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ABSTRACT 

The objective was to study the effect of alginate coating on polyphenol oxidase (PPO) activity and colour of ‘Starking’ 
apple cubes during dehydration with hot air. Apple cubes were dehydrated at 20˚C, 35˚C or 40˚C, with a parallel air-
flow. Analysis of PPO activity, colour (L*, a*, b*) and dry matter were performed along the dehydration process at 
each temperature. All samples presented a peak in relative PPO activity in the beginning of the drying. Exponential 
models fitted well the experimental data after the peak. Cubes without coating presented lower PPO activity, suggesting 
lower browning than coated samples throughout the dehydration process, for all temperatures. Better results for coated 
samples were obtained with a perpendicular airflow drying at 40˚C, after dipping the whole apple in water at 60˚C for 
10 minutes. In order to prevent coated samples from browning, drying by perpendicular airflow preceded by a thermal 
treatment of the whole apple is required. 
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1. Introduction 

Polyphenol oxidase is an enzyme that, in the presence of 
oxygen, promotes oxidation of phenolic compounds to 
quinones [1] in fresh-cut plant tissues, giving their tissues 
a typical brownish colour due to the formation of insolu-
ble brown pigments (melanin) [2].This chemical reaction 
can be a drawback for Food Industry, but might be over-
come with the application of an edible coating. 

An edible coating is a chemical solution that can be 
somewhat viscous; when applied to the food surface 
turns into a film, formed by polymers that give some 
protection to the food product by providing a modified 
atmosphere, retarding gas transfer, reducing moisture and 
aroma loss, delaying color changes and improving gen- 
eral appearance during storage [3]. Therefore, the use of 
these coating films presents evident advantages. Besides 
being good gas barriers [3], they give a nice brilliant sur- 
face to food products, a characteristic appreciated by 
consumers [4]. Other functional properties of these coat- 
ings include carrying gases and solutes, and retaining 
aromatic compounds. Edible coatings can also incorpo- 

rate food additives, such as nutrients and antibiotic 
agents [3,5]. 

Alginates are polymers most used as coating agents. 
Bico et al. [6], for example, tested alginate to retard sof-
tening and browning of fresh-cut banana, and Rojas- 
Gräu et al. [7], Khin et al. [8] and Olivas et al. [9] re- 
ported the influence of coating on the quality of fresh-cut 
or minimally processed apples. 

The application of alginates as coating material is 
based on three characteristics, the main one being the 
capacity of increasing viscosity of the chemical solutions. 
The second characteristic is their ability to easily form 
gels when mixing sodium alginate with calcium salts; 
these gels do not melt when heated. The third character- 
istic is associated with their capacity to form coating 
films of sodium alginate [10]. The antioxidant ability of 
alginate films has been reported in literature [11,12]. 

Drying is a technique used to preserve foods, as mi- 
croorganisms can be deactivated and enzymatic/chemical 
reactions are slowed down, while water activity (aw) de- 
creases.  
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Several studies on the application of edible coatings to 
fresh apple have already been published [9,13]. However, 
the application of coatings can, sometimes, reduce the 
firmness [5], due to the low pH of the film, which can 
induce an acid hydrolysis of the pectic acid [14]. But 
there is scarce information on dehydration of fresh-cut 
coated fruits: Lenart and Piotrowski [15] studied the ef- 
fect of several coatings (maltodextrin, pectin and others) 
on physical properties, such as water activity, density and 
shrinkage of fruits dried by convective drying; Khin et al. 
[8,16] used sodium alginate as coating material for apple 
and potato cubes, but dried the samples by osmotic proc- 
esses. None of these authors studied PPO activity. 

The objective of this work was to study the effect of 
alginate coating on polyphenol oxidase (PPO) activity 
and colour of ‘Starking’ apple cubes during dehydration 
with hot air.  

2. Materials and Methods 

2.1. Plant Materials 

‘Starking’ apples were obtained directly from a producer 
(Frutas Assunção) of Lamego Region (in the North of 
Portugal). Fruits that did not present any physical or mi- 
crobial visible injury were stored in the Plant Biotech- 
nology and Postharvest Laboratory, at 4˚C and 54% of 
relative humidity. 

2.2. Sample Preparation 

Apples of identical dimension were washed with running 
water, cut into halves with a sharp knife, peeled and 
sliced in cubes (1.5 cm thickness) with a template. Half 
of the cubes were used as control samples, and the other 
half were dipped in the edible coating solution (alginate) 
during one minute. 

2.3. Preparation of Edible Coating 

Alginate coating was prepared according to Rojas-Graü 
et al. [13]. Two grams of sodium alginate (NaC6H7O6, 
BDH, Poole, England) were dissolved in 100 ml steril- 
ized distilled water and heated at 70˚C, until the solution 
became clear. After cooling, glycerol (C3H5(OH)3, 85% 
purity, Merck, Darmstadt, Germany) was added as plas- 
ticizer to a final concentration of 1.5 g/100 ml solution. 
The solution was emulsified with sunflower oil (0.025 
g/100 ml coating solution) at 24500 rpm for 5 minutes, 
before pH adjustment to 5.6 by using 50% (w/v) citric 
acid (H3C6H5O7, Sigma Co., St. Louis, MO, USA). 

2.4. Drying Experiments 

In a first experiment, coated and uncoated samples were 
dried simultaneously in two trays, at 20˚C, 35˚C or 40˚C 

with air at speed of approximately 1 m/s and relative 
humidity of 20%, in a tray dryer with parallel air flow 
(Armfield, Technical Education, Ringwood Hampshire, 
UK). 

In the second experiment, whole apples were dipped in 
water at 60˚C for 10 minutes, afterwards were cut into 
cubes and coated in alginate, and dried at 40˚C in the tray 
dryer, or in a fluidised bed dryer (Armfield, Technical 
Education, Ringwood Hampshire, UK) with perpendicu-
lar air flow at speed of approximately 1 m/s.  

2.5. Quality Evaluation  

2.5.1. Colour 
Colour on two different sides of each cube was measured 
with a hand-held tristimulus reflectance colorimeter (Mi- 
nolta CR-300, Minolta Corporation, Ramsey, NJ) in the 
CIE L* a* b* mode CIE Lab colour space [17].  

Five cubes per replicate, with and without coating, 
were used and read on two points. Samples were ana- 
lysed every hour, during the first five-hours period of the 
drying process, and after 24h, at the end of the drying. 

Five apple cubes from each replicate were placed into 
a previously weighed Petri dish and were dried inside an 
incubator (Binder, WTB), at 105˚C, for 24 h. After dry-
ing, Petri dish was put in a desiccator to cool to room 
temperature. Weight was registered before and after dry-
ing, using an analytical balances (Sartorius BP 210 S, 
Germany). Dry matter was calculated according to the 
equation: 

Dry matter (%) *100
i

fw

w
         (1) 

i  and w fw  being the weight of the sample before and 
after drying. 

2.5.2. Polyphenol Oxidase (PPO) Activity 
PPO activity was determined according to Rocha and 
Morais [18]. In an external ice bath, 10 g of fruit per rep- 
licate was homogenized with 30 ml 0.2 M phosphate 
buffer (pH 6.5) and 0.6 g polyvinylpolypirrolidone 
(PVPP, Sigma P6755-Germany) during three minutes 
with one minute interval after each minute. Two drops of 
Triton X-100 solution (Fluka Biochemika, Switzerland) 
were added to the solution before the last minute of ho-
mogenization. A kitchen magic wand (Braun, MR 6500 
M, Poland) and an Ultra-Turrax homogenizer (IKA La- 
bortecknik, T25 Basic, Germany) were used in order to 
homogenize apple tissue. The mixture was centrifuged 
(Sorvall RC-5C Instruments, Dupont) at 10000 rpm and 
4˚C for 30 minutes. After centrifugation, mixture was 
filtered through eight layers of gauze, to a graduated cyl- 
inder, and the volume of the centrifugate was recorded. 
An aliquot (0.10 ml) of the centrifugate was added to the 
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2.80 ml substrate solution (catechol 0.16 M) just before 
the assay, and the rate of increase in absorbance at 420 
nm was monitored during 60 s, by using the Shimadzu 
(UV-1601, Germany) spectrophotometer. The substrate 
solution (2.90 ml) was used as a reference blank. The 
linear section on of the activity curve as a function of 
time was used to determine the enzyme activity (Ug–1 
FWmin–1), as the Equation (2).  

 

All determinations were performed in triplicate. 
The relative PPO activity was calculated according to 

the Equation (3), where DM0 and DM are the dry matter 
of the fresh apple and of the dried sample respectively. 

2.6. Statistical Analysis Figure 1. Relative activity of polyphenol oxidase (A*DM0/ 
(A0*DM)) of ‘Starking’ apple cubes, coated and non-coated, 
dried with parallel airflow at 20˚C, 35˚C and 40˚C; DM and 
A, and DM0 and A0 are dry matter (%) and PPO activity 
(Ug–1FWmin–1) of dried sample and fresh apple, respec-
tively. Results between 10 and 20% DM are expanded in the 
smaller graphic. 

Statistica 6.0 (ANOVA/MANOVA) (Stat Soft Inc., 
1984-2001) was used for the analysis of data. The overall 
Least Significance Difference (post-hoc Fisher LSD test; 
p < 0.05) was calculated and used to detect significant 
differences among temperatures. 

 
3. Results and Discussion the dehydration process, because it might induce a higher 

water activity, by entrapment of moisture in the interior 
of coated apple cubes, than in non-coated samples, and 
enzymatic activity is higher for higher water activity [21]. 
These results can also be related with the pH of the coat- 
ing solution, 5.6. In spite of presenting higher activity at 
pH 6.5 - 7.0 [22-25], PPO is still active at pH 5.5 - 6.0, in 
litchi extracts [25] and papaya extracts [22]. 

Cutting of fruits or vegetables can cause the disruption of 
tissues, enzymes and substrates, usually sequestered 
within the vacuoles, become mixed with other compounds 
in the cytoplasm. These physiological changes are usually 
accompanied by vitamin loss, discoloration or browning 
of tissues, softening and shorter storage-life. 

Enzymatic browning caused by polyphenol oxidase 
can be evaluated by determining enzymatic activity. 
Thus, an increase of enzymatic activity would suggest an 
increase of browning/darkening caused by the enzyme.  

Furthermore, the coating might decrease the drying rate, 
thus maintain the humidity at the surface at higher levels 
in relation to uncoated samples. PPO relative activity was 
lower for non-coated cubes dried at 40˚C and 20˚C. On 
the other hand, higher values for relative enzymatic activ-
ity were obtained in coated samples that were dried at 
35˚C. These results may be understood, taking into ac-
count that the optimal temperature for PPO activity in 
apples is around 30˚C [23]: PPO activity was higher at 
35˚C, which is near the optimal temperature; and it was 
lower at 20˚C and 40˚C. Eidhin et al. [23] also reported a 
lower PPO activity (around 50%) for 20˚C and 40˚C. 

In the first experiment, all curves of relative PPO ac- 
tivity presented a peak at the beginning of the dehydra-
tion process of the apple cubes, with 14% to 17% dry 
matter (Figure 1). This might be justified by a denovo 
synthesis of PPO induced by the cutting of the vegetal 
tissue during the preparation of the samples [19]. Rocha 
et al. [20] reported a similar behaviour in peeled carrot. 
Afterwards, the relative enzymatic activity decreased 
until the end of the dehydration process, for all tempera-
tures tested. The values of the PPO activity after the peak were ad- 

justed to exponentials (Figure 2). The equations fitted 
reasonably well the experimental data, the correlation 
coefficient being higher than 0.80 (this one for the non- 
coated samples dried at 20˚C). The inactivation of PPO 

Coated apple cubes presented values of relative enzy- 
matic activity higher than those for uncoated samples, for 
all temperatures (Figure 1). The application of the coat- 
ing was not effective in protecting from oxidation during 

 

                   
slope (Abs sec)*extract (ml)*60 (sec min)

PPO A
0.001(AbsU)*sample vol.cell (ml)*sample weight (g)

                     (2)

1 1

1 1

PPO (U g FW min )*DM0(%)
PPO RA

PPO activity of fresh apple (U g FW min )*DM(%)

 

 

  
 

  
                (3)
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Figure 2. Exponential curves fitting the Relative activity of 
polyphenol oxidase (A*DM0/(A0*DM)) of ‘Starking’ apple 
cubes, coated and non-coated, dried with parallel airflow at 
20˚C, 35˚C and 40˚C after the initial peak; DM and A, and 
DM0 and A0 are dry matter (%) and PPO activity (Ug–1 
FWmin–1) of dried sample and fresh apple , respectively. 
 
at 20˚C, when the dry matter content increased, was 
higher than at other temperatures, specially for non- 
coated samples: this is reflected in the constant of the 
exponential, which is –0.1077 for non-coated samples 
dried at 20˚C (Equation (9)); for other temperatures this 
constant is around –0.03 (Equations (4)-(7), Table 1). 
Values of luminosity were in accordance with relative 
PPO activity results: L* values were lower for coated 
samples with intermediate moisture content (dry matter 
around 55%) dried at 35˚C (Figure 3). No significant 
difference was detected among other samples, except for 
a tendency of non-coated samples dried at 40˚C to pre- 
sent higher L* values towards the end of the process 
(high dry matter). 
 
Table 1. Models to fit experimental data on relative activity of 
polyphenol oxidase (RA = A*DM0/(A0*DM)) of ‘Starking’ 
apple cubes, coated and non-coated, dried with parallel air- 
flow at 20˚C, 35˚C and 40˚C, after the peak at the beginning 
of the drying. 

Sample Model R 

Coated,  
dried at 40˚C 

RA = 1.9283*exp(–0.0256*DM) (4) 0.89 

Non-coated,  
dried at 40˚C 

RA = 1.0195*exp(–0.0263*DM) (5) 0.96 

Coated,  
dried at 35˚C 

RA = 4.7216*exp(–0.0249*DM) (6) 0.94 

Non-coated, 
dried at 35˚C 

RA = 3.3034*exp(–0.0296*DM) (7) 0.94 

Coated,  
dried at 20˚C 

RA = 5.0745*exp(–0.0456*DM) (8) 0.96 

Non-coated,  
dried at 20˚C 

RA = 7.7192*exp(–0.1077*DM) (9) 0.80 

DM, A, DM0 and A0 are dry matter (%) and PPO activity (Ug–1FWmin–1) 
of dried sample and fresh apple, respectively. Numbers of equations are 
indicated in (n). 

 

Figure 3. L* values of ‘Starking’ apple cubes, coated and 
non-coated, dried with parallel airflow at 20˚C, 35˚C and 
40˚C. 
 

With respect to b* values, no differences were detected 
between samples (Figure 4). As a* values (results not 
shown) were low, chroma values were near b* values, 
therefore, results are not presented. Visually, all samples 
presented an acceptable colour. Emam-Djomeh et al. [26] 
obtained a good visual appearance of semirings of apple 
coated with carboxymethyl cellulose prior to osmotic 
dehydration. 

In order to reduce browning of the dried coated sam- 
ples, a thermal treatment of the whole apples was per- 
formed by dipping in hot water at 60˚C, during 10 min-
utes. According to Damaldi et al. [27], dipping whole 
strawberries, during 10 minutes, in water at 50˚C reduced 
enzymatic activity by 44%, and the enzyme was com-
pletely destroyed at 65˚C. Kim et al. [28] had also found 
that slices of some apple varieties thermally treated at 
45˚C, during 105 minutes, did not show browning after 
treatment and preserved firmness better.  

In addition, the dehydration process was also per- 
formed in a dryer with perpendicular airflow, with the aim 
of speeding the drying. In fact, the relative PPO activity 
decreased (Figure 5) in relation to the dehydration at 
40˚C with no previous thermal treatment (Figure 1). 

 

 

Figure 4. b* values of ‘Starking’ apple cubes, coated and 
non-coated, dried with parallel airflow at 20˚C, 35˚C and 
40˚C. 
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Figure 5. Relative activity of polyphenol oxidase (A*DM0/ 
(A0*DM)) of coated ‘Starking’ apple cubes dried with par-
allel airflow or perpendicular airflow at 40˚C; DM and A, 
and DM0 and A0 are dry matter (%) and PPO activity 
(Ug–1FWmin–1) of dried sample and fresh apple, respec-
tively. 
 

The perpendicular airflow reduced relative activity of 
the enzyme even further, although the values for the two 
types of airflow came closer for high dry matter contents 
(more than 90%). This may be due to the fact that the 
perpendicular airflow drying is faster than the parallel 
airflow drying. This result suggests that the drying rate 
may be more important than the coating, overcoming the 
range of water activity values for which PPO activity 
would be higher. 

With respect to colour changes, the L* value was 
higher for parallel airflow drying, towards the end of the 
dehydration process (Figure 6). 

No differences were detected between b* values of 
samples dried by both types of drying (Figure 7). Visually, 
the coated cubes dried with perpendicular airflow pre- 
sented a better aspect (apparently, less browning), which 
was not in agreement with the luminosity results. 

4. Conclusions 

The coating was not effective in controlling polyphenol 
 

 

Figure 6. L* values of coated ‘Starking’ apple cubes dried 
with parallel airflow or perpendicular airflow at 40˚C. 

 

Figure 7. b* values of coated ‘Starking’ apple cubes dried 
with parallel airflow or perpendicular airflow at 40˚C. 
 
oxidase activity of ‘Starking’ apple cubes. In order to 
prevent coated samples from browning, a thermal treat- 
ment of the whole apple is required before drying. Ap- 
ples dipped in water at 60˚C for 10 minutes, cut into 
cubes, coated and dried by perpendicular airflow at 40˚C, 
presented lower relative activity of polyphenol oxidase 
and better colour than coated samples that had not been 
submitted to a thermal treatment. Further studies are re- 
quired to determine the presence and action/activity of 
peroxidise and/or other enzymes that could have an im- 
portant role in browning apple tissue. 
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