
Citation: Szymanska, I.; Matys, A.;

Rybak, K.; Karwacka, M.;

Witrowa-Rajchert, D.; Nowacka, M.

Impact of Ultrasound Pre-Treatment

on the Drying Kinetics and Quality of

Chicken Breast—A Comparative

Study of Convective and

Freeze-Drying Methods. Foods 2024,

13, 2850. https://doi.org/10.3390/

foods13172850

Academic Editors: Jaqueline

Oliveira de Moraes, Marta

Fernanda Zotarelli and Raquel da

Silva Simão

Received: 20 August 2024

Revised: 3 September 2024

Accepted: 7 September 2024

Published: 8 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Impact of Ultrasound Pre-Treatment on the Drying Kinetics and
Quality of Chicken Breast—A Comparative Study of Convective
and Freeze-Drying Methods
Iwona Szymanska 1 , Aleksandra Matys 2 , Katarzyna Rybak 2 , Magdalena Karwacka 2 ,
Dorota Witrowa-Rajchert 2 and Malgorzata Nowacka 2,*

1 Department of Food Technology and Assessment, Institute of Food Science, Warsaw University of Life
Sciences–SGGW, 159C Nowoursynowska Street, 02-776 Warsaw, Poland; iwona_szymanska@sggw.edu.pl

2 Department of Food Engineering and Process Management, Institute of Food Science, Warsaw University of
Life Sciences–SGGW, 159C Nowoursynowska Street, 02-776 Warsaw, Poland;
aleksandra_matys@sggw.edu.pl (A.M.); katarzyna_rybak@sggw.edu.pl (K.R.);
magdalena_karwacka@sggw.edu.pl (M.K.); dorota_witrowa_rajchert@sggw.edu.pl (D.W.-R.)

* Correspondence: malgorzata_nowacka@sggw.edu.pl

Abstract: Fresh meat has a limited shelf life and is prone to spoilage. Drying serves as a common
method for food preservation. Non-thermal techniques such as ultrasound treatment (US) can
positively affect the drying processes and alter the final product. The study aimed to evaluate the
impact of US pre-treatment on the hot air (HA) and freeze-drying (FD) of chicken breast meat and
the quality of the dried products. US pre-treatment had a varied impact depending on the drying
method used. The contact US method extended the HA drying time (about 50%) but improved
water removal during FD (about 30%) compared to the untreated samples. Both methods resulted in
low water content (<8.3%) and low water activity (<0.44). While rehydration properties (RR) and
hygroscopicity (H) were not significantly affected by US pre-treatment in HA drying (about 1.35%
and about 1.1, respectively), FD noticed differences due to shrinkage and porosity variations (RR:
2.4–3.2%, H: 1.19–1.25). The HA-dried samples exhibited notably greater tissue shrinkage and a
darker surface color than the FD meat. Ultrasonic processing holds substantial potential in creating
dried meat products with tailored characteristics. Hence, meticulous consideration of processing
methods and parameters is of utmost importance.

Keywords: ultrasound frequency; ultrasound power; structure; macroscopic changes; rehydration
ratio; hygroscopic properties; color

1. Introduction

Global meat consumption is projected to increase by approximately 14% by 2032 [1].
The worldwide population growth requires an adequate supply of complete protein [2,3].
Animal proteins generally exhibit higher biological value and digestibility than plant
proteins [4]. The dominant animal-origin source of protein in the world is poultry meat,
estimated to constitute almost half of the additional meat consumed [1]. Poultry meat is
valued for many production, nutritional, and consumption reasons [5,6]. Chicken meat
is particularly appreciated due to its high production efficiency, favorable composition
(low-fat content and high complete protein content), relatively low price, and ease of
processing [7,8]. Chicken breast and leg muscles have become the most acceptable to
consumers of all communities and, therefore, more economically significant than other
parts of the poultry carcass [9]. Thus, chicken meat can be the basic raw material of high-
protein products that have become popular recently [10]. Moreover, consumers leading
quite intensive lifestyles still expect high-quality convenient food that allows for the easy
and quick preparation of meals [11,12]. A significant part of the convenience food market
is occupied by dried products, e.g., food concentrates, with a long shelf life [13].

Foods 2024, 13, 2850. https://doi.org/10.3390/foods13172850 https://www.mdpi.com/journal/foods

https://doi.org/10.3390/foods13172850
https://doi.org/10.3390/foods13172850
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0003-2760-9089
https://orcid.org/0000-0002-6473-7218
https://orcid.org/0000-0003-3595-0818
https://orcid.org/0000-0002-5511-3251
https://orcid.org/0000-0002-0937-3204
https://orcid.org/0000-0003-4689-6909
https://doi.org/10.3390/foods13172850
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods13172850?type=check_update&version=1


Foods 2024, 13, 2850 2 of 20

Foods with high water content are perishable and require preservation [14]. Drying
is one of the oldest methods of food preservation known to humanity [15]. It facilitates
transportation and long-term food storage [16], increases availability, and reduces food
waste [17]. Nevertheless, drying is time-consuming and expensive [18]. For this reason, it
often constitutes a ‘bottleneck’ in the production. To ensure the microbiological safety of
food, it should be carried out as quickly as possible. Therefore, traditional drying methods
require some modifications [19–21]. Drying at elevated temperatures, e.g., hot air drying,
causes relatively significant changes in the quality of the final product, including nutri-
tional losses (e.g., degradation of vitamins, unsaturated fatty acids, and amino acids) and
sensorial losses (e.g., deterioration of flavor or color and excessive tissue shrinkage) [8,22].
Low-temperature drying, e.g., freeze-drying, requires increased costs due to lowering and
maintaining temperature and pressure [23]. Thus, different pre-treatments can be carried
out before drying to enhance the drying rate and/or improve the quality of the dried prod-
uct. The pre-treatment methods can be divided into chemical and physical groups [24,25].
Emerging non-thermal technologies, such as ultrasounds, high-pressure processing, pulsed
electric field, cold plasma, and irradiation, have the potential for sustainable food industry
transformation [26,27]. This has contributed to the increased interest in these techniques in
food research [28–31].

One of the effective techniques with high implementation potential is low-frequency
high-power ultrasound treatment (US). It causes cavitation (turbulent implosions of bub-
bles), the “sponge effect” (alternating stresses and relaxations), and produces microchannels,
changing the structure of the material, which improves mass and energy transfer [25,30,32].
Therefore, ultrasonic pre-treatment can enhance the drying process by reducing its total
operation time (lowering energy consumption) and improving the quality of the dried
product. However, studies on the influence of US pre-treatment on the drying process
focus mainly on plant raw materials [16,21,33–35]. Such findings cannot fully explain the
changes occurring in animal tissue because it is a matrix with a different structure and
properties than plant tissue. Both preliminary and final processing have a complex impact
on the quality of the product. In meat science, there are numerous studies on the effects
of ultrasounds on meat alone or in combination with other treatments, e.g., maturation,
osmotic dehydration, marination, brining, freezing, and thawing [36–38]. There are fewer
studies on US pre-treatment and meat drying, and they mainly concern beef [39–42].

Considering the great potential of the raw material (chicken breast meat), the described
technology (US treatment) in producing high-quality dried meat, and the insufficient num-
ber of studies, this scientific area was explored. Therefore, this study aimed to investigate
the effects of ultrasound pre-treatment on drying kinetics and physicochemical character-
istics of chicken breast muscles dried with hot-air and freeze-drying methods. In times
of escalating demand for convenience food and an emerging circular economy, ongoing
research can hold the potential to advance the field of food science significantly.

2. Materials and Methods
2.1. Materials

The material used for the research was chicken breast fillet. The meat was produced
by DROSED S.A. (Siedlce, Poland) and purchased at a local supermarket. The material
was stored under refrigerated conditions (4 ± 1 ◦C) and used for experiments on the day
of purchase. Ten strips were cut from the fillet with a kitchen knife, measuring 8 cm long,
1 cm wide, and 1 cm thick. To ensure homogeneity, samples were consistently extracted
from the same breast region.

2.2. Ultrasound Pre-Treatment (US)

The pre-treatment involved the application of ultrasound using both immersion (US)
and contact (cUS) methods, as detailed in Table 1. The meat samples were weighed using a
laboratory scale with an accuracy of 0.01 g. For the immersion method, the meat pieces
were submerged in distilled water at a temperature of approximately 4 ± 1 ◦C, maintaining
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a water-to-meat mass ratio of 5:1. Ultrasonic cleaners (MKD-3, MKD Ultrasonics, Warsaw,
Poland) operating at various frequencies and powers (21 kHz and 300 W; 21 kHz and 180 W;
40 kHz and 180 W) were used. In the case of the contact method, samples were positioned
directly on the sonotrode sieve (RIS200, Hielsher Ultrasonics, Teltow, Germany), which was
linked to an ultrasound generator (UIS250L, Hielsher Ultrasonics, Teltow, Germany) with a
power of 250 W and operating at a frequency of 25 kHz. The treatment was conducted at a
consistent temperature of 21 ± 1 ◦C. The sonication time for both variants was 60 min. After
the process, the material was dried on filter paper (in the case of the immersion method)
and weighed. Each treatment was replicated three times.

Table 1. Effect of ultrasound pre-treatment on changes in the mass of chicken breast meat.

Treatment US Method Mass Changes (%) Water Content (%) Water Activity (–)

Raw - - 75.19 ± 0.76 ab 0.954 ± 0.025 a

US_21_300
immersion

3.28 ± 0.35 b 76.41 ± 0.18 bc 0.964 ± 0.016 ab
US_21_180 1.92 ± 0.31 b 77.33 ± 0.16 c 0.979 ± 0.003 b
US_40_180 3.36 ± 1.06 b 76.75 ± 0.78 c 0.979 ± 0.003 b

cUS_25_250 contact −5.07 ± 1.89 a 74.03 ± 1.01 a 0.973 ± 0.004 ab

Different lowercase letters (a–c) within the same column indicate significant differences between mean
values ± standard deviation (p ≤ 0.05).

2.3. Drying Methods
2.3.1. Hot-Air Drying (HA)

The meat pieces were neatly arranged in a single layer on a perforated metal tray
measuring 45 × 30 cm. The drying process was conducted using a prototype dryer (WULS),
with an airflow speed of 2 m/s parallel to the material, maintained at 60 ◦C. Throughout
the drying process, the weighing system connected to the tray meticulously recorded the
sample mass at 5-min intervals. The drying procedure was performed in three repetitions,
and it was concluded when the sample mass exhibited stability for 15 min.

2.3.2. Freeze-Drying (FD)

The meat was rapidly frozen at −40 ◦C overnight using the HCM 51.20 freezer (Irinox,
Treviso, Italy) and then placed on the tray of the Gamma 1–16 LSC laboratory freeze
dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).
The freeze dryer was equipped with a sample weight recording system (SWL025 Mensor,
Warsaw, Poland), which recorded weights every 15 min (every 5 min for the first 120 min).
Throughout the process, the shelf temperature was maintained at 40 ◦C, the pressure was
kept at 0.63 mbar, and the condenser temperature was held at −55 ◦C. The drying process
continued until a constant mass was achieved (the same mass was obtained three times).
This drying procedure was performed three times.

After the completion of the process, the specimens were taken out of the dryer cham-
bers and placed in PET12/Al8/PE100 (Pakmar, Warsaw, Poland) pouches. These pouches
are composed of three layers: polyethylene (12 microns thick) on the outer layer, aluminum
(8 microns thick) in the middle, and polyamide (100 microns thick) on the inner layer, pro-
viding a solid barrier against water vapor and gases while being utterly impervious to light.
The pouches were then sealed and stored at room temperature until needed for analysis.

Table 2 shows the codes for all (non-treated and pre-treated and raw and dried)
samples produced and examined.
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Table 2. Codes of the tested samples of chicken breast meat.

Code US Frequency (kHz) US Power (W) Drying Method

Raw - - -
US_21_300 21 300 -
US_21_180 21 180 -
US_40_180 40 180 -
cUS_25_250 25 250 -

HA - -

Hot-air drying
HA_US_21_300 21 300
HA_US_21_180 21 180
HA_US_40_180 40 180
HA_cUS_25_250 25 250

FD - -

Freeze-drying
FD_US_21_300 21 300
FD_US_21_180 21 180
FD_US_40_180 40 180
FD_cUS_25_250 25 250

2.4. Drying Kinetics

Drying kinetics are depicted by the changes in relative water content over the drying
process, as described by the following equation:

MR =
uτ

u0
, (1)

where MR—dimensionless water content [-], u0—initial water content [g H2O/g d.m.], and
uτ—water content after time τ [g H2O/g d.m.].

The required drying time was determined to achieve MR values of 0.04 and 0.20 based
on the drying curves that were obtained.

2.5. Measurements of Quality Parameters
2.5.1. Water Content

The water content was determined using the gravimetric drying method by ISO
standard (ISO 1442, 2023, [43]). Samples were homogenized for 15 s in an IKA® A11 Basic
analytical mill (Darmstadt, Germany). To determine the water content, 5 g of fresh or 0.5 g
of dried sample was mixed with 2 g of purified sea sand in a glass vessel. Drying was
performed at 103 ± 1 ◦C for 4 h. Subsequently, the samples were cooled in a desiccator
and then weighed. The drying process was repeated for 1 h until a constant weight was
achieved. The determination was performed three times.

2.5.2. Water Activity

The water activity (aw) was determined using an AquaLab Series 3TE instrument
(Decagon Devices, Inc., Pullman, Washington, DC, USA), which employs a dew point
detection technique on a cooled mirror. Before measurement, the functionality of the
device was validated using standards, including 17.18 mol/kg LiCl (0.150 aw), 6.00 mol/kg
NaCl (0.760 aw), and purified water (1.000 aw). The measurements were carried out at a
temperature of 25 ◦C with an accuracy of ±0.001. Three repetitions were performed for
each type of material.

2.5.3. Macrostructure and Internal Structure

Photographs of the macrostructure of dried meat pieces were captured using a Nikon
D-7000 digital camera (Nikon, Tokyo, Japan). The camera was positioned 1 m above the
sample, which was placed in a white chamber illuminated by daylight-balanced (5500 K)
fluorescent continuous light lamps from four sides.
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Changes in the internal structure of the sample cross-sections were analyzed using
a Hitachi TM 3000 tabletop scanning electron microscope (Hitachi, Tokyo, Japan). The
microscope had a backscattered electron (BSE) detector [44]. Strips, 2 mm thick, were cut
from the dried material and vertically attached with a set screw to a PS12 aluminum
pin stub vise clamp. Before analysis, the samples were coated with a 5 nm layer of
conductive substance by sputtering them with gold using a Cressington 108 auto sputter
coater (Cressington, Watford, UK). The microscope operated in low vacuum mode with an
accelerating voltage of 10 kV and magnifications of 100.

2.5.4. Color Parameters

The color was assessed using a benchtop spectrophotometer with a top-facing mea-
surement port (CM-5, Konica Minolta, Osaka, Japan) employing the reflectance method
in the CIE Lab* system. The sample was positioned directly above the 8 mm measuring
aperture. The observer conditions for the measurement adhered to the CIE standard: 2◦ ob-
server, standard illuminant (D65), and measurement geometry (d/8◦). Each dried product
underwent 10 repetitions of measurements. Based on the obtained numerical values for
brightness (L*) and two chromatic values (a* and b*), the total color change (∆E) and the
browning index (BI) were determined using equations [45].

∆E =
√
(∆L∗) + (∆a∗) + (∆b∗) (2)

BI =
(

a∗ + 1.75L∗

5.645L∗ + a∗ − 3.012b∗
− 0.31

)
· 100
0.17

(3)

2.5.5. Rehydration Ratio

The rehydration ability of the dry material was assessed by immersing approximately
1 g of dried material in a beaker filled with distilled water at a temperature of 20 ◦C and
rehydration periods for convective dried samples lasted 30, 90, and 180 min. In contrast,
lyophilized samples were rehydrated for 5, 15, and 30 min. After the specified duration, the
samples were removed, dried, weighed, and their dry substance content was determined.
The rehydration coefficient (RR) and the loss of soluble solids (SSL) were calculated using
the following equations [46]:

RR =
mτ

m0
(4)

SSL =
Mτ·DMτ

Md·DMd
(5)

where mτ—moisture of rehydrated sample at time τ (kg H2O/kg d.m.), m0—initial mois-
ture of dried sample (kg H2O/kg d.m.), Mτ—material mass after rehydration time τ (g),
DMτ—dry matter content of sample after rehydration time τ (%), Md—dried material
mass before rehydration (g), and DMd—dry matter content of dried sample before rehydra-
tion (%).

2.5.6. Hygroscopic Properties

The hygroscopic properties of dried chicken meat were evaluated by measuring water
vapor sorption. In total, 0.5 g of samples (m0) were exposed to an environment with a water
activity 1.00 (above the pure water) for 24 h at a constant temperature of 25 ◦C. The weight
of the samples (mτ) was recorded after 1, 3, 6, 9, and 24 h. The hygroscopicity (H) was
calculated according to the following formula [47]:

H =
mτ

m0
(6)
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2.6. Statistical Analyses

The statistical analysis of the results involved a one-way analysis of variance (ANOVA)
with the type of treatment as the grouping variable. The hypotheses were confirmed
through various tests: normality of data using the Shapiro–Wilk test, equality of variances
using the Levene and Brown–Forsythe tests, and equality of means using the sigma-
restricted parametrization. In the post-hoc analysis, samples were grouped using the
Tukey HSD post-hoc test at a significance level of 0.05 [48]. As a statistical summary of
the research, Principal Component Analysis (PCA) was employed to differentiate dried
meat samples and establish the relationship between the quality parameters (n variables)
based on correlation (variances as SS/(n − 1)). The criteria for selecting the first principal
components (factors) were an eigenvalue > 1.0 and a cumulative % of variance > 80%.
Factors were correlated with variables, and a significant correlation was indicated when
the absolute value of the factor loading was at least 0.7. The correlation coefficients (r)
of the variables were calculated and interpreted as follows: r < ± 0.10 as a negligible
correlation; ± 0.10 ≤ r ≤ ± 0.39 as a weak correlation; ± 0.40 ≤ r ≤ ± 0.69 as a moderate
correlation; ± 0.70 ≤ r ≤ ± 0.89 as a strong correlation; and r ≥ ± 0.90 as a very strong
correlation [49]. At the same time, a Hierarchical Cluster Analysis (HCA) was carried out
using the agglomeration method (object classification method), the Euclidean distance
(distance between objects), the Ward’s method (principle of cluster/object binding), and
the Baker and Hubert index (number of cluster) [50]. The mean values and coefficients of
variation for each designated cluster [51] were determined using the Statistica 13.1 software
(TIBCO Software Inc., Palo Alto, CA, USA).

3. Results and Discussion
3.1. Influence of Ultrasound Pre-Treatment on the Drying Kinetics of Chicken Breast Meat

One of the main purposes of meat pre-treatment using the US is the improvement
in mass transfer during processing, which is expected to occur due to structural changes
following the treatment. To evaluate the effect of the US on the hot air drying at 60 ◦C and
freeze-drying at 40 ◦C processes, the kinetics of the moisture content (MR) were determined
and presented in Figure 1a,b, respectively. The green line marked on both graphs indicates
the critical moisture content required for dried meat-based snacks, such as beef jerky,
which was established at 0.2 [52]. On the other hand, using pork and beef as a matrix [53]
suggested that the optimum MR for freeze-dried meat was 0.04. Based on that, drying
times until the MR in chicken breast meat reached 0.2 and 0.04 were determined for both
methods in Table 3. Statistical analysis of the drying times showed that the US only slightly
impacted the process, considering that the time required to reach MR equaled 0.2. The
application of contact US treatment resulted in a prolongation of the drying time by 39%
compared to the control sample (175 min). An increased frequency also caused the HA
drying time to rise by 30%. However, it was still in the range similar to the material treated
with 21 kHz and the control sample. Comparable dependencies occurred in the following
stage of drying that was carried on until the MR was reduced to 0.04 (Figure 1a, Table 3).
Compared with the literature regarding plant tissue, the results obtained in this research
can be explained by the peculiarities of the material, which is muscle tissue. The fibrous
structure of meat absorbs ultrasonic waves, which makes it difficult to exert an effect on
the tissue. Moreover, meat lacks air-filled pores, as in plant tissues, resulting in less intense
ultrasonic effects [54]. The longer HA drying time might result from structural changes
in fibrous structure (see Figure 4), particularly protein, caused by the US. This method of
pre-treatment destroys the cellular structure of the muscle. However, it was also observed
that the water-holding capacity of US-treated poultry meat increases due to myosin gelling
induction [37,55]. Moreover, that phenomenon might have favored crust formation on the
surface of the meat, which trapped water inside the material and worsened mass transfer
during processing. Additionally, [56] found that the temperature of 70 ◦C gives better
drying rates and quality of the products than 60 or 80 ◦C. Hence, for further improvement
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in the HA drying of chicken breast meat, the US pre-treatment may be tested in combination
with higher drying temperatures.
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chicken breast meat dried with (a) hot-air (HA) and (b) freeze-drying (FD) methods; green line
marked on graphs indicates the critical moisture content required for dried meat-based snacks, such
as beef jerky, which was established at 0.2.

Table 3. The drying time of non-treated and US-treated chicken breast meat dried with hot-air (HA)
and freeze-drying (FD) methods to MR = 0.20 and MR = 0.04.

Sample Code Drying Time (min)

MR = 0.20 MR = 0.04

HA 175.0 ± 7.1 bc 607.5 ± 10.6 bc
HA_US_21_300 167.5 ± 24.7 bc 465.0 ± 77.8 b
HA_US_21_180 172.5 ± 3.5 bc 517.5 ± 17.7 bc
HA_US_40_180 227.5 ± 3.5 cd 660.0 ± 56.6 c
HA_cUS_25_250 242.5 ± 10.6 d 930.0 ± 42.4 d

FD 146.9 ± 25.6 ab 267.5 ± 31.8 a
FD_US_21_300 118.8 ± 19.4 ab 222.5 ± 31.8 a
FD_US_21_180 137.5 ± 17.7 ab 253.8 ± 23.0 a
FD_US_40_180 127.5 ± 10.6 ab 245.0 ± 21.2 a
FD_cUS_25_250 102.5 ± 17.7 a 181.3 ± 26.5 a

Different lowercase letters (a–d) within the same column indicate significant differences between mean
values ± standard deviation (p ≤ 0.05).

In the case of the freeze-drying process, the drying time varied from 181.3 to 267.5 min.
The US pre-treatment did not affect the processing time significantly (p > 0.05), but the
treated material tended to attain the desired moisture content (0.04) faster, especially after
subjection to contact treatment. The reduction in the drying time after pre-treatment was
5–32% (Figure 1b, Table 3).

Faster water removal after the US application was related to the damage made by the
electromagnetic waves in the material’s cellular structure. Breaking the internal barriers
naturally existing in the tissue made water removal easier. Thus, the drying process was
shorter [57]. According to established drying times, freeze-drying provided more effective
and faster water removal in the examined material than HA drying. Similar results were
obtained before for turkey breast meat [58]. The US treatment was recognized as working
appositively in both dehydration methods tested in this study. Freeze-drying combined
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with the unconventional US pre-treatment gave beneficial and promising results regarding
drying kinetics and time, contrary to HA-drying. The most possible explanation is the
difference between hot-air and freeze-drying mechanisms. Mass transfer in HA drying is
based on the moisture content difference within the sample volume. Water contained in
the material migrates to its surface, from which it is removed by the drying agent (hot air).
However, exposure to the hot drying agent in HA is associated with structure collapsing
and crust formation on the surface of the materials, especially those built out and prone to
thermal degradation compounds such as protein. In freeze-drying, moisture removal is
driven by a pressure difference between the sample and its surroundings. Moreover, during
dehydration, the material is preserved in a frozen state, reducing the risk of unfavorable
changes exacerbating the process [57,59].

3.2. Influence of Ultrasound Pre-Treatment on the Water Content and Water Activity of Dried
Chicken Breast Meat

Water content and water activity are jointly reliable indicators of the effectiveness of
food processing and preservation, as well as its microbiological safety. Raw meat consists
of around 75% water. Therefore, the degree and rate of its removal during drying can be
criteria for the shelf life of dried meat products [60,61].

The water content and water activity (aw) in chicken breast samples ranged from 2.81
to 8.20% and 0.099 to 0.436, respectively (Table 4). This is consistent with the requirements
for low-moisture foods, which generally contain no more than 25% water [15]. In turn,
the water activity for low-moisture food products with extended shelf-life (even without
refrigeration) should not exceed 0.6 [62]. Moreover, as seen in Table 4, both the water
content and water activity in the FD meat were significantly lower than in the HA-dried
samples. During HA drying, meat dehydration is constrained over time by the shrinkage of
the muscle myofibril network and connective tissue and, thus, by surface hardening [63,64].
However, during the freeze-drying process, water is gently and gradually removed through
micro and macro capillaries of the tissue. The integrity of the muscle fibers is relatively
retained, although they become denser and shorter. Importantly, maintaining the porosity
of dehydrated muscle tissue increases the effectiveness of its rehydration, which is a
relevant quality trait of dried food [23].

Table 4. Water content and water activity of untreated and US-pretreated hot-air-dried (HA) and
freeze-dried (FD) chicken breast meat.

Sample Code Water Content (%) Water Activity (–)

HA 7.39 ± 0.35 ef 0.408 ± 0.039 bc
HA_US_21_300 5.91 ± 1.02 cd 0.353 ± 0.052 b
HA_US_21_180 6.91 ± 0.13 def 0.386 ± 0.028 bc
HA_US_40_180 6.17 ± 0.44 cde 0.399 ± 0.039 bc
HA_cUS_25_250 8.20 ± 0.39 f 0.436 ± 0.035 c

FD 3.87 ± 0.47 ab 0.101 ± 0.024 a
FD_US_21_300 5.03 ± 0.68 bc 0.130 ± 0.030 a
FD_US_21_180 4.46 ± 1.43 b 0.106 ± 0.041 a
FD_US_40_180 2.82 ± 0.49 a 0.084 ± 0.028 a
FD_cUS_25_250 2.81 ± 0.40 a 0.099 ± 0.028 a

Different lowercase letters (a–f) within the same column indicate significant differences between mean
values ± standard deviation (p ≤ 0.05).

The HA-dried meat pre-treated with 300 W ultrasonic power showed about 20% lower
water content than the untreated HA-dried sample. Applied ultrasounds could disrupt
the cell walls and improve the transfer of water from the intercellular to the extracellular
space of the tissue, hence facilitating the further drying process, even with less water
activity [37]. In addition, a significant positive linear relationship was found between the
water content and water activity of dried chicken meat, which is described by the equation
Wc% = 11.140 · aw + 2.5725 and confirmed by the Pearson correlation coefficient r = 0.93,



Foods 2024, 13, 2850 9 of 20

p = 0001 (Figure S1). However, this relationship is not directly proportional and should be
considered individually for each product type [20,22,63]. For example, in this study, HA-
dried and FD chicken breast meat pre-treated with 300 W US were statistically similar in
water content but significantly different in water activity (Table 4). Importantly, these effects
arise from two main factors: the method and parameters of ultrasonic processing, as well
as the drying technique. During freeze-drying and hot-air drying, different mechanisms
occur and lead to greater or lesser changes in the structure and physical properties of the
dried product [34,41,58]. Ultrasound significantly influenced the mass changes in raw
chicken breasts even before the drying process. As shown in Table 1, the US contact method
resulted in a mass loss, while the US immersion method (regardless of frequency and
power) resulted in a mass gain compared to the untreated samples. According to Huang
et al. [16] and Ricce et al. [21], the water absorption by tissue during ultrasonic treatment
may even hinder its subsequent drying, especially at relatively low temperatures, e.g.,
≤ 40 ◦C. In the present study, this can be observed, for example, in freeze-dried meat
pre-treated with ultrasound at a frequency of 21 kHz using the immersion method (Table 1,
Table 4). However, it can be stated that the drying method predominantly influenced the
water content and water activity of the dried chicken breast meat.

3.3. Influence of Ultrasound Pre-Treatment on the Rehydration Ratio and Hygroscopic Properties of
Dried Chicken Breast Meat

The process of evaporation of water from the material, commonly known as drying, is
associated with the simultaneous occurrence of various biochemical effects, different types
of chemical reactions, and modification of the physical properties of the dried material.
Physical modifications of the material after drying, e.g., the occurrence and scale of drying
shrinkage, decreased or increased porosity, range of water absorption and adsorption
capacities (rehydration and hygroscopicity, respectively), and the amount of damage
at the microstructural level depend on the characteristics of the matrix, the method of
treating the material before drying, and the selected drying method as well as process
conditions [65–68].

Figure 2a shows how the values of the RR parameter increased depending on the
time of immersing dried chicken breast meat in distilled water. As can be seen, at each
of the analyzed times, all dried HA samples exhibited a similar ability to absorb water. It
increased over time until reaching its maximum after approximately 90 min. Higher
variation in RR values occurred in FD samples (Figure 2a). Additionally, regardless
of time, soluble solid loss (SSL) in all analyzed dried HA samples remained similar
(0.009 ± 0.001—Figure 2b). After 5 and 15 min of analysis, the FD_cUS_25_250 sam-
ple showed significantly lower RR and SSL than the other samples, which, as mentioned
above, could be due to the more damaged structure of this sample caused by its direct
contact with the sonotrode [69,70]. After 30 min of analysis, the untreated FD sample was
characterized by a slightly lower RR and SSL than the US-pretreated samples. Taking into
account only the analysis time of 30 min, it can be seen that the FD samples had more than
twice the values of the RR parameter than the HA samples (Figure 2a,b). As explained
above, the reduction in the water absorption capacity of the HA samples could result
from the occurrence of shrinkage, and in turn, the significant porosity of the FD samples
intensified the water absorption [71,72].

Table 5 contains the rehydration ratio (RR) values obtained by untreated and US-
pretreated HA-dried and FD chicken breast meat after 30 min of immersing the materials in
distilled water. As can be seen, all samples dried with hot air showed similar rehydration
properties, as evidenced by the fact that these samples belong to one homogeneous group.
The application of preliminary ultrasonic treatment, regardless of the parameters used or
the method of supplying ultrasonic waves to the treated material, did not significantly
change the RR of dried HA samples (p > 0.05). In the case of FD, all US-pretreated samples
did not differ significantly in RR from samples untreated and dried in the same way.
However, it was observed that the sample to which ultrasound was delivered in a contact
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manner (FD_cUS_25_250) exhibited RR lower by 23.8–28.6% than samples treated with the
US using water (Table 5). Direct exposure of the material to the sonotrode (contact method)
could have led to greater damage to its surface (e.g., to contraction of muscle fibers), which
could have contributed to the reduced ability of this sample to reabsorb water [69,70].
Moreover, FD samples had more than twice as high values of the RR parameter as HA
samples. This result is the effect of probable differences in the physical properties of
the analyzed materials—higher shrinkage of the HA samples, which prevented water
absorption, and higher porosity of the FD samples, which enhanced this process [71,72].
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Table 5. Rehydration ratio (RR) and hygroscopic properties (H) of untreated and US-pretreated
hot-air-dried (HA) and freeze-dried (FD) chicken breast meat.

Sample Code RR (%) H (–)

After 30 min After 1 h After 24 h

HA 1.40 ± 0.13 a 1.009 ± 0.002 a 1.146 ± 0.011 a
HA_US_21_300 1.30 ± 0.11 a 1.007 ± 0.002 a 1.121 ± 0.021 a
HA_US_21_180 1.38 ± 0.05 a 1.008 ± 0.001 a 1.138 ± 0.006 a
HA_US_40_180 1.30 ± 0.04 a 1.005 ± 0.002 a 1.114 ± 0.005 a
HA_cUS_25_250 1.32 ± 0.04 a 1.004 ± 0.001 a 1.125 ± 0.020 a

FD 2.92 ± 0.11 bc 1.056 ± 0.003 b 1.241 ± 0.010 c
FD_US_21_300 3.26 ± 0.20 c 1.051 ± 0.002 b 1.201 ± 0.015 b
FD_US_21_180 3.32 ± 0.25 c 1.053 ± 0.002 b 1.193 ± 0.009 b
FD_US_40_180 3.11 ± 0.24 c 1.049 ± 0.007 b 1.202 ± 0.022 b
FD_cUS_25_250 2.37 ± 0.22 b 1.050 ± 0.003 b 1.253 ± 0.011 c

Different lowercase letters (a–c) within the same column indicate significant differences between mean
values ± standard deviation (p ≤ 0.05).

The second important parameter determining the quality of the dried material is
hygroscopicity (H). Figure 3 shows the increase in the value of the H parameter of all
dried chicken breast meat obtained depending on the time these samples remain above
distilled water. At each of the analyzed times, e.g., 0, 1, 3, 6, 9, and 24 h, the HA samples
exhibited similar hygroscopicity. Nevertheless, slightly higher H for untreated samples
(HA) than US-pretreated samples can be observed. More variation in results occurs in the
case of FD drying, especially after 6 h or more of analysis. Samples FD and FD_cUS_25_250,
e.g., untreated and treated with contact-supplied US, respectively, achieved noticeably
higher values of the H parameter than the other samples. The results may indicate that
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the disruption of the tissue structure by ultrasound and its transmission through water
reduced the treated samples’ ability to adsorb water vapor [73].
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As shown in Table 5, a one-way analysis of variance showed that neither the appli-
cation of ultrasound as a preliminary treatment before drying HA and FD (interpreted
separately), the modification of the parameters of this process, nor even the change in the
method of supplying ultrasonic waves to the treated chicken breast meat, caused statis-
tically significant differences in hygroscopic properties determined after 1 h of testing of
the obtained dried materials (p > 0.05). In the case of HA drying, this trend also continued
after 24 h of analysis. Nevertheless, when analyzing FD drying, a significant difference
can be observed in the values of the H parameter (after 24 h of analysis) between the US-
treated samples (immersion method) and the US-treated sample (contact method), whose H
(1.253 ± 0.011) was comparable to the H achieved by the untreated sample (1.241 ± 0.010).
The ability of a given material to adsorb water depends not only on its surface properties
but also on its chemical composition. Delivering ultrasonic waves to the material using
water could cause significant changes in its chemical characteristics and thus modify its
sorption behavior [47]. Similar to the rehydration properties, the FD samples showed higher
hygroscopicity than the HA samples, which can also be observed in Figure 3. The obtained
results can be explained by the probable differences in the scale of drying shrinkage and
porosity of materials dried by both methods [71,72].

3.4. Influence of Ultrasound Pre-Treatment on the Structure of Chicken Breast Meat

Drying is a complex process in which the material undergoes chemical and physical
modifications. Changes in physical characteristics include, among others, shrinkage and
porosity [65]. Figure 4 shows images of obtained untreated and US-pretreated HA-dried
and FD chicken breast meat taken using the scanning electron microscope. In general, the
structure of the samples dried by hot air (regardless of the use of ultrasonic pre-treatment
or the differentiation of this process parameters) was relatively dense and compact, with
visible shrinkage, which can also be observed on the macroscopic photographs (Figure 5).
However, the sample structure to which ultrasound was supplied in a contact manner
(HA_cUS_25_250) was slightly more porous than others, characterized by samples that
dried similarly. In the case of FD, the effect of ultrasound on chicken breast meat was more
visible. One of the effects of ultrasound is the creation of microchannels in the treated
tissue [74]. As can be seen in Figure 4, all FD samples with US application before drying had
free spaces in their structure. The absence of these channels in the untreated sample (FD)
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structure was also noticeable. The phenomena that accompany the action of ultrasound,
e.g., sponge effect, cavitation, and other accompanying effects, are responsible for the mod-
ifications of the treated material. However, their scale depends on the method of supplying
ultrasonic waves, selected ultrasonic processing parameters, and the characteristics of the
matrix itself [16]. By comparing the images obtained for HA-dried and FD samples, an
apparent shrinkage of the former and a much more porous structure can be observed
for the latter. This is due to different drying mechanisms. FD involves removing water
from the material through the process of ice sublimation. The ice crystals formed in this
process compress the material, causing the formation of a porous and spongy structure,
a process which, in turn, mitigates the occurrence of drying shrinkage. In turn, during
HA drying, water is evaporated from the surface of the dried material, which leads to a
pressure difference, and, as a result, the structure collapses [75].
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3.5. Influence of Ultrasound Pre-Treatment on the Color Parameter of Chicken Breast Meat

The quality and shelf life of meat is determined by many factors, including animal-
specific (e.g., breed, genetics, age, feeding, and pre-slaughter handling), product-specific
(e.g., acidity, moisture, texture), process-specific (e.g., ripening, process technology, and
heating techniques), and environmental (e.g., temperature, time, packaging, and storage)
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factors [76]. For consumers, color is still the main indicator of the quality and freshness
of meat and the final purchasing decision. Therefore, meat science research frequently
examines this quality parameter using objective instrumental analysis methods [77].

Figure 5 shows the visual differences in the color of the HA-dried and FD chicken
breast meat samples. Assessing only the appearance of the samples, there was no mean-
ingful effect of US pre-treatment on the color of dried meat, while the drying method
caused significant changes. However, the objective evaluation was based on the results of
instrumental analysis, expressed in the CIE L*a*b* system, presented in Table 6.

Table 6. Color parameters of chicken breast meat undried and dried with hot-air (HA) and freeze-
drying (FD) methods.

Sample Code L* (–) a* (–) b* (–) BI (–) ∆ERAW (–) ∆EHA/FD (–)

RAW 53.1 ± 1.9 ab −1.9 ± 0.4 a 4.0 ± 1.7 a - - -
US_21_300 54.9 ± 4.4 ab −2.7 ± 0.3 a 1.4 ± 0.2 a - 3.1 ± 0.2 a -
US_21_180 59.1 ± 5.4 bc −2.5 ± 0.5 a 2.4 ± 0.9 a - 6.9 ± 3.8 ab -
US_40_180 59.0 ± 4.9 bc −2.5 ± 0.6 a 1.0 ± 2.1 a - 7.2 ± 1.5 ab -
cUS_25_250 53.4 ± 4.9 ab −2.3 ± 0.5 a 3.7 ± 3.8 a - 4.9 ± 2.0 a -

HA 44.4 ± 5.2 ab 7.2 ± 1.5 c 18.5 ± 1.3 b 65.0 ± 5.3 d 20.1 ± 1.3 cd -
HA_US_21_300 44.4 ± 6.7 ab 4.8 ± 1.6 bc 18.1 ± 1.3 b 59.2 ± 7.5 d 18.5 ± 1.7 cd 3.9 ± 0.2 a
HA_US_21_180 43.3 ± 5.9 a 5.3 ± 1.8 bc 15.1 ± 1.1 b 51.2 ± 2.1 cd 17.0 ± 0.3 cd 6.2 ± 1.0 ab
HA_US_40_180 48.2 ± 6.3 ab 3.1 ± 1.6 b 17.4 ± 1.2 b 48.5 ± 0.7 bcd 16.3 ± 0.2 bc 5.1 ± 0.3 a
HA_cUS_25_250 43.3 ± 5.3 a 4.8 ± 2.2 bc 18.0 ± 0.5 b 60.8 ± 3.5 d 19.0 ± 1.0 cd 4.8 ± 2.0 a

FD 81.0 ± 7.1 d 2.9 ± 1.7 b 15.2 ± 4.2 b 23.7 ± 10.3 a 31.2 ± 5.6 e -
FD_US_21_300 82.1 ± 3.1 d 1.9 ± 0.9 b 18.2 ± 2.1 b 26.2 ± 3.6 a 33.8 ± 0.0 e 7.6 ± 2.3 ab
FD_US_21_180 84.5 ± 3.7 d 2.0 ± 1.2 b 16.9 ± 0.3 b 23.5 ± 0.2 a 35.4 ± 0.4 e 5.2 ± 0.1 a
FD_US_40_180 79.3 ± 7.9 d 3.5 ± 2.6 b 17.4 ± 2.0 b 28.0 ± 8.1 ab 31.5 ± 4.4 e 9.6 ± 6.8 ab
FD_cUS_25_250 71.6 ± 6.7 cd 4.1 ± 2.0 bc 19.1 ± 1.2 b 34.6 ± 0.8 abc 26.1 ± 2.3 de 16.9 ± 2.0 b

BI—Browning Index; ∆ERAW—total color difference compared to raw chicken breast meat; ∆EHA/FD—total color
difference compared to non-treated chicken breast meat dried with hot-air or freeze-drying method; Different
lowercase letters (a–d) within the same column indicate significant differences between mean values ± standard
deviation (p ≤ 0.05).

There were no significant differences (p > 0.05) in the values of the L* (lightness), a*
(redness), and b* (yellowness) color parameters alone between all undried meat samples.
The lightness of all the samples, in a range of 53.1–59.1 (Table 6), was typical for fresh
chicken breast muscles [7,9]. In turn, the total color difference (∆ERAW), ranging from
3.1 to 7.2, showed a quite significant color change in the US pre-treated chicken breasts
compared to the untreated one. When ∆E exceeds the level of 5, the observer can have
an impression of two different colors [78,79]. For example, [36] categorized the total color
change in US-treated raw chicken meat as detectable by the human eye at the level of
∆E > 5.5. Intriguingly, the slightest color change (∆ERAW~3.0) was caused by immersive US
treatment at a power of 300 W (Table 6). This is consistent with the findings of [80], who
studied the color changes in carp muscles during immersive US-assisted thawing.

As shown in Table 5, the dried samples exhibited an increase in both a* and b* color
coordinates, compared to raw meat, irrespective of US treatment and drying method. In
turn, the lightness (L*) of the meat samples notably increased during FD and slightly
decreased as a result of HA drying (p ≤ 0.05). The variation in color coordinates values
has been reflected in the total color difference ∆ERAW, which varied from 17.0 to 35.4,
indicating the perception of two different colors of chicken breast meat. It was concluded
that these color changes mainly depended on the drying process and only slightly on the
US pre-treatment. It was suggested that the heat generated during ultrasonic processing is
insufficient to denature proteins and pigments in meat and, consequently, does not affect
its color [81,82]. However, attention was also drawn to the fact that despite a specific total
color change in the raw meat caused by ultrasounds, these differences are unnoticeable
after thermal treatment [83,84].
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When comparing the dried meat, FD samples differed significantly from HA-dried
samples in terms of lightness (p ≤ 0.05), showing an approximately 2-fold higher value of
the L* color parameter. In turn, the HA-dried meat was characterized by a more significant
redness (a*) than FD meat (Table 5). As reported by [22], these are the characteristic
features differentiating the color of air-dried and freeze-dried meat and meat products.
The lighter surface of FD chicken breast meat can be explained by structural changes in
myofibrillar and connective tissue proteins caused by their denaturation, leading to optical
masking of heme proteins and higher light scattering intensity of the surface. Due to
low drying temperature, this phenomenon cannot be explained by the denaturation of
heme proteins [5,85] but can be connected with transformations of myoglobin [86]. On the
other hand, the increase in redness and darkening of chicken breasts during hot-air drying
(Table 5) indicated browning reactions [87] due to high drying temperatures and contact
with oxygen-rich air [8], accelerating oxidative reactions, metmyoglobin formation [88],
and Maillard reactions [89]. These changes have been visualized numerically using the
Browning Index (BI), calculated from the L*, a*, and b* color coordinates. As a result of the
statistical analysis, HA-dried chicken breasts showed approximately twice the BI value
than FD samples. At the same time, ultrasonic pre-treatment did not have any significant
effect on the degree of browning of chicken breast samples during drying (p > 0.05) (Table 6).
However, it was noticed that FD meat pre-treated with contact US treatment at 25 kHz and
250 W was similar to HA-dried meat in BI values. In addition, using this method caused
the greatest total change in the color of FD meat (∆EFD). Presumably, it could be caused by
the method of applying ultrasounds that triggered an increase in the sample temperature,
which resulted in the adhesion of the meat to the sonotrode sieve. Similar observations were
made by [70] when examining the impact of contact ultrasound treatment on apple tissue.

3.6. Multivariate Statistical Analysis

Principal Component Analysis led to the extraction of the two first principal com-
ponents (PCs), factors 1 and 2, which had eigenvalues higher than 1.0 and accounted for
78.85% and 9.48% of the variance, respectively. This means that 88.33% of the total variance
for the quality of dried meat in the 13 variables considered can be condensed into two new
variables, e.g., PCs. Figure 6a shows that all of the variables had similar proportions in PC1
except for the b* color parameter. HA-dried and FD samples were localized on the positive
and negative sides of the PC1 axis, respectively. HA-dried meat pre-treated with contact
US contributed most positively along PC1, whereas FD meat pre-treated with immersive
US contributed most negatively. The PCA loading plot also suggested the parameters that
most contributed to the quality of particular dried chicken breast meat samples. HA-dried
meat was positively influenced by drying time, color parameters a* and BI, water activity,
and water content. In turn, FD samples were negatively influenced by hygroscopic (H1,
H24) and rehydration properties (RR, SSL), lightness (L*), and total color difference (∆ERAW).
The position and angles of the quality parameters (variables) vectors, projected on the
plane of the two first principal components, indicate the direction and strengths of the rela-
tionships between the variables (Figure 6a). However, the matrix of correlation coefficients
and their significance level were examined to illustrate the correlations between variables
better, as presented in Table S1. All statistically significant correlations showed at least
moderate correlation strength (r ≥ 0.4). At the same time, no significant correlation of the
b* color coordinate (yellowness) with other quality parameters of dried meat was observed
(p > 0.05). In turn, the longer the meat is drying, the higher the final water content and
water activity of the dried meat (positive correlation), the lower the rehydration capacity,
and the worse the hygroscopicity (negative correlation). As previously mentioned, these
are characteristics typical of HA-dried meat—Figure 6a. Moreover, the browning index
was strongly negatively correlated with the total color difference compared to raw meat
(∆ERAW), which proves the dominant influence of surface browning on the total change in
meat color.
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Figure 6. (a) Projection of the quality parameters (variables) and the sample types (cases) on the plane
of two first principal components and (b) a tree diagram derived from Hierarchical Cluster Anal-
ysis. For the denomination of the samples, see Table 2. DT0.2—drying time to MR = 0.2 (min),
DT0.04—drying time to MR = 0.04 (min), Wc%—water content (%), aw—water activity (–),
L*—lightness (–), a*—redness (–), b*—yellowness (–), BI—browning index (–), RR—rehydration
rate (–), SSL—soluble solid loss (–), H1—hygroscopicity after 1 h (–), H24—hygroscopicity after 24 h
(–). The numbers (1–6) presented on graphs shows the separate groups of samples.

The results obtained in PCA were reflected in the results of HCA, in which the dried
meat variants were divided into six clusters (binding distance: y = 2.45), as shown in the
tree diagram in Figure 6b. The clusters were characterized in terms of mean values of the
analyzed qualitative parameters (13 variables). HA_US_21_180 (as cluster 1) exhibited
the lowest L* and b* color coordinates as well as total color difference compared to raw
meat (∆ERAW). FD (as cluster 2) showed the lowest browning index, while FD_cUS_25_250
(as cluster 3) had the shortest drying time, the lowest final water content, and the great-
est hygroscopicity within 1 h. However, HA and HA_US_21_300 samples (as cluster 4)
exhibited the longest drying time until MR = 0.04 and the highest browning index. The
other FD meat (FD_US_21_300, FD_US_21_180, and FD_US_40_180) as a cluster 5 were
the lightest (L*) and the most different from raw meat in terms of total color change and
simultaneously had the highest rehydration rate and soluble solids loss. Cluster 6 in-
volved HA_US_40_180 and HA_cUS_25_250 samples with the longest drying time until
MR = 0.2, the highest final water content, and the lowest rehydration rates and hygroscop-
icity within 1 h. Based on the coefficients of variation (Vc), the degree of differentiation of
dried meat samples in the cluster concerning a given quality parameter was determined
(Table S2). For example, cluster 5 (FD meat pre-treated with immersive US method) and
cluster 6 (HA-dried meat pre-treated by US contact method at 25 kHz or US immersion at
40 kHz) were heterogeneous in terms of water content (Vc > 20%) and a* color parameter
(Vc > 30%). Nevertheless, in most cases, Vc did not exceed 20%, which indicates a high
degree of homogeneity of the clusters identified in this multivariate statistical analysis.

4. Conclusions

This study investigated the impact of ultrasound treatment on the drying processes of
poultry meat using hot air (HA) and freeze-drying (FD), as well as the quality attributes of
the resulting dried meat. The findings revealed that the US treatment had varying effects
depending on the drying method. Contact US treatment prolonged the drying time in
HA-drying (from about 608 min to about 930 min) due to structural changes in the meat,



Foods 2024, 13, 2850 16 of 20

especially significant shrinkage. Applying the US pre-treatment enhanced FD’s water
removal efficiency, reducing drying time by about 30% compared to untreated FD meat. In
microscopic observations (SEM), the microchannels formed by the US treatment were more
prominent in the FD samples. Additionally, differences in water content, water activity, and
color were observed between HA and FD samples, emphasizing the influence of drying
methods on product attributes. FD meat exhibited significantly lower final water content
(<5.1%) and water activity (<0.14) than HA-dried products. Despite these differences, all the
dried meat products met the criteria for low-moisture food, irrespective of the pre-treatment
and drying method used. In turn, meat dried using the HA method was characterized by a
darker more brownish color compared to FD samples, primarily due to higher temperature
processing. In some cases, the ultrasonic treatment slightly affected the color variations
in dried meat. Using the contact US pre-treatment method increased the browning of the
FD-dried meat compared to the untreated sample. Moreover, rehydration properties and
hygroscopicity were minimally affected by US pre-treatment in HA drying, while some
changes were noted in FD due to differences in shrinkage and porosity. Applying the hot
air drying method led to significant muscle shrinkage, thereby limiting the rehydration of
the dried products. Chicken breast meat dried with the freeze-drying method showed a
rehydration ratio about twice as high as HA-dried samples. Interestingly, immersion in US
pre-treatment reduced the hygroscopicity of FD meat compared to the untreated sample.

Determining the optimal variant within these studies proves challenging due to the
distinct characteristics of the final products. Each tested dried poultry meat sample may
exhibit favorable performance in various applications based on specific objectives. The
findings underscore the importance of carefully selecting processing methods and parame-
ters to achieve the desired meat products, e.g., jerky snacks with HA-drying application
and ingredients to ready-to-eat meals with freeze-drying.

Furthermore, to better understand the properties of specifically processed poultry
meat, it would be beneficial to broaden the study to encompass texture, sensory, and
microbiological analyses, especially after rehydration. Furthermore, conducting storage
tests of the dried poultry meat under various climatic conditions and utilizing different
packaging systems would yield valuable insights into this scientific matter.
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Matrix of correlation coefficients (r) for the variables of hot-air (HA) dried and freeze-dried (FD)
chicken breast meat; and Table S2: Characteristics of groups (clusters) of dried meat samples as a
result of Hierarchical Cluster Analysis (HCA).

Author Contributions: Conceptualization, M.N. and D.W.-R.; methodology, M.N., A.M., K.R., and
D.W.-R.; software, K.R.; validation, M.N. and K.R.; formal analysis, I.S.; investigation, K.R. and M.N.;
resources, D.W.-R.; data curation, I.S., M.K., and A.M.; writing—original draft preparation, M.N., I.S.,
K.R., A.M., and M.K.; writing—review and editing, D.W.-R. and M.N.; visualization, M.N., I.S., A.M.,
and M.K.; supervision, M.N.; project administration, M.N.; funding acquisition, D.W.-R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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.

Acknowledgments: The authors thank Jakub Byczewski and Artur Wiktor for their help.

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

References
1. OECD/FAO. OECD-FAO Agricultural Outlook 2023–2032; OECD Public: Paris, France, 2023. [CrossRef]
2. Henchion, M.; Hayes, M.; Mullen, A.; Fenelon, M.; Tiwari, B. Future Protein Supply and Demand: Strategies and Factors

Influencing a Sustainable Equilibrium. Foods 2017, 6, 53. [CrossRef]

https://www.mdpi.com/article/10.3390/foods13172850/s1
https://www.mdpi.com/article/10.3390/foods13172850/s1
https://doi.org/10.1787/08801ab7-en
https://doi.org/10.3390/foods6070053


Foods 2024, 13, 2850 17 of 20

3. Tripathi, A.D.; Mishra, R.; Maurya, K.K.; Singh, R.B.; Wilson, D.W. Estimates for World Population and Global Food Availability
for Global Health. In The Role of Functional Food Security in Global Health; Elsevier: Amsterdam, The Netherlands, 2019; pp. 3–24,
ISBN 9780128131480.

4. Ismail, B.P.; Senaratne-Lenagala, L.; Stube, A.; Brackenridge, A. Protein demand: Review of plant and animal proteins used in
alternative protein product development and production. Anim. Front. 2020, 10, 53–63. [CrossRef]

5. Rabeler, F.; Feyissa, A.H. Kinetic Modeling of Texture and Color Changes During Thermal Treatment of Chicken Breast Meat.
Food Bioprocess Technol. 2018, 11, 1495–1504. [CrossRef]

6. Livingston, M.L. Poultry optimum post-harvest meat quality. In Encyclopedia of Meat Sciences; Elsevier: Amsterdam, The
Netherlands, 2024; pp. 28–36.

7. Kim, H.-J.; Kim, H.-J.; Jeon, J.; Nam, K.-C.; Shim, K.-S.; Jung, J.-H.; Kim, K.S.; Choi, Y.; Kim, S.-H.; Jang, A. Comparison of the
quality characteristics of chicken breast meat from conventional and animal welfare farms under refrigerated storage. Poult. Sci.
2020, 99, 1788–1796. [CrossRef]

8. Demiray, E.; Ergezer, H.; Özünlü, O.; Gökçe, R. Influence of hot-air drying on drying kinetics and some quality parameters of
sliced chicken breast meat. Res. Sq. 2022. [CrossRef]

9. Sabikun, N.; Bakhsh, A.; Ismail, I.; Hwang, Y.-H.; Rahman, M.S.; Joo, S.-T. Changes in physicochemical characteristics and
oxidative stability of pre- and post-rigor frozen chicken muscles during cold storage. J. Food Sci. Technol. 2019, 56, 4809–4816.
[CrossRef]

10. Banovic, M.; Arvola, A.; Pennanen, K.; Duta, D.E.; Brückner-Gühmann, M.; Lähteenmäki, L.; Grunert, K.G. Foods with increased
protein content: A qualitative study on European consumer preferences and perceptions. Appetite 2018, 125, 233–243. [CrossRef]

11. Barska, A. Millennial consumers in the convenience food market. Management 2018, 22, 251–264. [CrossRef]
12. Imtiyaz, H.; Soni, P.; Yukongdi, V. Understanding Consumer’s purchase intention and consumption of convenience food in an

emerging economy: Role of marketing and commercial determinants. J. Agric. Food Res. 2022, 10, 100399. [CrossRef]
13. Statsenko, E.S.; Nizkiy, S.E.; Litvinenko, O.V.; Kodirova, G.A. Development of technology for food concentrates of culinary sauces

of increased nutritional and biological value. AIMS Agric. Food 2020, 5, 137–149. [CrossRef]
14. Adeyeye, S.A.O.; Ashaolu, T.J.; Babu, A.S. Food Drying: A Review. Agric. Rev. 2022. [CrossRef]
15. Afolabi, I.S. Moisture Migration and Bulk Nutrients Interaction in a Drying Food Systems: A Review. Food Nutr. Sci. 2014, 5,

692–714. [CrossRef]
16. Huang, D.; Men, K.; Li, D.; Wen, T.; Gong, Z.; Sunden, B.; Wu, Z. Application of ultrasound technology in the drying of food

products. Ultrason. Sonochem. 2020, 63, 104950. [CrossRef]
17. Daley, K. Sustainable food practices: Reducing food waste through dehydration. Afr. J. Food Sci. Technol. 2023, 14, 1–2. [CrossRef]
18. Bampi, M.; Schmidt, F.C.; Laurindo, J.B. A fast drying method for the production of salted-and-dried meat. Food Sci. Technol. 2019,

39, 526–534. [CrossRef]
19. Llavata, B.; García-Pérez, J.V.; Simal, S.; Cárcel, J.A. Innovative pre-treatments to enhance food drying: A current review. Curr.

Opin. Food Sci. 2020, 35, 20–26. [CrossRef]
20. Taormina, P.J.; Sofos, J.N. Low-Water Activity Meat Products. In The Microbiological Safety of Low Water Activity Foods and Spices;

Springer: New York, NY, USA, 2014; pp. 127–164.
21. Ricce, C.; Rojas, M.L.; Miano, A.C.; Siche, R.; Augusto, P.E.D. Ultrasound pre-treatment enhances the carrot drying and

rehydration. Food Res. Int. 2016, 89, 701–708. [CrossRef]
22. Mediani, A.; Hamezah, H.S.; Jam, F.A.; Mahadi, N.F.; Chan, S.X.Y.; Rohani, E.R.; Che Lah, N.H.; Azlan, U.K.; Khairul Annuar,

N.A.; Azman, N.A.F.; et al. A comprehensive review of drying meat products and the associated effects and changes. Front. Nutr.
2022, 9, 1057366. [CrossRef]

23. Loskota, E.; Gramatina, I.; Kince, T. A review: Application of freeze-drying in meat processing. In Proceedings of the Research for
Rural Development 2023: Annual 29th International Scientific Conference Proceedings, Latvia, Jelgava, 12–14 April 2023; Volume
38, pp. 77–81.

24. Deng, L.-Z.; Mujumdar, A.S.; Zhang, Q.; Yang, X.-H.; Wang, J.; Zheng, Z.-A.; Gao, Z.-J.; Xiao, H.-W. Chemical and physical
pre-treatments of fruits and vegetables: Effects on drying characteristics and quality attributes—A comprehensive review. Crit.
Rev. Food Sci. Nutr. 2019, 59, 1408–1432. [CrossRef]

25. Gao, J.; Chen, L.; Zeng, X.; Sun, X.; Bai, Y.; Wang, X.; Xu, X.; Han, M. Novel drying pre-treatment technologies and their
applications in the food industry. Food Mater. Res. 2023, 3, 14. [CrossRef]

26. Jadhav, H.B.; Annapure, U.S.; Deshmukh, R.R. Non-thermal Technologies for Food Processing. Front. Nutr. 2021, 8, 657090.
[CrossRef]

27. Chakka, A.K.; Sriraksha, M.S.; Ravishankar, C.N. Sustainability of emerging green non-thermal technologies in the food industry
with food safety perspective: A review. LWT 2021, 151, 112140. [CrossRef]

28. Zhang, Z.; Wang, L.; Zeng, X.; Han, Z.; Brennan, C.S. Non-thermal technologies and its current and future application in the food
industry: A review. Int. J. Food Sci. Technol. 2019, 54, 1–13. [CrossRef]

29. Chacha, J.S.; Zhang, L.; Ofoedu, C.E.; Suleiman, R.A.; Dotto, J.M.; Roobab, U.; Agunbiade, A.O.; Duguma, H.T.; Mkojera, B.T.;
Hossaini, S.M.; et al. Revisiting Non-Thermal Food Processing and Preservation Methods—Action Mechanisms, Pros and Cons:
A Technological Update (2016–2021). Foods 2021, 10, 1430. [CrossRef]

https://doi.org/10.1093/af/vfaa040
https://doi.org/10.1007/s11947-018-2123-4
https://doi.org/10.1016/j.psj.2019.12.009
https://doi.org/10.21203/rs.3.rs-1596759/v1
https://doi.org/10.1007/s13197-019-03941-0
https://doi.org/10.1016/j.appet.2018.01.034
https://doi.org/10.2478/manment-2018-0018
https://doi.org/10.1016/j.jafr.2022.100399
https://doi.org/10.3934/agrfood.2020.1.137
https://doi.org/10.18805/ag.R-2537
https://doi.org/10.4236/fns.2014.58080
https://doi.org/10.1016/j.ultsonch.2019.104950
https://doi.org/10.14303//ajfst.2023.034
https://doi.org/10.1590/fst.24418
https://doi.org/10.1016/j.cofs.2019.12.001
https://doi.org/10.1016/j.foodres.2016.09.030
https://doi.org/10.3389/fnut.2022.1057366
https://doi.org/10.1080/10408398.2017.1409192
https://doi.org/10.48130/FMR-2023-0014
https://doi.org/10.3389/fnut.2021.657090
https://doi.org/10.1016/j.lwt.2021.112140
https://doi.org/10.1111/ijfs.13903
https://doi.org/10.3390/foods10061430


Foods 2024, 13, 2850 18 of 20

30. Barbhuiya, R.I.; Singha, P.; Singh, S.K. A comprehensive review on impact of non-thermal processing on the structural changes of
food components. Food Res. Int. 2021, 149, 110647. [CrossRef]

31. Neoκleous, I.; Tarapata, J.; Papademas, P. Non-thermal Processing Technologies for Dairy Products: Their Effect on Safety and
Quality Characteristics. Front. Sustain. Food Syst. 2022, 6, 856199. [CrossRef]

32. Astráin-Redín, L.; Alejandre, M.; Raso, J.; Cebrián, G.; Álvarez, I. Direct Contact Ultrasound in Food Processing: Impact on Food
Quality. Front. Nutr. 2021, 8, 633070. [CrossRef]

33. Xu, B.; Sylvain Tiliwa, E.; Yan, W.; Roknul Azam, S.M.; Wei, B.; Zhou, C.; Ma, H.; Bhandari, B. Recent development in high quality
drying of fruits and vegetables assisted by ultrasound: A review. Food Res. Int. 2022, 152, 110744. [CrossRef]

34. Pandiselvam, R.; Aydar, A.Y.; Kutlu, N.; Aslam, R.; Sahni, P.; Mitharwal, S.; Gavahian, M.; Kumar, M.; Raposo, A.; Yoo, S.; et al.
Individual and interactive effect of ultrasound pre-treatment on drying kinetics and biochemical qualities of food: A critical
review. Ultrason. Sonochem. 2023, 92, 106261. [CrossRef]

35. Fernandes, F.A.N.; Rodrigues, S. Ultrasound applications in drying of fruits from a sustainable development goals perspective.
Ultrason. Sonochem. 2023, 96, 106430. [CrossRef]

36. Royintarat, T.; Choi, E.H.; Boonyawan, D.; Seesuriyachan, P.; Wattanutchariya, W. Chemical-free and synergistic interaction of
ultrasound combined with plasma-activated water (PAW) to enhance microbial inactivation in chicken meat and skin. Sci. Rep.
2020, 10, 1559. [CrossRef]

37. Al-Hilphy, A.R.; Al-Temimi, A.B.; Al Rubaiy, H.H.M.; Anand, U.; Delgado-Pando, G.; Lakhssassi, N. Ultrasound applications in
poultry meat processing: A systematic review. J. Food Sci. 2020, 85, 1386–1396. [CrossRef]

38. Soltani Firouz, M.; Sardari, H.; Alikhani Chamgordani, P.; Behjati, M. Power ultrasound in the meat industry (freezing, cooking
and fermentation): Mechanisms, advances and challenges. Ultrason. Sonochem. 2022, 86, 106027. [CrossRef]

39. Alarcon-Rojo, A.D.; Janacua, H.; Rodriguez, J.C.; Paniwnyk, L.; Mason, T.J. Power ultrasound in meat processing. Meat Sci. 2015,
107, 86–93. [CrossRef]

40. 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. [CrossRef]
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