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Abstract Zinc is a nutritionally essential truce element, and
thus zinc deficiency (ZD) severely affects human health. More
than 25% of the world’s population is at risk of ZD. This study
was initiated to examine the use of the vacuum impregnation
(VI) technique for enriching zinc content of whole potatoes;
the effect of vacuum time, restoration time, steam-cooking
and storage at 4 °C on the zinc content of VI whole potatoes
was evaluated. Whole potato tubers were immersed in a 9 g/
100 g zinc (zinc gluconate) solution. Vacuum pressure of 1,
000 Pa was applied for 0–120 min, and atmospheric pressure
restoration for 0–4 h. Experimental results showed that the
zinc content of VI potatoes increased with vacuum and resto-
ration time. Moreover, VI-cooked unpeeled or peeled potatoes
had 63–94 times and 47–75 times higher zinc contents than
un-VI-cooked unpeeled or peeled potatoes, respectively. The
world daily potato consumption (86 g) of the VI-cooked
unpeeled and peeled potatoes provided adult men with 130–
148% and 100–135% of the recommended daily allowance
(RDA) of zinc, respectively. Also, the daily potato consump-
tion of the unpeeled and peeled potatoes supplied adult wom-
en with 178–203% and 137–185% of the RDA level, respec-
tively. In addition, the VI potatoes had 40 times higher zinc
contents through 30 days of storage at 4 °C, compared with
un-VI-treated potatoes. This study indicated that VI treatment
of whole potatoes was useful for enriching the zinc content.
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Introduction

Health benefits are one of the specific issues that will greatly
influence the food industry in the coming years (Mazza 1998).
Food industry companies have rather high expectations for
food products that meet consumer demands for a healthy
lifestyle (Menrad et al. 2000). Functional foods have been
defined as those that provide an additional physiological
benefit that may prevent disease or promote health and well-
being (Stauffer 1999). These functional food products have
been mainly launched in the dairy-, confectionery-, soft-
drinks-, bakery- and baby-food market (Menrad 2003).
Experts like Sloan (2000, 2002) have reckoned the global
functional food market to be 47.6 billion US$; the United
States is the largest market segment, followed by Europe
and Japan. Moreover, functional foods represent an impor-
tant growth category for the commercial sector in many
countries around the world (Sibbel 2007). In addition, the
functional food industry is currently striving to provide
functional new products to rapidly growing markets
(Bistrom and Nordstrom 2002).

Potato (Solanum tuberosum , L.) is one of the most impor-
tant tuber crops widely consumed in the world (Burgos et al.
2009). It is ranked fifth in terms of human consumption and
fourth in worldwide production (Burlingame et al. 2009).
Apart from supply of energy and high quality protein, the
potato has also been known to be an important source of
vitamins and minerals (Abong et al. 2009); of the minerals,
potatoes have a zinc content of 0.41 mg per 100 g on fresh
weight (Burlingame et al. 2009).

Zinc is involved inmany biochemical processes supporting
life. The most important of these processes are cellular
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respiration, cellular utilization of oxygen, DNA and RNA,
reproduction, maintenance of cell membrane integrity, and
sequestration of free radicals (Chan et al. 1998). However,
conservative estimates suggest that more than 25% of the
world’s population is at risk of zinc deficiency (ZD) (Maret
and Sandstead 2006). Especially, ZD may increase oxidative
stress, which may directly cause DNA damage. Moreover, ZD
may impair DNA damage repair responses (Ho 2004). It leads
to several chronic degenerative diseases, such as cancer
(Castro and Freeman 2001). The Food and Nutrition Board
(FNB 2001) indicated that the recommended daily allowance
(RDA) of zinc for adult men and women amounted to 11 and
8 mg/day, respectively.

One of the alternatives for the development of new products
in the food industry is the use of vacuum impregnation (VI)
(Igual et al. 2008). VI is the application of low pressure to a
solid-liquid system, followed by the restoration of atmospheric
pressure (Fito 1994; Fito and Chiralt 1997). Different applica-
tions of food VI have been developed recently in numerous
studies (Gras et al. 2002; Chiralt et al. 1999; Fito and Chiralt
2000; Fito et al. 2000). These studies have validated a model
which describes the coupling of the hydrodynamic mechanism
(HDM) and the deformation-relaxation phenomena (DRP) of
viscoelastic products (Fito et al. 1996) when they are im-
mersed in an external liquid phase and submitted to pressure
changes. These studies are mainly devoted to fruit product
development (Fito et al. 2000; Fito and Chiralt 2000; Tapia
et al. 1999) through osmotic treatments, and to improve salting
processes of cheese (Chiralt and Fito 1997; González et al.
1999), meat and fish (Chiralt et al. 2001).

Gras et al. (2002) studied the response of several sliced
vegetables (beetroot, carrot, eggplant, zucchini, mushroom
and oyster mushroom) to vacuum impregnation treatments,
in terms of sample volume deformation and impregnation
levels. They evaluated changes in the microstructure of dif-
ferent vegetables by cryo-scanning electron microscopy ob-
servation, and found that VI could be used to fill intercellular
air spaces (ICAS) in the vegetable matrix. Sanzana et al.
(2011) studied Aloe vera fortification of vegetables (endives,
cauliflower, broccoli and carrots) by VI technique.

Regarding VI operation, Zhao and Xie (2004) reported that
the qualities of finished products by VI are determined by
processing conditions such as vacuum time and restoration
time. Concerning vacuum time, and restoration time of VI
treatment for vegetables or fruits, Mújica-Paz et al. (2003)
used a 13.5–67.4 kPa of vacuum pressure for 10 min, and 10-
min restoration time for VI of the sucrose solution (41–60
Brix) for slices (3.5×2.5×1.2 cm) of mango, apple and melon.
Gras et al. (2003) used a vacuum pressure of 5 kPa for 10 min,
and a 10-min restoration time for impregnation of isotonic
solutions of sucrose and calcium lactate mixtures for egg-
plants, carrots and oyster mushroom. Salvatori et al. (1998)
reported that in plant tissue samples of about 2 cm in diameter,

with relatively large intercellular spaces and elastic cellular
arrangement, the necessary length of vacuum period in VI
operations is on the order of 5 min and impregnation times
with sugar syrups are on the order of the time required to
achieve a stationary pressure in the tank after the valve is
opened to restore atmospheric pressure.

In addition to the above-mentioned vacuum time and res-
toration time, changes in nutritional valuemainly occur during
storage and cooking such as steaming for potato tubers
(Murniece et al. 2011). Faller and Fialho (2009) reported that
steaming led to reduction in the antioxidant activity of
vegetables.

In the present study, we attempted to enrich zinc content of
whole potato tubers by VI in order to supply nutritious whole
potatoes to consumers, and to investigate effects of vacuum
time, restoration time, steam cooking and storage on zinc
content of VI potatoes. Concerning VI of potato, only one
report was found regarding enrichment of ascorbic acid con-
tent of whole potatoes (Hironaka et al. 2011). However, no
studies exist on vacuum impregnation of zinc for whole
potatoes.

In this paper, we first evaluated the effect of vacuum time
(t1) and restoration time (t2) on the zinc content of VI potato
tubers. The effects of steam-cooking and storage at 4 °C on
zinc content of VI potato tubers were also evaluated.

Materials and methods

Materials

Two cultivars of processing potatoes were used: Toyoshiro
and Snowden. They were harvested in September, late in
2011. After harvesting, tubers approximately 150–200 g in
size, and with three characteristic diameters, 7.4–8.8, 5.1–6.8
and 3.8–4.7 cm, respectively, were selected, and then washed
with tap water to remove the attached soil. Tubers were then
dried with tissue papers, and provided for the VI treatment.

Zinc gluconate and hydrochloric acid were purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan).

VI treatment of potatoes

The zinc gluconate used for zinc fortification in this study is
recognized as a food additive by the US Food and Drug
Administration (FDA) (Whittaker 1998).

VI treatment of whole potato was carried out in a saturated
solution of zinc gluconate solution (concentration of 9 g/
100 g). A mass ratio, of potato to the solution, of 1/33 (W/
W) was used to ensure adequate immersion and minimize the
dilution effect (leaching of intercellular sap) on the concentra-
tion of VI solution (Sormani et al. 1999). Also, a vacuum
meter (PM-32A, Shimadzu, Kyoto, Japan) placed between the
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desiccator and vacuum pump (GDH-362, Shimadzu, Kyoto,
Japan) was used to measure pressure values (Fig. 1).

The experimental designs of VI treatment for vacuum time
and restoration time experiments were expressed in Table 1.
For design of vacuum time, a vacuum pressure of 1,000 Pa
was applied to the system for 0, 15, 30, 60 and 120 min (t1).
After the vacuum period, the atmospheric pressure was re-
stored, and the potato tuber was maintained in the zinc solu-
tion for a restoration time (t2) of 3 h. For design of restoration
time, a vacuum pressure of 1,000 Pa was applied for 1 h (t1),
and afterwards the atmospheric pressure was restored and the
system remained at this pressure condition for 0, 1, 2, 3 and
4 h (t2).

VI-treated whole potatoes were drained, rinsed with dis-
tilled water to remove the attached solution, and gently wiped
with tissue papers. Zinc contents of VI-treated samples, and
non-VI (NV) treated samples (control; immersion in the zinc
solution without vacuum treatment) were analyzed
immediately.

Cooking

Cooking experiments were done to investigate the effect of
steam-cooking on zinc content of VI potatoes. VI potatoes
were divided into two sections: (1) unpeeled, and (2) peeled.
Peeled potatoes were obtained by peeling to a depth of 0.5 mm
using a hand peeler (Mondy et al. 1992). Unpeeled or peeled
whole potatoes were placed in a stainless steam cooker, which
was covered with a lid and steamed over boiling water at
atmospheric pressure until easily penetrated with a fork
(25 min) (Faller and Fialho 2009; Weaver et al. 1983).

Storage

Wustman and Struik (2007) reported that proper storage tem-
perature is 4–5 °C for table stock potato. Thus, the VI treat-
ment potatoes in the present study were stored also at 4 °C and
90% relative humidity for up to 30 days. The zinc contents of
the samples were measured at 5, 10, 20 and 30 days.

Zinc determination

Potato skin is considered to be inedible (Fierens et al. 2012).
Thus, zinc determination in this study was performed after
removal of the potato skin; one potato tuber was washed,
peeled (except already peeled) and diced into approximately
5-mm cubes. After mixing well whole cubes, approximately
10 g of potato cubes was placed in a drying oven (DPS-41,
Yamato Scientific Co., Ltd., Tokyo, Japan) at 70 °C for 18 h
and then put in a vacuum drying oven (DPS-48, Yamato
Scientific Co., Ltd., Tokyo, Japan) under 54 kPa vacuum at
70 °C for 2 h (AOAC 1970). The dried sample was powdered
with a mortar and pestle. The powdered sample of 1 g was put
into a crucible, and then incinerated at 550 °C in a muffle
furnace (ETR-17K, Shibata Scientific Technology Ltd.,
Tokyo, Japan) system for 24 h (Ruerez 2002). Subsequently,
the incinerated sample was dissolved to 5 ml of 2 mol/L of
hydrochloric acid at 60 °Cwith a hotplate. Then, the dissolved
solution was diluted to 100 ml in a volumetric flask with
distilled water. The zinc content was determined with an
atomic absorption spectrometer (AA-6300, Shimadzu,
Kyoto, Japan) system at a wavelength of 213.8 nm
(Tompkins et al. 2007). A calibration curve was established,
using solutions containing 0, 0.1, 0.5, 1 and 3 μg/ml.

Statistical analysis

One tuber was used per treatment. Each treatment condition
was assayed 6 times. Results were averaged to obtain mean
values. Duncan’s multiple range test of SPSS 9.0 (SPSS Inc.,
Chicago, USA) was used to determine differences between

Zinc solution 

Vacuum pump 

Vacuum meter 

Whole potato 

Desiccator

Fig. 1 Schematic representation of the vacuum impregnation system

Table 1 Experimental design for vacuum time and restoration time

Design of vacuum time Design of restoration time

Vacuum period
t1 (min)

Restoration
period t2 (h)

Vacuum
period t1 (h)

Restoration
period t2 (h)

0 3 1 0

15 3 1 1

30 3 1 2

60 3 1 3

120 3 1 4
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means of vacuum time, restoration time and cooking
treatment.

Results and discussion

Effect of vacuum time and restoration time

Figure 2 shows the relation between the zinc content of VI
potato and vacuum time (t1). As shown in this figure, the zinc
content increased with t1; especially, the 60 min VI potato of
the Toyoshiro had a 61 times higher (p <0.05) zinc content
than the control (non-vacuum 60 min) potato, and contained a
17.3 mg zinc content per 100 g. In addition, the 60 min VI
potatoes (per 100 g) could provide adult men and women
more than 100% of the RDA values. Even the 15 min VI
potatoes (per 100 g) could exceed RDAvalues (11 mg/day of
adult man and 8 mg/day of women) (FNB 2001). For the
Snowden, the 60 min VI potato had a 45 times higher (p <
0.05) zinc content than the control potato and had a 16.7 mg
zinc content per 100 g. In addition, the VI potato (per 100 g),
beyond 15 min of t1, had zinc contents higher than the RDA
values for adult men (11 mg/day) and women (8 mg/day).
Especially, 60 min VI potatoes (100 g) could provide adult
men and womenwith 152 and 210% of the RDAvalues (FNB
2001), respectively.

The VI potato of zinc content increased during restoration
time (t2) (Fig. 3). The 3 h VI treatment potato (Toyoshiro) had
a 53 times higher (p <0.05) zinc content than the raw potato,
and reached a 17.3 mg zinc content per 100 g. Similarly, the

maximum zinc content of the Snowden VI potato was obtain-
ed beyond 4 h of t2, and led to 19.3 mg zinc content per 100 g.

Concerning the VI system, Fito (1994) reported that the VI
processes of porous products when reduced pressures are
imposed in a solid liquid system (vacuum step) followed by
the restoration of atmospheric pressure. During the vacuum
step (t1) the internal gas in the product pores is expanded and
partially flows out. All this is coupled with the capillary
penetration as a function of the interfacial tension of the liquid
and the diameter of pores. In the atmospheric step (t2), the
residual gas is compressed and the external liquid flows into
the pores as a function of the compression ratio. Plant tissue
has intercellular spaces that may contain a gas or liquid phase
and are susceptible to impregnation with an external solution
(Zhao and Xie 2004). Sun and Li (2003) observed that the
intact cells of fresh potato tissue are in perfect contact, al-
though some small intercellular voids exist. Their voids are
ICAS which are common in parenchymous tissue. The ICAS
volumes in potatoes are estimated as 1% of the total volume in
potatoes (Aguilera and Stanley 1990). Therefore, in the pres-
ent study, the external solution with high zinc content may
gradually penetrate into the ICAS within the potato in the
atmospheric step (restoration step).

In the present study, a long vacuum time (1 h) and a long
restoration time (3 or 4 h) were needed for whole potatoes. As
mentioned previously, Salvatori et al. (1998) reported that in
plant tissue samples of about 2 cm in characteristic dimension,
with the relatively large intercellular spaces and elastic cellular
arrangement, the necessary lengths of vacuum time and res-
toration time are within 5min. Nevertheless, in big pieces with
small pores, much more time could be necessary to complete
sample equilibration in mechanical terms because of difficul-
ties for gas release. Likewise, impregnation times can be
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lengthened due to the greater pressure drops (Chiralt et al.
2001). In the present study, potatoes have shapes larger than
2 cm in diameter. In addition, the ICAS of potatoes is very
small (1%) compared with that of apple (25%), peach (15%)
and mushroom (37–45%) (Alzamora et al. 2000). Also,
whole potatoes have thick periderm, which is less permeable
to water and gas (Peterson et al. 1985). Thus, these long
vacuum and restoration times in the present study may be
due to the above reasons.

Effect of steam-cooking

Figure 4 shows the decrease in zinc content of VI potatoes by
steam-cooking. As shown in the figure, the zinc content of
Toyoshiro VI-cooked unpeeled potatoes decreased by 4%
whereas VI-cooked peeled potatoes declined to a greater
extent (26%). Moreover, VI-cooked unpeeled potatoes had
63 times higher (p <0.05) zinc contents than un-VI-cooked
unpeeled potatoes. Also, VI-cooked peeled potatoes had 47
times more (p <0.05) zinc contents than un-VI-cooked peeled
potatoes. In addition, the zinc content of VI-cooked unpeeled
and peeled potatoes of Snowden variety decreased by 2 and
11 %, respectively. However, VI-cooked unpeeled potatoes
had 94 times higher (p <0.05) zinc contents than un-VI-
cooked unpeeled potatoes. Moreover, VI-cooked peeled pota-
toes had 75 times higher (p <0.05) zinc contents than un-VI-
cooked peeled potatoes.

Worldwide daily potato uptake per capita was 86 g in 2005
(IYP 2008). Thus, daily potato consumptions of VI-cooked
unpeeled and peeled potatoes could provide adult men with
130–148 and 100–135 % of the zinc RDA values,

respectively. In addition, those of the unpeeled and peeled of
VI-cooked potatoes could give adult women 178–203 and
137–185 % of the zinc RDA levels (FNB 2001), respectively.
Thus, the VI potatoes had a health advantage in providing
foods enriched with zinc content.

As for calcium distribution in tissues of calcium VI prod-
ucts (eggplant, carrot and oyster mushroom), Gras et al.
(2003) showed that calcium incorporation mainly occurred
in the intercellular spaces using an energy dispersive X-ray
microanalysis. Thus, the zinc may be also located in ICAS in
the present study. Peterson et al. (1985) indicated that the
lenticels of potatoes allow excess water loss from the internal
tissues of the tuber. Heat by steam-cooking maybe cause an
expansion of gas in the ICAS of the potato, which might lead
to pushing of zinc solution from the ICAS. In Fig. 4, cooking
losses in zinc of the whole potato are much smaller than those
of the peeled potato. This may be due to the thick periderm of
whole potatoes, which is less permeable to water and gas
(Peterson et al. 1985). Further study is needed on zinc distri-
bution in the tissue of VI potatoes.

Effect of storage

Figure 5 shows the change in zinc content of VI potatoes
during storage at 4 °C. As shown in this figure, there was no
significant difference in zinc content of the VI potato tuber for
Toyoshiro or Snowden variety between 0 and 30 days of
storage. Thus, VI potatoes of Toyoshiro retained 50 times
higher zinc contents during storage compared with raw pota-
toes. In addition, for Snowden variety, VI potatoes also kept
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40 times higher levels during storage compared with raw
potatoes.

VI can be considered as a tool in the development of fruit or
vegetable products without disrupting their cellular structure,
while conveniently modifying their original composition
(Chiralt et al. 1999). Moreover, Gras et al. (2003) showed that
many calcium ions of VI products existed only in the ICAS,
not inside of cells. In the present study, the zinc solution may
be also kept in the ICAS without disrupting internal cells, and
leaching of the zinc solution from the tuber during storage.

Figure 6 shows changes in zinc content of 30-day-storage
VI-unpeeled potato tubers by steam cooking. In Toyoshiro
cultivar, there were no significant differences in zinc content
between the VI potatoes and VI-cooked potatoes. Although
the zinc contents of 30-day-storage VI-unpeeled potatoes of
Snowden variety declined by 9%, there were no significant
differences in zinc content between the VI potatoes and VI-
cooked potatoes. Zinc contents of the VI-cooked potatoes
were 65 times higher than those of raw-cooking potatoes.

Finally, this study indicates that VI treatment with zinc
solution of whole potatoes was useful for enriching the zinc
content of peeled, unpeeled or stored cooked-potatoes. The
daily worldwide uptake (86 g) of VI potatoes by this method
will be beneficial for the health of adult men because it
exceeds the RDA levels.

Conclusions

The results of the present study indicate that the zinc content
of VI potatoes increased with vacuum time and restoration
time. Moreover, VI-cooked unpeeled or peeled potatoes had

63–94 times and 47–75 times higher zinc contents than un-VI-
cooked unpeeled or peeled potatoes, respectively. Daily
worldwide potato consumption (86 g) of the VI-cooked
unpeeled and peeled potatoes provided adult men with 130–
148% and 100–135% of the RDA of zinc, respectively. Also,
the daily potato consumption of the unpeeled and peeled
potatoes supplied adult women with 178–203% and 137–
185% of the RDA levels, respectively. The high zinc content
of VI potatoes was kept during 4 °C-storage for 30 days. Our
study therefore indicated that VI treatment with zinc solution
of whole potato was useful for enriching the zinc content of
peeled or unpeeled cooked potatoes.
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