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AbstrAct

the characteristics of vinegar refined in wood receptacles are due to: the period of refining, the 
volume of the receptacles, the type of wood, the geographic origin of the wood used, the natural 
or thermic treatments carried out on the wood and the number of cycles for which the recepta-
cle has been used.

the Ec regulation regarding the Protected Geographic Indication (PGI) for balsamic Vinegar 
from Modena requires an aging period of not less than 60 days in wood barrels.

the time of refining, taken as a parameter in isolation from the others, has no relevance what-
soever since all parameters are so closely linked together.
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INtrODUctION

European commission regulation N. 583 of 
July 3, which was published in the Official Jour-
nal of the European Union on July 4, 2009, pro-
vides for the registration of both Protected Des-
ignation of Origin (PDI) and the Protected Ge-
ographic Indication (PGI) for balsamic Vine-
gar from Modena. In an annex to the regulation 
there is a summary of the Method of Produc-
tion (Annex II).

this regulation restates the Italian Ministerial 
Decree of December 3, 1965 regarding the con-
tents and the method of preparation of balsamic 
Vinegar from Modena. In fact, the older Decree 
can be compared with the more recent Europe-
an commission regulation as follows:

Ministerial Decree 3/12/1965 European Commission regulation N. 583/2009

- the product is obtained by means of traditional - the product is obtained from grape must which
technology, through the alcoholic and acetic has been partially fermented and/or cooked
fermentation of grape must, or if necessary, and/or concentrated by  not less than 20%.
partial fermentation or concentration The concentration is taken to a density not
in direct contact with heat. inferior to 1.240 at 20°C.

- a percentage of vinegar aged not less than - a percentage of vinegar aged not less than
 ten years is added.  ten years is added.

- with or without the addition of vinegar obtained - with the addition of vinegar obtained from
 from the acetification of wine alone.  acetification of wine only for a minimum of 10%.

- the acetification, deacidification, aging and - the acetification and refining of the product
 refinement of the product  take place in barrels  take place in barrels made of high-quality
 made of high-quality woods: sessile oak, chestnut,  woods: oak, sessile oak, chestnut, mulberry or
 oak, mulberry or juniper.  juniper, for a period of not less than 60 days.

- the addition of caramel is allowed. - the addition of caramel is allowed up to a 
   maximum of 2%.

ANALYTICAL AND ORGANOLEPTIC ANALYTICAL AND ORGANOLEPTIC
PROPERITIES: PROPERITIES:
Minimum total acidity 6%; Minimum total acidity 6%;
Alcohol by volume not superior to 1.5%; Alcohol by volume not superior to 1.5%;
Dry extract, less sugars, a minimum of 30 g/L; Minimum dry extract 30 g/L;
  Density at 20° C not inferior to 1.06 in the
  refined product;
  Total sulphur dioxide: maximum 100 mg/L;
  Ashes: not less than 2.5 for a thousand;
  Reducing sugars: minimum 110 g/L;
Colour: dark brown; Colour: deep brown;
  Transparency: clear and bright;
Taste: sweet and acidic; Taste: sweet and sour;
Aroma: aromatic, pleasing and distinctive. Aroma: persistent, delicate, slightly acidic,
  with woody overtones.

As can be noted, the difference between the 
Decree and the regulation consists essentially 
in the fact that, in the case of the latter, some 
of the characteristics are specified in quantities. 
For example: the amount of pure wine vinegar 
added must be at least 10%; the density must 
be at least 1.240 at 20°c; the caramel added can 
be no more than 2%; the refining process must 
last for at least 60 days.

Obviously, since the regulation recognizes a 
“new” product in terms of Protected Geographic 
Indication (PGI), unlike the 1965 Decree, it con-
tains all of the indications needed to character-
ize the product geographically:

√ indication of the area of production from 
which the product originated (territory of the 
provinces of Modena and reggio Emilia);

√ indication on the land registry map of the 
parcel on which the grape cultivation takes 
place;

√ list of producers of must;
√ indication of the types of grapes (Lambrus-

co, sangiovese, trebbiano, Albana, Ancellotta, 
Fortuna, and Montuni)1;

√ the assembly of the raw materials, their 
processing, refining and/or aging in wooden bar-

rels, must, by law, take place in the geographic 
area of origin, with the exception of the condi-
tioning, which may take place outside of the pro-
vincial territories of Modena and reggio Emilia2.

In the regulation under discussion, one dis-
tinctive point is that aging must take place in 
special wood barrels for a period of not less than 
60 days, beginning from the day on which the 
raw materials are assembled.
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Interestingly, the regulation is silent regard-
ing the characteristics of the wooden barrels.

Most of the scientific studies published on the 
aging of vinegar refer either to an aging period of 
6 months or to an aging period that is extend-
ed to 2 or more years. As regards the barrels (or 
wooden casks) considered in these studies, re-
search was conducted on barrels that were not 
very large; often reference is made to the typical 
size of the barrique bordolese (225 L, little more 
than 2 hL) (GArcÍA PArrILLA et al., 1999). this 
is because aging periods of less than 6 months 
and the use of bigger barrels do not allow for an 
appreciable transformation of the product nor 
do they allow for the complete effect of the bar-
rel on the contents to come about. therefore, 
vinegars aged for less than 6 months, except in 
particular cases, are generally not the object of 
study since such an aging period does not pro-
duce noteworthy effects even when the barrels 
are very small (GIAccIO and DEL sIGNOrE, 1997; 
DEL sIGNOrE et al., 2000; DEL sIGNOrE, 2001a; 
DEL sIGNOrE, 2001b).

It is difficult to distinguish with precision be-
tween ripening (short period) and aging (long 
period). ripening time is not defined in a tech-
nical way; it is referred to as “the time required 
for the product to develop its organoleptic qual-
ities while it is in the barrel” (GArOGLIO, 1981). 
Aging instead implies the progressive depletion 
of some of the ingredients and the substantial 
transformation of others and aging time is gen-
erally considered to start after two years. the 
process of ripening is characterized by the ox-
idation reaction of some of the component ele-
ments of the product and it is followed by aging 
which is characterized by reduction reaction.

the evolution, then, depends on the time and 
even more so on the capacity of the barrels, or 
in other words, on the relation between the in-
ternal surface of the barrels and the volume of 
vinegar that comes in contact with that surface. 
the importance of this relation has been wide-
ly demonstrated in all of the experiments car-
ried out by the numerous researchers who have 
dealt with this topic. Moreover, this evolution 
also depends on the type of wood of which the 
barrel (or other containers) is made, and on the 
geographical area from which that wood comes 
since the essence and the porosity of woods vary 
from area to area. the treatment that the wood 
has received (i.e. toasting, boiling, etc.) is also 
a parameter that effects its properties. In order 
to better verify all the above mentioned effects, 
the barrels must be “new”.

 the summary regarding “balsamic Vinegar 
from Modena” (Protected Geographic indication- 
PGI) contained in Annex II of the European com-
mission regulation n. 583/2009, published in 
the Official Journal of the European Union on 
04.07.2009 L 175/7-11, at paragraph 4.5, deals 
with “refining”. this term comes from the wine 
sector and refers to the various physical, chemi-

cal and biological phenomena that occur in wine 
during its period of aging, all of which contrib-
ute to improving and perfecting the wine’s or-
ganoleptic properties3. such extensive chang-
es, involving physical, chemical and biological 
characteristics, cannot take place in a period as 
brief as 60 days.

In fact, the regulations prescribe 60 days of 
refining in wood receptacles, but no mention 
whatsoever is made of the size of the recepta-
cles, which is an essential factor. they do, on 
the other hand, cite examples of “high-quali-
ty wood”: “oak, in particular sessile oak, chest-
nut, mulberry and juniper” but neither cherry 
(used in the aging of traditional balsamic Vin-
egar from Modena) nor acacia (which is a high 
quality wood) are mentioned. No consideration 
is given to the fact that the chemical composi-
tion of these woods, even when they belong to 
the same species (for example, American oak or 
French oak) can vary greatly. the chemical com-
position of wood undergoes extensive changes 
as a result of the heat treatments to which the 
wood is subjected. Another essential criterion, 
which is not considered in the regulation, is the 
number of times the receptacle has been used, 
in other words, whether it is old or new. After 
the second, or at the most third reuse, the wood 
receptacle is greatly impoverished and no long-
er has an active effect.

the same paragraph of Annex II refers in-
appropriately to “aging” in wooden receptacles 
when, in fact, the process in question is “refin-
ing”. Moreover, the Inspection Procedure provid-
ed for by the Ministry of Agriculture, Food Prod-
ucts and Forests gives a definition for aged “bal-
samic Vinegar from Modena PGI”, which stipu-
lates that “the finished product is aged for a pe-
riod of no less than three years in casks, barrels 
or other wooden receptacles […]”.

In the present work, all of the elements 
which may exert an influence on the proper-
ties of vinegar as a result of time and type of 
receptacle will be considered. reference will 
also be made to products that are stored in 
glass receptacles.

An analogy with wine, if we may be permit-
ted, would be useful here. Wine stored in met-
al receptacles has a brighter colour because it 
does not come into contact with the air, mak-
ing oxidation very slow (the oxidized product is 
a bit more “opaque”). Moreover, it has less aro-
ma but a “softer” taste than wine stored in wood. 
some experts like rIbÈrEAU-GAYON (2007), ar-
gue that, for brief periods of storage, it is better 
to store wine in receptacles made of inert mate-
rials like metal and glass, because these recep-
tacles prevent the evaporation and oxidation of 
some components since there is no contact with 
the air, and avoid the development of the woody 
aroma and taste that comes from the disintegra-
tion of wood that occurs during even brief peri-
ods of storage in new wooden barrels.
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PArAMEtErs cONsIDErED

In order to bring about the chemical reaction 
of oxidation (initial phase of ripening) and then 
that of reduction (which characterizes the ag-
ing phase) periods of time of at least 6 months 
are necessary. When the residence time of vin-
egar in the receptacles is as brief as 2 months 
the results are limited to a simple extraction of 
substances from the wood as a consequence of 
the contact of the product with the inside of the 
barrel. Only the substances extracted from the 
wood have an influence on the properties of the 
vinegar in this case. It is also essential here to 
specify that the aromatic substances from the 
wood will only be transferred to the vinegar if 
the wood is new: when the wooden receptacles 
have been used a number of times this param-
eter of influence is no longer applicable. Inter-
estingly, the regulation is silent in this regard.

One of the most evident phenomena that oc-
curs when there is contact with wood is the ex-
traction of phenolic substances; this is an indi-
cator which has universally been considered by 
all of the Authors who have conducted research 
on the aging of vinegar in general, and on the 
aging of balsamic Vinegar from Modena in par-
ticular (GArcÍA PArrILA, 1999; GArcÍA PArrILA 
et al., 1997; KADIM and MANNHAIM, 1999; tEs-
FAYE, 2002; cErEZO et al., 2008; cErEZO et 
al., 2010). A fraction of the phenols present in 
vinegar comes from grapes and wine, but those 
which come from contact with wood are easily 
distinguishable (GArcÍA PArrILA et al., 1997).

In addition to the complex phenols that come 
from lignin (polyphenols) there are many other 
simple phenols that can be extracted from wood, 
for example, gallic acid, chlorogenic acid and va-
nillin, syringic acid (and the corresponding al-
dehyde) and ferulic acid. these simple phenols 
have been used with success in demonstrating 
the variations of the product during storage in 
wood receptacles (GÁLVEZ et al., 1995).

Another indicator which was taken into con-
sideration is the group of furanic substances, in 
particular two aldehydes: 5-hydroxymethylfur-
fural (5-HMF) and furanic aldehyde (furfural).

the presence of furanic aldehyde in products 
that have been aged (wine and vinegar) is in func-
tion of the thermolysis of the polysaccharides 
which are formed in the wood during the toast-
ing of the staves. this treatment brings about a 
partial reduction of the cellulose which leads to 
the formation of 5-HMF. the furanic aldehydes 
(or furfural) originate instead from the pentose 
of the hemicellulose of wood. Another source of 
furanic aldehyde is the addition of caramel.

therefore, in balsamic vinegar the presence 
of 5-HMF and of furfural, together with con-
sistent quantities of other furanic compounds, 
is high from the early stages because they are 
formed during the cooking of the must (as a con-
sequence of the disintegration of the sugars) or 

after the cooking when the caramel is added (AN-
tONELLI et al., 2004). It has been observed that 
if the ratio furfural/5-HMF is higher than one, 
caramel is not added. this ratio also indicates 
the origin of the 5-HMF: if the ratio is more than 
one, the presence of the 5-HMF derives from the 
thermolysis of hemicellulose, while, if it is less 
than one, it is due to the addition of the cara-
mel (QUEsADA GrANADOs et al., 1996).

Moreover, some of these substances contin-
ue to accumulate even during the residence in 
the wood receptacles as a consequence of the 
termination of the heat treatment (120°-160°c) 
of the staves (GArrOttE et al., 2007). It is also 
to be noted that MAsINO et al. (2005) have ob-
served that during the aging, a part of the sug-
ars continue to disintegrate and the formation 
of HMF continues, to the detriment of the sug-
ars present in the balsamic vinegar.

tHE PErIOD OF rEFINING
AND tHE rEcEPtAcLEs

the period of refining, the volume of the re-
ceptacles, the type and origin of the wood used 
to make them, the treatment undergone by the 
wood and the cycles of use of the receptacles can-
not be treated as if they were separate and dis-
tinct since these six parameters are very close-
ly dependent on each other.

The effect of the dimension of the barrel 
on the period of refining

It was singleton (sINGLEtON, 1974) who first 
reported the importance of the ratio surface/
volume.

A high level of concentration of phenolic sub-
stances can be noted after the first days; from the 
second week the level diminishes rapidly (KADIM 
and MANNHAIM, 1999): the concentration of phe-
nols was determined by collecting the product 
daily at different distances from the barrel wall: 
at 0.5, 10 and 15 cm, in order to observe the 
diffusion. After one or two weeks the concentra-
tion of the phenols near the barrel wall begins 
to decrease (this is because an equilibrium has 
been reached). If the ratio of surface to volume 
is increased by adding additional wooden sur-
faces (in the form of wood chips) to the liquid, 
the effect is as if the barrel had become small-
er and the phenols are completely extracted in 
4 to 7 days.

Analogously, even the concentration of phe-
nols in the area furthest away from the barrel 
walls begins to grow, but at a slower speed. In 
any case, after two or three weeks (depending, 
obviously, on the size of the receptacle) the dif-
ferences have disappeared and the concentra-
tion becomes uniform everywhere in the bar-
rel. this process can be observed in the figure 
published in the work of KADIM and MANNHAIM 
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(1999). Under the experimental conditions re-
ported by the Authors, the surface of the wood 
was already depleted after a few days; the curve 
of the component extraction from wood that de-
pends on distance from barrel wall has a high 
rate of extraction at the outset, but that rate de-
creases as the distance from the wall increases; 
depending on the distance from the wall, the liq-
uid and the wood establish an equilibrium with 
the passage of time. the concentration depends, 
then, on the area of the barrel from which the 
sample of vinegar is collected. this can be dem-
onstrated in experiments conducted with new 
receptacles; if the effects due to the newness of 
the wood have already been depleted after only 
a few days, then it follows that with wood that 
has already been used many times, as happens 
in big production industries, those effects can-
not be found at all.

the experiment cited above involved white 
wine; our laboratory data (Fig. 1) which refers to 
balsamic vinegar, are more marked, since the el-
evated content of acetic acid in vinegar (together 
with the low content of ethyl alcohol) in contrast 
with wine, makes it a more aggressive agent on 
wood, leading to a greater extraction of its com-
ponents. the concentration of phenolic com-
pounds was determined, in duplicates, by the 
Folin-ciocalteau procedure described by OUGH 
and AMErINE (1988). the experiments regard-
ing balsamic vinegar were carried out using a 
new 225 L barrique. It must be pointed out here 
that on an industrial scale vinegar products are 
stored in used receptacles that hold from 15,000 
to 50,000 L and so the effect observed through 
the use of a barrique is merely indicatory.

A uniform concentration occurs in function 
of the size of the receptacle: it may occur after 
1 to 3 weeks, or after many months. this is be-
cause the quantity of the substances extracted 
from the receptacle is a function of the storage 
time together with the ratio of surface to volume. 
therefore the size of the receptacle has a very 
important effect on the quantity of the substanc-
es extracted from the wood. For example, a typi-
cal barrique that holds 2.25 hL has a ratio sur-
face/volume of 90 cm2/L. For the sake of com-
parison, other examples are reported as follows:

Volume of receptacle (hL) Ratio surface/volume (cm2/L)

 2.25 90
 70 30
 150 23
 380 16
 500 15

therefore, with respect to the parameter of 
surface/volume, the number of days assumes 
significance only if the receptacle is very small. 
In order to better study the importance of the 
effects of the ratio surface/volume, some Au-
thors have artificially increased that ratio, as 

already mentioned above, by inserting toast-
ed wood chips into the liquid being “aged” (tEs-
FAYE et al., 2004). Using this method it is pos-
sible to reproduce in the vinegar in 15 days the 
same changes that are obtained with a lower ra-
tio after some months. Data (expressed in mg/L) 
outlining the total quantity of phenol extracted 
from wood as a function of number of days was 
reported by tEsFAYE and appears below:

American Oak  Days
 
 0 15 30 60 90

Boiled and toasted 43 392 394 452 428
Toasted 43 422 423 407 409

Data elaborated by: W. Tesfaye et al., “Evolution of wine vinegar composition 
during accelerated aging with oak chips”, Analytica Chimica Acta, 513:239-
245, 2004.

the proof that variations in the composition 
of vinegar do not depend on the number of days, 
but rather on the receptacle and the treatment 
carried out on that wood, is to be found in this 
work. In fact, in receptacles of wood that have 
only been toasted, the phenol content reaches 
its highest peak within 15 days and then begins 
to diminish steadily up to the 90th day. In con-
trast, in receptacles made of wood that has been 
boiled and toasted the highest level is reached 
within 15 days, but it then remains constant for 
a month, and then increases by 12% by the 60th 
day, and then begins to decline on the 90th day.

simple phenols also show a similar trend as 
can be observed in Fig. 2.

the same trend can be observed in the re-
sults of a panel-test which revealed that after 
15 days a marked woody aroma is perceivable; 
this sensory feature, as well as the other orga-
noleptic features present, do not change signifi-
cantly with time (VEI-15 = 15 days; VEI-30 = 30 
days; VEI-90 = 90 days); to cite the report ver-

Fig. 1 - concentration of total phenols in vinegar near the 
wall of a new barrique in function of days (our laborato-
ry data).
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Fig. 2 - Evolution of several 
phenolic compounds during 
accelerated aging of a wine 
vinegar sample and a synthetic 
vinegar (tEsFAYE et al., 2004).

(VE1bt = vinegar with 1% 
(v/v) of alcohol in oak chips 

boiled and toasted; VE1t 
= vinegar with 1% (v/v) of 

alcohol in oak chips toasted; 
sbt = synthetic vinegar with 

2% (v/v) of alcohol in oak 
chips boiled and toasted; st 
= synthetic vinegar with 2% 
(v/v) of alcohol in oak chips 
toasted). synthetic vinegar 

(control) was prepared in 
the laboratory by dissolving 

different volatile and non-
volatile compounds in an 

aqueous acetic acid solution.

batim: “In our experiences with vinegar, at 15 
days a marked woody aroma was perceived by 
tasters (Fig. 3); this attribute and all the others 
do not change with time” (tEsFAYE et al., 2004).

Morales et al. studied the volatile substanc-
es extracted from wood and observed that their 
quantity depended on the age of the wood (the 
number of cycles of use they had undergone); 
the quantity that can potentially be extracted is 
relevant when the barrels are new and, negligi-
ble when they have been used. the extraction of 
vanillin is most influenced by the ratio surface/
volume; in fact, by increasing the contact sur-
face, after 15 days of steeping in the wood re-
ceptacles the amount of vanillin in the vinegar 
reaches levels of between 12.4 and 15.4 mg/L, 
while vanillin content in vinegar kept in barrels 
that have a broader ratio, reaches levels of 1.4 to 
3.4 mg/L after 90 days (MOrALEs et al., 2004). 
therefore the refining for 15 days in small, new 

barrels produces much better effects than a re-
fining for 90 days in large barrels.

this demonstrates that the indication of a 
steeping period in wood is meaningless if the 
volume of the receptacle is not also specified.

In general, it has been observed that most 
of the compound volatiles are given off by the 
wood within 15 days of the vinegar’s residence, 
and subsequently their concentration does not 
change until the 90th day (the time during which 
the experiment was conducted) (Fig. 4).

Except for 2-furfural, the equilibrium of which 
depends on caramel, in practice the other sub-
stances examined reach their maximum per-
centage after 15 days and are still at that same 
level after 90 days.

From all of the above cited researches, a fact 
clearly emerges: the indication of the capacity of 
a receptacle is essential in making a determina-
tion of the characteristics of the product. If the 

Fig. 3 - sensory profile of vinegars with equal ethanol content (1% v/v) and different aging time (tEsFAYE et al., 2004).
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volume of the receptacle is not indicated, the 
time of residence in the receptacle is irrelevant.

Most of the works which focused on the ef-
fects of the surface/volume ratio have dealt with 
wine rather than vinegar. these works give am-
ple confirmation of the observations made above. 
Among these numerous studies, of great rele-
vance here is that of PérEZ-PrIEtO et al. (2002) 
where it is noted that even when the volume is 
very small the changes in barrel size are always 
relevant: “the characteristics of wine matured 
in 220-L new barrels versus those matured in 
1,000-L new barrels were very different”.

A fitting conclusion to this consideration of 
the effects of the surface/volume ration are the 
words of an expert in the study of Enology, Pro-
fessor Usseglio-tomasset, who on page 305 of 
his treatise on Enological chemistry said: “the 
ratio between the volume of wine and the surface 
of contact with the wood has a great importance; 
the contribution of wood, perceivable in small re-
ceptacles like barrique bordolesi that hold 225 L, 
becomes negligible in receptacles of tens of hec-
toliters” (UssEGLIO-tOMAssEt, 1978).

The effects of the type of wood
of which the receptacle is made 
on the period of refining

Most of the substances transferred to the 
vinegar (polyphenols, simple phenols, com-
pound volatiles, etc.) depend on the speed of 
penetration of the liquid into the wood rath-

er than on the distribution of these substanc-
es in the liquid.

the speed of penetration of the liquid into the 
wood varies greatly from one type of wood to an-
other. therefore, the level of extraction of sub-
stances depends on some characteristics of the 
receptacle used:

- species and geographic origin of trees

there is a great deal of diversity among bar-
rels owing to their various compositions, phys-
ical characteristics that depend on the species 
and geographical origin of the wood from which 
they are made. the wood most frequently used 
to make barrels is oak – either American oak 
(Quercus alba) or French oak (Quercus robur o 
Q. petraea). their compositions have been stud-
ied in depth and it has been shown that they are 
very different (MILLEr et al., 1992; tOWEY and 
WHAtErHOUsE, 1996a). In a study of 11 sub-
stances extracted from wood it was observed 
that all of the samples of American origin were 
distinguishable from the sample of French ori-
gin (MArcO et al., 1994). In brief, the French oak 
gives off more phenols than the American oak; 
lactone compounds (which have a light aroma 
of coconut) are given off more by the American 
oak; vanillin (which has the most pronounced 
aroma) varies greatly from wood to wood.

Other Authors had already reported that an 
analysis of the contents of the group of substanc-
es called lactones is a simple way of identifying 
the type of wood in which the product was stored- 
whether American or French oak: “[…] the ratio 
cis/trans can be used to distinguish those wines 
aged in American oak barrels and those wines aged 
in French oak barrels” (WAtErHOUsE and tOWEY, 
1994). “the only generalization that can be made 
on this subject is that the American white oak 
species gives a greater quantity of cis-oak lactone 
to the wine compared to European oaks” (GArDE-
cErDÁN and ANcÍN-AZPILIcUEtA, 2006).

A recent and rather exhaustive study, which 
compared the effects of different woods – oak, 
chestnut, acacia and cherry – on the composi-
tion of vinegar, was carried out by cErEZO et al. 
(2008). the quantity of phenol that the vinegar 
had extracted from the wood allowed for the dis-
crimination at a 100% of the effect of the various 
woods studied. An acetification of 45 days led 
to differences in the quantity of phenol report-
ed (mg/L) depending on the type of wood used. 
these differences are reported below:

Substance Oak Chestnut Cherry Acacia

Gallic acid 30 78 29 29
Vanillic acid 1.36 1.26 1.22 1.08
Syringic acid 4.95 4.4 4.5 3.0
Ellagic acid 4.44 3.86 1.54 2.8

It is to be observed that the gallic acid increas-
es significantly when the wood is chestnut; the 

Fig. 4 - rate of extraction of different compounds in acceler-
ated aging. the concentrations are expressed as an average 
percentage. to calculate these figures to the high concentra-
tion of the compound has been assigned the value of 100%.
(2-furfural = 1.46±0.02 mg/L; 5-methylfurfural = n.d.; 
trans-oak isomer = 0.102 ±0.003 mg/L; cis-oak isomer = 
0.207±0.012 mg/L; vanillin = 0.663±0.008 mg/L).
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cherry and acacia woods release less substance.
In the current year two studies have been pub-

lished, one regarding the differences between 
the woods of the American oak and the French 
oak (cALLEJÓN et al., 2010), the other regarding 
the differences between the woods of the acacia, 
cherry, chestnut and oak (cErEZO et al., 2010).

the first work clearly evidences the differenc-
es between wood that comes from the American 
oak and that which comes from the French oak: 
the porosity and the chemical composition are 
quantitatively different and therefore influence 
the final aroma of the vinegar. the porosity in-
fluences the formation of esters; greater poros-
ity favours the evaporation of water and there-
fore the concentration of the substances, includ-
ing the aromatic ones. to better explain this ef-
fect, a comparison is made between the compo-
sition of vinegar stored in wood and that stored 
in glass bottles. In the glass after a year the vol-
atile compounds are higher than those present 
in the vinegar stored in wooden barrels. In the 
barrels there is a higher level of acetic acid and 
the levels of alcohols and aldehydes are signifi-
cantly higher. In the glass bottles this phenom-
enon also takes place but with lesser intensity. 
the acetaldehyde is higher in the barrels be-
cause of the oxidation of alcohol and the same is 
true for the diacetyl that is formed from the ox-
idation of the acetoin. the limited contact with 
air that occurs in the bottle reduces the oxygen 
available to the microorganisms and their activ-
ity, therefore, decreases.

the second work deals with a balsamic vinegar 
made from trebbiano; it demonstrates the dif-
ferences between the woods based on their con-
tent of total and simple phenols. the analyses 

were carried out after 45 days, after 6 months 
and after a year. the phenol contents, proposed 
as wood markers (gallic acid, gallic ethyl ester, 
taxifolin, ellagic, vanillic and caffeic acid), made 
it possible to discriminate between the woods, 
with a significant classification at 100%, as is 
shown in the Fig. 5. Liquid chromatography with 
photodiode array detection (Lc-DAD) was used 
for the analysis of phenolic compounds, where-
as Lc-Ms/Ms for taxifolin.

the 5-HMF does not undergo variations in the 
first 45 days in the barrels of cherry and acacia, 
but does show a modest increase of 10% in the 
barrels of oak and chestnut, as is shown below. 
For two of the woods studied, a contact time of 
six months has no influence, and for the other 
two woods, it has only a slight influence:

HMF content (mg/L) in balsamic vinegar made with treb-
biano in receptacles of various woods and having various 
periods of ripening

 Days Oak Chestnut Cherry Acacia

 0 237 220 216 231
 45 255 241 212 231
 180 286 290 254 285
 365 382 407 356 371

Data reported in A.B. Cerezo et al., “Effect of wood on the phenolic profile 
and sensory properties of wine vinegars during ageing”, Journal of Food 
Composition and Analysis, 23:175-184, 2010.

the effect of the wood on the sensorial prop-
erties of the vinegars is strong enough to be per-
ceived by the tasters on the test panel; a sweet, 
woody aroma with tones of vanilla is perceived 
in vinegars aged in oak, while in those aged in 

Fig. 5 - Plot of the two first 
roots issued from discrimi-

nant analysis for group F 
of samples.

(A= acacia; c= cherry; r= 
oak; s = chestnut) (cErE-

ZO et al., 2010).
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cherry, the aroma is that of mixed berries. the 
results of cerezo’s study show that the wood 
used in the aging of the vinegar determines both 
its chemical composition and its sensory prop-
erties, but these parameters are not perceiva-
ble after only brief periods of time of residency 
in the wood or in receptacles that are consumed 
after use in many processing cycles.

- treatments undergone by the wood

these treatments include: the method used 
for producing the staves (ArtAJONA sErrANO, 
1991), the maturation (sEFtON et al., 1993) the 
drying, whether natural (VIVAs and GLOrIEs, 
1993) or artificial, as for example, thermic treat-
ment (boiling or toasting of the staves) (DEVEs, 
1994; FrANcIs et al., 1992; rOUs and ALDEr-
sON, 1983).

the thermic treatment of the staves pro-
vokes a disintegration of the wood’s components 
(lignin, cellulose, hemicellulose) which generates 
both simple phenolic compounds and volatile 
compounds. Moreover, depending on the type of 
treatment (more or less intense) substances are 
formed that are later available for release in the 
vinegar. thus the level of differentiation between 
French oak and American is, firstly, correlated 
to the degree of toasting and, secondly, great-
ly influenced by some substances (the group of 
lactones and eugenol) that permit a differentia-
tion of 100% between French oak and American 
oak (bOZALONGO et al., 2007; sArNI et al., 1990).

the untoasted wood contains very small quan-
tities of volatile phenol. Following thermic treat-
ment – which may vary greatly in intensity, with 
temperatures that range from 180° to 230°c, 
and heating times that range from 5 to 15 min-
utes – the lignin generates large quantities of 
volatile phenol (particularly guaiacol and eug-
enol) which have a great influence on the orga-
noleptic quality of the finished product. Alde-
hydes (among which vanillin is to be found) are 
also formed, and ketones, products of disinte-
gration of fats and tannins (cHAtONNEt et al., 
1989). Even barrels that have the same origin, 
the same producer and that have undergone 
the same thermic treatment, can have varying 
effects on the aging of the product (tOWEY and 
WAtErHOUsE, 1996b).

In a recent study 19 different aromatic sub-
stances were extracted from wood coming from 
oaks of American, French, Hungarian and rus-
sian origin (DIAZ-MArOtO et al., 2008) that 
had undergone varying treatments. the re-
sults are very interesting: the quantity of va-
nillin extracted from wood ranges from 0.03 
mg/kg in untoasted russian oak up to 3.81 
mg/kg in toasted Hungarian oak (an increase 
of over two orders of magnitude); the furfural 
aldehyde ranges from 18.7 mg/kg in the un-
toasted French oak to 234.2 mg/kg in toasted 
Hungarian oak (more than one order of mag-

nitude). Generally speaking, for all of the 19 
compounds extracted, the differences in sub-
stances extracted between the untoasted and 
toasted woods was almost always more than 
an order of magnitude.

therefore the yield of aromatic substances in 
toasted wood, after a week, is equivalent to the 
yield of the same substances for more than 10 
weeks in untoasted wood.

- Number of use cycles and the amount 
  of product that “passes through” 
  the receptacle

Another relevant parameter of aging is the 
number of times, or the length of the periods in 
which the receptacles are used. Wood losses its 
capacity to yield substances in function of the 
number of times the receptacle is refilled, and 
the total quantity of product which has remained 
in contact with the receptacle. the number of 
times the barrels are used is another factor 
that determines the oak wood depletion. Due to 
the fact that the pool of the oak extractives in a 
barrel is finite, the quality of those compounds 
and their rate of extraction generally diminish-
es with the utilization of the barrel over succes-
sive years (tOWEY and WAtErHOUsE, 1996a, 
GArDE-cEDÁN and ANcÍN-AZPILIcUEtA, 2006). 
Although several factors, such as vinegar com-
position, barrel maintenance techniques, or bar-
rel fermentation can affect the extraction proc-
ess, the age of barrels is of primary importance 
for the quality of vinegar because the pool of ex-
tractable compounds in wood is finite, the rate 
of extraction and the amounts of compounds ex-
tracted diminished as the barrel is used in suc-
cessive years (tOWEY and WAtErHOUsE, 1996b).

the yield of substances from wood occurs 
principally when the barrels being used are new 
and in their first year of use. In this regard, it is 
worth noting that a barrique, which has a very 
high surface/volume ratio, is no longer consid-
ered usable for product enhancement after only 
two or three reuses and is thereafter used only 
as a simple container. It has been estimated that 
the direct aromatizing action of a new barrique 
has already been exhausted around the eighth 
month of the products residence (MOIO et al., 
1999a; MOIO et al., 1999b). this is also con-
firmed by the fact that the different sizes of the 
receptacles has less and less effect on the prod-
uct when the receptacles are used over and over 
again PérEZ-PrIEtO et al., 2002).

the regulation is silent on the number of cy-
cles for which a wood receptacle may be used, 
even though indicating only the time of residence 
(regardless of whether the wood is exhausted or 
not) is meaningless. When the wood of a recep-
tacle has become exhausted, the receptacle is 
comparable to any other container of inert ma-
terial, whether of wood or some other material 
(glass, ceramic, etc.).
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cONcLUsIONs

the period of refining, the volume of the re-
ceptacles, the type of wood, the geographic origin 
of the wood used, the natural or thermic treat-
ments carried out on the wood and the number 
of cycles for which the receptacle has been used 
are all parameters that are closely linked togeth-
er and they cannot be dealt with separately.

In fact, it has been demonstrated that a re-
fining for 15 days in small barrels produces ef-
fects that are greatly superior to those of a re-
fining for 90 days in large barrels.

In addition, it has been shown that the 
amount of aromatic substances yielded from a 
toasted wood after only one week is equivalent 
to the amount of the same substances yielded 
after more than 10 weeks when the wood is not 
toasted.

the test panel found that after 15 days a 
marked woody aroma was perceivable. this sen-
sorial feature, similarly to the other features, did 
not change significantly with the passage of time 
(15, 30, and 90 days).

Practically speaking, if the receptacle is 
small the effect is depleted in a short time (1 
or 2 weeks), if it is large (70 hL or more) the 
effect can last for months. For small barrels 
a short period is sufficient, for large barrels it 
takes a much longer period (months and years) 
but, at this point the phenomena of oxidation 
and reduction intervene, both processes which 
are beyond the effects of a simple residence of 
two months.

therefore, if the residence time is less than 6 
months, the chemical and physical characteris-
tics of maturation or the onset of aging are not 
noticeable; when the receptacle is very large not 
even the phenomena linked with the substanc-
es yielded by the wood are noticeable.

In addition, the yield of substances in new 
receptacles is over, at the latest, in a year and 
when the wood of the receptacle is exhausted, 
it is comparable to any other receptacle made 
of inert material (glass, fiberglass, ceramic, etc).

since the regulation is silent on the size of the 
receptacle, on the geographic origin of the wood, 
on the various methods of treatment which the 
wood may undergo and on the number of cy-
cles for which a receptacle can be used, then it 
stands to reason that the time of refining, as a 
parameter in isolation from the others, can have 
no relevance whatsoever.

 In conclusion, a citation from a recent re-
view of research into the factor of quality as a 
function of refining in oak barrels seems ap-
propriate: “Finally, after having looked at the 
studies in this area, we would conclude that 
it does not seem very logical to establish an 
ageing period in barrels through legislation, as 
happens in some of the traditional wine-pro-
ducing countries” (GArDE-cErDÁN and ANcÍN-
AZPILIcUEtA, 2006).

NOtEs

1 Particular types of grapes are chosen in order to obtain 
the analytic and organoleptic qualities listed at point 4.2 
in Attachment II of the regulation. It is, however, obvious 
that those same qualities can be obtained with any type 
of grape through the use of modern technological treat-
ments.

2 It should be noted here that the for a product to have Pro-
tected Designation of Origin (PDO) status all phases of its 
production must take place within the same geographic 
area (as happens, for example, with traditional balsamic 
Vinegar from Modena) while to have Protected Geograph-
ic Indication (PGI), it is necessary that at least one of the 
phases (i.e. production, and/or transformation, and/
or processing) takes place in the geographic area itself. 
Among the many transformations that take place in the 
production of balsamic Vinegar from Modena, condition-
ing is a secondary one. Indeed, it could be said that if it 
were to be required that even conditioning take place in 
the geographic zone of origin the balsamic Vinegar from 
Modena would be, for all intents and purposes, a PDO, 
and not a PGI.

3 Often this term is applied to the period during which the 
wine is conserved in glass bottles which follows its aging 
period in wooden casks.

rEFErENcEs

Antonelli A., chinnici F. and Masini F. 2004. Heat-induced 
chemical modification of grape must as related to its con-
centration during the production of traditional balsam-
ic vinegar: a preliminary approach. Food chem. 88: 63.

Artajona serrano J. 1991. caracterizaciòn del roble segùn 
su origen Y grado de tostado mediante Gc Y HPLc. Vit-
ic. Enol. Profes. 14: 62

bozalongo r., carrillo J.D., torroba M.A.F. and tena M.t. 
2007. Analysis of French and American oak chips with 
different toasting degrees by headspace solid-phase mi-
croextraction-gas chromatography-mass spectrometry. 
J. chromatogr. A 1173(1-2): 10.

callejòn r.M., torija M.J., Mas A., Morales M.L. and tron-
coso A.M. 2010. changes of volatile compounds in wine 
vinegars during their elaboration in barrels made from 
different woods. Food chem. 120: 561.

cerezo A.b., tesfaye W., soria-Díaz M.E., torija M.J., Mateo 
E., García-Parilla M.c. and troncoso A.M. 2010. Effect 
of wood on the phenolic profile and sensory properties of 
wine vinegars during ageing. Journal of Food composi-
tion and Analysis 23: 175.

cerezo A.b., tesfaye W., torija M.J., Mateo E., García-Paril-
la M.c. and troncoso A.M. 2008. the phenolic composi-
tion of red wine vinegar produced in barrels made from 
different woods. Food chem. 109: 606.

chatonnet P., boidron J.N. and Pons M. 1989. Incidence 
du traitement thermique du bois de chêne sur sa com-
position chimique. 2e partie: évolution de certains com-
poses en fonction de l’intensité de brûlage. conn. Vigne 
Vin. 23(4): 223.

Del signore A. 2001a. chemometric Analysis and Volatile 
compounds of traditional balsamic Vinegars from Mode-
na”, JFOE 50 (2): 77.

Del signore A. 2001b. chemometric Analysis and chemical 
and Physical Parameters of traditional balsamic Vine-
gars from Modena. J. commodity sci. 40 (I): 33.

Del signore A., stancher b. and calabrese M. 2000. char-
acterisation of balsamic Vinegars by Amino Acid content 
Using a Multivariate statistical Approach. Ital. J. Food 
sci. 12 (3): 317.

Deves M. 1994. Demystifying oak. Wine Ind. Journal 9(3): 
175.

Diaz-Maroto M.c., Guchu E., castro-Vásquez L., de torres 
c. and Pérez-coello M.s. 2008. Aroma-active compounds 
of American, French, Hungarian and russian oak woods, 
studied by Gc-Ms and Gc-O. Flavor Fragr. J. 23(2): 93.



238  Ital. J. Food Sci., vol. 23 - 2011

Francis I., sefton M.A. and Williams P.J. 1992. A study by 
sensory descriptive analysis of the effects of oak origin, 
seasoning and heating on the aromas of oak model wine 
extracts. Am. J. Enol. Vitic. 43: 23.

Gàlvez M.c., barroso c.G. and Pérez-bustamante J.A. 
1995. Influence of the origin of wine vinegar in their 
low molecular weight phenolic content. Acta Horticul-
turae 388: 269.

García Parrilla M.c., González G.A., Heredia F.J. and 
troncoso A.M. 1997. Differentiation of Wine Vinegar 
based on Phenolic composition. J. Agric. Food chem. 
45: 3487.

García Parrilla M.c., Heredia F.J. and troncoso A.M. 1999. 
sherry wine vinegars: phenolic composition changes dur-
ing aging. Food research International 32: 433.

Garde-cerdán t. and Ancín-Azpilicueta c. 2006. review of 
quality factors on wine ageing in oak barrels, trends on 
Food science & technology 17: 438.

Garoglio P.G. 1981. “La Nuova Enologia” – Enciclopedia Vi-
tivinicola Mondiale, Ed. AEb, brescia.

Garrotte G., Kabel M.A., schols H.A., Falqué E., Domíngu-
ez H. and Parajó J.c. 2007. Effect of eucalyptus globules 
wood autohydrolysis conditions on the reaction products. 
J. Agric. Food chem. 55: 9006.

Giaccio M. and Del signore A. 1997. Il contenuto di 
5-acetossimetil-2-furaldeide nell’aceto balsamico 
tradizionale di Modena e di reggio Emilia. riv. Mer-
ceol. 36 (II): 91.

Kadim D. and Mannhaim c.H. 1999. Kinetic of Phenolic 
Extraction during Aging of Model wine solution. Am. J. 
Enol. Vitic. 50(1): 33.

Marco J., Artajona J., Larrechi M.s. and rius F.X. 1994. 
relationship between geographical origin and chemical 
composition of wood for oak barrels. Am. J. Enol. Vit-
ic. 45(2): 192.

Masino F., chinnici F., Franchini G.c., Ulrici A. and An-
tonelli A. 2005. A study of relationships among acidi-
ty in sets of casks for Aceto balsamico tradizionale of 
reggio Emilia by multivariate techniques. Food chem. 
92: 673.

Miller D.P., Howell G.s., Michaelis c.s. and Dickmann D.I. 
1992. the content of phenolic acid and aldehyde flavor 
components of white oak as affected by site and species. 
Am. J. Enol. Vitic. 43: 333.

Moio L., Del Prete G., Diana M. and Valentino A. 1999a. Il 
legno di rovere impiegato nella fabbricazione delle bar-
riques. Influenza dell’origine geografica e l’intensità della 
tostatura sull’aroma del vino rosso. Industrie delle bev-
ande 158: 615.

Moio L., Del Prete G., Diana M. and Valentino A. 1999b. In-
fluence of origin and heat treatment of wood for oak bar-
rels (Quercus robur L.) on red wine aroma. Industrie delle 
bevande 159: 13.

Morales M.L., benítez b. and troncoso A.M. 2004. Acceler-

ating aging of wine vinegar with oak chips: evaluation of 
wood flavour compounds. Food chem. 88: 305.

Ough c.s. and Amerine M.A. 1988. “Methods for Analy-
sis of Must and Wines”, 2nd Ed., the Wiley-Interscience 
Pub. New York.

Pérez-Prieto L.J., López-roca J.M., Martínez-cutillas A., Par-
do Mínguez F. and Gómez-Plaza E. 2002. Maturing Wines 
in Oak barrels. Effects of Origin, Volume, and Age of the 
barrel on the Wine Volatile composition. J. Agric. Food 
chem 50: 3272.

Quesada Granados J., Villalón Mir M., López Ga serrana H. 
and López Martinez M.c. 1996. the influence of added 
caramel on furanic aldehyde content of matured bran-
dies. Food chem. 56: 415.

ribéreau-Gayon J. 2007. “trattato di Enologia”, Edagri-
cole, bologna.

rous c. and Alderson b. 1983. Phenol extraction curves for 
white wine aged in French and American oak barrels. Am. 
J. Enol. Vitic. 34: 211.

sarni F., Moutounet M., Puech J.L. and rabier P. 1990. Ef-
fect of heat treatment of oak wood extractable compounds. 
Holzforschung 44: 461.

sefton M.A., Francis I.L., Pocock K.F. and Williams P.J. 1993. 
the influence of natural seasoning on the concentrations 
of eugenol, vanillin, and cis- and trans-β-methyl-γ- octa-
lactone extracted from French and American oakwood. 
sciences des Aliments 13: 629.

singleton V.L. 1974. some aspects of the wooden container 
as a factor in wine maturation. Advanced chemical se-
ries 137: 254.

tesfaye W. 2002. Evolution of Phenolic compounds during 
an Experimental Aging in Wood of sherry Vinegar. J. Ag-
ric. Food chem. 50: 7053.

tesfaye W., Morales M.L., benítez b., García-Parilla M.c. and 
troncoso A.M. 2004. Evolution of wine vinegar composi-
tion during accelerated aging with oak chips. Analytica 
chimica Acta 513: 239.

towey J.P. and Waterhouse A.L. 1996a. barrel-to-barrel var-
iation of volatile oak extractives in barrel-fermented char-
donnay. Am. J. Enol. Vitic. 47: 17.

towey J.P. and Waterhouse A.L. 1996b. the extraction of 
volatile compounds from French and American oak bar-
rels in chardonnay during three successive vintages. Am. 
J. Enol. Vitic. 47: 163.

Usseglio-tomasset L. 1978. “chimica Enologica”, Ed. AEb, 
brescia.

Vivas N. and Glories Y. 1993. sistema de secado de madera 
de roble para tonelería. Vitivinicultura 5-6: 47.

Waterhouse A.L. and towey J.P. 1994. Oak lactone isomer 
ratio distinguishes between wine fermented in American 
and French oak barrels. J. Agric. Food chem. 42: 1971.

Wilker K.L. and Gallander J.F. 1989. comparison of seyval 
blanc wines aged with air- and klin-dried American white 
oak. Am. J. Enol. Vitic. 40: 224.

Paper received October 22, 2010  Accepted January 5, 2011



PaPer

Ital. J. Food Sci., vol. 23 - 2011  239

- Key words: accelerated oxidation test, HPSEC analysis, monoacylglycerols, oxidative stability, 
polar compounds, pro-oxidant effect -

DO MONOaCYLGLYCerOLS aCT 
aS PrO-OXIDaNTS IN PUrIFIeD SOYBeaN OIL?

eVIDeNCe OF a DOSe-DePeNDeNT eFFeCT

F. CaPONIO, V.M. ParaDISO, G. BrUNO, C. SUMMO, a. PaSQUaLONe and T. GOMeS*
Department of Biology and Chemistry of Agro-Forestry and Environment (DIBCA), 

University of Bari, Via Amendola 165/a, 70126 Bari, Italy
*Corresponding author: tommaso.gomes@agr.uniba.it

AbstrAct

An investigation was carried out on the effect of adding increasing amounts of monoacylglycer-
ols (MAG) – obtained from a purified soybean oil (PsO) – on the oxidation of the same PsO. PsO 
and the MAG/PsO solutions were subjected, during accelerated oxidation at 60°c, to routine anal-
yses and High-Performance size-Exclusion chromatography of polar compounds. the addition 
of low amounts of MAG (5-10 g kg-1) caused an increase of oxidation. Adding higher amounts of 
MAG, the pro-oxidant effect progressively decreased. the solution containing 30 mg kg-1 showed 
the lowest oxidative levels. therefore, the effect of MAG in PsO oxidation is not univocal, being 
dose-dependent.



240  Ital. J. Food Sci., vol. 23 - 2011

IntrOductIOn

One of the most important factors for evalu-
ating the quality of edible oils is the oxidative 
stability. In fact, oxidation results in rancidity 
and deterioration of the nutritional quality, col-
our, flavour and safety of edible oils (AntOlOv-
IcH et al., 2002).

It has been proved that oxidation of edible oils 
takes place through a chain reaction that is es-
sentially based on a radical mechanism involv-
ing the initiation, propagation and termination 
steps. Oxidation normally proceeds slowly at the 
initial stage and undergoes a sudden rise in its 
rate at the later stages (vElAscO and dObAr-
GAnEs, 2002).

Oil stability is related to its resistance to auto-
oxidation during processing and storage, which 
in turn depends on the presence and amount of 
various minor compounds (cAPOnIO et al., 1999; 
rIEtjEns et al., 2007; AlbErtI et al., 2009).

several investigations were carried out on the 
role of the triacylglycerol hydrolysis compounds 
in the evolution of oxidation in edible oils. In par-
ticular, it has been shown that FFA accelerates 
the oxidation rate of PsO at certain concentra-
tions (MIyAsHItA and tAkAGI, 1986; MIstry and 
MIn, 1987). PArAdIsO et al. (2010) investigated 
the effect exerted by FFA added to purified olive 
oil submitted to an accelerated oxidation test. 
the authors observed that FFA had a pro-oxi-
dant activity on unmodified triacylglycerols at 
lower levels, while a catalytic effect on the de-
composition of peroxides at higher levels. FrE-
GA et al. (1999) studied the effect of oleic acid 
in virgin olive oil. the results showed a pro-ox-
idant action of oleic acid in the filtered oil and 
an opposite behaviour in the unfiltered oil. the 
filtered oil is less stable than cloudy oil contain-
ing suspended and dispersed materials. Appar-
ently, due to their composition, these suspend-
ed materials play a stabilising role by acting as 
antioxidants and/or as a buffer against increas-
ing acidity (lErckEr et al., 1994).

some studies regarding the pro-oxidant effect 
of MAG and dAG have been carried out. In partic-
ular, MIstry and MIn (1987) showed that sn-α-
monolinolein acted as a pro-oxidant when add-
ed to soybean oil at 5 and 10 g kg-1. the same 
authors (1988) studied the effect of 2.5 and 5.0 
g kg-1 of monostearin, distearin, monolinolein 
and dilinolein on the oxidative stability of PsO 
by measuring headspace oxygen in the bottles. 
As the level of MAG and dAG increased from 2.5 
to 5.0 g kg-1, the headspace oxygen consump-
tion of PsO increased significantly during the 
storage at 55°c compared to that of the control 
sample. thus, all these MAG and dAG acted as 
pro-oxidants in PsO. cOlAkOGlu (2006) stud-
ied the oxidation kinetics of soybean oil in the 
presence of 10 g kg-1 monolein at 55°c, by deter-
mining oxygen consumption and peroxide val-
ue, and showed that the addition of monolein 

to soybean oil accelerated the rate of lipid oxi-
dation during storage.

All these studies regarding the pro-oxidant ef-
fect of MAG and dAG have been carried out us-
ing the MAG and dAG commercial standards 
added to purified/refined soybean oils by meas-
uring the headspace oxygen consumption and/
or hydroperoxide formation during the acceler-
ated oxidation conditions. On the other hand, 
HPsEc of Pc, when applied during the acceler-
ated oxidation conditions, allows one to inves-
tigate the oxidative processes by directly moni-
toring the variations in the amounts of the ox-
idized triacylglycerols (ox-tAG, including the 
primary oxidation products) and of the triacylg-
lycerol oligopolymers (tAGP, secondary oxida-
tion products). It could provide more informa-
tion than indirect, non-selective methods, such 
as oxygen consumption.

the aim of the present paper, therefore, was 
to study the effect of adding increasing amounts 
of MAG – obtained in purity (> 98%) via partial 
saponification of PsO – on the oxidative stabil-
ity of the same PsO by performing the acceler-
ated oxidation tests at 60°c in a forced-air oven 
and evaluating the results by both routine and 
the HPsEc analyses of Pc.

MAtErIAls And MEtHOds

Preparation of purified oil

soybean oil was purified using the meth-
od described by lEE and MIn (1990) with some 
slight modifications. A 50 cm × 4 cm column was 
packed with 75 g of silica gel with 70-230 mesh 
AstM (Merck darmstadt, Germany); 12.6 g 
charcoal:celite (2:1); 37.5 g sucrose powder:celite 
(2:1); and 75 g of silica gel. A total of 250 g of 
oil was subjected to column chromatography. 
A flow-rate of 0.20 ml min-1 was applied to the 
outlet of the column to obtain a slight depres-
sion with a vacuum pump. the resulting oil con-
stituted PsO.

Preparation of purified MAG

Purified MAG were obtained via partial saponi-
fication of an aliquot of PsO. In particular, 10 g of 
PsO were added into 100 ml of a 2n naOH solu-
tion in methanol. After 3 min, 200 ml of distilled 
water and 200 ml of diethyl ether were added. 
After mixing, the aqueous phase was removed 
while the ether phase was repeatedly washed 
with distilled water (80 ml each time), until the 
pH of discarded water was neutral. then, after 
filtration on anhydrous sodium sulphate, the 
ether phase was removed in a rotary evapora-
tor. the adopted saponification method led to the 
formation of pure MAG (> 98%), as confirmed 
by the HPsEc analysis (data not shown), while 
FFA were discarded as soap with the aqueous 
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phase. the obtained MAG were added into PsO 
to obtain MAG/PsO solutions at the following 
proportions: 5 g kg-1 (MAG5); 10 g kg-1 (MAG10); 
20 g kg-1 (MAG20); 30 g kg-1 (MAG30).

Accelerated oxidation test

Five grams of PsO and of each MAG/PsO so-
lution were weighed in 50 ml open glass vials 
and kept for 18 days at 60°c. Five vials were 
prepared for PsO and for each MAG/PsO solu-
tion. At 4, 6, 9, 14 and 18 days, a vial for PsO 
and each solution was taken from the oven and 
its content was subjected to routine and HPsEc 
analyses. the accelerated oxidation test was car-
ried out twice.

routine analyses

All the samples (unheated PsO, as well as 
from the PsO and each MAG/PsO solution af-
ter accelerated oxidation test) were submitted to 
the routine analyses as described by the Inter-
national Organization for standardization (IsO, 
2007). In particular, FFA content was deter-
mined according to the IsO 660 method, perox-
ide value (Pv) following IsO 3960 method, and 
uv absorption at 232 and 270 nm (conjugat-
ed dienes and trienes respectively) as described 
by the IsO 3656 method (IsO, 2007). the fatty 
acid composition of PsO and purified MAG was 
determined by gas-chromatographic analysis of 
fatty acid methyl esters, prepared according to 
official methods (Official journal of the Euro-
pean communities, 2002), utilizing a gas chro-
matograph (Fisons HrGc mega 2 series, Milan, 
Italy) equipped with an FId detector and an sP 
2340 fused silica capillary column (0.25 mm i.d. 
× 60 m length and 0.20 µm film thickness, su-
pelco, bellefonte, PA, usA). the temperatures of 
the split injector, detector and oven were 210°, 
220° and 200°c, respectively. the splitting ratio 
was 1:100. the identification of each fatty acid 
was carried out by comparing the retention time 
with that of the corresponding standard methyl 
ester purchased from sigma-Aldrich (st. louis, 
MO, usA). several analyses carried out on the 
same sample produced a repeatability coeffi-
cient with a percent coefficient variation (cv%) 
of about 5% for each determination.

Polar compounds separation 
and HPsEc analysis

All the samples (unheated PsO, as well as from 
the PsO and each MAG/PsO solution after ac-
celerated oxidation test) were submitted to sili-
ca gel chromatography, according to the AOAc 
method no. 982.27 (AOAc, 2003), to separate 
Pc. then, the Pc were analysed by HPsEc to 
determine the amount of tAGP (secondary oxi-
dation products), ox-tAG (including the prima-
ry oxidation products), and dAG. the chroma-

tographic system consisted of a Perkin-Elmer 
pump, (series 200, beaconsfield, uk), a 7125s 
sample injector (rheodyne, Wertheim-Mondfeld, 
Germany), a 50 µl injector loop and a series of 
three columns (0.75 cm i.d. × 30 cm in length, 
Perkin-Elmer ltd., beaconsfield, uk). the col-
umns were packed with highly cross-linked sty-
rene divinylbenzene copolymers with a particle 
diameter of 5 µm and pore diameters of 500, 500 
and 100 Å, respectively. A guard column (7.5 mm 
i.d. × 5 cm in length, Perkin-Elmer ltd., bea-
consfield, uk) was used. the detector was a dif-
ferential refractometer (series 200A, Perkin Elm-
er, beaconsfield, uk). the elution solvent used 
was tetrahydrofuran for HPlc at a flow rate of 
1.0 ml min-1. Peak identification and quantifi-
cation were carried out as described elsewhere 
(GOMEs, 1992; GOMEs and cAPOnIO, 1999). the 
precision of the HPsEc method, expressed as 
cv% (n = 10), was 1.9% for Pc, 3.2% for tAGP, 
2.3% for ox-tAG, and 2.0% for dAG.

All the determinations were carried out in du-
plicate.

data analysis

Analysis of variance (AnOvA), followed by the 
tukey Hsd test for multiple comparisons, was 
carried out on the experimental data by the Xl-
stat software (Addinsoft, new york, usA).

rEsults And dIscussIOn

table 1 reports the analytical characteristics 
of the starting PsO. It shows that this oil was 
almost exclusively composed of unmodified tri-
acylglycerols and contained very low amounts 
of Pc. the fatty acid composition of MAG (ta-
ble 2) was comparable to that of PsO used for 
their preparation.

two-way AnOvA with first order interaction 
was performed on the analytical data obtained 
during the accelerated oxidation test performed 
at 60°c in a forced-air oven (table 3). Time(d), 
MAG(g kg-1), and the first-order interaction 

table 1 - Analytical characteristics of the purified soybean oil.

	 Parameters	 Value

	 FFA	(%)	 0.00
	 PV	(meq	O2	kg-1)	 0.0
	 K232	 1.288
	 K270	 0.897
	 TAGP	(g	kg-1)	 0.01
	 ox-TAG	(g	kg-1)	 0.81
	 DAG	(g	kg-1)	 0.32
	 PC	(g	kg-1)	 1.14

FFA,	free	fatty	acids;	PV,	peroxide	value;	TAGP,	triacylglycerol	oligopolymers;	
ox-TAG,	oxidized	triacylglycerol;	DAG,	diacylglycerols;	PC,	polar	compounds.
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table 2 - Fatty acid composition of the purified soybean oil 
and of the purified monoacylglycerols.

	Fatty	acid	(%)	 Purified	soybean	oil	 Monoacylglycerols

	 C14:0	 0.51	 0.36
	 C16:0	 11.33	 12.21
	 C16:1	 0.35	 0.33
	 C17:0	 0.29	 0.29
	 C17:1	 0.19	 0.22
	 C18:0	 3.29	 2.94
	 C18:1	 27.87	 26.99
	 C18:2	 39.37	 41.02
	 C18:3	 4.21	 3.93
	 C20:0	 1.01	 0.60
	 C20:1	 1.03	 0.63

time(d)×MAG(g kg-1) were the variables included 
in the models. the AnOvA models were signif-
icant in all cases (p < 0.001). the data report-
ed in the table show that throughout the whole 
duration of the experiment the addition of low 
amounts of MAG (5 g kg-1) generally determined 
a significant increase of the oxidation indices. A 
further increase, in most cases significant, was 
observed as the MAG reached 10 g kg-1. regard-
ing the ox-tAG and k232 indices, their variations 
resulted significant only after 10 and 14 days, 
respectively. the data pointed to an evident pro-
oxidant effect of MAG on triacylglycerols, when 
added to PsO in amounts up to 10 g kg-1.

the MAG20 solutions showed oxidation levels 

table 3 - Mean values and results of the multiple comparisons by the tukey Hsd test.

Determinations		 MAG	 	 	 Time	(days)
	 (g	kg-1)
	 	 4d	 6d	 10d	 14d	 18d

PV	 PSO	 0	 63.5	n	 90.4	kl	 155.9	g	 226.8	e	 294.6	b
	 MAG5	 5	 73.7	m	 96.1	ij	 158.8	g	 230.7	de	 264.6	c
	 MAG10	 10	 71.4	m	 98.0	i	 159.5	g	 234.7	d	 324.1	a
	 MAG20	 20	 56.7	o	 92.6	jk	 148.0	h	 221.4	f	 320.1	a
	 MAG30	 30	 55.0	o	 87.0	l	 143.7	h	 217.7	f	 299.4	b

K232	 PSO	 0	 3.11	m	 2.27	q	 4.18	j	 4.87	h	 5.38	f
	 MAG5	 5	 3.24	l	 3.21	l	 4.37	i	 5.30	f	 8.81	a
	 MAG10	 10	 2.83	n	 2.67	o	 3.34	k	 5.69	e	 8.23	b
	 MAG20	 20	 1.80	t	 2.39	p	 2.62	o	 5.14	g	 7.41	d
	 MAG30	 30	 1.78	t	 1.99	s	 2.16	r	 5.06	g	 7.80	c

K270	 PSO	 0	 0.23	jk	 0.30	gh	 0.32	fg	 0.43	d	 0.68	a
	 MAG5	 5	 0.24	ijk	 0.31	fg	 0.33	fg	 0.55	bc	 0.56	b
	 MAG10	 10	 0.26	ij	 0.30	fgh	 0.34	ef	 0.57	b	 0.57	b
	 MAG20	 20	 0.24	jk	 0.28	hi	 0.32	fg	 0.45	d	 0.65	a
	 MAG30	 30	 0.23	k	 0.30	gh	 0.31	fg	 0.37	e	 0.52	c

PC	 PSO	 0	 38.3	s	 65.7	p	 101.9	m	 131.5	g	 155.2	d
	 MAG5	 5	 41.3	r	 68.2	o	 104.4	l	 133.9	f	 162.7	b
	 MAG10	 10	 42.3	r	 70.5	n	 109.4	j	 138.6	e	 169.4	a
	 MAG20	 20	 41.2	r	 67.4	o	 107.3	k	 125.7	h	 164.3	b
	 MAG30	 30	 36.3	t	 63.1	q	 102.9	lm	 117.0	i	 157.5	c

TAGP	 PSO	 0	 8.2	o	 14.4	l	 24.4	i	 36.1	d	 48.9	c
	 MAG5	 5	 10.7	n	 15.4	kl	 25.6	h	 36.1	d	 51.1	b
	 MAG10	 10	 11.1	n	 16.8	j	 27.2	g	 37.2	d	 54.3	a
	 MAG20	 20	 10.1	n	 16.1	jk	 26.6	gh	 32.9	e	 50.6	b
	 MAG30	 30	 6.6	p	 13.1	m	 24.3	i	 29.6	f	 48.6	c

ox-TAG	 PSO	 0	 29.4	no	 50.1	klm	 76.2	j	 94.0	e	 104.9	c
	 MAG5	 5	 29.8	no	 51.3	kl	 77.3	ij	 95.3	e	 109.8	b
	 MAG10	 10	 30.2	n	 51.7	k	 79.9	h	 99.2	d	 113.0	a
	 MAG20	 20	 29.8	no	 49.9	lm	 78.5	hi	 90.6	f	 111.3	b
	 MAG30	 30	 28.6	o	 48.7	m	 77.0	ij	 85.8	g	 106.3	c

DAG	 PSO	 0	 0.2	m	 0.6	ijkl	 0.7	ghijk	 0.9	fgh	 0.8	ghi
	 MAG5	 5	 0.5	jkl	 0.8	fghi	 0.9	efgh	 1.3	abc	 0.9	defg
	 MAG10	 10	 0.5	l	 1.1	cde	 1.6	a	 1.5	a	 1.2	bcd
	 MAG20	 20	 0.6	ijkl	 0.7	hijkl	 1.4	ab	 1.0	defg	 1.1	cdef
	 MAG30	 30	 0.4	lm	 0.5	kl	 0.9	fgh	 0.9	efgh	 0.8	ghij

PSO,	purified	soybean	oil;	MAG,	monoacylglycerols;	PV,	peroxide	value	(meq	O2	kg-1);	K232,	specific	absorption	at	232	nm;	K270,	specific	absorption	at	270	nm;	
PC,	polar	compounds	(g	kg-1);	TAGP,	triacylglycerol	oligopolymers	(g	kg-1);	ox-TAG,	oxidized	triacylglycerols	(g	kg-1);	DAG,	diacylglycerols	(g	kg-1).	Lower	case	
letters	are	used	to	compare	the	samples	considering	the	combined	effects	of MAG (%), time(d) and	time(d)×MAG(%) interaction:	different	letters	mean	signif-
icant	difference	at	p	≤	0.05.
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lower than the MAG10 solutions, pointing to a 
dose-dependent behaviour of MAG, though the 
tAGP and ox-tAG indices, compared with those 
of PsO, showed a persistent pro-oxidative effect 
on triacylglycerols. the MAG30 solutions, finally, 
reported the lowest oxidation levels with gener-
ally significant differences with respect to PsO. 
the trends described for ox-tAG and tAGP can 
be better appreciated at a glance in the Figures 
1 and 2, which graphically represent these ox-
idation indices as a function of both the inde-
pendent variables.

this result, obtained using purified MAG hav-
ing the same fatty acid composition respect to 
the soybean oil they were added to, confirms 
the findings of other authors (MIstry and MIn, 
1988; cOlAkOGlu, 2006) in soybean oil with 
commercial standards of MAG (monostearin, 
monolein, monolinolein) added. On the contra-
ry, when added in higher amounts, MAG deter-
mined lower rates of formation of ox-tAG and 
tAGP in soybean oil. It has been previously re-
ported that MAG, having hydrophilic and hy-
drophobic groups in the same molecules, con-
centrate at the surface of the oil (cOlAkOGlu, 
2006). they decrease the surface tension of oil 
and increase the diffusion rate of oxygen from 
the headspace to the oil accelerating the oxida-
tion processes (cHOE and MIn, 2006). this could 
explain the pro-oxidant effect exerted by MAG 
when added in lower amounts. the trend revers-
al observed when the amounts increased could 
be due to oxidation of the MAG layer at the sur-
face, thus preventing oxygen to reach the tria-
cylglycerols under the surface layer. this kind 
of barrier effect could cause a progressive de-

Fig. 2 - surface plot of triacylglycerol oligopoly-
mers (tAGP) as a function of the added amount 
of monoacylglycerols (MAG) and time (days).

Fig. 1- surface plot of oxidized triacylglycerols 
(ox-tAG) as a function of the added amount of 
monoacylglycerols (MAG) and time (days).

crease of the rates of oxidation involving triacylg-
lycerols, as observed in the experimental trials.

these findings were different with respect to 
those of a previous study (GOMEs et al., 2010) 
carried out in purified olive oil, where MAG act-
ed to reduce the rate of triacylglycerol oxidation, 
with an effect proportional to the level of MAG. 
since both investigations used refined, purified 
oils, almost exclusively composed of unaltered 
triacylglycerols, free of oxidation products and 
anti- or pro-oxidant compounds, the differences 
observed should be attributed to the fatty acid 
composition of the oils, with special reference 
to the different levels of polyunsaturated fatty 
acids. this means that MAG could act both as 
pro-or anti-oxidants in purified oils according 
not only to the levels of addition, but also to the 
composition of the lipid matrix they are added to.

cOnclusIOns

this investigation pointed out that MAG can 
play either a pro-oxidant role or a protective ef-
fect towards triacylglycerols when added in low 
or high amounts, respectively. this role is attrib-
utable to the surface layer they form in the oil, 
due to the presence of both hydrophilic and hy-
drophobic groups in their molecules. therefore, 
the effect of MAG in PsO oxidation is not univo-
cal, being dose-dependent. the comparison with 
previously reported results induces one to be-
lieve that the effect of MAG depends also on the 
fatty acid composition of the purified oils they 
are added to. considering that MAG are usual-
ly used as emulsifiers, a better understanding of 
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the role of MAG in the oxidative processes could 
give useful information about the stability of the 
lipid fraction in foods.

AbbrEvIAtIOns lIst

AnOvA, Analysis of variance.
cv%, percent coefficient variation.
dAG, diacylglycerols.
FFA, free fatty acids.
HPsEc, High-Performance size-Exclusion chromatography.
MAG, monoacylglycerols.
ox-tAG, oxidized triacylglycerols.
Pc, polar compounds.
PsO, purified soybean oil.
Pv, peroxide value.
tAGP, triacylglycerol oligopolymers.
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AbstrAct

the identification of the secoiridoid oleuropein by Lc-EsI-Ms/Ms (negative) is demonstrated for 
the quality control directed toward confirmation of the presence of Olea europaea L. leaves used 
as bulking agent in ground oregano and sage. the described operating conditions are useful for 
the simple qualitative identification of this marker of O. europaea L. leaves. No tolerance limits are 
defined for the presence of the above mentioned extraneous vegetable material in ground oregano 
and sage, the herbs which have been identified in various cases as adulterated with O. europaea 
L. leaves. Despite the importance of quality control of aromatic herbs, only a limited number of 
papers have been published on the identification of phenolic compounds as markers of adultera-
tion. the proposed method is simple and suitable for rapid routine analysis.
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INtrODUctION

While ground spices and herbs are often adul-
terated by the addition of bulking agents, few 
methods are available for screening commercial 
batches of some ground herbs such as orega-
no and sage for the presence of O. europaea L. 
leaves. In a recent paper we addressed this is-
sue by the use of a stereo zoom microscope sys-
tem to visualize the presence of the ground ol-
ive leaves (bONONI et al., 2010a). However, an 
instrumental analytical method to obtain a spe-
cific and documentable confirmation would be 
useful. More recently we proposed a rapid Gc/
Ms test based on the detection of two specif-
ic markers derived from the biophenol fraction 
of ground olive leaves to confirm the adultera-
tion of ground oregano with this bulking agent 
(bONONI et al., 2010b). In the present study, we 
have extended our earlier investigations adopt-
ing the phenolic compound oleuropein, a sec-
oiridoid, as the more characteristic marker of 
O. europaea L. leaves and we have developed a 
method to confirm the presence of milled olive 
leaves in mixtures of ground oregano or sage. 
the secoiridoids, which have an oleosidic struc-
ture, are a specific group of coumarin-like com-
pounds present in moderate amounts in Olea-
ceae and oleuropein in particular is an ester of 
2-(3,4-dihydroxyphenyl) ethanol (known as hy-
droxytyrosol) and the elenolic acid glucoside (Fig. 
1). In the present study, our aim is not to de-
scribe analytical parameters useful for quanti-
tation of oleuropein, but rather to suggest and 
demonstrate the applicability of the simple op-
erating conditions for the identification of this 
marker in the routine quality control of two very 
common aromatic herbs.

Oleuropein is present in the leaves of the olive 
tree and has been found in all constituent parts 
of the fruit (peel, pulp and seed) and various 
methods have been developed for the analysis of 
this compound (ANGErOsA et al., 1995; JAPÓN-
LUIÁN et al., 2006; JAPÓN-LUIÁN and LUQUE DE 
cAstrO, 2008; JEMAI et al., 2009; KIrItsAKIs 
et al., 2010; LAGUErrE et al., 2009; MArsILIO 
et al., 2001; PAPOtI and tsIMIDOU, 2009; sAIt-
tA et al., 2002). the phenolic composition dif-
fers amongst different olive varieties, but oleuro-
pein and ligstroside are the most common com-
pounds present in the O. europaea L. cultivars 

and their concentrations are dependent on the 
season (bOUAZIZ and sAYADI, 2005; JEMAI et 
al., 2009; KIrItsAKIs et al., 2010; rANALLI et al., 
2006; rANALLI et al., 2009; sOLEr-rIVAs, 2000; 
tUcK and HAYbALL, 2002). because of season 
variations in the content of these compounds 
and because of differences in drying conditions, 
their quantitative detection results would be dif-
ficult and essentially useless.

Herein we show the simple identification of 
oleuropein by Lc-EsI-Ms/Ms in negative ion in 
samples of ground oregano leaves (or in ground 
sage leaves) containing ground olive leaves as 
a contaminant. We also demonstrate the frag-
mentation of the parent ion of oleuropein and 
describe the derived ions.

MAtErIALs AND MEtHODs

reagents

Ethyl alcohol (99%) was purchased from sig-
ma-Aldrich (Milan, Italy). Filters GH Polypro (Hy-
drophilic Polypropylene Membrane Filter) 0.45 
µm Pall were purchased from VWr (Milan, Italy). 
Acetonitrile, formic acid and water, all of chro-
matographic grade, were purchased from Mer-
ck (Darmstadt, Germany).

samples

Authentic samples of oregano and sage were 
prepared from fresh plant material by drying at 
40°c for ten days and crushing, following estab-
lished industrial technologies. the samples were 
ground to a particle size diameter of 1.0 - 5.0 
mm as usually found in the retail market. Oth-
er genuine samples, derived from other industri-
al drying procedures, have been also analyzed.

Dried leaves of Olea europaea L. of different 
origins, treated as previously described or col-
lected in various regions of Italy and dried under 
both controlled and non-controlled conditions, 
were also studied. these leaves were ground to 
similar dimensions as for oregano.

Preparation of extracts

the vegetative samples (oregano or sage) sub-
jected to the quality control analyses were treat-
ed as follows: ~ 1 g of each herb was mixed with 
5 mL of ethyl alcohol at 20°-25°c. After mag-
netic stirring for 6 hours, the extract was cen-
trifuged at 500 rpm for 3 min and the superna-
tant was filtered through a Pall 0.45 µm filter. 
For the Lc-EsI-Ms/Ms (negative) analysis, an 
aliquot (20 µL) of the supernatant was injected 
in the HPLc system. 

the efficiency of the extraction using ethanol/
water (80/20) solutions was also evaluated, but 
the extraction results for oleuropein were less 
selective than those with pure ethanol.

Fig. 1 - structure of oleuropein (M.W. = 540 Da; cAs 32619-
42-4), the main oleoside in Oleaceae.
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HPLc/Ms Equipment

the analytes were separated using a shimad-
zu integrated HPLc system (shimadzu, Milan, 
Italy) which consisted of a shimadzu cbM 20 A 
system controller, two shimadzu Lc 20 AD Xr 
pumps including a shimadzu degasser DGU 
A3, a shimadzu sIL 20 AcXr autosampler and 
a shimadzu ctO 20 Ac column oven. the an-
alytes were detected using a triple quadrupole 
Applied biosystems 2000 Mass spectrometer 
with Analyst software (Version 1.4.1) equipped 
with a turbo Ion spray source operated in the 
EsI (negative ion) mode.

chromatographic conditions

A stainless steel column supelcosiltM 150 
mm x 3 mm with 3 µm particle size and 120 Ǻ 
pore diameter was used. compounds were sep-
arated using as solvent A a mixture of water ⁄ 
formic acid (99.9:0.1 v/v) and as solvent b a 
mixture of acetonitrile ⁄ formic acid (99.9:0.1 
v/v) at a flow rate of 0.4 mL/min. the elution 
was performed with a linear gradient from 6 to 
20% b in 20 min, than isocratic 20% b for 20 
min and finally returning to the initial condi-
tions in 10 min.

Ms analysis

to establish the appropriate conditions for 
the identification of oleuropein, an olive leaves 
ethanolic extract was produced. the extract was 
previously injected in the source of the mass 
spectrometer by continuous infusion at 10 µL/
min.

the data acquisition was performed in the 
negative ion mode electrospray ionization (EsI-
Ms) and was achieved in Q1 mode. the same 
methodology was applied after fragmentation of 
the precursor ion (Ms2 mode). Analysis condi-
tions to obtain the m/z 539.1 to 377.1 transi-
tion were fixed as follows: ionization voltage 4.5 
kV, probe temperature 350°c, declustering po-
tential (DP; -30 V), focusing potential (FP; -400 
V), entrance potential (EP; -10V), cell entrance 
potential (cEP; 5 V), collision energy (cE; 16 V) 
and cell exit potential (cXP; 5 V). the m/z 377 
ion, derived from the fragmentation of the pseu-
domolecular [M-H]- ion, corresponds to the oleu-
ropein aglycone resulting from the loss of the 
glucose moiety.

rEsULts AND DIscUssION

Using the analytical conditions described 
in Materials and Methods, various samples of 
oregano and sage from different origins were 
examined and the presence of oleuropein was 
not evident. On the other hand, various sam-
ples of olive leaves from Apulia and tuscany 

Fig. 2 - Lc-EsI-Ms/Ms in negative ion mode chromatogram 
obtained from a sample of dried olive leaves ethanolic extract.
the Q1 profile appearing at r.t. 25.3 min represents the pre-
cursor ion of oleuropein with m/z 539, corresponding to the 
pseudomolecular [M-H]- ion. the peak at r.t. 29.9 min is the 
isomer oleuroside, having the same molecular mass, 540 Da.

regions of Italy were examined and in all cas-
es oleuropein was identified as the most abun-
dant compound.

the Q1 chromatogram produced from the ol-
ive leaves ethanolic extract (Fig. 2) shows the 
profiles of the precursor ion (m/z = 539), which 
corresponds to the pseudomolecular [M-H]- ion 
of both oleuropein (major) and its isomer oleu-
roside (minor), whose molecular masses are 
540 Da.

A comparison of the chromatograms of a sam-
ple of pure oregano (A) and a sample of oregano 
contaminated with O. europaea L. dried leaves 
(b) (Fig. 3) clearly shows that the Q1 chromato-
gram produced from the oregano ethanolic ex-
tract (Fig. 3A) did not contain the ion m/z = 539. 
the two peaks produced from oregano at r.t. < 
25.0 min have m/z = 537 and their evidence is 
due only to the acquisition range (m/z = 539 
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Fig. 3 - Lc-EsI-Ms/
Ms in negative ion 

mode chromato-
gram obtained from 

a sample of pure 
oregano (A) and a 
sample of orega-
no contaminated 

with ~ 20% of Olea 
europaea L. dried 

leaves (b). the peak 
at 25.2 min in (b) 

corresponds to the 
pseudomolecular 

[M-H]-ion of oleuro-
pein (m/z = 539).

Fig. 4 - Lc-EsI-Ms/
Ms in negative ion 

mode chromato-
gram obtained from 

a sample of pure 
sage (A) and a sam-
ple of sage contam-
inated with ~ 10% 

of Olea europaea L. 
dried leaves (b). the 

peak at 25.3 min 
in (b) corresponds 
to the pseudomo-

lecular [M-H]-ion of 
oleuropein (m/z = 

539).
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± 3). On the other hand, an extract of oregano 
containing ~ 20% of olive leaves shows a strong 
peak at r.t. 25.2 min having m/z = 539, i.e. the 
[M-H]- ion of oleuropein. 

Fig. 4 compares a sample of pure sage (A) 
and a sample of sage contaminated with ~ 10% 
of olive leaves (b). the extract of contaminat-
ed sage shows, as in the case of contaminat-
ed oregano, the [M-H]- ion of oleuropein at r.t. 
25.3 min.

For a better evidence Fig. 5 and 6 are report-
ed which show, for the same samples of oreg-
ano and sage before considered, the extracted 
m/z = 539 ion chromatogram. the clear trace 
of m/z = 539 ion identified in the contaminat-
ed oregano and sage did not detectable at cor-
responding r.t. in the chromatograms of pure 
oregano and sage.

Operating in Ms2 mode the precursor ion at 
m/z 539 displayed the characteristic product 
ions at m/z 377, 307 and 275, as has been con-
firmed by others Authors (bAZOtI et al., 2010; 
DEL bOccIO et al., 2003).

cONcLUsIONs

Even though the amounts of oleuropein in the 
collected olive leaves may vary to the age of the 
samples and due to genetic factors, this mole-
cule will always be present in sufficient quan-
tity to be identified in all dried samples derived 
from various origins and during various collect-
ing periods. therefore this secoiridoid phenolic 
compound may serve as a “marker” of the pres-
ence of ground and dried olive leaves in some 
herbs used in retail and industrial markets. 
In this paper, two examples (for ground orega-
no and sage) of the application of this Lc-Ms/
Ms method are shown for quality control. con-
sidering that the olive leaves cannot be consid-
ered as a common extraneous vegetable materi-
al tolerable in aromatic herbs, no limits of their 
presence have been defined at the present time. 
consequently, there is no finite quantity of olive 
leaves that can be tolerable in ground oregano 
or sage, which are the most common aromatic 
herbs used for food preparation. the quantita-

Fig. 5 - Extracted ion m/z = 539 detectable on Lc-EsI-Ms/Ms in negative ion mode chromatogram obtained from a sample 
of pure oregano (A) and a sample of oregano contaminated with ~ 20% of Olea europaea L. dried leaves (b). the intensity val-
ues readable for pure oregano has not an analytical sense in the neighborhood of r.t. 25 min.
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Fig. 6 - Extracted ion m/z = 539 detectable on Lc-EsI-Ms/Ms in negative ion mode chromatogram obtained from a sam-
ple of pure sage (A) and a sample of sage contaminated with ~ 10% of Olea europaea L. dried leaves (b). the intensity values 
readable for pure sage has not an analytical sense in the neighborhood of r.t. 25 min.

tive evaluation of the presence of olive leaves, on 
the other hand, is not useful and is practically 
impossible, due to the highly variable content of 
oleuropein in dried olive ground leaves. the cri-
terion for olive leaves identification presented in 
this paper is evidently useful for qualitative mea-
surements, as specific confirmation of the adul-
teration evaluated by stereo zoom microscopy.

therefore the suggested method has for the 
first time permitted a real identification of ol-
ive leaves for routine quality control and it has 
been adopted in the Analytical research Labo-
ratories (Di.Pro.Ve. - University of Milan, Italy).
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AbstrAct

Frequently applied protocols for “total flavonoid” determination are examined with respect to lim-
itations of Al(III)-flavonoid complexation reactions employed. Flavonoids and other phenolics test-
ed were selected on the basis of their structure. the validity of observations and suggestions was 
then examined for various olive leaf extracts. Al-complexation reaction in the presence of NaNO2 
seems to be nonselective for flavonoid assessment as codetermination of o-diphenols strongly af-
fects the results. the latter were found to correlate well with the respective Folin-ciocalteau data 
(r2 = 0.76). Under acidic conditions complexation with catecholic groups is not favored so that 
such protocols are considered more appropriate for flavonoid content estimation. the expression 
“total flavonoid” content is not always fully representative of what is really measured. research-
ers should acknowledge analytical limitations of each protocol when they interpret their results.
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INtrODUctION 

Flavonoids, compounds found in all plant 
tissues (seeds, fruit skin or peel, bark, flowers, 
leaves, etc.) have been appraised for numerous 
biological and pharmacological effects since the 
antiquity (HAVstEEN, 2002). currently, many of 
the health-related effects of flavonoids are at-
tributed to their antioxidant properties, where-
as a wide variety of products containing them 
are commercially available (bENAVANtE-GArcÍA 
et al., 1999; HAVstEEN, 2002; MALEŠEV and 
KUNtIĆ, 2007; KIOKAs et al., 2008).

Flavonoid analysis in a particular plant ex-
tract, as well as analysis of other phenolic com-
pounds, includes not only identification of indi-
vidual or groups of compounds using either sim-
ple or sophisticated separation techniques cou-
pled to selective detection means but also esti-
mation of their total content. thus, except for 
the well-known Folin-ciocalteu assay for the es-
timation of the “total phenol” content colorimet-
ric assays can also be found in literature for the 
assessment of “total flavonoid” content.

Flavonoids due to their structure (Fig. 1), eas-
ily chelate metal ions and form complex com-
pounds. It seems that metal-flavonoid complex-
ation reactions are particularly appropriate for 
analytical objectives as formed complexes bear 
exceptional spectrophotometric characteristics. 
the respective colorimetric protocols, mainly 
those involving Al(III), are simple, rapid, and in-
expensive and have met wide application even 
as official methods (MALEŠEV and KUNtIĆ, 2007). 
Nevertheless, current analytical demands that 
require validation of all analytical steps so that 
a method can be accepted for use led us to re-
consider applicability of some of these protocols 
for the “total flavonoid” assessment. 

Al(III) is likely to bind with 1, 2 or 3 mole-
cules of bidentate ligands to form 1:1, 1:2, and 

less often 1:3, complex compounds, respective-
ly. In the case of flavonoids, those that can act 
as ligands bear 5 or 3-hydroxy-4-keto and/ or 
o-dihydroxy groups (Fig. 1). the 3’, 4’-dixydroxy 
group of b ring (cateholic moiety) seems to be 
less important though in a few studies it appears 
to be the basic complexation site (bODINI et al., 
1999; cOrNArD et al., 2001; cOrNArD and MEr-
LIN, 2003). besides the above factors, reaction 
environment (pH, solvent) also influences ana-
lytical data (POrtEr and MArKHAM, 1970; cOr-
NArD et al., 2001; MALEŠEV and KUNtIĆ, 2007). 
Methanol is reported to be preferable than eth-
anol when used in mixture with water (POrtEr 
and MArKHAM, 1970). Last but not least, alumi-
num forms acid stable complexes with the 5 or 
3-hydroxy-4-keto groups of flavonoids and acid 
labile ones with any o-dihydroxy group pres-
ent (MArKHAM and MArbY 1968; VOIrIN, 1983).

In the present study the Al(III)-flavonoid com-
plexation as an analytical procedure was exam-
ined with respect to reaction environment. Fla-
vonoids tested have been (or can be) used as ref-
erence compounds. Other phenolics were also 
examined to show method limitations. the va-
lidity of observations and suggestions was then 
tested for selected plant extracts.

MAtErIALs AND MEtHODs

chemicals

Oleuropein (98%) was purchased from Ex-
trasynthèse (Genay, France); tyrosol (98%) 
was from sigma-Aldrich (steinheim, Germa-
ny); morin, quercetin, catechin hydrate min-
imum (98%), caffeic acid, ferulic acid and p-
coumaric acid were from sigma chemical co. 
(st. Louis, MO). DPPH• radical (1,1-diphenyl-
2-picrylhydrazyl, 90%) was also from sigma 
chemical co. (st. Louis, MO, UsA). Folin-cio-
calteu (F-c) reagent and sodium carbonate an-
hydrous were purchased from Panreac Quimi-
ca (barcelona, spain). Aluminum chloride an-
hydrous was from Fluka chemie (buchs, swit-
zerland). MeOH (99.7%) was from J. t. baker 
(baker Analyzed, Holland). sodium hydroxide, 
sodium nitrite and acetic acid were from Mer-
ck (Darmstadt, Germany). All other common 
reagents and solvents were of the appropriate 
purity from various suppliers.

Leaf sampling

A representative olive leaf sample was used. 
the latter resulted from pooling together new 
and mature leaves collected on different dates 
(June 2006-February 2008) from trees belong-
ing to various cultivars of an olive orchard (Agri-
cultural research station, Agios Mamas, chalki-
diki, Greece). Detailed information on sam-
pling parameters and postharvest treatment of 

Fig. 1 - basic flavonoid structure and main subclasses.

	 bond	C2-C3	 C3	substitution	 C4	substitution	 subclass
	
	 double	 -	 keto	 flavone
	 simple	 hydroxy	 -	 flavanonol
	 double	 hydroxy	 keto	 flavonol
	 simple	 -	 keto	 flavanone
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the plant material are described in PAPOtI and 
tsIMIDOU (2009). 

Leaf extracts preparation

Decoction: A suitable aliquot of distilled wa-
ter was boiled in an Erlenmeyer flask. then, an 
appropriate amount of the lyophilized plant ma-
terial (1 g dry sample/100 mL Η2O) was added 
and the mixture was further boiled for 10 min.

Infusion A: A suitable aliquot of boiled dis-
tilled water was immediately transferred to an 
Erlenmeyer flask, which contained an appropri-
ate amount of the lyophilized plant material (1 g 
dry sample/100 mL Η2O). the mixture was left 
to stand at 75°c for 10 min.

Infusion b: A suitable aliquot of boiled dis-
tilled water was immediately transferred to an 
Erlenmeyer flask, which contained an appropri-
ate amount of the lyophilized plant material (1 g 
dry sample/100 mL Η2O). the mixture was left 
to stand at room temperature for 5 min. 

tincture: A suitable amount of the lyophilized 
plant material (1 g dry sample/50 mL solvent) 
was extracted either in ethanol or in aqueous 
ethanol (50%, v/v) for 24 h at 25°-30°c under 
shaking (150 rpm). 

Extract by sonication: Lyophilized plant ma-
terial (1/40 w/v) was treated in an ultrasonic 
bath at room temperature for 5 min. Extraction 
solvent was either methanol or aqueous meth-
anol (50%, v/v).

Determination of total polar phenol (tPP) 
content

tPP content of extracts was estimated us-
ing the F-c assay. Analytical details for the ap-
plied protocol are given in (PAPOtI and tsIMI-
DOU, 2009). Oleuropein was used as the exter-
nal standard. 

Determination of flavonoid content (FL)

the flavonoid content was determined accord-
ing to two widely applied aluminium chloride 
colorimetric methods based on the formation of 
aluminium-flavonoid complexes. Protocols ap-
plied were based on previously described meth-
odologies (MArKHAM and MArbY, 1968; ZHIsH-
EN and JIANMING, 1999; cVEK et al., 2007) that 
were modified in consistence to experimental re-
quirements. the flow diagram of the employed 
protocols (protocol A and b) is given in Fig. 2 
while details are presented below.

Protocol A is subdivided in protocols A1 and 
A2 as follows:

Protocol A
1
: Flavonoid content was estimated 

via a modified protocol based on that employed 
by cVEK et al. (2007). briefly, an aliquot (0.1 
mL) of an aluminium chloride solution (2% w/v 
aluminium chloride in methanol) was added to 
1 mL of the test solution (standard or extract 

Fig. 2 - Diagrammatic presentation of Al-flavonoid complex-
ation procedures (protocols A1, A2 and b) widely applied for 
flavonoid content determinations.

1,500 ppm as dry extract) and subsequently 1.4 
mL of methanol was added. the mixture was left 
for 30 min in the darkness at room temperature 
and thereafter the absorbance was measured at 
415 nm against a control. Absorbance measure-
ments were corrected by subtracting initial sam-
ple absorbance at 415 nm. 

Protocol A
2
: Flavonoid content was estimated 

via the validated protocol of cVEK et al. (2007) 
applying the same procedure as in protocol A1 
in the presence of acid. therefore, the alumin-
ium chloride solutions added to the test solu-
tion, as well as the subsequently added metha-
nol were acidified (5% v/v acetic acid).

the repeatability of measurement calculated 
for a morin standard solution and an extract was 
found satisfactory (cV% = 1 for both, n = 5). All 
determinations were carried out in triplicate. 

the complexation activity of the tested stand-
ards with Al(III) was expressed via y = bx + a 
equations with y to represent the absorbance 
and x the final concentration (mM) tested. the 
respective concentration ranges tested for pro-
tocols A1 and A2 were: quercetin (0.01-0.09 mM 
and 0.006-0.059 mM); catechin (0-14 mM for 
both); morin (0.01-0.10 mM for both); oleuro-
pein (0.6-4.5 mM for both); caffeic (0.22-0.78 
mM for both); tyrosol (0-29 mM for both); p-cou-
maric acid (0-7 mM for both); ferulic acid (0-15 
mM for both).

results for the extracts were expressed as μg 
FL/g dry leaf through a morin calibration curve.

Protocol b: Aliquots of the test solution (stan-
dard or extract 1,500 ppm as dry 
extract) were appropriately di-
luted with doubly distilled wa-
ter to achieve final volume of 
1.775 mL. then, at zero time 
(t=0) 75 μL NaNO2 (5%) were 
added to the mixture. subse-
quently, at 6 and 11 min 150 
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μL Alcl3 (10%) and 0.5 mL NαOH 1M were add-
ed respectively to the mixture. reactions took 
place in the darkness at room temperature. Ab-
sorbance was then measured at 510 nm against 
a control. the repeatability of measurement cal-
culated for a catechin standard solution and an 
extract was found satisfactory (cV% < 5 for both, 
n = 9). Absorbance measurements were correct-
ed by subtracting initial sample absorbance at 
510 nm. All determinations were carried out in 
triplicate. the complexation activity of the tested 
standards with Al(III) was expressed via y = bx + 
a equations with y to represent the absorbance 
and x the final concentration (mM) tested. con-
centration ranges for quercetin, catechin, morin, 
oleuropein, caffeic, tyrosol, p-coumaric and fer-
ulic acids were 0.05-0.57 mM, 0.03-0.14 mM, 
0.1-1.6 mM, 0.02-0.11 mM, 0.02-0.13 mM, up to 
29 mM, up to 7 mM, up to 15 mM, respectively.

results for the extracts were expressed as 
μg FL/g dry leaf through a catechin calibra-
tion curve.

rEsULts AND DIscUssION

careful search in literature indicated vari-
ation in experimental conditions upon appli-
cation of Al(III)-flavonoid complexation reac-
tion. It seems that critical issues such as the 
co-presence of compounds structurally relat-
ed to flavonoids (e.g. o-diphenolic compounds) 
and chemistry of the protocols applied are not 
always taken into consideration or justified in 
the experimental design or results discussion. 
In the majority of relevant published papers 

(table 1) the protocols applied are those exam-
ined in our study. 

Protocol A involves addition of methanolic 
solution of Alcl3 to a sample tested and can be 
applied in the presence or absence of acid. the 
presence of acid does not allow complexation 
with catecholic groups (VOIrIN, 1983). Litera-
ture search for “total” flavonoid determination 
in plant material indicated that version A1 is al-
most exclusively applied (table 1). Version A2 is 
met mainly in publications aiming at structure 
elucidation and detection of o-dihydroxyl in com-
bination with A1 (MArKHAM and MArbY, 1968; 
VOIrIN, 1983). similar protocols have been used 
for account fluorescent chelates formed among 
aluminum and certain flavonoids (flavonols that 
contain a free 3-hydroxyl and 4-keto oxygen 
binding site) (HOLLMAN et al., 1996).

solubility limitations of aluminum salts in vari-
ous solvents have been reported in the past (HOL-
LMAN et al., 1996). by trial and error 99.7% v/v 
aqueous methanol was found preferable in the 
case of protocol A. Additionally, as reaction time 
interval varied in literature, trials on the kinetics 
of reaction (0-30 min) were performed for an in-
dicative morin solution and findings showed the 
importance of this parameter (data not shown). 
For the rest of the analysis measurements were 
obtained after 30 min of the addition of Alcl3.

complexation reaction in the presence of 
NaNO2 (protocol b) is met equally often for “to-
tal flavonoid” determination as that of A1. How-
ever, reaction conditions of protocol b are close 
to those applied in the past for the determina-
tion of o-diphenols (bArNUM, 1977). In that case, 
according to bArNUM (1977), the addition of so-

table 1 - A representative overview of literature studies employing aluminum complexation reaction protocols for “total fla-
vonoid” content determination in plant extracts.

Reference		 Material		 Protocol	 Standard	 Expression

ZHINSEN	and	JIANMING,	1999	 Mulberry	leaves	 (B)	 Rutin	 Flavonoids
KIM	et al.,	2003	 Plums	 (B)	 Catechin	 Total	flavonoids
MARINOVA	et al.,	2005	 Fruits	 (B)	 Catechin	 Total	Flavonoids
MEDA	et al.,	2005	 Honey	 (A1)	 Quercetin	 Total	flavonoids
GALVEZ	et al.,	2005	 Plantago	species	 (A1)	 Luteolin	7-O-glucoside	 Total	flavonoids
RATHEE	et al.,	2006	 Mammea longifolia	bud		 (B)	 Epicatechin	 Total	flavonoids
ORDONEZ	et al.,	2006	 Sechium edule	(Jacq.)	Swartz	tissues	 (A1)	 Quercetin	 Total	flavonoids
MERSCH-SUNDERMANN	et al.,	2006	 Mauritian	plant		 (A)	 Quercetin	 Total	flavonoids
TSAI	et al.,	2007	 Rosemary	leaves	 (B)	 Catechin	 Total	flavonoids
LIN	and	TANG,	2007	 Fruits	&	vegetables	 (A)	modification	 Quercetin	 Total	flavonoid	content
CHEN	et al.,	2007	 Herbs		 (B)	 Catechin	 Total	flavonoids
MAKRIS	et al.,	2007	 Agri	food	solid	wastes		 (B)	 Catechin	 Total	flavonoids
VINA	et al.,	2007	 Brussel	sprouts	 (B)	 Catechin	 Total	flavonoids
CVEK	et al.,	2007	 Croatian	propolis		 (A2)	 Galangin	 Flavones	&	flavonols
TSAI	et al.,	2008	 Herbs	 (B)	 Catechin	 Total	flavonoids
CONFORTI	et al.,	2008	 Mediterranean	edible	plants	 (A1)	 Quercetin	 Total	flavonoids
SIMIRGIOTIS	et al.,	2008	 Asian	fruits		 (B)	 Quercetin	 Total	flavonoid	content
BARREIRA	et al.,	2008	 Chestnut	tissues	 (B)	 Catechin	 Flavonoid	content
EBRAHIMZADEH	et al.,	2008	 Iranian	medicinal	plants		 (A)	modification	 Quercetin	 Flavonoid	content
WANG	et al.,	2008	 Citrus	peels	 (B)	modification	 Rutin	 Total	flavonoids
AL	et al.,	2009	 Honey		 (B)	 Quercetin	 Total	flavonoids
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table 2 - complexation activity of selected flavonoids and other phenolic compounds with Al(III) under different experimen-
tal conditions.

Compound	 Protocol	A1	 Protocol	A2	 Protocol	B

Quercetin	 y	=8.92x+0.06	 y	=11.33x-0.04	 y	=1.94x+0.01
	 R2=0.9857	 R2=0.9759	 R2=0.9834
Catechin	 -	a	 -	b	 y	=10.76x+0.05
	 	 	 R2=0.9818
Morin	 y	=10.61x-0.03	 y=10.76x+0.01	 y	=0.44x+0.10
	 R2=0.9932	 R2=0.9984	 R2=0.9805
Oleuropein	 y	=0.19x+0.05	 -	 y	=10.02x-0.01
	 R2=0.9885	 	 R2=0.9971
Caffeic	acid	 y	=0.89+0.18	 -	 y	=8.59x-0.03
	 R2=0.9828	 	 R2=0.9906
p-coumaric	acid	 -	 -	 -
Tyrosol		 -	 -	 -
Ferulic	acid	 -	 -	 ?	c

a	slight	absorbance	(<0.05	Abs)	at	max	concentration	tested	for	protocol	B	(14	mM).
b	slight	absorbance	(<0.02	Abs)	at	max	concentration	tested	for	protocol	B	(14	mM);	Negative	in	excess	of	acid	10%	v/v.
c	Same	results	for	2,	10	and	15	mM	tested.

dium nitrite results in nitration of any aromat-
ic ring bearing a catechol group with its 3 or 4 
positions unsubstituted or sterically unblocked. 
In order to better understand chemistry of reac-
tion, reagents were gradually added and spectra 
were recorded. the latter showed that in cases 
of reaction a complex was immediately formed 
after Alcl3 addition, which resulted in a yellow 
color formation that was then turned to red im-
mediately after NaOH addition. Kinetics showed 
that reactions are almost immediately complet-
ed after NaNO2 and Alcl3 addition; however time 
intervals of 5 min were included in accordance 
to literature practices.

In the majority of studies employing proto-
cols A and b for “total flavonoid” determination 
in plant extracts quercetin and catechin (see 
table 1) are the standards of choice for result 
expression. the flavonol quercetin (Fig. 3a) is 
rather used upon application of protocol A and 
the flavanonol catechin (Fig. 3b) seems to be 
preferred in protocol b. to our knowledge no 
documentation appears for these preferenc-
es in the respective papers. Nevertheless, it is 
questionable whether all flavonoids present 
in the samples examined can be determined 
via these experimental conditions or the se-
lected standards are adopted through valida-
tion procedure.

In our study apart from these two widely 
employed reference flavonoids (quercetin and 
catechin) some other phenolics were selective-
ly tested on the basis of structural character-
istics. the chosen compounds were the flavo-
noid morin and the phenolic compounds oleu-
ropein, caffeic acid, tyrosol, p-coumaric and 
ferulic acids (Fig. 3c-h). Morin, a 2’ hydroxy-
flavonol, was selected because it possesses the 

5 and 3-hydroxy-4-keto groups of interest and 
lacks the catecholic moiety in b ring (Fig. 3c). 
Other characteristic flavonoids e.g. luteolin 
(flavone), apigenin (flavone) and respective glu-
cosides as rutin (flavonol glucoside) were not 
included in the study. this was not only due 
to their high cost but also because they bear 
the 5 -hydroxy-4-keto group that is expected 
to be less potent for complexation in compar-
ison to the 3 -hydroxy-4-keto one under neu-
tral, acidic or alkaline environment (cOrNArD 
et al., 2001). besides, HOLLMAN et al., (1996) 
that studied the required structural proper-
ties of flavonols employing an aluminum com-
plexating protocol, similar to that of protocol 
A, have stressed the importance of the pres-
ence of a free 3-hydroxyl group. Oleuropein 
(Fig. 3d), present in a great number of Oleace-
ae plants (NENADIs and tsIMIDOU, 2009), along 
with caffeic acid (Fig. 3e) were tested to exam-
ine whether, as catechol derivatives, could in-
terfere with the total flavonoid complexation 
process. Furthermore, tyrosol (Fig. 3f), p-cou-
maric acid (Fig. 3g) and ferulic acid (Fig. 3h) 
were tested to complement discussion about 
possible sources of interference. results for 
the above compounds under different reaction 
conditions are presented in table 2.

Obviously, the presence of monophenols (ty-
rosol and p-coumaric acid; table 2) does not in-
fluence quantitative data in both protocols. the 
presence of a guaicol moiety (ferulic acid; table 
2) was of some importance only under the con-
ditions of protocol b whereas that of a catecho-
lic group became crucial for complexation, ir-
respectively of the class of the molecule (flavo-
noid or not). thus, slope values of oleuropein 
and caffeic acid indicated a high complexation 
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activity of these phenolics, comparable to that 
of catechin. However, in the presence of 5 and/
or 3-hydroxy-4-keto groups (quercetin; Table 2) 
complexation via a catecholic moiety seems to 
diminish under reaction conditions of protocol 
B. The fact that complexation through 5 and 
3-hydroxy-4-keto sites (characteristic moieties 
of many flavones, flavonols, flavanonones, iso-
flavones) is not favored under conditions of pro-
tocol B, initially noted for quercetin, was also 
verified for morin.

Protocol A was found incompatible with cate-
chin in line with sited references (Table 1) that 
avoid it as a reference compound. It seems that 
its catecholic moiety (ring B) does not act as a 
site of complexation under acidic conditions. 
Protocol A was found appropriate for the deter-
mination of quercetin and morin as 5 and 3-hy-
droxy-4-keto moieties seem to be the main sites 
of complexation under these experimen-
tal conditions. To our view morin has to 
replace quercetin as an external standard 
in relevant studies because it lacks cat-
echolic groups that may interfere; quer-
cetin is more appropriate than rutin be-
cause the latter lacks a free 3-hydroxyl 
group and escapes fluorescence (HOLL-
MAN et al., 1996). Our data drawn for mo-
rin (Table 2) were as expected since the 
absence or presence of acid in the reac-
tion medium was not crucial. 

The influence of potent interfering 
compounds indicates that protocol B is 
not that selective for flavonoid determina-
tion in the presence of compounds bear-
ing catecholic moieties. However, most 
plant extracts contain different classes of 
phenolic compounds, each one of impor-
tance for their overall functional proper-
ties. In the case of such extracts as most 
of non flavonoids bear catecholic moi-
eties, determination of “total flavonoids” 
in the presence of sodium nitrite is non-
specific. This limitation is not always con-
sidered (references for protocol B in Table 
1). In addition co-determination of oth-
er groups of phenolics (e.g. secoiridoids, 
simple phenols) via protocol A1 is negli-
gible in comparison to findings upon ap-
plication of protocol B. Using protocol A2 
complex formation via o-dihydroxy moi-
eties is totally eliminated. This was also 
verified for catechin, as the slight absor-
bance observed under protocol A2 condi-
tions disappeared in excess of acid (10% 
v/v instead of 5% v/v). It can be argued 
that the three protocols examined give 
biased results and the expression “total 
flavonoids” is rather illusive. It should 
not be forgotten that such methods are 
usually applied before chemical charac-
terization of an extract that possibly con-
tains other types of phenolic compounds 

except for flavonoids. This is next exemplified 
for the case of olive leaf extracts.

Case study: Assessment 
of “total flavonoid” 
content of various olive leaf extracts

The applicability of the above mentioned alu-
minum-flavonoid complexation protocols was 
examined for various extracts of a representa-
tive olive leaf sample (Table 3). Olive leaf is a 
source rich in simple phenols (tyrosol, hydroxy-
tyrosol and derivatives, phenolic acids: i.e. caf-
feic, chlorogenic, gallic, protocatechic, homova-
nillic, ferulic), secoiridoids (oleuropein, oleuro-
side, oleuropein aglycone, 3,4-DHPEA-EDA, de-
methyloleuropein), flavonoids (luteolin, apigenin, 
and their derivatives, quercetin, quercitrin, ru-
tin) and other relevant compounds (e.g. verbas-

Fig. 3 - Structural characteristics of compounds studied.
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coside) (rYAN et al., 2002; tsIMIDOU and PAPO-
tI, 2010). For the same extracts assessment of 
total polar phenol content was also carried out 
via the F-c assay.

As expected (PAPOtI and tsIMIDOU, 2009; 
GOULAs et al., 2010) all of the extracts were 
identical qualitatively with regard to rP- HPLc 
phenol and flavonoid profile but varied in terms 
of quantitative data. Nevertheless, an interest-
ing correlation was found between F-c data 
and protocol b ones (r2= 0.76) whereas the re-
spective correlations for F-c and A protocol 
versions were not significant [r2= 0.33 (A1), r

2= 
0.27 (A2)]. the above finding is strong evidence 
on the unsuitability of protocol b for “total fla-
vonoid” content assessment. taking into con-
sideration the structural characteristics of fla-
vonoids as well as of other phenolics expected 
in the studied extracts, protocol b can not be 
considered specific and selective for their deter-
mination. Many of olive leaf non flavonoid com-
ponents (hydroxytyrosol and derivatives, oleu-
ropein and derivatives, verbascoside, caffeic, 
chlorogenic, gallic, protocatechic acids) bear-
ing catecholic moieties must influence quan-
titative data upon application of this protocol 
(HrNcIrIc and FrItscHE, 2004).

the relatively low correlations for F-c and A1 
and A2 protocols indicated that groups other 
than the catecholic moieties contribute to the 
final quantitative data drawn upon application 
of protocol A versions. between A1 and A2 proto-
cols the second one seems more specific for flavo-
noid determination. In this case “total flavonoid” 
content should mainly correspond to quercetin 
levels of an olive leaf extract. Other flavonoids, 
which lack a free 3 hydroxyl group, are expect-
ed to contribute less to complex formation re-
action. the magnitude of respective results be-
tween A1 and A2 varied for the same extract and 

also among extracts. Alcoholic ones contained 
higher amounts of flavonoids in comparison to 
aqueous or aqueous alcoholic extracts as expect-
ed (table 3). Moreover, in relevance to the pro-
tocol used even the order of samples in terms of 
their flavonoid content alters.

As an epilogue it can be said that protocol A2 
is preferable for the assessment of the presence 
of flavonoids that can form complexes with Al(III). 
the expression “total flavonoid” content is not ful-
ly representative of what is really measured in a 
plant extract as the method is dependent on the 
structure of the individual flavonoids present. 
researchers should acknowledge this analyti-
cal limitation when they interpret their results.
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AbstrAct

the objective was to obtain a new ready-to-eat (rtE) dry fermented sausage enriched with lyc-
opene by the addition of dry tomato peel as font of this carotene; the product was submitted to ir-
radiation and stored. the effect of these treatments on microbiota, lycopene concentration, phys-
ico-chemical and sensory properties were studied. Levels of total viable bacteria, lactic acid bac-
teria and Micrococcaceae decreased as a result of irradiation. Lycopene content was not affect-
ed by irradiation and storage. the b* and the hue angle showed the largest changes of colour pa-
rameters. the tomato peel modified slightly the texture parameters. sensory quality was not ac-
ceptable in 4 kGy irradiated samples. A new rtE product enriched with lycopene was obtained.
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INtrODUctION

consumers demand from meat products high 
quality, convenience, innovation, safety, natural 
flavour and taste, high or novel nutritional value, 
and extended shelf life (AYMErIcH et al., 2008). In 
fact, demand is growing for foods that are easy to 
manufacture and distribute, such as ready-to-eat 
(rtE) products, as well as products that are fast 
and easy to cook, such as ready-to-cook (rtc) 
products. shelf-life and hygienic quality can be 
compromised by inadequate management (slic-
ing, packaging) that favours the growth of food-
borne pathogens, some of which can grow at re-
frigeration temperatures, such as Listeria mono-
cytogenes and Escherichia coli O157:H7 (FArKAs 
and ANDrAssY 1998; sAMELIs et al., 2005).

thus, companies have begun to treat these 
products at the post-packaging stage using so-
called “non-thermal technologies”, as the high 
pressure and the irradiation, which are prov-
ing to be more than sufficient for guaranteeing 
the security of rtE foods (rOss et al., 2003). Ir-
radiation is an effective way to eliminate path-
ogens in foods such as meat products (ZHU et 
al., 2005; cAbEZA et al., 2007, 2009). It is clear 
that the response of any given pathogen or spoil-
age organism to irradiation depends on a nu-
merous of factors; some of them have been de-
scribed by O’brYAN et al. (2008). However, irra-
diation causes physico-chemical and biochem-
ical changes that may affect the nutritional val-
ue and the sensory characteristics of irradiated 
food (ALFAIA et al., 2007; O’ brYAN et al., 2008).

Functional foods cannot long remain immune 
to the rtE trend; for that, it is very important 
to know the effect of the non-thermal technolo-
gies on the general quality of the products and 
the viability of the functional ingredients. scarce 
works have been performed in this sense. 

In recent years the interest in foods with com-
pounds that can have health benefits, such as 
those containing carotenoids like lycopene, has 
increased. there is mounting evidence to sup-
port the health benefits derived from this caro-
tenoid; they are based on its apparent ability to 
provide protection against many chronic diseas-
es due to its antioxidant properties (OMONI and 
ALUKO, 2005; ErDMAN et al., 2009). the bene-
ficial health effects of this carotenoid have been 
reviewed (rAO, 2006; cHOsKI and JOsHI, 2007; 
KAVANAUGH, et al., 2007). tomato and tomato 
products are rich in lycopene. 

tomato industries generate large amounts 
of waste and by-products (seeds and peel) con-
taining highly biologically active compounds as 
lycopene, compound responsible of the charac-
teristic red colour of this vegetable. In previous 
works we have proposed the direct addition of 
dry tomato peel as source of lycopene to fresh 
and dry-fermented meat products with success-
fully results (cALVO et al., 2007b; cALVO et al., 
2008; GArcÍA et al., 2009). KIM et al. (2009 a,b) 

also reported on the addition of tomato powder 
or lycopene to pork products.

this work deals with the manufacture of 
ready-to-eat (rtE) dry fermented sausages en-
riched with lycopene. For this purpose, dry-fer-
mented sausages enriched with dry tomato peel 
(cALVO et al., 2008) were manufactured, sliced, 
packaged under vacuum and treated with E-
beam radiation as non-thermal technology. Dos-
es of 2 and 4 kGy were applied due to demon-
strated effectiveness against foodborne patho-
gens as Listeria and Salmonella spp (LIM et al., 
2008; cAbEZA et al., 2007, 2009). the effect of 
this treatment on both the lycopene content and 
their physico-chemical and sensory properties of 
these meat products have been studied. 

MAtErIAL AND MEtHODs

Preparation of dry tomato peel (DtP)

tomato peels were obtained from a local fac-
tory and freeze-dried in a lyophiliser (FM12XL, 
Virtis). Dry tomato peel (DtP) were ground with 
a mill (particle size, 0.025-0.05 mm) and stored 
at −30°c until use.

sausage manufacture

the sausages were manufactured according 
to a traditional formula for spanish salchichón: 
lean pork meat (85%) and pork backfat (15%), 
mixed with 5% of a commercial mixture of salt 
and spices (Anvisa, Arganda del rey, Madrid). 
the mixture contained salt, dextrose, dextrin, 
spices, milk protein, flavour enhancer, emulsi-
fiers, antioxidants, nitrites and ascorbic acid. 

the meats were obtained from a local abat-
toir and maintained frozen (−18°c). before use, 
the meat was maintained for 18 h at 4°c, and 
then it was chopped up and mixed with the spic-
es. two batches (5 kg each one) were manufac-
tured; to the first one DtP (2%) (w/w) was add-
ed while the other was manufactured without it 
(control batch). 

After mixing, the ingredients were stuffed into 
artificial casings with a diameter of 50 mm that 
had previously been moistened with lukewarm 
water. ripening was carried out in a laboratory 
ripening cabinet (G-28, Ibercex, san Fernando 
de Henares, Madrid, spain) programmed under 
the following conditions: 48 h at 22°c and a rel-
ative humidity (rH) of 92%, 12 h at 18°c/85% 
rH, 24 h at 18°c/89% rH and at 12°c/85% rH 
until the end of the experiment (21 days). the 
batches were manufactured in triplicate.

When the ripening was complete, the sausag-
es were sliced: 2 mm thick for physico-chemical, 
colour and sensory analysis and 1 cm thick for 
the texture analysis. they were vacuum-packed 
to reach about 20 kPa into 10 x 10 cm laminat-
ed film bags (polyamide and polyethylene, film 
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thickness: 90 µm) of low gas permeability (oxy-
gen transmission rate 35 cm3/ 24 h m2 bar and 
carbon dioxide 150 cm3/ 24 h m2 bar). Packed 
samples were maintained at 4ºc for less than 
24 hours before irradiation.

Irradiation treatment

sausages were transported under refrigeration 
(< 4ºc) to the irradiation plant IONIsOs Iberi-
ca (tarancón, cuenca, España), which hous-
es a linear electron accelerator, E-beam irradi-
ation, (rhodotron tt200, IbA Industrial, bel-
gium). Doses of 2 and 4 kGy were delivered us-
ing a 10-MeV electron beam; these doses have 
been described as effective for reducing the lev-
el of pathogenic microorganisms as Listeria or 
Salmonella (sAMELIs et al., 2005; GOMEs and 
DA sILVA 2006; O’brYAN et al., 2008; cAbEZA et 
al., 2007, 2009). the actual dose absorbed was 
determined by cellulose triacetate dosimeters 
placed on top of each sample during irradiation 
treatment. sample temperature was controlled 
by indicator labels and never exceeding 2ºc. Af-
ter the treatment, sausages were transported 
under refrigeration to the laboratory. samples 
were stored at 4ºc and analyzed after 0, 30, 60 
and 90 days of storage. 

Microbiological analyses

Microbiological analyses were performed asep-
tically using 10 g of the sausages. the samples 
were homogenised with 90 mL of 1% peptone wa-
ter, serially diluted and plated in duplicate. to-
tal viable counts (tVc) were determined on Plate 
count Agar (PcA), Micrococcaceae spp on Man-
nitol salt Agar (MsA) and LAb on double-layer 
Man rogosa sharpe agar (Mrs) acidify to pH 5.6 
with 0.14% sorbic acid according to the instruc-
tions of the manufacturer. PcA, MsA and Mrs 
plates were incubated at 32ºc for 48 h. culture 
media were purchased by Oxoid (Unipath Ltd., 
basingstoke, Hampshire, UK). Microbial counts 
of the DtP were also performed on PcA.

pH determination

the pH was measured in a homogenate pre-
pared with 1 g of sausage and 9 mL of distilled 
water, using a crison 2001 pH-meter. All deter-
minations were made in triplicate.

Lycopene quantification

the lycopene extraction of both dry tomato peel 
and fermented sausages was performed after sa-
ponification with KOH-methanol and separation 
with petroleum ether according to the method of 
cALVO et al. (2008). After extraction the samples 
were dissolved in 500 µL of a mixture of metha-
nol/methyl-tert-butyl-ether (MtbE) 25/75 (v/v), 
then filtered through a 0.45 µm filter. 

Identification and quantification of lycopene 
was performed by HPLc as described by cALVO, 
et al. (2007a). A beckman system Gold binary 
delivery system, module 126, (beckman Instru-
ments, Fullerton, cA, UsA) equipped with a UV–
vis photodiode array detector, model 1689 was 
used. Analytical separation was carried out on a 
stainless steel (250 x 6.6 mm i.d., 5 µm particle 
size) Develosil UG c30 column (Nomura chem-
ical, sojo, Japan) with a guard cartridge (Phe-
nomenex, Macclesfield, UK) packed with ODs 
c18. sample injection was performed by means 
of a valve (rheodyne, cotati, cA) with a 20 µl 
sample loop.

the linear mobile phase gradient was meth-
anol (4% H2O)/MtbE from 83:17 to 33:67 over 
60 min at a flow rate of 1 mL/min. the column 
was thermostated at 22ºc in a column oven 
(shimadzu cO-10As, columbia, MD). the Gold 
Nouveau software data system (beckman Instru-
ments) was used to evaluate peak areas. All the 
extractions and quantifications were performed 
in triplicate.

colour analysis

colour was measured on the surface of the 
sausage slices. the colour was measured with a 
chroma Meter cr-300 colorimeter (Minolta cor-
poration, Osaka, Japan) using the space colour 
cIE L* a* b* system and calibrated with a pink 
tile (L* 44.88, a* 25.99, b* 6.67) using a D-65 il-
lumination source. the colour was measured 
on the surface of twenty-five slices (2 mm thick) 
and at room temperature from each sausage.

textural analysis

the textural properties of dry fermented sau-
sages were evaluated using the stable Micro sys-
tem Mod. tA.Xt 2i/25 texturometer. the tex-
tural profile analysis (tPA) test (bOUrNE, 1978) 
was performed using the central cores of five 
slices of each sample (height, 1 cm; diameter, 
2.5 cm) which were compressed twice to 50% of 
their original height. the following parameters 
were determined: hardness (N), referring to the 
maximum force required to compress the sam-
ple; cohesiveness (ratio), the extent to which 
the sample can be deformed prior to rupture; 
springiness (cm), the ability of the sample to re-
cover its original form after the deforming force 
is removed; and chewiness (N cm), the work re-
quired to masticate the sample for swallowing. 
the crosshead speed was 2 mm/s and at least 
five replicates were measured for each sample.

sensory analysis

samples were evaluated by 25 semi-trained 
assessors selected according to their eating hab-
its, their familiarity with the sausages to be an-
alysed, and the reproducibility of their evalua-
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tions. the analysis was performed in individual 
booths constructed according to the specifica-
tions of the International standards Organisa-
tion IsO (1985) under white fluorescent lights. 
two slices of each sample were served to the as-
sessors. Unsalted crackers and room-tempera-
ture water were also provided to clean the pal-
ate between samples.

Acceptability level was asked; a hedonic test 
was performed during storage. In each session 
two series of samples were served: one series of 
sausages without DtP, including a non-irradiat-
ed sample, a sample irradiated with 2 kGy, and 
a sample irradiated with 4 kGy; and the oth-
er series with the three corresponding samples 
but containing DtP. For each series, the pan-
elists evaluated the overall sensory acceptabili-
ty on a 5-point hedonic scale (1-extremely poor, 
2-poor, 3-acceptable, 4- good and 5-excellent). 
the final score was the sum of the values given 
to each sample, divided by the number of pan-
ellists. the limit of acceptability was fixed in 3.

statistical methods

the physico-chemical properties, lycopene 
concentration, colour, textural and sensory 
properties were analysed using a one-way anal-
ysis of variance (ANOVA) using the statgraphics 
Plus program (Version 5.0).

rEsULts AND DIscUssION

Microbial counts

Microbiota counts in experimental sausages 
during storage are presented in Fig. 1. At the 
end of the ripening, tVc and LAb in non-irra-
diated samples ranged between 8-9 log cfu/g, 

while Micrococcaceae reached counts of 4 log 
cfu/g. these values were similar to those de-
scribed by several authors for these meat prod-
ucts (OrDOÑEZ et al., 1999; MENDOZA et al., 
2001; FLOrEs et al., 2005; sALAZAr et al., 
2009).

After ionizing treatment, tVc and LAb lev-
els decreased 2-3 logarithmic cycles at doses of 
2 kGy and 5 cycles at treatments of 4 kGy. Mi-
crococcaceae counts decreased 1.5 logarithmic 
cycles at 2 kGy and close of 4 cycles at 4 kGy. 
During storage, the tVc and LAb maintained 
the same values or slightly decreased (1-2 log 
cycles) but Micrococcaceae decreased during the 
first month of storage, and were non-detectable 
after 2 months. storage under vacuum condi-
tions induces a drastic decrease of aerobic mi-
croorganism (Micrococcaceae), whereas the low-
er reduction of LAb count is due to its microaer-
ophilic metabolism. 

this microbiota behaviour is similar to that 
described previously in several types of meats 
products irradiated at similar doses (sAtIN 2002; 
JAVANMArD et al., 2006; cAbEZA et al., 2007). It 
is also consistent with approved procedures for 
irradiating uncooked chilled meat (sMItH and 
PILLAr, 2004). 

Microbial counts were similar in the sausag-
es added with DtP (data not shown) due to the 
low microbial count detected in the DtP (< 2 
log cfu/g). 

changes in pH

After ripening, the pH values of control ranged 
between 5.06±0.08 and 4.95±0.05, values re-
ported by several authors for this type of meat 
product (FLOrEs et al., 2005; cAbEZA et al., 
2009; sALAZAr et al., 2009). batches with DtP 
showed average values of 4.71±0.15; this can 

Fig. 1 - total viable counts (A), lactic acid bacteria (b) and Micrococcaceae (c) of non-irradiated () and irradiated with 2 kGy 
() and 4 kGy () dry fermented sausages during storage under refrigeration.
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be due to the low pH of DtP (4.02±0.06). A de-
crease in pH by the tomato addition was also 
observed by cANDOGAN (2002) and DEDA et al. 
(2007) when they added tomato paste to beef 
patties and frankfurters, respectively. 

No significant (p>0.05) influence of irradi-
ation and storage time on pH were observed. 
this is in agreement with sAMELIs et al. (2005) 
and cHOULIArA et al. (2006) who also reported 
no significant differences in pH between irradi-
ated and non-irradiated dry fermented sausag-
es, either during fermentation or ripening steps. 

Lycopene concentration

the lycopene content found in non-irradiated 
sausages before storage was 1.2±0.21 mg/100 g 
(table 1). this value was lower than that expect-
ed because the lycopene content of dry tomato 
peel was 132±0.18 mg/100 g DtP. A possible 
cause of this decrease is the reactions between 
lycopene and free radicals or other compounds 
formed during ripening yielding a decrease of the 
initial lycopene concentration. It is also possible 
that the saponification occurring during the ex-
traction interfere with the complete extraction of 
carotenes from the lipidic phase. the use of sa-
ponification during carotenoid extraction mak-
ing it difficult to get good separation among li-
pidic and aqueous phases inhibiting the com-
plete extraction of carotenes, as lycopene, from 
the lipidic phase. OLIVEr et al. (1998) reported 
that saponification produces an underestima-
tion of b-carotene in ‘‘sobrassada”, a fat cured 
crude sausage. 

No effect of storage time was observed. How-
ever, differences of lycopene content between 
non irradiated batch and DtP added batches 
were observed at 4 kGy. It is possible that the 
irradiation treatment improves the extraction 
and recovery of lycopene due to this carotene 
becomes more bioaccesible when the cell walls 
break down. In this sense, sHI and LE MAGUEr 
(2000) related as the extraction of lycopene can 
be modified by the food processing. 

In a previous work performed in our labora-
tory (sELGAs et al., 2009) we found that irradi-
ation at 4 kGy induced a significant decrease 

in lycopene concentration in hamburger con-
taining 6% of DtP; however no influence of ir-
radiation was detected when lower amounts 
were added.

According to the regulation 1924/2006 of the 
European Parliament (2006), the lycopene con-
tent of these sausages would be sufficient to con-
sider them a source of this carotene that could 
contribute to its daily intake. In this sense, rAO 
and sHEN (2002) reported that a daily intake of 
5-7 mg of lycopene by healthy humans may be 
sufficient to combat oxidative stress.

colour properties

the effect of the irradiation treatment and the 
storage time in the colour parameters of con-
trol and DtP added sausages, is shown in ta-
bles 2 and 3.

Lightness (L*) was the most stable colour pa-
rameter; it was very similar in all the sausag-
es independent of the irradiation doses and the 
time of storage. L* values of control samples at 
0 days of storage (table 2) were 49.10±1.86 for 
non-irradiated samples and 49.91±2.13 for sam-
ples irradiated with 4 kGy; respective values af-
ter 3 months of storage were 49.90±3.67 and 
45.33±2.51. similar values were found in DtP 
samples (table 3).

a* parameter changed in the presence of DtP 
due to the colorant power of the lycopene. the 
sausages with this ingredient showed higher val-
ues than did the control sausages; these chang-
es in the colour were also reported by cALVO et 
al. (2008). the a* parameter was not affected by 
the storage time or the irradiation treatment in 
control sausages (table 2) but in DtP batches, a 
significant decrease was observed after the first 
month of storage (table 3). 

the greatest differences were observed in 
yellowness; the values for batches with DtP 
were a two-fold higher than for the controls. 
the increase in b* parameter correlates with 
an increase in orangeness; it is possible that 
the lycopene degradation occurring during rip-
ening leads to a loss of the characteristic red 
colour of this carotenoid, yielding an orange 
tonality. this change in the colour was previ-
ously observed by cALVO et al. (2008). In gen-
eral terms, no significant influence of storage 
and irradiation treatment was found in con-
trol samples, whereas some influence of stor-
age and irradiation dosage was found in DtP 
sausages. 

the behaviour of a* and mainly b* parame-
ters are reflected in the hue angle. Hue angle 
represent the tone of colour (tonality) being 0º 
red colour, 90º yellow colour, 180º green colour 
and 270º, blue colour (ArtÉs et al., 2002). In 
our case, the hue angle values were higher in 
all samples containing DtP (orange tones) than 
in control sausages which showed red tones. Ir-
radiation treatment scarcely affects the tonality 

table 1 - Lycopene content (mg/100 g) on non irradiated 
and irradiated dry fermented sausages after 0 and 3 months 
of storage.

	 Storage	time	(months)

Irradiation	dosage	(kGy)	 0	 3

	 0	 1.20±0.21a	 1.22±0.08a
	 2	 1.14±0.14a	 1.07±0.16a
	 4	 1.49±0.07b	 1.38±0.06b

Different	letters	in	the	same	column	indicate	statistically	significant	differ-
ence	(p<0.05).
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during storage. similarly, LEE and AHN (2005) 
reported that irradiation and storage had no ef-
fect on colour parameters L*, a* or b* of turkey 
breast rolls irradiated at 3 kGy.

However, these data contradict with those 

table 2 - Influence of irradiation and storage time in colour parameters of control sausages.

	 Irradiation	dosage

Parameter	 Time	 0	kGy	 2	kGy	 4	kGy
	 (months)

	 L	 0	 49.10±1.86aA	 46.62±2.86aA	 49.91±2.13aA
	 	 1	 49.10±3.36aA	 49.10±2.21bA	 49.45±1.89aB
	 	 2	 48.70±2.88aA	 48.82±2.23bA	 45.62±2.38aB
	 	 3	 49.90±3.67aA	 48.89±3.40bA	 45.33±2.51aB

	 a*	 0	 13.07±1.76aA	 12.47±1.22aA	 13.27±1.14aA
	 	 1	 13.28±1.01aA	 11.65±1.67aA	 12.35±0.97aA
	 	 2	 12.71±1.46aA	 11.36±1.32aA	 12.80±1.08aA
	 	 3	 12.63±1.60aA	 12.50±1.20aA	 12.37±1.54aA

	 b*	 0	 5.32±0.67aA	 5.49±0.44aA	 5.74±0.68aA
	 	 1	 5.91±0.64aA	 6.05±0.98aA	 6.08±0.53aA
	 	 2	 6.32±0.39aA	 5.98±1.07abA	 5.92±0.77aA
	 	 3	 6.64±0.67aA	 6.15±0.51aA	 5.82±0.97aB

	Hue	angle	 0	 22.50±4.77bA	 23.81±2.12aA	 23.84±2.77aA
	 	 1	 24.02±3.00bA	 27.56±4.45aA	 26.23±2.73aA
	 	 2	 26.64±3.49abA	 27.76±4.92aA	 24.85±3.62aA
	 	 3	 27.96	±4.38aA	 26.41±3.61aA	 25.25±3.86aA

Significant	differences	among	storage	times	to	each	studied	parameters	are	shown	by	minor	letters	in	the	same	column	(p<0.05).
Significant	differences	among	irradiation	dosages	at	each	storage	time	are	shown	by	mayor	letters	in	the	same	row	(p<0.05).

of cAbEZA et al. (2009), who reported an in-
fluence of irradiation (1-3 kGy) on L* and a* 
values of commercial dry fermented sausag-
es. this different behaviour may be related to 
the components of the mixture of spices used 

table 3 - Influence of irradiation and storage time in colour parameters of sausages containing dry tomato peel.

Parameter	 Time	 Irradiation	dosage
	 (months)
	 	 0	kGy	 2	kGy	 4	kGy
	
	 L	 0	 48.24±3.24aA	 46.48±1.98aA	 47.74±2.57aA
	 	 1	 47.24±4.66aA	 47.74±3.10aA	 46.18±3.75aA
	 	 2	 46.81±2.57aA	 46.82±2.70aA	 45.74±2.60aA
	 	 3	 45.84±4.13aA	 46.05±3.67aA	 47.01±4.33aA

	 a*	 0	 14.59±1.47aB	 15.97±1.27aAB	 15.53±3.01aAB
	 	 1	 14.99±1.51aAB	 13.91±1.63bA	 15.14±1.63aA
	 	 2	 13.63±1.38bA	 13.59±1.30bA	 13.41±1.30bA
	 	 3	 13.03±1.60bA	 12.85±2.66bA	 12.79±2.66bA

	 b*	 0	 11.49±1.53bB	 11.18±2.21abB	 13.62±1.84aA
	 	 1	 13.80±1.52aA	 12.62±2.66aAB	 12.27±1.52bB
	 	 2	 13.62±2.15aA	 12.40±1.86abAB	 11.48±2.15bB
	 	 3	 12.36±1.48bA	 11.07±2.33bA	 11.90±1.48bA

Hue	angle	 0	 26.33±5.34bA	 23.38±3.77bA	 24.03±5.46bA
	 	 1	 30.67±4.24abA	 34.81±4.80aA	 33.50±2.75aA
	 	 2	 31.99±2.22aA	 31.01±8.73abA	 33.26±4.41aA
	 	 3	 28.95±3.41abA	 36.52±6.27aA	 35.80±4.10aA

Significant	differences	among	storage	times	to	each	studied	parameters	are	shown	by	minor	letters	in	the	same	column	(p<0.05).	
Significant	differences	among	irradiation	dosages	at	each	storage	time	are	shown	by	mayor	letters	in	the	same	row	(p<0.05).
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in the manufacture of sausages; it is possi-
ble that the commercial sausages studied by 
those authors were manufactured with color-
ants that can be affected by the irradiation. In 
our case, the mixture of spices used did not 
contain colorants. 

As this difference in results highlights, there 
is scarce and in several cases contradictory in-
formation about the colour changes occurring 
in irradiated meats and meat products (AHN et 
al., 1998; NAM and AHN, 2003; sELGAs et al., 
2009), and the data published show a great var-
iation in the colour parameters of dry fermented 
sausages, as several authors have reported (PÉ-
rEZ-ALVArEZ et al., 1999; GIMENO et al., 2001; 
JAKObsEN and bErtELsEN, 2002). In our case 
it is also probable that the colorant power of 
the lycopene masks the possible colour chang-
es due to the irradiation, as has been indicated 
in previous studies performed in our laborato-
ry (sELGAs et al., 2009). 

textural properties

tables 4 and 5 show the results of the tPA in 
experimental sausages without and with DtP, 
respectively. In the control batches (table 4), 
the hardness values were similar in all batch-
es (p>0.05) and in DtP sausages only increased 
significantly after the first month of storage (ta-
ble 5). No significant effect of irradiation was ob-
served.

the increase in hardness, when DtP is add-
ed, has been previously reported by cALVO et al. 

(2008) and it has been attributed to the presence 
of fibre in the DtP. Along these lines, KNObLIscH 
et al. (2005) reported that the content of fibre of 
tomato peel is close to 30 g/100 g of dry matter 
and it is composed mainly of insoluble fibre (cel-
lulose and lignin). GArcÍA et al. (2002) reported 
a similar increase in hardness of dry ferment-
ed sausages supplemented with several types of 
soluble and insoluble fibres and they observed 
as the hardening of meat products was related 
to the fibre amount added.

cohesiveness of the control samples did not 
show significant influence of irradiation treat-
ment (table 4). In contrast, cohesiveness of 
DtP sausages increased significantly (p<0.05) 
only after 3 months of storage (table 5). Irra-
diation also affected this parameter; samples 
treated with 4 kGy showed the highest values. 
It has been reported that irradiation can break 
the high-molecular-weight carbohydrates into 
small units; consequently, an increase in the 
numbers of double bonds and carboxyl and car-
bonyl groups is produced, and these can react 
with other components of the food as proteins, 
yielding a more compact matrix that could in-
crease the cohesion of the product (D’AMOUr 
et al., 1993; KOrKMAZ and POLAt, 2005; cHOI 
et al., 2009).

springiness showed slight changes during 
storage and irradiation treatment. chewiness be-
haved similarly to the hardness, this is expect-
ed, because chewiness is a secondary parame-
ter dependent on hardness, springiness and co-
hesiveness (bOUrNE, 1978). 

table 4 - Influence of irradiation and storage time in texture parameters of control sausages.

Parameter	 Time	 Irradiation	dosage
	 (months)
	 	 0	kGy	 2	kGy	 4	kGy
	
Hardness	(N)	 0	 109.94±6.41bAB	 114.77±15.62bA	 97.53±10.92bB
	 1	 121.19±13.9abAB	 133.16±2.10aA	 111.86±13.99aB
	 2	 120.44±4.78aA	 121.80±4.78abA	 114.87±12.42aA
	 3	 111.35±6.74bA	 121.78±10.61abA	 109.93±8.75aA

Cohesiveness	 0	 0.56±0.06aA	 0.56±0.08aA	 0.58±0.05bA
(ratio)	 1	 0.55±0.01aB	 0.58±0.04aAB	 0.61±0.01abA
	 2	 0.60±0.01aA	 0.55±0.03aB	 0.63±0.04aA
	 3	 0.58±0.03aAB	 0.57±0.02aB	 0.60±0.02abA

Springiness	 0	 0.43±0.05aA	 0.37±0.01cB	 0.45±0.03bA
(cm)	 1	 0.46±0.02aA	 0.45±0.04bB	 0.49±0.03abA
	 2	 0.44±0.02aA	 0.47±0.07abA	 0.46±0.05bA
	 3	 0.47±0.03aB	 0.52±0.06aA	 0.54±0.02aA

Chewiness	 0	 26.33±5.34	bA	 23.38±3.77bA	 24.03±5.46bA
(N	cm)	 1	 30.67±4.24abA	 34.81±4.80aA	 33.50±2.75aA
	 2	 31.99±2.22aA	 31.01±8.73abA	 33.26±4.41aA
	 3	 28.95	±3.41abA	 36.52±6.27aA	 35.80±4.10aA

Significant	differences	among	storage	times	to	each	studied	parameters	are	shown	by	minor	letters	in	the	same	column	(p<0.05).	
Significant	differences	among	irradiation	dosages	at	each	storage	time	are	shown	by	mayor	letters	in	the	same	row	(p<0.05).
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sensory analysis

In general terms, the sausages added with 
DtP showed lower punctuations than the 
control ones (Fig. 2). significant difference 
(p<0.05) between irradiated and non-irradi-
ated samples were observed independently of 
the time of storage or DtP content. the sam-
ples treated with 4 kGy always ranked in the 
last place, the panellist indicated that these 
samples presented off-flavours. samples treat-
ed at 2 kGy showed lower score than non-ir-
radiated samples throughout the storage pe-
riod; however the values were always higher 
than 3 (acceptable). 

these results are consistent with previous re-
ports which indicate that the application of ir-

table 5 - Influence of irradiation and storage time in texture parameters of sausages containing dry tomato peel.

Parameter	 Time	 Irradiation	dosage
	 (months)
	 	 0	kGy	 2	kGy	 4	kGy
	
Hardness	(N)	 0	 113.52±6.07bAB	 118.15±15.62bA	 106.84±8.98bB
	 1	 131.98±6.37aA	 137.00±6.66aA	 126.8±16.25aA
	 2	 131.97±7.98aA	 138.67±7.20aA	 132.50±15.86aA
	 3	 134.40±9.19aA	 135.49±4.07abA	 133.82±14.05aA

Cohesiveness	 0	 0.51±0.01bC	 0.58±0.05bA	 0.57±0.03cA
(ratio)	 1	 0.55±0.04bB	 0.59±0.034abB	 0.60±0.03bcA
	 2	 0.53±0.04bC	 0.62±0.04abB	 0.68±0.09aA
	 3	 0.62±0.06aA	 0.63±0.01aA	 0.65±0.06abA

Springiness	 0	 0.42±0.04bcA	 0.37±0.04aB	 0.35±0.03bB
(cm)	 1	 0.48±0.05aA	 0.37±0.01aB	 0.35±0.03bB
	 2	 0.43±0.04bA	 0.34±0.04aB	 0.41±0.01aA
	 3	 0.39±0.05cA	 0.34±0.01aB	 0.36±0.06bAB

Chewiness	 0	 24.64±3.79bA	 25.31±3.17aA	 21.36±2.84cA
(N	cm)	 1	 35.01±7.57aA	 30.03±0.79aAB	 26.44±4.09bcB
	 2	 30.48±4.29abA	 29.18±4.39aA	 36.67±9.23aA
	 3	 33.09±4.08aA	 29.09±5.75aA	 32.07±6.41abA

Significant	differences	among	storage	times	to	each	studied	parameters	are	shown	by	minor	letters	in	the	same	column	(p	<	0.05).	
Significant	differences	among	irradiation	dosages	at	each	storage	time	are	shown	by	mayor	letters	in	the	same	row	(p	<	0.05).

radiation to these and other meat products in-
duce the development of off-flavours commonly 
described as rancid, pungent or “puckery feel” 
(cAbEZA et al., 2009; brEWEr, 2009; AHN and 
LEE, 2006). these flavours can explain the low 
scores given by the members of the panel to the 
samples irradiated to 4 kGy. 

cONcLUsION

Doses of 2 kGy are adequate to obtain safe 
and potentially functional rtE dry fermented 
sausages enriched with lycopene. these doses 
no induce relevant physico-chemical or sensory 
changes, even after 90 days of storage. the final 
concentration of this carotenoid is sufficient to 

Fig. 2 - Effect of storage time on the overall acceptability of dry fermented sausages containing 0 (A) or 2% (w/w) of dry to-
mato peel (b), irradiated at 0 (), 2 () or 4 () kGy. Hedonic scale (1-extremely poor, 5-excellent).
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that 100 g assure the 24% of the intake recom-
mended as healthy. 
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AbstrAct

the objective of the study was to examine the possibility of reusing an osmotic solution for fruit 
dehydration and its impact on fruit composition. sour cherries, blackcurrants and apples were 
dehydrated at 40°c for 60 min with 60°bx fructooligosaccharide concentrates. the solutions were 
used 10 times. the levels of saccharides, polyphenols, vitamin c and acidity were determined. the 
present study shows that fructooligosaccharide syrups can be successfully reused for fruit dehy‑
dration. the successive batches of osmodehydrated fruit were similar as regards the content and 
profile of carbohydrates and polyphenols. the only difference was the increasing acidity of osmo‑
dehydrated sour cherries and blackcurrants. the average content of prebiotic fructooligosaccha‑
rides amounted to 135 g kg‑1 in apples, 99 g kg‑1 in sour cherries and 104 g kg‑1 in blackcurrants. 
the level of total phenols was: 0.80, 3.20 and 5.10 g kg‑1, respectively.
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INtrODUctION

New, better technologies for food production 
and preservation are constantly being sought 
after. An important objective of the food indus‑
try is to preserve food in such a way as to mini‑
mize changes to the chemical, physical, and bi‑
ological characteristics of the product (rAstO‑
GI et al., 2002). It is also very important to ob‑
tain products with desirable sensory qualities. 
the removal of water, which enhances the du‑
rability of food products, is one of the most im‑
portant issues in food technology. Osmotic de‑
hydration is a method of dewatering without any 
phase changes in hypertonic solutions (contain‑
ing sugars, sodium chloride, sorbitol, glycerol, 
etc.) under mild conditions, which makes it pos‑
sible to obtain high quality products. thus ob‑
tained fruits are characterized by attractive sen‑
sory qualities while preserving the majority of 
the nutritional properties of fresh fruits, i.e. vi‑
tamins and minerals (sAPAtA et al., 2009). Addi‑
tionally, the application of osmotic dehydration 
may improve the health‑promoting properties of 
the products as a result of migration of valua‑
ble substances from hypertonic solutions to fruit 
tissue. the use of fructooligosaccharide concen‑
trates makes it possible for fruit to gain desira‑
ble prebiotic properties as oligosaccharides pro‑
mote growth of beneficial lactic acid bacteria in 
the gut (sANGEEtA et al., 2005). Moreover, fruc‑
tooligosaccharides (FOss) are characterized by 
lower energy value [approx 10 kJ g‑1] compared 
to saccharose [17 kJ g‑1] (LINDEN and LOrIENt, 
1999), which makes it possible to obtain lower‑
calorie products (AAcHArY and PrAPULLA, 2009). 
On the other hand, the susceptibility of FOss to 
hydrolysis is an important limitation for the use 
of these carbohydrates in osmotic dehydration. 
they are especially labile at low pH and high 
temperature (L`HOMME et al., 2003). Long stor‑
age also contributes to the lowering of FOs levels 
(bENKEbLIA et al., 2007). However, dehydration 
under mild conditions may result in considera‑
ble reduction of FOs degradation (KLEWIcKI and 
UcZcIWEK, 2008). Osmodehydrated products 
may be used for direct consumption, or, if fur‑
ther dried, may constitute a flavor ingredient in 
a variety of food products, e.g. cakes, confection‑
ery filling, dairy products, ice‑cream, etc. (rAs‑
tOGI et al., 2002). Over the past several years, 
many studies have been published on osmotic 
dehydration. substantial knowledge has been 
acquired about the impact of numerous factors 
such as temperature, the concentration and na‑
ture of the osmotic solution, process duration 
and pressure, the size, geometry and structure 
of the material to be dehydrated, and their in‑
fluence on mass transfer (tOrtOE et al., 2007). 
but the large‑scale application of osmotic dehy‑
dration is still limited by the continuing prob‑
lem of optimal osmotic solution management. 
For both environmental and economic reasons 

it is necessary to reuse the dehydrating solution 
as much as possible in order to reduce the ratio 
of osmotic solution volume to the mass of the 
dehydrated fruit (MOYANO and ZÚŇIGA, 2003).

Once the osmotic solution has been used in 
the process, it is usually treated as industrial 
waste and rarely reused. this significantly in‑
creases the cost of the process. Furthermore, 
the disposal of the osmotic solution may lead to 
loss of some valuable natural substances such 
as vitamins and minerals, which are partially 
leached from the fruits into the solution during 
dehydration. the possibility to recycle the osmot‑
ic solution remains a crucial economic and eco‑
logical problem (GArcIA‑MArtINEZ et al., 2002; 
MOrAGA et al., 2011).

the sanitary aspects of reusing solutions have 
been studied (DALLA rOsA and GIrOUX, 2001), 
but the influence of the repeated use of the syr‑
up on the nutritional quality of the products is 
also an important question. Data on the effect 
of multiple use of a hypertonic solution on nu‑
trients and other bioactive substances present 
in different fruits are rather limited (VALDEs‑
FrAGOsO et al., 2002; rUIZ et al., 2005; PEIrO 
et al., 2006; MOrAGA et al., 2011). the objective 
of this work was to examine the influence of re‑
peated use of a hypertonic fructooligosaccharide 
(FOs) solution on saccharides, polyphenols, vi‑
tamin c, and fruit acidity.

MAtErIALs AND MEtHODs

Plant materials

sour cherries (“English Morello”), blackcur‑
rants (“tiben”), and apples (“Idared”) were cho‑
sen as the experimental material. the fruits were 
picked at commercial harvest maturity at the 
Experimental Orchard of the research Institute 
of Pomology and Floriculture in Dąbrowice, Po‑
land. Fresh sour cherries were washed, pitted, 
and frozen at ‑25°c until processing. blackcur‑
rants were frozen without pre‑treatment, but on 
the day of processing frozen berries were abrad‑
ed in the carborundum drum of a kitchen food 
processor (talent 881.0; Zelmer, rzeszów, Po‑
land). Apples were stored in a cold room (0ºc; 
90% rH, normal atmosphere). before process‑
ing, apples were warmed to 20°c and cut into 
1 cm cubes. the quality characteristics of raw 
material are shown in table 1.

Chemicals and standards

HPLc acetonitrile (gradient grade) and formic 
acid were purchased from J.t. baker (Witko, Po‑
land). Ultrapure water (Millipore system) was 
used to prepare all solutions. Methanol for the 
extraction of polyphenols was purchased from 
J.t. baker (Witko, Poland). standards of cyani‑
din‑3‑rutinoside, myricetin, and kaempferol‑3‑
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glucoside were purchased from Extrasynthese 
(Genay, France); quercetin, kaempferol, querce‑
tin‑3‑rutinoside, and (‑)‑epicatechin were pur‑
chased from sigma‑Aldrich. the ascorbic acid 
standard and sugar standards were purchased 
from sigma.

Osmotic dehydration

Osmotic dehydration was conducted with 
the use of 60°bx fructooligosaccharide concen‑
trates containing 333 g kg‑1 of fructooligosac‑
charides, 84 g kg‑1 of saccharose, 156 g kg‑1 of 
glucose and 9 g kg‑1 of fructose. Each time a 
150 g sample of fruit was dewatered with a 1:4 
ratio of fruit/osmotic solution (w/w). Dehydra‑
tion was performed for 60 min in beakers placed 
in a shaking water bath (Julabo sW 22, Julabo 
Labortechnik GmbH, seelbach, Germany) at a 
frequency of 140 rpm, an amplitude of 20 mm 
and a temperature of 40°c. the solutions were 
used 10 times, and some fresh 74°bx solution 
was added to the remaining syrup before each 
subsequent dehydration cycle in order to main‑
tain a constant concentration of 60°bx. the 
amounts of used and fresh syrup which have 
to be mixed in order to obtain 400 g of enriched 
solution were calculated according to the fol‑
lowing formulas:

  [g]

  [g]

where:
A ‑ concentration of used syrup measured af‑

ter fruit drainage, °brix;
b ‑ concentration of fresh concentrate, °brix 

(70°brix);
X ‑ amount of used syrup to be added to a 

new batch (of concentration A);
Y ‑ amount of fresh concentrate to be added 

to a new batch (of concentration b).

the average amount of syrup (53÷54°bx) tak‑
en for the subsequent apple dehydration cycles 
(batches 2‑10) was 427±8 g (± standard devi‑
ation), while the average amount of fresh FOs 
concentrate was 179±8 g. the corresponding val‑
ues for sour cherries were 407±7 g and 198±7g, 
respectively. In the case of blackcurrants, the 
amounts were as follows: 436±14 g and 167±14 
g, respectively.

After removing from the solution, the fruits 
were placed on a sieve, dipped twice into water, 
and, finally, blotted on absorbent paper. 

the experiment was repeated. saccharide, 
polyphenol, and vitamin c content as well as 
acidity were determined in osmodehydrated 
fruit.

Carbohydrate determination

the content of carbohydrates was determined by 
the HPLc method using a cation exchange calcium 
column. the extraction was carried out as follows. 
twenty‑five mL of water and 1 g of cacO3 were 
added to 2.5 g of the ground fruit. the suspension 
was heated to the boiling point and maintained at 
this temperature for 5 min. the solution was then 
cooled, transferred quantitatively by means of wa‑
ter to a 50‑mL volumetric flask, filled up to the 
graduation mark, kept at room temperature for 15 
min, and filtered. then, the filtrate was cleaned on 
a sPE column containing cation exchanger resin 
Amberlite Ir120 and anion exchanger resin Am‑
berlite IrA67 at a ratio of 1:2 (v/v). subsequently, 
the samples were centrifuged for 5 min at 5,000 
rpm, and injected into the HPLc column. the con‑
tent of sugars in the samples was determined with 
the use of an Aminex HPX87c column from bio‑
rad (0.78 × 30 cm2, mobile phase: water, flow: 0.5 
mL/min, at 85°c). standards of saccharose, glu‑
cose and fructose were used for the identification 
and quantification of the substances mentioned. 
An rI detector (Knauer K‑2301) and a Knauer in‑
tegrating system were used. the results are ex‑
pressed as grams of an individual sugar per 1 kg 
of fruit (g/kg).

Extraction of polyphenols

Polyphenol compounds were extracted 
with a methanol‑water‑formic acid solution 
(50:48:2  (v/v/v)). Half a gram of ground fruit 
was placed in a 7‑mL test tube, 5 mL of the sol‑
vent was poured on it, then it was vortexed and 
sonified for 5 min. After the sonication, the solu‑
tion was left in the dark for 24 h for extraction, 
and subsequently centrifuged and poured into 
a flask. the above procedure was repeated four 
times, but the next extractions were carried out 
for 15 min. the combined extracts were poured 
into a 25‑mL volumetric flask.

Total phenols determination

total phenols were measured by the method 
described by singleton and rossi (1965) with 
some modification. Phenol extract (0.25 mL) was 
placed in 25‑mL flasks, and 0.25 mL of Folin‑
ciocalteau reagent and 2.5 mL of 20% Na2cO3 
were added, filled up with water to the gradua‑
tion mark and stirred. the incubation was car‑
ried out at room temperature for 1 h. the absorb‑
ance of the solutions was measured at 720 nm. 
the results were expressed in grams of (‑)‑epi‑
catechin equivalent per kilogram of fruit (g cAE/
kg). All samples were analyzed in duplicate.

HPLC analysis of polyphenols

before analysis, the extracts were centrifuged 
at 5,000 rpm. Anthocyanins and other phenols 
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were analyzed using a KNAUEr smartline chro‑
matograph (Germany). compounds in the phe‑
nol extracts were separated on a 150 mm × 4.6 
mm i.d., 5 µm Gemini 5u c18 110A column (Phe‑
nomenex, torrance, cA) using gradient elution 
with 10% aqueous formic acid (v/v) (A) and ace‑
tonitrile‑water‑formic acid (50:40:10 (v/v/v)) (b). 
the column temperature was set to 40°c. the 
flow rate was 1 mL/min and the gradient pro‑
gram was as follows: 0‑0.6 min, 12% b; 0.6‑16 
min 12‑30% b; 16‑20.5 min 30‑100% b; 20.5‑22 
min 100% b; 22‑25 min 100‑12% b, 25‑35 min 
12% b. the injection volume was 20 µL. Data 
were collected by the Eurochrom 2000 program. 
Quercetin and myricetin compounds were as‑
sayed at 360 nm, while anthocyanins were as‑
sayed at 520 nm. standard curves made from 
cyanidine‑3‑rutinoside, rutin, quercetin, myrice‑
tin, and kaempferol were used. cyanidin‑3‑ruti‑
noside was used to assay anthocyanins, where‑
as rutin was used to assay quercetin and myri‑
cetin glycosides. Isorhamnetin was assayed on 
the basis of the quercetin standard.

Ascorbic acid determination

One to 5 g of ground fruits were subjected to 
extraction using a 6% metaphosphoric acid so‑
lution (v/v) at 1°‑4°c. After 2‑min homogeni‑
zation, the sample was transferred into a volu‑
metric flask, filled up with metaphosphoric acid, 
and filtered. After dilution and repeated filtra‑
tion, the content of vitamin c was determined 
by using the HPLc method (Agilent HP 1100 
chromatograph with a DAD detector, 244 nm; 
two interlinked columns supelco Lc‑18 [250 x 4 
mm]; 30°c; mobile phase: 1% phosphoric buff‑
er [pH = 2.5], flow rate: 0.8 mL/min). Analyses 
were done in duplicate. 

Titratable acidity

titratable acidity of samples was determined 
according to the AOAc official method 942.15. 

results were expressed in g kg‑1 of fruit, as an‑
hydrous malic acid.

Statistics

the statistical study was carried out using 
one‑way analysis of variance ANOVA, taking the 
cycle factor into account. Differences were con‑
sidered significant at p ≤ 0.05.

rEsULts

All batches of dehydrated apples were similar 
as regards their carbohydrate profiles (Fig. 1). 
the average content of carbohydrates amount‑
ed to 135±13 g kg‑1 for fructooligosaccharides, 
64±5 g kg‑1 for saccharose, 72±6 g kg‑1 for glu‑
cose, and 41±4 g kg‑1 for fructose. the ANOVA 
test did not reveal any statistically significant dif‑
ferences in the content of particular saccharides 
between the batches of osmotically dehydrated 
apples. Osmotic dehydration of apples (with the 
osmotic syrup reused 20 times) was also inves‑
tigated by VALDEs‑FrAGOsO et al. (2002). they 
used a 60°bx saccharose solution for 90 min 
with a 5:1 osmotic solution/fruit ratio. the var‑
iance analysis of water loss and solids gain did 
not show any statistically significant differenc‑
es between the batches, either.

similar results were obtained for sour cher‑
ries. Fruits from all batches were similar with 
respect to the content of carbohydrates (Fig. 2): 
fructooligosaccharides (99±15 g kg‑1), saccharose 
(9±2 g kg‑1), glucose (115±6 g kg‑1), and fructose 
(63±4 g kg‑1). No statistically significant differ‑
ences in the content of particular saccharides 
between the batches of osmotically dehydrated 
sour cherries were observed.

Greater variation in saccharide content was 
found in blackcurrant products (Fig. 3): fruc‑
tooligosaccharides (104±16 g kg‑1), saccharose 
(35±6 g kg‑1), glucose (67±10 g kg‑1), and fruc‑
tose (35±8 g kg‑1). the ANOVA test showed that 
the differences in the content of the various sac‑
charides in the dehydrated blackcurrants were 
statistically significant (α ≤ 0.05), but no marked 
upward or downward trends were observed in 
the series of dehydration cycles. these differ‑

Fig. 1 ‑ carbohydrate content (average±standard deviation) 
in apples dehydrated in reused FOs syrup. ANOVA test (α 
≤ 0.05): FOs P=0.24, saccharose P=0.12, glucose P=0.10, 
fructose P=0.12.

Fig. 2 ‑ carbohydrate content (average±standard deviation) 
in sour cherries dehydrated in reused FOs syrup. ANO‑
VA test (α ≤ 0.05): FOs P=0.18, saccharose P=0.06, glucose 
P=0.77, fructose P=0.34.
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table 1 ‑ characteristics of raw material.

	 Sour	cherries	 Blackcurrants	 Apples
	 “English	Morello”	 “Tiben”	 “Idared”

Dry matter [g kg-1] 143 193 161
Saccharose [g kg-1] 2.80 10.8 49.4
Glucose [g kg-1] 46.5 20.3 11.6
Fructose [g kg-1] 35.0 29.1 60.7
Acidity [g kg-1] 10.6 40.4 5.60
Ascorbic acid [g kg-1] 0.003 1.01 0.24
Total polyphenols [g kg-1] 3.64 4.36 2.82

ences may have been caused by the pretreat‑
ment of the material used in the batches. before 
dehydration, the blackcurrants were subjected 
to abrasion and the differences in the amount 
of skin (which blocks saccharide migration) re‑
moved are likely to have influenced saccharide 
content in the final product.

the content of individual carbohydrates in the 
raw material (table 1) and the carbohydrate pro‑
file of the fructooligosaccharide concentrate (see 
Osmotic dehydration in MAtErIALs AND MEtH‑
ODs) influenced the saccharide composition of 
the osmo‑dehydrated fruits. the above‑men‑
tioned results indicate that in the processed ap‑
ples and blackcurrants fructooligosaccharides 
were the major fraction of soluble carbohydrates. 
In the case of sour cherries, only the content of 
glucose was higher than that of FOss. this is 
due to the fact that fructooligosaccharides were 
the predominant component of the hypertonic 
solution used for dehydration. A high glucose 
level in the hypertonic solution also resulted in 
the large amount of this sugar in the osmo‑dehy‑
drated material. the highest increase in glucose 
content in dry matter was observed for apples: 
from 72 g kg‑1 in the fresh fruits to 199 g kg‑1 in 
the processed ones. the corresponding values for 
blackcurrants amounted to 105 and 207 g kg‑1, 
respectively. In sour cherries (containing the 
highest amounts of glucose in the raw material) 

only a slight increase occurred: from 325 g kg‑1 
in the fresh fruits to 342 g kg‑1 in the processed 
ones. On the other hand, as the hypertonic so‑
lution was poor in fructose, its content (in dry 
matter) was lower than that in the fresh fruits. 
the average content of fructose in the dry matter 
of the processed blackcurrants, apples and sour 
cherries amounted to: 108, 113 and 188 g kg‑1, 
respectively, while its content in the fresh fruits 
was: 151, 377 and 254 g kg‑1, respectively.

the results show that despite the relatively 
high acidity of blackcurrants, fructooligosaccha‑
rides are stable under the process conditions (Fig. 
6). the comparable content of carbohydrates in 
the two previously mentioned products (dry ap‑
ples and sour cherries) also indicates that no sig‑
nificant hydrolysis of fructooligosaccharides oc‑
curred during dehydration (Figg. 4‑5). this is im‑
portant because fructooligosaccharide hydrolysis 
may occur if the process is carried out in an acid‑
ic environment at higher temperatures. bOLIN et 
al. (1983) investigated changes in a saccharose 
solution which was used five times for dehydrat‑
ing fruits. they claimed that the observed sac‑
charose inversion was due to acid hydrolysis. the 
inversion was enhanced by acid leaching out of 
the fruits. Another cause of hydrolysis may be the 
presence of invertase. Its influence was observed 
by VIbErG et al. (1998) on dehydrating strawber‑
ries in a saccharose solution.

Fig. 3 ‑ carbohydrate content (average±standard deviation) 
in blackcurrants dehydrated in reused FOs syrup. ANOVA 
test (α ≤ 0.05): FOs P=0.003, saccharose P=0.03, glucose 
P=0.0002, fructose P=0.000001.

Fig. 4 ‑ Fractions of fructooligosaccharides, saccharose, glu‑
cose and fructose in the total sugars of reused FOs syrup 
after dehydration of apples.
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saccharose stability during the osmotic dehy‑
dration of pineapples in reused solution was ob‑
served by rUIZ et al. (2005). In their work on re‑
using the dehydrating solution five times, they 
found that glucose and fructose content in the 
solution before using it and after using it for five 
times remained nearly constant (14.5 g L‑1 ÷ 15.8 
g L‑1 and 6.5 g L‑1 ÷ 7.8 g L‑1, respectively). these 
results indicate that the saccharose present in 
the solution does not decompose.

Our results proved that fructooligosaccha‑

Fig. 5 ‑ Fractions of fructooligosaccharides, saccharose, glu‑
cose and fructose in the total sugars of reused FOs syrup 
after dehydration of sour cherries.

Fig. 6 ‑ Fractions of fructooligosaccharides, saccharose, glu‑
cose and fructose in the total sugars of reused FOs syrup 
after dehydration of blackcurrants.

Fig. 7 ‑ Polyphenol content (average±standard deviation) in 
apples, sour cherries and blackcurrants dehydrated in re‑
used FOs syrup. ANOVA test (α ≤ 0.05): apples P=0.40, sour 
cherries P=0.15, blackcurrants P=0.83.

ride syrup can be successfully used a number of 
times for the dehydration of apples, sour cher‑
ries and blackcurrants. 

Osmo‑dehydrated apples from all batches 
were characterized by a comparable polyphenol 
content amounting to 0.60 ÷ 0.95 g kg‑1 (Fig. 7), 
with the average value of 0.80±0.09 g kg‑1. 

In the case of sour cherries, polyphenol lev‑
els were significantly higher, from 2.77 g kg‑1 to 
3.45 g kg‑1 (no direct relationship between batch 
number and polyphenol content was observed). 
the average content was 3.20±0.23 g kg‑1.

blackcurrants contained the largest amounts 
of polyphenols. their content ranged from 4.82 
g kg‑1 to 5.43 g kg‑1 (with the average being 
5.10±0.22 g kg‑1). Products from all the batches 
were characterized by a similar level of polyphe‑
nolic compounds. For all the above‑mentioned 
fruits, no statistically significant differences 
were found in total polyphenol content between 
the batches of osmotically dehydrated material. 

total polyphenol levels decreased by 71% in ap‑
ples as compared to the fresh material, dropped 
by 12% in sour cherries, but rose by 17% in black‑
currants (in this case, solids gain overweighed the 
effect of polyphenols “leaching” into the syrup). 

there is not much literature on the subject 
of osmotic dehydration of sour cherries and 
blackcurrants. the available publications tend 
to present studies pertaining to the dehydration 
of apples and other fruit. bLANDA et al. (2008) 
found a 22% drop in polyphenol content in os‑
modehydrated stark Delicious apples as com‑
pared to the input material. they conducted 
the process for 30 min at 100 mbar and 25°c, 
with an 11:1 solution/fruit ratio (v/w), the solu‑
tion containing 37.9% dextrose, 15.2% saccha‑
rose, 1.0% ascorbic acid, 0.25% calcium chlo‑
ride, and 0.25% sodium chloride. KOPErA et al. 
(2007) osmotically dehydrated pears in a 65°bx 
saccharose solution at 25°c and at a 4:1 solu‑
tion/fruit ratio (v/w). After 6 hours of dehydra‑
tion they found a 50% decrease in polyphenol 
content as compared to fresh fruit.

HPLc analyses were performed to find out if 
the batches of dried fruit were comparable with 
regard to their polyphenol profile. Materials rich 
in polyphenols (dried sour cherries and black‑
currants) were tested.

As it can be seen in tables 2 and 3, all the 
batches contained similar amounts of particu‑
lar polyphenols. 

In the case of blackcurrants, delfinidin‑3‑ru‑
tinoside occurred in the largest amounts (av‑
erage value: 956.0±100.0 mg kg‑1). the oth‑
er components of the main polyphenol fraction 
were: quercetin glucoside + quercetin rutino‑
side (390.0±25.0 mg kg‑1), delfinidin‑3‑gluco‑
side (417.0±37.0 mg kg‑1), cyanidin‑3‑rutino‑
side (443.0±43.0 mg kg‑1), cyanidin‑3‑glucoside 
(125.0±11.0 mg kg‑1) and myricetin glycosides 
(127.0±14.0 mg kg‑1). No statistically significant 
difference in the content of particular polyphe‑
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table 2 ‑ Polyphenols assayed by the HPLc method in blackcurrants dehydrated in reused FOs syrup (average±standard 
deviation) [mg kg‑1].

Fraction	 Batch

	 01	 02	 03	 04	 05

Myricetin glycosidesb 120.2±8.0 119.6±13.0 105.7±7.0 122.6±9.0 135.0±7.0
Quercetin galactosideb 5.1±0.1 5.3±0.1 5.0±0.1 5.8±0.1 5.6±0.1
Quercetin 377.4±47.0 373.0±37.0 354.0±26.0 410.7±10.0 390.9±27.0
(glucoside + rutinoside)b

Myricetin 7.8±0.1 7.2±0.1 8.2±2.0 6.7±1.0 9.0±1.0
Kaempferol-3-glucoside 18.7±2.0 20.8±1.0 16.9±2.0 22.1±2.0 18.6±1.0
Delphinidin-3-glucoside 414.5±26.0 397.2±46.0 356.3±34.0 409.5±17.0 414.2±1.0
Delphinidin-3-rutinoside c 909.1±61.0 892.5±71.0 797.2±57.0 922.8±65.0 1003.4±12.0
Cyanidin-3-glucoside c 127.2±7.0 119.1±21.0 108.2±14.0 125.7±4.0 121.7±4.0
Cyanidin-3-rutinoside c 432.7±24.0 415.9±55.0 376.0±37.0 433.5±24.0 452.0±8.0
Other anthocyanins c 37.6±3.0 37.4±8.0 32.6±4.0 38.8±2.0 39.3±1.0

	 	 	 Batch	 	 	
Fraction	 	 	 	 	 	 P
	 06	 07	 08	 09	 10

Myricetin glycosidesb 123.6±22.0 132.0±23.0 143.2±2.0 130.3±5.0 135.1±2.0 0.25
Quercetin galactosideb 5.6±0.1 5.4±0.1 5.9±1.0 6.0±0.1 5.6±0.1 0.21
Quercetin 397.0±28.0 413.1±8.0 384.3±14.0 405.1±15.0 394.6±7.0 0.46
(glucoside + rutinoside)b

Myricetin 8.1±2.0 9.1±0.1 8.7±1.0 9.4±1.0 8.1±1.0 0.43
Kaempferol-3-glucoside 19.4±3.0 19.9±5.0 19.2±0.1 18.8±0.1 20.9±1.0 0.60
Delphinidin-3-glucoside 392.0±47.0 448.1±62.0 455.5±6.0 437.5±14.0 444.4±8.0 0.20
Delphinidin-3-rutinoside c 897.2±34.0 1014±85.0 1071±4.0 1018±26.0 1034±40.0 0.14
Cyanidin-3-glucoside c 117.6±18.0 134.5±11.0 131.5±2.0 129.3±8.0 132.3±2.0 0.45
Cyanidin-3-rutinoside c 420.5±70.0 467.7±61.0 480.7±1.0 471.6±1.0 478.3±10.0 0.25
Other anthocyanins c 40.1±3.0 40.6±5.0 43.5±3.0 40.9±0.1 44.3±4.0 0.27

b - Expressed as quercetin-3-rutinoside; c - Expressed as cyanidin-3-rutinoside.
P - ANOVA test (α ≤ 0.05).

nols between the batches of osmotically dehy‑
drated blackcurrants was observed.

In the case of sour cherries, cyanidin‑3‑glu‑
cosylrutinoside and cyanidin‑3‑rutinoside were 
the main polyphenol fractions (table 3). A slight‑
ly lower level of the above‑mentioned substanc‑
es was observed in the dry fruit after the first 
dewatering (307.7 and 164.3 mg kg‑1, respec‑
tively). the concentrations of these polyphenols 
in the subsequent batches of dry sour cherries 
were comparable, and amounted to 397.0±32.0 
mg kg‑1 and 212.0±16.0  mg kg‑1, respectively. 
the products were marked by similar polyphe‑
nol content and the absence of statistically sig‑
nificant differences in the proportion of partic‑
ular polyphenols between successive batches of 
osmotically dehydrated sour cherries.

the acidity of successive batches of osmotical‑
ly dehydrated apples, sour cherries and black‑
currants are shown in Fig. 9.

Dried apple acidity (malic acid) amounted to 
3.7 ÷ 4.2 g kg‑1 and was by 40% lower than that 
of the fresh material (6.7 g kg‑1). repeated use 
of the osmotic solution did not have a statisti‑
cally significant influence on the acidity of the 
dehydrated apples.

there was a significant increase in the acid‑
ity of successive batches of dehydrated sour 

cherries (from 5.7 to 6.9 g kg‑1). the acid levels 
of the products were 40‑50% lower than that of 
the fresh material (11.0 g kg‑1).

Dehydrated blackcurrants also revealed a sta‑
tistically significant change in acidity, which in‑
creased with successive use of the osmotic solu‑
tion (from 26.8 to 34.3 g kg‑1). this resulted from 
the accumulation of acids in the reused syrup. In 
previous work, PEIrO et al. (2006) observed grad‑
ual enrichment of the osmotic syrup in citric acid 
and ascorbic acid. the content of ascorbic acid 
rose from 13.0±0.4 mg per 1 kg of syrup in the 
first cycle to 43.3±0.4 mg kg‑1 in the eighth cy‑
cle, and the content of citric acid increased from 
0.72±0.4 g kg‑1 in the first cycle to 4.14±0.8 g kg‑1 
in the last one. On the other hand, the greatest 
change in syrup pH was observed during the first 
cycle (from 6.7±0.2 to 3.50±0.01). After the third 
cycle, syrup pH equaled that of the fruit (pH = 
3.2) and remained at that level in the subsequent 
cycles. GArcIA‑MArtINEZ et al. (2002) observed 
the beneficial effect of decreased pH on inhibit‑
ing microorganism growth in the osmotic solu‑
tion. the presence of acids in the solution may 
also help to reduce enzymatic browning (VALDEZ‑
FrAGOsO et al., 1998). 

the acidity of the blackcurrant products was 
15‑30% lower than that of the fresh material.
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table 3 ‑ Polyphenols assayed by the HPLc method in sour cherries dehydrated in reused FOs syrup (average±standard de‑
viation) [mg kg‑1].

Fraction	 Batch

	 01	 02	 03	 04	 05

P-coumaric acid derivative 1a 52.3±15.0 55.2±7.0 55.5±5.0 56.1±7.0 60.3±9.0
P-coumaric acid derivative 2a 4.0±0.1 4.1±0.1 4.3±0.1 4.8±1.0 5.3±0.1
Neochlorogenic acidb 68.1±20.0 71.1±8.0 80.8±9.0 75.1±3.0 78.6±3.0
Chlorogenic acidb 42.4±9.0 44.8±8.0 57.4±1.0 53.1±11.0 59.8±13.0
Quercetin glucosidec 71.3±9.0 76.8±9.0 73.2±0.1 76.8±5.0 74.6±8.0
Isorhamnetin-3-rutinosidec 27.1±3.0 28.6±1.0 28.0±4.0 31.0±3.0 29.8±0.1
Kaempferol-3-rutinosided 12.7±1.0 14.5±1.0 11.0±0.1 14.6±0.1 11.4±2.0
Cyanidin-3-sophorosidee 42.3±11.0 49.8±3.0 56.6±3.0 55.3±13.0 64.9±7.0
Cyanidin-3- glucosylrutinosidee 307.7±57.0 350.5±20.0 377.7±39.0 362.5±66.0 425.7±9.0
Cyanidin-3-glucosidee 12.1±4.0 17.7±3.0 19.4±0.1 17.0±3.0 20.7±3.1
Cyanidin-3- arabinosylrutinosidee 10.3±3.0 13.2±1.1 14.0±2.0 13.1±2.0 15.5±1.1
Cyanidin-3-rutinosidee 164.3±43.0 197.9±26.0 209.3±2.1 192.6±31.0 234.9±21.1
Peonidin-3-rutinosidee 10.8±1.0 12.6±1.1 13.7±1.0 13.0±0.1 15.2±1.0

	 	 	 Batch	 	 	
Fraction	 	 	 	 	 	 P
	 06	 07	 08	 09	 10

P-coumaric acid derivative 1a 57.5±0.1 59.1±4.0 59.5±6.1 54.4±11.0 58.0±2.0 0.98
P-coumaric acid derivative 2a 5.1±0.1 4.3±0.1 5.2±0.1 4.6 ±1.1 4.6±1.0 0.09
Neochlorogenic acidb 74.1±8.0 71.7±4.0 72.1±2.1 65.0±15.0 70.2±5.2 0.85
Chlorogenic acidb 50.4±6.0 49.6±4.2 57.1±5.0 39.9±13.0 53.6±10.1 0.41
Quercetin glucosidec 73.4±2.0 68.9±7.0 79.5±2.0 66.9±15.1 70.3±8.2 0.84
Isorhamnetin-3-rutinosidec 27.2±7.0 26.2±5.1 29.1±1.0 22.1±2.0 24.4±0.1 0.34
Kaempferol-3-rutinosided 11.9±2.0 11.1±0.0 12.5±0.1 9.4±2.0 9.6±1.2 0.06
Cyanidin-3-sophorosidee 64.4±20.0 54.1±6.0 72.4±14.1 65.4±6.0 65.2±14.0 0.33
Cyanidin-3- 415.1±47.0 370.5±41.1 439.8±6.4 411.4±9.9 416.1±64.1 0.29
glucosylrutinosidee

Cyanidin-3-glucosidee 19.3±6.0 17.2±2.0 22.5±4.1 19.4±2.2 19.8±3.0 0.32
Cyanidin-3- 15.1±2.0 13.7±2.1 17.1±3.2 15.3±1.1 15.2±2.0 0.18
arabinosylrutinosidee

Cyanidin-3-rutinosidee 208.9±38.0 194.1±31.0 233.8±9.9 213.0±8.7 218.8±26.0 0.46
Peonidin-3-rutinosidee 13.2±1.1 12.2±1.0 14.5±1.2 12.6±1.0 13.1±1.0 0.06

a - Expressed as p-coumaric acid; b - Expressed as chlorogenic acid; c - Expressed as quercetin rutinoside; d - Expressed as kaempferol-3-glucoside; e - Ex-
pressed as cyanidin-3-rutinoside.
P - ANOVA test (α ≤ 0.05).

Fig. 8 ‑ Ascorbic acid content (average±standard deviation) 
in blackcurrants dehydrated in reused FOs syrup. ANOVA 
test (α ≤ 0.05): P=0.40.

In the case of blackcurrants, products from 
the successive batches contained comparable 
amounts of vitamin c (Fig. 8). the content of 
ascorbic acid in dehydrated blackcurrants var‑
ied from 0.44 to 0.61 g kg‑1. No statistically sig‑

Fig. 9 ‑ Acidity (average±standard deviation) of apples, sour 
cherries and blackcurrants dehydrated in reused FOs syr‑
up. ANOVA test (α  ≤ 0.05): apples P=0.76, sour cherries 
P=0.007, blackcurrants P=0.002.

nificant differences were found in the content of 
vitamin c between the successive batches of os‑
motically dehydrated blackcurrants. 

the results regarding ascorbic acid were bet‑
ter than those obtained by MOrAGA et al. (2011) 
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for dehydrated grapefruit. they observed signif‑
icant losses in vitamin c content, ranging from 
24 to 43%. 

No ascorbic acid was detected in dried apples 
and sour cherries, which was due to the low vi‑
tamin c content in the raw material.

cONcLUsIONs

Fructooligosaccharide syrups can be suc‑
cessfully reused for fruit dehydration. ten 
successive batches of osmo‑dehydrated fruit 
were similar as regards the content and pro‑
file of carbohydrates and polyphenols. the 
dried fruits were also comparable as regards 
their polyphenol and carbohydrate profiles. 
the only difference was the increasing acidity 
of osmo‑dehydrated sour cherries and black‑
currants. 
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AbstrAct

some selected physical characteristics of turkey meat (weight loss, texture, colour, volume shrink-
age and cook value) were evaluated after oven cooking at 100° and 110°c. For each cooking tem-
perature, dry air (only air convection, rH = 5%) and three predetermined relative humidity val-
ues (rH = 24, 43 and 62%) were obtained inside the oven cavity by means of a steam generator. 

significant cooking time decrement of about 70-90% (compared to air convection condition) was 
achieved by using steam, both at 100° and 110°c with the exception of the treatment at 100°c and 
rH= 24%. Moreover, the steam presence during cooking increased the cooking yield when steam 
treatments were shorter than the dry air convection treatment. About 10% cooking yield increase 
(as compared to air convection condition) was found at 100°c (at rH = 43 and 62%) and at 110°c 
(at rH = 62%). An additional cooking yield increase up to +15% was measured at rH = 24% and 
43% at 110°c. steam cooking led to a noticeable decreases of shrinkage, shear force and hardness 
of meat samples both at 100° and 110°c. the best cooking conditions, in terms of short cooking 
time, high cooking yield, high tenderness and low chewiness were obtained at 100°c with rH = 
62% and 110°c with rH = 43%.
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INtrODUctION

steam cooking is widely used both in indus-
trial processing and domestic cooking for sev-
eral foods (e.g. cooked ham, ready-to-eat meals, 
various vegetables and seafoods). Ovens oper-
ating by steam and air-convection (commonly 
known as “combi” ovens) are appliances which 
gained popularity since their introduction about 
20 years ago (bArbANtI et al., 2005). “combi” 
ovens combine the accurate heat control of an 
air-convection oven with the efficiency of steam 
that can be used individually, sequentially or in 
combination to give the operator multiple cook-
ing choices in a single appliance (VIttADINI et 
al., 2005; cHIAVArO et al., 2009). two types 
of ovens are available on the market: the first 
type, commonly used in catering services, has 
the steam generator external to the oven cavi-
ty while in the second one, mainly for domes-
tic use, the steam is produced inside the oven 
cavity. Whatever the type, ovens do not normal-
ly allow an accurate humidity control inside the 
cooking chamber: most of them only operates on 
the presence/absence of steam and only few of 
them have a steam modulation system but with 
a rough control of the steam quantity. 

concerning turkey meats, few data about the 
combined use of steam and air-convection dur-
ing meat cooking are available. Moreover, it is 
quite difficult to compare results of different re-
search papers on air-and-steam cooking mainly 
because of (i) different experimental conditions 
(e.g. oven temperatures or different cooking end-
point temperatures) and in particular (ii) unsat-
isfactory definitions of the thermodynamic con-
ditions of steam (sKOG et al., 2003; bArbANtI 
et al., 2005; DANOWsKA-OZIEWIcZ et al., 2007; 
bIAŁObrZEWsKI et al., 2010). 

At given temperature and atmospheric pres-
sure, the relative humidity of an air-water mix-
ture is the ratio of the partial pressure of water 
vapour in the mixture (Pwater) to the saturated wa-
ter vapour pressure (Pwater-sat), expressed as per-
centage” (FELLOWs, 2000). If the system is iso-
barically heated (heating with no change in sys-
tem pressure) at t > 100°c, the relative humidity 
of the system decreases because the Pwater-sat in-
creases with increasing temperature. by consid-
ering the system at t < 100°c and at atmospher-
ic pressure (Patm), it is possible to achieve 100% 
of relative humidity at any temperature while for 
t > 100°c, the possibility of reaching the max-
imum relative humidity drastically falls, being 
Pwater-sat > Patm. As an example, pure water steam 
may reach 100% rH at 100°c, while it will only 
reach 20% rH at 150°c. consequently, taking 
into account cooking trials with air-and-steam 
mixtures carried out at t > 100°c in an unpres-
surized system (oven cavity), it is ambiguous and 
not correct to use the phrase “at steam satura-
tion condition” instead of “pure steam condition” 
or directly the rH value as previously defined. 

Literature shows that the heat treatment con-
ditions of food significantly influences cooking 
losses and content of basic chemical compounds 
(FILLION and HENrY, 1998; cLAUsEN and OVEs-
EN, 2001; bADIANI et al., 2002). On the other 
hand, steam-cooked foods are characterized by 
a valuable retention of substances with recog-
nized nutritional value, i.e. vitamins and anti-
oxidants (FErrAcANE et al., 2008) and attrac-
tive sensory properties (cHOUbErt and bAccAU-
NAUD, 2010). In particular for meat-based foods, 
steam cooking is reported to retain more pro-
teins and less fat than traditionally oven-cooked 
samples. Additionally, operators gain other ad-
vantages, such as improved yields and lower en-
ergy consumption (DANOWsKA-OZIEWIcZ et al., 
2007). DANOWsKA-OZIEWIcZ et al. (2007) found 
that weight losses in chicken cooked in standard 
air-convection and combi ovens were compara-
ble, while bArbANtI et al. (2005) showed that the 
weight loss of chicken breasts due to air-steam 
cooking was higher than that for the air meth-
od alone. VIttADINI et al. (2005) compared sam-
ples of pork meat cooked in a commercial oven 
using different cooking conditions: natural con-
vection, forced convection or combined forced 
convection/steam (Fc/s) heating. Fc/s treat-
ment showed shorter cooking times compared 
to natural and forced convection methods. Fc/s 
samples also had significantly higher weight 
loss than samples cooked by the other methods 
and resulted in a paler colour on the meat sur-
face. cHIAVArO et al. (2009) reported results for 
pork meat cooked in oven by forced convection 
and pure steam condition at four temperatures 
(100°, 110°, 120° and 140°c). Authors reported 
that the use of steam proved to be particularly 
attractive at lower temperatures (100° - 110°c) 
in comparison with air-convection cooking: the 
presence of steam gave similar or better cooked 
meat qualities (texture, colour, water holding ca-
pacity) in a shorter time. 

MUrPHY et al. (2001) analyzed the effects of 
different rH values (range, 40-95%) during oven 
cooking of chicken breast patties by means of 
the evaluation of heat transfer properties and 
product yield between 149° and 218°c. they re-
ported increased heat flux and heat transfer co-
efficient (shorter cooking time) with increasing 
rH. An increased product yield was achieved 
by reducing oven temperature or final internal 
temperature of the product, and increasing rH. 

Finally, in some papers steam cooking was 
exclusively carried out at pure steam condition 
and the rH value inside the oven cavity derived 
by the oven’s temperature, according to the in-
tegration of clausius-clapeyron equation (VIt-
tADINI et al., 2005; cHIAVArO et al., 2009).

At present, the behaviour of different relative 
humidities at t < 150°c is still quite unknown. 
Low cooking temperature could reduce energy 
consumption but the final internal temperature 
of about 74°c should be reached to ensure hy-
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gienic safety of cooked meat (NAcMcF, 2006). 
treatments at low temperatures have also nu-
tritional relevance because it has been shown 
that high temperature and high air velocity in 
the convection ovens may enhance food muta-
genic activity. the presence of steam reduced 
the mutagenic activity, except when high tem-
perature was used in combination with high air 
velocity (sKOG et al., 2003).

the objective of this work was to study the ef-
fect of air-and-steam mixture on some selected 
physical characteristics of turkey meat samples. 
the cooking trials were carried out at three rel-
ative humidities (24, 43 and 62% rH) and two 
cooking temperatures (100° and 110°c) in an 
air-and-steam convection oven (“combi” oven). 
the reference standard cooking trials at 100° 
and 110°c were carried out without steam in-
jection (rH = 5%). 

the effects of the different cooking trials on 
turkey meat samples were evaluated in terms 
of heating profiles and analysing some selected 
physical characteristics such as cooking yield, 
shear force, hardness, cohesiveness, springi-
ness, gumminess, chewiness, shrinkage and 
colour.

MAtErIALs AND MEtHODs

Sample preparation

turkey (Meleagris gallopavo) breast samples 
were purchased from a local supermarket and 
stored at 4°c. From halved samples 2 slices of 
3 cm thickness from the same geometrical posi-
tion were obtained. Each slice was divided into 4 
samples of 3x3x6 cm with muscle fibres running 
parallel to the major dimension. Prior to cook-
ing the meat samples were left at room temper-
ature for 15 min.

Cooking equipment

An electric domestic convection oven (Whirl-
pool AKZ 190/IX, Whirlpool Europe, Varese, It-
aly) was used as cooking device. the oven was 
modified by connecting to its cavity an external 
steam generator (tosca 100, Parma, Italy) in or-
der to have a pre-determined quantity of steam 
injected into the cavity itself. A capacitive hu-
midity-temperature sensor (rotronic Hygroclip 
Hc2-Ic302, Zurich, switzerland) was fixed to 
the vertical right panel inside the oven cavity. 

type K, (Ni/Al–Ni/cr) thermocouple wires 
were positioned inside the oven cavity in order 
to measure dry (tdb) and wet bulb (twb) temper-
atures as described by cHIAVArO et al. (2009).

temperature and humidity data obtained from 
the capacitive sensor and from thermocouple 
wires were logged by a DAQ acquisition device 
(National Instruments, Austin, texas) and re-
corded using LabVIEW 8.0 graphical interface 

software (National Instruments, Austin, tex-
as). the speed of forced air circulation inside 
the oven cavity (0.90±0.13 m s-1) was measured 
with a hot-wire anemometer (testo, Milan, Italy).

Cooking trials

the cooking treatments of the meat samples 
were performed at 100° and 110°c, each one at 
relative humidities of 5, 24, 43 and 62% under 
forced air circulation. treatments at 5% of rel-
ative humidity were carried out without steam 
injection (convection cooking, coded as cc). the 
other conditions (rH = 24, 43 and 62%, ± 5%) 
were maintained by means of manual on-off con-
trol of the steam generator. they were coded as 
24scc, 43scc and 62scc respectively and all 
the steam convection cooking treatments were 
coded as scc.

cooking trials (n = 2 for each treatment) were 
carried out placing 4 meat samples on the tray 
in the middle position of the oven, hence 8 sam-
ples were analyzed for each cooking treatment. 
During cooking, the temperatures of one meat 
sample (always in a pre-fixed oven position) were 
measured at its surface and geometric centre 
using thermocouple wires. the cooking treat-
ment ended when meat samples reached 74°c 
at their thermal centre, the recommended safe-
ty temperature for turkey meat (NAcMcF, 2006). 
cooked samples were cooled at room tempera-
ture for 30 min and then analysed.

Analyses

cooking weight loss percentage (WL) was cal-
culated as reported by VIttADINI et al. (2005).

shear force test and texture profile analy-
sis (tPA) of meat samples were carried out by 
means of texture Analyser (tA-Xt2, stable Mi-
cro systems, Goldalming, UK) equipped with a 
25 kg load cell (equivalent to 245.2 N). For the 
shear force test, fresh and cooked meat samples 
(n = 8) obtained as previously described (3x3x6 
cm) were cut perpendicularly to muscle fibers 
with a Warner-bratzler blade (3 mm thickness) 
moving down at 2 mm s-1 and the shear force 
(N) was recorded.

since the original dimensions of samples 
(3x3x6 cm) resulted influenced by the different 
cooking treatments, in order to reduce the var-
iability of tPA measurements, the samples ob-
tained from the shear force test (2 pieces from 
each original sample of 3x3x6 cm) were then 
manually cut into cubes of standardized dimen-
sions (2x2x2 cm).

the tPA test was carried out perpendicular-
ly to muscle fibres of fresh and cooked samples 
by means of a cylindrical probe (code P35, di-
ameter = 35 mm) at 5 mm s-1.

the contact area was 4 cm2, the final strain 
was set at 50% and the time interval between 
the first and the second compression was 1 s. 



282  Ital. J. Food Sci., vol. 23 - 2011

8 tPA measurements were carried out for each 
treatment.
the tPA attributes (hardness, cohesiveness, 
springiness, gumminess and chewiness) were 
determined as reported by FrIEDMAN, WHItNEY, 
and sZcZEsNIAK (1963) and bOUrNE (1978). All 
experimental data were collected and analysed 
by texture Expert software version 1.22.

shrinkage of each meat sample (n=8) was 
calculated measuring length, width and thick-
ness by means of a manual calliper before and 
after each cooking trial. Volume of raw (Vi) 
and cooked sample (Vf) was calculated and ex-
pressed as shrinkage ratio (Vf/Vi, dimension-
less). 

colour of fresh and cooked samples was 
measured by means of a Minolta colorimeter 
(cM 2600d, Minolta co., Osaka, Japan) with 
the standard illuminant D65 at 10° position of 
the standard observer and illumination area of 
8 mm diameter (cIE, 1978). For each sample 
and for each treatment, 4 readings at the sur-
face and 4 at the central section were taken. 
the central section was obtained by halving the 
sample perpendicularly to fiber direction. col-
our parameters L*(lightness), a*(redness) and 
b*(yellowness) were measured and colour differ-
ence ΔE, ΔL*, Δa* and Δb* between cooked and 
raw sample were calculated (sOsA-MOrALEs et 
al., 2006) both at the surface and at the central 
section of each sample.
the degree of cooking at the thermal center and 
at the surface of each sample was expressed in 
terms of cook value cz

tref, taking into consid-
eration only the heating phase, as reported by 
POON et al. (2001) and ZHANG et al. (2004). the 
cook value was calculated by the integration of 
the heat penetration curve obtaned from time–
temperature data recorded at the thermal cen-
tre and at the surface of meat samples (VIttADI-
NI et al., 2005):

where t is the time, tref the reference tempera-
ture set equal to 100°c; z the temperature in-
crease that induces a 10-fold increase of the re-
action rate of the chemical reaction taken as ref-
erence (thiamine degradation); z was set at 33°c 
(HOLDsWOrtH, 1985). 

Moisture content of turkey meat samples (raw 
and cooked ones) was determined by weight loss 
at 105°c (IscO NsV 9035, IscO, Milan, Italy) 
until constant weight and 4 measurements for 
each sample were carried out.

sPss (Version 14.0, sPss Inc., chicago, Il-
linois, UsA) statistical software was used to 
calculate (i) means and standard deviations 
(sD) of experimental data, (ii) one-way-analy-
sis of variance (ANOVA) and (iii) least signifi-
cant difference test (LsD at a 95% confidence 

level with p < 0.05) in order to identify differ-
ences among cooking conditions. second de-
gree regression equations between the surface 
temperature of the samples after 10 minutes 
and the rH of the air were obtained by means 
of Excel® spreadsheet.

rEsULts AND DIscUssION

Thermal profiles

In order to have constant temperature and rH 
inside the oven cavity and also to reach 74°c at 
the thermal centre of each sample, a continu-
ous check of these parameters for each cooking 
trial was carried out. As an example, in Fig. 1 
(110°c, rH = 24%), the evolution of dry and wet 
bulb temperatures and rH inside the oven cav-
ity and the temperatures of meat sample sur-
face and centre are reported. set oven temper-
ature resulted very stable all along the cook-
ing trial; the spikes of rH curve were caused by 
the on-off effect of the steam injector but this 
behaviour did not affect the attainment of con-
stant rH values. 

surface and centre temperatures of meat sam-
ples increased with time during cooking but with 
different rates, as expected. surface tempera-
ture of meat samples undergone little variations 
because of the effect of the latent heat of steam 
condensation at the sample surface.
In Figg. 2a and 2b, temperature profiles of sam-
ple surface and wet bulb at 100° and 110°c 
and different rH are reported. Each cooking 
treatment was interrupted when the respec-
tive meat sample reached 74°c at its thermal 
centre, hence different cooking lenghts were 
obtained. scc and cc treatments resulted in 
different heating kinetics of the sample surfac-
es, both at 100° and 110°c. scc treatments al-
ways showed an initial rapid increase of sur-
face temperature; this behaviour was due to the 
latent heat of condensation transferred from 
the steam to the meat samples surface, about 
2260 kJ kg-1, (PErrOt, 1998) and to the higher 
heat transfer coefficient of condensing water va-
pour (h=104-105 W m-2 K-1) compared to that of 
forced convection air (h˜102 W m-2 K-1) (DAttA, 
2002). Moreover, at the beginning of the cook-
ing process (after about 10 min) the sample’s 
heating rate increased with increasing relative 
humidity of the air, as already reported by MUr-
PHY et al., (2001). the relationship between the 
heating rate of samples and the rH of the air 
in the oven was quantified taking into account 
the surface temperature of the samples after 10 
minutes. samples surface temperature result-
ed well correlated to the rH of the air by sec-
ond degree regression equations:

t = 100°c = -0.0055rH2+1.06rH+44.237;  R2=0.99
t = 110°c= -0.0052rH2+1.1317rH+46.985; R2=0.99
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Fig. 1 - Example of the evolution during a cooking trial of dry bulb oven temperature, oven rH, temperatures of meat sam-
ple surface and centre. referred condition: t°c = 110°c, rH = 24%.

After an initial phase characterized by an in-
crease of the surface temperature, a constant 
temperature period was observed at 100°c, 24% 
and 43% rH and at 110°c, 24% rH. these con-
ditions allowed sample surfaces to behave like 
a wet-bulb, in terms of mass transfer and tem-
perature, according to the drying theory (FEL-
LOWs, 2000). the temperature equilibrium is 
reached at the surface of the food if it is main-
tained perfectly wet by the migration of water 
from the interior of the food itself; when this 
condition occurs, the surface shows constant 
temperature, equal to wet bulb temperature 
and it is a function of cooking t and rH. At 
other scc conditions (100°c, 62% rH, 110°c, 
43 and 62% rH) meat sample reached 74°c at 
the thermal centre in about 10 min, hence the 
constant temperature period did not appear. 

During cc treatment, the increase of surface 
temperature both at 100° and 110°c was due 
to the dehydration caused by the vapour par-
tial pressure gradient between the food and the 
surrounding air, in agreement with the second 
phase of drying theory (FELLOWs, 2000). As a 
consequence, the surface temperature did not 
behave like a wet bulb and a slow and constant 
surface temperature increase during the entire 
cooking trial occurred.

Results of analyses on meat samples

In table 1, a summary of final surface temper-
ature, cooking time, cook values, moisture con-
tent and volume shrinkage has been reported. 
the final surface temperature of meat samples 

always turned out lower than 100°c because of 
water evaporation and consequent cooling ef-
fect at the meat surface. Nevertheless, the in-
creasing of rH values (both at 100° and 110°c) 
reduced the vapour pressure gradient between 
the food and the surrounding air, thus result-
ing in a lower water evaporation and in an in-
crease of meat surface temperature. 

In scc treatments the cooking time was in 
inverse proportion to the rH value, both at 
100° and 110°c. At 100°c a significant cook-
ing time reduction in comparison with cc con-
dition was observed: -82% for 43scc and -89% 
for 62scc, with no significant differences be-
tween them. these values depended on the fast-
er initial heating kinetic of scc, as previous-
ly described.

An “apparent” abnormal value of cooking time 
was repeatedly observed at 24scc and 100°c, 
significantly higher than cc at 100°c (+17.7%). 
taking into account that during the 24scc tri-
als the wet bulb temperature (twb) was about 
74.5°c, the extension of cooking time depended 
on the low temperature gradient between sam-
ple surface and centre until the end of cooking 
(t=74°c at sample’s thermal centre). At 110°c, 
24scc, 43scc and 62scc showed a noticea-
ble cooking time reduction in comparison to cc: 
-72, -86 and -87%, respectively.

surface and centre cooking values (cz
tref) are 

the measure of the cumulative heat impact of 
the time/temperature history on a food quality 
attribute (POON et al., 2001). the surface cz

tref 
value of scc, except 24scc at 100°c, resulted 
three to four times lower than cc at both tem-
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Fig. 2 - temperature profiles of sample surface and wet bulb at 100° and 110°c (2a and 2b, respectively) at different rH. 
Different lenghts of cooking treatments were due to interruption when meat samples reached 74°c at their thermal centre.

peratures of 100° and 110°c, mainly due to their 
respective shorter cooking time. 

by considering the limit threshold of ther-
mal damage of 13.56 minutes at 100°c, defined 
as the time necessary to reduce thiamine con-
tent by 3% (POMPEI, 2009), the surface cz

tref of 
cc treatments and 24scc at 100°c exceeded 
this value, while at the other scc treatments a 
limited nutritional quality degradation of meat  
(cz

tref < 10min) can be hypothesized. the cen-
tre cz

tref value, both at 100° and 110°c was al-
ways lower than surface cz

tref value, due to the 
lower temperature reached in the centre of the 
sample (74°c). 

the moisture content of heat treated sam-
ples with steam (at 100°c) decreased with the 

decreasing of rH. the lowest Mc value was ob-
tained at 24scc because of the longest cook-
ing time, while the highest Mc value was meas-
ured at 62scc (2.18 kgwater/kgdry matter). At 110°c 
the higher Mc decreasing was observed for the 
cc condition (1.56 kgwater/kgdry matter), while for 
24scc, 43scc and 62scc the shorter cooking 
times reduced Mc decrease (2.13, 2.1 and 2.06 
kgwater/kgdry matter, respectively). 

the shrinkage value of scc meat samples 
was always higher (hence their volume reduction 
was lower) than the corresponding cc samples 
both at 100° and 110°c. In details, at 100°c the 
Vf/Vi value of 43scc samples was the highest 
(+20%) in comparison with cc sample. At 110°c 
the shrinkage value of all scc samples result-
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table 1 - Meat cooking results at the different temperatures and hygrometric conditions: samples’ final surface tempera-
ture (°c), cooking time (min), surface and center cook values (min), moisture content (kg water/kg dry matter) and volume shrink-
age (dimensionless). Numbers in parenthesis are the standard deviation of the mean (+/-). samples’ final surface tempera-
ture, cooking time, surface and center cook values n=2, moisture content n=4, shrinkage n=8. Means with the same letter 
are not significantly different (p<0.05).

Treatment	 Final	surface	 Cooking	time	 	 Cook	values	 	 MC	 Shrinkage
	 temperature	(°C)	 (min)	 	 (min)	 	 (kg	water/kg	dry	matter)	 (Vf/Vi)
	 	 	 	 	
	 	 	 Surface	 Center	 raw	meat:	2.7	(0.06)	a

100°C
CC	 80.1	(1.7)	de	 98.2	(5.5)	b	 12.4	(1.7)	a	 8.1	(0.1)	b	 1.52	(0.02)	d	 0.69	(0.08)	c
24SCC	 74.5	(2.2)	e	 115.7	(3.2)	a	 15.8	(0.7)	a	 14.2	(0.1)	a	 1.38	(0.07)	e	 0.73	(0.07)	bc
43SCC	 82.8	(0.4)	cd	 17.6	(0.6)	de	 3.9	(0.2)	b	 0.9	(0.1)	e	 2.08	(0.04)	c	 0.83	(0.09)	a
62SCC	 90.4	(0.3)	ab	 10.6	(1.8)	e	 3.4	(0.1)	b	 0.6	(0.1)	e	 2.18	(0.05)	b	 0.76	(0.08)	abc

110°C
CC	 82.2	(2.8)	cd	 79.9	(4.7)	c	 12.1	(1.3)	a	 7.1	(0.3)	c	 1.56	(0.04)	d	 0.67	(0.05)	c
24SCC	 76.6	(1.2)	e	 22.3	(0.5)	d	 3.3	(0.3)	b	 1.5	(0.1)	d	 2.13	(0.08)	bc	 0.81	(0.06)	ab
43SCC	 87.4	(1.6)	bc	 11.3	(1.6)	de	 3.0	(1.3)	b	 0.6	(0.1)	e	 2.1	(0.06)	c	 0.80	(0.09)	ab
62SCC	 95.0	(0.2)	a	 10.1	(1.3)	e	 3.0	(0.9)	b	 0.4	(0.1)	e	 2.06	(0.03)	c	 0.85	(0.13)	a

ed significantly higher than cc samples (+20-
27%), and no significant differences were found 
among scc samples. 

Weight loss (WL) is the measure of the prod-
uct cooking yield, the higher the weight loss the 
lower the cooking yield. the average WL values 
obtained at 100° and 110°c have been report-
ed in Fig. 3. the presence of steam significantly 
reduced meat sample WL (with the exception of 
24scc at 100°c), in comparison with cc both 
at 100° and 110°c. At 100°c, 43scc and 62scc 
meat samples’ WL resulted to be of about 20% 
(+10% of cooking yield compared to cc at the 
same temperature), whereas at 100°c, the WL of 
24scc was greater than cc mainly because of 
the long time needed for this cooking condition. 

the lowest WL were observed at 110°c, 
24scc and 43scc, where they were about 
15% lower than cc. the presence of steam re-
duced the vapour pressure gradient between 
sample surface and surrounding air, hence 
steam cooked samples with a cooking length 
shorter than cc showed lower weight loss than 
those cooked without steam. When the cook-
ing length of scc samples was longer than cc 
(e.g., 24scc at 100°c) an opposite result was 
obtained: higher WL in steam cooked samples 
was observed because of the crust formation in 
cc samples that reduced their water evapora-
tion as previously described (VIttADINI et al., 
2005). Moreover, it is interesting to point out 
that at 110°c the sample’s WL at rH = 62% (cor-

Fig. 3 - Average values of weight loss (%) of turkey meat samples at 100° and 110°c, as a function of the different relative 
humidities.
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responding to the pure steam condition at this 
temperature) was higher than the WL at low-
er relative humidities probably because of the 
highest cooking rate of this particular thermo-
hygrometric condition.

the shear force test is the most widespread 
method normally used as an indicator of meat 
tenderness; the shear force experimental val-
ues (N) of raw and cooked meat samples are 
shown in Fig. 4. Under our experimental con-
ditions the injection of steam during cooking 
generally determined a shear force decrease of 
meat samples if compared to those cooked with-
out steam. Only the sample 62scc at 110°c 
(cooked at the pure steam saturation condition) 
showed the same shear force value of cc at the 
same temperature. some significant differenc-
es of shear force were found among steamed 
samples, in particular, at 100°c, 62scc result-
ed significantly more tender than 24scc and 
43scc. A different behaviour was observed at 
110°c, where the tenderest samples resulted 
24scc and 43scc (with no significant differ-
ence between them). considering only the scc 
treatments at 110°c, the lowest rH values (low-
est cooking rate) led to the lowest shear force 
values, whereas the injection of higher steam 
quantities (highest cooking rate) determined a 
tenderness reduction in agreement with KING 
et al. (2003).

results of analyses of hardness, cohesive-
ness, springiness, gumminess and chewiness 

on raw and cooked samples are reported in ta-
ble 2.

At 100°c the hardest sample was 24scc, 
not significantly different from cc; 62scc re-
sulted the tenderest sample, not significant-
ly different from 43scc. samples cooked at 
24scc, 100°c resulted the highest in hard-
ness if compared both to scc and cc condi-
tions because they underwent to an extended 
cooking time that caused strong samples de-
hydration. At 110°c the difference of hardness 
value among samples was lower than those at 
100°c and only 43scc resulted significantly 
tenderer than the cc one. 

the cohesiveness values were very simi-
lar among cooked samples both at 100 and 
110°c. At 100°c the only significant difference 
was found between 43scc and 62scc, with 
the former higher than the latter. As a gener-
al trend, the higher the rH the lower the cohe-
siveness (100°c 62scc and 110°c 43scc and 
62scc). No particular differences in springiness 
value were found among samples. At 100°c the 
less gummy sample was the 62scc, significant-
ly different from the others, while at 110°c the 
lower gumminess was observed at 43scc with 
no statistical difference from 62scc. the chewi-
ness of cooked samples was lower at 43scc and 
62scc in respect to all the other treatments at 
both temperatures. At 110°c the chewiness of 
62scc samples were not statistically different 
from cc and 24scc. 

Fig. 4 - Average values of shear force (N) of raw and cooked turkey meat samples at 100° and 110°c, as a function of the 
different relative humidities.
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the differences of colour parameters between 
cooked and raw samples (Δ) are shown in ta-
ble 3. the surface colour parameters of the un-
cooked meat were characterized by lightness L* 
= 49.2±2.9, redness a* = -0.7±0.6, yellowness 
b* = 3.1±1.1. cooking caused an increase of the 
sample’s surface colour in terms of L*, a* and 
b*, consequently cooked meat sample’s surfac-
es were brighter (higher L*), more red (higher a*) 
and yellow (higher b*) than the correspondent 
raw uncooked samples.

scc samples compared to cc samples 
showed a paler colour: they resulted in lower 
a* and b* than cc sample and also by higher 
L*. significant differences in terms of surface 
colour increase between scc (with short cook-
ing times) and cc were found. In scc sam-
ples with short cooking times the presence of 
steam prevented surface dehydration thus re-
ducing Maillard reactions while, as expected, 
under cc condition a uniform brown crust for-
mation was clearly observed and instrumen-

tally detected. No color differences were found 
between steam cooked samples at different 
rH with short cooking times. Meat samples 
cooked at 24scc, 100°c (steam cooking with 
long cooking time) showed an increased a* val-
ues (browning degree) in-between cc and scc 
samples: a non uniform crust formation, local-
ized on edges and corners, the more dehydrat-
ed areas, was observed.

the results of the colour measures at the cen-
tral sections of meat samples gave some con-
trasting results between the adopted tempera-
tures. At 100°c the higher ΔE value was meas-
ured for cc sample, while at 110°c cc samples 
resulted in lowest ΔE, and the same behaviour 
was observed for ΔL* values. An high Δa* val-
ue was measured at 24scc at 100°c no signif-
icantly different from cc at the same tempera-
tures. consequently, the presence of steam dur-
ing the various cooking trials had limited or no 
influence on the chromatic properties of the in-
ner part of the meat samples.

table 2 - tPA results of raw and cooked meat samples at the different temperatures and hygrometric conditions: hardness 
(N), cohesiveness, springiness, gumminess (N) and chewiness (N * mm) values are reported. Numbers in parenthesis are the 
standard deviation of the mean (+/-). n=8. Means with the same letter are not significantly different (p<0.05).

Treatment	 Hardness	(N)	 Cohesiveness	 Springiness	 Gumminess	(N)	 Chewiness	(N*mm)

raw	meat	 47.0	(20.5)	f	 0.40	(0.08)	c	 0.56	(0.12)	a	 17.77	(7.08)	f	 9.61	(3.83)	f

100°	C
CC	 103.3	(41.5)	ab	 0.45	(0.04)	ab	 0.57	(0.04)	a	 46.17	(15.70)	ab	 26.39	(8.64)	ab
24SCC	 113.0	(30.7)	a	 0.46	(0.05)	ab	 0.59	(0.04)	a	 51.43	(14.87)	a	 30.34	(9.99)	a
43SCC	 66.0	(21.6)	cde	 0.49	(0.06)	a	 0.53	(0.03)	a	 32.03	(10.47)	cd	 16.99	(5.99)	de
62SCC	 48.9	11.4)	ef	 0.43	(0.04)	bc	 0.57	(0.03)	a	 20.54	(3.40)	ef	 11.72	(2.30)	ef

110°C
CC	 84.5	(29.1)	bc	 0.45	(0.03)	ab	 0.60	(0.05)	a	 38.22	(15.06)	bc	 22.96	(9.37)	bc
24SCC	 78.5	(21.5)	cd	 0.45	(0.08)	ab	 0.60	(0.05)	a	 36.14	(14.34)	c	 22.01	(9.95)	bcd
43SCC	 61.7	(13.5)	def	 0.43	(0.04)	bc	 0.58	(0.04)	a	 26.69	(7.25)	de	 15.45	(4.18)	e
62SCC	 65.3	(15.9)	cde	 0.43	(0.06)	bc	 0.61	(0.02)	a	 28.77	(10.60)	cde	 17.46	(6.27)	cde

table 3 - Meat cooking results at the different temperatures and hygrometric conditions: external surface and centrals sec-
tion colour parameters. Differences (Δ) are between cooked and uncooked samples. Numbers in parenthesis are the stand-
ard deviation of the mean (+/-). n=32. Means with the same letter are not significantly different (p<0.05).

Treatment	 Surface	 Central	section

	 ΔE	 ΔL*	 Δa*	 Δb*	 ΔE	 ΔL*	 Δa*	 Δb*

100°C
CC	 24.4	(3.3)	c	 17.7	(4.3)	c	 6.6	(1.8)	a	 15.0	(2.3)	a	 36.3	(2.1)	a	 35.0	(2.2)	a	 1.6	(0.5)	ab	 9.3	(1.0)	ab
24SCC	 22.0	(5.0)	c	 17.7	(6.7)	c	 4.7	(1.8)	b	 11.2	(2.0)	b	 32.8	(2.1)	de	 31.9	(2.0)	bc	 1.9	(0.6)	a	 7.4	(1.1)	d
43SCC	 29.8	(2.6)	b	 27.7	(2.7)	b	 1.9	(0.6)	c	 10.4	(1.8)	b	 31.9	(1.8)	e	 30.9	(1.8)	c	 1.4	(0.5)	b	 7.7	(1.0)	d
62SCC	 33.3	(2.6)	a	 31.5	(2.8)	a	 1.3	(0.6)	c	 10.6	(1.4)	b	 33.5	(2.8)	cd	 32.0	(3.1)	bc	 1.4	(0.6)	b	 9.8	(1.6)	a

110°C
CC	 24.4	(2.9)	c	 18.3	(3.5)	c	 6.6	(1.6)	a	 14.3	(2.5)	a	 34.1	(2.0)	bc	 32.8	(2.1)	b	 1.6	(0.5)	b	 9.1	(1.2)	b
24SCC	 32.1	(3.0)	ab	 30.2	(3.4)	ab	 1.9	(0.9)	c	 10.5	(1.3)	b	 35.2	(2.3)	ab	 34.1	(2.4)	a	 1.4	(0.6)	b	 8.4	(1.3)	c
43SCC	 31.4	(3.3)	ab	 29.6	(3.5)	ab	 1.9	(0.8)	c	 10.1	(1.6)	b	 35.7	(3.2)	a	 34.5	(3.2)	a	 0.9	(0.6)	c	 9.1	(1.4)	b
62SCC	 32.8	(3.9)	a	 30.8	(4.0)	ab	 1.7	(0.9)	c	 11.1	(1.7)	b	 35.7	(3.1)	a	 34.3	(3.1)	a	 1.4	(0.5)	b	 9.4	(1.4)	ab
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cONcLUsIONs

this study has been carried out by focus-
ing the attention on the effects of different rela-
tive humidities on some quality characteristics 
of turkey meats submitted to oven cooking at 
100° and 110°c.

Important information have been obtained 
from the analysis of the heating profiles of sam-
ples during cooking: at the beginning of the cook-
ing process the presence of steam increased the 
heating rate of meat samples with increasing rel-
ative humidity of the air. 

Different relative humidities led to different 
meat cooking performances. the presence of 
steam significantly reduced meat sample weight 
loss, increased their tenderness and reduced 
meat shrinkage when steam cooking times were 
shorter than dry air oven cooking. On the con-
trary, when long cooking times occurred (e.g. 
100°c, rH = 24%) the steam presence led to a 
worsening of the overall quality of turkey meat. 

the best cooking performances (maximum 
cooking yield, high tendernss and low chewiness) 
were found at rH = 62% at 100°c and at rH = 
43% at 110°c. relative humidity values lower 
than the pure steam condition, at 110°c, led to 
better quality characteristics of cooked meats 
with a potential saving of energy and water.

In conclusion, with this experimental ap-
proach to the study of oven cooking some im-
provements to the knowledge of quality chang-
es of turkey meats as a function of different rel-
ative humidities have been obtained.
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AbstrAct

the antimicrobial properties of six volatile organic compounds (VOcs) of essential oils were test-
ed on foodborne microflora of fresh-cut salad by plate-count method and by biolog methodology, 
with lettuce-juice as nutritive medium. VOcs examined were eugenol, limonene, cinnamaldehyde, 
thymol, menthol and γ-terpinene, added in 2 concentrations in the wells of biolog Mt2 microplates 
for metabolic analisys, and in bacteriological tubes added with lettuce broth for growth observa-
tion. both Mt2 plates and broth tubes were inoculated with salad-extracted microflora. chloram-
phenicol, pimaricin, sterile broth and inoculated broth with no compounds, were used as blanks.

the microbial metabolic activity was periodically measured by recording the absorbance varia-
tions in the wells at 590 nm during 144 hours of incubation. For growth measurements, the tubes 
were similarly incubated and periodically sampled for plate counting. the curves of absorbance 
temporal evolution, modelled with suitable mathematical equations, were used to express the ef-
fect of the VOcs under study on salad microbial population, and the results so obtained were 
compared with the ones obtained from growth measurements.

A good congruence was observed between the two methods for assessing the antimicrobial ef-
fect of the VOcs under study, while biolog metabolic profiling provided finer pieces of informa-
tion, being able to kinetically describe their antimicrobial behaviour (duration and evaluation of 
main and residual effect) during the chosen time of incubation. such aptitude of biolog method-
ology was verified in particular for the bacterial component of salad microflora, while a poor ap-
titude resulted for assessing the antimicrobial activity on the fungal component. A relevant inhi-
bition against salad bacterial component was observed for eugenol (0.5 and 3 µL/mL), cinnamal-
dehyde (0.2 µL/mL) and thymol (0,5 mg/mL).
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1. INtrODUctION

In the last years the chemical composition of 
essential oils from different plants have been in-
vestigated by a variety of experimental research-
es and the antimicrobial properties of single vol-
atile organic compounds (VOcs) or mixed frac-
tions of them have been demonstrated (EDrIs, 
2007), providing information on the activity 
spectrum of many essential oils (DELAQUIs et 
al., 2002; sKOcIbUsIc et al., 2006; sOYLU et al., 
2009). New plant sources of essential oils with 
high antimicrobial activity are also investigated 
for type and amount of active molecules present 
(sANDrI et al., 2007) or their biochemical mode 
of action (ArFA et al., 2006).

Other works are directed to understand the 
antimicrobial activity of single constituents of 
essential oils (DELAQUIs et al., 2002), mainly 
against food-borne pathogens, such as Salmo-
nella typhimurium, Listeria monocytogenes, Es-
cherichia coli O157:H7, Shigella dysenteriae, Ba-
cillus cereus and Staphylococcus aureus (bUrt, 
2004; tAO et al., 2009). thymol has been found 
active against Bacillus cereus, Staphylococcus 
aureus and Pseudomonas aeruginosa (LAMbErt 
et al., 2001; ULtEE et al., 2002). synergic an-
timicrobial effects have been demonstrated for 
combinations such as cinnamaldehyde/euge-
nol, thymol/eugenol and thymol/carvacrol (PEI 
et al., 2009).

the pharmaceutical and therapeutic poten-
tial showed by essential oils and their single 
VOcs have been demonstrated in particular as 
chemopreventive and chemoterapeutic agents 
(myristicin, terpinen-4-ol, citral, limonene and 
monoterpenes in general), as anti-arterioscle-
rosis agents (γ-terpinene, thymol, garlic essen-
tial oil), as anti-thrombotic (allicin) and vasodi-
lator (eugenol) compounds, and as antioxidant 
agents (thymol, carvacrol, α- and γ-terpinene) 
(EDrIs, 2007). because of these properties, the 
addition in foods of specific molecules for the 
control of spoiling food-borne microorganisms 
can lead also to obtain functional foods for con-
sumer health.

the traditional methods used for the evalu-
ation of microbial sensitivity to chemical com-
pounds are the so-called MIc (Minimum Inhib-
iting concentration) test in liquid medium, and 
the antibiogram tests (bArrY, 1976; AUstrIAN, 
1980). the first represents the measure of mi-
crobial sensitivity/resistance to a certain anti-
biotic, allowing to establish the minimum inhib-
iting concentration to block microbial growth. 
the second is based on the diameter measure 
of the inhibition zones in agar medium. both 
provide a single-reading measure, based on 
an evaluation of microbial growth. For both of 
them problems for volatility and poor solubility 
of oils or their constituents are reported, in view 
of their dilution and diffusion in microbiologi-
cal media. Moreover, they are methods strictly 

linked to specific procedures, quite function-
al when the aim is measuring the sensitivity/
resistance of a single microbial species (test-
microorganism) but of limited efficacy when 
mixed populations, affected by numerous and 
interconnected factors, have to be investigat-
ed (bUrt, 2004).

this is the case when fractions or single com-
pounds constituents of essential oils are stud-
ied for their addition to fresh cut vegetables and 
fruits in order to investigate the possibility to 
increase the product shelf-life (JAcXsENs et al., 
2003), also maintaining the good sensorial qual-
ity of the product (AYALA-ZAVALA et al., 2009; 
VALErO et al., 2006). For example, the possibility 
to create film-forming solutions containing an-
timicrobial substances into edible films for the 
storage of fruits and vegetables (DU et al., 2009) 
is very interesting. Little is known about the ef-
fect of single constituents or mixed fractions of 
oils in experimental conditions similar to those 
of food matrices, where a microbial community 
in complex growth conditions is present. If the 
direct VOcs application in food matrices is the 
final aim of a study, the search for molecules 
with particular antimicrobial properties has to 
be combined with an effective method to ascer-
tain their effect in real situations.

Aim of this work was to test an innovative 
analysis of antimicrobial activity, based on an 
application of biolog methodology of metabolic 
fingerprinting. traditional applications of bi-
olog methodology are for microbial identifica-
tion (KLINGEr et al., 1992; PrAPHAILONG et al., 
1997) and microbiological characterization of 
soils (GObErNA et al., 2005) in presence of a 
wide array of carbon sources contained in the 
microwells of Elisa type plates. Other possi-
ble applications are also suggested, for moni-
toring microbial presence in biotechnological 
processes (DENIttIs et al., 2010; WILLIAMs et 
al., 2001). the potentialities built in biolog 
methodology indicate the possibility to use it 
to assess the effect on microbial metabolism 
by environmental and/or chemical factors, in 
particular substances with supposed antimi-
crobial activity, obtaining finer pieces of infor-
mation than the ones provided by current sin-
gle-reading growth-based methods. In the case 
of VOcs, biolog methodology seems also suit-
able to overcome volatility and poor solubili-
ty problems reported above. to test such pos-
sibilities in the present research, traditional 
biolog methodology has been modified, inoc-
ulating the “total” microbiota extracted from a 
commercial ready-to-use salad in biolog Mt2 
microplates in presence of different VOcs 
(eugenol, limonene, cinnamaldehyde, thymol, 
menthol and γ-terpinene) and a redox indica-
tor, whose changes are periodically monitored 
during a suitable incubation time to provide a 
measure of microbial activity evolution. A sim-
ilar approach has been employed in previous 
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works where biolog methodology was used to 
asses the toxicity of industrial waste streams 
on activated sludge microrganisms (FrEItAs 
DOs sANtOs et al., 2002).

2. MAtErIALs AND MEtHODs

2.1 Experimental design

the antimicrobial action of eugenol, limonene, 
cinnamaldehyde, thymol, menthol and 
γ-terpinene against the microbial community of 
commercial ready-to-eat lettuce was studied in 
nutritional conditions as far as possible similar 
to the real ones.

Microbial metabolism in presence of VOcs was 
ascertained in biolog Mt2 microplates (biolog 
Inc., cA, UsA), whose wells contain a tetrazolium 
violet redox indicator and no carbon source. 
Lettuce-juice (see 2.3) was added in the wells as 
growth medium, along with measured amounts 
of the VOcs (see 2.2) and inoculated with the 
microbial population previously extracted from 
commercial ready-to-use lettuce (see 2.4). Dur-
ing incubation, the redox indicator undergoes 
a progressive colour change in consequence of 
the reduction caused by microbial metabolism, 
with an absorbance increase at λ=590 nm that 
can be used as a measure of the intensity of mi-
crobial activity (PrEstON-MAFHAM et al., 2002). 
successive absorbance readings during incuba-
tion were used to produce metabolic evolution 
curves that were modelled with suitable mathe-
matical models (LINDstrOM et al., 1998; ZWIEt-
ErING et al., 1990) to express the kinetics of the 
metabolic activity and obtain a finer description 
of possible antimicrobial behaviour of the com-
pounds tested.

comparisons were made with the results ob-
tained by analysing the quantitative evolution 
of microbial populations by the traditional plate 
count methodology.

2.2 chemicals

six single VOcs (eugenol, limonene, cinnamal-
dehyde, thymol, menthol and γ-terpinene), each 
of them in two concentrations, have been tested. 
they were dissolved in ethanol 99.8% and ster-
ilized by 0.22 µm membrane filter (schleicher 
& schuell, FP30/0.2, Germany). Ethanol solu-
tions were diluted in sterile water to avoid any 
interference on microbial growth and metabo-
lism due to the solvent. currently used VOcs’ 
concentrations (VALErO et al., 2006; sKOcIbU-
sIc et al., 2006), were chosen: 0.5 and 3 µL/mL 
for eugenol and limonene, 0.1 and 0.2 µL/mL 
for cinnamaldheyde, 0.2 and 0.5mg/mL for thy-
mol and menthol, 3 and 5 µL/ml for γ-terpinene. 
As reference antimicrobial molecules for bacte-
ria and fungi inhibition, solutions of chloram-
phenicol (0.95 g/L) and 0.25% pimaricin (20 µL/

mL), respectively, were prepared in inoculated 
broth. Inoculated and sterile broth, without any 
compound addition, were used as blanks. All 
chemicals were purchased from sigma Aldrich 
(Germany).

2.3 Preparation of lettuce-juice broth

to simulate the growth condition in the food 
matrix, a nutritive broth from commercial let-
tuce was prepared for microbial count and me-
tabolism analyses. the lettuce was washed with 
water, 40 g of the leaves were mixed in 200 mL 
of sterile quarter strength ringer solution and 
centrifuged in a kitchen centrifuge for 60 s; the 
juice was paper filtered, then centrifuged (ALc, 
Multispeed centrifuge, PK131) at 8,000 rpm for 
5 min to separate chlorophyll and bulky ma-
terial; the supernatant was filtered through 
0.22 μm pore size filter (schleicher & schuell, 
FP30/0.2, Germany) and then autoclaved at 
85°c for 30 min, three times at 24 hours in-
tervals (JAcXsENs et al., 2003). Final pH was 
5.7. sterility and ability of juice to sustain mi-
crobial growth was confirmed in preliminary 
tests. Absence of absorbance at λ=590 nm to 
avoid any interferences with biolog signal was 
verified by spectrophotometric reading (shi-
madzu UV-1800). Absence of any of the VOcs 
used for the experiment was checked by sol-
id Phase Microextraction - Mass spectrometry 
(sPME-Ms) analysis.

2.4 Extraction of lettuce microflora 
and preparation of microbial growth 
and metabolism analyses

the antimicrobial effect of the six VOcs was 
tested against the total microflora extracted 
from commercial ready-to-eat lettuce. the leaves 
of the product were sterilely removed from the 
package and homogenized in sterile quarter 
strength ringer solution in ratio 1:10 (w:v) by 
stomacher Lab-blender 400 (PbI International, 
Italy) for 3 min at 230 rpm. the resulting sus-
pension was successively used to inoculate let-
tuce-juice nutrient broth for growth and metab-
olism analyses (1:10 v:v). Initial microbial pres-
ence in the nutrient broth was assessed with 
3M Petrifilm™ “Aerobic count Plate” (AcP) and 
3M Petrifilm™ “Yeasts & Mould count Plates” 
(YMcP), which gave respectively 1.7x 106 and 
3.4x102 cfu/mL.

Immediately after inoculation, the lettuce-
juice broth was added with the compounds to 
be tested. A total of 12 broth-compound com-
binations were so prepared, for the 6 VOcs in 
2 concentrations each. two combinations were 
also prepared with control antimicrobial com-
pounds (pimaricin, chloramphenicol) and 2 con-
trols with inoculated and sterile broth without 
any addition.

Microbial growth was performed in bacterio-
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logical tubes containing the above reported com-
binations/controls and assessed after one and 
three days of incubation at 24°c in the dark by 
plate-count on 3M Petrifilm™ “Aerobic count 
Plate” and “Yeasts & Moulds count Plate”. All 
the analyses were made in triplicate.

Microbial metabolic activity was assessed in 
biolog Mt2 microplates (biolog, Inc., Hayward, 
cA, UsA), which were inoculated by transfer-
ring 120 µL of every combination in 8 of their 96 
wells and incubated for one week at 24°c in the 
dark. Metabolic activity was measured through 
absorbance (OD) readings at λ=590 nm with E-
Max reader (biolog, Inc., Hayward, cA, UsA) 
approximately every 10 h. All the analyses were 
made in triplicate.

Optical densities measured at 24 and 72 h of 
incubation in biolog Mt2 microplates were cor-
related to the results of AcP and YMcP counts 
for the screening of antimicrobial compounds. 
Absorbance readings obtained during approxi-
mately one week of incubation were used to pro-
duce a kinetic analysis of microbial metabolic 
profiles in presence of the examined compounds 
for every combination prepared.

All activities for the preparation of microplates 
and bacteriological tubes were performed un-
der a laminar-flow hood to minimize risk of con-
tamination.

2.5 Data analysis

2.5.1 Measure of microbial growth and metab-
olism inhibition

In order to obtain a numerical index describ-
ing the inhibiting activity of the VOcs, so pro-
viding a quantitative expression of VOcs’ ef-
fect, for a better discrimination within the var-
ious cases under study, their effect on micro-
bial growth and metabolism was expressed as 
percentage of inhibition on the basis of the in-
crement of the experimental data at the begin-
ning of incubation and after 24 and 72 h of it, 
by comparison with the blank containing only 
the inoculated broth. For growth analyses, the 
increment was calculated from the cfu/ml val-
ue before compounds addition, while for met-
abolic analyses it was calculated from the OD 
value measured for each combination immedi-
ately after the microplates preparation.

2.5.2 Cluster analysis
In order to identify differences and/or simi-

larities in the inhibiting action of the VOcs test-
ed and verify the possible congruence of the re-
sponse obtained with the two methodologies, 
absorbance values (OD) and microbial counts 
(cfu/mL) at 24 and 72 hours of incubation were 
submitted to cluster analysis by sPss 17 soft-
ware. the clustering distance was measured as 
Euclidean distance and group average method 
was applied as linkage strategy. resulting clus-
ters were represented in dendograms.

2.5.3 Microplates readings and kinetic analysis
Mt2 microplates were read at λ=590 nm 

(wavelength of maximum absorbance of the re-
duced tetrazolium dye) at approximately every 
10 h for one week following inoculation. Data 
were then elaborated using the mean of the 8 
OD replications for each combination and sub-
tracting to each averaged OD value at λ=590 nm 
the averaged OD value measured at λ=750 nm 
(which accounts for turbidity). to further min-
imize the interference due to cell precipitation 
in the wells, the microplates were shaken for 
10 s before reading.

A representation of the metabolic activity evolu-
tion for microbial population in presence of every 
VOc studied was so obtained. Experimental data 
were treated with tablecurve®2D software 5.01 
(sYstAt software Inc., UsA) to carry out the non-
linear regression based on Levenberg-Marquardt 
(LM) algorithm. because of sigmoid shape of met-
abolic curves, two logistic functions were chosen 
for the fit, Lindstrom’s equation (y=K/[1+exp(-r*(t-
s))]) and Gompertz’s modified equation (y=A*exp
[-exp(µ*e*1/A*(λ-t)+1)]), where A and k represents 
the maximum OD value, µ and r the colour de-
velopment (OD*h-1) in the exponential phase, λ 
the lag phase duration (h) and s the time (h) to 
reach the midpoint of the exponential phase of 
the curve.

Discrimination of the tested molecules based 
on the kinetic parameters was performed consid-
ering for each constant the values of 95% confi-
dence limits, calculated by tablecurve®2D soft-
ware. Molecules with constant values found to 
lie within the same confidence limits were con-
sidered as being characterized by antimicrobial 
activity not significantly different.

3. rEsULts AND DIscUssION

3.1 Percentage of inhibition 
of tested compounds 
(plate count and biolog data)

results, expressed as percentage of inhibition 
for mesophilic microorganisms by the presence 
of VOcs, are reported in Figg. 1, 2, and 3. Per-
centage of inhibition was calculated in compar-
ison with the results obtained in blank condi-
tions (inoculated broth without any compound).

In general, the range of growth inhibition eval-
uated with plate-count method (Figg. 1, 2) was 
wide, from 100% to 0 at both 24 and 72 hours. 
biolog’s metabolic measurements (Fig. 3) showed 
a shorter range of inhibition percentage, from a 
maximum of approximately 90% for chloram-
phenicol to a minimum of about 22% for men-
thol at 0.5 mg/mL. While plate-count method al-
lowed discriminating between VOcs activity on 
bacteria and fungi, this was not possible with 
biolog methodology, whose data are the result 
of the combined effect exerted by the two com-
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ponents of the population inoculated. Neverthe-
less, as bacterial metabolism is generally faster 
than fungal metabolism, the bacterial compo-
nent is likely to have been predominant in the 
plate wells, so that biolog data can be hypoth-
esized to account mainly for bacterial activity.

With the plate-count methodology, the two 
concentrations tested for eugenol, cynnamal-
dehyde and thymol showed the best antimicro-
bial activity at 24 and 72 h. Eugenol and cyn-
namaldehyde resulted active on both bacteri-
al and eucariotic microflora, while thymol pre-
sented such behaviour only at 24 h, losing its 

activity against yeasts and moulds after 72 h of 
incubation.

For menthol and γ-terpinene, an increment of 
their antibacterial activity was recorded from 24 
to 72 h, while their fungicidal activity decreased 
during the same period.

Antimicrobial activities measured with bi-
olog methodology presented some differences 
from the ones recorded for bacteria with plate-
count method, in the sense that microorgan-
isms in the inoculated population were affected 
(although in different measure) by the presence 
of all the molecules added. Molecules showing 

Fig. 1 - Inhibition 
percentage of 

microbial growth 
evaluated by plate 

count method at 
24h incubation, in 

comparison with 
inoculated broth 

without antimicrobial 
compounds. 

clor: cloramphenicol; 
Pim: Pimaricin; 

Eug: Eugenol; cinn:  
cinnamaldheyde; 

thym: thymol; Lim: 
Limonene; Menth: 

Menthol; γ-terp: 
γ-terpinene.

Fig. 2 - Inhibition 
percentage of micro-

bial growth evalu-
ated by plate count 
method at 72h in-
cubation, in com-
parison with inoc-
ulated broth with-

out antimicrobi-
al compounds. 

clor: clorampheni-
col; Pim: Pimaricin; 

Eug: Eugenol; cinn: 
cinnamaldheyde; 

thym: thymol; Lim: 
Limonene; Men-

th: Menthol; γ-terp: 
γ-terpinene.
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no or very low antibacterial activity with plate-
count method (limonene, menthol, γ-terpinene) 
resulted in this case able to exert a not negligi-
ble effect, with an inhibition percentage of ap-
proximately 20-25%.

Anyway, in accordance with the results of 
plate-count method, the best inhibiting action 
was found for eugenol, cynnamaldehyde and 
thymol, although with some differences from 
plate-count results, probably due to the differ-
ent sensitivity of plate-count and biolog meth-
odologies, because of the diverse microbial sig-
nal taken into consideration (microbial growth 
as expressed by colony formation in the former 
case, metabolic activity as expressed by OD var-
iations in the latter).

For example, microbial growth in sample add-
ed with eugenol at 3 µL/mL resulted to be nil 
(100% inhibition) in agar medium both at 24 and 
72 h. Anyway a metabolic activity significantly 
different from the uninoculated broth, was de-
tected (corresponding to an inhibition of 70 and 
90%, respectively at 24 and 72 h). these results 
indicated a better ability by biolog methodolo-
gy than traditional plate-count method to detect 
also low microbial presence. Moreover, biolog’s 
response was able to better describe variations of 
the inhibiting effect showed by low VOcs concen-
trations in comparison with the information ob-
tained by plate-count. In the case of cynnamal-
dehyde at 0.1 µL/mL and thymol at 0.2 mg/mL, 
a decrease of their inhibiting power between 24 
and 72 h (from 70 to 46% and from 72 to 53%, 
respectively) was detected by biolog and not by 
plate-count. contrarily, cinnamaldheyde and 
thymol at their greater concentrations, showed 
the best inhibiting action on microbial metabo-
lism (superior to 85%, equal to reference com-

Fig. 3 - Inhibition per-
centage of microbial 

metabolism evaluated 
by biolog methodology 
at 24h and 72h incu-
bation, in comparison 
with inoculated broth 
without antimicrobial 

compounds.
clor: cloramphen-

icol; Pim: Pima-
ricin; Eug: Eugenol; 

cinn: cinnamaldhey-
de; thym: thymol; 

Lim: Limonene; Men-
th: Menthol; γ-terp: 

γ-terpinene.

pound, cloramphenicol) independently from in-
cubation time.

As already noted, limonene, menthol and 
γ-terpinene showed the lowest antimicrobial 
activity. No particular behaviour was detected 
by biolog methodology for limonene at 0.5 μL/
mL, that by plate-count method was indicat-
ed as comparable to pimaricin, cynnamalde-
hyde and eugenol for its activity against yeasts 
and moulds. this again suggests that the fun-
gal component was not relevant in the wells of 
biolog plates in these experimental conditions.

3.2 cluster analysis of plate-count 
and biolog data

Data obtained after 24 and 72 hours of incu-
bation by biolog and plate-count methodologies 
were submitted to cluster analysis to compare 
the results obtained by these techniques. the 
results are summarized in Fig. 4.

High congruence between biolog results and 
bacterial plate-count results was observed for 
data at 24 h. In both cases, two big groups can 
be seen, each of them linked at very low Eucli-
dean distance. the first contains all the experi-
ments where a weak antimicrobial activity was 
detected (limonene, menthol, γ-terpinene, at the 
different concentrations tested). results for pima-
ricin and the blank without any compound were 
also included in this group, as it could be expect-
ed. the second group links the results obtained 
for the VOcs with highest antimicrobial activity 
(eugenol, cynnamaldehyde and thymol, at all the 
concentrations tested) and chloramphenicol (ref-
erence molecule for antibacterial activity). some 
minor differences can be observed between bi-
olog and plate-count data as for relative posi-
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tion of the compounds in the sub-groups, due to 
the different sensitivity of the two methodologies 
in evaluating the amount of antimicrobial activ-
ity. Anyway, as all the sub-groups are linked at 
an Euclidean distance even lower than the one 
of the main groups, such differences do not in-
validate the general congruence of these results. 
such finding seems to again confirm the hypoth-
esis that the biolog methodology applied in the 
present study accounts particularly for the bac-
terial component of the populations tested.

the above reported congruence is not entirely 
maintained for the results at 72 h. While plate-
count results are grouped practically in the same 
way as the ones at 24 h, at even lower Euclidean 
distances (with the only exception of blank, that 
is positioned outside all groupings), for biolog re-
sults a main group can be observed, where the 
weak activity compounds are included togeth-
er with two of the ones previously positioned in 
the active group, cynnamaldehyde and thymol 
at their minimal concentration. the other high 
activity compounds are strictly linked in a sepa-
rate group (blank is positioned outside all group-
ings, here also).

the reason for this result probably lies in the 
already noted higher sensitivity of biolog meth-
odology, that detected a decrease of antibacterial 
activity at 72 h for the lowest concentrations of 
cynnamaldehyde and thymol, while plate-count 
method was not able to do so.

No congruence with biolog data was found for 
the ones obtained with plate-count for yeasts 
and moulds, due to the unsuitability of biolog 
methodology to account for the activity of such 
microorganisms in our experimental conditions. 
cluster analysis of data at 24 h showed two main 
groupings of the VOcs tested. the first (with 
higher antifungal activity) is constituted by cyn-
namaldehyde, eugenol, thymol at their low and 
high concentrations, and by limonene at 0.5 µL/
mL, while in the second all the other cases are 
linked along with pimaricin, chloramphenicol 
and blank. two main clusters can be seen also 
for the results at 72 h, but with a quite different 
distribution of cases in each of them, according 
with the time-dependent activity variation which 
the tested compounds at their different concen-
trations underwent during incubation.

In particular, an interesting piece of informa-
tion was obtained about the action of pimaricin, 
which required more than 24 hours to exert a 
microbial inhibition.

33. Kinetic analysis of metabolic profiles

In general, both Lindstrom’s and modi-
fied Gompertz’s functions showed good fit-
ting properties for the experimental metabol-
ic profiles obtained with biolog methodology. 
In fact, r2 values (table 1) for Lindstrom’s 
model ranged between 0.972 and 0.997 and 
for modified Gompertz’s between 0.891 and 

0.999. Only the OD curve corresponding to 
cloramphenicol did not significantly (P>0.05) 
fit to Lindstrom’s function and those corre-
sponding to eugenol 3 μL/mL did not signif-
icantly (P>0.05) fit both to Lindstrom’s and 
modified Gompertz’s models.

In tables 2 and 3, the values of the constants 
characteristic of the two equations are reported, 
along with their confidence limits, while in ta-
ble 4 the Pearson correlation between such pa-
rameters and the inhibition percentage evaluat-
ed with biolog methodology can be seen. From 
Pearson correlation analysis, both Lindstrom’s 
and modified Gompertz’s parameters result suit-
able to describe the inhibition measured through 
OD data. As percentages of inhibition increase, 
asymptotes (k, A) and maximum rates of OD de-
velopment decrease, while lag phase (λ) and time 
to reach inflection point (s) increase. Neverthe-
less, Pearson coefficients resulted higher for the 
parameters corresponding to Lindstrom’s mod-
el than for the ones corresponding to modified 
Gompertz’s model.

Modified Gompertz’s function, unlike Lind-
strom’s, is affected by the duration of lag phase 
(λ) and for such reason is more suitable to de-
scribe the behaviour of molecules with high 
inhibiting power, accounting for the delay in 
metabolic activity that they initially produce. 
Lindstrom’s model, on the other hand, can be 
more suitable for molecules with low or medi-
um inhibition power, moderately affecting the 
initial metabolic activity of the population un-
der study.

thus, the choice of the most suitable math-
ematical model, in order to obtain the best de-
scription of the bacterial metabolic activity in 
presence of the different molecules, should be 

table 1 - Fitting properties (r2) of model equations applied 
to experimental metabolic curves for different volatile com-
pounds at different concentrations.
a Fitting  not statistically significant at 95% level.

	 R2

Samples	 Lindstrom	 Modified
	 model	 Gompertz	model

Blank (inoculated broth) 0.992 0.994
Cloramphenicol 0,95 g/L /a 0.891
Pimaricin 0,25% 20 µL/mL 0.995 0.990
Eugenol 0,5 µL/mL 0.997 0.990
Eugenol 3 µL/mL /a /a

Cinnamaldehyde 0,1 µL/mL 0.972 0.988
Cinnamaldehyde 0,2 µL/mL 0.994 0.999
Limonene 0,5 µL/mL 0.990 0.992
Limonene 3 µL/mL 0.982 0.987
Thymol 0,2 m g/mL 0.996 0.993
Thymol 0,5 m g/mL 0.989 0.999
Menthol 0,2 m g/mL 0.982 0.984
Menthol 0,5 m g/mL 0.985 0.990
γ-terpinene 3 µL/mL 0.985 0.990
γ-terpinene 5 µL/mL 0.990 0.993
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table 2 - Kinetic parameters (K , r and s) and 95% confidence limits (L.c.L., lower confidence limit; U.c.L., upper confidence 
limit) for microbial metabolic curves fitted to Lindstrom equation.
a Fitting  not statistically significant at 95% level.

table 3 - Kinetic parameters (A, µ and λ) and 95% confidence limits (L.c.L., lower confidence limit; U.c.L.. upper confidence 
limit) for microbial metabolic curves fitted to modified Gompertz equation.
a Fitting  not statistically significant at 95% level.

made on the basis of both the r2 values of OD 
curves, which are represented in table 1.

should OD curves with the same behaviour 
at the beginning of the kinetic be compared, the 
Lindstrom’s model with the parameter “s” as a 
descriptor would allow a more useful characteri-
zation. this is the case, for instance, of pimaricin 
(0.25%, 20 µL) and cinnamaldehyde at 0.1 µL/
mL (Fig. 7), which not significantly differed for 
Gompertz’s “λ” parameter and were similar for 
asymptotic values, but showed significant differ-
ence for Lindstrom’s “s” parameter (tables 2 and 
3). Lindstrom’s model is also more useful for the 

discrimination between substances with weak in-
hibiting action (such as pimaricin, menthol and 
γ-terpinene) and the blank: in fact, Lindstrom’s 
model provides two kinetic constants (k, s) usable 
for the purpose of differentiation from the blank, 
while only one (A) is provided by modified Gom-
pertz’s model (tables 2 and 3).

Modified Gompertz’s model results more suit-
able to fit the OD curves corresponding to mol-
ecules with a percentage of inhibition at 24 h 
higher than 80% (corresponding to OD values 
between 0.055 and 0.077), as in the case of clo-
ramphenicol at 0.95 gL, thymol at 0.5 mg/mL 
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Fig. 5 - OD curves fitted to Gompertz modified model in presence of cinnamaldheyde at 0.2 µL/mL, eugenol at 0.5 µL/mL 
and thymol at 0.5 mg/mL in comparison with blank without any compound.
cinn: cinnamaldheyde; Eug: Eugenol; thym: thymol; L.c.L.: Lower confidence Limit; U.c.L.: Upper confidence Limit.

table 4 - Pearson’s correlation coefficients between the met-
abolic inhibition percentage at 24 h and 72 h and the kinet-
ic parameters of Lindstrom and modified Gompertz models.

Pearson	 %	metabolic	 %	metabolic
correlation	 inhibition	24	h	 	inhibition	72	h

K -0.840 -0.931
R -0.813 -0.853
S 0.941 0.937
A -0.713 -0.836
µ -0.790 -0.726
λ 0.707 0.724

and cinnamaldehyde at 0.2 µL/mL (Fig. 2). For 
them, the duration of lag phase (λ, tab. 3) al-
lows an immediate perception of their antimi-
crobial activity, in comparison with that of the 
other compounds.

the kinetic characterization of OD curves al-
lows to obtain a finer description and discrim-
ination of possible antimicrobial behaviour of 
the compounds tested. In Fig. 5 the OD curves 
(Gompertz’s model) corresponding to cinnamal-
dehyde at 0.2 µL/mL, eugenol at 0.5 µL/mL and 
thymol at 0.5 mg/mL (all high inhibiting activity 
compounds) are represented in comparison with 
the OD curve of the blank (inoculated broth with 
no VOcs). While all the curves show inhibiting 

action on microbial metabolism, specific trends 
can be seen for each of them.

In the case of cinnamaldehyde (0.2 µL/mL), 
the long lag phase followed by a rise of the ex-
ponential phase indicates that the initial rel-
evant antimicrobial activity was subsequent-
ly lost, with a restart of microbial vitality. the 
data obtained for eugenol (0.5 µL/mL) suggest 
a progressive increase of the antimicrobial ac-
tion of this molecule during incubation, as ac-
counted by a short lag phase and a low asymp-
totic value. For thymol (0.5 mg/mL) a long lag 
phase and a low asymptote value was seen, 
suggesting that this compound maintains a 
high antimicrobial action during the entire 
incubation. such observations agree with the 
ones drawn from the consideration of table 3, 
and can be used to assess how different mole-
cules or concentrations could be mixed to ob-
tain the desired antimicrobial action in a spe-
cific range of time.

Figure 6 reports the different effects on mi-
crobial metabolism when two compounds (cin-
namaldehyde and thymol) were used at different 
concentrations. the use of thymol at 0.5 mg/mL 
decreased the level of microbial metabolism with 
greater effectiveness than at the lower concen-
tration (0.2 mg/mL). In the case of cinnamalde-
hyde, on the other hand, the greater initial an-
timicrobial activity of the higher concentration 
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Fig. 6 - OD curves fitted to Gompertz modified model in presence of cynnamaldheyde at 0.1 and 0.2 µL/mL and thymol at 
0.2 and 0.5 mg/mL.
cinn: cinnamaldheyde; thym: thymol; L.c.L.: Lower confidence Limit; U.c.L.: Upper confidence Limit.

Fig. 7 - OD curves fitted to Lindstrom model in presence of cynnamaldheyde at 0.1 and 0.2 µL/mL and pimaricin 0.25% at 
20 µL/mL.
cinn: cinnamaldheyde; L.c.L.: Lower confidence Limit; U.c.L.: Upper confidence Limit.
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Fig. 8 - OD curves fitted to Lindstrom model in presence of menthol at 0.2 and 0.5 mg/mL, γ-terpinene at 3 and 5 µL/mL in 
comparison to the blank without any compound.
Menth: menthol; γ-terp: γ-terpinene; L.c.L.: Lower confidence Limit; U.c.L.: Upper confidence Limit.

(0.2 µL/mL) was lost during the first hours of 
incubation, as already noted, so that the final 
asymptotic value reached was not very differ-
ent from the lower one (0.1 µL/mL), although a 
longer time was needed.

comparing the antimicrobial action of pima-
ricin and cinnamaldehyde (0.1 µL/mL) (Fig. 7) a 
time interval was identified (approximately 40-
100 hours of incubation) in which the inhibit-
ing activity of the molecules significantly dif-
fered, pimaricin being less effective than cin-
namaldehyde. No real differences in the concen-
tration effect were observed for the γ-terpinene 
and menthol (Fig. 8).

In general, the consideration of the curves’ 
trends allowed to obtain information about 
the temporal effect of the compounds tested. 
In particular, more molecules could be added 
together in order to exploit different proper-
ties to control food hygiene and quality dur-
ing the shelf-life.

cONcLUsIONs

the antimicrobial behaviour of six VOCs 
costituents of essential oils (eugenol, cin-
namaldehyde, thymol, menthol, limonene, 
γ-terpinene) against fresh-cut lettuce microflora 
has been investigated through plate-count and 
an application of biolog methodology. Among 

the molecules examined, eugenol, cinnamald-
heyde and thymol showed the best performanc-
es, so confirming previous observations about 
microbial sensitivity to certain VOCs (VALErO 
and GINEr, 2006; LANcIOttI et al., 2004).

Plate-count and biolog data resulted congru-
ent for the detection of the inhibiting action of 
natural compounds on the bacterial compo-
nent of the lettuce microflora, confirming the 
suitability of the methodology under study for 
the screening of the antibacterial action of vol-
atile organic compounds. No volatility and/or 
poor solubility problems resulted able to af-
fect the results. More important, the possibil-
ity to fit the experimental OD curves to suit-
able mathematical models (with their charac-
teristic parameters) allows a better discrimi-
nation within the different modes of action of 
the examined compounds, providing (unlike 
traditional methods for antimicrobial activity 
evaluation) multiple information about dura-
tion of the main effect of a certain substance 
(lag-phase), residual effect (growth velocity) 
and final antimicrobial activity (asymptote). 
In presence of the kinetic characterization of 
a previously ascertained “ideal” antimicrobi-
al behaviour, the experimental OD values of 
a certain compound could be compared with 
it (taking into account the parameters of the 
curves) for the assessment of the possible dif-
ferences between the two cases and the eval-
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uation of compound’s suitability in view of the 
desired result.

An asset of this methodology is also the pos-
sibility to simultaneously study the different ac-
tivity of multiple molecules, using biolog Mt2 
microplates with a microbial growth medium 
that better reproduce the nutritional situation 
of a certain food matrix, provided that it does 
not interfere with the OD values assessment. 
From this point of view, this application of bi-
olog methodology can be useful also for mon-
itoring microbial activity related in food spoil-
age and the effect of microbial strains artificial-
ly added to the matrix.

the application of the traditional tests for the 
evaluation of microrganisms sensitivity to anti-
microbial compounds (MIc, antibiogram) togeth-
er with biolog analysis can lead to a specific se-
lection of the molecules showing the best anti-
microbial behaviour not only on cell multiplica-
tion but also on cell metabolic activity, which is 
a main factor of food spoilage.
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AbstrAct

β-D-fructofuranosidase, (Ec 3.2.1.26) was immobilized on DEAE-cellulose, polyacrylamide and 
hen-egg white. storage at 4°c for 5 months indicated that the polyacrylamide and DEAE-cellulose 
preparations were more stable. the effect of lyophilization on immobilized invertase activity was 
also studied. It was found that lyophilization of the enzyme attached to DEAE-cellulose caused a 
decrease in its activity as compared to the other two enzymes. All lyophilized preparations could 
be stored for 4-5 months with a slight decrease in their activities. batch processes were used to 
trace the activity of immobilized invertase. the results showed that the enzyme preparations could 
be re-used for eight cycles with slight effect on their activities. the inversion degree of sucrose at 
different concentrations and flow rates using the polyacrylamide-enzyme gel ranged between 52 
to 99%. A polyacrylamide-invertase gel was operated continuously for 5 days with a very low de-
crease in its retained activity (3%). After storage for one month the polyacrylamide-enzyme ma-
trix conserves 83% of its initial velocity.
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1. INTRODUCTION

Invertase b-D-fructofuranosidase (EC 3.2.1.26) 
is mainly used to hydrolyze sucrose in the pro-
duction of invert sugar. Invert sugar is sweet-
er and easier to incorporate in industrial prep-
arations and has a lower crystallinity at higher 
concentrations than is granular sucrose (CHOU 
and JASOVSKY, 1993; SANJAY and SUGUNAN, 
2005). The invert syrups were used extensive-
ly in the production of soft drinks (BASSETTI et 
al., 2000), non-crystallizing creams, jams and 
glazed fruits (EMREGUL et al., 2006). Due to its 
hygroscopic nature, invert syrup is utilized in the 
manufacture of soft-centered candies and fon-
dants (MILOVANOVIĆ et al., 2007, KOTWAL and 
SHANKAR, 2009). Enzymatic hydrolysis of su-
crose is preferable to acid hydrolysis as it does 
not result in the formation of undesirable fla-
vouring agents as well as coloured impurities 
(MONSAN and COMBES, 1984; ARRUDA and VI-
TOLE, 1999; KOTWAL and SHANKAR, 2009). Al-
though invertase is a relatively inexpensive en-
zyme, its use in the free form necessitates a 
batch operation which reduces process efficien-
cies. So, the application of immobilized invertase 
may offer technical and economical advantag-
es, such as the reduction of enzyme usage be-
cause once the enzyme is immobilized, it can be 
used for a much longer period than in its solu-
ble form. In addition, the immobilized enzyme 
can lead to preferred continuous processes that 
may use either fixed or fluidized bed reactors, 
in which it is possible to use a higher enzyme 
dosage per volume of reactor than in the solu-
ble enzyme process, and this contributes to high 
reaction rates and consequently, small reactor 
sizes (KENNEDY and WHITE, 1985; ZANIN and DE 
MORAES, 1994; AKGOL et al., 2001; KOTWAL and 
SHANKAR, 2009). These technical advantages al-
low a reduction in the operational and capital 
process costs (WISEMAN, 1985; BERGAMASCO et 
al., 2000; EMREGUL et al., 2006).

The present work aimed to study the stability 
and storage life of invertase immobilized on three 
different novel inexpensive carriers, and simple 
techniques. These carriers were diethylaminoe-
thyl-cellulose (DEAE-cellulose),polyacrylamide 
and hen-egg which is a novel nontoxic support. 
The ability to re-use of these preparations in 
batch processes was investigated. Also, a con-
tinuous column reactor for production of invert 
syrups at different sucrose concentrations was 
studied.

2. MATERIALS AND METHODS

2.1 Enzyme

Invertase, b-D-fructofuranosidase, (EC 
3.2.1.26) was obtained from Sigma Chemical Co 
(United States of America).

2.2 Chemical reagents

3,5 dinitrosalicylic acid, dimethylaminopro-
pionitrile (DMAPN) and glutaraldehyde were ob-
tained from BDH Ltd. (England), DEAE-cellu-
lose from Whatman Chemicals (England) and 
acrylamide (crystallized pure), N,N-methyleneb-
isacrylamide and ammonium persulphate were 
purchased from Serva Feinbiochemica GmbH & 
Co. Sucrose was obtained from Koch Light Co 
(England). Hen eggs were purchased from the 
local market. All other chemicals were analyti-
cal grade.

2.3 Immobilization of invertase

2.3.1 DEAE-cellulose
Invertase was immobilized on DEAE-cellulose 

following the method of HUITRON and LIMON-
LASON (1978) as described by ABDELLAH et al. 
(1992). A suspension of DEAE-cellulose (0.01 g/
mL distilled water) was prepared. Eight mL of In-
vertase solution (10 mg/mL distilled water) were 
added to100 mL of the DEAE-cellulose suspen-
sion and stirred gently for 30 min at 4°C. The 
enzyme support complex obtained was filtered 
and washed three times with distilled water (100 
mL) through filter paper (Watman No.1). Finally 
the pellets obtained were suspended in 50 mL 
distilled water and kept at 4°C.

2.3.2 Polyacrylamide
Polyacrylamide gel was prepared by dissolv-

ing 23.67g acrylamide and 1.24 g N,N-methyl-
enebisacrylamide in 100 mL phosphate buff-
er pH 7. Five mL of the enzyme solution (10 
mg/mL of phosphate buffer) were added to an 
equal volume of polyacrylamide gel and the 
suspension was shaken mechanically for 10 
min at room temperature. The suspension was 
cooled in an ice bath for 5 min, then one drop 
of DMAPN was added. After 2 min, 0.5 mL of 
5% ammonium persulphate was added to the 
mixture and the cooling was continued for 20 
min until gel was formed. The gel obtained was 
shattered by passing it through a syringe nee-
dle and washing it with phosphate buffer (100 
mL), then it was filtered (Whatman No.1) and 
kept at 4°C (KOBAYASHI et al., 1975; ABDELLAH 
et al., 1992).

2.3.3 Hen-egg white
Invertase was attached to hen-egg white ac-

cording to the method of D’SOUZA and NADKARNI 
(1981) as described by ABDELLAH et al. (1992). 
The hen-egg white was carefully separated from 
the yolk. Thirty-five mL of the egg-white were 
mixed thoroughly with 3.5 mL of invertase so-
lution (10 mg/mL distilled water) and then 3.5 
mL of glutaraldehyde (25%) were added. The 
mixture was stirred well (3 min) with a magnet-
ic stirrer and allowed to stand for 2.5 h at room 
temperature. The hard gel obtained was then 
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shattered by passing through a syringe needle 
and washed with distilled water (100 mL), and 
then filtered. the free aldehyde groups present in 
the gel were blocked by suspending the gel over-
night at 4°c in 100 mL phosphate buffer (pH 7) 
containing 0.1 M lysine. the immobilized prep-
aration was washed with distilled water, filtered 
and stored at 4°c.

2.4 Assay of invertase activity

Invertase activity was estimated as the 
amount of reducing sugars (sucrose inverted) 
by the 3,5-dinitrosalicylic acid method described 
by Anonymous (1978). samples of the differ-
ent immobilized enzyme preparations (100 mg) 
were stirred gently at 25°c for 30 min with 20 
mL sucrose solution (0.25 M in acetate buffer 
pH 4.5). the immobilized enzyme was removed 
by filtration and the reducing power of the fil-
trate was estimated. For the lyophilized prepa-
rations, 100 mg were swollen by suspending in 
the acetate buffer for 12 h at 4°c. the sucrose 
solution was then added and the enzyme activi-
ty was measured as before. For batch or contin-
uous inversion processes, the invertase activi-
ty was measured directly as the reducing pow-
er of an aliquot of the reaction mixture filtrates 
or of the column effluents using the same meth-
od. In each case 0.5 mL of the test solution was 
added to a test tube containing 2 mL of dinitro-
salicylic acid reagent maintained for 5 min on a 
boiling water bath, cooled and diluted to 30 mL 
with distilled water. the absorbance was meas-
ured at 540 nm using a specol spectrophotom-
eter with quartz cuvette 1 cm (carl Zeiss, Jena, 
DDr). A standard curve was constructed under 
the same conditions using pure glucose. the en-
zyme activity was expressed in terms of units. 
One unit of invertase was defined, according to 
HrDIL and sVEc (1981), as µmol sucrose invert-
ed/min/mg of invertase.

2.5 Lyophilization of immobilized 
invertase preparations

Forty grams of each immobilized invertase 
preparation were lyophilized at –80°c for 48 h, 
using Edwards High Vacuum Freeze Drier. Mod-
el No. EFO3. UsA.

2.6 reusability of immobilized invertase 
in a batch process

samples of invertase immobilized on DEAE-
cellulose, polyacrylamide and hen-egg white 
were stirred gently for 30 min with 20 mL su-
crose solution (0.25 M) in acetate buffer at pH 
4.5. then, the immobilized enzyme matrix was 
recovered by filtration. the enzyme-complex 
(support or gel) was washed repeatedly with ac-
etate buffer pH 4.5 and re-suspended in a fresh 
batch of sucrose solution. this process was re-

peated eight times for each immobilized enzyme 
preparation and the amount of reducing sugars 
in the respective filtrates was estimated.

2.7 continuous inversion at different 
sucrose concentrations

the experiments were carried out using 20g 
gel containing 60 mg enzyme. the enzyme-gel 
complex was packed in a 32×1.5 cm glass col-
umn (Pharmacia Fine chemical, sweden). the 
column was surrounded by a jacket allowing 
circulation of water. the height of the gel was 
10 cm. sucrose solution of various concentra-
tions (20-50%) was passed through the column 
at 50°c applying different flow rates (40-120 
mL/h) and the reducing sugars were estimated 
in the effluents.

3. rEsULts AND DIscUssION

3.1 storage stability of immobilized invertase

Fig. 1 shows that the activity of the three im-
mobilized enzyme preparations decreased grad-
ually with the prolongation of the storage peri-
od. the enzyme immobilized on DEAE-cellulose 
retained about 74% of its initial activity after 
storage for one month. However, it kept about 
23.0% of its activity even after six months of 
storage. DANIsMAN et al. (2004) studied the stor-

Fig. 1 - storage stability of immobilized invertase at 4°c.
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age stability of invertase immobilized on micro 
porous poly (2-hydroxyethyl methacrylate-glyci-
dyl methacrylate). they found that the enzyme 
lost about 22% of its activity during the stor-
age period (35 days). GOMEZ et al. (2006) re-
ported that invertase immobilized on DEAE-cel-
lulose retained 95% of its activity after 50 days 
of storage at 37°c. Invertase bound to polyacr-
ylamide lost about 27% of its activity after one 
month of storage (Fig. 1). then the reduction 
in activity was gradually on further storage un-
til it reached 20% of the initial activity after six 
months of storage. Invertase fixed on hen-egg 
white retained about 63% of its original activity 
after storage for one month, then it fell to only 
11% of the initial value after six months of stor-
age (Fig. 1). the reduction in activity may be at-
tributed to the drop out of some of the enzyme 
from the gel since the remaining storage solu-
tion was enzymatically active. IMAI et al. (1986) 
showed that the activity of immobilized inver-
tase bound to the poly (ethylene-vinyl alcohol) 
membrane fell rapidly in an early stage of stor-
age in pure water at 5°c, then it remained at 
60% of its initial activity even after 160 days of 
storage. AKGOL et al. (2001) reported that in-
vertase bound covalently onto magnetic poly-
vinyl alcohol microspheres retained 62% of its 
initial activity after 28 days of storage in ace-
tate buffer (pH 5.5) at 4°c. Entrapped inver-
tase in polyvinyl alcohol hydrogel capsules re-
tained 78% of its initial activity after 8 months 
of storage in acetate buffer (pH 4.5) at 4°c (rE-
brOs et al., 2007). VU and LE (2008) reported 
that the activity of invertase immobilized in al-
ginate gel was found to be quite stable after 40 
days at 2°-4°c in 0.1M acetate buffer (pH 4.5).

It can be concluded that invertase immobi-
lized on DEAE-cellulose and that entrapped 
in polyacrylamide were more stable during 
storage at 4°c than the enzyme fixed on hen-
egg white.

3.2 Effect of lyophilization 
on immobilized invertase

samples of enzyme immobilized on DEAE-cel-
lulose, polyacrylamide and hen egg white were 
lyophilized and stored at 4°c for 7 months. the 
data shown in table 1 indicates that lyophiliza-
tion of the enzyme attached to DEAE-cellulose 
caused a decrease in its activity from 110.5 to 
44.5 units. this decline in activity may be at-
tributed to the hydrophobic microenvironment 
of this support which cause the loss of activi-
ty upon lyophilization of the enzyme which was 
stable in the aqueous suspension (KENNEDY 
and WHItE, 1985; GÓMEZ et al., 2006). Lyophi-
lization had negligible effect on the activity of 
the enzyme fixed on polyacrylamide and hen 
egg white.

3.3 stability of immobilized invertase 
preserved by lyophilization

In general during the storage period the ac-
tivity of all lyophilized preparations decreased 
gradually. After seven months of storage, activ-
ity retention was 45.4, 47.5 and 38.1% for the 
enzyme immobilized on DEAE-cellulose, polyacr-
ylamide and hen-egg white, respectively.

From these results it could be concluded that 
the enzyme fixed on polyacrylamide and DE-
AE-cellulose and stored in lyophilized form was 
more stable during storage than that bound to 
hen-egg white, in spite of the deep loss during 
lyophilization of the enzyme fixed on DEAE-cellu-
lose. Also, it was observed that the enzyme prep-
arations stored in lyophilized form could retain 
around 40% of their initial activities (zero ac-
tivities) after storage for seven months, in com-
parison with those stored in an aqueous sus-
pension at 4°c, they retained only from 10 to 
20% of their initial activities after storage for six 
months (Fig. 1).

table 1 - storage stability of immobilized invertase preserved by lyophilization.

	 Immobilized	invertase	preparations

	 DEAE-cellulose	 Poly-	acrylamide	 Hen-egg	white

Control* (units) 110.5 111.5 107.6
Zero** (units) 44.5 108.6 102.0

Storage	time	(months)	 Retained	activity	(%)
 
 1 92.6 90.1 86.1
 2 83.3 83.1 77.7
 3 76.6 74.3 73.3
 4 68.0 67.7 68.0
 5 60.4 59.4 59.5
 6 51.7 54.4 50.4
 7 45.4 47.5 38.1

Control* and Zero**: activity of invertase before and after lyophilization, respectively.
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3.4 reusability of immobilized invertase 
in a batch process

One of the major objectives of immobilization 
of an enzyme is to allow its recovery for re-use. 
Accordingly, the following experiments were car-
ried out to study the inversion of sucrose by the 
immobilized invertase preparations in a batch 
process. Fig. 2 shows that, after 8 repeated cy-
cles, the enzyme attached on DEAE-cellulose 
and polyacrylamide lost only 6.4 and 5.1% of 
its initial activity, respectively.

sHIOMI et al. (1988) reported that the activity 
of invertase immobilized on poly (ethylene-co-vi-
nyl alcohol) fell to approximately 60% of the in-
itial activity in the early stage for both repeated 
and continuous usage and after that kept almost 
that value. NAKANE et al. (2001) found that the 
activity of invertase immobilized on composite gel 
fibre of cellulose acetate and zirconium alkoxides 
dropped to 90% after 10 repeated runs. bAHAr 
and tUNcEL (2002) reported that the activity of 
invertase immobilized onto crosslinked poly (p-
chloromethylstyrene) decreased by 20% after 25 
batch experiments. Invertase immobilized on mi-
croporous montmorillonite could be reused for 
15 continuous cycles without loss in its activi-
ty, whereas after 21 continuous cycles, the cov-
alently bound invertase retained 80% of its in-
itial activity. the loss in activity was attributed 
to inactivation of the enzyme due to continuous 
use (sANJAY and sUGUNAN, 2005). GÓMEZ et al. 
(2006) reported that invertase immobilized on 
carboxymethylcellulose retained 98% of the orig-
inal catalytic activity after 10 cycles of reuse. EM-
rEGUL et al. (2006) showed that when polyacry-
lamide gelatine was used for invertase immobi-
lization, it could be used 20 times over a period 
of 2 months without considerable loss of activity.

Also, Fig. 2 shows that the stability of the en-
zyme fixed on hen-egg white was less than that 
of the enzyme immobilized on DEAE-cellulose 
or polycrylamide. It lost about 9.1% of its origi-
nal activity after eight times of repeated usage. 
D’sOUZA and NADKArNI (1981) reported that in-
vertase fixed on hen-egg white was stable dur-
ing repeated use for eight times.

3.5 continuous inversion at different sucrose 
concentrations

continuous column reactors are more effi-
cient than batch reactors and are also simple 
and easy to operate and automate. Large-scale 
and continuous operations minimize labor costs 
and facilitate control and products of more reli-
able quality than the traditional batch process 
(KENNEDY and WHItE, 1985; AKGOL et al., 2001).

Invertase immobilized on polyacrylamide was 
selected to study the continuous inversion of su-
crose since it was the more effective one as com-
pared with the other supports tested. the data 
in Fig. 3 show that in a continuous column op-

eration, an important relationship has been ob-
served between the initial sucrose concentra-
tions and the other operating parameters. For 
each of the initial sucrose concentrations used, 
the percentage of inversion decreased within a 
narrow range (28 to 35%) by increasing the flow 
rate from 40 to 120 mL/h. the amount of su-
crose hydrolysed also decreased, but differed 
greatly by increasing the flow rate. the amount 
of sucrose inverted was 581 and 405 at flow rates 
40 and 120 mL/h, respectively when the initial 
sucrose concentration was 20%. these two val-
ues rose to 1260 and 764, respectively for the 
treatment started by 50% sucrose solution.

these results indicated that increasing the 
operating flow rate will lower the contact or re-
action time between sucrose and invertase and 
hence will decrease both the percentage of the 
inversion and the amount of glucose formed.

these results are in agreement with those re-
ported by GOLDstEIN et al. (1977) who found 
that inversion levels in excess of 90% could be 
achieved when sucrose was fed to the column 
containing invertase immobilized on collagen 
membranes at low concentrations (<0.3 M) of 
sucrose solutions. Encapsulated invertase in 
polyelectrolyte complexes showed a high oper-
ational stability if low substrate concentrations 
were applied (MANsFELD et al., 1992). KOtWAL 
and sHANKAr (1997) reported that invertase im-
mobilized on indion 48-r showed inhibition at 
high substrate concentrations.

Fig. 2 - reusability of immobilized invertase in batch proc-
ess for 8 cycles.
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Fig. 3 - continuous inversion at different sucrose concentrations (20 to 50%) and flow rates (40-120 mL/h).

the effect of the initial sucrose concentrations 
within all the treatments tested in the present 
study was different from that of each treatment. 
the initial sucrose concentrations had different 
effects on the degree of inversion and the amount 
of sucrose inverted. the percentage of inversion 
decreased while the amount of sucrose inverted 
increased by increasing the initial sucrose con-
centration. the degree of inversion was 99% and 
dropped to 86% when the initial sucrose concen-
tration increased from 20 to 50% at flow rate of 
40 mL/h. Whereas, the amount of sucrose in-
verted was 581 mmol (at 20% concentration) 
and rose to 1,260 mmol (at 50% concentration) 
for the same flow rate.

the amount of sucrose inverted is more im-
portant than the percentage of hydrolysis. so 
the treatment, which has higher inverted su-
crose, is commercially viable due to the de-
crease in the processing cost (AGGArWAL et 
al., 2001).

However, operation at low solids is not com-
mercially preferred due to the increase in the 
evaporation cost, the need for larger hydrolysis 
tanks and the risk of microbial contamination 
(GrAbEr and cOMbEs, 1990; HEbEDA, 1992).

AMAYA-DELGADO et al. (2006) used a tubu-
lar fixed bed reactor for continuous sucrose hy-
drolysis by invertase immobilized on nylon-6-
microbeads. they demonstrated very good pro-
ductivity, up to 2.0 M sugar concentration, with 
inversion factors of 0.95 and 0.97 depending on 
sucrose concentration in the feeding.

3.6 continuous operational stability 
of invertase entrapped in polyacrylamide

the most effective continuous inversion treat-
ment (polyacrylamide- invertase gel, 50% ini-
tial sucrose concentration and a flow rate of 40 
mL/L) was used to estimate stability using the 
continuously operated column. Data in Fig. 4 
show the retained activity tested daily through 
5 days of continuous operation. Also, the activ-
ity was measured on the 15th and 30th days of 
storage at 4°c. It was found that the immobi-
lized enzyme preparation was nearly complete-
ly stable through five days of continuous oper-
ation. It lost only 3% of its initial activity during 
this period. After 15 and 30 days of storage, the 
retained activity was 91 and 83%, respectively. 
these results indicate that the hydrolysis of su-
crose using continuous column reactors could 
be operated for long periods.

GINALsKA et al. (1999) used a column with im-
mobilized invertase on controlled pore glass and 
was able to degrade sucrose to glucose and fruc-
tose in an amount of 60 g/h and the enzyme in 
the column remained fully active for 120 days. 
AKGOL et al. (2001) investigated the operational 
stability of immobilized invertase onto magnet-
ic polyvinyalcohol in a packed bed reactor. their 
results showed that during the initial 12 h, the 
enzyme system preserved all of its initial activi-
ty. After 40 h, the immobilized enzyme lost about 
17% of its initial activity. Invertase immobilized 
on a poly (maleic anhydride-hexen-1) membrane 
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Fig. 4 - continuous operational stability of invertase entrapped in polyacrylamide (50% initial sucrose concentration and 
flow rate 40 mL/l).

was stable and could be used many times over 
a period of 2 months without considerable ac-
tivity loss (HIDAYEt et al., 2006).

sANJAY and sUGUNAN (2006) reported that in-
vertase immobilized on montmorillonite by cova-
lent binding retained complete activity for up to 
64 h of continuous reaction in a packed bed re-
actor and after 96 h, 75% activity was retained.

4. cONcLUsION

Immobilization of invertase to the three dif-
ferent supports used showed good stability for 
5 months at 4°c. the immobilized preparations 
could be re-used for eight cycles with slight de-
crease in their initial activity. Also, they could be 
stored in lyophilized form for 4-5 months. the 
polyacrylamide enzyme gel showed satisfacto-
ry activity in high sucrose concentrations and 
a good operation stability.
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AbstrAct

144 pigs were fed 2 diets: LL and HL (41 vs 51 fat/kg DM) in summer or winter. Diet and sea-
son affected fatty acids profile. Diet LL increased significantly c14:0 c16:0 c16:1 and sFA, while HL 
improved significantly c14:1 c17:0 c17:1 c18:2 and PUFA. c16:0 and sFA levels resulted significantly 
higher in summer than in winter, whereas c18:2 c18:3 c20:1 c22:0 PUFA and IV showed opposite trend. 
c14:0 c16:0 c18:3 and c22:0 showed significant interaction. For c18:3, during winter low temperature 
reduced diets difference, while for c14:0 c16:0 and c22:0 summer reduced diets difference for deple-
tion of fat tissue turnover.
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INtrODUctION

Fatty acid profile is an important parameter 
of meat quality and it is a fundamental charac-
teristic that must be considered in order to pre-
serve cured bacon and hams against oxidation 
and “soft fat” defects (WOOD et al., 2008).

Many biotic and abiotic factors can affect li-
pid profile. Amongst biotic factors, the increas-
ing “health” consciousness of consumers, has 
led to rear lean genetic pool in Italian heavy pig 
farming, resulting in high UFA profile and con-
sequently causing several problems to meat 
processing technologists (LO FIEGO et al., 1990). 
In this process, linoleic fatty acid (c18:2) is the 
main agent in guaranteeing good fat character-
istics with its high iodine value (IV) contribu-
tion. In order to obtain adequate final products, 
a c18:2 threshold value must be lower than 15% 
in covering fat of raw ham and iodine value no 
higher than 70 (LO FIEGO et al., 2005). In order 
to obtain a firm fat, c18:2 content in pig diet must 
be no more than 2% on dry matter basis (DELLA 
cAsA et al., 2010). Diet optimisation has a piv-
otal role in order to meet the animal growth and 
improve carcass quality traits. Pigs have great 
potential in regulating fatty acid proportions 
which cannot be synthesised by the animal tis-
sue (WIsEMAN and AGUNbIADE, 1998) and fatty 
acid profile of their adipose depots can be mod-
ulated (NGUYEN et al., 2003; HUGO and rOODt, 
2007). For this reason, changes in dietary fat can 
greatly modify the fatty acid profile of fat depos-
ited (NUrNbErG et al., 1998) and consequent-
ly rebound on both nutritional and technologi-
cal properties of final products. Indeed, it is im-
portant to remember that by mirroring the fatty 
acid composition of the diet, in a short time pe-
riod within 2 to 6 weeks, the pig is able to mod-
ify the backfat fatty acid profile (WIsEMAN and 
AGUNbIADE, 1998; GAtLIN et al., 2002).

WIsEMAN and AGUNbIADE (1998) reported that 
the dietary fat sources could influence the fat-
ty acid profiles of finishing pigs resulting in lip-
id oxidation and rancidity phenomena by UFA 
fat in carcass and consequently a poor quali-
ty of meat.

the use of high PUFA diet can play a pro-ox-
idant effect of lipid subfraction phospholipids 
with consequent development of warmed-over-
flavour in meat (WArNANts et al., 1996).

Usually, pigs are fed diets rich in corn and 
the risk of fat high in UFA is not infrequent be-
cause of the modern corn hybrids are charac-
terized by high variability in UFA contents (DEL-
LA cAsA et al., 2010). this situation has led to 
negatives consequences for pig producers, be-
cause they may produce pigs inappropriate for 
cured meat production. In addition, another 
well-known abiotic factor is the rearing temper-
ature which has a primary importance for pro-
ductive performance. It is well known that expo-
sure to different environmental conditions (tem-

perature, relative humidity, photoperiod) could 
affect swine metabolism influencing many physi-
ological responses and carcass quality traits, in-
cluding fatty acids profile (rINALDO and LE DI-
VIDIcH, 1991; WHItE et al., 2008). conversely, 
few studies are available regarding the possible 
effects of rearing season, on fatty acid profile in 
pigs (rODrIGUEZ-sANcHEZ et al., 2009).

the goal of this research was to study the ef-
fect of season (winter and summer) in heavy pigs 
fed increasing fat level diets, aiming to evalu-
ate variation of fatty acids profile in subcutane-
ous thigh fat.

MAtErIAL AND MEtHODs

Animals and diets

A 60 d trial consisting in a 2 x 2 complete fac-
torial design, rearing season and diet was per-
formed. Pigs have been reared in winter (from 
January to March) and in summer (from July 
to August). trials were repeated twice, during 
the same period, in 2008 and 2009. Each year, 
72 castrated males (210±3 days of age) and 120 
(±3.45) kg belonging to a GOLAND c21 commer-
cial type have been randomly allotted to each 
one of 4 diet-season combinations (n=18). Pigs 
have been fed in a restricted way with two com-
mercial diets based on cereals, cereal by-prod-
ucts and soybean-meal, with increasing levels of 
fat (g fat/kg DM) as follows: Low Level=LL (41); 
High Level=HL (51).

Proximate composition and fatty acids pro-
file of diets are reported in table 1. Diet was 
distributed twice a day and the average quan-
tity of diet delivered during the feeding period 
was 2.6 kg/die for each animal. Feed from each 
batch were sampled 30 days and 7 days prior 
to slaughtering, vacuum-packaged and stored at 
-20°c until subsequent chemical analysis were 
performed. Pigs were reared indoor and not in 
climatized barn in common husbandry condi-
tions of Piedmont, in the same farm located in 
caraglio, (north-western Italy; 44.42°N latitude 
and 7.43°W longitude, 575 m asl). the daily tem-
perature series have been taken from regional 
service for Weather Forecast (ArPA http://www.
arpa.piemonte.it/).

Fat sampling

Following the regulations of the Italian Par-
ma ham consortia, at the age of 270 days, all 
pigs were slaughtered after fasting of 12 h in a 
commercial abattoir, according to industry-ac-
cepted procedure. slaughtering average weight 
was 163.1 (±4.75). Fat-O-Meater (FOM) mea-
surements were recorded to calculate carcass 
lean percentage. After a chilling period of 24 h 
at 0° to 2°c, fat thickness on right thighs (caput 
ossis femoris) was measured. A sample of 50 g 
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table 1 - chemical composition (g/kg DM) and main fatty 
acids composition of diets (% on total FAME).

	 1Low	Level	 SD	 2High	Level	 SD
	 (LL)	 	 (HL)

Dry	Matter	 890	 4.4	 890	 4.3
Crude	Protein	 155	 5.4	 155	 5.4
Ether	extract	 41.2	 1.0	 51.4	 0.5
Crude	Fiber	 48.6	 1.4	 47.2	 1.3
Ash	 59.5	 1.0	 59.3	 0.5
3Digestible	energy	 14.15	 -	 14.34	 -
(MJ/kg	DM)

C	14:0	 0.14	 0.02	 0.17	 0.05
C	15:0	 0.50	 0.04	 0.98	 0.14
C	16:0	 23.11	 1.51	 19.22	 0.03
C	18:0	 10.27	 1.10	 7.42	 0.23
SFA	 34.01	 2.59	 27.78	 0.07

C	14:1	 0.48	 0.02	 0.36	 0.01
C	15:1	 0.08	 0.01	 0.12	 0.02
C	16:1	 0.67	 0.16	 1.05	 0.01
C	18:1	 28.06	 0.37	 28.48	 0.13
MUFA	 29.29	 0.25	 30.00	 0.13

C	18:2n6	 37.55	 0.45	 39.66	 0.75
C	18:3n3	 1.57	 0.09	 2.12	 0.04
PUFA	 39.11	 0.54	 41.78	 0.71

1LL=	41	g	EE/kg	DM	diet;
2HL=	51	g	EE/kg	DM	diet.
3Digestible	energy	was	calculated	in	according	to	English	et al.	(1988).

benner circle, bellefonte PA 16823). results 
were expressed as percentage of total methyl 
esters (FAME). the percentages of saturated 
(sFA), monounsaturated (MUFA), polyunsatu-
rated (PUFA) and unsaturated (UFA = MUFA + 
PUFA) fatty acids were calculated. the iodine 
value was calculated from the fatty acid compo-
sition (g/100 g of total FA) according to AOcs 
(1998) as follows:

Iodine value = (c16:1 × 0.950) + 
+ (c18:1 × 0.860) + (c18:2n-6 × 1.732) +
+ (c18:3n-3 × 2.616) + (c20:1 × 0.785) +

+ (c22:1 × 0.723)

statistical analysis

the effects of fixed factors (rearing season, diet 
and year) and respective interactions on sub-
cutaneous fatty acid profile were evaluated by 
a three-way analysis of variance using the GLM 
procedure of sPss v.17.0 for Windows (sPss 
Inc. chicago Illinois, 2008). since the year of 
pig-raising factor was not significant, data were 
analyzed by two-way ANOVA considering season 
and diet. significance was accepted at P<0.05.

rEsULts AND cONcLUsIONs

collected temperature data showed that on 
2008 the average temperatures were 5.7°c (-3.5° 
to 27.6°c) in winter (Fig. 1), and 22.0°c (10.6° 
to 34.3°c) in summer (Fig. 2). In 2009 the aver-
age temperatures were 5°c (-4.3° to 22.7°c) in 
winter (Fig. 3), and 22.2°c (12.5° to 32.8°c) in 
summer (Fig. 4). In winter in both years, occur-
rences of hot days with temperature that strong-
ly deviated from the average values have been 
observed. the reason of this phenomenon is due 
to specific meteorological conditions. Indeed, this 
geographical area is blown by a northern wind, 
typical of the winter period that sweeps down 
from alpine elevations to the plains increas-
ing the atmospheric pressure and consequent-
ly heating the air. Irrespectively to the year and 
season, pigs have been reared out of the com-
fort zone for many days during the finishing pe-
riod, as indicate by WHIttErMOrE (1993) and 
cLOsE (1983). this occurrence is typical in fat-
tening piggery of continental climate area and 
can affect the composition of carcass and meat. 
considering both years, irrespectively of the die-
tary treatment, thigh fat thickness (mm) ranged 
from 20.9 (±0.8) to 21.3 (±1.2) and the percent-
age of carcass lean estimated by FOM at slaugh-
ter ranged between 52.00 (±1.1) and 51.41 (±0.8) 
for LL and HL, respectively. the fatty acid pro-
files of fat are shown in table 2. Effect of sea-
son is observed for c16:0 (P<0.01), c22:0 (P<0.01) 
and sFA (P<0.05). c16:0 and sFA resulted higher 
in summer than in winter whereas c22:0 showed 
opposite trend. Diet significantly affected the 

of subcutaneous fat, including both outer and 
inner layer, was collected from each pig. sam-
ples were stored at -20°c for subsequent chem-
ical analysis.

Analytical methods 
and iodine value calculation

Diet fat content was determined in accord-
ance with AOAc rules (2000), while lipids were 
extracted according to FOLcH et al. (1957) for 
determining fatty acid composition. For lipid 
diets and subcutaneous fat samples, fatty acid 
methyl esters (FAME) were prepared following 
AOAc rules (2000) and analysed by gas chro-
matography. A sHIMADZU – Gc 17A equipped 
with a HP88 capillary column (100 m × 0.25 mm 
ID, 0.2 µm film thickness; Varian) was used. 
the column temperature was held at 45°c for 
5 min and then rose to 20°c min-1 to a final 
temperature of 190°c, where it remained for 
50 min. temperature of the injector and flame-
ionization detector were maintained at 250° 
and 280°c, respectively. the injection volume 
was 0.1 µL, nitrogen column flow was 1.4 mL/
min with nitrogen average velocity at 22 cm/
sec. the individual fatty acids were identified 
by comparing their retention times with those 
of standard fatty acids (FAME Mix 30 mg/mL 
methylene chloride, restek corporation – 110 
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Fig. 1 - 2008 Winter - Daily temperature during feeding period.

Fig. 2 - 2008 summer - Daily temperature during feeding period.

level of c14:0, c16:0, c17:0 and sFA (P<0.01) with 
c14:0, c16:0 and sFA higher in LL than HL and 
c17:0 lower in LL than HL. Amongst MUFA only 
eicosenoic acid (c20:1) was significantly affected 
by season (P<0.05) increasing during the winter. 

Amongst MUFA, myristoleic acid (c14:1) (P<0.01), 
palmitoleic (c16:1) (P<0.05) and heptadecenoic 
acid (c17:1) (P<0.01) were affected by diet. In par-
ticular c14:1 and c17:1 are increased in HL, while 
c16:1 increased in LL. season significantly affect-
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ed linoleic (c18:2), linolenic (c18:3), PUFA and IV 
(P<0.01), that resulted all increased in winter.

Moreover linoleic, linolenic and IV were sig-
nificantly affected by diet (P<0.01). Diet high in 
ether extract induced an increasing in c18:2 and 

consequently in PUFA. Also IV was increased by 
HL diet. significant interaction was observed for 
c14:0, c16:0, c18:3 (P<0.05) and c22:0 (P<0.01). the 
results showed that diet is more effective than 
season to induce fatty acid profile modifications, 

Fig. 3 - 2009 Winter - Daily temperature during feeding period.

Fig. 4 - 2009 summer - Daily temperature during feeding period.
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in particular for saturated and monounsaturat-
ed fatty acids types. conversely, PUFA fatty ac-
ids are affected both by season and diet in inde-
pendent way. In a few cases, mainly on saturat-
ed lipids, a significant interaction has been ob-
served, whereas no interaction is evident about 
MUFA. c18:3 showed interaction season-diet and 
during the cold season, differences between di-
ets seems to be reduced by low temperature.

In the case of interaction observed for c14:0, 
c16:0 and c22:0, season seems to play an opposite 
effect with a reduction of difference due to diet 
in hot season when the rate of turnover of fat 
tissue is reduced (LEbrEt and MOUrOt, 1998).

Fatty acid profile results in accordance with 
data reviewed by HUGO and rOODt (2007) and 
WOOD et al. (2008). both sFA and MUFA pro-
files reflected the typical traits of heavy pigs com-
monly reared for Italian cured ham related in-
dustry and confirmed the data of LO FIEGO et 
al. (2005; 2010).

In literature, to our knowledge, there are con-
troversial references about seasonal effect on ad-
ipose tissue composition of pig, and most stud-
ies useful to explain the effect, are related to 
differences due to environmental temperature. 
In earlier studies, MAc GrAtH et al. (1968) and 
stAHLY and crOMWELL (1979) observed that en-
vironmental temperature was a discriminating 
factor on physical characteristics of fat as melt-
ing point and modify the lipid profile response 
in unsaturated fatty acids proportion. Moreover, 
it is well known that body fat distribution is af-
fected by environmental temperature and its ef-
fect is independent of feeding conditions. In prac-
tice, the percentage of abdominal fat and per-

table 2 - Effect of season and dietary fat level on heavy pigs fatty acids profile (N=144) (% on total FAME).

	 Winter	 Summer	 Significance
	 SEM
	 LL	 HL	 LL	 HL	 	 Season	 Diet	 S	×	D

C12:0	 0.07	 0.08	 0.07	 0.08	 0.00	 NS	 NS	 NS
C14:0	 1.31	 1.25	 1.33	 1.36	 0.01	 NS	 **	 *
C16:0	 24.30	 23.22	 24.43	 24.00	 0.09	 **	 **	 *
C17:0	 0.28	 0.34	 0.28	 0.31	 0.01	 NS	 **	 NS
C18:0	 12.44	 12.27	 12.87	 12.58	 0.10	 NS	 NS	 NS
C22:0	 0.56	 0.64	 0.55	 0.51	 0.01	 **	 NS	 **
SFA	 39.01	 37.80	 39.54	 38.79	 0.16	 *	 **	 NS
C14:1	 0.04	 0.05	 0.04	 0.05	 0.00	 NS	 **	 NS
C16:1	 2.15	 1.97	 2.11	 2.05	 0.03	 NS	 *	 NS
C17:1	 0.25	 0.34	 0.26	 0.32	 0.01	 NS	 **	 NS
C18:1	 44.62	 45.06	 44.97	 44.90	 0.15	 NS	 NS	 NS
C20:1	 0.95	 1.01	 0.82	 0.92	 0.02	 *	 NS	 NS
MUFA	 48.00	 48.43	 48.20	 48.24	 0.16	 NS	 NS	 NS
C18:2	 12.42	 13.11	 11.80	 12.35	 0.10	 **	 **	 NS
C18:3	 0.56	 0.67	 0.46	 0.63	 0.01	 **	 **	 *
PUFA	 12.98	 13.77	 12.26	 12.98	 0.11	 **	 **	 NS
1IV	 64.14	 65.86	 62.96	 64.32	 0.19	 **	 **	 NS

NS:	not	significant;	*P<0.05;	**P<0.01.
1Iodine	value	=	(C16:1×0.950)	+	(C18:1×0.860)	+	(C18:2n-6×1.732)	+	(C18:3n-3×2.616)	+	(C20:1×0.785)	+	(C22:1×0.723).

irenal depots increase at the expense of back-
fat when temperature increases and the mech-
anism is inverted when temperature drops (NO-
bLEt et al., 2001).

In lamb, the effect of season on fatty acids 
profile of fat is well known as reported by ENs-
Er and WOOD (1993) and more recently in suck-
ling lamb by MAZZONE et al. (2010). the effect is 
due to the variation of the quality and quantity 
of sheep pasture that modify the proportion in 
volatile fatty acids in rumen. conversely in pig, 
this explanation cannot be accepted because of 
pig is a monogastric commonly indoor reared in 
not climatized barn and fed in a constant way 
all around the year. Nevertheless in practice, de-
spite diets are quantitatively and qualitatively 
controlled, cases of high fat unsaturation level in 
backfat (iodine value >70) are often reported. LE-
FAUcHEr et al. (1991) observed that a difference 
of 16°c in pig housing temperature, struck again 
on unsaturated backfat proportion. rINALDO and 
MOUrOt (2001) reported that Large White pigs 
grown in a tropical climate compared to a group 
reared in thermally neutral zone (20°c) showed 
an increased level of c18:2 and c18:3 in backfat. re-
cently, WHItE et al. (2008) reported that a tem-
perature of 32.2° vs 23.9°c had an independ-
ent effect on increasing iodine value of back and 
belly fat with a significant change in c18:2 pro-
portion. rODrIGUEZ-sANcHEZ et al. (2009) ob-
served a significant effect of seasonality on sFA, 
MUFA and UFA while linoleic and linolenic acids 
were not significantly affected. Our results agree 
partially with these authors. In fact a significant 
effect of rearing season on sFA and PUFA was 
observed but no significant differences were re-
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ported for MUFA. DAUNcEY and INGrAM (1988) 
suppose that increasing unsaturation in win-
ter could be explained considering the stimula-
tion of respiratory enzyme activities in skeletal 
muscles. LE DIVIDIcH et al. (1987) and KAtsU-
MAtA et al. (1995) stated that, compared to ther-
moneutral and cold temperatures, high temper-
atures could reduce the backfat unsaturation. 
Furthermore, it must be remembered that dur-
ing cold stress, thermoregulatory mechanisms 
are activated and the feeding level affects the 
requirements for metabolizable energy to main-
tain homeothermy. In particular, cLOsE (1983) 
stated that for pigs of 120 kg (bW) fed restrict-
ed from 2.5 to 3.0 kg/die, the lower critical tem-
perature ranged from 15° to 11°c. Nevertheless, 
effect of seasonality on fatty acid profile are less 
important than the effect of diet as indicated by 
results of this study.

However the lack of significant interaction be-
tween season and diet, observed on two consec-
utive years, for the main fatty acid (c18:2), sug-
gest that season of rearing can affect the un-
saturation level of fat. 

As reported in table 2, regarding the diet, the 
results confirmed the data reported in litera-
ture. Diet significantly affects the main fatty ac-
ids, in particular PUFA, sFA and iodine value, 
while MUFA are unaffected. From this point of 
view, the quantity of fat and the linoleic acid lev-
el of diet exerted a primary role to induce chang-
es in subcutaneous fat lipid profile. results of 
this study ranged in acceptable values of linoleic 
acid below 15% and iodine value below 70. Nev-
ertheless, a significant increase in linoleic and 
iodine value from LL to HL diet is observed. the 
low level of linoleic acid in subcutaneous fat can 
be due to fat thickness, which was more than 20 
mm in thighs examined. this inverse relation-
ship is well known (WOOD et al., 2008). Moreo-
ver it must be remembered that these pigs were 
slaughtered at 270 d of age and it is established 
the relationship between age of slaughtering and 
fatty acid profile of adipose tissue (KOUbA et al., 
2003; LO FIEGO et al., 2010). 

Approximately the quantity of linoleic in the 
diet of trial ranged between 16 to 20 g/kg on dry 
matter basis. the effect of intake of diet charac-
terized by this quantity of c18:2 is in agreement 
with bOcHIccHIO et al. (2005) who obtained sim-
ilar results with diets containing approximate-
ly 23 g and 21 g of c18:2 resulted in about 12 to 
13% c18:2 in subcutaneous fat of thigh. Our re-
sults are in agreement with the observations of 
cOrINO et al. (2008), who showed that a 5% ex-
truded linseed diet corresponded in backfat to 
10.45% of c18:2 on total FAME, for 160 kg bW 
slaughtered pigs. FONtANILLAs et al. (1997) ob-
served values ranging from 10 to 12% of c18:2 in 
backfat of pig fed using diet containing 15 g lino-
leic acid/kg. Linoleic acid linear proportion be-
tween dietary intake and tissue content is well 
described (WOOD et al., 2008). the heavy pigs 

show different fat characteristics, in compari-
son to light pigs, probably due to genetic selec-
tion and age of slaughtering, in order to obtain 
a specific product for cured meat industry.

In conclusion it is possible to affirm that sea-
sons have a role in modifying lipid profile in 
heavy pig. Probably, the effect is due to the tem-
perature that in the season is the main factor 
of variability affecting the rearing environment. 
High unsaturation degree in animals reared in 
winter was observed. the season exerted an ef-
fect irrespectively of diet, and in some cases in-
teracts with diet as for linolenic acid. From this 
point of view, the results confirm that when the 
feed level is maintained up to 20 g c18:2 /kg of 
DM, the differences in fatty acids proportion, 
do not compromise the suitability of thighs for 
ham production and the parameters for satis-
factory quality of fat are obtained: c18:0>12% 
and c18:2<15% (LO FIEGO et al., 2005). In prac-
tice, Italian typical ham industry must consid-
er the eventuality that season changes the fat-
ty acid profile of thighs, and then the attitude 
of meat to transformation. this aspect should 
be remembered also by feedstuff manufactur-
ers and providers in order to modulate the feed 
formulation in different seasons, and to reduce 
the risk of increasing unsaturation of fat dur-
ing the cold season.
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AbstrAct

the effect of antioxidants (water-soluble rosemary extract, sodium erythorbate and their mix-
ture), packaging method (VP and MAP-20% cO2 / 80% N2) and storage time on the quality of tur-
key meatballs were studied. the applied antioxidants delayed lipid oxidation and improved the 
sensory quality of turkey meatballs. the rate of lipid oxidation was lower in vacuum packaged 
samples than in MA-stored samples. Water-soluble rosemary extract was less effective than sodi-
um erythorbate in delaying lipid oxidation, regardless of the packaging method, and it protected 
samples against redness fading during modified atmosphere storage. sodium erythorbate slowed 
down the hydrolytic process in turkey meatballs more effectively during vacuum storage than 
during MA storage.
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INtrODUctION

Over the past decade, poultry-based prod-
ucts have become increasingly popular world-
wide due to their high nutritional quality. such 
products are available either fresh or precooked, 
and after subsequent packaging they are usu-
ally stored under refrigeration. since poultry is 
perishable food, the main concern of the meat-
processing industry is to extend the shelf-life of 
poultry products. the susceptibility of poultry 
meat to microbial spoilage presents a potential 
health hazard, since it may harbor pathogenic 
microorganisms. spoilage is commonly detect-
ed by a sensory and/or microbiological analy-
sis (PAtsIAs et al., 2006).

Poultry meat contains high amounts of pol-
yunsaturated fatty acids, which makes it sus-
ceptible to oxidation (LUcErA et al., 2009). Ox-
idation is one of the major causes of chemical 
spoilage, resulting in rancidity and deterioration 
of the nutritional quality, color, flavor, texture 
and safety of foods (ANtOLOVIcH et al., 2002). 
this irreversible change contributes to the de-
velopment of unacceptable organoleptic charac-
teristics in both fresh and frozen processed meat 
products. Oxidative processes are also associat-
ed with discoloration of meat products, as lip-
id oxidation results in the formation of pro-ox-
idants capable of reacting with oxymyoglobin, 
which leads to the development of metmyoglob-
in (LUcErA et al., 2009).

there has been an increasing interest re-
cently in the use of spices and aromatic 
herbs which, owing to their strong antioxi-
dant and antimicrobial properties, are often 
considered superior to many of the current-
ly used natural and synthetic antioxidants. 
the above properties result from the presence 
of vitamins, flavonoids, terpenoids, caroten-
oids, phytoestrogens and minerals, and they 
render spices and some herbs or their anti-
oxidant components as preservative agents 
in food (sUHAJ, 2006).

rosemary (Rosmarinus officinalis) is a plant 
of the family Labiatae, whose major and most 
active components are carnosol, carnosic acid 
and rosmarinic acid. rosematy is an important 
contributor to the oxidative stability of meat 
products (MArtÍNEZ et al., 2006). Water-soluble 
rosemary extract is a natural product contain-
ing phenolic diterpenes, which suggests that 
it may possess antioxidant activity. However, 
the practical application of extracts is limited 
due to the strong flavor they impart to foods as 
well as to their interactions with some food in-
gredients (bUrt, 2004). For these reasons the 
preservative effect of extracts may be achieved 
by using them in lower concentrations and in 
combination with other preservation technol-
ogies such as low temperature and vacuum or 
modified atmosphere packaging (LUcErA et al., 
2009). several Authors reported that some com-

pounds in rosemary extracts could have anti-
bacterial activity (cUVELIEr et al., 1996; DEL 
cAMPO et al., 2000)

Packaging methods including vacuum pack-
aging (VP) and modified atmosphere packag-
ing (MAP) have been investigated as technolo-
gies to increase the shelf-life of poultry prod-
ucts by inhibiting spoilage and the growth of 
pathogenic microorganisms (NtZIMANI et al., 
2008). Modified atmosphere packaging (MAP) 
has gained considerable popularity over the 
last decades as a modern non-thermal meth-
od of food preservation. the proper combi-
nation of gases (cO2, N2 and O2) in the head-
space of food packs results in suppression of 
the microbial flora of perishable foods such as 
meat products, developed under aerobic con-
ditions, and it helps to maintain their senso-
ry attributes (PAtsIAs et al., 2006).

MAtErIALs AND MEtHODs

Materials

thigh muscles of male british United bIG-
6 turkeys (Frednowy, Poland) were purchased 
from the Indykpol company (Olsztyn, Poland). 
Water-soluble rosemary extract (0791 stabilo-
tion Ws) containing 9±1% phenolic diterpenes 
(carnosic acid, carnosol, rosmanol) was pur-
chased from the rAPs GmbH &cO.KG compa-
ny (Kulmbach, Germany). sodium erythorbate 
was supplied by the Parchn Group company 
(Xingangshan town, Dexingxing city, Jiangxi 
Province, china).

Preparation of samples, packaging and storage

two different experiments were carried out, 
according to the following designs:

Experiment 1
After cutting and chilling, 1 kg portions of tur-

key meat were packaged in polyethylene bags 
and deep-frozen at –25°c at the “Indykpol” Poul-
try Processing Plant in Olsztyn. After three days, 
half of the material was placed in the refrigera-
tor at 3°c, where it was defrosted over 20 hours 
and assigned to the first experiment. Defrost-
ed meat was cut into 4-6 cm pieces and ground 
in a meat grinder, type MMU-10Z (Nakło, Po-
land) with a 4 mm mesh. Ground turkey meat 
was divided into four groups. Following the ad-
dition of wheat flour roll soaked in water (13%), 
beaten eggs (5%), flour (2%) and salt (1% in re-
lation to total mass weight) to meat (80%), the 
mass was mixed in a multifunctional food proc-
essor (bauknecht, Warsaw Poland). Experimen-
tal treatments were as follows: no additives (con-
trol - c), sodium erythorbate (sE) - 0.3 g/kg of 
total mass weight, water-soluble rosemary ex-
tract (Wr) - 0.3 g/kg and a mixture of Wr and 
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sE (MIX) - 0.15 and 0.15 g/kg, respectively. the 
amount of water-soluble rosemary extract (Ws) 
added to turkey meatballs was determined based 
on the recommendations of the supplier regard-
ing meat products, and previous research which 
investigated the sensory acceptability of the pro-
posed amount in the final product. As a result, 
Ws was added at the lowest concentration. the 
amount of sodium erythorbate was determined 
based on the recommendations of the suppli-
er and the amount of Ws, in order to compare 
their effects.

Water-soluble rosemary extract was mixed 
with part of the meat mass before mixing with 
the total mass. sodium erythorbate was dis-
solved in water (20°c) in the amount of 15 
g/100 mL, and it was slowly added to the meat 
mass while mixing. While preparing a mixture 
of sE and Wr, the ingredients were added in-
dividually. Next the mass was formed into 90 
g ± 1g meatballs (8 cm in diameter, 1 cm in 
thickness).

Eighty-four meatballs randomly selected from 
each treatment were placed on the oven tray 
(twelve meatballs at a time) and were cooked in 
the bEcK FcV 4 EDs steam-convection oven 
(bEcK GmbH, Jagsthausen, Germany) with a 
measuring probe. steam and hot air were used 
for heat treatment (air temperature - 180°c, 
steam saturation - 30%). the treatment was 
continued until a temperature of 82°c was 
reached inside the product. the patties ana-
lyzed after cooking were stored overnight at 0°c. 
the remaining samples were cooled to room 
temperature and vacuum packaged (VP-Exper-
iment 1) with the MULtIVAc A 300 packaging 
unit (Multivac, Wolfertschwenden Germany) 
into bags of a five-layer PE-LD/adh/PA/ADH/
PE-PD film (total thickness – 0.08 mm, PA lay-
er thickness – 0.024 mm, oxygen permeability 
- 40 cm3/m-224 h-1bar-1, water vapor permea-
bility – 10 g m-224 h-1bar-1). the samples were 
stored at 3° ± 1°c.

Experiment 2
After 14 days of storage, the other half of tur-

key meat was placed in the refrigerator at 3°c, 
where it was defrosted over 20 hours and as-
signed to the second experiment. Meatballs were 
prepared following the same procedure as in ex-
periment 1. After cooking and cooling to room 
temperature, the samples were packaged under 
modified atmosphere (a gas mixture of 80% N2 
and 20% cO2, MAP) with the MULtIVAc A 300 
packaging unit (Multivac, Wolfertschwenden 
Germany) into identical bags as in experiment 
1 and were stored at 3° ± 1°c.

three randomly selected packages were col-
lected every 5 days of storage from each exper-
iment and from each treatment for an analy-
sis of cIE L*, a* and b*, pH, AV, malondialde-
hyde (MDA) and water activity, and a sensory 
analysis. After 15 and 30 days of storage, one 

additional package was opened for a microbi-
al analysis.

Analytical Methods

Lipid oxidation analysis

Lipid oxidation was assessed in 10 g of tur-
key meatballs by the 2-thiobarbituric acid (tbA) 
method of tArLADGIs et al. (1960) modified 
by PIKUL et al. (1989), after 0, 5, 10, 15, 20, 
25 and 30 days of storage at 4°c. tbArs val-
ues were calculated from a standard curve of 
malondialdehyde and expressed as mg malond-
ialdehyde (MDA) kg-1 product. tbArs determi-
nation was conducted in triplicate on each of 
three samples per treatment. the antioxidant 
potential, expressed in terms of the percent-
age of antioxidant activity, was calculated us-
ing the equation:

% AOA= [tbArs value of the control sample 
– tbArs of the experimental sample] x 100/ 
[tbArs value of the control sample]

Acid value (AV)

the acid value (AV) indicates how much fat-
ty acid has accumulated as a result of lipoly-
sis. It was determined in fat extracted from the 
products after 0, 5, 10, 15, 20, 25 and 30 days 
of storage at 4°c, in accordance with the Polish 
standard PN-EN IsO 660 (Animal and vegeta-
ble fats and oils 2005). AV determination was 
conducted in triplicate on each of three sam-
ples per treatment.

pH

For pH determination, 10 g samples of the 
products stored for 0, 5, 10, 15, 20, 25 and 30 
days at 4°c and 90 mL of distilled water were 
homogenized in a blender (type MPW-302) for 60 
s. the pH of the mixture was measured using a 
pH-meter; model Atc PIccOLO 2 (Woonsocket 
UsA), standardized at pH 4 and pH 7 (PEXArA 
et al., 2002). pH was measured directly after ho-
mogenization and it was read after stabilization. 
pH determination was conducted in triplicate on 
each of three samples per treatment.

Water activity

An adequate amount of a ground sample was 
placed in a measuring container and three meas-
urements were performed on the products after 
0, 5, 10, 15, 20, 25 and 30 days of storage at 
4°c, using a water analyzer (type AWc 203-c, 
Novasina, Pfäffikon, switzerland), after reaching 
equilibrium at 20°c, according to the manufac-
turer’s instruction. the samples were brought to 
room temperature prior to evaluation. Water ac-
tivity determination was conducted in triplicate 
on each of two samples per treatment.
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Color evaluation

the color of the samples was determined with 
a spectrophotometer (Dr Lange spectro-color), 
d/8° with a 10 mm measuring aperture and 
sPEctrAL-Qc computer software after calibra-
tion using Dr Langeblack and white standards. 
the results are given in the color-coordination 
system cIE Lab [where L* measures relative 
lightness (L* = 0 darkness, L* = 100 lightness), 
a* - relative redness (+60 = red, -60 = green) and 
b* - relative yellowness (+60 yellow, -60 = blue)]. 
color was measured on the meat surface 30 min 
after the package had been opened. the meas-
urement was repeated at six randomly selected 
points on each of three samples per treatment.

Microbiological analysis

A 10 g ground sample of each product was 
taken aseptically and placed in a sterile stom-
acher bag containing 90 mL of ringer liquid. 
the sample in the bag was blended in a labora-
tory blender (stomacher 400, seward Labora-
tory, London, UK) for 2 min. and submitted to 
serial dilutions with the same diluents. For the 
determination of mesophilic and psychrotrophic 
bacteria, appropriate serial dilutions were plated 
on plate count nutrient agar, and were incubat-
ed at 30ºc for 72 h (mesophilic bacteria) and at 
6.5ºc for 7 days (psychrotrophic bacteria) pri-
or to enumeration. coliforms were enumerated 
by plating on violet red bile lactose agar (Merck, 
Warsaw, Poland) and then they were incubated 
at 30ºc for 48 h. the counts of fungi were de-
termined on YGc – Agar (Merck) after 96 h in-
cubation at 25ºc. to determine the presence of 
sulfate IV reducing Clostridium sp., adequate di-
lutions were inoculated into a liquid meat-liver 
agar medium, were heated at 80°c for 15 min-
utes and incubated at 37ºc for 48 h. All micro-
bial counts were reported as a logarithmic val-
ue of colony forming units per gram of sample. 
Microbial populations in the samples were de-
termined in triplicate before thermal process-
ing, after thermal processing and after 15 and 
30 days of storage at 3º ± 1° c. samples tak-
en from three randomly selected meatballs per 
treatment were homogenized.

Sensory quality

Meatballs were subjected to a sensory evalu-
ation by the flavor profile method (MEILGAArD 
et al., 1999). the sensory panel consisted of five 
panelists trained in accordance with the Polish 
standard IsO 11035 (Identification and selec-
tion of descriptors, 1999). All judges were trained 
to be familiar with the flavor attributes to be 
measured (meaty, typical of poultry meat, aro-
matic, typical of roasted meat, spicy-rosemary, 
sour, WOF). the sensory assessment was per-
formed after 0, 5, 10, 15, 20, 25 and 30 days 

of storage at 4°c. two sensory evaluation ses-
sions were conducted per day. the 2nd session 
comprised the replicates of the 1st session. the 
sessions were conducted at one-hour intervals. 
For flavor evaluation, two meatballs per treat-
ment were cut into approximately uniform piec-
es. samples were served in random order to each 
panelist on a white porcelain dish, coded with 
random numbers. At the beginning of each ses-
sion, the panel was presented with the refer-
ence samples for the extremes of scales of the 
flavor attributes to be measured. the intensi-
ty of particular attributes was determined on a 
five-point scale: 0-lack of perception; 1-hardly 
noticeable perception; 2-slightly noticeable per-
ception; 3-moderately noticeable perception; 4- 
strongly noticeable perception; 5-very strongly 
noticeable perception.

statistical analysis

both experiments were performed in a com-
pletely randomized 4 x 7 factorial design. the ex-
perimental factors included four additives and 
seven storage times. Data obtained for the ini-
tial characterization of the tested additives and 
storage time were subjected to a two-way analy-
sis of variance (ANOVA), after the normality and 
homogeneity of variance had been confirmed. 
since significant interactions were found, inde-
pendent one-way ANOVA tests were carried out 
on each variable (additives and storage time). 
When the ANOVA showed the differences to be 
significant, the obtained values were evaluated 
by tukey’s test. Additive treatments were com-
pared each day. the level of significance was de-
termined at P<0.05. the relationships between 
the investigated properties were determined 
using Pearson’s correlation. the correlations 
between sensory attributes and lipid changes 
(MDA, AV) were performed using spearman’s 
non-parametric rank correlation test. the sta-
tistical analysis was carried out using stAtIs-
tIcA 7.1 software (statsoft Inc. 2008).

rEsULts AND DIscUssION

the effect of water-soluble rosemary extract 
and sodium erythorbate on lipid stability

Determination of lipid oxidation

An analysis of variance showed (table 1) that 
the analyzed additives and storage time signif-
icantly (P<0.001) affected the MDA content in 
samples stored under vacuum and modified at-
mosphere conditions. Vacuum-packaged turkey 
meatballs (table 1) without active compounds 
(c) showed the highest MDA values throughout 
storage. MDA concentrations in all samples de-
creased significantly after 5 days of storage, and 
during further storage MDA content changed 
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significantly, but the observed 
changes were ambiguous. the 
decrease in the MDA content 
noted after 5 days of storage 
could result from the fact that 
the rate of MDA reaction with 
protein was faster than the rate 
of MDA formation, or the forma-
tion of secondary products of li-
pid oxidation that do not react 
with tbA. ULU (2004) report-
ed that malonaldehyde is high-
ly reactive and remains bound 
to other food ingredients. After 
30 days of vacuum storage, the 
MDA content of all samples was 
significantly higher, compared 
with the first period of storage. 
similar changes in tbA values 
were also noted by NAssU et al. 
(2003) in a study investigating 
the effect of natural antioxidants 
in fermented goat sausages dur-
ing a storage period of 80 days, 
and according to the Authors 
they were due to the fact that 
malonaldehyde did not accu-
mulate as a stable end product.

Until day 25 of MA storage 
(table 1), lipid oxidation in con-
trol (c) samples was more in-
tense than in treated samples. 
At the last stage of storage, 
samples containing water-solu-
ble rosemary extract and a mix-
ture of sodium erythorbate and 
water-soluble rosemary extract 
were characterized by a higher 
MDA content, compared with c 
and sE samples. the inhibito-
ry effect of water-soluble rose-
mary extract on lipid peroxi-
dation in cooked turkey prod-
ucts might be due to the free 
radical scavenging and transi-
tion metal chelating activities of 
Wr components (HUANG et al., 
1996). YU et al. (2002) found 
that water-soluble rosemary ex-
tract prevented lipid oxidation 
in cooked turkey products dur-
ing refrigerated storage. FErN-
ÁNDEZ-LÓPEZ et al. (2005) dem-
onstrated that rosemary ex-
tracts (water- and oil-soluble) 
were effective in retarding lipid 
oxidation in cooked beef meat-
balls during 12 days of storage 
at 8°±1°c. According to brA-
GAGNOLO et al. (2005, 2007), 
the addition of rosemary to 
minced chicken meat prior to 
high-pressure treatment was t
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effective in preventing the formation of “pressed-
over-flavor” upon subsequent cooking and lipid 
oxidation during refrigerated storage. the posi-
tive effects of rosemary and sodium erythorbate 
used alone have been well documented with re-
spect the prevention of lipid oxidation, where-
as, to the Author’s best knowledge, there are no 
reports on the combined use of rosemary and 
sodium erythorbate. In the present experiment, 
MDA content was lower in vacuum-stored tur-
key meatballs than in MA-stored samples. this 
could be caused by a higher amount of oxygen in 
MA-packaged samples, in comparison with vac-
uum-packaged ones, because complete removal 
of oxygen is extremely difficult. these findings 
agree with those reported by other Authors (NO-
LAN et al., 1989; sMIDDY et al., 2002). sHEArD et 
al. (2000) consider MDA concentrations higher 
than 0.5 mg/kg as threshold values for rancid-
ity perception by consumers, whereas accord-
ing to Ockerman (as cited in GEOrGANtELIs et 
al., 2007) meat products with MDA concentra-
tions higher than 1 mg/kg are considered ran-
cid. In the present study, control samples were 
perceived as rancid after 20 days of vacuum stor-
age and throughout MA storage. the MDA con-
tent of all samples with additives and with sodi-
um erythorbate was close to the threshold value 
during vacuum storage and during MA storage, 
respectively. In MAP samples with water-soluble 
rosemary extract and with a mixture water-sol-
uble rosemary extract and sodium erythorbate, 
MDA content did not exceed 1 mg/kg until day 
15 and 25 of storage, respectively.

Antioxidant activity

the individual and interactive effects of so-
dium erythorbate and water-soluble rosemary 
extract on the inhibition of lipid oxidation in 
turkey meatballs are showed in table 1. Anti-
oxidant activity was not stable during vacu-
um and MA storage. samples containing sodi-
um erythorbate showed higher antioxidant ac-
tivity than those containing water-soluble rose-
mary extract, which could be caused by low phe-
nol concentrations in this extract. It was found 
that sodium erythorbate used in combination 
with water-soluble rosemary extract showed 
lower antioxidant activity during vacuum stor-
age than each of the additives applied alone. A 
similar tendency was observed during MA stor-
age, except on day 15 and 20 when water-sol-
uble rosemary extract combined with sodium 
erythorbate showed higher antioxidant activi-
ty than water-soluble rosemary extract applied 
alone. After 30 days of MA storage, water-solu-
ble rosemary extract and a mixture of sodium 
erythorbate and water-soluble rosemary extract 
exhibited a prooxidative effect. As shown in ta-
ble 1, sodium erythorbate and water-soluble 
rosemary extract were more effective as individ-
ual antioxidants than their mixture. WILKINsON 

et al. (2001) reported that sodium erythorbate 
delayed lipid oxidation in freeze-dried beef and 
chicken. bALEV et al. (2005) demonstrated that 
the addition of sodium erythorbate suppressed 
the accumulation of secondary derivatives of li-
pid peroxidation in dry-fermented sausages, and 
that sodium erythorbate was more effective than 
rosemary. the prooxidative effect of the MIX ad-
ditive observed at the final stage of storage in the 
present study could be caused by a too low con-
centration of sodium erythorbate in MIX sam-
ples, which therefore could show its prooxida-
tive effect. sodium erythorbate was probably uti-
lized as a reducing agent and could be expect-
ed to behave similarly to its isomer, ascorbate. 
Ascorbate has been reported to act as an antioxi-
dant or prooxidant depending on its concentra-
tion, the presence of metal ions, and tocopherol 
concentrations (scHAEFEr et al., 1995). In con-
sequence, the results of studies investigating the 
use of ascorbate as an antioxidant are ambigu-
ous. DEcKEr and XU (1998) demonstrated that 
ascorbate can act as a prooxidant at low (0.02-
0.03%) concentrations and as an antioxidant at 
high (0.5%) concentrations. the prooxidative ef-
fect of water-soluble rosemary extract could re-
sult from the interaction between phenol diter-
pens contained in this additive and other active 
components. According to HErNÁNDEZ-HErNÁN-
DEZ et al. (2009), antioxidant activity does not 
depend only on total phenol concentrations, but 
also on their polarity and molecular structure. 
MADsEN et al. (1995) reported that the effect of 
certain potential antioxidants might vary con-
siderably depending on a complex interaction 
between various factors including the type and 
concentration of active compounds and the na-
ture of the food system.

Hydrolytic changes

both the additives and storage time signifi-
cantly affected (P<0.001) the acid value of tur-
key meatballs (table 2). During vacuum storage, 
acid value showed a rising tendency in c and 
Wr samples, while changes in the acid value of 
sE and MIX samples were significant, but am-
biguous. there was a significant additive x time 
interaction in AV (P<0.001). the smallest chang-
es in acid value were noted in samples with so-
dium erythorbate, as compared with c, Wr and 
MIX samples.

During storage, the rate of the hydrolytic proc-
ess was slower in MAP turkey meatballs than 
in VP samples. After 10 days of MA storage, the 
acid value of control samples decreased signif-
icantly, and during subsequent storage peri-
ods it showed a rising tendency. the acid value 
of sE and MIX samples did not change signif-
icantly until day 20, after 25 days it increased 
significantly and remained at a similar level at 
the final stage of storage. the acid value of Wr 
samples showed an ambiguous tendency during 
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MA storage. these results are 
partly consisted with the find-
ings of previous studies (bA-
LEV et al., 2005; KArPIŃsKA-
tYMOsZcZYK, 2006). bALEV et 
al. (2005) found that the ad-
dition of sodium erythorbate 
slowed down lipolysis in dry-
fermented sausages during 
the drying process. According 
to KArPIŃsKA-tYMOsZcZYK 
(2006), sodium erythorbate 
was a more effective inhibi-
tor of hydrolytic changes in 
poultry meatballs than sage. 
FErNÁNDEZ-FErNÁNDEZ et al. 
(2002) reported that the hy-
drolytic process took place in 
chorizo sausages stored under 
modified atmosphere (100% 
cO2, 100% N2 and 50% cO2/
N2) and vacuum, but more 
slowly in MA-packaged sam-
ples.

pH

the effect of the analyzed 
additives on pH values in vac-
uum packaged turkey meat-
balls is presented in table 2. In 
c and Wr samples, pH values 
decreased with prolonged stor-
age time. the decrease in pH 
values during storage could be 
caused by an increase in the 
quantity of free fatty acids as 
a result of hydrolytic chang-
es. the pH of MIX samples 
showed small, but significant 
changes. At the final stage of 
storage (25-30 days), pH val-
ues were significantly lower 
(6.54) than after 5 days of stor-
age (6.67), and in the remain-
ing periods of storage pH val-
ues were similar (6.57 - 6.65). 
there was a significant addi-
tive x time interaction for pH 
values (P<0.001). At the final 
stage of storage (25-30 d), sE 
and MIX samples had high-
er pH values than Wr and c 
samples.

In MA packaged samples, 
pH values were affected only 
by storage time (table 2). the 
pH of samples with additives 
(sE, Wr, MIX) was in the range 
of 6.42 - 6.54, and no signifi-
cant differences were observed 
during storage. the pH values 
of samples without additives 
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increased significantly during the initial phase 
of storage, i.e. after 5 days (from 6.41 to 6.58), 
and during further storage they remained at a 
similar level (6.50 - 6.55). rOJAs and brEW-
Er (2007) demonstrated that the pH values of 
cooked beef and pork patties during refrigerat-
ed storage were not affected by the antioxidants 
(oleoresin rosemary extract, grape seeds and wa-
ter-soluble oregano extract). PEXArA et al. (2002) 
reported that the pH values of cooked sliced tur-
key fillets decreased during storage at 4°c, but 
to a lesser degree in VP than in MAP samples.

Water activity

both the additives and storage time affected 
(P<0.05) water activity in vacuum-packaged tur-
key meatballs (data not shown). During 25 days 
of storage, water activity in control samples did 
not change significantly (0.954 - 0.964) and af-
ter 30 days of storage it was significantly high-
er (0.966) than after 10 days (0.954) and similar 
to the initial value (0 days- 0.962). Water activ-
ity in Wr samples did not change significantly 
(0.956-0.969) and in MIX samples it decreased 
over the first 15 days of storage (from 0.973 to 
0.951), after 20 days it increased significantly 
to 0.966, and during subsequent storage it re-
mained at the same level (0.965 - 0.967). the 
most profound, but ambiguous changes were 
observed in water activity in sE samples (0.952 
- 0.972). significant differences in water activity 
between samples were observed only initially (0 
days) and after 5 and 25 days of storage. sam-
ples with additives showed higher water activi-
ty than control samples. In the experiment with 
MA stored samples, water activity was affected 
(P<0.05) only by storage time (data not shown) 
and it did not change significantly in samples 
with additives (0.964 - 0.978). Water activity in 
control samples decreased significantly after 5 
days of storage (from 0.978 to 0.965) and dur-
ing further storage it remained at the same level 
(0.965 - 0.967). slighter changes in water activ-
ity were observed in MA-packaged turkey meat-
balls compared with vacuum-packaged samples. 
rUbIO et al. (2006) also found that water activi-
ty decreased during storage of sliced cured beef 
packaged under vacuum, but it did not vary in 
gas-packaged (20% cO2/ 80% N2) samples.

color evaluation and the correlation between 
color and rancidity

table 3 shows mean L*, a*, and b* values dur-
ing storage of turkey meatballs packaged in vac-
uum and modified atmosphere. During vacuum 
storage, surface L* values (lightness) increased 
on day 30 in sE and MIX samples and on day 
20 in Wr samples, and they did not change in 
control samples. During MA storage, L* values 
did not change significantly in c samples and 
increased on day 10 and 20 in MIX and sE sam-

ples, respectively. Lightness (L*) values in Wr 
samples increased significantly after 20 days of 
storage, and then they decreased to a similar 
level as immediately after cooking (0 days). the 
effect of the tested additives on the color light-
ness (L*) of cooked turkey meatballs was noted 
only in vacuum-packaged samples after 20 days 
of storage, and samples with water-soluble rose-
mary extract were characterized by the highest 
L* values. ANtON et al. (1993) reported that the 
increase in L* values could be related to the in-
crease in metmyoglobin formation. some Au-
thors reported that color lightness in meat and 
meat products depends on several factors such 
as water-holding capacity (FErNÁNDEZ-LÓPEZ et 
al., 2000) fat content (FIsHEr et al., 2000), and 
free water content (JUDGE et al., 1989).

redness (a*) values were affected (P<0.001) by 
the additives in turkey meatballs packaged by 
both methods and by storage time only in MA 
packaged samples (table 3). During MA storage, 
the redness of control samples decreased gradu-
ally. In sE and MIX samples, a* values decreased 
significantly only after 10 days of storage. Initial-
ly (0 days) samples with water-soluble rosemary 
extract were characterized by the lowest red-
ness and the value of this color component did 
not change significantly during storage. there 
was a significant interaction between the addi-
tive and storage time for a* values in both ex-
periments. During vacuum storage, water-solu-
ble rosemary extract applied alone and in com-
bination with sodium erythorbate caused a de-
crease in the redness of turkey meatballs At the 
end of MA storage samples with additives showed 
higher values of redness than control samples. 
In the present study water-soluble rosemary ex-
tract protected turkey meatballs against redness 
fading during MAP storage. these results cor-
respond with those reported by YU et al. (2002) 
who found that cooked turkey products contain-
ing water-soluble rosemary extract had higher 
a* values than of the control during refrigerat-
ed storage. A preserving effect of rosemary ex-
tract on red meat color has been demonstrated 
by other Authors (AKsU et al., 2005; MANcINI et 
al., 2005; sEYDIM et al., 2006).

storage time affected b* values (yellowness, 
P<0.05) only in VP samples (table 3). In sE sam-
ples, yellowness decreased only during vacuum 
storage and this decrease was significant at the 
final stage of storage. the effect (P<0.01) of the 
tested additives was observed only in turkey 
meatballs stored under modified atmosphere. 
samples with additives showed higher b* values 
than control samples, but a significant differenc-
es was found only after 10 days of storage. this 
difference may be explained by the effectiveness 
of the antioxidants added to turkey meatballs.

Microbial analysis
the results of a microbial analysis are present-

ed in table 4. In raw samples, total mesophilic 
bacteria counts in Experiment 1 (turkey meat-
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table 3 - Effect of additives, storage time and packaging system on the colorimeter values of turkey meatballs (mean±sD, n=9).

Specification	 Samples	 Storage	time	[days]	 Effect	 p	values

	 0	 10	 20	 30	
	

Vacuum	packaging

Lightness	(L*)	 C	 60.39±1.83	 61.76±2.15	 60.39±1.08A	 60.55±0.96	 Additives	(A)	 <0.05
	 SE	 60.94±1.78ab	 59.92±2.54a	 59.53±2.14aA	 62.06±1.52b	 Storage	time	(T)	 <0.05
	 WR	 59.68±1.94a	 60.88±1.30ab	 62.33±1.18bB	 61.47±1.65ab	 AxT	 <0.01
	 MIX	 60.36±1.13ab	 59.62±2.05a	 59.87±1.00aA	 61.51±1.15b

Redness	(a*)	 C	 2.98±0.43	 2.84±0.30AB	 3.01±0.21BC	 3.13±0.27B	 Additives	(A)	 <0.001
	 SE	 2.88±0.55	 3.09±0.34B	 3.10±0.40C	 2.64±0.32AB	 Storage	time	(T)	 NS
	 WR	 2.60±0.86	 2.77±0.35AB	 2.06±0.16A	 2.64±0.59AB	 AxT	 <0.01
	 MIX	 2.78±0.45	 2.52±0.30A	 2.73±0.31B	 2.48±0.43A

Yellowness	(b*)	 C	 21.44±1.04	 21.96±1.45	 21.41±1.58	 20.89±0.80	 Additives	(A)	 NS
	 SE	 21.44±1.43ab	 22.31±1.12b	 22.02±1.33b	 20.74±1.25a	 Storage	time	(T)	 <0.05
	 WR	 21.69±1.85	 22.22±0.93	 21.43±0.87	 21.36±0.84	 AxT	 NS
	 MIX	 21.61±1.30	 21.65±1.69	 21.97±1.80	 21.15±1.49

Modified	atmosphere	packaging	(20%	CO2/80%	N2)

Lightness	(L*)	 C	 59.22±0.94	 60.35±1.51	 59.04±2.44	 60.72±2.10	 Additives	(A)	 NS
	 SE	 58.53±2.06a	 60.32±1.73ab	 61.40±1.99b	 60.54±2.11ab	 Storage	time	(T)	 <0.01
	 WR	 59.34±1.24a	 59.22±1.55a	 61.87±1.47b	 59.35±2.33a	 AxT	 <0.05
	 MIX	 57.79±2.01a	 60.72±1.90b	 59.21±3.03ab	 59.83±0.83ab

Redness	(a*)	 C	 3.87±0.35cAB	 3.28±0.34b	 3.31±0.28b	 2.68±0.31aA	 Additives	(A)	 <0.001
	 SE	 3.91±0.26bB	 3.28±0.48a	 3.39±0.39a	 3.57±0.29abB	 Storage	time	(T)	 <0.001
	 WR	 3.68±0.44A	 3.30±0.44	 3.35±0.20	 3.15±0.78B	 AxT	 <0.001
	 MIX	 3.77±0.50bAB	 3.10±0.34a	 3.01±0.34a	 3.39±0.26abB

Yellowness	(b*)	 C	 22.15±1.37	 21.89±0.64A	 22.14±0.81	 22.48±1.30	 Additives	(A)	 <0.01
	 SE	 22.52±1.20	 22.85±1.08AB	 22.47±1.07	 23.07±0.85	 Storage	time	(T)	 NS
	 WR	 22.43±1.41	 23.33±1.06B	 23.34±1.26	 23.69±1.94	 AxT	 NS
	 MIX	 	 22.65±1.88	 23.24±2.02B	 22.55±1.74	 23.72±1.13

Samples:	C-	control,	SE-with	sodium	erythorbate;	WR-with	water-soluble	rosemary	extract,	MIX-with	mixture	of	sodium	erythorbate	and	water-soluble	rose-
mary	extract;	NS	–	not	significant	(p>0.05);	a,	b,	c	mean	values	within	the	row	followed	by	the	different	letters	are	significantly	different	at	P<0.05;	A,	B,	C	mean	val-
ues	within	the	column	followed	by	the	different	letters	are	significantly	different	at	P<0.05

balls destined for VP) ranged from 5.5 x 103 to 
1.1 x 105, and their counts were similar (around 
104) in all samples in Experiment 2 (turkey meat-
balls destined for MAP). thermal processing 
caused a reduction in the counts of mesophilic 
bacteria in all samples. After 15 days of vacu-
um storage, the counts of mesophilic bacteria 
did not change significantly only in Wr samples 
(50 cfu/g) and they increased significantly in c 
(104), sE (104) and MIX samples (102). After 30 
days of storage, the counts of mesophilic bacte-
ria increased to 105 in samples with additives, 
and they remained at the same level as after 15 
days of storage in control samples. During MA 
storage, the counts of mesophilic bacteria in-
creased steadily in c and sE samples, from 102 
to 105 cfu/g and from <100 to 105 cfu/g, respec-
tively. the counts of mesophilic microorganisms 
in Wr samples did not change after 15 days of 
storage and they increased to 105 cfu/g after 
30 days. In MIX samples, the population size of 
mesophilic bacteria reached 60 cfu/g after 15 
days and it increased to 102 cfu/g after 30 days 
of MA storage.

According to NtZIMANI et al. (2010), the limit 
of acceptability for poultry product is 107 cfu/g 
mesophilic microorganisms. the present results 
show that turkey meatballs stored under vacu-
um and modified atmosphere for 30 days were 
of an acceptable quality. the lowest counts of 
mesophilic microorganisms (102cfu/g) were not-
ed in MIX samples stored under modified atmos-
phere. In control turkey meatballs, the counts of 
the above bacteria were lower in samples stored 
under vacuum than in those stored under modi-
fied atmosphere. Water-soluble rosemary extract 
had an inhibitory effect on mesophilic bacteria 
for 15 days of vacuum and MA storage, while a 
mixture of water-soluble rosemary extract and 
sodium erythorbate exerted an inhibitory effect 
for 15 days of MA storage.

the counts of psychrotrophic bacteria in raw 
turkey meatballs were 104 cfu/g in control sam-
ples and 103 cfu/g in samples with additives. 
thermal processing reduced the counts of the 
above bacteria to below 10 cfu/g in samples as-
signed to VP and to 102 cfu/g in samples as-
signed to MAP. During vacuum and MA stor-
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age, the levels of psychrotrophic 
bacteria increased in c and sE 
samples. the counts of psychro-
trophic bacteria in Wr samples 
remained at the same level dur-
ing MA storage. After 15 days of 
vacuum storage. they reached 
20 cfu/g and increased to 102 

cfu/g after 30 days. In MIX sam-
ples, the numbers of psychro-
trophic bacteria did not change 
after 15 days of vacuum stor-
age and they decreased over the 
same period during MA storage 
to reach the final count of 102 
cfu/g on day 30. the tested ad-
ditives inhibited the growth of 
psychrotrophic bacteria dur-
ing manufacturing and vacuum 
and MA storage. Water-soluble 
rosemary extract and its mix-
ture with sodium erythorbate 
were more effective in this re-
spect than sodium erythorbate 
applied alone.

Fungal contamination of raw 
turkey meatballs reached 100-
700 cfu/g and 30-140 cfu/g 
in samples assigned to VP and 
MAP, respectively. thermal 
processing decreased fungal 
counts to below 10 cfu/g and no 
fungal growth was noted in VP 
and MAP samples over refriger-
ated storage.

the total counts of coliforms 
in raw turkey meatballs were 60 
- 200 cfu/g in samples assigned 
to VP and <10 - 17 cfu/g in sam-
ples assigned to MAP. It is possi-
ble that the bacteria were trans-
mitted during the preparation 
of meatballs. they were com-
pletely destroyed during ther-
mal processing. All additives in-
hibited the growth of coliforms 
during vacuum storage, while 
in control samples their counts 
increased to 104 cfu/g after 30 
days. turkey meatballs were 
free of sulfate reducing Clostrid-
ium sp.

to the author’s best knowl-
edge, there are no reports ad-
dressing the combined use of 
rosemary extract and sodium 
erythorbate in the preservation 
of meat products. An inhibitory 
effect on microbial growth has 
been observed in some meat 
products following the applica-
tion of rosemary (DEL cAMPO et 
al., 2000; DJENANE et al., 2002, t
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2003; cAMPO et al., 2003; FErNÁNDEZ–LÓPEZ 
et al., 2005; ZHANG et al., 2009) and sodium 
erythorbate (bArrINGEr et al., 2005; KArPIŃsKA-
tYMOsZcZYK, 2006).

sensory quality

After thermal processing all samples des-
tined for vacuum packaging were characterized 
by similar intensity of meaty (3.8-4.0), typical of 
poultry meat (4.0-4.5), fatty (1.0) and typical of 
roasted meat flavors (3.5). During storage only 
in control samples significant decreased inten-
sity of meaty (to 2.7), typical of roasted meat (to 
2.0) and aromatic flavors (to 2.0). the typical of 
poultry meat flavor significantly decreased only 
in Wr samples at the end of storage (to 3.0). 
samples differed in scores for meaty flavor only 
on day 30, and for the typical of roasted meat fla-
vor - on day 20, 25 and 30. the intensity of the 
above flavors was higher in samples with addi-
tives (2.5-3.0) than in control samples (2.0). In-
itially (storage time 0) all samples stored under 
modified atmosphere were characterized by sim-
ilar intensity of meaty (3.7-4.0), typical of poul-
try meat (4.0-4.5), fatty (1.0) and typical of roast-
ed meat flavors (3.5) and their intensity did not 
change significantly during storage.

turkey meatballs with additives i.e. with wa-
ter-soluble rosemary extract applied alone or in 
combination with sodium erythorbate, were char-
acterized by higher intensity of the aromatic fla-
vor (2.5-4.0 and 3.0 - 3.5 respectively in VP and 
3.5-4.0 and 3.0 - 3.5 respectively in MAP) than 
control turkey meatballs (2.0-3.0 in VP and 2.5 
- 3.0 in MAP) and samples with sodium erythor-
bate (2.8-3.0 in VP 2.5-3.0 in MAP). Wr and MIX 
samples had a rosemary flavor of low intensity 
(1.7-2.5 and 1.0-1.5 respectively in VP and 1.7-
2.5 and 1.0-1.5 respectively in MAP). WOF ap-
peared during storage in all vacuum-packaged 
samples, after 15 days in c (1.0) and Wr sam-
ples (0.5), after 20 days in sE samples (0.5) and 
at the end of storage in MIX samples (1.0). WOF 
intensity increased during subsequent storage, 
and after 30 days it was slightly noticeably only 
in control samples. WOF was detected at a later 
stage of storage under modified atmosphere in 
samples with additives (where it had lower inten-
sity) and in control samples. Water-soluble rose-
mary extract and a mixture of sodium erythor-
bate and water-soluble rosemary extract were ef-
fective in slowing down WOF development in tur-
key meatballs during vacuum and MA storage.

rosemary extract used as an antioxidant con-
tributed to the maintenance of the sensory qual-
ity of turkey meatballs, during both VP and MAP 
storage. the effect of rosemary was determined 
by the type of packaging. samples stored under 
modified atmosphere had better sensory quality 
than those stored under vacuum. this property 
of rosemary extract has been reported in other 
food products. the addition of rosemary in the 

formulation of turkey sausages also gave rise to 
an improvement of their sensory quality (bAr-
bUt et al., 1985). According to sÁNcHEZ–EscA-
LAtE et al. (2001), beef patties with rosemary 
extract kept the characteristic fresh meat odor 
for a longer time than control samples. LIU et al. 
(2009) demonstrated that the addition of rose-
mary seemed not only to enhance the aroma of 
fresh chicken sausages, but also to retard the 
off-odor produced by fat oxidation.

the relationship between changes 
in lipids and sensory quality

In MAP samples, MDA content significant-
ly affected WOF (r = 0.41). similar results were 
obtained by others Authors (NOLAN et al., 1989, 
AHN et al., 2002, GIMÉNEZ et al., 2004, MArtIN-
EZ et al., 2006). In vacuum-packaged samples, 
acid value was positively correlated with WOF 
(r = 0.52) and negatively with meaty flavor (r = 
-0.59), typical of poultry meat flavor (r = -0.63) 
and typical of roasted meat flavor (r = -0.57). the 
acid value of MAP samples was negatively cor-
related with aromatic flavor (r = -0.40) and typi-
cal of roasted meat flavor (r = -0.41). In samples 
packaged by both methods (VP and MAP), spicy 
flavor was positively correlated with aromatic 
flavor (r = 0.73 and r = 0.94, respectively) and 
negatively with meaty flavor only in MAP sam-
ples (r = -0.45). In VP samples, WOF was nega-
tively correlated with meaty (r = -0.70), typical of 
poultry meat (r = -0.75), aromatic (r = -0.63) and 
typical of roasted meat (r = -0.87) flavors, while 
in MAP samples a negative correlation was ob-
served between WOF and meaty flavor (r = -0.39).

cONcLUsION

the results of this study indicate that the ad-
dition of water-soluble rosemary extract (at a lev-
el found acceptable in a sensory analysis) to tur-
key meatballs retarded the formation of tbArs, 
but it was less effective than sodium erythor-
bate and offered protection against redness fad-
ing during MAP storage. sodium erythorbate de-
layed the hydrolytic process in vacuum-pack-
aged turkey meatballs. In MAP samples, a mix-
ture of water-soluble rosemary extract and so-
dium erythorbate exerted a weaker antioxidant 
effect and a stronger antimicrobial effect, com-
pared with the additives used alone. turkey 
meatballs with water-soluble rosemary extract 
were characterized by the best sensory quality, 
in particular when stored under modified at-
mosphere. Further research could investigate 
the combined application of rosemary and so-
dium erythorbate in different meat products as 
well as the use of different quantities of the ad-
ditives than those used in this study, with the 
aim to optimize their antioxidant and antimi-
crobial effects.
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AbstrAct

the main aim of this study was to investigate the influence of different coating materials, ei-
ther alone or in combination, on fat uptake that occurred during deep-frying of minced chicken 
meat-balls. the data obtained showed that coatings made from whey protein isolate, carrageen-
an or starch all reduced the relative variation in fat-uptake and gave better results in this respect 
than a coating of breadcrumbs or a non-coated control. there was no effect of any coating ma-
terial, or combination of materials, on the texture of the product or its density. All samples were 
found to be acceptable by a trained sensory panel, although there were small differences in sen-
sory scores between some of the coating treatments that were statistically significant (P ≥ 0.05).
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INtrODUctION

Deep-fat frying is a widely used method of 
cooking in commercial food processing. For the 
benefit of consumers, however, attention needs 
to be given to the resultant fat content of the 
product and its sensory acceptability. Foods of 
this kind should be crisp, with a smooth mouth-
feel, while being palatable and having an ac-
ceptable colour. On the other hand, re-use of 
oil employed in deep-frying eventually leads to 
its deterioration and the changes that occur af-
fect the quality of both the oil itself and the fried 
food. Whatever the quality of the oil, the cook-
ing process will increase the fat content of the 
food and some fried foods may contain up to 
50% fat. For example, the lipid content of French 
fries increases from 0.2 to 14% and may reach 
40% in fried potato chips (PINtHUs et al., 1993; 
AKDENZ et al., 2006). thus, fried foods have be-
come a health concern and high consumption 
of lipids has been associated with obesity and 
other conditions, such as coronary heart dis-
ease. Furthermore, the frying process generates 
various lipid-oxidation products, some of which 
have been linked to premature aging, membrane 
damage, heart disease and cancer (ADDIs and 
WArNEr, 1991).

consumer awareness of the health impli-
cations of eating foods with a high fat con-
tent is on the increase (NGADI et al., 2006). 
therefore, there is much interest in reduc-
ing fat uptake during deep-fat frying. sever-
al approaches have been proposed for reduc-
ing fat absorption and these include phys-
ical and chemical pre-treatments, such as 
pre-drying and pre-cooking the product, op-
timising processing conditions and modifying 
the product surface. selection of an appro-
priate food coating is one possible means of 
solving this problem. these coatings can act 
as barriers to moisture loss, which is impor-
tant commercially, and also reduce fat up-
take during frying (sALVADOr et al., 2008). 
the effectiveness of a coating material is de-
termined by its mechanical and barrier prop-
erties, which depend on its composition and 
microstructure, and by the characteristics of 
the food product to which it binds (GArcÍA et 
al., 2002; ADEDEJI et al., 2009).

Over the past ten years, in particular, the 
American Heart Association and other public 
health organisations have recommended a re-
duction in the fat content of foods, so that fat 
accounts for less than 30% of the total calorie 
intake for most people. saturated and trans fats 
are considered the most harmful (ALLAN, 2004). 
However, reductions in the oil content of fried 
foods are motivated by other factors as well. Oil 
is an expensive raw material and is an impor-
tant determinant of product cost. Also, a high 
oil content often makes fried foods too oily or 
greasy (trAN et al., 2007).

because the surface properties of a fried food 
have a significant effect on fat absorption, the 
application of a suitable coating is a promising 
way of reducing the subsequent oil content (NGA-
DI et al., 2006). the process of deep-fat frying in-
volves the transfer of heat from the surrounding 
oil to the interior of the food, while also trans-
ferring oil and allowing water vapour to pass 
from the food to the oil (sALVADOr et al., 2008). 
In practice, the barrier properties of the coating 
are important in controlling both oil uptake and 
moisture loss.

Incorporation of hydrocolloids in the bat-
ter used as a coating was found to reduce oil 
uptake, especially those hydrocolloids that 
formed methyl cellulose of hydroxypropyl me-
thyl cellulose on heating (sALVADOr et al., 
2008). Of the two kinds of coating considered, 
those forming methyl cellulose were shown to 
be the more effective. Other hydrocolloids that 
reduced oil absorption during frying were gel-
lan gum, carrageenan, karaya gum and guar 
gum, as demonstrated with a model deep-
friend product made of chickpea flour (GArcÍA 
et al., 2002).

Various coating materials have been used to 
reduce both fat uptake and moisture loss in dif-
ferent fried foods. these have included alginate, 
powdered cellulose, methyl cellulose, soy pro-
tein isolate and whey protein (MALLIKArJUNAN 
et al., 1997). However, there is little published 
information on the effectiveness of combina-
tions of such materials. therefore, the aims of 
this study were to investigate the use of differ-
ent coating materials (starch, carrageenan, whey 
protein and fine breadcrumb), both alone and in 
combination, for their ability to reduce fat up-
take and moisture retention in minced chicken 
meat-balls. Effects of the coating treatments on 
texture, density and sensory properties of the 
product were also determined.

MAtErIALs AND MEtHODs

Preparation of minced chicken meat-balls

Fresh chicken breast was obtained from 
a local market and the meat-balls were pre-
pared at a nearby meat-processing factory. 
the breast portions were examined visually to 
avoid any showing damage or injury and the 
skin was removed. the meat was then ground 
coarsely in a grinding machine (LAsKA 130, 
Austria), using a plate with holes of 5 mm di-
ameter. to the ground meat were added sodi-
um chloride (1.5%), garlic (0.28%), white pep-
per (0.38%) and ginger (0.38%), followed by 
blending for 2 min at low speed. Finally, sodi-
um tripolyphosphate (0.5%) was added to the 
mixture as a binding agent and the meat-balls 
were formed in a commercial shaping machine 
(FOrMAX 400, UK).
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coating materials

solutions or suspensions of the coating ma-
terials in tap water were prepared in the labora-
tory and contained w/w starch (st), 3%, whey 
protein isolate (WPI), 5%, carrageenan (cA), 3% 
or fine breadcrumbs (bc), 3%. suitable combi-
nations of these materials were also prepared for 
coating purposes, as shown in table 1. Glycer-
ol, 3% w/w was added to each preparation as 
a plasticiser. All preparations were refrigerated 
for 24 h before use.

coating and frying of the meat-balls

batches of five meat-balls were immersed in 
the appropriate coating preparations for 10 sec 
and then air-dried with a warm-air blower. the 
procedure was repeated to ensure a uniform 
coating of the product. A non-coated product 
was used as a control.

All samples were cooked for 4 min in an elec-
tric deep-fat fryer (Moulinex, Model sErIEF 37-
r, France) containing corn oil (Golden corn, 
UMIc, Jordan) at 180° ± 2°c, with the lid closed. 
At this point, the meat-balls had a brown, cooked 
colour and an internal temperature of 90°c, ac-
cording to a thermocouple (Digitec, Italy) placed 
at the geometric centre of a representative sam-
ple. the oil was replaced after every four batch-
es had been cooked. On completion of the cook-
ing process, each meat-ball was wrapped in ab-
sorbent paper and held for 5 min prior to cool-
ing and testing (sOUtHErN et al., 2000). cooling 
was achieved by holding the samples under am-
bient conditions for 1 h. A portion of each sam-
ple was taken immediately for sensory evalua-
tion, while the remainder was weighed, placed 
in a plastic bag and held frozen at -18°c un-
til required for chemical and physical analysis. 

sample analyses

Chemical methods

samples were analysed for moisture and fat 
content according to AOAc (2000) and each 
analysis was carried out in duplicate.

Moisture content (Mc) was determined by 
an oven-drying method in which minced sam-
ples (5 g) were placed in dishes and held in an 
oven (Memmert, 854, schwapach, Germany) at 
102°c for 18 h.

Fat content (Fc) was determined by the soxh-
let method, which involved continuous vaporisa-
tion and condensation of petroleum ether dur-
ing passage through a 5 g, moisture-free sam-
ple placed in the extraction thimble and covered 
with cotton wool. After 16 h, the extract was col-
lected and subjected to distillation in order to 
collect the crude fat, which was then dried and 
weighed.

the data obtained for fat and moisture were 
used to calculate the relative variation in fat up-
take (FU) and moisture retention (Mr) respec-
tively, relative to the non-coated product, as de-
scribed by GArcÍA et al. (2002):

 Equation 1

 

 Equation 2

Physical methods

Mechanical properties of the fat film are im-
portant in relation to its retention during prod-
uct handling and mouth-feel, following inges-
tion. the texture of the fried meat-balls was de-
termined by a penetration test (Ateba and Mit-
tal, 1994), using a pentrometer (Petrotest, PNr 
10, Dahlewitz, Germany) and a needle plunger 
(sEtAA5t, MIP). A reading was taken 5 sec af-
ter the sample had been penetrated (5O N load).

the volume of each sample was determined 
by immersion in a graduated cylinder filled with 
paraffin oil. sample density was calculated by 
dividing the sample weight by the volume of par-
affin displaced (AKDENZ et al., 2006).

sensory evaluation

samples from each treatment were evaluated 
by an 11-member panel, chosen from the em-
ployees and students of the Department of Nutri-
tion and Food technology, Al-balqa University. 
the panellists were of both sexes and different 
ages. before evaluating the samples, they were 
familiarised with the test procedure and use of 
the rating system.

Each sample was evaluated for appearance, 

table 1 - the different coating treatments studied*.

	 Material	g	(L)
Treatment	no.
	 starch	 whey	protein	 carrageenan	 breadcrumb

	 	 1	 30	 -	 -	 -
	 	 2	 -	 50	 -	 -
	 	 3	 -	 -	 30	 -
	 	 4	 -	 -	 -	 30
	 	 5	 15	 25	 -	 -
	 	 6	 15	 -	 15	 -
	 	 7	 15	 -	 -	 15
	 	 8	 -	 25	 15	 -
	 	 9	 -	 25	 -	 15
	 10	 -	 -	 15	 15
	 11	 10.5	 17.5	 10.5	 -
	 12	 7.5	 12.5	 7.5	 7.5
	 13	 -	 -	 -	 -

*All	preparations	contained	30	g/L	glycerol.
Treatment	13	was	a	non-coated	control.

(
(

(
(
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colour, flavour, taste and overall acceptability, 
using a five-point hedonic scale on which 5 was 
“like extremely” and 1 was “dislike extremely”.

small amounts of bread and water were used 
between samples to neutralise any lingering 
taste from the previous sample.

All treatments were evaluated in duplicate on 
separate occasions.

Statistical analysis

Data were analysed using a computer package 
providing a statistical Analysis system (sAs Inc., 
1997). this involved a complete randomised de-
sign to study treatment effects on fat and mois-
ture, FU, MU, surface penetration, product den-
sity and sensory attributes.

rEsULts AND DIscUssION

Values for fat and moisture content of the 
meat-balls, both coated and non-coated, are giv-
en in table 2. For fat, the lowest value, 14.82%, 
was obtained with the WPI-coated product, while 
the highest value, 28.60%, was associated with 
the non-coated control. In the case of moisture 
content, the situation was reversed and the non-
coated control gave the lowest value (46.90%). 
the highest value of 59.63% was obtained from 
the cA-coated product.

statistical analysis of the data revealed sig-
nificant differences between the different coat-
ing treatments with respect to both moisture 
and fat content. For moisture, it was anticipat-
ed that the greatest loss would be found in the 
non-coated control and the value obtained was 
significantly greater (P ≤ 0.05) than those of all 
other treatments. similarly, the higher fat con-
tent of the control product was significantly dif-
ferent (P ≤ 0.05) from that of all coated products, 
thus confirming bALAsUbrAMANIAN et al. (1997). 

In practice, fat absorption occurs as moisture is 
drawn off from the food during the frying proc-
ess (sAGUY and PINtHUs, 1995).

the effect of coating type on fat uptake is 
shown in table 3. the FU values obtained were 
always negative, because the lipid content of the 
coated product was lower in all cases than that of 
the non-coated control (GArcÍA et al., 2002). As 
expected, the FU value, calculated according to 
Equation 1, was highest for the non-coated con-
trol. the different coatings, on the other hand, 
showed varying effects, with cA and WPI yielding 
the lowest values that were significantly different 
(P ≤ 0.05) from all other coatings studied. the ef-
ficacy of a whey protein film in reducing fat ab-
sorption by a fried cassava product was observed 
by FrEItAs et al. (2009) and for a pre-formed po-
tato item by ALbErt and MIttAL (2002). Of the 
other coatings, only st approached the efficacy 
of cA and WPI in diminishing fat uptake. Val-
ues for the remaining treatments were signifi-
cantly inferior (P ≤ 0.05), although mixtures of 
st, WPI and cA, and WPI and cA gave the low-
est values in this group. Interestingly, combin-
ing coating ingredients for those that were most 
successful individually reduced rather than en-
hanced the reduction in FU obtained.

In the present study, no significant differenc-
es were observed between treatments involving 
bc (except the combination of st + WPI + cA + 
bc), but the FU values were higher than those 
of other coatings and this may have been due to 
the fact that fat is a normal component of pan 
breadcrumbs (KULP, 1991).

With regard to Mr, the carrageenan coating 
was associated with the highest value obtained 
(table 3) and this was significantly different (P ≤ 
0.05) from the values for all other product coat-
ings. It has been reported (MArrs, 1998) that 
carrageenan particles not only have a high affin-
ity for water, but also have a structural “memo-
ry”. this means that when water is added to the 

table 2 - Effect of coating treatment on fat and moisture content of the end-product.

Treatment	no.	 Treatment*	 Fat	(%)	 Moisture	(%)

	 	 1	 ST	 16.72	fg	 52.03	e

	 	 2	 WPI	 14.82	h	 54.29	d

	 	 3	 CA	 16.64	gh	 59.63	a

	 	 4	 BC	 20.06	bcd	 55.30	cd

	 	 5	 ST	+	WPI	 18.83	bcde	 56.44	bc

	 	 6	 ST	+	CA	 18.56	cdef	 55.84	bcd

	 	 7	 ST	+	BC	 20.17	bc	 49.98	f

	 	 8	 WPI	+	CA	 18.28	defg	 56.52	bc

	 	 9	 WPI	+	BC	 17.81	efg	 54.85	cd

	 10	 CA	+	BC	 20.18	bc	 57.20	b

	 11	 ST	+	WPI	+	CA	 20.45	b	 54.65	d

	 12	 ST	+	WPI	+	CA	+	BC	 18.77	bcde	 56.45	bc

	 13	 control	 28.60	a	 46.90	g

Within	the	same	column,	values	followed	by	a	different	superscript	are	significantly	different	(P	≤	0.05).
*ST:	Starch;	WPI:	whey	protein	isolate;	CA:	carrageenan;	BC:	breadcrumb.
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table 3 - relative variation in fat uptake and moisture retention during frying of chicken meat-balls.

Treatment	no.	 Treatment*	 Relative	variation	in	 Relative	variation	in
	 	 	 fat	uptake	(FU%)	 moisture	retention	(MR%)
	 	 	 {Eq.	1}	 {Eq.	2}

	 	 1	 ST	 -41.57	e	 13.00	cd

	 	 2	 WPI	 -47.73	f	 15.78	bc

	 	 3	 CA	 -41.87	ef	 27.21	a

	 	 4	 BC	 -29.91	bc	 18.01	bc

	 	 5	 ST	+	WPI	 -34.17	bcd	 20.37	b

	 	 6	 ST	+	CA	 -35.14	cd	 19.10	bc

	 	 7	 ST	+	BC	 -29.48	bc	 6.61	d

	 	 8	 WPI	+	CA	 -36.36	de	 20.51	b

	 	 9	 WPI	+	BC	 -29.70	bc	 16.97	bc

	 10	 CA	+	BC	 -28.49	b	 20.10	b

	 11	 ST	+	WPI	+	CA	 -36.90	de	 16.59	bc

	 12	 ST	+	WPI	+	CA	+	BC	 -33.49	bcd	 20.40	b

	 13	 control	 0.00	a	 0.00	e

Within	the	same	column,	values	followed	by	a	different	superscript	are	significantly	different	(P	≤	0.05).
*ST:	Starch;	WPI:	whey	protein	isolate;	CA:	carrageenan;	BC:	breadcrumb.

particle, it is absorbed into the structure, but the 
particle always returns to something approach-
ing its original shape and size. Not surprisingly, 
carrageenan has strong water-binding proper-
ties. When the meat product has been cooked, 
the carrageenan remains hydrated and contin-
ues to bind water, but the meat protein forms a 
gel, which effectively traps the carrageenan par-
ticles. As a result, moisture loss during cook-
ing is minimised and eating quality is improved.

the non-coated control had a significantly 
lower Mr value (P ≤ 0.05) than any coated prod-
uct. this may be due to the high fat absorption, 
in accordance with the relationship between FU 
and moisture loss during deep-frying that was 
reported by trAN et al. (2007). For the other coat-
ings studied, there were no significant differenc-
es between them (table 3).

Data given in table 4 show the effect of coat-
ing type on the density of the product and also 
its texture, as measured by the penetration test. 
None of the coatings showed any significant dif-
ferences among themselves or from the non-
coated control, indicating a lack of any coating 
effect on these particular parameters. rAYNEr 
et al. (2000) also reported no significant differ-
ences between coated and non-coated products 
in the penetration test, but highlighted the ad-
vantage in using coatings that did not interfere 
significantly with product texture. A similar lack 
of coating effect on the texture of fried foods has 
been reported by GArcÍA et al. (2002).

results for the sensory evaluation of the dif-
ferent products are presented in table 5, and 
cover appearance, colour, flavour, taste and 
overall acceptability. In relation to the last-

table 4 - Density and penetration-point values for coated and non-coated chicken meat-balls.

	Treatment	no.	 Treatment*	 Density	values	 Penetration-point	values
	 	 	 (g/mL)	 (mm/5	sec)

	 1	 ST	 0.82	a	 8.56	a

	 2	 WPI	 0.85	a	 8.60	a

	 3	 CA	 0.85	a	 8.62	a

	 4	 BC	 0.83	a	 8.65	a

	 5	 ST	+	WPI	 0.84	a	 8.75	a

	 6	 ST	+	CA	 0.82	a	 8.55	a

	 7	 ST	+	BC	 0.84	a	 8.55	a

	 8	 WPI	+	CA	 0.85	a	 8.65	a

	 9	 WPI	+	BC	 0.84	a	 8.65	a

	 10	 CA	+	BC	 0.84	a	 8.60	a

	 11	 ST	+	WPI	+	CA	 0.84	a	 8.65	a

	 12	 ST	+	WPI	+	CA	+	BC	 0.82	a	 8.75	a

	 13	 control	 0.85	a	 8.65	a

Within	the	same	column,	values	with	the	same	superscript	are	not	significantly	different.	
*ST:	Starch;	WPI:	whey	protein	isolate;	CA:	carrageenan;	BC:	breadcrumb.
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mentioned, only the starch and carrageenan 
coatings showed any significant treatment ef-
fects. these appear to have been associated 
with product colour. the starch coating yielded 
the highest overall-acceptability rating and was 
brown in colour, while the carrageenan-coated 
product had the lowest rating, being bright yel-
low. surface colour is said to be the first quali-
ty parameter that consumers consider in foods 
such as fried products, and is critical to prod-
uct acceptance prior to ingestion (PEDrEscHI 
et al., 2004).

the effects of the coatings on the taste score 
(table 5) were generally small, the highest 
scores being associated with st, WPI and cA + 
bc, and the lowest with st+ cA and st + WPI 
+ cA, which were significantly different (P ≥ 
0.05). this shows that even the more favourable 
coating materials performed less well in some 
combinations. Flavour scores revealed a simi-
lar situation, involving different combinations, 
but differences between the control and any of 
the coated products were generally small, ex-
cept in the case of cA, st + cA and st + WPI + 
cA, where the lower ratings appear to be due 
to the intrinsic flavour of cA. Previous stud-
ies (MALLIKArJUNAN et al., 1997) reported that 
HPMc coatings improved the sensory attributes 
of fried chicken nuggets and marinated chick-
en strips, even more so when HPMc was in-
corporated into a breading mix. In the present 
study, all samples were found acceptable by 
the panellists, despite a clear colour difference 
between coated and non-coated samples. Also, 
the application of a coating had little or no ef-
fect on the texture attributes of the fried prod-
uct. such a finding, which was extended here 
to other coating materials, was in accordance 
with our goal of finding suitable coating mate-

rials to reduce oil uptake during deep-frying, 
without any deleterious effect on the sensory 
characteristics of the final product.

cONcLUsIONs

Various coating materials, either alone or in 
combination, were tested for their suitability in 
coating pre-formed chicken meat-balls prior to 
deep-drying. the resultant products were eval-
uated in relation to fat and moisture content, 
and sensory characteristics. they were studied 
primarily as a means of reducing fat absorption 
during the frying process and maximising mois-
ture retention and product yield. the results 
showed that these objectives could be met readily 
with the coating materials used, but the best re-
sults were obtained with st, WPI and cA. there 
were no significant effects of any of the materi-
als on the density or texture of the final product.

All samples were found to be acceptable by 
the sensory panel and any differences in senso-
ry rating between coated and non-coated prod-
ucts were generally small. thus, the goal of re-
ducing uptake of frying oil, while maximising 
moisture retention, without adverse sensory ef-
fects, was achieved.
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AbstrAct

Vegetables of the family Brassicaceae, including turnip (Brassica rapa var. rapa), are used ex-
tensively for food throughout the Eastern Anatolia region in turkey. Wide morphological diversi-
ty is evident among turnip genotypes grown in turkey. In this study, we sampled seven morpho-
logically diverse turnip (Brassica rapa var. rapa) genotypes in the Erzurum region. the roots of 
these plants were analyzed for moisture (%), titratable acidity (%), pH, ssc (soluble solid content, 
%), crude protein (%), vitamin c (mg/100 g), minerals (N, P, K, s, ca, Mg, Na, Fe, Zn, Mn, b and 
cu), total phenolic content and total antioxidant capacity. the results of the study revealed a wide 
variation among genotypes for all the parameters investigated. Antioxidant activity, determined by 
β-carotene-linoleic acid and 2-diphenyl-1-picrylhydrazyl (DPPH) free-radical-scavenging assays, 
ranged from 88.42 to 96.92% and 23.07 to 62.71 µg extract/mL, respectively. the total phenolic 
content of seven turnip genotypes varied from 16.59 to 70.23 mg gallic acid equivalent on a basis 
of 100 g fresh weight. this result shows that turnip roots are an important antioxidant source. 
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ìINtrODUctION

turkey is located on the border of two main 
gene centers, the Mediterranean and the Near 
East. Its location has fostered the growth of a 
variety of cultivated and indigenous horticultur-
al crops. It is estimated that over 100 fruit taxa 
and nearly 50 vegetable taxa are grown suc-
cessfully in the country (ErcIsLI, 2004). Indig-
enous plants are found mostly in the rural ar-
eas of turkey, where the occurrence of exotic 
species is limited. these indigenous plants are 
valuable sources of vitamins and minerals. they 
also provide a part of the nutrient requirements 
of the local communities. 

Preventive medicine and the food industry 
have shown considerable interest in the develop-
ment of natural antioxidants obtained from bo-
tanical sources (KAUr and KAPOOr, 2002; DJI-
LAs et al., 2007). the search for potential sourc-
es of antioxidant compounds has included sever-
al types of plant materials, including vegetables, 
fruits, leaves, oilseeds, cereal crops, barks and 
roots, spices and herbs, and crude plant drugs 
(rAMArAtHNAM et al., 1995).

Guidelines for healthy diets have also en-
couraged the general public to adopt a more 
balanced diet rich in whole-grain cereals, nuts, 
seeds, fruits and vegetables. A diet of this type 
provides essential vitamins, minerals, antioxi-
dants and other nutrients that reduce the risk 
of cardiovascular disease and cancer (sPArLING 
and ANDErsON, 2009).  

turnip (Brassica rapa var. rapa L.) is one of 
the oldest cultivated vegetables and has been 
used for human consumption since prehistoric 
times (LIANG et al., 2006). this species is par-
ticularly popular in Europe, including turkey, 
especially in the colder regions. It grows well in 
cold climates and can be stored several months 
after harvest. In Eastern Anatolia, together with 
other Brassica species, it provides a unique sup-
ply of vegetables during the winter (OKcU, 2003).

the turnip (Brassica rapa var. rapa) is a root 
vegetable commonly grown for its white, bul-
bous taproot. small, tender varieties are grown 
for human consumption, whereas larger variet-
ies are grown as feed for livestock. the domes-
tication of the turnip has very ancient origins. 
the word laptu in ancient Assyrian dates back 
to 1800 b.c. (OPPENHEİM et al., 1973). the tur-
nip is also a very well-known vegetable in the 
entire Middle East (Arab: lift, Persian and turk-
ish: salgham and salgam).

Most of the indigenous vegetables are ed-
ible, and they play an important role in the 
diet, particularly in rural areas. Information 
on the chemical composition of these vegeta-
bles is limited. this study was therefore under-
taken to obtain some data on moisture, acidi-
ty, pH, ssc (soluble solid content), crude pro-
tein, vitamin c, minerals (N, P, K, ca, Mg, Na, 
Fe, b, cu, Na, Zn, Mn), the total phenolic con-

tent and the total antioxidant capacity of sev-
en turnip genotypes.

MAtErIALs AND MEtHODs

chemicals

All chemicals used in this study were pur-
chased from the sigma & Aldrich company and 
were of analytical grade.

collection and preparation of turnip roots

A total of seven turnip (Brassica rapa var. 
rapa) genotypes were sampled from Erzurum, 
located in the Eastern Anatolia region of tur-
key. Fully mature roots were harvested by hand 
and brought to the laboratory for phytochemi-
cal analysis. samples were frozen immediately 
and then stored in approximately 100 g batch-
es at -30°c prior to analysis.

Determination of moisture, titratable acidity, 
pH, ssc (soluble solid content), crude protein (%) 
and vitamin c (mg/100 g) in turnip roots

For each genotype, a total of 10 roots were 
thawed at room temperature and homogenized 
in a standard food blender. Homogenates were 
assayed for titratable acidity (%), pH, ssc (sol-
uble solid content, %) and vitamin c (mg/100 
g) as ascorbic acid. Moisture (%) and crude pro-
tein (%) were determined on intact roots. solu-
ble solid contents (ssc) were determined by a 
digital refractometer (Model rA-250HE, Kyoto 
Electronics Manufacturing co. Ltd., Japan) at 
22°c. Moisture (%), crude protein (%) and pH 
were determined by AOAc (1984). the Kjeldahl 
method (brEMNEr, 1996) and a Vapodest 10 
rapid Kjeldahl Distillation Unit (Gerhardt, Ko-
nigswinter, Germany) were used to determine 
total N. Ascorbic acid (Vitamin c) of samples 
was quantified with a Merck reflectometer set 
(Merck rQflex).

Determination of total phenolics 
and antioxidant activity in turnip roots

Fruit homogenates obtained with a blender 
were extracted with acetone, water, and ace-
tic acid (70:29.5:0.5, v/v/v) for 1 h in dark-
ness (sINGLEtON and rOssI, 1965). this ex-
tract was filtered and used for phytochemi-
cal analysis.

total phenolics were determined colorimetri-
cally using Folin-ciocalteu reagent as described 
by sLINKArD and sINGLEtON (1977). Gallic acid 
was used as the standard, and results were ex-
pressed as mg gallic acid equivalents per 100 g 
fresh weight basis.

total antioxidant capacity of samples was de-
termined by β-carotene bleaching and 2,2-Di-
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phenyl-1-picrylhydrazyl radical (DPPH•) assays.
In the β-carotene bleaching assay, antioxi-

dant capacity is determined by measuring the 
inhibition of the volatile organic compounds 
and the conjugated diene hydroperoxides aris-
ing from linoleic acid oxidation (KAUr and KA-
POOr, 2002).  Antioxidant capacities of the sam-
ples were compared with those of the synthet-
ic antioxidant butylated hydroxyanisole (bHA) 
and the blank.

In the DPPH assay, 50 µL of various concen-
trations of the extracts in methanol were added 
to 5 mL of a 0.004% methanol solution of DPPH.. 
After a 30 min incubation period at room tem-
perature, the absorbance was read against a 
blank at 517 nm. DPPH in percent (%) was cal-
culated as follows: DPPH% = (Ablank-Asample/Ablank) 
x100; where Ablank is the absorbance of the con-
trol reaction (containing all reagents except the 
test compound), and Asample is the absorbance of 
the test compound. EC50 is the effective concen-
tration in µg extract/mL (µg extract for EC50 in 
1 mL of DPPH solution) that inhibits the DPPH 
activity by 50%. EC50 is calculated from the plot 
of scavenging activity against extract concen-
tration and represents the amount of extract 
necessary to decrease the initial DPPH concen-
tration by 50%. tests were carried out in tripli-
cate. results were expressed as (EC50) (bUrIts 
and bUcAr, 2000).

Determination of mineral elements

samples were oven-dried at 68°c for 48 h 
and ground to pass a 1-mm sieve. the Kjeldahl 
method and a Vapodest 10 rapid Kjeldahl Dis-
tillation Unit (Gerhardt, Konigswinter, Germa-
ny) were used to determine total N (Bremner, 
1996). Macro- (P, s, K, ca, Mg and Na) and mi-
cro-elements (Fe, Mn, Zn, cu, and b) were de-
termined after wet digestion of dried and ground 
subsamples using a HNO3-H2O2 acid mixture 
(2:3 v/v) with three steps (first step: 145ºc, 
75%rF, 5 min; second step: 180ºc, 90%rF, 10 
min and third step: 100ºc, 40%rF, 10 min) in 
a microwave (bergof speedwave Microwave Di-

gestion Equipment MWs-2) (MErtENs, 2005a). 
tissue P, K, s, ca, Mg, Na, Fe, Mn, Zn, cu and 
b were determined using an Inductively cou-
pled Plasma spectrophotometer (Perkin-Elmer, 
Optima 2100 DV, IcP/OEs, shelton, ct 06484-
4794, UsA) (MErtENs, 2005b).

statistical analysis

the experiment was a completely randomized 
design with 5 replications. Data were subject-
ed to analysis of variance (ANOVA), and means 
were compared using Duncan’s multiple range 
test at the P<0.05 significance level. 

rEsULts AND DIscUssION

Moisture, titratable acidity, pH, ssc (soluble 
solid content), crude protein and vitamin c in 
turnip roots

statistically significant differences were 
found among genotypes for all of the above pa-
rameters (table 1). the ssc content of turnip 
genotypes ranged from 5.03 to 7.70% (table 
1). the genotype Ets1 was notable for its rela-
tively higher soluble solid content. Among the 
genotypes, vitamin c, pH and titratable acidi-
ty ranged from 12.56 to 15.48 mg/100 g, 6.33 
to 6.91% and 0.26 to 0.52%, respectively (ta-
ble 1). the mean vitamin c content of the tur-
nip genotypes was 14.41 mg/100 g. the gen-
otype-dependent moisture and crude protein 
content of turnip roots ranged between 88.44-
90.73% and 13.19-15.75%, respectively (table 
1). Previously reported moisture, protein and 
pH values for turnip roots have ranged from 
89.9-93.0, 10.0-14.0 and 5.75-6.35, respec-
tively (UNDErsANDEr et al., 1991; OKcU, 2003; 
MAtAIX et al., 2007).

the variation of ssc, vitamin c, pH and crude 
proteins in turnip roots can be influenced by 
various factors such as varieties, climatic con-
ditions, cultural practices, maturity at harvest, 
and storage conditions (PODsEDEK, 2007).

table 1 - Moisture, pH, soluble solid content, crude protein, vitamin c and acidity of samples.

Genotypes	 Moisture	 pH	 SSC	 Crude	 Vitamin	C	 Acidity
	 (%)	 	 (%)	 protein	(%)	 (mg/100	g	FW)	 (%)

ETS1	 88.44bc	 6.88cd	 7.70a	 15.75a	 15.48ab	 0.38c
ETS2	 90.73a	 6.78e	 5.03f	 14.63ab	 13.33ab	 0.26ef
ETS4	 90.21a	 6.73f	 5.10f	 15.88a	 13.78ab	 0.26ef
ETS8	 88.78bc	 6.91bc	 6.50c	 13.19b	 16.24a	 0.28def
ETS9	 89.18bc	 6.84d	 5.90d	 13.69b	 12.56b	 0.32d
ETS10	 89.50b	 6.33i	 5.60e	 14.63ab	 14.45ab	 0.46b
ETS11	 89.01bc	 6.50h	 5.83d	 14.75ab	 15.02ab	 0.52a
Average	 89.41	 6.71	 5.95	 14.65	 14.41	 0.35

*Different	letters	indicate	the	statistical	difference	within	same	column	among	genotypes	at	5%	level.
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total phenolics and antioxidant activity
in turnip roots

the total phenolic content of the turnip roots 
varied from 16.59 (Ets 4) to 70.22 (Ets1) mg 
GAE/100 g fw (table 2). these results indicate 
a wide variability among genotypes. A previous 
study has shown that phenolic content of Bras-
sica vegetables ranged from 15 mg/100 g fw in 
white cabbage to 337.0 mg/100 g fw in brocco-
li. Phenolic level in broccoli cultivars varied from 
35 to 337 mg/100 g (PODsEDEK, 2007).

the total antioxidant capacity of the turnip 
genotypes is shown in table 2. the genotype 
seemed to influence the extent of antioxidant 
activity in turnip roots.

Determination of antioxidant activities by 
β-carotene-linoleic acid and 2-diphenyl-1-picry-
hydrazyl (DPPH) free-radical-scavenging assays 
resulted in average values of 93.34% and 45.07 
µg extract/mL for EC50, respectively.

the DPPH scavenging capacities of the 7 tur-
nip genotypes are summarized in table 2.  sig-
nificant differences in DPPH scavenging activ-
ity were found among the 7 turnip genotypes 
(p<0.05) (table 2). Ets8, with an estimated EC50 
value of 23.07 µg extract/mL, possessed the 
highest DPPH scavenging activity, followed by 
Ets1 (28.31), Ets4 (43.62), and Ets9 (50.32).

In the β-carotene-linoleic acid assay, the val-
ue of antioxidant activity varied between 88.42-
96.92% for the genotypes tested. Ets11 had the 
highest antioxidant capacity in the β-carotene-
linoleic acid assay (96.92%), whereas the geno-
type Ets9 showed the lowest antioxidant activ-
ity (88.42%). relative to bHA in the β-carotene-
linoleic acid assay, the antioxidant activity of all 
turnip extracts except Ets9 was higher than the 
bHA value (table 2).

Growing evidence suggests that both geno-
type and growing conditions may alter the anti-
oxidant composition and properties of a select-
ed agricultural crop. For example, the highest 
day/night temperature has found to result in 
the greatest phenolic content and the strongest 
antioxidant activity (WANG and ZHENG, 2001).

table 2 - total phenolic content (tPc), antioxidant activity (β-carotene) and free radical scavenging capacity (DPPH) of samples.

Genotypes	 TPC	 EC50	 β-carotene	bleaching	assay
	 (mg	GAE/100	g	FW)	 	 (%)

ETS1	 70.22a	 28.31e	 92.11c
ETS2	 34.91d	 62.71a	 93.35bc
ETS4	 16.59f	 43.62d	 95.35ab
ETS8	 23.19e	 23.07f	 94.37b
ETS9	 37.78c	 50.32c	 88.42d
ETS10	 25.18e	 54.20b	 92.89c
ETS11	 40.74b	 53.28b	 96.92a
BHA	 	 	 89.01d

*Different	letters	indicate	the	statistical	difference	within	same	column	among	genotypes	at	5%	level.

In the study cited, according to a linear cor-
relation model, the total phenolic content was 
not strongly correlated with the DPPH scaveng-
ing ability of turnip samples (R2 =0.46). Differ-
ent phenolic compounds are known to exhib-
it different responses in the Folin-ciocalteau 
method. similarly, the molecular antioxidant 
response of phenolics in methyl linoleate varies 
remarkably, depending on their chemical struc-
ture (stAtUE-GrAcIA et al., 1997). In addition, 
phenolics are probably not the only major anti-
oxidants in turnip extract. Other major antiox-
idant components, including ascorbic acid, are 
present as well.

the results of this study indicate that tur-
nip roots are important sources of natural anti-
oxidants. these results agree with previous re-
ports that Brassica group vegetables, including 
the turnip, are effective antioxidants (cHU et 
al., 2002; PODsEDEK, 2007). Antioxidants help 
to maintain the oxidant-antioxidant balance 
and inhibit the damage caused by reactive oxy-
gen species. the antioxidant capacity of vegeta-
bles has been analyzed in some previous stud-
ies (cAO et al., 1996; OU et al., 2002; WU et al., 
2004). these studies have demonstrated that 
the common vegetables exhibit a wide diversity 
of antioxidant capacities.

A wide diversity among turnip genotypes in 
turkey, presumably the one of the center of 
origin and diversity of Brassica rapa var. rapa, 
creates the opportunity to select superior gen-
otypes for use. the results of this study also 
imply that dietary polyphenolic phytochemi-
cals from turnip roots may supply substantial 
amounts of antioxidants. In turn, these anti-
oxidants may provide health-promoting effects 
to consumers.

Mineral element contents of turnip root

the mineral element contents of turnip gen-
otypes are shown in table 3. statistical differ-
ences between the genotypes were observed for 
the values of N, P, K, s, Mg, cu, Mn and Fe 
content (table 3). the average N, P, K, s, Mg, 
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table 4 - Protein and mineral contents of some selected vegetables (Holland et al., 1992).

Species	 Protein		 N	 P	 K	 Ca	 Mg	 Fe	 Cu	 Zn	 Mn

	
g	100	g-1	 %

	 mg	100	g-1	Dw

Spinach	 2.2	 0.35	 28	 230	 160	 34	 1.6	 0.01	 0.5	 0.5
Radish	 3.5	 0.57	 44	 370	 100	 26	 3.8	 0.01	 0.5	 0.5
Pepper	 5.5	 0.46	 80	 220	 30	 24	 1.2	 0.01	 0.4	 0.5
Lettuce	 0.8	 0.13	 28	 220	 28	 6	 0.7	 0.01	 0.2	 0.3
Cabbage	 1.0	 0.16	 25	 120	 33	 4	 0.3	 0.01	 0.3	 0.2
Broccoli	 3.1	 0.50	 57	 170	 40	 13	 1.0	 0.02	 0.4	 0.2
Celery	 0.9	 0.15	 63	 330	 40	 63	 0.7	 0.03	 0.3	 0.1
Asparagus	 1.6	 0.26	 50	 220	 25	 13	 0.6	 0.08	 0.08	 0.2

b, cu, Mn and Fe values of turnip genotypes 
were 2.3, 0.6, 4.0, 2.2, 0.2%, 45.4, 6.7, 35.11 
and 165.7 mg/kg (table 3), respectively. the 
data obtained from turnip genotypes exhibited 
statistically significant relationships between 
total phenolic content (tPc) and P (r2=0.89), Mg 
(r2=0.93), b (r2=0.98), and ca (r2=0.77). Like-
wise, the relationship of DPPH to K (r2=0.86) 
in the plants was statistically significant. the 
highest values of K, Zn, and Mn content were 
found in the Ets11 genotype, whereas the 
highest value of ca content was found in Ets8 
(table 3). the turnip genotypes analyzed in 
this study have very high nutritional potential, 
particularly for ca, Fe, P, K, and Mg, and their 
nutritional value is greater than those of some 
cultivated vegetables shown in table 4 (HOL-
LAND et al., 1992). Macro- and trace elements 
play an important role in many metabolic pro-
cesses and functions throughout the life cycle. 
Human as well as animal studies have shown 

that optimal intake of elements such as potas-
sium, magnesium, calcium, sodium, manga-
nese, copper and zinc could reduce individual 
risk factors, including those related to cardio-
vascular disease (MErtZ, 1982). the ca and 
Fe content of the turnip genotypes analyzed in 
this study may offer superior nutritional po-
tential. the high K, P and Mg content of the 
turnip genotypes studied suggests that these 
genotypes could be used to meet the daily K, 
P and Mg requirements of an adult.

the results of this study suggest that turnips 
may serve as a potential dietary source of nat-
ural phenolic antioxidants. these findings also 
confirm the great interest of the nutraceutical 
sciences in extracts of Brassica rapa var. rapa. 
the phytochemistry and phytopharmacology of 
turnips should be investigated further to de-
tect potential phytotherapeutic applications for 
the prevention of age-related and other types of 
diseases.

table 3 - Mineral content of turnip genotypes.

Minerals	 Genotypes

	 ETS1	 ETS2	 ETS4	 ETS8	 ETS9	 ETS10	 ETS11

	 	 	 	 %	dw
N	 2.52a	 2.34ab	 2.54a	 2.11b	 2.19b	 2.34ab	 2.36ab
P	 0.64c	 0.26d	 0.26d	 0.84a	 0.85a	 0.65c	 0.75b
K	 3.11d	 3.78d	 1.91e	 4.08c	 4.91b	 4.09c	 6.63a
S	 3.59a	 1.09e	 1.13e	 2.85b	 1.68d	 1.90c	 3.14a
Ca	 1.49a	 1.26ab	 1.31a	 1.37a	 1.58a	 1.44a	 1.56a
Mg	 0.34a	 0.24b	 0.09d	 0.26b	 0.17c	 0.15c	 0.32a

	 	 	 	 mg	kg-1	dw

B	 47.42ab	 27.43c	 51.00a	 59.27a	 36.64b	 40.70b	 55.20a
Cu	 7.21a	 6.69ab	 6.52ab	 6.02b	 6.13b	 6.12b	 8.42a
Fe	 75.76e	 171.97c	 81.46e	 355.47a	 215.63b	 95.00e	 164.67d
Zn	 46.22a	 25.96c	 21.58c	 34.93b	 34.69b	 36.79b	 48.10a
Mn	 44.96a	 49.37a	 29.77b	 24.85b	 19.85b	 17.41b	 59.59a
Na	 0.12a	 0.10a	 0.07a	 0.09a	 0.15a	 0.10a	 0.16a

*Different	letters	indicate	the	statistical	difference	within	same	row	among	genotypes	at	5%	level.
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