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Light emitting diodes (LEDs) are being used as a cost-effective alternative light source during
plant growth to regulate the overall quality of fruits and vegetables; however, they have been used
infrequently at the post-harvest stage. Their capability of narrow bandwidth emission and
controllable spectral distribution holds a potential to help food producers and distributors in
reducing wastage incurred during the post-harvest activities. LEDs can potentially help in
regulating senescence, ripening and nutritional attributes in fruits and vegetables. The objective of
the thesis is to develop a LED post-harvest system for fresh fruits and vegetables and evaluate the
effect of LED lights of different wavelengths and photon flux intensities on nutritional content and
shelf life of fruits and vegetables at different temperatures and treatment times. Blueberries were
measured for change in weight, diameter, colour, TSS and anthocyanin content to evaluate the
effect of LED lights on ripening. Phenolic compounds were estimated and quantified using FolinCiocalteau reagent and HPLC assays and Antioxidant activity was determined using scavenging
activity on DPPH radicals and FRAP. The results suggest that under some conditions of
illumination with LEDs, the nutritional content enhanced, and ripening was delayed. The results
from this thesis will help researchers to identify optimal LED treatment parameters for post-harvest
enhancement of the overall quality of fruits and vegetables. This will also help in determining the
potential applications of LEDs in various post-harvest management operations of food to reduce
losses and help in building the competence of the food supply system.
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CHAPTER 1
INTRODUCTION

Fruits and vegetables are known for their health-promoting properties. They are rich in vitamins,
minerals, antioxidants compounds which reduces the risk of chronic diseases, cancer,
cardiovascular diseases, strokes and cataracts, increasing their demand in consumer diet (Slavin &
Lloyd, 2012) (Liu, 2003). However, as per the report of Food and Agriculture Organization (FAO)
of United Nations, fruits and vegetables are the most wasted commodities due to their high
perishability (Gustavsson, Cederberg, Sonesson, van Otterdijk, & Meybeck, 2011). The major
causes behind this wastage are an inefficient post-harvest infrastructure (Moustafa, 2016), poor
harvesting and storage techniques (Kiaya, 2014) and inappropriate marketing facilities (Prusky,
2011). So, the major challenge lies in reducing the wastage of fruits and vegetables along with
fulfilling customer requirements of healthy, nutritious and safe food. As a result, novel food
processing techniques are being developed to cope with these challenges. One of the examples of
these approaches is the application of light emitting diodes (LEDs) (Hasperué, Rodoni,
Guardianelli, Chaves, & Martínez, 2016a).
Within agriculture, the use of LEDs has been reported for food production and enhancement of
physiological parameters in horticultural produce (D’Souza, Yuk, Khoo, & Zhou, 2015) as light
plays an important role in governing the phytochemical reactions such as photosynthesis and the
production of secondary metabolites such as phenolic compounds (Xu et al., 2014). The use of
LED systems has a great potential in the food supply chain due to its cost-effective and ease of
operation. Other advantageous properties of LED systems include a monochromatic nature, long
life, prevention of thermal degradation and high photon efficiency. All these advantageous
properties make the application of LED systems beneficial for extension of shelf life of fresh
produce. However, little is known about the effect of LEDs on the nutritional quality, senescence
and ripening after harvest of fruits and vegetables. The effect of photon flux intensity, wavelength,
temperature and treatment period on produce shelf life has not been studied extensively. Hence,
the study will utilize a LED system to analyse the effect of mentioned parameters on fruits and
1

vegetables. These results will be used to explain how the LED technology can be applied
extensively in the food industry to preserve the wholesomeness of food and manage various postharvest activities.

1.1

Hypothesis

The hypothesis of the thesis is that LED systems of different wavelengths and photon flux
intensities will have a significant effect on the nutritional content and shelf life of blueberries at
different temperatures and treatment times.

1.2 Research Objectives
1.2.1 Overall objective
The overall objective of the thesis is to identify the optimal LED treatment parameters for postharvest enhancement of the overall quality of blueberries.
1.2.2 Specific Objectives
1. To develop a LED post-harvest system for blueberries.
2. To evaluate the effect of LED lights of different wavelengths on nutritional content and
shelf life of blueberries for short treatment time.
3. To analyse the effect of LED at different photon intensities and temperature for longer
treatment time to increase the post-harvest shelf life.

2

CHAPTER 2
LITERATURE REVIEW
2.1. Introduction
For every three tons of food produced in the world, there is one ton of food that is wasted—
amounting to 1.3 billion tons every year (Gustavsson, Cederberg, Sonesson, van Otterdijk, &
Meybeck, 2011). The major causes behind this wastage are inefficient post-harvest infrastructure
(Moustafa, 2016), poor harvesting and storage techniques (Kiaya, 2014), and inappropriate
marketing facilities (Prusky, 2011). As stated by the Food and Agriculture Organization of the
United Nations, fruits and vegetables are the most wasted commodity, amounting to 40-50% losses
(Gustavsson et al., 2011). The spoilage of fruits and vegetables occurs at every stage from farm to
table and this poses a challenge for food engineers (Gunders, 2012). As such, food engineers are
concerned with minimising fruit and vegetable losses by preventing spoilage, and this endeavour
has been gaining interest in recent years with various approaches being developed and utilized (L.
Ma, Zhang, Bhandari, & Gao, 2017). Examples of these approaches include the following:
increased storage facilities and infrastructure (Godfray et al., 2010), strategic modifications to the
food chain supply (Parfitt, Barthel, & Macnaughton, 2010), optimization of processing
technologies (Gustavsson et al., 2011), and the application of light emitting diodes (LEDs) in the
food industry (Hasperué, Rodoni, Guardianelli, Chaves, & Martínez, 2016).
The application of LEDs is a promising approach for the enhancement of shelf life and the
reduction of food spoilage. In fact, LEDs have various properties that can be harnessed to draw its
potential. These properties include (relatively) high power emission monochromatic light, long
life expectancy, low radiant heat emissions and adaptability (D’Souza, Yuk, Khoo, & Zhou, 2015).
Because of these favourable properties, LEDs are gaining interest for their feasible and valuable
use in various sectors, including data communication systems (Minh et al., 2009), medical devices
(DeLand, Weiss, McDaniel, & Geronemus, 2007), display technologies (Nguyen, 2001), lighting
systems (Chang, Das, Varde, & Pecht, 2012), and agriculture (B. S. Kim et al., 2011). Within
agriculture, the use of LEDs has been reported to enhance the nutritional quality in horticultural
produce, delaying senescence, affecting the ripening process, preventing microbial contamination
processes (D’Souza et al., 2015) and production of antioxidants (B. S. Kim et al., 2011). These
3

enhancements are fundamentally linked to the role that light plays in deriving the phytochemical
processes—as light is essential for the photosynthesis process and the production of secondary
metabolites in plants (Xu et al., 2014) (Colquhoun et al., 2013). Therefore, LEDs of different
wavelength can be used to affect the pre- and post-harvest reactions of fruits and vegetables and
help in post-harvest management (Colquhoun et al., 2013).
This chapter discusses the application of LEDs in post-harvest management of food. The effect of
different LED colours (i.e., varying wavelengths) in various processes such as senescence,
ripening, nutritional quality enhancement and microbial decontamination is focused and studied.
Ultimately, these effects of LED technology for the post-harvest system can help in enhancing the
shelf life and reducing food losses.

2.2. LED systems
The electromagnetic spectrum is defined as the sequence of electromagnetic radiation described
by frequency, wavelength and photon energy. Wavelength (λ) and frequency (υ) are reciprocally
related to each other. Wavelength is defined as the distance between the two successive crests or
troughs (Sliney, 2016) at a specific position and frequency is defined as the number of waves
passing a point in a second (Rosenthal, 2012). With respect to wavelength, electromagnetic
radiation can be arranged from longest to shortest range as radio wave, microwave, infrared
radiation, visible, ultraviolet, X-ray, and gamma ray in the electromagnetic spectrum. Visible
radiation, lying between infrared and ultraviolet radiation, has the wavelength range of 380-780
nm and corresponding frequency range of 384 – 790 THz (Rastogi, 2012). The generation source
of visible radiation can be incandescent bulbs, fluorescent lamps, lasers or LEDs (Schubert, 2005).
The operation of LEDs is described below.
An LED is a solid state (i.e., semiconductor-based) system that converts electrical energy to
electromagnetic radiation (D’Souza et al., 2015), typically in the infrared or visible regimes (B. S.
Kim et al., 2011), and occasionally in ultraviolet regimes (Djavid & Mi, 2016). A depiction of an
LED system is shown in Figure 2.1. The LED system is comprised of a semiconductor with a p-n
(positive-negative) junction, consisting of p-type (positive-doped) and n-type (negative-doped)
semiconductor on the right and left, respectively. A depletion region, defined as the barrier
4

between p-type and n-type regions that prevents the movement of electrons from n-type and holes
from p-type semiconductors, is created due to diffusion currents. The depletion region is left with
positive and negative charged ions. Electrons and holes (being the absence of electrons) recombine
spontaneously when a forward bias (i.e., applied electric field) forces them to interact within the
depletion region. This recombination process produces light (as photons) in a spontaneous
emission process, defining the mechanism of the LEDs (Schubert, 2006). This emitted light has a
wavelength dictated by the bandgap energy of the semiconductor between the conduction and
valence energy bands (D’Souza et al., 2015). The emission of light from an LED can vary from a
narrow band of single colours like red, green or blue to the wider band for white light (Chang et
al., 2012). A white LED is typically a blue LED that has been infused with phosphorous to broaden
the emission spectrum. The phenomenon involved in the operation of LEDs is
electroluminescence, which is a non-thermal process of emitting light when the electric current
passes through the semiconductor (Bergh & Dean, 1972).

Figure 2. 1 Light emitting diode showing the emission of photons.
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The electroluminescence phenomenon was first detected when H. J. Round was working with
silicon carbide in 1907. However, the first patent based on the emission of infrared radiation from
a semiconductor due to the passage of electricity was obtained by James Biard and Gary Pittman
in 1962 (S. D Gupta & Aggarwal, 2017). The world had its first LED producing visible light of a
red colour in 1962. This was designed by Nick Holonyak and was based on a gallium arsenide
phosphide diode (Kumar & Bharech, 2015). A major advancement in LED technology came when
Amano, Akasaki and Nakamura created the first LED producing light of a blue colour. These
researchers were awarded the 2014 Nobel Prize in physics for their work, which enabled the
eventual creation of the first LED producing light of a white colour, which has had a tremendous
impact on modern society through highly-efficient lighting systems and other advancements (Yeh
& Chung, 2009) (S. D Gupta & Aggarwal, 2017). Since then, continuous improvements in LED
systems have resulted in the present-day LED technology.
Light emitting diodes have many advantageous properties that mark their use over conventional
lighting systems such as incandescent lamps and fluorescent tubes (Krames et al., 2007), highintensity discharge lamps (S. D Gupta & Aggarwal, 2017), and sodium and xenon lamps (D’Souza
et al., 2015). These advantageous properties of LED systems are summarized in Figure 2. For
example, LED systems are energy efficient with high luminosity and high photon flux (S. D Gupta
& Aggarwal, 2017). They do not involve the use of heavy metals which are toxic in cases of
leakage (D’Souza et al., 2015). Moreover, the monochromatic nature of LEDs helps allow
wavelength-specific emission for desired lighting spectra for production, preservation or storage
of food. Another advantage of the LED is their long life, durability and low cost that marks their
use for the non-thermal processing in the food industry (Massa, Kim, Wheeler, & Mitchell, 2008).
An LED system has a low emission of radiant heat and this facilitates non-thermal operation and
high luminous efficiency. Light emitting diodes are known for minimising thermal degradation
which prevents any detrimental effects on food quality and enables their use in cold storages. It is
also mechanically robust which prevents damage due to vibrations (D’Souza et al., 2015).
Additionally, LEDs are safe to operate and have adjustable on/off properties (Bula et al., 1991).
Given this extensive list of advantageous properties, as shown in Figure 2.2, LED systems are
well-placed to provide an energy efficient and cost-effective solution for monochromatic emission,
needed in food engineering applications (Samuoliene, Sirtautas, Brazaityte, & Duchovskis, 2012).
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Figure 2. 2. Advantageous properties of LED systems.
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Currently, LED systems are being employed greatly in various fields because of their benefits and
properties. Some of these fields include the following: data communication systems (Komine &
Nakagawa, 2004), medical devices (DeLand et al., 2007), display technologies (Geffroy, le Roy,
& Prat, 2006), lighting systems (Krames et al., 2007), and agriculture (B. S. Kim et al., 2011).
Within agriculture, LED systems are used in food production (S. D Gupta & Aggarwal, 2017),
food preservation and food safety (D’Souza et al., 2015). These fields of application for LED
systems are summarized in Table 2.1.
Table 2. 1. The applications of LED system in various fields along with food production,
preservation and safety.
S. No
1

Applications of LED
systems
Communication
(optical data
transmission)

2

Medical

2

Display

3

Lighting system

4

Food production

5

Food preservation

6

Food safety

Examples

References

a) Room lights
b) Brake lights in automobiles
c) Road signs

(Schubert, 2005),
(Komine & Nakagawa,
2004)

a) Prevention of radiationinduced dermatitis in breast
cancer treatment
a) Roadside billboards
b) Data display boards
a) Decorative lighting
b) Household lighting
a) Green house lighting systems
b) Horticultural growth systems

(DeLand et al., 2007)

a) Extension of shelf life in
fruits and vegetables
b) Nutritional enhancement in
strawberry
c) Delayed senescence
d) Regulation of ripening
a) Prevention of microbial
spoilage

(Dhakal & Baek, 2014;
Hasperué, Rodoni, et al.,
2016; Xu et al., 2014)
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(Chang et al., 2012)
(Krames et al., 2007)
(Gupta, 2017), Morrow,
2008)

(Kasim & Kasim, 2017;
Lafuente & Alférez,
2015)

2.3. LED system for post-harvest management
Post-harvest management is a process of developing technology and designing systems to maintain
the shelf life of food and reduce food losses. Activities such as handling, processing, packaging,
distribution, storage and transportation (Verma, 2000) and variables such as temperature and
moisture are involved at each and every stage of the food supply chain (El-ramady, Domokosszabolcsy, Abdalla, Taha, & Fári, 2015). It is very important to regulate these activities and
variables to control the qualitative and quantitative losses and maximise the added value of fruits
and vegetables. Qualitative losses comprising of changes in nutritional value, texture, sensory
appeal or consumer acceptability are difficult to analyse as compared to the quantitative ones.
There can be numerous approaches to cut down the losses. Some of these include: refining the
existing food handling system, introducing a new technology, improving the infrastructure,
distribution facilities or managing the food supply chain (Kader, 2005).

Introduction of

appropriate processing technologies can lead to a variety of attributes to manage these post-harvest
losses. Application of LEDs is one such technology that can help in delaying senescence and
regulating respiration rates. Also, it can be employed for managing the nutritional and sensory
attributes and preventing microbial spoilage. Monitoring the mentioned aspects can help in
preserving the quality and shelf life of fruits and vegetables, further, aiding in the post-harvest
management of food. The connection between the post-harvest management of food, these
attributes and shelf life enhancement is shown in Figure 2.3. So, the application of LED systems
to fruits and vegetables to these mentioned parameters is of great interest to post-harvest
technologists, who can realize the potential of this technology.
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post-harvest management
of food
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nutritional enhancement
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prevention of microbial spoilage
shelf life extension

Figure 2. 3. The application of LED systems in the post-harvest management of food due to
its effect on various processes.

2.3.1. Delaying senescence using LED systems
Senescence is an undesirable phenomenon in which the deterioration of fruits and vegetables
results in loss of nutritional and commercial value of food (Pogson & Morris, 2003). The
mechanism of the process involves the allocation of nutrients from one part of tissue to another
and alterations in physical and chemical properties of the cell structure (Aked, 2002). The
changes occurring in proteins and lipids of the chloroplast, disorganisation of membranes and
formation of globular structure also results in decay (Gan, 2007). The degradation of chlorophyll
or another pigment due to genetic programming is another important parameter associated with
the process (Noodén, Guiamét, & John, 1997). Yellowing of leaves is caused by chlorophyll
changes (due to enzymatic breakdown or gene expression) which is the visible sign of decay.
Moreover, the oxidative metabolism results in the production of reactive oxygen species (ROS) in
fruits or vegetables. This overproduction of ROS facilitates the degradation of membrane
lipids, proteins, macromolecules and enzymatic changes causing the death of cell (Bhattacharjee,
2005). Sugar accumulation can also be a chief aspect, as it delays or accelerates the senescence
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(Wingler, von Schaewen, Leegood, Lea, & Paul Quick, 1998). To sum up, structural changes,
chlorophyll degradation, protein and macromolecules breakdown and gene expression in the plant
cells are the factors responsible for the quality, texture and shelf life deterioration of foods. All
these aspects simultaneously lead to the death of cells (senescence) (Gan, 2007). These activities
are stimulated by ethylene production or the presence of stressors such as loss of moisture,
pathogenic activity, light or physical injury (Aked, 2002).
Light plays a major role in governing this process as the optimum amount of light with specific
wavelength and frequency affect stress conditions in fruits and vegetables (Noodén & Schneider,
2004). It is because the response behaviour of cells varies with the stress conditions. The point at
which the light required for the rate of photosynthesis and respiration becomes equal is called the
light compensation point, defining this optimum level of light intensity. Senescence occurs below
or above this illumination level of light. (D’Souza et al., 2015). Generally, the process is affected
differently by lights of variable wavelengths. Mostly, blue (460 nm) and white (420 -700) light are
known to control the decay process by lowering the degradation of pigments like chlorophyll and
affecting the transpiration and respiration processes. This helps to maintain the integrity of cells
and colour of fruits and vegetables (Hasperué, Guardianelli, Rodoni, Chaves, & Martínez, 2016).
Many studies have been conducted in this field to analyse the effect of light (variable wavelengths)
from LED systems on the rate of senescence and, ultimately, to control the quality attributes, as
shown in Table 2.2.
In one of the studies, conducted by Hasperué, Rodoni, et al., 2016, the effect of white (420 – 700
nm) and blue (460 nm) LEDs on the leaves of Brussels sprouts was examined. Blue light plays an
important role in the regulation of the stomatal opening in leaves which in return affect the
transpiration and respiration rate. In this study, yellowing, being the prominent symptom of postharvest problems in the green leafy vegetables, was addressed by the authors. The objective was
to control this process by the application of white-blue LEDs on the outer and inner leaves of
Brussels sprouts. The 5 - 10 days treatment at 22˚C of LED light of photon flux intensity of 20
µmolm-2s-1, resulted in the greener leaves, enhanced chlorophyll content and higher total soluble
sugars (TSS) (Hasperué, Rodoni, et al., 2016). A higher weight loss was observed in white blue
treated samples than control ones. The chlorophyll content was found to increase on treatment
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with LED as compared to the untreated samples of outer leaves after 10 days storage. It is because
chlorophyll synthesis is promoted under the low-intensity light treatment which helps to maintain
the greenness of the leaf tissues. Illumination with blue light causes the maximum absorption of
chlorophyll b as light signals are gathered by the phototropin namely phot-1 and phot-2 causing
the stimulus (Kopsell & Sams, 2013). Similarly, the green colour was maintained in the inner
leaves too, though, they were not exposed directly to the LEDs. The authors also discuss the effect
of sugars on the decay process of Brussels sprouts. The total soluble sugars content was found to
be higher in treated outer and inner leaves than untreated ones. Lower content of sugars can be the
cause of starvation in leafy vegetables causing the decay. However, the increased content of TSS
explains the delay of the senescence process in outer and inner leaves of Brussels sprouts samples
(Hasperué, Rodoni, et al., 2016). In addition, the effect of white-blue light is also studied in the
case of broccoli under the same conditions by Hasperué, Guardianelli, et al., 2016. Treatment
conditions were photon flux intensity of 20 µmolm-2s-1 with 0, 2, 3 and 4 days storage at 22ºC and
0, 35 and 42 days storage at 5ºC with continuous white-blue light illumination. The chlorophyll
and carotenoid content were found to increase in the treated samples. The content was maintained
until the end of storage which helped in the preservation of green colour of broccoli (Hasperué,
Guardianelli, et al., 2016). The reason can be attributed to the fact that blue light results in
maximising the absorption of lutein and beta-carotene. Also, the treatment can cause a higher
expression of genes such as phytoene synthase (PSY), lycopene beta-cyclase (LCYb) and
zeaxanthin epoxidase. These genes are then responsible for the conversion of phytoene to lycopene
through the carotenoid metabolic pathway (Kopsell & Sams, 2013). Moreover, the total sugar
content was found to increase in both 5ºC and 22ºC storage which means that white-blue light was
able to regulate the metabolism process. Also, higher sugar content was seen in 5ºC storage
treatment as compared to the elevated temperature of 22˚C. It is because lower the temperature,
lower is the rate of metabolic activities. Thus, the white-blue light treatment was found to be
effective in delaying the yellowing of broccoli heads and regulating the senescence process
(Hasperué, Guardianelli, et al., 2016). This can help in the implementation of the LED system for
storage and transportation of vegetables, to enhance the shelf life and manage the post-harvest
losses. However, no information regarding the wavelength of LED light is mentioned in the study.
This would have given a better idea of the effect of LED application on green leafy vegetables
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with respect to wavelength. Also, the effect of other lighting colours of LEDs on the Brussels
sprouts and broccoli are not discussed. The other LED colours could also significantly affect the
post-harvest parameters of green leafy vegetables. On the other hand, in the study conducted by
Kasim & Kasim, 2017, effect of different LED colours was observed on lettuce for post-harvest
preservation.
Lettuce leaves were treated for 21 days under the photon flux intensity of 10 µmolm-2s-1 with blue
(λ = 450 nm), green (λ = 516 nm), white (λ = 400-700 nm) and red (λ = 630 nm) LEDs. The red
and white light was more effective than the other two colours in preserving the greenness of lettuce
leaves. It is because of the photoreceptors that behave differently for the different colour
(wavelengths). Phytochrome is responsible for the absorption of red and far-red light (W. R.
Briggs, 2001) whereas cryptochrome and phototropin are responsible for the absorption of blue
light (Kong & Okajima, 2016). In this study, red light affected the associated receptors
significantly and since red light is a part of the white light, the effect of preservation for red and
white colour was seen. Though all the treated samples were able to reduce the yellowing, green
coloured LED had the major impact in this regard. On the other hand, no increase in the chlorophyll
content was observed in the treated samples. But the degradation of pigment was less when treated
with white and red LED lights as compared to green, blue LEDs and control samples. Enhancement
in the total soluble sugars after the experimentation was also evident with a maximum effect of
white LED followed by green and blue. Overall, it is concluded that all the LED light colours were
effective in enhancing the shelf life of lettuce leaves when compared to the control samples. But,
the mechanism behind the effect of particular LED colour for the analysed parameters is not
discussed thoroughly by the authors. (Kasim & Kasim, 2017).
In another study by G. Ma et al., 2014, similar results were observed in the broccoli when
yellowing was delayed on the irradiation with red LED light of wavelength 660 nm. In addition to
this, the ethylene production was also suppressed. Based on the type of photoreceptors in fruits
and vegetables, responses generated due to light at different wavelengths are different
(Holopainen, Kivimäenpää, & Julkunen-Tiitto, 2018). As such, red light (660 nm) has a vital role
in flowering, accumulation of starch and budding whereas blue light governs the process of
stomatal opening and production of biomass (G. Ma et al., 2014). It is known that blue light is 20
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times more effective than red light in controlling the opening of stomata because of the alterations
caused in the guard cells. This can affect the transportation of calcium, potassium and hydrogen
ions across the membrane of cells, modifying the pH conditions (Kopsell & Sams, 2013). In this
study, broccoli was treated with red (λ = 660 nm) and blue LED (λ = 470 nm) lights of photon flux
intensity of 50 µmolm-2s-1 at 20ºC for 4 days. The samples were compared with those treated with
white light (control) to study the effect of different coloured LEDs. After treatment, the red light
was effective in controlling the yellowing of leaves, but blue light showed no effect in preserving
the green colour (G. Ma et al., 2014). The effect of light varies with the absorption effect on the
chlorophyll as red and blue promotes the absorption of chlorophyll a and b respectively
contributing towards the accumulation of chlorophyll levels and optimal photosynthetic efficiency
(Kopsell & Sams, 2013) (Dinh, Hong, & Lee, 2016). Also, the effect of red light was more
prominent in decreasing the ethylene production than the blue LED and control samples. With
lower production of ethylene, there is a lower respiration rate. As post-harvest management has an
inverse relationship with respiration rate, shelf life tends to increase under such conditions (G. Ma
et al., 2014). The reason for this can be that the light acts as a stress which can stimulate the
ripening process and affect the ethylene production as explained in section 3.3 (Aked, 2002).
Similarly, an increase in respiration rate and ethylene production in strawberries was reported by
Xu et al., 2014. The fruit was illuminated by blue (470 nm) LED light at an intensity of 40 µmolm2 -1

s at 5ºC for 12 days and compared to the strawberries kept in the dark. An increase in ethylene

production and respiration rate can be seen in Figure 2.4. There is a decrease in ethylene production
during initial storage days followed by an increase during 2-6 storage days. On the other side, TSS
content was found to increase under the effect of blue light treatment. But, the effect of other LED
light colours on post-harvest management parameters of strawberries is yet to be explored. A
similar trend of enhanced ethylene production was also seen in the post-harvest peaches on
treatment with the blue (470 nm) LEDs at an intensity of 40 µmolm-2s-1 for 15 days at 10ºC (Gong
et al., 2015). However, the maximum ethylene production was delayed from 6th to 9th storage day
under the LED application as compared to the untreated control samples. The TSS content
increased and acidity decreased after the treatment, in addition to colour development in peaches,
Therefore, blue light helps regulate the synthesis of pigments and internal ethylene in fruits
accelerating the ripening process during post-harvest. (Gong et al., 2015).
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Figure 2. 4. Effect of blue coloured LED on the ethylene production and respiration rate in
strawberries (adapted from (Xu et al., 2014)).
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Table 2. 2. The applications of LED system of different colours at different intensities in delaying senescence in fruits and
vegetables.

S.
No

Type of LED
colour

Treated
Treatment
fruits/vegetables conditions

Objective

Results

1

White (420 700 nm) and
blue (460 nm)
LEDs

Brussels sprouts 5 - 10 days
treatment with at
22˚C at photon
flux of 20
µmolm-2s-1

Preventing
yellowing in
Brussels

Increase in chlorophyll content, (Hasperué,
greener leaves and delayed
Rodoni, et al.,
yellowing
2016)

2

White and blue
LED

Broccoli

0,35 and 42 days
at 5˚C and 0,2,3
and 4 days at
22˚C treatment at
photon flux of 20
µmolm-2s-1

Preventing
yellowing of
broccoli

Delayed yellowing, higher
carotenoid content

(Hasperué,
Guardianelli, et
al., 2016)

21 days treatment
at 5˚C at the
photon flux of 10
µmolm-2s-1

Enhancing the
storage life of
lettuce by
estimating the
chlorophyll content
and infection rate

Increase in chlorophyll content
by the treatment of white light
and prevention of microbial
damage by the green light. The
blue light did not have any
significant effect.

(Kasim &
Kasim, 2017)

(wavelength
not mentioned)

3

White (400-700 Lettuce
nm), green
(516 nm), red
(630 nm) and
blue (450 nm)
LEDs
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References

4

Red (660 nm)
and blue (470
nm) LEDs

Broccoli

4 days treatment
at 20˚C at the
photon flux level
of 50 µmolm-2s-1

Analysing the
senescence rate of
broccoli

Delay of senescence by
controlling yellowing and
ethylene production by the red
light

(G. Ma et al.,
2014)

5

Blue (470 nm)
LEDs

Strawberry

12 days treatment
at 5˚C at the
photon flux of 40
µmolm-2s-1

Effect of blue
coloured LED on
the quality of
strawberries

Fruit quality was maintained
but Increase in ethylene
production

(Xu et al., 2014)

6

Blue (470 nm)
LEDs

Peaches

15 days treatment
at 10˚C at the
photon flux level
of 40 µmolm-2s-1

To study the
senescence by
analysing
respiration and
ethylene production

The increase of ethylene
production and ripening by the
blue LED, therefore, enhancing
the senescence

(Gong et al.,
2015)
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2.3.2. Use of LED systems for nutritional enhancement
Lights of different wavelengths regulate key phytochemical processes such as photosynthesis and
production/assimilation of secondary metabolites in plants (Xu et al., 2014). The mechanism
involved is the expression of genes in the biosynthesis pathways or triggering of enzymatic
changes. Increased expression of genes like MdMYB10 and MdUFGT under the effect of light
helps in the accumulation of compounds like vitamin C, soluble sugars, anthocyanin or organic
acids. Also, enzymes like phenylalanine ammonia-lyase (PAL) are responsible for the production
of secondary metabolites in plants (Hasan, Bashir, Ghosh, Lee, & Bae, 2017). So, the treatment of
fruits and vegetables with LEDs of different light (wavelength) can help to maintain the nutritional
quality in post-harvest conditions by inducing these mechanisms. The irradiation can result in an
increase of antioxidant activity or enhancement of bioactive compounds in fruits and vegetables
(Samuoliene et al., 2012). The impact of different LED light colours can be diverse for the different
fruits and vegetables affecting their nutritional value in their own way, thereby affecting the
functional components and quality as described in Figure 2.5. The use of LEDs has made the
application of monochromatic light convenient with well-defined wavelength and emission
intensities. So, blue (400- 470 nm) and red (600- 650 nm) LED lights have been reported as having
a significant effect on nutritional quality (Colquhoun et al., 2013). Blue light is associated with its
effect on various metabolic pathways and accumulation of phenolic compounds, carotenoid,
anthocyanin, ascorbic acid and polyphenols (Taulavuori et al., 2017) whereas red light regulates
the concentration of phytochemicals like terpenes, sesquiterpenes and tocopherols in fruits and
vegetables (Holopainen et al., 2018).
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Concenteration of phytochemicals as
terpenes, sesquiterpenes and tocopherols

Increase of antioxidant activity

Nutritional enhancement using LEDs

Enhancement of bio-active compounds and
anthocyanin content

Increase of Vitamin-C, total phenol content
and soluble sugars

Figure 2. 5. The factors associated with enhancement of the nutritional quality of fruits and
vegetables by the LED system.

In the study conducted by (B. S. Kim et al., 2011), immature strawberries were treated with LED
light of different wavelengths (385 nm, 470 nm, 525 nm and 630 nm) at 5ºC for 4 days and
compared with the untreated control samples. The effect of different LEDs (wavelength) on plants
varies because of the effect generated by the lights onto the specific receptors in plants. Blue light
is perceived by cryptochrome and red light by phytochrome. So, the use of a particular wavelength
can help in the initiation of responses in fruit that can lead to the enrichment of functional
compounds in food. In this study, the treatment with LEDs was reported to influence various
parameters like anthocyanin, total phenolic content, Vitamin C and TSS. Results revealed that
anthocyanin content was increased by 21% in the treated strawberry samples as compared to the
untreated ones. Though LED lights of all wavelengths showed a similar effect in increasing
anthocyanin content, the impact of LED at 385 nm was dominant (B. S. Kim et al., 2011). It is
because, light at variable wavelengths acts as a controller for the flavonoid pathway resulting in
the synthesis of anthocyanins via expression of genes and enzymatic activity such as chalcone
isomerase (FaCHI), flavanone 3-hydroxylase (FaF3H), and anthocyanidin synthase (FaANS).
When photoreceptors respond to the light signals, it coordinates for the anthocyanin biosynthesis.
Phototropins such as FaPHOT2, responding to blue light, is largely involved in inducing flavonoid
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pathway gene expression pathways for the accumulation of anthocyanin and other flavonoids as
compared to green and red light (Kadomura-Ishikawa, Miyawaki, Noji, & Takahashi, 2013).
Similar results of an increase in total phenol content were seen in this study after the treatment of
strawberries, as it was found to be 13% higher than the untreated samples. Also, the increase in
phenolic content can be due to the decrease in acidity and organic acids overtime which can help
in the provision of carbon skeletons for the formation of phenolic compounds (S. Y. Wang, Chen,
& Wang, 2009). Even when the samples were evaluated for Vitamin C in strawberries, the
treatment showed positive results of enhanced content, with LEDs of wavelength 470 and 525 nm
playing an important role. The sugar content was observed to increase in both treated and untreated
samples of strawberries after 4 days. With the advancement of immature fruit towards the complete
ripening, sugar content tends to increase. The LED light at a wavelength of 525 nm was found to
be the most effective in increasing the TSS content (B. S. Kim et al., 2011). However, the increase
in TSS in strawberries can be associated to the solubilisation of cell wall components as
polyuronides and hemicelluloses rather than conversion of starch to sugars as there is very less
accumulation of starch during the fruit development (S. Y. Wang et al., 2009). This study reported
the significant effect of LED technology in the enhancement of nutrients and functional
components in immature strawberries. But, no relation of photon flux intensity and nutritional
quality is established by the authors. It is very important to analyse how LEDs at a specific intensity
will behave when applied to fruits and vegetables during the post-harvest stage. Xu et al., 2014,
took this important parameter into consideration while studying the treatment of strawberries with
blue ( = 470 nm) LED light. The fruit was treated with an intensity of 40 µmolm-2s-1 for 12 days
at 5˚C to study the effect of blue LED on the overall quality. Enhanced levels of phenolic content,
ascorbic acid and acidity were observed during the treatment as compared to the control samples
as an effect of blue LED ( = 470 nm). This is shown in Figure 2.6. Total sugar content decreased
during the initial six days of storage in both the control and treated samples. But, the blue light
application elevated the sugar content at the later stage. Moreover, the blue light was found to
enhance the antioxidant content and DPPH radical scavenging activity in strawberries. The authors
proposed the use of blue light in the post-harvest management of fruits like strawberries which are
highly perishable. However, further studies are required to analyse the effect of different coloured
LEDs at different intensities to examine the potential of the LED system in the food industry.
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Figure 2. 6. Increase in total phenolic content and ascorbic acid in strawberries on
illumination with blue light (Adapted from Xu et al., 2014).
In a study conducted by (Shi et al., 2016a), Chinese bayberry fruit was treated with the blue light
(470 nm) at an intensity of 40 µmolm-2s-1 at 10ºC for 8 days and compared to the samples kept
under dark conditions. It was observed that total soluble sugar content increased in the fruit
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constituting of fructose, sucrose and glucose. The content was double the amount present in the
control samples. The possible reason suggested was the increase in gene expression (hexokinase
genes, cryptochrome genes, glucose sensor genes), on the illumination of fruit with light that
helped in the promoting the sugar content (Shi et al., 2016a). Even, when bayberries were treated
under same conditions with blue LEDs at an intensity of 40 µmolm-2s-1 at 10ºC for 8 days,
anthocyanin content was found to increase by 1.8 times as compared to the untreated control
samples. It is because, blue light induces the expression of genes like MrMYB1, MrANS, MrF3H
and MrDFR1 involved in the synthesis of pigments like anthocyanin. It can help to preserve the
functional properties of fruit by enhancing the nutritional attributes after the application of LED
technology of bayberries (Shi, Cao, Chen, & Yang, 2014).
In another study, G. Ma et al., 2012, examined the effect of blue (470 nm) and red (660 nm) LED
lights in citrus fruits to analyse the antioxidant activity in fruits. The treatment of citrus fruits with
blue and red LED lights at an intensity of 50 µmolm-2s-1 for 6 days at 20˚C was carried out. It was
found that there was an increase in antioxidant levels present in citrus fruits such as ẞCryptoxanthin, on illumination with red light. The increased activity of this antioxidant can help
in curing many diseases like cancer, and ultimately promote the functional properties of citrus (G.
Ma et al., 2012). The blue light did not show any effect on the antioxidant activity of fruit. From
all these studies, it can be concluded that the nutritional value of fruits and vegetables can be
enhanced by the application of LEDs of different colours/wavelengths.
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Table 2. 3. Effect of LED system on nutritional quality of various fruits and vegetables at different wavelengths and photon
flux intensities.

S. No

Type of LED

Treated

Treatment conditions Results

References

4 days treatment at

Increase in soluble sugars, acidity,

(B. S. Kim

5˚C

total phenol content, Vitamin C,

et al., 2011)

fruit/vegetable

1

LED source of wavelength

Strawberry

385nm (violet), 470 nm
(blue), 525nm (green) and

anthocyanin

630nm (red)

2

Blue (470 nm) LEDs

Strawberry

12 days treatment at

Increase in antioxidant enzymatic

(Xu et al.,

5˚C at the photon

activities, phenolic content, total

2014)

flux of 40 µmolm-2s-

sugars and ascorbic acid

1

3

Red (660 nm) and blue
(470 nm) LEDs

Citrus fruits

6 days treatment at

Increase in antioxidant activity (ẞ-

(G. Ma et

20˚C at the photon

cryptoxanthin) and the red light was

al., 2012)
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4

Blue (470 nm) LEDs

flux rate of 50

found to be more effective than blue

µmolm-2s-1

light

Chinese

8 days treatment at

Increase in total sugar content-

(Shi et al.,

bayberries

10ºC at an intensity

glucose, fructose and sucrose.

2016a)

of 40 µmolm-2s-1

5

Blue (470 nm) LEDs

Chinese

8 days treatment at

Increase in anthocyanin content of

(Shi et al.,

bayberries

10ºC at an intensity

fruit.

2014)

of 40 µmolm-2s-1
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2.3.3. Effect of LED systems on ripening
To ensure the delivery of quality foods to the consumers, it is very important that fresh produce
and other food products are delivered in an acceptable form. This becomes an important parameter
for fruits and vegetables when they are to be stored and transported over long distances. Ripening,
one of the crucial factors of post-harvest management, needs to be monitored to ensure the quality
of food. It is a process of continuous changes in the development of fruits and vegetables from
maturity to its decay resulting in the changes of structure and composition. To provide palatability
with food, a proper ripening stage is a very important step in the growth phase (Aked, 2002).
However, it causes changes in acidity, firmness, sweetness, colour, aroma and nutritional
composition of fruits and vegetables, as shown in Figure 2.7. This can be both desirable (consumer
acceptability) and undesirable (towards senescence) (Rhodes, 1978). Factors like respiration rate,
chlorophyll loss, degradation of complex molecules (organic acids, pectin, cellulose etc.) and
changes in biochemical and physiological properties of tissue cells affect the process (El-ramady
et al., 2015). Similarly, light is also an important parameter affecting ripening. It can accelerate or
retard the ripening process in fruits and vegetables by controlling the amount of ethylene
production. During this process, ethylene production is triggered by various parameters, the light
being one of them, which can affect the Yang cycle of ethylene synthesis. During this metabolic
pathway, receptors cause an increase or decrease in the expression of auxin-related or
photosynthetic genes interfering with the ripening process (Tadiello et al., 2016). In addition to
the ethylene production, pigment accumulation is another important regulation associated with the
ripening of fruits. Increase in gene expressions and corresponding mutations in fruits can result in
an intensification of carotenoid and flavonoid concentrations. Light plays with these genes
mutations through light signal transduction and photo-oxidation processes, targeting overall
ripening phase of fruits and vegetables (Adams-Phillips, Barry, & Giovannoni, 2004). The effect
of light (LEDs as one of the sources) depends on the type of fruit or vegetables, light intensity,
wavelength and treatment parameters. Many studies have suggested the use of LED systems as a
light source to regulate the ripening process, as shown in Table 2.4, which can help to enhance
shelf life and provide quality food to consumers.
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Figure 2. 7. The effect on ripening by the application of LEDs.
Green tomatoes were treated with blue ( 440-450 nm) and red ( 650-660 nm) LED light at 85.72
and 102.70 µ Einstein m-2s-1 for 7 days respectively by Dhakal & Baek, 2014. Treated tomatoes
were then stored for 7, 14 and 21 days before analysing for the colour development, lycopene and
firmness. It was seen that blue light was able to retard the red colour in tomatoes as compared to
the control (dark) and red LED treatment. Even for 14 days of storage, development of red colour
in green tomatoes treated with blue LEDs was less. It is due to the higher association of red light
with photodecomposition of chlorophyll, causing ripening of tomatoes (Jen, 1974). However, 21
days storage period resulted in almost the same observations irrespective of the type of treatment.
Similar results were observed for lycopene content as blue light was efficient in delaying the
development of pigment in tomatoes than those kept in dark and treated with red light, having
higher levels of lycopene content. The yellow colour was more prominent in tomatoes treated with
blue light. Also, with the ripening of fruit, firmness tends to decrease making fruit more palatable
but lowering its shelf life. In this study, firmness decreased with the increase in storage period for
all treatments. The blue light was able to delay the firmness than red and control samples, helping
to enhance the shelf life. The study covered all the major aspects to be analysed for ripening in
green tomatoes and blue light was found to be the most effective in regulating the parameters for
delaying the process. However, it is interesting to know how the two LED colours will behave for
ripening at the same intensities since two LEDs-blue and red are used at different intensities of
85.72 and 102.70 µ Einstein m-2s-1 respectively.
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In another study conducted by Xu et al., 2014, blue LED light (470 nm) treatment was applied to
strawberries at 40 µmolm-2s-1 for 12 days which resulted in an increased colour development after
4 days of storage, implying that the ripening process was accelerated in strawberries. The
respiration rate was found to decrease during the initial two days of storage followed by the gradual
increase in control and blue light treatment. When compared to control untreated samples, ethylene
production was higher for blue LED treated samples along with higher respiration processes (Xu
et al., 2014). In another case, immature strawberries were treated with different LED light colours
of wavelength violet (385 nm), blue (470 nm), green (525 nm) and red (630 nm). The anthocyanin
content was enhanced by 21% as compared to control. LED at a wavelength of 385 nm was found
to be the most effective in enhancing the content resulting in an increase in the ripening process
(B. S. Kim et al., 2011).
The effect of blue light (470 nm) on the ripening process of peaches was evaluated by Gong et al.,
2015. It was observed that 15 days treatment at 10ºC at an intensity of 40 µmolm -2s-1 resulted in
accelerating the process. Ethylene synthesis increased in fruit after illumination with blue light. It
is due to an increase in the activity of lipoxygenase, 1-aminocyclopropane-1-carboxylic acid,
ethylene response factors, ethylene sensors and ethylene receptors. All this enhanced activity of
gene expression, resulted in the decline of firmness of fruit, inducing ripening. The study suggests
that blue coloured LED can be employed as an alternative to the application of ethylene gas for
ripening of peaches (Gong et al., 2015).
In another study conducted by Ballester & Lafuente, 2017, the effect of blue coloured LED (450
nm) on sweet oranges was evaluated. The fruit was treated at an intensity between 60-630 µmolm2 -1

s at 20ºC. Enhancement of ethylene production was observed after treatment at the medium (210

µmolm-2s-1) and the highest intensity (630 µmolm-2s-1) than the lowest intensity (70 µmolm-2s-1)
(Ballester & Lafuente, 2017). This implies that blue light treatment accelerated the ripening
process in citrus fruits by increasing the synthesis of ethylene under the higher intensities, as in
the case of peaches (Gong et al., 2015) and strawberries (Xu et al., 2014). Overall, studies suggest
that LED application at specific wavelengths and intensities is an effective approach for regulating
the processes of ripening. It can be used to accelerate or retard the process and accordingly, help
in the management of post-harvest activities.
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Table 2. 4. The effect of LEDs of variable wavelengths and intensities on the ripening of
different fruits and vegetables.
S.
No

LED system

Treatment
conditions

Results

References

1

Blue (400- 450 nm)
and red (600-650 nm)
LEDs

7, 14 and 21 days
treatment at 25˚C
the photon flux
level of 85.72 and
102.70 µ Einstein
m-2s-1.

Delay in ripening and
softening of green
tomatoes using LED with
a significant effect of blue
coloured LED.

(Dhakal &
Baek, 2014)

2

Blue (470 nm) LEDs

12 days treatment
at 5˚C at the
photon flux of 40
µmolm-2s-1

Acceleration of ripening
with colour development
and ethylene production in
strawberries.

(Xu et al.,
2014)

3

LED of wavelength
violet (385 nm), blue
(470 nm), green
(525nm) and red
(630nm)

4 days treatment
at 5˚C

Enhancement of
anthocyanin content and
ripening in strawberries.

(B. S. Kim et
al., 2011)

4

Blue LED (470 nm)

15 days treatment
at 10ºC at an
intensity of 40
µmolm-2s-1

Acceleration of the
ripening process with a
decrease in firmness and
increased sugar content in
peaches. Enhancement of
ethylene production.

(Gong et al.,
2015)

5

Blue LED (450nm)

3 and 18-hour
treatment at an
intensity between
60and 630
µmolm-2s-1.

Acceleration of the
ripening process in citrus
fruits – sweet oranges due
to enhanced ethylene
production after the
treatment.

(Ballester &
Lafuente,
2017)

2.3.4. LEDs against microbial spoilage
In the food sector, it is crucial to produce, process and deliver safe food that is free of any microbial
load. To ensure this, many techniques are being developed, introduced and improved to reduce
microbial contamination in fruits and vegetables. The application of LED systems is one such
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technique. Upon illumination with LED light, photosensitizers or photoreceptors absorb light to
form reactive oxygen species (ROS) that react with the biomolecules to bring about the effect.
These ROS interfere with the microbial cell structure causing the breakdown and preventing the
spoilage (Luksiene & Zukauskas, 2009). Moreover, LED light application triggers the defenserelated genes or accumulation of defense hormones in fruits and vegetables which offers the
resistance to microbial growth and damage. However, different LED wavelengths can initiate
different molecular responses in microbial cells (Hasan et al., 2017). Many studies are conducted
to investigate the effect of LEDs on microbial damage at variable wavelengths and intensities.
In a study conducted by Kasim & Kasim, 2017, the infection rate in lettuce was examined after its
treatment with red (630 nm), green (516 nm), blue (450 nm) and white light (400 -700 nm). Lettuce
leaves were treated with LEDs at photon flux intensity of 10 µmolm-2s-1 for 21 days of storage.
After the treatment, samples were kept at room temperature for 96 hours to study the effect of
lighting on the infection rate. It was evident that all the colours of LED lights were effective in
reducing the decay rate. A major effect of red light against the fungal infection was seen during
the 21 days of a treatment period than green, white or blue light. However, green and white lights
were found to be more effective when the lettuce was examined for shelf life parameters (Kasim
& Kasim, 2017). In this study, the authors studied the effect of different coloured LEDs on the
prevention of microbial spoilage. But only the fungal infections are considered without even
analysing the specific strains. Moreover, further studies will be of great interest to analyse how the
increasing or decreasing intensity will affect the total microbial load: bacteria, fungi and mold, in
case of fruits and vegetables. The photon flux used for the treatment of lettuce is 10 µmolm-2s-1,
which is very low as compared to the other studies. The probable reason can be the achievement
of the desired results and effects at low photon flux intensity without analysing the effect at higher
intensity under same conditions. However, the mechanism behind the process needs to be studied
and explored. Further studies can help to reveal the relation of intensity and LED application for
different fruits and vegetables.
The application of LEDs against fungal infection can also be witnessed in case of citrus fruits. The
Fallglo and sweet orange fruits were treated with blue (410 – 540 nm), green (470 – 620 nm) and
red (580 – 670 nm) coloured LEDs at the photon flux intensity of 40 µmolm-2s-1 for 12 and 2429

hour treatment period (Liao, Alferez, & Burns, 2013). It was observed that blue light was effective
against Penicillium digitatum, Penicillium italicum and Penicillium citri for both Fallglo and sweet
oranges. The authors report that one-hour treatment of fruit is sufficient to control the growth of
green mold, blue mold and stem end rot, preventing decay. However, the effectiveness of the
application of blue light was limited to the fruit surface and was not efficient at low intensities.
The use of blue LEDs still has the potential to minimise the post-harvest losses by reducing fungal
infections and fruit decay (Liao et al., 2013). Similar results of reduced fungal infection by the
effect of blue light against Penicillium digitatum was reported by Alferez, Liao, & Burns, 2012, in
case of tangerines at same photon flux intensity of 40 µmolm-2s-1.
In another study, the anti-bacterial action of LED system has been reported against Staphylococcus
aureus, Salmonella typhimurium and Escherichia coli. A particular wavelength of 461 nm (blue),
521 nm (green) and 642 nm (red) were used for treatment at an irradiance of 22.1, 16 and 25.4
mW/cm2 (V. S. Ghate et al., 2013). LED of wavelength 461 nm was found to be the most effective
against all the bacterial cultures than 521 nm with a reduction of 4.6 – 5.2 log CFU/ml at 10-15ºC
after 7.5 hours of treatment. However, LED at a wavelength of 642 nm was not effective against
bacteria. The study concluded that no major effect was seen on illuminating bacterial strains at
elevated temperature. However, at a lower wavelength (461 nm) and lower temperature (chilling),
a higher effect from LED technology is seen for anti-bacterial action (V. S. Ghate et al., 2013).
The probable mechanism for the inactivation of bacteria under LED application is the
photodynamic inactivation (PDI) phenomenon. The visible light of range 400 – 430 nm is found
to be more effective where the molecules of photosensitizers such as porphyrin, moves to the
excited state on illumination with light. While coming back to the ground state, transferring of
energy to oxygen molecules leads to the production of ROS which interferes with the lipid
peroxidation and DNA oxidation causing the death of a cell (M. J. Kim, Bang, & Yuk, 2017).
When the LED system was conjugated with the variable pH to enhance the efficiency for antibacterial action, it was observed that LEDs at 461 nm (irradiance 22.1 mW/cm2 - were more
effective than 521 nm (irradiance – 16 mW/cm2). It was evident that the maximum effect against
Escherichia coli was at pH 4.5 and 9.5 rather than at neutral pH at 25ºC. However, when two
extreme pH conditions were evaluated, alkaline conditions had a major effect on bacterial growth.
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Gram-positive strains were affected by the acidic conditions as the hydrogen ions generated,
interfere with the inner membranes of the bacterial cells (due to the absence of outer membrane).
For gram-negative, the presence of outer membrane poses resistant to this interference of hydrogen
ions, but the hydroxyl ions affects the proteins (solubilisation) and lipids (saponification) of the
cell membrane causing major impact (V. Ghate, Leong, et al., 2015).
The combination of LED technology with organic acids is also studied by V. Ghate, Kumar, Zhou,
& Yuk, 2015. Here, the inactivation of pathogenic micro-organism is studied under the effect of
LED at 461 nm. Based on the studies discussed above, 461 nm LED system was found to be the
most efficient in anti-bacterial effect. In this study, strains were treated with 461 nm LED
(irradiance of 22.1 mW/cm2) at 15ºC for at pH 4.5 for 7.5 hours. Further, the effect of citric acid,
lactic acid and malic acid was studied under these conditions. Results showed the maximum effect
of lactic acid and a minimum impact of malic acid along with the application of LED (461 nm).
At last, the efficiency of the LED application is reported to enhance when conjugated with reduced
temperature (V. S. Ghate et al., 2013), pH (V. Ghate, Leong, et al., 2015) or organic acids (V.
Ghate, Kumar, et al., 2015).
As per another study, in citrus fruits, fungal infections can be controlled by the employment of
blue LED light. The treatment of blue LED light was effective against the Penicillium digitatum
and Penicillium italicum, the post-harvest pathogens of citrus fruits. The fruits were irradiated for
18 hours with an intensity of 120 µmolm-2s-1 against fungal infection and 700 µmolm-2s-1 to inhibit
the germination of spores (Lafuente & Alférez, 2015). The studies conducted in this area are of
great importance for the post-harvest management of food as microbial spoilage is the major cause
of postharvest losses in the food industry.
2.3.5. Shelf life enhancement using LEDs
The application of LED systems in food preservation can help in the extension of the shelf life of
fruits and vegetables. As discussed above, the illumination of fruits and vegetables with the LED
light at different wavelengths and photon flux intensities results in the delay of senescence and
acceleration or retardation of ripening. It also results in enhancement of nutritional attributes by
increasing the content of the antioxidant activity, Vitamin C, total soluble sugars and solid content
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and controlling the microbial damage. These factors are ultimately responsible for increasing the
shelf life of food and reducing the food losses by maintaining the quality of fruits and vegetables
as described in Figure 2.8. Therefore, the technology of LED systems can be used for the
enhancement of shelf life of food and post-harvest management.

delaying senescence using
LEDs

nutritional enhancement using
LEDs
shelf life enhancement using
LEDs
control of ripening process
using LEDS

effect on microbial spoilage
using LEDs

Figure 2. 8. Factors responsible for shelf life enhancement in fruits and vegetables by the
application of LEDs.

2.4. Future prospects for the modern state of technology
The application of LED technology is widely gaining interest due to its properties such as
monochromatic nature, durability and cost-effectiveness. Also, the effect on processes like
senescence, ripening, nutritional aspects and microbial prevention has huge potential in the food
industry. Because of this, the approach of the LED system for post-harvest activities is in the phase
of continuous growth. However, most work in this field is lab-based and needs to be applied to the
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actual food supply chain. This is important so that the potential of the technology can be harnessed
for extended shelf life, provision of quality and safe food over long-term storage and long-distance
transportation. Moreover, studies conducted in this area do not cover all the aspects of effect at
variable wavelengths and intensities for different fruits and vegetables. Generally, the studies are
conducted using one or two wavelengths (mostly red-620-7 00 nm or blue-450-490 nm are used).
But, the impact of other wavelengths is also important which may have a significant effect on
specific fruits or vegetables. Also, most of the studies rely on the application of LED technology
at single photon flux intensity. However, this can be a major parameter for interest as the treatment
effect may accelerate or retard with increasing or decreasing intensities. Exploring a variety of
wavelength and photon flux intensities is a focus of this thesis.
Another major concern for the application of LEDs for post-harvest management is the risk
assessment of technology. Studies reveal that light can stimulate the accumulation of
phytochemicals in fruits and vegetables which can be both harmful or beneficial. Production of
one of the harmful substances – nitrate, is largely regulated by the light quality specially during
the artificial lighting in greenhouses. Nitrate in the human body, when converted to nitrite, can
lead to methaemoglobinaemia and cancer (Bian, Yang, & Liu, 2015). Under the effect of red and
blue light, overall nitrate concentration is reduced due to the increased activity of nitrate reductase
which is different for other coloured light. The effect may vary with the type of vegetable or fruit
being treated (Lillo & Appenroth, 2001). In the case of lettuce, red and mixture of red, blue and
white light were able to reduce the nitrate concentration significantly (Ohashi-Kaneko, Takase,
Kon, Fujiwara, & Kuata, 2007). Similarly, under the stress conditions, production of oxalates
(soluble form) can be accelerated in vegetables like spinach which can lead to the formation of
urinary stones (Calcium oxalate) (Radek & Savage, 2009). Ascorbate, being a precursor of
oxalates (Nakata, 2003), is stimulated using different lights especially under the effect of UV light
and fluorescent lamps (Bian et al., 2015). But, the impact of LEDs for such effects is yet to be
analysed. Moreover, the major risk associated with the use of LEDs is in retail stores. Concerns
regarding the effect of light on customer health and eyes while installing in stores shelves is yet to
be explored. However, some studies reveal the effect of blue light (450-475 nm) on the retina and
toxicity associated with their use. In the study conducted by Jaadane et al., 2015, it was observed
that there was a damage to photoreceptors in rats after 18 hours of exposure of blue radiations
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causing the bleaching of the retina and oxidative damages to proteins and nucleic acids. It is
important to note that the extent of toxicity is affected by the intensity of light, exposure time and
wavelength (Jaadane et al., 2015). In addition to this, the effect of blue light was also studied by
Krigel et al., 2016, where the results of the study supported the fact that use of LEDs specifically
enriched in blue radiations results in the retinal toxicity in rats (Krigel et al., 2016). Similarly, the
effect of light at other wavelengths also needs to be studied for the effect on consumer health.
Extensive studies are required in this field as the concept of application of LEDs in post-harvest
management of fruits and vegetables is emerging.
Additionally, with advancement and further studies, the application of LED technology can prove
to be a promising approach for developing countries where critical issues involve the delivery of
quality and safe food to customers. In developed countries, this technology can help to ensure the
wholesomeness of food and cut down the food losses. It can be implemented in retail locations and
conjugated with other parameters as temperature or packaging for increased efficiency. In the end,
further development and scaling up of the LED system to the food industry will be of great benefit
and importance for the post-harvest management.

2.5. Summary
The use of LED systems is a novel approach in the food industry that has great potential in the
food supply chain due to its cost-effective and easy to operate nature. Other advantageous
properties of LED systems include a monochromatic nature, long life, prevention of thermal
degradation and high photon efficiency. All these advantageous properties make the application
of LED systems beneficial for extension of shelf life by regulating senescence, ripening, nutritional
value and microbial spoilage. Moreover, scaling up of the technology is beneficial for the delivery
of safe and quality food to the customers which require long-term storage and long distances
transportation. Therefore, LED systems should be applied extensively in the food industry to
preserve the wholesomeness of food and manage the post-harvest activities. In particular, there is
a gap in knowledge surrounding the use of a variety of wavelength and photon flux intensity
conditions. As such, this thesis responds to this gap in knowledge.
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CONNECTING TEXT

Several studies have reported the use of light emitting diodes in the post-harvest management of
fruits and vegetables. However, many of these studies are conducted for a long exposure of LEDs
to the fruits and vegetables without a statistical analysis of the results. They present questionable
results as they do not elaborate on the behavior of fruits and vegetables for short treatment time. It
has been speculated that the treatment with LEDs has resulted in delaying senescence, regulation
of ripening, enhancement of nutritional quality and prevention of microbial spoilage under the
illumination with different light wavelengths. However, to better understand this application, the
following study investigated the effect of various light wavelengths for short duration of treatment
(and at low photon flux intensity) on color, TSS, phenolic content, antioxidant and anthocyanin
levels of blueberries.
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CHAPTER 3
EFFECT OF LIGHT EMITTING DIODES ON THE
NUTRITIONAL ATTRIBUTES OF BLUEBERRIES OVER
SHORT TREATMENT PERIOD AT LOW PHOTON FLUX
INTENSITY

ABSTRACT
The purpose of the current study is to assess the effect of red (630 nm), blue (463 nm) and green
(520 nm) LEDs on blueberries at a low intensity of 20 µmolm-2s-1 at 21˚C for (short) 12 and 24
hour treatment periods. It was found that LED treatment had a minimal effect on the colour,
weight, diameter, total soluble sugars (TSS), antioxidant activity, total phenolic content and
anthocyanin content of blueberries over the treatment period. Blue, red and green light showed the
little effect as compared to the control samples. There was a huge variability in results and
treatment time was the only significant factor for 24 hours treatment for some of the measurements.
However, for 12 hours treatment, there were no significant parameters. The results are shown to
be statistically insignificant, indicating that there is little to no effect of illumination with LEDs
for short time periods and at the low photon flux intensity applied in this study.
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3.1. Introduction
Canada is the second largest producer of blueberries with the USA occupying the first place in
total production. The total area of agricultural land in Canada under blueberry production is
estimated to be 78,428 hectares comprising of 59% of total fruit production area (Agriculture and
Agri-food Canada, 2014; Analysis et al., 2016). However, blueberries, being a perishable fruit, is
highly vulnerable to post-harvest losses. The various reasons behind this spoilage are microbial
damage, enzymatic reactions, mechanical injuries while fruit handling, loss of nutritional quality
over long distance transportation or long-term storage (Zhou et al., 2014).
Although there is a remarkable growth in the technology and processing techniques in the food
sector, the losses associated with blueberries are huge. The techniques being employed to extend
the shelf life of blueberries include the following: illumination with UV-C (C. Y. Wang, Chen, &
Wang, 2009), application of high oxygen atmosphere (Zheng, Yang, & Chen, 2008), use of 1methylcyclopropene (Chiabrando & Giacalone, 2011), controlled atmosphere storage
(Schotsmans, Molan, & MacKay, 2007), ozone treatment (Song et al., 2003) and forced air cooling
air packaging (Boyette, 1996). The use of light is one such technique that is gaining interest in the
post-harvest management of blueberries. This approach has profound implications in the
production of horticultural produce (Morrow, 2008b). Similarly, it can help to regulate the
development and shelf life parameters of blueberries at the post-harvest stage.
The effect of light on various photoreceptors or on the production of secondary metabolites is
important for its application in crop productivity and quality (S. Dutta Gupta, 2017). Plants respond
to the natural light source, the sun, to carry out the process of photosynthesis. However, there are
other variables to which plants respond such as light intensity, duration, wavelength, surrounding
temperature, humidity, carbon dioxide etc. which leads to the initiation of signals that affect
photoreceptors. For example, the Phytochrome photoreceptor is responsible for absorption of red
and far-red light (W. R. Briggs, 2001) whereas cryptochrome and phototropin are responsible for
the absorption of blue light (Winslow R Briggs & Huala, 1999). The responses can affect processes
such as ripening, senescence, nutritional quality and overall fruit quality for post-harvest
management (D’Souza et al., 2015).
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The use of LEDs as a light source has a number of advantages over conventional light sources.
These advantages include low radiant heat emissions, long life expectance, high photon efficiency
and energy efficiency. Also, the use of LEDs prevents the thermal degradation of fruits and
vegetables making it a promising technology for the food sector (D’Souza et al., 2015). LED
technology has been widely applied to horticultural growth and production of lettuce, cabbages,
kale plants, white mustard, sweet pepper, tomatoes, cucumber and blueberries (Olle & Virile,
2013) (Dinh et al., 2016). In particular, the development of this illumination technology has
occurred over the past two years, however, very limited work has been done for the application of
LEDs at the post-harvest stage of fruits and vegetables. Also, the studies conducted in this field
have focused only for long treatment period whereas least is known for the effect of LEDs for
short treatment period. But, if evaluated for short treatment illumination with LEDs, the
technology can be used for short term transportation and storage of fruits and vegetables.
The purpose of this LED illumination study is to determine if there are statistically significant
effects that can be observed over short time periods (12 and 24 hours) with low photon flux
intensities or if measured effects are merely due to fruit variations or cellular processes of
blueberries. The studied effects were related to the nutritional quality- antioxidant activity, total
soluble sugars and overall aesthetics of the fruit.

3.2.

Materials and methods
3.2.1. LED system and treatment

LED lights of wavelength 630 nm (red), 463nm (blue) and 520 nm (green) were installed inside
the 12-compartment chamber (triplicate). Three chambers were used to place the control samples.
Blueberries procured from a local store (No Frills, Loblaws, Canada) were stored in the refrigerator
(4˚) until further treatment and were selected based on random sampling and placed in Petri dishes
for the treatment with LEDs. The initial parameters were measured and are summarized in table
3.1. All of the experiments were performed at room temperature (21˚C). Control samples of
blueberries were kept in the dark under the same humidity and temperature conditions (21˚C).
Based on previous researches such as Hasperué, Guardianelli, et al., 2016; Hasperué, Rodoni, et
al., 2016, photon flux intensity was set to be 20 µmolm-2s-1 and measured using a photodiode (Si
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Detector THORLABS DET36A). The light treatments were carried out for 12 and 24 hours periods
by placing the samples at a distance of 8 cm from the LED lights inside the different compartments
of the chamber. Two blueberries were taken out of the chamber every two hours until the
completion of the experiment and were analysed for weight, diameter and colour before being
stored in a freezer (-18˚C) for further analysis. This was followed by the estimation of total soluble
sugars, total phenolic content and antioxidant activity.
Table 3. 1. Initial values of fresh blueberry samples.
Parameters
L Value
Weight (g)
Diameter (mm)
TSS (Brix)
DPPH Activity (%)
FRAP (mg AAE/100g)
TPC (mg/ml)
Ascorbic acid (µg/ml)
Chlorogenic acid (µg/ml)
Caffeic acid (µg/ml)
Rutin ((µg/ml)
Anthocyanin content (mg/100g)

Values
23.303 ± 1.949
1.549 ± 0.178
13.916 ± 0.770
14.094 ± 2.405
74.550 ± 8.429
413.568 ± 53.835
51.303 ± 15.128
16.914 ± 1.800
82.225 ± 21.601
43.461 ± 8.157
32.420 ± 7.780
214.599 ± 33.534

3.2.2. Preparation of Blueberry Extract
To prepare a methanolic extract of blueberries, treated and untreated samples collected every 5
days of treatment were macerated using a mortar and pestle. One gram of the macerated and
homogenised samples were taken in a test tube, followed by addition of methanol (10 ml), in the
ratio of 1:10. Further, test tubes containing the samples were kept in a water bath for 90 mins at
70˚ C to carry out the extraction process. This was followed by the centrifugation of the
homogenates at 10,000 rpm for 10 minutes. The supernatant was separated using a 0.45 µm filter
and kept at refrigeration temperature for further analysis. The mentioned pore size of the filter was
selected to separate the polyphenols weighing between 164.2 to 448.4 MW and rejects the
molecules which have a molecular weight of 1000 MW (DiNardo, Subramanian, & Singh, 2018).
Blueberry extract is required to carry out the various assays for the estimation of total phenolic
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content, ferric reducing antioxidant potential (FRAP), scavenging activity on 2, 2-diphenyl-1picrylhydrazyl (DPPH) radicals, high performance liquid chromatography (HPLC) and
anthocyanin content.
3.2.3. Colour measurements
To measure the colour of treated and control samples, a Chroma Meter (Konica Minolta CR-400)
was used. Readings were taken every two hours at various points of the fruit skin during the 12
and 24 hours experimentation. The Chroma Meter provided readings in terms of L*, a* and b*
values (Hunter scale) where L* defines the whiteness (100) or darkness (0), a* defines the redness
or greenness and b* is the value for yellowness or blueness (Hasperué, Rodoni, et al., 2016b).
3.2.4. Weight and diameter measurements
For the weight loss measurement, the weight of the treated and control samples was taken every
two hours for the 12 and 24 hours experiment using a weighing balance (Mettler PJ3000). Weight
loss was determined by comparing the change in the weight of treated and control samples.
To calculate the changes in diameter, the diameter of treated blueberries was measured every two
hours using a Vernier caliper (Mastercraft 58-6800-4). It was then compared with control samples
kept in dark for which the values were also measured every two hours.
3.2.5. Determination of Total soluble sugars (TSS)
Total soluble sugar (TSS) content was measured using the refractometer (Milwaukee MA871).
After the light treatment, blueberries were homogenised using a mortar and pestle to form a liquid.
One drop of juice obtained was then transferred to the refractometer which was calibrated using
steam distilled water. The final reading was recorded in units of degree brix for the treated and
control samples.
3.2.6. Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals
In a DPPH assay, the presence of antioxidants results in the pairing of free electrons present in the
solution of DPPH causing the extinction of purple colour, hence, reducing the absorption. To
determine the free radical scavenging activity of LED treated and control samples of blueberries,
a modified method proposed by Singh et al., 2011 was used. Methanolic extract (50 µl) was added
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to the 3.94 mg/100 ml DPPH solution (1.5 ml) and left for 20 min. Absorbance was measured at
517 nm using a spectrophotometer to estimate the decolourisation of the solution. Finally, the
scavenging activity (% inhibition) was expressed using the following equation:

517𝑛𝑚
517𝑛𝑚
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙
− 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒
𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦(%) = 100 × (
)
517𝑛𝑚
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

(3.1)

where, Abs control is the absorption of the blank sample at 517 nm and Abs sample is the absorption
of the methanolic plum extract at 517 nm.
3.2.7. Determination of ferric reducing antioxidant potential (FRAP)
To estimate the FRAP activity in this study, a modified method proposed by Routray, Orsat, &
Gariepy, 2014 was used. Fresh FRAP reagent was prepared using the following three chemicals
in the ratio of 10:1:1 (volume proportion);
A) 300 mM sodium acetate buffer (pH 3.7)
B) 10 mM TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) prepared in 40 mM HCl
C) 20 mM ferric chloride
Methanol (blank) or methanolic extract (20 µl) was taken and mixed with 300 µl of double distilled
water in a test tube. A volume of 2 ml of FRAP reagent was added to the mixture and placed in a
water bath at 37˚C for 30 minutes. After incubation, a spectrophotometer (BIO-RAD Microplate
Reader Model 3550) was used to measure the absorbance at 595 nm. The principle behind this
assay is the ability of antioxidants present in the sample to reduce Fe3+ - colourless ferric complex
to Fe2+ - colored ferrous complex. The change in colour of samples or absorbance measured is
directly proportional to the reducing power of antioxidants present (DiNardo et al., 2018).
For the quantification of FRAP activity, a standard curve was generated using known
concentrations of ascorbic acid (0.02, 0.04, 0.06, 0.1 and 0.2 mg/ml) and its absorbance at 595 nm.
The FRAP activity was then expressed in terms of ascorbic acid equivalent (AAE) in mg per g of
sample, using the following equation, with a corresponding R2 value of 0.9825,
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𝑦 = 3.6246𝑥 − 0.0921

(3.2)

where ‘y’ is the absorbance at 595 nm and ‘x’ is the ascorbic acid concentration in mg AAE/ 100g
sample.
3.2.8. Determination of Total Phenolic content
To determine the total phenolic content in treated and control samples, a modified protocol by
Singh et al., 2011 was used based on the Folin-Ciocalteu assay. Methanolic extract (1 ml) was
taken in a test tube to which double distilled water (7.5 ml) was added followed by the addition of
Folin-Ciocalteu reagent (0.5 ml). Further, after 5 mins, 0.5 ml of 5% Sodium bicarbonate
(NaHCO3) was added to the mixture. The solution was vortexed and incubated in dark for 90
minutes at room temperature. The absorbance of the sample was measured using a
spectrophotometer (Biochrom visible spectrophotometer, Ultrospec 100 pro, Cambridge, England)
at 765 nm. To plot the standard curve, different known concentrations of gallic acid (0.02, 0.04,
0.06, 0.1, 0.2 mg/ml) were used to quantify the total phenolic content in the blueberries extract.
The amount of total phenolic content present was expressed in terms of gallic acid equivalents
(GAE) in mg per 100 g of methanolic extract (dry weight) as described:

𝑦 = 4.2242𝑥 − 0.0426 (R2 = 0.9996)

(3.3)

where ‘y’ is the sample absorbance at 765 nm and ‘x’ is the gallic acid concentration in mg/ml.
3.2.9. High Performance Liquid Chromatography (HPLC)
HPLC was used to quantify the various phenolic compounds such as ascorbic acid, chlorogenic
acid, caffeic acid and rutin levels present in the methanolic extract of blueberries. The system used
was Beckman Coulter System Gold instrument which comprised of 166 UV detector (set at 280
nm), 126 solvent pumps and a 508 refrigerated autosampler (set at 12˚C) to separate the phenolic
compounds, a reverse phase C18 Gemini-NX column was used which was fitted with a GeminiNX guard column (Phenomenex, Inc., Torrance, CA, USA). The mobile phase was prepared using
a solvent buffer A and solvent buffer B comprising of 10mM formic acid in water (pH of 3.5) with
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NaOH and 5MM ammonium formate in methanol respectively. Solvent gradient composed of 0-1
min 100% buffer A, 1-5 min 0-30% buffer B, 5-8.5 min 30-70% buffer B, 8.5-14 min 70-100%
buffer B. Injection of 20 µl of sample was done at a flow rate of 1ml/min in addition to the UV
detection at 280 nm. To perform the chromatographic analysis, 32 Karat Software (1.3 Version)
was used and peaks were identified based on the retention time of standards. Standard solutions
were prepared in methanol and diluted to concentrations between 2.5 and 100 µg/ml. Finally, to
quantify the phenolic compounds in the blueberries extract, the standard curve equation was
plotted as the area under the curve versus concentration (µg/ml).
3.2.10. Determination of anthocyanin content
A pH differential method for the determination of anthocyanin content was used as per the protocol
mentioned by Lee, Durst, & Wrolstad, 2005. Two buffers solutions were prepared, one was 0.025
M potassium chloride at pH 1.0 and other was 0.4 M sodium acetate at pH 4.5. Using these buffer
solutions and blueberry extract prepared in section 2.2, two separate dilutions were prepared,
calculating the dilution factor accordingly. These solutions were then left at room temperature for
15 mins. Absorbance was measured at 520 nm (λvis-max) and 700 nm using spectrophotometer
(Biochrom visible spectrophotometer, Ultrospec 100 pro, Cambridge, England). Total anthocyanin
content (mg/100g fresh weight) was determined using:

𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =

A × MW × DF × V × 100
ɛ ×𝐿 ×𝑚

where, A = Absorbance = (A520 – A700) pH 1.0 – (A520 – A700) pH 4.5
MW = Molecular weight (449.2 g/mol cyanidin-3-glucoside)
DF = Dilution factor
V = Volume
ɛ = Molar extinction coefficient (26900 l/mol.cm)
L = Path length
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(3.4)

m = Sample weight
3.2.11. Statistical analysis
All experiments were conducted in triplicates and investigated for the effect of LED lights on
color, weight, diameter, TSS, antioxidant activity, total phenolics and anthocyanin content.
Duncan Tukey Honestly Significantly Different (HSD) test and Analysis of Variance (ANOVA)
was used to determine the significance of LED operating parameters including wavelength and
treatment time of LED system on delaying ripening and nutritional enhancement. The values were
presented as the mean ± standard deviation of three replications. JMP software (Version 11) was
used to conduct all the statistical analysis.

3.3. Results and discussion
3.3.1. Effect of LED treatment on colour measurements
Colour measurements were estimated for treated blueberries for 12 and 24 hours as shown in
Figure 3.1. The L value measured using Chroma Meter (Konica Minolta CR-400) was analysed
and it was observed that fruits treated with the red coloured LED showed an increase in the L
values in both treatment periods of 12 and 24 hours as compared to blue, green and control
samples. However, the effect of blue light was comparable to red light. When 12 and 24 hours
treatments were compared, the decrease in L value was more evident for 24 hours treatment at the
end of the LED application. The fruit treated with the blue and green light had the least L value
for both the treatment periods. However, it was observed that there was no particular trend in the
effect of light on the L value of blueberries. The changes that were observed in the fruit can be
attributed to the cellular mechanism of fruit, which is not affected by the light. The randomness of
results suggested that light at an intensity of 20 µmolm-2s-1 may not be enough to affect the
secondary metabolites production or phytochemical reactions in blueberries for 12 and 24 hours
treatment. This is also supported by the statistical analysis of the data. The ANOVA analysis of
12 hours treatment depicted that neither of the two parameters – wavelength and treatment time or
their interaction term significantly affected the L value in blueberries (p ˃ 0.05). However, for 24
hours treatment, time was found to be the only significant factor (p ≤ 0.05). The p-value for the
models in both the treatment periods of 12 hours (p = 0.7148) and 24 hours (p = 2.0304) was found
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to be insignificant suggesting that the model was not determining the colour of blueberries
(Appendix table S1).
In the literature, lower L values have been reported for the treatment of brussels sprouts with white
and blue LEDs due to higher chlorophyll and carotenoid content in outer leaves. However, the
treatment time, in this case, was 10 days suggesting that for longer treatment time, LEDs may
affect the colour indices of fruit and vegetables (Hasperué, Rodoni, et al., 2016). This can be
because light exposure for longer duration may assist the regulation and production of secondary
metabolites and accumulation of phytochemicals (Xu et al., 2014). Similarly, lower L values were
also seen in broccoli florets under the effect of green LEDs when treated for 2 days. Green light
was able to inhibit an increase in L value leading to higher chlorophyll content of 59.1% than
control untreated samples (Jin, Yao, Xu, Wang, & Zheng, 2014).
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Figure 3. 1. Estimation of L value for LED treated and untreated blueberries for (a) 12
hours and (b) 24 hours.
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3.3.2. Change in diameter and weight measurements
When the changes in diameter and weight were analysed over 12 and 24 hours treatment period of
blueberries for the illumination with 463, 520 and 630 nm, it was observed that there was an overall
decrease in the diameter and weight of blueberries overtime, as presented in Figures 3.2 and 3.3.
Generally, all the wavelengths of lights were seemed to preserve the integrity of fruit in these two
aspects as compared to the untreated (dark) samples. For 12 hours period, the fruit treated with red
coloured LED showed the least change in diameter and weight, followed by blue and green. At the
end of 24 hours treatment, the blue light seems to emerge as a marginally better option compared
to red light. However, like the results of L value (colour) results for changes in weight and diameter
were ultimately seen to be random with no particular trend observed in the data. This means that
light at given intensity may not be efficient enough to control the changes in the weight and
diameter of fruit. The ANOVA analysis of the data is summarized in Appendix Table S2 and S3.
For 12 hours treatment, wavelength, treatment time and their interaction were found to be
insignificant with p ˃ 0.05 for weight and diameter measurements. However, for 24 hours
treatment, the model was found to be significant (p ˂ 0.0001) for both the measurements. However,
treatment time (p ≤ 0.05) was the only significant factor here, with wavelength and
wavelength*treatment time, being insignificant (p ˃ 0.05).
The observation in this study suggests that the application of LED treatment for a longer period of
time could lead to significant variability in the physical properties of the fruit. This observation is
also supported by observations made by various studies that have been conducted for longer
treatment periods. For example, for a treatment time of 5 days, a decrease in weight of fresh cut
broccoli was observed by Zhan, Hu, Li, & Pang, 2012, with higher weight loss under light than
control untreated samples. (Zhan et al., 2012). In another study, higher weight loss was found in
brussels sprouts for application of white and blue LED light. The values for 5 and 10 days storage
period were about 4 and 8 %, respectively, higher in comparison to control samples kept in the
dark (Hasperué, Rodoni, et al., 2016). The stated reason for this effect is that the light affects the
transpiration rate in fruits and vegetables by regulating the stomatal opening and functioning
(Hasperué, Rodoni, et al., 2016)(Kazai, Fujiwara, & Runkle, 2016). However, it is noteworthy that
very little work has been done to understand the effect of light for short duration and the reasoning
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behind the effect of light is not clear. Extensive study is required to study the effects of light for
different time periods at the cellular level.
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Figure 3. 2. Changes in diameter of blueberries after the treatment with LEDs of 463, 520
and 630 nm and dark conditions for (a) 12 hours and (b) 24 hours.
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Figure 3. 3. Effect of LED application on the weight of blueberries for (a) 12 hours and (b)
24 hours treatment.
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3.3.3. Determination of Total soluble sugars (TSS)
The TSS content was found to vary greatly with an increase in treatment time as shown in Figure
3.4. This variation in results was random as no trend was observed for the experiments. As
observed, there was an increase in TSS content for green light treatment followed by red and blue
as compared to control samples for the 12 hour treatments. However, at the end of the 24 hour
treatments, fruits treated with blue light showed a maximum increase in TSS content with the least
effect from the green light. This difference in results can be attributed to the fruit to fruit variation
or to the cellular processes of blueberries which are not being affected by light. ANOVA analysis
of the determination of TSS content under treatment with blue, green and red light for 12 and 24
hours is summarized in Appendix Table S4. The p-value for both the models – 12 and 24 hours
treatment was found to be insignificant (p ˃ 0.05) with a coefficient of determination R2 to be
0.170106 and 0.094698, respectively. Wavelength, treatment time and their interaction term
(wavelength*treatment time) were found to be insignificant for both 12 and 24 hours treatment.
This means that light did not affect the TSS content in blueberries for this short treatment period.
Studies conducted to evaluate the effect of LEDs on the TSS content have looked for long
treatment period (more than one day), with limited work done for the short duration of
illumination. For example, Brussel sprouts were treated for 5 and 10 days, and it was observed that
the outer and inner leaves had higher values for TSS content. There was a decrease in TSS towards
10 days period for inner leaves in the study conducted by Hasperué, Rodoni, et al., 2016. Shi et
al., 2016, and here it was mentioned that there was a significant increase in TSS content in Chinese
bayberries after 8 days of illumination with blue light. Total glucose, fructose and sucrose content
was found to increase in treated fruit with a decrease in control samples. However, if the data
presented by Shi et al., 2016 is analysed for the first 2 days, it can be reported that there was no
significant effect on TSS values for the treated and control samples (Shi et al., 2016a), which
agrees with the results observed in the present study.
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Figure 3. 4. Effect of LED application on TSS (Brix) for (a) 12 hours and (b) 24 hours
treatment.
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3.3.4. Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals
The effect of LED lights and treatment period on the DPPH scavenging activity is presented in
Figure 3.5 in terms of percent inhibition of DPPH. It ranged from 46.38 ± 6.74 % to 85.52 ± 0.69
% where at the end of 12 hours treatment, the green light appeared to have higher effect followed
by red and blue which is greater than the values for control samples. When the scavenging activity
was estimated for 24 hours, blue light seemed to show higher effect followed by green and red
light. The variability in results was huge and seemingly random. However, the ANOVA analysis
of scavenging activity on DPPH radicals showed that p-value of the model was significant (p ≤
0.05) with a coefficient of determination (R2) to be 0.405746 and 0.424509 for 12 and 24 hours
treatment, respectively. However, for 12 hours period, wavelength, treatment time and their
interaction term were found to be insignificant (p ˃ 0.05), whereas, for 24 hours, treatment time
was the only significant factor (p ≤ 0.05). (Appendix table S5)
Analysis of results presented in the literature highlights the fact that there can be an enhanced
antioxidant activity in illuminated fruits or vegetables, but the treatment time is comparatively
higher than the current study. For instance, enhanced antioxidant activity in brussels sprouts was
reported by Hasperué, Guardianelli, Rodoni, Chaves, & Martínez, 2016 for the time period of 10
days. The outer and inner leaves showed higher values for 10 days of storage under illumination
with white and blue LEDs. Similar results of an increase in antioxidant capacity of fruits and
vegetables were reported in other studies as well. Zhan et al., 2012 mentioned that antioxidant
power increased from 6 to 31% approximately in fresh cut broccoli under the light as compared to
samples kept in dark for 7 days storage (Zhan et al., 2012). However, limited work has been
conducted for illumination with LEDs for short duration period, and extensive studies are required
to be conducted to better understand the interaction of light at the cellular level of fruit for short
exposure time.
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Figure 3. 5. Effect of LED application on scavenging activity of DPPH radicals (%) for (a)
12 hours and (b) 24 hours treatment.
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3.3.5. Determination of ferric reducing antioxidant potential (FRAP)
FRAP activity was measured every 4 hours for the LED treatment of blueberries as shown in
Figure 3.6. It was observed that for 12 hours treatment, red light showed higher FRAP activity
followed by green and blue. However, for 24 hours period, blue light had marginally greater FRAP
activity followed by red and green. Since there had been a huge variation in the observations
overtime, no particular trend was reported in the data. The randomness of the results was also
supported by the statistical analysis of the data. ANOVA analysis of the measurements showed
that there was no significant effect of wavelength, treatment time and their interaction term
(wavelength*treatment time) for both the treatment periods of 12 and 24 hours with p-value greater
than 0.05. The p-value for the entire model was found to be insignificant (p ˃ 0.05) suggesting that
the mentioned model cannot be used to predict the FRAP activity in blueberries. (Appendix table
S6)
In the literature, the study conducted by Ma et al., 2012 reported that citrus fruits treated with blue
(470 nm) and red (660 nm) at an intensity of 50 µmolm-2s-1 for 6 days at 20˚C showed an increase
in antioxidant activity for red coloured LED, however, blue light did not have any significant
effect, supporting the observation made in the present study. In another study, Xu et al., 2014, also
reported that there was an increase in the antioxidant and DPPH scavenging activity in the
strawberries on the treatment of fruit with blue light (470 nm) at 40 µmolm-2s-1 for 12 days at 5˚C.
However, in both these studies, treatment time was greater than those used in the current study,
which may be the reason that a significant effect was observed for illumination with LEDs.

54

Ferric Reducing Antioxidant
potential

700
600
500
400
300
200
100
0
4

8

Treatment period (Hours)
Red
Blue
Green
Dark

Ferric Reducing Antioxidant Potential

(a)

(b)

12

600
500
400
300
200
100
0
4

8

12

16

20

24

Treatment Period (Hours)
Red
Blue
Green
Dark

Figure 3. 6. Effect of LED application on ferric reducing antioxidant (mg AAE/ 100g) for
(a) 12 hours and (b) 24 hours treatment.

3.3.6. Determination of Total Phenolic content
The phenolic compounds have health-promoting properties and are present in fruits and vegetables
in abundance. The major phenolics found in blueberries are myricetin, chlorogenic acid, quercetin,
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kaempferol, gallic acid, and ellagic acid (C. Y. Wang et al., 2009) (Rewer, 2002). In this study,
the effect on phenolic content as influenced by LED illumination was estimated and results are
presented in Figure 3.7 for 12 and 24 hours period. The effect of light depends upon the
photoreceptors present that perceive the light. For example, blue light is associated with
cryptochrome and phototropin (Winslow R Briggs & Huala, 1999) and red light with phytochrome
(Kong & Okajima, 2016). So, blue light plays a major role in activating a biosynthetic pathway to
produce phenolic compounds in fruits. It regulates and stimulates the enzymes such as
phenylalanine ammonia-lyase (PAL) associated with synthesis and accumulation of secondary
metabolites (Kazai et al., 2016). Red light helps in enhancing the photosynthetic ability and
induces photophosphorylation for stomatal opening. It converts the phytochrome from inactive
state to active form and regulates the accumulation of phytochemicals such as tocopherols and
terpenes (Kazai et al., 2016).
In the current study for 12 hours treatment, maximum phenolic content was observed for the fruits
illuminated with red coloured LED. Whereas the maximum increase was seen for blue LED at the
end of 24 hours treatment followed by red and green. The phenolic content was higher than the
control samples for all the wavelengths at the completion of the 12 and 24 hours treatment.
However, it was observed that there was a huge variability in the results with an increase in
treatment time. No particular trend was reported in the data as seen from Figure 3.7. This
observation was also supported by the ANOVA analysis where the models were found to be
insignificant for both 12 and 24 hours treatment (p ˃ 0.05). Wavelength, treatment time and their
interaction term (wavelength*treatment time) were insignificant factors for the 12 hours treatment
model (p ˃ 0.05). However, for 24 hours treatment, treatment time was found to be the only
significant factor (p = 0.0117 ˂ 0.05). (Appendix table S7)
In the literature, total phenolic content has been reported to increase under the treatment with LEDs
for long treatment periods. In the study conducted by Kim et al., 2011, total phenolic content was
found to increase by 13% when immature strawberries were treated with LEDs of wavelength 385
nm, 470 nm, 525 nm and 630 nm for 4 days. An illumination with 470 nm was found to have a
maximum effect on the phenolic compounds in this study. The total phenolic content was 172.75
mg/100g for the treatment period whereas it was 151.00 mg/100 g for the control samples, which
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is a 13% increase for the treated samples. (B. S. Kim et al., 2011). Zhan, Hu, Li, & Pang, 2012
also reported an increase in total phenolic content in immature broccoli by 1.6 times after 7 days
of treatment with light. Illumination with light induces the biosynthesis pathway for the phenolic
compounds (Zhan et al., 2012). However, in both these studies, the treatment time was much longer
than 24 hours used in the current study.
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Figure 3. 7. Effect of LED application on total phenolic content (mg/ml) for 12 and 24
hours treatment.

3.3.7. High Performance Liquid Chromatography (HPLC)
To quantify various phenolic compounds in blueberries HPLC technique was employed and data
is presented in Table 3.1 and 3.2. By using HPLC, several compounds were identified in the
blueberry extract such as ascorbic acid, chlorogenic acid, caffeic acid and rutin. For 12 hours
treatment, blue light showed maximum values for ascorbic, chlorogenic, caffeic acid and rutin for
8, 4, 4 and 4 hours, respectively. After the blue light, illumination with green and red light also
reported the higher content of phenolic compounds. At 24 hours, red light showed a maximum
increase in ascorbic acid (20.937 ± 1.129 µg/ml) and rutin (25.754 ± 3.280 µg/ml) followed by
blue and green. However, for chlorogenic acid and caffeic acid, treatment with blue light seemed
to have a major impact showed maximum values of 137.874 ± 25.720 and 31.060 ± 5.659 µg/ml,
respectively, followed by green and red. However, there was a huge variability in the results with
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no particular trend being reported. The p-value for the model (p ˃ 0.05) for ascorbic acid,
chlorogenic acid, caffeic acid and rutin was insignificant which indicates that the model cannot be
used to quantify the total phenolic compounds in the blueberries at given conditions. Wavelength
was found to be an insignificant factor for all the four phenolic compounds. However, treatment
time was a significant factor in the models for ascorbic acid and rutin (p ≤ 0.05). For chlorogenic
acid, the only significant factor was the interaction term of wavelength and treatment time with pvalue of 0.0488. From the data analysis, it can be concluded that intensive study is required to
understand the interaction of fruits with light under short treatment time. The effect observed in
the data can be attributed to the fruit to fruit variation or to the cellular processes of fruit which
may not be affected by light at an intensity of 20 µmolm-2s-1 for 12 and 24 hours period. (Appendix
table S8, S9, S10 and S11)

59

Table 3. 2. Effect of LED application on ascorbic content, chlorogenic acid, caffeic acid and rutin content (µg/ml) for 12 hours
treatment.

Ascorbic acid
(µg/ml)

Chlorogenic acid
(µg/ml)

Caffeic acid
(µg/ml)

Rutin
(µg/ml)

Wavelength (nm)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

4
16.390 ± 0.679
12.182 ± 8.791
19.279 ± 4.859
19.866 ± 3.238
111.719 ± 20.554
189.399 ± 35.496
125.43 ± 48.016
183.039 ± 10.116
26.887 ± 8.032
41.223 ± 9.286
25.502 ± 5.550
39.159 ± 3.544
20.098 ± 5.389
34.773 ± 1.402
20.137 ± 2.313
26.956 ± 1.372
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Treatment Time (Hours)
8
17.821 ± 3.845
21.685 ± 2.476
18.918 ± 1.830
20.101 ± 2.812
103.047 ± 12.057
121.850 ± 29.094
105.161 ± 3.507
140.137 ± 33.889
22.815 ± 2.104
26.476 ± 3.239
23.005 ± 2.199
30.131 ± 6.134
19.213 ± 1.449
22.044 ± 2.332
20.696 ± 0.273
23.355 ± 3.703

12
15.790 ± 1.285
18.484 ± 1.001
18.242 ± 4.048
18.120 ± 2.372
131.318 ± 6.912
114.563 ± 20.029
123.926 ± 20.808
129.890 ± 23.468
32.649 ± 1.153
24.595 ± 2.210
32.922 ± 6.690
31.026 ± 6.699
23.735 ± 0.607
20.841 ± 1.645
26.701 ± 3.715
23.341 ± 5.818

Table 3. 3. Effect of LED application on ascorbic content, chlorogenic acid, caffeic acid and rutin content (µg/ml) for 24 hours
treatment.

Ascorbic acid
(µg/ml)

Chlorogenic acid
(µg/ml)

Caffeic acid
(µg/ml)

Rutin
(µg/ml)

Ascorbic acid
(µg/ml)

Wavelength (nm)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

4
15.520 ± 1.101
15.648 ± 2.385
15.724 ± 2.509
14.941 ± 1.897
92.601 ± 28.525
86.215 ± 18.216
104.631 ± 16.411
122.693 ± 28.773
22.167 ± 7.080
24.714 ± 0.942
22.952 ± 0.869
31.542 ± 2.906
17.733 ± 4.898
23.334 ± 1.166
16.237 ± 0.774
22.174 ± 1.923

630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

16
14.315 ± 2.173
21.119 ± 4.275
18.790 ± 2.082
14.929 ± 0.470
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Treatment Time (Hours)
8
16.451 ± 1.328
15.742 ± 2.135
16.520 ± 1.507
18.651 ± 2.596
72.960 ± 14.859
118.053 ± 46.784
116.540 ± 65.359
127.568 ± 15.248
20.472 ± 2.616
19.785 ± 3.044
18.546 ± 5.725
32.340 ± 0.260
19.932 ± 5.087
15.776 ± 1.727
12.366 ± 5.968
24.012 ± 1.725
Treatment Time (Hours)
20
13.785 ± 0.687
14.613 ± 0.291
15.865 ± 1.912
14.601 ± 0.752

12
10.226 ± 7.261
14.167 ± 1.609
14.905 ± 1.185
15.581 ± 2.676
131.120 ± 29.769
136.603 ± 25.559
129.955 ± 21.124
142.982 ± 23.472
27.556 ± 2.897
28.610 ± 6.129
28.955 ± 2.420
28.141 ± 0.740
28.577 ± 2.731
19.031 ± 6.015
24.704 ± 3.621
25.312 ± 3.924
24
20.937 ± 1.129
18.776 ± 2.086
18.487 ± 1.638
19.581 ± 2.750

Chlorogenic acid
(µg/ml)

Caffeic acid
(µg/ml)

Rutin
(µg/ml)

630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

92.355 ± 7.272
84.879 ± 21.460
116.751 ± 31.974
80.696 ± 35.279
20.354 ± 2.534
21.136 ± 5.984
24.236 ± 3.815
19.315 ± 4.806
16.755 ± 1.906
16.272 ± 3.245
20.417 ± 2.041
18.358 ± 3.664
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56.373 ± 8.557
73.251 ± 20.979
122.874 ± 20.325
94.788 ± 1.618
19.789 ± 2.951
16.978 ± 3.950
26.562 ± 3.921
21.080 ± 1.673
26.968 ± 3.270
20.457 ± 3.322
24.049 ± 4.875
19.009 ± 1.030

87.574 ± 41.791
137.874 ± 25.720
102.045 ± 42.101
67.868 ± 2.094
22.741 ± 3.889
31.060 ± 5.659
22.460 ± 8.389
18.640 ± 3.141
25.754 ± 3.280
24.732 ± 5.090
22.508 ± 5.392
16.807 ± 1.670

3.3.8. Determination of anthocyanin content
Total anthocyanin content for 12 and 24 hours treatment under the illumination with red, blue and
green LEDs is shown in Figure 3.8. Treatment of fruits with red coloured LED seemed to show a
higher effect for 12 hours treatment whereas, towards the end of 24 hours treatment, fruits treated
with blue light had a greater effect. However, in both the cases, there was no significant effect on
the anthocyanin content of blueberries for 12 and 24 hours period. ANOVA analysis of the data
showed that the model was insignificant (p ˃ 0.05). None of the factors - wavelength, treatment
time and wavelength*treatment time were found to be significant for both the models at an
intensity of 20 µmolm-2s-1 (Appendix table S12). There was a huge variability in results with an
increasing treatment time. This randomness can be attributed to the differences in fruit samples. In
addition to this, light may not noticeably affect the anthocyanin content of blueberries at a short
time period and at a low flux intensity of 20 µmolm-2s-1. However, if the treatment time and
intensity are studied extensively - specifically, with longer duration and higher intensities,
illumination of blueberries may result in enhanced levels of anthocyanin content. For instance, in
the literature, various studies have reported an increase in anthocyanin content under the effect of
LED application. In the study conducted by Kim et al., 2011, total anthocyanin content in
strawberries was found to increase by 21% on treatment with LEDs as compared to control
(untreated) samples. Strawberries treated at the wavelength of 470 nm, 525 nm and 630 nm for 4
days at 5˚C showed higher values for the anthocyanin content than those treated with 385 nm (B.
S. Kim et al., 2011).
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Figure 3. 8. Effect of LED application on anthocyanin content (mg/100g) for (a) 12 hours
and (b) 24 hours treatment
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3.4. Summary
The effect of LED light at different wavelengths of 463nm (blue), 520 nm (green) and 630 nm
(red) was studied for 12 and 24 hours treatment at a low intensity of 20 µmolm-2s-1. It was found
that there was a huge variability in results with no significant effect on the measurements of L
value, weight, diameter, TSS, DPPH and FRAP activity and TPC content. Wavelength was not
found to be significant in any of these measurements whereas treatment time did play a significant
role for L value, weight, diameter changes, DPPH activity, TPC, ascorbic content and rutin for 24
hours treatment. However, for 12 hours treatment, neither of the wavelength and treatment time
were found to significantly affect any of these parameters. The study concludes that the huge
variability in results can be due to the cellular processes of blueberries and light may not affect
fruit properties if illuminated for short duration of 12 and 24 hours at an intensity of 20 µmolm-2s1

and room temperature. Future work should focus on longer treatment periods and variable photon

flux intensities to explore the effect of LED light at different wavelengths for their application at
post-harvest management of fruits.
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CONNECTING TEXT

After treatment of blueberries with light emitting diodes for short treatment period, it was evident
that light under short treatment times and photon flux intensity was not able to generate responses
to affect weight, diameter, colour, TSS, phenolic, antioxidant and anthocyanin levels of fruit. The
huge variability in results can be attributed to the cellular processes of blueberries not being
affected by the LED wavelength at the short treatment period and low photon flux intensity. In
addition to the wavelength, other parameters such as light intensity and temperature may be
important to be considered. Hence, the next study was aimed at treating blueberries for a longer
duration at different (higher) light intensities and temperature. The effect of these parameters was
then investigated on the nutritional and overall quality of fruit.
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CHAPTER 4
THE RESPONSE OF BLUEBERRY FRUIT TO THE
ILLUMINATION FROM LIGHT EMITTING DIODES OVER
LONG TREATMENT PERIODS AT DIFFERENT PHOTON
FLUX INTENSITIES

ABSTRACT
Ripening is the most evident phenomenon defining the shelf life in fruits and vegetables during
the post-harvest stage. In this study the effect was assessed of light emitting diodes (LEDs) of
wavelengths 630, 463 and 520 nm on the nutritional and physical properties of blueberries at
various intensities (20, 40 and 60 molm-2s-1) for 5, 10 and 15 days at temperatures of 21˚C and
2˚C was assessed. During treatment, light wavelengths showed the least effect on weight and
diameter of blueberries. The treated samples of blueberries had a higher phenolic content,
antioxidant activity and anthocyanin levels as compared to the untreated samples. The blue light
showed a maximum effect on the nutritional quality followed by green and red. HPLC was used
to quantify the phenolic compounds including ascorbic acid, chlorogenic acid, caffeic acid and
rutin. The parameters of intensity, treatment time, temperature and wavelength all showed a
significant effect, either individually or in combination. The results indicate that the use of LEDs
can be an effective method to preserve the post-harvest shelf life of blueberries, along with
enhancing their nutritional attributes.
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4.1. Introduction
Consumer behaviour for food is complex as the choice for food is associated with a number of
factors such as cultural preferences, individual factors, food quality parameters and economic
concern (Grunert, 2011). However, the most dynamic demand of consumers is for healthy and
nutritious food. Fruits and vegetables are associated with health promoting factors with high levels
of biologically active components and high concentrations of minerals, vitamins, dietary fiber etc.
(Slavin & Lloyd, 2012). The blueberry is one such fruit which is widely consumed both in fresh
and processed form and is known for its health benefits. Blueberries are rich in antioxidant activity,
both in qualitative and quantitative aspects and has been found to reduce the risks of stroke and
cardiovascular diseases. (Neto, 2007). This is because these antioxidants act against free radicals,
singlet oxygen and enzyme inhibition (C. Y. Wang et al., 2009). The presence of flavonoids such
as anthocyanidins and phenolic compounds such as caffeic acid, chlorogenic acid and cinnamic
acid are known for their effect against diabetes, stomach and kidney damages, cancerous cells
(Patel, 2014). Due to the increased attention of consumers for the inclusion of blueberries in the
diet, it is important that the overall quality of fruit is maintained during long-term storage and longdistance transportation. Researchers are looking to new and innovative technologies to achieve
this goal.
The application of light emitting diodes (LED) as a post-harvest technique has benefitted in
maintaining the nutritional quality (Shi et al., 2014), delaying senescence (Gong et al., 2015) and
regulating ripening (Dhakal & Baek, 2014) in various fruits and vegetables. Some studies
conducted in this field embody with this statement such as effect of LEDs on peaches (Gong et al.,
2015), strawberries (Xu et al., 2014), tomatoes (Dhakal & Baek, 2014), citrus fruits (G. Ma et al.,
2012) and Chinese bayberries (Shi et al., 2014). Similarly, the technology of LEDs can be utilised
for blueberries to maintain the quality of fruit. The reason lies in the fact that light affects the
processes of photosynthesis, photoinhibition and photomorphogenesis (Kazai et al., 2016). In
addition, light exposure can affect the production of secondary metabolites and accumulation of
phytochemical concentrations (Xu et al., 2014). Light sensors such as phytochrome (W. R. Briggs,
2001), cryptochrome and phototropin (Kong & Okajima, 2016), perceives the light at variable
wavelengths and affect the metabolic pathways. For instance, red light is associated with the
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accumulation of carbohydrates, pigments such as lycopene and phytochemicals as terpenes,
tocopherols and sesquiterpenes (S. Dutta Gupta, 2017) (Holopainen et al., 2018). Blue light helps
in the regulation of biosynthesis pathways for production of secondary metabolites and accretion
of anthocyanins, ascorbic acids and polyphenols (Xu et al., 2014) (Taulavuori et al., 2017). So, at
different wavelengths light can have variable outcomes in fruits and vegetables. However, it should
be noted that there is little to no information available in the literature on the application of LEDs
for the post-harvest management of blueberries. In addition, the effect of LEDs over different
wavelengths, treatment periods and photon flux intensity has also not been studied extensively for
blueberries and little is known about what happens if the treatment is carried out at room or
refrigerated temperature conditions. The aim of this study was not only to explore the effect of
LEDs of varying wavelength on the changes in nutritional quality by estimating antioxidant and
total phenolic content but also to explore the effect on overall quality of fruit under different time,
temperature and intensity parameters.

4.2. Material and methods
4.2.1. Sample procurement and chemicals
Fresh blueberries procured from a local store (No frills, Loblaws, Canada) were stored in a
refrigerator at 4°C before carrying out the treatment and analysis. Initial parameters were estimated
and are presented in table 3.1. Sodium bicarbonate (NaHCO3), gallic acid (C6H2(OH)3COOH),
formic acid (CH2O2), Folin-Ciocalteu reagent, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
obtained from Sigma Aldrich Canada Co., Oakville, Ontario, Canada. Methanol, hydrochloric
acid, ferric chloride, sodium acetate, chlorogenic acid and sodium hydroxide were obtained from
Thermo Fisher Scientific Co., Ottawa, Canada.
4.2.2. Fruit sample handling and illumination with LEDs
Blueberries of uniform size were sorted. These blueberries were selected to be free of bruises,
shriveling and infection. They were then divided randomly into groups of five for treatment under
various conditions. The treatment chamber was built with 12 identical compartments, equipped
with LED lights of wavelength 463 nm (blue), 520 nm (green) and 630 nm (red) with
spectrophotometer readings shown in Figure 4.1. The photon flux intensity of LED bulbs for the
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experimentation was selected to be 20, 40 and 60 molm-2s-1. These photon flux intensities were
selected based on the available literature and were measured using a photodiode (THOR DET
36A-Si Detector). The photon flux intensity of the light – being illumination photons per time per
area - was adjusted by changing the number of LED bulbs and height in the compartment at which
fruits were kept for treatment. Fruits were placed in Petri dishes and illuminated with LEDs at
specific wavelength and photon flux intensities. The blueberries were subject to LED lights for 5,
10 and 15 days at room temperature (21°C) and refrigeration temperature (2°C). The refrigeration
temperature was selected to be 2°C as this is similar to temperature conditions during
transportation of blueberries over long distances. Non-treated blueberries were kept in the dark
and considered as control samples. All treatments were carried out in triplicates. Five blueberries
were sampled randomly every five days of treatment and kept in a freezer at -18°C for further
analysis.
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Figure 4. 1. Wavelengths of a) blue b) green and c) red coloured LEDs.
4.2.3. Colour measurements
To measure the colour indices of treated and control samples of blueberry, Chroma Meter (Konica
Minolta CR-400) was used. It provided readings in terms of L*, a* and b* values (Hunter scale)
where L* defines the whiteness (100) or darkness (0), a* represents the variation from redness or
greenness and b* is the value indicating yellowness or blueness (Hasperué, Rodoni, et al., 2016b).
During the illumination with LEDs, readings were taken at various points of fruit skin every five
days.
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4.2.4. Weight and diameter measurements
Five blueberries were randomly selected and collected from each compartment of the treatment
chamber every five days for the determination of weight and diameter changes of fruit. Analysis
for weight and diameter were conducted using the same procedures as mentioned in Chapter 3.
Readings were then compared with control samples of blueberries kept in the dark with values
measured every 5 days.
4.2.5. Determination of Total soluble sugars (TSS)
TSS content in blueberries was measured using the same procedure as mentioned in Chapter 3.
4.2.6. Preparation of Blueberry Extract and analytical measurements
To prepare a methanolic extract of blueberries, treated and untreated samples collected every 5
days of treatment were added with methanol, kept in water bath for extraction and centrifuged.
The supernatant was filtered and kept at refrigeration temperature for further analysis. Blueberry
extract was used to carry out the various assays for the estimation of total phenolic content, ferric
reducing antioxidant potential (FRAP), scavenging activity on 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) radicals, high performance liquid chromatography (HPLC) and anthocyanin content, as
per the protocols mentioned in Chapter 3.
4.2.7. Statistical analysis
All the experimentation of the LED application on blueberries were conducted in triplicates and
investigated for the various assays to estimate the change in color, weight, diameter, TSS, total
phenolics and antioxidant activity. Duncan Tukey Honestly Significantly Different (HSD) test,
and Analysis of Variance (ANOVA) was used to determine the significance of LED operating
parameters including wavelength, photon flux intensity, a treatment time of LED system and
temperature on delaying ripening and nutritional enhancement. The values were presented as the
mean ± standard deviation of three replications. All the statistical analysis was conducted using
JMP software (Version 11).
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4.3. Results and discussion
4.3.1. Effect of LED treatment on Colour measurements
The colour of a fruit is an important attribute that defines the fruit acceptability and quality. In
blueberries, the presence of anthocyanins is responsible for the colour. It is affected by various
factors such as temperature, pH and fruit physiology (Casati et al., 2012). Similarly, light can have
a major impact on the colour indices of fruit which can regulate the shelf life of fruits (Hasperué,
Rodoni, et al., 2016). In the present study, results of the effect of light at different wavelengths
(463, 520 and 630 nm) and intensities (20, 40 and 60 molm-2s-1) at two different temperatures of
21°C and 2°C are shown in Table 4.1. It can be observed that blueberries showed variable
responses to different treatment conditions. At 21°C, the lowest L value of 19.36 ± 0.604 and 19.77
± 1.505 was observed for 20 and 40 molm-2s-1, respectively, under blue light treatment for 15
days. In contrast to this, at 2˚C, red light reported the lowest L value under the same conditions.
However, with an increase in intensity to 60 molm-2s-1, the green light had the lowest L value for
15 days at 21˚C and 2˚C, followed by blue and red. It was observed that for higher intensity, blue
and red light exhibited an increased L value as compared to control samples at 21˚C which was
contradictory for 2˚C where control samples had highest L values. Overall, enhanced levels of L
values were a result of red light treatment for all the three intensities at 21˚C. However, there was
a decrease in L value under blue light treatment followed by green light. At 2˚C, green light
showed a decrease in L value with an increase in the intensity.
Similar results were reported in the study conducted by Dhakal & Baek, 2014, where treatment of
green tomatoes with blue light (85.72 molm-2s-1) was able to prevent the red colour development
as compared to red light (102.70 molm-2s-1) and untreated samples after 7 days of treatment. The
L values were significantly lower for tomatoes treated with blue light with less reddish tomatoes
visually. However, tomatoes treated with the red light turned red at room temperature for given
intensity (Dhakal & Baek, 2014). The development of colours in fruits after harvest is related to
the accumulation of various pigments such as lycopene, chlorophyll or anthocyanins. This
accumulation and production of pigments or secondary metabolites are largely affected by the light
(Xu et al., 2014). However, light at different wavelengths is responsible for interacting with
various photoreceptors such as phytochrome, cryptochrome, phototropin etc. present in fruits and
73

vegetables that are associated with bringing out the responses (Kazai et al., 2016). When the
treatment of strawberries was carried out with blue light at an intensity of 40 molm-2s-1 for 12
days at 5˚C and evaluated for colour changes, no significant differences were observed. However,
there was an increase in CRIG values (Xu et al., 2014) as compared to control samples which
comply with the results presented in the given study. In another study conducted by Büchert,
Gómez Lobato, Villarreal, Civello, & Martínez, 2011, there was an increase in L value for broccoli
when treated with white light using fluorescent tubes at an intensity of 12, 25 and 50 molm-2s-1
at 22˚C. This increase can be explained by the fact that with an increase in treatment period, fruit
or vegetable heads towards the senescence stage. However, broccoli heads remained green under
the treatment with light than those kept in dark implying that treated samples showed a lower
increase in L value as compared to untreated ones (Büchert et al., 2011).
The ANOVA analysis of L value for blueberries is summarised in table 2. The obtained coefficient
of determination (R2) value was 0.96536. The p-value for the model (˂0.0001) was significant
which indicates that the model can be used to determine the colour change in the blueberries. Light
intensity, treatment time and wavelength were all significant factors (p ≤ 0.05) whereas
temperature was not (p ˂ 0.6751). The interaction term (temperature*intensity*treatment
time*wavelength) was also a significant factor and this implies that when all these important
parameters are considered, LED technology can have a significant effect on the L value of
blueberries.
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Table 4. 1. Effect of LED illumination on L value of blueberries at intensities of 20, 40 and 60 molm-2s-1 at 21˚C and 2˚C.

Room Temperature (21˚C)
Intensity Treatment period (Days)

20

40

60

Red (630 nm)

Blue (473 nm)

Green (520 nm)

Dark (Untreated)

5

28.040 ± 1.428

26.086 ± 0.773

27.046 ± 2.122

27.346 ± 1.011

10

20.140 ± 2.081

20.600 ± 1.314

20.320 ± 1.095

20.473 ± 0.231

15

21.493 ± 0.362

19.360 ± 0.604

20.216 ± 0.847

21.700 ± 0.778

5

23.453 ± 0.597

23.893 ± 0.552

23.720 ± 0.283

24.893 ± 1.434

10

22.526 ± 1.408

21.393 ± 0.570

22.037 ± 0.616

22.700 ± 0.604

15

23.466 ± 2.033

19.777 ± 1.505

21.900 ± 0.465

21.086 ± 0.328

5

25.546 ± 0.909

26.086 ± 0.575

24.953 ± 0.400

25.806 ± 0.608

10

25.053 ± 0.725

25.593 ± 0.833

22.800 ± 0.668

23.326 ± 0.624

15

23.92 ± 0.247

23.306 ± 0.156

22.115 ± 0.970

22.413 ± 1.035

5

21.213 ± 1.854

21.606 ± 0.432

21.873 ± 1.610

20.933 ± 1.464

10

19.900 ± 2.551

19.686 ± 2.454

20.953 ± 1.907

21.773 ± 1.985

15

21.100± 2.506

21.720 ± 1.511

21.713 ± 2.116

20.660 ± 1.890

5

22.466 ± 0.712

23.446 ± 0.646

22.266 ± 1.231

22.680 ± 0.660

10

23.080 ± 1.836

22.920 ± 1.198

22.373 ± 0.841

20.626 ± 1.084

Cold Temperature (2˚C)
20

40

75

60

15

23.120 ± 1.455

24.546 ± 1.735

23.546 ± 0.907

23.193 ± 1.250

5

25.780 ± 1.101

25.960 ± 1.006

24.366 ± 0.265

26.046 ± 0.247

10

26.100 ± 0.172

25.106 ± 0.725

24.300 ± 1.257

26.046 ± 0.414

15

24.760 ± 0.539

26.173 ± 0.376

24.746 ± 1.120

26.373 ± 0.639
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4.3.2. Weight and diameter measurements
In Figure 4.2 (a) and (b) and Figure 4.3 (a) and (b), different treatment parameters are seen
initiating different responses in blueberries with respect to weight and diameter, respectively, of
fruit for both temperatures. For the intensities of 20, 40 and 60 molm-2s-1, weight loss and
diameter changes were observed to increase with treatment time irrespective of the light
wavelength. The changes were more profound for the treatment conducted at room temperature as
compared to those conducted at 2°C. For 15 days of the treatment period, maximum loss in weight
and diameter of blueberries were reported for all the three intensities. For 20 molm-2s-1, red light
had minimum changes in weight and diameter at 21˚C and 2˚C whereas for 40 and 60 molm-2s1

, red and blue light both had similar lesser effect. From the figures it can be observed that under

the treatment with light at different wavelengths, blueberries experienced losses in weight and
diameter with maximum loss for green light.
A similar observation was made in the study conducted by Hasperué, Rodoni, et al., 2016 where
brussels sprouts were treated under white and blue light at photon flux intensity of 20 molm-2s-1
for 5 and 10 days at 22˚ C. Results revealed that under light treatment, there was higher weight
loss in samples as compared to control untreated samples kept in dark. In addition, the weight
losses increased with an increase in the treatment period. The authors explained this effect by
suggesting the interaction of blue light with stomatal cells. Blue light affects the opening of stomata
leading to higher respiration rates which in return affects the overall metabolism of fruits and
vegetables (Hasperué, Rodoni, et al., 2016). In addition to respiration, the other process affected
by light is transpiration that is also associated with stomatal opening regulated by light (Zhan et
al., 2012). In another study conducted by Xu et al., 2014, it was found that levels of respiration
rates were higher in strawberries on treatment with blue light after 4 storage days at 5˚C.
Illumination was carried out at an intensity of 40 molm-2s-1 for 12 days. The probable reason
behind this effect can be the enhanced production of ethylene on exposure to light in fruits that in
return increased the levels of respiration rates (Xu et al., 2014). Similarly, higher weight losses
were observed in fresh cut broccoli for 5 days treatment with light from fluorescent lamps as
compared to samples kept in dark (Zhan et al., 2012).
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ANOVA analysis of weight and diameter of blueberries as a result of the LED application is
summarised in Table 4.2. The coefficient of determination (R2) for both these parameters was
0.97955 and 0.97283, respectively, which was in reasonable agreement with the adjusted R2 value.
The model can be used to predict the weight and diameter of blueberries as the p-value is ˂ 0.001
for both the parameters. Temperature, intensity, treatment time and wavelength were found to be
significant

factors

along

with

their

interaction

terms

(temperature*intensity,

temperature*treatment time and temperature*intensity*treatment time). It is evident that light at a
particular wavelength when combined with other important factors such as intensity, treatment
time and temperature may result in preserving the fruit quality by minimising the weight and
diameter losses.
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Figure 4. 2. Effect of LED illumination on weight (g) of blueberries at intensities of 20, 40
and 60 molm-2s-1 at (a) 21˚C and (b) 2˚C for 5, 10 and 15 days treatment period.
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Figure 4. 3. Effect of LED illumination on diameter (mm) of blueberries at intensities of 20,
40 and 60 molm-2s-1 at (a) 21˚C and (b) 2˚C for 5, 10 and 15 days treatment period.
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Table 4. 2. Summary of results obtained from ANOVA for the effect of LED application on the weight (g), diameter (mm) and
L value of blueberries.
2

R = 0.97955
DF
SS
Model
179 21.09264
A: Temperature
1 5.653839
B: Intensity
2 5.900613
C:
Treatment 2 2.297698
time
D: Wavelength
9 0.271714
A*B
2
1.13603
A*C
2 0.970054
A*D
9
0.1927
B*C
4
0.04612
B*D
18 0.371293
C*D
18 0.406984
A*B*C
4 0.402475
B*C*D
36 0.725572
A*C*D
18 0.215531
A*B*D
18 0.440763
A*B*C*D
36 0.552767
Error
36 0.440429
Corrected Error
215 21.53307

Weight
R2 adj. = 0.87785
F-Ratio
p-value
9.6317
˂ 0.0001*
462.1368 ˂ 0.0001*
241.1539 ˂ 0.0001*
93.9053 ˂ 0.0001*
2.4677
46.4287
39.6454
1.7501
0.9424
1.6861
1.8481
8.2244
1.6474
0.9787
2.0015
1.2551

0.0263*
˂ 0.0001*
˂ 0.0001*
0.1131
0.4507
0.0896
0.0575
˂ 0.0001*
0.0695
0.5026
0.0376*
0.2495

Diameter
R = 0.97283
R2 adj. = 0.83772
DF
SS
F-Ratio
p-value
179 237.4484 7.2002 ˂ 0.0001*
1 45.16786 245.1645 ˂ 0.0001*
2 56.79243 154.1305 ˂ 0.0001*
2 36.58264 99.2826 ˂ 0.0001*

L Value
R = 0.96536
R2 adj. = 0.79311
DF
SS
F-Ratio
p-value
179 1171.598 5.6046
˂ 0.0001*
1
0.20853
0.1786
0.6751
2 281.4008 120.4788 ˂ 0.0001*
2 147.2234 63.0322 ˂ 0.0001*

9
2
2
9
4
18
18
4
36
18
18
36
36
215

9
2
9
4
18
18
4
36
18
18
36
2
36
215

2

*indicates values are significant (p ≤ 0.05).
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4.906352
13.60488
21.92296
3.194842
0.420709
4.982879
4.430294
7.056395
9.61979
5.127889
6.092691
8.393348
6.63246
244.0809

2.959
36.9227
59.4973
1.9268
0.5709
1.5026
1.3359
9.5753
1.4504
1.5463
1.8372
1.2655

0.0097*
˂ 0.0001*
˂ 0.0001*
0.0792
0.6854
0.1462
0.2241
˂ 0.0001*
0.1346
0.1303
0.0592
0.2417

2

27.37566
141.0674
31.33688
74.36022
43.62086
19.80735
35.32068
58.48324
30.1258
33.64901
59.60814
68.35219
42.0424
1213.64

2.6046
60.3966
2.9815
15.9183
2.0751
0.9423
7.5611
1.3911
1.4331
1.6007
1.4178
29.2643

0.0199*
˂ 0.0001*
0.0093*
˂ 0.0001*
0.0307*
0.5391
0.0002*
0.1633
0.1751
0.1127
0.1498
˂ 0.0001*

4.3.3. Determination of Total soluble sugars (TSS)
Total soluble sugars (TSS) content was found to increase with treatment period under all the LED
application parameters as shown in Figure 4.4. However, higher TSS content can be observed
under the light as compared to control samples. At 21°C, red light showed a maximum increase in
TSS for 5, 10 and 15 days period followed by blue and green light at an intensity of 20 molm-2s1

. Similarly, for 40 and 60 molm-2s-1, red light showed a maximum increase in TSS for 5 and 10

days. But, for 15 days of the period, blue light had maximum TSS values. At 2°C, blue light
resulted in enhanced levels of TSS for 20, 40 and 60 molm-2s-1 for 15 days treatment period.
However, it is desirable that TSS content of blueberries remains constant as an increase in TSS
results in ripening and reduces the shelf life of fruits. Green light showed lower values for TSS as
compared to red and blue light and control samples for 15 days treatment at 20, 40 and 60 molm2 -1

s at both 21˚C and 2°C.

The results obtained in this study comply with that conducted by Dhakal & Baek, 2014. Tomatoes
were treated with red and blue light at 25˚C for 85.72 and 102.70 molm-2s-1, respectively and
TSS was not affected by red and blue light after 7 days. However, there was a decrease in TSS
content after 21 days of treatment in control samples (Dhakal & Baek, 2014). In another study, the
Blue light was able to increase the TSS content in peaches when treated for 15 days at an intensity
of 40 molm-2s-1. Increased levels of TSS in fruits indicates the acceleration of ripening process.
However, lower TSS content indicates slow ripening and enhanced the shelf life of fruits (Gong et
al., 2015). There was an increase in TSS levels in Chinese bayberries under the treatment with blue
light at 40 molm-2s-1 for 8 days at 10˚C. There were enhanced levels of glucose, fructose and
sucrose as compared to untreated samples. The mechanism behind this can be explained by the
effect of blue light on the genes like MrSPS1, MrSPS2 and MrSPS3. Increased expression of these
genes as a function of light induces the catalytic reaction of sucrose to glucose and fructose leading
to an overall increase of TSS (Shi et al., 2016b).
The ANOVA analysis of the TSS content in blueberries is summarised in Table 4.3 where the R2
value is 0.97716 which is close to the adjusted R2 value. The p-value of the model is ˂ 0.0001
making the model significant to use for the determination of TSS in blueberries. Treatment time,
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intensity and temperature were the significant factors in the model with p value ˂ 0.0001, however,
wavelength had no significant effect. But, when the interaction terms were analysed, the
wavelength in a combination of temperature, intensity and treatment time did play a significant
role in affecting the TSS content in blueberries. These interaction terms include:
temperature*wavelength,
temperature*treatment

intensity*wavelength,
time*wavelength,

intensity*treatment

time*wavelength,

temperature*intensity*wavelength

temperature*intensity*treatment time*wavelength with p values ≤ 0.05.

Room Temperature (21˚C)
25

TSS (Brix)

20
15
10
5
0
I = 20 (5) I = 20
(10)

I = 20 I = 40 (5) I = 40 I = 40 I = 60 (5) I = 60
(15)
(10)
(15)
(10)
Treatment period at Given Intensity (Days)
Red

Blue

(a)
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Green

Dark

I = 60
(15)

and

Cold Temperature (2˚C)
25

TSS (Brix)

20

15

10

5

0
I = 20 (5) I = 20
(10)

I = 20 I = 40 (5) I = 40
I = 40 I = 60 (5) I = 60
(15)
(10)
(15)
(10)
Treatment period at Given Intensity (Days)
Red

Blue

Green

I = 60
(15)

Dark

(b)

Figure 4. 4. Effect of LED illumination on total soluble sugars (Brix) of blueberries at
intensities of 20, 40 and 60 molm-2s-1 at (a) 21˚C and (b) 2˚C for 5, 10 and 15 days
treatment period
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Table

4. 3. Summary of results obtained from ANOVA for the effect of LED application on
the TSS (Brix) of blueberries.
TSS
2

R = 0.97716
Model
A: Temperature
B: Intensity
C: Treatment time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

DF
179
1
2
2
9
32
2
9
4
18
18
4
36
18
18
36
36
215

SS
2200.296
31.00017
642.821
188.4776
26.9057
319.0934
142.5797
44.26125
88.54401
111.2631
36.26778
86.82245
161.9964
48.73889
54.39194
133.4358
51.4333
2251.73

R2 adj. = 0.86358
F-Ratio
p-value
8.6037
˂ 0.0001*
21.6981
˂ 0.0001*
224.9665
˂ 0.0001*
65.9611
˂ 0.0001*
2.0925
0.0565
111.6724
˂ 0.0001*
49.8983
˂ 0.0001*
3.4422
0.0038*
15.4938
˂ 0.0001*
4.3265
˂ 0.0001*
1.4103
0.1857
15.1925
˂ 0.0001*
3.1496
0.0004*
1.8952
0.05*
2.115
0.0274*
2.5943
0.0026*

*indicates values are significant (p ≤ 0.05).
4.3.4. Determination of antioxidant activity
The antioxidant activity in blueberries is due to the presence of phenolic compounds such as
flavonols, flavanols and anthocyanins and ascorbic acid. These compounds are responsible for
neutralising free radicals generated during various metabolic processes providing antioxidant
activity. This can help in reducing the health risks and promote the functional properties of food
(Skrovankova, Sumczynski, Mlcek, Jurikova, & Sochor, 2015). Under the effect of light, different
responses can be generated that can affect the production and accumulation of secondary
metabolites and bioactive compounds, resulting in higher antioxidant activity of fruits and
vegetables (Xu et al., 2014).
In citrus fruits, antioxidant activity is due to the presence of a carotenoid - β-cryptoxanthin. Ma et
al., 2012, investigated the effect of red (660 nm) and blue (470 nm) light on the antioxidant activity
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of citrus fruits. Fruits were treated at an intensity of 50 molm-2s-1 at 20˚C for 6 days duration. It
was observed that after 3 days, red light resulted in a decrease of carotenoid content as compared
to the control with a gradual increase towards the end of treatment. For blue light, similar results
were obtained except that at the end of treatment, there was no major increase in total antioxidant
levels. This effect of enhanced β-cryptoxanthin levels caused higher antioxidant activity in citrus
fruits. This is because, light regulates the functioning and expression of genes involved with
metabolism of antioxidants. In this study, there was an increased expression of genes such as
CitZEP, CitCYb1, CitCYb2 and CitZDS. Red light had a major impact on these genes with the
temporary effect of blue light (G. Ma et al., 2012). Similar observations of enhanced antioxidant
activity were also reported for fresh cut broccoli under the light as compared to samples kept in
dark, for broccoli florets under the treatment with green light (Jin et al., 2014) and for strawberries
under blue light at 40 molm-2s-1 (Xu et al., 2014).
In the current study, antioxidant activity in blueberries under the effect of light at various
wavelengths of 463, 520 and 630 nm and intensities of 20, 40 and 60 molm-2s-1 was investigated
for 5, 10 and 15 days period using two methods: scavenging activity on DPPH radicals and ferric
acid reducing potential (FRAP). Results for the study are discussed in section 4.3.4.1 and 4.3.4.2.
4.3.4.1.

Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals

Blueberry fruit is reported to have a high antioxidant activity which was estimated by using various
assays. One of these assays is the estimation of scavenging activity on DPPH radicals which is
defined by the ability of antioxidants to bind with free radicals (Dinardo, Subramanian, & Singh,
2018). In this study, DPPH scavenging activity is presented in Table 4.4 in terms of percent
inhibition of DPPH. It ranged from 74.737 ± 3.351 % to 89.827 ± 0.475 %. Maximum DPPH
activity was reported for treatment of blueberries at 40 molm-2s-1 for 21˚C and 2˚C. There is a
large variability in antioxidant activity for blueberries at various treatment conditions that can be
attributed to the fruit to fruit variation and difference in physio-chemical properties of fruit.
However, red and blue light showed a continuous increase of scavenging activity on DPPH radicals
over the treatment period at 21˚C and 2˚C. The green colored LED resulted in an enhanced level
of antioxidant activity and was able to maintain the effect throughout the treatment period at both
the temperatures and three photon flux intensities. Another important aspect is that control samples
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showed higher antioxidant activity for 20 and 40 molm-2s-1 at 21˚C and 20 molm-2s-1 at 2˚C as
compared to blueberries treated with light. At 21˚C, with an increase in the photon flux intensity
of light, there was an increase in the antioxidant activity of blueberries for 5 days, and this was
stable throughout the application of LEDs as compared to control samples.
In this study, treatment time and photosynthetic photon flux intensity significantly affected the
antioxidant activity with a wavelength having no significant effect. This can be supported through
the ANOVA analysis of scavenging activity on DPPH radicals is summarised in Table 4.6 where
the R2 value for the model is 0.93468 and adjusted R2 value is 0.60989. The analysis revealed that
the temperature and intensity of light were the significant factors in the model (p ˂ 0.0001) with
no significant effect of wavelength and treatment time. The interaction terms did play a significant
role in the model of antioxidant activity of blueberries. It was evident from the analysis that the
factors like wavelength, intensity, temperature and treatment time may not affect the DPPH
activity alone,

but,

interaction

terms

(temperature*intensity,

temperature*wavelength,

intensity*treatment time, temperature*treatment time*intensity) significantly affected the results.
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Table 4. 4. Effect of LED illumination on DPPH scavenging activity (%) of blueberries at intensities of 20, 40 and 60 molm-2s1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period.

Room Temperature (21˚C)
Intensity

Treatment

Red (630 nm)

Blue (473 nm)

Green (520 nm)

Dark (Untreated)

5

74.737 ± 3.351

66.484 ± 11.564

82.261 ± 5.205

82.945 ± 1.745

10

81.988 ± 3.901

81.577 ± 4.043

80.392 ± 5.536

85.316 ± 0.422

15

86.456 ± 0.335

85.271 ± 1.440

85.772 ± 0.511

86.092 ± 0.451

5

86.149 ± 2.790

89.231 ± 0.383

89.595 ± 0.940

86.481 ± 1.827

10

89.695 ± 0.461

89.827 ± 0.475

89.827 ± 0.475

89.960 ± 0.140

15

86.812 ± 3.328

89.960 ± 0.140

88.502 ± 0.365

88.999 ± 0.168

5

85.145 ± 3.406

85.200 ± 4.007

87.413 ± 2.077

85.698 ± 4.517

10

87.883 ± 1.242

87.745 ± 2.387

76.735 ± 12.525

80.166 ± 9.114

15

85.172 ± 1.399

85.228 ± 4.617

86.224 ± 2.311

83.153 ± 3.515

5

47.668 ± 11.449

66.323 ± 5.401

49.451 ± 6.528

65.569 ± 4.967

10

50.548 ± 3.952

68.072 ± 4.994

51.200 ± 3.822

65.260 ± 7.064

15

48.456 ± 19.001

69.067 ± 7.598

62.311 ± 4.006

70.198 ± 5.068

5

83.138 ± 2.011

82.855 ± 1.431

85.476 ± 0.53

81.013 ± 3.886

10

85.228 ± 0.483

85.051 ± 0.278

84.236 ± 1.574

81.757 ± 3.641

period (Days)
20

40

60

Cold Temperature (2˚C)
20

40

88

60

15

67.977 ± 4.439

75.664 ± 0.677

76.443 ± 1.787

77.045 ± 1.000

5

72.315 ± 3.849

73.246 ± 9.817

77.777 ± 4.532

66.418 ± 20.829

10

59.404 ± 11.361

82.681 ± 6.149

76.598 ± 15.780

83.981 ± 1.135

15

82.122 ± 6.611

86.188 ± 2.017

84.947 ± 3.373

78.770 ± 6.137
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4.3.4.2.

Determination of ferric reducing antioxidant potential (FRAP)

The FRAP activity was measured every 5 days for the LED treatment at 20, 40 and 60 molm-2s1

at 21˚C and 2˚C of blueberries as shown in Table 4.5. For 21˚C, green light showed maximum

FRAP activity for 20 and 60 molm-2s-1 followed by red and blue light. However, there was a large
variation in the observations over time, with blue light seeming to play a major role in affecting
the FRAP activity at room temperature at 40 molm-2s-1 for 10 days of treatment followed by red
and green. In almost all the cases, total activity was higher under the effect of red, blue and green
light than the control samples. Similarly, at 2˚C, maximum FRAP activity was observed for blue
coloured LED at an intensity of 60 molm-2s-1 followed by green and red light. Red light had high
FRAP values for 40 molm-2s-1 for 10 days period. Overall, under all the treatment parameters
FRAP activity was reported to increase with an increase in the treatment period for 20 and 60
molm-2s-1 which had a significant effect on antioxidant activity of blueberries. However, there
was a decrease in antioxidant levels after 10 days of treatment for 40 molm-2s-1 at both 21 and 2
˚C.
From the ANOVA analysis of FRAP activity of blueberries on treatment with LEDs, the R2 value
generated was 0.9208 with an adjusted R2 value of 0.52702 (Table 4.6). The model was found to
be significant with p-value of 0.0017 (p ˂ 0.05). In this model, temperature, intensity, treatment
time and wavelength were significant factors in addition to their interaction terms. This implies
that the model can be used for the determination of FRAP activity of blueberries.
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Table 4. 5. Effect of LED illumination on FRAP activity of blueberries (mg AAE/ 100g) at intensities of 20, 40 and 60 molm2s-1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period.

Room Temperature (21˚C)
Intensity

Treatment

Red (630 nm)

Blue (473 nm)

Green (520 nm)

Dark (Untreated)

5

343.350 ± 24.073

326.067 ± 52.206

465.507 ± 72.875

440.542 ± 40.918

10

462.520 ± 51.495

457.932 ± 79.596

480.017 ± 38.652

535.921 ± 13.412

15

534.960 ± 51.387

477.563 ± 90.896

552.137 ± 48.252

515.437 ± 37.032

5

448.651 ± 26.621

419.418 ± 30.188

534.000 ± 42.834

486.205 ± 20.911

10

605.801 ± 43.808

624.471 ± 24.863

572.834 ± 85.946

557.151 ± 55.4-9

15

607.721 ± 26.207

551.497 ± 60.394

603.987 ± 37.601

592.678 ± 12.250

5

473.829 ± 45.672

458.146 ± 29.645

512.129 ± 48.018

489.939 ± 45.236

10

547.336 ± 42.000

525.039 ± 32.828

498.474 ± 37.022

485.458 ± 50.922

15

526.959 ± 16.738

506.902 ± 71.204

570.914 ± 18.554

472.229 ± 47.689

5

366.929 ± 69.037

423.899 ± 5.733

347.405 ± 32.907

423.579 ± 8.966

10

339.403 ± 33.582

445.663 ± 25.787

439.582 ± 89.415

467.428 ± 98.966

15

378.024 ± 74.678

452.812 ± 66.015

423.046 ± 18.876

450.678 ± 12.321

5

365.542 ± 34.150

374.397 ± 27.543

449.184 ± 5.370

421.979 ± 38.639

10

472.015 ± 10.075

446.304 ± 35.515

465.827 ± 55.597

470.628 ± 47.874

period (Days)
20

40

60

Cold Temperature (2˚C)
20

40

91

60

15

332.149 ± 35.554

405.443 ± 25.275

456.012 ± 53.684

454.412 ± 47.114

5

365.542 ± 60.297

414.511 ± 77.142

466.147 ± 29.120

394.880 ± 78.908

10

362.768 ± 68.299

480.017 ± 60.020

462.520 ± 104.786

481.617 ± 12.517

15

443.423 ± 22.571

522.371 ± 12.770

493.5663 ± 9.722

442.57 ± 75.523
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Table 4. 6. Summary of results obtained from ANOVA for the effect of LED application on
the antioxidant activity of blueberries.

DPPH (%)
R = 0.93468
R2 adj. = 0.60989
DF
SS
F-Ratio
p-value
Model
179 31127.98 2.8778
0.0002*
A: Temperature
1 7890.176 130.5735 ˂ 0.0001*
B: Intensity
2 7876.973 65.1775 ˂ 0.0001*
C: Treatment time 2
244.595
2.0239
0.1469
D: Wavelength
9 1148.232 2.1113
0.0544
A*B
2 2493.364 20.6312 ˂ 0.0001*
A*C
2
22.4656
0.1859
0.8312
A*D
9 1416.188
2.604
0.0199*
B*C
4
1287.59
5.327
0.0018*
B*D
18 1292.102 1.1879
0.3202
C*D
18 669.1012 0.6152
0.8638
A*B*C
4 752.2498 3.1122
0.0268*
B*C*D
36 1435.386 0.6598
0.8915
A*C*D
18 632.8763 0.5819
0.8894
A*B*D
18 1704.854 1.5674
0.1232
A*B*C*D
36 2302.203 1.0583
0.433
Error
36 31127.98
Corrected Error
215 33303.36
2

2

R
DF
179
1
2
2
9
2
2
9
4
18
18
4
36
18
18
36
36
215

FRAP (mg AAE/ 100g)
= 0.9208
R2 adj. = 0.52702
SS
F-Ratio
p-value
1462031
2.3384
0.0017*
330263.6 94.5521 ˂ 0.0001*
105383.2 15.0852 ˂ 0.0001*
185552.6 26.5612 ˂ 0.0002*
116726
3.7131
0.0022*
54424.72 7.7907
0.0015*
34380.76 4.9215
0.0129*
77127.59 2.4535
0.0271*
35155.83 2.5162
0.0583
93337.22 1.4845
0.1533
63158.48 1.0045
0.4774
30520.76 2.1845
0.0904
101252.9 0.8052
0.7405
54608.34 0.8686
0.6154
81105.19 1.2999
0.251
106267.4 0.8451
0.6919
125745.4
1587776

*indicates values are significant (p ≤ 0.05).
4.3.5. Determination of Total Phenolic Content
Phenolic compounds are the complex secondary metabolites present in fruits and vegetables that
have health-promoting properties and contribute to antioxidant activity. The major phenolics found
in blueberries are flavonoids (cyanidin, petunidin, delphinidin), flavonols (myricetin, quercetin,
kaempferol, gallic acid) flavanols (catechins, epicatechin) and tannins (ellagitannins and phenolic
acid) (Gupta, S Dutta Agarwal, 2017; Rewer, 2002; Skrovankova et al., 2015). Light acts as a
stress that promotes the biosynthesis of these compounds. The application of light emitting diodes
as a source of light has a high photosynthetically active radiation efficiency that induces the
responses through photoreceptors such as cryptochrome and phototropin (blue light) (Winslow R
Briggs & Huala, 1999) and phytochrome (red light) (Kong & Okajima, 2016). These are involved
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in the accumulation of compounds like flavonoids, quercetin glycosides or kaempferol. In addition,
light also affects the expression of genes of enzymes like phenyl ammonia lyase, chalcone
synthase, flavanone-3-hydroxylase etc. involved in the various processes (S. Dutta Gupta, 2017).
In this study, the effect on phenolic content as influenced by LED illumination was estimated and
results are presented in Table 4.7 for 5, 10 and 15 days period. For treatment at 21˚C, the maximum
phenolic content of 106.678 ± 19.384 mg/ml, was observed under the illumination with blue
coloured LED for 10 days at an intensity of 40 molm-2s-1. Green coloured LED had maximum
effect for total phenolics at 20 and 60 molm-2s-1 followed by red and blue. Blueberries treated
with light were reported to have higher phenolic content as compared to the control samples.
However, for illumination at 20 molm-2s-1, control samples had a higher phenolic activity for 10
days. When the values are compared for 2 ˚C, the total phenolic content is lower than the treatment
at 21˚C. For treatment of blueberries at 20 molm-2s-1, blue light was reported to have a maximum
phenolic activity of 73.615 ± 0.523 mg/ml at 2˚C. Initially green light had maximum effect
followed by red and blue for 40 molm-2s-1 with a decrease in total activity for all the light
treatments as compared to control samples. However, when total phenolics was determined for a
higher intensity of 60 molm-2s-1, blue light showed a major increase followed by green and red
for 15 days treatment as compared to the control.
The results presented above are somewhat similar to the study conducted by Kim et al., 2011.
Here, total phenolic content was found to increase by 13% when immature strawberries were
treated with LEDs of wavelength 385 nm, 470 nm, 525 nm and 630 nm. An illumination with 470
nm was found to have a maximum effect on the phenolic compounds in this study. The total
phenolic content was 172.75 mg/100g for the treatment period whereas it was 151.00 mg/100 g,
which was a 13% increase for the treated samples. (B. S. Kim et al., 2011). In a similar study by
Xu et al., 2014, the enhanced levels of phenolic content for the treatment of strawberries with blue
light (470 nm) at an intensity of 40 µmolm-2s-1 were also reported (Xu et al., 2014). Zhan, Hu, Li,
& Pang, 2012 also reported an increase in total phenolic content in immature broccoli by 1.6 times
after 7 days of treatment with light. Illumination with light induced the biosynthesis pathway for
the phenolic compounds (Zhan et al., 2012).
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Table 4.8 lists the results from ANOVA analysis of blueberries under the illumination with LEDs.
For TPC, the R2 value generated was 0.95534 with the adjusted R2 value of 0.73329. The model
generated was significant (p ˂ 0.0001) which signifies that it could be used to determine TPC
content in the blueberry extract. Temperature, treatment time and intensity were the significant
factors (p ˂ 0.0001) where wavelength was not (p = 0.132). However, it is important to understand
that light wavelength alone may not be able to affect the blueberry properties and help in nutritional
enhancement of fruit. However, when all the parameters were considered, the model was found to
be significant as was evident from the significance of interaction terms as temperature*intensity,
temperature*treatment time, intensity*treatment time and temperature*intensity*treatment time (p
≤ 0.05).
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Table 4. 7. Effect of LED illumination on total phenolic content (mg/ml) of blueberries at intensities of 20, 40 and 60 molm-2s1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period.
Day

Wavelength

I = 20 molm-2s-1

I = 40 molm-2s-1

I = 60 molm-2s-1

s

(nm)

T=21±1˚C

T = 2 ± 0.5˚C

T = 21 ± 1˚C

T = 2 ± 0.5˚C

T = 21 ± 1˚C

T = 2 ± 0.5˚C

5

630 (Red)

74.737 ± 3.351

20.745 ± 2.811

57.793 ± 3.930

46.075 ± 3.237

60.161 ± 8.725

43.669 ± 3.523

463 (Blue)

66.484 ± 11.564

24.375 ± 2.078

57.675 ± 4.145

44.971 ± 4.045

61.818 ± 7.731

50.060 ± 13.486

520 (Green)

82.261 ± 5.205

19.561 ± 2.316

68.446 ± 4.431

54.361 ± 5.526

65.645 ± 6.930

54.913 ± 7.846

(Dark)

82.945 ± 1.745

25.440 ± 1.618

61.187 ± 2.831

48.522 ± 9.857

61.187 ± 7.078

45.996 ± 13.391

630 (Red)

81.988 ± 3.901

19.364 ± 1.459

87.543 ± 15.049

58.740 ± 7.400

65.527 ± 3.290

41.222 ± 8.512

463 (Blue)

81.577 ± 4.043

26.742 ± 2.267

106.678 ± 19.384

57.991 ± 8.792

71.287 ± 10.755

58.622 ± 9.842

520 (Green)

80.392 ± 5.536

20.311 ± 2.796

89.121 ± 23.004

58.898 ± 12.751

64.738 ± 5.977

60.753 ± 15.132

(Dark)

85.316 ± 0.422

24.809 ± 2.932

80.322 ± 15.235

61.423 ± 12.263

64.580 ± 12.602

58.109 ± 2.426

630 (Red)

86.456 ± 0.335

19.325 ± 4.315

89.831 ± 6.868

37.435 ± 2.468

66.789 ± 5.765

57.991 ± 0.239

463 (Blue)

85.271 ± 1.440

26.466 ± 3.769

84.781 ± 24.884

45.641 ± 1.810

66.789 ± 10.613

73.615 ± 0.523

520 (Green)

85.772 ± 0.511

26.466 ± 1.642

96.262 ± 16.520

54.006 ± 4.894

77.284 ± 8.636

66.158 ± 0.451

86.092 ± 0.451

25.953 ± 0.278

91.962 ± 18.003

58.464 ± 5.767

59.332 ± 5.388

56.413 ± 0.735

Control

10

Control

15

Control
(Dark)
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Table 4. 8. Summary of results obtained from ANOVA for the effect of LED application on
the TPC (mg/ml) of blueberries.

TPC

Model
A: Temperature
B: Intensity
C: Treatment time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

R2 = 0.95534
DF
SS
179
99121.02
1
34112.96
2
20167.78
2
5538.081
9
1937.61
2
7244.747
2
1577.384
9
1765.612
4
2291.22
18
3435.295
18
1884.4
4
2343.43
36
3481.11
18
1259.892
18
3462.224
36
3818.037
36
4633.54
215
103754.6

R2 adj. = 0.73329
F-Ratio
p-value
4.3023
˂ 0.0001*
265.038
˂ 0.0001*
78.3461
˂ 0.0001*
21.5139
˂ 0.0001*
1.6727
0.132
28.1438
˂ 0.0001*
6.1277
0.0051*
1.5242
0.1769
4.4504
0.005*
1.4828
0.154
0.8134
0.6734
4.5518
0.0045*
0.7513
0.8025
0.5438
0.9155
1.4944
0.1494
0.824
0.7178

*indicates values are significant (p ≤ 0.05).
4.3.6. High Performance Liquid Chromatography (HPLC)
In order to quantify the phenolic compounds in blueberries and the effect of illumination of light
at variable wavelengths and intensities, the HPLC method was used. The compounds that were
detected in the methanolic extract of blueberries were ascorbic acid, chlorogenic acid, caffeic acid
and rutin. Tables 4.9 and 4.10 illustrates the data collected from the experimentation at room
temperature (21˚C) and cold temperature (2˚C), respectively It was observed that ascorbic acid
was present in a lower amount while chlorogenic acid, caffeic acid and rutin were present in the
greater quantities.
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At 21˚C and 2 ˚C, illumination with red, blue and green light resulted in an increase in ascorbic
acid, chlorogenic acid, caffeic acid and rutin levels as compared to control samples. At 21˚C, the
red light was observed to have maximum impact on the ascorbic acid with the highest values for
20 and 40 molm-2s-1 at 15 days period. However, for the intensity of 60 molm-2s-1, treatment
with a green light for 15 days had maximum ascorbic acid levels of 30.777 ± 11.536 µg/ml. Blue
light maintained the constant levels throughout the treatment period. However, for chlorogenic
acid content, blue light reported maximum increase at 20 and 40 molm-2s-1 at 15 and 10 days,
respectively, followed by red and green light at 60 molm-2s-1. Similarly, blue light showed a
maximum increase in the levels of caffeic acid and rutin for 20 and 40 molm-2s-1 with green light
having higher values at 60 molm-2s-1. Over the treatment period, blueberries were observed to
have an increasing ascorbic acid, chlorogenic acid, caffeic acid and rutin levels under the treatment
with red and blue light with blue light showing maximum impact. However, green light did show
an increase but in most of the cases, lower phenolic compounds were reported at 40 molm-2s-1.
At 2˚C, green light showed maximum ascorbic acid content at 5 and 10 days treatment at 20 and
60 molm-2s-1 followed by blue light at 40 molm-2s-1 for 5, 10 and 15 days. For chlorogenic acid,
caffeic acid and rutin, blue light showed a maximum effect at 20 and 60 molm-2s-1 over 15 days
period. However, for 40 molm-2s-1, green light reported maximum values for chlorogenic acid
and red light for caffeic acid and rutin. It is evident from the data presented that blue light showed
a large impact on the ascorbic, chlorogenic, caffeic acid and rutin levels followed by green and
red.
Similarly, in the study conducted by Wang et al., 2009, blueberries were treated with UV-C and
there was an increase in chlorogenic acid content with the treatment. However, the application of
light emitting diodes is known to enhance the total phenolic content (Zhan et al., 2012) (B. S. Kim
et al., 2011), but little is known about the quantification of specific phenolic compounds using
HPLC technique. Further studies are required to explore the effect of light using LEDs on the
phenolic compounds of ascorbic acid, chlorogenic acid, caffeic acid and rutin.
The ANOVA analysis of ascorbic acid, chlorogenic acid, caffeic acid and rutin content in blueberry
extract is summarized in Table S13, S14, S15 and S16. For chlorogenic acid, caffeic acid and rutin,
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the p-value of the model was found to be significant (p≤ 0.05) which indicates that it could be used
for the quantification of these compounds. For these compounds, temperature and intensity were
significant factors whereas wavelength was not. Treatment time was found to be a significant
factor for ascorbic acid and rutin. For ascorbic acid, treatment time was the only significant
parameter, however, its interaction term - temperature*treatment time, was also significant.
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Table 4. 9. Effect of LED illumination on ascorbic acid, chlorogenic acid, caffeic acid and rutin content (µg/ml) of blueberries
at intensities of 20, 40 and 60 molm-2s-1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period.

Intensity Days
I=20

5

10

15

I=40

5

10

15

Wavelength
(nm)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)

Ascorbic acid
(µg/ml)
17.899 ± 2.816
19.227 ± 0.800
20.257 ± 1.356
17.505 ± 0.981
17.691 ± 2.681
17.974 ± 2.097
17.202 ± 0.874
16.609 ± 0.501
22.361 ± 3.111
18.515 ± 2.841
20.078 ± 0.836
8.579 ± 1.726
18.304 ± 6.560
15.942 ± 0.206
15.125 ± 1.491
15.781 ± 1.287
38.882 ± 2.972
22.316 ± 16.911
20.228 ± 0.955
19.150 ± 2.518
46.175 ± 10.00

Room temperature (21˚C)
Chlorogenic acid
Caffeic acid
(µg/ml)
(µg/ml)
78.391 ± 3.524
41.360 ± 6.141
56.851 ± 34.063
24.954 ± 18.252
113.369 ± 32.173
43.776 ± 2.874
96.364 ± 10.443
52.018 ± 8.535
90.034 ± 39.996
44.267 ± 10.182
83.926 ± 21.543
41.525 ± 0.449
88.673 ± 22.077
39.733 ± 1.440
79.588 ± 38.152
63.736 ± 1.440
135.931 ± 55.287
50.018 ± 15.636
162.354 ± 28.042
71.738 ± 4.352
121.078 ± 12.736
61.823 ± 2.847
115.882 ± 40.791
50.022 ± 25.769
115.388 ± 25.584
80.096 ± 25.460
89.047 ± 22.344
59.080 ± 5.650
76.827 ± 0.310
50.218 ± 0.030
116.876 ± 33.675
59.024 ± 14.593
138.030 ± 64.578
79.305 ± 16.097
173.742 ± 18.947
118.621 ± 29.147
115.858 ± 52.655
75.222 ± 31.827
113.873 ± 4.347
66.723 ± 15.318
167.344 ± 20.969
86.464 ± 0.898
100

Rutin
(µg/ml)
24.720 ± 3.010
15.387 ± 10.486
26.860 ± 1.302
29.915 ± 3.046
26.729 ± 3.261
25.284 ± 1.804
25.297 ± 0.236
33.263 ± 6.297
32.081 ± 8.191
41.153 ± 4.471
35.307 ± 3.120
33.950 ± 14.222
61.909 ± 27.349
44.647 ± 4.313
44.831 ± 1.227
33.067 ± 5.214
53.997 ± 4.717
105.302 ± 53.387
42.421 ± 10.663
45.165 ± 2.991
88.906 ± 39.115

I=60

5

10

15

463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

28.600 ± 8.636
39.743 ± 15.711
11.797 ± 2.884
18.402 ± 7.952
13.864 ± 2.198
14.473 ± 0.722
15.075 ± 0.454
20.206 ± 1.855
17.993 ± 0.440
18.425 ± 2.259
18.699 ± 0.576
20.322 ± 0.420
19.075 ± 0.526
30.777 ± 11.536
20.127 ± 0.060

111.100 ± 14.890
115.863 ± 28.455
141.846 ± 54.577
108.294 ± 40.783
86.431 ± 3.645
110.743 ± 25.364
106.104 ± 15.366
96.717± 3.083
103.742 ± 24.665
100.271 ± 5.919
92.835 ± 30.313
85.764 ± 0.210
93.184 ± 27.582
105.244 ± 18.609
80.221 ± 12.247
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57.184 ± 6.948
74.869 ± 19.195
87.135 ± 33.637
60.226 ± 6.881
57.726 ± 0.104
66.491 ± 12.359
50.586 ± 9.631
65.033 ± 12.455
66.491 ± 11.842
58.517 ± 1.784
57.177 ± 14.711
63.271 ± 5.122
62.342 ± 13.051
70.590 ± 8.871
51.562 ± 7.580

110.052 ± 14.253
100.914 ± 53.216
62.495 ± 24.679
52.563 ± 5.673
52.285 ± 0.560
54.219 ± 8.678
44.358 ± 1.682
62.387 ± 5.024
66.541 ± 8.353
68.744 ± 0.512
59.938 ± 8.541
64.146 ± 7.451
79.968 ± 16.893
91.479 ± 14.963
40.860 ± 4.872

Table 4. 10. Effect of LED illumination on ascorbic acid, chlorogenic acid, caffeic acid and rutin content (µg/ml) of blueberries
at intensities of 20, 40 and 60 molm-2s-1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period.

Intensity

Days

I=20

5

10

15

I=40

5

10

15

Wavelength
(nm)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)

Ascorbic acid
(µg/ml)
16.627 ± 1.627
19.416 ± 1.601
22.591 ± 0.748
17.913 ± 3.443
16.185 ± 3.536
17.594 ± 3.390
19.410 ± 1.097
22.153 ± 0.183
19.774 ± 1.722
18.545 ± 3.424
16.758 ± 1.663
14.959 ± 2.356
10.897 ± 0.422
21.097 ± 6.119
14.840 ± 2.407
14.852 ± 1.724
15.691 ± 2.585
17.500 ± 3.035
16.376 ± 2.167
19.294 ± 0.081
15.355 ± 3.864

Cold temperature (2˚C)
Chlorogenic acid
Caffeic acid
(µg/ml)
(µg/ml)
27.934 ± 0.934
24.114 ± 0.114
36.057 ± 3.988
31.448 ± 4.013
29.855 ± 1.270
25.476 ± 3.449
37.319 ± 3.640
30.139 ± 0.223
31.102 ± 1.516
22.789 ± 1.310
41.960 ± 0.346
33.899 ± 2.54
33.475 ± 6.851
25.776 ± 6.339
45.485 ± 1.126
32.710 ± 0.350
25.393 ± 1.084
17.145 ± 1.535
40.543 ± 6.940
34.609 ± 8.850
38.629 ± 0.594
29.982 ± 0.450
39.656 ± 1.312
28.799 ± 3.316
82.636 ± 32.037
32.447 ± 2.705
75.349 ± 0.805
46.218 ± 1.016
109.405 ± 19.990
56.038 ± 3.267
105.462 ± 33.748
45.197 ± 9.029
94.448 ± 13.228
57.204 ± 5.757
78.469 ± 2.033
46.851 ± 4.752
131.098 ± 56.987
45.666 ± 3.914
137.548 ± 19.141
50.721 ± 13.188
58.537 ± 0.811
33.211 ± 1.420
102

Rutin
(µg/ml)
18.634 ± 0.634
23.106 ± 2.488
20.101 ± 1.000
22.229 ± 0.522
18.219 ± 1.148
23.263 ± 1.327
18.579 ± 3.238
24.945 ± 1.121
15.098 ± 1.813
22.981 ± 5.043
20.499 ± 0.990
20.267 ± 1.054
60.196 ± 23.685
46.732 ± 1.536
50.736 ± 1.688
42.468 ± 6.439
56.120 ± 2.706
51.982 ± 4.006
48.300 ± 0.977
52.630 ± 12.813
35.888 ± 1.380

I=60

5

10

15

463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)
630 (Red)
463 (Blue)
520 (Green)
Control (Dark)

20.340 ± 1.581
18.769 ± 2.236
16.916 ± 2.292
20.711 ± 3.464
20.025 ± 2.681
21.378 ± 2.535
20.477 ± 0.803
20.655 ± 0.212
20.751 ± 0.761
21.700 ± 1.515
16.512 ± 1.027
19.582 ± 1.129
20.893 ± 1.076
20.893 ± 1.076
17.464 ± 0.324

72.835 ± 0.630
80.918 ± 8.669
124.485 ± 5.896
65.228 ± 4.818
101.367 ± 15.900
82.209 ± 6.421
60.832 ± 32.468
53.688 ± 7.248
125.814 ± 5.522
97.294 ± 43.771
107.184 ± 2.240
80.771 ± 16.064
113.444 ± 13.485
110.542 ± 34.213
82.347 ± 13.917
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37.216 ± 1.560
41.427 ± 0.125
41.632 ± 0.305
30.829 ± 2.220
46.552 ± 4.154
34.424 ± 0.432
31.162 ± 13.090
17.445 ± 3.146
66.275 ± 3.640
45.097 ± 17.528
45.125 ± 2.647
39.878 ± 3.399
55.139 ± 7.602
51.232 ± 1.103
43.590 ± 6.868

41.196 ± 0.875
40.518 ± 0.078
41.734 ± 0.170
20.813 ± 1.538
26.661 ± 0.340
24.907 ± 1.986
21.127 ± 6.438
19.739 ± 2.477
40.955 ± 2.572
30.932 ± 10.00
28.348 ± 1.864
30.165 ± 0.908
35.164 ± 4.600
33.482 ± 2.070
27.434 ± 3.553

4.3.7. Determination of anthocyanin content
Different light intensities and wavelengths affect the anthocyanin content of blueberries and the
data is presented in Figure 4.5. The higher intensity of 40 and 60 molm-2s-1 at 10 days treatment
resulted in higher anthocyanin content under the illumination with blue light followed by red and
green at 21˚C. For 5 days treatment, the green light had maximum anthocyanin content followed
by red and blue light. Illumination of light resulted in higher levels of anthocyanin levels as
compared to control samples, however, at an intensity of 20 molm-2s-1, untreated blueberries kept
in dark had higher anthocyanin content for 5 and 10 days period at 21˚C. At 2˚C, maximum
anthocyanin content was observed for a blue light for all treatment periods followed by green and
red light for 60 molm-2s-1. Even for 20 molm-2s-1, blue light showed a maximum increase in
anthocyanin content followed by green (for 10 and 15 days) and red (for 5 days). Initially, there
was an increase for 5 and 10 days of treatment at 40 molm-2s-1, but for 15 days there was a
decrease under the illumination with light as compared to control samples. Overall, treatment with
blue light showed a maximum increase in anthocyanin activity in blueberries for 20 and 60 molms at 2˚C and 40 molm-2s-1 at 21˚C. Green light was seen showing higher anthocyanin content
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for 20, 40 and 60 molm-2s-1 21˚C for 5 and 15 days treatment. At 2˚C, red light showed the least
effect on the anthocyanin levels as compared to blue and green for all the light intensities.
Within agriculture literature, red and far-red light is reported to show an increase in anthocyanin
content in Chinese kale sprouts, red-leaf cabbage and blue light in buckwheat sprouts, baby leaf
lettuce and red-leaf lettuce. Moreover, blue light is shown to have a higher impact on anthocyanin
levels than red and far-red (Shi et al., 2014). However, at the post-harvest stage, there are very
limited studies for the effect of light on anthocyanin content. In the study conducted by Kim et al.,
2011, there was an increase in anthocyanin content for the strawberries kept under light and control
samples after 4 days. LED treatment with 470, 525 and 630 nm resulted in a 21% increase in
anthocyanin content than control samples, however, there was no major difference among the three
light wavelengths. The probable reason is that light is perceived by photoreceptors generating
responses that are associated with the production and accumulation of secondary metabolites (B.
S. Kim et al., 2011). However, the studies related to the exact mechanism behind the effect of light
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on the anthocyanin in fruits and vegetables at the post-harvest stage are limited. Shi et al., 2014,
reported a significant increase in anthocyanin content in Chinese bayberries on treatment at 40
molm-2s-1 for 8 days under the blue light. It is because of the enhanced expression of genes like
MrMyB1, MrDFR2, MrCHI and MrF3H induced by blue light. This increased expression causes
the accumulation of anthocyanins in the flavonoid biosynthesis pathway (Shi et al., 2014).
The ANOVA analysis of anthocyanin content is presented in Table 4.11, where the model was
found to be significant with p-value of 0.0113 ≤ 0.05. The R2 value was 0.90514 whereas adjusted
R2 value generated in the model was 0.43348. Temperature and treatment time and their interaction
terms (temperature*intensity and intensity*treatment time) were the significant factors whereas
treatment time and wavelength were not (p = 0.6191 and 0.3289, respectively).

Room Temperature (21˚C)

Anthocyanin Content (mg/100g)

400
350
300
250
200
150
100
50
0
I = 20
(5)

I = 20
(10)

I = 20
(15)

I = 40
(5)

I = 40
(10)

I = 40
(15)

I = 60
(5)

I = 60
(10)

Treatment Period at Given Intensity (Days)
Red

Blue

(a)
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Dark

I = 60
(15)

Cold Temperature (2˚C)

Anthocyanin Content (mg/100 g)

400
350
300
250
200
150
100
50
0

I = 20
(5)

I = 20
(10)

I = 20
(15)

I = 40
(5)

I = 40
(10)

I = 40
(15)

I = 60
(5)

I = 60
(10)

I = 60
(15)

Treatment Period at Given Intensity (Days)
Red

Blue

Green

Dark

(b)

Figure 4. 5. Effect of LED illumination on anthocyanin content (mg/100g) of blueberries at
intensities of 20, 40 and 60 molm-2s- at (a) 21˚C and (b) 2˚C for 5, 10 and 15 days
treatment period.
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Table 4. 11. Summary of results obtained from ANOVA for the effect of LED application
on the anthocyanin content (mg/100g) of blueberries.
Anthocyanin Content
R2 adj. = 0.43348
SS
F-Ratio
p-value
980494.7
1.9191
0.0113
388709.2
136.1822
˂ 0.0001
83572.34
14.6396
˂ 0.0001
2774.49
0.486
0.6191
30656.7
1.1934
0.3289
28086.82
4.92
0.0129
3424.21
0.5998
0.5543
28086.82
1.1116
0.3797
49500.04
4.3355
0.0058
49745.27
0.9682
0.513
44720.59
0.8704
0.6135
10891.83
0.954
0.4444
94557.15
0.9202
0.5978
30680.95
0.5972
0.878
47372.15
0.9229
0.5598
67746.27
0.6593
0.8919
10275.6
1083251

R2 = 0.90514
Model
A: Temperature
B: Intensity
C: Treatment time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

DF
179
1
2
2
9
2
2
9
4
18
18
4
36
18
18
36
36
215

*indicates values are significant (p ≤ 0.05).

4.4. Summary
Blueberries are a rich source of antioxidants and phenolic compounds contributing towards healthpromotion. However, the lower shelf life of fruit poses the problem in long-term storage and longdistance transportation. To regulate the shelf life and nutritional properties of blueberries, the effect
of LEDs was studied for light wavelengths of 463 (blue), 520 (green) and 630 nm (red) and
intensities (20, 40 and 60 molm-2s-1) at temperatures of 21 and 2˚C over 15 days period.
Blueberries displayed distinct responses to treatment with LEDs for colour, weight, diameter, TSS,
antioxidants, TPC and anthocyanin levels. Under some conditions, illumination with light showed
the higher effect as compared to control samples. Blue, red and green light were found to have
higher antioxidant activity and total phenolic content with least impact on weight and diameter of
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fruit. Total anthocyanin content was also found to increase under the illumination with light. Green
light was able to prevent an increase in TSS levels while blue and red light resulted in higher
values. The results obtained in this study implies that LED application to blueberries can help in
the regulation of ripening of fruit along with increasing the nutritional quality. Since the study
focused on the effect of LEDs on blueberries, future work could focus on the application for other
fruits and vegetables. Further work is required to understand the mechanism of the effect of light
and relation between different fruits and light to draw the potential of this cost-effective and energy
efficient technique.
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CHAPTER 5

SUMMARY, CONCLUSION, CONTRIBUTION TO
KNOWLEDGE AND FUTURE WORK

5.1.

Summary and conclusion

The current global challenge for food engineers is to feed the increasing population. The possible
ways to do so is to increase the production rate of food or to prevent the food wastage so as to
ensure the provision of quality and safe food to people. The application of light emitting diodes is
playing an important role in agriculture and can play an important role at the post-harvest stage to
fulfill the aforementioned requirement. At present, the technology of light emitting diodes (LEDs)
is being employed for agricultural advancements and horticultural production of fruits and
vegetables. The distinctive properties of LEDs make it a noteworthy choice. Some of these
properties include monochromatic emission, high photon flux, long life and non-thermal operation.
Lights of different wavelengths regulate key phytochemical processes such as photosynthesis and
production/assimilation of secondary metabolites in plants. Similarly, the use of LEDs can help in
regulating the senescence, controlling ripening rates, affecting the nutritional quality and reducing
the microbial spoilage in fruits and vegetables at the post-harvest stage. The application of LED
technology holds a potential for shelf life enhancement and management of post-harvest activities.
It can help the processors and distributors in bringing down wastage and help in the provision of
long-term storage and transportation. The work presented the application of LEDs in shelf life
extension and enhancement of nutritional quality of blueberries as blueberry is a highly perishable
fruit with high nutritional quality.
The first objective of this research was to evaluate the effect of LED lights of different wavelengths
on nutritional content and shelf life of blueberries for short treatment time and low photon flux
intensity. Blueberries were subjected to treatment with LEDs of wavelength 630, 463 and 520 nm
at photon flux intensity of 20 molm-2s-1 for 12 and 24 hours period. The effect on colour, weight,
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diameter, TSS, TPC, antioxidant and anthocyanin levels were determined. It was observed that
under the illumination with light, there was a huge variability in the measurements of phenolic,
antioxidant and anthocyanin content as compared to control samples. Treatment with light resulted
in an insignificant effect on weight, diameter and TSS of fruit. The randomness of results in these
parameters suggests that the effect was due to the fruit to fruit variation or the cellular mechanisms
of fruits that were not affected by light for short treatment period and low photon flux intensity.
Wavelength was found to be an insignificant factor in the statistical analysis, however, treatment
time was observed to be a significant factor for 24 hours period in some cases. The study implies
that other parameters of light such as photon flux intensity, temperature and treatment time need
further exploration, which were studied in the next study.
The second objective of this research was to analyse the effect of LEDs at different photon
intensities and temperatures for longer treatment time to increase the post-harvest shelf life.
Blueberries were treated with LEDs of wavelength 630, 463 and 520 nm at photon flux intensity
of 20, 40 and 60 molm-2s-1 for 5, 10 and 15 days. The effect on total phenolic content, DPPH
scavenging activity, FRAP activity and anthocyanin content were analysed and changes in weight,
diameter, TSS and colour of blueberries were measured. In addition, phenolic compounds such as
ascorbic acid, chlorogenic acid, caffeic acid and rutin were also quantified using HPLC. It was
reported that there were higher changes in weight and diameter under the effect of light as
compared to control samples. Lower L values were observed under the treatment of fruit with blue
and green light at 21˚C and 2˚C, respectively. Similarly, the fruits treated with green light had
lower TSS levels as compared to blue and red light at both the temperatures for three light
intensities, depicting that green light can prevent an increase in TSS and delay the ripening process.
Treatment with light also reported an increase in antioxidant activity with maximum FRAP activity
under green light for 20 and 60 molm-2s-1 at 21˚C and under blue (60 molm-2s-1) and red light
(40 molm-2s-1) at 2˚C. Red and blue light also reported a continuous increase of scavenging
activity on DPPH radicals over the treatment period at 21˚C and 2˚C, in addition to green light.
Moreover, enhanced levels of ascorbic acid, chlorogenic acid, caffeic acid and rutin were also
reported with the treatment of blue, green and red light. Blueberries treated with green light had
enhanced levels of anthocyanin content for 20, 40 and 60 molm-2s-1 21˚C for 5 and 15 days
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treatment. Temperature, treatment time, intensity and wavelength were the significant factors in
the study, either individually or in their interaction with each other. The results obtained in this
study imply that LED application to blueberries can help in the regulation of ripening of fruit along
with increasing the nutritional quality.

5.2.

Future work

The application of light emitting diodes (LEDs) for the shelf life extension of fruits and vegetables
is a novel approach in the post-harvest management of fruits and vegetables and is still at its
apprentice state. This study focused on the effect of LEDs on the blueberries, however, future
studies are required to draw the potential of this technology. The recommendations for future work
are mentioned below:
1. Design and optimization of an industrial scale LED technology.
2. Validation of technology on other fruits and vegetables with low shelf life such as peaches,
plums, strawberries etc.
3.

In this study, the effect of three wavelengths of light is studied at three photon flux
intensities. However, future work should aim at exploring the interaction of other
wavelength and intensities with fruits and vegetables.

4. Understanding the mechanism of the effect of LEDs for shelf life extension in collaboration
with plant agriculture to analyse the cellular processes and genetic changes happening
inside the fruit and vegetables.
5. The study quantified only ascorbic acid, chlorogenic acid, caffeic acid and rutin, so, the
future work should be carried out at quantification of other phenolic compounds present in
blueberries.
6. Economic analysis for industrial use of the application and consumer acceptability LED
treated fruits is another important concern that should be focused on future studies to build
the competence of the food system.
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APPENDICES
S.1. Design of Chamber
The LED treatment chamber for the shelf life extension of blueberries was built using a cardboard
box (Figure S1). The box was divided into twelve identical compartments and the inside walls
were painted black to minimize reflection. LED bulbs (Cree 5-mm Round LED, Newark, Canada)
of wavelengths – blue (463 nm), green (520 nm) and red (630 nm) were installed on the roof of
the compartment using bread boards. THORLABS CCS 200 compact spectrometer was used to
measure the LED wavelengths. The photon flux intensity of LED bulbs was measured using
photodiode (THOR DET 36A-Si Detector) and adjusted to 20, 40 and 60 molm-2s-1 by increasing
the number of LED bulbs and modifying the distance between LED bulbs and the blueberry
surface. Chambers without LED lights, were used to keep the control samples.
(a)
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(b)

(C)

Figures S 1. (a) and (b) Treatment chamber with LED lights of three colours (wavelengths)
– Blue (463 nm), green (520 nm) and red (630 nm) (c) Schematic of a compartment in
chamber with LED lights and blueberry as sample in petri plates.
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Table S 1. Summary of results obtained from ANOVA for the effect of LED application on
the L value of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24 hours
treatment period at 21˚C.

L value
R

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

2

DF
19
9
1
9
52
71

12 Hours
24 Hours
2
2
= 0.222538
R adj. = R = 0.237284 R2 adj. = 0.120417
0.06153
SS
F-Ratio p-value DF
SS
F-Ratio p-value
193.7525
0.7834 0.7148 19 297.9277 15.6804 2.0304
59.54677
0.5083 0.8619
9
80.29806 1.1553
0.3297
109.6477
8.4233 0.0054
1
107.3961 13.9061 0.0003*
6.55865
0.056
1
9
68.77819 0.9895
0.4522
676.8967
124 957.6453
870.6491
143 1255.573

*indicates values are significant (p ≤ 0.05).

Table S 2. Summary of results obtained from ANOVA for the effect of LED application on
the weight (g) changes of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24
hours treatment period at 21˚C.

Weight

Model
A: Wavelength
B: Treatment
Time
A*B
Error
Corrected Error

12 Hours
R2 = 0.201927 R2 adj. = -0.08968
DF
SS
F-Ratio p-value
19
1.04313
0.6925
0.809
9
0.390004 0.5466 0.8335
1
0.012917 0.1629 0.6881

24 Hours
R2 = 0.392007
R2 adj. = 0.298846
DF
SS
F-Ratio p-value
19
4.225115
4.2079 ˂ 0.001*
9
0.862683
1.8138
0.072
1
2.708178 51.2454 ˂ 0.001*

9
52
71

9
124
143

0.623779
4.122745
5.165875

0.8742

0.5538

*indicates values are significant (p ≤ 0.05).
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0.917516
6.553058
10.77817

1.9291

0.0536

Table S 3. Summary of results obtained from ANOVA for the effect of LED application on
the diameter (Cm) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24 hours
treatment period at 21˚C.

Diameter
2

Model
A: Wavelength
B: Treatment
Time
A*B
Error
Corrected Error

R
DF
19
9
1

12 Hours
= 0.272022
R2 adj. = 0.00603
SS
F-Ratio p-value
0.160469 1.0227 0.4531
0.060942 0.8199 0.6005
0.024776 3.0001 0.0892

9
52
71

0.080288
0.429443
0.589911

1.0802

0.393

24 Hours
R = 0.369165
R2 adj. = 0.272504
DF
SS
F-Ratio
p-value
19 0.382999 3.8192
˂ 0.001*
9
0.0656
1.381
0.2037
1 0.248762 47.1315 ˂ 0.001*
2

9 0.078877
124 0.654476
143 1.037475

1.6605

0.1056

*indicates values are significant (p ≤ 0.05).
Table S 4. Summary of results obtained from ANOVA for the effect of LED application on
TSS (Brix) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24 hours treatment
period at 21˚C.

TSS
12 Hours
R = 0.170106
R2 adj. = 0.13312
DF
SS
F-Ratio p-value
19 35.54876 0.561
0.9166
9
9.08
0.3025 0.9707
1 0.931293 0.2792 0.5995
9 25.61371 0.8533 0.5717
52 173.4312
71
208.98
2

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

*indicates values are significant (p ≤ 0.05).
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24 Hours
R = 0.094698
R2 adj. = -0.04402
2

DF
19
9
1
9
124
143

SS
59.35427
35.825
3.766341
19.07777
567.4213
626.7756

F-Ratio
0.6827
0.8699
0.8231
0.4632

p-value
0.8301
0.5541
0.366
0.8967

Table S 5. Summary of results obtained from ANOVA for the effect of LED application on
the DPPH activity (%) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24
hours treatment period at 21˚C.

DPPH
12 Hours
R = 0.405746
R2 adj. =
0.188614
DF
SS
F-Ratio p-value
19 5557.334 1.8687 0.0387
9
932.2206 0.6618 0.7391
1
2729.431 17.4378 0.6358

DF
19
9
1

SS
24540.57
3004.139
16577.19

F-Ratio
4.7753
1.2341
61.2886

p-value
˂ 0.001
0.2804
˂ 0.001

9
52
71

9
123
142

1626.492
33268.74
57809.32

0.6682

0.7363

2

Model
A: Wavelength
B: Treatment
Time
A*B
Error
Corrected Error

1098.189
8139.26
13696.59

0.7796

0.6358

24 Hours
R = 0.424509
R2 adj. = 0.335612
2

*indicates values are significant (p ≤ 0.05).
Table S 6. Summary of results obtained from ANOVA for the effect of LED application on
the FRAP activity (mg AAE/ 100g) of blueberries at intensities of 20 molm-2s-1 at 21˚C for
12 and 24 hours treatment period at 21˚C.

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

FRAP
12 Hours
R2 = 0.516149
R2 adj. = 0.05842
DF
SS
F-Ratio p-value
19 361.8718 0.8983 0.5927
9 156.1446 0.8183 0.6081
1
8.07018 0.3806 0.5459
9 202.5139 1.0613 0.4385
16 339.2273
35 701.0991

*indicates values are significant (p ≤ 0.05).
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24 Hours
R = 0.304889
R2 adj. = 0.050906
2

DF
19
9
1
9
52
71

SS
127806.4
57884.64
62.892
67943.07
291383.6
419190

F-Ratio
1.2004
1.1478
0.0112
1.3472

p-value
0.2933
0.3475
0.916
0.2364

Table S 7. Summary of results obtained from ANOVA for the effect of LED application on
TPC content (mg/ml) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12 and 24
hours treatment period at 21˚C.

TPC
12 Hours
R = 0.283327 R2 adj. = 0.021465
DF
SS
F-Ratio p-value
19 3835.244 1.082
0.395
9 1183.538 0.7049
0.7016
1 543.7167 2.9144
0.0938
9 1624.948 0.9678
0.477
52 9701.229
71 13536.47
2

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

24 Hours
R = 0.116864 R2 adj. = -0.01846
DF
SS
F-Ratio p-value
19 1454.052 0.8636 0.6276
9
499.4714 0.6263 0.7728
1
580.0754
6.546 0.0117*
9
524.1266 0.6572
0.746
124 10988.22
143 12442.28
2

*indicates values are significant (p ≤ 0.05).
Table S 8. Summary of results obtained from ANOVA for the effect of LED application on
the ascorbic acid content (µg/ml) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12
and 24 hours treatment period at 21˚C.

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

Ascorbic acid
12 Hours
2
R = 0.516149 R2 adj. = -0.05842
DF
SS
F-Ratio p-value
19 361.8718 0.8983
0.5927
9 156.1446 0.8183
0.6081
1
8.07018 0.3806
0.5459
9 202.5139 1.0613
0.4385
16 339.2273
35 701.0991

*indicates values are significant (p ≤ 0.05).
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24 Hours
R = 0.192985 R2 adj. = -0.10189
DF
SS
F-Ratio p-value
19 114.5951 0.6545
0.8443
9 27.05444 0.3262
0.9625
1 45.02886 4.8862 0.0315*
9 43.51263 0.5246
0.85
52 479.2075
71 593.8026
2

Table S 9. Summary of results obtained from ANOVA for the effect of LED application on
chlorogenic acid content (µg/ml) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12
and 24 hours treatment period at 21˚C.

Model
A: Wavelength
B: Treatment
Time
A*B
Error
Corrected Error

Chlorogenic acid
12 Hours
2
R = 0.785638 R2 adj. = 0.531083
DF
SS
F-Ratio p-value
19 37979.86 1998.94 3.0863
9 15615.14 2.6788
0.0411
1 2672.847 4.1268
0.0592

24 Hours
R = 0.351211 R2 adj. = 0.114153
DF
SS
F-Ratio p-value
19 35406.66 1.4815
0.132
9 9376.177 0.8283
0.5933
1
524.989
0.4174
0.5211

9
16
35

9
52
71

17836.43
10362.83
48342.69

3.0599

0.0246

2

23509.67
65406.47
100813.1

2.0768

0.0488*

*indicates values are significant (p ≤ 0.05).
Table S 10. Summary of results obtained from ANOVA for the effect of LED application on
the caffeic acid content (µg/ml) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12
and 24 hours treatment period at 21˚C.

Model
A: Wavelength
B: Treatment
Time
A*B
Error
Corrected Error

Caffeic acid
12 Hours
2
R = 0.654683 R2 adj. = 0.244619
DF
SS
F-Ratio p-value
19
1462.1
1.5965
0.1744
9 563.4185 1.2988
0.3103
1 18.28031 0.3793
0.5467

24 Hours
R = 0.391008 R2 adj. = 0.168491
DF
SS
F-Ratio p-value
19 988.3393 1.7572
0.0556
9
427.594 1.6049
0.1384
1
0.08221 0.0028
0.9582

9
16
35

9
52
71

848.4012
771.1948
2233.295

1.9558

*indicates values are significant (p ≤ 0.05).
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0.1159

2

518.7874
1539.334
2527.673

1.9472

0.0653

Table S 11. Summary of results obtained from ANOVA for the effect of LED application on
the rutin content levels (µg/ml) of blueberries at intensities of 20 molm-2s-1 at 21˚C for 12
and 24 hours treatment period at 21˚C.

Rutin
12 Hours
R = 0.688782
R2 adj. = 0.31921
DF
SS
F-Ratio p-value
19 656.8748 1.8637 0.1067
9
179.3499 1.0743 0.4305
1
11.74657 0.6332 0.4378
9
457.2874 2.7391 0.0378
16 296.8017
35 953.6765
2

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

24 Hours
R = 0.281561 R2 adj. = 0.019055
DF
SS
F-Ratio p-value
19 602.1934 1.0726
0.4039
9
168.8487 0.6349
0.762
1
191.714
6.4879 0.0139*
9
340.2685 1.2795
0.2704
52 1536.573
71 2138.766
2

*indicates values are significant (p ≤ 0.05).
Table S 12. Summary of results obtained from ANOVA for the effect of LED application on
the anthocyanin content (mg/100g) of blueberries at intensities of 20 molm-2s-1 at 21˚C for
12 and 24 hours treatment period at 21˚C.

Model
A: Wavelength
B: Treatment Time
A*B
Error
Corrected Error

Anthocyanin
12 Hours
2
R = 0.485248 R2 adj. = -0.12602
DF
SS
F-Ratio p-value
19 77916.47 0.7938 0.6876
9
14287.93 0.3073 0.9612
1
1189.494 0.2303 0.6378
9
61570.19 1.3243 0.2988
16 82653.97
35 160570.5

*indicates values are significant (p ≤ 0.05).
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24 Hours
R = 0.286598
R2 adj. = 0.025932
DF
SS
F-Ratio
p-value
19 39984.59
1.0995
0.3787
9
12377.5
0.7185
0.6896
1
1146.739
0.5991
0.4424
9
23543.55
1.3667
0.2273
52 99529.92
71 139514.5
2

Table S 13. Summary of results obtained from ANOVA for the effect of LED application on
the ascorbic acid content(µg/ml) of blueberries at intensities of 20, 40 and 60 molm-2s-1 at
21˚C and 2˚C for 5, 10 and 15 days treatment period at 21˚C and 2˚C.

2

Model
A: Temperature
B: Intensity
C: Treatment Time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

R = 0.510054
DF
SS
31
1191.3189
1
65.1416
1
22.21833
1
146.01815
3
175.07889
1
0.64751
1
150.06431
3
215.67192
1
41.84753
3
5.36252
3
148.73715
1
30.20588
3
55.09279
3
97.31837
3
25.42757
3
12.4864
40
1144.3511
71
2335.67

*indicates values are significant (p ≤ 0.05).
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Ascorbic acid
R2 adj. = 0.130347
F-Ratio
p-value
1.3433
0.1883
2.277
0.1392
0.7766
0.3834
5.104
0.0294*
2.0399
0.1237
0.0226
0.8812
5.2454
0.0274*
2.5129
0.0722
1.4628
0.2336
0.0625
0.9793
1.733
0.1757
1.0558
0.3103
0.6419
0.5926
1.1339
0.347
0.2963
0.8279
0.1455
0.932

Table S 14. Summary of results obtained from ANOVA for the effect of LED application
on the chlorogenic acid content (µg/ml) of blueberries at intensities of 20, 40 and 60 molm2s-1 at 21˚C and 2˚C for 5, 10 and 15 days treatment period at 21˚C and 2˚C.

2

Model
A: Temperature
B: Intensity
C: Treatment Time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

R = 0.633033
DF
SS
31
52988.5
1
20283.2
1
7510.53
1
2346.03
3
724.714
1
10390.1
1
1070.49
3
2930.79
1
935.465
3
604.448
3
490.025
1
2847.13
3
674.561
3
1073.87
3
680.961
3
426.218
40
30717.3
71
83705.8

Chlorogenic acid
R2 adj. = 0.348634
F-Ratio
p-value
2.2259
0.0089*
26.4128
˂0.0001*
9.7802
0.00338
3.055
0.0882
0.3146
0.8147
13.5299
0.0007*
1.394
0.2447
1.2722
0.2969
1.2182
0.2763
0.2624
0.8521
0.2127
0.887
3.7075
0.0613
0.2928
0.8303
0.4661
0.7075
0.2956
0.8283
0.185
0.906

*indicates values are significant (p ≤ 0.05).

131

Table S 15. Summary of results obtained from ANOVA for the effect of LED application
on the caffeic acid content (µg/ml) of blueberries at intensities of 20, 40 and 60 molm-2s-1
at 21˚C and 2˚C for 5, 10 and 15 days treatment period at 21˚C and 2˚C.

2

Model
A: Temperature
B: Intensity
C: Treatment Time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

R = 0.0.901969
DF
SS
31
2106366.2
1
1857892.5
1
70816.1
1
2403.1
3
42458.6
1
50284.9
1
67
3
44724.2
1
5418.4
3
11738.5
3
223.2
1
8908.3
3
1546.7
3
209.7
3
9371.2
3
303.9
40
228932.5
71
2335298.7

*indicates values are significant (p ≤ 0.05).
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Caffeic acid
R2 adj. = 0.825994
F-Ratio
p-value
11.872
˂0.0001*
324.618
˂0.0001*
12.3733
0.0011*
0.4199
0.5207
2.4728
0.0755
8.786
0.0051*
0.0117
0.9144
2.6048
0.0651
0.9467
0.3364
0.6837
0.5673
0.013
0.9979
1.5565
0.2194
0.0901
0.9651
0.0122
0.9981
0.5458
0.6538
0.0177
0.9967

Table S 16. Summary of results obtained from ANOVA for the effect of LED application
on the rutin content (µg/ml) of blueberries at intensities of 20, 40 and 60 molm-2s-1 at 21˚C
and 2˚C for 5, 10 and 15 days treatment period at 21˚C and 2˚C.

Rutin
2

Model
A: Temperature
B: Intensity
C: Treatment Time
D: Wavelength
A*B
A*C
A*D
B*C
B*D
C*D
A*B*C
B*C*D
A*C*D
A*B*D
A*B*C*D
Error
Corrected Error

DF
31
1
1
1
3
1
1
3
1
3
3
1
3
3
3
3
40
71

R2 adj. = 0.331933
F-Ratio
p-value
2.138
0.0121*
22.9538
˂0.0001*
15.0515
0.0004*
5.2562
0.0272*
1.0716
0.372
5.7291
0.0215*
6.2884
0.0163*
0.5303
0.6641
0.42
0.5206
0.5451
0.6543
0.5887
0.626
0.0109
0.9173
0.0922
0.9639
0.4299
0.7327
0.1639
0.9201
0.1006
0.9592

R = 0.623624
SS
21078.6
7300.19
4786.97
1671.66
1022.46
1822.08
1999.94
505.95
133.584
520.069
561.675
3.4736
88.0103
410.155
156.359
95.987
12721.5
33800.1

*indicates values are significant (p ≤ 0.05).
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