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Abstract: In this paper, the potential of a Maillard reaction-based time-temperature indicator (TTT)
as a device for the visualization of shelf life was evaluated by comparing the quality variations
of cold-stored strawberries and the color changes of Maillard reaction solutions. The color varia-
tions of the Maillard reaction solutions stored in the same storage environment as the cold-stored
strawberries showed suitable characteristics for the visualization of shelf life, such as pronounced
color changes, a wide-ranging color variation rate, and activation energy. In particular, the con-
centrations of the reaction solutions with the combinations of 3.0 M D-xylose, 1.5 M glycine, and
0.3 M Na;HPOy; 2.0 M D-xylose, 1.5 M glycine, and 0.3 M Na,HPOy; and 4.0 M D-xylose, 1.0 M glycine,
and 0.3 M Na,HPO,4 were suitable for the visualization of the weight loss variation, color difference
variation, and appearance damage. These concentrations showed similar color variations and Ar-
rhenius activation energies to the variation of the quality characteristics, such as weight loss and
color difference. Additionally, a Maillard reaction-based time-temperature indicator (TTI) has a wide
applicability to other agricultural products using the wide range of the color change rate and the
activation energy.
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1. Introduction

Temperature is an important factor affecting the quality of food. The quality reduction
and spoilage of foods may occur by the mismanagement of temperature [1]. Moreover,
shelf life, which exists for most foods, cannot be completely trusted because the food
might have been exposed to inappropriate storage conditions, such as a temperature
abuse and being in storage for excessive periods of time [2,3]. Therefore, the monitoring
of time and temperature during storage and transportation is important to ensure the
freshness and safety of food. A time-temperature indicator (TTI) is a simple and economical
device that can indirectly provide information on the shelf life of food with time- and
temperature-dependent visual responses [1,4]. That is, the quality and freshness of food
can be determined by visually monitoring the color change in a TTI. Several studies have
been conducted to develop the TTI by using various methods, such as chemical TTIs,
physical TTls, enzymatic TTIs, microbial TTIs, and so on [1,3]. Pandian et al. [5] reviewed
the theoretical aspects of the developed enzymatic TTI devices for their application in
quality monitoring and the shelf-life estimation of food products during storage, and
the enzymatic TTIs were developed based on various enzymes such as including lipase,
amylase, phospholipase, urease, and laccase. Zhang et al. [2] reviewed the response mechanism,
application, and research trends of microbial TTIs. The microbial TTIs reflect the bacterial
growth and metabolism by microbial food spoilage and were developed using A L.sakei
strain, lactic acid bacteria, Weissella cibaria CIFP 009, and Weissella koreensis. Wang et al. [6]
reported that TTIs can basically provide effective information about food quality, but have
some problems such as the migration of toxic substances, the inaccuracy of temperature
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monitoring, and the high cost in the area of commercial application. For the use of the
TTI system in food quality management, several factors, such as time- and temperature-
dependent irreversible responses, a high visibility, compactness, a low cost, a simple
mechanism, consistency, a good connection with quality variation, non-toxicity, and so on,
should be considered [5]. As a material that satisfies these requirements, we focused on
a Maillard reaction-based TTI. The Maillard reaction produces a brown substance called
melanoidin via a reaction between the reducing sugars and amino acids [7], and it is
observed as the browning in food processes, such as coffee roasting, bread baking, and
meat cooking [8]. Additionally, the Maillard reaction rate can be adjusted over a wide range
by temperature, pH, and the type of reactants and their concentrations [8]. In previous
studies, Maillard reaction-based TTIs have shown various possibilities, such as monitoring
cooking temperature [9], predicting the maturity of melon cultivation [10], monitoring
the quality variation of the long-term storage of chilled beef [11], and monitoring the
deterioration in the quality of frozen food during distribution [4]. Moreover, the reactivity
of the Maillard reaction has also been studied in a wide temperature and concentration
range [12]. In order to confirm its actual applicability, the color change characteristic should
be analyzed in the same storage environment as stored food and compared with variations
in food quality.

Strawberry, among various agricultural products, is an extremely popular agricultural
product in Korea. However, strawberry has a short shelf life of 3-7 days at a temperature
of 0 °C and 1-2 days at room temperature [13]. The shelf life of stored strawberries can
be visually determined by the occurrence of signs of decay, such as gray mold and soft
rot [14]. However, the occurrence of signs of decay indicates that it is already dangerous
to eat the strawberries. The determination of the remaining shelf-life is needed for the
safe consumption of strawberries; however, this is difficult to achieve because the tem-
perature history and the storage period cannot be visually known. We considered that
the shelf life and safety of cold-stored strawberries can be visualized by using a Maillard
reaction-based TTIL.

We aimed to investigate the relationship between the quality variations of cold-stored
strawberries and the color changes of the Maillard reaction solutions in order to determine
the potential of a Maillard reaction-based TTI as a device for the visualization of shelf life
and safety.

2. Materials and Methods
2.1. Samples and Low-Temperature Storage

Ripe strawberry (Fragaria x ananassa Duch. cv. Seolhyang) was harvested from a
local producer in Cheongju, Chungbuk, Korea. Strawberries without any damage, such as
physiological disorders, fungal infections, or other pollution, were selected and were dried
on paper towels after cleaning with distilled water. Additionally, those were packaged
in polystyrene trays and stored in the refrigerator (R-B425GB, LG, Seoul, Korea) within
4 h after harvest. The temperature conditions for storage were set to 1, 4, and 7 °C.
During storage, we measured the appearance change and the physical characteristics of the
strawberry, such as the weight loss, color difference (AE), and total soluble solid content
(5SC), which were measured at the same time interval as obtaining the digital images of
the reaction solution. The weight loss, color difference, and appearance damage were
measured as time-series data using ten randomly selected strawberry fruits. The SSC was
measured using five randomly selected strawberry fruits in every experiment.

The fruit weight was measured using an electronic scale (HF-200GD, AND, Tokyo,
Japan) and the weight loss was calculated as a percentage of the fruit weight between day
zero and each time interval [15]. The SSC of the strawberry juice was determined using a
digital refractometer (PAL-1, Atago Co. Ltd., Tokyo, Japan), and the digital refractometer
was calibrated with distilled water before each measurement [16]. The appearance damage
was used as a factor of visual evaluation during storage and was expressed as the percentage
of strawberries with signs of decay, such as gray mold and soft rot [14,17]. The color
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characteristics of the fruit surface were assessed using a portable colorimeter (Cd-2500d,
Konica Minolta, Tokyo, Japan) to determine the L * value (lightness), a * value (redness;
red-green), and b * value (yellowness; yellow-blue) [16,17]. The L *, a *, and b * values of
the standard plate were 98.01, 0.08, and 0.06, respectively. The total color difference (AE)
was calculated using Equation (1) [18]:

AE = V/AL2 + Aa? + AL? 1)

where AE is the total color difference, and AL, Aa, and Ab are the changesin L *,a* and b *
values between day zero and each time interval, respectively.

The weight loss, color differences, and appearance damage were measured ten times
for each sample and were expressed as the average values. The SSC was measured five
times for each sample and were expressed as the average values.

2.2. Preparation of Maillard Reaction Solution for TTI

D-xylose and glycine (Samchun Chemical Co., Ltd., Seoul, Korea) were used as re-
actants for the Maillard reaction. These reactants are known to be suitable TTIs, as they
have several advantages, such as a low cost, excellent reactivity, and pronounced color
changes [12,19]. The reactant concentrations used in this study were as follows: D-xylose:
2.0, 3.0, and 4.0 M, and glycine: 0.5, 1.0, and 1.5 M. In addition, disodium hydrogen phos-
phate (Na,HPO4, Samchun Chemical Co. Ltd., Seoul, Korea) with 0.3 M was used as
a reaction accelerator to improve the reactivity at low temperatures. Then, the reaction
solutions were moved to a 96-well microplate for a measurement of the color variation
according to the reaction concentrations, and they were placed together in a refrigerator
where the strawberries were stored. Accordingly, strawberries and reaction solutions were
stored under the same conditions such as the period, place, and temperature.

2.3. Color Variation of the Reaction Solution

The red, green, and blue (RGB) color data of the reaction solution obtained from the
digital images were used to analyze the color variation by the storage temperatures [12].
The digital images of the microplate, which contained the reaction solutions, were taken
using a smartphone camera (iPhone SE ver. 2, Apple Corp., CA, USA), and were separated
according to the reaction concentrations. Then, the images of the reaction solution were
obtained from the separated digital images. Figure 1 shows a digital image of the microplate
used for the color variation analysis of the reaction solutions. The images of the reaction
solution were taken at intervals of 2 days at 1 °C temperature and every day at 4 °C and
7 °C temperatures under the same conditions: the same light source and a 150 mm vertical
distance from the microplate. In addition, Python program (Ver. 3.9) was used to analyze
the images.

2.4. Activation Energy

Activation energy was used to evaluate the reaction solutions according to the re-
action concentration during a low-temperature storage, and it was determined using
Equation (2) according to the Arrhenius function, expressing the temperature dependence
of all the reaction conditions and the qualities of the strawberry [20,21].

Eq
Ink = xT T InA 2
where k is the slope of the results using linear regression for the color variation of the reac-
tion solution and the quality variation of the stored strawberry. E, is the activation energy,
and A is the pre-exponential factor. R and T are the universal gas constant (8.314 ] /M:-K)
and absolute temperature (K), respectively. The slope (E;/T) and pre-exponential factor
were estimated using linear regression [21,22].
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Figure 1. A digital image of microplate used for color variation analysis of solutions with reacted
during 4 days at 7 °C storage temperature.

2.5. Statistical Analysis

The data were analyzed using a one-way analysis of variance, and the Python program
was used to analyze the data. Differences according to the different conditions were
established using the Tukey—Kramer multiple range test with a significance level of p < 0.5.

3. Results and Discussion
3.1. Color Variation of Maillard Reaction Solution

The color variation of the Maillard reaction solution was highly visible, and it was
influenced by the temperature and reactant concentration. Figure 2 shows the actual TTI
images, as well as the blue value extracted from the digital images of the Maillard reaction
solution consisting of 3.0 M D-xylose, 1.0 M glycine, and 0.3 M Na,HPO,. As shown in
Figure 2, the color of the TTIs changed from colorless to black via the change in light blue,
blue, and dark blue. Commonly, browning is observed through the Maillard reaction, but
in this study, the reaction solution showed a color change from colorless to blue according
to the storage period. These results were obtained with Na, HPO,, which was used as
a reaction accelerator because the blue-colored pigments denoted by Blue-M1, Blue-M2,
and Blue-M3 were generated by a slightly alkaline medium containing sodium bicarbon-
ate [23]. In addition, Figure 2 shows the effect of the reaction temperature on the color
change rate of the reaction solution. The Maillard reaction solutions showed a faster color
change rate with higher reaction temperatures due to time- and temperature-dependent
irreversible responses. The color variations of the RGB color data showed a similar ten-
dency to the result of the Maillard reaction solutions, and the color data changed faster with
higher temperatures.

The color change kinetics were influenced by the reactant concentration, and the
color variation rate increased with higher concentrations. Figure 3 shows the difference
in the red color variation according to the reaction concentrations of D-xylose (a) and
glycine (b). As shown in Figure 3, the color variation rate was higher with higher concentra-
tions. The Maillard reaction solution showed various reaction rates according to the storage
temperature of the strawberries and the reactant concentration. In particular, the black color
in the reaction solution was observed after 4 days in the highest concentration solution,
which had 4.0 M D-xylose and 1.5 M glycine, stored at the highest temperature of 7 °C, and
it developed the most rapidly among all the conditions. However, only a blue color, even
after 18 days, was observed under the lowest conditions, the concentration solution with
2.0 M D-xylose and 0.5 M glycine and a storage temperature of 1 °C. Significant differences
were found among all the reaction conditions (p < 0.05). These results are similar to a
previous study. Lee et al. [12] reported that the color change kinetics of the reaction by
D-xylose, glycine, and Na,HPO4 was accelerated by the increases of temperature and reac-
tant concentration, and at a reaction storage temperature of 0 °C, the reaction completion
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time was 18 to 61 days. In addition, when the reaction solutions with blue were observed
for long periods, then the reaction solutions will be changed to a black color.

180

160 1 ®1°C C4C kK7C

-
S
o

-
N
o

80 -

Blue value (-)
-
o
o

60

40

20

0 ‘ ‘ ‘
0 5 10 15 20

Storage period (day)

Figure 2. Variation in the blue color value and the observed solution color of the Maillard reaction
with a solution concentration of 3.0 M D-xylose, 1.0 M glycine, and 0.3 M Na,HPOj,.
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Figure 3. Variation in the red color value according to reactant concentration. Reaction conditions
for (a) are reaction temperature of 7 °C; D-xylose concentrations of 2.0 M (e), 3.0 M (<), and 4.0 M
(A); 1.0 M glycine; and 0.3 M NayHPOy. Reaction conditions for (b) are reaction temperature of 1 °C;
2.0 M D-xylose; glycine concentrations of 0.5 M (e), 1.0 M (¢), and 1.5 M (A); and 0.3 M Nap,HPOy,.
(a) D-xylose concentration; (b) Glycine concentration.

We could confirm by the above results that the color of the reaction solution changes
according to the storage temperature and period, and the reaction rate can be adjusted
by controlling the reaction temperature and concentration. Thus, it is considered that the
quality variations of the strawberries can be predicted using the reaction solution of the
concentration with a similar variation pattern or characteristic to the quality variation of
the strawberries. Based on above results, the reaction concentration which can visualize
the shelf life of strawberries was confirmed by making a comparison between the quality
variation of the strawberries and the color variation of the reaction solution.

3.2. Relationship between Quality Characteristics and TTI

The weight loss, color difference, and appearance damage of strawberries increased
during the storage period as shown in Figure 4a—c, respectively, and the variation rate
of the measurements increased with the higher temperatures. The SSC values did not
significantly change compared with the initial values of all the conditions (Figure 4d).
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Figure 4. Quality value variation of strawberries and color change in reaction solution during cold
storage. The reaction concentration used in (a) is 3.0 M D-xylose, 1.5 M glycine, and 0.3 M NayHPOj,.
The reaction concentration used in (b) is 2.0 M D-xylose, 1.5 M glycine, and 0.3 M Na,HPOy. The
reaction concentration used in (c) is 4.0 M D-xylose, 1.0 M glycine, and 0.3 M Na,HPOy. (a) Weight
loss; (b) Color difference; (c¢) Appearance damage; (d) Total SSC.

Weight loss is an important factor relative to the perishability of strawberries, because
it is mainly related to the respiration rate and evaporation of moisture through the fruit
skin [24,25]. Weight loss increased with the storage period, and this result is similar to
that found in a previous study. This may be related to moisture loss and the occurrence
of gray mold and soft rot in the strawberries [26,27]. In particular, the weight loss rate
increased as the storage temperature increased. Thus, the increase in the weight loss rate
during high-temperature storage may be related to an increase in the perishability rate or
quality deterioration.

The color of strawberries, which is the first consumer-rated feature, is considered an
important factor relative to the external quality and appearance of strawberries [24]. The
color difference of the strawberry surfaces increased as the storage temperature and the
storage period increased, and it showed a similar tendency to the weight loss results. It
is considered that these results are because the skin color of the strawberries changed to
dark red as the storage period increased [26]. In addition, these changes were probably due
to a reduction in both the respiration rate and some enzymatic processes preventing the
strawberry fruit from browning, as well as other reactions [28].

The appearance damage of fruits can be used as a factor to determine the shelf life.
When gray mold or rot disease occurs, consumers are discouraged from purchasing the
fruit, and it rapidly spreads to other healthy fruits. In addition, it can cause an increase in
strawberry waste [27]. The percentage of the appearance damage of the strawberries rapidly
increased with the higher temperature during storage. The appearance damage at the
storage temperatures of 1, 4, and 7 °C occurred on day 4, day 2, and day 1, respectively. The
appearance damages, such as gray mold and soft rot, are related to physiological changes,
biochemical changes, and pathological deterioration [27]. In particular, the physiological
and biochemical changes are affected by temperature, and, thus, the appearance damages
also showed differences according to the storage temperature. There were significant
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differences between the weight loss, color difference, and appearance damage (p < 0.05).
Meanwhile, the SSC showed a tendency to increase, but there was no significant difference,
as a p value over 0.05 was found in the statistical analysis. There was no significant
difference in the SSC, despite the weight loss of the strawberries increasing. Moreover, this
result has been reported in previous studies [29,30].

The Maillard reaction-based TTI was evaluated for its ability to visualize the shelf
life of strawberries during cold storage. For this reason, the relationship between the
strawberry quality and the reaction solution color was analyzed. The color changes of the
reaction solution are shown in Figure 4. We selected the reaction solution concentration
by considering the relationship between the quality changes in the strawberry, the color
changes in the reaction solution, and the activation energy value. As shown in Figure 4, the
color changes in the Maillard reaction solution could visually indicate the quality variation
of weight loss (a), color difference (b), and appearance damage (c) during cold storage.
Our TTI indicates a dark blue color or black color when the weight loss is over 20% or
appearance damage occurs. Thus, it was considered that the shelf life of strawberries
during the cold storage can be determined by the color of the Maillard reaction-based TTL
Moreover, the shelf life can be visualized in other colors, such as color revelation and light
blue, by adjusting the reaction concentration.

3.3. Activation Energy, E,

The Arrhenius activation energy (E;) expresses the temperature dependency of a
reaction or variation, and it can be used as a criterion to determine the prediction accuracy
of TTIs [1]. In previous studies, a suitable TTI was decided based on the E, values for
the food quality because the food quality can be directly represented by the response
of TTI with a similar temperature dependence [1,2,5,21,31]. Therefore, TTIs, which can
indicate the relationship between the quality variation of strawberries and activation
energy, can effectively predict the shelf life during cold storage. It is considered that the
Maillard reaction-based TT1 is able to predict the shelf life of strawberries because of the
similarity of the activation energies between the quality variation of the strawberries and
the color variation of the TTI. Table 1 shows the E,; values according to the color variation
of the reaction solution and the quality variations of the stored strawberries. In Table 1,
the concentration conditions of the reaction solutions only indicate the color changes
during cold storage. The ranges of E, for each color channel (red, green, and blue) were
114-181 kJ /M, 108-178 kJ /M, and 108-192 kJ /M, respectively (Table 1). These ranges
include the activation energies of the weight loss, the color difference, and the appearance
damage. In addition, Taoukis [31] reported that TTIs can be applied to predict the food
quality variation with a prediction error below 15% when the difference in the activation
energy between the food quality and TTI is less than =+ 25 kJ /M. According to this theory,
when developing a TTI using various reaction concentrations, a more comprehensive
prediction can be achieved. The activation energies of the weight loss and appearance
damage showed a similar trend. This was considered to be because of the relationship
between the weight loss and the occurrence of appearance damage [27]. Activation energy
is a useful indicator for the selection of a suitable concentration of TTIs. However, the
activation energies in the same reaction concentration were different according to the color
channels, namely, red, green, and blue. Moreover, the TTI colors may differ depending
on the combination of the red, green, and blue values. For this reason, the relationship
between the color stages of the TTI and the quality levels desired by consumers should
be considered when developing a Maillard reaction-based TTL. In this study, a suitable
reaction concentration for the visualization of the weight loss variation was a combination
of 3.0 M D-xylose, 1.5 M glycine, and 0.3 M NayHPO,. Moreover, a reaction concentration
of 2.0 M D-xylose, 1.5 M glycine, and 0.3 M Na,HPO, was suitable for the visualization of
the color difference variation and the occurrence of appearance damage.
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Table 1. Arrhenius activation energy (E;) of the color variation of reaction solution and the quality
variations of stored strawberry. The shaded yellow indicates an E,; value similar to that of weight loss
and appearance damage. The shaded green indicates an E,; value similar to that of color difference.

Concentration (M)

E, (kKJ/M-K) InA R?
D-xylose Glycine
3.0 181 77.7 0.99
40 0.5 170 73.3 0.99
2.0 135 58.1 0.99
Red 3.0 1.0 132 573 0.99
4.0 152 65.8 0.98
2.0 126 54.4 0.99
3.0 1.5 114 49.3 0.99
4.0 143 62.2 0.99
4.0 0.5 178 76.4 0.99
Color
variation 2.0 173 74.1 0.98
3.0 1.0 138 59.6 0.99
Green 4.0 119 51.2 0.99
2.0 141 60.8 0.99
3.0 1.5 108 46.7 0.99
4.0 147 63.9 0.99
4.0 0.5 192 82.3 0.99
2.0 187 79.9 0.96
3.0 1.0 134 57.5 0.99
Blue 40 113 48.8 0.99
2.0 143 61.7 0.99
3.0 1.5 108 46.6 0.99
4.0 140 60.9 0.99
Weight loss 105 46.9 0.90
Color difference 145 63.1 0.97
Appearance damage 103 47.5 0.93

4. Conclusions

A Maillard reaction-based TTI can be used for the visualization of the shelf life and
safety of cold-stored strawberries. We determined the availability of a Maillard reaction-
based TTI by comparing the quality variations of strawberries, the color changes of the
reaction solutions, and the Arrhenius activation energies. As shown in Figure 4, the color
change in the Maillard reaction solution with an activation energy similar to that of the
quality variations, namely, weight loss, appearance damage, and color difference, effectively
visualized the quality variation of the cold-stored strawberries. Regarding the availability
of other TTIs, a timely temperature management during storage and transportation can
also be ensured by confirming the color change rate of the TTI because temperature abuse
rapidly changes the color of TTIs. Moreover, we determined that the wide range of the
color change rate and the activation energy of the Maillard reaction-based TTI indicate
a wide applicability to other agricultural products. Although we confirmed that the TTI
can visualize the shelf-life of strawberries during cold storage, it is necessary to consider
several characteristics, such as the microorganisms and texture of strawberry, to enhance
the reliability of the Maillard reaction-based TTI. Therefore, it will be necessary to carry out
more experiments, such as a conformation of the relationship between the various quality
variation of agricultural products and the color variation of various reaction concentrations,
to achieve more comprehensive predictions with the Maillard reaction-based TTI.
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