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Introduction

Anemia due to iron deficiency is the most common and 
widespread nutritional anemia in the world and significantly 
afflicts individuals of all ages and economic groups in both 
developing and developed countries. The World Health 
Organization (WHO) estimates that some 2 billion peoples are 
anaemic, and the majority due to iron deficiency [1]. So, in recent 
years, scientific and technological attempts have been focused 
on overcoming mineral undernourishment in the world, because 
of the deficiency of essential minerals, including iron [2]. Foods 
today are not intended to only provide necessary nutrients, but 
to prevent nutrition related diseases and to improve the physical 
and mental well-being of peoples. In this regard, functional foods 
play a prominent role. The functional food is a part of human diet 
and is demonstrated to provide health benefits and to decrease 
the risk of chronic diseases beyond those provided by adequate 
nutrition [3-4]. In fact, vacuum impregnation (VI) is employed  
in a wide range of food processing. It is used to improve product  

 
qualities [5], to stabilize structural changes and cell walls [6], to 
improve sensory properties such as taste [7] and color [8], and 
to enrich functional ingredients [9-10]. Furthermore, the VI is 
particularly useful in developing of fruit and vegetable products 
that have internal pores within structure. It is in this pores 
structure where functional ingredients such as essential minerals 
can be introduced and supported [11].

The VI of porous food-matrices such as fruits and vegetables 
with adequate external solutions or suspensions of functional 
ingredients has been claimed as a useful way to obtain functional 
food without destroying their initial matrices, filling only the 
initial porous fractions with a liquid phase [12]. In particular, 
plant tissues possess incompact structural matrices, and this 
defines both their VI response and their mechanical properties 
as functional food. Gras et al. [13] has evaluated changes in the 
microstructure of different vegetables by means of Cryo-scanning 
electron microscopy (Cryo-SEM), and has found that VI can be 
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used to fill intercellular spaces (ICS) in vegetable matrices. The 
functional ingredients supported in the pores of these structures 
interact with the food matrix at different levels. Consequently, the 
development of functional food by means of VI requires analysis of 
interaction levels in order to optimize process and food properties. 
The hydrodynamic mechanism enhancing liquid permeation in 
food matrix has been described and modelled in previous study by 
Fito [14]. The VI operation consists of three steps in food matrix. 
The first is of immersing a given product into an external solution 
containing functional ingredient. The second step is applying 
vacuum pressure (p1) for a short period of time (t1) in order to 
promote the outflow of internal gas. The third step restores the 
atmospheric pressure (p2) for a period of time (t2); it is during this 
time that in which the hydrodynamic inflow is promoted from the 
external solution into the pores. The amount of external solution 
which has impregnated in the food structure (X), due to the action 
of the hydrodynamic mechanism, has been modelled as a product 
of the effective porosity (εe), the applied compression ratio (r ≈ p2/
p1) and the sample volume deformation (γ). This is all provoked 
by changes in pressure of VI system [15,16].

Potatoes are an essential food crop occupying a remarkable 
position within the human diet, and are thus an important food for 
the ingestion of minerals, vitamins, and other bioactive compounds 
[17]. With regards to the VI treatment of potatoes, some authors 
have already investigated the fortification of their nutrient contents 
[12,18], while others have investigated the effects of VI processing 
conditions [19,20]. Nevertheless, relationship between the 

changes in impregnation solution concentration and the sample 
behavior parameters (impregnation, deformation, and effective 
porosity) and physicochemical properties were not established in 
earlier studies. Because the impregnation solution concentration 
will directly affect the solution viscosity, it effects on mass transfer 
rate and composition of final food products [16]. Therefore, the 
purpose of this present study has been to investigate the effect 
of iron solution (IS) concentration via VI upon the impregnation, 
deformation, and effective porosity, and iron content of whole 
potato tubers. Furthermore, the physicochemical properties 
(moisture content, pH value, total mass variation and density) of 
whole potato tuber have also been evaluated.

Materials and Methods

Materials

Two potatoes cultivars, the Toyoshiro and the Dejima, 
were provided by the Hokkaido Agricultural Research Center 
(Hokkaido, Japan); we took into account homogeneity of size and 
shape. Potatoes weighing between 130 g and 150 g were selected 
and stored at 4 oC and 90% of relative humidity before the 
experiments took places. Ferric pyrophosphate was purchased 
from Kanto Chemical (Tokyo, Japan). It was used for iron 
fortification, and is widely used in food enrichment [10, 21-22], as 
it neither changes colour nor palatability [23,24]. It was prepared 
with low (0.5 g/100 g), middle (1.5 g/100 g), and high (3 g/100 g) 
concentrations of IS (Table 1).

Table 1: Different concentration levels of iron solutions (IS).

IS conditions Concentration (%) Density (kg/m3)   pH values

Low 0.5 997.5±0.07c   6.73±0.05a

Middle 1.5 1004.0±0.14b   6.48±0.04b

High 3 1014.6±0.06a   6.31±0.06c

Source: Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability.

Vacuum impregnation treatment

Potatoes were taken from storage, washed and dried with 
tissue papers, then placed at room temperature for 2 h. Whole 
potato tubers (unpeeled) were measured for initial weight 
(M0) and volume (V0), then placed into a 2 L beaker containing 
a desiccator with 0.75 L of IS. Vacuum meter (PM-12, Shimadzu 
Corporation, Kyoto, Japan) was used to measure pressure, and was 
placed between vacuum pump (GDH-362, Shimadzu Corporation, 
Kyoto, Japan) and the desiccator. A vacuum pressure of 800 
Pa was then applied to the system for 1 h (vacuum step; t = t1). 
After this period within the vacuum, atmospheric pressure was 
restored, and the potato tuber was maintained in the IS for a 3 h of 
restoration time (restoration step, t = t2) [20]. After the VI process, 
final potato tuber weight (M2) and volume (V2) were measured.

Description of sample behavior parameters

The impregnation (X) and deformation (γ) levels of VI whole 
potato at the end of the vacuum step and end of the VI process 
were calculated by the equations (Eqs. 1 and 2) proposed by 
previous study [25]. 
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Where: ρ, density of the IS; Mt, mass of liquid impregnated 
in the sample at the end of the vacuum step (M1) or at the end of 
the VI process (M2); γt, sample volume deformed at the end of the 
vacuum step (γ1) or at the end of the VI process (γ).
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The effective porosity (εe) of VI whole potato available to the 
hydrodynamic mechanism action can be calculated, according to 
the reported mathematical model (Eq. 3) [25].

( ) 1

1e

X
r
γ γ

ε
− −

=
−

  (3)

Where r ≈ P2/P1 (compression ratio), P2 = atmospheric 
pressure and P1 = vacuum pressure. 

Physicochemical analysis

Total mass variation (ΔM) of the VI-potatoes was calculated 
by the following equation:

( )2 0

0

100
M M

M
M
−

∆ = ×  (4)

Where: M0 and M2 are the weight of the potato before and after 
the VI treatment, respectively.

The moisture content of the VI or raw (control; without VI 
treatment) potatoes was determined using air-drying oven DS-42 
(DS-42, Yamato Scientific, Tokyo, Japan) at 105 oC for at least 16 h 
[26]. The solid contents were then determined based on individual 
moisture content. 100 g of VI or raw potato were homogenized 
by a laboratory blender in order to measure pH values [27]. The 
pH values were measured using pH meter (D-12, Horiba, Kyoto, 
Japan), having been previously calibrated with buffer solutions 
(pH 7.0). Bulk density of the raw potatoes was calculated by 
Blahovec’s equations [28]. This was, determined by weighing the 
potato tuber both in air and in water at room temperature (25 
oC). However, the samples degasifying led to some difficulties, in 
particular inconsistent solid-liquid values. Thus, real solid-liquid 
density of raw potato was calculated according to the water-mass 
fraction (Xw), and previously used in a study by Gras’s [13]. The 
porosities (ε) of the raw potatoes were calculated from density 
values: ε = 1-(ρ/ρSL) (Eq. 5).

Cooking

The cooking portion of the experiment was performed 
according to the methods described in Erihemu’s study [20], 
and with some modifications. The unpeeled whole potato tubers 
(raw or VI-potatoes) were placed in a stainless steam-cooker, 
covered with a lid, and steamed over boiling water at atmospheric 
pressure for 25 min. This was cooking experiments were done in 
order to investigate the effects upon their on content of raw and 
VI-potatoes. 

Iron determination 

The potato tubers were washed, dried with tissue paper, 
weighed and diced. A portion was oven-dried at 70 oC (DPS-41, 
Yamato Scientific Co., Ltd., Tokyo, Japan), until a constant weight 
was reached. Then, the dehydrated material was ground and 
passed through a 1 mm sieve, and used for the determination of 
iron content. Approximately 1 g of the oven-dried sample was 

put in a muffle furnace at 550 (± 2) oC for 24 h. Subsequently, the 
incinerated sample was dissolved with hydrochloric acid at 70 oC 
by a hotplate. Then, the dissolved solution was diluted to 50 mL 
in a volumetric flask with distilled water. The iron content was 
determined with an atomic absorption spectrometer system (Z-
2010, Hitachi, Tokyo, Japan) [29]. The quantification of iron in the 
tubers was performed by the calibration curve. Data are expressed 
as mg 100 g-1 of fresh weight.

Statistical analysis

One tuber was used per treatment, and each treatment 
was assayed six times. Duncan’s multiple range test of IBM 
SPSS 20.0 (Chicago, USA) was used to obtain mean values and 
standard deviation, and to determine the differences between 
physicochemical property means, total mass variation, volume 
fractions of impregnation and deformation, effective porosity, and 
iron content.

Results and Discussion

Effect of IS concentration on physicochemical 
properties of the VI-potatoes

Table 2 shows the physicochemical properties of the VI-
potatoes. The results demonstrate that the moisture content 
of VI-potatoes (Toyoshiro) increases with IS concentration 
levels; in particular, at 0.5% of IS concentration, higher moisture 
content was observed, and reached 73.25%. On the other hand, 
no significant differences in moisture content were found in 
the Dejima potatoes (p>0.05). It is important to note that when 
comparing, the pH values of each potatoes, a lower pH value 
was found in the VI-potatoes rather than their raw counterparts 
(p<0.05). Sun and Li [30] observed that the cells of raw potato 
tissue are in almost perfect contact, although some small 
intercellular voids exist. These voids are the ICS, which are 
common in parenchymous tissue of potato. The ICS volumes in 
potatoes are generally estimated at 1% of their total volume [31]. 
However, in this study, the porosity/ICS (Table 2) was greater in 
both potato cultivars, Toyoshiro at 3.75%, and Dejima at 2.75%. 
This suggests that different potato cultivars may have different 
porosity/ICS. Fito et al. [32] conducted structural analysis on 
eggplant and orange peels, and impregnated them via Cyro-SEM 
with an isotonic solution containing iron and calcium salts. They 
reported that the higher the porosity, the greater the ICS. The VI 
efficiency has been reported to depend on a given foods matrix, 
particularly its porosity/ICS [33]. Therefore in this study, the 
external iron solution gradually penetrated into the ICS of the 
whole potato during the atmospheric step (t2). Figure 1 shows the 
total mass variation (ΔM) values of VI-potatoes with decreased IS 
concentration levels. In both potato cultivars, the higher ΔM value 
was found at 0.5% of IS concentration rather than 1.5% and 3.0% 
(p<0.05). Moreover, at 0.5% of IS concentration, the ΔM values of 
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the Toyoshiro and Dejima were at 4.0% and 5.4%, respectively. 
Concerning VI in general, Zhao and Xie [16] reported that the 
conditions of VI plays a significant role in the VI of vegetables, 
particularly impregnation solution concentration. Yang and 
Maguer [34] reported that stabilization or decrease in mass 
transfer occurred when the impregnation solution concentration 
reached 50-60%. Furthermore, Garrote and Bertone [35] found 

that an increase in solution viscosity along with increased solution 
concentration resulted in a decrease of solute transfer rate, which 
canceled out for the increase in the concentration gradient. 
Therefore, an increase in IS concentration demonstrates decrease 
of the ΔM of VI-potatoes, as shows in Figure 1. 

Figure 1: Total mass variation ( ) of VI-potatoes depending on different iron solution (IS) concentration levels. Vacuum pressure, 800 Pa; 
t1=1; t2=3 h. Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability.

Table 2: Physicochemical properties of  whole potatoes.

Potato cultivars Treatments Moisture content 
(%)   pH values Bulk density ρ 

(kg/m3)
Real density ρSL  

(kg/m3) Porosity ε (%)

Toyoshiro

Raw 70.20±2.10b 6.01±0.03a 1082.27±10.25 1124.41±9.77 3.75±0.47

IS of 0.5% 71.48±1.50ab 5.82±0.08bc    

IS of 1.5% 73.25±2.49a 5.75±0.10c    

IS of 3.0% 70.34±0.93b 5.85±0.06b    

Dejima

Raw 74.71±0.72 5.84±0.04a 1073.24±7.57 1103.57±3.26 2.75±0.58

IS of 0.5% 75.37±0.80 5.73±0.06b    

IS of 1.5% 74.76±1.11 5.71±0.03b    

IS of 3.0% 75.43±0.99 5.74±0.03b    

Source: Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability. IS: Iron solution.

Effect of IS concentration on the impregnation, 
deformation and effective porosity levels of VI-potatoes

Figure 2A shows the X value of VI-potatoes at different IS 
concentration levels. At the end of VI process, the VI-potatoes 
reached maximum X values at 0.5% of IS concentration (4.4% 
of Toyoshiro and 5.8% of Dejima), followed by 1.5% and 3.0% of 
IS concentrations. For the γ value of VI-potatoes (Figure 2B), the 
greatest γ value increase again occurs at 0.5% of IS concentration 

(4.2% of Toyoshiro and 5.6% of Dejima), followed again by 1.5% 
and 3.0%. As mentioned previously, the porosity of the food 
matrix is the most relevant structural property in VI effectiveness. 
In plant tissues, this porosity may be high (20-30%) such as in 
apples, eggplants, or orange peels [36]; thus, and so VI can be 
highly effective. Gras et al. [6] found that the X value of an eggplant 
and oyster mushroom at the end of VI was increased, although the 
carrot’s wasn’t. This is because the carrot has a lower porosity at 
about 2.2-3.5%, depending on sample thickness. A similar result 
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was found in this study, the potatoes were found to have a lower 
relative porosity (Table 2). However, the X and γ values of the 

VI-potatoes at was greatly dependent on IS concentration levels 
(Figure 2).

Figure 2: Impregnation (A) and deformation (B) values of VI-potatoes depending on different iron solution (IS) concentration levels. Vacuum 
pressure, 800 Pa; t1 =1 h; t2 = 3 h. Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability.

At the end of t1 step, no notable differences were found for 
the X1 and γ1 values (data not shown). As Gras et al. [6] indicated 
that the X1 and γ1 values of carrot slices at the end of t1 was very 
small, and also depended upon slice thickness, size, structural 
properties, and porosity of samples. For the potato sample, the 
ICS of potato is very small (about 2.75-3.75%), particularly as 
in present study compared with that of an apple (25%), peach 
(15%) and mushroom (37-45%) [37]. Moreover, potatoes have 
a thick periderm, impermeable to water and gases [38], which 
protect the mechanical and structural properties of the potatoes 
tissues, particularly when compared with other studies [6,39]. 
Therefore, all the internal gas and native liquid (including pores’ 
native liquid) is difficult to release from the ICS of potato tissue. 
We reason that this is why no notable difference of X1 and γ1 values 
at end of the t1 step was found in this study. Table 3 shows that 
the εe value of VI-potatoes decreased with IS concentration levels. 

In both potato cultivars, the higher εe value was found at 0.5% of 
IS concentration (p<0.05): 4.4% for the Toyoshiro and 5.8% for 
the Dejima potatoes. Previous research has been done into the 
coupling of the hydrodynamic mechanism with deformation-
relaxation phenomena of products solid-matrix [25], this study 
demonstrated a significant reduction in the volume of gas in 
vegetable tissues during t2. This is probably due to compression, 
as atmospheric pressure is restored during this phase. Hence, 
the external liquid inflows into the porous structure of fruits and 
vegetables [15], and the εe affects the volume fraction [40]. As 
previously mentioned, Garrote and Bertone [35] found that an 
increase in the impregnation solution concentration resulted in a 
decrease of solute transfer rate in food matrix. Therefore, the lower 
values of εe at the higher concentration imply that the mechanical 
equilibrium was not reached, and that the IS penetration did not 
occur at the maximum level.

Table 3: Effective porosity of  VI-potatoes.

Potato cultivars VI treatments Effective porosity (εe %)

Toyoshiro

IS of 0.5% 4.41±0.48a

IS of 1.5% 2.74±0.33b

IS of 3.0% 1.75±0.25c

Dejima

IS of 0.5% 5.84±0.38a

IS of 1.5% 2.57±0.54b

IS of 3.0% 1.61±0.24c

Source: Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability. IS: Iron solution.
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Effect of IS concentration on the iron content of VI-
potatoes

Figure 3A shows the relation between the iron contents of 
VI-potatoes (Toyoshiro) and IS concentration levels. As shown 
in this figure, the iron content increased with IS concentration 
levels; in particular, maximum iron content was reached at 
the 3.0% of IS concentration, containing 5.7 mg iron per 100 g. 
Moreover, the VI-cooked potatoes contained higher iron content 
than the raw-cooked potatoes (p<0.05). At the 3%, 1.5%, and 
0.5% of IS concentrations; the VI-cooked potatoes had 6.3, 7.4, 
and 6.1 times higher iron content than the raw-cooked potatoes, 
respectively. Also, Figure 3B likewise shows that iron content of 
the VI-potato (Dejima) also increased with IS concentration levels. 
It too reached maximum iron content at 3.0% of IS concentration, 
containing 6.1 mg iron per 100 g. Moreover, at 3%, 1.5%, and 0.5% 
of IS concentration, the VI-cooked potatoes had 9.7, 9, and 8 times 

higher iron content than their raw-cooked potatoes. Similarly, 
Gras et al. [6] indicated that the final X levels of carrot slices (10, 
15, and 25 mm) depended on slice thicknesses; the thinner the 
slice, the greater the X level. Also previously mentioned, Zhao and 
Xie [16] indicated that the impregnation solution concentration 
plays a significant role in VI operation; the VI solutions with 
lower concentrations can be impregnated to a greater extent 
into the porous tissue of fruits and vegetables, particularly when 
compared to solutions with higher concentrations and a lowered 
transfer rate. Furthermore, similar results were observed in 
this study, although the highest iron content in VI-potatoes was 
obtained at 3% of IS concentration (Figure 3). Therefore, the 
IS concentration is an important factor in VI of whole potatoes, 
as iron content greatly depended upon IS concentration levels. 
Further study, however, is needed on the iron distribution in the 
VI-potato tissues.

Figure 3: Iron content of Toyoshiro (A) and Dejima (B) VI-potatoes depending on different iron solution (IS) concentration levels. Vacuum 
pressure, 800 Pa; t1 =1 h; t2 = 3 h. Values are the means ± SD (n = 6). Different letters show significant differences at 0.05 probability.

The VI is a useful tool in developing fruit or vegetable products 
that modify their original composition without disrupting their 
cellular structure. Gras et al. [6] have shown that many of the 
calcium ions of VI-products exist only inside the ICS, not inside 
of cells. Furthermore, in VI-potatoes, vacuum pressure appears 
to be higher in the outer sections than the inner sections, this is 
because the outer section is closer to the potato surface. Hironaka 
et al. [19] indicates that impregnation occurred near the central 
pith, and the areas between the vascular ring and the periderm of 
whole potato tuber (at same conditions of t1 and t2). Therefore, the 
iron content mainly exists in the outer sections of the VI-potatoes. 
Moreover, Peterson et al. [38] confirms this. They indicate that 
the lenticels of potatoes hold excess water lost from the internal 
tissues of the tuber. Heat applied by steam-cooking causes an 
expansion of internal gas in the ICS of the potato tuber, which may 

be leads to a loss of iron content from the ICS [41]. Thus, we posit 
that this is the reason for large losses of iron content in VI-cooked 
potatoes at 3% of IS concentration (Figure 3).

Conclusion

The results of the present study indicates that the values of X, γ, 
and εe of the VI-potatoes showed decreased with IS concentration 
levels by the end of VI process; however, no notable differences 
in the X and γ values of the VI-potatoes were found at the end of 
t1 step. Moreover, the iron content of VI-potatoes increased with 
IS concentration levels; in particular, the VI-potatoes reached 
maximum iron content at 3.0% of IS concentration. Finally, 
this study generally indicated that the X, γ, εe, and iron content 
of VI-potatoes are greatly dependent upon IS concentration 
levels. These results provide useful information for controlling 
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IS concentration, and thus developing a fortified potato via VI 
technique. As the colour, taste, and texture are important to 
consumers, VI-potatoes will need to be further evaluated in future 
studies.
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