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Abstract The effect of shelf storage under ambient con-

ditions of cut apple dices on degradation of bioactive

compounds such ascorbic acid, total phenols, antioxidant

activity (% DPPH inhibition) and PPO activity were

investigated. The results indicated that antioxidant activity

declined significantly over 80 min storage of diced apples

at ambient temperature. Similar trend was observed for

ascorbic acid, total phenols and PPO activity. Ascorbic

acid, total phenols and antioxidant activity degradation

followed first-order kinetics where the rate constant (k) was

found to be in range for all the thirteen cultivars, though

initial ascorbic acid and phenol content varied in different

apple cultivars. The reaction rate constant (k) for first order

degradation ranged from 1.16 to 1.97, 0.89 to 1.29 and 0.37

to 1.54 for antioxidant activity, total phenols and ascorbic

acid, respectively. This explains that antioxidant activity

degrades at higher rate than total phenols and ascorbic acid,

which also corroborates that antioxidant activity is affected

by both total phenols and ascorbic acid content. In general,

total antioxidant activity for apple dices kept for 80 min

under ambient conditions exhibited lower values as com-

pared to control.

Keywords Degradation kinetics � Antioxidant activity �
Total phenols � Polyphenol oxidase activity � Ascorbic acid

Introduction

Based on size of production, apple is one of the main fruit

crop in the world. It is a frequently consumed fruit and

constitutes one of the main sources of polyphenols in diet

(Boyer and Liu 2004). Polyphenols present in apples are

important because of their health promoting antioxidant

properties (Sluis et al. 2002) and contribution to the sen-

sory quality of the fresh and processed fruits. Antioxidant

activity of apple polyphenols is among the highest in fruits

and vegetables commonly consumed (Lee et al. 2003).

Fresh-cut apples form an important and rapidly devel-

oping segment of food market, because of its convenience

and fresh-like quality (Moreira et al. 2015). Cut apples

have a very low shelf life ranging from minutes to hours

manifested by change of color and loss of nutritive value.

Due to tendency towards fast ripening and texture break-

down, apple is difficult to keep well for longer period of

time (Wijewardane and Guleria 2013). Fresh apples con-

tain more than 80/100 g water within a rigid cell wall

structure, which is not only responsible for their crisp and

crunchy texture, but also for their fast deterioration (Potter

and Hotchkiss 1995). The primary deterioration reaction is

enzymatic browning. The degree of browning depends on

various factors such as presence of oxygen, reducing sub-

stances, metallic ions, pH, temperature, and the activity of

different oxidizing enzymes, especially polyphenol oxi-

dases (PPO) (Nicolas et al. 2007). This group of enzymes

catalyzes two different reactions in the presence of

molecular oxygen: the hydroxylation of monophenols to

o-diphenols (monophenolase activity) followed by oxida-

tion of o-diphenols to o-quinones (diphenolase activity).

Ascorbic acid is a major constituent in apples that

contributes towards its antioxidant quality. Fang et al.

(2017) found great variability in ascorbic acid content of
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apple germplasm. Various researches have related the

decreasing proportion of ascorbic acid with browning

development in apples (Sapers et al. 2001; Nicolas et al.

2007). Ascorbic acid is the best known chemical agent for

reducing the browning reaction (Sapers et al. 2001). It is a

labile vitamin that loses activity due to a number of factors,

including pH, moisture content, oxygen, temperature and

metal ion catalysis (Uddin et al. 2001). Ascorbic acid

prevents oxidation of phenols by itself being a substrate for

oxidation and converts to dehydro-ascorbic acid thereby

inhibiting or delaying browning. Kinetic models are often

used for an objective, fast and economic assessment of

food quality. Kinetic modelling may also be employed to

predict the influence of processing on critical quality

parameters. Kinetic models have been developed to eval-

uate degradation of quality parameters including colour,

browning, ascorbic acid during thermal processing, high

pressure processing, sonication, ozonation and pulsed

electric field processing (Polydera et al. 2005; Tiwari et al.

2008).

In this research relation between degradation of ascorbic

acid and polyphenols with browning of apples dices has

been studied. The paper aims to suggest kinetics of enzy-

matic browning with respect to concentration of phenols

and ascorbic acid in apple dices.

Materials and methods

Raw material

Thirteen commercially grown cultivars of apple, namely,

‘Royal Delicious’, ‘Red Chief’, ‘Gale Gala’, ‘Scarlet

Gala’, ‘Starkrimson’, ‘Vance Delicious’, ‘Well Spur’,

‘Silver Spur’, ‘Top Red’, ‘Super Chief’, ‘Scarlet Spur I’,

‘Royal Gala’ and ‘Oregon Spur II’ were procured from

Regional Research Station, YSPUH&F, Seobagh, Kullu,

Himachal Pradesh at optimum maturity. The apples were

harvested at commercial maturity, having starch pattern

index (SPI) of 3.0. After harvesting and sorting, the fruits

were transported to New Delhi and stored at 2 �C with

80–90% relative humidity until further studied. TSS of

apple cultivars ranged from 11 to 13 �B (‘Gale Gala’ 16

�B), titrable acidity ranged from 0.27 to 0.64% and firm-

ness ranged from 10.32 to 12.64 N. All chemicals (2,2-

diphenyl-1-picrylhydrazyl (DPPH); Folin-Ciocalteu

reagent, metaphosphoric acid, 2,6 dichlorophenol

indophenol) were of analytical grade and procured from

Sigma Aldrich. Catechol was procured from SRL

Chemicals.

Sample preparation

Ten apples from each of the thirteen cultivars were ran-

domly selected for the study. The apples were peeled and

the flesh was cut into cubes/dices of uniform size (1 cm3).

The sample was analyzed for various parameters at zero

time and then after every 10 min up to 80 min.

Antioxidant activity

Antioxidant activity was analyzed by DPPH assay (Mensor

et al. 2001). DPPH is a stable free radical, it changes color

to yellow on scavenging and this property is employed for

antioxidant activity analysis. Methanolic extract of 1 g

sample in 20 ml methanol were prepared by keeping them

overnight. The samples were centrifuged at 10,000 rpm for

20 min at 4 �C. One ml of extract solution was mixed with

3.9 ml of DPPH and kept in dark for 30 min. Absorbance

of reaction mixture was recorded using UV–VIS Spec-

trophotometer (Spectra Max M2, Molecuar Devices, USA)

at 517 nm. Percent change in OD from blank sample was

noted as antioxidant activity (% DPPH inhibition).

%DPPH inhibition ¼ AB � AS=ABð Þ � 100

where AB = OD for blank; AS = OD for sample.

Total phenolic content

Methanolic extracts as prepared above were used for the

analysis. Total phenolic content of the apple pulp samples

was measured using a modified colorimetric Folin–Cio-

calteu (FC) method (Singleton and Rossi 1965). FC

develops blue color complex in presence of alkali (Na2-
CO3) and phenols. The absorbance was read at 765 nm

using UV–VIS spectrophotometer (Spectra Max M2,

Molecuar Devices, USA) and total phenols were expressed

as mg GAE/100 g dry weight.

Polyphenol oxidase (PPO) activity

Polyphenol oxidase enzyme activity was analyzed by

method of Sadasivam and Manickam (1997) with some

modifications. Enzyme extract was prepared in the Phos-

phate buffer pH-6. For the extraction 0.5 g fruit was

extracted in 1.5 ml Phosphate buffer and centrifuged at

12,000 rpm for 20 min. Supernatant was taken and kept at

4 �C until used as enzyme source. For the estimation, 3 ml

of Catechol solution was taken in the test tube with 0.1 ml

of enzyme extract. OD (495 nm) was recorded at zero time

and after 3 min at 25 �C. The enzyme activity was

expressed as DA495 by 0.001 ml-1 min-1.
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Ascorbic acid

Ascorbic acid was determined by titration method using

dye 2,6 dicholorophenol indophenol as described by

AOAC (2000). Sample is weighed to 1 g and extracted in

3% metaphosphoric acid. Volume of extract is made up to

10 ml and titrated against dye till pink end point is

obtained. Ascorbic acid (100 lg/ml) was used as standard.

Ascorbic acid mg=100 gð Þ ¼ 0:5=V1ð Þ � V2=5ð Þ
� 100=wt: of sampleð Þ � 100

where V1 = volume of dye consumed in standard titration;

V2 = volume of dye consumed in sample titration.

All the analysis were done in triplicates and averaged.

Statistical analysis

All the analysis were done in triplicates and averaged.

Statistical ranks were obtained using AGRES data entry

module for AGRES statistical software, version 3.01.

Based on factorial ANOVA, one factor analysis was done

on individual variety. The statistical ranks (based on sig-

nificant difference) obtained for each parameter are marked

as superscripts over corresponding values. The correlation

coefficient (R2) is a statistical measure of how close the

data are to the fitted regression line which is calculated

using zero and first order equations. Sum of squared

residuals (SSR) is the sum of the squares of residuals

(deviations predicted from actual empirical values of data).

A small RSS indicates a tight fit of the model to the data.

These predictors were used to describe the goodness of fit

of the model.

Kinetics study

In the present work, zero order reaction equation (Eq. 1)

was used to fit the experimental data followed by the Page

model—first order equation (Eq. 2). The parameters of the

model were calculated by non-linear regression (p\ 0.05).

The correlation coefficient (R2) and the sum of squared

residuals, SSR (Eq. 3), were considered to evaluate the

goodness of fit.

Xt ¼ X0 � kt ð1Þ
Xt=X0 ¼ exp �ktnð Þ ð2Þ

SSR ¼
X

Xt � Xexpt

� �2� �
ð3Þ

where X0 and Xt are observed values of parameter at time

zero and time t respectively; Xexpt are expected values of

parameter at time t; k is the rate constant and n is the

expected rate of reaction.

Results and discussion

Antioxidant activity kinetics

Antioxidant activity of apples was recorded as per cent

DPPH inhibition and ranged between 7.84 and 21.68% in

freshly cut apples with highest recorded value for the

cultivar ‘Scarlet Spur I’ and least for the cultivar ‘Royal

Gala’ (Table 1). A wide variation of antioxidant activity is

observed in cultivars which might be attributed to genetic

variability. Cultivation location (Wang et al. 2002;

Hakkinen and Torronen 2003) and practices (Carbonaro

et al. 2002), ripening stage (Raffo et al. 2002), harvested

condition and seasons (Wu et al. 2004) also affect the

antioxidant capacity of apples. Over a time of 80 min,

antioxidant activity (% DPPH inhibition) declined by

41.99% in cultivar ‘Starkimson’ (most stable) and 74.3% in

cultivar ‘Royal Gala’ (least stable). First order model

equation (Eq. 2) was used to fit decline in antioxidant

activity of apples after cutting. The sum of squared resid-

uals (SSRs) was calculated to analyze the goodness of fit as

shown in Table 1. The values indicate a good fit of first

order reaction for decline of antioxidant activity of apples

after cutting. Degradation curves for cultivars ‘Starkrim-

son’, ‘Royal gala’ and ‘Scarlet spur’ are shown in Fig. 1. A

variety of factors have been shown to affect the antioxidant

capacity of fruits including thermal processing (Dewanto

et al. 2002; Quitão-Teixeira et al. 2008), unit operations

such as slicing, peeling and storage regime (Piga et al.

2003). Lo Scalzo et al. (2004) have also reported that

reduction of total antioxidant capacity of orange juice

based on the radical scavenging of free radicals (hydroxyl

and 1,1-diphenyl-2- picrylhydrazyl radicals) was attributed

to the degradation of vitamin C during processing.

Total phenol degradation kinetics

Total phenol content of different apple varieties ranged

from 42.7 mg GAE/100 g in cultivar ‘Super Chief’ to

134.2 mg GAE/100 g in cultivar ‘Red Chief’ (Table 1).

Total phenol content declined in all thirteen apple varieties

with maximum stability demonstrated by ‘Super Chief’

(33.15% degradation in 80 min) and least by ‘Scarlet Spur

I’ with 80 min degradation of 74.46% in total phenol

content (Fig. 2). During fruit processing, cell structure is

disrupted and the fruits become more prone to enzymatic

oxidation which could be one of the main reasons for the

loss in phenolic compounds (Patras et al. 2011). In our

study, degradation of total phenols in cut apples followed

first order reaction (Eq. 2) as evident by the SSRs for actual

versus expected degradation values from zero time and R2

values for first order reaction (Table 1). When the
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logarithm of the total phenols was plotted against time, a

straight line resulted, indicating pseudo first-order reaction

kinetics for phenol degradation. The high R2 values of the

range of 0.82–0.97 for all the thirteen cultivars indicate a

good data fit to first order kinetic model. K value for the

cultivars ranged from 0.89 to 1.21 depending upon the

cultivar. It was observed that k value was higher for cul-

tivar with high initial total phenol content. Michalczyk

et al. (2009) found that the polyphenolic and anthocyanin

contents in bilberries were increasingly reduced with long

exposure time and high temperatures. Mrad et al. (2012)

reasoned that damage to the membrane ultrastructure

caused by cutting pears in parallel-epipedic pieces, permits

rapid oxidation of phenolics compounds leading to degra-

dation. They also found that total phenol degradation in

pears during drying follows zero order reaction.

Polyphenol oxidase (PPO) degradation kinetics

PPO activity degraded in apples after cutting simultaneous

to browning development in all the cultivars at different

rates. It was observed that PPO got increasingly inactivated

with increasing shelf storage of apple dices at ambient

conditions. Maximum PPO activity in fresh cut apples was

found in cultivar ‘Royal Delicious’ (0.097 DOD/min/ml)

and minimum in cultivar ‘Scarlet Gala’ (0.015 DOD/min/

ml) (Table 1). Over a time of 80 min of shelf storage of

diced apples, cultivar ‘Top Red’ demonstrated least PPO

activity degradation of 35.31% whereas PPO of cultivar

‘Royal Delicious’ degraded fastest by 98.71% (Fig. 3).

First order kinetic model (Eq. 2) of degradation of PPO

activity at ambient conditions was found to be fit

(Table 1).This indicates that PPO activity at ambient con-

ditions degraded on its own with time in absence of com-

pounding effect of any external factor. This may be due to

progressive loss of substrates (polyphenols) in shelf stored

apple dices happening simultaneous to browning. PPO

Fig. 1 Degradation curves (% degradation) of antioxidant activity (expessed as % DPPH inhibition) for cultivars a ‘Starkrimson’, b ‘Royal

Gala’ and c ‘Scarlet spur I’

Fig. 2 Degradation curves of

total phenols for cultivars

a ‘Scarlet Spur I’ and b ‘Super

Chief’
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inactivation has shown different kinetic study curves at the

different range of temperature by various researchers. In

the range of 40–80 �C, the PPO inactivation kinetics was

clearly found to follow biphasic or nth-order reaction

curves owing to the presence of isoenzyme fractions with

different thermal stabilities (Yoruk and Marshall 2003). In

contrast, Buckow et al. (2009) had observed that apple PPO

inactivation kinetics followed a 2.2 order kinetics at the

temperature ranging from 20 to 80 �C. In our study, inac-

tivation is not induced by temperature but prevails at its

own rate in apples after dicing.

Ascorbic acid degradation kinetics

The average vitamin C content of fresh apples varied from

6.62 mg/100 g in cultivar ‘Royal Gala’ and 1.76 mg/100 g

in cultivar ‘Royal Delicious’ (Table 1). Ascorbic acid

content decreased in all the varieties of apple at different

rates during shelf storage of 80 min (Fig. 4). Ascorbic acid

in cultivar ‘Royal Gala’ was found to be least

stable (82.71% degradation) and that of cultivar ‘Scarlet

Gala’ (38.40% degradation) was found to be most

stable during the 80 min shelf storage of cut apples dices.

Considering as reference the ascorbic acid content at the

beginning of air drying process, degradation curves were

obtained for each cultivar. The declining ascorbic acid

content of thirteen apple cultivars during shelf storage is

shown in Fig. 4. This decline in ascorbic acid after cutting

apples can be attributed to oxidation reactions converting

ascorbic acid to dehydro-ascorbic acid. Equation (1) was

fitted to experimental data by non-linear regression and the

quality of the adjustment was evaluated through the sta-

tistical parameters R2 and SSR. Experimental data was

analyzed for kinetics with different orders and first order

reaction was found to be most fit owing to R2 values

(Table 1). The decline in ascorbic acid was related to initial

ascorbic acid content of apple and followed first order

degradation kinetics in cut apple dices. Similar results were

obtained by Abushita et al. (2000) when analyzing the

content of this nutrient in tomatoes during post-harvest

storage. This result is in agreement with the works of

Erenturk et al. (2005) and Goula and Adamopoulos (2006),

which had also observed a first order decay for ascorbic

acid degradation. Ascorbic acid content was found to fol-

low first-order degradation with R2[ 0.91 in strawberry

jam during storage (Patras et al. 2011). Koutchma et al.

(2009) reported that UV induced ascorbic acid degradation

followed zero-order kinetics at concentrations between 341

and 660 mg/l. However, the experiments in that study were

conducted using apple juice, and only 20–40% decline in

ascorbic acid was achieved. In present study diced apples

were left on shelf at ambient conditions and ascorbic acid

degradation of 60–80% has been recorded in most of the

apple cultivars. When k[ 1 the reaction rate increases

with time and the degradation curve assumes a sigmoidal

shape. On the other hand, if k\ 1 the reaction rate

decreases with time and degradation rate higher than the

Fig. 3 Degradation curves of PPO activity for cultivars a ‘Royal Delicious’, b ‘Scarlet Gala’ and c ‘Top Red’

Fig. 4 Change in ascorbic acid content of apple dices over 80 min

shelf storage
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exponential is observed at the process beginning (Cunha

et al. 1998). Manso et al. (2001) obtained good results

describing vitamin C degradation in orange juice and non-

enzymatic browning kinetics by the Weibull model.

Antioxidant interactions

As evident from above results, as browning proceeds

antioxidant activity declines considerably during shelf

storage of cut apples. This declining trend also repeats with

total phenols and ascorbic acid. Correlation between

antioxidant activity (% DPPH inhibition) and total phenols

as well as antioxidant activity and ascorbic acid of different

apple cultivars was significant ranging from 0.65 to 0.98

(antioxidant activity and total phenols) and 0.67–0.91

(antioxidant activity and ascorbic acid), thus highlighting

the role of phenols and ascorbic acid in contributing

towards antioxidant activity of apples. No such significant

correlation was observed between total phenols and

ascorbic acid or their rate of degradations. Patras et al.

(2011) also found that total phenolic content was signifi-

cantly correlated with total antioxidant activity (r = 0.84,

p = 0.045) at 4 �C and (r = 0.98, p = 0.003).The reaction

rate constants (k) for first order degradation ranged from

1.16 to 1.97, 0.89 to 1.29 and 0.37 to 1.54 for antioxidant

activity, total phenols and ascorbic acid degradation

kinetics respectively. This may determine that antioxidant

activity degrades at higher rate than total phenols and

ascorbic acid, which also corroborates that antioxidant

activity, is affected cumulatively by both total phenols and

ascorbic acid content amongst other factors.

Conclusion

In this study, degradation kinetics of antioxidant activity,

total phenols, PPO activity and ascorbic acid of thirteen

apple cultivars (after cutting) were investigated. The first-

order kinetic model was found to be the best fit for the

antioxidant activity, total phenols, PPO activity and

ascorbic acid degradation. Total phenol content and

antioxidant activity were highly correlated (R2 = 0.82).

Similarly, a good correlation was also observed between

total antioxidant activity and ascorbic acid content

(R2 = 0.80). No such significant correlation was observed

between total phenols and ascorbic acid or their rate of

degradations. Degradation in antioxidant activity occurs in

cut apples simultaneous to browning due to oxidation of

polyphenols and ascorbic acid. Thus, the effects of cutting

and storing of apples prior to serving is not only on color or

aesthetic appeal but also on the nutritional properties of

apples and hence, should be considered.

Funding Funding was provided by Indian Agricultural Research

Institute.
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