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Previous research has indicated that thermal inactivation kinetics of desiccated
Salmonella are affected by pH conditions, and that Salmonella cells retain
significant intracellular moisture after desiccation. Inflection points have been
observed in the drying and inactivation curves for desiccated Salmonella in acidic
conditions, after which drying/inactivation rate decreases. Since both curves
exhibit this behavior, it may be that the loss of moisture is related to the change in
inactivation rate. The objective of this study was to investigate the correlation of
intracellular moisture content and thermal inactivation kinetics of desiccated
Salmonella at acidic conditions. Data previously gathered for the inactivation rate
(n=3) and drying curve (n=3) of desiccated Salmonella Anatum 6802 and control
samples was used for analysis. Desiccated Salmonella and control samples
consisted of 0.1 mL concentrated Salmonella inoculum in buffer and 0.1 mL
buffered peptone water, respectively pipetted onto cellulose acetate filters and
dried 24 hr at ambient conditions (~25°C/30% relative humidity). The second
derivative of mass change over time was used to locate the drying inflection point
for both inoculated and control samples. ANCOVA was used to compare the
inactivation rates of desiccated Salmonella at acidic conditions before and after the
inflection point. Inoculated samples required significantly greater (p<0.05)
treatment time than the control samples to reach an inflection point after which
drying rate decreased (5.54±0.03 and 3.30±0.38 min, respectively), indicating
desiccated cells retain tightly bound or intracellular moisture versus the control.
The inactivation rate of desiccated Salmonella at pH 4 was significantly different
(p<0.05) before and after an inflection point at approximately 8 minutes of
thermal treatment (decimal reduction times of 4.49±0.545 and 26.85±8.26 min,
respectively). Drying and inactivation curves both exhibiting similar inflection
points indicates that the loss of intracellular moisture may be correlated to the
thermal resistance of desiccated Salmonella at pH 4. Understanding this
relationship can be used to improve both laboratory methods related to treatment
of desiccated cells and low-moisture food safety in general.
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Sample preparation
• Concentrated
Salmonella
pipetted onto cellulose filters.
• Samples for heat treatment
were diluted with pH buffer to
condition to pH 4 or 7.
• Samples
for
intracellular
moisture testing were either
inoculated (Salmonella) or
control (buffered peptone
water).
• Filters
were
desiccated
overnight in biosafety cabinet.

Treatment
Thermal inactivation study:
• Filters were heat treated in an
oven at 100°C for 0-32 min.,
diluted, plated, incubated, and
enumerated for survivors.

(a)

Intracellular moisture study:
• Filters were treated using a
thermogravimetric analyzer
• Sample mass (moisture loss)
was measured during heating
up to 100°C.

Therefore, the objective of this study was to determine the thermal
inactivation kinetics and intracellular moisture content of desiccated
Salmonella, and determine if a correlation existed between the two
characteristics.

Figure 3. (a) Drying curves for desiccated Salmonella (red) and control samples (blue) obtained from TGA treatment. Sample mass is given as a
percentage of each sample’s starting mass. (b) Second derivative, or deceleration of mass over time for desiccated Salmonella (red) and control
sample (blue) data from Figure 3a. Arrows point to local maxima which represent inflection points in the drying curve.

(b)
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Low-moisture foods pose a unique food safety risk because while
pathogenic bacteria are unable to grow in low-moisture conditions, they
still exhibit high thermal resistance and survival rates. A food’s pH can
strongly influence the thermal resistance and survival of bacteria. However,
knowledge of the effect of pH conditions on the thermal resistance and
survival of bacteria in low-moisture foods is limited. Understanding this
interaction would be highly valuable to improve regulations and give
greater precision to challenge study protocols involving low-moisture foods
at a variety of pH levels.
A previous study determined that desiccation at acidic conditions reduced
the survivability of desiccated Salmonella during long-term storage. This
left unknown the inactivation kinetics of Salmonella under the same
conditions. Preliminary experiments showed that inactivation rates differed
at acidic and neutral pH levels, with a potentially biphasic curve present at
acidic pH where resistance appeared to increase after a few minutes of
treatment. It was theorized that intracellular moisture remaining within
desiccated cells may be the cause of the observed change in thermal
resistance, so a separate experiment to measure such moisture was carried
out. Observing the two data sets could show if an interaction between
intracellular moisture and acidic pH conditions affects thermal inactivation
kinetics.

(b)

Figure 1. Salmonella inoculum
being pipetted onto a filter.

Conclusions
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Figure 2. (a) Inoculated filter placed in oven for heat treatment. (b)
Thermogravimetric analyzer ready to receive filter sample.

Data analysis
Thermal inactivation study:
• D10 (time required for 1-log
reduction at given conditions)
for each condition was calculated
using the inverse slope of each
curve.
• ANCOVA
and
multiple
comparison tests were used to
compare the thermal resistance
of Salmonella at each pH
condition
and
timepoint
groupings.

Intracellular moisture study:
• Mass vs. time data shows
drying curve in two phases –
the constant rate and falling
rate phase.
• The second derivative of mass
𝑑2 𝑚
( 2)
𝑑𝑡

over time
was used to
find the inflection point of
transition between the drying
phases.
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Figure 4. Thermal inactivation of Salmonella desiccated at pH7 (green)
and 4 (red) and heated at 100°C. The dashed line represents the projected
inactivation curve of Salmonella at pH 4 for timepoints from 0 to 6 minutes.

• Thermal resistance of desiccated Salmonella was significantly
lower (P < 0.05) at pH4 than pH7 (D10 = 11.8 and 31.3 for pH4
and pH7, respectively).
o Although not statistically significant (P ≥ 0.05), a
potentially biphasic relationship can be observed in
inactivation at pH4, with thermal resistance appearing to
increase after ~4-6 min.
• Maximum deceleration of mass over time was observed at 3.30
and 5.54 min for control and inoculated samples, respectively.
o Desiccated cells contain significantly more (P < 0.05)
intracellular moisture than control.
• While treatment conditions for the thermal inactivation and
intracellular moisture studies were different, it is noteworthy
that both data sets appear to have an inflection point at the ~4-6
min timepoint, which appears to suggest a correlation between
the two.
• Future research could include:
o Testing inactivation at more acidic conditions
o Increasing number of timepoints in early portion of the
inactivation study to further pinpoint possible inflection
points
o Intracellular moisture study on cells at pH4

