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Abstract

Color-based time-temperature indicators (TTIs) can show the time and temperature changes of an environment with a
visually recognizable color change. Made from natural dyes, these TTIs are simple, inexpensive and sustainable. In this
study, cellulose-based TTTI labels were prepared with red cabbage extract of pH2, pH7 and pH9 to determine how pH alter
the response of the labels to time and temperature changes. This study also aimed to determine the relationship between
color change and time at different temperatures. The color responses of the labels were followed spectrophotometrically
by measuring the CIE Lab color coordinates and by giving the total color difference at 4 °C, 23 °C, 40 °C, 80 and 100 °C
after increments of time. The best fitting linear or nonlinear regression models of the CIE Lab coordinates, total color
difference and time data as a function of temperature were also determined. The labels prepared with red cabbage extract
at different pH behaved differently. Opposite to expectations, the acidic, pink colored labels did not have the highest
color stability. Our finding was, that the label prepared with the acidic red cabbage extract is the most suitable as time-
temperature label for indicating long-term temperature storage and the label prepared with the neutral red cabbage extract
is the most suitable as time-temperature label for indicating short-term storage by color change. According to the results
the color changes of the labels are predictable with the fitted models with a correlation coefficient between 0.96 and 1.
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Introduction

Temperature and time are two of the main parameters that
effect the shelf-life of a product, especially food products.
Heating, cooling or storing a product above or below a criti-
cal temperature for a certain time can cause its deterioration
[1-3]. Inadequate storage temperatures favors the growth
of food spoiling microorganisms, among them food-borne
pathogens as well [3]. As representatives of smart solu-
tions, time-temperature indicators (TTIs) are being devel-
oped to respond to time and temperature, thus monitoring

P4 Katalin Haldsz
halasz.kata@uni-sopron.hu

Institute of Wood Architecture, Faculty of Wood Engineering
and Creative Industries, University of Sopron, Bajcsy-
Zsilinszky str.4, 9400 Sopron, Hungary

Institute of Wood Industry and Technology, Faculty of Wood
Engineering and Creative Industries, University of Sopron,
Bajcsy-Zsilinszky str.4, 9400 Sopron, Hungary

the conditions of the surrounding environment. In general,
TTIs shows the changes in temperature and time by visually
observable color changes. There are different kinds of TTIs,
such as color-based, acidity-based, diffusion length based
or electrical signal based TTIs [4]. The importance of TTIs
clearly demonstrated by the fact that they are expected to be
integrated into a Hazard Analysis and Critical Control Point
(HACCP) plan [5], which requires a continuous control and
monitoring of parameters such as temperature throughout
the entire food chain [6]. The components of TTIs used for
food products must comply with certain regulations in the
European Union described by Commission Regulation (EC)
No 450/2009 and should be approved by European Food
Safety Authority [7]. Color-based TTIs can also be prepared
from natural dyes, such as anthocyanins, which help to keep
the indicators safe for food contact, simple, inexpensive,
user-friendly and sustainable [8—10].

The flavonoid anthocyanins are water-soluble plant pig-
ments, which are responsible for the red, blue, purple color
of leaves, flowers, fruits and vegetables. The color of antho-
cyanins is pH dependent. They show different structures
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at different pH, which are associated with different colors
(Fig. 1). In acidic environments (pH <3) the anthocyanin is
protonated and the dominance of flavylium cation results
in a red color; at pH 4-5, through hydration the anthocya-
nins have the colorless carbinol pseudobase and chalcone
forms; at a slightly acidic or neutral pH (6—7) deprotonation
occurs and the neutral quinonoid base form causes a purple
color; at around pH 8-9 the deprotonation proceeds and the
formed anionic quinonoid base causes bluish color. When
pH is further increased, chalcone form occur which pro-
vides a greenish and yellowish color. [11-14].

In general, anthocyanins are sensitive to relatively high
temperatures, pH, UV-radiation, the presence of oxygen,
other phenolics, metal ion and sugar content [15-19]. Tem-
perature and pH most strongly affect the stability of antho-
cyanins [18, 20]. Studies showed the anthocyanins have the
highest color stability at lower pH, and at neutral or alkaline
pH they have less stability [18, 21, 22]. It was also found
that increasing pH decreases the thermal stability [18, 23,
24]. The instability of the anthocyanins promotes degrada-
tion mechanisms and the discoloration and browning of the
extract [25]. Whilst color changes induced by pH are revers-
ible, heat induced discoloration is permanent. While the low
stability of anthocyanins in food products during processing
or storage is a disadvantage for the food industry, it is a use-
ful feature for TTIs.

Although there are a large number of papers about the
advantages of using anthocyanins in pH indicators, there is
limited number of papers about their use as time-temper-
ature indicators. Maciel et al. [8] coated cardboard with
anthocyanin loaded chitosan and examined its responsiv-
ity at 10-70 °C after 72 h storage. They reported that the
developed TTI could irreversibly respond to temperature
between 40 and 70 °C. Their TTI gradually turned yellow
when exposed to 40 °C and the TTI darkened above 50 °C,
independently of luminosity (0 or 1000 Ix). Saengpanya et
al. [26] coated paper with red cabbage extract of pH9 and
examined the color change over time at room temperature,
at 40 °C and at 60 °C. They reported that there were no
differences in visual color changes of the coated paper dur-
ing the tested 100 min time interval. However, it was also
observed that lightness and b* values slightly decreased and
a* value slightly increased as time increased. Rachmelia et
al. [9] prepared TTI label with black corn extract incorpo-
rated into chitosan and examined the properties of the label
at 10, 25 and 40 °C. They observed the fastest color change
at 40 °C (purple to blue in 6 h, to dark green after 360 h)
and the lowest at 10 °C. The color change was irreversible.
Amiri et al. [10] developed a black carrot anthocyanin-
paper-paraffin wax as an indicator label. The color change
was analyzed at -5, 5, 15 and 25 °C for 48 h. Their TTIs
showed color change at 15 and 25 °C. A well-recognizable
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change, a color transition from blue to red, appeared after
8 h for label at 25 °C, and after 12 h at 15 °C.

Although the creation of TTI labels was not intended,
Prietto et al. [27] studied the stability of pH indicator films
made from black been seed coat and red cabbage extract
incorporated into glycerol-plasticized corn starch. They
exposed the films in pH 1-10 buffers, stored at room tem-
perature and under refrigeration (the exact temperature was
not given), with and without light. They reported that black
been anthocyanins were more sensitive to the 28-day stor-
age and showed increased yellowness, while red cabbage
anthocyanins remained stable (although, a color difference
of 5 was considered a visible color difference). Prietto et al.
reported that the strongest color change occurred at pH 8, 9
and 10, regardless of the source of the anthocyanin.

The aim of our study was to examine the response of
simply prepared red cabbage extract-cellulose labels from
the perspective of TTIs at specific temperatures and time,
after adjusting pH to acidic, neutral and slightly alkaline.
We also aimed to investigate the relationship between the
color change of red cabbage anthocyanins and time at differ-
ent temperatures using statistical methods to determine the
visually observable color difference stages.

Red cabbage is a rich source of anthocyanins, has a long
shelf-life, and its extract is easy to prepare making red cab-
bage a sustainable and potential material for smart packag-
ing [14, 28]. The anthocyanin profile of red cabbage is very
complex, more than 20 anthocyanin pigments can be identi-
fied [14, 29, 30], which is due to the glycosylation of the
cyanidin with two different sugars and acylation with dif-
ferent aromatic acids [31]. The main anthocyanin found to
be cyanidin-3-O-diglucoside-5-O-glucoside, which can be
mono-or diacylated with the presenting sinapic, ferulic, caf-
feic and p-coumaric acids [14]. The acylated cyanidins can
offer a broader color spectrum and a higher stability [30].
Greater stability might impair the applicability of red cab-
bage extract as a TTI material, but at the same time, red
cabbage can be considered as one of the most economical
source of anthocyanins, so its extract is also worth research-
ing in the field of TTIs. Figure 1 shows the structures of
cyanidin-3-O-diglucoside-5-O-glucoside and the color of
red cabbage extract at pH2, pH7 and pH9 4.

Materials and methods
Materials
The indicator dye was extracted from red cabbage, obtained

from a local market. 96% ethanol, potassium chloride,
sodium acetate and pH buffers (2,7 and 9) were supplied
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Fig. 1 Structural change of
cyanidin-3-O-diglucoside-5-O-
glucoside (drawn by Mol View
[32]), the color of red cabbage
extract and the prepared cellulose
samples at pH2 (A), pH7 (B) and
pH9 (C)

by Molar Chemicals Ltd. (Hungary). Whatman No. 1 filter
paper was used as an indicator base material.

Methods

Extraction and determination of total monomeric
anthocyanin content

To obtain the indicator dye solution 100 g fresh weight of
red cabbage was mixed with 200 ml of a mixture of 1:1
ethanol:water in a blender. The mixture was stirred for 6 h
at room temperature without heating to prevent any loss of
anthocyanin or formation of by-products caused by thermal
degradation. The mixture was filtered, and the resulting
extract was kept closed in a dark, cool (4 °C) place until
use. The total monomeric anthocyanin content (TMAC) of
the red cabbage extract was determined by pH differential
method according to the Official AOAC Method 2005.02
[33]. Buffers of pH 1 (0.025 M potassium chloride) and
pH 4.5 (0.4 M sodium acetate) were prepared and added
to the extract. After storing the solutions for 15 min in the
dark, the absorbance was measured at 500 nm (A
and 700 nm with a UV/VIS spectrophotometer (AqualLog
UV-800). Its TMAC was calculated from the absorbance
difference according to the following, and expressed as a
cyanidin-3-glucoside equivalent (CGE, cyanidin-3-gluco-
side equivalent):

(AN e = A700) 11 1.0~ (A e =A700) i1 1.5] X Mw x DF x 1000

X (1

TMAC(mgl™) =

where, Mw: molecular weight of cyanidin-3-glucoside
(Mw =449.2 g mol™!), DF : dilution factor, &: molar absorp-
tivity (e=26 900), L: cell path length (L=1 cm).

Red cabbage-cellulose indicator label preparation

Samples of 4 x4 cm were cut from the filter paper and were
impregnated with 1 ml of extract with pH of 2, 7 and 9. The
wet cellulose-based labels were dried in a ventilated oven
at 23 °C. LpH2, LpH9 and LpH?7 label notation refer to the
pH2, pH7 and pH9 labels, respectively.

Color response to time and temperature

The color response of the indicator labels to time-tempera-
ture changes were examined at 4 °C, 23 °C, 40 °C, 80 and
100 °C were determined by the CIE (Commission Inter-
nationale d’Eclairage) Lab method. The experiment was
limited to measuring the color change without exposure to
light or oxygen. The color coordinates (lightness: L", red-
ness or greenness: a, yellowness or blueness: b") were
measured with a Datacolor Elrepho 2000 spectrophotometer
(D65/10°) at three different points of each label. Three indi-
vidual samples were tested from each kind of label. (The
change in CIE Lab coordinates, and the best fit regression
models can be found in the Supporting Information). The
total color difference (AE) compared to the original label
colors was calculated according to the following Eq. (2):

BE= L - @
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where, L.", a," and b;" are the original color coordinates of
the LpH2, LpH9 and LpH?7 labels before the heat treatments.

Based on Mokrzycki and Tatol [34] the following ranges
were applied to determine notability of the color difference
to the human eye: E1: 0 < AE<1, observer does not notice
the difference; E2: 1 < AE<2, only experienced observers
can notice the difference; E3: 2 < AE<3.5, unexperienced
observer also notice the difference; E4: 3.5 < AE<5, a clear
difference in color is noticed; E5: 5 < AE, observers notices
two different colors.

To visually show the color change of the red cabbage
extract-cellulose labels as a function of temperature and
time, the measured colors of the labels were converted to
RGB.

Determination of best fitting models

The best fitting linear or nonlinear regression models of the
CIE Lab coordinates (see Supplementary Information), total
color difference and time data as a function of temperature
were generated with a CurveExpert Basic 2.1.0 software
[35]. The software is validated against the Statistical Refer-
ence Datasets Project of the National Institute of Standards
and Technology. The CurveExpert Basic compares data to
each of 60 models to choose the best curve. The best fitting
model was determined by the highest ranking of correlation
coefficient.

Results and discussions

Figure 1 shows the prepared red cabbage extract and the
TTI labels at pH values of 2, 7 and 9. Based on the TMAC
results the anthocyanin content of the labels was 3.2 mg g~ .
The results of the pH differential method gave a total mono-
meric anthocyanin content of 439 mg L™' CGE. The CIE
Lab color values (L*,a* b*) of the freshly prepared samples
were LpH2 (71.8, 38.2,-4.3), LpH7 (70.2, 19.3, -16.2) and
LpH9 (72.8,11.3,-11.4). The converted RGB color val-
ues: LpH2 (239,149,185), LpH7 (194,161,201) and LpH9
(190,173,200).

Color response to storage at 4 °C

TTI labels which were kept at 4 °C showed stable color
(Fig. 2). Among CIE Lab color coordinates the a* value
showed the highest change. For LpH2 labels the a* value
decreased, for LpH9 and LpH7 labels it increased (by 13
and 9% at the end of the testing period) (see Supporting
Fig. 1). No total color difference higher than 2 (noticeable
color difference for inexperienced observers) was measured
for either the LpH2, or for the LpH9 label. The color of the
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LpH2 label changed the least, followed by the LpH9 and
LpH?7. Prieto et al., who studied the stability of red cabbage/
starch films, showed similar behavior that the films exposed
to pH2 and pH7 have similar stability, although the color
difference of the film at pH2 exceeded the value 2. On con-
trary to our findings their data showed that the film at pH9
had a much high color difference, it approached and then
exceeded the value at the 12th and at the 25th test day. An
alternation of AE between approximately 2 and 5 can be
observed for some reason at pH9, but also at pH9 and pH2.
We did not observe such change of the AE. Based on the best
fitted model (Fig. 2; Table 1) of the total color difference and
the elapsed time, which was the Weibull model for all the
three labels (with correlation coefficients of 0.9975, 0.9833
and 0.9877 for LpH2, LpH9 and LpH7 labels, respectively),
the AE of 2 is reached after 43.4 days for LpH7. These
results show that the labels have high color stability when
kept at 4 °C, which indicates that the labels are less suitable
for TTI applications at lower temperatures examined in the
time range of this study. Maintaining the original label color
increases the shelf-life of the indicator labels, although we
did not study how the labels would behave after 60 days of
storage at 4 °C. Amiri et al. [10] reported the color stability
of a TTI label made from paraffin wax, black carrot and cel-
lulose at 5 °C (no information was provided on whether the
labels were exposed to light or oxygen). The labels showed
no color change after 48 h. A purple to blue color transition
was reported by Rachmelia et al. [9], who studied the color
change of chitosan labels made with black corn extract at
a lower temperature (10 °C) for 360 h (there was lack of
information about the presence of light or oxygen). Such
a color change did not occur with our labels prepared with
red cabbage extract and cellulose. The color transition was
probably due to the interactions formed between the matrix
and the extract. No interactions were observed between the
red cabbage extract and the cellulose fibers of such a form
or to such an extent as to cause an observable color change.
It can be assumed that not only the type of anthocyanin but
also the type of matrix have a strong influence on the color
change of the anthocyanin-based TTIs.

Color response to storage at 23 °C

When the labels were kept at room temperature in the dark,
the difference in the color stability of the labels became
more pronounced (Fig. 3.). It was expected that the red
LpH2 would have the most stable color. However, the color
of the purple LpH7 label was the most stable, and there
was no observable difference in the color compared to its
original color during the test period. Linear regression pro-
vided the best fit to the data for LpH2 label (with a R2 of
0.9936), for LpH9 label yield-density model (exponential



pH-dependent color response of cellulose-based time-temperature indicators impregnated with red cabbage...

Fig. 2 Total color difference of
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Table 1 Fitted models to total color different data at 4 °C, parameters
and correlation coefficients

model  equation parameters Corr.

Coeff.

LpH2 Sigmoi- AE=a-b a:1.61,b:1.56, 0.9975
dal / exp(-ct!) c:0.004, d:1.82

LpH9 Weibull a:2.04,b:2.05, 0.9833
Model c:0.19,d: 0.58

LpH7 a: 1.61,b: 1.56, 0.9770
¢: 0.004, d:1.82

AE: total color difference compared to the original label color, t: time
in days

plus linear, with a R [2] 0£ 0.9903) and for LpH7 label a sig-
moidal model (MMF (Morgan-Mercer-Flodin model), with
a R [2] of 0.9929) gave the best fit (Table 2). According to
the models, the AE of 2 is reached after 21 and 2 days for
LpH2 and LpH?Y labels, respectively (Fig. 3). The AE of 3.5
occurred after 37 and 4 days and the AE of 5 after 54 and
21 days for LpH2 and LpH?9 labels, respectively. The color
difference that occurred over time was due to the increase

of L* value, all samples became lighter. For IpH2 the color
value a* (redness) decreased and for IpH9 the b* (yellow-
ness) increased remarkably. Analyzing the results of Prietto
et al. [27], our results are somewhat similar. Their starch/
red cabbage extract film at pH 9 showed also remarkably
higher AE during the test period, and the color difference
of the film at pH 7 remained under the value~2 at room
temperature under dark. Unlike our label at pH2, the color
difference of their film at pH2 was below 2 during the stabil-
ity test. Prieto et al. reported same tendency for films made
from black been anthocyanins.

Overall, our finding is that the pink LpH2 and the blue
LpH9 labels kept at room temperature in the dark can show
the elapsed time through their color fading, however LpH7
label is not suitable for TTI under these conditions in the
examined time range.

@ Springer
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Fig. 3 Total color difference of
LpH2, LpH9 and LpH?7 labels at
23 °C in the function of time (the
data points are mean values with
standard deviations less than 7%)
(above); Color change of LpH2,
LpH9 and LpH7 at 23 °C in the
function of time (below)
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Table 2 Fitted models to total color different data at 23 °C, parameters
and correlation coefficients

model equation parameters  Corr.
Coeff.
LpH2 Linear AE=a+Dbt a:0.14,b:  0.9936
Regressions/ 0.09
Linear
LpHY Yield-Density ~ AE=a+br'+ct a: 2.78, 0.9903
/Exponential b:-3.02,
Plus Linear c:0.11, r:
0.57
LpH7 Sigmoidal / AE=(ab+ctd)/(b+t) a:0.001,  0.9929
MMF b:-3.93,
c:2.17,d:
0.55

AE: total color difference compared to the original label color, t: time
in days

Color response to storage at 40 °C

The results showed that the color of the LpH9 and LpH7
labels are more stable in the tested time range than the color
of the LpH2 label. However, based on the measurements and
the fitted model an observable color difference (AE=2) can
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be detected for LpH9 from 1.2 h. A total color difference of
5 (two different colors are observed) was not reached within
the test period (14 days) for LpH7 and IpH9 either, while it
occurred for IpH2 after the 43rd hour (Fig. 4), Table 3). The
fitted model gave an observable color difference after 9.4 h
for LpH2. For the neutral and alkaline labels, the best fitting
models were more complex (Table 3) than for acidic label.
Moreover, for IpH7 at the beginning of the treatment there
was a rise in the total difference compared to the original
color and then a lower observed AE was followed by a rising
AE. The higher color difference of the LpH2 labels is due
to the decrease of the a* (redness) value (see Supporting
Fig. 3).

Similarly to the findings of Maciel et al. [8], who coated
cardboard with anthocyanin-chitosan mixture, and to the
findings of Saengpanya et al. [26], who coated paper with
red cabbage extract of pH9, at 40 °C slight darkening of
the samples was observed for the purple LpH7 label in the
beginning of the test. We also experienced the same ten-
dency for the blue IpH9 label. After the slight decrease of
L* value it began to increase, and both the labels became
lighter in time (see Supporting Fig. 3). This phenomenon
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Fig. 4 Total color difference of
LpH2, LpH9 and LpH?7 labels at
40 °C in the function of time (the
data points are mean values with 14
standard deviations less than 6%)
(above); Color change of LpH2,
LpH6 and LpH7 at 40 °C in the
function of time (below)
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Table 3 Fitted models to total color different data at 40 °C, parameters
and correlation coefficients

model equation parameters  Corr.
Coeff.
LpH2 Sigmoidal / AE=(ab+cth)/(b+t%) a:0.18, 0.9986
MMF b:72.20,
c: 28.10,
d:0.72
LpH9 Power Law/ AE=ab't® a:1.77, 0.990
Hoerl b:0.97,
t:0-6 h c:0.31
Sigmoidal/ AE =a-be9 a: 3.47, 0.9882
Weibull: b:0.97,
t:6- 350 h c:8.15
107", d:
4.89
LpH7 Growth / AE =a(1-e™) a:1.75, 0.9989
Exponential b:11.90
Association
t=0-0.3 h
Sigmoidal/ AE =a-be9 a: 1.74,b:  0.9935
Weibull: t: h 0.77, ¢:0.95,
d:-0.95
Sigmoidal / AE=(ab+cth)/(b+1%) a:1.00,b:6  0.9998
MMF 107, c:4.5,
d:3.57

AE: total color difference compared to the original label color, t: time
hours

at 40 °C is in agreement with the finding of Rachmelia et
al. [9], who prepared TTI from black corn extract and chi-
tosan. Although they also observed a purple-blue-green
transition, the cause of which is not specified, probably due
to the interactions between chitosan and the extract that
altered the color change of the anthocyanin. No darkening
was observed for the red LpH2 sample, the label became
gradually lighter. Based on the results, the label with red
cabbage extract of pH2 can best show the elapsed time at
40 °C, although the alkaline label responds earlier to a 40 °C
storage.

Color response to storage at 80 °C

A similar phenomenon was observed at 80 °C as at 40 °C.
The color difference of the LpH2 can be described with a
single Weibull model (R?=0.9993), whilst the LpH9 and
LpH7 labels with complex models due to the higher total
color difference at the beginning followed by a backslide,
and again a raising value (Fig. 5; Table 5). Although the dif-
ference between the labels at 80 °C is not as pronounced
as at 40 °C, if we consider the whole tested time period the
pink label had a lower color stability compared to the blue
and purple LpH9 and LpH7 labels. If we consider the time
required to reach total color difference of 2, based on the
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Fig.5 Total color difference of
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Table 4 Fitted models to total color different data at 80 °C, parameters
and correlation coefficients

model equation parameters  Corr.
Coeff.
LpH2 Sigmoidal/Weibull: ~ AE=a-be "' a:31.90, 0.9993
b:32.00,
¢:0.02, d:
0.91
LpH9 Miscellaneous / AE=(a+bt)/  a:0.08, 0.9817
Rational t=0-11h  (1+ct+dt?)  b:41.10,
c:6.79, d:
0.10
Sigmoidal/Weibull: ~ AE=a-be "9 a:19.70, 0.9848
t:11-350 h b:16.30,
¢:0.01, d:
0.94
LpH7 Power Law/Hoerl AE =ab't® a:1.77, 0.9608
t:0-11h b:0.97,
c:0.31
Sigmoidal/Weibull: t: AE=a-beC*Y a: 26.70, 0.9923
11-350 h b: 24.00,
¢:0.003,
d:170

AE: total color difference compared to the original label color, t: time
hours

models it occurs after 2 h for LpH2, after 0.1 h for LpH9
and 0.04 h for LpH7, AE of 3.5 occurs after 7, 0.2 and 16.1
and AE of 5 occurs after 11, 0.7 and 31 h for LpH2, LpH9
and LpH?7 labels, respectively. It was reported by Dyrby et
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al. [31] that the thermal degradation of anthocyanins of red
cabbage was not detectable at 40 °C, only at 80 °C within
6 h. Although the anthocyanins might behave differently
in dry form than in solutions, we also observed that stor-
age at 40 °C did not cause browning during the test period,
whilst samples at 80 °C showed browning (Fig. 5). The ini-
tial b* values became positive, the colors shifted towards
yellowish (see Supporting Fig. 4), which is in accordance
with the measurements of Maciel et al. [8] at 70 °C. The
increase in the b* value relates to the thermal degradation
of the anthocyanins and phenolics and also to the formation
of polymerics [36]. The thermal degradation mechanism of
anthocyanins is not yet fully understood, but it is assumed
that the first step in the thermal degradation of anthocyanins
is the opening of the pyrylium ring leading to formation of
the yellow chalcone [17].

As the results showed among the labels the LpH9 is the
most usable to show a short storage time at 80 °C LpH9,
followed by the LpH2 and LpH7.

Color response to storage at 100 °C

Storing the labels at a higher temperature, at 100 °C, a faster
color change was observed. LpH2 did not show a clearly
noticeable color change until 30 min, whilst LpH9 showed
a clearly noticeable change at the 5th and LpH7 at the 10th
testing minute (Fig. 6). The lightness of the LpH2 did not
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Fig.6 Total color difference of
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Table 5 Fitted models to total color different data at 100 °C, param-
eters and correlation coefficients

model equation parameters Corr.
Coeff.
LpH2 Sigmoidal AE=(ab+ct?)/(b+t%) a:-0.50, b: 0.9990
/MMF 4.64, c: 43.39,
d: 0.77
LpH9 a:-0.74, b: 0.9957
2.02, c: 40.40,
d: 0.61
LpH7 a: 1.69, b: 0.9979
10.74, c:
54.73, d: 0.62

AE: total color difference compared to the original label color, t: time
in days

change remarkably. The difference compared to the origi-
nal lightness was only 1%. Their b* values increased from
negative values to positive ones, which induced a brownish
color due to the heat-induced degradation of the anthocya-
nins, also observed at 80 °C (see Supporting Fig. 5). Brown-
ing occurred for the blue and purple labels as well, however
for LpH7 labels there was an increasing lightness (up to 8%)
from the 24th hour. The relationship between the elapsed

time and the total color difference was best described with a
sigmoidal model (MMF) for all the labels, where the correla-
tion coefficients were between 0.9957 and 0.9990 (Table 5).
According to the fitted model the AE>2 is reached after
12, 2.4 and 0.6 min for LpH2, LpH9 and LpH7 labels; the
AE>3.524, 54 and 12.6 min; and AE>5 after 36, 9.6 and
20.4 min. The LpH9 label proved to be the most suitable as
a TTI to show elapsed time at 100 °C temperature.

Conclusions

The color change of red cabbage extract containing cel-
lulose based labels were examined at 4 °C, 23 °C, 40 °C,
80 and 100 °C over the function of time. According to the
results the color changes of the labels were predictable with
the fitted models with a correlation coefficient between 0.96
and 1. The labels had high stability at 4 °C. The noticeable
color difference was not observed for LpH2 and LpH9 labels
within 60 days of storage. The LpH7 showed a slightly
higher total color difference compared to the acidic and
neutral labels because, a noticeable color change occurred
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after 43 days, based on the fitted model. The labels are less
suitable as TTIs at 4 °C, but these results showed that the
color of the labels can be maintained when they are kept
in cold and dark conditions. Although it has been reported
that the color of anthocyanins is more stable at acidic pH
and less stable at alkaline pH, the cellulose-based labels
with the dehydrated extract showed a somewhat different
behavior. At 23 °C the most color stable label was the alka-
line followed by the acidic, and then the neutral one. The
LpH2 and LpHY labels showed the elapsed time by their
color fading. LpH9 and LpH7 labels did not reach the total
color difference of “two different colors” within the exam-
ined time range, however, noticeable color change occurred
for LpHY label after 1.2 h of storage, making the alkaline
label suitable to indicate short-term storage at 40 °C. On
the other hand, long-term storage at 40 °C can be monitored
with the LpH2 label, as it showed a high color difference
(AE > 15) at the end of the test period. During the tested time
range, similarly to the 40 °C storage, the highest AE at 80 °C
occurred for LpH2, although the labels showed a notice-
able color change (AE>2) after 2 h, whilst LpH9 labels
changed after 6 min and LpH?7 labels after 2.4 min based
on the fitted models. The LpH2 labels showed passage of
time by fading, then by browning. The LpH9 labels dark-
ened and browned, whilst the LpH7 label, darkened, faded
then browned. The LpH9 label had the most recognizable
color change. At 100 °C, the LpH2 label was the most stable
for the first 35 min, then after 28 h it showed the highest
color difference, whilst LpH7 was the most stable during
the whole test period. Overall, the blue LpH9 label prepared
with the neutral red cabbage extract is the most suitable as
time-temperature label for indicating short-term storage and
the pink LpH2 prepared with the acidic red cabbage extract
for long-term temperature storage by color change.

These simple red cabbage-based indicators could be
suitable to indicate inappropriate transport or storage tem-
peratures, in case of products (like eggs or UHT milk) that
can be stored at room temperature, but spoilage can occur
around 40 °C due to microbial activity. The labels could also
show whether a product was subjected to a heat treatment
(100 °C and above) such as a sterilization process. How-
ever, further characterization is needed to determine the pH
dependent color change that occurs with exposure to light or
oxygen, which could affect the label’s use.
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