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ABSTRACT

The changes in total polyphenolics in elderberry (Sambucus nigra) following treatment with various doses of pulsed
ultraviolet rays (UV) were investigated. Four pulsed UV durations (5, 10, 20, 30 seconds) at three energy dosages (4500,
6000, 11,000 J/m*/pulse) were considered for the research. All treated elderberry fruits were incubated for 24 h at room
temperature (25°C) following treatment to ensure enough response duration for enhanced development of polyphenols
by the berries. The highest increase in total phenolics around 50% was found with 11,000 J/m*/pulse for a 10 seconds
treatment while nearly 40% increase in total phenolics was found at an energy dosage of 11,000 J/m*/pulse after 5 sec-
onds exposure. Even though most of the treatments indicated an increase in total polyphenols, some treatment expressed

a decrease in phenolics content when compared to untreated fruits.

Keywords: Elderberry; Antioxidant; Polyphenols; Pulsed Ultraviolet Light; Abiotic

1. Introduction

During growth and development, plants are subjected to
diverse types of stresses, such as drought, heat, ultravio-
let light, pathogen attack etc. [1]. Plants physiologically
and biochemically suffer from these stresses. Generally,
any changes in growth condition, of plant’s natural habi-
tat, that modifies or interrupts its metabolic homeostasis
could be defined as environmental stress [2]. Such ch-
anges in growth condition involve an adjustment of the
metabolic pathways, aimed at accomplishing a new state
of homeostasis, in a process that is usually referred to as
acclimation [3,4]. Several different stages are involved in
this acclimation and three different types of compounds
are imperative for this process. These compounds are
mostly antioxidants or osmoprotectants, byproducts of
stress and signal transduction molecules [2].

The signal transductions are generally categorized into
two groups. First group of signal transductions could be
newly synthesized compounds or compounds released
from conjugated forms or different by-products of stress
metabolism. The second group of signal transductions is
the by-products from the membrane degradation or reac-
tive oxygen species or phenolic compounds and antioxi-
dants [5,6].

The injuries or sufferance caused due to the stresses
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are mostly reflected in the metabolic pathways [7-9],
which leads to the reduction in the growth capacity of
plants. Stresses such as thermal stress usually induce the
production of polyphenolic compounds such as flavon-
oids and phenylpropanoids and there are many suppor-
tive research [10-13] confirming this phenomenon.

Polyphenols are the antioxidants which are abundantly
available in our diet in fruits and vegetables. Generally,
fruits and vegetables contain a variety of antioxidant
compounds [14], such as polyphenolic compounds. Anti-
oxidants such as polyphenols are important from the
point of view of their free radical scavenging activity
[15], and capable of preventing or reducing oxidative
damage to human cells [16]. Free radicals can be defined
as atoms or group of atoms with unpaired number of
electrons. Free radicals are mainly formed when certain
molecules interact with oxygen. The important thing
about free radicals is their potential damage to cells by
reacting with important cell components such as polyun-
saturated fatty acids in cellular membranes, nucleotides
in DNA, and critical sulfhydryl bonds in proteins [17].
These damages can lead to many diseases such as cancer
[18] and accelerate the aging process [19].

Consumption of fruits and vegetables is inversely
proportional to heart diseases and various cancers [20].
This character of disease prevention is mainly attributed
to the presence of phytochemicals, natural antioxidants,
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fibres and other bioactive compounds [21]. Among phy-
tochemicals of interest, the group of phenols and poly-
phenols exhibits excellent antioxidant properties [22].
Polyphenols are gaining attention from consumers and
manufacturers as consumption of polyphenols rich fruits
and vegetables or other foods and beverages may have
many health benefits which include the prevention of
chronic diseases such as cancer and cardiovascular dis-
eases [23-26].

Elderberries (Sambucus nigra) are gaining attention
due to their potential health promoting properties since
many researchers have demonstrated the polyphenols and
anthocyanin content of elderberry and their bioavailable
antioxidant properties [27-29]. The color pigments from
elderberry have high anthocyanin content [29], rich in
organic acids, and polyphenols [30]. These properties
make elderberries an attractive nutritional supplement in
food applications. Elderberry has a high anthocyanin
content of 863 mg/L [31]. Cyanidin-3-sambubioside and
cyanidin-3-glucoside are the two major anthocyanins in
elderberry and contribute around 85% of the total antho-
cyanins content of the fruit [32].

Elderberries are predominately grown in northern and
central Europe and North America. Commercial elder-
berry production is mostly concentrated in the United
States, Denmark, Italy, and Austria [33]. Elderberries are
mainly used for the production of juice and concentrates,
however they can be useful to manufacture syrup, wine,
jelly, pie filling, desserts, cakes, candies, etc. [31].

The plant production of berry phenolic compounds can
be induced by various abiotic stress conditions [34].
Many studies [35-38] have been conducted to enhance
the nutritional value of fruits using continuous UV light
as an abiotic stress. Pulsed ultraviolet light technology is
generally seen as an alternative to thermal treatment of
food surfaces and mainly used in microbial inactivation
of food material. Non-thermal processing of foods using
pulsed light technology has been shown to be an eff-
ective and attractive alternative to thermal processing of
foods [39] and many researchers [40-43] demonstrated
the effective use of pulsed light technology in microbial
inactivation of foods. Pulsed light technology has been
shown to be more effective in microbial destruction and
inactivation than continuous ultraviolet light [44-46]. On
the other hand, the application of Pulsed UV light tech-
nology in nutraceutical development in foods is in its
budding stage and very little research has been done on
using pulsed UV technology for enhancing the concen-
tration of secondary metabolites in fruits and vegetables
[47].

The enhancement of the vitamin D, content in mush-
rooms using pulsed UV light technology was already
demonstrated [48]. This is a good example of the poten-
tial use of pulsed UV light for the improvement of the
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nutritional/health properties of fruits and vegetables via
plant metabolic stress response. The effective use of
pulsed light technology in microbial destruction when
compared to continuous UV has been established in
many occasions, while the effectiveness of pulsed light
on the stimulating plant metabolic response has not es-
tablished. This research work was intended to demon-
strate the effectiveness of pulsed light technology to en-
hance the polyphenolic content of elderberry fruit. It
would be an important step to promote pulsed light te-
chnology in handling and post-harvest treatment of fruits
and vegetables to enhance the nutraceutical content.

2. Materials and Methods
2.1. Sample Preparation

Matured, fully ripen elderberry (Sambucus nigra) fruits
were selectively harvested from a farm located in Frank-
lin, Quebec, Canada, and brought into the laboratory. The
harvested elderberries were cleaned manually in order to
remove foreign materials and insects. The cleaned elder-
berries were stored at 4°C refrigeration temperature prior
to pulsed UV treatment. The fruits were brought to room
temperature just before the pulsed UV treatment and fol-
lowing the pulsed UV treatment the elderberries were
stored at 4°C refrigerated temperature for 24 hours to
ensure enough time to the hormetic response (plant
metabolic stress response) from the fruit. After pulsed
UV treatment, the berries were kept under deep freeze at
the temperature of —80°C until further processing or
analysis.

2.2. Reagents and Standards

Sodium Carbonate (anhydrous), Folin-Ciocalteu reagent,
Gallic acid (anhydrous) and deionised water were used in
the experiment. All reagents and chemicals used were of
analytical grade (Fisher Scientific International, Inc.).

2.3. Pulsed UV Light System

The Xenon pulsed UV system RC-747 (Figure 1) was
used in the experiment. The pulsed UV system consists
of three major components and they are,

1) Power and control module;

2) UV heating chamber;

3) Cooling system.

The power and control module has all the controls
necessary for operating the pulsed UV treatment (treat-
ment duration, treatment intensity etc.). The UV heating
chamber consists of a UV lamp and sample holder. The
UV lamp is placed at the top-middle of the chamber and
the systemis secured by a door to prevent UV light leak-
age. The sample holder can be placed inside the chamber
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Figure 1. Schematic diagram of Xenon Pulsed UV system
[42].

at various heights thus achieving different distances from
the UV light source. The energy received by the sample
holder varies, depending upon the distance from the UV
source and the energy received was calculated by fol-
lowing the equipment’s calibration. A cooling system
was connected to the UV heating chamber to cool the
system during the treatment. The cooling system draws
the air inside the UV chamber using a motor and a duct
connected to the UV heating chamber. The UV system
has a capacity of pulsed ultra violet light energy from 0
to 12,000 J/m?/pulse at the rate of 3 pulses per second.

2.4. Pulsed UV Light Treatment Setup

The total area of the sample holder plate in the pulsed
UV system was 0.061845 m® which was divided into five
different zones (Figure 2) to check the effect of pulsed
UV light at various locations on the holding plate. Zones
“B”, “C”, “E”, and “F” are divided equally with the area
of 0.0103075 m” and the zone “R” was establishedwith
the area of 0.00555 m’® just below the UV light. Three
energy levels were considered for the experiment i.e.
4500, 6000 and 11,000 J/mz/pulse and four treatment
durations were considered namely 5, 10, 20 and 30 s. The
elderberries were treated with pulsed UV light in the
system at all three energy levels with all possible dura-
tion and zone placement combinations. All 60 treatments
were completed in triplicates. At the end of each treat-

ment experiment, the elderberry fruits were stored for 24
h under refrigerated conditions to ensure enough response
duration for the stress induced response development of
polyphenols in the berries. After the 24 h rest period fol-
lowing treatment, the total polyphenols contents of ber-
ries were analyzed and percentage gain was calculated in
comparison with control fruits (untreated).

2.5. Determination of Polyphenolic Content

The total polyphenolic content was determined using
Folin-Ciocalteu method. The absorbance was measured
at 765 x 10~° m with a spectrophotometer (BIOCHROM-
Ultrospec 1000™). The results were expressed in mil-
ligrams of gallic acid equivalents (GAE) per 0.1 kg of
fresh weight of fruit.

2.6. Statistical Analysis

A three-level Analysis of Variance (ANOVA) was car-
ried out with the confidence level of 95% (P < 0.05) to
determine the significant difference of pulsed UV treat-
ment effect on total polyphenolic content of elderberries
using the GLM model method. SAS (Windows version
9.2) software was used for the statistical analysis and
Microsoft Excel (Windows version 12) was used to in-
terpret the results. The statistical analysis results were
presented in Table 1.

3. Results and Discussion

Researchers have demonstrated the effect of ultraviolet
light treatment to improve the shelf life of fruits by sur-
face disinfection [49-52] however, very few have ex-
plored its effect on nutritional content and specifically
the concentration of secondary metabolites of health en-
hancing benefits such as antioxidants [53,54].
Enhancement of flavonoids content by UV treatment
in Faba bean leaves and birch leaves have been demon-
strated [55,56]. Flavonoids increase in Faba bean (Vicia
aba L. cv. Broad Windsor) leaves was determined fol-
lowing UV exposure [55]. Similarly, an increase in sev-
eral flavonoids with condensed tannins was found in
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Figure 2. Zones arrangement on the holding plate.
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Table 1. Statistical analysis of pulsed ultraviolet treatments.

Source DF Type III SS Mean Square F Value Pr>F
Zone 4 306.228267 76.557067 2.05 0.091
Time 3 5713.797958 1904.599319 50.91 <0.0001
Energy 2 8701.560248 4350.780124 116.3 <0.0001
Zone and Time 12 337.266209 28.105517 0.75 0.6991
Zone and Energy 8 568.998363 71.124795 1.9 0.0641
Time and Energy 6 5288.173806 881.362301 23.56 <0.0001

birch leaves following exposures to UV-B [56]. This
indicates that UV treatments can have an impact in
stimulating the synthesis of plant’s secondary metabo-
lites such as polyphenols.

The pulsed light treatment was given to the whole el-
derberry fruits. The fruits were placed on the sample
holder in the UV heating chamber and the pulsed light
treatment was given for the specified time determined by
the experimental setup. Elderberry fruits were turned
manually twice during the treatment to ensure even app-
lication of pulsed light to the elderberry fruit’s surface.
The sample holder was placed at different locations away
from the lamp to get the specified energy levels. The
treatment results were plotted in a chart as a function of
the zones of exposure, presenting zones on the x axis and
percentage polyphenolic gain on the y axis. The poly-
phenolic content increase or decrease in the berries as a
result of each treatment is shown in Figures 3-6.

All treatment durations (such as 5, 10, 20, 30 seconds)
showed no particular trend. For example, 5 seconds
treatment (Figure 3) at 4500 J/m*/pulse and 11,000 J/m*/
pulse treatments showed an overall percentage increase
in polyphenolic content for all zones, while the energy
level of 6000 J/m*/pulse showed mixed results of in-
crease and decrease in phenolic content in 5 seconds
treatment of pulsed light. Except for zones “F” & “E”, all
zones actually expressed a decrease in polyphenolic con-
tent with 6000 J/m*/pulse energy level. The polyphenolic
content was decreased by 4.95% in zone “R”, by 0.88%
in zone “C” and 6.22% in zone “B”. However, zones “E”
and “F” showed an increase of 7.66% and 0.61% for the
same treatment.

Similar results were observed in continuous type UV
treatment for strawberry [57]. They found there is no
significant difference between lower dosage and higher
dosage UV treatment of strawberries. Likewise, in an
experiment it was found that there was no significant
difference between two energy levels of 250 and 1000
J/m® in terms of anthocyanin enhancement, however
color development followed by UV plus white light
treatment in royal Gala apple was dose dependent [58].
Similarly, in the current elderberry experiment, the
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pulsed UV treatment did not follow any specific trend to
increase or decrease the phenolic content of elderberry
fruits in these particular energy levels.

The energy level of 4500 J/m?*/pulse increased the
phenolic content in all zones following 5 seconds pulsed
light treatment. Zone “R” was the highest increase in
polyphenolic content of 16.87% and zone “B” showed
the lowest increase with 5.8% (Figure 3). Even though,
the 4500 J/m*/pulse energy level increased the phenolic
content in all zones, the standard deviations of the repli-
cates were higher when compared to results obtained at
the energy level of 11,000 J/m*/pulse. The energy level
of 11,000 J/m*/pulse resulted in higher phenolic content
development when compared to other energy levels for
the 5 seconds duration treatment. The energy level in-
creased the phenolic content ranging from 42.95% to
47.9% as compared to non-treated control samples. Zone
“B” obtained the highest increase (47.9%) among all
zones in the same treatment duration, but the statistical
analysis showed that the zones were not the deciding
factor to the increase or decrease in the phenolic content
of the fruit subjected to pulsed UV treatment.

The 10 seconds treatments followed a trend similar to
the 5 seconds treatment in the increasing or decreasing
effects on the total polyphenolics contents. Likewise,
with the exception of the energy level of 6000 J/m?/pulse,
all energy levels and zone combinations brought an in-
crease in the phenolic content of the berry fruit. Both the
5 seconds and 10 seconds treatments at the energy levels
of 4500 J/m*/pulse and 11,000 J/m*/pulse showed in-
crease in phenolic content in all zones while the energy
level of 6000 J/m*/pulse showed mixed results. This
trend of polyphenolic content increase or decrease ch-
anged for the 20 s and 30 s treatment durations. The re-
sults from the 20 s and 30 s duration treatments were not
consistent in all zones and showed increase as well as
decrease in different zones for the same energy level
(Figures 5 and 6).

Interestingly, pulsed light treatment significantly in-
creased the temperature of the elderberry fruit. The tem-
perature rise was depended upon the energy level and the
treatment duration. The higher energy level and higher
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Figure 6. Percentage gain in mg GAE/g in 30 s treatment duration for different energy levels and different exposure zones.

treatment durations produced more heat on the fruit when
compared to the lower energy level and lower treatment
duration. Hence, the pulsed light treatment caused two
different stresses on the elderberry fruit, the stress caused
by the pulsed UV light and the thermal stress created by
the UV light’s temperature increase on the surface of the
fruits. Thermal stresses have also been demonstrated to
induce the production of phenolic compounds in plants.
Through increased activity of Phenylalanine ammonia-
lyase (PAL) is considered to be the primary enzyme of
the phenylpropanoid pathway [59], where this enzyme
catalyzes the transformation of I-Phenyalanine into trans-
cinnamic acid, by deamination which is the prime inter-
cessor in the biosynthesis of phenolics in plants [60,61].
Phenylalanine ammonia-lyase stimulated and increases in
activity in the response to the thermal stress and impera-
tive in terms of cell acclimation against stress in plants
[59,61,62].

Even though the thermal stress can be applied to in-
crease or induce the development of secondary metabo-
lites such as phenolic compounds in plants, there are
some limitations on the dosage of the thermal stress that
can be tolerated by the plant. Over dosage of thermal
stress can definitely produce sever damages to the plant
or fruits and these damages are mostly irreversible.
Similarly with the pulsed light treatment, the higher en-
ergy level of 11,000 J/m*/pulse for durations of 30 sec-
onds slightly damaged the fruit’s skin with apparent skin
discoloration. It implies that only limited dosage of the
pulsed light should be applied to the elderberry fruit and
product damage could be the reason for the mixed results
obtained with the 20 and 30 seconds treatments at higher
energy levels.

The phenolic content of the fruit increased at the en-
ergy level of 4500 J/m?/pulse followed by a decrease for
the energy level of 6000 J/m*/pulse, while 11,000 J/m*/
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pulse energy level increased the phenolic content of the
fruit to highest level when compared to the other two
energy levels. The increase or decrease followed a par-
ticular pattern in elderberry fruit as clearly seen from
trends presented in Figures 7 and 8. These trend graphs
were plotted by taking energy level and treatment dura-
tion in the x-axis and phenolic content increase in the
y-axis. The mean values are connected by a line to illus-
trate an increasing or decreasing trend. The trend which
polyphenols follow to increase or to decrease, in re-
sponse to plant metabolic activity can be quite interesting.
The change in color parameters in apples due to UV
treatment was dose dependent [58], however our pulsed
UV treatment did not follow any definite trends for in-
crease or decrease.

The statistical analyses of the results expressed very
interesting findings. Zones within the UV treatment
chamber were not a significant or a deciding factor in the
increase or decrease of the phenolic content following
pulsed ultraviolet treatment. Even the combination of
zone & time and zone & energy were not significant fac-
tor combinations (Pr = 0.6991 & 0.0641). However, time
with energy combination was a significant factor in all
zones (Pr < 0.0001) for the pulsed UV treatment. This
concludes that the pulsed UV light had a relatively uni-
form energy distribution throughout the sample holder or
treatment plate of the equipment (Figure 2).

The energy level of 11,000 J/m*/ pulse with the treat-
ment duration of 5 s and 10 s were the best combinations
tested to enhance the polyphenol content in elderberry
fruit. Among these two, 10 s treatment was the best
treatment which gave more than 50% increase in the
polyphenolic content of the fruit.

4. Summary and Conclusion

Antioxidant properties of fruits and vegetables are mostly
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diminished by processing and storage. It is imperative to
enhance fruits and vegetables antioxidant capacity to
balance the losses during processing of foods. There are
very limited methods or protocols to enhance the anti-
oxidants, especially phenolic compounds, in fruits and
vegetables. It is essential to develop such methods to
enhance the nutraceutical properties of the fruits and
vegetables.

Pulsed UV light treatments enhanced the antioxidant
properties of elderberry fruits by increasing their total
polyphenolic content. This illustrates the potential use of
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pulsed UV light to enhance the nutritional content of
fruits and vegetables. The highest increase of polyphe-
nols with minimum deviations was found at the energy
level of 11,000 J/m*/pulse with a treatment duration of
10 seconds. Interestingly the increase of energy from
4500 J/m*/pulse to 6000 J/m*/pulse brought a decrease in
the phenolic content of the fruit and this trend was found
in all treatment durations with the exception of the 30 s
treatment.

This indicates that there is a specific treatment inten-
sity to be respected to ensure a positive hormetic effect
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on the treated fresh fruits. At this point it is not clear that
the enhancement of phenolic content of elderberry fruit is
due solely to thepulsed light treatment. There is a chance
that the thermal stress which was developed during the
pulsed light treatment might contribute fully or partially
to the increase of the phenolic content of the elderberry
fruit. Further investigation is required to determine whe-
ther the pulsed light or the thermal stress is responsible
for the enhancement of phenolic compounds. Finding the
pulsed light or thermal stress responsive polyphenol or
group of polyphenols would be the proposed next stage
of this research. This research might open up pathways to
the adoption of pulsed UV light technology in the
nutraceutical oriented food industry.
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