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Abstract: This paper investigated the effects of guar gum with sorbitol coating on the oil absorption of
French fries by combined dye oil methods, confocal laser scanning microscopy (CLSM) and scanning
electron microscopy (SEM). The results showed that pretreatment of blanching with calcium ions and
coating with guar gum and sorbitol could significantly reduce the structural oil (STO) and penetrated
surface oil (PSO) of French fries and have no negative effects on its texture and also effectively
control the final moisture content (p < 0.05). Compared with control or samples coated with guar
gum (blanching with or without calcium ions), the total oil (TO) of French fries with guar gum and
sorbitol reduced by 50.8%, 33.1% and 30.6%, respectively. CLSM photographs confirmed that STO
significantly reduced after coating with guar gum and sorbitol, followed by PSO. In the process
of frying, the coatings of guar gum or guar gum with sorbitol could effectively prevent oil from
infiltrating the potato tissue, which can be seen in the SEM photographs. The barrier properties of
French fries were enhanced by coating guar gum, and sorbitol was added to avoid pores and cracks.
Blanching with calcium ion can significantly reduce the final moisture content of coating French fries.
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1. Introduction

Frying is a complex process involving simultaneous heat and mass transfer, which is typically in
the range of 150 to 200 °C [1]. Frying can improve the quality of food so that it has a unique sensory
characteristics used in food industry and food services industry, frying is one of the traditional and
popular processing methods [2]. French fries are popular with consumers because of their pleasant
taste and typical flavor [3]. French fries generally produced by immersion in edible oil or fat have a
relatively high oil content. Excessive intake of oil greatly increase the risk of adverse health outcomes
such as obesity, high blood pressure and coronary heart disease [4], thus reducing the oil content of
French fries is among the most important requirements.

There are numerous researchers who found that oil absorption was closely related to water
evaporation during frying. Oil content decreased as the initial moisture content decreased [5].
Amounts of researches were related to the reduction of oil content during frying by using pre-drying [6],
optimization of frying condition [7], and edible coatings [8]. Pre-drying before frying could reduce the
initial moisture content of the food and reduce the oil content [6]. The oil content of potato chips was
influenced by frying temperature and the type of oil used for frying [7]. The effect of oil reduction was
very limited by optimization of frying condition. Pre-drying leads to high energy consumption and
high cost and can also cause the deformation and chemical changes of food material [9]. Compared to
the previous two methods, application of coatings is an alternative, economical and safe method to
reduce the oil content of French fries.
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Some edible coatings, particularly hydrophilic polymers, have the desirable barrier properties to
gas/moisture and good mechanical characteristics, which gives them potential to decrease oil uptake,
to prevent moisture loss, preserve texture, and maintain color, consequently extending the product
shelf-life in fried products [10]. Since the surface properties of foods affect the oil absorption during
frying, coatings make the surface stronger and more compact, with fewer less porous, the surface
modification by the coatings can contribute to reduce water evaporation and leads to less oil uptake;
also, coatings alter the water-holding capacity by trapping moisture inside and preventing the
replacement of water by oil [11]. Additionally, hydrocolloids can be used as emulsifiers in composite
films [12], the surface tension between the oil and the food could also be reduced, consequently
contributed to decrease oil uptake. The mechanisms of the oil uptake during frying are associated with
heat transfer from the frying oil to the food. The hydrocolloid coatings significantly reduced the heat
transfer coefficients as well as oil uptake which became more apparent at higher concentrations [13].
Thus, reducing the oil content of French fries by application of coatings is an effective method.

Among the hydrocolloids used for coating foods for frying, the use of guar gum has been found to be
effective; guar gum is a natural polysaccharide with non-toxicity, safety, biodegradability, biocompatibility,
renewability, cheaper prices and availability properties [14]. Deok Nyun Kim et al. [13] found that guar
gum had a good effect on reducing oil and oil content decreased by 40%. Extensive researches
have demonstrated that plasticizers can improve the mechanical properties of biodegradable films.
Films containing low-molecular weight plasticizers can reduce tensile strengths, which may make them
suitable for applications that require better gas or vapor barrier properties [15]. Garcia et al. [16] noted that
an edible methylcellulose coating plasticized with sorbitol on potato strips and dough discs caused an
oil reduction of 40.6 and 35.2%, respectively. Tavera-Quiroz et al. [17] found that the addition of sorbitol
enhanced the barrier properties of an edible methylcellulose, and reduced the oil uptake by 30% with
respect to uncoated samples during the deep fat-frying. By combining hydrogen bonds with polymers and
reducing polymer interactions, the coatings have better adhesion and flexibility, and reduce the possibility
of discontinuity and brittleness [18,19]. Compatibility between plasticizer and polymer is necessary for
effective plasticization, which could be featured by polarity, hydrogen bonding, dielectric constant, and
solubility parameters [20]. Polysaccharide-based films are commonly plasticized with polyols such as
sorbitol. The plasticizer of sorbitol could improve the films flexibility and lower tensile strength and higher
elongation at break [17].

Khalil [21] reported that potato strips coated with a combination of 0.5% calcium chloride and
5% pectin had the highest reduction of oil content. Simundic et al. [22] found that 0.5% of the calcium
chloride blanching with the carboxymethyl cellulose (CMC) film of 1%, with the best effect of reducing
oil. However, it was found that the final moisture content was also increased. For instance, Duran [23]
and Moreno et al. [24] both claimed that soaked with 20% sodium chloride, so that the material was
dehydrated to reduce the moisture content of the material before frying, in order to control the
oil content. Bunger et al. [25] reported that soaking with 3% NaCl solution for 50 min significantly
reduced oil uptake. But, it need to know that the decrease in oil absorption using osmotic dehydration
pretreatment was attributed to the increase in solids content occurring during the osmotic dehydration
process rather than a reduction in the amount of oil taken up [24].

However, researchers were more concerned with the reduction of the total oil content of coated
samples. Whether the coating affected the oil distribution or oil fraction of French fries was not clear.
Furtherly, there are few reports focused on the effect of coating on the final moisture content of fried
samples. As a consequence, one aim of the present study was to determine the effect of guar gum
with or without sorbitol on the quality, oil fraction, oil reduction, and texture of French fries and study
the effect of blanching with calcium ion on the final moisture content of French fries coating with
guar gum. Furthermore, the effect of coatings on the oil distribution patterns and the microstructure
of French fries was also investigated during frying by the dye oil method, confocal laser scanning
microscopy (CLSM), and scanning electron microscopy (SEM).
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2. Results and Discussion

2.1. Initial Water Content, Solid Content, and Starch Content of Potato

The changes of the initial water content, solid content and starch content of potato slice after
blanching was shown in Table 1. Compared with the raw potato slice, the water content of potato
samples after blanching increased from 81.5 g/100 g (wb) to 83.7 g/100 g (wb), the solid content of
potato samples decreased from 18.5 g/100 g (wb) to 16.3 g/100 g (wb). However, blanching treatment
have no significant effects on the initial water content and solid content of potato slice (p > 0.05).
The initial starch content of the potato samples significantly decreased from 13.1 g/100 g (wb) to
10.9 g/100 g (wb) after blanching. It turned out to be 10.9 g/100 g (wb) after blanching (Table 1),
and the starch content reduction was 16.7% (p < 0.05).

Table 1. Initial water content, solid content and starch content of potato before and after blanching *.

Material Initial Water Content (% wb) Solid Content (% wb) Starch Content (% wb)
Raw potato 815+04° 185+042 13.1+022
Bleached potato 83.7 +£3.72 163 +3.72 109 +0.1°

* Data values are means + SD (11 = 3, N = 6). The same letter (2 or P) in column means no significantly different (p > 0.05).

2.2. Effect of Coating on the Water Content and Oil Content

As shown in Table 2, compared with the control, coating with guar gum treatments significantly
improved the water content and reduced the oil content of French fries (p < 0.05). Blanching add
calcium ion and applying guar gum, guar gum and sorbitol on French fries produced a reduction of
TO absorption against the non-fat total solid content by 29.1% and 50.8%, respectively, compared with
control treatment. When the TO of French fries expressed against the non-fat potato solid content,
blanching add calcium ion and applying guar gum, guar gum and sorbitol on French fries produced
a reduction of oil absorption by 20.7% and 35.7%, respectively, compared with control treatment.
It indicated that plasticized guar gum with or without sorbitol on French fries could really reduce
the TO, not just owing to the increase in solid content. Garmakhany et al. [26] found that potato chips
coating with 0.3% guar gum could reduce the oil content but increase the moisture content. The food
products coating the guar gum has the ability to affect the moisture migration. This is consistent with
our results, but as we can see, when the French fries blanching with calcium ion then coating with
guar gum could effectively reduce the final moisture content of fried samples and contribute to the
reduction of oil content.

Table 2. Effects of coating treatments on water content and total oil content *.

Total Oil Content Total Oil Content
Coating Treatments Water Content (% wb)  (against the Non-Fat Total ~ (against the Non-Fat Potato

Solid Content, %) Solid Content, %)
Control 59.66 £+ 0.47 2 46.41 £1.69? 46.41 +1.692
Guar gum 61.75+0.87° 3415+ 0.53P 4397 +£0.59P
Calcium ion +guar gum 57.00 £1.07 ¢ 32914+ 0.88" 36.79 £1.80 ¢
Calcium ion + guar gum + sorbitol 56.38 & 1.34 ¢ 22.84+£0.25¢ 29.86 + 1.424

* Data values are means + SD (1 = 3, N = 12). The same letter (3, ?, € or 9) in column means no significantly different

(p > 0.05)

Kim et al. [13] reported that coating French fried potatoes with different concentrations of
0.3%, 0.6%, 0.9%, and the effect of 0.9% guar gum was significant and reduced oil uptake by 40%.
Sothornvit [27] found that coating banana chips with guar gum, producing a reduction of oil absorption
by 25.2% compared with control samples. Yu et al. [28] found that compared with control potato chips
with 1% guar gum and glycerol produced a reduction of oil absorption by 51.8%. The oil contents in
these researches all expressed against the total solid content, which was related to the oil absorption
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during frying. Based on this, the following oil content was all expressed against the non-fat total solid
content, which was independent to the oil absorption.

Compared to guar gum coated sample without plasticizer and blanched without calcium ion,
calcium ion addition in blanching showed noticeable differences with regard to water content (p > 0.05),
and sorbitol addition made the TO significantly reduce, turned out to be 50.8% (Table 2). On the
one hand, the addition of calcium ions can make the water evaporation better during frying, on the
other hand, the addition of sorbitol can effectively prevent the absorption of oil of fried samples.
Compared to guar gum coated sample without plasticizer but blanched with calcium ion, sorbitol
addition did not show noticeable differences with regard to water content, but the TO significantly
reduced by 30.6%. The addition of sorbitol as a plasticizer at the correct level might could reduce
intermolecular forces and increase the mobility of polymer chains, which could improve the mechanical
properties of edible films [17].

Oil reduction of the fried samples could be attributed, among other causes, to the differences in
adhesion with substrate, surface characteristics of the sample, frying conditions, and different frying
processes [26,29]. Low quantities of guar gum in aqueous solution can confer high viscosity, and even
1% aqueous dispersion of good quality guar gum may possess viscosity as high as 10,000 cP [30].
The good adherence of the guar gum coating to the surface of French fries might have resulted from the
high viscosity. On the other hand, Vina et al. [31] observed that the addition of a plasticizer decreased
the surface tension, facilitating coating adhesion to foodstuffs. According to Tavera-Quiroz et al. [17],
the application of coating plasticized with sorbitol was an effective choice to reduce oil absorption in
fried potato, the presence of sorbitol improved the flexibility and mechanical properties of the films and
their integrity. Albert and Mittal [32] reported that separate coating had some holes after frying and
the addition of a plasticizer was necessary. As the founding of Patsioura et al. [33], the shrinkage or
damage of cell walls during slicing and superheated drying created larger passages to oil. The coating
treatment could create a layer of film, which hinder the oil from entering into the passages created by
frying. In the other hand, blanching with calcium ion then coating guar gum with or without sorbitol,
which decreases the incorporation of oil in French fries and helps to evaporate the water during the
frying operation.

2.3. Effect of Coating on Oil Fractions of French Fries

QOil fractions and TO in the fried product depended on the different coating treatments as shown
in Figure 1. The SO content of final French fries did not show noticeable reduction with different
coating treatments (p > 0.05), but TO, PSO and STO of French fries diminished significantly (p < 0.05).
Compared with control sample, the PSO content of three kinds of coated French fries reduced 24.14%,
25.45% and 47.28%, respectively, and the STO content by 39.97%, 38.23% and 61.24%, respectively.
Thus, the TO reduction of French fries was mainly due to the reduction of STO. During frying,
the initial frying stage is the main stage that affects oil absorption. The coating strengthened the surface
of the sample to effectively prevent the absorption of oil. After the chips are removed from the fryer,
the higher temperature difference between the surface and the interior generated the higher negative
pressure in the pore space, resulting in more oil penetration into their microstructures [34,35]. The film
acted as a barrier to hinder oil penetration, which may lead to the reduction of PSO. Consequently,
coatings enhance the barrier properties of French fries during frying and cooling, and avoid pores and
cracks in the fried products.

PSO constituted the highest fraction of TO during frying of both control and coated French
fries. Coating treatment not only reduced the oil content, but also varied the oil percentage in TO.
The percentages of PSO based on the TO content were 60.08%, 61.93%, 62.75% and 64.39% for control
and three kinds of different coating treatments, respectively (Figure 2). This fact suggests that oil
absorption in French fries is mainly a surface phenomenon, which is related to the equilibrium between
the adhesion and drainage of oil [34]. The STO fraction is the second important fraction in the TO
content during frying of the control as well as the coated potato strips. The percentage of STO based
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on the TO content were 37.03%, 34.22%, 32.04%, and 29.18% for control and three kinds of different
coating treatments, respectively. This confirms that a little of oil penetrates into fried products. SO was
the lowest constituent of TO content, the percentage of SO based on the TO content were 2.89%,
3.85%, 5.20%, and 6.44% for control and three kinds of different coating treatments, respectively.
In general, there was no significant difference in SO content (p > 0.05).
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Figure 1. Effect of coating treatments on total oil content and oil fractions of the French fries. Data values
are means =+ SD (n = 3, N = 12). The same letter in column means no significantly different (p > 0.05).
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Figure 2. Effect of blanching and coating treatments on the proportion of different types of oil of the
French fries.

2.4. Oil Distribution and Microstructure of French Fries

Compared with the classical microscopy, CLSM could observe the optical sections at different
depths of the samples and investigate oil distribution in the crust as close to the real situation as
possible [36,37].
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Figure 3 (1), (2), (3), and (4) show different patterns of oil distribution in control and coated
samples, respectively. Figure 3(al-a4) show that images were taken every 20 um as the laser penetrated
down the z axis in French fries. Only the oil which is in focus at different depths in the French fries is
recorded in the image. The 3D reconstructions of the gallery of images were obtained in Figure 3(b1-b4).
As shown in Figure 3, the oil mainly covered the intercellular spaces and cannot enter the integrated
cell interior, which is consistent with the results of Bouchon and Aguilera, Pedreschi et al. [37,38].
They observed that the oil seemed to flow through the intercellular space and does not entered the
cell interior. The red area stands for the oil distribution of French fries and the larger the red area is,
the more the oil content is. The red area of the control was the largest and it nearly occupied the whole
French fries (Figure 3(b1)). Compared with control, coated with guar gum effectively reduced the red
region of French fries and some free oil region could be found (Figure 3(b2,b3)). Blanching treatment
with or without the calcium ion have no significant effect on the oil content of French fries coating
with guar gum (p > 0.05). The French fries coated with guar gum and sorbitol had the largest free oil
region and more uniformly distribution of oil (From Figure 3(b4)).

As shown in Figure 3(al), the red region near surface of sample was limited and it enlarged
with the depth increasing, which is consistent with the result of the oil fraction in fried French
fries, PSO constituted the highest fraction of TO during frying. Figure 3(a2—a4) show that the oil is
not uniformly located at each depth, thus, oil appeared to be not concentrated in the entire region.
Compared with control sample, the interior layers of French fries coating with guar gum are free of oil
(Figure 3(a2,a3)), this result confirms that at least some of the oil does not remain in the outer layer of
a French fries, the guar gum coating have the ability to be good lipid barrier and decrease the STO
content and oil uptake in fried French fries. Compared to guar gum coated sample, sorbitol addition
shows noticeable differences with regard to the oil location (Figure 3(a4)), suggesting that some of the
oil does not penetrate deeply into the interior of the French fries coating with guar gum and sorbitol
and reduce the STO and PSO content. Sorbitol addition improved the flexibility and handling of guar
gum coating, maintained integrity, and avoided pores and cracks in the fried French fries.

As shown in Figure 3(c1-c4), show oil distribution of the surface opposite to the surface of contact
with frying oil in control and coated samples, respectively. The larger the red (in the web version) area
is, the more the oil content is. Most of the oil distribution was found over the entire region (Figure 3(cl)).
Compared with control sample, the red area in French fries coated with guar gum diminished with
some free oil region (Figure 3(c2,c3)). Compared to the guar gum coated sample, sorbitol addition
shows noticeable differences with regard to the oil distribution (Figure 3(c4)). It turned out that the
use of guar gum could significantly hinder the penetration of oil during frying [13,26,27], and sorbitol
addition could improve the effect of reducing oil.

The SEM photographs of French fries (Figure 4), control, coated with guar gum, and coated
with guar gum and sorbitol were compared. It might explain the results of oil distribution and
content. The control product did not show extensive cell separation and ruptured cells. In contrast,
maintained the integrity of most cells. This was different with the results reported by Khalil, Singthong,
and Thongkaew [11,21].

The photographs of French fries coated with guar gum and coated with guar gum and sorbitol
look smoother than those of control samples (Figure 4), consequently preventing oil penetration into the
potato tissue during frying process. Compared to samples coating with guar gum, blanched without
calcium ion samples showed reduction in cell volume and modified the shape as well (Figure 4b,c).
This may be due to the sample without blanched with ion is not conducive to the escape of moisture,
resulting in a strong vapor pressure, which leads to cell deformation. As we can see from the results of
oil fraction, SEM and CLSM, the total solid content and the surface structure has a decisive effect on
the oil absorption of sample. The treatment of coating with guar gum could decrease the oil content of
French fries, but it could also partly prevent the water evaporation of samples during frying, which was
related to the shrinkage of the sample surface (Figure 4b).
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Figure 3. Fluorescence mode confocal laser scanning microscopy (CLSM) images of oil distribution
in control (1), guar gum coated (2), blanching with calcium ion and guar gum coated (3), plasticized
guar gum coating with sorbitol (4) of French fries. (a) Gallery of CLSM images at different depths;
(b,c) 3D reconstructions of CLSM galleries; (b), the surface of contact with oil; (c), opposite to the
surface of contact with oil. Each image in the gallery and the 3D image: 1024 x 1024 um.

Figure 4. Scan electron microscope photograph of French fries (al,a2) means control; (b1,b2) means coating
with guar gum; (c1,¢2) means blanching with calcium ion coating with guar gum; (d1,d2) means blanching
with calcium ion coating with guar gum and sorbitol; left means %160, right x80.



Int. ]. Mol. Sci. 2017, 18, 2700 8of 13

2.5. Texture of French Fries

Table 3 showed the hardness of French fries produced by different methods. Hardness is an
important index for the French fries because there is a certain relationship between the hardness and
chewiness of French fries. The hardness and chewiness were different for French fries produced by
different methods, but the differences were not significant, suggesting different treatments had no
significant effect on their texture. Meanwhile, it was also observed that the sample hardness decrease
coating with guar gum. The sample coating with guar gum might hinder internal moisture vaporation;
thus, the sample became soft so that it is hardness and chewness decreased. Among other treatment,
the internal moisture was evaporated rapidly, which created a low final moisture content that increased
the sample hardness.

The lightness parameter L* is commonly used as a quality control parameter for fried foods [39].
Higher L* value indicates a lighter brightness, which is favorable for fried foods. Table 3 showed
the color values of French fries produced by different methods. It was reported that the L* values
were decreased with frying time increasing [25,40], and the longer the frying time, the more the
non-enzymatic browning reactions occur. Under different conditions, the L* value increased, but there
was no significant difference. Table 3 also showed that the control group possessed the highest
yellowness (b*) value, suggesting they had stronger golden yellow color. This could also be related to
the frying process. The control group would lead to more oil penetrated into the sample and more
chemical oxidation, and eventually led to stronger golden yellow color. Overall, it means that coating
does not influence the texture of French fries. It is possible to reduce oil content of this kind of potato
product with no consequences on its quality, by coating with guar gum with or without sorbitol.

Table 3. Effect of coating on texture and color of French fries.

Coating Treatments Hardness Chewiness L* a* b*
Control 1902 £81.002  86.09£299* 5335+063% —12440027 15.82+0.68%
Guar gum 1869 £56.222  8545+390* 53.68+025% 12740032 157240357
Calcium ion + guar gum 1953 £13.392 8999 £434? 5398+019% —1244+0072 153440217

Calcium ion + guar gum + sorbitol 1964 £35922  91.03 +3.28% 5436 £0.822 —-125+£0.062 15.06 £0.05?

* Data values are means & SD (n = 3, N = 12). The same letter “?” in column means no significantly different
(p > 0.05). Parameters L*, a* and b* indicate the intensity of lightness, redness and yellowness of the sample.

Maadyrad et al. [41] reported that volume shrinkage during early stages of frying was nearly
equal to the volume of water loss. Therefore, the volume of shrinkage is depend on the evaporation of
the water in the product and the amount of oil absorbed. As shown in Figure 5, the volume shrinkage
took place in all French fries due to water loss, but the shrinkage degree of control group was smaller,
which may be resulted from there is no film lead to more evaporation of water and oil infiltration,
thus producing a resistance to volume change. Compared with control treatment, coating with guar
gum can prevent the evaporation of water, but also effectively prevent the infiltration of oil, resulting
in increased shrinkage, but there was no significant difference (p > 0.05). When blanching with calcium
ion and guar gum coating with or without sorbitol, the final volume shrinkage significantly increased
by 31.9% and 54.7%. This was mainly due to increased moisture evaporation. Meanwhile, there was
a small amount of oil absorption. The generated interior force was too low to make enough internal
moisture evaporation and vapor pressure.
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Figure 5. Comparison on the shrinkage of French fries produced by different methods.

3. Materials and Methods

3.1. Materials

Potatoes (Solanum tuberosum L.) and palm oil (produced by Jia-li Co., Ltd., Shanghai, China) were
purchased from a supermarket in Wuxi, China. The potato samples were stored in a refrigerator at
4 °C until they were used. Sudan I (Sinophrm Chemical Reagent Co., Ltd., Shanghai, China) was
used to dye oil to distinguish different oil fractions. Nile Red (Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) was a fluorescent agent used to stain oil for observation of CLSM.

3.2. Sample Pre-Treatment

The potato tubers were sorted, washed, peeled, and cut into slices (§ mm X 8 mm x 60 mm),
these slices were blanched in deionized water with or without calcium ions for 4 min at 95 °C,
then cooled to ambient temperature with a flow of cold water. The excess water was blotted out using
lint-free tissue paper.

The guar gum (Henan Baikang Chemical Co., Ltd., Zhengzhou, China) concentration of 1% (w/w),
and the sorbitol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) concentration of 3% (w/w)
were prepared. 45 g potato strips were immersed into 300 mL guar gum solution with or without
sorbitol at 40 °C. After 1 min immersion, the sample was drained on a wire structure to remove the
redundant coating solution for about 20 min. Each experiment was tested in triplicate.

3.3. Frying Procedure

Oil dyed with Sudan red preparation: the 1 g Sudan I is completely soluble in the 1 L Palm oil,
then the oil was diluted into different concentrations using petroleum ethe (PE) (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China). Their absorbance was measured at the maximum absorption
wavelength of 459 nm using a spectrophotometer (UV2600, Shanghai Tian Mei Scientific Instruments
Co., Ltd., Shanghai, China) at room temperature.

Frying procedure: Different drying and control samples were fried in a thermostatically
temperature controlled fryer (Jintan Precision Instruments Co., Ltd., Changzhou, China) filled with
3 L of Palm oil. The potato weight/oil volume ratio was 1:30. The frying temperature was 170 °C for
6 min. Twenty seconds before ending each frying process, 0.188 L of dyed Sudan Red I was added
quickly [28].
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4. Analytical Methods

4.1. Water Content, Solid Content and Starch Content

The water content was measured in a convective oven at 105 °C until constant weight was arrived.
Each sample was tested at least in triplicate. Starch content of the potato was determined according to
the National Standard GB/T 5514-2008 in China. For each coating, each sample was tested at least
in triplicate.

Solid content was calculated as follows:

Solid content (% wb) = 100% — Initial water content (% wb) @

4.2. Determination of Oil Content

Qil content and oil fraction of French fries were analyzed by the method of Yu et al. [28] and
Zhang et al. [42]. The total oil (TO, %) of French fries was determined by the Soxhlet method and
expressed against the non-fat solid content.

The oil fraction of French fries were analyzed by dye oil (Sudan Red I, Sigma Chemicals,
St. Louis, MO, USA) methods. The surface oil (SO, %) content of French fries was determined by
immersing French fries in petroleum ether for 1 s at ambient temperature and dried to constant mass.
The penetrated surface oil (PSO, %) content and the structural oil content (STO, %) of French fries were
calculated as follows:

_ dyeoil(g) x dye concentration in extracted oil(g/L)

PSO(%) = dye concentration in oil bath (g/L) x non-fat solid(g)

x 100% @)

STO(%) = TO(%) — SO(%) — PSO(%) (©)]
4.3. Determination of Color

The color parameters (L*, a*, b*) of the samples were measured using a CR-400 Chroma Meter
(Konica Minolta Sensing Inc., Tokyo, Japan), which had been calibrated with a standard whiteboard.
Parameters L*, a*, and b* indicate the intensity of lightness, redness, and yellowness of the sample,
respectively. Each sample was measured three times.

4.4. Determination of Texture

The texture was determined using a texture analyzer (TA-XT plus, Stable Micro Systems, Ltd.,
Surrey, UK) fitted with a stainless-steel ball probe (P/0.25 s). The pre-speed, test-speed, and post-speed
were set as 1.0, 5.0, and 5.0 mm /s, respectively.

4.5. Microscopic Analysis

The inverted CLSM (Carl Zeiss, Oberko, Germany) was used to observe the oil distribution and
the surface morphology of the French fires. Nile red (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
was mixed with the hot oil at a concentration of 0.0192 mg/mL during frying [28,42]. The serial image
of French fries was integrated to 3D images by Carl Zeiss LSM software (3.92, Oberko, Germany).

SEM was used to examine the surface of French fries. Coated and uncoated potato samples were
examined on a Hitachi 54800 SEM (Tokyo, Japan) at an accelerating voltage of 5.0 kV [28].

4.6. Statistical Analysis

All these experiments were carried out in triplicate. Data was analyzed using SPSS software
version 17.0 for Windows (SPSS 17.0, IBM, Chicago, IL, USA). Difference among the mean values of
French fries was determined using one-way analysis of variance, and the least square difference test
(LSD) is significant different at p < 0.05.
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5. Conclusions

Coating with guar gum and sorbitol could effectively hinder the oil absorption of French fries
and have no negative effects on its texture. Compared with control or samples coated with guar gum
(blanching with or without calcium ions), French fries with calcium blanching and guar gum + sorbitol
coating produced a reduction of oil absorption by 50.8%, 33.1%, and 30.6%, respectively. Both for
control or coated French fries, penetrated surface oil (PSO) was dominant in total oil (TO), followed by
structural oil (STO) and surface oil (SO). Coating treatment with guar gum and sorbitol and blanching
with calcium ions not only can significantly reduce the STO and PSO of French fries but also effectively
control the final moisture content (p < 0.05). STO was the main factor attributed to the TO reduction
of French fries after coating. Oil absorption in French fries is, to a large extent, dependent on the
microstructure and surface properties of samples. Coating formulations enhance the barrier properties
of French fries and avoid pores and cracks in the fried products with higher toughness.

CLSM photographs confirmed that some of the oil was trapped in the outer layer of the French
fries coating with guar gum, and some of the oil does not penetrate deeply into the interior of the
French fries coating with guar gum and sorbitol. SEM photographs indicated that guar gum and guar
gum and sorbitol coatings were effective in preventing oil penetration into the potato tissue during
frying process.

The main components of the coating formulation are water, guar gum and sorbitol, which are
safe and inexpensive and could be conveniently used during the production of French fries.

Acknowledgments: The authors acknowledge financial support of the National Key Research & Development
Plan (2016YFDO0401404), the Jiangsu Major Science and Technology Demonstration Project (BE2016635), the China
National Natural Science Foundation (31371812), the Six-Talent Peaks Project in Jiangsu Province, the QingLan
Project, Special Fund for Distinguished Experts in Guangxi and Guangxi Talent Highland of Preservation and
Deep Processing Research in Fruit and Vegetables which has enabled us to carry out this study.

Author Contributions: Bo Jia performed the experiments and wrote the manuscript. Daming Fan analyzed the
data and helped revise the manuscript. Jinwei Li designed the experiments. Zhenhua Duan helped conceive the
experiments. Liuping Fan helped perform the analysis with constructive discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tarmizi, A.H.A,; Niranjan, K. Combination of moderate vacuum frying with high vacuum drainage-relationship
between process conditions and oil uptake. Food Bioprocess Technol. 2013, 6, 2600-2608. [CrossRef]

2. Karizaki, V.M.; Sahin, S.; Sumnu, G.; Mosavian, M.T.H.; Luca, A. Effect of ultrasound-assisted osmotic
dehydration as a pretreatment on deep fat frying of potatoes. Food Bioprocess Technol. 2013, 6, 3554-3563.
[CrossRef]

3. Van Loon, W.AM.; Linssen, ].PH.; Legger, A.; Posthumus, M.A.; Voragen, A.G.J. Identification and
olfactometry of French fries flavour extracted at mouth conditions. Food Chem. 2005, 90, 417-425. [CrossRef]

4. Sayon-Orea, C.; Martinez-Gonzalez, M.A.; Gea, A.; Flores-Gomez, E.; Basterra-Gortari, F.J.; Bes-Rastrollo, M.
Consumption of fried foods and risk of metabolic syndrome: The SUN cohort study. Clin. Nutr. 2014, 33,
545-549. [CrossRef] [PubMed]

5. Tajner-Czopek, A.; Figiel, A.; Carbonell-Barrachina, A.A. Effects of potato strip size and pre-drying method
on French fries quality. Eur. Food Res. Technol. 2007, 227, 757-766. [CrossRef]

6.  Niamnuy, C.; Devahastin, S.; Soponronnarit, S. Some recent advances in microstructural modification and
monitoring of foods during drying: A review. ]. Food Eng. 2014, 123, 148-156. [CrossRef]

7. Kim, T.; Moreira, R.G. De-oiling and pretreatment for high-quality potato chips. J. Food Process Eng. 2013, 36,
267-275. [CrossRef]

8.  Varela, P; Fiszman, S.M. Hydrocolloids in fried foods. A review. Food Hydrocoll. 2011, 25, 1801-1812.
[CrossRef]

9. Huang, L.L,; Zhang, M.; Mujumdar, A.S.; Lim, R.X. Comparison of four drying methods for re-structured
mixed potato with apple chips. J. Food Eng. 2011, 103, 279-284. [CrossRef]

10. Kampf, N.; Nussinovitch, A. Hydrocolloid coating of cheeses. Food Hydrocoll. 2000, 14, 531-537. [CrossRef]


http://dx.doi.org/10.1007/s11947-012-0921-7
http://dx.doi.org/10.1007/s11947-012-1012-5
http://dx.doi.org/10.1016/j.foodchem.2004.05.005
http://dx.doi.org/10.1016/j.clnu.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23954218
http://dx.doi.org/10.1007/s00217-007-0784-8
http://dx.doi.org/10.1016/j.jfoodeng.2013.08.026
http://dx.doi.org/10.1111/j.1745-4530.2012.00686.x
http://dx.doi.org/10.1016/j.foodhyd.2011.01.016
http://dx.doi.org/10.1016/j.jfoodeng.2010.10.025
http://dx.doi.org/10.1016/S0268-005X(00)00033-3

Int. ]. Mol. Sci. 2017, 18, 2700 12 0f13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Singthong, J.; Thongkaew, C. Using hydrocolloids to decrease oil absorption in banana chips. LWT Food
Sci. Technol. 2009, 42, 1199-1203. [CrossRef]

Skurtys, O. Food Hydrocolloid Edible Films and Coatings; Nova Science Publishers: New York, NY, USA, 2010;
ISBN 9781616682699.

Kima, D.N.; Lima, J.; Baeb, L.Y.; Leeb, H.G.; Leea, S. Effect of hydrocolloid coatings on the heat transfer and
oil uptake during frying of potato strips. J. Food Eng. 2011, 102, 317-320. [CrossRef]

Thombare, N.; Jha, U.; Mishra, S.; Siddiqui, M.Z. Guar gum as a promising starting material for diverse
applications: A review. Int. ]. Biol. Macromol. 2016, 88, 361-372. [CrossRef] [PubMed]

Donhowe, 1.G.; Fennema, O. The effects of plasticizers on crystallinity, permeability, and mechanical-properties
of methylcellulose films. J. Food Process Preserv. 1993, 17, 247-257. [CrossRef]

Garcia, M. A ; Ferrero, C.; Bertola, N.; Martino, M.; Zaritzky, N. Edible coatings from cellulose derivatives to
reduce oil uptake in fried products. Innov. Food Sci. Emerg. Technol. 2002, 3, 391-397. [CrossRef]
Tavera-Quiroz, M.].; Urriza, M.; Pinotti, A.; Bertola, N. Plasticized methylcellulose coating for reducing oil
uptake in potato chips. J. Sci. Food Agric. 2012, 92, 1346-1353. [CrossRef] [PubMed]

Piermaria, J.; Bosch, A.; Pinotti, A.; Yantorno, O.; Garcia, M.A.; Abraham, A.G. Kefiran films plasticized
with sugars and polyols: Water vapor barrier and mechanical properties in relation to their microstructure
analyzed by ATR/FT-IR spectroscopy. Food Hydrocoll. 2011, 25, 1261-1269. [CrossRef]

Saurabh, C.K.; Gupta, S.; Bahadur, J.; Mazumder, S.; Variyar, P.S.; Sharma, A. Radiation dose dependent
change in physiochemical, mechanical and barrier properties of guar gum based films. Carbohydr. Polym.
2013, 98, 1610-1617. [CrossRef] [PubMed]

Vieira, M.G.A; Silva, M.A.; Santos, L.O.; Beppu, M.M. Natural-based plasticizers and biopolymer films:
A review. Eur. Polym. |. 2011, 47, 254-263. [CrossRef]

Khalil, A.H. Quality of French fried potatoes as influenced by coating with hydrocolloids. Food Chem. 1999,
66, 201-208. [CrossRef]

Simundic, B.; Rade, D.; Lelas, V.; Rimacbrncic, S. Decreasing of oil absorption in potato strips during deep
fat frying. J. Food Eng. 2004, 64, 237-241. [CrossRef]

Duran, M.; Pedreschi, F.; Moyano, P.; Troncoso, E. Oil Partition in pre-treated potato slices during frying and
cooling. J. Food Eng. 2007, 81, 257-265. [CrossRef]

Moreno, M.C.; Bouchon, P. A different perspective to study the effect of freeze, air, and osmotic drying on oil
absorption during potato frying. J. Food Sci. 2008, 73, 122-128. [CrossRef] [PubMed]

Bunger, A.; Moyano, P.; Rioseco, V. NaCl soaking treatment for improving the quality of French-fried
potatoes. Food Res. Int. 2003, 36, 161-166. [CrossRef]

Garmakhany, A.D.; Mirzaei, H.O.; Nejad, M.K.; Maghsudlo, Y. Study of oil uptake and some quality attributes
of potato chips affected by hydrocolloids. Eur. |. Lipid Sci. Technol. 2008, 110, 1045-1049. [CrossRef]
Sothornvit, R. Edible coating and post-frying centrifuge step effect on quality of vacuum-fried banana chips.
J. Food Eng. 2011, 107, 319-325. [CrossRef]

Yu, L.; Li, J.; Ding, S.; Hang, E; Fan, L. Effect of guar gum with glycerol coating on the properties and oil
absorption of fried potato chips. Food Hydrocoll. 2016, 54, 211-219. [CrossRef]

Millin, TM.; Medina-Meza, 1.G.; Walters, B.C.; Huber, K.C.; Rasco, B.A.; Ganjyal, G.M. Frying Oil
Temperature: Impact on Physical and Structural Properties of French Fries During the Par and Finish
Frying Processes. Food Bioprocess Technol. 2016, 9, 2080-2091. [CrossRef]

Casas, J.A.; Mohedano, A.F,; Garcia-Ochoa, F. Viscosity of guar gum and xanthan/guar gum mixture
solutions. J. Sci. Food Agric. 2000, 80, 1722-1727. [CrossRef]

Vina, S.Z.; Mugridge, A.; Garcia, M.A.; Ferreyra, RM.; Martino, M.N.; Chaves, A.R. Effects of
polyvinylchloride films and edible starch coatings on quality aspects of refrigerated Brussels sprouts.
Food Chem. 2007, 103, 701-709. [CrossRef]

Albert, S.; Mittel, G.S. Comparative evaluation of edible coatings to reduce fat uptake in a deep-fried cereal
product. Food Res. Int. 2002, 35, 445-458. [CrossRef]

Patsioura, A.; Vauvre, ] M.; Kesteloot, R.; Jamme, F.; Hume, P; Vitrac, O. Microscopic imaging of biphasic
oil-air flow in French fries using synchrotron radiation. AIChE ]. 2015, 61, 1427-1446. [CrossRef]

Dana, D.; Saguy, I.S. Mechanism of oil uptake during deep-fat frying and the surfactant effect-theory and
myth. Adv. Colloid Interface 2006, 128-130, 267-272. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.lwt.2009.02.014
http://dx.doi.org/10.1016/j.jfoodeng.2010.09.005
http://dx.doi.org/10.1016/j.ijbiomac.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27044346
http://dx.doi.org/10.1111/j.1745-4549.1993.tb00729.x
http://dx.doi.org/10.1016/S1466-8564(02)00050-4
http://dx.doi.org/10.1002/jsfa.4704
http://www.ncbi.nlm.nih.gov/pubmed/22102087
http://dx.doi.org/10.1016/j.foodhyd.2010.11.024
http://dx.doi.org/10.1016/j.carbpol.2013.07.041
http://www.ncbi.nlm.nih.gov/pubmed/24053847
http://dx.doi.org/10.1016/j.eurpolymj.2010.12.011
http://dx.doi.org/10.1016/S0308-8146(99)00045-X
http://dx.doi.org/10.1016/j.jfoodeng.2003.10.006
http://dx.doi.org/10.1016/j.jfoodeng.2006.11.004
http://dx.doi.org/10.1111/j.1750-3841.2008.00669.x
http://www.ncbi.nlm.nih.gov/pubmed/18387106
http://dx.doi.org/10.1016/S0963-9969(02)00131-X
http://dx.doi.org/10.1002/ejlt.200700255
http://dx.doi.org/10.1016/j.jfoodeng.2011.07.010
http://dx.doi.org/10.1016/j.foodhyd.2015.10.003
http://dx.doi.org/10.1007/s11947-016-1790-2
http://dx.doi.org/10.1002/1097-0010(20000915)80:12&lt;1722::AID-JSFA708&gt;3.0.CO;2-X
http://dx.doi.org/10.1016/j.foodchem.2006.09.010
http://dx.doi.org/10.1016/S0963-9969(01)00139-9
http://dx.doi.org/10.1002/aic.14744
http://dx.doi.org/10.1016/j.cis.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17196541

Int. ]. Mol. Sci. 2017, 18, 2700 13 0f 13

35.

36.

37.

38.

39.

40.

41.

42.

Pedreschi, E; Cocio, C.; Moyano, P,; Troncoso, E. Oil distribution in potato slices during frying. J. Food Eng.
2008, 87, 200-212. [CrossRef]

Pedreschi, F; Aguilera, ].M. Some changes in potato chips during frying observed by confocal laser scanning
microscopy (CLSM). Food Sci. Technol. Int. 2002, 8, 197-201. [CrossRef]

Pedreschi, F.; Aguilera, J.; Arbildua, J. CLSM study of oil location in fried potato slices. Microsc. Microanal.
1999, 37, 21-22.

Bouchon, P.; Aguilera, J.A. Microstructural analysis of frying potatoes. Int. |. Food Sci. Technol. 2001, 36,
669-676. [CrossRef]

Mariscal, M.; Bouchon, P. Comparison between atmospheric and vacuum frying of apple slices. Food Chem.
2008, 107, 1561-1569. [CrossRef]

Shyu, S.-L.; Hwang, L.S. Effects of processing conditions on the quality of vacuum fried apple chips.
Food Res. Int. 2001, 34, 133-142. [CrossRef]

Maadyrad, A.; Ghiassi Tarzi, G.; Bassiri, A.; Bamenimoghadam, M. Process optimization in vacuum frying
of kiwi slices using response surface methodology. J. Food Biosci. Technol. 2011, 1, 33-40.

Zhang, T,; Li, ].; Ding, Z.; Fan, L. Effects of Initial Moisture Content on the Oil Absorption Behavior of Potato
Chips during Frying Process. Food Bioprocess Technol. 2016, 9, 331-340. [CrossRef]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jfoodeng.2007.11.031
http://dx.doi.org/10.1177/1082013202008004931
http://dx.doi.org/10.1046/j.1365-2621.2001.00499.x
http://dx.doi.org/10.1016/j.foodchem.2007.09.031
http://dx.doi.org/10.1016/S0963-9969(00)00141-1
http://dx.doi.org/10.1007/s11947-015-1625-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Initial Water Content, Solid Content, and Starch Content of Potato 
	Effect of Coating on the Water Content and Oil Content 
	Effect of Coating on Oil Fractions of French Fries 
	Oil Distribution and Microstructure of French Fries 
	Texture of French Fries 

	Materials and Methods 
	Materials 
	Sample Pre-Treatment 
	Frying Procedure 

	Analytical Methods 
	Water Content, Solid Content and Starch Content 
	Determination of Oil Content 
	Determination of Color 
	Determination of Texture 
	Microscopic Analysis 
	Statistical Analysis 

	Conclusions 

