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Abstract. 
The objective of this study was to determine the quality of meat (Longissimus thoracis et lumborum) from 10 female roe deer (Capreolus capreolus L.), which was vacuum-packaged, frozen-stored (−26°C) for 6, 10, and 12 months, and compared with fresh, nonfrozen meat. Roe deer (aged 3 to 5 years) were hunter-harvested in north-eastern Poland in December and January during the same hunting season. Frozen storage did not affect the proximate chemical composition of meat (except for ash content). An analysis of the physicochemical properties of meat revealed that frozen-stored meat was characterized by a darker color, a higher hue angle, lower ability to bind its own and added water, and lower cooking loss compared with nonfrozen meat. The values noted for meat samples that were stored in the freezer for 12 months (increase in pH, considerable decrease in water-holding capacity, and first symptoms of flavor deterioration) indicate that frozen roe deer meat should be stored for no more than 10 to 12 months to maintain its high quality.



1. Introduction
There are a number of aspects regarding wild game meat that affects consumer attitudes, such as the following:(i)Consumers’ ethical and moral objections to hunting [1](ii)The specific flavor of game meat [2] and consumer concerns regarding its lower tenderness, which are not always justified [3](iii)A vanishing tradition of preparing and consuming venison, excluding hunters and their families(iv)High prices of game meat, relative to poultry meat and pork(v)Consumer health and safety concerns [4](vi)Limited availability of fresh game meat on the market since wild animals are hunted seasonally.
The popularity of game meat is expected to rise because there is a growing interest among consumers in alternative, original, and natural (organic) food products [5]. In order to ensure its continuous supply outside the hunting season, game meat is preserved by freezing. Freezing, frozen storage, and thawing induce undesirable changes in the yield and quality of meat products. However, if the above processes are carried out properly, the observed changes are minor and acceptable to producers, suppliers, and consumers.
The quality of frozen/thawed meat is affected by the amount of frozen and unfrozen water, freezing rate and the temperature and time of frozen storage. The proportion of unfrozen water influences the rate and extent of physical, chemical, and biochemical processes in meat. All the water contained in a food product freezes out at a temperature of −31°C to −85°C, whereas in practice, frozen food is usually stored at −18°C to −23°C [6]. The optimal temperature for frozen storage of meat is −55°C according to Zhou et al. [7] and −40°C according to Leygonie et al. [8]. The freezing rate of water present in meat is correlated with changes in muscle ultrastructure. If the freezing rate is too slow, large, irregularly shaped ice crystals are formed in extracellular spaces and inside muscle fibers [9]. The ice crystals cause damage to the cell membrane and organelles, leading to greater drip loss at thawing and enhanced enzymatic activity [10]. Temperature fluctuations during frozen storage also induce undesirable changes in meat quality due to the activation of recrystallization processes, causing enlargement of ice crystals [11].
Freezing is a preservation method which can considerably slow down but not completely inhibit the processes responsible for quality deterioration of meat during frozen storage. Thus, the recommended storage time for frozen meat should be determined based on the above technological factors as well as the specific properties of a given product and its susceptibility to undesirable changes during storage. Game meat is unique in its harvesting procedure and chemical composition (including a high content of heme-iron and unsaturated phospholipids) which promotes lipid peroxidation [12, 13]. The aim of this study was to determine the effect of 6-, 10-, and 12-month frozen storage on the quality of roe deer meat.
2. Materials and Methods
2.1. Sampling, Freezing, and Thawing
Roe deer (Capreolus capreolus L.) aged 3 to 5 years were hunter-harvested in north-eastern Poland, in December () and January () during the same hunting season. The animals were shot (ambush tactics, a heart shot), bled, and eviscerated in the field immediately after shooting. After bleeding and evisceration, the carcasses (including the skin and legs) were transported by hunters (within 2-3 h of harvest) to a cold store where they were stored at 2–4°C. Next, they were transported in a refrigerator truck to the meat processing plant where they were stored at 0–2°C. The carcasses were dressed within 48–54 h postmortem. During carcass dressing, right Longissimus thoracis et lumborum muscles (LTL) were cut out, packaged in polyethylene bags and transported to the laboratory in a box with ice. Carcasses with signs of bullet damage or evisceration damage to Longissimus muscles and carcasses contaminated with digesta owing to digestive tract damage caused by a bullet or incorrect evisceration were eliminated from the experiment.
Each muscle was divided into four parts of similar weight. Sample I were subjected to analyses immediately after collection. Samples II, III, and IV were vacuum-packaged in barrier bags made of ethylene-vinyl alcohol (EVOH) copolymer, with the use of the PP-5MG (015) vacuum packaging machine (TEPRO SA, Poland). The order in which the samples were allocated to groups I, II, III, and IV was changed for each muscle so as to eliminate the possibility of using only one segment of the muscle in the analyses within a group. Samples II, III, and IV were frozen (freezing rate >10 cm/h) and stored at −26°C for 6, 10, and 12 months in a freezer with electronic temperature control. The temperature was monitored once daily for five days a week (the temperature remained in the range of −25 to −26°C). Before analysis, frozen meat samples were thawed for 20 h at a temperature of 2°C.
2.2. Research Methods
During a chemical analysis [14], meat samples were assayed for the content of dry matter (by drying at 105°C to constant weight), total protein (Kjeldahl method; Kjeltec™ 2200 Auto Distillation Unit; FOSS Analytical, Hilleroed, Denmark), crude fat (Soxhlet method; diethyl ether as the solvent; Soxtec™ 2050 Auto Fat Extraction System, FOSS Analytical, Hilleroed, Denmark), and ash (by incineration at 550°C to constant weight).
Meat pH was measured in water homogenates (1 : 1 m/v ratio of meat to redistilled water) using the 340i pH meter equipped with the TFK 325 temperature sensor (WTW Wissenschaftlich-Technische Werkstätten, Weilheim, Germany) and the Polilyte Lab electrode (Hamilton Bonaduz AG, Bonaduz, Switzerland).
The parameters of meat color (: lightness, : redness, : yellowness, : chroma, and : hue angle) were determined by the CIELAB system [15]. The values of , , and  were measured with the HunterLab MiniScan XE Plus spectrocolorimeter (Hunter Associates Laboratory, Reston, Virginia, USA) with an illuminant D65, a 10° standard observer angle, and a 2.54 cm diameter aperture. The final result was the arithmetic mean of three measurements (made on the surface of muscle cross sections) of each sample. The values of  and  were calculated from the following formulas:  and .
The water-holding capacity of meat was evaluated based on thawing drip loss (the samples were weighed prior to freezing and after thawing at 2°C for 20 h; thawing loss was expressed as a percentage of initial weight prior to freezing), natural drip loss and cooking loss [16], forced drip loss by the Grau and Hamm method [17], and the ability to bind added water by the centrifugal method described by Daszkiewicz et al. [18].
The results of the thiobarbituric-acid-reactive substances (TBARS) assay [19] were used to determine the extent of lipid peroxidation. Absorbance was measured with the Specord® 40 spectrophotometer (Analytik Jena AG, Jena, Germany) at a wavelength of 532 nm.
Shear force was measured on meat samples prepared as described by Honikel [16], in a Warner–Bratzler head (500 N, speed 100 mm/min) attached to the Instron 5542 universal testing machine (Instron, Canton, Massachusetts, USA). The arithmetic means of measurements performed on five cylinder-shaped samples (1.27 cm in diameter; 2 cm in height) cut across the grain were used in a statistical analysis.
Prior to a sensory analysis, meat samples were cooked as described by Daszkiewicz et al. [18]. Meat was cooked in a 0.6% NaCl solution (meat to solution weight ratio of 1 : 2) at 96 ± 2°C. The ultimate temperature inside the sample was 80°C. The sensory properties of meat (odor, flavor, juiciness, and tenderness) were evaluated by five trained panelists with the use of a 5-point hedonic scale (5 points: most desirable; 1 point: least desirable). Samples (1 cm × 1 cm × 1 cm cubes cut out in the center of each cooked sample) were cooled to room temperature, encoded, and randomly presented to the panelists. All sensory attributes of the sample were assessed during a single session. The panelists could use redistilled water to clean their mouth between samples.
2.3. Statistical Analysis
The results obtained in the present study were analyzed statistically in the Statistica data analysis software system, version 12 [20], by one-way analysis of variance (ANOVA). The significance of differences between group means was determined by Tukey’s test at confidence levels of  and .
3. Results and Discussion
3.1. Thawing Loss
Meat samples stored for 10 months were characterized by the greatest thawing loss (Table 1), which was 1.31 () and 0.73 () percentage points higher compared with samples stored for 6 and 12 months, respectively. In a study by Muela et al. [21], the average thawing loss of lamb meat (Longissimus lumborum) stored for 6 months at −18°C ranged from 2.68 to 3.79% depending on the freezing method. Vieira et al. [22] reported thawing loss of 3.45 to 3.73% in samples of Longissimus thoracis collected from the carcasses of bull calves and stored for 30, 75, and 90 days at −20°C and −80°C. A direct comparison of our findings with the results of published studies is difficult due to certain methodological differences in thawing conditions (different temperature and time of thawing, thawing of packaged or unpackaged meat, different final internal temperature) and the formulas used to calculate the thawing loss. According to some researchers, the weight of a thawed meat sample should be compared with the weight of the sample before freezing. In this approach, the final result encompasses not only weight loss due to drip loss during thawing but also previous weight losses related to packaging and storage.
Table 1: Thawing drip loss and chemical composition of meat (Longissimus thoracis et lumborum) from female roe deer before and after frozen storage (arithmetic mean ± SD).
	

	Parameter	Frozen storage time (months)
	0 ()	6 ()	10 ()	12 ()
	

	Thawing loss (%)	—	0.85 ± 0.20A	2.16 ± 0.90Ba	1.43 ± 0.79b
	Dry matter (g/kg)	260.87 ± 6.43	258.21 ± 7.40	259.93 ± 7.58	257.75 ± 5.18
	Total protein (g/kg)	229.76 ± 8.24	228.30 ± 3.92	232.50 ± 5.19	229.50 ± 3.84
	Fat (g/kg)	10.25 ± 4.94	9.41 ± 6.45	8.16 ± 4.42	10.25 ± 6.23
	Ash (g/kg)	11.53 ± 0.40A	10.79 ± 0.43B	10.06 ± 0.37C	9.82 ± 0.79C
	The ratio between total N of water-soluble protein compounds and total N in meat (%)	28.97 ± 1.67	29.74 ± 1.30	—	29.15 ± 1.58
	The ratio between N of water-soluble nonprotein compounds and total N in meat (%)	13.53 ± 0.76	14.64 ± 0.92	—	14.46 ± 0.82
	Water/protein ratio	3.22 ± 0.12	3.25 ± 0.08	3.18 ± 0.09	3.24 ± 0.06
	


A,B,CValues within a row with different superscript letters are significantly different at . a,bValues within a row with different superscript lowercase letters are significantly different at .


The increase in thawing drip loss with prolonged storage, observed in our study, was related to a decrease in the water-holding capacity of meat. Ice crystals formed during freezing interact with cell structures; water migrates from the intracellular space to the extracellular space, and the concentration of intracellular fluid increases. In the extracellular space, water freezes out and ice crystals enlarge which exacerbates their destructive effect on muscle ultrastructure. The increase in the concentrations of water-soluble compounds in the cell leads to denaturation of water-binding proteins [23]. The above processes affect thawing drip loss, which is reflected in meat weight loss and changes in the chemical composition and other properties of meat which are linked with its water content.
3.2. Proximate Chemical Composition
An analysis of the proximate chemical composition of roe deer meat revealed significant differences between the analyzed samples only in ash content (Table 1). Fresh meat had higher ash content () than frozen/thawed meat. The ash content of meat decreased with prolonged frozen storage.
The decrease in mineral content noted in thawed meat was probably related to thawing drip loss. A decrease in the concentrations of water-soluble compounds (proteins, carbohydrates, minerals, and vitamins) is a natural consequence of meat thawing [24]. The results of studies investigating the influence of frozen storage time on the concentrations of water-soluble compounds and dry matter in meat may be inconclusive due to the combined effect of water loss and the loss of water-soluble compounds [25, 26]. Theoretically, drip loss should be accompanied by an increase in the concentrations of dry matter components. However, this effect is “masked” by the simultaneous loss of water-soluble compounds. It should also be noted that the differences in the proximate chemical composition of meat samples before and after frozen storage could result from natural variations in the chemical composition of LTL muscles. Other important considerations are the reproducibility, repeatability, and precision of analytical procedures and methods.
3.3. pH Value
Meat samples stored for 12 months were characterized by the highest pH (Table 2), which was significantly () higher than the average values noted in the remaining samples of frozen/thawed meat and in fresh meat samples. However, the differences between the means in groups were minor (the highest difference reached 0.07 units), and their statistical significance reflected low variation in the measured values. According to Leygonie et al. [8], the pH of frozen/thawed meat is usually lower than the pH of fresh meat. This may be due to the denaturation of protein buffer systems, release of hydrogen ions, and increased concentrations of water-soluble compounds in meat in consequence of drip loss during thawing as well as the release of hydrogen atoms following protein deamination by microorganisms and enzymes. However, the cited authors stressed that the lower pH of thawed meat is not observed in all cases. Farouk and Freke [27] did not find significant changes in the pH of red deer meat during 9-month frozen storage. Daszkiewicz et al. [28] also reported that fresh and freezer-stored (10 months) fallow deer meat was characterized by similar average pH values (5.53 and 5.58, respectively). Ablikim et al. [26] demonstrated that changes (both increase and decrease) in the pH of lamb meat during 30-day frozen storage at −18°C were correlated with the animals’ breed and the analyzed muscle.
Table 2: pH and TBARS values (mg malondialdehyde/kg meat) of meat (Longissimus thoracis et lumborum) from female roe deer before and after frozen storage (arithmetic mean ± SD).
	

	Parameter	Frozen storage time (months)
	0 ()	6 ()	10 ()	12 ()
	

	pH	5.52 ± 0.04A	5.53 ± 0.03A	5.54 ± 0.04A	5.59 ± 0.05B
	TBARS value	0.92 ± 0.11	0.91 ± 0.08	0.98 ± 0.12	0.98 ± 0.09
	


A,BValues within a row with different superscript letters are significantly different at .


3.4. TBARS Value
Average TBARS values (Table 2) were high in both fresh and frozen/thawed meat samples. They remained relatively stable () throughout frozen storage and did not differ significantly () from the TBARS values of fresh meat. The high TBARS values of roe deer meat could be expected based on previous research which revealed a high content of unsaturated phospholipids in game meat [13] and pro-oxidant iron ions in myoglobin [12]. The susceptibility of game meat to oxidation was reported by Okabe et al. [29] in whose study, the malondialdehyde content of fresh sika deer meat was up to 6 mg/kg. In our study, meat samples were vacuum-packaged before freezing, which could contribute to an absence of changes in TBARS values during storage. This is consistent with the findings of Daszkiewicz et al. [28] who demonstrated that storage in the freezer had no significant influence on TBARS values in vacuum-packaged fallow deer meat. Farouk and Freke [27] also reported that malondialdehyde concentration was lower in samples of red deer meat which were vacuum-packaged and stored in the freezer than in samples that were not vacuum-packaged (the latter were placed in bags of the same type as those used for vacuum packaging, except that the seals were broken to permit free exchange of air between the inside and outside of the packaging). While interpreting the malondialdehyde content of meat samples during storage, it should be noted that malondialdehyde is characterized by low stability in biological samples due to its high tendency to react with proteins and amino acids [30] and susceptibility to rapid enzymatic degradation [31]. These processes lead to the formation of compounds that are not determined in the TBARS assay.
3.5. Meat Color
Meat samples that were stored in the freezer for 6, 10, and 12 months had a darker color (lower ) than fresh meat (differences significant at  and ) (Table 3). The time of frozen storage had no influence () on the values of parameter . The values of parameters , , and  were similar () in samples of fresh meat and meat stored for different periods of time (Table 3). However, thawed meat tended to have a lower contribution of redness () and, consequently, the values of the hue angle () were higher () in meat stored for 10 and 12 months compared with fresh meat (Table 3).
Table 3: Color parameters of meat (Longissimus thoracis et lumborum) from female roe deer before and after frozen storage (arithmetic mean ± SD).
	

	Parameter	Frozen storage time (months)
	0 ()	6 ()	10 ()	12 ()
	

		32.98 ± 1.30Aa	31.83 ± 0.92b	31.23 ± 0.96B	31.39 ± 1.02B
		15.17 ± 1.01	14.59 ± 0.98	14.04 ± 1.21	14.23 ± 1.50
		11.20 ± 0.96	11.11 ± 0.56	11.05 ± 0.76	11.11 ± 0.82
		18.86 ± 1.32	18.35 ± 1.04	17.88 ± 1.31	18.06 ± 1.62
		36.43 ± 1.56a	37.33 ± 1.39ab	38.26 ± 1.90b	38.06 ± 1.82b
	


A,BValues within a row with different superscript letters are significantly different at . a,bValues within a row with different superscript lowercase letters are significantly different at .


Changes in the color of meat during freezing, frozen storage, and thawing are determined by several factors. The above processes may be accompanied by denaturation of globins found in the muscle pigment, which makes myoglobin more susceptible to auto-oxidation [8]. The activity of metmyoglobin-reducing enzymes is also lower in frozen meat [32]. Lipid degradation products decrease the redox stability of oxymyoglobin and the probability of enzymatic reduction of metmyoglobin to myoglobin [33]. Changes in the color of frozen/thawed meat may also result from physical processes related to changes in the concentrations of compounds in the surface layer due to water freezing, thawing drip loss, and drying. Changes in color, including darkening, caused by the accumulation of metmyoglobin are frequently observed in frozen/thawed meat [22, 23, 34].
In the present study, the relatively small differences between the average values of , , , and  in frozen/thawed meat relative to fresh meat, and their minor changes during frozen storage, could also be attributed to vacuum packaging. Most probably, vacuum packaging limited the oxidation of pigments and lipids, as indicated by TBARS values. Similar observations were made by other authors. Farouk and Freke [27] demonstrated that vacuum-packaged and frozen-stored samples of red deer meat were characterized by more desirable color parameters (higher values of  and  and lower values of ) than samples that were not vacuum-packaged. Lanari et al. [35] reported higher color stability (lower concentration of metmyoglobin) of vacuum-packaged and frozen-stored beef samples compared with samples packaged in polyethylene. Daszkiewicz et al. [28] observed greater changes (decrease in , , and  values) in the color of thawed game meat, in comparison with those noted in the present study.
3.6. Water-Holding Capacity
The water-holding capacity of roe deer meat, presented in Table 4, should be analyzed in relation to the thawing loss data shown in Table 1. Thawed meat was characterized by greater natural drip loss than fresh meat (Table 4). The difference between means in groups was somewhat smaller only in samples stored for 10 months (). An analysis of the water-holding capacity of fresh and frozen/thawed meat, performed using the Grau and Hamm method (Table 4), revealed no significant () differences between mean values in groups, but frozen/thawed meat tended to have a lower water-holding capacity (excluding samples stored for 10 months). The higher water-holding capacity of meat samples stored for 10 months could be attributed to the fact that they had slightly lower water content (greater thawing drip loss) and a higher content of proteins that could bind water. An evaluation of the water-holding capacity of meat based on natural drip loss and an analysis performed using the Grau and Hamm method produced surprising results in samples stored for 6 months (Table 4) which were able to bind more added water compared with meat stored for 10 and 12 months () and fresh meat (). The only logical explanation is that meat stored for 6 months had slightly higher () concentrations of water-soluble nitrogen compounds, including water-binding proteins. An increase in the content of water-soluble sarcoplasmic proteins in red deer meat during 6-month frozen storage was also observed by Farouk and Freke [27]. An increase in protein solubility in beef during frozen storage was reported by Farouk and Wieliczko [36] and Zhang et al. [37].
Table 4: Water-holding capacity of meat (Longissimus thoracis et lumborum) from female roe deer before and after frozen storage (arithmetic mean ± SD).
	

	Parameter	Frozen storage time (months)
	0 ()	6 ()	10 ()	12 ()
	

	Drip losses (%)	2.79 ± 0.71A	4.70 ± 1.54BCa	3.39 ± 0.95ABb	5.76 ± 1.53C
	Cooking loss (%)	31.99 ± 1.20A	30.01 ± 1.58B	29.14 ± 1.57B	29.33 ± 1.63B
	Water-holding capacity—Grau and Hamm method (cm2)	3.42 ± 0.81	4.12 ± 0.54	3.50 ± 0.91	4.19 ± 1.00
	Water-binding capacity— centrifugal method (%)	30.46 ± 6.17 ABa	32.23 ± 3.90A	24.66 ± 4.78Bb	17.94 ± 4.18C
	


A,B,CValues within a row with different superscript letters are significantly different at . a,bValues within a row with different superscript lowercase letters are significantly different at .


Frozen/thawed meat was characterized by lower () cooking loss than fresh meat (Table 4). Frozen storage time had no significant () influence on cooking loss, which however tended to be lower in thawed meat that was stored for 10 months. Meat samples stored for 10 months had also lower natural drip loss and forced drip loss (determined by the Grau and Hamm method), and these parameters are linked with cooking loss. An analysis of cooking loss is more complex because there are several factors involved. The amount of cooking loss is mostly determined by denaturation of muscle proteins and the degree of fragmentation and rupture of myofibrils [38]. Cooking drip is composed of constitutive water and water that is released from melting fat and denatured proteins under exposure to heat [22]. As already mentioned, cooking loss is also influenced by the volume of thawing loss. The results of a cooking loss analysis in samples of fresh and frozen/thawed meat are inconclusive. In a study by Vieira et al. [22], frozen-stored beef samples were characterized by greater cooking loss () than fresh samples, whereas the differences between frozen samples stored for different periods of time were not significant. Daszkiewicz et al. [28] observed greater cooking loss in thawed fallow deer meat than in fresh meat. High positive coefficients of correlation (0.966, ) between frozen storage time and cooking loss in lamb meat samples were noted by Ablikim et al. [26]. In contrast, Muela et al. [21] and Leygonie et al. [23] did not find significant differences in the cooking loss of fresh and frozen lamb and ostrich meat, respectively.
3.7. Shear Force and Sensory Evaluation
A sensory evaluation revealed that the analyzed roe deer meat was characterized by very high quality (Table 5). Juiciness and odor intensity were the only sensory attributes that received somewhat lower scores. However, a less intensive odor could be considered desirable because not all consumers accept the characteristic flavor of game meat. In comparison with frozen/thawed meat, fresh meat received higher average scores () only for juiciness. No significant () changes in the analyzed sensory parameters and shear force values were noted during frozen storage (Table 5). Flavor desirability was the only parameter that received lower scores after 12-month storage (the greatest difference was found relative to meat stored for 10 months: ).
Table 5: Sensory properties (points) and shear force (Newton) values of meat (Longissimus thoracis et lumborum) from female roe deer before and after frozen storage (arithmetic mean ± SD).
	

	Parameter	Frozen storage time (months)
	0 ()	6 ()	10 ()	12 ()
	

	Odor: intensity	4.05 ± 0.64	3.85 ± 0.58	3.85 ± 0.47	3.95 ± 0.72
	Odor: desirability	5.00 ± 0.00	5.00 ± 0.00	4.95 ± 0.16	4.85 ± 0.34
	Flavor: intensity	4.50 ± 0.58	4.10 ± 0.32	4.05 ± 0.16	4.20 ± 0.71
	Flavor: desirability	4.75 ± 0.42ab	4.80 ± 0.42ab	5.00 ± 0.00a	4.55 ± 0.44b
	Juiciness	3.95 ± 0.28A	3.20 ± 0.42B	3.35 ± 0.41B	3.20 ± 0.42B
	Tenderness	4.75 ± 0.42	5.00 ± 0.00	5.00 ± 0.00	4.85 ± 0.34
	Shear force value	17.77 ± 3.07	16.13 ± 1.02	15.81 ± 2.06	16.63 ± 2.19
	


A,BValues within a row with different superscript letters are significantly different at . a,bValues within a row with different superscript lowercase letters are significantly different at .


One of the common problems encountered during meat storage is the development of undesirable flavor characteristics due to oxidative changes [39]. As already mentioned, those changes are slowed down by vacuum packaging, but they cannot be completely eliminated. It appears that the adverse effects of oxidation could contribute to slightly lower scores () for the flavor desirability of meat stored for 12 months in our experiment.
The lower juiciness of frozen stored meat most likely resulted from the loss of water during thawing and cooking loss which was only slightly lower (from 1.99 to 2.85 percentage points) relative to fresh meat, although the noted difference was statistically significant (). A negative correlation between meat juiciness and cooking loss was also reported by other authors, including Aaslyng et al. [40] and Jung et al. [41]. Daszkiewicz et al. [28] demonstrated that thawed fallow deer meat was less juicy than fresh meat.
According to Leygonie et al. [8], frozen/thawed meat is more tender than unfrozen meat, unless meat is aged prior to being frozen. This is consistent with the findings of other authors who investigated game meat [28]. Adequate tenderness of frozen meat is the outcome of autolysis of muscle fibers during meat aging before freezing and the loss of structural integrity of muscle fibers caused by ice crystals formed during freezing [23]. In the present study, no significant differences were found in tenderness or shear force values between fresh and frozen roe deer meat. Frozen storage time had no effect on the above parameters because fresh meat was characterized by desirable tenderness and shear force values. Good tenderness of meat from some Cervidae has been explained by the increased activity of proteolytic enzymes (calpains and cathepsins) and the small muscle fiber diameter [42].
4. Conclusions
Vacuum packaging combined with frozen storage effectively protected roe deer meat against oxidative changes and reduced the negative effects of oxidation on the color and sensory properties of meat. The values noted for meat samples that were stored in the freezer for 12 months (increase in pH, considerable decrease in water-holding capacity, and first symptoms of flavor deterioration) indicate that frozen roe deer meat should be stored for no more than 10 to 12 months to maintain its high quality.
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