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Ø Vacuum	impregna1on	(VI)	is	a	food	processing	technique	based	on	
diffusion.		

Ø Its	main	goal	is	the	injec0on	of	the	external	solu0on	into	the	food	
material	

Ø To	achieve	this,	the	applica0on	of	vacuum	is	the	only	necessity,	
hence	the	solu1on	may	be	isotonic.		

Ø The	process	is	notably	faster	and/or	more	efficient	compared	with	
tradi1onal	process	(eg.	dipping,	sal1ng,	osmo1c	dehydra1on….)	

VACUUM	IMPREGNATION:	GENERAL	ASPECTS	



BASIC	PRINCIPLES:	HDM	and	DRP	phenomema	
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Ø  A[er	immersion	of	the	material	in	solu1on	(t0),	the	pressure	inside	(pi)	and	outside	(pe)	
the	capillary	are	equal	to	atmospheric	pressure	(pi	=	pe	=	pat).	

Ø  The	ini1al	volume	of	the	capillary	(Vg0)	is	filled	with	gas.	
Dopo immersione del materiale nella soluzione (t0), la pressione interna (pi) ed esterna 
(pe) ai capillari è uguale a quella atmosferica (pi = pe = pat) e sono in equilibrio. Il 
volume iniziale dei capillari (Vg0) è riempito di gas (Figure 1, Step 0).  

232 I? Fit0 et al. 

porosity: 

JL 
Ee=- 
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In a vacuum solid-liquid operation (VSLO), vacuum (pi) is applied to 
the system during a time t1 (Fig. 1). This situation results in an expansion of 
gas trapped in the pore (partially flowing out) and, to some extent, the solid 
matrix may be deformed (step 1A in Fig. 1) increasing the value of ug. When 
pi became equal to pe (t=t’) the flow of gas from the pore stopped. Then, 
the volume of gas into the pore has been increased by XC, as a consequence 
of solid matrix deformation (DRP), reaching a value of: 

Q&4= 1 +X,1 (3) 
At this moment the HDM occurs, and external liquid begins to enter the 

pore as an effect of capillary pressure (step 1B in Fig. 1). The remaining gas 
compresses and an equilibrium situation is reached when pi=pr +pc (t=tl). 
Non-occurrence of DRP is assumed between t’ and tl. At equilibrium, the 
gas volume has diminished and the same volume of liquid has been 
penetrated by HDM (X,,): 

VglB=1+& -x,1 (4) 

Finally, when the atmospheric pressure is restored in the system (pe=p2), 
forces due to differences between external and internal pressures may 
produce both solid matrix deformations, and the HDM itself (step 2 in Fig. 
1). As before, any change in the sample volume (because of external 
pressure changes) was only assumed to be due to changes in the internal gas 
volume. At equilibrium (t=tJ, the volume change and liquid penetration in 
the pore, during the step 2, will be XC, and Xv2, respectively. 

The net liquid penetration by HDM, X,, and the solid matrix deformation, 
XC, along with the VSLO, may be calculated as (Fig. 1): 

Xu=Xv1 +X,, (5) 

Xc=Xcr +X,* (6) 
The values of the gas volume inside the pore, after step 2 (Fig. l), would 

be: 

ug2= 1 +x,-x, 

The value of any variable, referring to the ideal pore, may be extended to 
the overall sample volume by multiplying by a,. Then, one may define: 

x= EeXu (8) 

Y=EeXc (9) 
Also, from eqns (5) and (6): 

x=x, +x, (10) 
Y’Yl +yz (11) 

Effec1ve	
porosity	

Ø  Ideal	cylindrical	pore	of	constant	diameter,	from	a	porous	solid	food	submerged	in	a	
liquid.		

ini1al		sample	
volume	

total	gas	volume		
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As	a	result:	
	
Ø  the	gas	in	the	capillary	expands	par1ally	flowing	out	and	and	the	volume	of	gas	into	the	

pore	has	been	increased	by	Xc1	as	a	consequence	of	solid	matrix	deforma1on	(DRP).	The	
volume	of	the	capillary	becomes	equal	Vg1A	=	Vg0	+	Xc1	

Ø  This	stage	lasts	un1l	pressure	equilibrium	(pi	=	pe)	is	reached	

Nella prima fase del processo la 
pressione viene ridotta  
(p1 < pat). 

Come conseguenza della differenza di pressione, il gas è rimosso dai capillari. Il calo di 
pressione agendo dall’esterno provoca la deformazione e l’espansione dei capillari, che 
è la prima parte del fenomeno di deformazione-rilassamento (deformation–relaxation 
phenomena, DRP). Il volume dei capillari aumenta (Vg1A = Vg0 + Xc1). 
Questa fase dura fino a quando l l’equilibrio di pressione (pi = pe) è raggiunto (Figure 
1, Step 1A).  Thus,	In	the	first	phase	of	the	process,	the	reduced	pressure	ac1ng	from	the	outside	causes	

the	deforma1on	and	expansion	of	the	capillary,	which	 is	the	first	part	of	the	deforma1on–
relaxa1on	phenomenon	(DRP).		

First	phase	of	the	VI	process	(t’):	
the	pressure	is	reduced	(p1	<	pat)	
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Thus,	during	t1,	the	capillary	starts	to	be	par1ally	filled	with	liquid,	as	a	result	of	the	HDM.	
The	pressure	inside	the	capillary	increases	slightly	due	to	the	compression	of	the	gas	s1ll	
present	in	the	pore,	while	the	free	volume	inside	the	capillary	decreases	to	the	value	Vg1B	

Il capillare comincia ad essere parzialmente riempito con il liquido, come risultato 
dell’HDM. La pressione all’interno del capillare aumenta leggermente, mentre il 
volume libero diminuisce fino a Vg1B = Vg0 + Xc1 − Xv1 (Figure 1, Step 1B). 
 

Ø  External	liquid	begins	to	enter	the	pore	as	an	effect	of	capillary	pressure;	
Ø  The	remaining	gas	compresses	and	an	equilibrium	situa1on	is	reached	pi=p1	+pc	(t=t1).		
Ø  Non-occurrence	of	DRP	is	assumed	between	t’	and	t1;	
Ø  At	equilibrium,	the	gas	volume	has	diminished	and	the	same	volume	of	liquid	has	been	

penetrated	by	HDM	(Xv1).	

During	the	vacuum	period	
(t1),	the	HDM	occurs	



This	causes:	
	
Ø  relaxa1on	phase	(RP);	the	capillary	shrinks	to	an	even	greater	extent	than	before	the	start	

of	the	process	and	the	volume	of	gas	into	the	pore	has	been	decreased	by	Xc1+	Xc		
Ø  At	the	same	1me,	as	a	result	of	the	ac1on	of	capillary	pressure	and	decompression,	an	

intensive	inflow	of	liquid	from	the	outside	to	the	inside	of	the	capillary	is	observed	and	
the	final	gas	volume	decreases	to	Vg2	

Nella seconda fase la pressione atmosferica viene ripristinata. Questo provoca la 
transizione del DPR alla fase di rilassamento. Il capillare si restringe in modo maggiore 
che prima dell’inizio del processo. Allo stesso tempo, come risultato dell’azione della 
pressione e decompressione del capillare, si osserva un flusso di liquido dall’esterno 
al’interno del capillare ed il volume finale del gas al suo interno diminuisce fino a Vg2 = 
Vg0 − Xc − Xv (Figure 1, Step 2).  

La fase di rilassamento è particolarmente 
importante dal punto di vista pratico, 
poiché l’impregnazione avviene a questo 
punto. La rimozione del vuoto non 
dovrebbe essere troppo rapida, poiché la 
variazione troppo rapida di pressione 
potrebbe portare alla chiusura dei vasi 
capillari e all’inibizione del meccanismo 
idro-dinamico.  
 

Note:	The	relaxa0on	phase	is	par0cularly	important	from	the	prac0cal	point	of	view,	since	
0ssue	impregna0on	occurs	at	this	stage.		
Removal	of	vacuum	should	not	be	too	rapid,	since	the	excessively	fast	pressure	equaliza0on	
may	lead	to	closure	of	the	capillary	vessels	and	HDM	inhibi0on.	

Second	phase	of	vacuum	
impregna0on:	the	pressure	
returns	to	the	atmospheric	

value.		



The	value	of	each	variable,	referring	to	the	ideal	pore,	may	be	extended	to	
overall	sample	volume	by	mul0plying	by	the	effec0ve	porosity	εe	

Nella seconda fase la pressione atmosferica viene ripristinata. Questo provoca la 
transizione del DPR alla fase di rilassamento. Il capillare si restringe in modo maggiore 
che prima dell’inizio del processo. Allo stesso tempo, come risultato dell’azione della 
pressione e decompressione del capillare, si osserva un flusso di liquido dall’esterno 
al’interno del capillare ed il volume finale del gas al suo interno diminuisce fino a Vg2 = 
Vg0 − Xc − Xv (Figure 1, Step 2).  

La fase di rilassamento è particolarmente 
importante dal punto di vista pratico, 
poiché l’impregnazione avviene a questo 
punto. La rimozione del vuoto non 
dovrebbe essere troppo rapida, poiché la 
variazione troppo rapida di pressione 
potrebbe portare alla chiusura dei vasi 
capillari e all’inibizione del meccanismo 
idro-dinamico.  
 

Deforma1on	at	t2	

Impregna1on	at	t2	
Il capillare comincia ad essere parzialmente riempito con il liquido, come risultato 
dell’HDM. La pressione all’interno del capillare aumenta leggermente, mentre il 
volume libero diminuisce fino a Vg1B = Vg0 + Xc1 − Xv1 (Figure 1, Step 1B). 
 

Nella seconda fase la pressione atmosferica viene ripristinata. Questo provoca la 
transizione del DPR alla fase di rilassamento. Il capillare si restringe in modo maggiore 
che prima dell’inizio del processo. Allo stesso tempo, come risultato dell’azione della 
pressione e decompressione del capillare, si osserva un flusso di liquido dall’esterno 
al’interno del capillare ed il volume finale del gas al suo interno diminuisce fino a Vg2 = 
Vg0 − Xc − Xv (Figure 1, Step 2).  

La fase di rilassamento è particolarmente 
importante dal punto di vista pratico, 
poiché l’impregnazione avviene a questo 
punto. La rimozione del vuoto non 
dovrebbe essere troppo rapida, poiché la 
variazione troppo rapida di pressione 
potrebbe portare alla chiusura dei vasi 
capillari e all’inibizione del meccanismo 
idro-dinamico.  
 

X1=εeXv1 
 
γ1=εeXc1 

X=εeXv 
 
γ=εeXc 

Deforma1on	at	t1	

Impregna1on	at	t1	
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The restoring of atmospheric pressure leads to an abrupt increase of H. This 
is due to the coupled volume sample decrease (y < 0) because of compression 
and the external liquid flowing into the pores (X increase). 

Data at the end of the vacuum period and at the final time of each 
experiment were analyzed for each sample in order to quantify volume 
deformation (y, and y) and liquid penetration (X, and X) values, both necessary 
to evaluate the effective fruit porosity, according to the model described above, 
and to know the actual feasibility of VI in the studied fruits with some 
convenient solution. Table 4 shows the mean values and the standard error (se) 
of these parameters of each fruit for the different treatments. The mean values 
were considered because an ANOVA, considering t ,  and t, factors, did not show 
significant differences among treatments in any case. This result can be 
attributed to a fast kinetics of the coupled deformation-penetration phenomena, 
which leads to an equilibrium situation for the HDM action in the time scale of 
the experiments. 

TABLE 4. 
MEAN VALUES OF IMPREGNATION, DEFORMATION AND EFFECTIVE POROSITY 

Product X ,  se y ,  se X se y se E, se 
G.Srnith apple -4.2 0.3 1.7 0.3 15 2 -0.6 1.2 16.6 1.2 

Red Chief apple -5.0 0.4 2.1 0.4 12.2 1.8 -2.4 1.0 15.5 1.1 
Goldenapple -2.7 0.3 2.8 0.2 8.9 1.2 -6.0 0.5 15.9 1.2 

Mango 0.9 0.2 5.4 0.5 14.2 0.5 8.9 0.4 5.9 0.4 

Kiwi -0.2 0.2 6.8 0.6 0.89 0.14 0.8 0.5 0.5 0.5 
Peach -2.29 0.13 2.0 0.3 5.6 1.0 2.1 0.4 2.9 0.4 

Strawberry -2.1 0.2 2.9 0.4 0.2 0.7 -4.0 0.6 4.8 0.3 

The values of y, observed for each product define the solid matrix volume 
deformation occurred during the vacuum period. In all cases volume increases 
are associated to the internal gas expansion. Negative values of impregnation 
(X,) could be explained by loss of native liquid from the intercellular spaces 
produced during the expansion of the occluded gas. A positive value of X, , 
associated to the capillary penetration, is noticed only for mango. 

Mango, apples and peach appeared as the more impregnated fruits at the end 
of the process (higher X values). The HDM action seems not to be significant 
in strawberry from the point of view of the liquid in flow because a negligible 
value of X was obtained. Nevertheless, a significant fruit deformation with a 
total volume reduction of fruits of about 4 percent was obtained as a conse- 
quence of vacuum impregnation treatments. This could be explained if the 
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X1	nega1ve	value:	loss	of	
na1ve	liquid	from	
intercellular	spaces	



During	VI,	the	porous	frac1on	composed	by	the	intercellular	spaces,	is	
filled	by	an	external	solu1on	to	a	degree	that	depends	on	various	factors	
including:	
	
Ø PROCESS	CONDITIONS:	
•  	sub-atmospheric	pressure	level	(it	needs	to	be	op1mised	as	a	func1on	
of	the	processed	product)	

•  process	dura1on	(vacuum	1me;	post	vacuum	1me)	
•  Temperature,	solu1on	amount	to	product	ra1o,	mixing	

Ø OSMOTIC	PRESSURE,	INTERFACIAL	TENSION	AND	VISCOSITY	OF	THE	
IMPREGNATION	FLUID		

Ø SIZE,	SHAPE	AND	EFFECTIVE	POROSITY	OF	THE	SAMPLES		

FACTORS	AFFECTING	VI		

affects	the	capillary	pressure	of	fluids	within	the	
porous	and	its	response	to	mechanical	stress	



Ø  TISSUE	STRUCTURE	(pore	size	and	distribu1on)	

It	plays	a	very	important	role,	not	only	due	to	the	total	porosity,	but	also	
regarding	the	size	and	shape	distribu1on	of	pores	as	well	as	their	
communica1ons	between	themselves	and	with	the	external	liquid.		
	
	
	
	
	
	
	
	
These	differences	can	be	aiributed	to	the	microscopic	proper1es	of	the	
strawberry	1ssues,	such	as	high	tortuosity	of	the	internal	pathways	and/or	
size	and	shape	of	pores	which	hindered	the	influx	of	the	external	solu1on.		

FACTORS	AFFECTING	VI		

e.g.	strawberries	exhibit	a	negligible	
impregna1on	level,	even	though	this	type	
of	fruit	showed	greater	porosity	frac1on	in	
comparison	with	kiwi	fruit	and	peach	
(Salvatori	et	al.,	1998)	



Ø  TISSUE	MECHANICAL	PROPERTIES	èdeforma1on-relaxa1on	phenomenon	may	
be	reduced	by	1ssue	rigidity	

	
	
	
	

FACTORS	AFFECTING	VI		

N.B.		For	very	rigid	0ssues	vacuum	impregna0on	process	can	
nega0vely	modified	the	quality	of	the	product.		



	
	

1.  FOOD	 FORTIFICATION:	 enrichment	 with	 nutrients	 and	 bioac1ve	
compound	(e.g.,	polyphenols,	probio1cs,	micronutrients)	

2.  STABILIZATION	 and	 FOOD	 SHELF	 LIFE	 EXTENSION:	 enrichment	 with	
substances	 capable	 to	 reduce	 the	 pH	 and	 aw	 ,	 inhibitors	 of	 enzyma1c	
browning,	enzymes	

3.  MODIFICATION	 OF	 SENSORY	 ATTRIBUTES:	 introduc1on	 of	 sugar,	
flavours,	acids,	salt	

4.  SALTING,	OSMOTIC	DEHYDRATION	

5.  ADDITION	OF	THERMO	AND	CRYOPROTECTANTS	

6.  MODIFICATION	 OF	 THE	 THERMAL	 and	 MECHANICAL	 PROPERTIES:	
introduc1on	of	firming	agents	or	compounds	for	so[ening	inhibi1on)	

	

VI:	MAIN	APPLICATIONS	



Use	of	vacuum	impregna1on		
for	vegetable	and	fruit	products		



APP:	Acidifica1on/pH	reduc1on	

Ø  A	 major	 factor	 influencng	 microbiological	 safety	 of	 products	 is	
connected	with	pH.		

Ø  Lowering	 of	 pH	 value	 reduces	 thermal	 resistance	 of	 microorganisms	
and	their	growth	rate,	while	it	also	prevents	out-growth	of	spores.	

Ø  Tradi1onal	 acidifica1on:	 	 blanching	 in	 water	 or	 soaking	 	 using	 the	
difference	in	the	concentra1on	of	hydrogen	ions	between	the	solu1on	
and	raw	material	as	the	driving	force	of	this	process.	 It	 is	 frequently	a	
long-term	process,	par1cularly	in	the	case	of	soaking.	

Ø  Vacuum	 impregna1on:	 	 the	 1ssue	 porosity	 is	 enhanced	 through	
expansion	 of	 gas	 trapped	 in	 pores	 thus	 a	 greater	 volume	 of	 raw	
material	is	available	in	the	impregna1on	process	during	the	restora1on	
of	atmospheric	pressure.		



Main	results:	
Ø  VI	 with	 lac1c	 acid	 solu1on	 increased	 the	 acidifica1on	 degree	 to	 a	 greater	 extent	 than	

processing	carried	out	at	atmospheric	pressure.		
Ø  Vacuum	 level	was	 found	 to	be	 the	most	 important	variable	 influencing	 the	varia1ons	 in	

total	mass	and	pH.		
Ø  Vacuum	 impregna1on	 led	 to	 an	 increase	 in	 diffusion	 rate	 of	 hydrogen	 ions	 into	 the	

vegetable	1ssue	due	to	the	increase	in	contact	area	between	acid	solu1on	and	cells.		
Ø  Direct	correla1on	between	pH	reduc1on	and	vacuum	and	relaxa1on	1mes		
Ø  Results	 proved	 that	 vacuum	 impregna1on	 process	 is	 a	 useful	 technique	 to	 improve	

acidifica1on	treatments	of	vegetables.		

Reduction in the pH of vegetables by vacuum impregnation: A study on pepper
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a b s t r a c t

A method to decrease pH value in pepper slices employing vacuum was studied. The effects of relaxation
time (10, 15 and 30 min), vacuum level (200 and 400 mbar) and vacuum application period (2 and 5 min)
were evaluated. Results showed that vacuum impregnation (VI) with lactic acid solution increased the
acidification degree to a greater extent than processing carried out at atmospheric pressure. In particular,
samples treated at 400 and 200 mbar and submitted to a relaxation period of 30 min, showed a reduction
in pH ratio (RpH) from 0.929 to 0.894. Otherwise, samples submitted to conventional dipping at atmo-
spheric pressure showed a RpH of 0.968. Vacuum level was found to be the most important variable influ-
encing the variations in total mass and pH. Vacuum impregnation led to an increase in diffusion rate of
hydrogen ions into the vegetable tissue due to the increase in contact area between acid solution and
cells. Moreover, a direct correlation between pH reduction on the one hand, and vacuum application per-
iod and relaxation time on the other, was observed. Results proved that vacuum impregnation process is
a useful technique to improve acidification treatments of vegetables.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Acidification treatments are among the oldest methods to inhi-
bit microbial growth. In general, the treatment of lowering pH
causes a great energy waste from microbial cell in order to main-
tain its intracellular pH close to the neutrality, hence less energy
it has to grow, produce toxins, etc. (Montville and Matthews,
2005). Acidification is a common practice in canned food indus-
tries. A pH lowering than 4.6 is recognized as the limit to prevent
the out-growth of spore surviving the heat treatments such as Clos-
tridium botulinum (FDA, 2002). Furthermore, a low pH value re-
duces the thermal resistance of microorganisms (Lopez et al.,
1996; Palop et al., 1996, 1999). Usually, the decrease of pH is ob-
tained by dipping vegetable pieces in organic acid solution at high
(acidifying–blanching) or room/low (acidifying–dipping) tempera-
ture. In both cases, the treatments are traditionally considered as
diffusion processes in which the difference in hydrogen ion con-
centration between solution and vegetable tissue is considered
the driving force. Usually, vegetables sensitive to heat are acidified
by dipping at room temperature or at refrigerated condition. More-
over, based on our experience, when large pieces of vegetable
(whole artichokes) and/or high mass relation between product
and solution are used, diffusion of hydrogen ions into vegetable
tissues could slowly occur, that involves a long time dipping of
vegetables (overnight). Consequently, vegetables and acid solu-

tion are kept at low temperature to prevent the growth of
microorganisms. For all these reasons, the possibility to accelerate
the acidification processing results very important for canned food
industries (see Table 1).

In the last years, the interest on the employment of vacuum
impregnation technique (VI) in food science has been increased.
VI allows the introduction of external liquid in porous biological
tissue in a controlled way (Zhao and Xie, 2004). The impregnation
is the effect of the application of low pressure on the interface be-
tween vegetable tissues and solution (first step), followed by the
restoration of atmospheric pressure (second step). Vacuum
impregnation treatment was theoretically explained by Fito
(1994) that proposed the hydrodynamic mechanism (HDM). In Fito
et al. (1995) deepened the knowledge of vacuum impregnation
treatment by explaining the coupling of HDM and deformation–
relaxation phenomena (DRP). During the first step, expansion of
gas trapped inside the pores occurs, leading to an increase in cap-
illary volume; simultaneously, gas and native liquid inside the
pores, partially flow out. All this, is coupled with the capillary pen-
etration as a function of the interfacial tension of the liquid and
diameter of pores. In the second step, when atmospheric pressure
is restored, both solid matrix relaxation and HDM are promoted
until the pressure inside the pores reaches atmospheric pressure
values (Salvatori et al., 1998; Fito et al., 2001a; Chiralt and Fito,
2003; Zhao and Xie, 2004; Paes et al., 2007). Moreover, during os-
motic processes dehydration produces an increase of the contact
area between osmotic solution and vegetable tissue, leading to
an increase of both diffusion rate and water loss (Chiralt and Fito,
2003; Shi et al., 1995).
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The coupling of HDM and DRP, which has been described and
modelled, showed a significant change in volume of vegetable tis-
sues during the second step (Fito and Pastor, 1994; Fito et al.,
2000). In the last years, several uses of VI on vegetable food have
been studied with particular attention on dewatering processes
and the enrichment of food. A wide literature is available about
the use of VI for osmotic dehydration (Shi and Fito, 1993; Shi
et al., 1995; Fito and Chiralt, 1995, 1997; Paes et al., 2007; Atares
et al., 2008) and salting processes (Chiralt et al., 2001; Mujica-
Paz et al., 2006). Also, some authors proposed the use of vacuum
impregnation to enrich food with nutritional and functional ingre-
dients (Fito et al., 2001b; Betoret et al., 2003; Xie and Zhao, 2003a),
cryoprotectants before drying or freezing (Martinez-Monzo et al.,
1998; Xie and Zhao, 2003b), calcium ions (Gras et al., 2003; Alza-
mora et al., 2005; Anino et al., 2006), firming (Ponappa et al.,
1993; Degraeve et al., 2003; Gullemin et al., 2006) and anti-brown-
ing agents (Sapers et al., 1990). Nevertheless, the literature about
the use of VI to reduce pH value in vegetable food is scanty.

The aim of this work was to study the use of vacuum acidificat-
ion (VA) to reduce the pH value of vegetable food. In this research,
peppers are studied because of its greater industrial and econom-
ical interest in the South Italy, for the production of pepper slices
in olive oil, packaged in cans or in glass pots.

2. Material and methods

2.1. Raw material

Peppers (var. Eppo) were purchased on local market and pre-
served under refrigerated conditions. Before treatments, the vege-
tables were equilibrated at room temperature.

2.2. Vacuum acidification treatments

Peppers, previously washed, were manually cut with a knife to
obtain slices of 15 cm in length and 1 cm in width. Organic acid
solution was prepared, for each experiment, dissolving in tap water
an amount of lactic acid enough to reach a pH of 2.70 ± 0.02. In this
way, the effect of the variability of tap water’s pH on acid solution
was prevented. Lactic acid (pKa = 3.86, JT. Baker, Holland) is the or-
ganic acid widely used in canned industries because of its high
capacity to reduce pH value and its light sour taste. In all experi-
ments a solution:sample mass ratio of 5:1 was used. The vacuum
system used is shown in Fig. 1. A 1 l flask sealed by a silicon cup

was used for the experiment and connected to a vacuum pump
by silicon tubing. Also, a vacuum meter (Wika Italiana s.r.l.) placed
between the flask and pump was used to measure pressure values.
The flask was previously filled with the acid solution and the sam-
ples were immersed inside the solution at room temperature. Two
pressure values (200 and 400 mbar) were applied for a vacuum
period (t1) of 2 and 5 min. After vacuum period, the atmospheric
pressure was restored and the samples were maintained in acid
solution for a relaxation time (t2) of 10, 15 and 30 min.

2.3. Physico-chemical analyses

Total mass variation (DM) was calculated by the following
equation: [(mi – m0)/m0] ! 100 where m0 and mi are the weight
of samples before and after acidification treatment, respectively.
The weight of samples was measured using an analytical balance
mod. EU-C 7500 (Gibertini, Italy). Firmness was measured with a
digital fruit pressure firmness tester (TR Turoni s.n.c., Italy) by
measuring the force required by a 2 mm probe to penetrate inside
the vegetable surface for 10 mm. In all cases a minimum of 10
measures for each sample were carried out.

After, samples were homogenized by a laboratory blender
(Braun, MR 400) and the pH values were measured by using a
pH-meter mod. Basic 20 (Crison, Allen, Spain) previously calibrated
with buffer solutions (pH 4.01 and pH 7.00). The reduction in pH
was described as pH ratio: RpH = pH(i)/pH(0) where subscript i
and 0 refer, respectively, to the pH values of pepper slices after
and before VI treatment.

3. Results and discussion

Fig. 2 shows the pH variability of raw material. It can be ob-
served that pH values are ranged between 4.67 and 5.00 with an
average value of 4.87. According to these results, all samples
showed a pH value greater than the threshold for the inhibition
of the growth of C. botulinum spores, which makes it imperative
to acidify the peppers before pasteurization treatments.

Figs. 3 and 4 show the total mass variation of pepper slices sub-
mitted to vacuum acidification at 200 and 400 mbar as a function
of t2, respectively for a vacuum period of 2 and 5 min. The results
of ANOVA test are, also, reported in the figure. In general, results
showed that the total mass variation was high when a pressure va-
lue of 200 mbar was used; i.e. in these processing conditions a
great impregnation level was obtained. These results are in accor-
dance with Mujica-Paz et al. (2003a,b) that studied the effect of
vacuum levels on the volume of vegetables impregnated by iso-
tonic solution and stated that vacuum positively affects the volume
of solution inside vegetable tissues.

It is known that a high vacuum level increases the porosity of
vegetable tissue as a result of a high expansion and release of the
gas inside the pores of vegetables. Moreover, high vacuum level al-
lows better removal of native liquid from the tissue structure. In
this way, after the restoration of atmospheric pressure, a greater
volume is available for the impregnation phenomena. Andres
et al. (2001) studied the effect of vacuum level on apples and they
found that the impregnation level directly depends on pressure va-
lue applied: the higher the vacuum, the greater the volumetric
fraction of sample occupied by liquid. Mujica-Paz et al. (2003a)
evaluated the effect of vacuum pressure (135–674 mbar) on the
volume of vegetable tissues impregnated by isotonic solution;
the authors, found that an increase of vacuum level produced a
greater impregnation. In this research, the experiment carried
out for a vacuum period of 2 min, showed a significant increase
(p < 0.05) of total mass variation (about two times) for samples
treated at 200 mbar and for relaxation times of 10 and 15 minFig. 1. Schematic representation of the vacuum system.

Table 1
Experimental design.

Vacuum period t1 (min)a Relaxation period t2 (min)

2 10 15 30
5 10 15 30

a The vacuum period was applied at both 200 and 400 mbar.
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Table 1. Examples of applications of vacuum impregnation to modify physico–chemical properties and sensory attributes of products. 

Raw Material 
Composition of Vacuum 
Impregnation Solutions 

Process Parameters Effect References 

peppers (slices of 15 cm in length 

and 1 cm in width) 
lactic acid solution (pH 2.70) 

solution:sample mass ratio of 5:1; 
increase of the acidification 

degree in peppers 
[10] 

p1 20 or 40 kPa 

t1 2 or 5 min 

t2 10, 15 and 30 min 

mushrooms (Agaricus bisporus) 

(cut in half) 
lactic acid solution (pH 3.05) 

solution:product ratio of 8:1; 

increase of the acidification 

degree in mushrooms 
[14] 

p1 20 and 40 kPa 

t1 2 min 

t2 20, 40, 60, 120, 240, 300, 360 and 720 min 

zucchini (slices of 1.5 cm in 

thickness and a diameter of  

2.0 cm; the average weight  

of each slice was 5 g) 

lactic acid solution (pH 2.70) 

solution:product mass ratio of 8:1; 

increase of the acidification 

degree in zucchini slices 
[15] 

p1 20 and 40 kPa 

t1 2 min 

t2 20, 40, 60, 120, 240, 300, 360 and 720 min 

papayas (cut into 4 × 2.5 × 0.5 cm 

pieces (length × width × thickness)) 

55% and 65% (w/w)  

sucrose solution 

p1 5 kPa 
decrease of aw [16] 

t1 10 min at 30 °C 

strawberry 65% (w/w) sucrose solution 

steam blanching or microwave and osmotic 

dehydration at atmospheric pressure or 

pulsed vacuum treatments decrease of aw [17] 

p1 5 kPa 

t1 5 min at 30 °C 

rabbiteye blueberries 
aqueous sucrose solutions 

(600 g/kg) 

solution:product ratio of 1:1; shortenning of dehydratation 

time in comparison with 

soaking at atmospheric pressure 

[18] 
p1 88 kPa 

plum (cut in slices of 4 × 1 × 1 cm, 

weighting approximately 10 g) 

40°, 50° and 60° Brix  

sucrose solution 

solution:product ratio of 10:1; new product with  

good visual quality and 

satisfactory shrinkage 

[19] 
t1 10 min 
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APP:	Reduc1on	of	Water	Ac1vity	(aw)	
		

Vacuum	impregna1on	may	be	used	to	reduce	water	ac1vity	by	the	
addi1on	of	water	binding	molecules	(sugars,	salts,…)	
	
	
	
	
	
	
	
	
	

EFFECTS:		
FOOD	STABILIZATION		
(decrease	of	reac1on	rates)	
	
	
Impregna1on	agents:	
hypertonic	sugars	solu1ons	(55°	
or	65°	Brix),	hypertonic	high-
fructose	corn	syrup	(50%),	salts	
(mostly	for	meat	products)	



APP:	Reduc1on	of	Water	Ac1vity	(aw)	
		

OTHER	APPLICATIONS:	OSMOTIC	DEHYDRATION.		
Vacuum	osmo1c	dehydra1on(VOD)	or	Pulsed	vacuum	osmo1c	
dehydra1on	(PVOD)	improve	capillary	flow	and	mass	exchange	and	
allow	to	fill	intracellular	spaces	with	osmo1c	solu1on	ini1a1ng	
osmo1c	dehydra1on.	
	
Note	I:		
Ø  The	solid	content	increase	in	1ssue	is	inversely	propor1onal	to	the	

concentra1on	of	osmo1c	solu1on	èhigh	viscosity	hinders	
penetra1on	of	the	solu1on	into	1ssues	resul1ng	in	water	loss.		

	
	
	



APP:	Reduc1on	of	Water	Ac1vity	(aw)	
		

NOTE	II:	VOD	and	PVOD	are	usefull	drying	and	freezing		pretreatments		
	
Ø IN	DRYING:	moisture	content	reduc1on	by	VOD	and	PVOD	allow	the	
shortening	of	drying	1meèimprovement	of	dried	material	quality	

Ø IN	FREEZING,	moisture	content	reduc1on	by	VOD	and	PVOD	reduce	
the	content	of	freezable	water	and	provide	a	more	stable	product	as	a	
result	of	an	increase	in	glass	transi1on	temperature	at	maximum	
cryoconcentra1on	of	the	liquid	phase	of	the	product	èlower	drip	loss	
at	thawing	and	improvement	of	texture	in	frozen	fruit	and	vegetables.		
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Examples	of	VI	applica1ons	to	modify	physico-chemical	and	sensory	aiributes	



Ø  Vacuum	 impregna1on	 seems	 to	 be	 a	 suitable	 technique	 for	 modifying	 the	
thermal	proper1es	of	fruit	and	vegetables	

Ø  The	replacement	of	gas	in	intracellular	spaces	with	the	impregnant	solu1on,	the	
slight	increase	in	density	and	the	structure	modifica1ons	can	increase	the	thermal	
conduc1vity	and	thermal	diffusion	coefficient	of	the	matrices	thus	improving	the	
efficiency	of	heat	conduc1on	

	

	

APP:	CHANGES	IN	THERMAL	PROPERTIES	

	
Thermal	treatment	shortening	(èfreezing,	blanching,	pasteuriza1on	or	steriliza1on)	

	
	Quality	enhancemnet		of	the	final	products.	i.e.,	dried	or	frozen	material,	and	fruit	

and	vegetable	preserves.		
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MAIN	RESULTS:		
Ø  Thermal	proper1es	were	measured	in	non-impregnated	(NVI)	and	impregnated	samples		
Ø  Thermal	diffusivity	(α)	changes	due	to	VI	were	rela1vely	low	(2-4%)	
Ø  Thermal	 conduc1vity	 significantly	 increased	 (15-24%)	 due	 to	 change	 in	 fruit	 porosity,	

density	and	composi1on.	

EXPERIMENTAL	PLAN:		
Vacuum	impregna1on	(VI)	
i n	 i s o t on i c	 s u c r o s e	
solu1on;	 50	 mbar	 for	 10	
min;	20	min	post	vacuum	
1me;	T=30,	40,	50°C	
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APP:	STRUCTURE	IMPROVEMENT	

STRATEGIES:		
1)	 Introduc1on	 of	 calcium	 ions	 inside	 the	 1ssue.	 The	mechanism	 of	 this	
process	is	explained	by	binding	of	calcium	ions	by	carboxyl	groups	of	pec1n	
which	leads	to	gel	forma1on	at	low	pH	
VIèmore	effec1ve	impregna1on	of	1ssue	with	calcium	ions	than	blanching	
or	soaking	
	
2)	Addi1on	of	exogenous	PME	in	combina1on	with	calcium.	
PME	 catalyzes	 the	 hydrolysis	 of	 methyl	 groups	 esterifying	 cell	 wall	
pec1nsè	release	of	free	carboxylic	acidsèinterac1on	with	calcium	ionsè	
strengthening	the	cell	wall	structure	and	firmness	increase.	
	
3)	 Addi1on	 of	 structuring	 and	 firming	 molecules:	 maltodextrines,	 HM	
pec1nes		
	

Vacuum-impregna1on	is	faster	and	more	homogeneous	than	soaking	 	and	
allow	to	improve	the	firmness	of	thermally	treated	fruit.	



APP:	COLOUR	PRESERVATION	
One	of	the	phenomenon	limi1ng	the	quality	of	plant	products	is	enzyma1c	
browning	which	is	caused	by	the	ac1vity	of	polyphenol	oxidases	enzymes	
which	catalyze	the	oxida1on	of	phenolic	compounds	with	oxygen.	
	
Tradi1onal	inhibi1on	method	for	colour	changes:	blanching	or	soaking	of	
raw	material	in	a	solu1on	of	inhibitors.	
	
Innova1ve	inhibi1on	strategy:	VI	of	the	1ssue	with	a	solu1on	of	enzyma1c	
browning	inhibitors	and	removal	of	oxygen	from	the	intracellular	space.	
	
The	effec1veness	of	VI	is	connected	with	the	1ssue	structure,	the	type	of	
inhibitors	used	and	the	condi1ons	of	vacuum	impregna1on.		
	
Inhibitors:	citric	or	ascorbic	acids,	sulfur	compounds	(allergenic),	EDTA,	
calcium	lactate,	cysteine,	4-hexylresorcinol,	chitosan		
	
	
	



APP:	Probio1cs	introduc1on	
Probio1cs:	 selected	 strains	 of	 living	 bacteria,	 which	 exhibit	 an	 advantageous	 effect	 on	
human	health	a[er	consump1on.	
	
Well-known	probio1cs:	lac0c	acid	bacteria	belonging	to	the	genera	Bifidobacterium	and	
Lactobacillus.		
	
N.B.	Metabolites	of	probio1c	bacteria	s1mulate	the	 immune	system,	promote	peristalsis	
and	 intes1nal	 secre1on,	 while	 also	 exhibi1ng	 an1bacterial	 and	 an1viral	 ac1on,	 thus	
inhibi1ng	the	development	of	pathogenic	bacteria	and	reducing	the	amount	of	produced	
toxins.	
	
Aiempts	to	apply	vacuum	impregna1on	in	order	to	introduce	probio1cs	to	the	fruit	and	
vegetable	matrix	were	associated	with	the	extension	of	the	range	of	probio1c	foodstuffs.		
	
-	addi1on	of	probio1cs	to	dairy	productsètwo	basic	disadvantages	èlactose	intolerance	
and	high	cholesterol	content.		
	

reason	for	the	search	for	new	possibili1es	to	
add	probio1cs,	e.g.,	to	raw	materials,	such	as	

fruit	and	vegetables	



L.	Casei	in	intercellular	spaces	of	vacuum	
impregnated	apples		

Fresh	apples	

Development	of	probio1c-enriched	
dried	fruits	by	vacuum	impregna1on,	
Betoret	et	al.,	J.	Food	Eng.	2003,	56,	
273–277.		

same way bacterial cells of L. casei may be observed in
the dentritic structures of IS in Fig. 5.

3.2. Volumetric impregnation parameters and microbial
content at each stage of the process

Table 1 shows results obtained in a typical experi-
ment. Although yeast growth was not influenced by
culture media, Lactobacillus strain showed a signifi-
cant reduction in biomass production when milk or
commercial apple juice were employed. As it can be
observed, in all cases, the volumetric impregnation pa-
rameter value (X) was around 0.2 (20%). This value is
similar to that obtained using sucrose isotonic solutions
in a VI experiment by Betoret, Mart!ıınez-Monz!oo, Gras,
and Fito (2001a,b). Microbial content, evaluated by
plate count after sample homogenization, at each stage
of the process are also shown in the same table. Values
have been ordered to illustrate the effect of each treat-
ment on microbial content. X-values and microbial plate
count data were used to calculate the reduction in viable
cell concentration of impregnation liquid entrapped into
the different samples. VI operation appears to reduce
microbial content of the incorporated liquid by one
logarithmic cycle. Afterwards, air drying operation re-
duces microbial content by three additional logarithmic
cycles. In spite of the observed reduction in microbial
concentration of probiotic-enriched dried fruits with
respect to the impregnation liquid, the viable cell con-
tent of the final products are high enough to consider the
proposed process as adequate to develop dehydrated
fruits with probiotic effect.

3.3. Storage of vacuum impregnated and air dried samples

VI samples were stored at 8 !C for six days. Micro-
bial content was evaluated after three and six days of

Fig. 5. L. casei in intercellular space of impregnated apple (magnifi-
cation: 7500) (IS: intercellular space full of impregnation liquid with
L. casei cells).

Fig. 2. Fresh apple microstructure (magnification: 750) (CW: cell wall;
IS: intercellular space).

Fig. 3. Intercellular space in impregnated apple tissue (magnifica-
tion: 1500) (CW: cell wall; IS: intercellular space full of impregnation
liquid).

Fig. 4. S. cerevisiae in intercellular space of impregnated apple tissue
(magnification: 2000) (CW: cell wall; IS: intercellular space full of
impregnation liquid with S. cerevisiae cells).
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L.	Casei	in	intercellular	spaces	of	vacuum	
impregnated	apples		

MAIN	RESULT:	Impregna1on	facilitated	the	effec1ve	introduc1on	of	probio1cs	to	
apple	 1ssue,	 providing	 the	 content	 of	 microorganisms	 in	 the	 product	 a[er	
convec1on	drying	(air	drying)	at	106–107	CFU/g.		
This	is	equivalent	to	the	level	of	bacteria	in	dairy	products.	
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Table 2. Examples of applications of vacuum impregnation to modify health-promoting properties of fruit and vegetable products. 

Raw Material Vacuum Impregnation Solutions Composition Process Parameters Effect References 

apple cylinders 
apple juice with an addition of microorganisms 

Saccharomyces cerevisiae, milk with an addition of 
Saccharomyces cerevisiae and Lactobacillus casei 

p1 5 kPa  
t1 10 min  
t2 10 min 

over 106 CFU/g Lactobacillus casei in air 
dried (40 °C) product 

[4] 

pieces of guava  
and papaya 

papaya and guava fruit juices (1—Extracted by 
blending with water, ratio 1:1; 2, 3—Extracted fruit 

juices containing 15° and 30° Brix, respectively) 
with an addition of  

Lactobacillus casei microorganisms 

p1 5 kPa  
t1 5, 10, 15 min  

t2 10 min 

after impregnation: 108 to 109 CFU/g 
Lactobacillus casei, after drying at 40 °C 
for 36 h: 107 CFU/g Lactobacillus casei 

in impregnated fruits 

[69] 

apple 
isotonic sucrose solution containing 108 CFU/g 

Bifidobacterium ssp. 
p1 14, 17, 30, 43, 57 kPa 

greater incorporation at pressures of  
14 and 17 kPa, levels of microorganisms 

over 107 CFU/g 
[70] 

apple cylinders cv. 
Granny Smith 

sucrose isotonic solution containing 
microorganisms Saccharomyces cerevisiae, 

Lactobacillus acidophilus and Phoma glomerata 

p1 10, 17, 30, 43, 57 kPa 
(one vacuum pulse  

of 2 min) 

increase by 0.36 log for  
Saccharomyces cerevisiae, 0.73 log for 
Lactobacillus acidophilus and 1.07 log 

for Phoma glomerata for vacuum 
impregnated sample in comparison to 

soaking sample 

[71] 

apple slices  
(cv. Fuji) 

apple juice diluted with pre-sterilized distilled 
water (1:1, v/v, pH 5–5.2) with an addition of 

Lactobacillus rhamnosus (ATCC 7469, in 1:1 (v/v) 
glycerol frozen cultures) 

p1 20 kPa  
t1 15 min  

t2 15 min apple slices were 
dried by air drying, freeze 
drying, and a combination 

of air drying +  
REV drying 

after vacuum impregnation:  
109 CFU/gof tissue 

[72] 

apples cv.  
Granny Smith  

(disk-shaped samples) 

mandarin juice (pH 5, 8–6, 0) with an addition of 
Lactobacillus salivarius (Salivarius spp.) 

p1 5 kPa  
t1 10 min  
t2 10 min 

after vacuum impregnation:  
1.51·108 CFU/g Lactobacillus salivarius 

spp. Salivarius; the highest microbial 
content: after 24 h incubation period, pH 6 

[73] 
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The development of functional foods has evolved considerably over the years. The technological ability to
produce a food with enhanced physiologically active compounds has grown significantly. The aim of this
work was to study the incorporation of the beneficial compounds from mandarin low pulp juice into an
apple snack using vacuum impregnation technology and to test if the final product exhibited the functional
properties and components of both raw materials. Forty grams of the final product made using mandarin
juice homogenized at 15 MPa could provide the same quantity of hesperidin as 250 mL of fresh mandarin
juice. We also performed a chromatographic determination of the components in the final product and we
also assessed its antioxidant activity.
Industrial relevance: The article research studies the technological development and the functional properties
of an apple snack rich in flavonoids frommandarin juice. The development of a functional product combining
apples with mandarin juice would be very interesting for several reasons. Manufacturing process, equipment
and raw materials needed are easily available so that its industrial implementation will not present major
problems. It would represent a novel product for the functional food industry, and the results obtained
showed that the product combines the beneficial effects of both sources into one food item, or even enhances
the beneficial components in the juice by protecting them through inclusion into a food structure. The snack
was made from fresh apples and mandarin juice without the addition of some extra ingredient. Fruit derived
products are an emerging area within functional foods. There is a growing number of authors who argue that
consumption of foodstuffs can exert more benefit than active components alone since the effect of single
compounds differs from the effect of their mixture and it is well established that the various provided by
foodstuffs can have a relevant synergic effect.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The development of functional foods is on the rise as food manufac-
turers respond to increasing consumer demand. Natural foods such as
fruits and vegetables represent the simplest form of functional foods
and can be a good source of functional compounds (Day, Seymour,
Pitts, Konczak, & Lundin, 2009). For example some common fruits,
such as citrus juices and apples which are highly consumed all over
the world, are rich in functional compounds. Consumption of citrus
juices affects the concentration of vitamin C in blood as well as
biomarkers of antioxidant status (Sanchez-Moreno et al., 2003).
These juices are also bioactive against a number of diseases, such as
coronary insufficiency (Rouseff & Nagy, 1994) some age-related disor-
ders (Baghurst, 2003), and they may reduce the risk of some cancers
(Block, Patterson, & Subar, 1992; So, Guthrie, Chambers, Moussa, &

Carroll, 1996; Steinmetz & Potter, 1996). The great number of bioactive
compounds present in citrus juices (including L-ascorbic acid, flavo-
noids, carotenoids, and cinnamic acid derivatives among others) is
thought to be responsible for these effects. Similarly, apples are a
good source of vitamins, minerals and dietary fiber. Recent studies
have linked high apple consumption with decreased risk of cardiovas-
cular disease, diabetes and some cancers (Boyer & Liu, 2004; McCann et
al., 2007).

From a manufacturing point of view, the technologies used to de-
veloped functional foods have evolved considerably over the years.
Historically traditional techniques such as formulation and blending
that generally produce non-structured products have been the most
commonly used for development of functional foods. However, during
the last few years a group of emerging technologies (e.g., microencap-
sulation, edible films and coatings and vacuum impregnation) have
grown significantly in popularity because of the interest in forming a
structure that prevents the deterioration of physiologically active com-
pounds (Betoret, Betoret, Vidal, & Fito, 2011; Suárez-Jacobo et al.,
2011).
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Biotech, Cambridge, England), set at 515 nm. Spectrophotometric
quartz (3.5 mL capacity and 1 cm path-length) cuvettes were used.
Six samples plus a blank were simultaneously analyzed at a sampling
rate of one point per 2 min. Automatic acquisition of data was stopped
after a reaction time of 90 min. All samples were extracted and ana-
lyzed in triplicate at room temperature.

To determine the antiradical capacity of the samples, a calibration
curve of absorbance versus the concentration of DPPH· was obtained
to determine the molar extinction coefficient (ε) of the antiradical
probe. This value was determined to be 1.12×104 L/mol.

The experimental data were fit using the theoretical kinetic model
developed by Sentandreu, Navarro, and Sendra (2008). This model
allows the accurate prediction of the asymptotic value of the reduction
processes occurring in mixtures of antiradicals at intermediate times of
reaction, from 60 to 90 min. The results correspond to averages of
antiradical activities (such that total antiradical activity=At; cumula-
tive ultra fast antiradical activity=A1; cumulative fast activity=A2;
cumulative slow antiradical activities=A3; and At=A1+A2+A3). Ex-
perimental data were graphed using the software SigmaPlot 10.0.

2.6. HPLC-ESI/MSn analysis

The samples analyzed by LC-MSn were aliquots of the same sam-
ples used in the antiradical activity determination.

Chromatographic separation and MSn conditions of analysis were
the same as previously described by Betoret, Sentandreu, Betoret, and
Fito (2012) except with the addition of a complementary MSn analysis.
Briefly, chromatographic separation was carried out using a Thermo
Surveyor Plus HPLC (Thermo Scientific, San José, CA, USA), equipped
with a quaternary pump, vacuum degasser, temperature-controlled
autosampler and temperature-controlled column oven. The column
used was a 250 mm×2.1 mm i.d., 3 μm, YMC C-18 pack-pro (YMC
Europe GmbH, Dinslaken, Germany). Chromatographic conditions
were as follows: injection volume, 5 μL; flow rate, 0.2 mL/min; oven
temperature, 24 °C; autosampler temperature, 10 °C; solvent A,
water/THF/formic acid (97.9:2.0:0.1 v/v/v); solvent B, acetonitrile/
THF/formic acid (97.9:2.0:0.1 v/v/v); elution began with 0% B, linear

0–45% B in 60 min, linear 45–100% B in 20 min, purging with 100% B
during 20 min and re-equilibration of the column for 40 min.

In addition to using a data-dependent analysis with simultaneous
MS, MS2 and MS3 analyses for each run (previously used to study
Ortanique juices), the impregnated samples were also analyzed
using a separate, neutral-loss triple play analysis. Thus, to study the
components attached to sugar moieties, the neutral loss experiment
had three scan events: full MS (scan event 1), MS2 of ions with
neutral loss masses with m/z 132, 146, 162, 308, and 324 (scan event
2) and MS3 of the most abundant ions generated in the scan event 2
(scan event 3). Separate injections were performed to study the
presence of flavanols, listing in the neutral loss mass list of the scan
event 2 the m/z 272 for (epi)afzelechins, m/z 288 for (epi)catechins
and m/z 304 for (epi)gallocatechins.

2.7. Production of enriched, dried apple

Fig. 1 shows the flow chart of the process that was employed to
produce enriched, dried apple slices.

The VI experiments were performed on a pilot scale using equip-
ment designed in the Institute of Food Engineering for Development
of the Polytechnic University in Valencia, Spain (Fito et al., 2001). A
vacuum pressure of 50 mbar was applied for 10 min to the apple
samples immersed in the mandarin LPJ and then the samples were
homogenized at different pressures after which atmospheric pressure
was restored. The samples were left submerged in the mandarin LPJ
for a further 10 min.

Impregnated apple samples were dried for 24 h using an air dryer
(LIZ®, Construcciones mecánicas José Lizondo, Barcelona, España) at
40 °C under a flow rate of 4 m/s.

2.8. Statistical analysis

To determine statistical significance analyses of variance tests
were carried out (ANOVAs) with 95% confidence levels (with signifi-
cance determined by p≤0.05) using the program STATGRAPHICS
PLUS v.5.1.

Fresh apple 
slices

VACUUM 
IMPREGNATION 

P1:50 mbar T1:10 min 
P2:1000 mbar T2:10 min 

Mandarin LPJ (cv. 
Ortanique) homogenized 

at 15 MPa 

Apple impregnated 
with high flavonoid 

content 

Residual mandarin
juice   

AIR DRYING
40 ºC 24 h 

Dry air at 40οC 

Dried apple slices 
with high flavonoid 

content

Humid air 
40 οC 

Fig. 1. Production of flavonoid‐enriched, dried apple slices.
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MAIN	RESULTS:	
Ø  Forty	grams	of	the	final	product	made	

using	mandarin	juice	homogenized	at	15	
MPa	could	provide	the	same	quan1ty	of	
hesperidin	as	250	mL	of	fresh	mandarin	
juice.		

Ø  The	bioac1ve	compounds	of	mandarin	LPJ	
was	successfully	incorporated	into	the	
structural	matrix	of	fresh	apple	slices	with	
no	nega1ve	effects	on	their	an1radical	
capaci1es	following	impregna1on	and	air	
drying.		
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Abstract

Pulsed electric fields in combination with vacuum infusion have been utilized to impregnate cells with trehalose, aiming at substan-
tially improving the freezing tolerance of spinach leaves. Spinach samples were first treated with ten trains of bi-polar, rectangular electric
field pulses with a nominal electric field strength of 580 V/cm and immediately immersed in a 40% (w/w) solution of trehalose under
vacuum for 20 min. The samples were kept in the trehalose solution for 2.5 h at atmospheric pressure, immersed in deionised water
at 4 !C overnight, frozen in liquid nitrogen and thawed in water at room temperature. The leaves were evaluated for cell damage with
microscopic observations and wilting tests. The results provided evidence that the impregnation with trehalose by the combined actions
of electric fields and vacuum impregnation drastically improved the freezing tolerance of the spinach leaves.
" 2008 Published by Elsevier Ltd.

Keywords: Pulsed electric fields; Vacuum impregnation; Cryoprotection; Cold stress

1. Introduction

Freezing is an excellent and fairly widespread method
for preserving food products, including fruits and vegeta-
bles, providing a high stability to health-beneficial micro-
nutrients such as folates (Phillips et al., 2005). However,
the freezing of vegetables, for example spinach, may alter
quality characteristics such as flavour and texture, which,
in turn, could affect its marketing potential.

In a typical industrial process, vegetables such as spin-
ach are usually frozen quickly so as to produce small ice
crystals. However, these crystals may grow larger over time
through recrystallization. Recrystallization in frozen foods
can result in membrane damage, a reduced water-holding

capacity (high drip loss), loss of nutrients (Breton et al.,
2000), lipid oxidation and the formation of off-flavours
(Stanley, 1991).

Cryoprotection of horticultural products has been a mat-
ter of concern for the food industry in its search for efficient
ways of improving the quality of frozen-thawed products
(Gómez Galindo and Sjöholm, 2004). Research on the cryo-
protection of plant tissues has made considerable progress
through a better understanding of the natural protective
mechanisms of plant tissues during winter survival. The
accumulation of osmotically active substances, also called
compatible solutes (COS), in the cytosol of the cells is part
of this protective mechanism. COS are synthesized by many
organisms ranging from bacteria to animals and plants in
response to desiccation, osmotic stress, salt stress or low
temperature (Taiz and Zeiger, 2002). This chemically heter-
ogeneous group of substances comprises some amino acids
(e.g. proline), quaternary ammonium compounds (e.g.
betaine), numerous sugars (e.g. sucrose and trehalose) and
several other substances (see Yancey, 2005 for a review).
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EXPERIMENTAL	PLAN:		
	
1.  Spinach	samples	were	treated	with	ten	trains	of	bi-polar,	rectangular	electric	field	

pulses	with	a	electric	field	strength	of	580	V/cm;	
2.  immersion	 in	 40%	 trehalose	 solu1on	 under	 vacuum	 for	 20	 min+	 2.5	 h	 at	

atmospheric	pressure;		
3.  immersion	in	deionised	water	at	4	°C	overnight;	
4.  frozen	in	liquid	nitrogen	5)thawed	in	water	at	room	temperature.		

ADDITION	OF	CRYOPROTECTANTS	



microscopic	
observa1ons:	
fluorescein	
diacetate	used	
to	iden1fy	viable	
cells	(bright	
fluorescence).	

Wil1ng	test:	
samples	turgidity	

MAIN	RESULTS:	
impregna1on	with	trehalose	by	the	

combined	ac1ons	of	electric	fields	and	
vacuum	impregna1on	dras1cally	

improved	the	freezing	tolerance	of	the	
spinach	PEF	+VI	probably	allowed	

trehalose	uptake	in	extracellular	and	
intercellular	spaces.	

Fresh	spinach	

Fresh	spinach	a[er	freezing	and	thawing	

PEF	+	VI	spinach	a[er	freezing	and	
thawing	
	

VI	spinach	a[er	freezing	and	thawing	

250% of the initial value and showed no recovery 1 h after
electroporation. For an initial impedance ranging from
7000 to 8500 X, the admittance showed an increase of
around 100% of the initial value and a continuous decrease
down to around 20% 1 h after PEF application. The sam-
ples were fully recovered 2.5 h after electroporation (not
shown). When the initial impedance of the leaves was
around 9000 X, the admittance increased approximately
30% and a full recovery of the cells was obtained within
25 min.

It has been demonstrated (Arora and Palta, 1991) that a
partially damaged cell membrane has the ability to recover
even if the damage has caused a significant ion leakage.
The ATPase activity, which uses the chemical energy of
ATP, is required for this recovery process, as it helps the
cell to take up the leaked ions against the concentration
gradient. It is a long-term physiological process and may
take several hours (Arora and Palta, 1991). Our observa-
tion that the capacity of the leaves to recover after PEF
treatment is apparently affected by their initial impedance
might be associated with differences on the electric current
flowing through the tissue during the electropulsation. A
higher current might cause higher damage to the cells,
affecting the recovery process. The different values of initial
impedance may be a consequence of differences on cell wall
structure.

3.2. The combination of PEF and VI improves the freezing
resistance of spinach leaves

Spinach samples with initial impedance values in the
range 7000–8500 X were used for the subsequent process-
ing operations. The FDA and the wilting tests demon-
strated that the application of ‘‘Process 1” (Fig. 2)
resulted in viable, turgid spinach leaves (see Fig. 4c for a
typical result). These results strongly suggested that the
applied processing steps allowed the uptake of trehalose
by the tissue, thus dramatically increasing the freezing
resistance of the samples. The time scale for restoring the
atmospheric pressure after the VI treatment corresponded
to the time required for the sample to recover after the
PEF treatment (Fig. 3). This suggests that the cell mem-
branes leaked cellular contents when the vacuum was
increased, as well as during most of the holding time, and
that these contents were mixed with the incoming trehalose
solution. The uptake of the leaked cellular contents during
recovery may have facilitated the uptake of the cryoprotec-
tant inside the cells. The active transport of trehalose has
been proven in yeasts (Stambuk et al., 1996; Malluta
et al., 2000) but remains to be demonstrated in leaves such
as spinach. However, this idea was supported by the results
from ‘‘Process 2” (Fig. 2) as the FDA and the wilting tests
showed non-viable cells and totally wilted leaves (see
Fig. 4d for a typical result). This was thus considered evi-
dence that the impregnation of the trehalose in the extracel-
lular space alone, as expected after the VI process, was
insufficient for cryoprotection and that the leakage/recov-

ery process provoked by PEF was a key event providing
freezing resistance to the leaves.

The freezing tolerance of any organism can never be
explained by the action of merely one compound (Hincha
et al., 2006). In addition to sugars, many other physiolog-
ical adaptations must take place to allow an organism to
survive extreme stresses such as freezing or desiccation
(see Smallwood and Bowles, 2002 for a review). The capac-
ity of spinach to undergo the complex series of metabolic
events associated with the cold acclimation process has
been widely reported in the literature (Somersalo and Kra-
use, 1990; Turan et al., 2007). Moreover, these metabolic
events might continue during storage if the harvesting
has been done under specific climatic conditions (Gómez
Galindo et al., 2005a,b). Since the samples for this study
were obtained in the local market, the information con-
cerning the pre- and post-harvest history of the spinach
was insufficient. Therefore, the influence of the initial phys-
iological status of the tissue on the freezing tolerance that
was gained with trehalose by the combination of PEF
and VI requires further investigation.

Fig. 4. The freezing tolerance of spinach leaves after different treatments.
Left panel: Typical results (10 measurements) from the wilting test,
performed as described in the Section 2, showing the turgidity of the
samples. Right panel: Typical results (10 measurements) from microscopic
observations using fluorescein diacetate to identify viable cells. Viable cells
are distinguished by a bright fluorescence. (a) A fresh spinach leaf. (b) A
leaf frozen in liquid nitrogen for 7 s and immediately thawed in water at
room temperature. (c) Spinach leaves subjected to ‘‘Process 1”, as
described in the Section 2 and schematised in Fig. 1. (d) Spinach leaves
subjected to ‘‘Process 2”, as described in the Section 2 and schematised in
Fig. 1.
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Table 1. Examples of applications of vacuum impregnation to modify physico–chemical properties and sensory attributes of products. 

Raw Material 
Composition of Vacuum 
Impregnation Solutions 

Process Parameters Effect References 

peppers (slices of 15 cm in length 

and 1 cm in width) 
lactic acid solution (pH 2.70) 

solution:sample mass ratio of 5:1; 
increase of the acidification 

degree in peppers 
[10] 

p1 20 or 40 kPa 

t1 2 or 5 min 

t2 10, 15 and 30 min 

mushrooms (Agaricus bisporus) 

(cut in half) 
lactic acid solution (pH 3.05) 

solution:product ratio of 8:1; 

increase of the acidification 

degree in mushrooms 
[14] 

p1 20 and 40 kPa 

t1 2 min 

t2 20, 40, 60, 120, 240, 300, 360 and 720 min 

zucchini (slices of 1.5 cm in 

thickness and a diameter of  

2.0 cm; the average weight  

of each slice was 5 g) 

lactic acid solution (pH 2.70) 

solution:product mass ratio of 8:1; 

increase of the acidification 

degree in zucchini slices 
[15] 

p1 20 and 40 kPa 

t1 2 min 

t2 20, 40, 60, 120, 240, 300, 360 and 720 min 

papayas (cut into 4 × 2.5 × 0.5 cm 

pieces (length × width × thickness)) 

55% and 65% (w/w)  

sucrose solution 

p1 5 kPa 
decrease of aw [16] 

t1 10 min at 30 °C 

strawberry 65% (w/w) sucrose solution 

steam blanching or microwave and osmotic 

dehydration at atmospheric pressure or 

pulsed vacuum treatments decrease of aw [17] 

p1 5 kPa 

t1 5 min at 30 °C 

rabbiteye blueberries 
aqueous sucrose solutions 

(600 g/kg) 

solution:product ratio of 1:1; shortenning of dehydratation 

time in comparison with 

soaking at atmospheric pressure 

[18] 
p1 88 kPa 

plum (cut in slices of 4 × 1 × 1 cm, 

weighting approximately 10 g) 

40°, 50° and 60° Brix  

sucrose solution 

solution:product ratio of 10:1; new product with  

good visual quality and 

satisfactory shrinkage 

[19] 
t1 10 min 
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Table 1. Cont. 

Raw Material 
Composition of Vacuum 
Impregnation Solutions 

Process Parameters Effect References 

apples cv. (cultivar). Granny 
Smith (cylindrical samples  
(2 cm height and diameter)) 

rectified grape must 
(hypertonic solutions: 65°, 50° 

and 30° Brix) and 3% (w/w) 
high methoxyl pectin solutions 

p1 5 kPa improvement of mechanical and 
structural properties of tissue, 
notable reduction of freezable 

water which could improve fruit 
resistance to freezing damage 

[13] 
t1 5 min 

t2 25 min in higher solution viscosity 

t2 55 min 

strawberry (10 mm slices) 

50% (w/w) high fructose corn 
syrup or 3% (w/w) high 

methoxyl pectin solution 
containing calcium and/or zinc 

p1 7 kPa 
improvement of textural quality 

and reduced drip loss of  
frozen-thawed strawberries 

[20] t1 15 min 

t2 30 min 

spinach (rectangular 3.0 cm long, 
0.5 cm wide and 0.06 cm thick) 

40% (w/w) trehalose solution 

pulsed electric fields (580 V/cm) in 
combination with vacuum impregnation 

improvement of freezing 
tolerance of spinach leaves 

[21] p1 86 kPa 
t1 20 min 

t2 150 min 
apple samples cv. Granny Smith 
(cylindrical samples (8 cm height 

and 2 cm diameter)) 
sucrose isotonic solution 

p1 50 kPa 
increase of thermal conductivity [22] t1 10 min 

t2 20 min 

zucchini (slices 0.5-cm thick) 

maltodextrine solution  
(7.5%–9%, 10%), NaCl  

(0%–5%) and CaCl2  
(0–1000 mM) 

product:solution ratio of 1:3.3; 
improvement of solute and water 

gain and limitation of textural 
and microstructural changes 

[23] 
p1 2.5 kPa 
t1 10 min 
t2 30 min 

eggplant, carrot, oyster mushroom 
33 g sucrose and 20 g  

calcium lactate solution in 
isotonic solution 

p1 5 kPa notable impact on mechanical 
behaviour of eggplant and carrot, 

no effects in oyster mushroom 
[1] t1 10 min 

t2 10 min 
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Table 1. Cont. 

Raw Material 
Composition of Vacuum 
Impregnation Solutions 

Process Parameters Effect References 

apple samples cv.  
Granny Smith 

CaCl2 solution (0.6%, 2.0% or  
4.0% (w/w)) 

p1 9.3 and 59.9 kPa 
improvement of texture [24] t1 4 min 

t2 5 min 

apple cv. Jonagold  
(cut into 1 cm thick slices) 

10 mg/L ascorbic acid, 0.05 mg/L  
4-hexylresorcinol, 5 mg/L calcium 

chloride and 200 mg/L sucrose 

p1 8 kPa the same effect of dipping 
and vacuum impregnation 

regarding hardness 
[25] t1 5 min 

t2 5 min 
apples cv. Granny Smith  
(1 cm cubes) strawberries  

(cut in halves) and raspberries 

high methylated pectin solution 
preparation up to 3% (w/w) and/or 

CaCl2, up to 6.5% (w/w) 

p1 6.6 kPa limitation of loss in fruit 
firmness following 

pasteurization 
[26] 

t1 2 min 

strawberries (cv. Elsanta and 
Darselect) (cut in halves) 

high methylated pectin (from 
Aspergillus aceleatus) containing  

100 U/mL, 0.5% (w/w) CaCl2·2H2O  
1% and 3% (w/w) of apple pectin 

p1 1 kPa 
limitation of structural 

damage during subsequent 
rapid freezing processes 

[27] 
t1 5 min 

peaches (cut in halves) 
pectin methylesterase together with 

CaCl2 (100 mg/L) 
p1 85 kPa t1 30, 60, 90, 120 min 

increase of firmness in 
canned peaches 

[28] 

eggplants (slices of 1 cm trick) 

pectinmethyl-esterase derived from 
Aspergillus niger and extracted from 
orange and grapefruit and 4000 ppm 

CaCl2·2H2O 

1st method: 

increase of firmness in 
impregnated eggplants 

[29] 

p1 68 kPa 
t1 15 min at 30 °C 

2nd method: pulsed vacuum impregnation 
p1 85 kPa 
t1 5 min 

release vacuum to atmospheric pressure 
for 1 min reapply vacuum for 5 min and 

release for 5 min 
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Table 1. Cont. 

Raw Material Composition of Vacuum 
Impregnation Solutions Process Parameters Effect References 

watercress (leaves were selected 
diameter 1.4 cm) 

winter flounder antifreeze protein type 
I solution (1 mg/100 mL AFP-I  

ultra pure water) 

p1 51, 58, 68, 85 and 101 kPa smaller ice crystals in  
AFP-I impregnated (58 kPa, for 5 min) 

frozen samples 
[30] 

t1 5 min 

strawberry 

12 g/100 g trehalose solution;  
0.2 g/100 g solution unpasteurized cold 
acclimated winter wheat grass extract 

as a source of AFP and  
12 g/100 g trehalose and 0.2 g/100 g 
unpasteurized cold acclimated winter 

wheat grass extract 

p1 86 kPa 

improvement of freezing tolerance  
of strawberry [31] 

t1 5 min 

strawberry slices 

CaCl2 solution (1, 10, 100 mM); 
spermine solution (1, 10, 100 mM); 

spermidine (1, 10, 100 mM); 
putrescine (1, 10, 100 mM); 

p1 16.9 kPa effect of spermine and spermidine on 
the increase of firmness, whereas 

putrescine was not as effective 
[32] t1 8 min 

carrots (cv. Nantesa) slices  
(20-mm diameter, 10 mm thick) 

chitosan (1%, w/v) dispersed in 
aqueous solution of glacial acetic acid 

(1%, w/v), at 40 °C 

p1 5 kPa improvement of sample resistance to 
water vapor transmission, better 

preservation of color and mechanical 
response during cold storage 

[33] t1 4 min 

t2 2 min 

pineapple  
(slices 1 cm thickness) 

chitosan- or casinate-based  
film-forming emulsions 

ratio of the weight of coating 
solution:sample: 20:1; extension of shelf-life in  

pineapple-cereal system for caseinate 
based coating 

[34] p1 5 kPa 
t1 3 min 
t2 2 min 

pear (Pirus communis cv. 
Blanquilla) (cylinders 2 cm 

height, 2 cm diameter) 

isotonic sucrose solution (14° Brix) 
containing trisodium citrate 2-hydrate, 
sodium L-ascorbate, ethylenediamine 

tetraacetic acid 2-hydrate disodium salt 
and calcium lactate 5-hydrate and  

4-hexylresorcinol 

solution: fruit ratio of 20:1; 
ascorbate and calcium lactate  

in impregnated solution were the  
most effective for extending the  

shelf life of pear 

[35] 
p1 5 kPa 

t1 5 min 

t2 10 min 
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Table 1. Cont. 

Raw Material Composition of Vacuum 
Impregnation Solutions Process Parameters Effect References 

apple cv. Jonagold  
(1-cm thick slices) 

ascorbic acid, citric acid,  
4-hexylresorcinol, sodium chloride, 

calcium chloride, sodium lactate, 
calcium lactate and sucrose solutions 

p1 7 kPa effective inhibition of browning and 
softening of apple slices during storage 

by 1% ascorbic acid, 0.005%  
4-hexylresorcinol, 0.5% calcium chloride, 

20% sucrose in impregnated solution 

[36] 
t1 5 min 

t2 5 min 

button mushrooms  
(slice thickness was 6.5 mm 
with a 3 to 5 mm cap length) 

2 g/100 g ascorbic acid + 1 g/100 g 
calcium lactate solution; 2 g/100 g 

citric acid + 1 g/100 g calcium lactate; 
1 g/100 g chitosan + 1 g/100 g calcium 
lactate solution; and 1 g/100 g calcium 

lactate solution 

p1 6.7, 10.0, 13.3, 16.7 kPa vacuum impregnation with ascorbic 
acid and calcium lactate at 6.7 kPa for 
5 min and atmospheric restoration time 
of 5 min was the most effective to limit 

adverse changes of color in sliced 
button mushrooms 

[37] 

t1 5 and 10 min 

t2 5 and 10 min 

litchi cv. Rose 

502 g/kg sucrose solution containing 
4.9 g/kg cysteine + 20 g/kg ascorbic 
acid + 0.134 g/kg 4-hexyl resorcinol 
and 502 g/kg sucrose solutions also 

contained 20 g/kg calcium lactate and 
1 g/kg potassium sorbate 

p1 76 kPa 

samples were sensory acceptable up to 
24 days [38] 

t1 10 min 

t2 10 min 

apple sticks 

mass ratio of fruit:syrup was 1:17; 
fructose isotonic solution (14.0°–15° 

Brix) containing ascorbic acid  
(0.5% wt/wt) and dry, food-grade green 

apple flavoring (0.5% wt/wt) 

p1 28 kPa 

aroma enrichment [39] 
t1 5 min 

t2 2.5, 5, 12.5 min 

olive fruits cv. Domat NaCl (3%), NaOH (1.5%) and NaOH 
(1.5%) + NaCl (3%) solutions p1 68 kPa shortening the duration of  

debittering process [40] 

apples cv.  
Granny Smith and  

Stark Delicious 

higher values of hardness, crispness,  
juiciness and sourness in vacuum  
impregnated Granny Smith apples 

the solution:fruit ratio  
was 11:1; higher values of hardness, crispness, 

juiciness and sourness in vacuum 
impregnated Granny Smith apples 

[41] p1 10 kPa 
t1 30 min 
t2 5 min 

p1—vacuum pressure in the Vacuum impregnation (VI) process; t1—time in reduced pressure; t2—time in atmospheric pressure.

Examples	of	VI	applica1ons	to	modify	physico-chemical	and	sensory	aiributes	



Use	of	vacuum	impregna1on		
for	meat,	fish	and	dairy	products		



APP:	SALTING	

Ø  Sal1ng	is	a	commonly	used	food	preserva1on	opera1on	in	meat,	
fish,	 dairy	 and	 some	 plant	 products,	 such	 as	 pickles	 and	 olives	
o[en	coupled	with	fermenta1on	processes.	

Ø  During	sal1ng,	two	main	phenomena	occur:	
-	uptake	of	NaCl	and	other	possible	curing	compounds	
-	loss	of	water	and	some	internal	soluble	solids.		

Ø  The	aim	of	this	opera1on	is:	
-	 To	 reduce	 product	 water	 ac1vity	 aw	 in	 order	 to	 improve	 its	
microbial,	chemical	and	biochemical	stability;	
-		To	develop	desirable	flavour	characteris1cs.	



APP:	SALTING	
TRADITIONAL	PROCESS:	
Ø  dry	sal1ng	
Ø  brining	 èalso	 combined	 with	 other	 opera1ons	 such	 as	 smoking,	

acidifica1on,	 air	 drying,	 in	 order	 to	 obtain	 stable	 productsèproduct	
stability	 is	 promoted	 by	 aw	 and	 pH	 reduc1on	 and	 by	 the	 ac1on	 of	
compe11ve	microorganisms.		

LIMITATIONS:	
Ø  long	1me	processing	(several	days	for	big	peaces)	

due	to	the	low	values	of	salt	diffusivity	at	the	low	
temperatures	 required	 to	 assure	 food	 safety	
during	the	opera1on.		

Ø  management	 and	 waste	 recycling	 of	 great	
amounts	of	brine		

Ø  requirement	of	very	big	sal1ng	plants	to	achieve	a	
reasonable	produc1on.	



SALTING	by	BRINE	VACUUM	IMPREGNATION	(BVI)	
	
EFFECTS:		
Ø reduce	sal1ng	1me:		
Ø flaier	salt	distribu1on	in	the	product	
Ø higher	process	yields	(lower	weight	loss)		
Ø  juicier	product	at	equal	salt	content.		
Ø  In	cheese	(e.g.	cheddar)	beier	elimina1on	of	entrapped	gas	and	whey,	
thus	favouring	pressing	and	elimina1on	of	mechanical	openingsè	close	
structure,	mechanical	eyes	disappear	and	texture	becomes	smooth	
èlighter	appearance	of	the	cut	surface.	

	

APP:	SALTING	

Ø  elimina1on	of	blood	in	meat	products	and	whey	in	
cheese	obtaining	a	safer	product	due	to	the	reduc1on	
of	microbial	growth.		

Ø  Reduced	oxida1on	in	faiy	fish	(BVI	reduces	the	
accessibility	of	oxygen	to	sample	ac1ve	points)	



SALTING	by	BVI	
	
LIMITATIONS:		
	
Ø In	meat,	 fish	or	 cheese	products,	 pores	 contain	 small	 gas	 phase	
volume	entrapped	in	a	free	liquid	phase	èit	can	impede	the	gas	
out	 flow	 (mainly	 in	 big	 pieces)	 and	 hinder	 the	 mechanical	
equilibra1on	process	in	the	vacuum	period.		

Ø solid	matrix	more	viscous	than	elas1cè	pores	collapse	during	the	
compression	step	è	no	notable	impregna1on	occur	during	step	2	

APP:	SALTING	
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Abstract

A new salting method based on the brine vacuum impregnation of porous products was tested in Manchego-type cheese in order to
assess its e!ect on cheese lipolysis during ripening. This new salting method would allow a faster salt di!usion and a more
homogeneous initial salt distribution, and would reduce the disposal of brine. Salt-in-moisture content was evaluated in three di!erent
cheese zones during a 90-day ripening period in order to monitor salt penetration in the cheese. Lipolysis was evaluated by means of
gas chromatography of individual free fatty acids in the medium and internal zones of both cheeses salted by the conventional and the
new salting procedures. Free fatty acid concentration regularly increased during ripening. Short-chain free fatty acid content was
higher in the internal zone of conventionally salted cheeses than in the internal and medium zones of vacuum impregnated cheeses
from the "rst month after manufacturing, probably due to the low initial salt concentration achieved in the inner zone of
conventionally salted cheeses, which can enhance both bacterial and indigenous lipase activity. Panelists considered that conven-
tionally salted cheeses presented a more intense aroma than vacuum impregnated cheeses, though no di!erences in global #avor
intensity were observed. ! 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Lipolysis; Manchego; Salting

1. Introduction

Manchego cheese is the most popular cheese con-
sumed in Spain, with an output of 1,555,000 cheeses in
1997 (Poveda, Cabezas, & GarcmHa, 1999). It has been
traditionally manufactured in the region of la Mancha
from pure ewe's milk under conditions regulated by an
AppeH llation d'Origine ControlleH (Anonymous, 1995).
However, Manchego-type cheese is usually manufac-
tured nationwide in Spain, either from pure ewe's milk or
a blend of cow's and ewe's milks, in a way similar to the
original one. This cheese is usually salted by immersion
in a concentrated brine for a period of time that depends
mainly on cheese size and brine temperature. Salt di!u-
sion from the brine into the cheese is a slow process. Salt

concentration equilibrium in brine salted cheeses is only
reached after two weeks (in soft cheeses) or several
months (in semi-hard cheeses). This can cause several
problems during cheese ripening, such as excessive pro-
teolysis, lipolysis and glycolysis. That is why some re-
searchers have assayed di!erent salting procedures in
order to obtain a stronger initial salt penetration (Lee,
Olson, & Lund, 1980; Messens, Dewettinck, Van Camp,
& Huyghebaert, 1998). In a previous study (Guamis,
Trujillo, Ferragut, Chiralt, AndreH s, & Fito, 1997), a new
salting method (based on the brine vacuum impregnation
of porous products) was tested for Manchego-type
cheese. In vacuum impregnation salting, cheese is immer-
sed in brine and vacuum is then applied to the system. As
a consequence of pressure di!erences, the gas occluded in
cheese pores expands and #ows out of the product. When
the system is placed at atmospheric pressure again, the
external liquid (the brine) #ows in easily, rapidly reaching
the center of the cheese. The e!ect of this new salting
process on cheese texture, microstructure, glycolysis and
proteolysis has been previously determined (Pavia,
Guamis, Trujillo, Capellas, & Ferragut, 1999a; Pavia,

0958-6946/01/$ - see front matter ! 2001 Elsevier Science Ltd. All rights reserved.
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Fig. 2. Total free fatty acid evolution throughout ripening in the
medium (!) and the internal (") zones of conventional salted (continu-
ous line) and vacuum impregnated (discontinuous line) cheeses.

content seems to correlate with the age of the cheese
(r!"0.72), probably because of the short ripening period
evaluated. Values observed were slightly lower (specially
short-chain FFA content) than those noticed by FernaH n-
dez-GarcmHa et al. (1994) in Manchego-type cheese made
from both bovine and ovine milks. This di!erence, how-
ever, can be explained by the di!erent starter cultures
used in that study. Some authors (Gobbetti, Lowney,
Smacchi, Battistotti, Damiani, & Fox, 1997) had already
observed that the total FFA content regularly increased
during ripening on the surface, the middle and the inter-
nal zones of Taleggio cheese. However, the surface pre-
sented a total FFA content signi"cantly higher than the
other cheese zones.

Individual FFA evolution is shown in Fig. 3. The main
FFA observed during ripening were butyric acid (short-
chain), myristic acid (medium-chain), palmitic acid
(saturated long-chain) and oleic acid (unsaturated long-
chain). Relative percentages of FFA at the end of the
ripening period were similar to those reported by NaH jera,
BarroH n, and Barcina (1993) in a review on ewe's milk
cheeses. Short-chain FFA represented 7.7}9.5% of the
total FFA of 90-day ripened cheeses. Butyric acid was the
FFA with the lowest increase during ripening. This result
is similar to that observed by Freitas and Malcata (1998)
in Picante cheese made from ewe's milk, and can be
attributed to the volatilization of this FFA during the
analysis or to its metabolization into aromatic compo-
nents such as esters, alcohols and lactones (Rafecas,
Boatella, & de la Torre, 1985). Medium-chain FFA ac-
counted for 18.6}19.7% of all FFA, which is relatively
a high percentage compared to other goat and ewe's milk
cheeses (Freitas & Malcata, 1998). Long-chain FFA were
dominant, representing between 71.9 and 73.6% of all
FFA. In a recent review, NaH jera et al. (1993) asserted that
palmitic and oleic acids were the dominating FFA in all
type of cheeses they assayed. Despite this quantitative
importance, these FFA do not contribute to cheese #avor
as short-chain ones does.

The salting method signi"cantly a!ected the FFA con-
tent of the cheese up to day 30. In 30 day-aged cheeses, all
the FFA (except C

"!#
and C

$%!!
) were signi"cantly higher

(P(0.05) in the internal zone of CS cheeses than in both
the medium and the internal zones of VI cheeses. How-
ever, on day 60 and 90 this di!erence was signi"cant only
(P(0.05) for short-chain FFA. The in#uence of cheese
zone was important only in CS cheeses, probably because
of the abrupt initial salt pro"le (which was not present in
VI cheeses). In general, concentration of all FFA was
higher in the internal than in the medium zone of CS
cheeses. This di!erence was evident from the "rst month
after manufacture, but on day 60 and 90, it was signi"-
cant only for short-chain FFA. A possible explanation of
such a behavior is the inhibitory e!ect of salt on cheese
lipolysis. In Manchego-type cheese, lipolysis is mainly
due to the release of bacterial lipase and to residual LPL,
as pasteurization at 723C for 15 s performed at the pilot
plant facilities may not have inactivated all the indigen-
ous lipase in milk (Dressen, 1989). Some researchers have
observed the inhibitory e!ect of salts (such as NaCl) on
LPL activity (Chandan & Shahani, 1964; Vlaemynck,
1992). On the other hand, bacterial lipase is mainly de-
rived from starter bacteria (though other bacteria with
lipolytic activity can be present in cheese), which are
highly sensitive to salt-in-moisture content (Fox, Lucey,
& Cogan, 1990). The deeper salt penetration in VI
cheeses compared to CS cheeses could a!ect cheese
lipolysis by means of inhibiting the starter development
at the initial stages of ripening or by decreasing enzyme
activity (bacterial and/or indigenous lipases). As salt-in-
moisture di!erences between cheeses are almost negli-
gible from day 30, this e!ect has to be located in the "rst
month of ripening, though it is slightly sustained
throughout the 90-day ripening period. The more speci"c
release of short-chain FFA can be explained by the high
speci"city of both LPL and starter lipases to FFA
located in the position sn-1,3 of the triglyceride, and
short-chain fatty acids are predominantly esteri"ed at the
sn-3 position (Fuente et al., 1993). These results agree
with those found by Lesage, Voilley, Lorient, and Bezard
(1993), who have already noticed the importance of NaCl
in controlling lipase production or lipase activity, espe-
cially for short-chain fatty acid release.

3.3. Sensory analysis

FernaH ndez-GarcmHa et al. (1994) asserted that the liber-
ation of short-chain fatty acids seemed to be desirable for
Manchego-type cheese #avor fullness and balance. The
lower short-chain FFA content of the internal zone of VI
cheeses could therefore result in a less #avored cheese.
However, according to sensory evaluation, no di!erences
(P(0.05) in global #avor intensity were observed be-
tween CS and VI cheeses, though CS cheeses presented
a more intense aroma than VI cheeses. Thus, the higher
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MAIN	RESULTS:		
	

Ø FFA:	 Internal	 zone	 of	 CS	 cheeses	 presents	 a	 content	 of	 short-chain	 FFA	 higher	 than	 the	
medium	 zone	 from	 the	 first	 month	 a[er	 manufacturing,	 whereas	 no	 differences	 are	
observed	 due	 to	 cheese	 zone	 in	 VI	 cheeses	 Sal1ng	 procedure	 affects	 short-chain	 FFA	
release:	 slightly	 higher	 in	 the	 internal	 zone	of	 CS	 cheeses	 than	 in	VI	 cheeses	 (CS	èlower	
inner	salt	concentra1onèhigher	bacterial	and	endogenous	lipase	ac1vity)	

Ø SENSORY	 PANEL	 RESULTS:	 more	 intense	 aroma	 in	 CS	 cheeses	 than	 in	 VI	 cheeses;	 no	
differences	in	global	flavour	intensity.	
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a b s t r a c t

The objective of this work was to study the influence of different salting procedures on the water loss
(WL) and salt gain (StG) kinetics of beef cuts. The following procedures were evaluated: wet salting at
atmospheric pressure; pulsed-vacuum wet salting (with application of one or three vacuum pulses); dry
salting; pulsed-vacuum marination in brines with acetic, citric or lactic acid; and pulsed-vacuum salting
in brines with partial replacement of NaCl by KCl. From the obtained experimental results, we verified
that the application of three vacuum pulses during wet salting increased the WL by 20% and the StG by
15% in comparison with the wet salting at atmospheric pressure. In contrast, addition of different acids in
the brine decreased the StG by 13e24% after 6 h of immersion. Moreover, results obtained with partial
replacement of NaCl by KCl revealed that the diffusion of Kþ is faster than of Naþ and also that KCl has a
smaller capability of reducing water activity. This demonstrates the importance of adjusting salting time
when using mixtures of NaCl and KCl for elaborating products with reduced Naþ levels.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Salting is among the oldest food preservation methods and is
one of the major steps for the preparation of dried meat products
such as charque (a traditional Brazilian dried/salted beef product)
and jerked beef (the latter differs from the formermainly by the use
of sodium nitrite in the brine during salting). The salting pro-
cedures used for preparing these products are the dry salting (DS)
and the wet salting (WS). The dry salting is carried out by stacking
alternating layers of salt and beef cuts, whereas the wet salting is
based on the immersion of the product in brines and involves the
transfer of both salt and water between the product and the brine
either in the same direction or in counter-current (Schmidt,
Carciofi, & Laurindo, 2008b). Besides the salt, other ingredients,
such as acids (acetic, citric, lactic and others), can be added to the
brine aiming to provide specific sensory characteristics (flavor,
softness) and decrease microbial growth and enzymatic activity
(Capaccioni, Casales,& Yeannes, 2011; Tribuzi, Schmidt,& Laurindo,
2014). This occurs by the simultaneous action of the salt and

organic acids on the muscle proteins, reducing their water-holding
capacity and promoting a higher dehydration (Goli, Ricci, Bohuon,
Marchesseau, & Collignan, 2014). The influence of the acid addi-
tion on the mass transfer (salt and water) kinetics during the
marination (salting in brines with acids) has been studied in
products as turkey meat (Goli, Bohuon, Ricci, Trystram,& Collignan,
2011), fish (Capaccioni et al., 2011) and cooked mussels (Tribuzi
et al., 2014).

The salting of large pieces of meat is usually slow due to the low
values of salt diffusivity at the low temperatures required to ensure
product safety during processing. In the conventional processing of
charque, for instance, the salting stage can last up to 8 days (1e2
days for wet salting, followed by 5e6 days of dry salting), followed
by a solar drying stage that lasts 5 days or more (Shimokomaki
et al., 1998). Aiming to reduce the long salting periods of meat
cuts, one interesting alternative may be the use of vacuum
impregnation. This technique has been considered in the last de-
cades for both reducing the wet-salting time and promoting a more
homogeneous distribution of salt for different types of products,
such as cheese (Hofmeister, Souza, & Laurindo, 2005), fish (Corzo,
Bracho, & Marjal, 2006), cured ham (Barat, Grau, Ib!a~nez, & Fito,
2005), turkey and chicken meat (Deumier, Trystram, Collignan,
Gu!edider, & Bohuon, 2003; Schmidt, Carciofi, & Laurindo, 2008a).
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a b s t r a c t

Antimicrobial collagen casing incorporated with nisin was developed to inhibit foodborne pathogens and
spoilage bacteria associated with ready-to-eat (RTE) sausage. Collagen casing was impregnated with
10,000 ppm of nisin solution at vacuum pressure (-680 mmHg) under various conditions of a vacuum
time range from 150 to 600 s and an atmospheric time range from 30 to 90 s. The antimicrobial activity of
the collagen casing impregnated with nisin was screened using the survival cell count method against
Listeria monocytogenes strain Scott A. After that, the most active antimicrobial casing was examined both
in vitro and in Vienna sausage. In vitro, the antimicrobial casing decreased L. monocytogenes by 2.8 log
CFU/mL, Staphylococcus aureus by 2.1 log CFU/mL and Lactobacillus plantarum by 2.4 log CFU/mL (>99%
reduction) when compared with a pre-treated collagen casing (CTRL). After applied to the sausage, the
antimicrobial casing extended shelf-life of the sausage at least 90 days at 4 !C and 49 days at 10 !C,
respectively. Furthermore, it reduced artificially inoculated L. monocytogenes by 1.1 log CFU/g (>90%
reduction) during storage at 4 !C. The concentration of nisin released from the casing was evaluated
using the agar well diffusion method. An amount of 852 ppm nisin was released from the antimicrobial
casing which was higher than the minimum inhibitory concentration (MIC) values of tested bacteria (25
e250 ppm). The FTIR spectral band of the antimicrobial casing showed interaction between nisin and
collagen casing at 1800-800 cm"1. Furthermore, physical properties of the antimicrobial casing and CTRL
were not significantly different in color, thickness and percent elongation (%E) but the tensile strength of
IMP was higher than CTRL. Therefore, it can be concluded that the antimicrobial collagen casing
impregnated with nisin has the potential to control foodborne microorganisms in order to enhance the
microbial food safety and shelf life of RTE sausage.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Ready-to-eat sausages are frequently found to be contaminated
by microorganisms in all steps, including meat receiving unit,
production, packaging, storage, transportation, sales and con-
sumption (Hultman, Rahkila, Ali, Rousu, & Bj€orkroth, 2015). The
contamination of foodborne pathogens has led to product recalls
(Food Safety and Inspection Service, 2016) which cause economic
loss. Moreover, contamination poses a serious threat to the health
of consumers. The deadliest foodborne outbreak in Canada in 2008

involved 58 illness and 22 deaths due to consumption of RTE
sausage and cold cuts contaminated with Listeria monocytogenes
(Government of Canada Publications, 2009). Recent outbreak of
listeriosis in Denmark in 2014 involved 20 illnesses due to con-
sumption of contaminated rolled deli sausage served as cold cut
meat (Statens Serum Institut, 2014). Furthermore, the production
plants for meat products are often found to be a source of S. aureus
(Gounadaki, Skandamis, Drosinos, & Nychas, 2008; Guti"errez et al.,
2012). This bacterium can cause food poisoning when present, due
to improper hygienic practices, in the plant especially on the sur-
face of equipment that is in contact with the food surface. The
surfaces of meat products were frequently found to be contami-
nated with foodborne pathogens after the cooking process due to
microbial accumulation on the surface of the equipment (Afshin,
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OTHER	APPLICATIONS:		
Incorpora0on		of	an0microbial	bacteriocines	in	sausage	
casing	

EXPERIMENTAL	PLAN:	
	
Collagen	casing	was	impregnated	with	10,000	ppm	of	nisin	solu1on	at	vacuum	
pressure	of	-680	mmHg	;	t1	(vacuum	1me)	from	150	to	600	s	and	t2	(atmospheric	
1me)	from	30	to	90	s.	
	



MAIN	RESULTS:	
Ø  ON	SAUSAGE:	the	an1microbial	casing	extended	shelf-life	of	the	sausage	at	least	90	days	

at	4	°C	and	49	days	at	10	°C	respec1vely;	it	reduced	ar1ficially	inoculated	L.	
monocytogenes	by	1.1	log	CFU/g	(>90%	reduc1on)	during	storage	at	4		C.		

Ø  Physical	proper1es	of	the	an1microbial	casing	and	CTRL	were	not	significantly	different	in	
color,	thickness	and	percent	elonga1on	(%E)	but	the	tensile	strength	of	IMP	was	higher	
than	CTRL.		

Ø  An0microbial	collagen	casing	impregnated	with	nisin	has	the	poten0al	to	control	
foodborne	microorganisms	in	order	to	enhance	the	microbial	food	safety	and	shelf	life	
of	sausage.	

significantly different. For lactic acid bacteria, the bacteria was
under the detectable limit (<1 log CFU/g) both in CTRL and IMP
samples throughout the storage (data not shown).

3.5. Effect of antimicrobial collagen casing on L. monocytogenes in
sausage

The antilisterial effect the IMP casing was also determined by
stuffing the sausage. Then, L. monocytogeneswas surface inoculated
on the sausage at approximately 3 log CFU/g and stored at 4 or 10 !C
(Fig. 4). At both temperatures, the growth of L. monocytogenes was
inhibited throughout the storage. The most active inhibitory effect
was shown at 4 !C, at which listerial cells were slightly reduced to
1.8 log CFU/g or decreased of 1.1 logs (>90% reduction) throughout
the storage, at least 90 days. In contrast to CTRL, L. monocytogenes
increased constantly during the storage until the end of shelf-life.

Considering the antibacterial activity of nisin in sausage,
L. monocytogenes was more sensitive than TVC. This phenomenon
may be due to microorganisms presented as TVC on the sausages
were possibly other spoilage bacteria related to refrigerated sau-
sages such as Brochothrix thermosphacta, Pseudomonas, Achromo-
bacto, Psychrobacter and Moraxella. These spoilage microorganisms

are able to secrete enzymes related to triglyceride digestion. These
may interact with triglyceride in meat and induce changes in odor
and flavor of meat products (Borch et al., 1996; Davies & Board,
1988). Besides, some of those spoilage bacteria, namely Pseudo-
monas, Psychrobacter and Moraxella, are Gram-negative bacteria
which are more tolerant to nisin than Gram-positive bacteria
(Stevens et al., 1991).

It can be concluded that antimicrobial collagen casing impreg-
nated with nisin retard L. monocytogenes Scott A and TVC growth in
sausage during storage at 4 !C. This result is in agreement with
other authors who demonstrated that nisin on the casing showed
an inhibitory effect against microorganisms on sausages such as
L. monocytogenes (Luchansky & Call, 2004; Samelis et al., 2005;
Nguyen et al., 2008) and lactic acid bacteria (de Barros et al.,
2010). However, the antilisterial effect on those products was
limited only 15 days at 4 !C. Furthermore, the casing soaked in the
nisin solution at the ambient atmosphere which consumed time
from 40 min to 6 h. Noted that, vacuum impregnation technique of
nisin into collagen casing demonstrated more efficacy in retarding
L. monocytogenes growth than soaking method. Furthermore, it
took only 330 s for preparation the antimicrobial casing which is
drastically lesser than the soaking method (24 h).

Fig. 3. Number of total vialbe count of sausage storaged at 4 and 10 !C for 90 days.

Fig. 4. Number of L. monocytogenes Scott A of sausage storaged at 4 and 10 !C for 90 days.
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