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Abstract: The effects of pulsed electric fields (PEF) and blanching pretreatments on frying kinetics,
oil content, color, texture, acrylamide (AA) content, and microstructure have been investigated in
this paper. The total PEF pretreatment duration was tpgr = 0.2 s with an intensity of E =1 kV/cm;
blanching was studied at 85 °C for 5 min. The results demonstrated that pretreatment significantly
reduced the moisture ratio and oil content by 25% and 40.33%, respectively. The total color change
AE value of the pretreated samples was lower than that of the untreated samples. In addition,
pretreatment increased the hardness of the sample after frying, and the AA content in the fried
samples pretreated with PEF + blanching was reduced by approximately 46.10% (638 ug/kg). Finally,
fried sweet potato chips obtained by the combined pretreatment exhibited a smoother and flatter
cross-sectional microstructure.
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1. Introduction

Fried foods are significantly popular worldwide due to their unique flavors. Sweet
potato is a naturally nourishing food rich in protein, fat, polysaccharides, phosphorus,
calcium, potassium, carotene, vitamin A, vitamin C, vitamin E, vitamin By, vitamin By, and
eight amino acids. Sweet potatoes are widely cooked by deep-frying and consumed as
French fries and chips [1,2]. Studies have shown that a high fat and calorie intake may
lead to metabolic disorders, resulting in an increased risk of hypertension, cardiovascular
disease, diabetes, and cancer [3-5]. Therefore, there is currently a strong demand for
high-quality fried foods that are likely to reduce the oil intake and formation of carcinogen
acrylamide content.

Recommended mitigation measures, such as magnetic fields, microwaves, and UV-C,
have been used to control the acrylamide content in potatoes and potato semi-finished prod-
ucts. Sobol et al. found that potato tubers exposed to UV-C radiation caused an increase in
the acrylamide content; however, soaking the semi-product in water resulted in a decrease
in the acrylamide content in French fries [6]. Polysaccharides (alginate, pectin, and chitosan)
are used in food frying processes and can inhibit the formation of acrylamide by up to 54%,
51%, and 41%, respectively [7]. Conventional blanching pretreatment is widely used to
improve the quality of fried sweet potato chips [8]. During blanching, gelatinization of
starch can reduce oil intake during the frying of potato chips [9]. In addition, the sugar and
asparagine contents of potatoes can be significantly reduced by hot blanching pretreatment,
thus reducing the formation of acrylamide [9,10]. However, heat treatment involves high
energy consumption and may lead to unexpected quality changes, such as the loss of sol-
uble nutrients and nutrient deactivation (polyphenols) [11,12]. Pulsed electric field (PEF)
is a novel non-thermal physical treatment technique that discharges a sample between
two electrode plates by applying a high-voltage pulse, mainly utilizing an electroporation
mechanism [13-15]. PEF pretreatment induces the formation of transient microspores in
the lipid bilayer of the cell membrane, which improves cell permeability and forms more
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channels for water to migrate outside, accelerating the diffusion of water and reducing oil
absorption [15,16]. Moreover, PEF can soften the tissue and smoothen the surface, further
reducing the oil absorbed during frying [17]. Ostermeier et al. found that PEF allows
better removal of water, decreases color change, and reduces the acrylamide content of
potato chips simultaneously [18]. More than 50% of glucose and 48% of asparagine can be
reportedly removed from potato chips after PEF pretreatment, resulting in lower levels
of acrylamide [19]. Zhang et al. [20] found that PEF pretreatment improved the color of
fried potato chips and reduced their acrylamide content to 1533.75 ng/g. However, the
combined effects of PEF and blanching treatment on the physicochemical properties of
fried sweet potato chips remain unclear.

This study aimed to evaluate the preliminary effects of PEF, blanching, and their
combinations on deep-fried sweet potato chips. The effect of pretreatment on the cellular
microstructure was studied using scanning electron microscopy (SEM). The quality of the
fried sweet potato chips was investigated and compared with that of untreated samples.
Finally, the influence of different pretreatments on the acrylamide content of sweet potato
chips was determined to inhibit acrylamide formation during deep frying.

2. Materials and Methods
2.1. Materials

The sweet potatoes (Liu Ao Red Sweet Potato) were purchased from a local market
in Shanghai, China and were stored in a refrigerator at 4 °C. All experimental data were
collected within one week of purchase. Fresh sweet potatoes were cleaned, sliced (27 mm
in diameter and 3 mm in thickness), and sampled using a stainless steel circular mold. The
initial moisture content of sweet potatoes (W; = 3.67 & 0.1 db or 0.785 & 0.1 wb) was deter-
mined by drying the samples at 105 °C in the oven (DHG-9245A, HuiTai, Shanghai, China).

2.2. PEF Pretreatment

A PEF generator delivering monopolar pulses (1500 V-1A, Service Electronique USST,
Shanghai, China) was used. Figure 1 presents the PEF-applied treatment procedures for
sweet potato slices. The processing chamber (Teflon cylindrical tube, industrial processes
workshop, USST, Shanghai, China) consisted of two parallel stainless steel electrodes
and had a diameter of 41.5 mm and a depth of 100 mm. The electric field intensity was
E =1k V/cm and there were a series of N = 200 trains. Each train consisted of n (=50)
pulses with a pulse width of t; = 20 ps and a frequency of 10 Hz. The total time of the PEF
treatment was calculated as tprr = N-n-t; = 0.2 s. The applied protocol allowed for obtaining
a high level of electroporation of sweet potato tissue based on our preliminary studies. The
temperature elevation inside the samples never exceeded 5 °C. The energy input of the PEF
pretreatment was 9.47 £ 0.5 kJ/kg, calculated as follows [21]:

. tpEF
Ee=UT 1000M )

where, U is the voltage (V), [ is the flowing current (A) obtained from the display screen of
the generator, tpgr is the total duration of the PEF treatment (s), and M (kg) is the mass of
the sample.

2.3. Blanching Pretreatment

Sweet potato slices were heated and stirred at 85 °C for 5 min on a ceramic heating
plate HJ-2A (Guohua, Changzhou, China) by following the method of Timolsina et al. [22],
with slight modifications. After the blanching treatment, the surface water was removed,
and the potato slices were cooled to an ambient temperature for frying.
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Figure 1. PEF treatment procedures applied to the sweet potato tissue.

2.4. Frying

Different pretreated and untreated sweet potato slices were then fried in hot sunflower
oil contained in an electro-thermal blast furnace at 150 °C (HY-81, Foshan Nanhai Gangyang
Electromechanical Equipment Co., Ltd., Foshan, China) with a sample/oil mass ratio of
1/60 for 6 min. Previous results showed that when frying at 150 °C, the PEF pretreatment
could significantly decrease the acrylamide content by 70% of potato chips [23]. The mass
(m) of the samples was periodically controlled during frying. The moisture ratio (MR) of a
sample during frying was calculated as follows:

mg

MR = )

m;
where, m; is the initial moisture content and m; is the moisture content after frying that
was obtained using a moisture analyzer (HC103, Mettler Toledo Instruments Co., Ltd.,
Shanghai, China).

2.5. Analysis of the Samples
2.5.1. Oil Content

The oil content of the fried sweet potatoes chips was measured using a low-field nu-
clear magnetic resonance (LF-NMR) spectrometer (PQ001-020-015V, Niumag Corporation,
Suzhou, China), with a frequency field of 20 MHz and a temperature of 32 & 0.01 °C. For
these measurements, the nuclear magnetic field strength was 0.5 &= 0.08 T. It was measured
by placing the sample in a 15 mm glass tube and inserting it into the NMR probe. The
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was applied to measure the transverse
relaxation time (T). Typical pulse parameters included a sampling frequency of 250 kHz,
repetition time of 2000 ms, echo count of 5000, echo time of 1 ms, and repeat scan times of
4 [24]. Standard curves were constructed as follows.

The sunflower o0il was weighed in 15 mm glass tubes with weights of 0.1, 0.2, 0.3, 0.4,
and 0.5 g, which were measured in a water bath at 32 °C for 5 min to obtain the amplitude
corresponding to the different masses of oil. Figure 2a presents the distribution of the
transverse relaxation time (T) spectra for different masses of sunflower oil. The relaxation
signal shown in the figure can be entirely attributed to the protons in the oil molecule and
is composed of a small and large characteristic peak. The oil peak emerged in the range
of 12—464 ms, providing a basis for distinguishing the proton signals of water and oil in
the sample. The signal amplitude increased as the oil mass increased. The linear equation
fitted to the mass and amplitude of the oil was y = 660.59172x — 2.03436, with R?Z =0.99983,
indicating that the mass of the oil linearly and sufficiently correlated with the peak area
(Figure 2b). The intensity of the peak signal is linearly related to the mass of oil. Therefore,
the correlation between the peak intensity and mass of oil can be determined by calibrating
the sample to obtain the oil content (Oy) of the sample.
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Figure 2. Distribution of the transverse relaxation time (T3) spectra of the different masses of
sunflower oil (a), and standard curve of oil (b). R? is the coefficient of determination; the equation
presented in the chart indicates the trend line.

2.5.2. Color

The color of the samples was determined using a colorimeter (CR-400; Konica Minolta
Investment Co., Ltd., Shanghai, China). The color parameter coordinates L* (whiteness
or brightness), a* (redness or greenness), and b* (yellowness or blueness) were used to
describe the color of the samples [25]. Hunter values (L*, 4%, b*) were monitored on the
surfaces of untreated and pretreated fresh and fried samples. The total color difference AE
was used to express the overall color change during the thermal process and was calculated
by using Equation (2) as follows:

AE = \/(L* — Lo*)* + (a* — ag*)> + (b* — by*)? ®)

where, Lo*, ap*, and by" indicate the color parameters of the fresh samples;L*, a*, and b*
indicate the color parameters of the fried samples.

2.5.3. Texture

To obtain the hardness of the chips, a texture analyzer (TA-XT PlusC, Stable Micro Sys-
tems Co. Ltd., Manchester, UK) with the texture profile analysis (TPA) mode was used [23].
The sample was placed just below the probe and tested with a P/0.25 S spherical probe
while maintaining the sample placed in the same direction for each test. The parameters
were set as follows: pre-test speed of 1.0 mm/s, mid-test speed of 0.5 mm/s, post-test
speed of 10.0 mm/s, distance of 1.5 mm, and trigger force of 5 g. The average force between
the first peak and 1 s was expressed as the hardness of the potato chips. The textural
parameters of hardness were calculated from the TPA curve using the Texture Exponent
software (Stable Micro Systems Co. Ltd., Manchester, UK).

2.5.4. Liquid Chromatography—Tandem Mass Spectrometry/Mass Spectrometry Analysis
of Acrylamide

The acrylamide determination of the fried sweet potatoes was performed as described
by Liu et al. [23], with slight modifications. An LC-MS/MS system (Agilent7890, Santa
Clara, CA, USA) equipped with an auto-sampler and Atlantis C;g columns (5 pm, 2.1 mm
I.D. x 150 mm) was used; 50 g of the fried sample was obtained, pulverized by a food
processor (Elfin2.0, Shengzheng, China) and stored frozen at —20 °C. A total of 10 pL of
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a 10 mg/L!3Cz-acrylamide internal standard working solution and 10 mL of ultrapure
water were added to 2 g of pulverized samples, shaken for 30 min, and then centrifuged at
4000 r/m for 10 min using a centrifuge (Medifuge™, Carlsbad, CA, USA); the supernatant
was then collected. A matrix solid-phase dispersion extraction method was used for the
purification. The elution was in isocratic mode using a mixture of 0.1% v/v formic acid
and methanol (99.5/0.5, v/v) as the mobile phase at a flow rate of 2 mL/min; the injection
volume of the sample was 25 pL. A standard series of working solutions was injected into
the LC-MS/MS system and the peak areas of the corresponding acrylamide, and its internal
standard were measured. The results of the fried sweet potatoes were expressed in pg/kg.

2.5.5. Scanning Electron Microscope

The microstructure of the sample was obtained using an SEM instrument (Thermo
Scientific Apreo 2C, Waltham, MA, USA) equipped with a low-Vac mode, an accelerating
voltage of 10 kV, and an amplification of 500. Ten images from three different samples were
analyzed for each experiment.

2.6. Statistical Analysis

Data were obtained from five replicates. Results are presented as the mean =+ standard
deviation. One-way analysis of variance (ANOVA) was used to analyze the effect of
pretreatment using the IBM SPSS Statistics 26 analysis software (IBM Institute, New York,
NY, USA). All statistical analyses were performed with a significance level of 0.05 using
Duncan’s multiple range tests. A software package, Table Curve 2D, version 5.01 (Systat
Software, San Jose, CA, USA), was used to fit the curve to obtain the relevant correlation
coefficients (R%) and parameters.

3. Results and Discussion
3.1. Effect of Pretreatment on the Moisture Ratio of Sample

Figure 3 presents the relationship between the moisture ratios and frying time of sweet
potato chips with untreated, blanching-pretreated, PEF-pretreated, and a combination
of PEF + blanching-pretreated samples during frying (0-6 min). The moisture ratios of
the sweet potato slices was apparently significantly affected by the various pretreatment
methods. After frying for 6 min, the moisture ratios of untreated, blanching-pretreated, PEF-
pretreated, and combination of PEF + blanching-pretreated samples were 0.07, 0.04, 0.04,
and 0.03, respectively. This is consistent with the results of Zhang et al. [20], who evaluated
the effects of blanching pretreatment and PEF on the physicochemical properties of French
fries. The PEF and blanching pretreatments affect the cell integrity and permeability,
which directly leads to differences in the moisture ratio after frying. The development
of the moisture ratio with the frying time was fitted using the empirical Henderson and
Pabis equation (Equation (4)) (Figure 3, dashed lines). The R? values of the untreated and
pretreated samples were relatively high (R? = 0.980 — 0.997). The values of the frying rate
constant k as a function of pretreatment ranged from 7.03 x 1073 s 1 t09.71 x 1073 s!
(inset of Figure 3). The results demonstrated that the combination of PEF + blanching
pretreatments caused a significant increase in the frying rate constant (p < 0.05). The cell
membrane electroporated by PEF can promote water migration from the core to the surface,
which also increases the mass transfer during the frying process, thereby increasing the
frying rate constant [26]. Similarly, blanching disrupts the plant cell walls by degrading
pectin, thereby increasing cell permeability [27]. Compared to the untreated samples, the
combination of PEF + blanching pretreatment increased the frying rate of the samples by
38.12% (inset of Figure 3), which demonstrates that they have a synergistic effect on water
evaporation during frying.

MR = —Aexp(—kt) 4)

where, k is the frying rate constant, and s~ 1 and A are the frying coefficients.



Foods 2023, 12,2147

6 of 14

1%
A\Y | U
- W A Blanching
W > PEF
08F W 2 4 PEF+blanching
[\\Y
- W\ 10
AN
8.
06 \
N T o6
W 2
< i W ~" 4
E W= “
04 L N . 2
SO & o
- ?\\ \l U  Blanching PEF PEF+blanching
N
AR
N TO T
02 %\\
S \\ ~ -
S
0 L | L 1 i\ i ~ ; |
0 100 200 300 400

Figure 3. Moisture ratio (MR) versus the frying time for untreated (U), blanching-pretreated, PEF-
pretreated, and combination of PEF + blanching-pretreated samples. Inset demonstrates the frying
rate constant (k) for the untreated and pretreated samples.

3.2. Effect of Pretreatment on Oil Content of the Sample

Deep-frying is a mass- and heat-transfer process that involves water evaporation and
oil absorption [28]. Figure 4 demonstrates the development of the oil content (Oy) for
fried sweet potatoes that are untreated, blanched, PEF, and PEF + blanched pretreated
samples; the dashed lines were obtained by fitting the data with Equation (5). The relevant
correlation coefficients (R?) were all above 0.902, and the parameters of the equation fit
for the untreated, blanched, PEF, and PEF + blanched pretreated samples are presented
in Table 1. In all cases, the oil content increased as the frying time increased. Compared
to the untreated chips, the oil content of the sweet potato chips significantly decreased by
33.38%, 31.90%, and 40.33% with blanching, PEF, and the combination of PEF + blanching
pretreatments, respectively. This can be explained by the higher frying rate with PEF
pretreatment (Figure 3), which forms a crust on the surface of the sweet potato chips,
thereby reducing the oil absorption during frying [15,17,29]. PEF may also cause more
cytoplasm to flow out of the cell, forming a water vapor barrier layer on the surface
and ultimately reducing oil absorption [30]. In addition, the smoother tissue surface of
the samples resulting from the PEF treatment may lead to less oil adhesion after frying
due to oil content reduction [31,32]. Similarly, starch gelatinization occurred during the
blanching pretreatment, which prevents more oil penetration during the frying process
compared to the untreated samples [8,16]. Zhang et al. [26] found that the combination of
PEF + blanching pretreatment decreased the oil content of the French fries by 13.8%. Liu
etal. [2] investigated the physical-chemical properties of fried sweet potato tubers with PEF
pretreatment and found that the oil content decreased by 18.3% with a PEF pretreatment at
1.2 kV/cm and frying temperature of 190 °C.

b
nOf =a+ 7 ®)

where, a and b indicate the constants of the models.
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Figure 4. Oil content versus frying time for untreated (U), blanching-pretreated, PEF-pretreated, and
combination of PEF + blanching-pretreated samples, DM is dry metter.

Table 1. Parameters of the equation fitted for the oil content of untreated, blanching, PEF, and
PEF + blanching-pretreated samples.

a b R?
8] —0.23 —92.42 0.962
Blanching —0.61 —126.63 0.956
PEF —0.67 —76.73 0.956
PEF + blanching —0.56 -99.71 0.902

3.3. Effect of Pretreatment on the Total Color Change of Sample

Color is the basic characteristic used to evaluate the quality and acceptance of fried
food, which affects the consumers’ choice of products [33]. Choi et al. demonstrated that
AE > 2 indicates that the color of the sample changed compared to the raw material [34].
The tendency curves of the total color change with frying time were fitted using the linear
equation in Equation (6) (dashed lines) (Figure 5). The relevant correlation coefficients were
R? > 0.96 (Table 2). The linear equation appears to precisely describe the obtained data
for the total color change value. The color of the samples gradually changed from orange
to brown during frying. The apparent change (AE) was indicated by values increasing
from 14.16 to 22.98 within a frying time of 1-6 min for the untreated samples (Figure 5).
After frying, the total color change AE of the blanched, PEF, and PEF + blanched pretreated
samples were 19.26, 21.57, and 20.34, respectively (Figure 5). The color change in the
samples was mainly due to the occurrence of the Maillard reaction during frying. Moreover,
the degree of browning depends on the amount of reducing sugars and amino acids on the
surface of the samples [35]. Blanching resulted in the leaching of the reducing sugars and
amino acids into the solution, which decreased the Maillard reaction during frying, leading
to a brighter color. Similarly, PEF can improve the permeability of cells and enable the
leaching of reducing sugars and amino acids. However, certain reducing sugars and amino
acids may remain on the surface of the samples, resulting in the color of the PEF-pretreated
samples not being as bright as that of the blanched-pretreated samples; the color was darker
at the edge of the samples. The total color change AE of the combined PEF + blanching-
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pretreatment was lower than that of the PEF-pretreated sample but higher than the blanched
pretreated sample. This finding does not agree with the results reported by Zhang et al. [20],
who found that the combined pretreatment of PEF + blanching significantly reduced the
browning degree of French fries during frying. This may be because the trend in the
total color change was not consistent for the various types of potatoes (regular potato and
sweet potato).

AE =a+ bt 6)

Here, a and b indicate the constants of the models.
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Figure 5. Total color change versus the frying time for untreated (U), blanching-pretreated, PEF-
pretreated, and combination of PEF + blanching-pretreated samples. (inset indicates untreated and
pretreated samples). # Values with same superscript letters means no significantly difference.

Table 2. Parameters of the linear equation fitted for the total color change of untreated, blanched,
PEF, and PEF + blanched pretreated samples.

a b R?
8) 12.96 0.027 0.977
Blanching 10.10 0.026 0.976
PEF 12.43 0.024 0.963
PEF + blanching 11.19 0.025 0.983

3.4. Effect of Pretreatment on the Hardness of Sample

Textural characteristics during frying are indicators of the development of heat and
mass transfer processes [36]. Figure 6 presents the hardness versus frying time for the
untreated, blanching-pretreated, PEF-pretreated, and PEF + blanching-pretreated sam-
ples. Before frying, the hardness values of the pretreated samples (PEF, blanching, and
PEF + blanching) were significantly lower than those of the untreated samples (Figure 6).
The initial softening of tissues in the PEF-pretreated samples originated from an increase in
the cell membrane permeability and cell breakdown [37]. A previous study reported that
blanching pretreatment induces lamellar media solubilization and starch gelatinization
as a result of tissue softening [38]. A similar softening effect on potato tissues following
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PEF + blanching was reported by Zhang et al. [20]. For all fried sweet potato chips (un-
treated and pretreated), the hardness values first decreased (t < 120 s) and then increased
with frying time t > 120 s. This result agrees with previous studies regarding the tex-
tural properties of fried potatoes [15,29]. Note, the hardness of the blanching, PEF, and
PEF + blanching-pretreated samples increased by 14.5%, 10.58%, and 19.92%, respectively,
compared to those of the untreated samples at the end of frying (360 s). The final hardening
of the samples reflects the formation of a surface crust during frying. Accordingly, the
PEF and blanching pretreatment promoted water loss (Figure 3) in the sweet potato chips
and reduced the adhesion between the cells, resulting in an increase in the hardness of the
sweet potato chips after frying. Moreover, the formation of denser skin on the surface of
the fried sample may restrict oil immersion while frying the sweet potato tissue (Figure 4).
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Figure 6. Hardness of sweet potato chips versus frying time for untreated (U), blanching-pretreated,
PEF-pretreated, and combination of PEF + blanching-pretreated samples.

3.5. Effect of Pretreatment on the Acrylamide Content of the Sample

In 2002, the Swedish National Food Administration found that carcinogen acrylamide
(AA) was formed in heated starch-based foods [39]. Pedreschi et al. reported that toxic AA
is a byproduct of the Maillard reaction of reducing sugars and amino acids during thermal
processing [40]. The AA content in the fried sweet potato chips versus the pretreated
chips is shown in Figure 7, which demonstrates that pretreatment (PEF, blanching, and
PEF + blanching) significantly decreased the AA content in the fried samples by nearly
46.10% compared to the untreated samples. This can be explained by the increase in the
frying rate with the pretreatment (less frying time, Figure 3); the leaching of reducing sugars
and amino acids from the sweet potato slices by PEF and blanching can also decrease the
acrylamide content during frying [41]. The Maillard reaction during frying is related to
the degree of browning of the sample. The PEF + blanching pretreatment significantly
decreased the color change of the sample (Figure 5) compared to the PEF-pretreated sample;
however, there was no significant difference between the pretreatments for AA formation
in frying sweet potato chips (Figure 7). Therefore, the formation of AA during frying is
not only linked to color change but also to the reaction substrate, frying temperature, and
frying time [42,43]. Liyanage et al. [44] demonstrated that an increase in temperature from
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160 to 190 °C decreased the AA content by approximately 90%. They also found that the
acrylamide formation in cultivars of Atlantic, Snowden, and Vigor pretreated by blanching
in distilled water decreased by 19-59%. Genovese et al. reported that the AA reduction for
potato chips pretreated by PEF (1.5 kV cm™~!, 10 ms, 100 Hz) was 30%, whereas it was 17%
for the hot water blanching pretreatment (85 °C, 3.5 min) [45].
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Figure 7. Effect of various pretreatments on the acrylamide content of fried sweet potato chips.
ab Values with different superscript letters means significantly difference.

3.6. Effect of Pretreatment on the Microstructure of a Sample

Figure 8 demonstrates the scanning electron micrographs of the cross-sections of fresh
sweet potato slices (MR = 1, Figure 8a—d) and fried sweet potato chips (MR = 0.1 Figure 8e,f)
for untreated and pretreated samples. Fresh sweet potato slices without pretreatment
demonstrated largely intact and turgid tissues, and spherical starch granules were present
in the parenchymal cellular compartments (Figure 8a). Nevertheless, the blanching pretreat-
ment resulted in significant starch gelatinization and a smoother structure (Figure 8b). Due
to electroporation, samples pretreated with PEF demonstrated pores on the cell wall of the
sweet potato (Figure 8c), which is consistent with the results of the present studies [2,46].
As shown in Figure 8d, in samples pretreated by the combination of PEF + blanching,
cracks were found on the sweet potato wall in addition to holes, which promotes the release
of water from the surface at a higher rate during frying (Figure 3). After deep-frying,
the cells did not exhibit a stereoscopic morphology, and the cell walls were disrupted
and no longer upright, which is in agreement with the results of Zhang et al. [47]. In the
untreated and pretreated fried samples, starch granules were no longer found and were
swollen, gelatinized, and dehydrated during frying [46]. The PEF pretreatment increased
the internal porosity (Figure 8g), which allowed the rapid evaporation of water during
frying and prevented oil absorption. Furthermore, the internal structure of sweet potato
chips obtained via the PEF + blanching pretreatment was smoother and flatter, thereby
decreasing the oil absorption during frying processing (Figure 4).
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Figure 8. SEM images of fresh (MR = 1) (a) untreated(U), (b) blanching-pretreated, (c) PEF-pretreated,
and (d) PEF + blanching-pretreated samples; and fried (MR = 0.1) (e) untreated(U), (f) blanching-
pretreated, (g) PEF-pretreated, and (h) PEF + blanching-pretreated samples.

4. Summary

Compared to the untreated samples, PEF, blanching, and PEF + blanching pretreat-
ments reduced the final moisture ratio, oil content, acrylamide content, and total color
change of the fried sweet potato chips. Furthermore, the combined PEF + blanching pre-
treatment significantly improved the quality of fried sweet chips when compared to the
single or untreated methods. Note, the hardness of the blanching, PEF, and PEF + blanching-
pretreated samples increased by 14.5%, 10.58%, and 19.92%, respectively, reflecting the
formation of a surface crust during frying, and ultimately decreasing the oil content of the
sample. Finally, chips pretreated by PEF + blanching had a lower oil (0.37 g/g DM) and
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acrylamide content (638 nug/kg). Cross-sectional SEM observations demonstrated that the
internal structure of sweet potato chips obtained via the PEF + blanching pretreatment was
smoother and flatter, thereby decreasing the oil absorption during frying. In conclusion,
the combined PEF + blanching pretreatment is feasible for the future industrial production
of frying root vegetables, which can finely control the deterioration of product quality and
reduce operational and maintenance costs.

Author Contributions: Methodology, C.L. and M.L.; Software, M.L. and H.D. (Huihui Du); Valida-
tion, C.L., M.L., H.D. (Huihui Du), H.D. (Haoyu Deng), PL., X.L. and L.Z.; Writing—original draft,
M.L.; Writing—review & editing, C.L.; Supervision, C.L. and B.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was partially supported by the National Natural Science Foundation of China
(No: 32001816).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1. Farinu, A,; Baik, O.-D. Heat transfer coefficients during deep fat frying of sweetpotato: Effects of product size and oil temperature.
Food Res. Int. 2007, 40, 989-994. [CrossRef]

2. Liu, T.; Dodds, E.; Leong, S.Y.; Eyres, G.T.; Burritt, D.].; Oey, L. Effect of pulsed electric fields on the structure and frying quality of
“kumara” sweet potato tubers. Innov. Food Sci. Emerg. Technol. 2017, 39, 197-208. [CrossRef]

3. Zhao, Z.; Li, M,; Li, C.; Wang, T;; Xu, Y,; Zhan, Z.; Dong, W.; Shen, Z.; Xu, M.; Lu, J.; et al. Dietary preferences and diabetic risk in
China: A large-scale nationwide Internet data-based study. J. Diabetes 2020, 12, 270-278. [CrossRef] [PubMed]

4. Albalawi, A.; Hambly, C.; Speakman, J. Associations of Food Outlet Densities with Obesity Measures Identify Fish and Chip
Shops as a Uniquely Important Problem. Nutrients 2020, 12, 890. [CrossRef]

5. Khawaja, O.; Sesso, H.D.; Chen, ].Y.; Yamasaki, H.; Hassan, S.A.; Gaziano, ].M.; Djousse, L. Consumption of fried foods and risk
of atrial fibrillation in the Physicians” Health Study. Eur. J. Nutr. 2020, 59, 935-940. [CrossRef]

6.  Sobol, Z.; Jakubowski, T. The effect of storage duration and UV-C stimulation of potato tubers, and soaking of potato strips in
water on the density of intermediates of French fries production. Prz. Elektrotechniczny 2020, 96, 242-245. [CrossRef]

7. Champrasert, O.; Chu, J.; Meng, Q.; Viney, S.; Holmes, M.; Suwannaporn, P,; Orfila, C. Inhibitory effect of polysaccharides on
acrylamide formation in chemical and food model systems. Food Chem. 2021, 363, 130213. [CrossRef]

8.  Ngobese, N.Z.; Workneh, T.S.; Siwela, M. Effect of low-temperature long-time and high-temperature short-time blanching and
frying treatments on the French fry quality of six Irish potato cultivars. J. Food Sci. Technol.-Mysore 2017, 54, 507-517. [CrossRef]

9.  Zhang, Y.C,; Kahl, D.H.W.; Bizimungu, B.; Lu, Z.X. Effects of blanching treatments on acrylamide, asparagine, reducing sugars
and colour in potato chips. J. Food Sci. Technol.-Mysore 2018, 55, 4028-4041. [CrossRef]

10. Mestdagh, F.; De Wilde, T.; Fraselle, S.; Govaert, Y.; Ooghe, W.; Degroodt, ].M.; Verhe, R.; Van Peteghem, C.; De Meulenaer, B.
Optimization of the blanching process to reduce acrylamide in fried potatoes. LWT-Food Sci. Technol. 2008, 41, 1648-1654.
[CrossRef]

11. Bingol, G.; Wang, B.; Zhang, A.; Pan, Z.L.; McHugh, T.H. Comparison of water and infrared blanching methods for processing
performance and final product quality of French fries. J. Food Eng. 2014, 121, 135-142. [CrossRef]

12.  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. 2008, 227, 757-766. [CrossRef]

13. Llavata, B.; Garcia-Perez, J.V.; Simal, S.; Carcel, ].A. Innovative pre-treatments to enhance food drying: A current review. Curr.
Opin. Food Sci. 2020, 35, 20-26. [CrossRef]

14. Ben Ammar, J.; Lanoiselle, J.L.; Lebovka, N.I.; Van Hecke, E.; Vorobiev, E. Impact of a Pulsed Electric Field on Damage of Plant
Tissues: Effects of Cell Size and Tissue Electrical Conductivity. J. Food Sci. 2011, 76, E90-E97. [CrossRef]

15. Liu, C.Y.; Grimi, N.; Lebovka, N.; Vorobiev, E. Effects of preliminary treatment by pulsed electric fields and convective air-drying
on characteristics of fried potato. Innov. Food Sci. Emerg. Technol. 2018, 47, 454-460. [CrossRef]

16. Janositz, A.; Noack, A.K.; Knorr, D. Pulsed electric fields and their impact on the diffusion characteristics of potato slices.
LWT-Food Sci. Technol. 2011, 44, 1939-1945. [CrossRef]

17.  Fauster, T.; Schlossnikl, D.; Rath, E; Ostermeier, R.; Teufel, F,; Toepfl, S.; Jaeger, H. Impact of pulsed electric field (PEF) pretreatment
on process performance of industrial French fries production. J. Food Eng. 2018, 235, 16-22. [CrossRef]

18. Ostermeier, R.; Hill, K.; Dingis, A.; Topfl, S.; Jager, H. Influence of pulsed electric field (PEF) and ultrasound treatment on the

frying behavior and quality of potato chips. Innov. Food Sci. Emerg. Technol. 2021, 67, 102553. [CrossRef]


https://doi.org/10.1016/j.foodres.2007.05.006
https://doi.org/10.1016/j.ifset.2016.12.010
https://doi.org/10.1111/1753-0407.12967
https://www.ncbi.nlm.nih.gov/pubmed/31290214
https://doi.org/10.3390/nu12040890
https://doi.org/10.1007/s00394-019-01952-3
https://doi.org/10.15199/48.2020.01.55
https://doi.org/10.1016/j.foodchem.2021.130213
https://doi.org/10.1007/s13197-017-2495-x
https://doi.org/10.1007/s13197-018-3329-1
https://doi.org/10.1016/j.lwt.2007.10.007
https://doi.org/10.1016/j.jfoodeng.2013.08.001
https://doi.org/10.1007/s00217-007-0784-8
https://doi.org/10.1016/j.cofs.2019.12.001
https://doi.org/10.1111/j.1750-3841.2010.01893.x
https://doi.org/10.1016/j.ifset.2018.04.011
https://doi.org/10.1016/j.lwt.2011.04.006
https://doi.org/10.1016/j.jfoodeng.2018.04.023
https://doi.org/10.1016/j.ifset.2020.102553

Foods 2023, 12, 2147 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Genovese, J.; Tappi, S.; Luo, W.; Tylewicz, U.; Marzocchi, S.; Marziali, S.; Romani, S.; Ragni, L.; Rocculi, P. Important factors to
consider for acrylamide mitigation in potato crisps using pulsed electric fields. Innov. Food Sci. Emerg. Technol. 2019, 55, 18-26.
[CrossRef]

Zhang, C.; Lyu, X.M.; Zhao, W.; Yan, W.X.; Wang, M.M.; Rei, N.G.K.; Yang, R.J. Effects of combined pulsed electric field and
blanching pretreatment on the physiochemical properties of French fries. Innov. Food Sci. Emerg. Technol. 2021, 67, 102561.
[CrossRef]

Grimi, N.; Mamouni, F,; Lebovka, N.; Vorobiev, E.; Vaxelaire, J. Impact of apple processing modes on extracted juice qual-
ity:Pressing assisted by pulsed electric field. J. Food Eng. 2011, 103, 52-61. [CrossRef]

Timalsina, P.; Prajapati, R.; Bhaktaraj, S.; Shrestha, R.; Shrestha, S.; Mitra, P. Sweet Potato Chips Development and Optimization
of Chips Processing Variables. Open Agric. 2019, 4, 118-128. [CrossRef]

Liu, C.Y.; Zhang, R.; Vorobiev, E.; Grimi, N. Mitigation of Acrylamide in Potato Chips by Pre-drying and Pulsed Electric Field
Treatment. Front. Nutr. 2022, 9,919634. [CrossRef] [PubMed]

Wang, C.; Su, G.Q.; Wang, X.; Nie, S.D. Rapid Assessment of Deep Frying Oil Quality as Well as Water and Fat Contents in French
Fries by Low-Field Nuclear Magnetic Resonance. J. Agric. Food Chem. 2019, 67, 2361-2368. [CrossRef]

Liu, C.; Pirozzi, A.; Ferrari, G.; Vorobiev, E.; Grimi, N. Impact of pulsed electric fields on vacuum drying kinetics and physico-
chemical properties of carrot. Food Res. Int. 2020, 137, 109658. [CrossRef]

Zhang, C.; Zhao, W.; Yan, W.X; Wang, M.M.; Tong, Y.J.; Zhang, M.; Yang, R.]. Effect of pulsed electric field pretreatment on oil
content of potato chips. LWT-Food Sci. Technol. 2021, 135, 110198. [CrossRef]

Zhang, Z.N.; Yao, Y.S.; Shi, Q.L.; Zhao, J.Y,; Fu, H.E,; Wang, Y.Y. Effects of radio-frequency-assisted blanching on the polyphenol
oxidase, microstructure, physical characteristics, and starch content of potato. LWT-Food Sci. Technol. 2020, 125, 109357. [CrossRef]
Oke, EK,; Idowu, M.A ; Sobukola, O.P; Adeyeye, S.A.O.; Akinsola, A.O. Frying of Food: A Critical Review. J. Culin. Sci. Technol.
2018, 16, 107-127. [CrossRef]

Liu, C.Y,; Grimi, N.; Lebovka, N.; Vorobiev, E. Impacts of preliminary vacuum drying and pulsed electric field treatment on
characteristics of fried potatoes. J. Food Eng. 2020, 276, 109898. [CrossRef]

Ignat, A.; Manzocco, L.; Brunton, N.P; Nicoli, M.C.; Lyng, ].G. The effect of pulsed electric field pre-treatments prior to deep-fat
frying on quality aspects of potato fries. Innov. Food Sci. Emerg. Technol. 2015, 29, 65-69. [CrossRef]

Thanatuksorn, P.; Pradistsuwana, C.; Jantawat, P.; Suzuki, T. Effect of surface roughness on post-frying oil absorption in wheat
flour and water food model. . Sci. Food Agric. 2005, 85, 2574-2580. [CrossRef]

Ostermeier, R.; Hill, K.; Topfl, S.; Jager, H. Pulsed electric field as a sustainable tool for the production of healthy snacks. In Pulsed
Electric Fields to Obtain Healthier and Sustainable Food for Tomorrow; Barba, E]J., Parniakov, O., Wiktor, A., Eds.; Academic Press:
Cambridge, MA, USA, 2020; pp. 103-128. [CrossRef]

Wiktor, A.; Nowacka, M.; Dadan, M.; Rybak, K.; Lojkowski, W.; Chudoba, T.; Witrowa-Rajchert, D. The effect of pulsed electric
field on drying kinetics, color, and microstructure of carrot. Dry. Technol. 2016, 34, 1286-1296. [CrossRef]

Choi, M.H.; Kim, G.H.; Lee, H.S. Effects of ascorbic acid retention on juice color and pigment stability in blood orange (Citrus
sinensis) juice during refrigerated storage. Food Res. Int. 2002, 35, 753-759. [CrossRef]

Graham-Acquaah, S.; Ayernor, G.S.; Bediako-Amoa, B.; Saalia, ES.; Afoakwa, E.O.; Abbey, L. Effect of blanching and frying on
textural profile and appearance of yam (Dioscorea rotundata) french fries. J. Food Process. Preserv. 2015, 39, 19-29. [CrossRef]
Pedreschi, F.; Moyano, P. Effect of pre-drying on texture and oil uptake of potato chips. LWT-Food Sci. Technol. 2005, 38, 599-604.
[CrossRef]

Botero-Uribe, M.; Fitzgerald, M.; Gilbert, R.G.; Midgley, J. Effect of pulsed electrical fields on the structural properties that affect
french fry texture during processing. Trends Food Sci. Technol. 2017, 67, 1-11. [CrossRef]

Li, PY;; Wu, G.C; Yang, D.; Zhang, H.; Qi, X.G.; Jin, Q.Z.; Wang, X.G. Effect of multistage process on the quality, water and oil
distribution and microstructure of French fries. Food Res. Int. 2020, 137, 109229. [CrossRef]

Lingnert, H.; Grivas, S.; Jagerstad, M.; Skog, K.; Térnqvist, M.; Aman, P. Acrylamide in food: Mechanisms of formation and
influencing factors during heating of foods. Scand. J. Nutr. 2002, 46, 159-172. [CrossRef]

Pedreschi, F; Zuniga, R.N. Acrylamide and oil reduction in fried potatoes: A review. Food 2009, 3, 82-92.

Schouten, M.A.; Genovese, ].; Tappi, S.; Di Francesco, A.; Baraldi, E.; Cortese, M.; Caprioli, G.; Angeloni, S.; Vittori, S.; Rocculi, P.
Effect of innovative pre-treatments on the mitigation of acrylamide formation in potato chips. Innov. Food Sci. Emerg. Technol.
2020, 64, 102397. [CrossRef]

Romani, S.; Bacchiocca, M.; Rocculi, P.; Dalla Rosa, M. Effect of frying time on acrylamide content and quality aspects of French
fries. Eur. Food Res. Technol. 2008, 226, 555-560. [CrossRef]

Brathen, E.; Knutsen, S.H. Effect of temperature and time on the formation of acrylamide in starch-based and cereal model
systems, flat breads and bread. Food Chem. 2005, 92, 693-700. [CrossRef]

Liyanage, D.W.K,; Yevtushenko, D.P.; Konschuh, M.; Bizimungu, B.; Lu, Z.X. Processing strategies to decrease acrylamide
formation, reducing sugars and free asparagine content in potato chips from three commercial cultivars. Food Control 2021,
119, 107452. [CrossRef]

Andersson, P. Modelling of Potato Blanching. Ph.D. Thesis, Lunds Universitet, Lund, Sweden, 1995.


https://doi.org/10.1016/j.ifset.2019.05.008
https://doi.org/10.1016/j.ifset.2020.102561
https://doi.org/10.1016/j.jfoodeng.2010.09.019
https://doi.org/10.1515/opag-2019-0011
https://doi.org/10.3389/fnut.2022.919634
https://www.ncbi.nlm.nih.gov/pubmed/35898715
https://doi.org/10.1021/acs.jafc.8b05639
https://doi.org/10.1016/j.foodres.2020.109658
https://doi.org/10.1016/j.lwt.2020.110198
https://doi.org/10.1016/j.lwt.2020.109357
https://doi.org/10.1080/15428052.2017.1333936
https://doi.org/10.1016/j.jfoodeng.2019.109898
https://doi.org/10.1016/j.ifset.2014.07.003
https://doi.org/10.1002/jsfa.2300
https://doi.org/10.1016/B978-0-12-816402-0.00005-7
https://doi.org/10.1080/07373937.2015.1105813
https://doi.org/10.1016/S0963-9969(02)00071-6
https://doi.org/10.1111/jfpp.12204
https://doi.org/10.1016/j.lwt.2004.08.008
https://doi.org/10.1016/j.tifs.2017.05.016
https://doi.org/10.1016/j.foodres.2020.109229
https://doi.org/10.1080/110264802762225273
https://doi.org/10.1016/j.ifset.2020.102397
https://doi.org/10.1007/s00217-007-0570-7
https://doi.org/10.1016/j.foodchem.2004.08.030
https://doi.org/10.1016/j.foodcont.2020.107452

Foods 2023, 12, 2147 14 of 14

46. Ngobese, N.Z.; Workneh, T.S. Potato (Solanum tuberosum L.) nutritional changes associated with French fry processing: Compari-
son of low-temperature long-time and high-temperature short-time blanching and frying treatments. LWT-Food Sci. Technol. 2018,
97, 448-455. [CrossRef]

47. Zhang, C.; Ye, J.E; Lyu, X.M.; Zhao, W.; Mao, ].S.; Yang, R.J. Effects of pulse electric field pretreatment on the frying quality and
pore characteristics of potato chips. Food Chem. 2022, 369, 130516. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.lwt.2018.07.039
https://doi.org/10.1016/j.foodchem.2021.130516

	Introduction 
	Materials and Methods 
	Materials 
	PEF Pretreatment 
	Blanching Pretreatment 
	Frying 
	Analysis of the Samples 
	Oil Content 
	Color 
	Texture 
	Liquid Chromatography–Tandem Mass Spectrometry/Mass Spectrometry Analysis of Acrylamide 
	Scanning Electron Microscope 

	Statistical Analysis 

	Results and Discussion 
	Effect of Pretreatment on the Moisture Ratio of Sample 
	Effect of Pretreatment on Oil Content of the Sample 
	Effect of Pretreatment on the Total Color Change of Sample 
	Effect of Pretreatment on the Hardness of Sample 
	Effect of Pretreatment on the Acrylamide Content of the Sample 
	Effect of Pretreatment on the Microstructure of a Sample 

	Summary 
	References

