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Abstract

New chemical marker-model food systems with D-ribose and NaOH precursors as color indicators and gellan gels as chemical
marker carrier were explored for the assessment of the heating pattern of in packaged foods processed in microwave-assisted
pasteurization system (MAPS). In determining appropriate precursor concentrations, a solution of 2% (w/w) b-ribose and 60 mM
NaOH was heated at 60-90 °C for 020 min. The solution absorbance at 420 nm increased linearly, while the color parameters L *
decreased linearly with heating time at all processing temperatures. In storage, the produced brown color was stable at 4 and
22 °C within 7 days. The new chemical marker-model foods were prepared by mixing 2% (w/w) D-ribose and 60 mM NaOH with
1% (w/v) low-acyl gellan gum and 20 mM CaCl,-2H,O solution. The dielectric constant of the model food samples decreased
with the addition of sucrose, and the loss factors increased with the addition of salt. After processing in the pilot MAPS, the
heating pattern and cold and hot spots in the new chemical marker-model food system could be clearly recognized and precisely
located through a computer vision method. This is the first time that the caramelization reaction was used as a time-temperature
indicator in gellan gel model food. This study shows the possibility of using the new chemical marker-model food system for
heating pattern determination of the MAPS.
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Introduction

Thermal processing has been used since the nineteenth centu-
ry in the food industry to produce shelf-stable food products
(Thorne 1986). The main purpose of a thermal process is to
inactivate pathogenic and spoilage microorganisms; however,
the quality of food products may also be lost due to long time
heating at high temperatures. One effective measure to reduce
the thermal damage is to shorten the heating time (Richardson
2001). Microwave-assisted thermal processing as a novel food
processing technology can significantly reduce processing
time and provide better food quality (Lau and Tang 2002;
Tang 2015).
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A major challenge of microwave-assisted thermal process-
ing is non-uniform heating. To ensure the safety of packaged
foods, the cold spot must be located for process development.
Kim and Taub at the US Army Natick Research Center iden-
tified three chemical markers: 2,3-dihydro-3,5-dihydroxy-6-
methyl-(4H)-pyran-4-one(M-1), 4-hydroxy-5-methy-3(2H)-
furanone(M-2), and 5-hydroxymethylfurfural(M-3) based on
the Maillard browning reactions to estimate non-uniform tem-
perature distribution and for cold spot determination (Kim and
Taub 1993). The method provided kinetic relationships be-
tween chemical marker yields and time-temperature influ-
ences, so the corresponding processing extent could be esti-
mated by quantifying the marker yield. Pandit et al. (2007a)
improved the heating pattern determination method by corre-
lating quantified color value on gray scale, with thermal le-
thality Fy and marker yield. By doing so, the heating pattern
can be analyzed through a computer vision system (CVS)
method, thus largely reducing the cost and analyses time.
Among the three chemical markers, M-2 was the most widely
used for high temperature short-time (HTST) processes (Kim
et al. 1996; Lau et al. 2003; Prakash et al. 1997).
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Researchers at Washington State University developed
915 MHz microwave-assisted thermal sterilization (MATS)
technology for production of shelf-stable low acid foods and
915 MHz microwave-assisted thermal pasteurization systems
(MAPS) for chilled foods. Typical target process temperatures
for MATS are 120-130 °C and for MAPS are 70-90 °C (Tang
2015). M-2 has been used in MATS (Pandit et al. 2007b) for
heating pattern determination. Mashed potato and D-ribose
were applied to produce M-2 with processing temperatures
exceeding 110 °C (Pandit et al. 2006). D-Ribose and L-
Lysine were highly recommended as the reactants to produce
M-2 due to their high efficiency of the Maillard browning
reaction (Ashoor and Zent 1984). However, the L-Lysine
(L5501, Sigma, USA) used in the heating pattern determina-
tion in MAPS has limited industry application due to its high
price. Also, the formation of M-2 needs a relatively high tem-
perature; thus, it can hardly be produced in the pasteurization
temperature range from 60 to 100 °C (Zhang et al. 2014).
Therefore, other chemical markers with low cost and high
sensitivity need to be developed for industrial utilization of
MAPS. Caramelization, as a non-enzymatic reaction, can also
produce brown color. Unlike the Maillard reaction, there is no
amino acid participated in the caramelization reaction, which
largely reduces the cost. Also, the reaction can be catalyzed by
acidic and alkaline conditions, so the reaction rate can be
promoted by adjusting the pH of the solutions (Namiki 1988).

A main function of a model food is to serve as a carrier of
chemical markers in the heating pattern determination for
microwave-assisted thermal processes. In MATS, mashed po-
tato and whey protein gel model foods were developed as
carriers for chemical marker formation (Pandit et al. 2006;
Wang et al. 2004). Computer simulation and experimental
results for MATS systems indicated that the cold spot was
located in the middle of the processed samples
(Resurreccion et al. 2013; Tang et al. 2008); thus, the model
food should be capable of being cut into different layers, and
then the color change in the middle layer was used for heating
pattern analyses. The soft mashed potato model foods cannot
provide a texture for cutting into different layers, thus largely
limiting its application. Whey protein gel model foods, on the
other hand, form a steady gel with appropriate texture for
cutting and color analyses. Whey protein gels have been ap-
plied extensively as the model food for heating pattern deter-
mination in MATS, and the results for the middle layer were
used to develop protocols to file for FDA acceptance (Tang
2015). The whey protein gels used for heating pattern deter-
mination in MATS were usually prepared with whey protein
20 g/100 g wet basis. Such whey protein model food systems
need to be heated at 80 °C for 40 min before forming a firm
and uniform gel (Lau et al. 2003; Wang et al. 2004). For
heating pattern determination in MAPS, the chemical marker
should be able to produce different levels of color with differ-
ent processing intensity for temperature range from 70 to
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90 °C. Temperature at 80 °C is too high for chemical
marker-model food system for MAPS since the chemical
marker will change the color before forming a gel. Such
changes could lead to inaccurate evaluation of the heating
pattern after the microwave-assisted thermal processing.

Zhang et al. (2013, 2015) studied the application of egg
white and gellan gel for MAPS and recommended gellan gels
as model foods for heating pattern determination. Gellan is a
water-soluble anionic extracellular polysaccharide produced
by the bacterium Sphingomonas elodea known as
Pseudomonas elodea (Pollock 1993). Gellan gel has the ad-
vantages of high gelation efficiency, good thermal stability,
and a wide range of mechanical properties (Morris et al.
2012). Native gellan polysaccharide is a high acyl form due
to the existence of L-glyceryl and acetyl groups (Kuo et al.
1986). After processing by alkali at high temperature, the sub-
stitutes were removed, processing the low-acyl gellan. The
gellan gel formed by low-acyl gellan is firm and clear (Tang
et al. 1994, 1995, 2001); the gelation temperatures can be
adjusted from 40 to 70 °C with different polymer and cation
concentrations (Tang et al. 1997a, b). Therefore, low-acyl
gellan is preferred in preparation of the model foods for
heating pattern determination in MAPS.

The objective of this study was to explore the possibility of
using the caramelization reaction to produce a chemical mark-
er as the time-temperature indicator in low-acyl gellan gel
model foods for heating pattern determination of
microwave-assisted pasteurization processes. This study
consisted of two parts: (1) investigating color formation and
stability in selected solutions with appropriate color precur-
sors and (2) developing gel models that incorporated the se-
lected solutions for color formation in solid matrices. The
color changes and stability of the chemical marker were de-
tected by the color parameter L and absorbance. Physical
properties (dielectric properties, penetration depth, and tex-
ture) of the chemical marker-model food system were deter-
mined to evaluate its feasibility for microwave heating. The
heating pattern of the new chemical marker-model food sys-
tem was detected; cold and hot spots in 10.5 oz trays were
located using the computer vision method after being proc-
essed in the pilot MAPS. Lastly, a mobile temperature sensor
determination was conducted to validate the obtained heating
patterns.

Materials and Methods
Sample Preparation
Solutions of D-ribose and NaOH were prepared by slowly

adding 2% (w/w) D-ribose and 60 mM NaOH into double-
deionized (DDI) water at 22 °C; the solution was stirred
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on a magnetic stirrer until D-ribose was completely dis-
solved. The pH of the final solution was 12.

Gellan solutions were prepared by slowly adding 1%
(w/v) low-acyl gellan gum (CP Kelco Inc. Atlanta, GA)
into DDI water at 22 °C; the mixtures were stirred on a
magnetic stirrer for 1 h, and then slowly heated to 90 °C.
Twenty mM CaCl,-2H,0 and 2% (w/w) D-ribose were
added into the solution at 90 °C; the solutions were
cooled down to 60 °C. NaOH was added at 60 °C, and
the solutions were continually stirred for 1 min to obtain a
final NaOH concentration of 60 mM.

Water Bath Treatment

The kinetics of color change in solutions during thermal
treatments is important to estimate the corresponding col-
or for a given temperature-time history. The kinetic stud-
ies were conducted under isothermal conditions. The ther-
mal influence during the come-up time (the time that sam-
ples reached 0.5 °C below the set temperature) should be
reduced or eliminated to the greatest extent (Chung et al.
2007). In this study, custom-built aluminum thermal ki-
netics testing (TKT) cells designed at Washington State
University (Zhang et al. 2014) were used. The heating
time was considered to start at the end of the come-up
time, which in this study was around 30 to 50 s. TKT
cells, each containing 5 mL of 2% (w/w) D-ribose and
60 mM NaOH solution, were heated in a water bath
(Model HAAKE DC 30, Thermo Electron Corp.,
Waltham, MA, USA) at 60, 70, 80, and 90 °C for 0, 2,
5, 7, 10, 15, and 20 min. After heating, the TKT cells
were cooled immediately in ice water for 3 min, then
equilibrated to room temperature before color value
measurement.

Color Value Determination

After the heat treatment, the color parameter L* (Lightless) of
the samples was measured by CVS and CS6 Photoshop
Software (Adobe system, Inc., San Jose, CA) as described in
Zhang et al. (2014). Wavelength at 420 nm was recommended
for the measurement of the yellow and brown color (Levinson
2001). Thus, the absorbance of samples at 420 nm was deter-
mined using a Shimadzu UV-2550 spectrophotometer
(Shimadzu Co, Kyoto, Japan) for the evaluation of color
change. All measurements were conducted in triplicate.

Color Stability

Solutions of D-ribose and NaOH were heated in a water
bath at 80 °C for 5, 10, 15, and 20 min to study the influ-
ences of storage time on the color stability. The processed
samples were sealed in 15-mL centrifuge tubes and

covered with aluminum foil to eliminate the effects of
light. Samples were stored at 4 and 22 °C, and L* and
pH were measured on storage times 0, 1, 3, 5, and 7 days.
The pH was measured by pH meter (APS, Fisher Scientific
International, Inc, New Hampshire, USA). All measure-
ments were conducted in triplicate.

Dielectric Properties Measurement

The dielectric constant (the ability to store electric energy,
¢') and the loss factor (the ability to dissipate the electrical
energy into heat, ¢"”) are the two most important dielectric
properties of food, which are used to evaluate the thermal
behavior of food materials in microwave heating. At room
temperature, the dielectric constant and loss factor of most
fruits and vegetables ranged from around 60 to 80 and 10
to 30 respectively, at 915 MHz (Venkatesh and Raghavan
2004; Wang et al. 2003a, 2005). The dielectric properties
of meats vary due to their different composition, but for
the most common meats such as raw beef, chicken, and
turkey, the dielectric constant and loss factor are around
60 and 30 at 915 MHz (To et al. 1974; Tran and Stuchly
1987). For an ideal model food system, it should have the
flexibility to cover a wide range of dielectric constant and
loss factors to match those of real foods. In the current
study, we added salt to adjust the loss factor and sucrose
to adjust the dielectric constant (Luan et al. 2015b) of the
new chemical marker-model food system.

In addition to the gelation solution steps described in
the “Sample preparation” section, salt and sucrose were
added at 90 °C so that the solutions consisted of 0, 100,
200, and 300 mM salt and 0, 0.1, 0.2, 0.3, and 0.4 g/mL
sucrose. The solutions were poured into 50-mL plastic
centrifuge tubes and cooled down in a refrigerator
(4 °C) to set the gels. An HP 8752 C network analyzer
with 85070B open-end coaxial dielectric probe (Agilent
Technologies, Santa Clara, CA, USA) as described in
Guan et al. (2004) was used to measure the dielectric
properties. Gel samples were cut into a cylindrical shape
with a diameter of 20 mm by using a steel tube with sharp
edges. The samples were then placed in the testing cell
with an inner diameter of 21 mm and a height of 94 mm;
the testing cell was heated in a circulating oil bath up to
100 °C, while the corresponding dielectric constant and
dielectric loss factor were measured at every 10 °C incre-
ments over the temperature range of 20 to 100 °C.
Detailed information of the testing cell is described in
Wang et al. (2003b). The testing cell was cooled down
to a temperature lower than 20 °C using a programmable
circulator (1157, VWR Science Products, Radnor, PA,
USA) and cleaned thoroughly before the next measure-
ment. All measurements were conducted in duplicate.
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Penetration Depth

Information on penetration depth of the microwave in foods
is important for designing the size, especially the thickness,
of the packaged foods in microwave-assisted thermal pro-
cesses. It is defined as the depth where the incident power
decreased to 1/e (Euler’s number e~2.718) of the power
entering the material’s surface (Von Hippel 1995) and is
calculated from:

D, = < (1)

2t | 2¢ [,/(—)2 -1

where c is the speed of light in free space (3 x 10°® m/s), and
f is the frequency, which in this study is 915 MHz
(915,000,000 Hz).

Gel Model Texture Measurement

Different predetermined amounts of low-acyl gellan were
added to make final gellan gum concentrations of 0.5, 1
and 1.5% (w/v), and CaCl,-2H,0 was added when solutions
reached 90 °C to make final CaCl,-2H,O concentrations of
5, 10, 20, and 40 mM. The solution samples in 50 mL plas-
tic centrifuge tubes were cooled down in a refrigerator
(4 °C) to set the gels. Gel samples were then cut into a
cylindrical shape with a diameter of 20 mm and a height
of 20 mm using a steel tube with sharp edges. The texture
measurements were conducted using the TA-XT2i Texture
Analyzer (Texture Technologies Corp, Scarsdale, NY) with
a 25 mm diameter aluminum cylinder probe. The contacted
surfaces of the samples were lubricated and compressed to
failure with a testing speed of 1 mm/s. The maximum force

Fig. 1 Microwave-assisted
pasteurization system (MAPS)
diagram

Wave guide \

Cooling section
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Holding section

(F ) and deformation (AL,,,,) were recorded for the true
gel stress (omax) and gel strain (€max) calculation (Hamann
1983):

AL gy
max — —In|l—— 2
€ n[ 7 } (2)
Fo(L—AL,,
Omax = aX( 5] aX) (3)
TR°L

where L and R are the original height and radius of the gel
samples. For the cylindrical gel model food, a shear mode was
observed in gellan gels during the compression testing; thus,
the shear strain (y,.x) Which represents the extensibility and
shear stress (T.x) Which represents the strength at failure
were calculated by the following equations to represent the
true failure properties of the gel model food (Tang et al. 1994):

Ymar = (1 + V)Emax 4)

O max
max — T~ 5
e = 22 )

where the Possion’s ratio  was set as 0.5 (Juvinall 1967). Six
replicates were conducted for each measurement.

Microwave-Assisted Pasteurization Process

A pilot-scale single-mode (915 MHz) microwave-assisted
pasteurization system developed at Washington State
University (Fig. 1) was used in this study. By adjusting the
microwave power and conveyor speed, the MAPS can raise
the temperature of different food products to between 70 and
90 °C within a short time (1.5 to 2 min) to inactivate patho-
genic bacteria and viruses (Tang 2015).

Gellan solution (10 oz) was poured into plastic trays
(14 cm x 9.5 cm x 3 cm) and cooled down in a refrigerator

915 MHZ microwave
generator

Preheating section

Packaged food

Food carrier

Microwave heating section Conveyor
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(4 °C) to set the gels. Samples were then vacuum-sealed and
equilibrated to room temperature before processing in
MAPS. The MAPS consisted of four sections: preheating,
microwave heating, holding, and cooling. Samples were
placed in a tray carrier and pre-heated in the preheating
section for 30 min with a water temperature of 60 °C, then
moved through (at 25 in/min) the microwave heating sec-
tion where 5 kW of microwave power was applied to both
cavities to allow a rapid increase of sample temperature.
Water immersion was applied during the microwave heating
process to reduce edge heating (Tang 2015). After that, the
samples were moved to the holding section and held for
6 min with circulating water at 90 °C, followed by a 5-min
cool down in the cooling section with a water temperature of
25 °C. Following this, the samples were unloaded from the
MAPS for heating pattern determination.

Heating Pattern Determination and Validation

After processing by the MAPS, the gel model foods were
unloaded and cut horizontally along the middle plane. Since
the gellan gel model foods are transparent, the color at the
bottom could influence the accuracy of the heating pattern
determination; a layer of 5 mm thickness was cut horizon-
tally below the mid line to minimize the influence of the
bottom color. Images of the cut layers were taken from
CVS, and the heating patterns were analyzed by CS6
Photoshop software (Adobe system, Inc., San Jose, CA)
and IMAQ vision builder (National Instrument Product,
Austin, TX) with a script designed by Pandit et al. (2007a).
Validation of the heating pattern was conducted by using
TMI mobile metallic temperature sensors (TMI-USA Inc.,
Reston, VA, USA), which has been proven to be a reliable
and accurate method in microwave heating processes (Luan
et al. 2013, 2015a). The location of the cold and hot spots
was determined by comparing the average value of the
prominent temperature zones. After locating cold and hot
spot locations, the mobile metallic sensors with a protective
metal tube (diameter 2 mm, length 50 mm) were horizontal-
ly inserted into the middle layer of the gel samples, and
placed with the measuring point of the sensors at the loca-
tion of the cold and hot spots. Temperature profiles were
generated after analyzing the temperature changes recorded
by the mobile metallic sensor during the MAPS process.

Data Analyses

The kinetic model of color change during heat treatment can
be described using Eqgs. 6—8, which were derived from
Espenson (1995):

Zero order : C, = Cy—kt (6)
C
First order : In— = Co—kt (7)
Co
1
Second order : kt = — (8)

C Co

where Cj, is the color value at time zero, C, is the color value at
time ¢ and £ is the reaction rate constant.

If the color reached an equilibrium status after long
time heating, then the fractional conversion model based
on first-order kinetics can be used to describe the reaction
(Rizvi and Tong 1997):

C()_Ct
£ =
C[_Coo
In(1-f) =1 = —kt 10
-0 = (=) (10)

where f'is the color change index, Cj is the initial color value,
C, is the color value at time ¢, and C,, is the color value after
prolonged heating time.

Statistical analyses were conducted by using SAS (SAS
Institute Inc., Cary, NC, USA). Differences between group
means were analyzed by Tukey’s multiple-range test.
Statistical significance level P was set at 0.05 probability
level.

Results and Discussion
Color Changes in Thermal Treatment

As a non-enzymatic reaction, the caramelization browning is
greatly influenced by temperature, time, and pH (Ajandouz
et al. 2001, 2008). In this study, the L* and absorbance were
used to obtain the relationship between brown color changes
in ribose-NaOH solutions with an initial pH of 12 and pro-
cessing time at different temperatures. In the L/a/ b color sys-
tem, L* stands for the luminance or lightness component of
the samples (Leon et al. 2006), which quantifies the color
changes of different levels of brown color. As indicated in
Fig. 2a, L* of ribose-NaOH solutions decreased with increas-
ing processing time at all the tested temperatures. First reac-
tion order kinetics were obtained between L* and processing
time, with R? (coefficient) ranging from 96.7 to 98.9%.
Absorbance at 420 nm of ribose-NaOH solutions increased
with increasing processing time (Fig. 2b). The increasing rates
of absorbance were consistent at 60 and 70 °C. However, the
increasing rates of absorbance in the early phase (0—10 min)
were much higher than in the later phase (10-20 min) at 80 and
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Fig. 2 L* (a) and absorbance at 420 nm (b) of ribose-NaOH solutions
after heat treatments; mean + SD for three determinations

90 °C; thus, fractional conversion model which is usually used
to describe two or more different phases of the reaction
(Zimeri and Tong 1999) was applied in this study. The equi-
librium status of the brown color was achieved by heating
solutions for 120 min. The equilibrium absorbance values of
solution at 60, 70, 80, and 90 °C were 2.64, 3.90, 4.43, and
4.54, respectively. Fractional first-order kinetics were obtain-
ed between absorbance and processing time with R* 97.5,
99.6, 98.9, and 99.1% of 60, 70, 80, and 90 °C. However,
compared to the fractional first order, zero-order kinetics
(R?=98.04) can better describe the color absorbance at
60 °C. We believe that the absorbance of the brown color at
all temperatures would eventually follow fractional first order
if we continue to extend the thermal treatment time. Similar
color change trends were found by Ajandouz and Puigserver
(1999) and Ajandouz et al. (2001) on the caramelization brow-
ning of glucose and fructose with solution pH at 12.

Both the L* and absorbance indicated that the higher the
processing temperature and longer heating time, the higher the
brown intensity. But the color changes as indicated by L*
followed the first order at all processing temperatures, which
is similar to the inactivation kinetics of microorganisms
(Stumbo 1965). Thus, the L* provided a more apropos rela-
tionship compared to absorbance at 420 nm.
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Color Stability after Thermal Treatment

In our previous studies using chemical marker to determine
the heating patterning of microwave-assisted sterilization pro-
cesses, the produced brown color remained stable after the
thermal process. Thus, the measurement of color in different
locations of a model food truly reflected heating pattern in a
MATS process. For the new chemical marker-model food sys-
tem that we are elevating for the microwave-assisted pasteur-
ization system, it is also desirable to maintain stable colors
after thermal processing to reflect the heating patterns. Thus,
it was necessary to study the stability of color in solution after
thermal treatments.

The color stability of the samples after being heated at
80 °C was evaluated over 7 days at 4 °C and 22 °C by mea-
suring the L* of ribose-NaOH solutions. Significant differ-
ences (p < 0.05) were found in the L* (mostly decreased) with
the prolonged storage time at 4 and 22 °C, which indicated
that more brown color was produced during storage (Table 1).
No significant difference was found in the L* between sam-
ples after the same heat treatments but stored at 4 and 22 °C.
Thus, the storage time had more influences on the L* than the
storage temperature. Similar results can be concluded from the
change of pH values. During the storage, the pH of solution
decreased with the prolonged storage time, which indicated
that the caramelization reaction continued during storage. The
pH changes of processed solutions at 22 °C were higher than
4 °C with the prolonged storage time, which indicated higher
reaction rates at 22 °C storage temperature. However, such
differences in the reaction rate could not result in significant
differences in the L* values within 7 days of storage.

It has been reported that the caramelization browning reac-
tion rate increased in a high alkaline condition (10-12) (Kim
and Lee 2008; Namiki 1988). The results of this study indi-
cated that the ribose-NaOH solutions still produced brown
color at a temperature as low as 4 °C. Consequently, more
accurate results for heating pattern determination could be
achieved by storing the treated samples for shorter storage
time before analyses. Nevertheless, the maximum change of
L*was less than 2% over 7-day storage, which is in agreement
with the previous study of Kamuf et al. (2003) that the
caramelization reaction rate was relatively low at ambient
storage temperature. The caramelization brown color can be
considered stable at both 4 and 22 °C within 7 days.

Effect of Salt and Sucrose on Dielectric Properties

Dielectric constant decreased with increasing temperature, but
no significant differences (p >0.05) were observed after
adding 100, 200, and 300 mM salt (Fig. 3a). This indicates
that there was a limited effect of salt on the dielectric constant
of'the new chemical marker-model food system. The dielectric
constant, however, significantly decreased after adding 0.1,
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Table 1 L* and pH of heated ribose-NaOH solution during storage at 4 and 22 °C; mean + SD for three determinations
Storage Storage time Heating time
temp (°C)  (day)
5 min 10 min 15 min 20 min
pH L pH L pH L* pH L
4 0 1145+ 001 96.42+0.08" 10.95+0.05 9548+0.10* 1028 +0.01 94.80+0.22° 952+0.04 94.05+0.13°
1 11.34+0.01 96.76 +0.06°° 10.77 +0.01 95.62+0.05° 9.85+0.01 94.43 +0.33® 9.12+0.08 93.59 +0.21%
3 11.11 +£0.03 97.52+0.16° 10.00+0.02 9528 +0.08" 8.41+0.01 94.07+0.23" 8.13+0.05 93.56+0.39
5 10.82+0.02 97.59+0.02° 9.46+0.03 95.18+0.10° 8.12+0.01 93.70 +0.08> 7.86+0.01 92.98 +0.07°
7 1048 £0.02 96.80 +0.80° 8.84+0.02 94.44+0.51® 7.83+0.01 9345+0.07° 7.62+0.01 93.01 +0.45°
22 0 1146 +0.01 96.69 +0.02° 10.81 +0.02 95.71 +0.06* 10.11 +0.01 95.14+0.14* 9.47+0.03 94.13 +0.02°
1 11.16 £0.01 96.56+0.09° 1028 +0.02 95.52+0.02> 9.30+0.04 94.84+0.15* 8.68+0.01 94.07+0.19"
3 1041 +£0.03 96.50 £0.06® 831+0.04 94.82+0.17° 7.62+0.02 93.73+0.11°> 7.33+0.03 92.52+0.18°
5 950+ 0.01 9624+0.10° 7.70+0.06 9421+023° 7.22+0.02 9348 +0.06* 7.03+0.02 92.50 +0.09°
7 8.19+0.01 9629+0.14° 728+0.04 9424+0.10° 7.02+0.03 9335+0.06° 6.88+0.04 92.84+0.28"

Values with different letters in the same column are significantly different (P<0.05)

0.2,0.3, and 0.4 g/mL sucrose (Fig. 3¢), which is in reasonable
agreement with other studies (Guan et al. 2004; Stogryn 1971;
Zhang et al. 2015). Morris et al. (2012) explained that the
sugar-water association was formed after adding sucrose
into solution, which reduced the content of free water
and resulted in a decrease of dielectric constant. The di-
electric loss factor of the new chemical marker-model food
system significantly increased with increasing salt content

—-0mM -#-100mM

200mM  —+—300mM
85 q

Increasing salt content

80 1 from 0 to 300mM
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Dielectric constant

65

60 T T T T T T T
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(Fig. 3b). A decreasing trend was observed for the dielec-
tric loss factor when increasing the sucrose content (Fig.
3d). Thus, the dielectric loss factor was adjustable by con-
trolling the content of salt and sucrose. However, the in-
fluences of salt content on dielectric loss factor were
prominent compared to sucrose content. Therefore,
adjusting the content of salt was preferred for a targeted
dielectric loss factor.
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Fig. 3 The effect of salt (a, b) and sucrose (¢, d) on the properties of new model food at 915 MHz between 22 and 100 °C; mean + SD for two

determinations
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Generally, different food materials could achieve similar
thermal treatment intensities in dielectric heating if their di-
electric and thermal properties are similar (Ryyninen 1995).
At room temperature, the dielectric constant and loss factor of
the new chemical marker-model food system could range
from approximately 65 to 80 and 15 to 80 at 915 MHz by
adjusting the sucrose and salt content respectively. Thus, the
model food can cover a wide range of the dielectric properties
of the real foods, which allows the model food to more accu-
rately simulate the thermal behavior of different food
materials.

Effect of Salt and Sucrose on Penetration Depth

Compared to the 2450 MHz microwaves, a lower frequen-
cy of 915 MHz has deeper penetration depth, which pro-
vides the potential of more uniform heating in microwave
thermal treatment. The penetration depth of 915 MHz mi-
crowaves in the new chemical marker-model food system
decreased with increasing temperature (Fig. 4), which can
be attributed to the increasing loss factor and decreasing
dielectric constant with the increasing temperature.

—-0mM -#-100mM 200mM  —+—300mM

359 ,
30 A
£ Increasing salt content
£ 25 from 0 to 300mM
2 20 A
-]
§ 15
E
3 10 A
=]
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Fig. 4 Effect of salt (a) and sucrose (b) on penetration depth of new
model food at 915 MHz between 22 and 100 °C
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Penetration depths of the new chemical marker-model food
system decreased with increasing salt content (Fig. 4a).
Based on the correlation between penetration depth and
dielectric property (Von Von Hippel 1995), a significant
increase of dielectric loss factor and small change in the
dielectric constant with increasing salt content resulted in
the significant decrease of penetration depths. Penetration
depths generally increased with increasing sucrose content
due to the decreased dielectric loss factor with increasing
sucrose content (Fig. 4b). Accordingly, the penetration
depth of new chemical marker-model food system could
be well-adjusted by controlling the content of salt and
sucrose.

Schiffmann (1995) recommended that the thickness of the
processed food should not be larger than two or three times of
the microwave penetration depth in dielectric heating to
achieve a uniform heating. Therefore, the food ingredient,
such as salt and sucrose, should be adjusted to allow a close
match of the dielectric properties of the new model food sys-
tem with the real foods in developing a microwave thermal
process. The maximum penetration depths were around
30 mm with 0 mM salt and around 33 mm with 0.4 g/mL
sucrose, which indicated that the maximum thickness of the
new chemical marker-model food system in 915 MHz micro-
waves could be as high as approximately 90 and 100 mm
correspondingly.

Texture Optimization of the New Chemical
Marker-Model Food System

As previously described, a layer with 5 mm thickness need-
ed to be cut horizontally below the middle plane of the
model food for further analyses of heating pattern. Model
foods with high strength and extensibility are required for
better cutting for heating pattern determination. Tang et al.
(1994) studied the failure stresses and strains of gellan gel
under compressive, tensile, and torsional modes, and report-
ed that shear stress was equal in the three modes, and pro-
portional to gellan content; the shear strain decreased with
the increasing Ca®* concentration, and gellan gels were brit-
tle with high Ca®* concentration. Thus, high shear stress
corresponded to high strength, while high shear strain
reflected high extensibility of the gel system.

Our results showed that the shear strain of the new chem-
ical marker-model food system decreased with Ca** concen-
tration from 5 to 10 mM, then remained constant from 10 to
40 Mm. Higher shear strain of the system was obtained with
1.5% gellan at all Ca®* concentrations (Fig. 5a). The shear
stresses were first increased with Ca** concentration from 5
to 20 mM, then significantly decreased from 20 to 40 mM.
The maximum shear stress was obtained with 1.5% gellan and
20 mM Ca>* concentration (Fig. 5b).
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Fig. 5 Shear strain (a) and shear stress (b) at the failure of gellan gel with
various gellan and Ca®* concentration; mean + SD for six determinations

Fig. 6 Heating pattern (a) and
cold/hot spot location (b) in 10.5-
oz gellan gel model food tray of
MAPS

An appropriate combination of gellan gum and cation
concentration is required for the formation of a strong and
clear gellan gel (Gibson and Sanderson 1997; Tang et al.
1995). The gelling mechanism started with forming
double-helical junction zones, followed by direct cross-
linking of cations to generate a stable gellan three-
dimensional network (Chandrasekaran and Radha 1995).
In the current study, both gellan gum and Ca®* concentra-
tions influenced the texture of gellan gel model food.
Model food with 1.5% gellan gum had higher shear
strains than 0.5 and 1% gellan gum and had the maximum
shear stress with 20 mM Ca®* among all the gel samples.
Thus, 1.5% gellan gum was selected for the new chemical
marker-model food system. For model foods with 1.5%
gellan gum, 5 mM Ca®* provided 11% higher shear strain
but 24% lower shear stress than 10 and 20 mM Ca®*.
Thus, 10 and 20 mM Ca®* were preferred to achieve high
values of both the shear strain and stress. The shear strain
and stress values were very similar of model foods with
10 and 20 mM Ca®*; from the cost-saving perspective,
10 mM Ca** was selected as the optimal concentration
for the new chemical marker-model food system.

Validation of the Heating Pattern in MAPS Process

After processing in MAPS, the heating pattern of the middle
layer of new chemical marker-model food system in 10.5 oz
tray was analyzed by CVS as shown in Fig. 6. The red color

90mm

135mm —
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Fig. 7 Temperature profiles at the 100 ~
cold and hot spots in 10.5-0z —T-cold spot
gellan gel model food tray
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corresponded to hot zones which received the most thermal
energy, and the blue color corresponded to cold zones which
received the least thermal energy. “Forward” represented the
tray moving direction in MAPS. The CVS analysis results
provided a clear heating pattern, in which four hot zones
(Fig. 6a 1, 2, 3 and 4) and one cold zone (Fig. 6a 5) were
represented visibly. Among the four hot zones, zone 4 had the
highest red color concentration. Thus, the exact locations of
the hot and cold spot were located in zones 4 and 5, respec-
tively. The CVS then divided zones 4 and 5 into many small
grids and confirmed the numeric locations of cold and hot
spots (Fig. 6b) by comparing the color concentration of dif-
ferent grids in each zone.

Validation of cold and hot spots was conducted by inserting
a TMI mobile metallic temperature sensor in the correspond-
ing location (Luan et al. 2013). The complete temperature
profiles of cold and hot spots in 10.5 oz tray during MAPS
process are as shown in Fig. 7. The temperature of both cold
and hot spots reached 60 °C after 30 min preheating, then the
hot spot increased quickly to 90 °C, whereas the cold spot
barely reached 80 °C in the microwave heating section. The
temperature of hot spot stayed at 90 °C and the cold spot
increased close to 90 °C after 6 min in holding section, then
decreased together in the cooling section (cold spot Fgo=
6.9 min). The temperature of the hot spot was consistently
higher than the cold spot in the microwave heating and hold-
ing sections. Thus, the heating pattern detected from intensity
of brown color formed in the new gellan gel system did allow
detection of cold and hot spots in a MAPS.

Conclusions
A new chemical marker-model food system was developed

for the heating pattern determination of the MAPS.
Caramelization reaction (D-ribose and NaOH) was firstly used
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Time (min)

to produce brown color as the time-temperature indicator in
model food system. The system is stable, low cost, casy to be
prepared, and has high gel strength. Moreover, it can be ad-
justed to different levels of dielectric constant and loss factor
to simulate various real foods. A clear heating pattern of the
new chemical marker-model food system was obtained after
processing in MAPS, and the locations of cold and hot spots
were further validated. This work demonstrated that the new
chemical marker-model food system provides clear and pre-
cise heating pattern of MAPS, which is required for process
design to achieve reliable microbiological control after pro-
cessing. The gellan gel system in this study was transparent,
which might influence the heating pattern determination re-
sult. In the future study, additives such as titanium dioxide,
modified starch, and milk powder are recommended to make
the model food system opaque for more accurate heating pat-
tern determination.
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