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spp. (Bereschenko et al. 2010). e ability of S. parapauci-
mobilis to form biolms, resist heat, and its prevalence in 
water systems made the species an appropriate test organ-
ism for this study.

e purpose of this study was to investigate and com-
pare the hot water inactivation kinetics of planktonic 
and biolm-associated S. parapaucimobilis. e compar-
ison of these kinetics can then be used to determine the 
relative challenges presented during the inactivation of 
free-oating versus sessile contamination, and through 
use of statistical modeling make inactivation predictions 
to assist in the development of eective hot water saniti-
zation programs.

Materials and methods

Bacterial culture and growth conditions

Planktonic
S. parapaucimobilis (Baxter Healthcare Corp., Deereld,
IL, USA, manufacturing facility isolate) was grown in tryp-
tic soy broth (TSB; Becton, Dickinson, and Co., Franklin
Lakes, NJ, USA) at 30–35°C1 (Caron Inc., Marietta, OH,
USA, model 6030) for 20–24 h with shaking at 120 rpm
(IKA Works, Inc., Wilmington, NC, USA, model HS 260). 
Immediately before hot water treatment was conducted, a 
planktonic cell test suspension was prepared by diluting
the 20–24 h TSB culture 1:10 in sterile water (Sterile Water 
for Irrigation, USP; Baxter Healthcare Corp.) to achieve a 
concentration of ~7 or 8 log(CFU ml–1).

Biolm
S. parapaucimobilis was grown in TSB at 20–25°C for
20–24  h with shaking at 110  rpm (New Brunswick
Scientic Co., Inc., Edison, NJ, USA model G24). A
CDC reactor (BioSurface Technologies, Inc., Bozeman,
MT, USA) was used for bio lm growth (Figure 1). e
CDC reactor is a continuous-stirred tank reactor that
holds eight rods, each inserted with three coupons of
known surface area on which to grow biolms. e
ASTM Standard Method E2562-12, ‘Quantication of
Pseudomonas aeruginosa biolm grown with high shear
and continuous ow using CDC biolm reactor,’ was fol-
lowed with modications appropriate to the establishment 
of a S. parapaucimobilis biolm with respect to continu-
ous ow (CF) nutrient concentration, duration, and ow
rate (ASTM International 2012A). Other modications
included inoculum culture incubation duration and tem-
perature, volume of inoculum, and coupon material. A
CDC reactor with 316L stainless steel coupons (surface
area per coupon = 4.13 cm2) was autoclaved with 500 ml
of 1:100 strength TSB medium. Once cooled, the reactor
was inoculated with a 5 ml aliquot of the 20–24 h culture
(average log(CFU ml–1) = 8.48). e reactor was operated 

121°C) and that sanitization should be performed at 95°C 
for > 100 min. e data reported in the literature were 
generated almost exclusively using planktonic microor-
ganisms and few data exist related to heat inactivation of 
biolms (sessile bacteria).
Biolms are dened as communities of microorgan-

isms adhering to and growing on surfaces and are oen 
embedded in an extracellular polysaccharide matrix 
(Parkar et al. 2004). ese microbial communities can 
be found wherever there is a combination of moisture, 
nutrients, and a surface, including in high purity water 
systems. For example, biolms can form on the surfaces of 
stainless steel equipment in pharmaceutical manufactur-
ing environments, which is not only detrimental to prod-
uct quality but also has the potential to adversely aect 
patients if su cient microbial control practices have not 
been implemented. Although biolms are recognized as a 
threat in the manufacturing environment, most microbial 
disinfection and sanitization studies are performed using 
suspensions of planktonic microorganisms or suspensions 
spotted onto surfaces. However, research has indicated 
that biolms are typically more resistant to disinfection 
treatments than their planktonic counterparts (Frank & 
Ko  1990; Norwood & Gilmour 2000; Olson et al. 2002), 
and that there may be as many as 103 sessile organisms 
for each planktonic cell detected in a system (Momba  
et al. 2000). When evaluating the ecacy of chemical dis-
infectants against a thermophilic bacilli biolm grown on 
stainless steel, Parkar et al. (2004) observed that the reduc-
tion in cell numbers decreased as application tempera-
tures decreased below 75°C, stressing the importance of 
considering biolm resistance when determining eective 
sanitization parameters.
Preliminary studies evaluated the relative tolerance 

of waterborne microorganisms to hot water treatment, 
including Pseudomonas aeruginosa, Sphingomonas pauci-
mobilis, Sphingomonas parapaucimobilis, and Ralstonia 
pickettii, among others (unpublished data). Among the 
organisms tested, S. parapaucimobilis was the most tol-
erant to 60°C water in the planktonic state (unpublished 
data). is organism was isolated from a pharmaceutical 
manufacturing system that is regularly hot water sanitized 
at 80°C, evidencing its ability to resist heat. Sphingomonas 
spp. are widely distributed in nature and are commonly 
found in all types of water systems including sea and river 
water, waste water, drinking water, and hospital water 
(Koskinen et al. 2000). Sphingomonads are known to pro-
duce a more viscous slime at lower than optimal growth 
temperatures (30–35°C), which may explain their ability 
to form biolms in ambient water or solution transmission 
systems (Koskinen et al. 2000). Also, it has been reported 
that biolm formation on reverse osmosis membranes in 
water systems is initiated and dominated by Sphingomonas 



in batch mode (no ow of medium) for 24 h to facilitate 
attachment. Aer this period, 1:100 strength TSB inuent 
was started at a ow rate of 2.5 ml min–1 at room temper-
ature (20 ± 0.5°C1) for 72 h until a mature biolm was 
formed. e total time for biolm establishment, includ-
ing batch mode, was 96 h. Biolm growth optimization 
studies indicated that these conditions (eg temperature 
and time) produce mature biolms, conrmed by micro-
scopic and enumeration methods (unpublished data).

Hot water treatment

Planktonic
Five ml aliquots of the planktonic test suspension were 
aseptically pipetted into sterile glass screw cap tubes 
(Pyrex No. 9826, 25 ml; Corning Inc., Corning, NY, USA) 

taking care not to drip or splash the suspension onto the 
inner surface of the tube. An appropriate number of tubes 
were prepared to achieve three replicates for each test 
group (heat treated and controls at room temperature) 
outlined in Table 1. Additionally, 5 ml aliquots of sterile 
water were pipetted into two tubes. ese tubes contained 
thermocouples and were held under the same conditions 
as the test samples to evaluate the temperature of the heat 
treated and room temperature samples. Since the same 
type of tube was used for all experiments, the liquid level 
(5 ml) in the tube was always at the same height.

e methods for planktonic hot water treatment were 
performed for each of the four water temperature and 
sample exposure time combinations for the test and con-
trol samples outlined in Table 1. Each of the four experi-
ments outlined was independently performed three times. 
For each temperature tested, a circulating water bath (Cole 
Parmer, Vernon Hills, IL, USA) was set to the high end 
of the target temperature range (ie 66°C for 65°C (range 
64 ± 2°C, reference Table 1)). e water level in the bath 
was maintained at the same level for all experiments so 
that the liquid samples in the test tubes were always sub-
merged. e temperature of the water bath was monitored 
with a thermometer. Heat treatment was initiated when 
the temperature of the water bath reached the set point 
(ie 66°C for the example above). e tubes containing 
the S. parapaucimobilis in water suspension designated 
for heat treatment were placed into the water bath along 
with a tube containing water and a thermocouple and a 
timer was started. e room temperature controls were 
maintained at room temperature with a tube containing 
water and a thermocouple. When the temperature read-
ing on the thermocouple in the tube in the water bath 
reached the low end of the target temperature range (ie 
62°C for 65°C (range 64 ± 2°C)) the timer was stopped. 
is time period was the time it took for the heat treated 

tubes to reach the target temperature range. A timer was 
then started to monitor the heat treatment exposure time 
aer the samples reached the target temperature. When 
the exposure time reached the time period for each treat-
ment group (Table 1), the tubes were removed from the 
bath and immediately placed into an ice bath. is was 
repeated for each test group, including the room temper-
ature controls.

Figure 1. CDC biofilm growth reactor (BioSurface Technologies, 
Inc.).

Table 1. Hot water treatment parameters for planktonic suspensions and biofilms on stainless steel.

Water temperature (range)

Sample exposure times (min)

Planktonic Biolm

Heat treated Controls (room temp) Heat treated Controls (room temp)

65°C (64 ± 2°C) 1, 3, 5, 10, 15, 20 0, 20 15, 30, 45, 60, 90 0, 45, 90
70°C (69 ± 2°C) 1, 3, 5, 7, 10, 15 0, 15 10, 20, 30, 40, 60 0, 30, 60
75°C (74 ± 2°C) 1, 3, 5, 7, 9, 10 0, 10 5, 10, 20, 30, 40, 60 0, 60
80°C (79 ± 2°C) 0.5, 1, 1.5, 2 0, 2 1, 2, 5, 10, 15 0, 10, 15



repeated a second time and the procedure was completed 
with a nal vortex at 30 s. is removal and disaggregation 
procedure follows ASTM standard test method E2871-12 
(ASTM International 2012B). A dilution series was per-
formed, and then drop plated using an electronic pipettor 
to withdraw 100 µl and dispense ve 10 µl aliquots of cell 
suspension onto each of two R2A agar plates. e plates 
were incubated at 36 ± 2°C for 48 ± 2 h. At the lowest 
countable dilution, the number of CFUs was enumerated. 
CFUs were converted to a LD cm–2 of surface area using 
the following equation:

where V, the sonicated sample volume, was 10 ml; d is the 
dilution of the enumerated sample; and SA, the surface 
area of each coupon, was found using the surface area 
formula for a cylinder with height of 4 mm and a radius 
of 6.35 mm:

Data and statistical analysis

e response of bacteria subjected to the hot water treat-
ment regimen was the log reduction (LR), which is the 
mean LD of the time 0 untreated control samples (ie 
maintained at room temperature) minus the mean LD of 
heat treated samples at each time point with the assump-
tion that LR  =  0 at time 0. Whenever zero CFUs were 
observed on the plates at all dilutions, 0.5 CFU was sub-
stituted in at a single plate at the lowest dilution plated 
(United States Environmental Protection Agency 1998), 
and then scaled up to a LD that represented the minimum 
possible LD, or the limit of detection, for the test. Since the 
0th dilution was always enumerated using two duplicate 
plates, the limit of detection for the planktonic samples 
was LOG

10
[0.5/2]=−0.60; for the biolm samples, 0.5 was 

substituted into Equation 1 and the limit of detection was:

Four dierent regression models were investigated to 
describe the eect of time on the LRs for each temperature 
separately: linear, quadratic, nonlinear (two parameter) 
Michaelis–Menten, and a four-parameter logistic model 
(Pinheiro & Bates 2000). e quadratic model output 

(1)
LD=LOG10 CFUcm

−2

=LOG10 10
dCFU 100�휇l−1(V/SA)

SA=2(�휋)0.6352 +2(�휋)(0.635)(0.4)=4.12947612cm2

LOG10 0.5 100�휇l
−1(10∕4.13)=LOG1012.11 CFUcm

−2 =1.08

Biolm
Following the single tube method (ASTM E2871-12), 
control coupons were placed in 10 ml of buered water 
(0.0425 g KH

2
PO

4
 and 0.405 g MgCl·6H

2
O l–1 of distilled 

water and lter-sterilized (Eaton et al. 2005)) and held 
at room temperature (20 ± 0.5°C) (ASTM International 
2012B). For direct comparison, biolm coupons for heat 
exposure were also placed in 10 ml of buered water, but 
were then placed in a Precision water bath that was main-
tained at the same water level throughout testing ( ermo 
Scientic, Waltham, MA, USA) set to treatment temper-
atures. To monitor temperatures of the heat treatment, 
an additional tube containing 10 ml of buered water, a 
stainless steel coupon and a thermocouple was included 
with each experiment. Once the target temperature was 
reached (± 2°C, reference Table 1), a rod from the CDC 
reactor was aseptically removed and gently rinsed in bu-
ered water to remove any planktonic or loosely attached 
biolm bacteria. e coupons were transferred from the 
rod to a sterile sampling platform. Using ame-sterilized 
forceps, each coupon was then gently submerged directly 
into a tube of pre-heated buered water located in the 
water bath (splashing onto the sides of the tubes could 
result in some bacteria not being exposed to the full heat 
treatment). A timer was started to monitor the exposure 
time for each coupon (Table 1). Aer the timed exposure, 
thermocouple readings were documented and the heat 
treated tubes were directly placed into an ice bath.

Bacterial enumeration

Aer the specied exposure time (Table 1), the heat 
treated planktonic and biolm samples were cooled in 
an ice bath for ~5 min. e planktonic cell suspensions 
were serially diluted in sterile water and plated by spread-
ing 100 μl aliquots onto R2A agar plates or pour plating 
1 ml with molten R2A agar (Becton, Dickinson, and Co. 
Franklin Lakes, NJ, USA), in duplicate. e plates were 
incubated at 30–35°C for a minimum of 48 h before the 
colonies were counted. Planktonic colony forming units 
(CFUs) were converted to a log density (LD) ml–1 by mul-
tiplying the average colony count among duplicate plates 
by the dilution factor. Prior to enumerating the biolm- 
associated cells, the biolm was removed from each 
coupon and disaggregated into suspension by a vortex/
sonication series of 30 s at 45 kHz. Vortex/sonication was 

Table 2. Linear regression equations of the LRs as a function of time (T) and temperature.

Temp(°C)

Planktonic Biolm

Regression equation p-value R2 Regression equation p-value R2

65 3.41 + 0.2944 T < 0.0001 90% 2.80 + 0.0193 T 0.001 98%
70 6.20 + 0.1775 T 0.002 47% 3.86 + 0.0523 T 0.064 73%
75 7.12 + 0.1754 T 0.004 53% 6.53 + 0.0075 T 0.106 52%
80 8.21 − 0.0417 T 0.833 64% 5.92 + 0.0883 T 0.324 32%



Michaelis–Menten models, LR =
LRmaxTime

T1∕2+Time
, were also t

to the LRs for the planktonic data and are provided in 
Table 3. Visualizations of the Michaelis–Menten models 
for each temperature separately are provided in Figure 3, 
with the exception of 80°C because the model (with posi-
tive parameter values) cannot describe such quick inacti-
vation, ie such an extreme increase in LR over a short time.

Biolm
e inactivation kinetics of dierent temperature and con-

tact times were assessed in experiments using biolms 
grown on stainless steel coupons in the CDC reactor. 
Figure 4 depicts the LD results of all four temperatures 
and contact times on stainless steel. e average initial LD 
of the test coupons was 8.00. Analyses indicate that there 
was no signicant eect on the LDs due to contact time 
in water at room temperature (p-value  ≥  0.801). ere 
was a statistically signicant linear increase in the LR of 
the biolm as temperature increased (p-value < 0.0001), 
and as contact time increased (p-value = 0.006). e 65 
and 70°C exposures were unable to achieve inactivation 
to the limit of detection (LD = 1.08 or ~12 CFU), by the 
end of the exposure period. e LR at 65°C at 90 min was 
4.6, while the LR at 70°C at 60 min was 6.9. Conversely, 
75 and 80°C exposures achieved complete inactivation 
to the limit of detection by 20 and 5  min, respectively, 
correlating to LRs > 6.9.

e linear regression equations of the LR as a func-
tion of time for each temperature separately are presented 
in Table 2. Similar to the planktonic linear analyses, the 
curvature in the LRs as a function of time and the low R2 
values suggest that a line is not an appropriate model for 
the data, with the exception of the 65°C data, which was 
the only biolm experiment that exhibited a signicant 

model parameters were challenging to interpret in terms 
of microbial inactivation, and can only be interpreted over 
the range of times actually observed. e logistic regres-
sion model could not always be t to the data and, when it 
could be t, did not result in substantially better model ts 
as indicated by R2 values. us, only results for the linear 
and Michaelis–Menten models are presented here. Due to 
lack of t of the linear models, the zero LRs at time zero 
were only included when tting the Michaelis–Menten 
models. In order to compare the LRs across all tempera-
tures and time points, a mixed eects linear model was t 
with covariates for time and temperature.

e repeatability of the control LDs across time was 
assessed via ANOVA, and the trend of the control LDs 
across time was assessed via regression. Because the data 
were generated from multiple experiments (three plank-
tonic experiments and one biolm experiment per tem-
perature) all of the models described above included a 
random eect for experiment. All reported p-values were 
generated by follow-up t-tests. ese models were t using 
R v.3.0.2 (R Core Team 2013) package nlme (Pinheiro  
et al. 2013).

Results

Hot water inactivation of S. parapaucimobilis and 
statistical modeling

Planktonic
e mean LDs for each hot water temperature are plot-

ted in Figure 2. e average initial LD of the test suspen-
sions was 7.85. ere was a high level of repeatability (ie 
a low level of variation) across experiments of the con-
trols’ LDs at room temperature (repeatability SD = 0.28 
log
10
(CFU ml–1)) which suggests that if a new experiment 

is performed, then a randomly chosen 1  ml volume in 
the new experiment using the same protocol would be 
about 0.28 log

10
(CFU ml–1) from the true mean LD of the 

control planktonic bacteria. Nor was there a statistically 
signicant linear trend of the control LDs across time at 
room temperature (trend = 0.0017 log

10
(CFU ml–1) min–1, 

p-value  =  0.568). is indicates that exposure to water
alone (without heat) over the time of the experiment did
not aect the LD of the suspensions. For the heat treated
suspensions, there were statistically signicant increases
in the LR as temperature and contact time increased
(p-value ≤ 0.0001). Complete inactivation (to the limit
of detection, LD =  −0.60) occurred within 20, 10, 5, and
2 min at 65, 70, 75, and 80°C, respectively.
Linear regression models of the planktonic LRs as a 

function of time for each temperature separately are pre-
sented in Table 2. e curvature in the LRs as a function 
of time and the low R2 values suggest that a line is not an 
appropriate model for the data. Nonlinear two-parameter 

Figure 2. Average LDs of planktonic S. parapaucimobilis exposed 
to hot water treatment at 65, 70, 75, and 80°C, over various 
contact times.
Notes: The values for LD are the means of nine replicates from 
three separate experiments. Error bars indicate the SD of the 
mean LD for a single time point from all experiments at a certain 
temperature. The limit of detection for this test was a LD of – 0.60. 



LR from a future experiment will be larger than some 
specified target, eg a target of 6. Table 4 summarizes the 
times at which the models predict LR targets between 
1 and 6. The times at which these targets are attained 
with 90% confidence are also presented (Table 5).

Discussion

e ecacy of a range of temperatures in the hot water 
inactivation of planktonic and biolm-associated S. para-
paucimobilis was investigated. e data show that bio-
lms are more resistant to hot water treatment than the 
planktonic cells, as evidenced by the longer time periods 
predicted for biolm lethality (Table 5). is nding is 
supported by studies found in the literature for other dis-
infection treatments, that is, biolms are typically more 
resistant than their planktonic counterparts (Frank & 
Ko  1990; Norwood & Gilmour 2000; Olson et al. 2002; 
Stewart 2015). Although hot water inactivation data for 
biolms are not widely reported in the literature, it has 

linear trend (p-value = 0.001). e two-parameter non-
linear Michaelis–Menten model provided a better t to 
the LRs over time (Table 3 and Figure 5).

Hot water inactivation predictions

Since the nonlinear Michaelis–Menten model provided 
the best fit to both the planktonic and biofilm lethality 
data at each temperature tested, prediction intervals 
were used to determine the time at which the LR from 
a single experiment would be between 1 and 6 with 90% 
confidence. In other words, an upper one-sided predic-
tion interval (PI) with 90% confidence was calculated 
by first generating a two-sided PI with 80% confidence. 
Figures 6 and 7 depict 80% PIs for the planktonic and 
biofilm data, respectively. These intervals predict, with 
80% confidence, the range of LRs to be attained from a 
new experiment conducted with the same protocol as 
for the present study. From these figures the time points 
can be found for which the models first predict that the 

Figure 3. Michaelis–Menten models of the planktonic log reductions (LR) fit separately for each temperature.
Notes: Each point in the preceding graph is a LR for a specific temperature and time combination in a single experiment. The vertical axes 
in all three panels are scaled from 0 to 9. Solid lines depict the nonlinear regression curves. The plot for 80°C is not shown because the 
nonlinear Michaelis–Menten model could not be fit for positive values of the parameters.

Table 3. Nonlinear Michaelis–Menten model equations of the LRs as a function of time (T) and temperature.

1For 80°C, the nonlinear Michaelis–Menten model could not be fit for positive values of the parameters for the planktonic data. The value of LR = 8.16 for 80°C is 
the mean of the non-zero LRs from all planktonic experiments at 80°C.

Temp(°C)

Planktonic Biolm

Nonlinear regression equation R2 Nonlinear regression equation R2

65 LR = 10.13T/(3.96 + T) 94.5% LR = 4.64T / (8.91 + T) 99.1%
70 LR = 8.76T / (0.69 + T) 98.4% LR = 7.54T / (9.10 + T) 94.9%
75 LR = 9.03T / (0.39 + T) 99.5% LR = 6.91T / (0.39 + T) 99.8%
801 LR = 8.16 64.8% LR = 7.35T / (0.39 + T) 98.1%



Statistical modeling was utilized to make predictions 
about the LR of bacteria in a single experiment when exposed 
to a temperature for a certain contact time. Aer consider-
ing multiple statistical models, it was determined that the 

been reported that planktonic bacteria are easily killed 
at temperatures  ≥  65°C, with the time to achieve 1 LR 
(ie the D-value) as low as 6–19 s for several waterborne 
organisms (Spinks et al. 2006).

Figure 4. Average LDs of S. parapaucimobilis biofilms on stainless steel exposed to hot water treatment at 65, 70, 75, and 80°C over 
various contact times.
Notes: The values for LD are the means of three coupon replicates (with the following exceptions: two replicates at 5 min for 75°C and at 
5 and 15 min for 80°C) from each single experiment at a water temperature, with the exception of the room temperature data which are 
compiled averages for all experiments. That is, time zero controls were sampled for all four experiments and averaged and the 70°C and 
75°C experiments each had 60 min contact time controls and these were averaged. The limit of detection for this test was a LD of 1.08. 
Error bars indicate the SD of the mean LD for a single experiment. 

Figure 5. Plots of the Michaelis–Menten models fit to the biofilm LRs for each temperature separately.
Notes: Each point is a LR for a specific temperature and time combination in a single experiment. The solid lines depict the nonlinear 
regression curves. 



over heat-up time. For data analysis purposes, a LR = 0 
at Time  =  0 was assumed. e heat-up time was not 
included in the exposure time referenced in the graphs 
and tables depicting the planktonic data and predictions; 
the times reported are for samples exposed at the target 
temperature. On the other hand, the biolm samples were 
added to water that was already heated up to temperature, 
removing the unknown level of inactivation during heat 
up time that was experienced in the planktonic cell treat-
ment. erefore, a greater than 6 LR of biolms exposed 
to target temperatures without the added lethality during 
heat-up time can be achieved in less than 2 min 34 s on 
average (4 min 14 s to achieve a LR of 6 with 90% con-
dence) at 75–80°C. is is encouraging because 80°C 
is the most commonly cited temperature utilized in hot 
water sanitization. ese results may support legitimacy 
of sanitizations that are unable to reach or fall below 80°C 
for all or part of the process, but still remain ≥ 75°C. Based 
on the modeling predictions, it appears that 65°C is not an 
eective temperature for sanitization purposes. According 
to the model, it is not possible to say with 90% condence 
that the LR in a single experiment will reach greater than 6 
against a biolm, while a LR of 6 against planktonic cells is 
attained aer 8 min 46 s. While 65°C may not be eective 
in sanitizations involving a high bioburden consisting of 
biolm, inactivation did occur (Figures 2 and 4), suggest-
ing that it may be an eective temperature in maintaining 
microbial control of planktonic organisms and preventing 
biolm formation in hot loops/systems.

nonlinear Michaelis–Menten model provided the best t 
to the data. Using the nonlinear model, it was of interest to 
determine when the model predicts target LRs between 1 and 
6. e upper target value of LR = 6 was chosen because ≥ 6
logs represents a higher bioburden level than what is nor-
mally found in the pharmaceutical manufacturing envi-
ronment, making this target LR a worst-case challenge. e
condence limits account for the statistical uncertainty in the
predicted times to attain the target log reductions.

e model predicts that, in a single experiment, it will 
take > 60 min to achieve a greater than 6 LR (with 90% 
condence) at 70°C in biolms, compared to 2 min 8 s for 
planktonic cells. However, at the higher temperatures of 
75 and 80°C, the dierences between the time predictions 
are less substantial and a greater than 6 LR is predicted to 
be achieved in ≤ 4 min 14 s for both planktonic and bio-
lm cells at both temperatures. is suggests that 75 and 
80°C treatments are very eective at inactivating bacteria 
in both states. In the planktonic state, 80°C treatment is 
so eective that the model could not be t for positive 
values of the parameters due to the rapid inactivation. It 
is important to note that it took an average of 1 min 46 s 
for the planktonic cell suspensions to heat up to the target 
temperatures. It is expected that some level of inactiva-
tion occurred during that heat-up time, especially at the 
higher temperatures. is is unavoidable when working 
with planktonic suspensions and is representative of the 
sanitization process that occurs in industry. However, a 
time zero sample was not analyzed to determine the LR 

Figure 6. Prediction intervals for planktonic LRs based on Michaelis-Menten kinetic lethality models.
Notes: The solid lines depict the regression model. Prediction intervals are depicted with dashed lines. Prediction intervals for 80°C are 
not shown because the nonlinear Michaelis-Menten model could not be fit for positive values of the parameters. 



of condence than those in Table 4. It is not intuitive that 
the predicted time to attain a LR greater than 6 with 90% 
condence in biolms is slightly longer at 80°C (4 min 
14 s) than at 75°C (3 min 52 s). One possible reason that 
the nonlinear model predicts a longer time to achieve > 6 
LR at 80°C vs 75°C (with 90% condence) is because the 
biolm limit of detection (LD = 1.08) is quickly reached at 
these temperatures. is produces a plateau eect around 
6 LR since the highest LR achievable in the study was ~ 6.9. 
is eect may not be present if the experimental protocol 

e LR values in the range of 1–6 follow the expected 
relationship between time, temperature, and microbial 
inactivation; ie that the time to achieve the same LR 
decreases as the temperature increases (Table 4). For 
example, the time to achieve a 4 LR in biolms at 70°C 
is 10  min 17  s, while the time to achieve the same LR 
at 75°C is 32 s. To account for the variability present in 
microbial testing the estimated LR values were also calcu-
lated using 90% condence (Table 5). ese calculations 
indicate a longer contact time, but provide a higher level 

Figure 7. Prediction intervals for biofilm LRs based on Michaelis–Menten kinetic lethality models.
Notes: The solid lines depict the regression model. Prediction intervals are depicted with dashed lines. 

Table 4. Predicted times to achieve a log reduction in a single test between 1 and 6.

1For 80°C, the nonlinear Michaelis–Menten model could not be fit for positive values of the parameters.
2Never because 4.64 is the largest LR that is predicted at 65°C against biofilms (Table 3).

Log reduction

Planktonic Biolm

Time (min:s) Time (min:s)

65°C 70°C 75°C 80°C1 65°C 70°C 75°C 80°C

1 00:27 00:05 00:03 <00:30 2:27 1:23 00:04 00:04
2 00:58 00:12 00:07 <00:30 6:45 3:17 00:10 00:09
3 1:40 00:22 00:11 <00:30 16:18 6:01 00:18 00:16
4 2:35 00:35 00:19 <00:30 55:41 10:17 00:32 00:28
5 3:52 00:55 00:29 <00:30 Never2 17:55 1:01 00:50
6 5:45 1:30 00:46 <00:30 35:27 2:34 1:44
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