPTER 6
EXPERIMENTAL APPARATUS FOR EXPOSURE OF SELECTED 
BACTERIAL SPORES TO LOW TEMPERATURE STEAM AND LTSF



168

6.1 : INTRODUCTION

The experimental sections so far described have involved 
the selection of spores of Bacillus strains and the subsequent 

evaluation of their resistance to moist heat and formaldehyde 

in aqueous solution. In order to investigate further the indi
vidual parameters of LTSF sterilization it was necessary to 
develop an experimental apparatus which would, allow selected 
spores to be exposed to Low Temperature Steam alone (LTS) 

and in combination with gaseous formaldehyde (LTSF).

Three approaches have been used to investigate the effects 
of sterilizing processes. Two of these have used modifications 
of commercial apparatus and the third has involved the construction 
of a purely test apparatus.

Hurrell et al. (167) investigated LTSF sterilization 
using a modified commercial sterilizer. Spore strips were 
placed in ampoules inside the sterilizer chamber and exposed 

to the sterilizing conditions. Each ampoule could be indi
vidually sealed and this was done at the vacuum stage of 

successive pulses, so that the spores were sealed inside an 
evacuàtëd ampoule until the end of the cycle. This removed 
the spores from subsequent LTSF pulses but they were exposed 

to the temperature of the chamber until all the ampoules were 
removed at the end of the cycle.

Cook and Brown (236) modified a bench autoclave to study
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steam sterilization. A set of plungers was installed into the 

autoclave lid and these could be removed from the interior 

at timed intervals without altering the conditions. Spores 
dried onto carriers were fixed to the plungers and so totally 
removed from the sterilizing conditions at set intervals.

Kereluk et al. (237) built a test apparatus based on a 
manifold design to investigate ethylene oxide sterilization.
A series of vessels was connected to a central manifold.
Spores were dried onto carriers, placed into the vessels and 
the required conditions set in the manifold and all the vessels. 
Individual vessels could be isolated at intervals and surviving 
spores enumerated.

It was decided to design and construct a test apparatus 
for LTSF sterilization based on a manifold system. This approach 
would allow the generation and monitoring of conditions in a 
small vessel in the immediate vicinity of the sample and could 
avoid problems associated with layering of formaldehyde in a 

large chamber.
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6.2 DEVELOPMENT OF THE LOW TEMPERATURE STEAM TEST APPARATUS

The requirements for an apparatus to evaluate the sporicidal 

effectiveness of LTSF and LTS differ only in a means of generating 
gaseous formaldehyde and introducing it into the apparatus. This 

section, therefore deals only with the design and construction 

of the LTS portion of the apparatus and the generation and 
introduction of gaseous formaldehyde will be described in 
Section 6.3. The LTS apparatus consists basically of a steam 
source, a vessel in which to establish the required conditions 
and a vacuum system. There must also be a means of monitoring 
both temperature and pressure and the relevant parts of the 
apparatus must be enclosed in some form of jacket to prevent 

heat loss from the steam. The initial design for the LTS 
apparatus involved establishing the required steam conditions 
of temperature and pressure in a jacketed receiver from which 
the steam could be sampled into a series of small vessels.
After a set period, a vessel could be isolated, the spores on 

a suitable carrier removed and survivors enumerated. However, 
for this design to work, the receiver would need to be very 
large to prevent a significant pressure drop when sampling 

into the reaction vessels.

It was therefore decided to remove the receiver from the 
design and generate steam to produce the required conditions 

in an elliptical manifold with six vessels attached. This 

manifold and the vessels would be enclosed in a temperature- 
controlled box to act as a jacket. This design is shown in 
Figure 34.
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Key for FIGURE 34. Diagram of the modified design of the 
LTS Apparatus.
1. Steam Generator
2. Air Inlet Valve
3. Temperature Control Relay
4. Vacuum/Air Line
5. Steam Manifold
6 . Solenoid Valves
7. Vessel
8 . Formaldehyde Inlet ( sealed for the LTS work )
9. Condensate Trap
10. Vacuum System
11. Air Jacket
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The flow of steam into the manifold was controlled by a 

solenoid valve. The manifold sloped downwards from the steam 

inlet valve to allow any condensate to flow into a condensate 
trap (Lectra-level; British Sterilizer Ltd.). The conditions 

inside the manifold were controlled by a temperature sensor 
and relay (Foster-Cambridge Clearspan) which opened and closed 

the steam inlet valve to maintain the set temperature in the 
manifold.

Outlets from the top of the manifold were connected through 
solenoid valves to the vessels. This prevented condensate 
from the manifold flowing into the vessel. The vessel is 
shown in more detail in Figure 35. It was constructed from 
a 100 ml capacity, round bottomed flask (Quickfit; Fisons) 
which had connections to the steeim manifold, the formaldehyde 
generator and a vacuum/air line to allow isolation of individual 
vessels. Ports in the vessel allowed monitoring of temperature 
and pressure.

Monitoring Temperature and Pressure
The conditions in the manifold were continuously monitored 

by a vacuum gauge (Kent Instruments Ltd.) and two thermocouples 
set into the manifold. An iron-constantan thermocouple was 
connected to a multipoint recorder (Leeds and Northrop Ltd.) 

and a copper-constantan thermocouple connected to a digital 
thermometer (Comark Ltd.) to provide a temperature readout.

The temperature in each vessel was monitored by an iron-
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FIGURE 35. Diagram of a Vessel.
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Key for FIGURE 35. Diagram of a Vessel
1. To the Vacuum/Air Line
2. To the Steam Manifold

3. Formaldehyde Inlet

4. Valves
5. Glass-Metal Junction
6 . Monitoring Ports ( Cones )
7. Sample
8 . Sample Port ( B^^ Cone )
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constantan thermocouple connected to the multipoint recorder.
The pressure was monitored by a pressure transducer connected 

to each vessel.

Backward gauge pressure transducers (National Semiconductor 
Ltd.; Type LX 1804GB; Pressure range ± 15 psig) were used to 

prevent steam and formaldehyde coming into contact with the 
transducer circuitry, which would damage absolute or gauge 
transducers. This measures the pressure in the vessel 
relative to local ambient pressure and this was a potential 

source of error. The local ambient pressure was therefore 
measured with an absolute pressure transducer (National 
Semiconductor Ltd.; Type LX1803A; Pressure range 0 - 3 0  psia). 
Each transducer was supplied with a stabilized 15V DC supply 
(Farnell Electronic Components Ltd.) and the output connected 
both to a multipoint recorder (Rikadenki Instruments Ltd.) 
and a digital voltmeter (Thandor Ltd.) to allow continuous 
monitoring of the pressure and a readout of the transducer 

output voltage which could be directly converted to the 
pressure.

The absolute pressure transducer was calibrated against 
a mercury manometer with a correction for the ambient pressure. 
The voltage output from the transducer was measured at a 

number,of pressures and related to the manometer reading.

The calibration curve is shown in Figure 36. The backward 

gauge transducers were then individually calibrated against 
the absolute transducer and these calibration curves are
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shown in Figure 37. A single transducer was obtained before 
the other five and it can be seen that this gave a different 
response. The calibration for each individual transducer 
was determined, however, and so this difference in response 
could be allowed for in conversion of the output voltage of 
this transducer to the pressure inside the vessel to which 

it was connected.

As these transducers would be operating at 80°C, the 
upper limit of their temperature compensation circuits, it 
was necessary to check that temperature did not affect their 
performance. Figure 38 shows that increasing temperature 
had little effect on output voltage from either the absolute 
or the backward gauge transducers at ambient pressure and 
with an applied vacuum.

The Air Jacket
The air jacket for the manifold and vessels consisted of 

a box (1300 mm x 600 mm x 750 mm) constructed from 20 mm, 

melamine coated plywood, the front of which was a removable, 

double glazed glass panel. The temperature within the box 
was produced by eight 500 Watt heating mats (A.H. Birch Ltd.) 
spaced evenly around the edges of the base. The mats were 

supported 3 cm above the base on studs with an aluminium 
sheet below to protect the wood and to reflect the heat up

wards . A fan was positioned in the centre of the top of the 

box to circulate the hot air. The temperature was controlled
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by a contact thermometer and relay switching the power supply 

to the heating mats (Electric Thermometer Co. Ltd.). The 
temperature inside the box was monitored with five iron- 
constantan thermocouples connected to the multipoint recorder. 

Temperature cycling was less than ± 0.5°C and temperature 
variation throughout the box was ± 1°C.

The lid section of the box was removable to allow the 
manifold to be positioned sloping across the box and supported 

both by the sides of the box and scaffolding inside the box.

Sample Removal
It was important that a design for the apparatus enabled 

the spore sample to be removed immediately from the test 
conditions to the exterior of the box. This was achieved by 
withdrawing the sample through a cone and socket in the bottom 
of the vessel. This cone was aligned with a hole cut through 
the floor of the box so the sample could be withdrawn to 
the exterior. This arrangement is shown in the diagram of 

the vessel (Figure 35). The cone and socket joint was sealed 
with silicone high vacuum grease (Edwards Ltd.) to maintain 
the sub-atmospheric conditions in the vessel and still enable 

the sample to be withdrawn. The sample was held in a small 

crocodile clip (RS Components Ltd.) set onto the socket.
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The Steam Manifold

Originally,the steam manifold was to have been made from 
copper pipe but the construction produced problems in the flow 

characteristics of the steam. Subsequently, a manifold was 
constructed from 25 mm O.D., medium wall Pyrex glass tube. 

Glass to metal joints at each end of the elliptical manifold 

(overall dimensions 1000 mm x 150 mm) were made with Quickfit 
screwthread joints (Fisons; Type SQ28). Outlets of 15 mm O.D. 
tube were taken from the top of the manifold, bent downwards 
and reduced to 8 mm O.D. and connected to solenoid valves 
(Automatic Switch Co.; Type HT 8262C90 VM, normally closed 
operation; 240 V AC) through captive seal compression fittings 
(Drallim Ltd.; Type L.70/B/11).

Vacuum /Air Line
The vacuum/air line was constructed from 15 mm O.D. copper 

pipe with six "T" pieces providing outlets, each of which was 
connected to a solenoid valve (Automatic Switch Co.; Type 
HT 8262C90 VM normally closed; 240 V AC) through a compression 

fitting. A solenoid valve at one end of the vacuum line 
was connected to a 47 mm Swinnex filter unit (Millipore Ltd.) 

containing a 3 ym membrane and the other end of the line was 
connected to the vacuum system through another solenoid valve. 

This arrangement allowed the line to be used to apply a vacuum 

to each vessel and also to allow the introduction of filtered 

air.
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Vacuum System
The vacuum pump (Edwards ES35) was connected to the vacuum 

line through a bellows vibration isolator (Edwards Ltd.) and 

mounted on rubber blocks to prevent vibration from the pump 
being carried through the pipework. To protect the pump from 
condensate carried from the manifold a trap was constructed 
to condense any steam without freezing it, as this would 

block the vacuum line. This was achieved by connecting a coil 

of 6 mm O.D. copper pipe into the vacuum line and immersing 
it in a 4°C waterbath (Grant Instruments Ltd. with Neslab Ltd. 
cooling unit). The condensate was then collected in a 5 litre 
aspirator. A chemical desiccant trap (Edwards Ltd.) containing 
silica gel was also fitted into the vacuum line as further 
protection for the pump. This arrangement is shown in Figure 
39.

Steam Generator
The steam supply was provided by an electric bench-type 

autoclave (Adelphi Manufacturing Co. Ltd., Type ST19), modified 
with a 15 mm O.D. copper outlet. Inside the autoclave the 
outlet was connected to a "T"piece of 15 mm O.D. tube into 

which was drilled a series of holes (3 - 4 mm diameter), to 

act as a separator to allow steam, but not water droplets, 
to be drawn from the generator. The 15 mm outlet was connected 

to a lagged pipe which terminated at the steam inlet valve 

of the manifold. This was normally closed and consisted of a
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Key to FIGURE 39. Diagram of the Condensate Trapping System 
used to protect the vacuum pump.
1. Rubber Mountings
2. Vacuum Pump
3. Desiccant Trap
4. Vibration Isolator

5. Condensate Collector

6 . Drain
7. 4°C Waterbath

8 . Cooling Coil
9. From the Steam Manifold.
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pneumatic-type valve (Burkert; Type 251) operated by a compressed 
air supply controlled by a 3-way solenoid valve (Burkert; Type 
331C; 240 V AC).

Connections to the Vessel
The vessel had to be connected to the steam manifold and 

the air/vacuum line,, with a facility to connect the formaldehyde 
generator, through the appropriate valves. This was achieved 

by joining the outlets from these three valves in a 15 mm brass 
block which provided a single outlet to be connected to the 
vessel through a Quickfit screwthread joint (Fisons, Type SQ13) . 
This is shown in Figure 35.

Initial Evaluation of the Apparatus
The system was constructed as described and a single vessel 

connected to the manifold to allow evaluation of the suitability 
of the apparatus for LTS alone. The following problems were 

identified:

1. Condensation was carried over from the steam line into 
the manifold.

2. The Foster-Cambridge Clearspan automatic control system, 

which was of the type used in commercial autoclaves, was 
not sufficiently sensitive for operation on an apparatus 

of this small scale.
3. Steam became superheated on entry into the reaction vessel.
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The problem of the condensate was overcome by connecting 
a steam separation system into the steam line. This is shown 
in Figure 40 and consists of an angle type strainer and SI type 

steam separator with a HV2 stop valve, TD3-2 thermodynamic 
steam trap and a sight glass (All 0.5 inch size; Spirax Sarco 
Ltd.). The arrangement allowed separation of condensate from 

the steam prior to its entry into the manifold and the thermo
dynamic steam trap controlled the release of the condensate 

into the drain.

The automatic control system was disconnected and conditions 
were manually set in the manifold and the vessels with reference 
to the temperature and pressure readings.

The superheat problem could have derived from a number of 
sources. It could have been due to inefficient air removal from 
the manifold and vessels giving a steam/air mixture, a wire
drawing effect on steam entry to the manifold or vessel, non- 

condensabie gases arising from the steam supply or any combination 
of these. Wiredrawing is superheat produced by the energy liber
ated by a pressure drop across a reducing valve in the steam 

supply.

Air removal was improved by using an increased number of 

steam pulses for the air removal stage and the water in the 
steam generator was vigorously boiled to remove any gases 

present. These alterations reduced the problem to transient 
superheat solely due to the wiredrawing as steam entered the
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FIGURE 40. Diagram of the Steam Separation System.
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Key for FIGURE 40. Diagram of the Steam Separation System.
1. Steam Generator
2. Sparged Pipe
3. Drain
4. Lagged Steam Line
5. Steam Stripper

6 . Steam Separator

7. Valve
8 . Check Valve

9. Thermodynamic Steam Trap
10. Sight Glass
11. Drain
12. Steam Inlet Valve
13. Glass-Metal Connection
14. Steam Manifold.
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vessel. This rapidly dissipated and saturated steam conditions 

were produced and maintained inside the vessel.
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6.3 THE GENERATION OF FORMALDEHYDE GAS

To assess the sporicidal action of LTSF, gaseous formalde

hyde must be quantitatively generated and the required concentra
tions produced in the reaction vessels of the test apparatus. 

Gaseous formaldehyde can be generated by vapourization of 
formaldehyde solution either by direct heating or by initiating 

an exothermic reaction in the solution by adding an oxidising 
agent such as potassium permanganate or sodium dichromate (150). 

This vapourizes the entire solution and so considerable amounts 
of water vapour and methanol with trace amounts of impurities 
such as formic acid will also be generated. Alternatively, 
paraformaldehyde can be heated to 115 - 140°C to produce 
formaldehyde gas and traces of water vapour (150). More re
producible vapourization of paraformaldehyde is obtained if 
it is suspended in a heat transfer agent which will not produce 
a significant vapour pressure at the temperatures used (238,
239). The latter approach was used with di-iso-octyl phthallate 
(B.D.H. Ltd.) as the suspending agent.

Assay of Formaldehyde
Chromatographic determination of formaldehyde concentration 

by direct injection methods have problems because of the lack 

of a suitable detector. Formaldehyde, as a small molecule,is 
rapidly eluted from the column and in a flâme ionization 

detector it decomposes to give only a small response (240). 
Thermal conductivity detectors are less sensitive and only
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respond to high concentrations of formaldehyde (240). Assays 
by direct injection of formaldehyde in air samples into gas 

chromatography (GC) with thermal conductivity, flame ionization 

and photoionization detectors showed photoionization detection 

to be sensitive (241) but this requires a high energy lamp 
which reduces the lifetime of the detector (240). An electron 
capture detector only produces a limited linear response(240).

Direct analysis by HPLC has not been thoroughly investigated 
because of the lack of a sufficiently sensitive detector (240) 
but derivatisation and subsequent analysis by HPLC (242, 243) 
and GC (244) have been reported. Ion exchange chromatography 
with a conductivity detector may also be applicable (240).

Spectrophotometrie analysis has been widely used to deter
mine formaldehyde concentrations and the methods available are
summarized in Table 35. This table also shows the minimum 
detectable levels and any interfering substances (240). From 
these data, three methods were selected for spectrophotometric 

analysis and calibration curves determined in order to select 

one method for use. The chromotrophic acid method (245) has 
been used to assay formaldehyde concentrations in an LTSF 
sterilizer at time intervals during the cycle (246) , but 
this assay has many interfering substances (see Table 35).

The methods selected for comparison were the MBTH, Pararos- 

aniline and Nash methods, the first two being the most sensi

tive methods (see Table 35), and the Nash method, although

relatively insensitive, has been the most widely used (256).
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Determination of Formaldehyde by the MBTH Method

The 3-methyl-2-benzothiazolone hydrazone (MBTH) test was 
first reported by Sawicki et al. (251) and the sensitivity 

subsequently improved by Hauser and Cummins (252). The reagents 
were a 0.05% aqueous solution of MBTH (Aldrich Chemical Co.) 

and an oxidising agent which was an aqueous solution of 1 .6 % 
sulphamic acid (B.D.H. Ltd.) and 1.0% ferric chloride. Both 

solutions were freshly prepared. The MBTH solution could be 
used to trap formaldehyde from formaldehyde and air mixtures 
but for the preparation of a calibration curve equal volumes 
of standard formaldehyde solutions (prepared by dilution of 
38% w/v formaldehyde solution in double distilled water (240)) 
and 0.1% MBTH solution were mixed and left for one hour at 
room temperature. This gave a known concentration of formalde

hyde in 0.05% MBTH solution. A 10 ml sample of this was 
taken and 2 mis of oxidising agent added. After 12 minutes 
at room temperature for colour development the absorbance was 

measured at 628 nm (Perkin-Elmer 550-S UV-VIS Spectrophotometer) 
against a blank of 10 ml 0.05% MBTH plus 2 ml oxidising agent. 

The calibration curve is shown in Figure 41.

Determination of Formaldehyde by the Nash Method

For the determination of formaldehyde concentration by the 
Nash method (254) an equal volume of Nash's Reagent (150 g 
ammonium acetate, 3 ml acetic acid, 2 ml acetylacetone to 

1 0 0 0  ml with distilled water) and formaldehyde solution were 

mixed. After 5 minutes at 58°C for colour development, the
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absorbance was measured at 412 nm against a blank of equal 

volumes of Nash's Reagent and distilled water. A calibration 
curve was prepared with standard formaldehyde solutions and 

is shown in Figure 42.

Determination of Formaldehyde by the Pararosaniline Method

Two reagents are necessary to determine formaldehyde 
concentration by the Pararosaniline method (247). Reagent 1 
was prepared by dissolving 0.16 g of Pararosaniline free 
base (Sigma Chemical Co.) in 20 mis of concentrated hydro

chloric acid which was then diluted to 1 0 0  mis with double 
distilled water. This solution is stable for two months if 
stored in the dark at 4°C (247). Reagent 2 was freshly 
prepared by dissolving 0 . 1  g of anhydrous sodium sulphite in 
100 mis of deionised water. 250 yl of each of Reagents 1 
and 2 were added to 2.5 ml of formaldehyde standard solution 
in a cuvette, which was capped and shaken. After incubation 
at 25°C for 60 minutes the absorbance was read at 570 nm 

against a blank of 250 yl of each of Reagents 1 and 2 with 2.5 ml 
of distilled water. The calibration curve prepared with 
standard formaldehyde solutions is shown in Figure 43.

All the methods described gave good linear calibration 

curves (Figures 41, 42, and 43) but the Nash method was far 

less sensitive to low concentrations of formaldehyde. The 

MBTH method was selected to determine the concentrations of 
gaseous formaldehyde generated because it was more sensitive
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than the Pararosaniline method, the reagents were more convenient 
to prepare and 0.05% MBTH solution could be used as a trapping 
solution which could overcome any disadvantage of trapping 
formaldehyde gas in water.

The Formaldehyde Generator

Figure 44 is a diagram of the formaldehyde generator 
which was made from 1.5 inch O.D. brass bar. The centre of 
the bar was drilled out to 1 inch I.D. and a tightly fitting 
top, housing a safety valve (Nupro Ltd.; Check and Relief 
Valve Type B-4CPA2-3), was secured by three screws to the 
body of the generator. A 0.25 inch O.D. copper pipe provided 
an outlet for connection to a receiving piece consisting of 
a 2 ml capacity piece of 0.25 inch O.D. copper pipe isolated 
at each end by a manual instrument toggle valve (KS Pipeline 
Supplies Ltd.; Brass 0.25 inch toggle valve. Type D62/16/16). 
It was intended to generate formaldehyde gas in a known 
amount into this receiving piece for subsequent admission to 
the vessel of the test apparatus. The outlet and receiving 

piece were wrapped in heating tape (Electrothermal, Fisons 

Ltd.) and the pipe kept above 80°c to minimise polymerization 
of formaldehyde in the pipework.

In order to produce known concentrations of formaldehyde 

within the vessel of the test apparatus, it was necessary 
to calibrate the production of gaseous formaldehyde from known 

weights of paraformaldehyde suspended in 10 - 15 mis dioctyl-
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FIGURE 44. Diagram of the Formaldehyde Generator.
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Key to FIGURE 44. Diagram of the Formaldehyde Generator.
1. Safety Valve
2. Top
3. Body
4. Outlet

5. Receiving Piece ( 2ml capacity )
6 . Manual Valves
7. Heating Tape.
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phthallate. The paraformaldehyde was suspended in dioctyl- 

phthallate with a pestle and mortar and transferred to the 
generator, to which the top was secured. This was then lowered 

into an oilbath at 170°C and the heating tape on the outlet and 
receiving piece was switched on. After 30 minutes a vacuum 

was drawn in the receiving piece,into which was then admitted 
a 2 ml sample of gas from the generator. The receiving piece 

was isolated and the formaldehyde content assayed. This was 

done by connecting a 60 ml syringe containing 50 ml of 0.05%
MBTH solution to the outer valve. This valve was opened and 
the gas from the receiving piece withdrawn into the MBTH 
solution. This solution was repeatedly injected into and with
drawn from the receiving piece to ensure adequate trapping of 
the formaldehyde. Dilutions of this solution in MBTH solution 
were prepared and left for one hour at room temperature before 
oxidising agent was added to a 10 ml sample. After 12 minutes 

for colour development, absorbance at 628 nm was read. The 

concentration of formaldehyde in the receiving piece was cal
culated from the absorbance with reference to the calibration 

curve and the dilution factors.

Table 36 shows the reproducibility of generating formalde

hyde concentrations into the receiving piece from 0.25 g 

quantities of paraformaldehyde. This shows the variations in 

the assayed concentrations of formaldehyde but it was considered 
that this reproducibility was acceptable and that the formaldehyde 
generator was suitable for use in subsequent studies. Figure 
45 shows the effect of variations in the weight of paraformaldehyde
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vapourized on the amount of formaldehyde generated in the 
receiving piece.

Table 36. Reproducibility of formaldehyde generation into the

receiving piece from 0.25 g quantities of paraformalde
hyde suspended in 1 0  ml volumes of dioctyl phthallate. 

Heating was at 170°C for 30 minutes and trapping in 
50 mis of 0.05% MBTH solution.

Replicate Dilution Absorbance 
at 628 nm

of formaldehyde in 
receiving piece

1 0.108 1.33

2 0.116 1.42

3 1 0 0 . 1 0 0 1.24

4 0.123 1.50
5 0.095 1.18

Mean weight of formaldehyde generated = 1.33 mg 
Coefficient of variation = ± 9.7%

Estimation of the volume of each vessel in the Test Apparatus 

The volume of each vessel, including the pipework which 

is isolated by closing the valves on the steam, air/vacuum 
and formaldehyde inlets must be known so that the formaldehyde 
concentration within the vessel can be determined from the 
amount of formaldehyde admitted from the receiving piece.
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Therefore, the volume of each vessel on the apparatus was 
determined. A vacuum was drawn in a vessel, which was then 
isolated from the vacuum pump and the pressure measured with 
the calibrated pressure transducer. Using a gas syringe (Fisons 

Ltd.) air was then injected through the formaldehyde inlet until 

the pressure inside the vessel reached atmospheric. This was 
repeated five times and each volume of air injected was recorded. 

The volume of each vessel could then be calculated from the 
depth of vacuum initially drawn and the volume of air required 
to return the pressure to atmospheric. Table 37 shows the mean 
volume determined for each vessel and the coefficient of variation 
between replicate determinations for each vessel. This shows 

that vessels 1, 4, 5 and 6 have very similar volumes (mean 
volume = 132.75 ml; coefficient of variation = ± 3.0%).

Table 37. Variation in the volumes of the vessels in the 
LTSF Apparatus

Vessel number Mean Volume 
(ml)

Coefficient of 
Variation

1 135 0.70%
2 145 0.53%
3 1 2 2 0.49%
4 133 0.50%
5 127 0.99%

6 136 0.57%
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Four formaldehyde generators were constructed and one connected 
to each of these four vessels. The formaldehyde inlet into 
each vessel was bent downwards and connected to the receiving 
piece of the formaldehyde generator. Any pipework outside 
the air jacket was wrapped with heating tape, and maintained at 
80°C to minimize polymerization of the formaldehyde gas.

The Complete Apparatus
Figure 46 shows a diagrammatic representation of the 

completed apparatus. For simplicity, the elliptical steam mani
fold has been represented as straight. In practice three 

vessels were taken from each side of the ellipse.

Plates 1 and 2 are two photographs of the apparatus. Plate 

1 is the whole apparatus and Plate 2 is a sample vessel in 
more detail.
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Key to FIGURE 46. Diagram of completed LTSF Apparatus.
1. Steam Generator
2. Sparge Pipe
3. Steam Separator
4. Swinnex Filter Unit
5. Air/Vacuum Line
6 . Air Jacket

7. Steam Manifold
8 . Vessel

9. Condensation Trapping System
10. Vibration Isolator
11. Vacuum Pump
12. Receiving Piece
13. Formaldehyde Generator
14. Solenoid Valves
15. Sample Holder.
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PLATE 1. Photograph of the LTSF Apparatus.
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1

PLATE 2. Photograph of a single vessel from the LTSF 
Apparatus.
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6.4 OPERATION OF THE TEST APPARATUS

Operation of the Apparatus for LTS
All experiments to assess the resistance of the selected

Bacillus strains to LTS alone were completed before the formalde
hyde generators were connected to the vessels. The formaldehyde
inlets were blanked off for this work.

1. The air jacket was brought up to temperature and allowed 
to equilibrate. The water in the steam generator was boiled 
without the lid to remove any dissolved gases. The lid
was then replaced and all the air bled frcm the generator 
and pipework up to the steam inlet valve.

2. The bleed valve was closed a-nd the steam pressure 
maintained at 1.67 bar.

3. The sample was introduced on the cone into the socket 
on the vessel. A vacuum of 0.06 bar was then drawn in 
the steam manifold and vessels.

4. Steam was admitted to the required temperature and pressure 

The vacuum was drawn again. This was repeated ten times
to ensure thorough air removal.

5. The temperature and pressure were then set at the required 
level and all the vessels were isolated. The steam was 

withdrawn from the manifold.
6 . At set intervals the steam was evacuated from a single 

vessel, filtered air admitted to atmospheric pressure and 

the sample removed to the exterior of the box.
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7. The survivors were then enumerated. 
This cycle is illustrated in Figure 47.

Operation of the Apparatus for LTSF
To enable the resistance of the selected spores to LTSF 

to be investigated, the formaldehyde generators were connected 
to the four chosen vessels (1, 4, 5, and 6 ).

The cycle employed was identical to that for LTS until the 
end of the air removal pulses of steam (Stage 4). At this point 
the formaldehyde gas, generated from a known amount of para
formaldehyde, was admitted. Steam was then admitted to the 
required temperature and pressure and the process continued 
as for LTS.

This cycle is illustrated in Figure 48.
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CHAPTER 7
RESISTANCE OF SPORES OF SELECTED BACILLUS 

SPECIES TO LTS
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7.1 INTRODUCTION

The design and construction of a test apparatus to evaluate 
the resistance of bacterial spores to LTS and LTSF was outlined 

in the previous chapter. In order to expose the selected 
spores to either LTS or LTSF in this apparatus, it was nece

ssary to dry the spores onto a suitable carrier. A number of 
materials have previously been used for this purpose and these 

include glass, porcelain, aluminium foil (257), membrane filters 
(84), filter papers (258) and alumina (259). The type of 
carrier which is used can markedly influence the resistance 
of the spores dried onto the surface. Spores on impermeable 
surfaces have shown an increased resistance to ethylene oxide 
(111) and formaldehyde in solution (120). The degree of 
dehydration of the spores can also affeCt their resistance to 
moist heat (108), dry heat (109), ethylene oxide (110, 111) 
and hydrochloric acid (260).

Although it is not essential for a sporicidal test based 

on a growth/no growth result, quantitative recovery of spores 
dried onto a suitable carrier is obviously important for 

any method for which the results are to be expressed as a 
survivor curve. Methods for the recovery of spores from 

spore strips or filter papers have been reported and these 

have involved homogenisation (261) or shaking with glass 
beads (258) to detach the spores from the carrier into a 
suspending medium.
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The preliminary experiments described in this chapter 

involved the development of a protocol to dry spores onto a 

suitable carrier and quantitatively recover them after treat

ment. Exposure of spores on a carrier to LTS and LTSF requires 
exposure to a series of steam pulses to remove all the air 

from the exposure vessel. This pulsing requires a vacuum to 
be drawn in the vessel and then the admission of steam to the 
required pressure for saturated conditions. This constitutes a 

single pulse and a series of these pulses are required for 
efficient air removal. The extent to which this process may 
physically remove spores from the carrier was also investigated.

Using a standardized protocol for the drying and recovery 
of spores from the carrier the effect of LTS at 80°C on spores 
of the six strains which had previously been selected was 
assessed. Spores wgre exposed to a series of up to 75 pulses 

of LTS at 80°C and also held in LTS at 80°C after 10 steam 
pulses had been used to ensure complete air removal.
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7.2 PRELIMINARY EXPERIMENTS

Drying of Bacterial Spores onto Glass Coverslips

Changes in either the material used as the carrier or the 

degree of dryness can affect the apparent resistance of spores 

to chemical treatments, and so a standard procedure was adopted 

for drying spores onto 13 mm diameter glass coverslips (Gallenkamp 
Ltd.). The coverslips were flamed in a bunsen,placed in a 

sterile petri-dish and a suitable volume of spore suspension 
(10 - 20 yl) placed onto the surface to give between 5 x 10^ 
and 5 x 10^ spores per coverslip. A 30 mm length of 25 mm 
O.D. glass tube was used to hold the petri-dish lid over its 

base with a small gap to allow efficient drying. The petri-dish 
was then placed in a desiccator at 56°C containing silica gel 
for one hour. The coverslips were transferred to a controlled 
humidity of 0.5 a^ and held for a further hour, after which they 
were used immediately or discarded. The controlled humidity 
was provided by a second desiccator at 25°C containing 28.15%

w/v sodium hydroxide solution.
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Recovery of Spores dried onto Coverslips

Quantitative recovery of the spores frcm the coverslips is 

required in order to construct survivor cuves for treatment 

by LTS and LTSF. A series of experiments was therefore per
formed to determine the efficiency of various methods of 

removing B. stearothexmophilus NCIB 8224 spores from the cover- 
sliÿs. First a comparison was made of the efficiency of 
vortex mixing the coverslips for 30 seconds in 2 ml of sterile 

water with or without crushing the glass. Coverslips were 
also vortex mixed, with or without crushing, in a 2 ml volume of 
filter sterilized 0.1% w/v Triton-X-100 solution (B.D.H. 
Chemicals Ltd.). This surface active agent was selected because 
of its non-ionic nature and it has previously been suggested 
that non-ionic surfactants do not induce germination-like 

changes and release of DPA from spores of B. megaterium (262). 
Table 38 shows that crushing the coverslip with a sterile 
glass rod before vortex mixing gives more efficient removal 

of spores than vortex mixing of intact coverslips. Using 
Triton-X-100 solution gave a slight increase in recovery 
from crushed but not uncrushed coverslips. The variation 

between mean counts was greater than that obtained with viable 
counting direct from spore suspensions (see page 47 ).

These preliminary data, however do not show 100% recovery 

of spores and so the effect of increasing the duration of 
vortex mixing in both sterile water and 0.1% v/v Triton-X-100 
solution was investigated.
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The results in Table 39 show that vortex mixing for 30 

seconds, 1 minute or 2 minutes in sterile water or vortex 
mixing for 30 seconds or 1 minute in 0.1% v/v Triton-X-100 

solution gave 100% recovery. This is better recovery after 

30 seconds vortex mixing than shown in Table 38. Vortex, mixing 

for 2 minutes in 0.1% v/v Triton-X-lOO solution, however, 
appeared to produce some activation of the spores.

In view of these data a standard protocol was used for 
removal of spores from coverslips in all subsequent experiments, 

Coverslips were crushed in 2 ml sterile water and vortex mixed 
for two minutes. The two minute mixing was to try to ensure 
100% removal of spores. The resultant suspension was then 
serial diluted and five replicate 0 . 2  ml volumes spread onto 
the surface of the appropriate recovery medium. As in previous 
experiments, the recovery medium was that which gave the 
highest viable count for the particular strain (see Table 
19) .
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Effects of Vacuum Pulses on Counts of Spores recovered from 
Glass Coverslips

In a LTS or LTSF cycle, the spores dried onto the carrier 
were exposed to a series of pulses of steam to ensure complete 

removal of air from the vessel. These pulses consist of the 

drawing of a vacuum to 0.06 bar and then the admission of steam 

to the pressure required for the selected temperature (e.g.
0.475 bar for 80°C). It was felt that this process may physically 

remove spores from the carrier, which would lead to a false 
indication of the lethal effect of LTS or LTSF.

Spores of each strain were dried onto coverslips and 
exposed to a series of 1 0  pulses in which a vacuum was drawn 
to 0 . 0 6  bar but air, rather than steam, was then admitted to 
the required pressure. A second set of coverslips for each 
strain were-also exposed to 10 pulses of LTS. Spores were 
recovered from the coverslips as previously described (see 
page 220) and Total and Viable Counts performed on the resultant 
suspensions as previously described (see pages 46,47).

It can be seen from Table 40, which shows the total count 
of spores recovered from the coverslips, that for all strains, 
except B. subtilis Trav 5230, exposure to 10 air or steam 

pulses results in physical loss of spores from the coverslips.

The loss induced by steam pulses is of the same order as that 
due to pulses of air. Spores of B. subtilis Trav 5230 were 

not lost from the coverslip when either'air or steam pulses 
were applied.
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Table 41 shows the effect of these pulses on the viable 
count of spores of each strain recovered. The effect of 
air and steam pulses on the viable count of spores recovered 

are not the same, with 10 pulses of LTS producing activation 
of B, subtilis Trav 5230 spores and a loss of viability with 

all the other strains. This suggests that a transfer of energy 
from the LTS to the spores is taking place. The effect of 

air pulses on viable count is greater than the effect on 
total count and the viable count may be reduced by as much 

as 85% by 10 air pulses alone. Again, the loss of viable 
count of B. subtilis Trav 5230 spores due to air pulsing 
was less than that of the other strains.

The effect of increasing the number of air pulses on 
the loss of viable count of each strain was then examined. 
Figure 49 shows that very little loss of viable count of 
spores of B. subtilis Trav 5230 occurred, even after 75 air 
pulses, whereas large decreases in viable count of the 

other strains were seen. This loss of viable count reached 
a maximum after around 2 0  pulses and little further loss was 
observed up to 75 pulses. With B. stearothermophilus NCIB 
8919 up to 98% of the viable count may be lost on exposure 
to air pulses without LTS.

In the light of these data, in all further LTS and LTSF 

experiments correction was made for the effect on the viable 

count of recovered spores of the number of vacuum pulses 
applied to the coverslips.
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7.3 EXPERIMENTAL

Resistance of Selected Bacillus Spores to Pulses of LTS at 80°C

A standard protocol for drying and recovering spores from
glass coverslips was developed in the preliminary experiments

and the effect of pulses of air on the number of spores recovered
was assessed. These preliminary results showed that pulses of 

oLTS at 80 C may have some activating and inactivating action 
on the selected spores (see Table 41) and so this was investi
gated in more detail.

Spores of each strain were exposed to up to 75 pulses of 

LTS at 80°C and the number of surviving spores counted. This 
was then corrected for the effect which that number of air pulses 
would be expected to have on spores of that strain and the 
results are shown in Figure 50.

It can be seen that five LTS pulses at 80°C over a time 
period of two minutes produce activation of spores of B. subtilis 
Trav 5230 and B. steaxothezmophilus NCIB 8919, NCIB 8224,

Col 2848. Subsequent pulses of LTS have no further effect on 
B. subtilis Trav 5230 but up to 20 - 30 pulses produces slow 

killing of spores of the other three activated strains. After 
30 pulses no further effect was observed. Five pulses of 

LTS produced a slight reduction in the numbers of B. stearo

thermophilus NCIB 10184 and B. coagulans FRR B6 6 6  spores and 

subsequent pulses had no effect on B. coagulans FRR B6 6 6
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spores but produced a continual, slow decline in numbers of 
B. stearothermophilus NCIB 10814 spores.

These data show that pulsing with LTS at 80°C has 
limited sporicidal action against the thermophilic spores 

investigated and extended pulsing only activated spores of 
B. subtilis Trav 5230.
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Resistance of Selected Bacillus Spores to Holding in LTS at 80^C 
The previous experiments showed that pulsing with LTS at 

80°C had very limited sporicidal action and the effects were 

not increased by increasing the number of pulses above 2 0 .

It was decided to investigate the effects of a series of 

pulses of LTS to ensure complete air removal and follow this 
by holding the spores in LTS at 80°C.

Each strain was subjected to ten LTS pulses over a period 
of five minutes and then held in LTS at 80°C. At intervals, 
coverslips were removed and the number of survivors enumerated 
as previously described (see page 220) , The number of survivors 

was corrected for the loss of viable count that was produced 
ty ten air pulses. Each point shown on subsequent figures 
is the mean of three exposures and the error bars show the 
standard deviation about the mean. Figure 51 shows the effects 
of this treatment on spores of B. subtilis Trav 5230, B. coagulans 

FRR B6 6 6  and B. stearothermophilus NCIB 8919. It can be seen 
that for B. subtilis Trav 5230 the LTS pulses have activated 

the spores and subsequent holding in LTS at 80°C for up to 

eight hours has not reduced the viable count below the initial 
count. Spores of B. coagulans FRR B6 6 6  were also initially 

activated after which there was a slight decrease in viable 

numbers for exposure times up to three hours after which there 

is no further decrease. With B. stearothermophilus NCIB 8919 
there was slight initial activation followed by a slow decline 

to about the 40% survivor level after eight hours. Figure 52
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shows the effects on B. stearothermophilus NCIB 8224, NCIB 10814 
and Col 2848. It can be seen that with B. stearothermophilus 

Col 2848 there is a small lethal effect produced by the LTS 

pulses and this is followed by a very gradual decrease in 
survivors over the exposure period. The initial LTS pulses 
inactivate a portion of the B. stearothermophilus NCIB 8224 

and subsequent holding in LTS produces a gradual decline in 
viable numbers for about four hours, after which there is 

no further decrease. The effect on B. stearothermophilus 
irciB 10814 is different to that observed with any other strain. 
The LTS pulses produce a decrease in viable count but sub
sequent holding in LTS activates some dormant spores in 
the population. After one hour exposure in LTS further ex
posure up to eight hours produces no further increase or 
decrease in viable count.

These data clearly show that holding in LTS at 80°C does 

not have extensive sporicidal action over a timescale in 
excess of that employed in any commercial sterilization 
process. 80°C is the upper limit of the temperature range 

employed in LTSF and, since LTS alone at this temperature 
had such limited sporicidal activity, no investigations into 

LTS at lower temperatures were carried out.
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7.4 DISCUSSION

The protocol used for drying the spores onto the coverslips 

was not intended to produce spores equilibrated to a specific 

relative humidity but to standardize the conditions to improve 

the reproducibility within replicates of a single strain and 
to allow direct comparison between strains. It was demon

strated that spores could be quantitatively recovered from the 
coverslips by crushing and extended vortex mixing in sterile 
water. Table 38 shows that crushing improved recovery compared 

to vortex mixing intact coverslips and this recovery was 
improved by the use of Triton-X-lOO, a surfactant. The variation 
shown between replicate recoveries was greater than between 
replicate viable counts direct from a suspension, as would be 
expected with the additional variables that govern recovery 
from coverslips. As well as variations in diluting and plating 
there is the added potential of variation in the number of 
spores which remain attached to the glass after treatment.
The effect of extending the period of vortex mixing of the 

crushed coverslips was then examined. Increasing the time 
of mixing in sterile water did hot increase the recovery, 
which was lOO% (see Table 39) but it decreased the variation 

between replicates. Vortex mixing for extended times in 0.1% 
v/v Triton-X-100 solution, however, increased the number 

of spores recovered to significantly above 100% . Cationic 
and anionic surfactants have been shown to induce germination 
like changes in spores of B. megaterium, but this was not 
shown for non-ionic surfactants (262) of which Triton-X-100
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is an example. Triton-X-100 does not appear to be inert towards 

spores and so a standard procedure was adopted for spore recovery 
in which the coverslip was crushed and vortexed in 2 ml of sterile 
water for two minutes.

The effect of pulses of air on total and viable counts 

of spores recovered from the coverslips was then examined.The 

results in Table 40 and 41 show that these pulses produced a 
physical loss of spores from the coverslip for all strains 
except B. subtilis Trav 5230. There was a greater decrease 
in viable count than could be accounted for by the physical 
loss of spores (as shown by the total count) which shows that 
the vacuum pulses also produced a decrease in viability. The 
results show that B, subtilis Trav 5230 spores attach much 

more firmly to the glass than the thermophilic strains, pre
sumably due to differences in surface properties between the 
strains. In all further experiments, correction was made for 
this loss of viability produced by pulses of air.

These results also showed that LTS pulses produced the 

same degree of physical loss of spores from the coverslips 

but, in all cases except B. subtilis Trav 5230, it produced 
a decrease in viable counts of spores recovered and this decrease 
was greater than that produced by air pulses. With B. subtilis 

Trav 5230 spores, pulses of LTS produced activation.

The effect of the number of air pulses on the loss of 

viability was then examined. It can be seen from Figure 49 that
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the number of pulses has very little effect on the viability of 

B. subtilis Trav 5230 spores but with the other strains the 
effect was confined to the first 20 - 30 pulses, after which 
little decrease in viable numbers occurs.

The effect of pulsing with LTS at 80°C was then investigated 
and the results, corrected for the loss of viability produced 
by the air pulses ,are shown in Figure 50. It can be seen that 
B. subtilis Trav 5240 spores were activated but subsequent 
increase in the number of pulses has no effect on the viable 
number of spores recovered. B. stearothermophilus NCIB 8224, 
NCIB 8919 and Col 2848 spores were also initially activated 
but subsequent pulses produced seme lethality until, after 30 
pulses, there was no further effect. B. stearothermophilus 
NCIB 10814 spores were slowly inactivated by increasing numbers 
of pulses. The first five LTS pulses inactivated a portion 
of B. coagulans FRR B666 but further pulses had no effect.

The pattern observed with holding in LTS at 80°C was 
similar (see Figures 51 and 52). B. subtilis Trav 5230 spores 
(Figure 51) were activated for the duration of exposure and 

the effect on the other strains was slight. Continued slow 
inactivation of B. stearothermophilus Col 2848 and NCIB 8919 

were observed. B. coagulans FRR B6 6 6  spores were initially 

activated and then, like B. stearothermophilus NCIB 8224, 

there was a slight lethal effect but only over the first 

two hours holding in LTS. A portion of the spores of B. 
stearothermophilus NCIB 10814 were inactivated by the pulses
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of LTS but some dormant spores were activated by holding for 
one hour in LTS at 80°C. Increasing the holding period had 
no further effect.

LTS alone has been used as a disinfection system (161) 

but these results show it has little sporicidal action. LTS 

at 73°C has been reported as producing a one log cycle reduction 
of B. stearothermophilus NCTC 10003 spores in ten minutes 
and a two log cycle reduction was achieved in one to two hours 
(263) . Alder (163) reported a three log cycle reduction in 

spores of B. subtilis in one hour and a three log cycle 
reduction of B. stearothermophilus spores in two hours in 
LTS at 85 - 90°C. However, these results do not take into 
account the possible loss of spores due to the pulsing stages 
of the cycle. Furthermore, the experiments were performed 
in LTSF autoclaves and traces of formaldehyde may have been 
present and contributed to the reported sporicidal action.

Using the accepted constants for the inactivation of B,stearo

thermophilus spores by moist heat (D^g^ “ 2 mins; z = 10°C)
(14), direct extrapolation would predict a value in excess 
of 300 hours for inactivation at 80°C (see 1.3 for definitions 

of D and z-values ) . On the basis of this data, little 
sporicidal action would be predicted for LTS at 80°C. However, 
the results illustrated in Chapter 4 showed that errors can 

arise from the extrapolation of moist heat resistance data 
from high to low temperatures and only an inaccurate, 
qualitative, estimate of resistance would be obtained. Accurate 

determinations ' of resistance in the conditions to be employed
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are required and data presented in this chapter shows that LTS 
at 80°C does have some limited sporicidal action.

The results presented in this chapter show that B. subtilis 

Trav 5230 spores are activated by LTS at 80°C, whereas some 

slight inactivation was observed with the thermophilic strains 

examined. There is undoubtedly a transfer of energy fran LTS 

to the spores to produce either activation or an initial 
inactivation but there must be considerable synergism between 
this action and that of gaseous formaldehyde in order for LTSF 
to be considered a sterilization process.,



CHAPTER 8
THE RESISTANCE OF SPORES OF SELECTED 

BACILLUS SPECIES TO LTSF



239

8.1 INTRODUCTION

The experiments reported in the previous chapters have 

studied the growth and sporulation of a number of strains of 

Bacillus species on chemically defined media and measured the 
germination index and moist heat resistance at 110°C of the 
resultant spores. As a result of these data, spores of six 

Bacillus strains were selected for further study and their 
resistance to the individual parameters of LTSF sterilization,
i.e. moist heat, formaldehyde and LTS, have been examined.
In the experiments reported in this chapter, the resistance 
to LTSF itself is investigated using the test apparatus 
described in Chapter 6. Initially, spores of each strain 
were exposed to a single combination of temperature and 
formaldehyde concentration to compare their relative resistance 
and from the data obtained a single strain was selected. 
Preliminary experiments to investigate the effects of temperature 
and formaldehyde concentration on the inactivation of spores 
of this strain by LTSF were then performed.
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8.2 EXPERIMENTAL

Samples of spores were investigated dried onto glass cover

slips using the drying technique reported in the previous chapter, 
However, spores were recovered by crushing-'in 2 mis of sterile 

1 0 % glycine solution rather than sterile water and vortex mixing 
for 2 minutes. The glycine was used to inactivate any residual 
formaldehyde which may have been carried over on the coverslip. 

This concentration should be very low as the steam/formaldehyde 
was evacuated from the vessel prior to the admission of filtered 
air and the removal of the sample. Filtration of samples was 
considered unnecessary.

Reproducibility of LTSF Resistance
In order to determine the reproducibility of the method 

for the determination of the resistance of the selected spores 

to LTSF, spores of B, stearothermophilus NCIB 8224 were, on 
three separate days, dried onto coverslips and exposed to 
LTSF (80°C, 5.94 x 10 ^ M (27 mg 1 formaldehyde) for a holding 
time of three minutes. The LTSF cycle utilized has been out
lined (see page 2 1 2 ) and survivors were enumerated as described 
(see above) . plates were incubated for seven days at 56°C,

The results in Table 42 show the reproducibility of this 
exposure and this was considered acceptable. Subsequent data 

is presented as survivor curves and the points on each curve 
are derived from a series of at least three experiments, each 
of which utilized different exposure times.
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Inactivation of selected Bacillus spores by LTSF at 80°C and
-4 -15.9 X  10 M (27 mg 1 ) formaldehyde

To compare the resistance of the spores of each of the 
selected Bacillus species to LTSF a single combination of 

temperature and formaldehyde concentration was used. A temp

erature of 80°C, which had previously been used to examine 

the effect of LTS, was selected. The gaseous formaldehyde 
was generated from 1 g of paraformaldehyde in 10 - 15 ml of
dioctylphthallate. This gave a formaldehyde concentration in

-4 -1the vessel of 5.9 x 10 M (27 mg 1 ).

The cycle used for LTSF in the test apparatus has been 
outlined (see page 212). This consists of 10 pulses of LTS, 
to ensure thorough air removal, followed by the admission of 
gaseous formaldehyde and then steam to the required pressure. 
The recovery of spores from coverslips exposed to LTSF has 
been outlined on page 240. Plates were incubated for 7 days 

at 56°C (37°C for B. subtilis Trav 5230). The data was used 
to construct survivor curves and, in all cases, correction 

was made for the loss of spores produced by the vacuum pulses.

Figure 53 shows the inactivation of B. stearothermophilus 

NCIB 8224 spores by these LTSF conditions. The ten steam 

pulses produced an initial drop in viable count and a further 
drop was produced on the admission of gaseous formaldehyde and 
steam. Holding in LTSF then produced a shouldered survivor 

curve with a further two log cycle reduction in viable count 
over 3 - 4  minutes.
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The inactivation of B. stearothermophilus Col 2848 spores 

is shown in Figure 54. The steam pulses decreased the viable 

count which was further slightly decreased by the admission 
of gaseous formaldehyde and steam. Subsequent holding in LTSF 
then produced a tailed survivor curve with an approximate 
3 log cycle reduction in viable count over 2 minutes.

Figure 55 shows the inactivation of spores of B. stearo

thermophilus NCIB 10814, which are slightly more sensitive 

than B. stearothermophilus Col 2848 (Figure 54) but show a 
similar shaped survivor curve.

The inactivation of B. stearothermophilus NCIB 8919 spores 
is shown in Figure 56. These are the most sensitive of the 
thermophilic spores examined. The initial LTS pulses produced 
some activation but subsequent admission of formaldehyde and 
steam and holding produced a 4 log cycle reduction in viable 
count in under 1 minute.

Figure 57 shows the inactivation of B. coagulans FRR B6 6 6  

spores which also show some activation by the LTS pulses.
The introduction of gaseous formaldehyde and steam produced 

a sharp drop in the number of viable spores recovered and 
subsequent holding in LTSF produced a shouldered survivor 

curve with a further 2 log cycle decrease in viable count 
in 90 seconds.

The inactivation of B. subtilis Trav 5230 spores by these



245

g
SU
(0
£

g•H>I

1 0

o10

-110

-2lO

-310

-4
4321Oen (U

8 om en >10)iH x: C+J P (ü ow Ph 'ü •H1—1 en
(0 co
g
0
'H
1k <

Holding Time ( mins )

FIGURE 54. The inactivation ofZB.stearothermophilus .
Col 2848 spores by 10 LTS Puises and ^hen 
holding in LTSF at 80°C ang 5.9 x 10 M 
Formaldehyde ( 27mg litre ).



246

g
•pu
a

g

I
îw

1 0

P10

-110

-2

-310

-410
: 3 4
Holding Time ( mins )

1 2O(0 (U

O H  ^ G+J 3 0 ) 0
U] PL| *0 'Hm o w

i lh <!
FIGURE 55. The inactivation of B .stearothermophilus 

Col 2848 spores by 10 LTS Puises and_^en 
holding in LTSF at 80°C an^ 5.9 x 10 M 
Formaldehyde ( 27mg litre ).



247

G0 •H +J
N
£
enG-H
.5
1w

1 0

p10

-110

-2

-310

-410
3 421OtnI S0) rH+> G w ^ I5 oiH *H(tj tn S tn

'I

Holding Time ( mins )

FIGURE 56. The inactivation of B .stearothermophilus
NCIB 8919 spores by 10 LTS Puises and^then 
holding in LTSF at 80°C ang 5.9 x 10 M 
Formaldehyde ( 27mg litre ).



248

g
n
N
&

gIco

1 0

o10

-1

-2

-310

-410
4321O

(0 O)
B 0) T J
(3 (fl > 1
0 ) I— I s: C

4 J 0 (D 0co & • H
i H (Q
fO M

g " d

0
k <

Holding Time ( mins )

FIGURE 57. The inactivation of B .coagulans FRR B6 6 6  
spores by 10 LTS Puises and then holding 
in LTSF at 80°C and 5.9 x JO M 
Formaldehyde ( 27mg litre ) .



249

LTSF conditions is shown in Figure 58. These spores are the 
most sensitive of all those examined and are activated by the 
initial steam pulses. The admission of gaseous formaldehyde 

and steam produced a very sharp drop in the number of viable 
spores which rapidly decreased further on holding in LTSF. 

Holding for 1 minute produced extremely low numbers of sur
vivors and no viable spores could be recovered after exposure 
times exceeding 1 minute.

These data show spores of B. stearothermophilus NCIB 8224 
to be the most resistant to LTSF of those strains examined.
B. subtilis Trav 5230, which had shown no inactivation by 
LTS alone was rapidly inactivated by these LTSF conditions.
B. stearothermophilus NCIB 8919 was the most sensitive thermo
philic strain examined. The most resistant strain, namely B. 
stearothermophilus NCIB 8224, was chosen for further study.
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The Effect of Concentration of Formaldehyde on Inactivation of
B. stearothermophilus NCIB 8224 spores by LTSF at 80°C

The concentration of formaldehyde which was employed to
compare the relative resistance of the selected strains (5.9 x 
—4 — 110 M, 27 mg 1 ) is higher than the most commonly employed

-1concentration in LTSF cycles, which is 8 mg 1 . Using spores

of B. stearothermophilus NCIB 8224, which had been the most 
resistant to LTSF, preliminary experiments were performed to 

investigate the effect of formaldehyde concentration on in
activation by LTSF. 0.25, 0.5, 0.75 and 1 g quantities of para
formaldehyde were used to produce formaldehyde concentrations of 
1.3 X 10 ^ M ( 6 mg 1 ^), 3.0 x 10  ̂M (14 mg 1 ^), 4.4 x 10 ^ M

-1 -4 _i(20 mg 1 ) and 5.9 x 10 M (27 mg 1 ) respectively in the
vessel.

Figure 59 shows the effect of these concentrations on the
inactivation of B. stearothermophilus NCIB 8224 spores by 

oLTSF at 80 C. In all cases the initial LTS pulses have 
produced some inactivation of the spores but the effect of 

the admission of formaldehyde and steam depends on the formalde
hyde concentration. At the highest formaldehyde concentration

—4 ~1(5.9 X 10 M; 27 mg 1 ) there was an initial inactivation

produced by the admission of formaldehyde and steam but at
lower concentrations an activation effect was dominant. Changing

-4 -1the formaldehyde concentration from 4.4 x 10 M (20 mg 1 )
-4 -1to 1.3 X 10 M (6 mg 1 ) has not significantly changed this

observed activation and has only a slight effect on the rate 
of inactivation in the subsequent shouldered survivor curve.
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These survivor cuarves for exposure of B. stearothermophilus 

NCIB 8224 spores to LTSF do not have a distinct linear portion 

and so the calculation of inactivation rate constants by 
linear regression is not possible. In an effort to quantify 

the effect of concentration on the inactivation of these spores
the reciprocal of the time taken to reduce the survivor level

-2by lO from the level immediately after admission of formalde

hyde and steam was calculated. This is designated the "S" 
value and is dependent upon the size of the shoulder on the 
survivor curve as well as the rate of inactivation. The S 
values for each formaldehyde concentration are shown in Table 

43 and Figure 60 is a plot of S value, on a log scale, against 
formaldehyde concentration.

It can be seen from Figure 60 that there is a good corre
lation between the "S" value at the low concentrations but

-4 -1the data for 5.9 x 10 M (27 mg 1 ) does not correlate
with the lower concentrations. This is not surprising as
the survivor curve for this highest concentration does not
show activation and so has a different shape from the curves

observed at the other concentrations investigated.

This data is of a preliminary nature and needs further 

repetition and the investigation of a wider range of concen
trations. It does appear that although formaldehyde concentration 

does affect inactivation by LTSF, this concentration effect 

is small compared to most chemical agents. An approximate
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-4 -13-fold increase in concentration from 1.3 x 10 M (6 mg 1 )
“*4 " 1to 4.4 X 10 M (20 mg 1 ) has only increased the S value

"1 “1 “1 “1by approximately 30% (from 1.18 x 10 mins to 1.75 x 10 mins )
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Effect of Temperature on the Inactivation of B. stearothermophilus 
NCIB 8224 spores by LTSF at a formaldehyde concentration of 

3 X 10 ^ M (14 mg 1

The previous experiments have all used a temperature of 80°C 
to assess the resistance of the selected spores to LTS and 
LTSF. Although the initial work of Alder et al. (163, 164) 
employed this temperature, cycles utilizing 73°C (166, 167) 
and even 65°C (155) have been reported. It was decided to perform 

preliminary experiments to examine the inactivation of spores 
of B. stearothermophilus NCIB 8224, which had previously shown 
a high resistance to LTSF, at temperatures of 65°C, 70°C, 75°C

O "and 80 C using a formaldehyde concentration of 3 x 10 M 
— 1

(14 mgl ) .

The data are expressed as survivor curves in Figure 61.
It is immediately apparent that there is only a slight decrease

in sensitivity as the temperature decreases, at least until 
obelow 70 C. As previously observed for the effect of formaldehyde

concentration, there is no linear portion to the survivor curves
at the temperatures investigated. To attempt to quantify the
effect of temperature the S value, the reciprocal time for a 

- 2
1 0  reduction in survivor level, was again calculated for each 

temperature employed and these are shown in Table 44.

The rate of inactivation has previously been related to 
the temperature using the Arrhenius relationship (see page 116)• 

Since the S value is also a measure of the rate of inactivation, 
it may also be related to the temperature by this relationship
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Table 44. Effect of temperature on inactivation of B. stearo
thermophilus NCIB 8224 spores by LTSF at a formaldehyde

-4 -1concentration of 3.0 x 10 M (14 mg 1 )

Temperature
(°C)

Reciprocal Absolute 
temperature x 1 0 ^

Reciprocal time 
for reduction to 

- 2
1 0  survivor level 

- 1(mins )

65 2.96 7.75 X  lo"^

70 2.92 1.11 X  l o ” ^

75 2.87 1.28 X lo"^

8 0 2.83 1.43 X lo"^

and an Arrhenius-type plot of these data is shown in Figure 62.
It has previously been shown that inflexions occur in the
Arrhenius plots for the inactivation of B. stearothermophilus
NCIB 8224 spores by moist heat and this inflexion occurs between 
o o80 C and 90 C (see Chapter 4). These preliminary data suggest 

that an inflexion may also occur between 65°C and 70°C in 
Arrhenius plots for inactivation of these spores by LTSF.

However, as with the investigations into the effect of formalde
hyde concentration, these are preliminary data and further 

experiments are needed before conclusions can be drawn. It 

appears that between 70°C and 80°C the effect of temperature 
on inactivation by LTSF is small and this is discussed on 
page 264.
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8.3 DISCUSSION

The rationale behind the experimental work described in this 
chapter was not to attempt to recreate the cycles and conditions 
employed in commercial LTSF sterilizers, but rather to examine 

the fundamental sporicidal action of LTSF. The studies reported 

in previous papers have all employed commercial machines and 
cycles and most results have been expressed in terms of growth 
or no growth from spore strips exposed to the complete cycle. 

Hurrell et al. (167) attempted to measure the sporicidal action 
of fractions of the LTSF cycles against B. stearothermophilus 
spores but found that only very low numbers of survivors could
be recovered after 2 pulses of a 20 pulse cycle using LTSF at

o — 173 C and a formaldehyde concentration of 19 mg 1 . Using a
o

temperature of 85 - 90 C and a formaldehyde concentration of
—approximately 100 mg 1 , Alder (164) reported inactivation of

5 54.8 X 10 B. subtilis spores in 35 minutes and 9 x 10 B.

stearothermophilus spores in 40 minutes. Using a cycle
consisting of a series of formalizing waves and a holding period
of 2 0  minutes with a formaldehyde concentration of approximately

50 mg 1  ̂and temperatures between 65°C and 80°C, Pickerill
(166) has reported no recovery of viable spores from spore

strips of B. stearothermophilus, B. pumilus, B. globigii and
C. sporogenes.

These authors have shown that LTSF can be sporicidal 
and this is confirmed by the data presented in this chapter.
It can be seen that substantial reductions in the viable count
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of all the spores exposed to LTSF at 80°C and 5.9 x 10 ^ M 
-1(27 mg 1 ) formaldehyde were achieved in a very short period

of time. Spores of B. stearothermophilus NCIB 8224 were the 
most resistant to this LTSF combination as they are to moist 
heat below 90°C and to 0.5% w/v formaldehyde in aqueous solution 

at 70°C. When this strain was exposed to LTS at 80°C, however, 
approximately 85% of the spores were inactivated over eight 
hours. This is the greatest inactivation observed with any 

of the six strains exposed to LTS.

Spore strips of B. stearothermophilus NCIB 8919, intended 
to monitor sterilization by high pressure steam, are often 
used as monitors for LTSF. Figure 55, however, shows these 
spores to be the most sensitive to LTSF of the thermophilic 
spores examined.

B. subtilis var niger spores intended for monitoring 
ethylene oxide sterilization have also been considered as 
monitors for LTSF. Figure 58 shows that B. subtilis Trav 5230 
spores were more sensitive to LTSF than all the thermophilic 
spores investigated. This suggests that neither of these 
strains are suitable indicators for LTSF.

The sporicidal action of LTSF cannot be related to 
activity of any of the parameters in isolation, which suggests 
that synergism between LTS and gaseous formaldehyde must occur 
to account for the observed sporicidal activity. It is 
interesting to note that the three strains which were activated
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by the LTS pulses prior to formaldehyde and steam admission 
were the most rapidly inactivated by LTSF. These strains were 

B. stearothermophilus NCIB 8919 (Figure 55), B. coagulans 
FRR B555 (Figure 57) and B. subtilis Trav 5230 (Figure 58).
It has previously been reported that activation increases the 

sensitivity of spores to a number of chemicals in solution, 

including formaldehyde and phenol (254) . It has been suggested 

that activation may be accompanied by changes in the permeability 
of the spore (255, 255). Spores of B. subtilis which are 
normally impermeable to pyruvate have been shown to germinate 
in the presence of pyruvate after acid treatment (257) and 

exposure of spores to mercaptoethanol, which produces activation, 
also increased permeability to lysozyme (78).

An intact spore coat offers no protection from glutaralde- 
hyde to B . pumilus spores (79) and increased permeability in 
coat-defective and chemically-treated spores did not reduce 
resistance to ethylene oxide, even if lysozyme resistance was 
reduced (70) . Dadd and Daley (70) concluded that the spore 

coat is not a barrier to ethylene oxide, contrary to the 
conclusions of Marietta and Stumbo (71), and proposed that 
the passage of ethylene oxide into the spore protoplast could 
be impeded by non-lethal alkylation of thiol groups in the 
spore.

The shape of survivor curves on exposure to LTSF cannot 

be readily explained. In all cases there is an immediate 
response on admission of formaldehyde and steam, either
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activation or inactivation, and this is followed by either a 
shouldered or a tailed curve. Many of the curves showed 
this lag-period or shoulder on holding in LTSF and this was 
especially marked in spores of B. stearothermophilus NCIB 
8224 which suggests a delay in penetration of formaldehyde 

to its site of action. Whether this delay is due to a per
meability barrier, and it is difficult to envisage the spore 

coats being impermeable to a molecule as small as formaldehyde, 

or neutralization in the spore coats requires further 
investigation.

B,stearothermophilus NCIB 8224 spores were selected for 
preliminary experiments to investigate the effects of temperature 
and concentration of formaldehyde on inactivation by LTSF 
because of their high resistance to the conditions. It can 
be seen from Figure 59 that only a small increase is seen in 
the sensitivity of spores to LTSF when the formaldehyde concen
tration is raised. Inactivation rates were estimated by
S values, the reciprocal time to decrease the surviving 

-2fraction by 10 . This gives a measure of the rate of reaction
and there is less chance of a single point introducing a real 

error. These S values are plotted on a log scale against 
formaldehyde concentration in Figure 60.

In investigating the effects of temperature on the inacti
vation of B. stearothermophilus NCIB 8224 spores it must be 

noted that the various temperatures employed require different 
steam pressures and this pressure varies from 0.475 bar abs. at
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80°C to 0.25 bar abs. at 65°C. Equal concentrations of formalde
hyde were used at each temperature and this produced equal 
partial pressures of formaldehyde in the vessel at each 
temperature and pressure combination. However, there are 

variations in the mole fraction of formaldehyde at each 

temperature (the mole fraction is the partial pressure of form

aldehyde expressed as a fraction of the total pressure) and de
creasing the temperature increases the mole fraction of formaldehyde

"S" values were calculated for each temperature as before

and related to the temperature by the Arrhenius relationship.
Figure 62 suggests that a break may occur in the Arrhenius
plot between 65°C and 70°C but more data is required before a
firm conclusion can be drawn. Problems arise in interpreting
these data because of differences in the mole fraction of
formaldehyde.employed at different temperatures and inaccuracies
in calculating S values. The data, however, suggests a low
energy requirement for inactivation by LTSF. Table 45 shows

the relative sensible and latent heat contents of sub-atmospheric
steam and shows that the large proportion of the energy content

of LTS is in its latent heat. The small effect produced by
changes in temperature may be due to the small differences

o oin total energy of LTS at 65 C and 80 C.

The preliminary results on the effect of temperature and

concentration imply that changes in temperature between 70°C
o “4and 80 C and formaldehyde concentrations between 1.3 x 10 M
-1 -4 -1

(6 mg 1 ) and 4.4 x 10 M (20 mg 1 ) have little effect on
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the sporicidal activity of LTSF. This suggests that LTS of a 
certain energy content is required to supply sufficient energy 
to produce a change in the spore. Once this has been achieved 
the lethality of the formaldehyde is increased. The reason for 
this increased lethality is not clear. It may, for example, 

be due to increased penetration of formaldehyde to the spore 
protoplast but this requires further investigation. Provided 
the LTS has enough energy to produce this change in the spore 
and sufficient formaldehyde is preseht to produce a lethal 
effect, further increases in temperature or concentration over 
the range investigated have little effect on the rate of 

inactivation.



CHAPTER 9

CONCLUDING DISCUSSION
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This project was initiated to evaluate a number of bacterial 
spores as potential biological indicators for LTSF sterilization.

A sterilization process is best monitored by physical 

measurements continuously recording the conditions but for 
LTSF, because of the number of parameters involved,this is 

not possible. Biological monitoring is therefore necessary and 
the choice of a suitable organism is critical. Most biological 
indicators utilize a bacterial spore which is highly resistant 

to the sterilizing conditions to ensure complete destruction 
of any likely contaminants and for LTSF this means the selected 
spore requires a high resistance to both moist heat and formalde
hyde in order to effectively monitor their combination. The 
spores must also be simple to produce and use and so the approach 
adopted was to initially investigate the growth and sporulation 
of a number of Bacillus strains on chemically defined media and 
assess the germination index and moist heat resistance of the 
resultant spores. This showed that a wide range of properties 

existed amongst the spores of a single species and on the 
basis of the data obtained a.limited number of strains Were then 
examined for their resistance to each individual parameter of 

LTSF.

The resistance to moist heat and to formaldehyde was 
evaluated in aqueous suspension and an experimental apparatus 

was designed and constructed to determine the resistance to 

LTS and LTSF. This apparatus enabled the exposure of spores, 
dried onto a suitable carrier, to the required LTS or LTSF
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conditions for predetermined times after which the spores could 
be completely removed and survivors enumerated. This was achieved 

by the construction of a manifold with six small vessels attached 
and the size of these vessels allowed the conditions to be 

generated and monitored in the immediate vicinity of the 

sample.

Exposure to LTS and LTSF requires successive pulses with 
steam admission combined with the drawing of a vacuum to ensure 
complete removal of air from the system. It was found that 

this could physically remove spores of B. stearothermophilus 
dried onto glass coverslips. This was not observed with spores 
of B. subtilis Trav 5230, which suggests that adherence to the 
glass may be affected by the surface characteristics of the spore 
In all investigations into LTS and LTSF, a correction was made 

for this effect.

The criteria governing the selection of an ideal organism 

as a biological indicator for LTSF were for a strain which 

produced spores in high yield from a chemically defined medium 
with the spores possessing a high germination index and a high 
resistance to each parcimeter of LTSF in isolation. The strain 

should also be aerobic, non-pathogenic and preferably be 
thermophilic for convenience in use. Emphasis was placed on 
examining strains of B. stearothermophilus for fulfilment 

of these criteria because of their known high moist heat 

resistance but strains of B. coagulans suggested as potential
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biological indicators (193) and a strain of B, subtilis used for 

the validation of commercial high pressure autoclaving cycles 
were also included for comparison.

It is apparent that the strains selected have a wide range 
of requirements for growth and sporulation and enormous variations 

between their resistance to moist heat in aqueous suspension, 

aqueous solutions of formaldehyde, LTS and LTSF.

Not only are there variations in the resistance to these 
treatments but also in the shape of the survivor curves produced, 

with activation, shoulders, log-linear inactivation and tailing 

all apparent.

Changes in the sporulation medium produced changes in the 
germination index and moist heat resistance of the spores.
Those changes which increased the germination index also in
creased the sensitivity to moist heat in aqueous suspension 

at 110°C. Those strains with a low germination index were 
either activated by moist heat at this temperature or a 

shouldered survivor curve was produced but strains with a 

high germination index were not activated and showed tailing 
of survivor curves.

The large variations in properties observed between spores 

of different strains of B. stearothermophilus and the effect of 

sporulation conditions on these properties implies that speci
fications for a biological indicator should include details of
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the specific strain and sporulation conditions to be used rather 
than merely specifying a particular species. In view of these 

variations, spores of six strains were investigated in detail. 

These were B. stearothermophilus NCIB 8919, NCIB 8224, NCIB 

10814, Col. 2848, B. coagulans FRR B6 6 6  and B. subtilis Trav 

5230 and spores were produced from a selected defined medium. 
These spores covered the range of properties which had been 
identified and the use of chemically defined sporulation media 
was shown to produce spores of consistent germination index 
and reproducible resistance to moist heat and formaldehyde in 

aqueous solution.

The data presented on the moist heat resistance in aqueous
suspension of these six selected strains at temperatures between
70°C and 120°C suggests that there are several mechanisms of
inactivation by moist heat. For some,but not all, strains a

ochange in mechanism occurred at a temperature around 90 C.
However, because this change was not consistent for all strains,

othe resistance of strains at temperatures below 90 C could not 
be predicted from data above this temperature. This is important 
in relation to the LTSF process because selection of a biological 

indicator with high resistance to temperatures above 1 0 0 °c 
does not imply that this strain will have a high moist heat 

resistance at 70 - 80°C.

It is interesting to compare resistance to moist heat 

with that to formaldehyde in aqueous solution. Although there 
is no direct correlation between resistance to these treatments.
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the two strains which were the most resistant to formaldehyde,

B. stearothermophilus NCIB 8224 and Col 2848, were the most
o oresistant to moist heat below 80 C and above 100 C respectively

and B. subtilis Trav 5230 was the most sensitive straini to
both treatments. B. stearothermophilus NCIB 8919 spores have
a low germination index and therefore a great potential for
activation and this response was observed on exposure to both

moist heat and formaldehyde in solution.

There was, however, no pattern discernable between resistance 
to LTS and resistance to either moist heat or formaldehyde 
in solution. LTS produced little reduction in the viable 
count of any of the spores investigated but the activation 
produced with some strains showed that a transfer of energy 
from the LTS to the spore was occurring.

The data on the effect of each parameter of LTSF alone 

showed that moist heat at 80°C took days, or even months, to
decrease the viable count by several log cycles. Neither

o — 1exposure to LTS at 80 C nor formaldehyde (8 mg 1 ) in aqueous

solütion at 80°C produced any marked decrease in viable count
over a period of 5 - 8 hours. LTSF, however, produced
considerable inactivation over a period of minutes. The
sporicidal action of LTSF is compared to that of the individual

parameters on spores of B. stearothermophilus NCIB 8224 in
Figure 63 and B. subtilis Trav 5230 in Figure 64.

As this sporicidal activity cannot be related to the effects
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at 80 C.
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of any individual parameter in isolation it suggests that 
considerable synergism exists between the effect of LTS and 
that of gaseous formaldehyde. It seems possible that the 
transfer of energy from LTS to the spore may produce some 
change , such as activation, which increases the penetration 
of formaldehyde to the spore protoplast.

Preliminary experiments on the effect of temperature and 
formaldehyde concentration on inactivation of B. stearothermophilus 
NCIB 8224 spores by LTSF show that increasing either temperature 

or formaldehyde concentration produced little increase in the 
sporicidal activity of the system. Although inactivation 

increased with increasing concentration and tenperature this 
increase is much smaller than would be expected for a chemical 
inactivation process. This may be due to the latent heat 
content of LTS. Table 45 shows that as the temperature 
increases the latent heat content of LTS falls and the sensible 
heat content rises, which produces little change in the total 

heat content.

There are problems in extrapolating the data from this 
test system to sterilizers operating on a commercial scale.
In the test apparatus, the conditions Eire produced in a small 
vessel in the direct vicinity of the spore sample but in a 
commercial sterilizer there is a large chamber volume and 
variations in conditions are possible. There are also problems 
associated with gaseous penetration through packaging films 
and also into the equipment to be sterilized, particularly
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through tubes with a narrow lumen (20). These, however, are 
technical problems and the data from the test apparatus confirm 
the sporicidal nature of LTSF and suggest that sterilization 
could be achieved with this system if the correct conditions 
are produced and maintained. Because of the number of parameters 
of LTSF sterilization, biological monitoring of the process 
remains necessary and spores of B. stearothermophilus NCIB 8224, 

which have a high resistance to LTSF, may be suitable for the 
preparation of biological indicators.

Suggestions for Future Work

There are two directions which investigations into LTSF 
sterilization could take. First is the development of a bio
logical indicator. This study has identified B. stearothermophilus 
NCIB 8224 as a potential indicator organism but further studies 
on this strain are needed. Initially, the sporulation of 
this strain should be optimized with the development of a 
specific chemically defined medium and investigations on the 

effect of constituents of this medium on resistance to LTSF.
The effect of the carrier could then be examined both for 
the ability of spores to attach to various materials to 
minimise physical loss on pulsing and also the effect of the 
carrier on resistance to LTSF. The optimum conditions for the 
recovery of spores exposed to LTSF needs to be established in 
terms of the medium and incubation temperature to be used.

Detailed investigations into the effect of formaldehyde concen
tration and temperature and evaluation of commercial sterilizers
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could then be undertaken.

More fundamentally, the site and mechanism of the inactivation 
of bacterial spores by formaldehyde has yet to be elucidated.
The specific target within the: spore, which could be DNA, RNA 
or protein, could be investigated, possibly by using radio
labelled formaldehyde. Further investigation into the sporicidal 
action of LTSF could then be undertaken. I have suggested that 
LTS may produce a change in the spore which increases the pene
tration and lethality of formaldehyde. If this is so, a 
sporicidal effect would be produced by pulsing with LTS and 
then exposing the spores to gaseous formaldehyde alone rather 
than LTSF. The effect of activation on spore permeability needs 
to be firmly established and the resistance of spores activated 
by a variety of treatments to formaldehyde in aqueous solution 
and gaseous formaldehyde could be determined. Finally, the 
role, if any, of the spore coat in resistance to formaldehyde 
could be investigated using spore coat mutants and chemical 
treatments to remove the spore coat layers.
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STATISTICAL ANALYSIS

Al.1 Least Squares Regression Analysis

When a linear relationship is assumed to exist between 
two variables it is usual to fit a straight line by least 

squares regression analysis. The simplest statistical model 

for this assumes that the independent variable (x) is known 
without error of measurement and that the corresponding measured 

values of the dependent variable (y) are scattered normally from 
their true values. Hence each value of y^ of the dependent 
is normally distributed about the mean, with a variance .

The method of least squares obtains estimates of c 
and m in the equation y = mx + c such that the sum of the squares 
of the deviations of the observations y^ from their mean is 
a minimum.

These values are:-

m =
nZx

c

E (x^-x) (y^-y) 

Z (x^-x) ̂

Ey^ - mEx^ 
n

y - mx



where n is the number of points on the line.

Variance of the Slope (m)
2This is termed s^ and is given by the equation
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where is the residual variance of the dependent variable y 
and may be obtained by dividing the residual sum of squares Ed '
by (n-2 ) were

Ed  ̂ = E (y\-y) ̂ -

Residual sum Total sum 
of squares of squares 
(n-2 ) (n-1 )
degrees of degrees 
freedom of

freedom

|e (x_-x) (y^-y) J 

E (x_-x) ̂
Sum of squares due 
to regression 
1 degree of freedom

-  2 2 -  2 = Z(y^-y) - m E(x_-x)

The denominator (n-2)shows that two degrees of freedom have 
been lost because both the slope and the intercept were estimated 
from the data. The standard deviation of the slope is given 

by the square root of the variance.
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Variance of the Intercept (c) 2 2
2 Ex. oThis is termed s =

2 ZD^where ae (n-2 )

The standard deviation of the intercept is given by the 
square root of the variance.

Al.2 To Determine the Equality of Two Estimates of a Parameter
(Student's t-test)

The equality of estimates p^ and p^/ with respective 
2 2variances s^ and s^ , of a parameter p is assessed as follows;

P 1 - P 2

The value of t is compared with tabulated values with n^+n2 ~ 4

degrees of freedom, where n^ and n^ are the numbers of
observations used in the estimation of p^ and p^ respectively,

If the value of t(t , ) does not exceed the tabulated valuecalc
(ttab^ at the 5 percent (p = 0.05) probability level, the 
values are assumed to be indistinguishable at this level.
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Al.3 To Determine the Equality of Two Means of a Parameter 
(Student's t test)
The equality of means and x^/ with respective variances 

2 2s  ̂and s^/ of a parameter is assessed as follows:

^1 - ^2
s(- + -  )^ 

^ 1  ^ 2

where n̂  ̂and n^ are the number of observations used in the
estimation of x^ and x^ 
deviation given by:-

s represents the total standard

s =
(n^-l)s^^ + (n2"l)s2 

(n̂  + n2 > - 2

The value of t is compared with tabulated values with n^ + n2 - 2 
degrees of freedom. If the value of t(t^^^^) exceeds the 
tabulated value (t^^^) at the 5 percent (P = 0.05) probability 
level, the means are considered to be significantly different 
at that level.

A1.4 To Determine the Equality of More than Two Means of a 

Parameter (Analysis of Variance)
Where the data is separated into a series of groups, each 

consisting of a number of observations or measurements, analysis 

of variance and an F test is used to establish if the variance 
between the groups is significantly greater than the variance
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within the groups. The following quantities are calculated 
from the data:-

A) Uncorrected Sum of Squares

k
Z

i=l

n
Z

j=l
1 ]

where k is the number of groups, n is the number of observations
2in each group and x is the square 6 f the observation or 

measurement.

B) Mean Sum of Squares of Group Totals
n

k
Z
i=l "i

C) Mean Sum of Squares of Observations

k n
Z
i=l

Z
j=l
N

where N is the total number of observations.
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An analysis of variance table is now set up:-

Sum of 
Squares

Degrees of 
Freedom Variance

Between
groups B-C k- 1 B-C 2 

k- 1 ® 2

Within
groups A-B N-k A-B = s ^  

N-k

Total A-C N-1 A-C
N-1

2
The ratio _2_ will come from an F distribution and if 

2

the groups are not significantly different this calculated 
value of F will be less than the tabulated at P = 0.05 with 
k-1 and N-k degrees of freedom.
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