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(57) ABSTRACT 

Arapid method of determining the ef?cacy of a sterilization 
cycle, and an indicator adapted to perform such method, 
comprising subjecting to the sterilization cycle a source of 
active enzyme having activity Which correlates With the 
viability of a microorganism commonly used to monitor 
sterilization, and incubating the enzyme source, following 
the completion of the sterilization cycle, With an effective 
amount of a substrate system capable of reacting With any 
residual active enzyme to produce a detectable enzyme 
modi?ed product. 
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RAPID READ-OUT BIOLOGICAL INDICATOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of pending prior 
application Ser. No.08/443,820, ?led on May 18, 1995, 
Which is a continuation of US. Pat. No. 5,418,167, issued 
May 23, 1995 Which is a divisional of US. Pat. No. 
5,252,484, issued Oct. 12, 1993 Which is a divisional of US. 
Pat. No. 5,073,488, issued Dec. 17, 1991. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a rapid method for 
determining the efficacy of a steriliZation cycle. In particular, 
the present invention employs an enZyme Whose activity can 
be correlated With the viability of at least one microorganism 
commonly used to monitor steriliZation ef?cacy, hereinafter 
referred to as a “test microorganism”. The enZyme, folloW 
ing a steriliZation cycle Which is sublethal to the test 
microorganism, remains suf?ciently active to react With an 
enZyme substrate in a relatively short period of time, e.g., 
normally eight hours or less. HoWever, the enZyme is 
inactivated or appreciably reduced in activity folloWing a 
steriliZation cycle Which is lethal to the test microorganism. 
The invention further relates to biological sterility indicators 
Which include such an enZyme. 

BACKGROUND OF THE INVENTION 

[0003] Biological indicators and chemical indicators used 
to determine the ef?cacy of steriliZation are Well knoWn in 
the art. In conventional biological indicators, a test organism 
Which is many times more resistant to the steriliZation 
process employed than most organisms Which Would be 
present by natural contamination, is coated on a carrier and 
placed in a steriliZer along With the articles to be steriliZed. 
After completion of the steriliZation cycle, the carrier is 
incubated in nutrient medium to determine Whether any of 
the test organism survived the steriliZation procedure. 
GroWth of a detectable number of organisms normally takes 
a minimum of tWenty-four hours. During this period, the 
supposedly steriliZed articles should be quarantined. 

[0004] In frequent practice, hoWever, the hospital has 
neither the space for proper quarantining of the supposedly 
steriliZed articles, nor a suf?cient number of the articles 
themselves to permit actual quarantining. As a result, the 
supposedly steriliZed articles are placed back into stock on 
the assumption that steriliZation Was proper and Will be 
con?rmed by a subsequent report from the laboratory. 

[0005] Commercially available chemical indicators utiliZe 
chemicals Which indicate sterility by color changes, or 
change from solid to liquid state. The advantage to such 
chemical indicators is that the results are knoWn by the end 
of the steriliZation cycle. HoWever, those results indicate 
only, as in the device described in Us. Pat. No. 4,448,548, 
that a particular temperature has been reached for a certain 
period of time; or, as in US. Pat. No. 4,348,209, that 
ethylene oxide gas Was present. These devices do not 
indicate Whether all conditions necessary to inactivate the 
test organism have been achieved. Only the living organism 
can sense the true relationships of physical and chemical 
parameters necessary to affect steriliZation. Therefore, it is 
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recogniZed in the art of steriliZation that biological tests are 
the most accurate sterility tests. 

[0006] There remains a need for a sterility indicator Which 
Will provide rapid results, yet provide a high level of 
con?dence that all parameters, necessary to achieve steril 
iZation, including the interrelated parameters of time, tem 
perature and concentrations of moisture, chemicals or radia 
tion dose, have been reached. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a method of deter 
mining the ef?cacy of a steriliZation cycle, Whether the 
steriliZing media be steam, dry heat, radiation, ethylene 
oxide, or other gaseous or liquid agents, Which combines the 
reliability of the conventional biological indicators With a 
speed closer to that of the chemical indicators. The present 
invention provides methods and devices for indicating ster 
iliZation ef?cacy Which, in most cases, can indicate steril 
iZation failure Within eight hours. 

[0008] The method of the present invention comprises 

[0009] a) subjecting to a steriliZation cycle a source 
of active enZyme, said enZyme having activity Which 
correlates With the viability of at least one microor 
ganism commonly used to monitor steriliZation; and 

[0010] b) incubating the enZyme source, folloWing 
the completion of the steriliZation cycle, With an 
effective amount of a substrate system for that 
enZyme, Which system is capable of reacting With 
any residual active enZyme to produce a detectable 
enZyme-modi?ed product. 

[0011] The reaction mixture is then evaluated in, e.g., a 
?uorometer or a calorimeter, to determine the presence of 
any enZyme-modi?ed product. The existence of detectable 
enZyme-modi?ed product above background Within an 
established period of time (dependent upon the identity of 
the enZyme and the substrate, the concentration of each, and 
the incubation conditions) indicates a steriliZation failure. 
The lack of detectable enZyme-modi?ed product Within the 
established period of time indicates a steriliZation cycle 
Which has been lethal to the test organism and is therefor 
adequate. 
[0012] The source of active enZyme may be the puri?ed 
enZyme isolated from an organism, or may be a microor 
ganism, Which may itself be one commonly used to monitor 
steriliZation, such as Bacillus stearothermophilus or Bacillus 
subtilis. When such a microorganism is used as the enZyme 
source, the method of the present invention may include the 
step 

[0013] c) incubating any of the microorganisms 
Which remain viable, folloWing the completion of the 
steriliZation cycle, With an aqueous nutrient medium 
capable, With incubation, of promoting groWth of 
viable microorganisms, and a detector material 
capable of undergoing a detectable change in 
response to groWth of the microorganisms, under 
conditions suitable to promote groWth of viable 
microorganisms. 

[0014] The present invention further provides rapid read 
out sterility indicators useful in practicing the above-de 
scribed methods. One such sterility indicator comprises: 
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[0015] a) an outer container having liquid imperme 
able and substantially non-gas absorptive Walls, the 
container having at least one opening therein, With a 
gas-transmissive, bacteria-impermeable means cov 
ering the opening; and 

[0016] b) contained Within the outer container, a 
detectable amount of an isolated active enZyme 
Whose activity correlates With the viability of at least 
one microorganism commonly used to monitor ster 
iliZation. 

[0017] Another rapid-read out sterility indicator com 
prises: 

[0018] a) an outer container having liquid imperme 
able and substantially non-gas absorptive Walls, the 
container having at least one opening therein, With a 
gas-transmissive, bacteria-impermeable means cov 
ering the opening; 

[0019] b) contained Within the outer container, a 
source of active enZyme in a detectable concentra 
tion, the enZyme having activity Which correlates 
With the viability of at least one microorganism 
commonly used to monitor steriliZation; and 

[0020] c) also contained Within the outer container an 
effective amount of an enZyme substrate system 
capable of reacting With active enZyme to produce a 
detectable enZyme-modi?ed product. 

[0021] The ability of the present invention to rapidly 
determine the efficacy of a sterilization cycle is based upon 
the discovery that 

[0022] 1) certain enZymes remain active folloWing a 
steriliZation cycle Which is marginally sufficient to 
kill the test microorganism Whose viability correlates 
With the enZyme’s activity; and 

[0023] 2) the enZyme activity folloWing the marginal 
steriliZation cycle is sufficient to convert a substrate 
system for that enZyme to a detectable concentration 
of product Within a relatively short period of time, 
e.g., generally less than about eight hours. 

[0024] Where a test microorganism is used along With, or 
as the source of, the enZyme, very loW numbers of the test 
microorganism can survive the marginal steriliZation cycle. 
HoWever, there is sufficient enZyme activity associated With 
the inactivated microorganisms to indicate a steriliZation 
failure. 

[0025] The enZyme detection method of the present inven 
tion acts as a fail safe in marginal steriliZation cycles 
because the enZymes of the present invention are more 
resistant to steriliZation conditions than the test microorgan 
ism. In less complete steriliZation cycles the existence of 
detectable enZyme-modi?ed product, and, hence, the exist 
ence of enZyme activity can be used to predict the survival 
or viability of the test microorganism if it Were subjected to 
the same steriliZation conditions and incubated With nutrient 
medium for at least tWenty-four hours. 

BRIEF DESCRIPTION OF THE FIGURES 

[0026] FIG. 1 is a cross-sectional vieW of one embodi 
ment of a sterility indicator of the present invention, With the 
closure device 26 removed. 
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[0027] FIG. 2 is an exploded perspective vieW of the 
sterility indicator of FIG. 1, closure device 26 included. 

[0028] FIG. 3 is a cross-sectional vieW of a preferred 
embodiment of an indicator of the present invention, With 
closure 56 in the closed position. 

[0029] FIG. 4 is an exploded perspective vieW of the 
indicator of FIG. 3. 

[0030] FIG. 5 is a cross-sectional vieW of another pre 
ferred embodiment of a sterility indicator of the present 
invention, With closure 86 in the open position. 

[0031] FIG. 6 is an exploded perspective vieW of the 
sterility indicator of FIG. 5. 

[0032] FIG. 7 is a graphic representation of relative ?uo 
rescence versus incubation time for sterility indicators of 
this invention, after exposure to a steriliZation cycle for 
varying periods of time. 

[0033] FIG. 8 is also a graphic representation of relative 
?uorescence versus incubation time for sterility indicators of 
this invention, after exposure to a steriliZation cycle for 
varying periods of time. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] The enZymes useful in the practice of the present 
invention are enZymes including extracellular and intracel 
lular enZymes, Whose activity correlates With the viability of 
at least one microorganism commonly used to monitor 
steriliZation ef?cacy, hereinafter referred to as a “test” 
microorganism. By “correlates” it is meant that the enZyme 
activity, over background, can be used to predict future 
groWth of the test microorganism. The enZyme must be one 
Which folloWing a steriliZation cycle Which is sublethal to 
the test microorganism, remains suf?ciently active to react 
With a substrate system for the enZyme, Within tWenty-four 
hours, and in preferred embodiments Within eight hours or 
less, yet be inactivated or appreciably reduced in activity 
folloWing a steriliZation cycle Which Would be lethal to the 
test microorganism. 

[0035] The folloWing test has proven useful in identifying 
those enZymes having the requisite characteristics to be 
useful in the steriliZation monitoring devices and methods of 
the present invention. The enZyme When subjected to ster 
iliZation conditions Which Would be just sufficient to 
decrease the population of 1><106 test microorganisms by 
about 6 logs (i.e., to a population of about Zero as measured 
by lack of outgroWth of the test microorganisms), has 
residual enZyme activity Which is equal to “background” as 
measured by reaction With a substrate system for the 
enZyme; hoWever, the enZyme upon being subjected to 
steriliZation conditions suf?cient only to decrease the popu 
lation of 1><106 test microorganisms by at least 1 log, but less 
than 6 logs, has enZyme activity greater than “background” 
as measured by reaction With the enZyme substrate system. 
The enZyme substrate system is a substance, or mixture of 
substances, Which is acted upon by the enZyme to produce 
a detectable, e.g., ?uorescent or colored, enZyme-modi?ed 
product. The enZyme activity is measured by the amount of 
detectable enZyme-modi?ed product produced. Preferably, 
the enZyme is one Which has sufficient activity, folloWing 
steriliZation conditions insufficient to decrease the popula 
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tion of the test microorganism by 6 logs, to react With the 
enzyme substrate system and produce a detectable amount 
of enZyme-modi?ed product Within tWenty-four hours, pref 
erably Within eight or less hours, and most preferably Within 
tWo or less hours. 

[0036] Preferably, the activity of the enZyme after steril 
iZation conditions insufficient to decrease the microorganism 
population by 6 logs, is at least 2 percent greater, and more 
preferably at least 5 percent greater, than background, and 
most preferably is at least 10 percent above background. It 
is understood that the residual enZyme activity level Which 
is de?ned as “background” for purposes of this invention, 
may be higher than that achieved by the spontaneous con 
version of enZyme substrate to product after the enZyme has 
been totally and irreversibly inactivated. 

[0037] EnZymes Which have been found to meet the 
above-described test include hydrolytic enZymes from 
spore-forming microorganisms. Such enZymes include beta 
D-glucosidase, alpha-D-glucosidase, alkaline phosphatase, 
acid phosphatase, butyrate esterase, caprylate esterase 
lipase, myristate lipase, leucine aminopeptidase, valine ami 
nopeptidase, chymotrypsin, phosphohydrolase, alpha-D-ga 
lactosidase, beta-D-galactosidase, alpha-L-arabinofuranosi 
dase, N-acetyl-[3-glucosaminidase, beta-D-cellobiosidase, 
alanine aminopeptidase, proline aminopeptidase, tyrosine 
aminopeptidase, phenylalanine aminopeptidase, beta-D-glu 
curonidase, and a fatty acid esterase, derived from spore 
forming microorganisms, such as Candida, Bacillus and 
Clostridium species of microorganisms. 

[0038] Particularly useful enZymes from Bacillus stearo 
thermophilus include alpha-D-glucosidase, beta-D-glucosi 
dase, alkaline phosphatase, acid phosphatase, butyrate 
esterase, caprylate esterase lipase, leucine aminopeptidase, 
chymotrypsin, phosphophydrolase, alpha-D-galactosidase, 
beta-D-galactosidase, alanine aminopeptidase, tyrosine ami 
nopeptidase, and phenylalanine aminopeptidase and a fatty 
acid esterase. Particularly useful enZymes from Bacillus 
subtilis include alpha-L-arabinofuranosidase, beta-D-glu 
cosidase, N-acetyl-[3-glucosaminidase, beta-D-cellobiosi 
dase, alanine aminopeptidase, proline aminopeptidase, 
tyrosine aminopeptidase, leucine aminopeptidase and phe 
nylalanine aminopeptidase. 
[0039] Beta-D-glucosidase and alpha-L-arabinofuranosi 
dase from Bacillus subtilis are particularly useful in the 
monitoring of ethylene oXide steriliZation. Alpha-D-glucosi 
dase from Bacillus stearothermophilus is particularly useful 
to monitor steam steriliZation conditions. 

[0040] The source of active enZyme may be: 

[0041] 1) the puri?ed, isolated enZyme derived from 
an appropriate microorganism; 

[0042] 2) a microorganism to Which the enZyme is 
indigenous or added by genetic engineering; or 

[0043] 3) a microorganism to Which the enZyme has 
been added during sporulation or groWth, such that 
the enZyme is incorporated or associated With the 
microorganism, e.g., an enZyme added to a spore 
during sporulation Which becomes incorporated 
Within the spore. Preferred microorganisms Which 
may be utiliZed as the source of an enZyme useful in 
the practice of the present invention are bacteria or 
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fungi in either the spore or vegetative state. Particu 
larly preferred sources of enZyme include Bacillus, 
Clostridium, Neurospora, and Candida species of 
microorganisms. 

[0044] When a microorganism is used as the source of 
active enZyme, the method of the present invention may 
include the step of incubating any of the microorganisms 
Which remain viable, folloWing the completion of the ster 
iliZation cycle, With an aqueous nutrient medium. Inclusion 
of this step con?rms by conventional techniques Whether the 
steriliZation conditions had been suf?cient to kill all of the 
microorganisms in the indicator, indicating that the steril 
iZation conditions had been suf?cient to steriliZe all of the 
items in the steriliZer. If groWth of the microorganism is used 
in a conventional manner to con?rm the results of the 
enZyme test, the microorganism should be one Which is 
conventionally used to monitor steriliZation conditions. 
These conventionally used microorganisms are generally 
many times more resistant to the steriliZation process being 
employed than most organisms encountered in natural con 
tamination. The bacterial spore is recogniZed as the most 
resistant form of microbial life. It is the life form of choice 
in all tests for determining the steriliZing efficacy of devices, 
chemicals and processes. Spores from Bacillus and 
Clostridia species are the most commonly used to monitor 
steriliZation processes utiliZing saturated steam, dry heat, 
gamma irradiation and ethylene oXide. 

[0045] Particularly preferred microorganisms commonly 
used to monitor steriliZation conditions include Bacillus 
stearothermophilus and Bacillus subtilis. Bacillus stearo 
thermophilus is particularly useful to monitor steriliZation 
under steam steriliZation conditions. The enZyme alpha-D 
glucosidase has been identi?ed in spores of Bacillus stearo 
thermophilus, such as those commercially available as 
“ATCC 8005” and “ATCC 7953” from American Type 
Culture Collection, Rockville, Md. Bacillus subtilis is par 
ticularly useful to monitor conditions of gas and dry heat 
steriliZation. The enZyme beta-D-glucosidase has been 
found in B. subtilis (e.g., commercially available as “AT CC 
9372” from American Type Culture Collection). 

[0046] Alternatively, in the event that isolated enZyme is 
utiliZed, or the microorganism used as the source of the 
enZyme is not more resistant to the steriliZation conditions 
than the natural contaminants, another microorganism com 
monly used to monitor steriliZation conditions can be 
eXposed to the steriliZation cycle along With the enZyme 
source. Again, in such a case, the method of the present 
invention may include the step of incubating any viable 
microorganism remaining after the steriliZation cycle With 
an aqueous nutrient medium to con?rm the steriliZation 
ef?cacy. 

[0047] The present invention, although herein described 
primarily in terms of a single enZyme and/or microorganism 
species, should be understood to refer as Well to the use of 
a plurality of enZymes and/or microorganism species. For 
eXample, a single sterility indicator may contain three types 
of isolated enZymes (Which may be derived from three types 
of microorganisms), one enZyme being resistant to heat, a 
second being resistant to gaseous steriliZing media, and a 
third being resistant to radiation, e.g., gamma and beta 
irradiation. Similarly, a single sterility indicator may contain 
three species of microorganisms, one species being resistant 
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to heat, a second species being resistant to gaseous steriliZ 
ing media, and the third species being resistant to radiation. 

[0048] In the context of this application, an enZyme sub 
strate system is by de?nition a substance or mixture of 
substances acted upon by an enZyme and converted into an 
enZyme-modi?ed product. In general, the enZyme-modi?ed 
product is a luminescent, ?uorescent, colored or radioactive 
material. HoWever, the enZyme substrate system can consist 
of a compound Which When reacted With the enZyme, Will 
yield a product Which Will react With an additional com 
pound or composition to yield a luminescent, ?uorescent, 
colored or radioactive material. Preferably, Where the sub 
strate system is to be included in the indicator device during 
steriliZation, the substrate must not spontaneously break 
doWn or convert to a detectable product during steriliZation 
or incubation. For example, in devices used to monitor 
steam and dry heat steriliZation, the substrate must be stable 
at temperatures betWeen about 20 and 180C. Preferably also, 
Where the enZyme substrate system is to be included With 
conventional groWth media, it must be stable in the groWth 
media, e.g., not auto ?uoresce in the groWth media. 

[0049] The prior art includes a number of ?uorogenic and 
chromogenic substrates for the detection of enZymes of 
diverse origin Which are knoWn, commercially available, 
and have been used in a variety of enZymatic procedures. 
(M. Roth, Methods of Biochemical Analysis, Vol. 17, D. 
Glick, Ed., Interscience Publishers, NeW York, 1969, p. 189; 
S. Udenfriend, F luorescenceAssay in Biology and Medicine 
Academic Press, NeW York, 1962, p. 312; and D. J. R. 
Laurence, “Fluorescence Techniques for the EnZymologist”, 
Methods in Enzymology, Vol. 4, S. P. ColoWick and N. O. 
Kaplan, Eds., Academic Press, NeW York, 1957, p. 174, 
incorporated herein by reference.) There are tWo basic types 
of enZyme substrate systems described for the detection of 
speci?c enZymes. The ?rst type of substrate system can be 
either ?uorogenic or chromogenic, and can be given a 
chemical formula such as, AB. When acted upon by the 
enZyme, AB, breaks doWn to A+B. B, for example, Would be 
either ?uorescent or colored. A speci?c example of a ?uo 
rogenic substrate of this type Would be 4-methylumbelliferyl 
phosphate. In the presence of the enZyme phosphatase, the 
substrate Will be broken doWn into 4-methylumbelliferone 
and phosphate. Other ?uorogenic substrates of this type 
include the derivatives of 4-methylumbelliferyl, 7-amido-4 
methylcoumarin, indoxyl and ?uorescein, listed beloW. An 
example of a chromogenic substrate of this type is S-bromo 
4-chloro-3-indolyl phosphate. In the presence of phos 
phatase, the substrate Will be broken doWn into indigo blue 
and phosphate. Other chromogenic substrates of this type 
include derivatives of 5-bromo-4-chloro-3-indolyl, nitro 
phenol and phenolphtalein, listed beloW. 

[0050] The second type of substrate system commonly 
used for the detection of enZymes can be given the chemical 
formula CD, for example, Which Will be converted by a 
speci?c enZyme to C+D. HoWever, neither C nor D Will be 
?uorescent or colored, but D is capable of being further 
reacted With compound Z to give a ?uorescent or colored 
compound, thus indicating enZyme activity. A speci?c ?uo 
rogenic example of this type is the amino acid lysine. In the 
presence of the enZyme lysine decarboxylase, lysine loses a 
molecule of CO2. The remaining part of the lysine is then 
called cadaverine, Which is strongly basic. Abasic indicator 
such as 4-methylumbelliferone can be incorporated and Will 
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?uoresce in the presence of a strong base. A chromogenic 
substrate of this type Would be 2-naphthyl phosphate. The 
enZyme phosphatase, reacts With the substrate to yield 
[3-naphthol. The liberated [3-naphthol reacts With a chro 
mogenic reagent containing 1-diaZo-4-benZoylamino-2, 
5-diethoxybenZene, commercially available as “Fast Blue 
BB Salt” from Sigma Chemical, to produce a violet color. 
Other examples of this type are listed under the naphthyl 
derivatives beloW. 

[0051] Thus, from the foregoing one can readily appreci 
ate that it is possible to determine the presence of speci?c 
enZymes in microorganisms through a variety of 
approaches. 

[0052] A preferred enZyme substrate system is a ?uoro 
genic one, de?ned herein as a compound capable of being 
enZymatically modi?ed, e.g., by hydrolysis, to give a deriva 
tive ?uorophor Which has an appreciably modi?ed or 
increased ?uorescence. 

[0053] It is understood that the ?uorogenic compounds are 
in themselves either non-?uorescent or meta-?uorescent 
(i.e., ?uorescent in a distinctly different Way e.g., either by 
color or intensity, than the corresponding enZyme-modi?ed 
products) and appropriate Wavelengths of excitation and 
detection, in a manner Well knoWn to users of ?uorometric 
instrumentation, are used to separate the ?uorescence signal 
developed by the enZyme modi?cation from any other 
?uorescence that may be present. 

[0054] The prior art includes a number of ?uorogenic 
substrates for enZymes of diverse origin Which are knoWn, 
commercially available, and have been used in enZymologi 
cal procedures. Among these are a variety of ?uorogenic 
4-methylumbelliferyl derivatives (hydrolysable to 4-methy 
lumbelliferone); derivatives of 7-amido-4-methyl-coumarin, 
e.g. GB Patent No. 1,547,747 and European Patent No. 
0,000,063 (Ajinomoto), both patents incorporated herein by 
reference; diacetyl?uorescein derivatives; and ?uorescam 
me. 

[0055] Useful 4-methylumbelliferyl derivatives include: 

[0056] 4-methylumbelliferyl-2-acetamido-4, 

[0057] 6-0-benZylidene-2-deoxy-[3-D-glucopyranoside; 
4-methylumbelliferyl acetate; 

[0058] 4-methylumbelliferyl-N-acetyl-[3-D-galac 
tosaminide; 

[0059] 4-methylumbelliferyl-N-acetyl-ot-D-glu 
cosaminide; 

[0060] 4-methylumbelliferyl-N-acetyl-[3-D-glu 
cosaminide; 

[0061] 2‘-(4-methylumbelliferyl)-ot-D-N-acetyl 
neuraminic acid; 4-methylumbelliferyl ot-L-arabino 
furanoside; 

[0062] 4-methylumbelliferyl ot-L-arabinoside; 4-me 
thylumbelliferyl butyrate; 

[0063] 4-methylumbelliferyl [3-D-cellobioside; methy 
lumbelliferyl [3-D-N, N‘-diacetyl chitobioside; 4-me 
thylumbelliferyl elaidate; 4-methylumbelliferyl [3-D 
fucoside; 
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[0064] 4-rnethylurnbelliferyl ot-L-fucoside; 4-rnethy 
lurnbelliferyl [3-L-fucoside; 

[0065] 4-rnethylurnbelliferyl ot-D-galactoside; 4-rne 
thylurnbelliferyl [3-D-galactoside; 

[0066] 4-rnethylurnbelliferyl ot-D-glucoside; 4-rnethy 
lurnbelliferyl [3-D-glucoside; 

[0067] 4-rnethylurnbelliferyl [3-D-glucuronide; 4-rne 
thylurnbelliferyl p-guanidinobenZoate; 

[0068] 4-rnethylurnbelliferyl heptanoate; 4-rnethylurn 
belliferyl ot-D-rnannopyranoside; 

[0069] 4-rnethylurnbelliferyl 
4-rnethylurnbelliferyl oleate; 

[3-D-rnannopyranoside; 

[0070] 4-rnethylurnbelliferyl palrnitate; 4-rnethylurn 
belliferyl phosphate; 

[0071] 4-rnethylurnbelliferyl propionate; 4-rnethylurn 
belliferyl stearate; 

[0072] 4-rnethylurnbelliferyl sulfate; 4-rnethylurnbel 
liferyl [3-D-N, N‘, N“-triacetylchitotriose; 

[0073] 4‘-rnethylurnbelliferyl 2,3,5-tri-o-benZoyl-(x-L 
arabinofuranoside; 

[0074] 4-rnethylurnbelliferyl-p-trirnethylarnrnoniurn 
cinnarnate chloride; and 

[0075] 4-rnethylurnbelliferyl [3-D-Xyloside. 

[0076] Useful 7-arnido-4-rnethylcournarin derivatives 
include: 

[0077] L-alanine-7-arnido-4-rnethylcournarin; L-pro 
line-7-arnido-4-rnethylcournarin; 

[0078] L-tyrosine-7-arnido-4-rnethylcournarin; L-leu 
cine-7-arnido-4-rnethylcournarin; 

[0079] L-phenylalanine-7-arnido-4-rnethylcournarin; 
and 7-glutaryl-phenylalanine-7-arnido-4-rnethylcou 
rnarin. 

[0080] Useful peptide derivatives of 7-arnido-4-rnethyl 
cournarin include: N-t-BOC-Ile-Glu-Gly-Arg 7-arnido-4 
rnethylcournarin; N-t-BOC-Leu-Ser-Thr-Arg 7-arnido-4 
rnethylcournarin; N-CBZ-Phe-Arg 7-arnido-4-rnethylcou 
rnarin; Pro-Phe-Arg 7-arnido-4-rnethylcournarin; N-t-BOC 
Val-Pro-Arg 7-arnido-4-rnethylcournarin; and N-glutaryl 
Gly-Arg 7-arnido-4-rnethylcournarin. 
[0081] Useful diacetyl?uorescein derivatives include ?uo 
rescein diacetate, ?uorescein di-(B-D-galacto-pyranoside), 
and ?uorescein dilaurate. 

[0082] Where the enzyme Whose activity is to be detected 
is alpha-D-glucosidase, chyrnotrypsin, or fatty acid esterase, 
e.g., from Bacillus stearothermophilus, the ?uorogenic 
enZyrne substrate is most preferably 4-rnethylurnbelliferyl 
alpha-D-glucoside, 7-glutarylphenylalanine-7-arnido-4-rne 
thyl cournarin, or 4-rnethylurnbelliferyl heptanoate, respec 
tively. Where the enzyme Whose activity is to be detected is 
alpha-L-arabinofuranosidase, e.g., derived from Bacillus 
subtilis, a most preferred ?uorogenic enZyrne substrate is 
4-rnethylurnbelliferyl-alpha-L-arabinofuranoside. Where 
the enzyme Whose activity is to be detected is beta-D 
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glucosidase, e.g., derived from Bacillus subtilis, a most 
preferred ?uorogenic enZyrne substrate is 4-rnethylurnbel 
liferyl-beta-D-glucoside. 
[0083] Another useful enZyrne substrate system is a chro 
rnogenic cornpound capable of being enZyrnatically rnodi 
?ed to give a derivative chrornophor, or a product Which 
reacts With another compound to give a derivative chro 
rnophor, Which chrornophor has a different or more intense 
color. It is understood that the chrornogenic compounds are 
in themselves either non-colored or colored in a distinctly 
different Way, e.g., either by color or intensity, than the 
corresponding enzyme-modi?ed products. Appropriate 
Wavelengths of excitation and detection, in rnanners Well 
knoWn to users of colorornetric instrurnentation are used to 
separate the colored signal developed by the enzyme rnodi 
?cation from any other color that may be present. 

[0084] A number of chrornogenic substrates have been 
used in enZyrnological procedures. Among the useful chro 
rnogenic substrates are 5-brorno-4-chloro-3-indolyl deriva 
tives; nitrophenyl derivatives; indoXyl derivatives; and phe 
nolphtalein derivatives. 

[0085] Useful 
include 

[0086] S-brorno-6-chloro-3-indolyl acetate, 

[0087] 5-brorno-4-chloro-3-indolyl acetate, 

[0088] 5-brorno-4-chloro-3-indoXyl-[3-D-galacto-pyra 

5-brorno-4-chloro-3-indolyl derivatives 

noside, 

[0089] 5-brorno-4-chloro -3 -indolyl- 1,3-diacetate, 

[0090] 5-brorno-4-chloro -3 -indolyl- [3-D-fucopyrano 
side, 

[0091] 5-brorno-4-chloro -3 -indolyl- [3-D-glucopyrano 
side, 

[0092] 5-brorno-4-chloro -3 -indolyl- [3-D-glucuronic 
acid, 

[0093] 5-brorno-4-chloro -3 -indolyl phosphate, and 

[0094] 5-brorno-4-chloro-3-indolyl sulfate. 

[0095] Useful nitrophenyl derivatives include p-nitrophe 
nol and o-nitrophenol derivatives. Particularly useful p-ni 
trophenols include diethyl-p-nitrophenyl phosphate; 

[0096] di-p-nitrophenyl phosphate; 
[0097] p-nitrophenyl-2- acetarnido -2-deoXy-3-O- [3-ga 

lactopyranosyl- [3-gluco -pyranoside; 

[0098] p-nitrophenyl-2-acetarnido-2-deoXy-[3-glucopy 
ranoside; 

[0099] 
[0100] 
[0101] 
[0102] 
[0103] 
[0104] 
[0105] 
[0106] 

p-nitrophenyl acetate; 

p-nitrophenyl-N-acetyl-[3 -D -glucosarninide; 

p-nitrophenyl- [3-D-N, N‘-diacetylchitobioside; 
p-nitrophenyl-ot-glucopyranoside; 
p-nitrophenyl-ot-rnaltoside; 

p-nitrophenyl- [3-rnaltoside; 
p-nitrophenyl-ot-rnannopyranoside; 

p-nitrophenyl- [3-rnannopyranoside; 
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[0107] p-nitrophenyl myristate; 
[0108] p-nitrophenyl palmitate; 
[0109] p-nitrophenyl phosphate; 
[0110] bis(p-nitrophenyl)phosphate; 
[0111] tris(p-nitrophenyl)phosphate; 
[0112] p-nitrophenyl-[3-glucopyranoside; 
[0113] p-nitrophenyl-[3-glucuronide; 
[0114] ot-p-nitrophenylglycerine; 
[0115] p-nitrophenyl-ot-rhamnopyranoside; 
[0116] p-nitrophenyl stearate; 

[0117] p-nitrophenyl sulfate; 
[0118] p-nitrophenyl-2,3,4,6-tetra-O-acetyl-[3-glu 

cosaminide; 
[0119] p-nitrophenyl thymidine mono-phosphate; 
[0120] p-nitrophenyl-2,3,4-tri-O-acetyl-[3-glucuronic 

acid methyl ester; and 

[0121] p-nitrophenyl valerate. 

[0122] Particularly useful o-nitrophenols include o-nitro 
phenyl acetate, o-nitrophenyl-[3-glucoside and o-nitrophe 
nyl-[3-D-glucopyranoside. Other particularly useful nitro 
phenyl derivatives include nitrophenyl-[3-fucopyranoside; 
nitrophenyl-(x-galactopyranoside; nitrophenyl-[3-galactopy 
ranoside; nitrophenyl butyrate; nitrophenyl caprate; nitro 
phenyl caproate; nitrophenyl caprylate; nitrophenyl laurate; 
and nitrophenyl propionate. 

[0123] Useful indoXyl derivatives include indoXyl-acetate; 
indoXyl [3-D-glucoside; 3-indoXyl sulfate; 3-indoXyl phos 
phate. 
[0124] Useful phenolphtalein derivatives include: phenol 
phthalein dibutyrate; phenolphthalein diphosphate; phenol 
phthalein disulfate; phenolphthalein glucuronic acid; phe 
nolphthalein mono-[3-glucosiduronic acid; phenolphthalein 
mono-[3-glucuronic acid; and phenolphthalein mono-phos 
phate. 
[0125] All of the above-described chromogenic substrates 
Will react directly With an appropriate enZyme to produce a 
chromophor. 
[0126] Additional enZyme substrates containing 1-naph 
thyl, 2-naphthyl and Napthyl-AS-BI derivatives are usefully 
employed if the derivative enZyme modi?ed product is 
further reacted With a chromogenic reagent, such as diaZo 
tiZed dyes, e.g., 1-diaZo-4-benZoylamino-2, S-diethoxyben 
Zene, (commercially available as “Fast Blue BB Salt” from 
Sigma Chemical), 1-diaZo-4-benZoylamino-2, S-diethoxy 
benZene, p-diaZo-2,5-diethoXy-N-benZoyalanine, 4-chloro 
2-methylbenZene diaZonium chloride, and o-aminoaZotolu 
ene diaZonium salt, to produce a chromophor. 

[0127] Particularly useful 1-napthyl derivatives include 
1-naphthyl-N-acetyl-[3-D-glucosaminide. 
[0128] Particularly useful 2-naphthyl derivatives include 
2-naphthyl-phosphate; 

[0129] 2-naphthyl-butyrate; 
[0130] 2-naphthyl-caprylate; 
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[0131] 2-naphthyl-myristate; 
[0132] L-leucyl-2-naphthylamide; 
[0133] L-valyl-2-naphthylamide; 
[0134] L-cystyl-2-naphthylamide; 
[0135] N-benZoyl-DL-arginine-2-naphthylamide; 
[0136] N-glutaryl-phenylalanine 2-naphthyl- amine; 
[0137] 2-naphthyl-phosphate; 
[0138] 6-Br-2-naphthyl-ot-D -galacto -pyranoside; 
[0139] 2-naphthyl-[3D-galacto-pyranoside; 
[0140] 2-naphthyl-2-D-glucopyranoside; 
[0141] 6-bromo-2-naphthol-[3 -D-glucopyranoside; 
[0142] 6-bromo-2-naphthyl-2-D-mannopyranoside; 

and 

[0143] 2-naphthyl-ot-L-fucopyranoside. 
[0144] Particularly useful naphthyl-AS-BI derivatives 
include naphthyl-AS-BI-phosphate; and naphthyl-AS-BI-[3 
D-glucuronide. 
[0145] Where the enZyme Whose activity is to be detected 
is alpha-D-glucosidase, e.g., from Bacillus stearothermophi 
lus, the chromogenic enZyme substrate is most preferably 
p-nitrophenyl-ot-glucopyranoside. Where the enZyme Whose 
activity is to be detected is alpha-L-arabinofuranosidase, 
e.g., derived from Bacillus subtilis, a most preferred chro 
mogenic enZyme substrate is p-nitrophenyl-alpha-L-ara 
binofuranoside. Where the enZyme Whose activity is to be 
detected is beta-D-glucosidase, e.g., derived from Bacillus 
subtilis, a most preferred chromogenic enZyme substrate is 
p-nitrophenyl-[3-D-glucopyranoside. 
[0146] In order to carry out the method of the present 
invention, it is essential that the operator be knoWledgable 
concerning the enZyme Whose activity is to be detected, and 
the enZyme substrates Which Will react With the enZyme so 
as to produce a product Which can be detected either by its 
?uorescence, color, etc. (See M. Roth, Methods ofBiochemi 
cal Analysis, Vol. 17, D. Glick, Ed., Interscience Publishers, 
NeW York, NY, 1969, incorporated herein by reference.) 
The appropriate enZyme substrate to be utiliZed Will depend 
upon the identity of the enZyme Whose activity is under 
study. BeloW is a list of a number of preferred ?uorogenic 
and colorogenic enZyme substrates and an enZyme Which 
Will react With the substrate to produce a product having 
appreciably modi?ed or increased ?uorescence or color. 

Substrate Enzyme Probed 

4-Methylumbelliferyl acetate Esterase 
4-Methylumbelliferyl butyrate Esterase 
4-Methylumbelliferyl elaidate Lipase 
4-Methylumbelliferyl- [5-D 
galactopyranoside 
4-Methylumbelliferyl-ot-D 
galactopoyranoside 
4-Methylumbelliferyl-ot-D 
glucopyranoside 
4-Methylumbelliferyl- [5-D 
glucopyranoside 
4-Methylumbelliferyl heptanoate 

[5-D-Galactosidase 

ot-D-Galactosidase 

ot-D-Glucosidase 

[5-D-Glucosidase 

Esterase 
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-continued 

Substrate Enzyme Probed 

4-Methylumbelliferyl oleate 
4-Methylumbelliferyl phosphate 

4-Methylumbelliferyl propionate 
4-Methylumbelliferyl-[5—D—galactoside 
4-Methylumbelliferyl—[5—D—glucoside 
4-Methylumbelliferyl-ot-D-glucoside 
4-Methylumbelliferyl-ot-L 
arabinofuranoside 
L-Leucine-7-amido-4-methylcoumarin 

7-glutaryl-phenylalanine-7 
amido-4-methylcoumarin 
D-Melibiose 
p-Nitrophenyl phosphate 

p-Nitrophenyl acetate 
o-Nitrophenyl- [5-D-galactopyranoside 
p—Nitrophenyl—ot—D-galactopyranoside 
o-Nitrophenyl- [5-D-glucopyranoside 
p-Nitrophenyl-(1-D-glucopyranoside 
p-Nitrophenyl- [5-D-glucuronide 
p-Nitrophenyl-ot-L-arabinofuranoside 

p-Nitrophenyl laurate 
p-Nitrophenyl myristate 
p-Nitrophenyl palmitate 
p-Nitrophenyl phosphate diNa salt 
Phosphatase 
Phenolphthalein dibutyrate 
Phenolphthalein diphosphate 

Phenolphthalein diphosphate 
pentaNa salt 
Phenolphthalein-[5-D 
glucuronide Na salt 
Phenolphthalein-[5-D-glucuronide 
L-Phenylalanine ethylester HCl 
Phenyl-[5-D-galactopyranoside 
Phenyl-[5-D-glucuronide 
Phenyl-[5-D-glucopyranoside 
Phenyl-[5-D-glucuronide 
Phenyl-ot-D-glucoside 
Sodium [5-glycerophosphate 

Sodium 1-naphthyl phosphate 

Sodium 2-naphthyl phosphate 

2-Naphthyl-butyrate 
[5-Naphthyl acetate 
6-Br-2-naphthyl-[5-D-glucoside 
L-Leucyl-Z-naphthylamide 
aminopeptidase 
L-Valyl-Z-naphthylamide 
aminopeptidase 
N-glutaryl-phenylalanine-2 
naphthylamine 
Naphthyl-AS-BI-phosphate 
Indoxyl acetate 
N-Methylindoxyl acetate 
N-Methylindoxyl myristate 
5-Bromoindoxyl acetate 
3-Indoxyl phosphate 

Indoxyl- [5-D-glucoside 
5-Br-4-Cl-3-Indolyl acetate 
5-Br-4-Cl-3-Indolyl phosphate 

5-Br-4-Cl-3-Indolyl-[5-D 
glucuronic acid 
Diacetylfluorescein 

Lipase 
Acid or Alkaline 

phosphatase 
Esterase 

[5-D-Galactosidase 
[5-D-Glucosidase 
(1-D-Glucosidase 
OL-L 
Arabinofuranosidase 
Leucine 
aminopeptidase 
Chymotrypsin 

(1-D-Galactosidase 
Alkaline or Acid 

phosphatase 
Lipase 
[5-D-Galactosidase 
(1-D-Galactosidase 

[5-D-Glucosidase 
(1-D-Glucosidase 

[5-D-Glucuronidase 
ot-L-Arab ino 
furanosidase 
Esterase 
Esterase 
Esterase 
Alkaline 

Esterase 
Acid or Alkaline 

phosphatase 
Acid and Alkaline 
phosphatase 
[5-D-Glucuronidase 

[5-D-Glucuronidase 
Chymotrypsin 
[5-D-Galactosidase 
[5-D-Glucuronidase 
[5-D-Glucosidase 
[5-D-Glucuronidase 
(1-D-Glucosidase 
Acid or Alkaline 

phosphatase 
Acid or Alkaline 

phosphatase 
Acid or Alkaline 

phosphatase 
Esterase 
Lipase 
[5-D-Glucosidase 
Leucine 

Valine 

Chymotrypsin 

Phosphohydralase 
Lipase 
Lipase 
Lipase 
Lipase 
Acid or Alkaline 

phosphatase 
[5-D-Glucosidase 
Lipase 
Alkaline or Acid 

phosphatase 
[5-D-Glucuronidase 

Lipase/esterase 
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[0147] The enzyme and its appropriate enzyme substrate 
are reacted in a buffered aqueous solution. The ionic con 
ditions of the buffered solution should be such that the 
enzyme and enzyme substrate are not effected. Preferably, 
an isotonic buffer, such as phosphate buffered saline solu 
tion, tris(hydroxymethyl) aminomethane-HCl solution, or 
acetate buffer is chosen. These preferred isotonic buffers are 
compatible with most ?uorogenic and chromogenic enzyme 
substrates. Another consideration in choosing the buffers is 
its in?uence on the enzyme activity. For example, phosphate 
buffered saline contains a high concentration of inorganic 
phosphate which is a strong competitive inhibitor of alkaline 
phosphatase. For this enzyme, a Tris-HCl buffer is, there 
fore, advised. 

[0148] The concentration of enzyme substrate present in 
the reaction mixture is dependent upon the identity of the 
particular substrate and enzyme, the amount of enzyme 
product that must be generated to be detectable, either 
visually or by instrument, and the amount of time that one 
is willing to wait in order to determine whether active 
enzyme is present in the reaction mixture. Preferably, the 
amount of enzyme substrate is sufficient to react with any 
residual active enzyme present, after the sterilization cycle, 
within about an eight hour period of time, such that at least 
1x10‘8 molar enzyme-modi?ed product is produced. Where 
the enzyme substrate is a 4-methylumbelliferyl derivative, it 
has been found that its concentration in the aqueous buffered 
solution is preferably between about 1x10‘5 and 1x10-3 
molar. 

[0149] The aqueous solution containing the enzyme sub 
strate also preferably is adjusted to a pH of about 5.0 to 9.5, 
preferably about 7.5, in order to prevent auto?uorescence of 
some basic ?uorogenic substrates. 

[0150] The enzyme substrate in the aqueous buffered 
solution is incubated with the enzyme source whose activity 
is to be detected after the enzyme source has been subjected 
to the sterilization cycle. Incubation is continued for a period 
of time and under conditions sufficient to liberate a detect 
able amount of the enzyme modi?ed product, assuming that 
any of the enzyme remains active. In general, the amount of 
product which is detectable by known methods is at least 
1><10 molar. Preferably, the incubation conditions are suf 
?cient to generate at least 1x10“8 molar of enzyme-modi?ed 
product, more preferably, about 1x10‘6 to 1x10‘5 molar of 
enzyme-modi?ed product. The incubation time and tem 
perature needed to produce a detectable amount of enzyme 
modi?ed product will depend upon the identity of the 
enzyme and the substrate, and the concentrations of each 
present in the reaction mixture. In general, the incubation 
time required is between about 1 minute and 12 hours, and 
the incubation temperature is between about 20 and 70° C. 
Preferably, where Bacillus subtilis or Bacillus stearother 
mophilus is the source of the enzyme, the incubation time 
required is between about 10 minutes and 3 hours, and the 
incubation temperature required is between about 30 and 40° 
C., and between about 52 and 65° C., respectively. 

[0151] Generally applicable methods for detecting 
enzyme modi?ed product that may be used in biochemical 
analysis include photometric, potentiometric, gravimetric, 
calorimetric, conductometric, and amperometric techniques. 
For the purpose of this invention, ?uorometric and spectro 
photometric methods of measuring detectable enzyme modi 
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?ed product are preferred. For example, the speci?c enzyme 
substrate may comprise a 4-methylumbelliferyl derivative 
Which on interaction With the enZyme gives rise to umbel 
liferone Which is monitored ?uorimetrically, or the substrate 
may comprise a nitrophenol, or similar type of derivative, 
Which on interaction With the enZyme gives rise to a colored 
product Which is monitored calorimetrically. 

[0152] The procedure of the invention permits very rapid 
detection of enZyme activity, Which can be used to predict 
conditions permitting survival of microorganisms and, thus, 
steriliZation ef?cacy. The enZyme determination tests used 
generally require only a relatively short period of incuba 
tion, e.g., from about ten minutes up to about three hours, 
usually from about 30 to about 90 minutes to provide 
sufficient enZyme modi?ed product for detection, e.g., by 
spectroscopic measurements. 

[0153] In its simplest form, a sterility indicator useful in 
practicing the method of the present invention includes a 
source of active enZyme in a container having liquid imper 
meable and substantially gas non-absorptive Walls. The 
container has at least one opening, to permit steriliZing 
media to come in contact With the enZyme and a gas 
transmissive, bacteria-impermeable means covering the 
opening. Optionally, the indicator may include Within the 
container: 

[0154] 1) a microorganism commonly used to monitor 
steriliZation ef?cacy, either as the source of the enZyme or in 
addition to the source of the enZyme; 

[0155] 2) a carrier upon Which is coated the source of 
active enZyme, alone or in combination With a steriliZation 
resistant microorganism; 

[0156] 3) a substrate for the active enZyme and an aqueous 
reaction medium for the enZyme and it substrate; and 

[0157] 4) In the event that a steriliZation resistant micro 
organism is utiliZed, nutrient groWth media and a groWth 
indicator. 

[0158] Sterility indicators similar to those described in 
US. Pat. Nos. 3,346,464; 3,585,112; 3,846,242; 4,291,122; 
4,461,837; 4,416,984; 4,596,773; 3,440,144; 4,528,268; 
2,854,384; 3,239,429; 3,752,743; 4,304,869; 4,579,823; and 
4,580,682 may be usefully employed if an enZyme useful in 
the practice of the present invention is included in place of, 
or in addition to, the sterility resistant microorganism. 

[0159] The folloWing description is directed to Appli 
cants’ preferred embodiments. Many variations of the fol 
loWing devices are possible Which Will nonetheless fall 
Within the scope of the present invention. 

[0160] Referring noW to FIGS. 1 and 2, a preferred 
sterility indicator is shoWn having an outer container in the 
shape of cylindrical tube 10, having substantially gas non 
absorptive and liquid impermeable Walls 12 and an open end 
14. Tube 10 contains an enZyme carrier 16, such as a strip 
of ?lter paper, bearing a predetermined amount of active 
isolated enZyme and/or a predetermined number of viable 
microorganisms. Tube 10 also includes a normally sealed, 
pressure-openable inner container 18, such as a frangible 
glass ampoule, containing a suitable enZyme substrate dis 
solved or suspended in an aqueous buffered solution 20, and 
optionally including an aqueous nutrient groWth medium. 
Preferably, the enZyme substrate is stable at temperatures 
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betWeen about 20 and 180° C. and is capable of reacting 
With active enZyme to yield a luminescent, ?uorescent, 
colored or radioactive material. The aqueous nutrient 
medium is capable, With incubation, of promoting groWth of 
viable microorganisms When contacted thereWith. The inner 
container 18 is preferably snuggly retained Within the outer 
container 10 so that very little of the volume of the outer 
container remains unoccupied. The glass ampoule 18 is 
separated from the Wall 12 of the tube 10 by the ?lter paper 
carrier 16. The open end 14 of the tube 10 is provided With 
a gas-transmissive, bacteria-impermeable closure member 
22, such as a sheet. The sheet 22 may be sealed to the open 
end 14 of the tube 10 by, e.g., heat or adhesive sealing, or 
by means of a closure device 26, such as a cap, (shoWn 
removed in FIG. 1) Which has an aperture 28 therethrough. 
During steriliZation With a gaseous steriliZation agent, the 
gaseous sterilant permeates the sheet 22 and passes through 
the interior of the outer container to contact the enZyme 
carrier 16. 

[0161] As shoWn in FIG. 2, the apparatus of FIG. 1 may 
be easily assembled by sequentially inserting into the open 
end 14 of the tube 10 the active enZyme carrier 16 and the 
frangible glass ampoule 18, and sealing the open end 14 of 
the tube With the sheet 22 by placing sheet 22 over open end 
14 and then placing cap 26 over sheet 22, in closing 
engagement With tube 10. 

[0162] Outer container 10 is made from material Which 
Will Withstand the high temperatures encountered in steam 
steriliZers. Conventional steam steriliZers generally reach 
temperatures on the order of 121° C.-135° C. Additionally, 
the Walls of container 10 must be substantially impermeable 
to gases and liquids. Outer container 10 Which contains the 
carrier 16 Which is coated With viable microorganisms or 
active isolated enZyme, and in Which the residual active 
enZyme reacts With the enZyme substrate contained in pres 
sure-openable inner container 18, is preferably translucent 
(including “transparent”) so that a change in ?uorescence or 
color may be visually observed Without disassembling the 
indicator device. Preferably, also, the outer container 10 is 
suf?ciently deformable so that the pressure-openable inner 
compartment 18 is ruptured When the outer compartment 10 
is deformed, by using eXternal pressure. Container 10 can be 
made by injection molding or extruding suitable materials, 
including polycarbonate, polypropylene, polyamides, poly 
methylpentenes and various polyesters. Polypropylene is the 
preferred material. These materials are suf?ciently tempera 
ture resistant to Withstand steam or dry heat steriliZation 
cycles, non-absorbent of gaseous steriliZing media, liquid 
impermeable, translucent or transparent and deformable. 

[0163] The closure device 26 can be made from any 
material that Will Withstand the steriliZation temperatures. 
As in the case of the container 10, suitable materials include 
polycarbonate, polypropylene, polyamides, polymethyl 
pentenes and various polyesters, With polypropylene being 
preferred. 

[0164] The active isolated enZymes and/or the microor 
ganisms Which are employed in the present invention nor 
mally are carried on a suitable carrier 16. It is contemplated, 
hoWever, that the enZyme and/or microorganism may be 
carried by the inner Walls of the outer container 10, or the 
outer Walls of the inner container 18. Preferably, hoWever, 
the isolated enZyme and/or microorganism are carried by the 
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same or separate enzyme carriers. The enzyme carrier pref 
erably is Water-absorbent, such as ?lter paper, and should 
not inhibit microorganism growth or enZyme activity. Sheet 
like materials such as cloth, nonWoven polypropylene, rayon 
or nylon, and microporous polymeric materials are espe 
cially preferred. HoWever, metal foil substrates, for 
example, aluminum or stainless steel may be used, as Well 
as substrates of glass (e.g., glass beads or glass ?bers), 
porcelain, or plastic. Additionally, the enZyme carrier can be 
constructed of a combination of materials such as paper 
secured to a plastic or glass backing strip. 

[0165] To assure reproducibility, it is desired that outer 
container 10 contain a predetermined amount of active 
enZyme. This is readily accomplished With isolated enZyme 
by using general methods of protein puri?cation, such as salt 
fractionation, chromotography and electrophoresis as 
described in ColoWick, S., and Kaplan, N. O. (Eds), Methods 
in Enzymology, Academic Press, NeW York, Vols. I-VII, 
(1957-1964), incorporated herein by reference. Preferably 
the inilgial concentration of isolated enZyme is betWeen about 
1x10]8 and 5x10“2 units, more preferably betWeen about 
1x10 and 5x10‘3 units of enZyme, and most preferably 
betWeen about 1x10“7 and 1x10“3 units. Where a microor 
ganism is utiliZed, it is likeWise desirable to use a predeter 
mined approximate number of microorganisms. This is 
accomplished With bacterial or fungal spores by preparing a 
spore suspension having a knoWn volumetric spore concen 
tration, moistening the carrier 16 (e.g., ?lter paper) With a 
small, predetermined volume of the suspension, and drying 
the carrier. This method permits the approximate number of 
spores contained on the carrier to be easily calculated. Other 
methods, of course, may also be employed. Where the 
microorganism is utiliZed as the source of the enZyme, the 
microorganism population Which should be used Will 
depend on the activity of the enZyme in that organism. The 
enZyme activity is dependent upon the culture conditions 
and strain selection of the microorganism, but can be regu 
lated by adjusting the microorganism population. Where the 
microorganism is Bacillus stearothermophilus or Bacillus 
subtilis the number of microorganisms necessary to produce 
sufficient enZyme is provided by about 1><108 to 1><102 
microorganisms. Where the source of enZyme is B. stearo 
thermophilus, about 1><103 to 1><107 microorganisms is pre 
ferred. Where B. subtilis is the source of the enZyme, about 
1><106 to 1><108 microorganisms is preferred. 

[0166] When a microorganism is used as the source of 
active enZyme, the incubation of the device can be continued 
after the time required to produce detectable enZyme-modi 
?ed product, in order to con?rm by conventional techniques 
Whether the steriliZation conditions had been sufficient to 
kill all of the microorganisms in the indicator, indicating that 
the steriliZation conditions had been sufficient to steriliZe all 
of the items in the steriliZer. If groWth of the microorganism 
is used in a conventional manner to con?rm the results of the 
enZyme test, the microorganism should be one Which is 
conventionally used to monitor steriliZation conditions. 
These conventionally used microorganisms are generally 
many times more resistant to the steriliZation process being 
employed than most organisms encountered in natural con 
tamination. Preferred microorganisms include Bacillis 
stearothermophilus and Bacillus subtilis. 

[0167] Alternatively, in the event that isolated enZyme is 
utiliZed, or the microorganism used as the source of active 
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enZyme is not more resistant to the steriliZation conditions 
than the natural contaminants, another microorganism com 
monly used to monitor steriliZation conditions can be 
included Within container 10. In such a device, the isolated 
enZyme, or the microorganism from Which a useful enZyme 
may be derived, is used to obtain a reading of enZyme 
activity Within generally about 10 minutes to 3 hours after 
incubation, and the commonly used microorganism is fur 
ther incubated in nutrient media for at least about 24 hours 
to con?rm the enZyme activity results. 

[0168] An aqueous solution of the appropriate enZyme 
substrate is normally included in pressure-openable inner 
container 18. HoWever, it is contemplated that the enZyme 
substrate in dry form could be included in outer container 10 
along With enZyme carrier 16. In fact, the active enZyme and 
its substrate could be present in dry form in the same carrier 
16. In this construction, inner container 18 Would preferably 
carry the aqueous reaction medium necessary for the active 
enZyme and its substrate to react. 

[0169] Preferably, When a microorganism commonly used 
to monitor steriliZation is included in the device (either as 
the source of the active enZyme, or in addition to the source 
of active enZyme) and con?rmation of microorganism sur 
vival by conventional methods is desired, inner container 18 
contains an aqueous solution of the enZyme substrate and 
nutrient groWth media. Preferably, the nutrient groWth media 
is compatible With most ?uorogenic and chromogenic 
enZyme substrates and is not a competitive inhibitor for the 
enZyme. The types of nutrient media usefully employed in 
the present invention are Widely knoWn to the art. Examples 
of preferred nutrient media are aqueous solutions of soy 
bean-casein digest broth, ?uid thioglycollate and Dextrose 
Tryptone (Difco Laboratories, Inc.). A modi?ed tryptic soy 
broth base, Without glucose, is especially preferred. To avoid 
contamination, such aqueous nutrient media normally is 
steriliZed after having been placed in the inner compartment. 
Commonly knoWn microbial groWth indicators, Which 
change color in the presence of viable microorganisms, are 
preferably present in at least one of the containers. The 
groWth indicator material preferably is soluble in, and 
imparts color (upon microorganism groWth) to, the aqueous 
nutrient medium so that a change in color may be easily 
observed through the translucent Walls of the outer con 
tainer. In addition, the groWth indicator material is prefer 
ably selected so that it Will not interfere With the color or 
luminescence of the enZyme-modi?ed product. GroWth indi 
cator materials Which may be employed in the present 
invention are Well knoWn to the art and include pH-sensitive 
dye indicators (such as bromthymol blue, brom cresol 
purple, phenol red, etc.), oxidation-reduction dye indicators 
(such as methylene blue, etc.). Such materials commonly 
undergo changes in color in response to a phenomenon of 
microorganism groWth, such as changes in pH, oxidation 
reduction potentials, etc. 

[0170] The inner container 18 Which contains the aqueous 
solution of enZyme substrate and/or Which contains the 
aqueous nutrient medium, is of material Which is imperme 
able to gases and liquids and is capable of being opened 
upon the application of pressure thereto (i.e., “pressure 
openable”) to permit the enZyme substrate and/or nutrient 
medium to enter the outer container. The inner container is 
preferably of frangible material, such as glass, and, as 
mentioned above, is preferably snugly carried Within the 
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outer container in coacting relationship thereWith to permit 
breakage or crushing of the inner container When the outer 
container is deformed. In another embodiment, the inner 
container may be sealed With a plug such that the plug is 
expelled to release the contents of the inner container upon 
application of pressure. In still another embodiment, the 
closure 26 may include an ampoule crushing device, as 
shoWn in US. Pat. No. 4,304,869, Wherein the closure has 
tabs depending from the bottom of the closure device Which 
upon depression of the closure device serve to crush the 
ampoule. Similarly, the device of the present invention may 
be used in a system having an ampoule crushing pin dis 
posed in the bottom of the outer container 10. 

[0171] The active enZyme-containing outer container 10 
has at least one opening therein to permit the sterilant (e.g., 
steam, ethylene oxide) to contact the source of active 
enZyme during steriliZation. This opening is normally closed 
or plugged With a gas-transmissive, bacteria-impermeable 
means. Suitable means include closure member 22, made of 
?brous materials such as cotton, glass Wool, cloth, non 
Woven Webs made from polypropylene, rayon, polypropy 
lene/rayon, nylon, glass or other ?bers, ?lter papers, 
microporous hydrophobic and hydrophilic ?lms, open celled 
polymeric foams, and semi-permeable plastic ?lms such as 
those described in US. Pat. No. 3,346,464. Fibrous or 
cellular materials are preferred because of the ease With 
Which such materials transmit steriliZing gases. Preferred 
closure member materials include hydrophobic materials 
such as nylon Web, microporous hydrophobic ?lm, or glass 
?ber nonWoven Web. Especially preferred is a microporous 
hydrophobic ?lm, commercially available from Celanese 
Separations Products, Charlotte, NC, under the trade name 
“Celgard® K-442 Microporous Film”. In effect, the ?brous 
or cellular closure members serve as ?lters for bacteria and 
fungi and hence should have pore siZes no larger than about 
0.5 microns (e.g., be capable of preventing the passage 
therethrough of particles having dimensions larger than 
about 0.5 microns). Alternatively, the closure means may be 
a tortuous pathWay that is bacteria-impermeable, such as 
that described in US. Pat. No. 4,461,837, incorporated 
herein by reference, and in commonly assigned copending 
US. Pat. No. 4,883,641, issued Nov. 28, 1989. 

[0172] Apreferred embodiment of a steriliZation indicator 
of the present invention is illustrated in FIGS. 3 and 4. The 
device includes an outer container 40, having substantially 
gas non-absorptive and liquid impermeable Walls 42 and an 
open end 44. The outer container 40 includes a pressure 
openable inner container 48 Which contains an aqueous 
solution 50 of a suitable enZyme substrate, preferably in 
admixture With an aqueous nutrient medium. The open end 
44 of the outer container 40 is covered by a gas-transmis 
sive, bacteria-impermeable closure member 52. With that, 
the similarity betWeen the device depicted in FIG. 1 ends. In 
the device of FIGS. 3 and 4, the enZyme carrier 46 is located 
at the bottom closed end of the outer container 40, and a 
barrier 47 is positioned like a plug betWeen the enZyme 
carrier 46 and the pressure-openable inner container 48. The 
barrier 47 is preferably made of materials Which are non 
?uorescent, for use With ?uorogenic enZyme substrates, such 
as nonWoven Webs made from ?bers such as cotton, rayon, 
polypropylene, polypropylene/rayon blends, nylon or glass. 
Most preferably barrier 47 is constructed from a polypro 
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pylene nonWoven Web, such as “Thinsulate® 200-B brand 
Thermal Insulation”, commercially available from 3M, St. 
Paul, Minn. 

[0173] Barrier 47 serves to isolate the enZyme carrier 46 
from the inner container 48, thus eliminating cold spots 
Where the ampoule 48 may be positioned over the carrier 46. 
The existence of cold spots can cause condensation to 
collect on the enZyme carrier. The condensate may effect the 
activity of the enZyme contained on the carrier 46. Barrier 47 
is preferably made from a hydrophobic material so that 
enZyme-modi?ed product concentrates around the enZyme 
carrier and does not diffuse rapidly into the area of the 
container Which is on the other side of the barrier. Main 
taining a higher concentration of the enZyme-modi?ed prod 
uct in the loWer portion of the indicator enables the enZyme 
modi?ed product, Whether it be luminescent or colored to be 
detected after a shorter period of incubation than Would be 
the case if the carrier 46 Was reacted With the entire contents 
of inner container 48. In general, as illustrated in Example 
1, preferred devices Which incorporate a barrier 47, provide 
reliable information on steriliZation ef?cacy Within about 10 
minutes. Similar devices, not utiliZing such a barrier, require 
about tWo hours to provide reliable steriliZation ef?cacy 
information. 

[0174] The closure 56 is comprised of a top 57 and 
depending sideWalls 59. The closure has a holloW body open 
at the bottom, With the interior diameter of the closure being 
about equal to the exterior diameter of outer container 40, so 
that closure 56 may be frictionally engaged over the open 
end 44 of outer container 40. Cut Within the sideWalls 59 are 
preferably a plurality of WindoWs 58. When the indicator 
device is placed in a load to be steriliZed, the closure 56 is 
placed over the opening in the outer container in such a 
manner that the exterior sideWalls 42 of the outer container 
do not block WindoWs 58. In such a position, sterilant in the 
steriliZer may enter container 40 by ?oWing through Win 
doWs 58. Upon completion of the steriliZation cycle, the 
closure may be fully inserted by depressing it to force the 
sideWalls 42 of the outer container into engagement With the 
interior surface of top 57 thereby blocking WindoWs 58. The 
interior of the container 40 is then sealed from the outside 
environment. 

[0175] FIGS. 5 and 6 illustrate an alternative preferred 
embodiment of the steriliZation indicator of the present 
invention. The device includes, as does the device of FIGS. 
3 and 4, an outer container 70, With gas non-absorptive and 
liquid impermeable Walls 72 and an open end 74; a pressure 
openable inner container 78 Within outer container 70 con 
taining an aqueous solution of enZyme substrate 80, prefer 
ably in admixture With nutrient groWth medium; and gas 
transmissive, bacteria-impermeable closure member 82, 
Which is held over the open end 74 of the outer container by 
cap 86. The enZyme carrier 77 Within outer container 70 is 
attached to a Wick strip 76 by, for example, adhesive or heat 
sealing. The Wick strip can be made from any Water 
absorbent material, such as ?lter paper, cloth, or rayon. 
Additionally, the Wick strip can be constructed of a combi 
nation of materials such as paper secured to a plastic or glass 
backing strip. Preferably Wick strip 76 is prepared from 
polyethylene coated paper. Preferably, the dimensions of the 
Wick strip and the placement of the enZyme carrier on the 
Wick strip are such that When the inner-container is ruptured 
the liquid therein is contained Within the loWer portion of the 
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outer container and below the enzyme carrier 77. The 
aqueous enZyme substrate solution 80 travels up the Wick 
strip 76 to enZyme carrier 77. The enZyme-modi?ed product 
concentrates on the enZyme carrier 77 and its presence is 
detected in a shorter period of time than Would be the case 
if the carrier Was exposed to the entire solution present in the 
inner container 78. 

[0176] In use, the sterility indicator depicted in FIGS. 3 
and 4 is placed in a steriliZer chamber together With a 
number of items to be steriliZed by, for example, steam or 
ethylene oxide gas. When the indicator is in the steriliZer, the 
closure 56 is in the open position, such that WindoWs 58 are 
open permitting entry of the sterilant. When the steriliZing 
agent is introduced into the chamber, the sterilant permeates 
through the closure member 52 and passes barrier 47 to 
inactivate the enZyme and kill the test microorganisms 
present on carrier 46. At the end of the steriliZation cycle, the 
sterilant is replaced With ?ltered air. The sterility indicator is 
WithdraWn from the steriliZer, the closure 56 is fully inserted 
to block WindoWs 58, and glass ampoule 48 is broken by, for 
example, ?nger pressure, causing the aqueous solution of 
enZyme substrate and nutrient groWth media to contact the 
enZyme carrier 46. The indicator is then placed in a suitable 
incubating environment (eg the indicator may be incubated 
at about 56° C. for about 10 minutes to 2 hours). Any 
enZyme not inactivated by the sterilant Will react With its 
substrate, producing a preferably colored or ?uorescent 
enZyme-modi?ed product. The occurrence of a change in 
color or ?uorescence is observed or measured spectropho 
tometrically through the translucent Walls 42 of the outer 
container 40, and indicates that the steriliZation cycle had 
not inactivated all the active enZyme on the carrier 46. The 
presence of active enZyme predicts survival and eventual 
outgroWth of the test microorganism and indicates that the 
steriliZation cycle Was perhaps insuf?cient to completely 
steriliZe the items in the steriliZer. The absence of any 
change in color or ?uorescence indicates that the steriliZa 
tion cycle had been suf?cient to inactivate all of the enZyme 
on the carrier 46, and hence Was sufficient to steriliZe the 
items in the steriliZer. With further incubation of the device 
(at 56° C. for about 24 to 48 hours) the early prediction of 
test microorganism survival can be con?rmed by the exist 
ence color changes in the groWth media. 

[0177] Apreferred method of monitoring the ?uorescence 
of an indicator of this invention is a ?uorimeter designed 
speci?cally for the devices described in this invention. A 
?uorimeter eliminates the subjective interpretation encoun 
tered When attempting to visually differentiate betWeen loW 
levels of ?uorescent product and background or no ?uores 
cence. A ?uorimeter can be calibrated to detect a minimum 
amount of ?uorescent product Within a given incubation 
period. 

[0178] A particularly preferred ?uorimeter, designed for 
use With the devices of this invention, consists of a chamber 
designed to block ambient light While positioning the outer 
container of the indicator such that the enZyme carrier Within 
can be illuminated With a 365 nm Wavelength ultraviolet 
light, and a photodiode can detect any resultant ?uorescence 
in the 460 nm Wavelength region. The ?uorimeter is cali 
brated to detect at least 1.0><10_5 M 4-methylumbelliferone. 

[0179] Several methods can be used to differentiate the 
?uorescent positive devices from the non-?uorescent or 
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negative devices. In the ?rst approach, a ?uorescent thresh 
old limit equivalent to the ?uorescence produced by 1x10-5 
M 4-methylumbelliferone is established in the ?uorimeter. 
When a test sample With sufficient active enZyme converts 
enough substrate to exceed the threshold limit, after the 
enZyme carrier is alloWed to react With the substrate at e.g., 
56° C. for 15 minutes, the ?uorimeter indicates a positive 
sample by illuminating, for example, a red light. If the 
?uorescent product produced by reaction of the enZyme and 
its substrate does not exceed the threshold limit, after the 15 
minute incubation, for example, the ?uorimeter Will indicate 
a negative or non-?uorescent sample, With, for example, a 
green light. 

[0180] In the second approach, the ?uorimeter measures 
the initial ?uorescence, at the beginning of the incubation 
period. The ?uorimeter chamber is heated to the optimum 
temperature for the speci?c enZyme being tested in the 
device. In the case of the enZyme alpha-D-glucosidase 
derived from Bacillus stearothermophilus, the temperature 
is 56° C. During the incubation period, the ?uorimeter 
continues to monitor the ?uorescence and Will indicate a 
positive ?uorescent sample When at least a 5% increase in 
intensity above the initial ?uorescence is detected, by, for 
example, a red light. If less than a 5% increase occurs Within 
the established incubation time, the ?uorimeter Will indicate 
a negative or non-?uorescent sample by, for example, acti 
vating a green light. 

[0181] The sterility indicator of the present invention has 
been described primarily With reference to steriliZing media 
such as ethylene oxide, steam and the like. The indicator is 
not, hoWever, limited to these uses, and may as Well be used 
to indicate the ef?cacy of other steriliZing media, such as dry 
heat, radiation, propylene oxide, methyl bromide, oZone, 
chlorine dioxide, formaldehyde, and other gaseous and 
liquid agents. 

[0182] The invention Will be illustrated by the folloWing 
non-limiting examples, in Which all percentages are percent 
by Weight, unless otherWise indicated. 

EXAMPLE 1 

[0183] This example illustrates the correlation betWeen 
the ?uorescent results of the enZymatic detection method of 
the present invention, and the results of conventional spore 
survival methods of detection. This example also illustrates 
the shorter read-out times Which can be achieved With the 
device illustrated in FIGS. 3 and 4, Which utiliZes a barrier 
47 betWeen the ampoule 48 and the enZyme carrier 46. 

[0184] Bacillus stearothermophilus, commercially avail 
able as “ATCC 7953” from American Type Culture Collec 

tion, Rockville, Md., Was groWn overnight (16 hours) at 58° 
C. in tryptic soy broth. This culture Was used to inoculate the 
surface of agar plates consisting of 8 g/l nutrient broth, 4 g/l 
yeast extract, 0.1 g/l manganese chloride and 20 g/l agar at 
pH 7.2. Plates Were incubated at 58° C. for 72 hours. Spores 
Were scraped from the plates and suspended in sterile 
distilled Water. The spores Were separated from the vegeta 
tive debris by centrifuging the suspension at 7000 rpm and 
4° C. for 20 minutes. The supernatant Was poured off and the 
spores Were resuspended in sterile distilled Water. This 
cleaning procedure Was repeated several times. The Bacillus 
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stearothermophilus spores Were coated on 6.35 mm (% inch) 
in diameter ?lter paper discs, commercially available as 
“S&S #903 Grade Filter Paper” from Schleicher & Schuell, 
Inc., Keene, NH, at a population of 1.6><106 spores per disc. 
This Was accomplished by preparing a suspension of the B. 
stearothermophilus spores in Water at a concentration of 

1><108 spore/ml, pipetting 10 pl of this suspension on each 
?lter paper disc and alloWing the discs to dry. 

[0185] TWo types of devices Were constructed as folloWs. 
The ?rst device Was constructed as illustrated in FIGS. 3 

and 4, With the spore coated strip 46 on the bottom of the 
outer compartment 40 and a barrier 47 betWeen the enzyme 
substrate-containing ampoule 48 and the spore strip. A 1.75 
mm (11/16 inch) diameter disc of polypropylene bloWn 
micro?ber material, With a Weight of 200 g/sq. meter, 
commercially available as “Thinsulate® 200-B brand Ther 

mal Insulation” from 3M, St. Paul, Minn., Was used as the 
barrier 47. The ampoule 48 contained 0.67 ml nutrient 
medium, consisting of 17 g of a bacteriological peptone and 
0.17 g of L-alanine, as Well as 0.1 g 4-methylumbelliferyl 
alpha-D-glucoside, commercially available from Sigma 
Chemical Company, St. Louis, Mo., dissolved in 200 pl of 
N, N-dimethylformamide, and 0.03 g bromocresol purple 
pH indicator dye, per liter of Water. The pH of the enzyme 
substrate and nutrient medium solution Was adjusted to 7.6 

With 0.1 N sodium hydroxide. 

[0186] The outer vial 40 the cap 56 are both made from 

polypropylene. The outer vial Was 5.08 cm (2.0 inches) long, 
With an outer diameter of 85.1 mm (0.335 inches) and an 

internal diameter of 77.0 mm (0.303 inches). The cap Was 
1.275 cm (0.510 inch) long With an internal diameter of 83.3 
mm (0.328 inch). The inner ampoule 48 Was made of glass 
and Was 3.96 cm (1.56 inches) long, With an outer diameter 
of 65.5 mm (0.258 inches) and a Wall thickness of 2.5 mm 
(0.010 inches). The closure member 52 Was a 1.27 mm (1/z 
inch) in diameter piece of polypropylene, commercially 
available as “Celgard® K-442 Microporous Film”, from 
Celanese Separations Products, Charlotte, NC. 

[0187] The second device Was identical to the ?rst device, 
except that the barrier 47 Was omitted. 

[0188] Five unit batches of both types of devices Were 
placed in metal instrument trays and exposed at 132° C. in 
a gravity displacement steam sterilizer, commercially avail 
able as an “Amsco EagleTM Model 2013 Sterilizer”, from 

American Sterilizer Company, Erie, Pa., for 0.5, 1.0, 1.5, 
2.0,. 2.5 and 3.0 minutes. After exposure the inner ampoules 
containing the enzyme substrate and nutrient medium Were 
crushed and the units Were incubated at 56° C. An ultraviolet 

light (>\.=366 nm) Was used to illuminate the vials for 
visually read ?uorescence after 10 min., 20 min., 30 min., 60 
min., 120 min., 180 min., and 240 minutes of incubation. 
Additionally, spore groWth, as indicated by a color change 
from purple to yelloW, Was determined visually after 24 
hours of incubation at 56° C. 
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[0189] The results are reported in Table I. 

TABLE 1 

FLUORESCENCE 

Exposure Incubation Time (Minutes) at 56° C. Spore 
Time Number Positive/5 Tested Growth 

Device (minutes) 10 20 30 60 120 180 240 at 24 hr. 

1 0.5 5 5 5 5 5 5 5 5 
(Spore 1.0 5 5 5 5 5 5 5 5 
Strip on 1.5 5 5 5 5 5 5 5 5 
Bottom 2.0 3 3 3 3 3 3 3 3 
With 2.5 0 0 0 0 *2 *2 *3 0 
Barrier 3.0 0 0 0 0 0 0 0 0 

Material) 
2 0.5 0 0 0 5 5 5 5 5 
(Spore 1.0 0 0 0 5 5 5 5 5 
Strip on 1.5 0 0 0 5 5 5 5 5 
Bottom 2.0 0 0 0 5 5 5 5 5 
Without 2.5 0 0 0 0 *3 *3 *3 1 
Barrier 3.0 0 0 0 0 0 0 0 0 

Material) 

*Indicates one or more false positive reactions Which appear to be the 
result of residual enzyme activity following spore inactivation in marginal 
sterilization cycles 

[0190] The data in Table I illustrates that the presence of 
active alpha-D-glucosidase can be detected by the methods 
of the present invention much more quickly than can the 

detection of viable spores. The data illustrates that the 
detection of active enzyme in a device can be used to predict 
eventual spore groWth in the device. 

[0191] The data in Table I illustrates that using device 1 
(With a barrier betWeen the ampoule and the spore strip) 
enzyme activity can be detected after 10 minutes for all units 
Which shoW spore groWth after 24 hours of incubation. 
Using device 2 (Without barrier material), 2 hours of incu 
bation is required in order to detect enzyme activity in all 
units Which shoW spore groWth after 24 hours of incubation. 

EXAMPLE 2 

[0192] Devices Were constructed as illustrated in FIGS. 5 

and 6, With the enzyme carrier 77 on a Wick 76. One spore 

strip, prepared in accordance With Example 1, Was heat 
sealed to one end of a 0.10 mm thick polyethylene coated 

paper, 6.35 mm><28.58 mm. The ampoule 78 contained 5 
ml/l of a nonionic surfactant, commercially available as 
“TWeenTM 80 Polyoxyethylene Sorbitan Monooleate”, from 
ICI Americas, Inc., Wilmington, Del., to aid in the Wetting 
of the spore carrier, as Well as the enzyme substrate, nutri 
ents and indicators present in the solution of Example 1. The 
outer vial, cap and inner ampoule Were identical to those 
used in the devices of Example 1. The closure member Was 
a sterilization grade ?lter paper. 

[0193] Five unit batches of devices Were placed in metal 
instrument trays and exposed at 132° C. in a gravity dis 
placement steam sterilizer, commercially available as an 
“Amsco EagleTM Model 2013 Sterilizer”, from American 
Sterilizer Company, Erie, Pa., for 0.5, 1.0, 1.5, 2.0,. 2.5 and 
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3.0 minutes. After exposure the inner ampoules were 
crushed and the devices were incubated at 56° C. An 
ultraviolet light (>\.=366 nm) was used to illuminate the vials 
for visually read ?uorescence after 10 min., 20 min., 30 
min., 60 min., 120 min., 180 min., and 240 minutes of 
incubation. Additionally, spore growth, as indicated by a 
color change from purple to yellow, was determined visually 
after 24 hours of incubation. 

[0194] The results are reported in Table II. 

TABLE II 

FLUORESCENCE 

Exposure Incubation Time (Minutes) at 56° C. 
Time Number Positive 5 Tested 24 hr. 

(minutes) 10 20 30 60 120 180 240 Growth 

0.5 5 5 5 5 5 5 5 5 
1.0 5 5 5 5 5 5 5 5 
1.5 5 5 5 5 5 5 5 5 
2.0 0 0 0 0 4* 5 * 5 * 0 

2.5 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 

*Indicates one or more false positive reactions which appear to be the 
result of residual enzyme activity following spore inactivation in marginal 
sterilization cycles. 

[0195] * Indicates one or more false positive reactions 
which appear to be the result of residual enzyme activity 
following spore inactivation in marginal sterilization cycles. 

[0196] The data in Table II illustrates that much quicker 
detection of spore survival can be achieved using the devices 
and enzyme detection methods of the present invention in 
contrast to standard 24 hour spore growth. 

EXAMPLE 3 

[0197] This example illustrates several enzymes, associ 
ated with Bacillus stearothermophilus which are useful in 
the practice of the present invention. In this example an 
enzyme substrate kit, commercially available as “API 
XYMTM System” from API Analytab Products, Plainview, 
NY, was utilized. This kit consists of 19 different dehy 
drated, chromogenic enzymatic substrates, packed individu 
ally in a series of microcupules. The addition of an aqueous 
sample to each microcupule rehydrates the substrate. The 
test kit is incubated for a desired interval and the reactions 
are visualized after the addition of the detector reagents 
supplied with the system. 

[0198] Devices made according to Device 1 of Example 1, 
were exposed for 1 minute or 3 minutes at 132° C. in the 
steam sterilizer used in Example 1. It was determined that 
the Bacillus stearothermophilus spores when used in this 
device will survive a one-minute exposure and be killed 
after 3 minutes. After exposure the spore strips were asep 
tically transferred to each microcupule in the enzyme sub 
strate kit and 50 ul of sterile distilled water was added to 
each well. One kit contained the spore strips exposed for 1 
minute, a second kit contained the spore strips exposed for 
3 minutes and a third kit contained unexposed spore strips. 

[0199] The kit containing the unexposed strips was incu 
bated at 56° C. for 5 hours. The kits containing exposed 
spore strips were allowed to incubate at 56° C. for 7 hours. 
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After incubation, the detector reagents A and B (available 
with the “API-XYMTM System”) were added for color 
development of any enzymatic reactions occurring in the 
microcupules of each kit. 

[0200] The detection of color in each microcupule of each 
kit is reported in Table III. Anumber of the enzymes showed 
readily detectable activity after 1 minute exposure, and no or 
substantially decreased activity after 3 minutes exposure. 
Several of the enzymes were not indiginous to B. stearo 
thermophilus and did not illustrate detectable activity in the 
unexposed state. Several other enzymes (including myristate 
lipase, valine aminopeptidase, chymotrypsin, and beta-glu 
curonidase) which did not illustrate detectable activity in the 
unexposed state, apparently were activated by the exposure 
to heat. It is believed that these enzymes which show 
detectable activity after a 1 minute exposure and no activity 
or reduced activity after 3 minutes exposure, could be 
usefully employed in the present invention, even if no 
enzyme activity is detected in the unexposed state. 

TABLE III 

Enzyme Spore Strip Exposure 

Assayed For Unexposed 1 Minute 3 Minute 

Negative control — — — 

Alkaline phosphatase +2 +3 — 

Butyrate esterase +4 +5 — 

Caprylate esterase lipase +2 +3 — 
Myristate lipase — VW — 

Leucine aminopeptidase +1 +5 — 

Valine aminopeptidase — VW — 

Cystine aminopeptidase — — — 

Trypsin — — — 

Chymotrypsin — +4 — 

Acid phosphatase +3 +4 +1 
Phosphophydrolase +4 +5 +3 
Alpha-galactosidase +5 +5 — 
Beta-galactosidase — — — 

Beta-glucuronidase — VW — 

Alpha-glucosidase +5 +5 — 

Beta-glucosidase +4 VW — 

N-acetyl-beta- — — — 

glucosaminidase 
Alpha-mannosidase - _ _ 

Alpha-fucosidase - _ _ 

— = No color development 

VW = Very weak color development 
+1 = Weak color development 
+2, 3, 4 = Intermediate color development (color development increasing 
with increasing number) 
+5 = Strong color development 

[0201] Table III illustrates that a number of enzymes 
present in B. stearothermophilus, including alkaline phos 
phatase, butyrate esterase, caprylate esterase lipase, 
myristate lipase, leucine aminopeptidase, valine aminopep 
tidase, chymotrypsin, acid phosphatase, phosphohydrolase, 
alpha-galactosidase, beta-glucuronidase, and alpha-glucosi 
dase, B-glucosidase, have sufficient activity following a 
sublethal sterilization exposure to be detected before growth 
of the spore is detected. 

EXAMPLE 4 

[0202] Bacillus stearothermophilus spores, prepared in 
accordance with Example 1, were coated and dried on 
6.35><28.58 mm (%><3/s inch) carriers made of a ?lter paper, 
commercially available as “S&S #591A Grade Filter Paper” 
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from Schleicher and Schuell, Inc. of Keene, NH. at con 
centrations of 1.0X107, 7.5X105, 1.0X105, 1.7X104, 2.8X103 
spores per carrier. Devices Were assembled using these spore 
strips, as shown in FIGS. 3 and 4 and described as Device 
1 in Example 1. 

[0203] Three unit batches of devices Were placed in metal 
instrument trays and exposed at 132° C. in a gravity dis 
placement steam sterilizer, commercially available as an 
“Amsco EagleTM Model 2013 Steam Sterilizer”, from 
American Sterilizer Company, Erie, Pa., for 1.0, 1.5, 2.0,. 
2.5 and 3.0 minutes. After exposure the inner ampoules Were 
crushed and the devices Were incubated at 56° C. An 
ultraviolet light (>\,=366 nm) Was used to illuminate the vials 
to visually detect ?uorescence after 10 min., 20 min., 30 
min., 60 min., 120 min., 180 min., 240 min., 300 min. and 
360 minutes of incubation. Additionally, spore groWth, as 
indicated by a color change from purple to yelloW, Was 
determined visually after 24 hours of incubation. 

[0204] The results are reported in Table IV. 
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available biological indicators, “ATTESTTM Biological Indi 
cator”, 3M, St. Paul, Minn., “Proof PLUSTM Biological/ 
Chemical Indicator”, American Sterilizer Co., Erie, Pa., and 
“AssertTM Biological/Chemical Indicator”, Surgicot, Smith 
toWn, N.Y.; “NCTC 10003” commercially available from 
Nation Collection of Type Cultures, Colindale, London, 
England; “German Earthspore” obtained by culturing earth 
strips supplied by the Hygiene Institute of Hamburg, Ham 
burg, Germany, in tryptic soy broth after exposure at 121° C. 
for 5 minutes (the 5 min. exposure Was used to kill all the 
vegetative organisms present in the earth so only B. steam 
thermophilus remains; and Scandinavian strain isolated 
from spore strips produced by Statens Institute for Falke 
helse, Oslo, NorWay. 

[0207] All spores Were groWn on a nutrient agar medium 
as described in Example 1. The spores Were centrifuged at 
11,000 rpm for 5 hours at 4° C. in density gradient com 
mercially available as Percoll® from Pharmacia FineChemi 
cals AB, Uppsala, SWeden. After centrifuging the spores 

TABLE IV 

FLUORESCENCE 

Exposure Incubation Time (Minutes) at 560 C. Spore 
Spore Time Number Positive/3 Tested Growth 

Population (minutes) 15 30 45 60 120 180 240 300 360 at 24 hr. 

1.0 X 107 1.0 3 3 3 3 3 3 3 3 3 3 
1.5 3 3 3 3 3 3 3 3 3 3 
2.0 0 0 1* 1* 1* 2* 2* 2* 2* 0 
2.5 0 0 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 0 0 

7.5 X 105 1.0 3 3 3 3 3 3 3 3 3 3 
1.5 3 3 3 3 3 3 3 3 3 3 
2.0 2* 2* 2* 2* 2* 2* 2* 2* 2* 1 
2.5 0 0 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 0 0 

1.0 X 105 1.0 3 3 3 3 3 3 3 3 3 3 
1.5 3 3 3 3 3 3 3 3 3 3 
2.0 0 1* 1* 1* 1* 1* 1* 1* 1* 1* 
2.5 0 0 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 0 0 

1.0 X 104 1.0 0 0 2 2 3 3 3 3 3 3 
1.5 0 0 3* 3* 3* 3* 3* 3* 3* 2 
2.0 0 0 0 0 0 0 0 0 0 0 
2.5 0 0 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 0 0 

2.8 X 103 1.0 0 0 0 0 0 3 3 3 3 3 
1.5 0 0 0 0 0 0 0 0 0 0 
2.0 0 0 0 0 0 0 0 0 0 0 
2.5 0 0 0 0 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 0 0 0 0 

*Indicates one or more false positives Which appears to be the result of residual enzyme activity 
following spore inactivation in marginal sterilization cycles 

[0205] Table IV illustrates that even With a loW spore 
population, the spore survivors Were predicted by enzyme 
activity (i.e., ?uorescence) Well before any groWth of the 
organism Was detected. 

EXAMPLE 5 

[0206] This example compares read-out times for devices 
employing different strains of Bacillus stearothermophilus 
spores. The folloWing strains Were tested: “ATCC 8005”, 
commercially available from American Type Culture Col 
lection, Rockville, Md.; spores obtained from groWing the 
microorganism contained in three different commercially 

Were resuspended in sterile distilled Water. With the German 
Earthspore, tWo distinct layers of cells Were isolated in the 
density gradient during centrifugation. Using phase contact 
microscopy, the bottom layer Was found to be predominantly 
spores and the top layer Was predominantly vegetative cells 
and vegetative debris With a small number of spores. Both 
layers Were tested separately. 

[0208] The spores Were coated and dried on 6.35X28.58 
mm (%><3/8 inch) strips of ?lter paper (“S&S 591A Grade 
Filter Paper”) at a population of at least 1X106 per carrier. 
Devices Were assembled as in Device 1, Example 1, except 
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that in one batch of devices using the “ATCC 8005” spores, [0210] Table V illustrates that all strains of B. stearother 
the enZyme substrate used Was 4-methylumbelliferyl-beta- mophilus tested had enZyme activity (either alpha-D-glu 
D-géllélCtOSid?J, COIIIIIIfJICiaHY'aVaiIabIfI fIOIII'SigIQa, 0-1 g/l cosidase or beta-D-galactosidase) that correlated With spore 
dlssolved m 20p #1 N, N-dlmethylfqmqmlde, lnstead of survival. In most units Where spores survived, ?uorescence 
4'methyhlmbelllffiryl'alpha-D-ghlcosldf>> 1n Order to detect Was detected Within 2 hours of incubation and in many units 
the egzyme acnvlty of beta'D'galactosldase on the A1;CC ?uorescence Was detected after 10 minutes of incubation. 
8005 Spores‘ Three umt batches We_re exllosed at 132 The layer of cells consisting mostly of vegetative cells from 
for 1'5’ 2'0’ 2'5 and mglugjfs m an Amscofagle the German Earthspore also had enZyme survival folloWing 
MO 6 2013 Steam Stem IZer ' _ ter exposure t e lune: the sublethal exposures. This indicates that the alpha-D 
ampoules Were crushed and the units Were incubated at 56 - - - - - 

. . glucosidase associated With vegetative cells could be used in 
C. An ultraviolet light (9» =366 nm) Was used to illuminate 

. . . this invention. Several units With the Scandinavian strain 
the vials for visually read ?uorescence after 10 min., 20 . . . 

. . . . . . had enZyme survival and no groWth of the organism With 
min., 30 min., 60 min., 120 min., 180 min., and 240 minutes . . . . 

. . . . . . further incubation. This has been observed previously and 
of incubation. Additionally, spore groWth, as indicated by a . . . . 

. . occurs in marginal cycles. The enzyme remains active 
color change from purple to yelloW, Was determined visually . . . . . 

. . slightly longer than the spore, and this provides an additional 
after 24 hours of incubation. . . . . . 

safety margin by monitoring more of the cycles insuring 
[0209] The results are reported in Table V. sterility of the items in the steriliZer. 

TABLE V 

FLUORESCENCE 

Sp ore 
GroWth 

Exposure Incubation Time (Minutes) at 56° C. 
Time Number Positive/3 Tested 

180 240 at 24 hr. 120 60 (minutes) 10 20 30 40 50 Strain 

1.0 
1.5 
2.0 

“ATCC 8005” 
(enzyme substrate 
4-methylumbelliferyl 
D-glucoside) 

3.0 
1.0 
1.5 
2.0 

“ATCC 8005” 
(enzyme substrate 
4-methylumbelliferyl 
D-galactoside) 2.5 

3.0 
1.0 
1.5 
2.0 

“PROOF PLUS TM 

Biological/Chemical 
Indicator” 

2.5 
3.0 
1.0 
1.5 
2.0 

“ATI'EST TM 

Biological 
Indicator 

2.5 
3.0 
1.0 
1.5 
2.0 

“ASSERT TM 

Biological/Chemical 
Indicator” 

2.5 
3.0 
1.0 
1.5 
2.0 

“NCTC 10003” 

2.5 
3.0 
1.0 
1.5 
2.0 

“German 
Earthspore 

2.5 
3.0 
1.0 
1.5 
2.0 

“German 
Earthspore 
Vegatative + 
Spores 2.5 

3.0 
1.0 

1.5 
2.0 

Scandinavian 
strain 

2* 2* 1* 
2.5 
3.0 












