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TITLE: COUPLED ENZYME-BASED METHOD FOR ELECTRONIC
MONITORING OF BIOLOGICAL INDICATOR
TECHNICAL FIELD
The present invention relates to biological indicators for testing the efficacy of
sterilization processes, more specifically, to coupled enzyme-based methods for
monitoring such bioclogical indicators, in which such monitoring can be carried out

electronically.

BACKGROUND

One of the most important classes of indicators are the biological indicators
(Bl). Biological indicators provide the highest degree of assurance that sterilization
conditions were met within the processor or processed load itself. This type of
indicator is meant to represent the worst case for the processing system by
providing an extremely high number of highly resistant organisms to that particular
process within or on the indicator. Usually bacterial spores are the organism of
choice for monitoring sterilization systems.

Biological indicators typically consist of microorganisms inoculated onto a
carrier material. The microorganisms are typically bacterial spores that are known
to be very resistant to the particular sterilization medium in which they are 1o be
used. The carrier is placed into a sterilization cycle along with the medical device
load. Following completion of the cycle the biological indicator is incubated and
monitored for growth for up to seven days. Growth of a biological indicator indicates
that the sterilization process was not adequate to attain complete sterilization and
that the medical device load needs to be reprocessed before use. No growth of a
biological indicator confirms that conditions within the sterilizer were adequate to kill
at least the number of bacterial spores loaded onto the indicator (e.g., 10° bacterial

spores) and therefore provides a level of assurance that the medical device load is
sterile. Unfortunately many medical devices are actually used prior to the user
knowing the results of the full incubation. Thus, there is a need in the hospital
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setting for detection of viable, germinating biological indicator spores in the shortest
possible time.

Historically, the detection of viable biological indicators relied on visual
means of detection. The growth and multiplication of viable organisms can be
seen/detected as evidenced by turbidity in the growth media. This turbidity can take
days to become noticeable. Another visual and more common means of detection
is with a colorimetric pH indicator. As viable organisms begin to metabolize and use
up the nutrient sources such as sugars that are provided in the growth media, they
excrete acidic waste products. As these acidic waste products accumulate in the
growth media, the pH of the system is lowered resulting in a color change of the
growth media if a pH indicator is present. Detection by this means usually takes 18-
48 hours.

More recently, fluorescence has been used to detect the activity of enzymes
that are produced by the organisms of interest by adding a fluorogenic enzymatic
substrate to the growth media. This newer methodology lessens the incubation time
from days to hours. However, the main limitation for reducing the incubation time
beyond that seen for the flucrescence methodology is the inherent background
fluorescence that naturally occurs with many components of the biological indicator
including the plastic vials and growth media. Authentic, detectable signals must be
high enough to be distinguishable over this inherent native background
fluorescence. Therefore to increase the sensitivity of the system one needs to
either reduce the background fluorescence (noise) or move to a different technology
that has higher sensitivity (signal).

Thus, in the prior and current art, biological indicators rely on colorimetric or
flusrometric means {o determine viability. Detection is limited by the need for the
generated signals, whether colorimetric or fluocrometric, to be above substantial
background levels. This has resulted in detection times for viable organisms on the
order of hours to days in order for sufficient signal to be accumulated to be

detectable above background levels. It would be beneficial for both hospitals and
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patients for the detection time of viable organisms in biological indicators to be on
the order of minutes or less.

SUMMARY

One such method that permits control over the signal to noise ratio is
electrical detection. The monitoring of changes in the electrical properties of
systems is a sensitive means to monitor for other changes within that system. The
resulting electric outputs can then be conditioned by appropriate electronic circuitry
to provide amplified and filtered signals that are directly proportional to the reagent
generating them.

The present invention provides a rapid detection of viable microorganisms of
a biological indicator using a coupled enzyme-based electronic detection method to
detect the accumulation of simple sugars (monosaccharides) such as glucose
resulting from the enzymatic breakdown of complex sugars (disaccharides,
oligosaccharides and/or polysaccharides). It is noted that the term "sugar" is used
herein interchangeably with "saccharide". The coupled enzyme-based system of
the present invention includes a combination of at least one naturally occurring
glycosidase present in a viable spore and one oxidase; or the combination of at
least one naturally occurring glycosidase present in a viable spore and one
dehydrogenase. The incubation or growth medium provided for the spores post-
sterilization is with a complex sugar, such as a disaccharide, a oligosaccharide
and/or a polysaccharide, but free of a simple sugar. The glycosidase reacts with
the complex sugar added to the growth media and breaks it down into the simple
sugars, including, for example, at least one glucose. The simple sugar product is
acted on by either an oxidase or dehydrogenase which produces an electron
transfer as part of its action on the simple sugar. The quantity of the electron
transfer is proportional to the amount of the simple sugar produced by viable
spores. The transfer of free electrons can be monitored and measured
electronically. If the electronic monitoring detects electron transfer, it means that at

least some spores are viable and have survived the sterilization process, and so
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showing the sterilization was not efficacious. The enzyme may be one used in
standard, state of the art blood glucose monitoring devices, and in fact, known state
of the art blood glucose monitoring devices can be readily adapted for use in
determining the presence of any glucose or simple sugar in the combined media.
Thus, the present invention allows the determination of the efficacy of the
sterilization process by a very specific, very sensitive method that can be simply
carried out and measured electronically, using standard, state of the art devices
designed for use in monitoring blood glucose levels in diabetic patients.

Thus, in one embodiment, the present invention relates to a sterilization
indicator system, including:

a vial including:
a first compartment including spores of one or more species of
microorganism;
a second compartment including a growth medium that includes one
or more of a disaccharide, oligosaccharide or a polysaccharide capable of
conversion to a monosaccharide by germinating cells of the one or more
species of microorganism, and
wherein the vial is free of the monosaccharide and is adapted to
combine contents of the first compartment with contents of the second
compartment for incubation after the vial has been exposed to a sterilant;
an enzyme, capable of acting upon the monosaccharide and producing an
electron transfer, disposed on at least two electrodes adapted to carry an electrical
signal resulting from electron transfer when the enzyme acts upon the
monosaccharide, wherein the at least two electrodes are positioned to contact the
combined contents of the first compartment and the second compartment during
and/or after incubation; and

an apparatus linked or linkable to the at least two electrodes and adapted to
detect and measure the electrical signal resulting from electron transfer when the

enzyme acts upon the monosaccharide.
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In one embodiment, the one or more species of microorganism comprises
one or both of Geobacillus stearothermophilus and Bacillus atrophaeus.

In one embodiment, the disaccharide is maltose and the monosaccharide is
glucose.

In one embodiment, the disaccharide is maltose that is converted to glucose
by a glucosidase produced by or present in the germinating cells during incubation
of the combined contents of the first compartment and the second compartment.

In one embodiment, the enzyme is provided together with one or more
mediator. In one embodiment, the one or more mediator comprises one or a
mixture of two or more of ferrocene, vinyl ferrocene, 1,1'-dimethyl ferrocene,
carboxyferrocene, 1,1'-dicarboxy ferrocene, (dimethylamino)methyl ferrocene or
ferrocyanide.

In one embodiment, the at least two electrodes comprise graphite, graphene,
carbon, carbon nanotubes, gold, platinum, palladium, silver, nickel or copper or a
combination or alloy of any two or more thereof

In one embodiment, the enzyme is glucose oxidase.

In one embodiment, the enzyme is glucose dehydrogenase.

In another embodiment, the present invention relates to a method for
determining the efficacy of a sterilization process, including:

providing the sterilization indicator system as described above;

exposing the sterilization indicator to a sterilization process intended to Kkill
the spores of the one or more species of microorganism;

combining the contents of the first compartment and the second
compartment;

exposing the combined contents to the enzyme disposed on the two or more
electrodes while incubating the combined contents;

with the apparatus linked to the electrodes, detecting and measuring any
electrical signal resulting from the electron transfer when the enzyme acts upon the
monosaccharide; and

determining whether the sterilization process was efficacious.
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Fig. 10 is a bar graph which shows the effects of spore concentration and

maltose concentration on the amount of glucose generated over time by an enzyme
in a germinating spores of Geobacillus stearothermophilus.

Fig. 11 is a graph which shows changes in the background signal measured
over incubation periods for each of four glucose-free TSB concentrations without
viable organisms present.

Fig. 12 is a graph which shows a comparison between the signal measured
when spores survive the sterilization process with the signal measured when spores

do not survive the sterilization process.

It should be appreciated that for simplicity and clarity of illustration, elements
shown in the Figures have not necessarily been drawn to scale. For example, the
dimensions of some of the elements may be exaggerated relative to each other for
clarity. Further, where considered appropriate, reference numerals have been
repeated among the Figures to indicate corresponding elements.

Furthermore, it should be appreciated that the process steps and structures
described below may not form a complete process flow for producing an end-
useable sterilization indicator. The present invention can be practiced in
conjunction with apparatus and processing techniques currently used in the art, and
only so much of the commonly practiced process steps are included as are

necessary for an understanding of the present invention.

DETAILED DESCRIPTION
The biclogical indicators presently described rely on a different mechanism to
detect spore viability. The invention described here utilizes an electronic signal that

is generated based on the accumulation of the simple sugar glucose resulting from
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the ability of viable organisms to breakdown complex sugars. Electronic detection
methods based on sugars have been readily available for years for monitoring the
glucose levels in the blood of diabetic patlients. Until now, however, these elecironic
detection mechanisms have not been used as a means o detect viable organisms
following sterilization processes.

Most organisms have inherent capabilities {0 break complex sugars (such as
maltose) into simple sugars (such as glucose) in order that the more useful simple
sugar, e.g., glucose, molecule can be utilized as an energy source by the organism.
Glucose monitoring through electronic detection methods has been readily available
for years to monitor the glucose levels in the blood of diabetic patients. The same
basic reactions utilized in monitoring glucose ievels in blood can be adapted to
detect viable organisms, such as spores, thal may survive a sterilization cycle. In
the present invention, the same electronic glucose monitors may be adapted for use
in monitoring efficacy of sterilization processes. Unlike blood glucose monitoring,
where glucose is prevalent and measured directly, in the present invention glucose
is obtained from an undeteclable complex carbohydrate molecule that must first be
acted upon by a viable organism before glucose is released and able to be
detected. Thus, in the present invention, the simple sugar, usually glucose, is never
present unless and until a viable microorganism that has survived the sterilization
conditions being monitored breaks down a complex carbohydrate to form the simple
sugar. IN addition, the relevant concentrations of glucose or other simple sugar are
expected to be much lower in the combined media of the present invention than in
biood glucose determinations. Whereas blood glucose generally has a
concentration in the range from about 2 mM to about 30 mM, the present invention
is capable of detecting simple sugar concentrations ranging from just above the
minimum detection limits of the device up to the same glucose concentrations as
found in blood. However, in a sterilization indicator, post-sterilization, almost all of
the spores are expected to be killed and so the concentration of the simple sugars,

if any, are expected to be and are in the range from just above the minimum
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detection limits of the device up to 0.1 mM, and in another embodiment, up to about
0.01 mM, and in another embodiment, up to about 0.001 mM.

As viable spores begin to germinate {a fundamental life activity) they produce
and release enzymes that enable them {o break down the complex sugars into more
readily usable simple sugars such as glucose. By formulating a medium that is high
in complex sugars (selected on the basis that they can be broken down by the
active enzymes of surviving, germinating test organisms selected for the sterilization
indicator) an increase in simple sugar, e.g., glucose, would be expected upon
exposing viable spores to this medium and this increasing concentration of the
simple sugar in the growth media can be detected when in the presence of a
second enzyme, such as glucose oxidase or glucose dehydrogenase. Under the
conditions of sterilization, all spores are intended 1o be killed and any enzymes the
spores may already possess aiso will be destroyed. Therefore, an increase in the
simple sugar detected after exposure of these spores to the medium of this
invention confirms that the organisms are viable and germinating (proof of life). The
spore mediated conversion of complex sugars to simple sugars represents the first
step in the coupled enzyme process of the present invention.

The organisms of most interest for monitoring sterilization processes are
Gecbacillus stearcthermophilus and Bacillus atrophaeus. Geobacilius
stearothermophifus produces the enzyme alpha-glucosidase (for exampie) which
breaks down the complex sugar maltose into two glucose molecules. This
exemplifies just one means to achieve the first step in the coupled enzyme based
system.

Then in the second step, the glucose can then be acted on by glucose
oxidase (for example) which will then produce gluconic acid, hydrogen peroxide and
free electrons. The free electrons produced by the enzyme are monitored
electronically. A mediator can be added o expedite the transfer of electrons to an
electrode, to further enhance the signal. This exemplifies just one means to achieve
the second step in the coupled enzyme based system. In another embodiment, in
the second step, the enzyme used is glucose dehydrogenase, which produces
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glucono-delta-lactone and NADH from glucose and NAD, which also involves an
electron transfer that can be detecied electronically.

Thus the second step in the process is dependent upon the first siep in the
process and is said to be coupled. Failure to achieve production of the end product
of the first step (as will be the case if all the spores are killed) prevents initiation of
the second step. So, in the absence of any product of the first reaction {e.g.,
glucose converted from maltose), no electrons can be transferred in the coupled
second step and no signal will result or be observed. in this case, absence of any
signal derived from electron transfer would mean the monitored sterilization was
successful.

Examples of suitable disaccharides are malitose, lactose, sucrose, trehalose,
cellobiose, and isomaltose

Examples of suitable oligosaccharides are fructo-oligosaccharides, galacto-
oligosaccharides, mannan-oligosaccharides, gum arabic, guar gum and guar
hydrolysate.

Examples of suitable polysaccharides are starch, dextrin, glycogen, cellulose
and pectin. Other possibly suitable polysaccharides include gellan, Gum ghatti,
karaya, tragacanth, psyllium seed, xanthan, guar, ivory nut mannan, konjac, locust
bean, tamarind, tara, carrageenans, alginates, fucoidans, laminarin, agar, pullulan,

welan and scleroglucan.

Other suitable disaccharides, oligosaccharides and/or polysaccharides may
be known to those of skill in the art, and may also be useful with the present

invention.

The following exemplary reactions show the coupling of the enzyme naturally
occurring in any germinating cells that survive the sterilization process and the
enzyme added to the incubation/recovery medium (or pre-deposited onto the
electrodes themselves) in accordance with an embodiment of the present invention:

10
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a-glucosidase glucose oxididase
in viable cells in media or on electrodes
H -
Maltose L—Z» 2 x Glucose Glucose L—Z» 202+ ¢ +
Gluconate
Step 1 in the coupled process Step 2 in the coupled process

When a voltage differential is applied across a working electrode and a
reference electrode, the working electrode becomes polarized and an oxidizing
current resulting from the electron transfer is produced. This oxidizing current can
be measured and is proportional to the amount of glucose present is the system.
Thus, in the present invention, the electron transfer in the second step constitutes
the current, if any, that is measured.

In one embodiment, the enzyme in the second coupled reaction is provided
together with one or more mediator. In one embodiment, the one or more mediator
comprises one or a mixture of two or more of ferrocene, vinyl ferrocene, 1,1'-
dimethyl ferrocene, carboxyferrocene, 1,1'-dicarboxy ferrocene,
(dimethylamino)methyl ferrocene, or a ferrocyanide. Other suitable mediators, such
as those known in the blood glucose monitoring arts, can be used, as will be
understood by the skilled person.

In one embodiment, the at least two electrodes comprise graphite,
graphene, carbon, carbon nanotubes, gold, platinum, palladium, silver, nickel or
copper or a combination or alloy of any two or more thereof. Other suitable
electrode materials, as known in the blood glucose monitoring arts, can be used, as
will be understood by the skilled person.

Referring now to the drawings, Figs. 1 and 2 show a sterilization indicator
system 10 useful with a first exemplary embodiment of the present invention. The
indicator system 10 comprises a cap 20 that is mountable on a container 30. The
container 30 includes a closed, bottom end 31 and an open, upper end, and defines
an interior space 34. The cap 20 has an outer wall 22, an open, lower end, and a

closed, upper end 23. The cap also includes an inner wall (or walls) 24 disposed

11



10

15

20

25

30

WO 2014/149382 PCT/US2014/017907

interior of the cap’s outer wall, forming a separate wall, and defining an inner
chamber 26. The inner chamber 26 includes an opening 25 adjacent to the bottom
end of the wall(s) 24. The chamber 26 contains a fluid 50, and the cap 20 includes
a breakable barrier 40 disposed about the opening 25 of the chamber 26 to
encapsulate the fluid 50 within the chamber 26.

In the embodiment illustrated in Figs. 1 and 2, the indicator system is
configured for the cap 20 to be mounted to the container 30 in a snap-fit
relationship. In other embodiments, not shown, the indicator system may be
configured for the cap to be mounted to the container in a threaded relationship in
which the cap is engaged with the container by threads and the system is activated
by rotating the cap with respect to the container, i.e., screwing the cap further onto
the container. As shown in Figs. 1 and 2, the container 30 includes an annular
projection 32 forming a ridge or lip adjacent or near the upper end of the container.
The cap 20 includes an annular projection 29 forming a ridge or lip adjacent the
bottom of the cap. The cap 20 may be mounted onto the container 30 by sliding the
ridge 29 of the cap over the ridge 32 of the container. The ridge 32 of the container
30 engages the ridge 29 on the cap 20 to prevent the cap 20 and container 30 from
decoupling. The cap 20 and container 30 may be sized such that the ridge 32
exerts a sufficient amount of pressure against the cap 20 to prevent the cap 20 from
sliding downward without applying an external downward force to the cap 20. In
this way, the breakable barrier 40 may be kept spaced apart from the edges 38 of
puncture members 36 so the breakable barrier 40 does not contact and/or is not
broken by the puncture members until such time as desired to activate the indicator.

As shown in Figs. 1 and 2, the container 30 is adapted to break the
breakable barrier 40. The containers include one or more projections 36 (which
may also be referred to herein as “puncture members”) having an edge 38 adapted
to break or puncture the breakable barrier 40 when the cap 20 with the breakable
barrier 40 is moved downward toward and the barrier 40 contacts the edge 38 of
projection 36. The puncture member 36 is shown as being integral with and
extending up from the inner, bottom wall 37 of the container. In another

12
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embodiment, not shown, puncture members 36 may extend both from the side wall
35 and from the inner, bottom wall 37.

To evaluate a sterilization process, a calibrated concentration of
microorganisms is disposed within the interior 34 of the container 30. The
microorganisms may be disposed directly on the walls 35 of the container or may be
provided on a support member (e.g., support member 70) that is disposed within the
container 30. The sterilization indicator is then assembled by mounting the
recovery medium-filled cap 20 on the container 30. The cap 20 may be mounted by
snap-fitting the cap 20 onto the container 30 as described above, or, for example,
by a threaded mounting. With reference to Fig. 1, the recovery medium-filled cap
20 is mounted on the container 30 in a first, non-activated (or open) position such
that the breakable barrier 40 remains intact and is not punctured by the puncture
members 36. Desirably, in the first, non-activated position, the breakable barrier 40
is positioned away from and does not contact the edges 38 of the puncture
members 36.

With the indicator 10 assembled such as shown in Fig. 1, the sterilization
indicator then can be subjected to a sterilization process. The cap 20 is shown as
having apertures 28 through which a sterilant vapor may enter and flow into
indicator system. The sterilant enters the cap through the apertures 28 (into the
space between the outer wall 22 and the inner wall 24) and flows into the container
30 through a space 60 defined between the exterior surface of the inner wall 24 on
the cap 20 and the inner surface of the wall 35 on the container 30. The sterilant
vapor flows into the container 30 and acts upon the microorganisms of the biological
indicator.

After the sterilization process is completed, the sterilization indicator may be
activated by moving the cap 20 downward toward the container 30 to a second (or
closed or activated) position, which is illustrated in Fig. 2. The cap 20 is moved
downward by applying a sufficient downward force or pressure on the cap 20. As
the cap 20 is moved downward, the breakable barrier 40 is brought into contact with
the edge 38 of the puncture member 36, and eventually moved into a position such

13
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that the edge 38 of the puncture member 36 punctures or penetrates the breakable
barrier 40. When the breakable barrier 40 is punctured, the opening 25 of the
chamber 26 is exposed, and the liquid recovery medium 50 drains into the interior
region 34 of the container 30 and into contact with the microorganisms as shown in
Fig. 2.

As shown in Figs. 1 and 2, in this embodiment, the inner surface of the cap
20 includes a second annular projection 27, and the cap may be moved downward
to a position such that the upper portion of the projection 27 engages the bottom of
ridge 32 on the container 30, and the cap 20 is held in the second, closed/activated
position. The second, closed/activated position may serve to hold the cap 20 in a
sealed relationship with the container 30, which may prevent additional
microorganisms from entering the system.

It will be appreciated that, in another embodiment, the cap 20 does not
include the second projection 27 to maintain the container in the closed position. In
one alternative embodiment, the container 30 may include another annular
projection or a set of detents (not shown) on the outside of the container 30 and
located below the ridge 32, which projection or detents may be adapted to engage
the ridge 29 on the cap to maintain the container 30 in a closed position. U.S.
Patent No. 5,770,393 illustrates such a configuration, and this patent is incorporated
herein by reference for its teachings relating to configurations of cap and container.
In another alternative embodiment, the inner surface of the cap 20 and the outer
surface of the container 30 may be threaded, and the cap 20 may be moved into
and maintained in a closed position by screwing the cap 20 onto the container 30, in
which the cap 20 may be threaded as shown, e.g., in U.S. Patent No. 8,173,388 B2,
which may be consulted for additional details on this embodiment of the vial, and
which is hereby incorporated herein by reference for its teachings relating to the vial
and cap configuration of this and the foregoing embodiments. All of these
alternative configurations are within the scope of the present invention.

As described above, the cap 20 in the embodiment illustrated in Figs. 1 and 2
is shown as having the aperture 28 to allow for the ingress of the vapor sterilant into

14
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the indicator. It will be appreciated, however, that the cap need not be provided
with such a feature. The number, size, shape, and/or location of the aperture(s)
may be selected as desired, with consideration of the particular sterilant with which
the sterilization indicator is to be used. For example, the location, shape, and size
of the apertures in the cap and/or the container may be selected to provide a
tortuous path for the entrance and exit of the sterilization vapor between the
microorganisms and the surrounding environments. The tortuous path may also
serve to inhibit or prevent contamination from external agents, and to make certain
that an adequate amount of sterilant is available. By including the tortuous path, it
is more likely that the entire load will be exposed to the sterilant thereby killing any
extant microorganisms before the test organism in the sterilization indicator is killed.

Apertures may be provided in the container in addition to or as an alternative
to providing apertures in the cap. If apertures are not provided in the cap, the inner
wall(s) need not be located to provide a space between the inner wall of the cap
and the inner surface of the container. Additionally, if apertures are provided in the
container, they should be located such that the growth medium does not leak or spill
out through such apertures when the indicator is activated and the barrier is broken.

Fig. 3 depicts an indicator 10 in which an aperture 80 is formed in the
sidewall 35 of the container 30 at an appropriate position, in addition to the
apertures 28 in the cap 20. The aperture shown in Fig. 3 is in the sidewall 35 of the
container 30 be near the top of the container 30, in the vicinity of the edge 38 of the
puncture member 36, to avoid leakage or spilling after activation. As can be seen
from Fig. 3, after activation, the aperture 80 at this location will be covered by the
cap 20 in the activated position. It is noted that the indicator 10 shown in Fig. 3
includes the aperture 28 in the cap 20, but this is not necessary. In one
embodiment (not shown), the container 30 includes the aperture 80 and is used with
a cap similar to the cap 20, but which does not include an aperture such as the
aperture 28. Thus, an aperture can be provided either in the cap or in the container,
or in both the cap and the container.

15
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After the sterilization process has been completed, the cap 20 is pressed or
twisted downward such that the edge 38 of the puncture member 36 penetrates and
breaks the breakable barrier 40 releasing the growth medium in the space 26 to mix
with and incubate with any of the biological indicator microorganisms that may have
survived the sterilization process. The recovery medium 50 may comprise an
aqueous medium or aqueous solution that provides for germination, metabolism
and subsequent grow out of organisms as required. The aqueous medium or
aqueous solution may be buffered.

The sterilization indicator 10 is then incubated for a sufficient period of time
to allow microorganism viability to be determined. During incubation, any viable
microorganisms will begin to germinate, and this germination includes activity by the
enzymes to break down the disaccharide, oligosaccharide and/or polysaccharide to
produce a monosaccharide, for example to break down maltose to produce glucose.
In accordance with the present invention, the glucose "byproduct” is then available
to be acted upon by the enzyme that is provided to act upon the glucose in the
second step of the coupled enzyme system, which action includes an electron
transfer, which electron transfer is detected via the electrical signal produced by the
two or more electrodes described herein.

In one embodiment, the combined contents of the two compartments in the
container, with the cap removed, are inserted into an incubator, as shown and
described with respect to Fig. 6, which is discussed below, with an immobilized
enzyme on the electrodes, as shown and described with respect to Figs. 4 and 7,
below, where the incubation and signal detection is carried out. In another
embodiment, the combined contents are poured into a tray with the electrodes as
shown and described with respect to Figs. 4 and 7 at the bottom of the tray, where
the incubation and signal detection take place. In the presently most preferred
embodiment, the combined contents are introduced into a glucose detection device
substantially similar, but with appropriate modifications, to those well known for use

in monitoring glucose in blood.
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The test strip includes two sets of electrochemical cells. The cells may be

positioned less than 500 um apart. The cells include working electrodes and a
counter/reference electrode. If a separate reference electrode is used from the
counter electrode, it can be put in any suitable location. The second
electrochemical cell zone is situated intermediate the first cell zone and the target
area. The liquid containing the combined contents of the two compartments of the
sterilization indicator comes into contact with the enzyme in, or en route to, the first
electrochemical cell while the liquid reaching the second cell does not contact the
enzyme. Potential is applied between both working electrodes and counter
electrodes, and the change in current with time is measured separately for each
pair. This allows the determination of the concentration of enzyme-induced electron
transfer. Thus, the two cells are exposed to the same liquid, and thus control for
interfering substances, except that the liquid in the second cell exhibits additional
current flow if the simple sugar, e.g., glucose, was present in the combined contents
and was acted upon by the enzyme. Subtraction of the one value for current flow
from the other allows the determination of the concentration of the simple sugar in
the combined contents of the two compartments of the sterilization indicator. If
there is no difference, then there was no simple sugar present, and the sterilization

is deemed successful. If there is a difference, then there was present the simple

sugar and the sterilization is deemed unsuccessful.
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Example 1:

Germinating spores of Geobacillus stearothermophilus at a population of E5,
E6 and E7 spores per reaction containing growth media are monitored over several
hours for illustrative purposes using a Biochemical Analyzer (YSI Instruments) using
a glucose electrode. The growth media consists of glucose-free tryptic soy broth
(TSB) at 1/8th the standard TSB concentration (to minimize interference from media
components), containing the complex sugar maltose at concentrations of either 8.5
g/l or 10.5 g/l. Glucose measurements are taken every 60 minutes. All samples are
normalized with respect to the initial glucose reading of the media. Observations are
made over an extended time frame to measure the overall kinetics of the reaction
for the selected conditions. The results are shown in Fig. 10, which shows the
effects of the spore concentration and maltose concentration on the amount of

glucose generated over time.

Exampie 2:

Spores of Geobacillus stearothermophilus at populations of E5, E6, and E7
are evaluated for how rapidly the presence of viable organisms might be detected
by levels of glucose produced as the viable germinating organisms from the spores
break down the selected level of maltose into glucose in various formulations of
media. The media are formulated with varying concentrations of glucose-free tryptic
soy broth ranging from 1/8th of the standard glucose-free TSB (Tryptic soy broth)
concentration to full standard concentration while keeping the maltose concentration
constant at 8.5 g/1. Glucose-free TSB is a general nutrient source for bacteria and it
contains pancreatic digest of casein, papaic digest of soybean, and salts and
buffers; thus by diluting it we effectively reduce the amount of any interfering

20
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15

20

components present in the medium. The 'media only' samples are monitored
throughout the study o see the effects of the various concentrations of TSB on the
background signal. All samples are incubated at 56 °C for four hours with
measurements being faken every 60 minutes. The growth media of the organisms is
monitored using a Biochemical Analyzer (YS! Instruments) and a glucose electrode.

Fig 11 shows the changes in the relative background signal measured over
the incubation period for each of the four TSB concentrations without viable
organisms present. The data demonstrates that the background signal is reduced
at lower concentrations of TSB.

Table 1 below shows the tabulated normalized data measured in samples
with viable Geobacillus stearothermophilus. The data is normalized against the
respective media background for that incubation time. All values at or below the
value of one are not distinguishable over the background. The normalized data
demonsirates that the detection levels needed are reduced when the background
signal is at its lowest. At a 1X glucose-free TSB conceniration, a population of ES
spores cannot be detected within 4 hours whereas a population of E5 spores can be

detecled in 4 hours in a media formulated with 1/2X glucose-free TSE.

Table 1: Detection of glucose produced by viable spores of Geobacilius
slearothermophiius incubated in various media

Time
{min)

1XTEB 1/2X TSB 1/4X TSB 1/8 XTSB
E5 |E6 |E7 |ES |E6 |E7 |E5 |E6 |EVY |E5 |E6 |EY

1 1 1 1 1 1 1 1 1 1

60

0.986|1.028]1.394 1.074|1.727 1.083[1.812|1.034|1.138[1.942

120

180

1 1.145|2.342|1.008|1.244|3.417|1.062|1.500|5.219|1.066|1.527|5.022

240

1 1
1 1
1 1.096|1.8489|1.008|1.179|2.634(1.010|1.273|3.505|1.023|1.285|3.580
1 1
1 1

0.987]1.22412.816]1.016]1.333|4.087]1.058|1.673|6.168]1.136|1.841|6.653

25

Example 3:

Twelve self-contained biological indicators containing Geobacillus
stearothermophilus at a population of 2 x 107 CPU per SCBI are placed within a

simulated use medical device lcad and are processed in an aborted (i.e.,
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incomplete) cycle with a full load in a steam sterilizer. At the completion of the
aborted cycles, the samples are removed and incubated at 56 °C for three hours.
Samples are evalualed for the level of glucose in their media. Fig. 12 is a graph
which shows a comparison between the signal measured when spores survive the
sterilization process with the signal measured when spores do not survive the

sterilization process.

Example 4:

The detection of Geobacillus stearothermophilus spores at a population of
2E6 and supplemented with a-glucosidase at concentrations ranging from 0.4
units/ml to 9.7 units/ml was monitored using commercially available glucose strips
and a commercially available glucose monitor. Incubation is performed in 500 pl of
1/2X glucose-free TSB with 4.5 g/l maltose and 5.5 g/l maltose at 56°C for 4 hours.
The glucose concentration of each sample is measured every hour by dipping a
glucose strip into the growth media and taking a reading with the glucometer.
Tables 2 and 3 show the results of the study for the growth media containing 4.5 g/I
maltose and 5.5 g/l maltose, respectively. Any glucose reading above a "low"
reading on the glucose meter indicates viable organisms are present in the solution.
All data indicates that viable organisms can be detected in under an hour.
Increasing numbers in the table indicate that more glucose molecules are being
generated.

Table 2: Results of glucose readings for samples containing 4.5 g/1 maltose

1/2X Glucose-free TSB + 4.5 g/l maltose in G. stearothermophilus

Time (min) | Control —no | 9.7 unit/ml | 4.9 units/ml | 0.9 units/ml | 0.4 units/ml
maltose enzyme enzyme enzyme enzyme

0 ER4 Lo Lo Lo Lo

60 ER4 425 247 44 36

120 ER4 455 346 81 54

180 ER4 424 358 101 74

240 ER4 440 425 143 99
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Table 3: Results of glucose readings for samples containing 5.5 g/l maltose

1/2X Glucose-free TSB + 5.5 g/l maltose in G. stearothermophilus

Time (min) | Control —no | 9.7 unit/ml | 4.9 units/ml | 0.9 units/ml | 0.4 units/ml
maltose enzyme enzyme enzyme enzyme

0 ER4 Lo Lo Lo Lo

60 ER4 457 287 51 38

120 ER4 447 389 99 66

180 ER4 440 433 127 90

240 ER4 473 429 147 98

In the present invention the detection of viable organisms is performed

through the monitoring of an electronic signal resulting from the breakdown of

complex sugars into simple sugars in a coupled enzymatic reaction in which one of

the enzymes is selected from those already produced by the indicator spore and the

other from a set of simple sugar, e.g., glucose, reactive enzymes supplied as a

component of the disclosed system in accordance with the invention. The

examples cited herein show the demonstrated use of alpha glucosidase (naturally

occurring and found in many strains of both Geobacillus stearothermophilus and

Bacillus atrophaeus) and maltose (a disaccharide comprising two molecules of

glucose). This embodiment is of particular interest because the starting material

(maltose) does not interact with the ingredients to produce a signal without

interaction with viable spores expressing active glucosidase. Maltose also provides

two molecules of glucose rather than one which is the case for many other potential

sugars like lactose. One could use other naturally occurring enzymes from the

spore, for example, a galactosidase and a corresponding substrate like lactose

(produces one glucose molecule and one galactose molecule) to achieve the same

end — increasing the presence of a simple sugar, such as glucose, in the test

solution. In either case, the product of the first step, a simple sugar (e.g., glucose)

would interact with the enzyme of the cited example (e.g., glucose oxidase) to

produce reaction products (e.g., hydrogen peroxide) and the detectable electron

transfer of the present invention. As in the first step, alternative enzymes can be

used in place of glucose oxidase, as for example glucose dehydrogenase, which
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also produces detectable electrons. The combination of these features represents
a novel and quite unexpected system and method for determining the efficacy of a
sterilization process. What is also novel and quite unexpected is the use of a hand-
held glucose meter for the detection and evaluation of results leading to a PASS or
FAIL designation based on detection of any remaining viable indicator spores. The
system and method of the present invention thus may allow for read times as low as
seconds to minutes, which is also novel and quite unexpected in the field of
sterilization cycle monitoring.

While the principles of the invention have been explained in relation to
certain particular embodiments, these embodiments are provided for purposes of
illustration. It is to be understood that various modifications thereof will become
apparent to those skilled in the art upon reading the specification. Therefore, it is to
be understood that the invention disclosed herein is intended to cover such
modifications as fall within the scope of the appended claims. The scope of the
invention is limited only by the scope of the claims.
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CLAIMS
1. A sterilization indicator system, comprising:
a vial comprising:
a first compartment comprising spores of one or more species of
microorganism;
a second compartment comprising a growth medium comprising one
or more of a disaccharide, an oligosaccharide or a polysaccharide capable of
conversion to a monosaccharide by germinating cells of the one or more
species of microorganism, and
wherein the vial is free of the monosaccharide and is adapted to
combine contents of the first compartment with contents of the second
compartment for incubation after the vial has been exposed to a sterilant;
an enzyme, capable of acting upon the monosaccharide and producing an
electron transfer, disposed on two or more electrodes adapted to carry an electrical
signal resulting from the electron transfer when the enzyme acts upon the
monosaccharide, wherein the pair of electrodes are positioned to contact the
combined contents of the first compartment and the second compartment during
and/or after incubation; and

an apparatus linked or linkable to the electrodes and adapted to detect and
measure the electrical signal resulting from the electron transfer when the enzyme

acts upon the monosaccharide.
2. The sterilization indicator system of claim 1 wherein the one or more species
of microorganism comprises one or both of Geobacillus stearothermophilus and

Bacillus atrophaeus.

3. The sterilization indicator system of either of claim 1 or claim 2 wherein the
disaccharide is maltose and the monosaccharide is glucose.
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4. The sterilization indicator system of any preceding claim wherein the
disaccharide is maltose that is converted to glucose by a glucosidase produced by
or present in the germinating cells during incubation of the combined contents of the
first compartment and the second compartment.

5. The sterilization indicator system of any preceding claim wherein the enzyme
is provided together with one or more mediator.

6. The sterilization indicator system of claim 5 wherein the one or more
mediator comprises one or a mixture of two or more of ferrocene, vinyl ferrocene,
1,1'-dimethyl ferrocene, carboxyferrocene, 1,1'-dicarboxy ferrocene,
(dimethylamino)methyl ferrocene or ferrocyanide.

7. The sterilization indicator system of any preceding claim wherein the at least
two electrodes comprise graphite, graphene, carbon, carbon nanotubes, gold,
platinum, palladium, silver, nickel or copper or a combination or alloy of any two or

more thereof.

8. The sterilization indicator system of any preceding claim wherein the enzyme
is glucose oxidase.

9. The sterilization indicator system of any preceding claim wherein the enzyme
is glucose dehydrogenase.

10. A method of determining the efficacy of a sterilization process, comprising:
providing the sterilization indicator system of any preceding claim;
exposing the sterilization indicator to a sterilization process intended to Kkill

the spores of the one or more species of microorganism;
combining the contents of the first compartment and the second

compartment;
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exposing the combined contents to the enzyme disposed on the two or more
electrodes while incubating the combined contents;

with the apparatus linked to the electrodes, detecting and measuring any
electrical signal resulting from electron transfer when the enzyme acts upon the
monosaccharide; and

determining whether the sterilization process was efficacious.
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