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Abstract: Light from red (661 nm) and blue (417 nm) LEDs were applied for 12, 24, and 48 h on
freshly harvested blueberry leaves of different cultivars mixed together. The extracts obtained
through microwave extraction of these leaves were analysed in terms of total phenolic content,
total monomeric anthocyanin content, and antioxidant activity as measured by % scavenging
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity and ferric reducing antioxidant potential
(FRAP). It was observed that although the content of total phenolic content was high in the untreated
leaves, there was an increase in the phenolic content and monomeric anthocyanin content of the
leaves treated with blue light. DPPH inhibition activity and FRAP for all the samples were high;
however, there was an increase in the FRAP of samples treated with light for different durations,
which varied with type of light and the time of application of the LED light.
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1. Introduction

Blueberry leaves have been considered as an important source of phenolic compounds [1,2],
which can be processed using several postharvest applications, including extraction, separation,
purification, and encapsulation leading to viable product development and commercialisation of
different blueberry phenolic compounds (chlorogenic acid [3], catechin, epicatechin, caffeic acid,
and different anthocyanins [4]) or for application in nutraceutical purposes and as food additives.
Blueberry leaves have been reported to have antioxidant activities comparable or higher than the
fruits [1,2,5] and several other health beneficial effects including antidiabetic [6] and antibacterial
effects [7].

Postharvest processing methods affect the concentration of these compounds in the plant sources.
In the past few decades, research on postharvest application of different abiotic sources of stress has
been increasingly conducted. It was indicated that sources of stress such as wounding, phytohormones,
temperature, ultraviolet light, altered gas composition, heat shock, and water stress, among others can
affect and trigger the secondary metabolism of fresh biological material leading to increased synthesis
of desirable phytochemicals [8]. Abiotic stress application has been reported to affect the pathways
for biosynthesis of some groups of secondary metabolites including terpenes, phenolics, and nitrogen
containing compounds (polyamines and glycine betaine [9,10]). UV-B and UV-C has been observed
to have a significant positive effect on phenolic compounds concentration in various fruits including
blueberries, apples, and elderberries [11,12].

Light emitting diodes have been applied as a source of light in many cases for the cultivation
of various crops and application of LEDs has been reported to have desirable positive effects on the
phytochemical composition of the end bioproducts [13,14]. LEDs have been proposed to be one of the
most effective sources of light for application in the study of plant responses to different radiation

ChemEngineering 2018, 2, 56; doi:10.3390/chemengineering2040056 www.mdpi.com/journal/chemengineering

http://www.mdpi.com/journal/chemengineering
http://www.mdpi.com
https://orcid.org/0000-0003-3761-7592
http://www.mdpi.com/2305-7084/2/4/56?type=check_update&version=1
http://dx.doi.org/10.3390/chemengineering2040056
http://www.mdpi.com/journal/chemengineering


ChemEngineering 2018, 2, 56 2 of 9

spectra, because of the narrow band spectra of a number of wavelengths [15]. LEDs have been applied
as a combination of various wavelengths, such as red and blue together, which have been observed
to give better results than application of one type of LEDs alone, as observed in the case of red
curled lettuces [13]. Similarly, application of LEDs might be more helpful in tracking the specific
postharvest effects of various particular wavelengths of light on the biomaterials and in studying the
mechanisms involved.

This manuscript summarizes the preliminary studies conducted by postharvest application
of red and blue LED on the freshly harvested blueberry leaves, to observe the effect of the LED
application, as a function of different time periods, on the quantities of total phenolics, total monomeric
anthocyanins and the antioxidant activity measured in terms of percentage of scavenging of DPPH
and in terms of FRAP. For analytical measurements, the blueberry leaf extracts were obtained using a
microwave-assisted extraction method which has been discussed in our previous publications [3,16].

2. Materials and Methods

2.1. Preparation of Blueberry Leaf Sample

Leaves of different cultivars of highbush blueberry (Vaccinium corymbosum L.) were harvested
during the fall of 2013 from Quinn Farm (Notre-Dame-de-l’Ile-Perrot, Quebec, QC, Canada).
Green leaves were collected from plants growing in a small plot, on the same day. The leaves were
uniformly mixed, before being processed and employed for the detailed experimentation and analyses.
Approximately 10 g of uniformly-mixed leaves was freeze-dried (Freezone® 2.5 l Freeze Dry System,
Labconco Corporation, Kansas City, MO, USA), to determine their initial moisture content which was
estimated to be 61.55% (wet basis).

Samples prepared with another portion of fresh blueberry leaves were subjected to postharvest
LED applications and colour indices of the leaves were measured at regular intervals. After the
measurement of colour indices, the leaves samples were freeze-dried. The dried leaves were ground
and stored at −18 ◦C for further analyses.

2.2. Application of LED and Measurement of Colour Indices

LED application was conducted at room temperature, which was maintained between 20 to
25 ◦C. The leaves were spread uniformly as a single layer, over the white surface on a plastic tray,
for uniform application of LED. The colour indices (L, a, and b) of individual leaves were measured
using a Colorimeter (Konica Minolta, Japan). The LED arrays (Orbitec, Madison, WI, USA) were fixed
at a height of 39.4 cm (15.5 inches) from the centre of the tray surface. The time periods of application
of LEDs, including red light with wavelength 661 nm and blue light with wavelength 417 nm were
fixed at 12, 24, and 48 h. The applied photosynthetic photon flux densities were measured using a
quantum meter (Model QMSS-ELEC, Serial number 1496, Apogee Instruments Inc., Logan, UT, USA)
as 6 µmol m−2 s−1 and 24 µmol m−2 s−1 for blue and red LEDs respectively. After the scheduled time
of application of LEDs, the colour indices (L*, a*, and b*) of the leaves were measured again. The total
colour change (δE) of leaves was calculated according to Equation (1):

δE =
[
(L − L∗)2 + (a − a∗)2 + (b − b∗)2

]0.5
(1)

2.3. Extraction and Analysis of Different Compounds and Antioxidant Activity

All chemicals used during the study were of analytical grade (Greenfield Ethanol Inc., Brampton,
ON, Canada; Sigma-Aldrich, St-Louis, MO, USA; Fisher Scientific, Nepean, ON, Canada). Blueberry
leaves extract were obtained using microwave extraction for 24 min at 20% power level, with solvent
combination of 77.6 mL 30% ethanol solution and 2.4 mL of 1.5 M citric acid solution, in a microwave
digester ((Star system 2, CEM Mathews, Stallings, NC, USA) with a nominal power level of
800 W at 2450 MHz). Total phenolic content, total monomeric anthocyanin content, % scavenging
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2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant potential (FRAP) analysed
using methods described in our previous studies conducted on blueberry leaves [3,16]. Extraction and
corresponding chemical analyses were conducted in triplicate.

2.4. Statistical Design and Analyses

Statistical analyses were conducted using JMP 10 (SAS Institute Inc., Cary, NC, USA). Statistical
design 1 consisted of combinations of categorical factor “type of light” (red and blue) and continuous
factor “time of application” (12, 24, and 48 h), with a total of 18 combinations (six combinations with
three replicates of each combination). The second experiment was designed with “type of light” and
“time of application”, both considered as categorical factors with a total of 18 combinations, for which
comparison of Least Squares (LS) means were conducted with Student’s t-test and Tukey’s HSD
(Honest significant difference) analysis for all the responses. For all statistical designs, all levels of a
factor or combinations of levels of factors were conducted in triplicate.

3. Results and Discussion

3.1. Overall Effect of the Application of LED on Different Phytochemicals Concentration

Several reports have mentioned the increase in the total content of phenolic compounds and
anthocyanins in plant material due to the abiotic stress. LED light has generally been applied during
cultivation of different plants leading to activation of different secondary metabolic pathways and
interconversion of compounds of interest. Table 1 summarizes the content of total polyphenols,
total monomeric anthocyanins, antioxidant capacity (DPPH), and reducing power (FRAP) of blueberry
leaves extracts prepared after a respective time of application of different wavelengths of LEDs.
The application of blue light for 12 h increased the concentration of total phenolics as compared
to extract obtained from untreated leaves and the application of up to 24 h increased, maintained,
or decreased the phenolic concentration (which has led to high standard deviation), however the
application for 48 h led to deterioration of the compounds in all observed cases. Nonetheless,
the application of red light led to a decrease in phenolic content as compared to untreated leaves,
which decreased further with an increase in time of light application.

Table 1. Summary of the total phenolics, total monomeric anthocyanins and antioxidant activity of
blueberry leaf extracts after light treatment.

Light Level Time (h)
Total Phenolics
(mg GAE/g Dry

Matter)

Total Monomeric
Anthocyanins (mg M

3-G Equiv./g Dry Matter)

% Scavenging
(DPPH)

FRAP (mg AA
Equiv./g Dry

Matter)

Untreated Batch 160.962 ± 1.446 a 1.108 ± 0.271 a,b 88.476 ± 0.755 a,b 231.600 ± 18.474 b

Blue 2 12 161.709 ± 8.286 a 1.076 ± 0.259 a,b 87.797 ± 0.367 b,c 245.563 ± 18.474 a,b

Blue 2 24 159.285 ± 7.637 a,b 1.501 ± 0.989 a 87.924 ± 0.334 a,b,c 247.970 ± 5.325 a,b

Blue 2 48 147.871 ± 7.269 b,c 0.701 ± 0.054 b 88.375 ± 0.290 a,b 248.433 ± 13.520 a,b

Red 2 12 154.982 ± 3.374 a,b 0.732 ± 0.142 b 88.693 ± 0.295 a 261.619 ± 19.194 a

Red 2 24 150.861 ± 2.003 a,b,c 0.761 ± 0.115 b 88.275 ± 0.492 a,b 226.322 ± 8.662 b

Red 2 48 138.901 ± 11.521c 0.793 ± 0.216 a,b 87.288 ± 0.623 c 228.989 ± 4.860 b

Note: Levels not connected by same letter (a, b, c) are significantly different. The amounts reported in the Table are
average with standard deviation. GAE = Gallic acid equivalent; AA Equiv. = Ascorbic acid Equivalent.

The content of monomeric anthocyanins increased with time up to 24 h during the application of
blue light, after which it decreased. In case of application of red light, the quantity increased with an
increase of time but was lower than the untreated sample (Table 1), which might be a combined effect
of accumulation due to the activation of secondary metabolic pathways and the degradation effect
of the light leading to postharvest anthocyanin losses. Light mediated anthocyanin degradation was
observed in case of pomerac (Syzygium malaccense), where anthocyanin absorbance levels were much
lower in the samples stored under light as compared to samples stored in dark [17]. The total phenolics
and total monomeric anthocyanins varied among the replicates, which can be explained because of the
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fact that the samples collected were a mix of different cultivars of blueberry leaves. Hence, due to the
inherent variation of the nature of the biological material, the reaction to external stress factors varied.

There are no reported examples of postharvest application of blue or red LEDs, however, in a study
by Britz et al., the postharvest application of deep UV radiation using LEDs were observed to increase
the shelf-life of strawberries [18]. Some wavelengths of light have been reported to have a superior
impact on the synthesis and accumulation of total phenolics than other wavelengths, as observed
in the greenhouse cultivation of baby lettuce [19]. This can also explain the comparatively higher
concentration of phenolics and anthocyanins found in the leaves exposed to blue light than red light
in the current case. For red curled lettuce grown under different wavelengths of light, anthocyanin
content was observed to be the highest in cases with the combined application of blue and red lights,
however anthocyanin synthesis was observed to be inhibited by the monochromatic red light [13].

3.2. Overall Effect of the Application of LED on Antioxidant Activity

Stress conditions, such as application of far-infrared radiations, wounding, or different postharvest
storage conditions, have been observed to increase the antioxidant activity in different biomaterials
including different fruits and vegetables [8]. In the current study, the percentage scavenging capacity
of DPPH of the light treated samples was similar to the untreated sample (Table 1). Environmental
factors significantly contribute to the composition and related properties of the plant materials,
including antioxidant activity [20–23]. In the current study, the leaves were harvested during
the fall season, which might be the reason of the similarity between untreated and light treated
samples. The accumulation or the synthesis of phytochemicals in the different parts of the plant
reaches a point of saturation during the growth of a plant. In our earlier study [24], it was observed
that blueberry leaves collected in October had higher total phenolics content, anthocyanin content,
and percentage scavenging capacity of DPPH and FRAP compared to the leaves harvested in May,
July, and September. Similar observations were reported in case of Rabbiteye Blueberry (Vaccinium
ashei) leaves [25]. High anthocyanin content has been associated with the autumn colours and has
physiological significance in case of senescing leaves [26,27]. Fall season is the last harvest season of
blueberries, hence the end of the period of cultivation in the cycle of a year, which is the time when
the leaves reach the point of saturation of phytochemicals and antioxidant activity [24–27], hence the
DPPH scavenging activity of the untreated blueberry leaves were similar to the treated blueberry
leaves. However, FRAP of the leaves treated with blue light was higher as compared to untreated
samples which increased slightly with time. The extract prepared with leaves treated with red light
for 12 h had higher FRAP than both untreated and the other treated samples with both red and blue
light. However, it was observed that FRAP of samples treated with blue light was maintained at a
higher level as compared to samples treated with red light for 24 and 48 h. The rate of decline of
ferric reducing antioxidant potential was higher in samples treated with red light than observed in
case of samples treated with blue light. In one of the previous reported studies, samples treated with
red light had higher Trolox equivalent antioxidant capacity as compared to blue light application of
LED on pea seedlings [28]. Overall, the antioxidant activities of all the samples were high. Results
were similar to the highest levels of antioxidant activity obtained for the leaves harvested in the early
and late fall season in the previous study of variation of antioxidant activity of the blueberry leaves
extract with harvest season [24]. Results were also similar to the higher levels of antioxidant activities
obtained in case of study of effect of drying parameters on the antioxidant activity of the blueberry
leaves extracts [16].

Overall, although the concentration of the analysed phytochemicals and antioxidant activities
were not significantly different, however, based on the results obtained, the possible increase and/or
retention of the phytochemicals and their corresponding activity in the leaves can be proposed,
which should be further analysed through more elaborated and structured experimental designs
with different cultivars. The positive effects of LEDs have been reported in earlier studies with
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other biomaterials. Based on current preliminary observations, positive effects of postharvest LEDs
application on leaves can be expected.

3.3. Statistical Analysis

The analysis of variance (ANOVA) analyses results are summarised in Table 2. The relative
variation among the highest and lowest responses was low, the R2 value was low and the model
was not significant in the case of total monomeric anthocyanin obtained and FRAP. The different
factors of light and time of application were only significant in case of total phenolic content, where it
can be interpreted that with an increase in time of application of light, the total phenolic content
decreased (Table 1). The interaction between type of light and time of application was only significant
in case of DPPH scavenging activity. In the case of both wavelengths, the monomeric anthocyanin
content decreased with increased period of the application of light, which can be attributed to the
deterioration of anthocyanin with longer period of light application, as has been observed in the
previous cases of degradation of anthocyanins with exposure to light in case of pomerac (Syzygium
malaccense) as compared to samples stored in dark [17]. Shorter time periods of application of blue
light resulted in higher concentrations of monomeric anthocyanins. Hence, it can be deduced that the
application of blue light for a shorter period of time might be a better option for obtaining high values
of anthocyanins.

Table 2. Summary of the results obtained from ANOVA analysis of the responses obtained and the
corresponding parameter estimates of the different factors in first statistical design with categorical
factor light and continuous factor time (h) of application.

Terms Total Phenolic Content (mg
GAE/g Dry Matter)

Total Monomeric Anthocyanins
(mg M 3-G Equiv/g Dry Matter)

% Scavenging
(DPPH)

FRAP (mg AAE/g
Dry Matter)

R2 = 0.60539,
RMSE = 6.908147 R2 = 0.235918, RMSE = 0.450349 R2 = 0.635456,

RMSE = 0.388165
R2 = 0.318337,

RMSE = 15.10236

Parameter
estimate Prob > F Parameter

estimate Prob > F Parameter
estimate Prob > F Parameter

estimate Prob > F

Intercept 151.41652 <0.0001 * 0.9152788 <0.0001 * 88.035981 <0.0001 * 242.45946 <0.0001 *
Light [Blue] 4.0768398 0.0264 * 0.150036 0.1830 0.0290972 0.7572 5.0049603 0.1852

Time (h) −7.66342 0.0016 * −0.108726 0.4087 −0.205911 0.0823 −6.209325 0.1690
Light [Blue] *

Time (h) 0.5097403 0.7984 −0.138083 0.2977 0.5020415 0.0004 * 7.4890873 0.1021

Model 0.0038 * 0.2731 0.0022 * 0.1360
Lack of fit 0.8953 0.2515 0.9628 0.0678

Note: * signify that the term is significantly affecting the response. AAE: Ascorbic acid equivalent

According to the student’s t-test and Tukey’s HSD analyses of comparison of LS means (Table 3),
no significant difference of the response was observed between the types of lights other than in the
case of total phenolics. Only the application of light for 48 h was observed to give significantly less
total phenolics than during the application of light for 12 and 24 h. In the case of all other measured
responses, there was no significant effect of different time periods of application of light. Among the
interaction effects of time and wavelength, there is overlap between the connecting letters indicating
similarities between the different responses. There was no significant interaction of the combinations
of the factors levels on the total monomeric anthocyanins and FRAP (Table 3). However, for the
total phenolic extraction, blue light applied for 12 h had a significantly different effect than red light
applied for 48 h, which leads to a much higher yield of total phenolics in the blueberry leaf extracts.
Overall, though the DPPH scavenging activity was high for all samples, there was significant difference
between the DPPH activity of the extracts obtained with red light applied for 12 h and 48 h, where 12 h
application of red light led to higher DPPH scavenging activity than for 48 h.
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Table 3. Summary of Student’s t-test and Tukey’s HSD analysis of comparison of LS means for
experimental design with categorical factors light and time interval (2nd statistical design) to analyse
the effect on different extracted component.

Level Total Phenolic Content Total Monomeric
Anthocyanin Content % Scavenging (DPPH) FRAP (mg AAE/g Dry

Matter)

Connecting
Letters

Least Sq.
Mean

Connecting
Letters

Least Sq.
Mean

Connecting
Letters

Least Sq.
Mean

Connecting
Letters

Least Sq.
Mean

Light

Blue A 156.28822 A 1.0927381 A 88.032175 A 247.32222
Red B 148.24781 A 0.7619810 A 88.085545 A 238.97654

Time (h)

12 A 158.34545 A 0.9042000 A 88.245357 A 253.59074
24 A 155.07273 A 1.1312286 A 88.099420 A 237.14630
48 B 143.38586 A 0.7466500 A 87.831803 A 238.71111

Light * Time (h)

Blue * 12 h A 161.70909 A 1.0764286 A B 87.797328 A 245.56296
Blue * 24 h A 159.28485 A 1.5011286 A B 87.923796 A 247.97037
Blue * 48 h A B 147.87071 A 0.7006571 A B 88.375399 A 248.43333
Red * 12 h A B 154.98182 A 0.7319714 A 88.693385 A 261.61852
Red * 24 h A B 150.86061 A 0.7613286 A B 88.275043 A 226.32222
Red * 48 h B 138.90101 A 0.7926429 B 87.288206 A 228.98889

Note: Levels not connected by same letter (A, B) are significantly different. * represents the combination of the
two factor levels.

3.4. Effect of LED Application on Total Colour Change

The colour indices of the leaves observed before and after treatment have been summarised in
Table 4. The greater value of parameter L* to L (lightness or darkness) implied that treated leaves
were lighter in colour after treatment than before treatment. The more positive value of parameter a*
than a (green or red) implied an increase in redness of the leaves after treatment; the higher value of
parameter b* than b (blue or yellow) implied an increase in yellowness of the leaves. The change in
colour increased with an increase in time both in case of application of red and blue light; hence time
was found to be the only significant factor.

Table 4. Summary of colour change and ANOVA analysis of the variation of colour change of leaves as
affected by the light treatment and time of application.

Light Time (h) L a b L’ a’ b’ δE

Blue 12 39.48 −14.18 21.28 40.18 −14.67 21.74 0.97
Blue 24 38.67 −14.74 20.23 42.11 −13.90 23.26 4.66
Blue 48 37.67 −14.27 19.05 43.10 −11.63 22.97 7.20
Red 12 38.95 −15.45 20.79 39.67 −14.53 21.39 1.31
Red 24 38.33 −14.71 19.97 41.31 −13.22 22.58 4.23
Red 48 38.80 −14.47 20.12 43.89 −12.43 23.72 6.57

R2 = 0.923981, RMSE = 1.129238

Term Estimate Prob > F
Intercept 4.460739 0.0107 *

Light [Blue] 0.144676 0.7852
Time (h) (12,48) 2.720988 0.0391 *

Light [Blue] * Time (h) 0.219407 0.7305
Model 0.1118

Note: * represents significant values.
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In North America, the harvest season of blueberries varies with different cultivars; the fall
season is the end of harvesting season after which leaves fall. Blueberry leaves turn red during
the fall because of the accumulation of anthocyanins and deterioration of chlorophyll [27], however
the degree of redness varies with different cultivars. Some species might have more red leaves
than others. The capacity to develop anthocyanins or the rate of deterioration of different colour
compounds leading to a change of colour of leaves after harvest depends on the variety as well.
Though there was no significant correlation found between the colour change and the monomeric
anthocyanin or total phenolics content, it cannot be entirely rejected as strong positive correlation has
been observed between redness of blueberry leaves and total monomeric anthocyanin content during
our previous studies [24]. As the time of collection of leaves in the current study was near the stage of
senescence, there might have been an inherent constraint on the mechanism of development of various
phytochemicals and colour components.

Though postharvest UV light application or light application during different stages of growth has
been observed leading to accumulation of different types of phenolic compounds [29,30] in different
fruits and vegetables, the initial concentration of the target compounds in the biomaterials determines
the effect of different light sources applied. In the case of apples, it was observed that the capacity
to respond to the application of UV-B wavelength was higher for the apple tissues with lower initial
levels of anthocyanins than the apple tissues with higher initial levels [31]. The leaves in the current
case were collected during the fall season when the concentration of phenolic compounds are already
high and leaves are generally mature, as observed in previous studies also [16,24]. Therefore, it can
be deduced that the response of these blueberry leaf tissues in terms of accumulation or increase of
the phenolic compounds concentration also depended on the maturity level of the leaves. Hence,
the extent of the increase in different responses observed in the current study can be considered as
a marked improvement in the quality of leaves, which can be applied and investigated for leaves
collected at different periods of the year. Therefore, further research is required to understand the
effect of the different wavelengths of light and determine the proper time and stage of collection of the
leaves for postharvest application of LED.

4. Conclusions

Overall, the application of blue light for a shorter period of time resulted in higher levels of
phenolic levels and monomeric anthocyanin content. Though percentage scavenging of DPPH was
similar among all samples, application of red light for a shorter period of time led to significantly
higher FRAP than in case of untreated leaves. Also, time of application of light was observed to be
a significant factor. Though the leaves were harvested in fall season which lead to the inherent high
levels of all the responses, application of blue LED for a shorter period of time can be effective for
preservation and increase of phenolic components and antioxidant activity of the blueberry leaves.
However, further analyses in this direction are required for the development and optimisation of LED
application methods to augment highest phenolic accumulation in different biomaterials. Further
research is also required to generalize this phenomenon and understand the mechanisms behind the
process of accumulation of these compounds and associated increase in antioxidant activity. Similar
studies should also be replicated for the leaves collected at different other stages of plant growth.
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