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A B S T R A C T   

In this study, beef was marinated with different low-sodium salt substitutes and heated and aged by employing 
superheated steam roasting and traditional roasting to investigate the effects of the various substitutes on the 
physicochemical properties, texture profile, sensory properties, volatile compounds, microstructural character-
istics, and safety of cured and aged beef. Twenty kilograms of beef were arbitrarily divided into five treatments 
and pickled with different low-sodium salt substitutes. The results revealed no significant differences in saltiness, 
physicochemical characteristics, texture profile, or volatile compounds between the T2 and T3 and T1 (100% 
NaCl, T1; 75% KCl + 25% NaCl, T2; 50% KCl + 50% NaCl, T3) samples. Furthermore, the T4 and T5 (50% NaCl 
+ 25% KCl + 20% MgCl2 + 5% CaCl2, T4; 100% yeast extract, T5) samples had lower saltiness than the T1 
sample. The plasmolysis percentage and osmotic pressure of the T2 and T3 samples were lower than those of the 
T1 sample. Therefore, reducing sodium by substituting NaCl with 50% KCl or 75% KCl maintained an acceptable 
sensory and safety profile for beef consumption.   

1. Introduction 

Sodium chloride (NaCl) is among the most used additives in the meat 
industry. NaCl can maintain food quality and improve its aroma and 
plays a crucial role in maintaining human health (Giuseppina et al., 
2006). However, excessive sodium intake has been demonstrated to 
increase the risks of headache, hypertension, and cardiovascular disease 
(Laranjo et al., 2017). Sodium consumption in China is high, averaging 
4.1 g per day, which is twice the amount recommended by the World 
Health Organization (Du et al., 2020). Excessive sodium intake (>2 g/ 
day) is estimated to account for over 70% of deaths from cardiovascular 
disease and 30% of fatal injuries in individuals aged < 70 years 
(Mozaffarian et al., 2014; Zhao et al., 2019; Tahir et al., 2019). High 
dietary sodium intake can be detrimental to the health of patients with 
hypertension. Hence, the high sodium content of the brine meat industry 
is a major limitation to its growth. 

Replacing NaCl with other types of chloride salts or ingredients is a 
key strategy for reducing salt in meat products (Aaslyng et al., 2014; 

Bhat et al., 2020). Many studies have used calcium chloride (CaCl2) and 
potassium chloride (KCl) as salt substitutes in food products (Tobin 
et al., 2013; Laranjo et al., 2017; Yang et al., 2021). Because NaCl and 
KCl have the same chemical properties, KCl is used as a substitute for 
NaCl, and KCl can reduce sodium levels and increase potassium ab-
sorption (Katsiari et al., 2001a; Katsiari et al., 2001b; Valerio et al., 
2017). However, an increase in the KCl content in foods can result in 
bitter and metallic tastes (Zanardi et al., 2010; Zhang et al., 2020). 
Moreover, KCl can exert negative effects in terms of sensory perception. 
Thus, new strategies must be developed to prevent the adverse effects 
associated with substitutes on the organoleptic quality of food products. 
Yeast extract is a widely used natural flavor enhancer and is rich in 
peptides, nucleotides, vitamin B, amino acids, and other compounds or 
precursors (Harada-Padermo et al., 2020). Alim et al. (2018) reported 
that most volatile and nonvolatile compounds as well as active aromatic 
compounds in yeast extract that enhance flavor develop during the 
heating process; yeast extract is used in various meat products. Pro-
cessed meat, including marinated beef, which is a traditional food 
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product widely consumed by humans, is a major source of dietary salt 
intake, and processed meat containing a high salt content might be 
appealing to older individuals because of their deteriorating sensory 
perception. 

Given the high sodium content in meat products, reducing sodium 
levels without substantially affecting the quality of cured meat products 
is challenging. To date, no studies have used descriptive sensory-driven 
salt reduction strategies to effectively reduce the salt content in corned 
beef. This study investigated the effects of KCl, CaCl2, magnesium 
chloride (MgCl2), and yeast extracts—alternatives to NaCl—on the 
physical, chemical, and sensory properties of pickled meat products. 

2. Material and methods 

2.1. Materials 

The beef tenderloin sample used in this study was purchased from a 
local commercial company. The sample was transported to the labora-
tory on ice. NaCl (food grade), KCl (99%, food grade), CaCl2 (food 
grade), MgCl2 (food grade), and yeast extract (food grade) were used to 
prepare marinades. 

2.2. Preparation of salted meat products and treatments 

We purchased 20 kg of beef tenderloin from a local market and 
stored it at − 18 ◦C until the meat was pickled. The frozen meat was cut 
into approximately 8-cm3 pieces by using a band saw and then treated 
with five salts containing different sodium contents: 100% NaCl (T1, 
control), 75% KCl + 25% NaCl (T2), 50% KCl + 50% NaCl (T3), 50% 
NaCl + 25% KCl + 20% MgCl2 + 5% CaCl2 (T4), and 100% yeast extract 
(T5). The pieces were marinated as one group per solution. KCl, MgCl2, 
and CaCl2 were used instead of NaCl. On the basis of the molecular 
weight of chemical elements, the same molar concentration (molar 
equivalent) was obtained, and the final brine concentration was set at 
8%. Subsequently, the meat was marinated under a 0.09-MPa vacuum 
for 4 h. Wash the marinated tenderloin with tap water, wherein a part of 
the tenderloin is roasted at 200 ◦C for 40 min with superheated steam, 
and another part of the tenderloin is roasted at 200 ◦C for 40 min with 
hot air in a traditional oven. Three samples were processed in each batch 
for further analysis. 

2.3. Centrifugal loss, cooking loss, moisture content, and beef yield 

A sample (W1) was weighed and placed in a 50-mL centrifuge tube 
with a filter paper. The sample was centrifuged (800C, Anting Scientific 
Instrument Co., Ltd. Shanghai, China) at 2000 rpm for 15 min and 
weighed (W2). The centrifugal loss was calculated using the following 
formula: 

Centrifugal loss(%) =
w1 − w2

w1
*100% (1)  

where w1 is the sample mass before centrifugation and w2 is the sample 
mass after centrifugation. 

The beef tenderloin samples were cleaned and weighed on an 
analytical balance. After cooking, the remaining weight of the meat was 
recorded. The cooking loss was calculated using the following formula: 

Cooking loss(%) =
Wb − Wa

Wb
× 100 (2) 

Each value represents the average of 6 measurements (two inde-
pendent trials × three samples).where Wb is the weight of meat before 
cooking and Wa is the weight of meat after cooking. 

According to the method of AOAC 934.01, the moisture content was 
measured by gravity after drying at 105 ◦C for 24 h (Horwitz, 2010). 

Following the method used by Angiolillo et al. (2015), we calculated 
the yields of the beef tenderloin samples in triplicate by using the 

following equation: 

Beefsyield(%) = (Wa/Wb)*100 (3)  

where Wb is the weight of meat before cooking and Wa is the weight of 
meat after cooking. 

2.4. Determination of color 

The color of the beef tenderloin surface was determined following 
the method described by O’Neill et al. (2018). Using a colorimeter 
(Konica Minolta, CR-400, Japan), calibrated with a white tile (L = 92.5, 
a = − 1.20 and b = 1.10) using an illuminant D65, and 10◦ standard 
observer, and aperture size of 8 mm diameter. Determination from the 
cross section of the product. CIELAB values (L*, a*, and b* for lumi-
nance, red, and yellow, respectively) were calculated, Determination 
after superheated steam roasting and traditional roasting respectively. 
with each value representing the average of 12 measurements. 

2.5. Protein content determination 

The total protein content of the beef tenderloin samples was deter-
mined using the Kjeldahl nitrogen determination method. The sample 
was titrated with standard hydrochloric acid (0.1 mol/L) until the pH 
value reached 6.10. The protein was calculated by nitrogen, and the 
coefficient was 6.25. Each assay was performed in triplicate. 

2.6. Texture profile analysis 

The texture profiles of the beef tenderloin samples were analyzed 
using the Express TA-TX2 texture analyzer and computer. A sample was 
cooled to room temperature and cut into cylinders with a thickness of 2 
cm and a diameter of 2 cm. Subsequently, the cut samples were com-
pressed with a 45-mm-diameter probe for two cycles. The speed before 
and after measurement was 1 and 5 mm/s, respectively, the distance was 
10 mm, the time was 5 s, and the trigger force was 5 g. 

2.7. Sensory evaluation 

Sensory analysis was conducted according to methods described by 
Smith et al. (2015). The beef tenderloin samples were served to 36 un-
trained panelists across 2 sessions and 3 nights (6 sessions in total). 
There were 6 participants in each session. The beef tenderloin samples 
for each round were selected and allocated to panelists under a restricted 
randomization, each panelist tested each treatment at least once. Sen-
sory tests were conducted in a separate scaffold under controlled light 
and temperature conditions at the Sensory Analysis Laboratory of the 
Department of Food Technology and Science of the Jiangsu University. 
All reviewers sign free and informed consent and agree to participate in 
the research. The evaluators were asked to rate sensory characteristics 
on a 6-point hedonic scale, with 1 and 6 being extreme values for each 
situation. Attributes included salinity (1 = nonsalinity and 6 =
extremely salty), juiciness (1 = extremely dry and 6 = extremely juicy), 
color (1 = pink white and 6 = deep red), overall hardness (1 = extremely 
mushy and 6 = extremely hard), other flavors (1 = not found and 6 =
extremely strong), overall texture (1 = extremely poor and 6 = excel-
lent), and general acceptability (1 = unacceptable and 6 = highly 
acceptable). Each sample was marked using a three-digit random 
number, and each sample was evaluated four times. 

2.8. Volatile compound analysis 

Following the method reported by Mansur et al. (2019) with some 
modifications, we extracted and analyzed volatile components in the 
beef tenderloin samples. Each process was performed in triplicate. 
Briefly, 5.0 g of ground beef tenderloin was placed into a 20-mL sample 
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bottle. Solid-phase microextraction fibers coated with poly-
dimethylsilane/ divinylbenzene and carboxylic acid were mixed with 
100 μL of octylic acid methyl ester, placed in a 20-mL sample bottle, and 
exposed to the bottle headspace for 45 min at 45 ◦C. Volatile compounds 
in the samples were determined through gas chromatography–mass 
spectrometry (GC-MS). In the experiment, a capillary column (Cap-Wax) 
was used to separate and identify volatile compounds in the samples. 
The carrier gas was helium, and the flow rate was 1 mL/min. The 
temperature in the chromatography furnace was maintained at 40 ◦C for 
4 min; increased from 40 ◦C to 135 ◦C at 3 ◦C/min, from 135 ◦C to 200 ◦C 
at 5 ◦C/min, and from 200 ◦C to 230 ◦C at 15 ◦C/min; and finally 
maintained for 5 min. Identical conditions were used for the treatment 
of C6–C20 n-alkanes in the experiments. Mass spectrometry results were 
compared to experimental spectra from the NIST17 mass spectral library 
to identify volatile compounds in the sample. The final content of vol-
atile compounds was calculated by dividing the peak area of the target 
compound by the peak area of the internal standard (expressed in μg/ 
kg). 

2.9. Microstructure analysis 

The microstructure of samples T1, T2, T3, and T4 was determined. 
The samples for observing the microstructure were prepared using the 
method described by Wattanachant et al. (2005). The meat was cut into 
0.5 × 0. 5 × 0. 5-cm3 pieces, frozen in liquid nitrogen, and dried in a 
freeze dryer (Beijing Yatai Kelong Instrument Technology Co., Ltd, 
China). A treated sample was cut into 2 × 2 × 2-mm3 pieces. Spray gold 
samples. The samples were examined under a scanning electron 
microscope. 

2.10. Observation of plasmolysis 

The outer epidermal cells of an onion were removed and placed on 
slides with different low-sodium replacement salt solutions (T1, T2, T3, 
and T4). The solution concentration was 0.3 g/mL, and the slide was 
covered with a cover slip. After 30 min, the degree of plasmolysis of 
onion cells in different low-sodium replacement salt solutions was 
observed under a microscope. Sodium will increase the osmotic pressure 
of cells, and potassium has the effect of lowering blood pressure. Onion 
cells have cell walls, and we can more clearly see the plasmolysis caused 
by osmotic pressure. Different salt solutions have different osmotic 
pressures on cells. By observing the plasmolysis of cells, it can be further 
explained that low-sodium substitute salts have lower osmotic pressures. 

plasmolysisratio =
Ws
Wt

*100% (4)  

where Ws is the area of cell shrinkage and Wt is the total cell area. 

2.11. Statistical analysis 

All experiments were repeated three times on different days by using 
the identical formulas, methods, and techniques. Considering the 
treatments (marinaded with five salts containing different sodium con-
tents) as a fixed effect and the days as a random effect (Biffin et al., 
2020). For the analysis of factors affecting each sensory trait (saltiness, 
juiciness, color, overall firmness, other flavours, overall texture and 
overall acceptability) within the beef tenderloin, fixed terms for full 
models included processing (treated with five salts containing different 
sodium contents) and cooking (the superheated steam-roasted beef 
tenderloin and traditionally roasted beef tenderloin) treatments, as well 
as a cofactor for tasting round. The experimental design factors of 
panelist, tasting round and session were fitted as random effects. Pre-
dicted means, standard errors and least significant difference at 5% 
critical value for consumer scores of each trait at each treatment level 
were predicted from each model. At least three parallel samples were 

analyzed for each process. All experiments were performed in triplicate, 
and data are expressed as the mean values and standard error. All data 
were statistically analyzed using SPSS (Version 17.0, Chicago, USA). The 
significant difference (SD) when the P value was ≤ 0.05 was determined 
using Duncan’s method. All data were analyzed and plotted using Origin 
2019 (Origin Lab Corporation, USA). 

3. Results and discussion 

3.1. Centrifugal loss, cooking loss, moisture content, and beef yield 

The water-holding capacity (WHC) of meat is typically evaluated by 
determining cooking loss and centrifugal loss, where centrifugal loss is 
the water lost from cooked meat samples. The WHC is primarily related 
to the ability of beef tenderloin to retain its own water. As presented in 
Fig. 1a, the centrifugal loss of the T1, T2, T3, T4, and T5 superheated 
steam-roasted beef tenderloin samples was 3.13%, 4.13%, 2.86%, 
3.75%, and 3.79% respectively. The centrifugal loss of the T1, T2, T3, 
T4, and T5 traditionally roasted beef tenderloin samples was 2.18%, 
1.68%, 1.78%, 2.02%, and 1.14% respectively. Significant differences in 
the centrifugal loss were observed among the five superheated steam- 
roasted beef tenderloin samples (P < 0.05), and the lowest centrifugal 
loss was noted in the T3 sample. No significant difference in the cen-
trifugal loss was observed among the T1, T2, T3, and T4 traditionally 
roasted beef tenderloin samples, and the lowest centrifugation loss was 
noted in the T5 sample. Overall, the centrifugal loss was < 5% in the 
treated samples. 

The cooking loss values did not significantly differ among the T1, T2, 
T3, T4, and T5 superheated steam-roasted beef tenderloin samples 
(Fig. 1b). However, the cooking loss values differed among the T1, T2, 
T3, T4, and T5 traditionally roasted beef tenderloin samples; the T5 
sample exhibited the highest cooking loss value (69.74%). No significant 
differences were noted between the T1, T2, T3 and T4 traditionally 
roasted beef tenderloin samples (P > 0.05). These differences may be 
caused by the amount of KCl addition. The K could react with muscle 
surface proteins and inhibit the penetration of Na, thereby reducing the 
loss. 

No significant difference (P > 0.05) in the moisture content was 
observed between the T1 (control) and T2, T3, and T4 superheated 
steam-roasted beef tenderloin samples (Fig. 1c), and the moisture con-
tent of the T5 sample was lower than that of the T1 sample. This dif-
ference can be attributed to water migration inside the beef tenderloin 
and the evaporation of surface moisture during curing (Lorenzo & 
Franco, 2012). No significant difference (P > 0.05) in the moisture 
content was observed between the T1 (control) and T2, T3, T4, and T5 
traditionally roasted beef tenderloin samples. 

The beef yield did not significantly differ between the T1 (control) 
and T2, T3, T4, and T5 superheated steam-roasted beef tenderloin 
samples (Fig. 1d). However, the beef yield differed between the T1 
(control) and T2, T3, T4, and T5 traditionally roasted beef tenderloin 
samples, and the T5 sample exhibited the lowest beef yield (30.26%). No 
significant differences in the beef yield were observed among the T1, T2, 
T3, and T4 (P > 0.05) traditionally roasted beef tenderloin samples. 
Aaslyng et al. (2014) indicated that a small decrease in the NaCl content 
in sausage (2.2%–1.7%) and ham (2.3%–1.8%) would not lead to a 
change in yield. 

3.2. Determination of color 

Salt is an oxidant and can increase the oxidation potential of 
myoglobin, reduce the surface tension and capacity of meat, and pro-
mote the release of iron by cells (Kanner et al., 1991). Fig. 2a presents 
the color of the superheated steam-roasted beef tenderloin samples. No 
significant difference in the color parameters a* (red green) and b* 
(yellow blue) was noted in the different treated samples (P > 0.05). No 
significant difference in L* (luminosity) was observed between the T1 
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(control) sample and the T2, T3, and T4 (treated) samples. The T5 
sample exhibited a lower L* (luminosity) value than did the T1 sample. 
Fig. 2b presents the color of traditionally roasted beef tenderloin. The 

addition of different salts did not affect the chromaticity parameters L* 
(photometric determination), a* (red-green determination), or b* (yel-
low-blue determination; P > 0.05). 

Fig. 1. Predicted means ± standard error for centrifugal loss (a), cooking loss (b), moisture content (c), and yield (d) of superheated steam-roasted beef tenderloin 
and traditionally roasted beef tenderloin treated with different salt types. T1: 100% NaCl, T2: 75% KCl + 25% NaCl, T3: 50% KCl + 50% NaCl, T4: 50% NaCl + 25% 
KCl + 20% MgCl2 + 5% CaCl2, T5: 100% yeast extract. 

Fig. 2. Predicted means ± standard error for color of superheated steam-roasted beef tenderloin cured with different alternative salts (a); Predicted means ±
standard error for color of traditionally roasted beef tenderloin cured with different alternative salts (b). L*: Values of lightness, a*: redness/greenness, b*: yel-
lowness/blueness. T1: 100% NaCl, T2: 75% KCl + 25% NaCl, T3: 50% KCl + 50% NaCl, T4: 50% NaCl + 25% KCl + 20% MgCl2 + 5% CaCl2, T5: 100% yeast extract. 
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3.3. Protein content determination 

As presented in Fig. S1, the protein content of the superheated steam- 
roasted beef tenderloin samples cured with different alternative salts 
(T2, T3, T4, and T5) was higher than that of the T1 sample. No signif-
icant difference in the protein content was noted between the T1 (con-
trol) and T2 and T3 (treated) traditionally roasted beef tenderloin 
samples (P > 0.05). The protein content of the traditionally roasted beef 
tenderloin samples cured with different alternative salts (T4 and T5) was 
higher than that of the T1 sample. 

3.4. Texture profile analysis 

No significant difference in elasticity was noted between the super-
heated steam-roasted beef tenderloin and traditionally roasted beef 
tenderloin (P > 0.05; Table S1, Table S2). These improvements in 
elasticity are consistent with those reported by dos Santos Alves et al. 
(2017) who indicated that replacing 50% NaCl with KCl did not affect 
the elasticity of beef tenderloin. Similarly, Horita et al. (2011) reported 
that replacing 50% NaCl with KCl did not affect the elasticity of beef 
tenderloin. 

The chewiness values were higher for the superheated steam-roasted 
beef tenderloin samples cured with different alternative salts (T4 and 
T5) than for the T1 (control) sample (Table S1). Furthermore, the 
chewiness values were higher for the traditionally roasted beef tender-
loin samples cured with different alternative salts (T2, T3, T4, and T5) 
than for the T1 (control) sample (Table S2). No significant difference in 
cohesiveness was noted between the superheated steam-roasted beef 
tenderloin and traditionally roasted beef tenderloin samples (P > 0.05; 
Tables S1 and S2). A study reported that substituting NaCl in pork 
sausages with CaCl2, MgCl2, and KCl did not affect their texture profile 
(da Silva Araujo et al., 2021). However, Horita et al. (2014) indicated 
that the use of bivalent salts, such as CaCl2 and MgCl2, as substitutes for 
NaCl in sausages at a ratio of 25%–50% exerted a negative effect on the 
texture profile. However, in this study, MgCl2 and CaCl2 at 20% and 5%, 
respectively, did not adversely affect the texture profile of the T4 
sample. 

3.5. Sensory analysis 

Table S3 lists the average sensory scores of the superheated steam- 
roasted beef tenderloin samples cured by different alternative salts in 
the categories of saltiness, juiciness, color, overall firmness, other fla-
vors, overall texture, and overall acceptability. No significant differ-
ences in color, total hardness, other flavors, and overall texture were 
noted among the T1, T2, T3, T4, and T5 samples. Compared with the T1 
sample, the T2 and T3 samples demonstrated slightly decreased salinity, 
and the T4 and T5 samples exhibited significantly decreased salinity. 
Table S4 presents the average sensory test scores of the traditionally 
roasted beef tenderloin samples pickled with different alternative salts. 
No significant differences in juiciness, color, total hardness, other fla-
vors, and overall texture were noted among the T1, T2, T3, T4, and T5 
samples. Furthermore, no significant difference in salinity was observed 
among the T1, T2, and T3 samples (P > 0.05); however, the salinity of 
the T4 and T5 samples was significantly lower than that of the T1 
sample. No significant difference in total acceptability was noted among 
the T1, T2, T3, and T4 samples (P > 0.05). The saltiness and overall 
acceptability of the T2 and T3 samples were similar to those of the T1 
sample. A study reported that replacing 50% NaCl with KCl did not 
affect the sensory properties of products (Monica et al., 2009). 

3.6. Volatile compound analysis 

Taste is a complex sensation that mainly includes the olfactory and 
trigeminal nerves. Flavors mainly result from lipid and protein degra-
dation, the Maillard reaction, Strecker degradation, thiamine and 

carbohydrate degradation, and other reactions. The GC-MS-total ion 
chromatograms (GC-MS-TIC) of the superheated steam-roasted and 
traditionally roasted beef tenderloin samples cured with 100% NaCl are 
presented in Figs. S2 and S3. A total of 80 volatile substances were 
detected in the superheated steam-roasted beef tenderloin samples 
cured with different alternative salts, including 10 alcohols, 14 alde-
hydes, 4 ketones, 5 acids, 8 esters, 31 hydrocarbons, and 8 other com-
pounds (Table S1). Furthermore, 71 types of volatile substances were 
detected in the traditionally roasted beef tenderloin samples pickled 
with different alternative salts, including 7 alcohols, 13 aldehydes, 3 
ketones, 4 acids, 10 esters, 27 hydrocarbons, and 7 other compounds 
(Table S2). 

No significant difference in the total alcohol content was noted be-
tween the T1 and T2 and T3 superheated steam-roasted beef tenderloin 
samples (P > 0.05; Table S1). The T4 and T5 samples had a lower total 
alcohol content than did the T1 sample. No significant difference in the 
total alcohol content was noted between the T1 and T2 and T3 tradi-
tionally roasted beef tenderloin samples (P > 0.05; Table S2). The 
alcohol detected in the traditionally roasted beef tenderloin samples 
cured with different alternative salts was mainly 1-octen-3-ol. 

The odor threshold of aldehydes is low, and aldehydes considerably 
contribute to the overall flavor of meat products (Ramírez & Cava, 
2007). All meat samples contain benzaldehyde and nonanal, which may 
be due to the oxidation of unsaturated fatty acids such as linoleic acid 
(Liu et al., 2019). No significant difference in the benzaldehyde content 
was noted between the T1 and T2 and T3 superheated steam-roasted 
beef tenderloin samples (P > 0.05). The T4 sample had a lower benz-
aldehyde content than did the T1 sample. No significant difference in the 
benzaldehyde content was noted between the T1 and T2 and T3 tradi-
tionally roasted beef tenderloin samples (P > 0.05). The benzaldehyde 
content of the T4 and T5 samples was lower than that of the T1 sample 
(P < 0.05). The nonanal content was higher in the T1 than in the T5 
superheated steam-roasted beef tenderloin sample (P < 0.05). Further-
more, the nonanal content was slightly lower in the T2, T3, and T4 
samples than in the T1 sample. The nonanal content was higher in the T1 
than in the T4 and T5 traditionally roasted beef tenderloin samples (P <
0.05). The T2 and T3 samples had a slightly lower nonanal content than 
did the T1 sample. Hexanal has a rancid taste at high concentrations and 
fruity and bouillon flavors at low concentrations. Some studies have 
reported that the presence of hexanaldehyde and nonanal in dried 
sausages, hydrolyzed lard, and fruits. 

No significant difference in the total ketone content was noted be-
tween the T1 and T2 superheated steam-roasted beef tenderloin samples 
(P > 0.05). The total ketone content was slightly lower in the T3 than in 
the T1 superheated steam-roasted beef tenderloin samples. Moreover, 
the total ketone content was significantly lower in the T4 and T5 than in 
the T1 superheated steam-roasted beef tenderloin samples. The total 
ketone content was slightly lower in the T2 and T3 than in the T1 
traditionally roasted beef tenderloin samples. Moreover, the total ketone 
content was significantly lower in the T4 and T5 than in the T1 tradi-
tionally roasted beef tenderloin samples. 

Most acids, such as caprylic acid, caproic acid, and nonanic acid, 
result from the autoxidation of lipids and the oxidation of aldehydes 
(Chen et al., 2021). Five types of acids were identified in the superheated 
steam-roasted beef tenderloin samples cured with different alternative 
salts, and the contents of these acids were lower than those of other 
volatile compounds. No significant difference in the 3-methylbutyric 
acid content was noted between the T2 and T3 samples and the T1 
sample (P > 0.05). The 2-methyl-butanoic acid content in the T2 and T3 
samples was higher than that in the T1 sample. Four acids were iden-
tified in the traditionally roasted beef tenderloin samples cured with 
different alternative salts, and their contents were lower than those of 
other volatile compounds. The 2-methyl-butanoic acid content in the T2 
and T3 samples was higher than that in the T1 sample. 

Eight esters were identified in the superheated steam-roasted beef 
tenderloin samples cured with different alternative salts, with 2,2- 
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dimethylpropyl acetate and methyl ether as the main compounds. Ten 
esters were identified in the traditionally roasted beef tenderloin sam-
ples cured with different alternative salts, with 2,2-dimethylpropyl ac-
etate being the major compound. The content of 2,2-dimethylpropyl 

acetate was higher than those of other methyl esters, and 2,2-dimethyl-
propyl acetate was identified in all the beef tenderloin samples. Wang 
et al. (2020) reported that some esters in bacon products may be formed 
by the nonenzymatic esterification of alcohols and acids. 

Fig. 3. Scanning electron microscopy images of superheated steam-roasted beef tenderloin and traditionally roasted beef tenderloin cured with different salt types at 
100 × magnification. A1–A5: T1–T5 (superheated steam roasted); a1–a5: T1–T5 (traditional roasted). T1: 100% NaCl, T2: 75% KCl + 25% NaCl, T3: 50% KCl + 50% 
NaCl, T4: 50% NaCl + 25% KCl + 20% MgCl2 + 5% CaCl2, T5: 100% yeast extract. 
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A total of 31 and 27 hydrocarbons were identified in the superheated 
steam-roasted and traditionally roasted beef tenderloin samples cured 
with different alternative salts, respectively. Some flavor compounds, 
such as toluene, 1,3-dimethyl-benzene, 1,3-di-tert-butylbenzene, o- 
xylene and 2-pentyl-furan, are difficult to classify. Furan is a typical 
heterocyclic compound that is formed by the Maillard reaction, Strecker 
decomposition, and thiamine thermal decomposition (Li et al., 2022). 

3.7. Effects of different low-sodium substitute salt treatments on the 
microstructure of beef 

The structure and ultrastructure of meat are closely related to the 
quality of meat products, and changes in the microstructure affect the 
water retention quality of meat products (Puolanne & Halonen, 2010). A 
scanning electron microscope was used to observe changes in the 
microstructure of superheated steam-roasted and traditionally roasted 
beef tenderloin samples cured with different alternative salts. The re-
sults are presented in Fig. 3. In addition to water loss, salt diffusion leads 
to an increase in the gaps in salt samples. Salt diffusion leads to the 

Fig. 4. Microscopic observation of the plasmolysis of onion cells in different low-sodium replacement salt solutions (T1, T2, T3, T4, and T5) and Predicted means ±
standard error for plasmolysis percentage of onion cells under different low-sodium replacement salt solutions (b). T1: 100% NaCl, T2: 75% KCl + 25% NaCl, T3: 
50% KCl + 50% NaCl, T4: 50% NaCl + 25% KCl + 20% MgCl2 + 5% CaCl2, T5: 100% yeast extract. 
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overexpansion of fibers and the destruction of muscle structure. 
Duranton et al. (2012) reported that when salt solution was injected into 
pigs, the fiber was not obvious but intact. 

3.8. Comparison of osmotic pressure of different low-sodium substitute 
salt solutions applied to onion cells 

Different low-sodium replacement salt solutions exert different os-
motic pressure on cells. The higher the osmotic pressure is, the greater is 
the degree of separation of the cytoplasmic wall (Segui et al., 2010), and 
excessively high osmotic pressure is detrimental to human health. The 
plasmolysis of onion cells under different low-sodium replacement salt 
solutions was microscopic observed (Fig. 4). Onion cells treated with 
different low-sodium replacement salt solutions (T1, T2, T3, and T4) 
exhibited different degrees of plasmolysis. The T5 sample did not exhibit 
plasmolysis. The plasmolysis percentages of the T1, T2, T3, T4, and T5 
samples were 61.56%, 44.29%, 52.9%, 38.34%, and 0%, respectively 
(Fig. 4b). Compared with the T1 sample, the T2, T3, T4, and T5 samples 
had lower plasmolysis percentages and lower osmotic pressure, indi-
cating that the salt substitutes are safe for human consumption. 

4. Conclusions 

The effects of chlorine salts, namely KCl, CaCl2, and MgCl2, and yeast 
extracts used as substitutes for NaCl on the physicochemical and sensory 
properties of pickled meat products were investigated. Substituting NaCl 
with 50% KCl (T3) or 75% KCl (T2) did not reduce the salinity of beef 
when compared with the T1 (control) sample with 100% NaCl. 
Substituting NaCl with 50%–75% KCl exerted no adverse effect on the 
physicochemical and sensory properties of beef (Table S5, S6). 
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