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The kinetics of ozone inactivation of infectious prion protein (PrPSc, scrapie 263K) was investigated in ozone-demand-free phos-
phate-buffered saline (PBS). Diluted infectious brain homogenates (IBH) (0.01%) were exposed to a predetermined ozone dose
(10.8 � 2.0 mg/liter) at three pHs (pH 4.4, 6.0, and 8.0) and two temperatures (4°C and 20°C). The inactivation of PrPSc was
quantified by determining the in vitro destruction of PrPSc templating properties using the protein misfolding cyclic amplifica-
tion (PMCA) assay and bioassay, which were shown to correlate well. The inactivation kinetics were characterized by both
Chick-Watson (CW) and efficiency factor Hom (EFH) models. It was found that the EFH model fit the experimental data more
appropriately. The efficacy of ozone inactivation of PrPSc was both pH and temperature dependent. Based on the EFH model, CT
(disinfectant concentration multiplied by contact time) values were determined for 2-log10, 3-log10, and 4-log10 inactivation at
the conditions under which they were achieved. Our results indicated that ozone is effective for prion inactivation in ozone-de-
mand-free water and may be applied for the inactivation of infectious prion in prion-contaminated water and wastewater.

Transmissible spongiform encephalopathies (TSEs) are fatal
neurodegenerative diseases that are often associated with the

presence of a misfolded form (PrPSc) of normal prion protein
(PrPC). TSEs include scrapie of sheep and goats, chronic wasting
diseases (CWD) of deer and moose, bovine spongiform encepha-
lopathy (BSE) of cows, and Creutzfeldt-Jakob disease (CJD) of
human (1). Scrapie and CWD are horizontally contagious among
susceptible hosts (2), whereas BSE is not contagious in cattle but
transmitted through ingestion of infected bovine tissues (3). Spo-
radic CJD is the most common form of CJD in humans, followed
by familial CJD and iatrogenic CJD in rare cases (1). The identifi-
cation of a new variant CJD (vCJD), due to consumption of BSE-
contaminated meat, has raised great public concerns (4). Since
then, bovine tissues potentially containing high levels of PrPSc

(including skull, brain, trigeminal ganglia, eyes, tonsils, spinal
cord, and dorsal root ganglia of cattle aged 30 months or older,
and the distal ileum of cattle of all ages) have been designated
specified risk materials (SRM) and cannot be used for animal feed,
pet food, or fertilizer by the industry (5). Effective inactivation and
disposal of SRM is important for limiting risks posed to public
health through contamination of the environment, as PrPSc is no-
table for its persistence in the environment (6).

Water and wastewater may act as transporting agents of infec-
tious prions. It has been reported that PrPSc was detected in sur-
face water samples from an area where CWD is endemic (7). Be-
cause of the possibility that SRM liquid waste may be released into
the environment, there is also a possibility that infectious prions
may enter wastewater treatment systems. In the case of PrPSc pres-
ent in wastewater, BSE infectivity has been demonstrated to per-
sist in raw sewage for longer than 150 days (8), and anaerobic
digestion had a very limited impact on prion degradation (9),
which indicates that infectious prions would survive conventional
wastewater treatment.

Ozone has the highest oxidation potential among most chem-
ical disinfectants used in water treatment (10) and has been widely
used for inactivation of bacteria, viruses, and protozoa (11–14).
We recently examined the effectiveness of PrPSc inactivation by

ozone (15). PrPSc (scrapie 263K) was inactivated by ozone under a
variety of conditions, with inactivation levels being dependent
upon the applied ozone dose (7.6 to 25.7 mg/liter), contact time (5
s and 5 min), pH (pH 4.4, 6.0, and 8.0), and temperature (4 and
20°C). We reported that higher ozone doses, greater contact time
(5 min), low pH (4.4), and elevated temperature (20°C) resulted
in the highest level of PrPSc inactivation, as evaluated by protein
misfolding cyclic amplification (PMCA). With the demonstration
of the effectiveness of ozone for inactivation of PrPSc and the foun-
dation of preliminary derivation of CT (disinfectant concentra-
tion multiplied by contact time) under various conditions in our
previous study (15), an understanding of the kinetics of ozone
inactivation of PrPSc is required for the design of competent water
treatment technologies capable of inactivating infectious prions.

In this study, ozone inactivation experiments were performed
with variable pHs and temperatures. Most natural waters and mu-
nicipal wastewater have a pH range of 6 to 8 (16), and the pH of
wastewater from slaughterhouses can be as low as 3 due to pH
adjustment for blood removal (17). Therefore, we selected three
pHs (4.4, 6.0, and 8.0) within this range for evaluation. Two tem-
peratures, 4 and 20°C, were chosen to represent ambient and cold
water temperatures. The applied ozone doses were regulated to be
close to 10 mg/liter, allowing residual ozone to persist for 5 min
under all testing conditions. These applied ozone doses were
within the range for ozone disinfection of secondary municipal
wastewater effluents (18). The objectives of this study were to (i)
compare the fit of previously described water disinfection models
for ozone inactivation of PrPSc, (ii) document the ozone inactiva-
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tion of PrPSc at various pHs and temperatures based on the models
with the best fit, and (iii) compare the PMCA assay and animal
bioassay on determination of prion inactivation by ozone.

MATERIALS AND METHODS
Ethics statement. All animal work procedures were performed under
strict accordance with Canadian Council on Animal Care guidelines in
such a manner as to minimize suffering. Protocols were approved and
monitored by the Animal Care Committee at the Canadian Food Inspec-
tion Agency, Ottawa Laboratory—Fallowfield. Three- to six-week-old fe-
male Syrian golden hamsters (Charles River Laboratories International,
Inc., Wilmington, MA) were used to prepare infectious brain homoge-
nates (IBH) and normal brain homogenates (NBH). The detailed proce-
dure for preparation of homogenates was described previously by Ding et
al. (15).

Ozone inactivation of PrPSc. The procedures for preparation of ozone
demand-free (ODF) 1� phosphate-buffered saline (PBS) (pH 4.4, pH 6.0,
and pH 8.0), reaction vials, pipette tips, and magnetic bars were described
previously by Ding et al. (15). Ozone stock solutions (in 1� PBS at pH 4.4,
6.0, and 8.0) were generated using ultrapure oxygen and an ozone gener-
ator (G30; PCI Wedeco). An ozone stock solution was prepared by bub-
bling ozone gas into 1 liter of 1� PBS for 30 min at 4°C. The ozone
inactivation experiments were done by stabilizing 1.5-ml glass shell vials
(Fisher Scientific, Canada) using a plastic grid box, which was submerged
in ice water (4 � 1°C) and/or directly mounted on top of a magnetic
stirrer at room temperature (controlled at 20 � 1°C). Magnets were put
into each reaction vial to ensure even mixing during the reaction. Separate
reaction vials were set up to withdraw samples at predetermined reaction
times (3 s, 15 s, 2 min, 3 min, and 5 min). The ozone concentration in the
stock solution was determined prior to the ozone inactivation experiment
using a UV-visible spectrophotometer (Biospec Mini 1240; Shimadzu,
Japan) at 260 nm, a molar absorption coefficient of 3,300 M�1 cm�1, and
a path length of 1 cm (19). A portion of concentrated ozone stock solution
was also collected for ozone concentration determination by the indigo
method at the end of the experiment (20).

The contents of reaction vessels were assembled as follows. A 10% IBH
stock was diluted with 1� ODF PBS (same pH as ozone stock solution) to
create a 0.1% working stock. One hundred microliters of the 0.1% IBH
working stock was added to each reaction vial. Based on the known con-
centration of the ozone stock solution, a calculated volume of 1� ODF
PBS (same pH as the ozone stock solution) was added to each reaction
tube, the volume of which was intended to yield a final ozone concentra-
tion of 10.8 � 2.0 mg/liter. The final assembled reaction in each vessel
contained 0.01% IBH and �10 mg/liter of ozone in a final volume of 1 ml.
During the ozonation phase, reaction vials were covered with plastic lids.
Samples from each of the vessels were withdrawn at predetermined times
and assayed for residual ozone concentration by the indigo method, as
described by Ding et al. (15). For the volume remaining in each of the
reaction vessels, ozone activity was immediately neutralized by the addi-
tion of 20 �l of 1 M sodium thiosulfate. For positive-control samples, 20
�l of 1 M sodium thiosulfate was added to the IBH sample prior to the
addition of ozone.

After ozone treatment was completed, control and ozonated samples
were frozen at �80°C until PMCA was performed. The ozone inactivation
experiments were performed in triplicate for each condition. All calcula-
tions of residual ozone concentrations for the ozone decomposition rate
constant (k=) were carried out using the readings from the indigo method
only.

Quantitative analysis of inactivation. Protein misfolding cyclic am-
plification (PMCA), proteinase K (PK) digestion, SDS-PAGE, and West-
ern blot analysis were conducted using procedures described by Ding et al.
(15). In order to quantify the amount of PrPSc detected by Western blot-
ting, the blots were analyzed using ImageQuant TL software (GE Health-
care). The net intensity volume of each active band was normalized by
subtracting the intensity of background. Assuming that the normalized

intensity volume follows an exponential relationship with dilution before
reaching saturation (21), the intensity volume of all dilutions of ozonated
samples and lower dilutions (�2 to �6 log10) of the positive-control
samples were standardized against the intensity volume (saturated) of a
�1-log10 dilution of the positive-control samples, present in the same blot
image. The inactivation of PrPSc by ozonation was calculated according to
equation 1:

log10 N ⁄ N0 � log10 ({[log10 (intensity of highest dilution of

ozonated sample 1) ⁄ log10 (intensity of �1 log10 of control)] ⁄

(highest dilution of ozonated sample 1)} ⁄

{[log10 (intensity of highest dilution of control) ⁄

log10 (intensity of �1 log10 of control)] ⁄

(highest dilution of control)}) (1)

where log10(N/N0) is the log10 of survival of PrPSc after ozone treatment.
“Intensity of highest dilution of ozonated sample 1” represents the nor-
malized intensity volume of the signal immediately above 0 of one ozon-
ated sample (i.e., �2-log10 dilution of 3-s-ozonated sample in Fig. 1).
“Highest dilution of ozonated sample 1” represents the dilution with a
signal immediately above 0 (in the form 10�n, where n is an integer) of
ozonated sample 1 (i.e., 10�2). “Intensity of �1-log10 dilution of control”
represents the normalized intensity volume of the signal of a �1 log10

dilution of the positive-control sample (i.e., �1-log10 dilution of the con-
trol in Fig. 1). “Intensity of highest dilution of control” represents the
normalized intensity volume of the signal immediately above 0 of the
positive-control sample (i.e., �4-log10 dilution of the control in Fig. 1).
“Highest dilution of control” represents the dilution whose signal is im-
mediately above 0 (in the form of 10�n, where n is an integer) of the
positive-control sample (i.e., 10�4).

Kinetic modeling and estimation of CT values. The ozone decompo-
sition rate constants, k= for each condition, were calculated using the
Solver function in Microsoft Excel 2007 to regress the first-order kinetic
equation

C � C0 exp��k�t� (2)

where C and C0 are residual ozone concentration (mg/liter) at contact
time t (min) and 3 s (closest to 0 s), respectively; k= is the first-order ozone
decomposition rate constant (min�1). The inactivation of PrPSc under
each condition grouped by pH and temperature was fit into both the
Chick-Watson (CW) model and the efficiency factor Hom (EFH) model,
as shown in equations 3 and 4, respectively.

log10

N

N0
� �

k

k�n
C0

n�1 � exp��nk�t�� (3)

log10

N

N0
� �kC0

ntm�1 � exp��
nk�t

m �
�nk�t

m � �
m

(4)

where k is the inactivation rate constant, n is the constant referred to as the
coefficient of dilution, and m is the constant for the inactivation rate law
which describes the deviation from the ideal Chick-Watson law. The value
log10(N/N0) is as presented in equation 1, C0, t, and k= are as presented in
equation 2. To determine the unknown parameters in equations 3 and 4,
the Solver function in Microsoft Excel 2007 was used to minimize the sum
of squares of the differences (error sum of squares [ESS]) between ob-
served (equation 1) and predicted (equation 3 and 4) survival under each
condition.

The CT values were estimated for the purpose of assessing the ozone
inactivation of PrPSc. Assuming that ozone decomposition follows pseu-
do-first-order kinetics after initial ozone demand, the CT values (mg ·
liter�1 min) were estimated by the area under the ozone decay curve at the
specific time, using equation 5.
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CT � 	C�t�dt �
Co

k�
�1 � exp��k�t�� (5)

where C0, k=, and t are as presented in equation 2.
Animal bioassay. Animal infectivity was used to validate PMCA re-

sults obtained from ozonation experiments. Three- to six-week-old fe-
male Syrian golden hamsters (Charles River Laboratories International
Inc., Washington, MA) were used in this study. To determine infectious
titers by endpoint titration, hamsters were intracranially inoculated with
50 �l of serially diluted infectious 263K brain homogenate in PBS over a
range of 10�1 to 10�9, with eight to 10 hamsters per group. Hamsters were
monitored for clinical evidence of neurological disease and were eutha-
nized when terminally affected or after �300 asymptomatic days postin-
oculation. Disease transmission was confirmed by immunohistochemical
staining of brain sections using an automated immunostainer (Ventana
Medical Systems, Tucson, AZ) and the monoclonal antibody SAF84 (Cay-
man Chemical, Ann Arbor, MI). The infectious titer was determined to be
109.94 50% infectious doses (ID50) per gram of infectious brain tissue
using the method of Reed and Muench (22). Infectious titers of test sam-
ples were calculated from incubation times based on standard curves gen-
erated using linear regression and four-parameter logistic regression by
Sigma Plot 12 (23).

Due to the length of time required to complete the bioassay (�300
days), ozone-treated samples processed previously by Ding et al. (15) were
used for validation of the PMCA assay. Groups of four to six hamsters
were intracranially inoculated with control and ozone-treated samples
(50 �l each), as follows: 10% NBH (bioassay-negative control), 10% IBH
(bioassay-positive control), positive-control samples (0.01% IBH with
quenched ozone), samples ozonated with dose of 13.7 mg/liter at 4°C and
pH 4.4, samples ozonated with 13.7 mg/liter for 5 min at pH 4.4 and 4°C,
samples ozonated with 12.5 mg/liter for 5 s at pH 6.0 and 4°C, samples

ozonated with 12.5 mg/liter for 5 min at pH 6.0 and 4°C, samples ozon-
ated with 14.1 mg/liter for 5 s at pH 8.0 and 4°C, and samples ozonated
with 14.1 mg/liter for 5 min at pH 8.0 and 4°C. As described above, ani-
mals were euthanized and tested by immunohistochemistry if they dis-
played terminal disease or were asymptomatic �300 days postinocula-
tion.

Statistical analysis. The correlation coefficient (R2) for each kinetic
model was calculated by regression (Microsoft Excel 2007) to determine
the fit of the predicted CW or EFH model-of-inactivation curve to the
observed inactivation data. The differences in inactivation under various
conditions were analyzed by a t test with a 95% confidence level using
GraphPad Prism 4.

RESULTS

Ozone inactivation experiments were conducted under various
conditions, including different pHs (4.4, 6.0, and 8.0) and tem-
peratures (4 and 20°C). With exposure to ozone, PrPSc templating
properties were gradually inactivated over the course of 5 min of
exposure (Fig. 1 and Fig. 2). At 4°C, a loss of 2 to 3 log10 in PrPSc

signal intensity was observed after 3 s at pH 4.4, and no signal was
detected after a contact time of 5 min (Fig. 1). The loss of ability of
PrPSc as a seeding template for misfolding of PrPC by PMCA was
also observed at other pHs (pH 6.0 and 8.0) after ozone treatment;
however, at pH 6.0 and 8.0, the complete loss of the seeding effect
was not achieved after 5 min (Fig. 1). This is in accordance with
the findings in our previous study (15). PMCA Western blot im-
ages of samples treated at 20°C are shown in Fig. 2. To generate a
quantitative estimate of ozone inactivation, triplicate Western
blot images were analyzed by densitometric analysis, and the val-

FIG 1 Western blot images of 0.01% IBH samples ozonated at 4°C and amplified by PMCA. The images in each row, from left to right, represent positive-control
samples and samples treated with ozone for 3 s, 15 s, 2 min, 3 min, and 5 min. The numbers above the blots (�1 to �5) represent log10 dilutions of samples. N,
10% NBH treated with PK; B, blank. Lanes labeled with a plus sign contain a �1-log10 dilution of positive-control samples (same samples as the �1 log10 control
in the first lane in the left column). Molecular weights of 37,000 and 25,000 are indicated on the far left and right.
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ues for log10(N/N0) were estimated as described in Materials and
Methods. Observed survival of PrPSc exposures to ozone for each
testing condition is illustrated in Fig. 3.

As shown in Fig. 3, the observed survival data were character-
ized by an apparent rapid inactivation, followed by a tailing effect.
This nonlinear appearance of survival suggested that a nonlinear
model was essential for adequate description of ozone inactivation
kinetics of PrPSc. Both of Chick-Watson (CW) and efficiency fac-
tor Hom (EFH) models were used to predict the inactivation ki-
netics. The applied ozone doses, ozone concentration (C0; t � 3 s),
and parameters for CW and EFH models of inactivation at each
condition are provided in Table 1. The initial demand of ozone at
pH 8.0 was much higher than that at other pHs, as C0 decreased
from 10.49 to 7.58 mg/liter at 4°C and from 12.54 to 7.14 mg/liter
at 20°C (Table 1). It was also observed that ozone decay was fastest
at pH 8.0 and 20°C (k= � 0.36 min�1), followed by pH 8.0 and 4°C,
pH 6.0 and 20°C, and pH 4.4 and 20°C. Minimum ozone decay
was observed at pH 4.4 (k= � 0.05 min�1) and pH 6.0 (k= � 0.07
min�1) at 4°C (Table 1). Compared with the CW model, the EFH
model was a better fit for the observed values. For the prediction of
the inactivation kinetics for all testing conditions, the ESS values
of the EFH model were more than 20 times smaller than ESS
values of the CW model, and the correlation coefficients (R2) of
EFH-predicted values were closer to 1 than those of the CW-pre-
dicted values (Table 1), indicating that the EFH model was more
appropriate for the prediction of the inactivation of PrPSc by
ozone.

Under all testing conditions in our study, the inactivation
curve predicted by the EFH model steeply declined (in the first
15 s), followed by a slower tailing effect. As observed in our pre-
vious study (15), ozone inactivation of PrPSc was pH and temper-

ature dependent. As shown in Fig. 3, the inactivation was higher at
lower pH. At 4°C, the inactivation reached 2.6 log10 in 3 s at pH
4.4, followed by a gradual increase to �4 log10 in 5 min (Fig. 3A).
In contrast, at pH 6.0, the inactivation was 2.0 log10 at 3 s and
gradually increased to 3.4 log10 at 5 min (Fig. 3B). The inactivation
at pH 8.0 was even lower, with a 0.8-log10 inactivation at 3 s and a
2.5-log10 inactivation at 5 min (Fig. 3C). Similarly, the inactiva-
tion of PrPSc was the highest at pH 4.4, followed by pH 6.0 and pH
8.0, at 20°C. The inactivation of infectious prions at various pHs
was significantly different (P � 0.05). The ozone inactivation of
PrPSc was also found to be more efficient at a high temperature
(20°C) than at a low temperature (4°C). At pH 4.4, the inactiva-
tion was raised from 3.0 to 4.0 log10 at 15 s and from 3.5 to �5
log10 at 2 min, as temperature was increased from 4 to 20°C
(Fig. 3A). Greater inactivation at higher temperatures was also ob-
served at pH 6.0 and 8.0. The effect of temperature was also found to
be significant for all pHs tested (P � 0.05) (Fig. 3B and C).

The estimated CT values from EFH models for ozone inactiva-
tion of PrPSc under various treatment conditions are presented in
Table 2. In general, the required CT values were lower for higher
temperatures and lower pHs. For example, to achieve a 4-log10

inactivation at pH 4.4, the required CT value for 20°C was much
lower than that for 4°C. As modeled by EFH, the CT value was as
low as 2.62 mg liter�1 min at pH 4.4 and 20°C, for a 4-log10 PrPSc

inactivation. A �3-log10 inactivation could not be achieved in 5
min at pH 8.0 and 4°C, and a �4-log10 inactivation was not ob-
tained in 5 min at pH 6.0 and 4°C or at pH 8.0 and 20°C. Overall,
ozone inactivation of PrPSc was most effective at pH 4.4 and 20°C
and least effective at pH 8.0 and 4°C.

To investigate whether PMCA results were associated with in-
fectivity, ozone-treated samples were also analyzed by animal bio-

FIG 2 Western blot images of 0.01% IBH samples ozonated at 20°C and amplified by PMCA. The images in each row, from left to right, represent positive-
control samples and samples treated with ozone for 3 s, 15 s, 2 min, 3 min, and 5 min. The numbers above the blots (�1 to �6) represent log10 dilutions of
samples. N, 10% NBH treated with PK. Lanes labeled with a plus sign contain a �1-log10 dilution of positive-control samples (same samples as the �1 log10

control in the left column). Molecular weights of 37,000 and 25,000 are indicated on the far left and right.
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assay. Samples that had been treated with ozone at 4°C and at three
pHs (4.4, 6.0, and 8.0) and processed in our previous study (15)
were examined. A linear standard curve of IBH dilution up to
0.00001% (2.94 ID50/g brain; incubation time � 118 days) was
generated to determine the ID50 of ozone-treated samples with
incubation times of less than 118 days (data not shown). A four-
parameter standard curve of IBH dilution up to 0.0000001% (0.94

ID50/g brain; incubation time �300 days) was also plotted to de-
termine the ID50 of ozone-treated samples with a latent period
more than 118 days in bioassay (data not shown). By using the
four-parameter standard curve, both the delay in incubation and
the variation in the percentage of animals showing symptoms of
illness were considered (23). The log10 inactivation for each treat-
ment condition was calculated by taking the difference from read-

FIG 3 Inactivation of PrPSc by ozone at 4 and 20°C at pH 4.4 (A), pH 6.0 (B), and pH 8.0 (C). }, observed data at 4°C; �, observed data at 20°C; —,
EFH-predicted model at 4°C; –·–, EFH-predicted model at 20°C; - - -, CW-predicted model at 4°C; ···, CW-predicted model at 20°C. The arrow indicates that the
values were smaller than shown.

TABLE 1 Summary of estimated parameters for the fitted CW and EFH models

Condition
Applied ozone dose
(mg/liter) C0 (at 3 s) (mg/liter) k= (min�1)a Model k n m ESSb R2c

pH 4.4, 4°C 11.79 10.07 0.05 CW 5.92 � 10�7 6.57 12.58 0.95
EFH 97.32 �1.48 0.06 0.03 0.98

pH 4.4, 20°C 12.81 10.95 0.13 CW 1.49 � 10�5 5.92 8.30 1.00
EFH 0.80 0.79 0.19 0.00 1.00

pH 6.0, 4°C 8.82 7.67 0.07 CW 1.14 � 10�6 7.06 6.11 0.97
EFH 22.88 �1.12 0.07 0.02 0.98

pH 6.0, 20°C 12.19 10.66 0.17 CW 1.14 � 10�6 6.37 6.09 0.84
EFH 8.11 �0.46 0.09 0.07 0.97

pH 8.0, 4°C 10.49 7.58 0.20 CW 3.42 � 10�6 6.81 1.71 0.88
EFH 1.86 0.01 0.17 0.07 0.95

pH 8.0, 20°C 12.54 7.14 0.36 CW 6.79 � 10�6 7.11 1.01 0.95
EFH 2.27 0.05 0.23 0.05 0.98

a Average pseudo-first-order ozone decomposition rate constant of three replicates.
b Error sum of squares.
c Correlation coefficient between predicted and observed values.
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ings of the ID50 of positive-control and ozone-treated samples
from the standard curve. As shown in Table 3, the reduction of
infectivity of ozone-treated samples for both 5 s and 5 min at pH
4.4 and 4°C was �4.1 log10. The reductions of ozone-treated sam-
ples for 5 s and 5 min at pH 6.0 and 4°C were 3.1 log10 and 3.5
log10, respectively. The reductions of ozone-treated samples for
both 5 s and 5 min at pH 8.0 and 4°C were 1.0 log10 and 3.1 log10,
respectively. The PMCA assay data correlated with the bioassay
findings to a large extent, most notably in reflecting the trends of
inactivation as functions of reaction time and pHs (Table 3).

DISCUSSION

As reported in our previous study, the PMCA assay has a dynamic
range of sensitivity of detection for 263K scrapie of 7 to 8 log10

after one round of amplification (19 h) (15), making it an amena-
ble assay for determining inactivation kinetics of chemical disin-
fectants on prions. In this study, we found that the infectivity
reduction evaluated by bioassay was similar to or about 1 log10

higher than that of PMCA assay, which corresponds with the re-
sults of another study, which also demonstrated consistency
within 1 log10 between the two assays (24). It was recently reported
that the PMCA assay may be 101 to 103 times more sensitive than
the bioassay, depending on the strain of PrPSc (25, 26); however,
the authors emphasized that the applicability of PMCA as a quan-
titative assay lies in its advantages in quantification of low-titer
PrPSc and significant reduction of time and labor and more ethical
animal usage (25). Furthermore, the correlation between the
prion seeding activity (i.e., PMCA) and prion infectivity (i.e., an-
imal bioassay) based on inactivation parameters such as pH, reaction
time, and ozone dose, as demonstrated in our study, provides further
support for the use of the PMCA assay as an effective approach for
generation of prion inactivation kinetics. In this respect, modeling
kinetics based on the PMCA assay appear to be valid but may conser-
vatively underestimate the reduction of infectivity. For water and
wastewater treatment engineering principles, conservative ap-
proaches or estimation is usually applied in order to ensure an extra
measure of safety, especially in situations where real conditions are
difficult or impossible to monitor or simulate (14). The models re-
ported in our study best represent these situations.

To our knowledge, this is the first study describing the kinetics

TABLE 2 Predicted CT values of PrPSc inactivation by ozone

Condition

Estimated CT (mg liter�1 min) at inactivation levela

2 log10 (99%) 3 log10 (99.9%) 4 log10 (99.99%)

pH 4.4, 4°C 0.01 3.02 30.68
pH 4.4, 20°C 0.06 0.55 2.62
pH 6.0, 4°C 0.73 22.69 NA
pH 6.0, 20°C 0.41 14.31 35.16
pH 8.0, 4°C 9.07 NA NA
pH 8.0, 20°C 2.59 11.68 NA
a NA, not available under current conditions.

TABLE 3 Comparison of infectivity reduction evaluated by bioassay and PMCA assay

Sample
Attack rate (%) (no. of clinical
animals/no. animals infected)

Incubation time
(days) (SD)

Infectivity reduction (log10)

Bioassay PMCA (11)

Scrapie 263K IBH, dilution
10�1 100 (8/8) 63 (4)
10�2 100 (9/9) 77 (6)
10�3 100 (10/10) 85 (6)
10�4 100 (10/10) 86 (5)
10�5 100 (10/10) 96 (2)
10�6 100 (10/10) 103 (2)
10�7 100 (9/9) 118 (11)
10�8 22 (2/9) 219 (243, 194a)
10�9 0 (0/10) �300

Bioassay negative control (10% NBH) 0/2b �300
Bioassay positive control (10% IBH) 5/5 68 (0)
Positive control 0.01% IBH (ozone quenched

with sodium thiosulfate)
6/6 89 (4)

Ozone (13.7 mg/liter) treated for 5 s at pH
4.4 and 4°C

0/4b �300 �4.1 2.8

Ozone (13.7 mg/liter) treated for 5 min at pH
4.4 and 4°C

0/2b �300 �4.1 �4

Ozone (12.5 mg/liter) treated for 5 s at pH
6.0 and 4°C

5/5 124 (30) 3.1 1.9

Ozone (12.5 mg/liter) treated for 5 min at pH
6.0 and 4°C

5/6 145 (24) 3.5 3.6

Ozone (14.1 mg/liter) treated for 5 s at pH
8.0 and 4°C

6/6 97 (4) 1.0 1.1

Ozone (14.1 mg/liter) treated for 5 min at pH
8.0 and 4°C

6/6 123 (5) 3.1 2.9

a Incubation times for two animals.
b Groups each contained animals that were euthanized prior to 300 days (range, 202 to 238 days) due to illness unrelated to scrapie or that tested negative for scrapie and were not
included in the calculations. The remaining hamsters had no indication of scrapie at �300 days and were PrPSc negative, as verified by immunohistochemistry after euthanasia.
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of ozone inactivation of infectious prion protein. We applied the
CW and EFH models, which are typically used in water disinfec-
tion under disinfectant demand conditions. Compared to the CW
model, the EFH model more accurately described the initial steep
inactivation curve and the tailing-off behavior for PrPSc. It has
been reported that the CW model adequately describes chlorine-
induced inactivation but not ozone-induced inactivation of mi-
crobes (27, 28). The Hom model accounts for the deviation from
the CW model in practice (29). In the presence of obvious ozone
decay during reactions, the modified Hom models (i.e., EFH) pro-
vided the best fit for viral, protozoan, and bacterial inactivation by
ozone in water (30–32). The tailing effect observed in these studies
was attributed to clumping of organisms, the presence of patho-
gen subpopulations with various degrees of resistance to the dis-
infectant, or distributed resistance within a single population
(33, 34).

Like viruses, prions lack certain biological characteristics di-
rectly associated with self-maintenance and replication and there-
fore require infection of a living tissue. Prions were once consid-
ered “protein only” (1), but studies have shown that cofactors
such as RNA and lipids might also be components of the infectious
particles (35, 36). The conformational misfolding of PrPC to PrPSc

results in an increase in 	-sheet content (37), which causes the
protein to aggregate and makes it resistant to regular disinfectants.
Ozone has been reported to target susceptible amino acids, such as
cysteine, methionine, tryptophan, tyrosine, histidine, cystine, and
phenylalanine, affecting the primary structure of the infectious
prion protein (38). The oxidation and cleavage of selected amino
acids or monomeric units can induce modifications of the pri-
mary structure or significant changes in the secondary, tertiary,
and quaternary structure or hinder protein folding abilities (39).

The effect of pH on PrPSc inactivation by ozone was significant
(P � 0.05) at both 4 and 20°C, and PrPSc was inactivated more
rapidly at pH 4.4 than at pH 6.0 and 8.0. The effect of pH on ozone
inactivation of microorganisms in water has been investigated for
a variety of water pathogens. In some studies, the effect of pH has
been reported to be insignificant for ozone inactivation of Cryp-
tosporidium parvum oocysts at pH 6 to 10 (40–43) and poliovirus
at pH 3 to 10 (44). However, ozone was also reported to be more
effective for Giardia muris cysts (45) and Bacillus subtilis spores
(46–48), with inactivation being greater at higher pH (pH 5 to 10).
While our data are distinct from those of studies which demon-
strated greater inactivation at higher pH (46–48), ozone inactiva-
tion of Escherichia coli and norovirus has also been shown to be
more effective at a lower pH (32, 49). Thus, the pH effect for ozone
inactivation appears to be microorganism specific and is likely to
be dependent on the structural components of the microorgan-
isms (45).

In addition to the pH specificity of ozone against various mi-
croorganisms, one of the most important factors affecting pH
during ozonation is the application and interpretation of ozone
doses. The variance of applied ozone doses may directly lead to the
difference of inactivation (15, 45, 50). Farooq et al. reported that
ozone inactivation of Mycobacterium fortuitum was higher at pH
5.7 than at pH 10.1 with similar applied ozone doses, while the
difference was insignificant when residual ozone concentrations
were maintained at similar levels (51). It was suggested that the
high inactivation rate was due to the lower ozone decay rate at
lower pH (52). In our study, the applied ozone doses at various
pHs were at the same level, which indicated that low pH favored

molecular ozone and acted as the major oxidant for PrPSc inacti-
vation. At a pH above 4, ozone gradually decomposes into hy-
droxyl radicals (�OH) with the initiator of OH� in a chain reaction
(52), as outlined in equations 6 and 7.

O3 � OH� → HO2
� � O2 (6)

O3 � HO2
� → ·OH � O2

·� � O2 (7)

It was shown that �OH was generated by O3 in reaction with
OH� in water, and the reactions were expedited as pH increased
(52). Our study indicates that �OH formed by O3 decomposition is
less effective than molecular O3 in inactivating PrPSc. With the
demonstration that the conformational stability of infectious
prion agent is not affected over a pH range of 2 to 10 (53), our data
suggest that oxidation of infectious prion agents by molecular
ozone is more effective than indirect oxidation associated with
ozone decomposition to hydroxyl ions (�OH).

Temperature has effects on ozone solubility in water, ozone
decomposition rate, and inactivation rate. Under similar condi-
tions (i.e., water characteristics and applied ozone doses), ozone
decays faster at higher temperatures (Table 1) (47). However,
ozone inactivation of microorganisms in water has been reported
to be even higher at higher temperatures. Ozone inactivation of
Giardia lamblia at pH 7 (45), Naegleria gruberi at pH 7 (45), Cryp-
tosporidium at pH 6 to 8 (41, 42), and Bacillus subtilis spores at pH
7 (48) was higher as temperature increased toward 25°C, which is
consistent with ozone inactivation of PrPSc observed in this study.

Inactivation of prions by other oxidants has also been exam-
ined in various studies (23, 54–61). Chlorine and hydroxyl radi-
cals are the primary oxidants in these studies. It has been reported
that a 4.4-log10 inactivation of scrapie was obtained with a 30-min
exposure to residual chlorine at 1,000 mg/liter (55), which is much
higher than the concentration used in water disinfection and the
concentration of ozone applied in this study. A UV-ozone treat-
ment system, which primarily generated hydroxyl radicals as oxi-
dants, was used to treat infectious prions (54). Although more
than a 5-log10 inactivation was achieved, the exposure time was up
to 2 weeks. Other studies also demonstrated that hydroxyl radicals
inactivated infectious prions, more or less, with exposure times
from 30 min to several hours (23, 56, 57, 59, 60, 62). However,
none of these studies investigated the reaction kinetics. In these
studies, infectious brain homogenates were mixed with oxidants
at predetermined concentrations, followed by a period of incuba-
tion. The effectiveness of oxidants was assessed at the end of the
reaction, with or without neutralizing the oxidants. This is a bio-
logical rationale for analyzing the effectiveness of prion inactiva-
tion, without considering consumption of oxidants as a function
of time. In the present study, we measured residual ozone at each
reaction time point and took ozone decomposition into account
in the generation of inactivation curves, which is imperative in
water disinfection engineering studies.

Due to the lack of fast and sensitive detection methods, prions
had not been reported in water and wastewater until the develop-
ment of PMCA. CWD has been detected at very low concentra-
tions in the water samples from one stream and the nearby water
treatment plant of an area where CWD is endemic (7). In our
study, the PrPSc was spiked at a concentration that, although lower
than that in some prion decontamination studies (58), was higher
than what might be expected in real situations during water and
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wastewater treatment. Our results indicate that ozone can be used
for the inactivation of infectious prion protein in surface water or
an aqueous environment with limited ozone demand and lay a
foundation for understanding the inactivation of infectious pri-
ons using ozone in more complex water matrices. Rendering
plants generate large volumes of wastewater that may contain in-
fectious prion protein. While blood collection is strictly regulated
to ensure no contamination with SRM (63) and all SRM are re-
quired to be destroyed (i.e., through controlled incineration) or
permanently contained (i.e., landfill) (64), the disposal of the
wastewater generated from the same processes that render SRM is
not regulated. Ozone technology, as discussed above, may serve as
a barrier for prions present in wastewater from slaughterhouses or
SRM rendering facilities.

In contrast to clean water and ozone demand-free buffered
systems, wastewater from rendering plants contains grease, oil,
and other organics which lead to high levels of ozone demand.
Discharges from rendering plants without SRM are usually pre-
treated with screening, gravity separation, flow equalization,
chemical pretreatment, and dissolved-air flotation, followed by
biological treatment (65). However, with the concern of infectious
prion contamination and the additional cost of disposal of sedi-
ments and floats, the ozone treatment should be added as an ad-
ditional barrier to the overall process of treating wastewater gen-
erated from SRM rendering. Due to the higher biological oxygen
demand (BOD) and/or chemical oxygen demand (COD) (i.e.,
carbonaceous BOD between 4,000 and 10,000 mg/liter) in the
rendering wastewater (65), high applied ozone doses would be
needed for an appropriate level of inactivation of PrPSc, depend-
ing on the characteristics of the organics and competitive reac-
tions in the wastewater. Ozone technology has been tested for
wastewater treatment having high organic content, such as olive
mill wastewater (COD 
 300,000 mg/liter) in a semibatch reactor
(66). Ozone has also been applied to treat diluted landfill leachate
(COD � 1,010 mg/liter; BOD � 186 mg/liter). The initial feed gas
ozone concentration of 8.3 mg/liter (33.3 mg/min) resulted in
effective inactivation after 2 h of contact (67). From this informa-
tion it is predicted that when ozone is used for inactivation of
PrPSc in rendering plant wastewater, a long reaction time will be
required for effective inactivation. On an industrial scale, the rate
capacity of a typical oxygen-fed ozone generator in a wastewater
treatment plant is around 3,000 kg/day (68), and ozone produc-
tion can be further enhanced by increasing the ozone mass trans-
fer rate, using multijet ozone contactors in continuous flow reac-
tors (69). Therefore, full-scale ozonation systems used for
industrial wastewater treatment may hold promise for controlling
prion contaminated wastewater from SRM rendering facilities.

Ozone may also be a potential treatment for sterilization of
medical instruments contaminated with prions in hospitals.
Transmission of CJD due to neurosurgical instruments and intra-
cerebral electrodes contamination has been documented (70);
consequently, regulatory preventative methods have been pro-
posed, including using disposable instruments or decontamina-
tion by stringent methods (71). The decontamination methods
usually involve high temperatures and/or high concentrations of
sodium hydroxide or bleach, which may not be appropriate for
sensitive medical instruments. Alternative methods have been
proposed, including Fenton reaction (23), gaseous hydrogen per-
oxide (72), enzymatic treatment (73), and other organic chemical
treatment (74). These methods require either long reaction times

(i.e., �30 min to several hours) or pretreatment and/or sequential
treatment to obtain optimum inactivation levels (i.e., �5 log10).
Due to the ability of ozone to inactivate prions in a short time, the
application of ozone to medical instruments may also be feasible
with further research.

In conclusion, ozone inactivation of PrPSc (scrapie 263K) in
ozone demand-free phosphate-buffered saline was more accu-
rately modeled by the efficiency factor Hom model than the
Chick-Watson model. The survival curves showed a rapid inacti-
vation followed by a tailing effect. The effects of both pH and
temperature on ozone inactivation efficacy were significant (P �
0.05), and ozone was found to be more effective at a low pH (4.4)
and high temperature (20°C). Further studies on PrPSc inactiva-
tion in complex water matrices (SRM wastewater) and PrPSc-con-
taminated medical instruments are needed to test ozone applica-
tion in various areas.
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