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Abstract: Meat tenderness is one of the key factors determining consumer satisfaction and food
quality. Freeze drying is a critical aspect of food preservation. Foods produced this way can be
stored for an exceedingly long time, but they are characterized by being very hard in texture and
requiring rehydration before use. This study presents an investigation focusing on finding preparation
parameters of freeze-dried meat that would enable rehydration when left in an environment below
50 °C for 10 min, qualities that are ideal for hikers or soldiers. The meat samples were cooked at both
100 °C and 120 °C, cooled, and freeze-dried. Optical analysis, conducted using a microscope, was
conducted to assess tissue damage. A compact and uniform structure was observed in the samples
cooked at 120 °C, whereas fractures and gaps were detected on the surfaces of those cooked at
100 °C. Various rehydration durations and temperatures were explored to attain the samples’ original
tenderness, as measured using the Warner—Bratzler method, and identify the optimal rehydration
conditions. Based on this investigation, it was determined that with proper preparation, the original
tenderness can be restored at temperatures below 50 °C within a 10 min rehydration period. It was
determined that the recommended rehydration temperature is 40 °C for a 10 min duration.

Keywords: freeze-dried; rehydration; tenderness; shear force; Warner—Bratzler; pork loin

1. Introduction

Meat tenderness is one of the key factors influencing consumer satisfaction and deter-
mining food quality [1-3], and it depends on meat texture. Karwacka points out that the
texture of food is an important factor influencing its attractiveness to consumers [4]. There
are different methods for evaluating meat texture, such as physical methods, chemical meth-
ods, enzymatic digestion, histological methods, and sensory methods [5]. Spectroscopy
and imaging methods are also suitable [6]. Instrumental methods involve mechanical tests
that measure the resistance of meat to a force applied to it and techniques that provide
objective information on various structural parameters. Common methods for assessing
meat tenderness include shearing, e.g., with Kramer Shear Cell and Warner—Bratzler shear
blades. Other tests include tensile tests using dual grips or compression tests using a Texture
Profile Analysis (TPA) test, which is a two-bite test. These tests measure meat tenderness
as the force or energy required to cut (penetrate), tear, or compress (deform) the meat.
Samples must be large enough and well defined. A TPA test simulates biting using one’s
mouth. It consists of a two-cycle crush test. The sample should have a smooth, flat surface
with a diameter smaller than the flat-faced cylindrical probe employed. This test provides
textural parameters such as tenderness (hardness), adhesion, springiness, cohesiveness,
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chewiness, and gumminess. Tenderness can be measured in an objective way with instru-
ments or sensorily using a consumer panel [7]. Tenderness can be measured using the
single-blade shear test of the Warner—Bratzler Shear Force (WBSF). This is the most widely
used method worldwide [8]. The WBSF protocol measures the amount of force required
to shear entire muscle fibers. The WBSF measurement is an excellent objective method
for determining and measuring tenderness [9]. This procedure is suitable for measuring
the relationship between the inherent cooking rate and the Warner—Bratzler shear force
with respect to cooked pork chops [10]; thus, it is considered suitable for the acquisition
of research measurements between rehydration time and WBSF. Tenderness is a variable
that depends on many factors, such as the cooking method employed, sample prepara-
tion, the shear apparatus used, the measurement procedure employed, and plate type.
The Warner-Bratzler blade is a mechanical device that measures maximum shear force with
an approximately 1 mm thick “V”-shaped blade. The measured force is then correlated
with meat tenderness [11]. This method is suitable for comparing samples with different
temperatures and rehydration times but of the same size. The WBSF method has been
shown to yield highly repeatable results when the corresponding measurement protocols
are followed accurately [12—14]. There are many different factors that affect cooked meat
tenderness and WBSF measurements. The most important factors are the cooking method
employed [15,16], the position of the core [17,18], and the orientation of the muscle fibers,
whose assurance, as well as that of the rehydration time and temperature in the case of
freeze-dried meat [19], constitutes an excellent method of food preservation. Freeze drying
has many beneficial properties, such as endowing a long shelf life via removing moisture
and inhibiting the growth of bacteria, yeast, and mold, allowing food to remain edible
for longer periods of time, often years or even decades. FD is the most important drying
technique in the food industry and has led to rapid development in the 21st century [20].
It preserves the nutritional value of food better than many other preservation methods.
It retains the original flavor, color, and most vitamins and minerals, making it a health-
ier option. It is highly advantageous for weight loss because it removes moisture from
products, making it ideal for cost-effective transportation. The sublimation of water results
in the creation of a highly porous structure, thus allowing immediate rehydration [21,22].
Freeze drying is a unit operation primarily focusing on the removal of solvents from a
liquid formulation. During this process, the formulation is first frozen, and then the frozen
solvent is removed via sublimation under reduced pressure. This is followed by a desorp-
tion phase in which the remaining unfrozen solvent is removed. As a result, a complete
lyophilization process includes two equally important phases: (1) freezing, during which a
substantial portion of the solvent, approximately up to 95% [23], is converted into a frozen
solid, and (2) drying, during which almost all of the solvent (both frozen and unfrozen)
is extracted from the formulation. The drying process can be further divided into two
steps depending on the mechanism involved: sublimation (primary drying) and desorp-
tion (secondary drying). There are three stages in the freeze-drying process: sublimation,
primary drying, and secondary drying. The balance between heat input and process speed
is important. If the heat applied in the process is not high enough, sublimation will be
slow. If it is too high, heat will accumulate, resulting in an undesirable increase in product
temperature [24]. The rehydrated, ready-to-eat food is expected to regain the properties
of the original product. Both thermally processed and freeze-dried foods exhibit changes
in quality. Food quality can be characterized by three main factors. These are nutritional,
physical, and chemical properties [25]. In general, the drying process can affect color,
odor, rehydration properties, flow properties, water activity, and the retention of nutri-
ents and volatile compounds [26]. During FD, the most significant damage is caused by
oxidation. Polyphenol oxidase, which is present in plant raw materials, is susceptible to en-
zymatic degradation due to its activity [27]. The carotenes present are also polyunsaturated
compounds with a strong tendency toward oxidation, which is considered autocatalytic.
This process can be controlled by the use of antioxidants [28]. During various palatability
tests of freeze-dried foods, participants have generally described their oral impressions of
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meat-based rehydrated foods as “chewy”, “fibrous”, and “stringy”, indicating inadequate
texture characteristics. They have also used terms such as “watery or mushy” and “dry, but
oozing juice”, indicating inadequate rehydration characteristics. [29]. Textural changes are
caused by the following events in the actomyosin complex: the denaturation of proteins;
the aggregation or cross-linking of proteins followed by aggregation; and the interaction of
the native or denatured proteins with carbohydrates or fats [30]. Elif Aykin and Mustafa
Erbas investigated the quality characteristics and rehydration behavior of freeze-dried and
dehydrated bovine muscle. They reported measuring 31.19 4= 0.87 and 31.36 =& 0.65 of shear
force in approximately 1 cm cubes using a Warner—Bratzler blade [31]. FD food is suitable
for long-life, ready-to-eat applications such as hiking food or military rations (Meals Ready
to Eat, MRE) due to its light weight, very low moisture content, and fast-food-amenable
character. An important quality feature in this regard is the texture of a product, particu-
larly how effectively tenderness can be restored after rehydration. This aspect can also be
perceived by customers [32]. However, it is important to mention that FD has the largest
estimated carbon footprint of all drying technologies and processes [4], but according to a
very recent study, it is a suitable method for reducing the amount of food waste because,
according to data from the Food and Agriculture Organization of the United Nations (FAO),
as much as 1/3 of the food produced annually worldwide is lost or wasted [33].

The aim of this study was to optimize the preparation and rehydration conditions of
the raw material for rehydration at low temperatures in the shortest time. According to
our hypothesis, with the right raw materials and proper preparation, rehydration with hot
water can be avoided, which means that an increase in usability can be achieved while
saving energy and time.

2. Materials and Methods
2.1. Preparing Samples

The samples were obtained from chilled and vacuum-packed pork loin (longissimus
thoracis), and the sample acquisition procedure was repeated three times. The meat was pur-
chased commercially in Hungary. The pork loin was sourced from Spain (ES-10.3950/L CE)
and Hungary (HU 1360 EK; HU 510 EK). Meat from various sources was used to ensure that
our results were not only true for a single source but were also generally valid and applica-
ble, despite the differences arising from geographical variability. For each sample, 8 days
had passed since slaughter, after which the samples were stored at 0—4 °C in vacuum packs.
The weight of the pork loins was between 2.9 and 3.2 kg. After opening the vacuum packs,
the pieces of pork loin were chopped cross-sectionally using a stainless-steel knife into 5 cm
wide slices and cooked in tap water in a pressure cooker (BONQUET 7L). The cooking
water in each case did not contain added salt or any other added material. The control
samples were made in a pot at atmospheric pressure and in a cooker. An induction plate
(ZANUSSI ZEI6640XBA, Europe Group Companies, Electrolux Home Products, France)
was used for heating throughout the procedure. The temperature of the tap water was 20 °C.
For atmospheric cooking, the heating time was 15 min (to reach the boiling point), and the
cooking time was 145 min from the boiling point in each case. For the cooker method, the
heating phase was 25 min, and the boiling phase was always 60 min. The temperature at
which the samples were considered cooked was 120 °C. After cooking, the samples were
cooled for an hour in the water in which they were cooked. Subsequently, the samples were
stored in a Whirlpool refrigerator (model: ART 9811/A ++SF, manufactured by Whirlpool
Corporation, Pero, Italy) at a temperature of 5 °C for 24 h to ensure complete coverage.
After storage, the desired samples were formed. First, they were cut into 1.27 cm (0.5 inches)
wide slices from the cooked loin in a direction parallel to the muscle fibers. The slices
were further cut into 1.27 cm (0.5 inch) wide and 4 cm long rectangular prisms. To cut the
samples to size, a self-made cutting board was used. Cuts were made using a stainless-steel
knife. Sample size was uniformly 1.27 x 1.27 x 4 cm, and the cutting surfaces of the cubes
were shaped so that the meat fibers were perpendicular to the surface of the meat cube, as
recommended by the American Meat Science Association [7]. The samples were stored
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in a refrigerator (WHIRLPOOL ART 9811/A ++SF, Whirlpool Corporation, Pero, Italy)
at 5 °C for 12 h. The samples were transported to laboratory facilities over 3 h in cooler
bags at 5 °C. Temperature was checked using a cooler thermometer. Dry paper towels
were used to remove residual moisture. The samples were placed in a plastic tray and
prepared using the institute-owned freeze-drier developed by the University of Debrecen.
The temperature of the samples at the beginning of the treatment was +4 °C. The pressure in
the vacuum chamber was 0.01 Atm, and the condensing chamber temperature was —40 °C.
The chamber trays were heated. The temperature of the samples was measured during
treatment using a built-in core thermometer. The end point of the procedure was until
42 °C reached, but a minimum of 24 h of treatment was ensured. These parameters were
sufficient for removing all moisture and performing the post-drying operation [25]. At the
end of the procedure, the products were immediately vacuum-packed at —1 bar pressure
into plastic bags using a vacuum-packing machine (MAXIMA MVAC 300, Maxima Holland
Spangenberg International B.V., Mijdrecht, Utrecht, The Netherlands). Control samples
were prepared to compare the results with the original condition without freeze-drying and
to assess the extent to which the original condition could be restored via the parameters and
sample preparation method used. The control samples were prepared from the same meat
material at the same time as the test samples. The cooking temperatures differed. In the
case of C1, the cooking temperature was 100 °C, modeling the normal environment, and in
the case of C2, the cooking temperature was 120 °C, modeling industrial conditions. The
temperature of C1 and C2 samples was set at 80 °C, modeling freshly prepared and served
food. The C3 samples were heated separately with warm water for measurements (50 °C;
40 °C) and evaluated separately. The C3 40 °C control sample was used for measurements
at 30 °C. The samples were stored in a refrigerator until the start of the measurements and
then heated to the measurement temperature in warm water.

2.2. Surface Analysis

A surface analysis was carried out with a microscope to determine how the different
methods of sample preparation affected the structure of the meat to determine if possible
muscle fiber fractures or injuries occurred. Photographs were immediately taken in a
dry state following FD treatment. Microscopic examinations were performed using a
20x-1280x microscope (BRESSER BIOLUX NV, Bresser GmbH, Rhede, Germany) with
40x magnification and an HD USB camera connection (BESSER, Bresser GmbH, Rhede,
Germany). CamLabLite_2.1.20016 software (BESSER, Bresser GmbH, Rhede, Germany)
was utilized for capturing photos.

2.3. Texture Analysis

Shear force was determined on each sample of loin after rehydration as follows. Af-
ter two hours, the freeze-dried meat cubes were removed from the vacuum packaging
and rehydrated in a water bath at different temperatures. The rehydration water tem-
peratures were 30 °C, 40 °C, and 50 °C, and the rehydration times were 2; 4; 6; 8; and
10 £ 0.5 min. The designation of rehydration times was determined according to the re-
quirements of the United States Defense Logistics Agency, The Nation’s Combat Logistics
Support Agency. It stipulates that the preparation time of dehydrated foods for soldiers is
from 5 to 12 min [34]. Tap water was employed for conducting rehydration tests. Randomly
selected samples were removed from the water, and their shear force was promptly mea-
sured. This process was repeated 5 to 8 times. Meat tenderness was measured as maximum
shear force. The prepared samples were examined using Warner-Bratzler Blade shear force
attachment (V-notch blade 60°) at a 2.0 mm/s blade speed that was connected to a TAXT
Plus texture analyzer (Stable Micro Systems Ltd., Godalming, UK).
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2.4. Statistical Analysis

The relationship between rehydrating time and tenderness at different rehydrating
water temperatures was determined for each sample using linear modelling in the RStudio
software environment [35]. The model is outlined below:

Model 1. Tenderness = rehydrating water temperature + rehydrating temperature

Degradation: origin of sample, date of purchase
y=mx+c

The results were converted from g to N with 0.00980665. To evaluate data, statistical
analysis was performed using descriptive statistical methods, i.e., two-sample t-tests. Also,
regression calculations were performed. Statistical analysis of data was performed using
RStudio, R version 4.0.4 (15 February 2021).

3. Results
3.1. Surface Analysis
After freeze drying, optical analysis was carried out using a microscope.
Microscopic photos of the cooked meat at 100 °C are presented in Figure 1A,B, and
microscopic photos of the cooked meat at 120 °C are presented in Figure 1C,D.

Figure 1. (A,B) Microscopic photos at 40 x magnification of meat cooked at 100 °C and (C,D) meat
cooked at 120 °C.

Based on the microscopic images, it can be stated that the samples cooked in the oven
have a more compact and uniform structure. The muscle fibers were located close to each
other, and no fragmentation or damage could be observed on their surfaces. In the case of
the pork cooked at normal atmospheric pressure, the structure was not as orderly as it had
been. Fractures and gaps can be observed on the surfaces of the samples. The directions of
the fibers in relation to each other are different and deviate.

3.2. Texture Analysis

The data regarding the maximal shear force of the samples and the effects of cooking
parameters, rehydration time, and temperature are shown in Table 1. The value-magnitude
of the coefficient of variations is the same as the value reported in other WBSF measure-
ments, so it can be considered acceptable [36-38].
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Table 1. Descriptive statistical analysis of maximal shear force (n = 162).
Cooked Rehydration Water  Rehydration Time Maximum Shear Force Maximum Shear Force Maximum Shear Force
Temperature (°C) Temperature (°C) (min) Mean + SD (N) Coefficient of Variation (N) Standard Error (N)

100 80 Control 49.8 +14.1 28.4 3.65
120 80 Control 513 +11.4 22.2 2.55
120 50 Control 77.8 +14.8 19.0 4.68
120 40 Control 89.6 +18.2 20.3 8.15
120 50 2 85.4 +29.6 34.6 10.45
120 50 4 66.6 + 18.1 27.1 6.4

120 50 6 73.0 £19.2 26.3 6.8

120 50 8 62.5 +15.0 24.0 5.31
120 50 10 72.7 £14.1 19.4 4.98
120 40 2 71.7 £25.1 35.0 8.87
120 40 4 85.7 +18.8 22.0 6.66
120 40 6 74.7 £13.2 17.6 4.66
120 40 8 60.3 +13.7 22.8 4.86
120 40 10 54.5 4+ 14.5 26.6 5.13
120 30 2 834 +18.2 21.8 7.42
120 30 4 779 £19.2 24.7 7.26
120 30 6 66.4 + 33.1 499 12.51
120 30 8 823 +25.4 30.9 9.60
120 30 10 74.7 £19.3 259 8.64

Our measurement results are summarized in the figures below. The results of the tests
carried out at 50 °C and the regression plot between rehydration time and shear force are
shown in Figure 2.
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Figure 2. (A) Maximum shear force and (B) regression line of the average shear force at 50 °C
(C1 = control (100 °C); C2 = control (120 °C); C3 = control (50 °C), the red line is the regression
line, the white dots are the amounts of the measurement results)When rehydrating at 50 °C, the
average size of the data series was greater than that of the control samples heated to 80 °C. However,
no significant variation was observed for the control samples when reheated to 50 °C. Notably,
when conducting two-minute measurements, a substantial coefficient of variation was observed
(34.6); however, this value decreased as the rehydration time increased. Regarding the regression
values, the multiple R-squared regression value was 0.0385 (p-value: 0.804). It was not possible to
detect a linear relationship between the variables.

The results of tests carried out at 40 °C and the regression plot between rehydration
time and shear force are shown in Figure 3.

Due to the high number of coefficients of variation, further statistical calculations were
performed in order to examine this regression between rehydration time and maximum
shear force. During the data analysis, only the results of measurements taken at 40 °C were
considered and analyzed. Measurements made at 30 °C and 50 °C were not analyzed.
For analysis, a two-sample t-test was performed (Table 2).

Based on the findings of the two-sample t-test (p = 0.05), it is obvious that the results
for 4-6, 6-8, and 8-10 min do not show a significant difference, yet there was a significant
difference between the results of the 4 and 10 min measurements, despite the large standard
deviation. As a result, the decision was made to conduct regression analysis. During the
regression study, the average of the results for the time units (4, 6, 8, and 10) was calculated.
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Figure 3. (A) Maximum shear force and (B) regression line of the average shear force at 40 °C
(C1 = control (100 °C); C2 = control (120 °C); C3 = control (40 °C), the red line is the regression line,
the white dots are the amounts of the measurement results).

Table 2. Results of two-sample ¢-tests.

p Values of Difference between Rehydrating Times

Rehydrating Time (min) 4 6 8 10
4 - 0.06247 0.079516 0.006072 *
6 - 0.734841 0.209545
8 - 0.509765

* Significant difference (p < 0.05).

The best results were achieved when rehydrating at 40 °C. Regarding the force required
for shearing, smaller values were measured compared to the control samples measured at
40 °C. During rehydration at this temperature, the shear force values of the control samples
prepared at 80 °C were achieved in 10 min. A gradually decreasing trend can be observed
in the case of measurements starting at 4 min (Figure 3). Regression analysis was performed
using the average results of the measurements for 4-10 min. It was determined that the
level of regression was very high, the multiple R-squared was 0.976, and the adjusted
R-squared was 0.964 at 40 °C (p-value: 0.0121), indicating the strong time dependency of
structural changes.

Equation of Straight line (mean) y = —5.406x + 106.65

Considering the high variance in the results, the median of the samples was calculated,
as shown below:

Equation of Straight line (median) line y = —3.5411x + 91.638; R? = 0.8558

A linear relationship was detected between the variables.

Furthermore, during the rehydration process conducted at 40 °C, the same tenderness
as the C1, C2, and C3 control samples was achieved.

Figure 4 presents the results of the tests carried out at 30 °C and the regression plot
between rehydration time and shear force.

120
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Figure 4. (A) Maximum shear force and (B) regression line of the average shear force at 50 °C
(C1 = control (100 °C); C2 = control (120 °C); C3 = control (50 °C) the red line is the regression line,
the white dots are the amounts of the measurement results).

During the tests performed at a rewetting temperature of 30 °C, it was not possible
to reach the values measured in the case of the control samples at 80 °C. In this case, the
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largest deviation values and the largest outliers were observed. The regression analysis
conducted at this stage showed the weakest regression. The multiple R-squared value
was 0.0141 (p-value: 0.882). It was not possible to detect a linear relationship between
the variables.

The averages of the WBSF measurement results are shown in Figure 5.
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Figure 5. Surface diagram of the averages of the measurements, where x = time (min), y = rehydration
water temperature (°C), and z = WBSF (N).

4. Discussion

There are relatively few studies on the rehydration of frozen meat and meat products
conducted either at low temperatures with long rehydration times [39—-41] or at very
high temperatures [42], and the rehydration recommendations for commercially available
products are similar. Alina Surmacka Szczesniak conducted excellent comparative studies
on beef chops at 26 °C and 82 °C under different rehydration conditions [43], but her tests
did not include intermediate temperature values. The uniform structure seen in our surface
analysis images is identical to the uniform structure presented in the microscopic images
from her research. Our measurement result at 30 °C was also confirmed by the results of
the tests at 26 °C, according to which there is no significant difference and no correlation
during rehydration at low temperature, but it is important to highlight the differences in
the origin of the meat. If the stock remains tough, proper rehydration will not happen
over time. Our results are in line with those reported by the food scientist Alina Surmacka
Szcze$niak and offer the opportunity to fully map rehydration.

Marabi et al. evaluated rehydration results using the Weibull distribution model
and concluded that capillarity controls mass transfer for products with high porosity
(i.e., freeze-dried ones), whereas for products with low porosity (those that are air-dried),
diffusion predominates. In our view, the glass transition should be taken into account when
establishing rehydration conditions [44]. The glass transition is a well-known change in the
state of amorphous materials. It is a reversible transformation of the solid- and liquid-like
states of supercooled liquids. The glass transition occurs within a temperature range present
during the cooling of a material resembling a liquid, resulting in its solidification into a
glassy substance (vitrification) [45]. According to Khalloufi et al.’s study;, if the temperature
of the process is higher than the glass-transition temperature of the material at its particular
moisture content, the risk of collapse (i.e., deformation, pore reduction, etc.) is greatly
increased [46]. Based on the foregoing discussion, a special balance should be established
through the capillaries so that the rehydrating fluid flows at the proper rate toward the
interior of the product to ensure that the capillaries are not blocked due to the saturation
of the outer layers. Taking these aspects into account, it can be estimated that raising the
water bath temperature above the glass-transition temperature of freeze-dried solids can
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induce a sudden structural collapse, resulting in reduced product porosity. This not only
results in lower water absorption at higher temperatures but also causes a decrease in the
rehydration rate and can shift the control of mass transfer from capillarity to diffusion.
Increasing the temperature at various levels above the glass transition temperature can
further induce varying degrees of collapse. Based on the results of tests carried out at 40 °C,
this temperature is below the glass-transition temperature of pork loin and is sufficient for
rehydration to occur evenly, and it provides a sufficient enthalpy of moisturizing fluid for
carrying out rehydration.

5. Conclusions

During our research, we found a very strong regression between the time required
for rehydration and the shear forces associated with units of time at 40 °C, for which the
multiple R-squared value was 0.976 (p-value: 0.0121), indicating optimal and balanced
conditions between the rehydration and the structure of frozen dried pork loin. By prepar-
ing the meat as described and using appropriate rehydration conditions, we were able
to obtain a tenderness of the control samples (C1; C2; C3) identical to the product’s
original consistency.

We have confirmed our hypothesis that with the right raw material and proper prepara-
tion, rehydration with hot or boiling water can be avoided within a short period. This means
that an increase in usability can be achieved while saving energy and time.
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