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The purpose of this study was to apply different pulsed electric field (PEF) conditions

as a pretreatment to the freeze-drying (FD) process of Chilean abalone and to assess its

effects on protein quality, microstructure, and digestibility of the freeze-dried product. The

treatments PEF (0.5, 1.0, and 2.0 kV cm−1) and cooking (CO) were applied at 100◦C ×

15min. Then, their performances were subjected to a FD process. PEF + CO pretreated

freeze-dried samples showed shorter process times than freeze-dried control samples

without PEF + CO, where the treatment PEF at 2.0 kV cm−1 reached the shortest time.

In addition, the abovementioned samples presented the best textural parameters but a

low protein content. The thermal properties indicate a total denaturation of the proteins,

where the amide I region presented greater mobility in the sample pretreated with an

electric field of 2.0 kV cm−1. The assay for digestibility shows better hydrolysis for the

2.0 kV cm−1 PEF sample and has a higher Computer-Protein Efficiency Ratio (C-PER).

Thereby, variations in thermal behavior and physicochemical parameters in comparison

to combined PEF + CO pretreatments were observed. In addition, high protein quality

and digestibility of pretreated freeze-dried Chilean abalones were maintained to the

desired properties (texture and C-PER) and conditions (FD time).

Keywords: Chilean abalone, freezing-drying, pulsed electric field, thermal behavior, structural quality

INTRODUCTION

Chilean abalone (Concholepas concholepas) mollusks are colloquially known as “Loco,” which are
considered exotic and expensive seafood. However, one of the main factors limiting seafood export
is its short shelf-life (1). In both North America and Asian countries, Chilean abalone is enjoyed
for its tenderness of properly cooked meat (2). The Chilean abalone, a mollusk very similar to
other abalone species (e.g., Haliotis rufescens and Haliotis discus hannai), is endemic from the
Chile and Peru coasts (3). Furthermore, processed Chilean abalone is a gourmet product of high
commercial value in both Chile and international markets due to its main sensorial attributes of
texture and flavor (4, 5). Raw mollusks have high hardness related to the availability of muscle
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GRAPHICAL ABSTRACT | Schema of general Chilean abalone processing by PEF-assisted freeze-drying, and parts of the Chilean abalone used for

physicochemical analysis are illustrated.

proteins, with a high content of paramyosin bound to collagen
has been found in this muscle along with actomyosin (6), which
is the main myofibrillar protein attributed to changes in meat
toughness (7).

Currently, pulsed electric field (PEF) technology used in food
processing is considered an emerging technology that could
replace traditional pasteurization processes (8). High-intensity
PEF equipment consists of several devices, including a power
supply, a capacitor bank, a switch, the treatment chamber,
electric current, temperature sensors, and in some cases, an
aseptic packaging system (9). PEF technology is also applied as a
pretreatment in the food industry, and there are several studies

about its application to alcoholic beverages, eggs, and dairy
products (10). Accordingly, PEF technology applied to marine
products would be favorable because of its short processing times
and low energy consumption.

Likewise, the cooking (CO) process is also a widely used
pretreatment, specifically, to minimize heat damage on food
quality as well as reduce process drying times (11). Thereby,
the CO process has been combined with different processing
methods such as HHP, PEF, and ultrasound (3, 11). Particularly,
using HHP before food drying significantly increased mass
transfer during drying (12, 13), which reduced the exposure time
of the food to oxygen. Applying CO and PEF as pretreatments
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could increase the drying rate by inducing changes in the protein
structure and increasing the moisture diffusion rate during the
freeze-drying (FD) process.

Freeze-drying is a drying technique in which the food product
is initially frozen, and the water content is then converted directly
from ice to vapor by very low-pressure sublimation (3). This
methodology allows the structure of the food matrix to remain in
an unaltered position to preserve color and flavor (14). Therefore,
the use of FD by the food industry is normally restricted to
high-value products, such as coffee, crisp fruits, and vegetables,
ingredients for ready-to-eat foods, and some aromatic herbs (15).

Protein quality assessment can be measured by using
different methods. Fourier transform IR (FTIR) spectroscopy
and differential scanning calorimetry (DSC) are considered
suitable analytical techniques to evaluate thermal and structural
changes in proteins (16). DSC provides information at the
physical and macroscopic level by indicating changes associated
with gelatinization or denaturation phenomena, while FTIR
spectroscopy gives more detailed structural information through
the evaluation of the secondary structure of proteins (17).

Thermophysical properties in food science and technology are
used to calculate loads and heat fluxes and to establish standards
for critical points during a process (18, 19). In addition, these
properties are required to estimate process times for refrigerating,
freezing, heating, or drying foods (18). The thermophysical
properties so far published have served to increase the database
as well as to allow and test the mathematical models that depend
on the composition, temperature, pressure, orientation of the
fiber, etc. (20). As for the food microstructure, its evaluation
depends on the processing method, the operating variables, and
the microstructure of the food produced during the process (21).

Therefore, this work aimed to assess the influence of combined
pretreatments, CO and PEF, on the FD process kinetics, protein
thermal behavior, and microstructure of Chilean abalone “Loco”
mollusk, as well as protein in vitro digestibility.

MATERIALS AND METHODS

Raw Material
Chilean abalone samples (without shell) were obtained from
a local market in Coquimbo city, Chile. The sample size was
between 4 and 6 cm, and the average weight was 50.0± 0.5 g. The
samples were transported in ice, and they were later cut into slices
of 20 × 30 ×3mm. Then, they were stored at 4.0 ± 0.2◦C for no
more than 48 h until further processing.

Pretreatments and FD Process
The pulsed electric field process was applied with a
semiconductor-based positive Marx modulator Epulsus-PM1–10
equipped with a batch treatment chamber (EPULSUS R©, PMX-Y,
Portugal). A parallel plate treatment chamber that consisted
of stainless-steel electrodes with a 140 cm2 electrode area and
a 10 cm gap was used. The PEF working conditions at room
temperature were as follows: pulse width of 15 µs, frequency of
1Hz, 50 pulses, 5 cm gap, and electric fields of 0.5, 1.0, and 2.0
kV cm−1 for each pretreatment, and then they were cooked at
100◦C for 15min in a ratio of 50ml of distilled water for 1 g in

a thermoregulated bath (WiseBath, Wisd, Germany), this first
group was labeled as “kV cm−1 PEF + CO.” While a second
group was subjected to the same pretreatments and conditions
but inversely, that is, first CO and then PEF, which was labeled
“CO + kV cm−1 PEF.” Each batch was 15 ± 0.5 g. From the
abovementioned details, both samples from groups were frozen
at −55◦C and then lyophilized at 0.021 mbar (Christ Alpha, 3-4
LD basic, Denmark). A sample without pretreatments submitted
to the FD process was considered a control sample. However,
to have the effect of CO and PEF pretreatments of the Chilean
abalone on FD, a cooked-only sample a 2.0 kV cm−1 treated only
sample submitted for freeze-drying and included in the analyses
were labeled as “Cooked” and “2.0 PEF,” respectively. All the
experiments were performed three times.

Moisture and Protein Content
Moisture content was determined by AOAC methodology No.
934.06 (22). Total protein content was determined by the AOAC
method (2005), which is based on the adapted Kjeldahl method.
Protein content was calculated using the following equation:

%Prot =
[H2SO4]× (Vf − Vi)× F

ws
(1)

where [H2SO4] is the concentration of the titled solution, Vf is
the final volume, Vi is the initial volume, F is the factor of protein
source (6.25), and ws is sample weight.

Rehydration Indexes
Freeze-dried samples were placed in distilled water at 100◦C for
6 h, using a solid to liquid ratio of 1:50. The samples were then
removed, drained for 30 s, and weighed. Rehydration capacity
(RC) was calculated according to Equation (2). Water holding
capacity (WHC) was determined by centrifuging the rehydrated
samples at 3,500 × g for 15min at 20◦C in tubes fitted with a
centrally placed plastic mesh, which allowed water to drain freely
from the sample during centrifugation. WHC was calculated
from Equation (3).

RC =
(Wr × Xr) − (Wd × Xd)

Wd × (1− Xd)
(2)

WHC =
(Wr × Xr) −Wdl

(Wr × Xr)
(3)

where Wr is the weight of the sample after the rehydration
process, Xr is the corresponding moisture content on a wet basis,
Wd is the weight of the sample after the drying process, Xd is the
corresponding moisture content on a wet matter, and Wdl is the
weight of the drained liquid after centrifugation.

Texture Profile Analysis
The texture profile analysis (TPA) was carried out using a
texture analyzer (Model TA-TX PLUS, Texture Technologies,
Scarsdale, NY, USA). The sample was compressed to 75% of
its original thickness with a speed of 1 mm/s, with a 35-mm-
diameter aluminum cylinder. Texture analysis was automatically
performed using the Texture Expert software v.2.63 (Stable
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Micro Systems Ltd., Godalming, UK), and the following
parameters were recorded: hardness, cohesiveness, springiness,
and chewiness (23). A total of 10 measurements were performed
for each analysis.

DSC Thermal Behavior
Enthalpy (1H), fusion temperature (Tm), specific heat (Cp),
and transition glass temperature (Tg) were determined using
DSC (DSC 1, Star System, Shimadzu Corporation, Kyoto,
Japan) equipped with a low-temperature cooling unit (LTC-
50, Shimadzu Corporation, Kyoto, Japan). The samples were
weighed and placed in hermetically sealed 100-µl aluminum pans
(19mg approx.) and then loaded onto the DSC support at room
temperature, using an empty pan as a reference. Samples were
then cooled at 25◦C/min for 5min and warmed up at a rate
of 30–200◦C under an N2 inert gas atmosphere (50 ml/min).
Tg is reported as the midpoint of the step. 1H and 1Cp
were estimated for each sample by measuring the area under
the DSC transition curve (Stareware, v.10.01 Mettler Toledo,
Schwerzenbach, Switzerland).

FTIR Spectroscopy
IR spectra measurements of 1mg for each sample at room
temperature were obtained using the FTIR equipment (Shimadzu
Corporation Pte. Ltd., Kyoto, Japan) by setting 128 scans at 4.0
cm−1 spectral resolution. Temperature-dependent spectra were
obtained using a spectra variable temperature IR cell controlled
by a Red Lions digital temperature controller; 64 scans were co-
added. The IR spectra ranged from 1,700 to 1,600 cm−1 (amide I
region). The resulting spectra were mathematically treated with
IRsolution software v.1.10 (Creon Lab Control AG, Shimadzu
Corporation Pte. Ltd., Kyoto, Japan), to remove possible noises,
the spectra were smoothened and derived from a 12-point
Savitsky–Golay function.

Determination of in vitro Gastrointestinal
Digestibility
In vitro gastrointestinal digestibility was carried out according
to Levi and Lesmes (24). Two bioreactors (MiniBio, Applikon
Biotechnology, Netherlands) were serially connected through a
silicon tube (115 cm in length, Medent, Israel cat. 054-010030) to
simulate gastric and duodenal phase digestion of a healthy adult,
which were computer-controlled through a specialized program
“my-Control” software version 1.0X (Applikon, Netherlands)
as well as all processes, including temperature, pH gradient,
time, and pump. Gastric bioreactor conditions were set at a
temperature of 37◦C, with an initial volume of 90ml simulated
gastric fluids (SGF), plus 1.7 g of rehydrated, manually minced
Chilean abalone in 10ml of water, 200 RPM as a stirrer rate
according to Levi and Lesmes (24), and 20 s pulses, 1–2 times
per min in average. SGF consisted of a solution of KCl 0.63M,
KH2PO4 0.5M, NaHCO3 1M, NaCl 2M,MgCl2 × 6H2O 0.15M,
NH4Cl 0.51M, Urea 0.38M, CaCl2 × 2H2O 4M. Subsequently,
an Intestinal bioreactor was set and filled with an initial volume
of 10ml of simulated duodenal fluids (SDF) and consisted of
a solution of KCl 0.63M, KH2PO4 0.5M, NaHCO3 1M, NaCl
2M, MgCl2 × 6H2O 0.15M, Urea 0.38M, CaCl2 × 2H2O 4M,

HCl 1M, NaOH 1M. For pH adjustment, stock solutions of HCl
32% and NaOH 5M were necessary. All solutions were prepared
using MiliQ water. Time processing was set at 2 h. Samples were
aseptically collected from each bioreactor through a designated
tubing system located in the vessel head plate BioXpert V2 v.2.93
(Applikon, Netherland) in the times of 0, 60, 90, and 120min. All
experiments were performed three times. The assay was applied
to the chosen samples according to shorter FD kinetic times, the
analyzed samples were FD without pretreatments (control) and
FD with 2.0 CO+ PEF and 2.0 PEF pretreated samples.

Determination of Degree of Hydrolysis
The degree of hydrolysis (DH) was measured by using the σ -
Phthaldialdehyde (OPA) method according to Nielsen et al. (25)
under intervals of 0, 60, 90, and 120min. OPA reagent was
prepared as follows: 160mg of OPA were dissolved in 4ml
ethanol and then were added to a previously prepared solution
containing 7.62 g borax (Na2[B4O5(OH)4]·10H2O), and 200mg
of SDS (NaC12H25SO4) dissolved on 150ml deionized water. The
already mixed solutions, 176mg dithiothreitol (DTT) 99% was
added and was placed and filled into a 200-ml volumetric flask.
The final reagent was stored in an amber bottle and used on
the same day. A calibration curve was obtained using L-serine
solution in the range of 50–200mg/ml (25). The assay was carried
out by pipetting 0.5ml of the sample in an Eppendorf tube of 1ml
and centrifuged for 20min, 14,000 g, room temperature. A total
of 200 µl of supernatant were mixed to 1.5ml of the OPA reagent
for further absorbance measurement at 340 nm after 3min of
incubation (Thermo Scientific, Genesys 10S UV-Vis, Madrid).

DH =
h

htot
× 100% (4)

h =
Srine NH2 − β

α
(5)

where serine NH2 = meqv serine NH2/g protein, α and β are
published by Nielsen et al. (25) for specific raw materials.

Digested Protein Efficiency
The calculated protein efficiency ratio (C-PER) was determined
using the procedure described by Phimphialai et al. (26)
and Satterlee et al. (27) and the data were obtained from
Sindayikengera and Xia (28) and Chávez-Mardones et al. (29)
using Equation (6). Each essential amino acid (EEA) was
described as a standard percentage from the FAO/WHO:

%EAAFA0 =

[

gEAA
100g protein

]

× [in vitro protein digestibility]

FAO/WHO std. for that EAA
(6)

Subsequently, the %EAAFAO was adjusted as follows:
If all %EAAFAO are ≤100%, continue in the normal way

with computation using Equations (6) and (7), however, if
%EAAFAO ≥ 100%, reduce to 100% and continue with the same
equations (26):

X =
∑

(

1

[%EAAFAO]× [associated weight]

)

(7)
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FIGURE 1 | Freeze-drying (FD) kinetics of samples under different pretreatment conditions: (A) Pulsed electric field (PEF) + cooking (CO) pretreated samples

compared to control sample, (B) CO + PEF pretreated samples compared to control sample, and (C) 2.0 PE or CO pretreated samples compared to control sample.

Y =
∑

(

associated weight
)

(8)

Microstructural Analysis
Pretreated and non-pretreated freeze-dried samples were placed
on a watch glass and then were cut to a thin, uniform
cross-section with scalpel and forceps. The sectioned sample
was deposited on a piece of double-sided carbon fiber tape,
which allows a better quality in the micrograph. Finally, the
samples were deposited one by one on the sample holder of
the SEM equipment (Hitachi, SU3500, Japan) and introduced
into its vacuum chamber. The optimal conditions necessary for
capturing micrographs were calibrated with the magnification
of 65X, 200X, and 500X for the lengths of 500, 200, and
50µm, respectively.

Statistical Evaluation
All data were expressed as mean values ± SD. Statistical
analysis of data was carried out using Statgraphics Plus R©

software v.5.1, applying an ANOVA to estimate significant
differences applying the Tukey test for a confidence level
of 95% (p < 0.05), and a multiple range test (MRT)
was also used to determine possible homogeneous groups
between treatments.

RESULTS AND DISCUSSION

FD Kinetics
Figure 1 shows the FD kinetics of PEF and CO pretreated
Chilean abalone samples. The freeze-dried control sample
without pretreatments took around 9 h to reach the equilibrium

TABLE 1 | Final moisture content, water retention capacity, and protein content of

pretreated and non-pretreated freeze-dried samples.

Treatment Moisture (% d.b.) WHC (*) RR (**) Protein (% d.b.)

Control 5.9 ± 0.1a 98.7 ± 0.2a 1.9 ± 0.1a 60.2 ± 0.3bc

0.5 PEF+CO 3.4 ± 0.2d 98.7 ± 0.1a 1.6 ± 0.4a 61.6 ± 0.5bc

1.0 PEF+CO 4.2 ± 0.2c 97.8 ± 0.5a 1.6 ± 0.1a 74.0 ± 0.2ab

2.0 PEF+CO 1.5 ± 0.0e 94.2 ± 3.0b 1.7 ± 0.0a 83.7 ± 1.4a

CO+ 0.5 PEF 3.2 ± 0.3d 97.1 ± 0.4a 1.7 ± 0.3a 66.6 ± 1.9bc

CO+1.0 PEF 4.3 ± 0.4c 98.8 ± 0.3a 1.7 ± 0.1a 68.7 ± 0.7bc

CO+2.0 PEF 1.9 ± 0.4e 96.2 ± 0.6a 1.8 ± 0.1a 84.3 ± 0.7a

Cooked 4.2± 0.2c 98.7± 0.3a 1.1± 0.0b 67.7 ± 0.3bc

2.0 PEF 5.0± 0.4ab 95.6 ± 0.1b 1.1 ± 0.2b 65.9 ± 0.6bc

Lowercase letters indicate the statistical significance (p < 0.05) among all the treatments

compared with each other (column). *Water holding capacity (WHC): g retained

water/100 g water, **RR: g absorbed water/g d.m.

moisture ratio (MR) as shown in Figure 1. However, the FD
time taken to get the MR value under the different PEF and CO
conditions varied between 3 and 8 h. In that way, FD times under
pretreatments represented were shorter at CO, 0.5 PEF+CO,
1.0 PEF+CO, 2.0 PEF+CO, with times of 6.57, 6.97, 8.85, and
8.67 h, respectively. However, the process conditions for 2.0 PEF,
0.5 CO + PEF, 1.0 CO + PEF, 2.0 CO + PEF showed times
much shorter than 6.02, 6.25, 5.08 to 3.69 h, respectively. In these
cases, the effect of PEF was significant when applied after CO,
always taking into account the moment in which the technology
is applied.
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FIGURE 2 | Rehydration kinetics of freeze-dried samples under different pretreatment conditions: (A) PEF + CO pretreated samples compared to control sample, (B)

CO + PEF pretreated samples compared to control sample, and (C) 2.0 PE or CO pretreated samples compared to control sample.

Other authors also evaluated different pretreatment
technologies for diverse drying methods and always reached
reduced process times. Aksoy et al. (38) evaluated the effect of
ultrasound-assisted vacuum drying (USV) and vacuum drying
(VD) on minced meat, and the results showed a drying time
of 1.5 h and a longer drying of 3.3 h using the USV technique
and the VD method, respectively. Moreover, Elmas et al. (30)
assessed the influence of pre-drying methods on fresh turkey
breast meat. The drying techniques used were microwave (MW),
hot air drying (HD), and FD prior to puff drying. In this case, the
HD and FD pre-dried samples had higher and lower moisture
content, respectively (12.3% HD and 2.31% FD), with final time
puff-drying of 2.8 h for HD and 3.92 h for FD. From this, this
study reported drying times to be longer than the earlier studies
due to increased surface exposure from the minced meat. In
essence, the porosity of the food sample increases with less
shrinkage, which, in turn, favors the rehydration ratio of the FD
samples (31).

Although PEF processing has been used as a pretreatment
in the dried food industry for diverse vegetables (20, 32–35).
Nevertheless, there are few previous works on the effect of
PEF as a pretreatment for the drying process in matrices of
animal origin; however, an investigation carried out by Astráin-
Redín et al. (20) reported a reduction in the curing time of
Spanish sausage between 19 and 33% when applying PEF as
a pretreatment.

Physicochemical Properties
As shown in Table 1, moisture content was decreased by
the application of pretreatments as all the pretreated samples
presented statistically significant differences between them (p <

0.05), and values lower than control sample moisture content.
The final moisture values (Table 1) are lower than those obtained
by Reyes et al. (5), who lyophilized Chilean abalones without
pretreatments, so the difference could be due to the application
of both PEF and CO pretreatments. On the other hand, the
final moisture content (1.5% approx.) of 2.0 PEF + CO treated
sample compared to CO+ 2.0 PEF treated sample indicated that
both pretreatment application order of and PEF pretreatment
magnitude significantly affected the final moisture content.
Presumably, the pretreatments could lead to a decrease of WHC
of muscle protein, which contributed to the uptake of water in
the extra myofibrillar space of muscles (39). Additionally, water
loss may also be due to myofibrillar denaturation (36).

The WHC value of 2.0 PEF + CO pretreatment (Table 1)
showed a significant difference from the other pretreatments,
this value (94.2 g retained water/100 g water) is related to its
moisture content before being obtained, the lowest one, which
could indicate that PEF application at 2.0 kV cm−1 induced
an opening pore that was kept open by the subsequent CO
application. Both ANOVA analysis and MRT were performed
on WHC values for PEF pretreated samples (i.e., 0.5 PEF + CO
with CO + 0.5 PEF), and no significant differences were found
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(data not shown) when comparing this treatment with each other,
including the control. The detected non-statistical differences
could be due to the degree of denaturation or residue of myosin,
which plays a key role in the quality of meat due to its ability to
retain water (37).

Figure 2 shows the characteristic behavior of the rehydration
kinetics of pretreated and non-pretreated freeze-dried samples,
where the water absorption was faster than the process from the

TABLE 2 | Texture profile analysis (TPA) results for freeze-dried Chilean abalone

samples pre-treated by combined pulsed electric fields (PEF) and cooking (CO)

conditions.

Treatments Hardness (N) Springiness (cm) Cohesiveness Chewiness (cm)

Control 473 ± 17a 0.9 ± 0.1c 0.8 ± 0.1b 33.0 ± 4.5a

CO+0.5 PEF 206 ± 11d 1.0 ± 0.1ab 0.8 ± 0.0ab 16.9 ± 1.5de

CO+1.0 PEF 304 ± 24b 0.9 ± 0.0b 0.8 ± 0.0ab 24.6 ± 1.5bc

CO+2.0 PEF 311 ± 25b 1.0 ± 0.1a 0.9 ± 0.0a 28.4 ± 4.6ab

0.5 PEF+CO 155 ± 14e 1.0 ± 0.0ab 0.8 ± 0.0ab 12.6 ± 1.2e

1.0 PEF+CO 251 ± 33c 0.9 ± 0.0b 0.9 ± 0.0ab 20.7 ± 3.7cd

2.0 PEF+CO 244 ± 22c 1.0 ± 0.0ab 0.8 ± 0.1ab 19.8 ± 1.9cd

Cooked 216 ± 15d 1.0 ± 0.1ab 0.8 ± 0.0ab 18.9 ± 1.4de

2.0 PEF 213 ± 31c 0.9 ± 0.1a 0.9 ± 0.1ab 17.8 ± 5.0de

Lowercase letters indicate the statistical significance (p< 0.05) between all the treatments

compared with each other (column).

TABLE 3 | Enthalpy, fusion temperature, specific heat, and glass transition

temperature corresponding to differential scanning calorimetry (DSC)

thermograms of pretreated freeze-dried Chilean abalone samples.

Treatments 1H (J g−1) Tm (◦C) 1Cp (Jg k−1) Tg (◦C)

Control 2.24 ± 0.08a 181.52 ± 7.21a 0.281 ± 0.10b 104.0 ± 0.2a

CO+0.5 PEF 1.52 ± 0.23ab 176.27 ± 2.05a 0.131 ± 0.02b 106.0 ± 3.7a

CO+1.0 PEF 1.30 ± 0.52ab 166.13 ± 7.44a 0.040 ± 0.03b 104.4 ± 4.2a

CO+2.0 PEF 1.37 ± 0.25ab 165.08 ± 9.58a 0.010 ± 0.00b 106.9 ± 0.0a

0.5 PEF+CO 1.38 ± 0.05ab 167.30 ± 0.89a 0.053 ± 0.03b 105.3 ± 4.0a

1.0 PEF+CO 1.30 ± 0.27ab 168.33 ± 8.46a 0.099 ± 0.03b 106.8 ± 0.0a

2.0 PEF+CO 1.08 ± 0.20b 160.63 ± 3.20a 0.147 ± 0.07b 114.6 ± 3.3a

Cooked 1.34 ± 0.25ab 166.50 ± 7.40a 1.190 ± 0.32a 106.7 ± 0.7a

2.0 PEF 1.36 ± 0.15ab 87.08 ± 4.80b 0.070 ± 0.01b 67.3 ± 0.6b

Lowercase letters indicate the statistical significance (p< 0.05) between all the treatments

compared with each other (column).

beginning until an equilibrium moisture content is reached. The
high water absorption at the beginning of the process can be due
to the filling of the superficial capillaries. Then, as the freeze-
dried samples continue water absorption, the velocity begins
to slow down due to the filling of the intercellular spaces and
capillaries. Typically, FD techniques showed higher rehydration
rates compared to other techniques, such as VD, but required a
longer process (38).

Although there were no statistically significant differences
when comparing to pretreated samples and control (Figure 2),
the results obtained are similar to those reported by Aksoy et al.
(38) for freeze-dried minced meat. They presented rehydration
ratios of 1.27, 1.31, and 1.93 for VD, ultrasonic vacuum (USV),
and FD, respectively. This similarity might be due to PEF
pretreatment, which could cause an effect like meat grinding,
this trend is also reported by Aravindakshan et al. (40), who
compared rehydration kinetics for the different drying methods:
HD, VD, and FD.

For protein content, the results trend indicated that protein
content is closely related to moisture content. Table 1 shows
statistically significant differences in the samples pretreated with
CO + 2.0 PEF and 2.0 PEF + CO have a higher protein
content of 84.3% and 83.7%, respectively, along with the lowest
moisture content. In addition, it is worth mentioning that
the protein values presented in this research were comparable
to those reported by Reyes et al. (3) and Briones-Labarca
et al. (23), who worked with MW and FD in Chilean
abalone, and with high hydrostatic pressure in red abalone,
respectively. Differences in protein values were associated with
the intrinsic characteristics of each mollusk as well as heat and
pressure treatments.

Texture Profile Analysis
Texture profile analysis results for PEF and CO pretreated freeze-
dried samples are shown in Table 2. According to Ling et al. (41),
the textural parameters, such as hardness, elasticity, and firmness,
were measured to evaluate thermal degradation thereof. While
for Chilean abalone, the cohesiveness and chewiness parameters
must also be considered (23) because drying processes denatured
protein, which induced irreversible structural changes, i.e.,
texture (42, 43).

From Table 2, the results showed the highest hardness values
(473N) for the control sample, whilst other treated samples
presented lower values from 155 to 310N. However, 1.0 and 2.0
PEF pretreated samples did not present significant differences,
whether the CO pretreatment had been applied before or

TABLE 4 | Wavelength (cm−1 ) assignment of protein secondary structures in Amide I region of pretreated freeze-dried samples determined by Fourier transform IR (FTIR)

spectroscopy.

Protein secondary structure Control CO+0.5 PEF CO+1.0 PEF CO+2.0 PEF 0.5 PEF+CO 1.0 PEF+CO 2.0 PEF+CO

Intramolecular β-sheet 1,612–1,613 1,620–1,623 1,623 1,623 1,621–1,623 1,621–1,622 1,621

β-coil 1,630–1,631 1,634–1,636 1,636 1,636–1,638 1,636–1,638 1,636 1,631–1,638

α- helix 1,646–1,648 1,650–1,652 1,652 1,650 1,651–1,652 1,650 1,650–1,652

Intermolecular β-sheet 1,670–1,672 1,668–1,670 1,668–1,671 1,669 1,668–1,671 1,666–1,669 1,669

β-turn 1,680–1,681 1,682–1,685 1,684 1,682–1,684 1,684 1,682–1,684 1,685
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after applying PEF. Regarding 0.5 PEF treated samples, lowest
hardness values, however, the sample treated with PEF + CO
had the lowest value, 155N. As to 0.5 PEF treated samples, these
showed the lowest hardness values, with values of 155 and 206 N
for the treatments 0.5 PEF+ CO and CO+ 0.5 PEF, respectively.
Briones et al. (23) in a study on red abalone evaluated elasticity,
cohesiveness, and chewiness parameters for fresh samples when
they found the values similar to control samples in this study.
However, Briones (23) concluded that the hardness parameter
between Chilean abalone and red abalone might be different,
mainly due to the feeding ingredients, the first being a carnivore
animal and the second being a herbivore.

Chewability parameter presented the results with a similar
tendency to hardness, that is, the highest value was 33.0N for
the control sample and the lowest value of 12.6N for the 0.5
PEF + CO pretreatment. Pankyamma et al. (44) compared the
hardness, elasticity, and chewiness parameters for solar drying,
HD, and vacuum MW drying in squid, and they reported
decreasing texture parameter values after rehydration. Reyes et
al. (3) stated that the FD process generates changes in connective
tissues and myofibrillar proteins that cause the hardening of
the Chilean abalone after rehydration. These authors freeze-
dried Chilean abalone under vacuum and atmospheric pressure
conditions, along with the kind of sample geometry (laminar

FIGURE 3 | Second-derivative Fourier transform IR (FTIR) of freeze-dried samples under different pretreatment conditions, including the control sample.

FIGURE 4 | Degree of hydrolysis (DH) of the digested samples, (A) the gastric phase at 0, 60, 90, and 120min and (B) the duodenal phase at 60, 90, and 120min.

Lowercase letters indicate statistically significant (p < 0.05) differences.
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and cube), where, in most cases, the hardness increased after
rehydration. Thus, this research verified the effect of PEF and
CO pretreatments on the textural properties, mainly, in terms of
hardness and chewiness (Table 3).

Thermal processing modifies the sensory and textural
properties of seafood products partly due to the denaturation of
proteins (37), which has been already confirmed by the results of
thermal analysis reported in this work. Øiseth et al. (45) studied
the texture of abalone and attribute these changes to the fact
that muscular cells are mainly fibrils, sarcoplasm, and connective
tissue, particularly collagen.

Thermal Behavior of Proteins
No statistically significant differences were observed in the
evaluation of Tg and Tm, but in the 1H evaluation, the most
prominent difference was observed between the 2.0 PEF +

CO pretreatment and control sample. The 1H value correlates
with the net content of the ordered secondary structure of a
protein, so this factor will be discussed later in the FTIR analysis
(46). Conversion from a native protein to heat-denatured is
a cooperative phenomenon and is accompanied by significant
heat absorption (46). However, the results obtained indicate
that the obtained curves may be a result of aggregation and
not denaturation. The positive contribution of 1H is associated
with the disruption of hydrogen bonds, which depends on
temperature (47), is higher with the decrease in temperature peak
(Table 2), and is also associated with the breaking of hydrophobic
bonds (47). From a chemical point of view, disulfide bonds and
free thiol groups would be responsible for thermal aggregation
(48). Then, as there was no aqueous medium that allowed the
cleavage of sample proteins, Tm and Tg presented higher values
than raw materials (49).

1Hvalues for actin andmyosin were in the range between 50–
70 and 74–84◦C, respectively (16). Reyes et al. (5) reported that
Cp gradually decreased at a higher CO temperature of Chilean
abalone, and also indicated that this is not the case for shellfish,
e.g., shrimp or oysters, whose difference could be due to different
proximal components. Otherwise, the comparisons made at Tm
for the same magnitude of PEF (data not shown) showed that
there were statistically significant differences between 0.5 PEF
pretreatments as well as 2 PEF for Cp. These results were
consistent with the works performed under PEF pretreatments
(47, 48, 50).

As for the DSC analysis, direct evidence of Tg was
characterized by an increase in 1Cp of the treated samples (51),
i.e., when Cp increased, Tg of the sample can be determined
by the midpoint in the Cp change. However, Roos et al. (52)
suggested that higher moisture content represents a lower Tg
value, which can be verified in the results presented inTables 1, 2.

Protein Conformational Changes
Table 4 shows the second-derivative FTIR spectra of the
Amide I region (1,600–1,700 cm−1) obtained from non-
pretreated (control) and pretreated freeze-dried samples.
These results identified diverse conformations of the protein
secondary structure under similar wavelengths, specifically for an
intermolecular β-sheet, an intramolecular β-sheet, and β-turn

structures, which were also reported by Cepero-Betancourt
et al. (53); Larrea-Wachtendorff et al. (16), Mobili et al. (54),
and Tabilo-Munizaga et al. (55), both control and treated
samples. However, there was a significant difference between an
intramolecular structure and a random coil structure for 2.0 PEF
+ CO pretreatment. These differences could be explained by the
presence of lipids and water molecules in small quantities (56),
which would induce changes in the intensity of the curve.

On the other hand, Figure 3 shows the second-derivative
FTIR spectra of the Amide I region (1,600–1,700 cm−1) obtained
from CO + PEF pretreated freeze-dried samples as well as the
control sample. A comparison between the control sample and
freeze-dried samples pretreated with 0.5 PEF + CO and CO +

0.5 PEF showed β-sheet regions, intramolecular at 1,620 cm−1,
and to a lesser degree, the intermolecular structure at 1,630
cm−1. Lu et al. (57) also related he high degree of protein
aggregation or intermolecular interactions showed FTIR analysis
for freeze-dried protein-excipient mixtures. Embaby et al. (58)
and Vasconcelos et al. (59) reported that the accurate positions
and shapes of the peaks were due to other compounds of
samples either on their own or in addition. In general, the
most accentuated structure is α-helix, which is due to the
CO pretreatment at 100◦C. First, Dong et al. (60) informed
a correlation coefficient of value 0.99 for this structure with
temperature, and then Larrea-Wachtendorff et al. (16) reported
the association of a decrease in the α-helix structure with
proteolytic degradation.

In vitro Gastrointestinal Digestibility
Figure 4 shows the results of degrees of hydrolysis of freeze-dried
Chilean abalone samples pretreated under the two conditions:
CO + 2.0 PEF and 2.0 PEF. The selection of these pretreatments
was due to the shortest FD times, which is shown as FD-kinetics
curves (Figure 1). Also, the FD-kinetics of the control sample was
used to compare thereof.

In the gastric phase, there were significant differences (p
< 0.05) for the digestion times between 60 and 90min, for
both cases, the control sample presented the highest DH values.
Once this stage was taken, all the selected samples showed

TABLE 5 | C-PER for in vitro digested samples under gastric and duodenal

phases and times.

Phase Time (min) Control 2 CO + PEF 2 PEF

Gastric 0 0.09 ± 0.00a 0.03 ± 0.00b 0.09 ± 0.00a

60 1.04 ± 0.02a 0.84 ± 0.02a 1.10 ± 0.00a

90 1.12 ± 0.00a 0.81 ± 0.05b 1.11 ± 0.00a

120 1.21 ± 0.01a 1.10 ± 0.23a 1.47 ± 0.15a

Duodenal 0 – – –

60 1.37 ± 0.05b 1.12 ± 0.03b 2.87 ± 0.24a

90 1.41 ± 0.14b 1.21 ± 0.09b 3.81 ± 0.09a

120 0.97 ± 0.04b 1.27 ± 0.01b 4.18 ± 0.26a

Lowercase letters in each horizontal line indicate statistically significant (p <

0.05) differences.
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FIGURE 5 | SEM images of pretreated (PEF + CO or CO + PEF) freeze-dried Chilean abalone samples. Red arrows show PEF porosity.

statistical differences. As for the duodenal phase, the statistical
analysis shows that DH obtained at the end of the digestion
was only significantly different (p < 0.05) for the samples with

2.0 PEF and CO + 2.0 PEF pretreatments, while it is opposite
in comparison to the control sample. The difference between
samples 2.0 PEF (higher DH value) and CO+ 2.0 PEF (lower DH
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value) was around 33.4%. DH differences between the selected
pretreatments could be related to the protein conformational
changes induced by processing (53). Furthermore, Li et al. (61)
reported slight differences between cooked meat products, which
were attributed due to endogenous enzymatic proteolysis and
the possible extraction or loss of soluble proteins (myofibrillar)
during CO processing. According to Pak et al. (62), they reported
apparent digestibility for Chilean abalone, a value of 83.6%,
which is the lowest value when compared with other shellfish
such as clam (90.4%). Chibor and Kiin (63), who presented
the highest digestibility values for oysters of around 16.75%,
demonstrated that the digestibility values for seafood products
decrease drastically when they are evaluated fresh in vitro.

However, Li et al. (61) determined DH for combined CO
pretreatments in clams, and the same trend presented in this
article was obtained, meaning that the highest DH values were for
the pretreated sample with a non-combined condition, followed
by the control sample and combined pretreatments. It has been
reported that protein unfolding could expose the sites prone to
the action of proteases in matrices of plant origin, but in this
case, there are endogenous proteases involved in the enzymatic
hydrolysis from native muscle proteins (61).

To define protein quality, the amino acid composition is
the most important factor, followed by digestibility (7, 28).
Table 5 shows the Computed Protein Efficiency Rate (C-PER)
values for the digested Chilean abalone samples under the
selected conditions: 2.0 PEF and CO + 2.0 PEF. CO + 2.0 PEF
pretreatment was the only one showing significant differences
between 0 and 90min in the gastric phase, while the duodenal
phase showed significant differences for pretreatment 2.0 PEF
in all-time measurement. Phimphilai et al. (26) reported C-PER
values for three different matrices, two vegetal and one animal
origin, and no differences were found between them. However,
differences between vegetal origin samples could be attributable
to pH values from the industrial processing and also a possible
buffer capacity in each sample. Oduro et al. (64) evaluated C-PER
in chub-mackerel and reported the highest values for the cooked
samples, which may be ascribed to the protein bioavailability
changes in each process.

Microstructural Analysis
The microstructure images of CO + PEF pretreated freeze-
dried samples are shown in Figure 5. Both the control and
pretreated samples have porous and amorphous structures like
a sponge. The sample’s microstructure was compared to abalone
treated by high hydrostatic pressure (23), cooked abalone (65),
beef muscle treated with PEF (66), and freeze-dried Chilean
abalone (3). Based on the foregoing, it can be noticed that
the Chilean abalone samples treated by the FD process were
the most affected ones, above the CO and PEF pretreatments.
However, when comparing the micrographs taken at 50µm of
samples treated by PEF + CO, it was appreciated as a less
rigid and more disordered structure than when applying the
pretreatments in reverse order. Moreover, the porosity generated
by the PEF pretreatment was only noticeable in the micrographs
500µm, particularly for CO + 0.5 PEF, CO + 2.0 PEF, and 2.0
PEF + CO pretreatments, whose pores were marked with red

arrows. Alahakoon et al. (66) reported a more porous surface by
applying 1.5 kV cm−1. Briones-Labarca et al. (23) working with
high hydrostatic pressures applied to abalone muscle, observed
a porous structure, whose holes were compressed by high-
pressure application. Xin et al. (65), on the other hand, took SEM
photographs of abalone muscles cooked at 100◦C for 1, 2, and
3 h, and they found different CO times significantly affected the
microstructure. Regarding the research carried out by Reyes et al.
(3), the Chilean abalone muscle was subjected to FD, and SEM
micrographs reported were very similar to those obtained in this
research, particularly for images taken at 50 µm.

CONCLUSIONS

Different PEF and CO conditions as pretreatments to Chilean
abalone FD have been confirmed to affect processing time
and product protein quality. As for the PEF- and CO-
assisted FD process, this was reduced considerably by 50%
with respect to processes without pretreatments. The FTIR
spectroscopy analysis established that the protein structural
bonds of Chilean abalone were significantly modified using PEF
and CO pretreatments. More specifically, these pretreatments
could have affected the hydrogen bonds or the charges of the
amino acids, thus producing displacements and variations in the
structure intensity. In addition, the DSC analysis showed that CO
pretreatment completely denatured the Chilean abalone proteins.
However, this denaturalization gave a more rigid structure, so
further electroporation was more effective in getting a shorter FD
time for this group of pretreatments. As for the microstructure,
the microimages showed that the main effect on sample structure
was observed due to a kind of pretreatment, i.e., combined PEF
+ CO or both independently. On the other hand, the order
of pretreatments also had a significant effect on final moisture
content, WHC, and texture parameters of freeze-dried Chilean
abalone samples. With respect to this, the 2.0 kV cm−1 PEF +

CO pretreatment presented the most significant quality changes
in Chilean abalone samples, which showed that the pretreatment
order is an important factor to consider for future study or
research. As for the digestibility study, both the DH and C-
PER, they also evidenced that samples treated by 2.0 kV cm−1

PEF presented higher values in both analyses. Finally, it can be
concluded that CO pretreatment is an important process due
to protein quality can be significantly improved with its use.
Thereby, the textural parameters being a critical point of the
Chilean abalone quality could be strengthened when combining
PEF and CO.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

RL-M designed the study, analyzed data, and revised the
manuscript. JO-V conducted the experiments and wrote

Frontiers in Nutrition | www.frontiersin.org 11 March 2022 | Volume 9 | Article 810827

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Palma-Acevedo et al. PEF-Assisted Freeze-Drying of Chilean Abalone

the manuscript draft. AP-A conducted the experiments
and wrote part of the manuscript draft. MP-W conducted
the experiments and analyzed data. GT-M participated
in analyzing results and revising the manuscript. All
authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support
provided by the ANID-FONDECYT No. 1201075 Project
and the PII-2018 project at Facultad de Ciencia Químicas y
Farmacéuticas, Universidad de Chile.

REFERENCES

1. Siripatrawan U, Sanguandeekul R, Narakaew V. An alternative
freshness index method for modified atmosphere packaged abalone
using an artificial neural network. LWT Food Sci Technol. (2009)
42:343–9. doi: 10.1016/j.lwt.2008.06.008

2. Gao X, Tashiro Y, Ogawa H. Rheological properties and structural changes
in steamed and boiled abalone meat. Fishery Sci. (2002) 68:499–508.
doi: 10.1046/j.1444-2906.2002.00454.x

3. Reyes A, Pérez N, Mahn A. Theoretical and experimental study of freeze-
drying of “Chilean abalone” (Concholepas concholepas). Drying Technol.

(2011) 29:1386–95. doi: 10.1080/07373937.2011.586479
4. Leiva GE, Castilla JC. A review of the world marine gastropod fishery:

evolution of catches, management and the Chilean experience. Rev Fish Biol

Fish. (2002) 11:283–300. doi: 10.1023/A:1021368216294
5. Reyes A, Pérez N, Mahn A. Determination of specific heat and thermal

conductivity of “Chilean abalone” (Concholepas concholepas). Food Bioprocess
Technol. (2013) 6:1873–7. doi: 10.1007/s11947-011-0698-0

6. Hatae K, Nakai H, Shimada A, Murakami T, Takada K, Shirojo
Y, et al. Abalone (Hariltis discus): Seasonal variations in
chemical composition and textural properties. J Food Sci. (1995)
60:32–35. doi: 10.1111/j.1365-2621.1995.tb05600.x

7. Shi L, Hao G, Chen J, Ma S, Weng W. Nutritional evaluation of
Japanese abalone (Haliotis discus hannai Ino) muscle: Mineral content,
amino acid profile and protein digestibility. Food Res Int. (2020)
129:108876. doi: 10.1016/j.foodres.2019.108876

8. Martín-Bellloso O, Bendicho S, Elez-Martínez P. Does high-intensity pulsed
electric fields induce changes in enzymatic activity, protein conformation,
and vitamin and flavor stability? In: Barbosa-Canovas GV, editor. Novel Food
Processing Technologies. Boca Raton, FL: Imprint CRC Press (2004).

9. Vega-Mercado H, Martín-Belloso O, Qin B-L, Chang FJ, Góngora-
Nieto MM, Barbosa-Cánovas GV, et al. Non-thermal food preservation:
Pulsed electric fields. Trends Food Sci Technol. (1997) 8:151–7.
doi: 10.1016/S0924-2244(97)01016-9

10. Gómez B, Munekata PES, Gavahian M, Barba FJ, Martí-Quijal FJ,
Bolumar T, et al. Application of pulsed electric fields in meat and
fish processing industries: An overview. Food Res Int. (2019) 123:95–
105. doi: 10.1016/j.foodres.2019.04.047

11. Verma D, Kaushik N, Rao PS. Application of high hydrostatic pressure as
a pretreatment for osmotic dehydration of banana slices (Musa cavendishii)
finish-dried by dehumidified air drying. Food Bioprocess Technol. (2014)
7:1281–97. doi: 10.1007/s11947-013-1124-6

12. Rastogi NK, Angersbach A, Niranjan K, Knorr D. Rehydration kinetics of
high-pressure pretreated and osmotically dehydrated pineapple. J Food Sci.

(2000) 65:838–41. doi: 10.1111/j.1365-2621.2000.tb13597.x
13. ZhangH, Li L,Mittal GS. Preparation of tofu gel by high-pressure processing. J

Food Process Preserv. (2009) 33:560–9. doi: 10.1111/j.1745-4549.2009.00448.x
14. El-Maghlany WM, Bedir AER, Elhelw M, Attia A. Freeze-drying modeling

via multi-phase porous media transport model. Int J Thermal Sci. (2019)
135:509–22. doi: 10.1016/j.ijthermalsci.2018.10.001

15. Nail SL, Jiang S, Chongprasert S, Knopp SA. Fundamentals of freeze-
drying. Pharm Biotechnol. (2002) 14:281–360. doi: 10.1007/978-1-4615-05
49-5_6

16. Larrea-Wachtendorff D, Tabilo-Munizaga G, Moreno-Osorio L, Villalobos-
Carvajal R, Pérez-Won M. Protein changes caused by high hydrostatic
pressure (HHP): a study using differential scanning calorimetry (DSC) and
Fourier Transform Infrared (FTIR) spectroscopy. Food Eng Rev. (2015) 7:222–
30. doi: 10.1007/s12393-015-9107-1

17. Alasalvar C, Shahidi F, Miyashita K, Wanasundara U. Handbook of

Seafood Quality, Safety and Health Applications (1st Ed.). Chichester, UK:
Wiley (2011).

18. Fricke B, Becker B. Evaluation of thermophysical property models for foods.
HVAC&R Res. (2001) 7:1278. doi: 10.1080/10789669.2001.10391278

19. Rahman MS, Sablani SS. Structural characteristics of freeze-dried abalone:
Porosimetry and puncture test. Food and Bioproducts Processing. (2003)
81:309–15. doi: 10.1205/096030803322756394

20. Astráin-Redín L, Raso J, Cebrián G, Álvarez I. Potential of pulsed electric
fields for the preparation of spanish dry-cured sausages. Sci Rep. (2019)
9:464. doi: 10.1038/s41598-019-52464-3

21. Aguilera-Muñoz F, Valenzuela-MuñozV, Gallardo-Escárate C. Authentication
of commercial Chilean mollusks using ribosomal internal transcribed
spacer (ITS) as specie-specific DNA marker. Gayana. (2008) 72:178–
87. doi: 10.4067/S0717-65382008000200007

22. Association of Official Analytical Chemists (AOAC). Official Method of

Analysis. 13th ed. Washington, DC: Association of Official Analytical
Chemists (1990).

23. Briones-Labarca V, Perez-Won M, Zamarca M, Aguilera-Radic JM, Tabilo-
1337 Munizaga G. Effects of high hydrostatic pressure on microstructure,
texture, 1338 colour and biochemical changes of red abalone (Haliotis
rufecens) during cold storage time. Innovative Food Sci Emerg Technol. (2012)
13:42–50. doi: 10.1016/j.ifset.2011.09.002

24. Levi CS, Lesmes U. Bi-compartmental elderly or adult dynamic digestion
models applied to interrogate protein digestibility. Food Function. (2014)
5:2402–9. doi: 10.1039/C4FO00478G

25. Nielsen PM, Petersen D, Dambmann C. Improved method for
determining food protein degree of hydrolysis. J Food Sci. (2001)
66:642–6. doi: 10.1111/j.1365-2621.2001.tb04614.x

26. Phimphilai S, Galyean RD, Wardlaw FB. Relationship of two in vitro assays
in protein efficiency ratio determination on selected agricultural by-products.
Songklanakarin J Sci Technol. (2006) 28:81–7. Available online at: http://rdo.
psu.ac.th/sjstweb/journal/28-Suppl-1/11_C-PER_and_DC-PER.pdf

27. Satterlee LD, Kendrick JG, Marshall HF, Jewel DK, Ali RA, Hechman MM,
et al. In vitro assay for predicting protein efficiency ratio as measured by rat
bioassay: Collaborative study. J Assoc Official Analy Chem. (1982) 65:798–
809. doi: 10.1093/jaoac/65.4.798

28. Sindayikengera S, Xia W. Nutritional evaluation of caseins and whey proteins
and their hydrolysates from Protamex. J Zhejiang Univ Sci B. (2006) 7:90–
8. doi: 10.1631/jzus.2006.B0090

29. Chávez-Mardones J, Valenzuela-Muñoz V, Núñez-Acuña G, Maldonado-
Aguayo W, Gallardo-Escárate C. Concholepas concholepas Ferritin H-
like subunit (CcFer): Molecular characterization and single nucleotide
polymorphism associated to innate immune response. Fish Shellfish Immunol.

(2013) 35:910–7. doi: 10.1016/j.fsi.2013.06.028
30. Elmas F, Bodruk A, Köprüalan Ö, Arikaya S, Koca N, Serdaroglu FM,

et al. The effect of pre-drying methods on physicochemical, textural and
sensory characteristics on puff dried Turkey breast meat. LWT. (2021)
145:111350. doi: 10.1016/j.lwt.2021.111350

31. Oyinloye TM, Yoon WB. Effect of freeze-drying on quality and
grinding process of food produce: A review. Processes. (2020)
8:354. doi: 10.3390/pr8030354

32. Amami E, Fersi A, Vorobiev E, Kechaou N. Osmotic dehydration of carrot
tissue enhanced by pulsed electric field, salt and centrifugal force. J Food Eng.

(2007) 83:605–13. doi: 10.1016/j.jfoodeng.2007.04.021
33. Lebovka NI, Shynkaryk NV, Vorobiev E. Pulsed electric field

enhanced drying of potato tissue. J Food Eng. (2007) 78:606–
13. doi: 10.1016/j.jfoodeng.2005.10.032

Frontiers in Nutrition | www.frontiersin.org 12 March 2022 | Volume 9 | Article 810827

https://doi.org/10.1016/j.lwt.2008.06.008
https://doi.org/10.1046/j.1444-2906.2002.00454.x
https://doi.org/10.1080/07373937.2011.586479
https://doi.org/10.1023/A:1021368216294
https://doi.org/10.1007/s11947-011-0698-0
https://doi.org/10.1111/j.1365-2621.1995.tb05600.x
https://doi.org/10.1016/j.foodres.2019.108876
https://doi.org/10.1016/S0924-2244(97)01016-9
https://doi.org/10.1016/j.foodres.2019.04.047
https://doi.org/10.1007/s11947-013-1124-6
https://doi.org/10.1111/j.1365-2621.2000.tb13597.x
https://doi.org/10.1111/j.1745-4549.2009.00448.x
https://doi.org/10.1016/j.ijthermalsci.2018.10.001
https://doi.org/10.1007/978-1-4615-0549-5_6
https://doi.org/10.1007/s12393-015-9107-1
https://doi.org/10.1080/10789669.2001.10391278
https://doi.org/10.1205/096030803322756394
https://doi.org/10.1038/s41598-019-52464-3
https://doi.org/10.4067/S0717-65382008000200007
https://doi.org/10.1016/j.ifset.2011.09.002
https://doi.org/10.1039/C4FO00478G
https://doi.org/10.1111/j.1365-2621.2001.tb04614.x
http://rdo.psu.ac.th/sjstweb/journal/28-Suppl-1/11_C-PER_and_DC-PER.pdf
http://rdo.psu.ac.th/sjstweb/journal/28-Suppl-1/11_C-PER_and_DC-PER.pdf
https://doi.org/10.1093/jaoac/65.4.798
https://doi.org/10.1631/jzus.2006.B0090
https://doi.org/10.1016/j.fsi.2013.06.028
https://doi.org/10.1016/j.lwt.2021.111350
https://doi.org/10.3390/pr8030354
https://doi.org/10.1016/j.jfoodeng.2007.04.021
https://doi.org/10.1016/j.jfoodeng.2005.10.032
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Palma-Acevedo et al. PEF-Assisted Freeze-Drying of Chilean Abalone

34. Liu C, Grimi N, Lebovka N, Vorobiev E. Effects of preliminary treatment
by pulsed electric fields and convective air-drying on characteristics
of fried potato. Innovative Food Sci Emerg Technol. (2018) 47:454–
60. doi: 10.1016/j.ifset.2018.04.011

35. Singh A, Nair GR, Rahimi J, Gariepy Y, Raghavan V. Effect of static high
electric field pre-treatment on microwave-assisted drying of potato slices.
Drying Technol. (2013) 31:1960–8. doi: 10.1080/07373937.2013.805142

36. Shao Y, Xiong G, Ling J, Hu Y, Shi L, Qiao Y, et al. Effect of ultra-
high pressure treatment on shucking and meat properties of red swamp
crayfish (Procambarus clarkia). LWT Food Sci Technol. (2018) 87:234–
40. doi: 10.1016/j.lwt.2017.07.062

37. Chapleau N, Mangavel C, Compoint JP, de Lamballerie-Anton M. Effect of
high-pressure processing on myofibrillar protein structure. J Sci Food Agric.

(2004) 84:66–74. doi: 10.1002/jsfa.1613
38. Aksoy A, Karasu S, Akcicek A, Kayacan S. Effects of different drying methods

on drying kinetics, microstructure, color, and the rehydration ratio of minced
meat. Foods. (2019) 8:216. doi: 10.3390/foods8060216

39. Yi J, XuQ,HuX, Dong P, Liao X, Zhang Y. Shucking of bay scallop (Argopecten
irradians) using high hydrostatic pressure and its effect on microbiological
and physical quality of adductor muscle. Innov Food Sci Emerg Technol. (2013)
18:57–64. doi: 10.1016/j.ifset.2013.02.010

40. Aravindakshan S, Nguyen THA, Kyomugasho C, Buvé C, Dewettinck K,
van Loey A, et al. The impact of drying and rehydration on the structural
properties and quality attributes of pre-cooked dried beans. Foods. (2021)
10:1665. doi: 10.3390/foods10071665

41. Ling B, Tang J, Kong F, Mitcham EJ, Wang S. Kinetics of food quality
changes during thermal processing: A review. Food Bioprocess Technol. (2015)
8:343–58. doi: 10.1007/s11947-014-1398-3

42. Lemus-Mondaca R, Pizarro-Oteíza S, Perez-Won M, Tabilo-Munizaga
G. Convective drying of osmo-treated abalone (Haliotis rufescens)
slices: Diffusion, modeling, quality features. J Food Q. (2018)
2018:6317943. doi: 10.1155/2018/6317943

43. Zhu B, Dong X, Sun L, Xiao G, Chen X, Murata Y, et al.
Effect of thermal treatment on the texture and microstructure
of abalone muscle (Haliotis discus). Food Sci Biotechnol. (2011)
20:1467–73. doi: 10.1007/s10068-011-0203-6

44. Pankyamma V, Mokam SY, Debbarma J, Rao B M. Effects of microwave
vacuum drying and conventional drying methods on the physicochemical
and microstructural properties of squid shreds. J Sci Food Agric. (2019)
99:5778–83. doi: 10.1002/jsfa.9846

45. Øiseth SK, Delahunty C, Cochet M, Lundin L. Why is abalone so chewy?
Structural characterization and relationship to textural attributes. J Shellfish
Res. (2013) 32:73–9. doi: 10.2983/035.032.0113

46. Schubring R. DSC studies on deep frozen fishery products. Thermochim Acta.

(1999) 337:89–95. doi: 10.1016/S0040-6031(99)00229-4
47. Biliaderis CG. Differential scanning calorimetry in food research: A Review.

Food Chem. (1983) 10:239–65. doi: 10.1016/0308-8146(83)90081-X
48. Joyce AM, Brodkorb A, Kelly AL, O’Mahony JA. Separation of the effects of

denaturation and aggregation on whey-casein protein interactions during the
manufacture of a model infant formula. Dairy Sci Technol. (2017) 96:787–
806. doi: 10.1007/s13594-016-0303-4

49. Hastings RJ, Rodger GW, Park R, Matthews AD, Anderson
EM. Differential scanning calorimetry of fish muscle: the
effect of processing and species variation. J Food Sci. (2006)
50:503–506. doi: 10.1111/j.1365-2621.1985.tb13437.x

50. Anandharamakrishnan C, Rielly CD, Stapley AGF. Effects of process variables
on the denaturation of whey proteins during spray drying. Drying Technol.

(2007) 25:799–807. doi: 10.1080/07373930701370175
51. Sandoval-Aldana A, Rodriguez-Sandoval E, Fernandez-Quintero A.

Application of analysis by differential scanning calorimetry (DSC) for the
characterization of the modifications of the starch. DYNA. (2005) 72:45–53.
Available online at: http://www.scielo.org.co/pdf/dyna/v72n146/a04v72n146.
pdf

52. Ross YH.Water activity and glass transition. In: Barbosa-Canovas G, Fontana
A, Schmidt S, Labuza T, editors.Water Activity in Foods. Ames, IA: Blackwell
Publishing and IFT Press (2007). p. 29–46.

53. Cepero-Betancourt Y, Opazo-Navarrete M, Janssen AEM, Tabilo-
Munizaga G, Pérez-Won M. Effects of high hydrostatic pressure

(HHP) on protein structure and digestibility of red abalone (Haliotis
rufescens) muscle. Innovative Food Sci Emerg Technol. (2020)
60:102282. doi: 10.1016/j.ifset.2019.102282

54. Mobili P, Londero A, Maria TMR, Eusébio MES, de Antoni GL, Fausto
R, et al. Characterization of S-layer proteins of Lactobacillus by FTIR
spectroscopy and differential scanning calorimetry. Vib Spectrosc. (2009)
50:68–77. doi: 10.1016/j.vibspec.2008.07.016

55. Tabilo-Munizaga G, Aubourg S, Pérez-Won M. Pressure effects on
seafoods. In: Balasubramaniam V, Barbosa-Cánovas G, Lelieveld H,
editors. High Pressure Processing of Food. New York, NY: Springer
(2016). doi: 10.1007/978-1-4939-3234-4_27

56. Mondragón Cortéz P. Principios y aplicaciones de la espectroscopía de

infrarrojo en el análisis de alimentos y bebidas (CONACYT, Ed.; Primera, Vol.

1). DF, Mexico: CIATEJ (2020).
57. Lu J, Wang XJ, Liu YX, Ching CB. Thermal and FTIR investigation of freeze-

dried protein-excipient mixtures. J Therm Anal Calorim. (2007) 89:913–
9. doi: 10.1007/s10973-006-7598-y

58. Embaby HE, Miyakawa T, Hachimura S, Muramatsu T, Nara M, Tanokura
M. Crystallization and melting properties studied by DSC and FTIR
spectroscopy of goldenberry (Physalis peruviana) oil. Food Chem. (2022)
366:130645. doi: 10.1016/j.foodchem.2021.130645

59. Vasconcelos M, Coelho L, Barros A, de Almeida JMMM.
Study of adulteration of extra virgin olive oil with peanut
oil using FTIR spectroscopy and chemometrics. Cogent Food

Agricult. (2015) 1:1018695. doi: 10.1080/23311932.2015.101
8695

60. Dong XP, Li Y, Song L, Wang Y, Tan MQ, Zhu BW. Changes of water
distribution and physicochemical properties of abalone (Haliotis discus)
myofibrillar proteins during heat-induced gelation. J Food Process Preserv.

(2017) 41:e13069. doi: 10.1111/jfpp.13069
61. Li P, Sun L, Wang J, Wang Y, Zou Y, Yan Z, et al. Effects of

combined ultrasound and low-temperature short-time heating
pretreatment on proteases inactivation and textural quality of
meat of yellow-feathered chickens. Food Chem. (2021) 355:129645.
doi: 10.1016/j.foodchem.2021.129645

62. Pak N, Vera G, Araya H. Nutritive value of shellfish consumed in Chile. Arch
Latinoam Nutr. (1985) 35:63–9.

63. Kiin-Kabari DB, Chibor BS, Umoh EP. Protein digestibility and mineral
bioavaliability of some selected shellfish. J Food Stab. (2020) 4:28–39.
doi: 10.36400/J.Food.Stab.4.1.2021-0045

64. Oduro FA, Choi ND, Ryu HS. Effects of cooking conditions on the protein
quality of chub mackerel scomber japonicus. Fisher Aquatic Sci. (2011)
14:257–65. doi: 10.5657/FAS.2011.0257

65. Xin G, Zhixu T, Zhaohui Z, Hiroo O. Rheological properties and structural
changes in different sections of boiled abalone meat. J Ocean University China.
(2003) 2:44–8. doi: 10.1007/s11802-003-0024-1

66. Alahakoon AU, Oey I, Bremer P, Silcock P. Optimisation of Sous Vide
Processing parameters for pulsed electric fields treated beef briskets. Food
Bioprocess Technol. (2018) 11:2055–66. doi: 10.1007/s11947-018-2155-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Palma-Acevedo, Pérez-Won, Tabilo-Munizaga, Ortiz-Viedma

and Lemus-Mondaca. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 13 March 2022 | Volume 9 | Article 810827

https://doi.org/10.1016/j.ifset.2018.04.011
https://doi.org/10.1080/07373937.2013.805142
https://doi.org/10.1016/j.lwt.2017.07.062
https://doi.org/10.1002/jsfa.1613
https://doi.org/10.3390/foods8060216
https://doi.org/10.1016/j.ifset.2013.02.010
https://doi.org/10.3390/foods10071665
https://doi.org/10.1007/s11947-014-1398-3
https://doi.org/10.1155/2018/6317943
https://doi.org/10.1007/s10068-011-0203-6
https://doi.org/10.1002/jsfa.9846
https://doi.org/10.2983/035.032.0113
https://doi.org/10.1016/S0040-6031(99)00229-4
https://doi.org/10.1016/0308-8146(83)90081-X
https://doi.org/10.1007/s13594-016-0303-4
https://doi.org/10.1111/j.1365-2621.1985.tb13437.x
https://doi.org/10.1080/07373930701370175
http://www.scielo.org.co/pdf/dyna/v72n146/a04v72n146.pdf
http://www.scielo.org.co/pdf/dyna/v72n146/a04v72n146.pdf
https://doi.org/10.1016/j.ifset.2019.102282
https://doi.org/10.1016/j.vibspec.2008.07.016
https://doi.org/10.1007/978-1-4939-3234-4_27
https://doi.org/10.1007/s10973-006-7598-y
https://doi.org/10.1016/j.foodchem.2021.130645
https://doi.org/10.1080/23311932.2015.1018695
https://doi.org/10.1111/jfpp.13069
https://doi.org/10.1016/j.foodchem.2021.129645
https://doi.org/10.36400/J.Food.Stab.4.1.2021-0045
https://doi.org/10.5657/FAS.2011.0257
https://doi.org/10.1007/s11802-003-0024-1
https://doi.org/10.1007/s11947-018-2155-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Effects of PEF-Assisted Freeze-Drying on Protein Quality, Microstructure, and Digestibility in Chilean Abalone ``Loco'' (Concholepas concholepas) Mollusk
	Introduction
	Materials and Methods
	Raw Material
	Pretreatments and FD Process
	Moisture and Protein Content
	Rehydration Indexes
	Texture Profile Analysis
	DSC Thermal Behavior
	FTIR Spectroscopy
	Determination of in vitro Gastrointestinal Digestibility
	Determination of Degree of Hydrolysis
	Digested Protein Efficiency
	Microstructural Analysis
	Statistical Evaluation

	Results and Discussion
	FD Kinetics
	Physicochemical Properties
	Texture Profile Analysis
	Thermal Behavior of Proteins
	Protein Conformational Changes
	In vitro Gastrointestinal Digestibility
	Microstructural Analysis

	Conclusions
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


