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Different temperature conditions cause unreliable printed shelf lives [best 
before dates] and food waste (1). As a result, in the EU, the percentage 

of food losses in food manufacturing is up to 39%, and a further 5% along 
the distribution chain (2). The United Nations have agreed to work towards 
the achievement of a more sustainable world by 2030 and the reduction of 
food waste is one of the targets (3).

One of the most dominant aspects affecting the quality of chilled food is the 
storage temperature (4). In short-living foodstuffs, such as dairy products, 
raw meat and fish, sellers should pay more attention towards the elimination 
of wrong storage temperature, as it is essential to maintain the cold chain 
below 5°C or at the temperature that is indicated on the products’ label as 
required by the producer (5).

Nowadays, refrigeration is one of the most widely practiced method of 
preserving fresh foods and the improper use of this process can increase the 
potential risk that microbial hazards will advance and this in turn can lead to 
food poisoning (4). As a result, temperature controls along cold food supply 
chains are crucial for maintaining food quality and ensuring the safety of 
food products (1).

There are many different ways that cold chain can be effectively managed and 
controlled. One of them, the Time Temperature Indicators [TTIs] have the 
benefit of being low cost and can be easily integrated in packaging (6,7). TTIs 
are easily measurable “smart labels”, which visually reflect the temperature 
history of the food products depending on time and temperature changes (7). 
This is why they can be extensively used in food packaging (6). As it becomes 
apparent, implementing a TTI-based mechanism in food packaging could 
lead to a better monitoring of the cold chain, development of stock rotation, 
reduction of food waste and ultimately effective shelf-life management (8).

COLD CHAINS AND STORAGE

A successful cold chain depends on various factors, such as the storage 
room temperature, the kind of refrigerators and the food position within 
(9). In the European Union, Regulation [EC] No 852/2004 has established 
the requirement to maintain the cold chain for food products that cannot 
be stored safely at ambient temperatures such as fresh fish and raw meat. 
In relation to the correct management of the cold chain maintenance, it 
is needed to control temperatures, and check the suitable and functioning 
refrigeration or freezing equipment (9). However, if the temperature levels 
are not controlled along cold chains, the possible risk of microbial hazards 
will be increased and can lead to foodborne illness (4). A variety of aspects, 
such as legislation, industry habits, product characteristics, supply chain 
system, global food trade and the relationship between food supply chains 
participates, influence the management of cold food supply chain (4). The 

most critical part of food supply chain participants is Quality Control, as 
they are required to assure storage and handling temperatures. For example, 
they are required to take temperature samples of received foods and monitor 
their cooling units (1). Exposure to high temperature decreases the shelf life 
of the product, which is normally tagged on the food package, and it is hard 
to estimate whether the products are still safe for the consumers after being 
exposed to high or not recommended temperatures (10). In addition, wrong 
measuring of the surrounding temperature instead of the temperature close to 
the actual products can cause the false rejection or acceptance of entire food 
batches, based on temperatures affecting only a part of the batch (11). Raab, 
et al. has found that temperature mappings within a poultry supply chain 
showed temperature fluctuations between -5°C and 15°C within a vehicle at 
different locations during unloading, while the actual product temperature 
had only changed slightly. More specifically during the summer, where the 
outside temperature is high, delivery procedures have been reported to result 
in broken cold chains (12). Therefore, it is important to note that the lack 
of accurate temperature records for food products, which reveal whether the 
cold chain has been maintained or not, can lead to unnecessary food waste 
since food cold chain participants do not want to risk consumers’ health (1).

On the other hand, cold chain does not end at the stores, because when 
consumers buy food, they have to maintain the cold chain from the store 
till their house. Actually, it has been shown that consumers contribute 
the most towards food waste in the European Union with an average 167 
kg waste per capita per year (13). This is why the improvement of storage 
conditions in households and the refrigeration appliances therein can 
have a positive impact to the shelf life of fresh products, as the nominal 
refrigerator temperature of 4°C is suboptimal for a considerable number of 
food products. It has been found that even a small saving of no more than 
2% on food purchases can potentially save energy and reduce household 
monetary expenses (13).

INTELLIGENT PACKAGING

Intelligent packaging can give a solution for maintaining the cold chain and 
it can be the main action point to control food waste (14). Yam, et al. defined 
intelligent packaging as “a packaging system that is capable of carrying out 
intelligent functions [such as detecting, sensing, recording, tracing, communicating, 
and applying scientific logic] to facilitate decision making to extend shelf life, enhance 
safety, improve quality, provide information, and warn about possible problems” (15).

There are different types of intelligent packaging which can contribute to 
the management and control of the cold chain. The most common ones 
are biological [enzymatic and microbial] (16,17), polymerized, diffusion-
based (18), electrochemical and photochemical (19). For example, a Vitsab 
Checkpoint® TTI label is based on the controlled enzymatic hydrolysis of a 
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lipid substrate, which results in a colour change. The TTI can be activated 
by a pressing on the “window” to break the seal between the enzyme and 
substrate mini pouches (20). When the enzyme and substrate have been 
mixed, a homogenous green colour appears in the “window”, as it can be 
seen in the Figure 1. This serves as evidence for excellent shipping and 
storage conditions for the packaged goods. In the event that the colour in 
the window is not green, but yellow to light orange, then it can be assumed 
that the product has been compromised by time or temperature exposure 
and it is thus no longer acceptable (20).

Scientists from Zhejiang University and Food and Drug Administration of 
China developed a biological [enzymatic] TTI that is based on the reaction 
between urease and carbamide (21). Urease is a nickel-dependent enzyme, 
which can hydrolyse carbamide to carbamic acids and ammonia and can 
be found in plants, bacteria and vegetables, but not in animals (22). After 
the hydrolysis if there is a pH indicator in the solution, such as phenol red, 
then the pH value of the carbamide solution will increase and the solution 
colour will change from yellow to red (21). This enzymatic TTI showed great 
performance as the results are remarkable regarding the pH indication and 
the TTI colour change. In other words, the relationship of the colour change 
of the TTI under different temperatures evidenced that this product would 
be applied to temperature depended foods, but there is a need for further 
research to adjust the relative amount of urease and carbamide.

Scientists from Woosong University and Dongguk University-Seoul from 
the Republic of Korea developed another enzyme-based TTI using the 
Laccase enzyme. Their results showed that by controlling the concentration 
of Laccase, it is achievable to adjust the indicator’s colour conversion time 
and this enabling assessment of the quality of different products having 
different shelf lives. Most of Enzymatic TTI use synthetic chromogenic 
substrates, which are expensive and they have to be hydrolysed in order to 
produce colour (17). Laccases belong to the Amin oxidase [copper-containing] 
family of enzymes, which are commonly used in several industrial processes 
including paper producing, prevention of wine discoloration, detoxification 
of environmental pollutants, oxidation of dyes, and production of chemicals 
from lignin (23). Even though enzymatic TTI are expensive to be produced, 
they have numerous advantages, including higher visibility and also a lower 
procedure cost when the TTI is based on an enzyme, such as Laccase, that 
uses natural pigments as its substrate (17). More specifically, through the 
application of Laccase as a TTI there will be advantages, such as the ability to 
develop a TTI with a wide range of activation energy, the catalytic mechanism 
of Laccase examined so far seems to be simple in producing and lastly laccase 
is safer for the consumer and sustainable (17).

This kind of TTI is microbial and indicates the bacterial growth and 
metabolism that take place in the TTI system itself and replies straight to 
the microbial food spoilage (24). As a result, microbial TTIs seem to be 
much more accurate in controlling the quality loss of food products, which 
is spoiled by microorganism than other TTI (25). TTI microorganism carries 
out the perception function of time/temperature by changing the growth 
and metabolic activity rate according to room temperature, which is the 
core element of a microbial TTI, and influences the pH indicator as well 
as the choice of substrate media (25). Moreover, one of the most important 
conditions for a successful TTI is the selection of an appropriate TTI 
microorganism for the microbial growth (25). It is worth mentioning that 
the degradation of the quality of the majority of chilled food products which 
are high in protein, is the result of the growth and metabolism activities 
of the specific spoilage organism [SSO]. When fresh products reach at the 

stage of not being sensory acceptable, then the SSO has reached a specific 
population level, the otherwise called “spoilage level” (26). Kim, et al. 
provided interesting insights in relation to the methodologies of selecting a 
pH indicator in order to succeed in having an accurate indication effect (18). 
Firstly, lactic acid metabolism and microbial growth in a microbial TTI cause 
a various pH range and should be determined. After that, potential single or 
mixed pH-indicators with similar pH change ranges have to be selected and 
the best pH indicator, single or mixed, which satisfies the abovementioned 
standards, is applied.

A very interesting project of a prototype isopropyl palmitate [IPP], a diffusion-
based TTI system, for controlling the microbial growth of non-pasteurized 
angelica [NPA] juice based on temperature abuse has been conducted 
by scientists from the Yonsei University, King Saud University, Culture 
University and 3M Korea. The study mentioned above aimed to come up 
with a model that would be able to predict the response of a diffusion-
based TTI structure and to assess if the TTI system could be successfully 
applied as an indicator of the initiation of possible microbial growth in NPA 
juice or related types of fresh food products because of temperature abuse 
while in storage and transportation (18). In this project, it was developed a 
kinetic model and showed high prediction of food spoilage under isothermal 
storing conditions. On the one hand, when the storage temperature is 
at 25°C, microbial growth shows an obvious rise. On the other hand, at 
5°C, microbial growth does not increase. As a result, it can be argued that 
refrigerated storage conditions can reduce microbial growth in foods (18,27). 
The above mentioned TTI worked well on temperature changes, but it 
was only verified for indication of temperature abuse of more than 13.5°C 
(18). This means that this kind of diffusion-based TTI can be helpful for 
controlling temperature abuse and microbial quality during storage and 
transportation of only single packages of food products, which do not seem 
to get spoiled under 13.5°C.

Wan and Knoll used a different device based on an electrochemical pseudo-
transistor in structured conductive polymers (10). This TTI had all the basic 
functions, such as clock, temperature sensor, and electrical switch, but this 
was an important and innovate study, because it was the first time that this 
pseudo-transistor-TTI was combined with a radio frequency identification 
[RFID] technique. A TTI–RFID label can used for better protection of short-
living foods by using TTI and RFID readers, because it can work as an “over-
temperature alarm” system, to indicate when a temperature abuse has been 
occurred (28). This type of TTI can be used as a new alternative procedure 
to control the safety of perishable foods. It was also found that structured 
conductive polymers can be used as a powerful TTI with an electrical switch 
and it can be concluded that the migration length in TTI based on an 
electrochemical pseudo-transistor in structured conductive polymers can be 
used as a smart and powerful TTI in the studies and market (10).

One of the newest photochemical TTI is The OnVuTM [Ciba Specialty Chemicals 
& Freshpoint, SW], which introduced the solid state reaction. This TTI can be 
activated by UV light, as they have photosensitive compounds, organic pigments, 
such as benzyl pyridines, which can change colour with time at rates determined 
by temperature. As we can see in Figure 2, the blue inner heart [indicator] 
changes to white as a result of time and temperature. This system can be used as 
a label or printed directly onto the food package (29). In addition, this TTI can 
be applied as a photosensitive ink (30).

 

Figure 1) Colour changes of a microbial Vitsab CheckPoint® TTI (http://vitsab.com/index.php/tti-label)
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TTIs AND MASS PRODUCTION

A very useful for the industry new manufacturing procedure was developed 
by Zabala, et al. (6). They proposed a roll-to roll printing technology that 
allows a functional ink to be limited to certain areas of a porous paper 
while maintaining the moisture content within. These TTIs can have a 
straightforward application to the industry due to the use of traditional 
printing technologies, such as screen printing, whose main features are 
repeatability, reproducibility and low cost manufacturing (6). The printing 
process proposed in this project can be used to produce a TTI of a wide 
options of structure, amount and colour changes with time and temperature. 
This microbial smart labels have been successfully produced using this 
production process and can be easily applied in food packaging, as they can 
be a great mechanism for cold chain management (6).

CONCLUSION

As it can be concluded from the discussion above, during transportation 
food products are not maintained in a standard temperature and this can 
cause spoilage of the transported food. The cold chain participants play a 
key for consumers’ health, as they can maintain and control food’s microbial 
load in low levels by taking simple temperature measurements through the 
cold chain and by keeping accurate temperature records (1).

Active and intelligent packaging decreases the number of retailer and 
consumer complaints and appears to offer satisfactory solutions in enhancing 
food safety. There are still a number of critical aspects, such as economics, 
legislation (e.g. migration of components from packaging materials and 
labelling) and consumers preferences, which need to be taken into account 
and further research to be conducted for the successful application of the 
intelligent packaging solutions in the industry (20).

Intelligent packages with applied TTI keep track of the temperature 
throughout the cold chain and seem to be the future of packaging. The easy 
use of TTI can cause less food waste while protecting consumer health more 
efficiently.
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