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Research article
Ερευνητικό άρθρο

ABSTRACT: Yoghurt acid whey (YAW) is an effluent of yoghurt production and is related with enhanced risk of 
environmental pollution due to its great organic matter levels, which elicit an increased biological oxygen demand. 
During the previous decades a great effort has been exerted in finding sustainable applications of YAW. Therefore, 
YAW utilization in meat processing industry could be considered as a feasible option, since immersion of meat in mar-
inades made of natural com-pounds is a process that is in constant advance due to its beneficial implications on meat 
organoleptic characteristics. In the present study, several quality traits and oxidation status of beef and sheep meat were 
evaluated after their marination into YAW. Forty samples for each meat type were assigned at random to one of five 
following treatments: CON, in the absence of marination; T1 and T3, where meat was immersed into YAW for 15 and 
10 h at 4℃ (pH of 4.5), respectively, or T2 and T4, where samples were treated as in the T1 and T3 group, respectively, 
while carvacrol was also incorporated at 0.5 g/L. As shown, meat shear force value was decreased as a result of YAW 
marination for 15 h in beef and sheep meat samples, while the other quality characteristics (pH, color, cooking loss) 
were not dramatically influenced. On the other hand, meat oxidative stability was also improved in both meat types. As 
it can be pointed out, beef and sheep meat soaking into YAW for 15 h improves tenderness, however this is not evident 
in case of 10 h of immersion. At the same time, oxidative stability was also improved as a consequence of YAW mari-
nation especially in beef meat and lower MDA values of lamb meat were observed in carvacrol supplemented groups.
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INTRODUCTION
Yoghurt production is in a constant rise in Greece; 

195,510 tn were produced in 2020 according to the 
most recent data of FAO (FAOSTAT, 2023). Greek 
strained yoghurt is appreciated worldwide as a high-
ly nutritious dairy product with high protein content 
and as a result the production of similar products, 
known as Greek Yoghurt or Greek-style Yoghurt, is 
constantly increased (Karastamatis et al., 2022). As 
a consequence, a great quantity of yoghurt acid whey 
(YAW) is derived after milk acid coagulation through 
the addition of mineral or organic acids or the fermen-
tation by lactobacilli posing a hazard to the environ-
ment (Ryan and Walsh, 2016). YAW is considered as 
a major pollutant due to its high biological oxygen 
demand (BOD) and organic matter (Rocha-Mendoza 
et al., 2020). As a result, dairy food industries have 
long striven to discover sustainable applications of 
YAW (Zotta et al., 2020). Since nowadays, it is usu-
ally utilized as a fertilizer that is mixed with manure 
before its application or is directly added to the soil 
(Ketterings et al., 2023). Acid whey is also used in 
livestock diets, after its mixing with silage (Erickson, 
2023). At the same time, ingredients of YAW, such as 
lactose, could be further used for the generation of en-
ergy in wastewater bioreactors (Menchik et al., 2019; 
Guimarães et al., 2010).

As already pointed out, dairy food industries have 
sought to develop sustainable applications for YAW 
utilization that ensure its desired commercialization 
and valorization. Composition of YAW is influenced 
by several factors, such as the source of the milk, 
type of manufactured yogurt, milk thermal treatment, 
storage after milking, etc (Lucas et al., 2006). Even 
YAW collected from the same source under identi-
cal processing conditions can have different protein 
contents across seasons (Lievore et al., 2015). More-
over, the recent innovative processing technologies of 
whey contribute to the isolation of high-value whey 
fractions that are comprised of several bioactive com-
pounds and characterized by exceptional antioxidant 
and antimicrobial properties (Chandrajith and Karun-
asena, 2018). These compounds could be utilized as 
flavor enhancers, binders or egg white replacers in a 
great variety of food products (Walzem et al., 2002). 
In meat industry, inclusion of acid whey in dry-cured 
pork loins (Stadnik and Stasiak, 2016) and sausages 
(Wójciak et al., 2014) improved oxidative stabili-
ty without further side effects on their organoleptic 
and physicochemical traits. At the same time, sev-
eral herbs, such as oregano, and their extracts have 

already been included to marinades aiming at the im-
provement of meat oxidation status and the prolonga-
tion of its shelf life (Van Haute et al., 2016; Gavriil 
et al., 2021). Carvacrol is a phenolic monoterpenoid 
contained in several plants of Labiatae family and is 
characterized by its intense antioxidant and antimi-
crobial properties (Skendi et al., 2017).

Several types of “convenience” meat products, 
such as the marinated ones, gain ground in the world 
market due to the sedentary way of living (Gómez et 
al., 2020). “Clean label” marinades made from natu-
ral compounds may beneficially modify the sensory 
attributes of the product and fortify consumer’s health 
(Gök and Bor, 2016). In general, YAW contains low 
protein levels, while its content in lactic acid and cal-
cium is high contributing to a lower pH value than 
that of the sweet whey derived from cheese (Ro-
cha-Mendoza et al., 2020; Menchik et al., 2019). As a 
result, YAW is appeared as an ideal tenderizer agent, 
since soaking into acidic solutions has been routinely 
applied for meat softening and flavouring (Wenham 
and Locker, 1976).

Our preliminary results pointed out that meat im-
mersion in YAW marinade for 20h could be suggest-
ed as an inventive approach for the improvement of 
rabbit, pork and sheep meat tenderness, whereas the 
other quality traits were not dramatically influenced 
(Simitzis et al., 2021). Moreover, pork meat immer-
sion into YAW for 10- 15h can also be suggested as 
beneficial for meat softness with minimal changes in 
meat organoleptic characteristics (Karageorgou et al., 
2023). Tenderness is a meat quality trait that the con-
sumer strongly links to meat palatability and is there-
fore pivotal for its purchase.

Data concerning the influence of YAW marinades 
on sheep and beef meat quality characteristics are 
scarce. Consumers often use extrinsic cues such as 
color to decide which meat product to buy. On the 
other hand, tenderness is the most important factor 
affecting beef palatability and is strongly linked to 
consumer satisfaction (Garmyn, 2020). In our recent 
work (Simitzis et al., 2021), sheep meat was mar-
inated into YAW for 20h and its organoleptic prop-
erties were assessed in raw and cooked samples on 
day 1. However, based on the aforementioned studies, 
the application of YAW as marinade could improve 
tenderness and delay lipid oxidation rates even after 
shorter periods of marination. As a result, the purpose 
of the current study is to highlight the beneficial influ-
ence of YAW marination for 10-15h on quality traits 
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and oxidation status of sheep and beef meat after 1-9 
days of refrigerated and 30-60 days of frozen storage

MATERIALS AND METHODS

Meat Samples and Marinades
Sheep and beef meat samples were dissected from 

6-months-old lambs and 12-months-old calves, re-
spectively, slaughtered in a commercial abattoir to 
guarantee identical rearing and slaughtering parame-
ters and were transported to the laboratory on ice and 
stored at 4°C till analyses that were performed within 
4 h. In brief, longissimus thoracis muscle between the 
6th and 13th rib was collected for the determination of 
meat quality traits. Meat samples derived from eight 
lambs or calves and each sample was further divided 
into 5 sub-samples that were allocated at random to 
one of the following five groups: control (C), with-
out soaking into YAW or one of the four experimental 
treatments (T), such as T1 and T3, where the samples 
were marinated into YAW for 15 and 10h at 4°C, re-
spectively, or T2 and T4 that were as T1 and T3 with a 
simultaneous inclusion of carvacrol (Sigma-Aldrich, 
St. Louis, USA) at the level of 0.5g/L, a quantity se-
lected based on our preliminary trials. Carvacrol is a 
phenolic monoterpenoid and is well known for its an-
tioxidant activity (Skendi et al., 2017).

The yoghurt acid whey that was utilized in the 
current study originated from dairy cattle milk. YAW 
marinade was prepared by mixing approximately 10 
g of YAW powder with 100 mL of distilled water to 
obtain a pH value of 4.5. YAW was a dry free-flow-
ing powder mechanically produced from Greek-style 
strained yoghurt fermented with Lactobacillus bul-
garicus and Streptococcus thermophiles, possessing a 
moisture and ash content of 4 and 11%, respectively. It 
also contained 72% lactose, 8.5% galactose, 6% lactic 
acid and 5% protein plus 18g Calcium, 14.4g Chlo-
ride, 1.7g Magnesium, 6g Phosphorus, 24.7g Potassi-
um, 6.6g Sodium, 1.13mg Ferrum and 0.48mg Cop-
per per kg (Epirus Protein S.A., Ioannina, Greece).

Meat Quality Evaluation
The exact weight of raw meat (60 ± 5 g) was re-

corded before and after their marination into YAW 
and the absorption of marinade was estimated as a 
proportion of the initial weight (%). Lamb and beef 
meat samples were then put in appropriate heat-re-
sisting plastic bags and placed in a water bath at 75 
°C for 35 min (Hopkins et al., 2010) and at 80°C for 
30 min (Sikes and Tume, 2014), respectively, were 

then cooled by running water and then remained to 
equilibrate at room temperature. Meat samples were 
then weighed to determine cooking loss (%) that is a 
method of assessing water-holding capacity (Honikel, 
1987). Shear force value was measured in samples 
with a cross section of 1 cm2 that were cut parallel 
to the muscle fibers by a Warner Bratzler (WB) shear 
blade fitted to a Zwick Testing Machine Model Z2.5/
TN1S (Zwick GmbH & Co., Ulm, Germany) (in trip-
licate). Peak force values were calculated in Newton. 
Warner-Bratzler shear force value measurement is a 
typical procedure for the evaluation of meat tender-
ness (Novaković and Tomašević, 2017).

A portable pH meter (HI 99163 model, Hanna in-
struments, Romania) was used for the recording of 
acidity values in raw and cooked meat samples on day 
1, but also till the 9th day after storage at 4°C. Stan-
darization of the pH meter was carried out at room 
temperature by using buffers with pH values of 4.0 
and 7.0 (Merck, Darmstadt, Germany). Color attri-
butes (lightness - L, redness - a*, and yellowness - b*) 
were also measured in raw and cooked meat samples 
on day 1, but also 3, 6 and 9 days after storage at 4°C, 
by a Miniscan XE (HunterLab, Reston, VA, USA) 
chromameter that was standarized with the use of a 
white and black tile and assigned on the CIE-LAB 
system (Commission International de l’ Eclairage, 
1976).

Malondialdehyde (MDA) levels could serve as an 
indicator of lipid oxidation and were measured on day 
1, but also 3, 6 and 9 days after storage at 4°C and 
30 and 60 days after storage at -20°C by a selective 
third-order derivative (3D) spectrophotometric meth-
od (Botsoglou et al., 1994). In brief, 5 mL of butylated 
hydroxytoluene (BHT) in hexane (8 g/L) and 8 mL 
of aqueous trichloroacetic acid (TCA) (50 g/L) were 
mixed with 2 g from each raw or cooked meat sample 
(in duplicate) and were then homogenized (Unidrive 
x 1000, CAT, M. Zipperer GmbH, Ballrechten-Dot-
tingen, Germany). The mixture was then centrifuged 
for 5 min at 5000x g and after hexane was discard-
ed, 2.5 mL of the bottom layer was mixed with 1.5 
mL of aqueous 2-thiobarbituric acid (TBA) (8 g/L). 
The obtained solution was further incubated at 70°C 
for 30 min. It was then stayed to cool under running 
water and equilibrate and was subjected to a 3D spec-
trophotometry (Hitachi U3010 Spectrophotometer) 
in the range of 500-550 nm. MDA content (ng/g wet 
tissue) was measured on the basis of the height of the 
third-order derivative peak at 521.5 nm, by compar-
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ing with the slope and intercept data of the standard 
calibration curve created by using the MDA pre-cur-
sor 1,1,3,3-tetraethoxypropane (TEP).

Statistical Analysis
Data for marinade absorption, shear force value 

and cooking loss were assessed by using analysis of 
variance with marination treatment as a fixed effect. 
pH value, color at-tributes and MDA content were an-
alysed by a mixed model procedure appropriate for 
repeated measurements per subject, with marination 
treatment as a fixed effect (five treatment groups; C, 
T1, T2, T3, T4 and T5) and storage duration as repeat-
ed factor. Results are displayed as least squares (LS) 
means ± standard error of mean (S.E.M.). Differenc-
es of means were detected at a 0.05 with Bonferroni 
adjustment; analyses were conducted with Sas/Stat 
(2011).

RESULTS

Lamb meat
No significant differences for the marinade absorp-

tion (%) in lamb meat were found among the treat-
ment groups (Table 1). As also indicated in Table 1, 
lamb meat shear force values were decreased and as 
a result tenderness was ameliorated after yoghurt acid 
whey marination for 15h, but not for 10h (P<0.001). 
In contrast, cooking loss (%) was increased as a result 
of lamb meat soaking in T1 and T4 groups (P<0.05), 
but not in T2 and T3 groups (Table 1). Moreover, 
YAW marination resulted in a decline in pH values in 
raw but also cooked meat from day 1 till day 9 after 
storage at 4°C (Table 2; P<0.05).

An increase in lightness (L*) was observed in 
raw meat (day 0) marinated into yoghurt acid whey 
(P<0.05), apart from group T2, but this effect was not 

evident after cooking (P>0.05) (Fig. 1A). On the oth-
er hand, redness (a*) of raw meat samples marinated 
into YAW was decreased (day 0; P<0.05), whereas 
no other significant effects were indicated for cooked 
samples on days 1, 3, 6 and 9 (P>0.05) (Fig. 1B). Yel-
lowness (b*) was not influenced by soaking into YAW 
(Fig. 1C; P>0.05). Nevertheless, YAW marinade sig-
nificantly affected lamb meat oxidation rates, since 
MDA values declined on day 1 of refrigerated stor-
age and on days 30 and 60 of frozen storage (Table 3; 
P<0.01). On the other hand, increased MDA values 
in T1 and T3 groups compared to the controls were 
observed on days 6 and 9 after storage at 4°C (Table 
3; P<0.05). Addition of carvacrol in the yoghurt acid 
whey marinade further ameliorated lamb meat oxida-
tion status, as indicated by the declined MDA values 
of the T2 and T4 compared to the T1 and T3 group, 
after 3 and 6 days of refrigerated storage and 30 and 
60 days of frozen storage (Table 3; P<0.05).

Beef meat
No significant differences for the marinade ab-

sorption (%) of beef meat were found among the 
treatment groups (Table 1; P>0.05). As presented in 
Table 1, beef meat shear force values were decreased 
after 15h of YAW marination resulting in an improve-
ment of meat tenderness (P<0.05); however, no effect 
of YAW marination for 10h on meat shear force value 
was illustrated. Cooking loss (%) showed increased 
values as an effect of beef meat immersion into YAW 
for 15h (P<0.05), but not for 10h (Table 1). On the 
other hand, meat pH values in raw and cooked sam-
ples dropped due to YAW marination on day 1 and 3 
after storage at 4°C (Table 2; P<0.05). On day 6, pH 
values were lower in T3 and T4 compared to the other 
groups (P<0.05), whereas on day 9, T2 and T3 groups 
displayed the lowest pH values (P<0.05). Lightness 

Table 1. Effects of YAW marination on meat marinade absorption (%), cooking loss (%) and shear force (N) (LS means ± s.e.m.)
Control* T1 T2 T3 T4 SEM P-value

Lamb
Marinade Absorption (%) - 6.67 6.64 6.36 6.37 0.59 NS
Cooking Loss (%) 19.97a 29.09b 25.37ab 24.95ab 30.42b 1.94 <0.05
Shear Force (N) 35.09a 25.13b 25.38b 29.90ab 29.76ab 1.87 <0.001
Beef
Marinade Absorption (%) - 6.42 6.40 6.23 6.24 0.53 NS
Cooking Loss (%) 18.17a 23.50b 22.29b 20.70ab 20.27ab 0.86 <0.05
Shear Force (N) 25.37a 19.06b 18.54b 22.53ab 23.36ab 1.60 <0.05

*The treatment groups were: control, without immersion or one of the four soaking treatments, such as T1 and T3, where the samples 
were marinated into yoghurt acid whey for 15 and 10h at 4°C, respectively, or T2 and T4, in which the samples were treated as in T1 
and T3, respectively, with a concomitant addition of carvacrol at the level of 0.5g/L.
a, b Values sharing dissimilar superscripts are significantly different.
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Table 2. Effects of YAW marination on meat pH (LS means ± s.e.m.)
Control* T1 T2 T3 T4 SEM P-value

Lamb
Raw 5.74a 5.52b 5.48b 5.47b 5.53b 0.02 <0.05
Cooked - day 1 5.95a 5.82b 5.80b 5.75b 5.72b 0.02 <0.05
Cooked - day 3 5.94a 5.70b 5.77b 5.77b 5.76b 0.02 <0.05
Cooked - day 6 6.22a 5.95b 5.97b 6.04b 6.04b 0.03 <0.05
Cooked - day 9 6.12a 5.74b 5.87c 5.94c 5.98c 0.03 <0.05
Beef
Raw 5.66a 5.30b 5.34b 5.35b 5.28b 0.03 <0.05
Cooked - day 1 5.93a 5.72b 5.76b 5.67c 5.76b 0.02 <0.05
Cooked - day 3 5.93a 5.75b 5.80b 5.79b 5.80b 0.02 <0.05
Cooked - day 6 5.83a 5.84a 5.79a 5.71b 5.70b 0.02 <0.05
Cooked - day 9 5.80a 5.82a 5.73b 5.69b 5.80a 0.03 <0.05

*The treatment groups were: control, without immersion or one of the four soaking treatments, such as T1 and T3, where the samples 
were marinated into yoghurt acid whey for 15 and 10h at 4°C, respectively, or T2 and T4, in which the samples were treated as in T1 
and T3, respectively, with a concomitant addition of carvacrol at the level of 0.5g/L.
a, b, c Values sharing dissimilar superscripts are significantly different.

Table 3. Effect of yoghurt acid whey marination on meat malondialdehyde - MDA (ng/g) values (LS means ± s.e.m.)
Control* T1 T2 T3 T4 SEM P-value

Lamb
Raw 17.35 10.58 8.72 16.51 10.47 1.30 NS
Cooked - day 1 stored at 4℃ 127.55b 19.01a 16.98a 35.47a 20.06a 8.27 <0.001
Cooked - day 3 stored at 4℃ 324.96b 266.01ab 188.69a 296.27b 187.1a 17.12 <0.05
Cooked - day 6 stored at 4℃ 566.65b 675.01a 562.6b 641.24ab 576.13b 14.86 <0.05
Cooked - day 9 stored at 4℃ 580.05b 679.75a 688.75a 692.99a 617.75ab 14.67 <0.05
Cooked - day 30 stored at -20℃ 173.44c 127.14a 104.87ab 141.83a 67.17b 6.34 <0.05
Cooked - day 60 stored at -20℃ 234.43c 146.03ab 118.6a 190.21bc 112.26a 13.55 <0.01
Beef
Raw 34.78c 14.07a 12.26a 22.49b 19.5ab 2.65 <0.01
Cooked - day 1 stored at 4℃ 85.74b 27.64a 27.22a 67.82bc 36.59ac 13.06 <0.05
Cooked - day 3 stored at 4℃ 208.35b 148.99a 123.71a 152.57a 131.17a 12.68 <0.01
Cooked - day 6 stored at 4℃ 295.29a 268.6a 230.11b 273.77a 236.43b 9.69 <0.05
Cooked - day 9 stored at 4℃ 639.85b 404.23a 396.24a 570.06ab 545.03ab 69.17 <0.05
Cooked - day 30 stored at -20℃ 181.94cd 140.81a 81.54b 153.04ad 103.05b 11.41 <0.05
Cooked - day 60 stored at -20℃ 265.93 184.08 134.25 198.14 128.93 50.91 NS

*The treatment groups were: control, without immersion or one of the four soaking treatments, such as T1 and T3, where the samples 
were marinated into yoghurt acid whey for 15 and 10h at 4°C, respectively, or T2 and T4, in which the samples were treated as in T1 
and T3, respectively, with a concomitant addition of carvacrol at the level of 0.5g/L.
a, b, c,d Values sharing dissimilar superscripts are significantly different.
NS: Not significant

(L*) values were higher in raw (day 0) meat sam-
ples that were immersed into YAW compared to the 
controls (P<0.05), and this effect remained in cooked 
samples (P>0.05) (Fig. 2A). In detail, T1, T3 and T4 
groups had higher values for L* in comparison to the 
other groups on days 1, 3, 6 and 9 of refrigerated stor-
age (P<0.05). Redness (a*) of raw (day 0) meat sam-
ples was decreased as an effect of yoghurt acid whey 
marination (P<0.05), while no significant differences 
were shown among groups on day 1, 3, 6 and 9 for 

cooked samples (P>0.05) (Fig. 2B). Meat yellowness 
(b*) was not influenced by the immersion into YAW 
(Fig. 2C; P>0.05). However, YAW marination signif-
icantly improved the oxidative stability of beef meat, 
since MDA values declined on day 1, 3, 6 and 9 at 4°C 
and on day 30 at -20°C (Table 3; P<0.01). Addition 
of carvacrol in YAW marinade did not influence beef 
meat oxidative stability, with the exception of day 30 
at -20°C, when T2 and T4 had lower MDA values 
compared to the other groups (Table 3; P<0.05).
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Figure 1. Effect of lamb meat immersion into yoghurt acid whey 
for 10-15h on the values of: (A) lightness - L, (B) redness - a*, (C) 
yellowness - b*. The treatment groups were: control, without im-
mersion or one of the four soaking treatments, such as T1 and T3, 
where the samples were marinated into yoghurt acid whey for 15 
and 10h at 4°C, respectively, or T2 and T4, in which the samples 
were treated as in T1 and T3, respectively, with a concomitant 
addition of carvacrol at the level of 0.5g/L. a, b Values sharing 
dissimilar superscripts are significantly different.

 
Figure 2. Effect of beef meat immersion into yoghurt acid whey 
for 10-15h on the values of: (A) lightness - L, (B) redness - a*, (C) 
yellowness - b*. The treatment groups were: control, without im-
mersion or one of the four soaking treatments, such as T1 and T3, 
where the samples were marinated into yoghurt acid whey for 15 
and 10h at 4°C, respectively, or T2 and T4, in which the samples 
were treated as in T1 and T3, respectively, with a concomitant 
addition of carvacrol at the level of 0.5g/L. a, b Values sharing 
dissimilar superscripts are significantly different.

DISCUSSION
Marination is one of the most well-known meth-

ods that improve meat flavor and softness. Immer-
sion or soaking is a traditional technique for deriving 
marinated meat products, in which the ingredients 
of marinade penetrate through diffusion (Rao et al., 
1989). As indicated in the present experiment, the 

increased concentration of calcium and lactic acid in 
acid whey resulted in reduced shear force values in 
both lamb and beef meat after YAW marination for 
15h. In a previous study, immersion of lamb meat into 
food industry by-products containing acid whey for 
24-48h ameliorated tenderness (Zavistanaviciute et 
al., 2023). In our recent work, in which lamb meat 



J HELLENIC VET MED SOC 2024, 75 (4)
ΠΕΚΕ 2024, 75 (4)

A. KARAGEORGOU, G. ORFANOU, I. PETROU, M. GOLIOMYTIS, G. THEODOROU, I. POLITIS, P. SIMITZIS 8309

samples were soaked into YAW for 20h, shear force 
value was also decreased (Simitzis et al., 2021). In 
contrast, no influence on cutting force values were 
evident after immersion of beef into YAW marinade 
for 24 h (Wójciak et al., 2018), while beef tenderness 
was ameliorated after treated with lactic and citric 
acid solutions (Aktaş et al., 2003; Aktaş and Kaya, 
2001) or calcium chloride and calcium lactate (Ostoja 
and Cierach, 2003).

A softening effect was also observed in pork meat 
marinated into YAW for 10-15h (Karageorgou et al., 
2023) or in lactic acid solutions (1-3%) for 1-3 min 
(Grajales-Lagunes et al., 2012). Moreover, marina-
tion with YAW for 12 h (Augustyńska-Prejsnar et al., 
2021) or lactic acid for 2 h (Ergezer and Gokce, 2011) 
decreased turkey meat shear force values. Decreased 
values for hardness, chewiness and shear force of hen 
breast meat were observed after its marination into 
acid whey and buttermilk for 24-48 h, highlighting an 
amelioration of tenderness (Augustyńska-Prejsnar et 
al., 2020). Similar results were reported after immer-
sion of hen breast meat into sour milk and buttermilk 
for 12h at 4°C (Sokołowicz et al., 2021). Tenderness 
of chicken meat fillets was also positively influenced 
as an effect of soaking in whey for 12-24h (Vlaho-
va-Vangelova et al., 2016) or 24 h (Augustyńska-Pre-
jsnar et al., 2019a).

The general beneficial impact of acid marinades 
on meat tenderness could be attributed to the fact that 
the collagen connective tissue structure becomes less 
tight, since acids shatters its transversal bounds (Wój-
ciak et al., 2015). As a result, acid-labile cross linkag-
es in the collagen molecule are released resulting in a 
connective tissue breakdown and particularly perimy-
sial tissue degradation (Wenham and Locker, 1976; 
Aktaş and Kaya, 2001).

YAW marination generally resulted in a decrease 
of lamb and beef meat pH values, as an effect of its 
acidity. A significant decline in pH values due the 
soaking into YAW for 10-20h has been already point-
ed out in our previous works (Simitzis et al., 2021; 
Karageorgou et al., 2023). Similar effects were report-
ed after immersion of beef (Aktaş et al., 2003; Wój-
ciak et al., 2015) and pork (Grajales-Lagunes et al., 
2012) meat into acid whey. Acidic conditions, i.e. pH 
values within 5.2-5.5, are generally linked to amelio-
rated tenderness in beef muscle (Berge et al., 2001). 
Soaking into acid whey also reduced breast meat pH 
values in turkey (Ergezer and Gokce, 2011), chick-
en (Augustyńska-Prejsnar et al., 2019a) and pheasant 

(Augustyńska-Prejsnar et al., 2019b). The effects of 
marinades are often followed by swelling and pro-
longed extraction of myofibrillar proteins and linked 
to a reduction in pH values and an increment of ionic 
strength (Latoch et al., 2019; Goli et al., 2011).

Lightness was increased in raw lamb and beef 
meat samples marinated for 10-15h. In cooked sam-
ples, although this effect was also evident in beef 
stored at 4°C for 1-9 days, no differences were ob-
served in lamb meat. These non-significant differenc-
es for lightness in cooked lamb meat samples were 
also found in our previous study, when meat remained 
in YAW for 20h (Simitzis et al., 2021).

Increase of lightness could be an effect of the en-
hanced quantity of extracellular water introduced into 
the meat through marinade that is scattered among the 
muscle fibers and influences meat reflectance proper-
ties. At the same time, pH reduction due to the proteol-
ysis of myofibrillar and sarcoplasmic proteins by ex-
ogenous (originated from acid whey) and endogenous 
(calpains and cathepsins) peptidases may affect their 
water-binding properties (Aktaş and Kaya, 2001). On 
the other hand, redness (a*) showed reduced values in 
raw lamb and beef meat samples after immersion into 
YAW for 10-15h. In our previous experiment, red-
ness was decreased in raw and cooked pork meat on 
day 1, while no effect was observed in chicken meat 
after soaking into YAW for 10-15h (Karageorgou et 
al., 2023). Augustyńska-Prejsnar et al. (2020) reached 
to similar conclusions with hen breast meat samples 
that were marinated in YAW for 24-48 h. Neverthe-
less, no significant effects on values of yellowness 
(b*) in lamb and beef meat samples were observed 
after YAW marination for 10-15h. A decline in red-
ness and an increment in lightness were also pointed 
out in beef cuts immersed into a lactic acid aqueous 
mixture, whereas yellowness was not influenced (Ak-
taş and Kaya, 2001; Jimenez-Villarreal et al., 2003). 
In contrast to our findings, color attributes in uncured 
roast beef were not affected by YAW marination (Wó-
jciak et al., 2018). However, an increase in a* and b* 
values was found after soaking of fermented beef eye 
round in acid whey (Wójciak et al., 2015).

Immersion of pork meat into a lactic acid solution 
did not induce a notable effect on its color parame-
ters (Grajales-Lagunes et al., 2012). In contrast, a 
drop in yellowness of raw pork and chicken samples 
occurred after YAW marination for 10-20h (Simitzis 
et al., 2021; Karageorgou et al., 2023). Moreover, 
YAW marination was linked to an increment of light-
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ness and yellowness in raw and roasted turkey meat 
samples, while redness was not affected (Augustyńs-
ka-Prejsnar et al., 2021). Immersion into buttermilk 
and whey for 24 and 48 h also increased lightness in 
hen breast meat samples (Augustyńska-Prejsnar et 
al., 2020). An increase in L value was also observed 
in raw pheasant breast muscles marinated into acid 
whey for 24h (Augustyńska-Prejsnar et al., 2019b).

YAW marination induces a general decline in 
MDA values in beef meat, however in sheep meat this 
effect was not evident after the first day, when MDA 
values were increased in YAW1 and YAW3 groups 
and carvacrol addition restored them at the levels of 
the controls. In general, whey proteins and peptides 
can be added to prevent lipid oxidation in meat prod-
ucts by acting as antioxidants (radical scavengers) or 
as barriers (coatings) to prevent exposure to oxygen 
and other conditions required for oxidation (Pihlanto, 
2006; Ries et al., 2010; Singh et al., 2018). Wojciak 
et al. (2018) reported enhanced levels for 2-thiobarbi-
turic acid reactive substances (TBARS) in beef mari-
nated into acid whey after 1 and 28 days, but reduced 
TBARS content after 14 days of storage. On the other 
hand, soaking of fermented beef into acid whey also 
resulted in improved oxidative stability during storage 
(Wojciak et al., 2015). YAW marination of sheep meat 
for 20h with a concomitant addition of hesperidin de-
creased MDA values in raw and cooked samples on 
day 1 (Simitzis et al., 2021). Furthermore, oxidation 
stability was improved in chicken meat samples as an 
effect of YAW marination for 10-15h (Karageorgou et 
al., 2023). Inclusion of carvacrol into marinade had 
an additional beneficial effect on meat oxidative sta-
bility only in lamb meat, due its well-known activity 
as scavenger of free radicals (Al Jumayi et al., 2022). 
In general, marinades originated from dairy products 
improve the safety of meat products by attenuating 
the oxidation of fats and proteins and reducing the 
formation of heterocyclic aromatic amines and poly-
cyclic aromatic hydrocarbons, possibly due to the bi-
ologically active substances and the competitive mi-
croflora derived from these products (Latoch et al., 
2023a). The observed discrepancies could be possibly 
attributed to the different meat type and the fact that 
YAW already reduced lipid oxidation rates at such an 
extent in beef meat that carvacrol could not act syner-
gistically. At the same time, after meat marination and 
cooking, protein degradation could take place, which 
can also negatively affect sensory quality of cooked 
meat and should be taken into account (Latoch et al., 
2023b).

As already pointed out, YAW composition is af-
fected by several factors and the results of the present 
study could be different if the YAW utilized was pro-
vided by another source. At the same time, evaluation 
of sensory attributes in cooked lamb and beef was not 
implemented, since our experiment was carried out 
during covid 19 outbreak and it was not possible to 
collect candidates to form the respective evaluation 
panel. At the same time, assessment of protein oxi-
dation, determination of volatile compounds, imple-
mentation of texture profile analysis and examination 
of microbiological parameters could consolidate our 
knowledges on the effects of YAW marination on 
lamb and beef meat quality traits and they will be part 
of our future experimentations.

CONCLUSION
The results of the current study suggested that the 

marination of lamb and beef meat with yoghurt acid 
whey for 15h improved tenderness. At the same time, 
oxidative stability was greatly improved in beef meat 
samples as an effect of YAW marination, while in in 
lamb meat, MDA values were reduced on day 1, but 
they were increased afterwards as an effect of mari-
nation. Addition of carvacrol decreased MDA values 
to the levels of the control group or lower, indicating 
their great antioxidant potential in lamb meat. The 
utilization of YAW in lamb and beef meat sector can 
result in the minimization of hazards that are related 
with its dumping whereas an improvement of meat 
tenderness and oxidative stability in lamb and beef 
meat is evident without detrimental side effects on the 
other quality characteristics. 
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