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Abstract

Although alkaline hydrolysis treatment emerges as an alternative
disinfection/sterilization method for medical waste, information on its effects on
the inactivation of biological indicators is scarce. The effects of alkaline
treatment on the resistance of Geobacillus stearothermophilus spores were

investigated and the influence of temperature (80 ©C, 100 °C and 110 ©C) and
NaOH concentration was evaluated. In addition, spore inactivation in the
presence of animal tissues and discarded medical components, used as surrogate
of medical waste, was also assessed. The effectiveness of the alkaline treatment
was carried out by determination of survival curves and D-values. No significant

differences were seen in D-values obtained at 80 ©C and 100 ©C for NaOH
concentrations of 0.5 M and 0.75 M. The D-values obtained at 110°C (2.3-0.5 min)

were approximately 3 times lower than those at 100 OC (8.8€1.6 min).
Independent of the presence of animal tissues and discarded medical

components, 6 logl0 reduction times varied between 66 and 5 min at 100 ©C-0.1
M NaOH and 110 ©C-1 M NaOH, respectively. The alkaline treatment may be
used in future as a disinfection or sterilization alternative method for
contaminated waste.

1 Introduction

A large number of methods are available to inactivate microorganisms. Most of
them use the same fundamental principle of heat, chemicals, irradiation or
combinations of these. Several methods are currently used for the sterilization,
defined as a process that destroys all forms of life including dormant. These
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methods include plasma, vapour-phase hydrogen peroxide, ozone, chloride
dioxide, autoclaving, ethylene oxide and radiation. The selection of the method
depends on the type of material being treated as well as the intended purpose. For
instance, the last three methods are the most widely used for the sterilization of
medical instruments. Each of these methods has advantages and disadvantages.
Autoclaving is usually employed to kill bacteria, viable spores including endo-

spores and virus in heat resistant materials. At 121 ©C or higher, sterilization is

achieved. When temperatures below 121 9C are used a disinfection process occurs,
which may kill vegetative forms of microorganisms, such as pathogens or other
harmful organisms but do not inactivate bacterial endospores (Russell, 2001).
Autoclaving is extremely time-consuming and is not adequate to treat heat
sensitive materials. Exposure to ethylene oxide is highly efficient due to its
penetrative properties. Therefore, it is considered one of the most suitable
sterilization processes for thermo sensitive materials. However, ethylene oxide
1s extremely toxic and presents risks associated with handling a flammable
(Mendes et al., 2007). Radiation by gamma rays or electron beam are also very
effective sterilization methods, but can affect product integrity and can degrade
polymers and rubbers. Additionally, their utilization requires high capital
investment (Haji-Saeid et al., 2007). Plasma technology has been studied as an
alternative to conventional sterilization methods (Kylian et al., 2006; Yardimci
and Setlow, 2010). This method has some advantages over others, such as low
energy consumption, absence of residuals and toxic emissions, safety and low
capital and operational costs (Yardimeci and Setlow, 2010). Nevertheless, it has a
particular limitation, namely its incompatibility with some polymeric materials
(Lerouge et al., 2002). Sterilization processes are not only necessary for high
added- value materials. Indeed, tonnes of medical waste are produced per year
(Diaz et al., 2008; Lee and Huffman, 1996) and must be treated to eliminate the
infectious potential prior to disposal.

Autoclaving and incineration are the main processes used for treating medical
waste, the last being the oldest and, until now, the most used (Lee and Huffman,
1996; Sukandar et al., 2006). How- ever, this process demands high investment and
exploration costs and it is not appropriate to treat small quantities of medical wastes.
In this context, it is essential to develop effective low cost alternative sterilization
processes.

Various microorganisms, including pathogens, produce dormant forms, which
permit their survival under stress conditions, such as high temperature,
irradiation or chemical damage. Amongst these structures, the endospores,
herein further designated as spores, produced by some low G C Gram-positive
bacteria, are the mostresistant toharsh conditions. Several spore traits have been
described to be involved on resistance against physical and chemical
antimicrobial agents. The low water content in the spore core seems to be the
most important factor of a spore wet heat resistance. Indeed, the wet heat
resistance correlates negatively with the core water content (Setlow, 2006). The



high core mineralization also confers wet heat resistance; ions such as Ca2* ensure

a higher wet heat protection than Mg2+, Mn2+, Nat and K*. Another essential
factor to the spore resistance is the high quantity of small acid-soluble spore
proteins (SASPs) that protect the spore DNA by its saturation with a/b-type SASP
and DNA repair systems (Leggett et al., 2012; Setlow, 2006).

Geobacillus stearothermophilus comprise low G + C Gram- positive, thermophilic
non-pathogenic bacteria, and their spores are one of the most heat and chemical
agents resistant. Indeed, the low water content in the core and the intrinsic
thermostability of proteins confers to spores of thermophilic species a higher
resistant to wet heat than to those of mesophiles (Guizelini et al., 2012). Therefore,
the spores of this organism are often used as a biological indicator to assess the
effectiveness of sterilization methods (Lopez et al., 1997; Watanabe et al., 2003;
Wood et al., 2010).

This study reports the alkaline treatment as a disinfection and a sterilization
alternative methods for waste contaminated with infectious agents. The successful
inactivation of a Creutzfeldt-Jajob disease (CDJ) agent (Taguchi et al., 1991), the
inactivation of 22A strain of scrapie agent (Taylor et al., 1997), the prion
decontamination (McDonnell et al., 2013; Murphy et al., 2009) and inactivation of
potentially infectious agents including virus, bacteria, fungi and protozoa (Kaye et
al., 1998; Murphy et al., 2007; Neyens et al., 2003; Dixon et al., 2012) have been
proved.

In the present study the effect of alkaline treatment on the degree of G.

stearothermophilus spores inactivation, in terms of decimal reduction times (D-

value), at three temperatures (80 ©C, 100 ©C and 110 ©C) and different sodium
hydroxide concentrations, was assessed. In addition, dipicolinic acid (DPA)
released from endospores after the alkaline treatment was detected by the
terbium dipicolinate fluorescence method.

2. Material and methods

21. Preparation of G. stearothermophilus spores

Strain G. stearothermophilus 22T was obtained from the German Collection  of
Microorganisms and Cell Cultures (DSMZ). G. stearothermophilus was grown in
Nutrient Agar (Liofilchem) at 55 OC for 4 days. After incubation, the biomass was
scraped from the agar surface and washed with sterile distilled water. The resulting
suspension was incubated at 80 ©C for 15 min. After cooling down, the suspension
was centrifuged at 1000 g for 30 min at 5 ©C. The supernatant was decanted, and

the biomass was washed in chilled sterile distilled water and re-centrifuged. This
step was repeated twice. After re-suspension in water, the suspension was incubated

at 37 OC for 60 min in the presence of lysozyme (100 pg/mL) for peptidoglycan
breakdown. After washing with sterile distilled water for three times, and



centrifugation at 1000 X g for 20 min at 5 OC, the suspension was incubated with

sodium dodecyl sulphate (SDS) at 2.5% and incubated at 60 ©C for 15 min, to increase
the membrane fragmentation. After, the spores were washed with sterile distilled
water for three times. Confirmation of the integrity of cells and spores after each step
was carried out through transmission electron microscopy analysis (Fig. 1). The final
suspension of spores was serially diluted with sterile distilled water to obtain

approximately 107 colony-forming units per mL (cfw/mL) and stored at 4 ©C.

22, Alkaline treatment

The experiments were carried out in a Parr batch reactor with a titanium vessel of
450 mL capacity under temperature control. Five millilitres of spore suspension at

107 cfu/mL was mixed with 45 mL of NaOH solution at different concentrations (0.1
M, 0.25M, 0.5 M, 0.75 M or 1 M). The reactor was heated at temperatures of 80 ©C,

100 OC or 110 ©C with heating rates of 5 ©C/min. When the temperature stabilized,
samples of 1.5-2 mL were taken, at regular time intervals up to 30 min. A control

was made by heating the spore suspension at 100 ©C without NaOH.

To evaluate the behaviour of spores in the presence of material usually present
in medical waste, experiments with animal tissues (pork meat and bone) and a
mix of discarded medical components (cotton, diapers, tubes for transfusion,
surgical gloves, examination gloves, adhesives, surgical masks, bag collectors for
urine, serum bottles and syringes) were performed. Except for cotton, the animal

2 and all the assays were

tissues were cut in fragments of approximately 1 cm
carried out using samples with 1 g of each component.
The experiments performed with those materials were carried out at the same

conditions used in their absence. Approximately 10 g of animal tissues or

discarded medical components was added to the spore suspension (107 cfu/mL)
with 50 mL of 0.5 M NaOH solution.

23 Incubation and survival counts

The number of surviving spores was determined by the viable plate count
method. Samples of heated spore suspensions (1.5€2 mL) were cooled in ice-
water and neutralized with an HCI solution to pH 7. Samples were serially
diluted in sterile saline solution (0.85% NaCl, w:v) and 0.1 mL were spread on
triplicate nutrient agar plates and incubated at 55 °C for 24 h, 48 h, 72h, 96 h and
120 h. It was verified an increase in the cell counts over time, stabilizing at 96 h.
Thus, the D-values were calculated using data obtained after 96 h of incubation.
A positive control consisting on the enumeration of the total cell counts of the
spore suspension used in each assay was performed in parallel.



24 Fluorimetric detection of DPA

The DPA released by a 106 cfu/mL spore suspension after auto- claving at 121 °C
for 30 min and after the hydrolysis at 110 ©C, with 1 M NaOH was determined
through a fluorimetric method, as previously described (Navarro et al., 2008).
Briefly, a 1000 pL aliquot of suspension was added into 1 cm quartz cuvette with
40 pL of 10 nM TbCl13 and 800 mL water distilled. The photo- luminescence was
measured at 270 nm excitation and 546 nm emission wavelengths. A calibration
curve was prepared with DPA (2,6 pyridinedicarboxylic) concentrations ranging
from O up to 10nM. As control, a standard DPA solution at 10 nM was quantified
after the aforementioned autoclaving and alkaline treatments. Four independent
replicates were carried out for each condition.

25, Transmission electron microscopy

Bacterial and spore suspensions were fixed for 4 h with 2.5% glutaraldehyde
and 4% formaldehyde (obtained from hydrolysis of paraformaldehyde) diluted in
0.1 M cacodylate buffer (pH 7.2), post-fixed overnight with 2% OsO4 in cacodylate
buffer, stained in bloc with 1% uranyl acetate, dehydrated with ethanol and
embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead
citrate before being observed in a JEOL 100CXII transmission electron
microscope.

3. Results

Preliminary assays with vegetative cells of G stearothermophilus (Fig. 1A)

demonstrated that they were very sensitive to alkaline solutions, since 0.1 M NaOH

at 100 OC killed 99.9999% of the initial 106 cells/mL after 30 min of contact (data not
shown). Under the same conditions, 99.9% of the G. stearothermophilus spores were

inactivated. In opposition, the spores were not inactivated at 100 ©C in the absence
of NaOH (Fig. 2). Spore morphology was not affected by treatment with lysozyme
(Fig. 1B) or SDS (Fig. 1C).

The survival curves, obtained when the G. stearothermophilus spores were
exposed to alkaline conditions, exhibited biphasic curves with a slope tailing, as
shown in Figs. 2 and 3. There are several models that describe the inactivation
of microorganisms (Chick, 1908; Cole et al., 1993; Kamau et al., 1990). Cerf (1977)
proposed a model for populations constituted by two-fraction with a constant
inactivation rate for each fraction. In this model it is assumed that inactivation
of both fractions is independent and irreversible, each following first order
kinetics (Equation (1)).
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where N(t)/NQ is the proportion of surviving spores, t is the exposition time (min), k1
and k2 (k1 > k2 > 0) are the death rate constants for first fraction and second fraction,
respectively, fand (1 f) are the initial proportion in first fraction and second fraction,
respectively, and e is the Naperian base. The first and second fractions describe
the death of the less and the more resistant spores, respectively (Xiong et al.,
1999).

Given the biphasic behaviour of the survival curves of the G. stearothermophilus
spores, the D-values, at specified conditions, were determined by estimating the
parameter values of the Cerf's model. Table 1 reports the D-values, 6 log10, f, k1,

and k2. The differences between the D-values at 80 ©C and 100 ©C were not
significant for NaOH concentrations of 0.5 M (1.9 and 1.6 min, respectively) and
0.75 M (1.0 and 0.9 min, respectively); the 6 logl0 reduction times were also

similar. Given that both incubation at 80 ©C and 100 ©C are currently used to
isolate spores of low G C content Gram positive bacteria (Gerhardt, 1994), at
these two temperatures spore inactivation was solely due to the presence of the
alkaline solution. Indeed, no spore inactivation was observed in the controls

performed at 100 ©C in the absence of NaOH, as shown in Fig. 2. At 100 ©C, 6 log10
reductions varied between 66.1 and 19.7 min in the presence of 0.1 and 0.756 M
NaOH, respectively.

As expected, for each temperature tested, the calculated D- values decreased
with the increase of the NaOH concentration. At 100 ©C, the lowest D-value (0.9
min), obtained with 0.75 M NaOH, was about ten times lower than that obtained
with 0.1 M NaOH (8.8 min).

On the other hand, for each NaOH concentration tested, the calculated D-
values decreased with the increase of temperature. For NaOH concentrations of
0.1 M, 0.25 M and 0.5 M the D-values obtained at 110 ©C (2.3-0.5 min) were
approximately 3 times lower than those at 100 ©C (8.8-1.6 min). The combined
effect of high temperature (110 ©C) and NaOH (1 M) led to the complete
inactivation of spores (6 log10 reduction) after 5 min.

To confirm spores inactivation, DPA released after alkaline treatment (110 ©C,
1 M NaOH, 30 min) was quantified, and compared to that released after
autoclaving (121 ©C, 30 min). The concentration of DPA after autoclaving (1.8 nM)
was approximately 3.5 times higher than that quantified after the alkaline
treatment (0.5 nM) (Table 2). Given this unexpected result, the effect of temperature
and NaOH on the DPA determination was carried out, using a 10 nM standard
solution of this compound. It was verified that the presence of NaOH interfere with
the DPA quantification, since after the alkaline treatment the concentration of this
organic acid was about 3 times lower than that after heating at 110 ©C for 30 min
(Table 2). Confirmation of spores destruction after the alkaline treatment was given



by TEM analysis. No spores were observed after the alkaline treatment (Fig. 1D).
Given the importance of medical waste sterilization, the behaviour of spores in
the presence of materials usually present in medical waste was assessed at 110

OC and 0.5 M NaOH. In first minutes (1-2 min), the rate of spores inactivation in
the presence of animal tissues and discarded medical components was similar to
that in the absence of materials, as shown in Fig. 3. However, after that period,
there was a higher heat and alkaline resistance of those spores comparably to the
ones solely in NaOH solution. Such differences can be explained by diffusion
mechanism that occurred with sodium hydroxide and materials. In addition,
NaOH consumption in hydrolysis of the materials occurred. Indeed, under the
conditions tested, the animal tissues were almost destroyed. Nevertheless, the
time required for the complete inactivation of spores in the presence of animal
tissues and discarded medical components (25 min and 26 min, respectively) was
not much longer than that needed in their absence (24 min).

4. Discussion

The survival curves of G. stearothermophilus spores after being subjected to
alkaline treatment are typical of a mixture of two fractions or sub-populations
with different resistance to stressful conditions, such as heat (Abraham et al.,
1990). This difference in heat resistance has been attributed to different
physiological states in the spore population (Iciek et al., 2006). A dormant spore
transits to a vegetative cell by activation, germination and outgrowth. The
activation is a reversible process; only when the germination phase starts the
spore can no longer return to its dormant state (Leggett et al., 2012). Hence, spore
suspensions may contain sub- populations of activated and dormant ones. Spores
in the activated state are described as more sensitive to stressful conditions than
in the dormant state. Thus, in the present study the spores were inactivated in
two stages: the first corresponds, most probably, to the inactivation of the less
resistant spores and the second of the more resistant ones.

The decline observed in spore heat resistance, when the temperature of 110 °C was
used, can be explained by an increase in the core water content. Although the
mechanism of spore inactivation by wet heat is not entirely clear yet, it is partially
due to the rupture of the spore inner membrane permeability barrier, which causes
an increase in the core water content (Setlow, 2006). The spores inactivation by
alkaline treatment seems to involve the removal of alkali-soluble coat proteins with
consequent inactivation of the lytic enzymes essential for cortex hydrolysis and
spore germination (Duncan et al., 1972). Treatment efficiency can be proved by the
release of DPA to the suspension after the alkaline treatment and TEM observations.

It has been previously reported that inactivation of G.stearothermophilus

at low temperatures (<100 ©C) can be achieved using chemicals agents (Mazzola et
al., 2003; Rogers et al., 2007), high-pressure carbon dioxide (Watanabe et al., 2003)
and supercritical carbon dioxide with added hydrogen peroxide (Hemmer et al.,



2007) but the time required to inactivate spores is high. The D-values found in

literature for inactivation assays carried out at temperature 100 ©C were higher than
those obtained in this work (Table S1), except when using high pressure treatments

(Patazca et al., 2006). The D-values herein obtained at 100 ©C were even lower than

those found in studies using thermal inactivation at temperatures above 100 OC.
Except in the experiments carried out with 0.1 M NaOH, the highest D-value

obtained was 2.3 min (Table 1). In contrast, at 120 ©C, Lopez et al. (1997)

reported D- values ranging from 1.32 to 2.84 min, while at 121 9C, Feeherry et al.
(1987) and Guizelini et al. (2012) reported D-values from 1.3 to 5.4 min.
Nevertheless, the time required to complete inactivation of G. stearothermophilus
spores in the present study was probably, different from those obtained in
abovementioned studies. Indeed, at 121 ©C the thermal inactivation of spores
generally follows a first order linear kinetics while under alkaline treatment, as

described above, inactivation curves were non-linear.
Some authors (Murphy et al., 2009; Thacker, 2004) estimated the costs for the

alkaline hydrolysis treatment. Thacker (2004) indicates costs of $320 ton™1,
including those with steam, water, electricity, chemicals, labor, sanitary sewer

and maintenance and repair. Similar values ($260-$310 ton—1) were obtained by
Murphy et al. (2009) using alkaline hydrolysis to dispose of animal tissues and
carcasses during their study on prion inactivation. These costs do not include the
initial capital investment. The sterilization conditions, 1.e., relation
temperature/time herein obtained were less aggressive than those described on
previous studies. Hence, it can be argued that operation costs may be lower than
reported before. However, further scale-up studies are needed to assess the
detailed costs under the herein described conditions.

5. Conclusions

The results herein obtained confirm previous reports on the effectiveness of
alkaline on the treatment of biologically contaminated waste. Low temperature

values (110 ©C), NaOH concentration (1 M) and time (5 min) were needed to
achieve sterilization. The time required for total inactivation of spores in the
presence of the tested animal tissues and discarded medical components, identical
to those commonly found in medical waste, was similar to that obtained in their
absence. The disadvantage of this treatment is the production of an effluent with
high alkalinity, which adds to the process one additional neutralization step
before discharge.

Acknowledgments

S. C. Pinho thanks the FCT for the fellowship SFRD/BD/48956/ 2008 and the
Project PTDC/SAU-SAP/114855/2009. The authors thank the Luciana Gomes from



FEUP for your technical support in Fluorimetric detection of DPA and Ms. Elsa

Oliveira and Ms. Angela Alves from the Department of Microscopy of ICBAS-UP for
their technical support in TEM studies.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http:/
dx.doi.org/10.1016/.jenvman.2015.06.045.

References

Abraham, G., Debray, E., Candau, Y., Piar, G., 1990. Mathematical model of
thermal destruction of Bacillus stearothermophilus spores. Appl. Environ.
Microb. 56, 3073-3080.

Cerf, O., 1977. A review tailing of survival curves of bacterial spores. J. Appl.
Bac- teriol. 42, 1-19. http://dx.doi.org/10.1111/j.1365-
2672.1977.tb00665.x.

Chick, H., 1908. An investigation of the laws of disinfection. J. Hyg. (Lond) 8,
92-158.

Cole, M.B., Davies, KW., Munro, G., Holyoak, C.D., Kilsby, D.C., 1993. A
vitalistic model to describe the thermal inactivation of Listeria
monocytogenes. J. Ind. Microbiol. 12, 232-239.

Diaz, L.F., Eggerth, L.L., Enkhtsetseg, S., Savage, G.M., 2008. Characteristics
of healthcare wastes. Waste Manage. 28, 1219-1226.
http://dx.doi.org/10.1016/ j. wasman.2007.04.010.

Dixon, P.F., Algoet, M., Bayley, A., Dodge, M., Joiner, C., Roberts, E., 2012.
Studies on the inactivation of selected viral and bacterial fish pathogens
at high pH for waste disposal purposes. J. Fish. Dis. 35, 65-72.
http://dx.doi.org/10.1111/;.1365- 2761.2011.01316.x.

Duncan, C.L., Labbe, R.G., Reich, R.R., 1972. Germination of heat- and alkali-
altered spores of Clostridium perfringens type A by lysozyme and an
initiation protein. J. Bacteriol. 109, 550-559.

Feeherry, F.E., Munsey, D.T., Rowley, D.B., 1987. Thermal inactivation and
injury of Bacillus stearothermophilus spores. Appl. Environ. Microb. 53, 365-
370.

Gerhardt, P., Murray, R.G.E., Wood, W.A., Krieg, N.R., 1994. Methods for
General and Molecular Bacteriology. American Society for Microbiology,
Washington, D.C.

Guizelini, B.P., Vandenberghe, L.P.S., Sella, S.R., Socco, C.R., 2012. Study of
the influence of sporulation conditions on heat resistance of Geobacillus
stear- othermophilus used in the development of biological indicators for
steam sterilization. Arch. Microbiol. 194, 991-999.
http://dx.doi.org/10.1007/s00203- 012-0832-z.


http://dx.doi.org/10.1016/j.jenvman.2015.06.045
http://dx.doi.org/10.1016/j.jenvman.2015.06.045
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref1
http://dx.doi.org/10.1111/j.1365-2672.1977.tb00665.x
http://dx.doi.org/10.1111/j.1365-2672.1977.tb00665.x
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref3
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref3
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref3
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref4
http://dx.doi.org/10.1016/j.wasman.2007.04.010
http://dx.doi.org/10.1016/j.wasman.2007.04.010
http://dx.doi.org/10.1111/j.1365-2761.2011.01316.x
http://dx.doi.org/10.1111/j.1365-2761.2011.01316.x
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref7
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref8
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref8
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref8
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref8
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref9
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref9
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref9
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref9
http://dx.doi.org/10.1007/s00203-012-0832-z
http://dx.doi.org/10.1007/s00203-012-0832-z

Haji-Saei, M., Sampa, M.H.O., Chmielewski, A.G., 2007. Radiation
treatment for sterilization of packaging materials. Radiat. Phys. Chem.
76, 15635-1541. http:// dx.doi.org/10.1016/j.radphyschem.2007.02.068.

Hemmer, J.D., Drews, M.dJ., LaBerge, M., Matthews, M.A., 2007. Sterilization of
bacterial spores by using supercritical carbon dioxide and hydrogen
peroxide. J. Biomed. Mater. Res. Part B Appl. Biomater. 80B, 511-518.
http://dx.doi.org/ 10.1002/jbm.30625.

Iciek, J., Papiewska, A., Molska, M., 2006. Inactivation of Bacillus
stearothermophilus spores during thermal processing. J. Food Eng. 77, 406-410.
http://dx.doi.org/ 10.1016/;.jfoodeng.2005.07.005.

Kamau, D.N., Doores, S., Pruitt, K.M., 1990. Enhanced thermal destruction of
Listeria monocytogenes and Staphylococcus aureus by the lactoperoxidase
system. Appl. Environ. Microb. 56, 2711-2716.

Kaye, G., Weber, P., Evans, A., Venezia, R., 1998. Efficacy of alkaline hydrolysis
as an alternative method for treatment and disposal of infectious animal
waste. Contemp. Top. Lab. Anim. 37, 43-46.

Kylian, O., Sasaki, T., Rossi, F., 2006. Plasma sterilization of Geobacillus stear-
othermophilus by O2:N2 RF inductively coupled plasma. Eur. Phys. J. Appl.
Phys. 34, 139-142. http://dx.doi.org/10.1051/epjap:2006034.

Lee, C.C., Huffman, G.L., 1996. Medical waste management/incineration. .
Hazard. Mater. 48, 1-30. http://dx.doi.org/10.1016/0304-3894(95)00153-
0.

Leggett, M.J., McDonnell, G., Denyer, S.P., Setlow, P., Maillard, J.Y., 2012.
Bacterial spore structures and their protective role in biocide resistance. .
Appl. Micro- biol. 113, 485-498. http://dx.doi.org/10.1111/5.1365-
2672.2012.05336.x.

Lerouge, S., Tabrizian, M., Wertheimer, M.R., Marchand, R., Yahia, L., 2002.
Safety of plasma-based sterilization: surface modifications of polymeric
medical devices induced by Sterrad and Plazlyte processes. Bio-med.
Mater. Eng. 12, 3-13.

Lo pez, M., Gonz'alez, 1., Mazas, M., Gonza lez, J., Martin, R., Bernardo, A.,
1997. Influence of recovery conditions on apparent heat resistance of
Bacillus stear- othermophilus spores. Int. J. Food Sci. Tech. 32, 305-311.
http://dx.doi.org/ 10.1046/;.1365-2621.1997.00115.x.

Mazzola, G., Penna, T.C., Martins, A.M., 2003. Determination of decimal
reduction time (D value) of chemical agents used in hospitals for
disinfection purposes. BMC Infect. Dis. 3, 24-34.
http://dx.doi.org/10.1186/1471-2334-3-24.

McDonnell, G., Dehen, C., Perrin, A., Thomas, V., Igel-Egalon, A., Burke, P.A.,
Deslys, J.P., Comoy, E., 2013. Cleaning, disinfection and sterilization of
surface prion contamination. J. Hosp. Infect. 85, 268-273.
http://dx.doi.org/10.1016/ j.jhin.2013.08.003.

Mendes, G.C., Branda o, T.R., Silva, C.L.,, 2007. Ethylene oxide sterilization of

10


http://dx.doi.org/10.1016/j.radphyschem.2007.02.068
http://dx.doi.org/10.1016/j.radphyschem.2007.02.068
http://dx.doi.org/10.1002/jbm.30625
http://dx.doi.org/10.1002/jbm.30625
http://dx.doi.org/10.1016/j.jfoodeng.2005.07.005
http://dx.doi.org/10.1016/j.jfoodeng.2005.07.005
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref14
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref15
http://dx.doi.org/10.1016/0304-3894(95)00153-0
http://dx.doi.org/10.1016/0304-3894(95)00153-0
http://dx.doi.org/10.1111/j.1365-2672.2012.05336.x
http://dx.doi.org/10.1111/j.1365-2672.2012.05336.x
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref19
http://dx.doi.org/10.1046/j.1365-2621.1997.00115.x
http://dx.doi.org/10.1046/j.1365-2621.1997.00115.x
http://dx.doi.org/10.1186/1471-2334-3-24
http://dx.doi.org/10.1016/j.jhin.2013.08.003
http://dx.doi.org/10.1016/j.jhin.2013.08.003

medical devices: a review. Am. J. Infect. Control 35, 574-581.
http://dx.doi.org/10.1016/ j.ajic.2006.10.014.

Murphy, R.G.L., Scanga, J.A., Powers, B.E., Nash, P.B., VerCauteren, K.C.,
Sofos, J.N., Belk, K.E., Smith, G.C., 2007. Alkaline Hydrolysis of Prion-
positive Materials for the Production of Non-ruminant Feed. Project
Summary. Colorado State
University.http://www.beefissuesquarterly.org/CMDocs/BeefResearch/Safet
y_

Project_Summaries/FY06_Alkaline_hydrolysis_of prion_positive_materials
.pdf (accessed 06.04.15.).

Murphy, R.G., Scanga, J.A., Powers, B.E., Pilon, J.L., VerCauteren, K.C., Nash, P.B.,
Smith, G.C., Belk, K.E., 2009. Alkaline hydrolysis of mouse adapted scrapie for
inactivation and disposal of prion-positive material. J. Anim. Sci. 87, 1787-1793.
http://dx.doi.org/10.1016/j.jhin.2013.08.003.

Navarro, AK., Pena, A., Pé rez-Guevara, F., 2008. Endospore dipicolinic acid
detection during Bacillus thuringiensis culture. Lett. Appl. Microbiol. 46,
166-170. http:// dx.doi.org/10.1111/3.1472-765X.2007.02277 .x.

Neyens, E., Baeyens, J., Creemers, C., 2003. Alkaline thermal sludge
hydrolysis. J. Hazard. Mater. 97, 295-314. http://dx.doi.org/10.1016/S0304-
3894(02)00286- 8.

Patazca, E., Koutchma, T., Ramaswamy, H.S., 2006. Inactivation kinetics of Geo-
bacillus stearothermophilus spores in water using high-pressure processing at
elevated temperatures. dJ. Food Sci. 71, M110-M116.
http://dx.doi.org/10.1111/j.1365-2621.2006.tb15633.x.

Rogers, J.V., Choi, Y.W., Richter, W.R., Rudnicki, D.C., Joseph, D.W., Sabourin,
C.L., Taylor, M.L., Chang, J.C., 2007. Formaldehyde gas inactivation of
Bacillus anthracis, Bacillus subtilis, and Geobacillus stearothermophilus spores on
indoor surface materials. J. Appl. Microbiol. 103, 1104-1112.
http://dx.doi.org/10.1111/;.1365-2672.2007.03332.x.

Rusell, A.D., 2001. Principles of antimicrobial activity. In: Block, S.S. (Ed.),
Disin- fection, Sterilization and Preservation. Lea and Febiger, London, pp.
31-55.

Setlow, P., 2006. Spores of Bacillus subtilis: their resistance to and killing by radi-
ation, heat and chemicals. J. Appl. Microbiol. 101, 514-525. http://dx.doi.org/
10.1111/5.1365-2672.2005.02736.x.

Sukandar, S., Yasuda, K., Tanaka, M., Aoyama, 1., 2006. Metals leachability
from medical waste incinerator fly ash: a case study on particle size
comparison. Environ. Pollut. 144, 726-735.
http://dx.doi.org/10.1016/j.envpol.2006.02.010.

Taguchi, F., Tamai, Y., Uchida, K., Kitajima, R., Kojima, H., Kawaguchi, T.,
Ohtani, Y., Miura, S., 1991. Proposal for a procedure for complete
inactivation of the Creutzfelt-Jakob disease agent. Arch. Virol. 119, 297-301.
http://dx.doi.org/ 10.1007/BF01310679.

11


http://dx.doi.org/10.1016/j.ajic.2006.10.014
http://dx.doi.org/10.1016/j.ajic.2006.10.014
http://www.beefissuesquarterly.org/CMDocs/BeefResearch/Safety_Project_Summaries/FY06_Alkaline_hydrolysis_of_prion_positive_materials.pdf
http://www.beefissuesquarterly.org/CMDocs/BeefResearch/Safety_Project_Summaries/FY06_Alkaline_hydrolysis_of_prion_positive_materials.pdf
http://www.beefissuesquarterly.org/CMDocs/BeefResearch/Safety_Project_Summaries/FY06_Alkaline_hydrolysis_of_prion_positive_materials.pdf
http://www.beefissuesquarterly.org/CMDocs/BeefResearch/Safety_Project_Summaries/FY06_Alkaline_hydrolysis_of_prion_positive_materials.pdf
http://dx.doi.org/10.1016/j.jhin.2013.08.003
http://dx.doi.org/10.1111/j.1472-765X.2007.02277.x
http://dx.doi.org/10.1111/j.1472-765X.2007.02277.x
http://dx.doi.org/10.1016/S0304-3894(02)00286-8
http://dx.doi.org/10.1016/S0304-3894(02)00286-8
http://dx.doi.org/10.1016/S0304-3894(02)00286-8
http://dx.doi.org/10.1111/j.1365-2621.2006.tb15633.x
http://dx.doi.org/10.1111/j.1365-2621.2006.tb15633.x
http://dx.doi.org/10.1111/j.1365-2672.2007.03332.x
http://dx.doi.org/10.1111/j.1365-2672.2007.03332.x
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref30
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref30
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref30
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref30
http://refhub.elsevier.com/S0301-4797(15)30138-9/sref30
http://dx.doi.org/10.1111/j.1365-2672.2005.02736.x
http://dx.doi.org/10.1111/j.1365-2672.2005.02736.x
http://dx.doi.org/10.1016/j.envpol.2006.02.010
http://dx.doi.org/10.1007/BF01310679
http://dx.doi.org/10.1007/BF01310679

Taylor, D.M., Fernie, K., McConnell, 1., 1997. Inactivation of the 22A strain of
scrapie agent by autoclaving in sodium hydroxide. Vet. Microbiol. 58, 87-
91. http:// dx.doi.org/10.1016/S0378-1135(97)00103-X.

Thacker, H.L., 2004. Alkaline hydrolysis. Report Prepared by the National
Agricultural Biosecurity Center Consortium Carcass Disposal Working
Group. In: Carcass  Disposal: a  Comprehensive Review.
http://amarillo.tamu.edu/files/ 2011/01/draftreport.pdf (accessed
06.04.15.).

Watanabe, T., Furukawa, S., Hirata, J., Koyama, T., Ogihar, H., Yamasaki, M.,
2003. Inactivation of Geobacillus stearothermophilus spores by high-pressure
carbon dioxide treatment. Appl. Environ. Microb. 69, 7124-7129.
http://dx.doi.org/ 10.1128/AEM.69.12.7124-7129.2003.

Wood, J.P., Lemieux, P., Betancourt, D., Kariher, P., Gatchalian, N.G., 2010.
Dry thermal resistance of Bacillus anthracis (Sterne) spores and spores of
other Bacillus species: implications for biological agent destruction via
waste incineration. dJ. Appl. Microbiol. 109, 99-106.
http://dx.doi.org/10.1111/j.1365- 2672.2009.04632.x.

Xiong, R., Xie, G., Edmondson, A.E., Sheard, M.A., 1999. A mathematical model for
bacterial inactivation. Int. J. Food Microbiol. 46, 45-55. http://dx.doi.org/
10.1016/S0168-1605(98)00172-X.

Yardimei, O., Setlow, P., 2010. Plasma sterilization: opportunities and microbial
assessment strategies in medical device manufacturing. IEEE T. Plasma Sci.
38, 973-981.  http://dx.doi.org/10.1109/TPS.2010.2041674.

Fig. 1. TEM images of Geobacillus stearothermophilus. Vegetative cells
suspension (A), spores suspension after addition of lysozyme (B), after
addition of SDS (C) and spore debris after alkaline treatment (D). sc, spore

coat; co, cortex; cr, core.

12


http://dx.doi.org/10.1016/S0378-1135(97)00103-X
http://dx.doi.org/10.1016/S0378-1135(97)00103-X
http://amarillo.tamu.edu/files/2011/01/draftreport.pdf
http://amarillo.tamu.edu/files/2011/01/draftreport.pdf
http://amarillo.tamu.edu/files/2011/01/draftreport.pdf
http://dx.doi.org/10.1128/AEM.69.12.7124-7129.2003
http://dx.doi.org/10.1128/AEM.69.12.7124-7129.2003
http://dx.doi.org/10.1111/j.1365-2672.2009.04632.x
http://dx.doi.org/10.1111/j.1365-2672.2009.04632.x
http://dx.doi.org/10.1016/S0168-1605(98)00172-X
http://dx.doi.org/10.1016/S0168-1605(98)00172-X
http://dx.doi.org/10.1109/TPS.2010.2041674

)
<
€ 4
20
= o 0 M NaOH
5 - = (.10 M NaOH
- A 0.25M NaOH
® (.50 M NaOH
-6 O 0.75 M NaOH
4 1 M NaOH
—Cerf model
-7

0 4 8 12 16 20 24 28 32 36
Time (min)

Fig. 2. Survival curves for the Geobacillus stearothermophilus exposed to alkaline

treatment at 100 OC with various NaOH concentrations. Vertical bars represent
standard deviations of the means.
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standard deviations of the means.
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Table 1
Decimal time reduction (D-value), 6 log10, estimates of the model parameters and standard derivation values for the Cerf
model. Data presented are the mean of three in- dependent experiences with standard deviation.

Conditions D-value (min) 6 log10 (min) f k; (min—1) kz (min~1)
Temperature (*C]) NaOH (M)

80 0.50 19+02 284 + 2.7 09919 + 0.0219 1.2168 + 0.0777 03176 = 01179
80 0.75 1.0 + 0.0 20.2 + 0.0 09993 + 0.0000 23189 + 0.2117 0.3909 + 0.0280
100 0.10 8.8 + 0.8 66.1 + 1.5 04144 + 0.0866 3.0538 + 0.0000 0.2010 + 0.0029
100 0.25 25+02 298 + 3.6 0.7170 + 0.0577 59338 + 01111 0.4218 + 0.0531
100 0.50 1.6+ 02 243 + 3.2 09967 + 0.0026 1.5322 + 02923 0.3296 + 0.1792
100 0.75 0.9 + 0.0 19.7 + 1.1 09977 + 0.0008 24692 + 0.0604 0.3940 + 0.0343
100 1.00 0.8 + 0.0 10.8 + 0.1 09691 + 0.0369 3.1831 £ 0.1160 0.9500 + 0.0168
110 0.10 23+01 408 + 6.0 09990 + 0.0029 1.0075 + 0.0752 0.0872 + 0.0806
110 0.25 1.8 +03 290+ 2.2 09993 + 0.0005 1.1392 + 0.0287 0.2148 + 0.0197
110 0.50 0.5 + 0.0 240 + 0.1 09998 + 0.0004 52480 + 0.1350 02274 + 0.0523

Table 2

Concentration of 10 nM standard DPA, and DPA released from endospores after autoclaving and alkaline treatment.

Conditions DPA released (nM)
DPA standard (110 °C, 30 min) 98 + 0.0
DPA standard (110°C, 1 M NaOH, 30 min) 33102
Autoclaving (121 °C 30 min) 18 +01
Alkaline treatment (110°C, 1 M NaOH, 30 min) 05 +01
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