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A B S T R A C T

In this study, the effects of Ultraviolet light-emitting diodes (UV-LEDs) on the inactivation of E. coli K12 (ATCC
25253), an indicator organism of E. coli O157:H7, and polyphneoloxidase (PPO) in cloudy apple juice (CAJ)
were investigated. The clear (AJ) and cloudy apple juice were exposed to UV rays for 40 min by using a UV
device composed of four UV-LEDs with peak emissions at 254 and 280 nm and coupled emissions as follows:
254/365, 254/405, 280/365, 280/405 and 254/280/365/405 nm. UV-LEDs at 254 nm achieved 1.6 ± 0.1
log10 CFU/mL inactivation of E. coli K12 at UV dose of 707.2 mJ/cm2. The highest inactivation of E. coli K12
(2.0 ± 0.1 log10 CFU/mL and 2.0 ± 0.4 log10 CFU/mL) was achieved when the cloudy apple juice was treated
with both 280 nm and 280/365 nm UV-LEDs. For clear apple juice the highest inactivation 4.4 log10 CFU/mL
obtained for E. coli K12 was achieved using 4 lamps emitting light at 280 nm for 40 min exposure time. For the
same treatment time, the experiments using a combination of lamps emitting light at 280 and 365 nm (2lamp/
2lamp) were resulted in 3.9 ± 0.2 log10 CFU/mL reductions. UV-A and UV-C rays in combination showed a
better inactivation effect on PPO than UV-C rays used separately. Residual activity of PPO in CAJ was reduced to
32.58% when treated with UV-LED in combination of UV-C (280 nm) and UV-A (365 nm) rays. Additionally, the
total color change (ΔE) of CAJ subjected to combined UV-LED irradiation at 280/365 nm was the lowest
compared to other studied processing conditions. This study provides key implications for the future application
of UV-LEDs to fruit juice pasteurization.

1. Introduction

As an alternative to consumption of fruits, drinking fruit juices is
easy to consume especially for very young, elderly and infirm people. It
is known that consumption of fruit juices decreases the risk of chronic
diseases, retards Alzheimer disease onset, slows down LDL oxidation,
inhibits platelet aggregation, and prevents the development and pro-
gression of coronary artery diseases due to their antioxidant compounds
(Borenstein et al., 2005; Keevil et al., 2000; Stein et al., 1999).

Fruit juices are also susceptible to microbial spoilage though they
have acidic pH values. Observation of outbreaks caused by the con-
sumption of unpasteurized fruit juices raised a question about the safety
of acidic juices. The most common microorganisms found in fruit juices
are acid-tolerant bacteria, yeasts and molds. However, Salmonella and
Escherichia coli 0157:H7 outbreaks indicated the potential of fruit juices
to carry pathogenic microorganisms (Cook et al., 1998). Foley et al.
(2002) estimated the number of cases of illnesses associated with un-
pasteurized juices as 16,000 to 48,000 in a year.

Thermal pasteurization is the best known technique in order to

remove pathogens, reduce the number of spoilage microorganisms and
inactivate the enzymes which decrease the quality of the products.
However, use of high temperatures may cause some quality problems
such as color, taste and flavor defects (Aguilar-Rosas et al., 2007; Choi
and Nielsen, 2004).

Increased trend towards fresh-like products forced the researchers
to investigate alternative processing techniques (Basaran-Akgul et al.,
2009; Tahiri et al., 2006). One of the alternative method to thermal
pasteurization is UV-C radiation. Antimicrobial effect of UV-C light is
very well known and this technique is used for disinfection of fruits
surfaces, hospital equipment, water resources etc. (Begum et al., 2009;
Bintsis et al., 2000; Nigro et al., 1998; Pan et al., 2004). Inactivation
mechanism of UV-C irradiation is based on the absorption of UV pho-
tons by the genetic material and the formation of dimers which inhibit
the transcription and replication of the cell (Bolton and Linden, 2003;
Koutchma, 2009; Oguma et al., 2002).

On the other hand, many microorganisms are able to repair da-
mages on their DNA caused by UV-C irradiation by means of two dif-
ferent mechanisms depending on the light availability such as
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photoreactivation and dark-repair (Chevremont et al., 2012a; Oguma
et al., 2002).

Generally low or medium pressure mercury vapor lamps are used
for UV-C irradiation, first one emitting predominantly monochromatic
UV irradiation at 254 nm and second one emitting polychromatic UV
irradiation in the wavelengths range from 200 to 400 nm. However,
these lamps contain mercury which is known to have toxic effect for
both environment and human body (Mori et al., 2007). Additionally,
UV reactors are required to be designed according to the shape of the
lamps. These lamps are mostly large in size and take up too much space
(Chevremont et al., 2012a). Moreover, UV lamps are not resistant to
shock and have a low life span (approximately 4000–10,000 h).
Therefore, it is necessary to design new disinfection equipment in
various sizes which do not contain toxic substances and have low en-
ergy consumption rate (Crawford et al., 2005; Hamamoto et al., 2007).

In that regard, the UV disinfection using LEDs (Light Emitting
Diode) seems a promising technology. UV-LEDs are created by con-
necting p-type and n-type semiconductors that move electrons into
positively charged holes between these two materials. Light is gener-
ated when the electrons and holes recombine at a junction. The wa-
velength of light depends on the type of material that is used for those
semiconductors (i.e. indium gallium nitride for light in the visible
range, and aluminum gallium nitride and aluminum nitride for UV
range) (Bowker et al., 2011). They have a very compact, shock-resistant
and robust design. They can also be used for disinfection of narrow
spaces and allow saving space due to their small sizes. UV-LEDs do not
need a warm-up time in contrast to traditional UV-C lamps. Hence, they
consume less energy. It was also reported that UV-LEDs have relatively
longer life time exceeding 100,000 h (Chevremont et al., 2012a). Most
importantly, they do not contain any toxic substances which are
harmful for human health and the environment. They are capable of
emitting UV light at multiple individual wavelengths. Besides, it is
possible to use the combination of different UV-LEDs emitting light at
different wavelengths.

UV-LEDs emitting light in food industry are used for three main
areas such as food production, postharvest storage and food safety
(D'Souza et al., 2015). A serious number of studies have published
showing the efficiency of LEDs on postharvest applications succeeded in
delaying of senescence in vegetables (Braidot et al., 2014; Ma et al.,
2014), accelerating secondary metabolites during ripening process (Xu
et al., 2014a; Xu et al., 2014b) and increase or delaying loss of post-
harvest nutritional content of plant parts, including edible flowers and
fruits such as broccoli, citrus and strawberries (Dhakal and Baek, 2014;
Ma et al., 2014; Shi et al., 2014).

There are limited numbers of studies related to the use of UV-LEDs
for water disinfection. Chatterley and Linden (2010) reported that most
of those data were available for LEDs emitting light at UV-A range.
However, UV-C LEDs were also indicated to be preferred for this pur-
pose (Bowker et al., 2011; Chevremont et al., 2012a; Chevremont et al.,
2012b; Hamamoto et al., 2007; Li et al., 2010; Würtele et al., 2011).
Moreover, combination of UV-A and UV-C LEDs was used in some
studies (Aoyagi et al., 2011; Chevremont et al., 2012a). Bowker et al.
(2011) indicated that emitted UV light at 275 nm resulted in much
higher microbial inactivation. This is due to the fact that protein ab-
sorption spectrum reaches the maximum near 280 nm and thus, en-
zymes become more sensitive to inactivation at these wavelengths.
Moreover, at a wavelength range of 200 to 280 nm (UVC) and 280 to
315 nm (UV-B), it has a damaging effect on DNA replication and
transcription. Direct exposure to UVC or UV-B results in dipyrimidine
dimers, pyrimidine hydrates, or cross-links between proteins and DNA.
Hence, it is capable of inactivating a variety of pathogens such as
bacteria, viruses, fungi, protozoa, and other pathogenic organisms (Lui
et al., 2014). Furthermore, it is known that UV-A radiation mechanism
is based on the inactivation of microorganisms by damaging proteins
and producing hydroxyl and oxygen radicals which destroy cell mem-
brane and other cellular components (Chevremont et al., 2012a).

Although DNA damage caused by UV-C radiation can be repaired by the
enzyme photolyase, there is no possibility to repair the damage to
bacterial membranes by UV-A radiation. Chevremont et al. (2012a)
showed that coupling UV-A and UV-C could be paired by using the
germicidal effect of UV-C and greater penetrating ability of UV-A. They
also found that use of coupled wavelengths 280/365 nm and 280/
405 nm caused total disappearance of fecal enterococci, total coliforms
and fecal coliforms in the effluent. Besides lack of possibility to repair
the damage in the bacterial membranes occurred after UV-A exposure
increased the efficiency of microbial inactivation (Chevremont et al.,
2012a).

Moreover, inactivation of the quality degrading enzymes which
depends on the intensity of the radiation is successfully achieved after
exposure to light emitted in the range of 250–740 nm (Falguera et al.,
2012). However, there is no study in the literature related to the as-
sessment of the effect of UV-LEDs on the inactivation of microorganisms
and enzymes, and quality of the fruit juices.

Therefore, the objective of this study is to investigate the applic-
ability of UV LEDs for the non-thermal treatment of clear (AJ) and
cloudy apple juice (CAJ) for the inactivation of microorganisms and
quality degrading enzymes without affecting the juice quality. For this
purpose, a UV-LED device was constructed for static tests and two
different UV-C LED wavelengths (254 nm, 280 nm) were tested in-
dependently. UV-LEDs emitting lights in the UV-A range (365 nm) and
a LED array (405 nm) were also coupled as follows: 254/365, 254/405,
280/365, 280/405 and 254/280/365/405 nm. The microbial effec-
tiveness of UV light treatment was tested by inoculating E. coli K12 into
AJ and CAJ. Moreover, the effect of UV-LED irradiations on the activity
of polyphenol oxidase (PPO) enzyme in CAJ was investigated.

2. Materials and methods

2.1. Apple juice

Commercial pasteurized clear apple juice (AJ) (Dimes, Kemalpaşa,
IZMIR) was purchased from a local market in Izmir, Turkey. AJ does not
contain any citric acid and other preservatives. Background flora of
pasteurized samples was tested by surface plating on Plate Count Agar
(PCA, Sigma-Aldrich, St. Lous, MO, USA) for enumeration of total
aerobic bacteria and Violet Red Bile Agar (VRBA, Merck, Darmstadt,
Germany) to determine the number of coliforms prior to UV treatment.

For the production of fresh CAJ, apples of the Starking Delicious
variety were purchased from a local supermarket (Tesco-Kipa) in Izmir,
Turkey. Apples were washed under tap water and patted dry and
squeezed using a household table top juice extractor (Arçelik Robolio,
İstanbul). After the extraction step, the juice was strained through a
sterile gauze strip to remove the big particles and foams in the juice.

2.2. Physicochemical and optical properties

The total soluble solids (TSS) and pH of fresh CAJ and AJ were
measured using a bench top refractometer (Mettler-Toledo RE40D, AEA
Investors Inc., USA) and a benchtop pH meter (HANNA Instruments,
USA). The titratable acidity of samples was determined according to the
method of AOAC (1990) and expressed as the weight of malic acid in
100 mL (w/v).

Turbidity was determined using a turbidimeter (Model 2100AN IS,
HACH Company, USA) and expressed in Nephelometric Turbidity Units
(NTU). Absorbance coefficients of the juice samples were determined
using a 1 cm quartz cuvette in a Cary 100 UV–Visible
Spectrophotometer (Varian, USA) adjusted to 254 and 280 nm. A
variety of dilution factors were applied (1:10, 1:25, 1:50, 1:100, 1:250,
1:500). The absorption coefficient (cm−1) at each individual wave-
length was estimated by the slope of absorbance versus sample con-
centration plot (Hakgüder, 2009).

The color parameters were determined by means of a Konica
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Minolta CR 400 Chromometer (Konica Inc., Japan). CIE L* (bright-
ness–darkness), a* (redness–greenness), b* (yellowness–blueness) were
determined before and after UV-LED and thermal treatments. Total
color differences (ΔE) were calculated by the following Eq. (1).

= + +
∗ ∗ ∗ΔE ΔL Δa Δb( ) ( ) ( )2 2 2 (1)

2.3. Ascorbic acid assay

Boehringer enzymatic method proposed by Danielczuk et al. (2004)
was used for ascorbic acid determination of CAJ samples. For this
purpose, test kits (R-Biopharm, Roche, Germany, catalog no.
10409677035) were utilized. In this method, the absorbance of MTT-
formazan, which is produced by the reaction of reducing substances and
tetrazolium salt MTT (3-(4,5-dimethylthiazolyl-2)-2,5- diphenylte-
trazolium bromide) in presence of electron carrier PMS (5-methylphe-
nazinium methosulfate) at pH 3.5, is measured at 578 nm. The absor-
bance difference between the sample and sample blank, of which
ascorbic acid is removed by the enzyme ascorbic acid oxidase, yield the
quantity of ascorbic acid in the sample (mg L-ascorbic acid/l sample
solution).

2.4. Microbial inactivation studies

2.4.1. UV-LED device
Static UV-LED unit was designed by considering the similar systems

used in the study of Chevremont et al. (2012b). Four UV-LEDs
(8.33 mm diameter) (manufactured by SETI Sensor Electronic Tech-
nology Inc., Columbia, SC, USA) emitting light at 254, 280, 365 and
405 nm were used throughout experiments. These LEDs could be used
together or separately and the electronic circuit was connected to a
customized four channel power supply. Each UV-LED was operated
with a constant forward current of 20 mA.

The forward voltage of each UV-LED at 20 mA was 6.50, 5.8, 5.50
and 3.80 V for the 254, 280, 365 and 405 nm UV-LEDs, respectively.
The optical output power of each UV-LED was 0.20, 0.60, 0.40 and
10 mW for the 254, 280, 365 and 405 nm UV-LEDs, respectively.

A scheme of the experimental device is shown in Fig. 1. The UV-
LEDs were fixed facedown, 1 cm above the surface of a sample (3 mL)
placed in a sterilized Petri dish (55 mm diameter). The sample depth
was 0.15 cm. The depth was calculated from the ratio of the sample
volume and the surface area of a Petri dish. A scheme of the experi-
mental device is shown in Fig. 1. An adequate stirring was applied
during treatment in order to ensure equal distribution of UV dose
through the sample. The edge effects caused by stirring are avoided by
using the smallest possible sample volume (Bolton and Linden, 2003).
UV exposure was performed at room temperature (25 °C).

2.4.2. UV dose calculation
UV dose was calculated from the product of incident intensity and

exposure time. Incident UV intensity (irradiance) emitted by each LED

(in mW/cm2) was measured by ferrioxalate actinometry (Bohrerova
et al., 2008; Chevremont et al., 2012b; Edelahi, 2004; Goldstein and
Rabani, 2008; Kuhn et al., 2004;). For actinometric determination,
potassium ferrioxalate is chosen as a chemical actinometer since it is
used in wavelength ranges changing from UV to visible regions
(Jankowski et al., 1999). After exposure of a ferrioxalate solution to UV
light, the Fe2+ generated were measured by a spectrophotometer
(Shimadzu Co. Ltd., Japan) in which the Fe2+ is completed with o-
phenanthroline (ε complex, 510 nm = 11,100 M−1 cm−1). The number of
Fe2+ ions is used to calculate the incident photon flux (photons.s−1).
The incident photon flux is used to calculate the power emitted by each
LED expressed in Watts. Dividing this result by the irradiated surface
may allow one to determine the irradiance (or incident UV intensity in
mW/cm2) (Chevremont et al., 2012b).

2.4.3. Bacterial strain and sample inoculation
In this study, E. coli K12 (ATCC 25253), an indicator organism of E.

coli O157:H7, was selected as a pertinent pathogen and inoculated into
AJ and CAJ samples, respectively. Koutchma et al. (2004) found that
UV sensitivities of E.coli O157:H7 and an indicator organism E.coli K12
(ATCC 25253) were not significantly different from each other. The E.
coli K12 (ATCC 25253) strain was cultured from −80 °C lyophilized
vials, enriched in a test tube containing nutrient broth (NB, Merck,
Darmstadt, Germany) and incubated overnight (18–24 h) at 37 °C. The
E. coli K12 (ATCC 25253) culture was first adapted to pH 4.0 by
growing in a solution containing malic acid following the procedure
described by Pala and Toklucu (2013). Stock cultures were prepared by
transferring acid-adapted cells onto TSA slants and stored at 4 °C until
used.

Initially, CAJ samples (500 mL) were pasteurized by means of a
continuous flow pasteurizer to eliminate any background microflora
prior to UV-LED treatment. Details of the thermal pasteurization pro-
cess are given in the Section 2.4.4. A loopful of acid-adapted culture
from the TSA slant was first inoculated into 10 mL of TSB (TSB, Merck,
Darmstadt, Germany) for enrichment, and then 1 μL from this culture
medium was inoculated into 3 mL of CAJ and AJ to obtain a final mi-
crobial concentration of 6–7 log10 CFU/mL.

2.4.4. Determination of thermal pasteurization parameters
Freshly squeezed apple juice was first pasteurized to eliminate the

natural background microflora. For this purpose, juice sample was in-
oculated with 100 μl of E. coli K12 cells at a level of approximately
7 log10 CFU/mL and then subjected to thermal treatment. Heat treat-
ments were carried out by means of a continuous flow pasteurizer
(Fig. 2) at different temperatures (70, 80, 90 °C) and different heating
times (3, 10, 15, 20, 30, 45, 60, 120, 180 s) to achieve 5 log10 CFU/mL
reduction on E. coli K12. After inoculation, 0.1 mL samples were col-
lected at different heating times and immediately surface plated on
tryptic soy agar (TSA, Merck, Darmstadt, Germany) medium containing
0.1% dihydrostreptomycin. The pasteurization temperature and time
required for 5 log10 reduction of E. coli K12 in CAJ were calculated.

Fig. 1. Static UV-LED system.
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2.4.5. Bacterial enumeration
Enumeration of the viable microorganisms in the UV-LED treated

samples, appropriate dilutions were made with 0.1% peptone water and
surface plated in duplicate on tryptic soy agar (TSA, Merck, Darmstadt,
Germany) plates, medium containing 0.1% dihydrostreptomycin. All of
the plates were incubated at 37 °C for 24 h and then counted. The
freshly squeezed sample was used as a negative control, while a heat
treated sample was used as a positive control in this study. Background
flora (total aerobic bacteria (TAC), total coliform (TC), yeast and mold
counts (YMC)) of the juice samples was checked by pour plating in plate
count agar (PCA, Sigma-Aldrich, St. Lous, MO, USA), surface plating on
violet red bile agar (VRBA, Merck, Darmstadt, Germany) and potato
dextrose agar (PDA, Difco Laboratories, Detroit, Mich) acidified to
pH 3.5 with 10% tartaric acid (Merck, Darmstadt, Germany), respec-
tively. The PCA and VRBA plates were incubated at 37 °C for 24 h,
whereas the PDA plates were incubated at 25 °C for 2–5 days.

2.4.6. Experimental design for determination of UV-LED process conditions
Different parameters potentially influence the UV inactivation of E.

coli K12 in CAJ and AJ. The studied factors were the individual wa-
velengths and the wavelength combinations including 254, 280, 254/
365, 254/405, 280/365, 280/405 and 254/280/365/405 nm; and the
exposure time, i.e., 20 and 40 min. The temperatures of the samples
during UV-LED processing were also monitored by using an infrared
thermometer (IR-82, CEM, Shenzhen, China) attached to a Data Logger
(DT 8891E, CEM, Shenzhen, China) (Fig. 4). Pairs of UV-LED lamps
were connected in parallel to the DC power source as depicted in Fig. 1
(Bowker et al., 2011). The medium depth was fixed at 0.153 cm.
Tandon et al. (2003) indicated that the suitable stirring was required to
be applied for uniform light distribution. Besides, Bolton and Linden
(2003) reported that stirring caused the changing of sample depth from
middle to border of petri dish and it affected the absorption of UV light,
conversely. Unluturk et al. (2010) proposed the use of minimum
amount of sample and showed that the depth at 0.153 cm of sample
provided a homogeneous light distribution.

Pasteurized CAJ and AJ inoculated with E. coli K12 were used as
treatment medium for assessment of the microbial efficiency of UV-
LEDs. All the experiments were replicated twice. Totally 28 runs were
performed.

The results were analyzed by using the statistical software State-
Ease Design Expert Software 7.1 Trial version (Stat-Ease, Inc.,
Minneapolis, MN, USA).

2.5. Inactivation of PPO enzyme

The freshly squeezed CAJ samples were centrifuged at 10000 rpm
for 15 min at 4 °C (Universal 320 R, Hettich, Germany) and the su-
pernatant was collected to test PPO activity. Activity of PPO was as-
sayed by a spectrophotometric method (Bi et al., 2013) with some
modifications. The method is based on the measurement of the absor-
bance of brown polymers formed when catechol is oxidized in presence
of polyphenoloxidase at 410 nm. Catechol was used as the substrate,
and 0.05 M catechol substrate solution was prepared with 0.2 M
phosphate buffer (pH 6.5). All samples were analyzed by adding 0.5 mL
centrifuged juice into 2.5 mL substrate solution. The increase in ab-
sorbance at 410 nm in 10 min was immediately monitored after in-
cubation for 3 min using a UV-1800 spectrophotometer (SHIMADZU
Co. Ltd., Japan), which was equipped with a peltier thermo-statted cell
holder, a water pump (Varian Co. Ltd., California, USA) to keep tem-
perature at 30 °C. An enzyme activity unit was defined as an increase of
0.1 in absorbance per minute. All the experiments were repeated three
times. Residual activity of PPO was calculated the following equation:

=
A x

A
RA, % 1001

0 (2)

A1 is the enzymatic activity after UV-LED and thermal pasteuriza-
tion treatment, A0 is the enzymatic activity of untreated sample (freshly
squeezed). Untreated and pasteurized CAJ samples were used as ne-
gative and positive controls.

3. Results and discussion

3.1. Physical, chemical and optical properties of CAJ and AJ

Some physical and chemical properties of fresh CAJ and AJ samples
including pH, total soluble solid (Brix°), titratable acidity, ascorbic acid
content, color, absorption coefficient were determined only before the
UV-LED treatments depicted in Table 1.

pH and total soluble solid content of freshly squeezed CAJ extracted
from Starking Delicious variety of apples and AJ were 3.92; 3.99 and
13.63°; 13.42° Brix. These values showed similarity with previous stu-
dies. Murakami et al. (2006) were studied 15 different apple varieties.
They observed that the pH and the brix values of apple juice were in
between 3.2 and 6.50; 9.80 and 16.90°Brix. Falguera et al. (2011) were
reported that pH and Brix values of Golden, Starking, Fuji and King
David variety of apples were in the range of 3.48 and 4.35; 10.70 and
14.70°Brix. Ascorbic acid content of apple juice was determined to be
2.22 mg/L and it was completely diminished after thermal and UV-LED
processing due to oxidation arisen from longer exposure time. The as-
corbic acid content of fresh apple juice obtained from Starking variety
was found lower than the findings of Juarez-Enriquez et al. (2014) and
Falguera et al. (2011). The main reason of this might be the usage of
different methods for determination of ascorbic acid content in these
studies. In our study, measurements were done by ascorbic acid test kits
based on Boehringer enzymatic method. Falguera et al. (2011) reported
the ascorbic acid of Starking type of apples as 788.20 mg/L measured

Fig. 2. Schematic diagram of thermal pasteurization system (1: stirrer; 2: peristaltic
pump; 3: heating coil; 4: cooler).

Table 1
Physicochemical properties of fresh CAJ and commercial pasteurized AJ.

pH Brix (°) TA (%) A.A (mg/L) Absorption Coefficient 254 nm (1/cm) Turbidity (NTU) Color

L* a* b*

CAJ 3.92 ± 0.01a 13.63 ± 0.04b 0.33 2.22 28.53 1619 ± 46b 25.43 ± 0.09a 1.60 ± 0.12b 6.71 ± 0.06b

AJ 3.99 ± 0.02b 13.42 ± 0.00a 0.18 – 5.91 4.43 ± 0a 29.49 ± 0.02b −0.28 ± 0.01a 6.12 ± 0.00a

Results were presented as “means ± standard error”. Least significant difference was determined by Tukey pairwise comparison test. Means that do not share the same letter are
significantly different (p < 0.05).
Abbreviations: TA (titrable acidity), A.A (Abscorbic acid content), NTU (Nephelometric Turbidity Units), L* (brightness–darkness), a* (redness–greenness), b* (yellowness–blueness), ΔE
(total color difference).
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by an iodine titration method. Besides Juarez-Enriquez et al. (2014)
determined the ascorbic acid content as 211.75 mg/kg by using 2,6-
dichloroindophenol method. On the other hand, the content of vitamin
C in fruits and vegetables can be influenced by various factors such as
genotypic differences, pre-harvest climatic conditions and cultural
practices, maturity and harvesting methods, and postharvest handling
procedures (Lee and Kader, 2000).

Absorbance is an important factor that affects the UV light intensity
and its penetrating ability to liquid materials. Absorption coefficients of
CAJ were calculated from the slope of absorbance values. In this study,
the average absorption coefficients of CAJ and AJ were determined as
28.53(254nm); 5.91(254nm) cm−1 which are in a good correlation with the
ones obtained by Gayan et al. (2013) (28.54 cm−1).

Turbidity of the samples was changed greatly because of suspended
particles. Although CAJ had many suspended solids in its composition
and higher turbidity value as 1619 NTU, AJ was processed with a
clarification step where suspended particles were removed. This step
was resulted in less turbid juice as 4.43 NTU.

The color parameters (L*, a*, b*) of apple juice were determined
25.43; 1.60; 6.71. The results were comparable with the ones obtained
by Abid et al. (2013), Noci et al. (2008), Cominiti et al. (2012). The L*,
a*, b* values were in range of 19.27 and 25.40; −0.72 and 1.33; 3.99
and 6.75. The color parameters of juice samples were dissimilar al-
though they were made of same kind of fruits. L* values of the juices
indicated that CAJ (L*: 25.43) has a less light color than pasteurized AJ
(L*: 29.49). In contrast, b* value of the AJ as 6.12 was lower than CAJ
due to carotenoid content in the juice composition. AJ had less car-
otenoid pigment comparing to CAJ due to carotenoid degradation
caused by pasteurization process (Fratianni et al., 2010). Parameter a*
that is responsible for redness of the juice was lower in the AJ. The loss
of redness by a decrease of a* value was attributed to the breakdown of
anthocyanin pigments during treatments.

3.2. Thermal pasteurization

Initial microbial load of fresh CAJ including total aerobic bacteria
(TAC), yeast and mold counts (YMC) were 3.2 and 3.4 log10 CFU/mL.
No coliform bacteria were detected in the fresh juice samples.
Therefore, CAJ samples were pasteurized at different time temperature
combinations. Heat treatments at 70 °C for 60 s were insufficient to
reach 5 log10 reduction of E. coli K12. The applications of heat treat-
ment at 70 °C for longer than 60 s, and the other heat treatments at
80 °C and 90 °C resulted in> 6 log10 CFU/mL reduction. According to
these results, the thermal treatment conditions, e.g. 70 °C-100 s, 70 °C-
120 s, and 80 °C-15 s were found to be sufficient to obtain 5 log10

reduction of E. coli K12 in apple juice. Moreover, at these process
conditions, growth of TAC and YMC was not observed. Mazzotta (2001)
calculated the industrial pasteurization conditions for fruit juices as
90 °C for 2 s and 84 °C for 20 s. However, the heat treatment at these
high temperatures often causes losses of nutritional value and quality.
Similarly, we observed that when the pasteurization temperature was
higher than 80 °C, the color of juice samples was significantly affected
(Fig. 5c). Therefore, mild heat pasteurization range in between 70 and
72 °C have begun to be applied in many studies to keep high quality in
many types of fruit juices (Timmermans et al., 2011). The FDA has also
recommended a minimum temperature (71.1 °C) and time (3 s) for
pasteurization of food products having the pH range of 3.6 and 4.0
(FDA, 2004).

In conclusion, the thermal treatment carried out at 70 °C for 120 s
was chosen as optimum condition to reach the 5 log10 reduction in the
target microorganism in CAJ. This temperature-time combination was
also resulted in the minimum loss of physical, chemical and optical
properties of the juice sample (Table 1).

3.3. UV-LED processing

3.3.1. Determination of the exposure time
In this study, the effective time, dose and wavelengths required for

the inactivation of E. coli K12 in CAJ and AJ samples were determined.
The effect of four UV-LEDs emitting light at 254 nm on the inactivation
of E. coli K12 in CAJ is presented in Fig. 3. A linear decrease was ob-
served in the log10 reduction of E. coli K12 up to 35 min of exposure
time. The exposure time that was applied longer than 35 min did not
change the inactivation efficiency of the lamps significantly. UV-LED
irradiation at 254 nm applied for 40 min was resulted in 3.7 log10 CFU/
mL reduction of E. coli K12 in CAJ (1909.50 NTU, 15.43254 nm cm−1),
while the UV-LED applied for 50 min provided 3.7 log10 CFU/mL re-
duction. Although the inactivation efficiencies of 40 min and 50 min
exposure times were not significantly different from each other
(p > 0.05), the color of the juice sample was adversely affected in the
second treatment. Thus, the maximum exposure time for UV-LED trials
was determined as 40 min. UV dose was estimated from the exposure
time (40 min) and incident UV intensity (irradiance). Incident UV in-
tensity (irradiance) emitted by each UV-LED lamp (in mW/cm2) was
measured by ferrioxalate actinometry method and shown in Table 2.

Ngadi et al. (2003) applied 300 mJ/cm2 UV dose at 0.32 mW/cm2

incident UV intensity for 16 min in order to achieve 4.2 log10 (CFU/mL)
reduction of E. coli O157:H7 (ATCC 35150) in apple juice (0.02%
transmittance) samples of 0.1 cm in depth. They irradiated the juice
samples using a collimated beam apparatus consisted of a low-pressure
mercury UV lamp with peak radiation in the 254 nm wavelength range.
In another study, apple juice (absorption coefficient 5.81 cm-1) in-
oculated with E. coli K12 was treated with UV-C irradiation and
4.6 log10 CFU/mL reduction was obtained (Caminiti et al., 2012). In our
study, 707.19 mJ/cm2 UV dose at 0.295 mW/cm2 average irradiance
for 40 min was resulted in 3.70 log10 CFU/mL reduction of E. coli K12
in CAJ of 0.15 cm in depth using four UV-LEDs emitting light at
254 nm.
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Fig. 3. The effect of 4 UV-LED lamps emitting light at 254 nm on the inactivation of E.coli
K12 in CAJ.

Table 2
Incident UV intensity (irradiance) and UV dose values.

The wavelength of UV-LED lamp
(nm)

UV intensity (mW/cm2) UV dose (mJ/cm2)

254 0.3 ± 0.0 707.2 ± 143.5
280 0.3 ± 0.0 771.6 ± 133.9
365 0.8 ± 0.1 NA
405 0.4 ± 0.1 NA
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3.3.2. Microbial inactivation efficiency of UV-LEDs at different wavelengths
In this study, inactivation effects of different wavelengths of static

bench top UV-LEDs system on E. coli K12 inoculated in CAJ and AJ were
examined at 40 min exposure time. Temperatures of the CAJ samples
were monitored and presented in Fig. 4. Temperature increase (max.
2.4 °C) during the treatments was negligible. The logarithmic reduction
values were demonstrated in Table 3. The turbidity and absorption
coefficients of CAJ used in this part of study were 908.5 NTU,
19.18254 nm cm−1, 24.71280 nm cm−1, 4.24365 nm cm−1 and
2.60405 nm cm−1, respectively. These values were different than those
used in previous experiments. This was because apple juice samples
used in the experiments were freshly prepared using apples purchased
from the market at different time intervals. Thus, climate and seasonal
changes cause a difference on the composition of apples and apple
juice. Besides, the filtration of processes applied in obtaining cloudy
juice may also have an effect on the physical properties of samples. For
AJ, turbidity and absorption coefficient were measured as 4.43 NTU
and 5.91 cm-1, respectively.

While the population of E. coli K12 in CAJ at 280 nm and
280–365 nm wavelength combination were maximum reduced by
2.0 ± 0.1 and 2.0 ± 0.4 log10 CFU/mL at a 40 min exposure time, in
AJ the highest inactivation (4.40 log10 CFU/mL) obtained for E. coli
K12 was achieved using four lamps emitting light at 280 nm for 40 min
exposure time. For the same treatment time, the experiments using a
combination of lamps emitting light at 280 and 365 nm (2lamp/2lamp)
were resulted in 3.9 ± 0.2 log10 CFU/mL reductions. According to

results it was clearly observed that UV-LED irradiation was more effi-
cient on AJ than CAJ. The reason is because cloudy fluids have a low
absorption of the UV due to the presence of color compounds, organic
matter, and suspended solids; therefore, UV efficiency is lower than
clear fluids (Koutchma, 2009).

Moreover, in two juices the germicidal effectiveness of 280 nm LEDs
were higher than that of 254 nm LEDs. The inactivation activity
achieved using a combined emission at 280–365 nm was very close to
the results obtained at 280 nm (p > 0.05). It is known that UV-A ra-
diation is not directly absorbed by DNA. UV-A lights are able to induce
DNA damage indirectly via the absorption of UV-A photons by photo-
sensitizer cellular structures such as chromophores (Ravanat et al.,
2001) which may result in formation of reactive oxygen species (ROS)
such as singlet oxygen (1O2) and hydrogen peroxide (H2O2). Later ROS
can react with cellular components including DNA and proteins. Da-
mage to DNA involves strand breaks, formation of 8-oxo-7, 8-dihy-
droguanine (8-oxo-dG), 2,6-diamino-4-hyroxy-5-formamido-pyrimidine
of 2′-deoxygunosine and pyrimidine dimers and oxidation of pyr-
imidine bases (Hargreaves et al., 2007). Furthermore, it is known that
UV light at UV-A wavelength (320–400 nm) inhibits the protein
synthesis by damaging cell membranes and has better penetration
property (Chatterley and Linden, 2010). On the other hand, UV-C light
inactivates microorganisms by directly affecting the DNA of micro-
organisms causing the formation of cyclobutane thymine dimers, in-
activating them without intermediate steps (Santos et al., 2013). DNA
damage caused by UV-C irradiation can be repaired by photolyase
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Fig. 4. Temperature flactuation during UV-LED treatments.

Table 3
Logarithmic reductions (log10 CFU/mL) of E. coli K12 in CAJ and AJ exposed to UV-LED irradiation at different wavelengths and exposure times.

Wavelengths (nm)

Juice Type Time (min) 254 280 280–365 280–405 254–365 254–405 254–280–365-405
CAJ 20 1.10 ± 0.01abA 1.63 ± 0.09cA 0.94 ± 0.21abA 0.97 ± 0.22abA 0.60 ± 0.09abA 0.37 ± 0.08aA 1.05 ± 0.32abA

40 1.64 ± 0.05abB 2.00 ± 0.06bB 1.98 ± 0.39bA 1.26 ± 0.09aA 1.38 ± 0.11abB 1.18 ± 0.34aA 1.72 ± 0.33abA

AJ 20 3.58 ± 0.04bA 4.00 ± 0.02cA 3.54 ± 0.08bA 3.42 ± 0.02bA 1.79 ± 0.06aA 3.26 ± 0.03bA 3.35 ± 0.26bA

40 3.92 ± 0.15bA 4.40 ± 0.14cA 3.76 ± 0.07bA 3.58 ± 0.03bB 3.22 ± 0.16aB 3.77 ± 0.08bB 3.66 ± 0.15bB

Results were presented as “means ± standard error”. Least significant difference was determined by Tukey pairwise comparison test.
A–B:Values within each exposure time followed by the same letter are not significantly different (P > 0.05).
a–c: Values within each wavelength and their combinations followed by the same letter are not significantly different (P > 0.05).
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enzymes, but UV-A rays damages these enzymes. The damage given to
cell membranes by UV-A rays was irreversible. The combined emission
at 280 and 365 nm increased the effectiveness of microbial inactivation
caused by UV light (Chevremont et al., 2012b). Chevremont et al.
(2012a) was reported that coupling of 280/365 and 280/405 nm al-
lowed obtaining a significant reduction on mesophilic bacteria in waste
water than 254 nm which was the wavelength known to have a max-
imum germicidal effect. Additionally, it was indicated that UV-LEDs
emitting light at 275 nm resulted in much higher microbial inactivation
(Bowker et al., 2011). This is due to the fact that protein absorption
spectrum may reaches the maximum near 280 nm and thus enzymes
become more sensitive to inactivation by UV light emitted at these
wavelengths (Chevremont et al., 2012a).

Low and medium pressure mercury-vapor lamps are used for con-
ventional UV disinfection. Low pressure mercury lamps emit nearly
monochromatic UV light at a wavelength of 254 nm which coincides
very well with the peaks of the germicidal effectiveness curve (i.e. the
effectiveness for UV absorption by DNA). UV LEDs offer the possibility
to use the optimum wavelength for disinfection instead of the 254 nm
emitted by low pressure mercury lamps. However, there was no study
in the literature related to the assessment of the effect of UV-LEDs on
the inactivation of microorganisms in fruit juices. So, it was hard to
compare our results with others.

3.4. The effect of UV-LED irradiation on PPO enzyme activity

Table 4 shows the changes in activity of PPO in CAJ exposed to UV
light at 24 °C and thermally pasteurized CAJ. UV-LED treatment was
able to reduce the activity of PPO. The highest inactivations with
67.42% and 65.62% were achieved in the process when the combina-
tions of emission at 280–365 nm and 280–405 nm were used. The ac-
tivity of PPO in CAJ subjected to UV light at 254 and 280 nm wave-
length was reduced to 70.43% and 56.35%, respectively. It was clearly
observed that UV-LED irradiation coupling UV-A and UV-C rays showed
a better inactivation efficiency on PPO enzyme than the one used only
UV-C rays. It was reported that the enzyme inactivation using UV-C
light depends on the juice matrix and its composition (Müller et al.,
2014). High absorption coefficient of cloudy apple juice implies that the
penetration depth of the UV-C light in juice is very small, thus the
enzyme inactivation was low. Tran and Farid (2004) and Noci et al.
(2008) found that UV-C light treatment has no noticeable effect on the
enzymes such as pectinmethylesterase (PME), polyphenoloxidase (PPO)
and peroxidase (POD). Muller et al. (2014) was investigated the effect
of UV-C and UV-B irradiation on PPO activation in apple (52.4 cm−1)

and grape (43.5 cm−1) juice by means of UV-C processing unit
equipped with a Dean flow reactor. Even though, they did not observe a
significant effect on PPO enzyme activity, a reduction of PPO activity
of> 20% and 40% was reported in apple and grape juices subjected to
UV-B (290–315 nm) irradiation, at UV dose of 100.48 kJ L−1. Falguera
et al. (2011) irradiated fresh apple juices for 120 min using a high
pressure mercury UV lamp (400 W, emitting light between 250 and
740 nm), They were able to inactivate Polyphenol oxidase in 100 min,
while peroxidase was completely destroyed in only 15 min.

3.5. Effect of UV-LED irradiation on color

The color of a fruit juice is an important visual criterion that can be
directly influenced by the presence of various colored pigments, enzy-
matic activities as well as the microbial contamination (Bhat, 2016).
The effect of UV-LED irradiation at different wavelengths and thermal
pasteurization on color of CAJ was investigated in this study. As pre-
sented in Fig. 5, significant differences in the colorimetric parameters
and the total color difference value (ΔE) was recorded in UV-LED
treated and thermally pasteurized samples.

L* value was the only parameter remained almost constant after
exposure to UV-LED irradiation. The minimum changes in L* value was
observed at the processing condition when UV-LED irradiation were
coupled at 280/365 nm wavelength. On the other hand, thermal pas-
teurization at 70 °C for 100 s and 80 °C for 15 s adversely affected
brightness of CAJ due to the partial precipitation of suspended parti-
cles. Lee and Coates (1999) reported that precipitation of insoluble
particles from cloudy apple juice suspension cause the increment of
lightness after pasteurization.

Parameters of a* and b* were highly influenced after UV-LED irra-
diation and thermal treatment (Fig. 5b,c). The most noticeable change
in a* values was observed in CAJ samples exposed to UV-LED irradia-
tion at 280/365 nm. This was probably due to photo degradation of
anthocyanins due to the discoloration effects of UV light on pigments
(Guerrero-Beltra'n et al., 2009). In contrast, at this condition, the
change in b* value was lower compared to the ones treated with any
other wavelengths and their combinations.

The lowest color difference (ΔE) was estimated for samples sub-
jected to UV-LED irradiation at 280/365 nm and determined as ‘no-
ticeable’ (1.5–3.0) (Cserhalmi et al., 2006). This finding was well cor-
related with the residual PPO enzyme activity and ascorbic acid
degradation in CAJ samples. Residual activity of PPO in CAJ was the
lowest (32.58%) when treated with UV-LED in combination of UV-C
(280 nm) and UV-A (365 nm) rays (Table 4). Similarly, Juarez-Enriquez
et al. (2016) achieved complete PPO enzyme inactivation in apple juice
after 180 min of ultraviolet irradiation but observed significant color
change expressed as hue. They referred the variation in hue to double
bounds disruption and oxidation reactions during UV treatment. Ad-
ditionally, it was observed that the ascorbic acid was completely di-
minished after thermal and UV-LED processing. Tikekar et al. (2011)
showed that ascorbic acid degradation in foods accelerated by exposure
to visible light and polychromatic UV radiation supporting the results of
this study. They suggested that UV-induced degradation of ascorbic
acids proceeded by a similar mechanism as that for the general me-
talcatalyzed oxidation pathway.

On the other hand, the recorded results in this study indicated that
juice samples exposed to thermal treatment exhibited ‘well visible’
(3.0–6.0) and ‘great’ (6.0–12.0) difference in color. High ΔE values can
be attributed to the destruction/alterations in the colored pigmented
compounds as well as to the enhancement in browning degree (non-
enzymatic browning) after thermal treatments (Bhat, 2016).

4. Conclusion

In this study, the efficiency of four different UV-LEDs emitting light
at different wavelengths on the inactivation of E. coli K12 and PPO

Table 4
Residual Activity (%) of PPO in CAJ treated with thermal pasteurization and UV-LED
irradiation.

Residual activity (%)

Thermally Pasteurized CAJ 70 °C 100 s 25.76 ± 1.38B

70 °C 120 s 22.34 ± 0.06A

85 °C 15 s 27.37 ± 0.17B

UV-LED Irradiated CAJ (40 min) 254 nm 70.43 ± 3.38d

280 nm 56.35 ± 5.38c

254/365 nm 50.01 ± 1.62b

254/405 nm 47.76 ± 1.79b

280/365 nm 32.58 ± 0.77a

280/405 nm 34.38 ± 1.61a

254/280/365/
405 nm

42.87 ± 1.45b

Results were presented as “means ± standard error”. Least significant difference was
determined by Tukey pairwise comparison test.
A–B: Values within each thermally pasteurized CAJ followed by the same letter are not
significantly different (P > 0.05).
a–d: Values within each UV-LED Irradiated CAJ (40 min) followed by the same letter are
not significantly different (P > 0.05).
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enzyme in cloudy and clear apple juice was investigated. The results
showed that a batch reactor equipped with 4 UV-LEDs did not provide
5 log10 reduction on target microorganism (E. coli K12) in CAJ.
However, coupled wavelength 280/365 nm was more influential on
inactivation of E. coli K12 than when LEDs emits 254 nm was used in-
dividually in spite of its maximum germicidal effect. Reduction of PPO
activity emitted UV-LED treatment cannot be still as effective as heat
treatment. However, compared with UV-C irradiation, it was found that
PPO enzyme inactivation efficiency of UV-LEDs emitted at UV-A and
UV-C range were higher than traditional low pressure mercury lamps.
Similarly, combination of UV-A and UV-C provided a better preserva-
tion of color of CAJ compared to UV-C irradiation and thermal treat-
ment. There are limited numbers of studies in the literature related to
use of UV-LEDs for fruit juice processing. Therefore, this study holds
significant potential for being one of the first studies in this field. This
preliminary study point out that new UV light disinfection equipment,
effective on both bacteria and enzyme, of low energy consumption can
be designed in various shapes and sizes without using harmful (e.g.
mercury) substances. If UV-LEDs can be used instead of conventional
low-pressure mercury lamps, it will be possible to miniaturize the de-
vices used for disinfection purposes and hold a potential to become an
economic processing method for juices.
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