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a b s t r a c t

Model foods with Maillard reaction product formation have been utilized to evaluate thermal sterili-
zation processes, but these models are not optimal for pasteurization. Model foods for pasteurization
applications have been developed, but studies on temperature sensitivity and validation are limited. The
goal of this research was to assess the temperature sensitivity of chemical marker and color formation in
mashed potato model foods and conduct validation testing using a microwave-assisted pasteurization
system (MAPS) and conventional, hot water methods. Reaction kinetics were determined for chemical
marker M-2 (4-hydroxy-5-methyl-3(2H)-furanone) and color formation (L* and a* values). Results
showed that the thermal resistance constants (z-values) were 20.6e24.0 �C for M-2, 20.8e28.8 �C for L*
value, and 10.3e25.6 �C for a* value. Correlation analysis between M-2, L*, and a* values and thermal
lethality and cook value showed that model foods were most relevant for pasteurization process quality
evaluation. Thermal treatment equivalent at the cold spot was approximately 11 min at 90 �C for all
pasteurization processes. Model foods pasteurized in MAPS had less color change than those from hot
water processes, implying the less severe MAPS process yielded better quality. Model foods and image
analysis techniques used in this study could be helpful quality evaluation tools for pasteurization
processes.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Maillard reaction is a type of nonenzymatic browning that
occurs between free amino groups and carbonyl compounds (Fayle
& Gerrard, 2002). The concentration of generated Maillard reaction
products are time and temperature sensitive and can be related to a
time-temperature history (Van Loey, Hendrickx, De Cordt,
Haentjens, & Tobback, 1996). Maillard reaction products have
been used as time-temperature integrators and are an effective
alternative method to measure temperature distribution inside a
food package and quantify process lethality (Kim, Taub, Choi, &
Prakash, 1996; Ramaswamy, Awuah, Kim, & Choi, 1996; Ross,
1993; Wang, Lau, Tang, & Mao, 2004; Wnorowski & Yaylayan,
2002). The use of time-temperature integrators as an alternative
method to measure temperature distribution in food products is
essential for developing thermal processes using novel technolo-
gies (e.g. ohmic heating and microwave heating), where conven-
tional process development and temperature measurement
techniques are difficult (Kim et al., 1996).
Chemical marker M-2 (4-hydroxy-5-methyl-3(2H)-furanone)

was identified as a relevantMaillard reaction product for evaluating
high temperature, short time processes, such as microwave heating
(Lau et al., 2003; Pandit, Tang, Mikhaylenko, & Liu, 2006). M-2 is
formed as a result of 2,3 enolization of the Amadori compound
during the Maillard reaction between D-ribose and an amine (Kim
et al., 1996). Products generated from 2,3 enolization are similar
to those from sugar degradation without amines, i.e. carameliza-
tion, but generation occurs at a different rate because amine and
amino acid compounds catalyze sugar degradation during the
Maillard reaction (BeMiller & Huber, 2008). M-2 and brown color
formation were used conjunctly with model foods and a computer
vision system to visualize the heating pattern and validate a
microwave-assisted thermal sterilization (MATS) process (Pandit,
Tang, Liu, & Pitts, 2007b; Tang, 2015). Homogenous model foods
were employed rather than real foods because conducting these
experiments with real foods can lead to inaccurate heating pattern
results due to their non-homogeneity (Wang et al., 2004). Addi-
tionally, the concentration of reactants added to the model food
(reducing sugar, amino acid) can be adjusted to change the reaction
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rate of the time-temperature integrators to better match food
safety or quality attributes of interest. This validation technique
could be employed to validate other thermal processes, such as a
Microwave Assisted Pasteurization System (MAPS) that has been
recently developed at Washington State University (Tang, 2015).

The patent-pending MAPS design is similar to the MATS set-up
without overpressure, as described in Tang (2015). The MAPS
design combines traditional hot water heating with microwave
heating using 915 MHz microwaves. Microwaves (915 MHz)
generated from a magnetron interact with trays of food products in
single-mode cavities (Tang, 2015). Briefly, the pilot-scale MAPS set-
up includes four sections: preheating, microwave heating, holding,
and cooling. This system is able to process 8e20 oz (226.8e567.0 g)
trays; belt speed and water temperature are commonly changed to
adjust the thermal process severity delivered to the food product.
Various food products have been pasteurized with the pilot-scale
MAPS and the promising results from these initial tests implied
the MAPS can produce safe, high quality food products. Currently,
commercial-scale Microwave Assisted Pasteurization Systems for
food processing are not available yet to the industry and commer-
cialization is in progress.

The United States Food and Drug Administration (FDA, 2011)
and European Chilled Food Federation (ECFF) (2006) have recom-
mended an equivalent heat treatment of 90 �C for 10min to achieve
at least a 6 log reduction in non-proteolytic Clostridium botulinum
spores (e.g. types B and E) for thermal pasteurization of pre-
packaged, chilled food. Less severe treatments are also acceptable
in food products with shorter shelf-lives, such as an equivalent heat
treatment of 70 �C for 2 min for at least a 6 log reduction in Listeria
monocytogenes (FDA, 2011; ECFF, 2006). In this study, non-
proteolytic C. botulinum was the pathogen of interest; MAPS and
hotwater pasteurization processes were designed tomeet the 90 �C
for 10 min criteria.

Model food systems with Maillard reaction products developed
for sterilization (110e130 �C) applications (Lau et al., 2003; Pandit
et al., 2006; Ramaswamy et al., 1996; Ross, 1993; Wang et al.,
2009) are not ideal for pasteurization (70e100 �C) applications,
especially due to the slower reaction kinetics at the lower tem-
peratures used in pasteurization. Several model foods withMaillard
reaction products have been developed for pasteurization appli-
cations, including egg white model food (Bornhorst, Tang, Sablani,
& Barbosa-C�anovas, 2017; Zhang, Tang, Liu, Bohnet, & Tang, 2014),
gellan model food (Bornhorst et al., 2017; Zhang et al., 2015), and
mashed potato model food (Bornhorst et al., 2017). Bornhorst et al.
(2017) compared the performance and reaction kinetics at 90 �C for
all three model foods: egg white, gellan, and mashed potato. They
concluded that the optimal model food for future research was
mashed potato, which is why this study utilized mashed potato
model food.

Previous work by Bornhorst et al. (2017) on mashed potato
model food for pasteurization applications determined the chem-
ical marker (M-2) and brown color formation kinetics at only one
temperature (90 �C). The temperature sensitivity in the pasteuri-
zation temperature range of the chemical marker and brown color
formation in the mashed potato model is unknown. This missing
information is critical in order to utilize the model food systems to
compare pasteurization processes with various processing tem-
peratures and differing time-temperature histories. Additionally,
previous research on model foods for pasteurization was focused
on formula development and reaction kinetic studies with very
limited work on validation of the models in food processing ap-
plications. Therefore, the objectives of this research were to (1)
Determine the temperature dependence of M-2 and color forma-
tion in the mashed potato model food and (2) Perform a validation
by pasteurizing the mashed potato model food using MAPS and hot
water methods.

2. Materials and methods

2.1. Sample preparation

The model food (100 g) was prepared with 15 g instant mashed
potato flakes (Oregon Potato Co. Boardman, OR), 0.5 g low acyl
gellan gum (Kelcogel® F Food grade gellan gum, supplied by CP
Kelco Inc. Atlanta, GA), 0.13 g calcium chloride (CaCl2$2H20, J.T.
Baker, Avantor Performance Materials, Inc. Center Valley, PA), 1e2 g
D-ribose (Sigma-Aldrich Co. LLC, St. Louis, MO), 0.5e2 g L-lysine
(Sigma-Aldrich Co. LLC, St. Louis, MO), and deionized and distilled
water (80.37e84.37 g), as described in Bornhorst et al. (2017).
Different quantities of D-ribose and L-lysine, the chemical marker
precursors, were added to alter the reaction rates. The models used
in this study included 1 g/100 g D-ribose and 0.5 g/100 g L-lysine,
1 g/100 g D-ribose and 1 g/100 g L-lysine, and 2 g/100 g D-ribose and
2 g/100 g L-lysine, abbreviated in the paper as 1_R, 0.5_L, 1_R, 1_L,
and 2_R, 2_L. Calcium chloride was added to the model food sys-
tems in order to facilitate the gel setting to form a strong, brittle,
and heat stable gel (Morris, Nishinari,& Rinaudo, 2012; Tang, Tung,
& Zeng, 1996, Tang, Tung, & Zeng, 1997). Calcium chloride also af-
fects the rate of Maillard browning (Kocada�gli&Gӧkmen, 2016); for
this reason, the amount calcium chloride added to each formula
was kept constant to maintain consistency.

The preparation protocol for the mashed potato model foods
was adapted from Bornhorst et al. (2017). Briefly, gellan gum and
mashed potato flakes were mixed with deionized and distilled
water and heated to 90 �C, followed by the addition of calcium
chloride and holding at 90 �C for 1 min. The mixture was cooled to
60 �C and D-ribose and L-lysine were thoroughly mixed into the
model food. A firm gel was formed upon cooling to ambient con-
ditions (22 �C).

2.2. Temperature kinetic study

Mashed potato model foods were exposed to heat, followed by
chemical marker (M-2) and color quantification. Model foods were
heated inside 1 mL cylindrical, aluminum test cells (Chung, Birla, &
Tang, 2008) with a water bath (80 �C) and ethylene glycol bath
(100 �C) (HAAKE DC 30, Thermo Fisher Scientific Inc. Newington,
NH) and cooled in ice water (0 �C). The time for the coldest spot in
the kinetic cell to reach within 0.5 �C of the set point temperature
(come-up time, CUT) was 1.75 min, as measured by calibrated type-
T thermocouples. Model food samples were heated at 80 �C from 5
to 240 min (excluding CUT) and 100 �C from 5 to 150 min
(excluding CUT) in triplicate. These time-temperature combina-
tions were selected to be relevant to pasteurization with MAPS and
conventional methods; longer heating times were needed to find
the saturation ofM-2 and color (Lau et al., 2003; Pandit et al., 2006).
Model food samples for the three replicates of each time point
came from three separate experimental batches. The results from
this study at 80 and 100 �C were combined with findings from
Bornhorst et al. (2017) at 90 �C to facilitate the determination of the
temperature sensitivity of the chemical marker and color change of
each model food.

Chemical marker, M-2 (4-hydroxy-5-methyl-3(2H)-furanone)
concentration was quantified using high performance liquid chro-
matography (HPLC) with an adapted method from Bornhorst et al.
(2017) and Zhang et al. (2014). Briefly, mashed potato samples were
homogenized in 10 mmol/L H2SO4 extraction buffer, followed by
centrifugation and filtration. An Agilent 1100 HPLC system (Agilent
Technologies, Santa Clara, CA) was set up with a diode array de-
tector and a 100 � 7.8 mm fast acid analysis column (Bio-Rad
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Laboratories, Hercules, CA). Samples were analyzed using an in-
jection volume of 25 mL with 10 mmol/L H2SO4 mobile phase at
1 mL/min with a detecting wavelength of 285 nm. All three
experimental replicates for each time point were analyzed twice (2
analytical replicates) to determine M-2 concentration. Commercial
M-2 (Sigma-Aldrich Co. LLC, St. Louis, MO) was utilized to generate
standard curves, which were employed to determine the limit of
detection and the M-2 concentration of an unknown mashed po-
tato model food sample. The limit of detection was determined to
be 0.02 mg M-2/L based on the ratio of 3 times the standard de-
viation of the response to the slope of the calibration curve, as
described by Shrivastava and Gupta (2011).

Color was quantified in L*a*b* (CIELAB) color space using a
computer vision system with hardware as described in Pandit,
Tang, Liu, and Mikhaylenko (2007a) and camera settings and im-
age analysis methods as described in Bornhorst et al. (2017). Briefly,
hardware included a light pod, compact fluorescent light bulbs, a
digital camera, and a computer with image acquisition software.
Camera settings included a speed of 15 frames per second, ISO
sensitivity of 200, and F (aperture value) of 11. Color correction and
image analysis were performed using MATLAB R2013a. Color
correction and conversion from RGB to L*a*b* utilized a color
reference card (QPcard 203, QPcard AB, Helsingborg, Sweden) and a
quadratic correction model adapted from Leon, Mery, Pedreschi,
and Leon (2006). Image analysis for each sample included the
application of a color correction and analysis of a circle containing
37,695 pixel values.

2.3. Kinetic data analysis

Based on the results from Bornhorst et al. (2017) and pre-
liminary color data from this study, L* and a* values were utilized to
represent color change and b* values were disregarded due to
insignificant Pearson correlation coefficients (<0.6) between b*
value and heating time. In order to determine the reaction kinetics
for color (L* and a*) and M-2 concentration, a modified two-step
non-linear regression method was utilized (Lau et al., 2003). The
first stepwas to fit zero, first, and second order rate equations to the
data using non-linear regression. For example, the first order
equation was defined as (Lau et al., 2003):

C ¼ C∞ � ðC∞ � C0Þexpð � k$tÞ (1)

where C is the value of the parameter (M-2, L*, or a*) at time t (min),
C∞ is the value of the parameter at saturation (M-2∞, L*∞, or a*∞),
C0 is the initial value of the parameter (M-20, L*0, or a*0), and k is the
reaction rate constant (1/min). Eq. (1) was multiplied by �1 for L*
value because the L* value decreased with increasing time. To
determine the C0, C∞, and k for each parameter (M-2, L*, or a*) at
each temperature, the Newton algorithm for non-linear regression
in SAS® 9.2 was employed. M-20 was assigned to be a constant
(zero) because experimental results showed the initial M-2 con-
centrationwas zero for all models. The kinetic model utilized in this
study only considered the formation of M-2 and did not take into
account any elimination reactions occurring simultaneously for this
intermediate compound. This approach was selected based on the
promising results in previous work for modeling Maillard reaction
products in model foods (Bornhorst et al., 2017; Lau et al., 2003;
Pandit et al., 2006; Wang et al., 2004).

All three experimental replicates for each time point were input
into the model to better reflect system variation compared to
inputting average values. For each regression, the coefficient of
determination (R2) values were determined and utilized to identify
which reaction order rate equation fit best. The second step was a
standard linear regression using the Arrhenius equation to model
the impact of temperature change on the reaction rate constants.
The Arrhenius relationship was determined using (Toledo, 2007):

k ¼ A0 exp
�
�Ea
RT

�
(2)

where k is the reaction rate (1/min) at temperature T (K), A0 is the
rate constant (1/min) as the temperature approaches infinity, Ea is
the activation energy (kJ/mol), and R is the universal gas constant
(0.008314 kJ/K/mol).

Thermal resistance of quality attributes can also be described by
the decimal reduction time (D-value) and thermal resistance con-
stant (z-value). D-value is the time (min) needed for a parameter
(M-2, L*, or a*) to achieve a one log (90%) change at a given tem-
perature; D-valuewas calculated from the reaction rate constant, as
described in Toledo (2007). Z-value is the temperature change (�C)
needed to achieve a one log change in D-values; z-value was
calculated from the activation energy, as described in Toledo
(2007). The D and z-value approach to describe safety and quality
attributes’ change during thermal processing is very common. For
this reason, D and z-values were reported to facilitate the use of
reaction kinetic data from this study in future research.

The accumulated thermal lethality, F90, was determined for
C. botulinum using (Toledo, 2007):

F90 ¼
Zt

0

10ðT�90Þ=zdt (3)

where F90 is the equivalent thermal treatment time (min) at 90 �C, T
is the temperature (�C) at time t (min), and z is the thermal resis-
tance constant with a value of 10 �C for the pathogen mentioned
above (FDA, 2011; ECFF, 2006). Cook value (C100) is commonly used
as a food quality indicator; the accumulated cook value was
calculated using (Toledo, 2007):

C100 ¼
Zt

0

10ðT�100Þ=zdt (4)

where C100 is the equivalent thermal treatment time (min) at
100 �C, T is the temperature (�C) at time t (min), and z is the thermal
resistance constant with a value of 33 �C for overall food quality
(Toledo, 2007). For both F90 and C100 calculations, the temperature
was measured in the geometric center of the test cells (cold spot)
throughout the heating time using calibrated type-T thermocou-
ples. Thus, F90 and C100 reflected the minimum accumulated ther-
mal lethality and cook value inside the test cell. Pearson correlation
coefficients were calculated to test for correlation strength between
thermal treatment severity (F90 and C100) and color and M-2 con-
centration. SAS® 9.2 was employed for the analysis with a p-value
for significance of less than 0.05.

2.4. Validation

Pasteurization validation studies were conducted in duplicate
with 280 g trays of 1 g/100 g ribose, 1 g/100 g lysine mashed potato
model food processed in both a microwave assisted pasteurization
system (MAPS) and two types of conventional hot water methods
(preheated and not preheated). Model food samples for the two
replicates of each process came from two separate experimental
batches. The MAPS design consisted of preheating the trays in
warm water, microwave heating and holding in hot water, and
cooling in water cold, all without overpressure. The hot water
process utilized recirculating hot water baths with no overpressure
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Fig. 1. Experimental chemical marker M-2 concentration (3 replicates) with 95%
confidence intervals during heating with added precursor amounts of 1 g/100 g ribose
and 0.5 g/100 g lysine (80 �C: , 100 �C: ), 1 g/100 g ribose and 1 g/100 g lysine
(80 �C: , 100 �C: ), and 2 g/100 g ribose and 2 g/100 g lysine (80 �C: , 100 �C: ). M-2
concentrations predicted with the first order kinetic model are also shown ( ).
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followed by cooling in cold water. Model food samples were placed
in rigid, high barrier, polypropylene trays with an ethylene vinyl
alcohol barrier layer (Printpack, Inc. Atlanta, GA) and a rectangular
shape (161 mm length, 116 mm width, 32 mm depth); trays were
sealed with flexible, plastic lid-stock (Printpack, Inc. Atlanta, GA)
under 15 MPa of vacuum.

All three processes aimed to achieve a 6 log reduction at the cold
spot for non-proteolytic C. botulinum, the target food pathogen in
this study; this equated to a minimum thermal treatment of 90 �C
for 10 min (FDA, 2011; ECFF, 2006). Initial tests were conducted to
determine the cold spot in MAPS processed model food trays and
the temperature was measured at the cold spot every 2 s using
calibrated, mobile metallic sensors and data logging software
(TMI,-USA, Inc. Reston, VA), as described in Luan, Tang, Pedrow, Liu,
and Tang (2013). The temperature was also measured every 2 s
during both hot water processes at the cold spot, which was the
geometric center of the tray. Several iterations for each process
with varying heating and holding times were tested in order to
achieve a process with sufficient thermal treatment. The finalMAPS
process included 30 min of preheating in 61 �C water, 2.3 min of
microwave heating with trays in 93 �C water, 9 min of holding in
93 �C water, and 5 min of cooling in 23 �C water. The hot water
process with preheating included 30 min of preheating in 61 �C
water, 32.2 min of heating in 93 �C water and 10 min of cooling in
5 �C water. The hot water process without preheating included
38 min of heating in 93 �C water followed by 10 min of cooling in
5 �C water. The MAPS, hot water process with preheating, and hot
water process without preheating yielded thermal treatment
equivalents (F90) at the cold spot of 90 �C for 10.9, 11.0, and
10.9 min, respectively.

After processing and cooling to room temperature (22 �C), the
trays of model foods were sliced horizontally at¼ and½ the sample
thickness (quarter and middle layers). The color of the quarter and
middle layers was analyzed using the computer vision system
described above. During image analysis, color mapping was per-
formed to visualize the heating pattern, where the L* and a* values
in the images were transformed to a jet color scale in MATLAB
R2013a. The L* color map utilized an L* value range of 20e68 and
the a* color map utilized an a* value range of 1e22, based on the
initial and saturation color data from the kinetic study. This
approach to creating color maps based on L* and a* values was
unique and differed from previous work that utilized grayscale
values (Pandit et al., 2007a; Zhang et al., 2014). Statistical analysis
was performed to generate histograms for the pixel values in each
image; histogram data were normalized using the total number of
pixels in each image.

3. Results and discussion

3.1. Quantification of chemical marker (M-2)

M-2 concentration increased with increasing time until
apparent saturation concentration (M-2∞) was achieved (Fig. 1). As
expected, mashed potato samples heated at 100 �C had higher M-2
concentrations compared to those heated at 80 �C. During the first
150 min, all three model food formulas heated at 100 �C achieved
an apparent saturation of M-2 concentration, while the M-2 con-
centration in model food samples heated at 80 �C continued to
increase throughout the heating time. For this reason, additional
time points up to 240 min of heating were utilized for samples
heated at 80 �C to better understand and model the M-2
concentration.

M-2 formation in mashed potato model foods heated at 80 and
100 �C fit first order kinetics best, with R2 values above 0.99 for 1 g/
100 g ribose, 0.5 g/100 g lysine, 0.97 for 1 g/100 g ribose, 1 g/100 g
lysine, and 0.94 for 2 g/100 g ribose, 2 g/100 g lysine. This trend
matched previous work on M-2 reaction kinetics; Bornhorst et al.
(2017) concluded M-2 formation at 90 �C in mashed potato, gel-
lan, and egg white model foods followed first order reaction ki-
netics and M-2 formation at 116e131 �C in mashed potato (Pandit
et al., 2006) and whey protein (Lau et al., 2003) also fit best to first
order kinetics.

For all three formulas, the M-2 saturation values (M-2∞) were
similar at differing temperatures (Table 1). However, at each tem-
perature, M-2∞ decreased with increasing amounts of added pre-
cursors, which agreed with results from Pandit et al. (2006) and
Bornhorst et al. (2017). Alternative Maillard reaction pathways that
yield brown color without M-2 formation may be enhanced in
model food systems with greater amounts of added precursors, as
proposed by Bornhorst et al. (2017).

At each temperature, M-2 formation rates increased with
increasing precursor amounts, ranging from 1.5 to 40.3*10�3 1/min
(D-values 57e1588min) (Table 1). This trendmatched expectations
for a first order reaction with limited reactants. Bornhorst et al.
(2017) and Pandit et al. (2006) suggested that the limiting factor
for the M-2 formation reaction rate is amino acid content. It follows
that mashed potato model foods in this study that contain greater
amounts of added lysine would have a faster reaction rate. Mashed
potato model food systems with greater levels of added precursors
also had higher pH; samples with no added precursors had a
measured pH of 5.2, which increased to 8.4 for the 1_R, 0.5_L for-
mula, 9.2 for the 1_R, 1_L formula, and 9.5 for the 2_R, 2_L formula.
In this pH range, higher pH could have contributed to the increased
reaction rate in model foods with more precursors (Ajandouz &
Puigserver, 1999; Ajandouz, Tchiakpe, Dalle Ore, Benajiba, &
Puigserver, 2001). Additionally, lower water activity in sample
formulas with more precursors could also have contribute to the
increased Maillard reaction rate.

For each formula, the reaction rate increased with increasing
temperature and fit well to the Arrhenius equation with R2 values
above 0.98 for all three formulas. All formulas showed similar
sensitivity to change in temperature, with activation energies be-
tween 104.9 and 122.3 kJ/mol (z-values: 20.6e24.0 �C). Activation
energies for M-2 found in this study (104.9e122.3 kJ/mol) were
within the range of those found at sterilization temperatures
(116e131 �C) in a whey protein model food, i.e. 64.0e122.3 kJ/mol
(Lau et al., 2003), and were larger than those in a mashed potato
model food, i.e. 81.4e96.1 kJ/mol (Pandit et al., 2006). M-2



Table 1
Predicted chemical markerM-2 concentration at saturation (M-2∞), reaction rate constant (k), decimal reduction time (D-value), activation energy (Ea), and thermal resistance
constant (z-value) with estimated standard error (3 replicates) for mashed potato model food samples with added precursor amounts of 1 g/100 g ribose and 0.5 g/100 g lysine
(1_R, 0.5_L), 1 g/100 g ribose and 1 g/100 g lysine (1_R, 1_L), and 2 g/100 g ribose and 2 g/100 g lysine (2_R, 2_L) heated at 80, 90, and 100 �C. 90 �C reaction rates were repeated
from Bornhorst et al. (2017) for comparison to other temperatures.

Precursor amount Temperature
(�C)

M-2∞
(mg M-2/g sample)

k
(10�3 1/min)

D-value (min) Ea
(kJ/mol)

z-value
(�C)

1_R, 0.5_L 80 0.57 ± 0.17 1.5 ± 0.5 1588 ± 558 121.1 ± 8.1 20.8 ± 1.4
90a 0.47 ± 0.06 5.1 ± 0.9 449 ± 81
100 0.43 ± 0.02 13.2 ± 1.1 174 ± 14

1_R, 1_L 80 0.18 ± 0.08 3.2 ± 1.8 720 ± 404 122.3 ± 19.5 20.6 ± 3.4
90a 0.24 ± 0.03 7.4 ± 1.8 310 ± 74
100 0.16 ± 0.01 30.0 ± 3.7 77 ± 9

2_R, 2_L 80 0.15 ± 0.03 6.0 ± 1.8 387 ± 116 104.9 ± 8.9 24.0 ± 2.0
90a 0.10 ± 0.01 18.3 ± 4.1 126 ± 28
100 0.14 ± 0.01 40.3 ± 3.7 57 ± 5

a Data at 90 �C from Bornhorst et al. (2017).

Fig. 2. Color change during heating at 80, 90, and 100 �C of mashed potato model food
samples with added precursor amounts of 1 g/100 g ribose and 0.5 g/100 g lysine (1_R,
0.5_L), 1 g/100 g ribose and 1 g/100 g lysine (1_R, 1_L), and 2 g/100 g ribose and 2 g/
100 g lysine (2_R, 2_L). 90 �C samples from Bornhorst et al. (2017) were added for
comparison between temperatures.
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formation in this study was more sensitive to changes in temper-
ature (larger Ea) than M-2 formation in Pandit et al. (2006); this
could be attributed to the difference in model food formulas, as
formulas in this study had greater amounts of added precursors
(1e2 g/100 g ribose, 0.5e2 g/100 g lysine) compared to the formula
(1.5 g/100 g ribose, 0 g/100 g lysine) used by Pandit et al. (2006).
Model foods with greater temperature sensitivity developed in this
study may be advantageous for modeling food quality degradation
that occurs during pasteurization and degradation in foods with
increased temperature sensitivity. This study cannot be compared
to previous work at pasteurization temperatures on egg white
model food by Zhang et al. (2014) because the activation energies
(or z-values) were not reported.

3.2. Effect of experimental variables (time and temperature) on
color change

All model foods showed increased brown color formation with
increasing heating time until an apparent saturation was reached
(Fig. 2). As expected, model foods with more added precursors
(ribose and lysine) had more brown color formation; this brown
color formation was faster at higher temperatures. Color formation
(L* and a* values) in the 1 g/100 g ribose, 0.5 g/100 g lysine formula
at 80 �C was too slow to be accurately captured in 240 min; with
this slow reaction rate, longer times up to 360 min were added to
determine the reaction kinetics.

Brown color formation during heating at 80 and 100 �C in
mashed potatomodel foods, asmeasured by L* value, fit best to first
order kinetics, with R2 values above 0.84 for 1_R, 0.5_L, 0.92 for 1_R,
1_L, and 0.95 for 2_R, 2_L. Color change, as measured by a* value,
also fit best to first order kinetics at 80 and 100 �C, with R2 values
above 0.91 for 1_R, 0.5_L, 0.93 for 1_R, 1_L, and 0.96 for 2_R, 2_L.
First order reaction kinetics for color change in this study matched
trends found by Bornhorst et al. (2017) for Maillard browning color
formation in egg white, gellan, and mashed potato model foods at
90 �C. For the 1_R, 1_L formula, a* reached saturation after heating
for 60 min at 100 �C and data were restricted to up to 60 min for
reaction kinetic analysis. For the 2_R, 2_L formula, L* was restricted
to 30 min of heating at 100 �C and a* was restricted to 30 min of
heating at 80 �C and 20 min of heating at 100 �C due to a rapid rate
of color formation and short time to reach the apparent saturation.

At each temperature, color change reaction rates increased with
increasing precursor amounts, ranging from 2.9 to 213.8*10�3 1/
min (D-values 11e805 min) for L* value in Table 2 and 1.4 to
4747*10�3 1/min (D-values 0.5e1657 min) for a* value in Table 3.
This trend was expected because color change was found to follow
first order kinetics, and with limited reactants, the reaction rate
should be higher when there are more reactants.
Similar toM-2 formation, L* and a* reaction rates increased with

increasing temperature and fit well to the Arrhenius equation, with
R2 values above 0.92. The significant effect of temperature on L* and
a* values was confirmed by Zhang (2014), who found significant
correlation coefficients between both L* and a* values with tem-
perature (60e90 �C) in solutions of water with added ribose and
lysine. Activation energies for Maillard reaction brown color for-
mation found by Kawai, Hagiwara, Takai, and Suzuki (2004) for
glucose-lysine glassy model food matrices at 50e100 �C
(130e156 kJ/mol) were within the range of those found in this
study for color formation (87.7e245.6 kJ/mol). Differences between
activation energies in this study and Kawai et al. (2004) could be
attributed to differences in the type of sugar, water activity, and
temperature range (van Boekel, 2001).

For all formulas, L* value had a similar sensitivity to temperature
change with activation energies between 87.7 and 121.1 kJ/mol (z-
values: 20.8e28.8 �C). The range of z-values across all formulas for



Table 2
Predicted initial L* value (L*0), L* value at saturation (L*∞), reaction rate constant (k), decimal reduction time (D-value), activation energy (Ea), and thermal resistance constant
(z-value) with estimated standard error (3 replicates) for mashed potato model food samples with added precursor amounts of 1 g/100 g ribose and 0.5 g/100 g lysine (1_R,
0.5_L), 1 g/100 g ribose and 1 g/100 g lysine (1_R, 1_L), and 2 g/100 g ribose and 2 g/100 g lysine (2_R, 2_L) heated at 80, 90, and 100 �C. 90 �C reaction rates were repeated from
Bornhorst et al. (2017) for comparison to other temperatures.

Model Temp. (�C) L*0 L*∞ k
(10�3 1/min)

D-value (min) Ea
(kJ/mol)

z-value
(�C)

1_R, 0.5_L 80 67.7 ± 0.6 46.0 ± 6.5 2.9 ± 1.3 805 ± 377 87.7 ± 4.8 28.8 ± 1.6
90a 68.2 ± 1.3 39.5 ± 13.1 6.0 ± 4.6 381 ± 274
100 69.1 ± 0.8 37.7 ± 2.3 14.2 ± 2.3 162 ± 26

1_R, 1_L 80 63.6 ± 0.7 27.0 ± 6.9 4.6 ± 1.4 501 ± 151 121.1 ± 36.6 20.8 ± 6.9
90a 66.1 ± 1.0 35.4 ± 0.9 25.4 ± 2.9 91 ± 10
100 66.0 ± 1.6 33.1 ± 1.2 41.5 ± 6.3 55 ± 8

2_R, 2_L 80 67.2 ± 1.5 25.6 ± 0.9 30.1 ± 2.8 76 ± 7 107.2 ± 10.9 23.5 ± 2.4
90a 62.5 ± 1.2 22.7 ± 0.5 69.3 ± 5.2 33 ± 2
100 64.5 ± 1.5 24.3 ± 1.1 213.8 ± 25.5 11 ± 1

a Data at 90 �C from Bornhorst et al. (2017).

Table 3
Predicted initial a* value (a*0), a* value at saturation (a*∞), reaction rate constant (k), decimal reduction time (D-value), activation energy (Ea), and thermal resistance constant
(z-value) with estimated standard error (3 replicates) for mashed potato model food samples with added precursor amounts of 1 g/100 g ribose and 0.5 g/100 g lysine (1_R,
0.5_L), 1 g/100 g ribose and 1 g/100 g lysine (1_R, 1_L), and 2 g/100 g ribose and 2 g/100 g lysine (2_R, 2_L) heated at 80, 90, and 100 �C. 90 �C reaction rates were repeated from
Bornhorst et al. (2017) for comparison to other temperatures.

Model Temp. (�C) a*0 a*∞ k
(10�3 1/min)

D-value (min) Ea
(kJ/mol)

z-value
(�C)

1_R, 0.5_L 80 0.0 ± 0.4 37.0 ± 19.4 1.4 ± 0.9 1657 ± 1087 158.1 ± 3.6 16.0 ± 0.4
90a 1.7 ± 0.6 28.3 ± 5.3 6.5 ± 2.1 355 ± 115
100 0.0 ± 0.7 20.8 ± 0.8 24.9 ± 2.8 92 ± 10

1_R, 1_L 80 1.6 ± 0.6 17.3 ± 0.9 12.9 ± 2.2 178 ± 30 98.5 ± 7.7 25.6 ± 2.0
90a 2.4 ± 0.6 20.7 ± 0.5 28.8 ± 3.0 80 ± 8
100 2.4 ± 0.9 20.9 ± 0.8 78.1 ± 12.4 29 ± 5

2_R, 2_L 80 0.5 ± 0.9 27.9 ± 3.5 52.5 ± 13.4 44 ± 11 245.6 ± 72.1 10.3 ± 3.3
90a 2.7 ± 0.7 19.9 ± 1.0 169.9 ± 28.7 14 ± 2
100 3.0 ± 1.0 18.8 ± 0.6 4747 ± 1661 0.5 ± 0.2

a Data at 90 �C from Bornhorst et al. (2017).

Table 4
Pearson correlation coefficients for thermal lethality (F90) and cook value (C100) with
experimental chemical marker M-2 concentration, L* value, and a* value (3 repli-
cates) during heating at 80e100 �C. Chemical marker and color data were included
for F90 up to 100 min and C100 up to 60 min. Model food samples had added pre-
cursor amounts of 1 g/100 g ribose and 0.5 g/100 g lysine (1_R, 0.5_L), 1 g/100 g
ribose and 1 g/100 g lysine (1_R, 1_L), and 2 g/100 g ribose and 2 g/100 g lysine (2_R,
2_L).

Thermal severity Model M-2 L* a*

F90 1_R, 0.5_L 0.58* �0.46* 0.58*
1_R, 1_L 0.46* �0.54* 0.60*
2_R, 2_L 0.39* �0.53* 0.40

C100 1_R, 0.5_L 0.96* �0.61* 0.85*
1_R, 1_L 0.89* �0.90* 0.85*
2_R, 2_L 0.90* �0.71* 0.55

*shows significant p-value of <0.001.

E.R. Bornhorst et al. / LWT - Food Science and Technology 82 (2017) 454e463 459
L* value (20.8e28.8 �C) was similar to M-2 (20.6e24.0 �C), indi-
cating that both reactions had a similar sensitivity to temperature
change. The temperature sensitivity of a* value differed from L* and
M-2, with a* activation energies ranging from 98.5 to 245.6 kJ/mol
(z-values: 10.3e25.6 �C). For the 1_R, 0.5_L and 2_R, 2_L formulas,
a* z-values were smaller than the L* and M-2 z-values, which
indicated that a* value was more sensitive to changes in tempera-
ture. Both L* and a* values could be useful in image analysis and
heating pattern visualization using the computer vision system
approach. The use of individual tri-stimulus color components (L*
and a*) for heating pattern visualization is a unique contribution of
this study and differs from past work which only utilized a com-
bined grayscale color value for visualization (Pandit et al., 2007a;
Zhang et al., 2014).

3.3. Thermal lethality and cook value correlations

As mentioned previously, the minimum thermal lethality (F90)
needed at the coldest spot in a food product is 10 min; this treat-
ment yields a minimum 6 log reduction in the target food path-
ogen, non-proteolytic C. botulinum (FDA, 2011; ECFF, 2006).
However, initial tests showed that the thermal treatment of the hot
spot during pasteurization processes can bemuch greater. An initial
correlation assessment between M-2, L*, and a* values and thermal
lethality (F90) and cook value (C100) was conducted for F90 up to
100 min and C100 up to 60 min. The primary correlation analysis
included data from 0 to 240min at 80 �C for F90 and C100, 0e90 min
of heating at 90 �C for F90 and C100 (data from Bornhorst et al.,
2017), 0e5 min at 100 �C for F90, and 0e45 min at 100 �C for
C100. The model foods with strong correlations (Pearson correlation
coefficients >0.7) would likely have the most relevance for process
evaluation. A secondary correlation analysis of the cook value was
conducted by restricting the data to a maximum C100 of 20 min. A
maximum cook value of 20 min was selected to be relevant for
pasteurization because preliminary results during pilot-scale
pasteurization tests showed a maximum 20 min cook value for
the hot spot.

In all three formulas, M-2, L*, and a* values were significantly
correlated to both F90 and C100 (p-value<0.001), except a* value in
the 2_R, 2_L formula (Table 4). M-2 was well correlated to cook
value and moderately correlated to thermal lethality, with corre-
lation coefficients ranging from 0.89 to 0.96 for C100 and 0.39e0.58
for F90. These results implied that M-2 formation in the mashed
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potatomodels would bemore applicable for food quality evaluation
than safety evaluation during pasteurization processing.

L* value was well correlated (0.71e0.90) to cook value for the
1_R,1_L and 2_R, 2_L formulas, moderately correlated to cook value
for the 1_R, 0.5_L formula (0.61), and moderately correlated
(0.46e0.54) to thermal lethality. The moderate correlation to cook
value for the lowest precursor formula was likely due to a slower
rate of L* change compared to the greater precursor amount for-
mulas. Similar to M-2 correlation findings, these results implied
that L* value was a better indicator of food quality change than
safety.

a* value was well correlated (0.85) to cook value for the 1_R,
0.5_L and 1_R, 1_L formulas, moderately correlated (0.40e0.60) to
thermal lethality for all formulas and the cook value for the 2_R, 2_L
formula. The moderate correlation for the formula with the highest
precursor amounts was likely due to a very rapid rate of a* change
that quickly reached saturation, compared to the formulas with less
added precursors. Similar to M-2 and L* value correlation findings,
these results implied that a* value was a better indicator of food
quality change than safety.

Across all model foods, correlation analysis showed that M-2, L*,
and a* values would be better indicators for food quality than
safety. M-2, L*, and a* values were plotted against cook value in
0.00

0.05

0.10

0.15

0.20

0 10 20 30 40 50 60

M
-2

 c
on

ce
nt

ra
tio

n 
(m

g/
gs

am
pl

e)

Cook value (min)

A: M-2

Most relevant to 
pasteurization 

processes

15

25

35

45

55

65

75

0 10 20 30 40 50 60

L
* 

va
lu

e

Cook value (min)

B: L* value

0

5

10

15

20

25

0 10 20 30 40 50 60

a*
 v

al
ue

Cook value (min)

C: a* value

Fig. 3. Cook value (C100) with experimental M-2 (A), L* value (B) and a* value (C) (3
replicates) during heating at 80e100 �C for model foods with 1 g/100 g ribose and
0.5 g/100 g lysine ( ), 1 g/100 g ribose and 1 g/100 g lysine ( ), and 2 g/100 g ribose
and 2 g/100 g lysine ( ). Cook values up to 20 min were most relevant to pasteuri-
zation process quality evaluation.
Fig. 3 to show a visual representation of the correlation. A sec-
ondary correlation analysis was conducted for a limited time range
(C100 up to 20 min); as mentioned previously, this time range was
selected to have more relevance to pasteurization process evalua-
tion. When the cook value was restricted to up to 20 min, M-2 was
well correlated to cook value for all formulas with significant cor-
relation coefficients ranging from 0.79 to 0.96.When the cook value
was restricted to up to 20 min for the color parameters, both L* and
a* value werewell correlated to cook value for the 1_R,1_L and 2_R,
2_L formulas with significant correlation coefficients ranging from
0.84 to 0.88 for L* value and 0.80e0.94 for a* value. For the formula
with the lowest precursor amounts (1_R, 0.5_L), both L* and a*
values were weakly to moderately correlated to cook value with
correlation coefficients ranging from 0.23 to 0.42. This trend can be
explained by the slow rate of L* and a* value change in the lowest
precursor formula during the first 20 min of cook value change. The
secondary correlation analysis showed the model foods with
strong, significant correlations to cook value were M-2 for all three
formulas and L* and a* value for the 1_R, 1_L and 2_R, 2_L formulas
(Fig. 3).

These findings were crucial in this study to show the applica-
bility of mashed potato model foods for quantifying and evalu-
ating food quality during pasteurization processes with varied
time-temperature histories in the temperature range of
80e100 �C. The model food formulas with 1 g/100 g ribose, 1 g/
100 g lysine and 2 g/100 g ribose, 2 g/100 g lysine had strong
correlations between cook value and M-2, L* value, and a* value.
The 1 g/100 g ribose, 1 g/100 g lysine formula was selected for use
in the pasteurization validation tests because of these promising
correlation results and less expensive cost due to the smaller
amount of added precursors.

As mentioned above, correlation analysis results showed that
the model food M-2 and color change during heating at pasteuri-
zation temperatures is more relevant for food quality evaluation
than food safety. This finding differed from that of Bornhorst et al.
(2017); they concluded that the models were equally good for both
safety and quality evaluation at 90 �C. This difference could be
explained by the study design, as the present study utilized various
temperatures to simulate different time-temperature histories of a
product, while Bornhorst et al. (2017) utilized only one tempera-
ture. When only one temperature is utilized, the model food re-
action rate is the most important parameter in correlation analysis;
when multiple temperatures and time-temperature histories are
considered, the model food z-value becomes important. Model
foods with strong correlation coefficients and the most relevance
for process evaluation had reaction rates and z-values that were
closer to those used in cook value calculations (z-value 33 �C) than
in thermal lethality calculations (z-value 10 �C).

3.4. Model food validation using three pasteurization processes

Color change in 1 g/100 g ribose, 1 g/100 g lysine mashed potato
model food was analyzed after pasteurizing 280 g trays using MAPS
and hot water methods (Table 5). Results showed that model food
trays pasteurized in the hot water processes had more color change
in both middle and quarter layers than model food trays from
MAPS. Among the hot water processed model foods, those that
were not preheated had more color change compared to those that
were preheated, especially in the quarter layer. Therefore, the hot
water process with preheating was a less severe thermal treatment
than the process without preheating; this demonstrated the po-
tential value of using a preheating step for improving product
quality.

Model food trays from both hot water processes had quarter
layers with more a* value color change than the middle layers,
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implying that the model food closer to the outside of the package
was overheated more than in the inside of the package. This result
matched expectations based on conduction heat transfer theory;
the outside of the package should receive more heat than the in-
side. Inmodel food trays fromMAPS, therewere no significant color
change differences between the middle and quarter layers. This
demonstrated one of the potential advantages of using the MAPS
process: the food product is less overheated, especially near the
outside of the package.

Histograms for the middle layer L* and a* values were deter-
mined for the unheated control, MAPS, and hot water processed
model food (Fig. 4). These results show that there was a color dif-
ference between the control, MAPS, and hot water processes and
that this difference could be quantified using the image analysis
techniques employed in this study. Both L* and a* value histograms
show that the model food pasteurized in MAPS had less color
change than both types of hot water processed model foods; the
majority of color in the middle layer of the model food heated in
MAPS had larger L* values and smaller a* values compared to hot
water processed model foods. For model foods processed in hot
water, those that were preheated had less color change (larger L*
values and smaller a* values) compared to those that were not
preheated.

Statistical analysis of the pixel data showed the interquartile
range for L* and a* values were similar for all treatments, between 3
and 3.7 for L* values and 1.4e2.4 for a* values. This indicated that
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Fig. 4. Histograms of experimental, normalized pixel amounts (2 replicates) for L*
value (A) and a* value (B) for the middle layer of 1 g/100 g ribose, 1 g/100 g lysine
mashed potato model food trays of the control (unheated) sample ( ), Microwave
Assisted Pasteurization System (MAPS) processed ( ), and hot water processed with
preheating ( ) and without preheating ( ). The arrow shows the direction of
increasing thermal severity and greater color change compared to the unheated con-
trol sample.
the spread of the color data was similar among all treatments and
showed the inherent variability in the color of the mashed potato
model food. The median L* values matched the trends described
above, with the control having the greatest median L* value of 75.7,
followed byMAPS (63.5), hot water with preheating (59.5), and hot
water without preheating (54.2). As expected, the opposite trend
was found with a* values, with the control having the smallest
median a* value of 1.7, followed by MAPS (10.2), hot water with
preheating (14.2), and hot water without preheating (15.5). These
results implied that the median was a more useful indicator of the
overall color change severity, since the spread of the data were
similar for all processes. The statistical analysis and histogram data
confirmed the visual color change observations, as shown in
Table 5.

Both the visual and quantitative image analysis results show
that MAPS processed model food trays had less color change and
a less severe thermal process, followed by the hot water with
preheating and hot water without preheating. This finding
matches expectations because the total time the trays of model
food were submersed in 93 �C water was almost three times
shorter for the MAPS process, with only 11.3 min in 93 �C water
for MAPS, 32.2 min for the conventional, hot water process with
preheating, and 38 min for the hot water process without pre-
heating. These results implied that model foods pasteurized with
MAPS may have had a better quality than the hot water pro-
cessed model food trays. The promising validation results from
this study indicate that these mashed potato model foods and
image analysis techniques could be useful in evaluating and
comparing the impact of various thermal pasteurization pro-
cesses on food quality.

One potential application of the model food and image analysis
techniques is in visualizing quality changes inside food products,
volumetrically. Another future application is as quality evaluation
tools to help optimize thermal processes to have the highest
quality, while maintaining safety. For example, the model foods
could be used to quantify food quality differences between pro-
cesses: 85 �C for a longer time versus 90 �C or 95 �C for shorter
times.

4. Conclusions

Chemical marker (M-2) and color formation (L* and a* values)
in mashed potato model foods followed first order reaction ki-
netics, and temperature dependence followed an Arrhenius
relationship. M-2 had the smallest range of reaction rates, fol-
lowed by L* value, and a* value. Correlation analysis showed the
model foods and parameters with strong, significant correlations
were between M-2 and C100 for all three formulas, L* value and
C100 for the 1_R, 1_L and 2_R, 2_L formulas and a* value and C100
for the 1_R, 0.5_L and 1_R, 1_L formulas. These findings were
critical because they helped to justify the applicability of using
mashed potato model foods in pasteurization process quality
evaluation.

Pasteurization validation results demonstrated that there was
a quantifiable color difference between model foods with
different time-temperature histories, including the unheated
control, microwave assisted thermal pasteurization system
(MAPS), hot water with preheating, and hot water without pre-
heating processes. Model foods pasteurized in the hot water
processes had more color change than those from the MAPS
process, implying that MAPS was a less severe thermal treat-
ment. Mashed potato model foods and image analysis techniques
from this study could be useful tools in the future for quality
evaluation and optimization of MAPS and other thermal
pasteurization methods.



Table 5
Example images of 1 g/100 g ribose, 1 g/100 g lysine mashed potato model food trays after a conventional (hot water) pasteurization with and without preheating, Microwave
Assisted Pasteurization System (MAPS), and an unheated control. For each tray, the middle and quarter layers are depicted by the original colored picture, L* value color map,
and a* value color map.

Pasteurization 
process

Middle layer Quarter layer
Original 
image

L* color 
map

a* color 
map

Original 
image

L* color 
map

a* color 
map

Hot water 
not preheated

Hot water
preheated

MAPS

Unheated 
control
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