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Abstract
Fresh-cut fruits are susceptible for microbial contamination during handling and storage. Hence, there is a need for minimal
processing of such foods using non-thermal technology that can inactivate both bacterial pathogens and undesirable enzymes
while retaining the quality. In this regard, synergistic effect of light emitting diode (LED) based blue light (BL) and natural
exogenous photosensitizer- curcumin (PS) on the inactivation of bacterial pathogens (Escherichia coli, Staphylococcus aureus),
and enzymes (polyphenol oxidase, peroxidase, bromelain) of fresh-cut pineapple slices were evaluated. The effect of photody-
namic treatment (PS+BL) on quality attributes like color, phenolics, flavonoids, ascorbic acid content and antioxidant activity
was also investigated. The PS+BL treatment at optimized conditions resulted in 3 and 4 log reduction of E. coli and S. aureus,
respectively. PS(100 μM)+BL treatment led to partial inactivation of polyphenol oxidase (33.5%) and peroxidase (25.7%),
synergistically, but preserved desired enzyme bromelain. The PS+BL didn’t show any significant (p<0.05) consequence on
color, phenolics, flavonoids and antioxidant activity, while it affected the ascorbic acid content negatively (reduced by ~30%).
The current investigation showed that the photodynamic inactivation ofE. coli and S. aureus using LED-based photosensitization
in fresh-cut fruit slices could be used as a potential method for microbial control although some phytochemical losses.
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Introduction

Tropical fruits, especially fresh-cut pineapple, are of great po-
tential in global market, sold at all range of markets from farmer
market to supermarket. In order to extend its shelf life without
quality deterioration, low temperature storage is essential.
Whereas, these fresh-cut fruits are often stored at ambient tem-
perature in most of the regions worldwide, and are also exposed
to air during distribution. This kind of inappropriate handling
and storage are said to cause foodborne diseases and outbreaks,
which has led to increased concern over the safety of consump-
tion of fresh-cut fruits (Carstens et al. 2019). In the recent past,
reports on the outbreaks associated with Escherichia coli
O157:H7 and Salmonella in the USA are accounting for about
42.9 and 34.3% with the consumption of fresh cut-fruits and

juices (Nüesch-Inderbinen and Stephan 2016). An outbreak oc-
curred in USA in 1994 was associated with non-O157:H7
enterohemorrhagic E. coli (O11:H43) contamination in pineap-
ple. Fresh-cut tropical fruits that are minimally processed are
prone to attachment of pathogens in cut/injured surfaces and
provided nutrients for the growth of food-borne pathogens
(Gleeson and O’Beirne 2005). Few reports also found that
Staphylococcus aureus is able to grow on pineapple slices hav-
ing higher soluble solids content and aw and they even survive
on low pH and storage temperatures of 5–25 °C (Lanciotti et al.
2001). Inactivation of quality deteriorating enzymes
(oxidoreductases) that causes browning of the product like poly-
phenol oxidase (PPO) and peroxidase (POD) are crucial aspect
during processing of fresh-cut fruits (Kathrin et al. 2020).
Hence, ideal processing technique should address both microbi-
al safety as well as reducing enzyme-based quality deterioration.

Non-thermal technologies are gaining focus in recent years,
as an alternate to the thermal technologies, as they reduce mi-
crobial load as well as retain nutrients. One such non-thermal
technology is light based processing for decontamination of
foods (Koutchma 2009; Oms-Oliu et al. 2010; Bhavya and
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Hebbar 2017), and especially high energy wave that is blue
region (400–500 nm) of the light spectrum has a huge scope
for exploration. Recently, light-emitting diode (LED) are being
used for blue light (BL) production as it saves energy and cost
and is also environmentally friendly with high durability. Early
studies with blue LED have shown potential application in food
safety, especially for surface decontamination (Maclean et al.
2009; Ghate et al. 2017). However, prolonged exposure period
was required for inactivation of food-borne pathogens. In order
to reduce the processing time, many exogenous photosensi-
tizers (PS) such as curcumin, chlorophyllin, hypericin, alpha-
terthienyl, and 5-Aminolevulinic acid can aid the photodynam-
ic inactivation (PDI) of microorganisms by BL (D’Souza et al.
2015). Further, PDI, a combination of PS (photoactive mole-
cule) and specific wavelength of light (LED) is also being
considered for food decontamination (Luksiene and
Zukauskas 2009). The mechanism of microbial inactivation
during PDI is through the formation of cytotoxic substances
like reactive oxygen species (ROS) that damage the cells.
These ROS result in creating biochemical and functional dis-
turbances in cell system, especially targeting the cell membrane
component by cross-linking, protein and lipid oxidation, inhi-
bition of transport of metabolites, leakage of lysosomal en-
zymes, and increases the uptake of PS, finally causing cell
death (Zerdin et al. 2009; Bertoloni et al. 1989).

The application of novel curcumin-mediated PDI in food
products is gaining attention due to its biocompatibility and
photoactive properties against wide range of microbes (Winter
et al. 2013). In recent times, few reports on the use of PDI on
fruits and vegetables are available (Al-Asmari et al. 2018;
Aurum and Nguyen 2019; Tao et al. 2019). However, there
are no comprehensive studies on the effect of photodynamic
process on fresh-cut fruits in terms of microbial, enzyme and
nutritional quality. Hence, the emphasis of the current study is
on evaluating the efficacy of PS+BL treatment on surface
decontamination of E. coli (Gram-negative bacteria) and
S. aureus (Gram-positive bacteria) in fresh-cut pineapple
slices. The study also focuses on the effect of non-thermal
LED-based processing on the activity of enzymes like PPO,
POD and bromelain. Further, retention of quality attributes
like color, total phenolic content (TPC), total flavonoid con-
tent (TFC), ascorbic acid content, and antioxidant activity in
treated cut-pineapple slices was also investigated in detail.

Materials and Methods

Chemicals and Reagents

Copper sulfate, Folin and Ciocalteu’s phenol (FC) reagent,
ethylenediaminetetraacetic acid (EDTA), aluminium
trichloride, hydrogen peroxide, metaphosphoric acid, ethanol,
and sodium carbonate anhydrous, sodium potassium tartrate,

sodium nitrate, sodium acetate, trichloro acetic acid (TCA),
and sodium hydroxide were procured from Merck, Mumbai,
India. Phosphate buffered saline (PBS) was purchased from
Thermo Fisher Scientific, India. Catechol, guaiacol, curcumin,
ascorbic acid, quercetin, L-cysteine hydrochloride, L-tyrosine,
g a l l i c a c i d monohyd r a t e , 6 - h yd r oxy - 2 , 5 , 7 , 8 -
tetramethylchroman-2-carboxylic acid (trolox), 2,4,6-Tri(2-
pyridyl)-s-triazine (TPTZ), bovine serum albumin (BSA), ca-
sein, 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS), and 2,2 ′-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH) were obtained from Sigma-
Aldrich, India. Tryptone soy broth (TSB) and agar-agar were
procured fromHiMedia Laboratory, India. Chemicals used for
high-performance liquid chromatography (HPLC) analysis
were of HPLC grade and other chemicals used in the study
were of analytical grade.

LED-Based Processing System

A laboratory scale, LED processing system (batch type) de-
veloped at CSIR-CFTRI, Mysuru was used in the present
study, and detailed description of the unit was reported by
Bhavya and Hebbar (2019a). The unit mainly consisted of
LED lamp (462 ± 3 nm), material holding tray, UV lamp,
and temperature probe. The sample was placed in the sterile
Petriplate under the LED lamp at a fixed distance (~ 7 cm).
The photometric unit, luminance (Lux), was measured using
digital light meter (Lutron-LX-101A, Lutron electronic enter-
prise Co. ltd, Taiwan, China). Further, the irradiance (W/cm2)
of LED bulb was calculated using the photometric conversion
(Eq. (1)) (Palmer 2010).

P ¼ L

Km*V λð Þ ð1Þ

where, P = irradiance (W/cm2), L= luminance (lux), Km =
maximum value of spectral luminous efficacy (683 lm/W),
and V (λ) = photopic spectral function at the wavelength at
462 nm (0.0653).

The energy dosage provided for BL treatment was calcu-
lated using Eq. (2), suggested by Maclean et al. (2009).

E ¼ P x t ð2Þ
where, E=dose (energy density) in J/cm2, P=irradiance (power
density) in W/cm2, and t = time in seconds

Bacterial Inoculation and Its Inactivation in Fresh-Cut
Pineapple

E. coli (ATCC 11775) and S. aureus (ATCC 12600) were
obtained from Food Safety and Analytical Quality Control
Laboratory at CSIR-CFTRI, and Mysuru and glycerol stocks
of these cultures were stored at −80 °C till further use.
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Working cultures were prepared from the stock cultures in
sterile TSB by consecutive (at least two) transfers after every
24 h and were incubated for 24 h at 37 ± 2 °C. Further, cell
viability was maintained by subculturing daily, and the cells
were centrifuged at 4000 ×g for 5 min at 4 °C. The pellet was
washed twice with sterilized PBS (pH 7.4), and then the bac-
terial suspension was used for experiments by suspending the
resultant pellet in PBS at an initial concentration of ~ 109

CFU/mL.
Fresh pineapples were procured from a local market in

Mysuru, India. Then, pineapple surface was washed thor-
oughly with chlorine water in order to remove the surface
microbial load and further was peeled and sliced using sterile
stainless steel knife. The fruit slice was ~ 1-cm thick with
dimension being ~ 5 × 4 × 1 cm. The bacterial culture,
E. coli grown overnight (18 h), was inoculated (~ 7 log
CFU/g) onto the surface of the fresh-cut pineapple slice (~
10 g) placed in a sterile Petri dish. A similar protocol was used
for S. aureus also. Further, PS (10 mM stock solution of
curcumin in ethanol) was used to treat the inoculated pineap-
ple slices at different concentrations (100 and 200 μM). Later,
for the PDI treatment, the PS-treated slices were exposed to
BL for a particular duration in the LED illumination chamber
below the light source. Pineapple slices treated with PS (incu-
bated in the dark), BL alone, and uninoculated slices were
considered as controls. After the treatment, the slice was ho-
mogenized, serially diluted, and pour plated onto tryptone
soya agar (TSA). The incubated TSA plates (37 ± 2 °C for
24 h) were manually counted for bacterial colonies, and the
results were expressed as log CFU/g.

Determination of Enzyme Activity

Extraction of Enzymes

A 10 g of control/treated pineapple slices were macerated with
10 mL of 0.01 M sodium phosphate buffer (pH 7) for enzyme
extraction. The obtained aqueous solution containing active
enzymes was filtered through muslin cloth and centrifuged
at 4000 ×g for 40 min at 4 °C. The supernatant was used for
estimation of PPO, POD and bromelain activity. Protein con-
tent of supernatant was also determined using spectrophoto-
metric method at 660 nm using Lowry’s method to calculate
specific activity of each enzyme. The BSA (0.2 to 1 mg/mL)
was used as standard to estimate the protein concentration of
the extract.

Polyphenol Oxidase and Peroxidase Activity

The ac t iv i ty of PPO and POD was de te rmined
spectrophotometrically as described by Shewale and Hebbar
(2017) with slight modification. For PPO assay, 0.1 mL of

enzyme extract was added to 2.9 mL of substrate solution
containing 0.05 M catechol in a 0.1 M phosphate buffer (pH
6.5). The increase in absorbance of reaction mixture was mea-
sured at 420 nm (UV-1800, Shimadzu Corporation, Japan) for
2 min at an interval of 0.5 min against the catechol solution
(blank) at room temperature. The POD activity was deter-
mined using guaiacol and hydrogen peroxide as substrate. A
0.05 mL of enzyme extract was added to 3 mL of substrate
solution containing 1.0 mL each of 15 mM guaiacol, 3 mM
H2O2, and phosphate buffer (pH 6). The increase in absor-
bance of the reaction mixture was recorded at 470 nm for
3 min at 0.5 min interval. Both the PPO and POD activities
were determined from the slope of the linear portion of the
graph relating to change in absorbance with time. One unit of
PPO/POD activity is defined as the amount of the enzyme that
causes an increase in absorbance of 0.001/min and is
expressed as Unit/mL. The enzyme inactivation was calculat-
ed by using the following equation (3):

Inactivation %ð Þ ¼ A0−At

A0
� 100 ð3Þ

where, At=enzyme activity of treated sample (U/mL) and
A0=enzyme activity of control sample (U/mL).

Bromelain Activity

Bromelain activity was estimated as described by Chaurasiya
et al. (2015) with slight modifications using the casein diges-
tion unit (CDU) method. The assay was performed using ca-
sein (0.6 %) as a substrate in the presence of cysteine and
EDTA (enzyme diluent). The test sample was made by adding
5 mL of casein solution, 0.2 mL of enzyme diluent, 0.6 mL of
distilled water, 0.2 mL of enzyme extract, and the reaction was
carried in water bath at 37 °C for 10 min. Further, the reaction
was stopped by adding 5 mL of trichloroacetic acid (TCA) to
the reaction mixture. The blank sample was prepared by
heating 5 mL of casein solution for 10 min in a water bath
maintained at 37 °C followed by subsequent addition of 5 mL
of TCA, 0.2 mL of enzyme diluent, and 0.8 mL of distilled
water. The test and blank sample were incubated for 30 min at
room temperature. The TCA precipitates the unhydrolyzed
substrate, and the precipitate was removed using Whatman
No. 1 filter paper. The absorbance of the solubilized casein
(filtrate) was read at 275 nm using a spectrophotometer. One
unit of bromelain activity is defined as 1 μg of l-tyrosine
released in 1 min per mL of sample when casein is hydrolyzed
under the standard conditions of 37 °C at pH 7.0 for 10 min.
The standard graph was prepared by using 10 to 100 μL of 1
mg/mL of tyrosine solution. The activity of the bromelain
enzyme was calculated using Eqs. 4, 5, and 6:

364 Food Bioprocess Technol  (2021) 14:362–372



Activity CDU=mLð Þ

¼ μg=mLof tyrosine equivalent released � Dilution factorð Þ
Volume of enzyme used � Time of assayð Þ

ð4Þ

μg
mL

of tyrosine released ¼ Actual OD
Slope of standard tyrosine graph

ð5Þ

Actual OD ¼ Reaction mixture absorbance−Blank reaction absorbanceð Þ
ð6Þ

Estimation of Color

The color parameters of control and treated pineapple slices
were obtained using colorimeter (CM 5, Hunter Associates
Laboratory, USA). The color coordinates, namely, L*, a*,
and b*, represent lightness index, red-green, and yellow-blue
color components, respectively. The calibrated colorimeter
using black reference and standard white slab (L*=90.70,
a*=1.08, b*=0.65) under illuminated conditions was used
for the color estimation. The obtained values of L*, a*, and
b* were used to calculate yellowness index (YI) and total
color difference (ΔE) using the following equations (7,8), as
reported by Hirschler (2012):

YI ¼ 142:83� b*
� �

L*
ð7Þ

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L*−L*ref
� �2

þ a*−a*ref
� �2

þ b*−b*ref
� �2

r

ð8Þ

where L*, a*, and b* were color values of treated pineapple
slices, while L*ref, a*ref, and b*ref were the color values of
control pineapple slices.

Total Phenolic Content

A 10-g pineapple slice was extracted with 30 mL of 80%
aqueous methanol containing 1% HCl. Further, the mixture
was kept in refrigerated condition for 24 h for proper extrac-
tion and then centrifuged at 4000 ×g for 20 min. The super-
natant was collected and used for the estimation of total phe-
nolic content (TPC), total flavonoid content (TFC), and anti-
oxidant activity.

TPC was estimated by Folin-Ciocalteu method described
by Shewale and Hebbar (2017). Briefly, extract (100 μL) and
diluted FC reagent (500 μL) were added and mixed well.
Further, 20% of sodium carbonate solution (400 μL) was
added to the mixture after 5 min. After 60 min of incubation
in dark, the absorbance of the reactionmixture was read at 760
nm. The TPC was calculated using standard curve of gallic
acid (0.02 to 0.1 mg/mL), and the results were expressed as

micrograms of gallic acid equivalents per gram (μg GAE/g) of
pineapple.

Total Flavonoid Content

The TFC was determined according to Reis et al. (2012) with
slight modification. In brief, an aliquot of 400 μL extract was
diluted with 250 μL of distilled water followed by the addition
of 20 μL of 5% NaNO2 solution and 50 μL of 10%
AlCl3.6H2O. After 5 min, 150 μL of 1 M NaOH was added,
and volume was made with distilled water (up to 1 mL).
Further, the absorbance was recorded at 510 nm after 10 min
using microplate reader (Epoch microplate reader, BioTek
Instruments Inc., India). The TFC was expressed as μg of
quercetin equivalents/g of pineapple.

DPPH Radical-Scavenging Ability

The DPPH radical-scavenging activity was performed accord-
ing to Yen and Chen (1995). The DPPH radical stock solution
(250 μM) was freshly prepared daily in ethanol. The DPPH
solution (980 μL) was mixed with 20 μL of extract. The
decrease in absorbance was read at 517 nm after 30 min of
incubation at room temperature in the dark.

Trolox Equivalent Antioxidant Capacity

The trolox equivalent antioxidant capacity (TEAC) of treated/
control pineapple slices was estimated according to Re et al.
(1999). Briefly, ABTS radical was prepared by mixing
13.2 mg of potassium persulfate in 20 mL of 7 mM ABTS
solution and incubated for 16 h in the dark at ambient temper-
ature. The 20 μL of extract was mixed with 980 μL of ABTS
diluted solution (diluted with ethanol to achieve a final absor-
bance value of 0.70 ± 0.01). After 4 min, the absorbance of the
reaction mixture was measured at 734 nm. The TEAC of the
pineapple slice was expressed as μg of trolox equivalent/g of
pineapple.

Ferric Reducing Antioxidant Potential

The ferric reducing antioxidant potential (FRAP) was estimat-
ed as described by Benzie and strain (1996) using microtiter
method. In brief, FRAP reagent consisting acetate buffer
(300 mM, pH 3.6), ferric chloride solution (20 mM), and
TPTZ (dissolved in 40 mM HCl) in the ratio of 10:1:1 was
used in the assay. The extract (10 μL) was mixed with
FRAP reagent (300 μL) and distilled water (30 μL). After
4 min, the absorbance of the reaction mixture was read at
593 nm. The FRAP results were represented as mg trolox
equivalent/g of pineapple.

365Food Bioprocess Technol  (2021) 14:362–372



Oxygen Radical Absorbance Capacity

The oxygen radical absorbance capacity (ORAC) was estimat-
ed as described by Ou et al. (2001) with slight modification.
Briefly, a stock solution of FL (44 mg) in PBS (100 mL of 75
mM, pH 7) was prepared and stored in dark at 4 °C. The
working solution of FL (78 nM) and AAPH radical (221
mM) were freshly prepared daily in PBS. A standard of trolox
(10 μM) was prepared freshly from the stock of 1 mM solu-
tion (stored at -20 °C). The supernatant (extracted in 80%
aqueous methanol) was diluted by 250 times in PBS. The
assay was performed in black well plates by adding 50 μL
of FL and 50 μL of sample (diluted supernatant) or blank
(PBS) or standard (Trolox). Further, the plate was incubated
at 37 °C for 10 min prior to the addition of 25 μL of AAPH
radical, and immediately the fluorescence was read until rela-
tive fluorescence intensity (FI%) was < 5% of the initial read-
ing at an interval of 5 min. The fluorescence of the mixture
was measured using multimode plate reader (Spark, Tecan
Trading AG, Switzerland) at an excitation and emission wave-
length of 485 and 535 nm, respectively. The ORAC results
were calculated using the following equation (9) and were
represented as μM trolox equivalent,

ORAC μM trolox equivalentð Þ

¼ CTrolox AUCsample−AUCblank
� �

k
AUCTrolox−AUCblankð Þ ð9Þ

where Ctrolox is the concentration of trolox (μM), k the sample
dilution factor, and AUC the area under the fluorescence
curve.

Ascorbic Acid Content

The extraction for ascorbic acid estimation was followed as
described by Hernández et al. (2006). Briefly, 10 g sample
was crushed and extracted in 50 mL of 3% metaphosphoric
acid—8% acetic acid solution. The extract was then centri-
fuged at 5000 ×g for 20 min at 4 °C, and the supernatant
was filtered through 0.45-μm syringe filter for further use.
The ascorbic acid estimation was performed using HPLC
method as described by Bhavya and Hebbar (2019a).
Briefly, Shimadzu LC-10A HPLC model with C18 Ascentis
column (5 μm particle, 4.6 mm × 250 mm ID) coupled with
PDA detector was used. The following method was used:
mobile phase, 0.005 N sulfuric acid; flow rate, 1 mL/min;
run time, 20 min; injection volume, 10 μL; and detection
wavelength, 245 nm. Ascorbic acid content in the pineapple
slices were quantified using ascorbic acid standard calibration
curve (0.1–1 mg/mL) and the results were represented as mg
of ascorbic acid/g of pineapple.

Statistical Analysis

Statistical analysis was performed using GraphPad prism soft-
ware (version 5), and significance between the groups was
determined by one-way ANOVA with Tukey’s post t test.
Value of p < 0.05 was considered as significant difference
between the groups. The principal component analysis was
performed using the XL-Stat software. All the values are rep-
resented as mean of three independent experiments done in
triplicates.

Results and Discussion

Surface Decontamination of Fresh-Cut Pineapple by
Photosensitizer and Blue Light

The irradiance and fluence used in the present study were 6.34
± 0.05 mW/cm2 and 50 J/cm2, respectively. The initial tem-
perature of pineapple slice was 27 °C and reached a maximum
of 35 °C at the end of PDI processing.

In the present study, the effect of PS and BL in combination
was investigated on E. coli and S. aureus inoculated fresh-cut
pineapple slices. Further, the effect of two different PS con-
centrations (100 and 200 μM) on the inactivation of these
bacterial pathogens was also studied. The PS treatment
at100 and 200 μM reduced E. coli counts by 1.18 ± 0.16
and 1.70 ± 0.12 log CFU/g, respectively (Fig.1a), while the
corresponding values for S. aureus were 1.13 ± 0.05 and 1.78
± 0.25 log CFU/g (Fig.1b). The BL treatment (50 J/cm2)
showed a marginal effect on the inactivation of E. coli and
S. aureus (0.46 ± 0.30and 1.17 ± 0.01 log CFU/g, respective-
ly). During combinational treatment (PS+BL), higher concen-
tration of PS tested showed higher inactivation of E. coli by
3.17 ± 0.29 log CFU/g. Aurum and Nguyen (2019) reported
reduction of E. coli by 2.4 log CFU/g in grapes illuminated
(465 nm) at 36.3 J/cm2 fluence and curcumin at a concentra-
tion of 1.6 mM. The difference in inactivation of E. coli in the
present study in comparison to the above-reported literature
could be due to the critical factors that dictate the effectiveness
of light-based processing such as fluence applied and photo-
sensitizer concentration used. Further, a comprehensive study
focusing on the effect of different process variables is neces-
sary to understand the factors governing the inactivation of
microbial population. In the current study, concentration of
PS during combinational treatment did not have significant
(p > 0.05) difference on inactivation of S. aureus. In addition,
a maximum reduction of S. aureus count by 4.21 ± 0.13 log
CFU/g with PS(200 μM)+BL treatment was observed. These
results indicate that PS (curcumin) and BL (462 nm) treatment
in combination had a synergistic effect on E. coli and
S. aureus inactivation. Further, it can also be noticed that
E. coli (Gram-negative bacteria) was more resistant to PDI
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than S. aureus (Gram-positive bacteria). This significant dif-
ference between surface decontamination of E. coli and
S. aureus on fresh-cut pineapple can be contributed to struc-
tural difference in their cell membranes. Similarly, Penha et al.
(2017) also reported an inactivation of E. coli and S. aureus by
1.29 and 3.27 log CFU/mL of PBS, respectively, when PDI
treatment was applied at a fluence of 139 J/cm2 (470 nm) in
the presence of curcumin (75 μM). Our previous studies on
maximum recovery diluent (in vitro) also have shown that
treatment with PS (20 μM) and BL (13 J/cm2) inactivated
E. coli and S. aureus by 6 log CFU/mL (Bhavya and Hebbar
2019b). This difference in inactivation of bacterial pathogens
between the current investigation and the above-reported lit-
erature (in vitro studies) could be attributed to the limited
penetration of BL in food matrix, and also, higher curcumin
concentration is required in food matrix to induce ROS. The
mechanism of action on the inactivation of these bacteria dur-
ing PS+BL treatment is attributed to the damage of membrane
permeability leading to cell death in the presence of ROS
(Bhavya and Hebbar 2019b).

Effect on Enzyme Activity

The effect of treatments on PPO, POD and bromelain enzyme
activity was analyzed and results are presented in Fig. 2. The
specific activity of PPO and POD in fresh-cut pineapple slices
were 367.7 ± 66.8 and 546.3 ± 95.1 U/mg of protein, respec-
tively. It was noticed that the BL treatment inactivated PPO
and POD by 7.8 and 17.9%, respectively (Fig. 2a and b). This
could be due to the modification of protein structure by photo-

oxidation as explained by Manzocco et al. (2009) in their
studies on the effect of UV-C and visible light on PPO in
model system and apple derivatives. Similarly, Müller et al.
(2014) also studied the effect of UV-B (290 to 315 nm) and
UV-C (254 nm) on the inactivation of PPO in apple juice.
They observed ~ 20 and 22% reduction of PPO by UV-C
and UV-B treatment, respectively, and attributed this change
to the greater effect of light on the enzyme activity with de-
creasing wavelength. In the present study, increase in concen-
tration of PS from 100 to 200 μM reduced the inactivation of
POD and PPO by 17.8 and 23.7%, respectively. Higher con-
centration of curcumin might have activated PPO, resulting in
reduced degree of inactivation. In the same way,
Muthukumaran and Rajalakshmi (2014) also reported that
higher concentration of curcumin (0.8 μg/mL) increased the
activity of banana PPO by 50% compared with control. In the
current investigation, pineapple slices treated with PS+BL
showed higher degree of PPO inactivation compared with
PS and BL alone. This could be due to the direct photo-
oxidation of the enzymes caused by absorption of radiation
as well as indirect photo-oxidation mediated by ROS modify-
ing the overall conformation of proteins structure, thus mak-
ing the enzymes inactive (Davies and Truscott 2001;
Manzocco et al. 2009; Tao et al. 2019). In the present inves-
tigation, PS (100 μM)+BL showed 33.5 and 25.7% inactiva-
tion of PPO and POD, respectively, in pineapple slices. From
Fig. 2a, it can be noticed that PS (100 μM)+BL had higher
degree of PPO inactivation (33.5%) and least specific activity
(103 ± 45 U/mg of protein) among the studied treatments.
This degree of inactivation was lower than the reported for

Fig. 1 Inactivation of E. coli (a)
and S. aureus (b) in fresh-cut
pineapple slices treated with blue
light (BL-50 J/cm2), photosensi-
tizer (PS-100 and 200 μM) and
PS+BL

Fig. 2 Effect of PS and BL on PPO (a), POD (b), and Bromelain (c) in fresh-cut pineapple treated with PS (100 and 200 μM) and BL at 50 J/cm2 of
fluence (PS photosensitizer, BLblue light, PPO polyphenol oxidase, POD peroxidase)
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in vitro PS+BL treatment of crude extract of PPO (48%) and
POD (51%) from fresh-cut apples (Tao et al. 2019). They
suggested that the efficacy of enzyme inactivation in the
food matrix by PS+BL treatment may be lower than that
in vitro due to the limitation of penetration effect. In the
present work, PS (100 μM)+BL showed significantly
higher inactivation of PPO (19.7%) and POD (74.7%) than
PS (200 μM)+BL (Fig. 2). This could be due to the protec-
tive effect of curcumin at a higher concentration against the
PPO denaturalization by BL illumination. Pigments like
melanin and curcumin having maximum absorption at
425 nm might absorb most of radiant energy leading to a
slower inactivation of PPO (Falguera et al. 2012).
Similarly, Müller et al. (2014) and Falguera et al. (2012)
reported protective effect of pigments against the PPO de-
naturalization by UV radiation in grape juice and different
model solutions. The results of the present study suggest
that the synergistic effect of PS and BL was more effective
at lower concentration of PS on enzyme inactivation (PPO
and POD).

Pineapple is the best-known source of bromelain, a pro-
tein-digesting enzyme that acts as an anti-inflammatory and
antibiotic potentiating agent (Chaurasiya et al. 2015). Hence,
it is important to investigate the effect of PDI on bromelain
activity. The specific activity of bromelain in fresh-cut pine-
apple slices was found to be in range of 120–130 CDU/mg
protein. All the studied treatments showed a marginal increase
in bromelain activity by ~2–15% (Fig. 2c). PS (100 μM)+BL
resulted in highest bromelain activity (140.55 CDU/mg), in
turn having 15.5% activation of enzyme. As there are no lit-
erature reports on the effect of PDI on the bromelain activity,
the probable reason for the activation could be as discussed
below. The increase in bromelain activity could be possibly
due to the inactivation of inhibitors of bromelain and variation
of other factors such as pH, hydrophobic interactions with the
PS might activate bromelain (Ota et al. 1961; Verma et al.
2016). Further studies are required to understand the exact
mechanism of activation of bromelain during PDI.

Effect on Color Attributes

Color is an essential quality parameter that influences the con-
sumer’s acceptance/preference of the food (Pathare et al.
2013). It can be seen from Table 1 that BL-treated pineapple
slices showed a slight increase in L* and decrease in b*
values, which resulted in lower YI. The change in lightness
and yellowness could be due to the degradation of color
caused by the exposure of pigments (β-carotene) to the light
during processing. It is reported in a study conducted byGhate
et al. (2017) that β-carotene pigment also has maximum ab-
sorption peaks at 450 and 478 nm, which is in the illumination
range of blue LED used in the present study. A comparable
observation was also made by Ghate et al. (2017) when

pineapple slices were illuminated with LED at 460 nm.
They also reported that generally, YI values for pineapple
slices were above 70, which is similar to the values obtained
in our study. As expected, PS-treated pineapple slices had
significantly (p < 0.05) higher a* and b* values as well as
greater YI and ΔE, which could be attributed to the addition
of curcumin. The reduced yellowness in PS+BL combination
compared with PS alone could be due to photo-oxidative deg-
radation of curcumin resulting in photo-bleaching. No signif-
icant difference (p < 0.05) in YI values of PS+BL-treated
slices was observed compared with control. This could be
due to the degradation caused by BL is compensated by the
residual PS (remaining PS after photo-bleaching). This is also
reflected in terms of lowest ΔE values of combination process-
ing (PS+BL).

Effect on Phenolic and Flavonoid Content

The effect of light based treatments on TPC and TFC is pre-
sented in Fig. 3a and b, respectively. It can be clearly noticed
that there was a significant (p<0.05) decrease (~20%) in the
TPC of fresh-cut pineapple slices treated with BL, while PS+
BL treatment did not show any significant difference com-
pared to control. Al-Asmari et al. (2018) also did not find
any change in TPC of fresh dates, even when treated with
the combination of curcumin (1400 μM) and BL (420 nm).
In our previous study, 16% reduction in TPC of orange juice
treated with PS (100 μM)+BL(70 J/cm2) was observed
(Bhavya and Hebbar 2019a). In contrary, Tao et al. (2019)
mentioned an increase in TPC of fresh-cut apples treated with
curcumin (2 μmol/L) and BL illumination at 420 nm. This
could be due to the combined effect of increasing oxidative
stress as well as inhibition of PPO activity accelerating the
accumulation of phenolics.

In the present investigation, it was also observed that there
was no significant difference (p < 0.05) in TFC of pineapple
slices treated with BL and PS (100 μM)+BL compared with
control. But surprisingly, a significant increase in TFC by
200% was observed compared with control in PS (200
μM)+BL-treated pineapple slices. This increase could be at-
tributed to the presence of residual curcumin present in the
slices after PS+BL treatment.

Effect on Ascorbic Acid Content

The effect of PDI treatment (PS+BL) on the ascorbic acid
content of fresh-cut pineapple slices is presented in Fig. 3c.
Reduction of ascorbic acid content during BL treatment was
minimum (decrease by ~ 15%) than control, while it was ~ 40
and 30% decrease during combinational treatment (PS+BL) at
100 and 200 μM of PS concentration, respectively. This re-
duction can be attributed to the oxidation of ascorbic acid in
the presence of free radicals (ROS) that are produced during
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PDI process. In our previous experiments also, a reduction of
60% of ascorbic acid content was found in orange juice treated
with PS+BL compared with BL (Bhavya and Hebbar 2019a).

Effect on Antioxidant Activity

From the results of FRAP assay, it can be seen that the PDI
treatment at the highest concentration tested did not show any
significant change (p < 0.05) compared with control (Fig. 4a).
While, in case of BL alone and PS (100 μM)+BL treatment,
antioxidant activity of treated pineapple slices was reduced by
~ 15% than control. In our previous study, we observed higher
reduction (~ 64%) in antioxidant activity (FRAP) of orange
juice treated with PS+BL, compared with that of control,
which could be attributed to decrease in ascorbic acid content
(Bhavya and Hebbar 2019a). In the present study, although
the ascorbic content was decreased, the antioxidant activity
was preserved, indicating limited contribution of ascorbic acid
to its total antioxidant activity in pineapple.

The TEAC analysis revealed no significant difference
(p> 0.05) in antioxidant activity of the pineapple slices
treated with BL or PS+BL, compared with that of control
(Fig. 4b). Further, the same trend was also observed in the
DPPH radical scavenging assay, showing no difference in
the antioxidant activity of treated pineapple slices (Fig. 4c).
In ORAC assay, it was also observed that there was no

significant difference (p>0.05) in antioxidant activity of
pineapple slices treated with BL and PS (100 μM)+BL
compared with control (Fig. 4d), while significant increase
in antioxidant activity was noticed (~ 49%) in PS (200
μM)+BL-treated pineapple slices, as compared with con-
trol. This can be explained by the presence of residual
curcumin, an antioxidant present in the sample after PS+
BL treatment. A similar increase in the total antioxidant
activity of fresh-cut apples treated with curcumin and BL
was noted by Tao et al. (2019). Even Luksiene and
Paskeviciute (2011) reported 19% higher total antioxidant
activity in strawberries treated with PDI, which was related
to the improved cellular capability to detoxify ROS.

Principal Component Analysis

Principal component analysis (PCA) is a powerful mathemat-
ical tool used to identify clusters among the data, reduce the
data dimensionality and for visualization of underlying pattern
in the experimental data (Ahmadian-Kouchaksaraie et al.
2016). PCA was performed with the correlation matrix and
the results are presented in Fig. 5. The first two principal
components (PC) majorly account for 81.91% of total vari-
ance, where PC1 and PC2 explained variances of 51.42 and
30.49%, respectively. The PC1 was mainly associated with
TPC, FRAP, ABTS, YI, and ΔE, while the PC2 was defined

Table 1 Change in color
parameters of fresh-cut pineapple
treated with photodynamic pro-
cess (PS+BL)

Sample Color coordinates YI ΔE

L* a* b*

Control 59.07 ± 0.88b −0.19 ± 1.04a 44.30 ± 2.17a 107.21 ± 6.59b -

BL 75.93 ± 0.65d 5.32 ± 0.81c 42.14 ± 2.93a 79.29 ± 5.59a 17.92 ± 0.50b

PS (100 μM) 53.20 ± 2.38a 11.04 ± 1.21d 71.94 ± 1.77b 193.40 ± 7.40c 30.35 ± 1.65c

PS (200 μM) 66.35 ± 1.67c 20.31 ± 0.92e 90.41 ± 7.71c 194.45 ± 11.50c 47.41 ± 2.73d

PS (100 μM)+BL 59.68 ± 1.15b 1.86 ± 0.40ab 40.55 ± 3.06a 97.12 ± 7.92b 4.66 ± 2.24a

PS (200 μM)+BL 55.29 ± 0.64a 3.58 ± 0.40bc 42.24 ± 1.90a 109.11 ± 3.72b 5.64 ± 0.98a

n=3; *Values followed by the same letter in a column for each of the parameters are not significant. (BL blue light,
PS photosensitizer, YI yellowness index, ΔE total color difference)

Fig. 3 Effect of PS and BL on the total phenolic content (a), total flavonoid content (b), and ascorbic acid content (c) in fresh-cut pineapple treated with
PS (100 and 200 μM) and BL at 50 J/cm2 of fluence (PS photosensitizer, BL blue light)
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by TFC, ascorbic acid content, and ORAC. From the biplot, it
was evident that control was located in the lower right quad-
rant, indicating that it contained higher TPC, FRAP, and YI.
While PS (200 μM)+BL was situated in the upper right quad-
rant along with ABTS, TFC, and ORAC, demonstrating that
these values were high due to the addition of PS (curcumin).
Further, PS (100 μM)+BL placed close to origin had low
contribution of PC scores (PC1 and PC2 to be −0.339 and
0.011, respectively), suggesting that there was no signifi-
cant effect on the overall quality parameters compared to
other treatments. BL was falling in the upper left quadrant

along with ΔE values, indicating greater color difference
compared with other treatments. From the correlation ma-
trix (Table 2), TPC showed positive correlation with FRAP
and ABTS (r = 0.889 and 0.714, respectively). In addition,
YI showed good correlation with ABTS (0.934), TPC (r =
0.906), and FRAP (r = 0.766), suggesting that addition of
curcumin contributes to the polyphenols, and antioxidant
activity. Further, ORAC values were not significantly cor-
related with TPC (r =−0.018), while it was highly correlat-
ed with TFC (r = 0.937), and a similar observation was also
made by Mamelona et al. (2007).

Fig. 4 Effect of PS and BL on the
ferric reducing antioxidant power
(a), trolox equivalent antioxidant
capacity (b), DPPH radical
scavenging activity (c), and
ORAC activity (d) in fresh-cut
pineapple treated with PS (100
and 200 μM) and BL at 50 J/cm2

of fluence (PS photosensitizer, BL
blue light)

Table 2 Correlation matrix (Pearson (n))

Variables TPC TFC FRAP ABTS DPPH AA ORAC YI ΔE

TPC 1

TFC 0.193 1

FRAP 0.889 0.045 1

ABTS 0.714 0.815 0.493 1

DPPH 0.093 −0.422 −0.250 −0.138 1

AA 0.227 −0.598 0.604 −0.375 −0.327 1

ORAC −0.018 0.937 −0.015 0.615 −0.685 −0.425 1

YI 0.906 0.589 0.766 0.934 −0.136 −0.045 0.398 1

ΔE −0.976 −0.242 −0.768 −0.759 −0.254 −0.034 0.026 −0.900 1
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Conclusion

E. coli and S. aureus were inactivated (3–4 log CFU/g) syn-
ergistically, when pineapple slices were treated with PDI pro-
cess (PS+BL). Even, PS+BL treatment showed a synergistic
effect on inactivation of PPO (33.5%) and POD (25.7%) at PS
concentration of 100 μM, but preserved desirable enzyme,
bromelain. There was a significant change in color, in terms
of YI and ΔE when slices were treated with PS. While, there
was no change in the color attributes of pineapple slices treat-
ed with PS+BL. The PDI process, PS(100μM)+BL(50 J/cm2)
had no significant effect on TPC, TFC, and antioxidant activ-
ity compared with control samples. The PS+BL treatment had
a negative effect on ascorbic acid content (30–40% reduction)
of the pineapple slices due to the formation of ROS. The
results suggest that the effect of combination treatment (PS+
BL) on fresh-cut pineapple slices had greater ability to reduce
microbial while having lesser impact on quality. Therefore,
blue LED-based photosensitization process can be used as
an effective preservation method for fresh-cut fruits. Future
work on sensory evaluation, shelf-life extension studies, and
process scale-up of PDI treated cut-fruits are of great interest.
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