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Abstract
To maximise tenderness, minimise cooking loss, and decrease the adverse effects on the colour of beef short ribs, third-order 
multiple regression models were used to optimise the processing parameters during the pulsed electric fields (PEF) followed 
by sous vide (SV) processing. Electric field strength (EFS) and specific energy (SE) of PEF ranged from 0 to 0.85 kV/cm 
and 0 to 110.96 kJ/kg, respectively, and SV processing for 12, 24, or 36 h at 60 °C was applied. The optimum PEF-SV pro-
cessing conditions for short ribs were found at EFS of 0.85 kV/cm and SE of 110.96 kJ/kg with SV processing at 60 °C for 
23.96 h. In the absence of PEF pre-treatment, the optimum SV time at 60 °C was 36 h. PEF pre-treatments (SE, 99–110.96 kJ/
kg) followed by SV (24 h) at 60 °C resulted in a significantly lower cooking loss (%) and texture profile analysis hardness 
compared to PEF at all treatment intensities, followed by SV at 60 °C for 36 h. Furthermore, significant differences were 
not observed in the redness, hue angle, and chroma at different PEF-SV processing parameters. Therefore, for industrial 
applications, PEF-SV processing with EFS (0.85 kV/cm), pulse width (20 µS), pulse frequency (50 Hz) and SE (110.96 kJ/
kg), and SV temperature–time combination of 60 °C and 23.96 h is highly recommended.

Keywords  Pulsed electric fields · Sous vide · Short ribs · Cooking loss · Colour · Tenderness · Soluble collagen · 
Optimisation

Introduction

Sous vide (SV) processing can improve the tenderness of 
meat with little impact on its colour and flavour (Alahakoon 
et al., 2018; Baldwin, 2012; Bhat et al., 2020). SV processing 

at temperatures in the range between 60 and 75 °C for 17 
to 36 h has been reported to enhance the tenderness of beef 
(Bhat et al., 2020; Christensen et al., 2013; Rinaldi et al., 
2014), pork (Christensen et al., 2011), lamb (Roldán et al., 
2013, 2014), goat (Tangwatcharin et al., 2019), and chicken 
meat (Karpińska-Tymoszczyk et al., 2020; Kerdpiboon et al., 
2019; Silva et al., 2017). However, the long cooking time 
required for SV processing implies that this processing is 
uneconomical and impractical for industrial applications. 
Previous efforts to shorten SV cooking time have involved 
injecting exogenous proteolytic enzymes into the meat prior 
to SV processing. However, as the enzymes have a high inac-
tivation temperature, the residual enzymes found in meat can 
cause over-tenderisation, a mushy texture, off-flavours devel-
opment, and quality loss (Alahakoon et al., 2019; Bekhit 
et al., 2016).

Subjecting the meat to pulsed electric fields (PEF) pro-
cessing prior to SV demonstrated a potential as a means 
to reduce SV time (Alahakoon et al., 2018, 2019; Roldán 
et al., 2013). Alahakoon et al., (2018, 2019) reported that 
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for tough beef brisket (deep and superficial pectoralis), PEF 
pre-treatments (EFS, 0.7–1.5 kV/cm; SE, 90–100 kJ/kg) 
before SV processing (60 °C/24–72 h) enhanced tender-
ness without adversely affecting colour, cooking loss, or 
lipid oxidation and reduced the effect of biological vari-
ability (Alahakoon et al., 2018). PEF treatment is postulated 
to cause electroporation in the muscle fibres, causing the 
release of Ca2+ and µ-calpain enzymes, thereby stimulating 
early proteolysis (Bekhit et al., 2014; Bhat et al., 2019b; 
Suwandy et al., 2015a). The onset of protein breakdown 
increases the fragmentation of myofibrils and the disin-
tegration of myosin heavy chains (Faridnia et al., 2014). 
Additionally, PEF processing reduces the size of the muscle 
and increases the gaps between muscle cells (Gudmundsson 
& Hafsteinsson, 2001) leading to an increase in the poros-
ity and thermal solubility of the connective tissue, which 
enhances tenderness (Alahakoon et al., 2017).

Adverse effects of PEF treatment on meat quality were 
also reported, which include PEF treatments with process-
ing parameters of EFS in the range of 2–2.8 kV/cm and SE 
in the range of 149.8–226 kJ/kg, which reduced the water 
holding capacity (WHC) and an increase in the drip loss of 
meat, reducing tenderness (Bhat et al., 2019a; Khan et al., 
2017; O'Dowd et al., 2013). Such changes have been specu-
lated to be due to an increase in shrinkage and denaturation 
of myofibrillar proteins and enzymes (Khan et al., 2017; 
O'Dowd et al., 2013).

Before PEF-SV processing can be used commercially, 
it is crucial that its effect on meat quality is well under-
stood and that the process is optimised. Optimisation of PEF 
processing parameters however is not a trivial exercise as 
animal age, breed, sex, muscle types, sample preparation 
(freezing, thawing, and method of deboning of the animals) 
before PEF treatment also affect meat quality (Bekhit et al., 
2016; Faridnia et al., 2015). Furthermore, the distribution 
of electric field during PEF processing is affected by quan-
tity and distribution of connective tissue and fat and muscle 
fibre orientation, which affect the outcome of PEF treatment 
(Alahakoon et al., 2017; Suwandy et al., 2015c).

To date, all published studies on the impact of PEF on 
meat quality have been on boneless meat cuts. This study is  
the first one that is investigating the optimisation of PEF treatment on  
bone-in meat cuts such as short ribs. Short ribs are hetero-
geneous bone-in tough cuts, which have a variable distribu-
tion of connective tissue, fat, bone, fibre orientation, and a 
wide range of electrical conductivity in meat as well as in 
the bone. Short ribs could potentially benefit from PEF-SV 
processes considering quality parameters like tenderness, 
cooking loss, colour, collagen solubility, and fragmenta-
tion of myofibrils. In addition, optimum PEF processing 
parameters and optimum SV time and temperature should 
be determined. Hence, this study was designed to find an 
optimum PEF pre-treatment and investigate the effect of 

PEF-SV processing parameters on the quality properties of 
beef short ribs.

Materials and Methods

Meat Samples

Beef short ribs (Transversus thoracis muscle) were obtained 
from six Angus steers (New Zealand). The weights of the left 
and right sides of the carcass, bone-in, were 138.6–160.2 kg 
and 134.8–161.6 kg, respectively. The post-rigour meat was 
vacuum-packed and frozen to − 18 °C in a blast freezer. 
Using a band saw, the frozen ribs were cut longitudinally 
into single short rib sections (~ 5 × 5 × 5 cm), which were 
stored at − 18 °C. Prior to use, the short ribs were thawed at 
4 °C for 16 h. On average, the electrical conductivity of the 
muscle portion around the bone of short ribs was ranging 
between 5 and 6.5 mS/cm.

A 4 × 3 complete factorial design was used, taking PEF 
pre-treatments and SV time as the factors. High-intensity 
(SE, 84–111 kJ/kg), medium-intensity (SE, 57–71 kJ/kg), 
and low-intensity PEF (SE, 28–35 kJ/kg) and without PEF 
(SE, 0 kJ/kg) pre-treatments were followed by SV treatments 
for 12, 24, or 36 h at 60 °C. The SV at 60 °C was the opti-
mum temperature elucidated from an earlier SV optimisation 
study by the authors (Karki et al., 2022). The PEF-SV treat-
ment combinations were assigned using Latin square design, 
and the number of replicates for each treatment combination 
was 16.

PEF Processing Before Sous Vide Processing

Four PEF pre-treatments (high-, medium-, low-intensity 
PEF, and without PEF) were used in this study. The pilot-
scale PEF system (Elcrack-HVP 5, DIL Quakenbruck, Ger-
many) was used in batch mode configuration. Each short 
rib (~ 5 × 5 × 5 cm) was carefully placed in the centre of the 
PEF chamber (10 × 8 × 5 cm3 length × width × height) with 
bone perpendicular to the direction of the electric current 
(Fig. 1). The distance between the electrodes was 8 cm. Agar 
gel slab (1% agar, conductivity between 5 and 6.5 mS/cm) 
was tightly placed between the electrode and the short rib to 
ensure that the delivery of electric current could be applied 
consistently to each sample. PEF treatment with a constant 
input voltage of 10 kV, a constant pulse width of 20 µs, and 
a constant frequency of 50 Hz with variable pulse number 
(PN) resulting in variable specific energy (SE) was applied. 
A square wave bipolar pulse was applied in the treatment, 
and the pulse shape was measured continuously using an 
oscilloscope (Model UT2025C, Uni-Trend Group Ltd., Hong 
Kong, China). The electric field strength (kV/cm) and pulse 
energy along with other PEF processing parameters were 
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recorded by the built-in sensors of PEF equipment during 
treatment, and the specific energy (kJ/kg) was calculated 
from Eq. (1). Electric field strength < 1 kV/cm was applied 
in this study based on the work of Alahakoon et al. (2019) 
using the same PEF Elcrack-HVP 5 system. Table 1 sum-
marises the processing variables assigned to each treatment 
and the processing output recorded after treating short rib 
muscles from 6 different animals:

The reason EFS is changing even though voltage is con-
stant is attributed by the product characteristics that pose elec-
trical resistance during delivery of short pulses with fixed 
input voltage. In the context of short ribs, this is a heterog-
enous matrix with different meat fibre orientation, presence 
of bones (an insulator), variation of fat (an insulator) distribu-
tion, and the electrical conductivity value that can vary greatly 
within the same muscle tissue. The EFS value reported in 
Table 1 which varied from 0.5 to 0.85 kV/cm under constant 
input voltage clearly illustrates that EFS can be affected by 
the product/sample properties. In this study, the reported EFS 
value was based on short rib muscles from 6 different animals.

Sous Vide (SV) Treatment

Immediately after PEF pre-treatments, the temperature and 
electrical conductivity of the samples were measured. Each 
short rib was individually vacuum-packed (Audionvac VMS 
153, Derby, UK) and sealed in a three-layer (polyethylene, 
ethylene vinyl alcohol (EVOH), and polyamide) and alu-
minium laminate (Contour Sales Packaging Systems, Tau-
ranga, New Zealand). Each layer in the laminate was glued 
together using food-grade adhesives with a gauge of 79 µm, 
oxygen permeability of ≤ 0.1 cc/m2/day at 23 °C, 65% RH, 
and a WVTR of ≤ 0.1 g/m2/day.

(1)

Specific energy (kJkg−1) =
Pulse energy(J)xPulse number

weight of sample(g)

Fig. 1   Assembly of short rib in the PEF treatment chamber
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The vacuum-packed short ribs were heated by submerging 
them in a water bath (PT 60; DIL, Quakenbruck, Germany) 
at 60 °C for 12, 24, or 36 h. The temperature–time profile of 
the water bath and inside the packaging was monitored using 
a temperature logger (i-button, Thermochron, Deventer, The 
Netherlands). After the SV treatment, the packed meat was 
immediately submerged in an ice water bath for 1 h. Then, 
the pack was opened, and short ribs were held at 4 °C for up 
to 24 h for analysis. The short rib sub-samples for further 
quality measurements were stored at − 80 °C.

Determination of Instrumental Meat Colour, 
Cooking Loss, Soluble Collagen, and Texture Profile 
Analysis (TPA) Parameters

Commission Internationale d’Eclairage (CIE) L* (white-
black), a* (red-green), and b* (yellow blue) values were 
measured using a Hunter Lab Mini Scan XE Plus (Hunter 
Associates Laboratory Inc., Reston, VA, USA) following 
the procedure described by Karki et al. (2022). From these 
values, chroma ( C∗ =

√

a∗2 + b∗2 ), hue angle ( h = tan−1
b∗

a∗
 ), 

and change or difference in L*, a*, b*, h, and C* after and 
before SV as ΔL∗,Δa∗,Δb∗ , Δh , and ΔC∗ , respectively, were 
also determined.

Cooking loss was measured as a percentage of loss 
in weight before and after SV treatment, as described in 
Eq. (2):

TPA parameters were measured using a TA-XT 2i Tex-
ture Analyser (Stable Micro Systems Ltd., Surrey, UK) as 
per Karki et al. (2022). The amount of collagen solubilised 
after PEF-SV processing was determined using a modified 
procedure from Hill (1966) as per Alahakoon et al. (2018).

Determination of Myofibrillar Fragmentation Index 
(MFI)

A modified method by Aroeira et al. (2020) was used to 
determine the myofibrillar fragmentation index (MFI). 
Lean meat without fat or connective tissue (1  g) was 
mixed with 40-mL ice-cold (4 °C) buffer solution (a mix-
ture of potassium chloride (100 mM), potassium phosphate 
(20  mM), magnesium chloride (1  mM), sodium azide 
(1 mM), and ethylenediaminetetraacetic acid disodium salt 
(1 mM)) and homogenised using an Ultra-Turrax (IKA® 
Works (Asia) Sdn Bhd, Selangor, Malaysia) at 15,000 rpm 
for 30 s. The homogenisation at 15,000 rpm for 30 s was 
repeated twice. After that, the homogenate was centrifuged 
at 2300 g for 30 min at 4 °C, and the supernatant was 
discarded. The pellet formed after the centrifugation was 

(2)
Cooking loss(%) =

(weight before sous vide − weight after sous vide)

weight before sous vide
× 100

re-suspended using the same buffer as mentioned previ-
ously (40 mL) and re-centrifuged at 2300 g for 30 min 
at 4 °C. The supernatant was again discarded, and the 
remaining pellet was suspended in the same buffer (20 mL) 
and homogenised at 15,000  rpm for 30  s. Finally, the 
homogenate was sieved through an 18-mesh size metal 
sieve and collected for further analysis.

The protein concentration of the sieved suspension 
was determined using Lowry method (Wrolstad et al., 
2005). The final protein concentration of the suspension 
was adjusted to 0.5 ± 0.05 mg/mL with the same buffer 
as above, and the absorbance was measured immediately 
at 540 nm using a spectrophotometer (Speccord 50 plus, 
Analytik Jena GmbH, Jena, Germany). Then, the mean 
of the triplicate absorbance readings was multiplied with 
a factor of 200 to obtain the MFI as described by Culler 
et al. ( 1978).

Data Analysis

The effect of SV time (12, 24, or 36 h) and SE of the PEF 
treatment on the cooking loss, TPA parameters, L*a*b* 
colour profile, soluble collagen, and MFI were analysed 
by a two-way analysis of variance (ANOVA) full factorial 
model. GraphPad Prism for Windows (GraphPad Soft-
ware, California, USA, version 9.1.2 (226) was used for 
ANOVA. In addition, the post hoc Tukey test for multiple 
comparisons was performed at a 5% level of significance.

The optimisation of SV time, EFS, and SE of PEF 
treatment for response variable was carried out by fit-
ting a third-order multiple regression model (Eq. 3) using 
Minitab version 18.1, Statistical Software (2017), State 
College, PA: Minitab, Inc., USA. (www.​minit​ab.​com):

where:
Y  is response variable.
X1,X2, andX3 are SV time, EFS, and SE, respectively.
�0 is the coefficient or constant terms.
�1, �2 , and �3 are linear coefficients for X1,X2, andX3 , 

respectively.
�4, �5, and �6 are quadratic coefficients.
�7, �8, and �9 are linear interaction coefficients.
�10, �11, and �12 are cubic coefficients.
�13, �14, �15, �16, �17, �18, and �19 are higher-order interac-

tion coefficients for X1,X2, andX3 , respectively.
e is the error term.

(3)

Y =�0 + �1X1 + �2X2 + �3X3 + �4X1
2
+ �5X2

2
+ �6X3

2

+ �7X1X2 + �8X1X3 + �9X2X3 + �10X1
3
+ �11X2

3

+ �12X3
3
+ �13X1

2
X2 + �14X1

2
X3 + �15X1X2

2

+ �16X1X3
2
+ �17X2

2
X3 + �18X3

2
X2 + �19X1X2X3 + e
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The model was simplified by backward elimination, with 
elimination criteria (α) significance set at 0.05 to remove 
insignificant terms in hierarchical order. The optimum val-
ues of EFS and SE and SV time were calculated by response 
optimiser using a simplified model for cooking loss, hard-
ness, hue angle, and change in hue angle and chroma after 
and before SV. The feasible regions for PEF and SV process 
parameters were determined from an overlaid contour plot, 
obtained from the significant response variable terms with 
95% confidence intervals of optimum values of response 
variables as upper and lower limits for the contours.

Results and Discussion

Change in Temperature and Electric Conductivity 
After PEF Treatments

In this study, there was no significant difference in 
final temperature of short rib samples after high- (SE, 
84–111  kJ/kg), medium (SE, 57–71  kJ/kg), and low- 
(SE, 28–35 kJ/kg) intensity PEF treatments (Fig. 2A). 
The average final temperature of sample never exceeds 
23.66 ± 2.28  °C, even after high-intensity PEF treat-
ment. Therefore, the result indicates that the temperature 
increase in sample after high-intensity PEF treatment is 
less likely to cause thermal-induced denaturation of myofi-
brillar proteins and pose adverse effect on meat quality. 
It is important to note that increases in the temperature 
of short ribs after high-, medium-, and low-intensity PEF 
treatments (ΔT < 8 °C) (Fig. 2B) were lower than those ΔT 
values reported by O’Dowd et al. (2013) (ΔT = 5–30 °C 
after PEF treatment of V, 10  kV; PW, 20  μs; EFS, 
0.58–0.73 kV/cm; and PF, 90 Hz) for beef semitendinosus 
(ST) muscle and by Faridnia et al. (2015) (ΔT = 10–12 °C 
after PEF treatment of EFS, 1.4 kV/cm; PW, 20 μs; PF, 
50 Hz; PN, 1032; and SE, 250 kJ/kg) for beef ST muscle. 
But, direct comparison of ΔT among these studies can 
be difficult due to differences in PEF processing condi-
tions, chamber size, and types of muscles. The plausible 
reason for the lower ΔT value observed in the present 
study in PEF-treated short ribs could be the fact that PEF 
treatment involves treating the sample using short pulses 
(20 μs) of high voltage with a time gap between pulses; it 
is expected that the sample temperature increase will be 
intermittent and short (20 μs) during the pulse delivery. 
After which, the temperature will decrease and equilibrate 
with the surroundings during the time gap between pulses 
due to energy dissipation and hence attributed to minimal 
changes in ΔT of sample after PEF treatment.

The final electrical conductivity of beef short ribs after 
PEF treatments was not significantly different (p > 0.05) 

(Fig. 2C). However, the increase in conductivity after high 
and medium intensities PEF are significantly (p < 0.05) 
higher than low-intensity PEF treatment (Fig. 2D). The 
increase in conductivity might be due to leaching of ions 
in the sarcoplasm due to the cellular damage (Faridnia 
et al., 2014), but there is no significant difference in water 
loss (%) after different intensity PEF treatment (Fig. 3B).

Weight and Cooking Loss (%) After PEF and SV 
Treatment

The cooking loss (%) of short ribs significantly (p < 0.001) 
increased as cooking time was prolonged, with PEF pre-
treated short ribs having a significantly (p = 0.001) lower 
cooking loss (%) than untreated short ribs (Supplementary 

Fig. 2   Change in temperature (°C) and electrical conductivity (mS/
cm) of beef short ribs after PEF treatment. The number of replicates 
(n) = 16. The mean values are presented as a histogram with standard 
error bars. Different letters (a, b, and c) above the histograms indicate 
a statistically significant (p < 0.05) difference between the treatments
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Table S1). However, the interaction term between PEF treat-
ments and cooking time was not significant (p = 0.672).  
SV processed short ribs for 24 and 36 h had significantly 
(p < 0.05) higher cooking loss (%) (17.83 ± 2.62 and 20.39 ± 2.71, 
respectively) than for 12 h (16.57 ± 2.53). Figure 2A shows the 
difference in cooking loss (%) among PEF-SV combinations. 
However, there was no significant difference (p > 0.05) in 
weight loss (%) of short ribS after PEF among the three (i.e. low, 
medium, and high intensity) PEF treatments (Fig. 3B).

An increase in cooking time significantly increased the 
cooking loss (%). The cooking loss was significantly lower 
after PEF treatment than without PEF treatment. The cur-
rent results are similar to those reported in earlier studies. 
PEF treatment (EFS between 0.36 and 1.5 kV/cm and SE 
between 18.63 and 250 kJ/kg with a pulse width (PW) of 
20 µs and frequency (PF) of 20–200 Hz) did not signifi-
cantly increase cooking loss for beef deep pectoralis (DP) 
muscle (Alahakoon et al., 2019), semimembranosus (SM) 
muscle (Bhat et al., 2019a), longissimus lumborum (LL) 
muscle (Khan et al., 2017), and semitendinosus (ST) muscle 
(Faridnia et al., 2015). Lower cooking loss enhances the 
juiciness, succulence, and tenderness of meat (Arroyo et al., 
2015a, 2015b). However, Suwandy et al. (2015b) observed a 
significant increase in cooking loss (%) of PEF-treated (EFS 
0.28–0.56 kV/cm, PW 20 µs, PF 20–90 Hz, SE 3.2–70.1 kJ/
kg) hot-boned beef LL and SM muscles compared to 
untreated samples. That result may be because the muscle 
was removed from the carcass in a pre-rigour state, making 
it more susceptible to contraction and shortening than cold 
boned muscle owing to the lack of a skeleton framework, 
which resulted in a higher water expulsion from the muscle 
fibres (Bekhit et al., 2016).

Texture Profile Analysis (TPA) Parameters After 
PEF‑SV Treatment

The difference in TPA parameters at different PEF-SV treat-
ment combinations was shown in Fig. 4. There was a sig-
nificant effect of SV time (p < 0.001) and PEF treatments 
(p < 0.001) on the TPA hardness of short ribs (Supplemen-
tary Table S2). The interaction between SV time and PEF 
treatment was also significant (p = 0.001), which supported 
the idea that the effect of SV time on TPA hardness was 
affected by the intensity of PEF pre-treatment used. Short 
ribs SV processed for 12 or 24 h with high-intensity PEF 
pre-treatment (SE, 84–111 kJ/kg) had significantly (p < 0.05) 
lower TPA hardness (N) than short ribs SV processed for 
36 h either with or without PEF (Fig. 4). Thus, an increase 
in PEF treatment intensity increased meat tenderness.

There was no significant difference (p > 0.05) in TPA 
adhesiveness of short ribs after different PEF pre-treatments 
and SV for 12, 24, or 36 h; the interaction term between PEF 
pre-treatment and SV time was also insignificant (p > 0.05) 
(Supplementary Table S2). However, there was a signifi-
cant effect of SV time (p < 0.001) and PEF pre-treatment 
(p < 0.01) on TPA cohesiveness, springiness, gumminess, 
chewiness, and resilience of short ribs. The interaction 
between PEF pre-treatment and SV time parameters for TPA 
cohesiveness, springiness, gumminess, chewiness, and resil-
ience was also significant (p = 0.015, p = 0.002, p < 0.001, 
p = 0.002, p < 0.001, respectively). Short ribs SV processed 
for 24 h with high-intensity (SE, 84–111 kJ/kg) PEF had 
significantly higher (p < 0.05) cohesiveness than short ribs 
SV processed for 36 h either with medium intensity (SE, 
57–71 kJ/kg) or without PEF treatment (Fig. 4).

Fig. 3   Weight loss after PEF-
SV processing (A). Cooking 
loss (%) after PEF pre-treat-
ments and sous vide at different 
times (B). Weight loss (%)  
after PEF pre-treatments. The 
number of replicates (n) = 16. 
The mean values are presented 
as a histogram with standard 
error bars. Different letters 
above the histograms indi-
cate a statistically significant 
(p < 0.05) difference between 
the treatments
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Soluble Collagen (%) After PEF‑SV Treatment

There was a significant effect of SV time (p < 0.001) and 
PEF pre-treatment (p = 0.010) on the percentage of solu-
ble collagen (%) of SV treated short ribs (Table S3). The 
interaction effect between SV time and PEF pre-treatment 
was not significant (p = 0.736). The SV processed short ribs 
with high-intensity PEF had significantly higher (p < 0.05) 
soluble collagen (%) (16.99 ± 3.97) than low-intensity PEF-
treated ones (14.15 ± 4.56). Short ribs SV processed for 
36 and 24 h had significantly higher soluble collagen (%) 
(18.85 ± 3.02 and 16.30 ± 3.86, respectively) than short ribs 
SV processed for 12 h (11.25 ± 3.50). Short ribs treated with 
medium- and low-intensity PEF or without PEF that were 
subsequently SV processed for 12 h had significantly lower 
(p < 0.05) soluble collagen (%) than SV processed for 24 or 
36 h with high- and medium-intensity PEF pre-treatment 
(Fig. 5).

Myofibrillar Fragmentation Index (MFI) After PEF‑SV 
Treatment

PEF treatments had a significant effect (p = 0.001) on myofi-
brillar fragmentation index (MFI) of SV processed short 
ribs. The impact of SV time (p = 0.992) and the interaction 
between SV time and PEF pre-treatment (p = 0.277) on MFI 
of short ribs were not significant (Supplementary Table S3). 
Short ribs that are SV processed without PEF pre-treatments 
had significantly lower (p < 0.05) MFI (184.99 ± 11.39) than 
that with high-intensity PEF (197.01 ± 16.17) and then SV 
processed. SV processed for 36 h after high-intensity PEF 
pre-treatments had significantly (p < 0.05) higher MFI val-
ues (202.56 ± 13.33) than 36 h SV processed without PEF 
pre-treatment (182.55 ± 11.19). Similarly, short ribs SV 
processed for 12 h after medium-intensity PEF had sig-
nificantly (p < 0.05) higher MFI values (201.42 ± 14.49) 
than short ribs SV processed for 12 h at 60 0C without PEF 
(181.89 ± 13.07) (Fig. 6).

In the current study, short ribs treated with high-intensity 
PEF treatment and subjected to SV processing for 24 h had 
significantly lower TPA hardness than short ribs SV pro-
cessed for 36 h with or without PEF treatment. TPA hard-
ness is the perceived physical quantity, which is related to 
the peak force in the first compression to attain a crack or 
a fracture in the ingested food (Nishinari & Fang, 2018). 
Roldán et al. (2013) correlated lower hardness values of 
meat to the solubilisation of connective tissue and partial 
denaturation of sarcoplasmic protein. A higher percentage 
of collagen solubilisation with an increase in PEF treatment 
intensity was also observed in the current study. Alahakoon 
et al. (2019) also observed the lowest value of TPA hard-
ness (< 20.2 N) with PEF pre-treatment (EFS, 0.7–1.4 kV/
cm; PW, 20 µs; PF, 50 Hz; SE, 90–100 kJ/kg) followed by 

SV processing for 20.2–23.7 h. However, Alahakoon et al. 
(2018) observed that the hardness value was lowest for both 
PEF-treated (EFS, 1.5 kV/cm; PW, 20 µs; PF, 50 Hz; SE, 
90–100 kJ/kg) DP muscles or untreated one followed by SV 
for 72 h at 60 or 65 °C.

The current study found significantly higher hardness 
after SV for 36 h compared to SV for 24 h and higher cook-
ing loss (%) after SV for 36 h than after 24 h, which contrib-
uted to the meat becoming dry and tough as the water hold-
ing capacity (WHC) of meat affects its texture, tenderness, 
and flavour (Arroyo et al., 2015a, b) and higher cooking 
loss increases the toughening of meat (Roldán et al., 2013). 
Furthermore, there was a significant increase in soluble col-
lagen (%) after high-intensity PEF than low-intensity PEF 
when cooked for 24 h, which enhanced the tenderness of 
short ribs compared to SV for 12 h with low-intensity PEF 
or without PEF. This may be due to increased solubilisation 
of connective tissue and gelation of sarcoplasmic protein, 
which enhances the tenderness of meat (Roldán et al., 2013). 
Prolonged cooking in the moist SV environment causes an 
uncoupling of the triple helix structure of collagen, increas-
ing its solubility, leading to gelation and an increase in the 
tenderness of the meat (Alahakoon et al., 2018; Purslow, 
2018). The argument is further supported by Alahakoon 
et al. (2018). They reported a more porous surface and 
breakdown in the collagen of isolated connective tissue from 
PEF-treated DP muscle than non-PEF-treated samples. Fur-
thermore, Zielbauer et al. (2016) reported that SV for > 4 h 
lowered the denaturation temperature and enthalpy of meat 
proteins below the peak temperatures, which reiterated the 
fact that prolonging cooking time at lower temperature and 
in a moist environment increases the solubilisation and gela-
tion of collagen and sarcoplasmic protein and enhances the 
tenderness of the meat.

Apart from the amount and distribution of connective tis-
sue, the fragmentation and overlapping of myofibrils also 
affect meat tenderness (Aroeira et al., 2020; Sawdy et al., 
2004). Culler et al. (1978) stated that half of the variation 
in the tenderness of loin muscles is due to myofibrillar frag-
mentation and only 10% by collagen solubility. Significant 
(p < 0.01) correlation had been observed between MFI and 
sensory tenderness, and Warner–Bratzler shear force in 
tough DP and rhomboideus (RB) beef muscles (Paterson 
& Parrish Jr, 1986). Rajagopal and Oommen (2015) also 
observed a strong correlation between MFI and meat tender-
ness in buffalo LD muscles. Thus, the MFI can be regarded 
as an indicator of the degree of meat fragmentation and ten-
derisation (Aroeira et al., 2020). The results discussed in 
the current study also agree with the argument above. Sig-
nificantly, lower TPA hardness and significantly higher MFI 
were observed after a high-intensity PEF-SV than without 
PEF-SV. There was no significant difference in MFI val-
ues of short ribs after SV for 24 or 36 h, but short ribs SV 
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cooked for 24 h had lower cooking loss than short ribs for 
36 h resulting in lower TPA hardness values of short ribs 
after SV for 24 h than 36 h. Therefore, myofibrillar frag-
mentation and cooking loss might be the major contributors 
to the variation in meat tenderness observed in the current 
study. Thus, lower cooking loss and a similar degree of col-
lagen solubility and myofibrillar fragmentation of short ribs 
after high-intensity PEF and SV for 24 h and 36 h might be 
the reason for enhanced tenderness after high-intensity PEF 
pre-treatments and SV for 24 h than SV for 36 h either with 
or without PEF.

Instrumental CIE Colour Parameters After PEF‑SV 
Treatment

The change in CIE lightness (ΔL*), redness (Δa*), yel-
lowness (Δb*), hue angle (Δh), and chroma (ΔC*) after 
and before SV was significantly affected by cooking time 
(p < 0.001, p < 0.001, p = 0.001, p < 0.001, and p = 0.003, 
respectively). PEF treatments also significantly affected the 
ΔL*, Δa*, Δh, and ΔC* of short ribs (p = 0.029, p = 0.001, 
p = 0.046, and p = 0.021, respectively). Δb* was not sig-
nificantly affected by PEF pre-treatments (p = 0.549). The 
interaction terms between the SV time and PEF treatments 
for ΔL*, Δa*, Δb*, and ΔC* were significant (p = 0.002, 
p = 0.037, p = 0.002, p = 0.013, and p = 0.006, respectively), 
but Δh of short ribs did not have a significant interaction 
term (p = 0.845). The Δa* and ΔC* values of short ribs SV 
processed for 24 h without PEF were significantly lower 
(p < 0.05) than short ribs SV processed for 24 h after high-
intensity PEF pre-treatments (Fig. 7).

From the current study, it was seen that there was less 
effect on the colour by PEF pre-treatments as shown by sig-
nificantly higher Δa* values and lower ΔC* values after PEF 
and SV for 24 h than without PEF treatment. Alahakoon 
et al. (2018) also observed that PEF treatment did not have a 
significant effect on a* value of meat, even after SV for 48 h 
at 60 °C. Thus, PEF-SV treatment did not affect the colour 
of meat compared to conventional cooking as meat colour 
(before and after cooking) influences consumer decision to 
purchase and accept the cooked meat (Arroyo et al., 2015a, 
b). The meat colour depends on the myoglobin, such as pur-
ple due to reduced myoglobin, red due to oxymyoglobin, and 
brown by metmyoglobin (Abril et al., 2001). The redness 

of meat is highly dependent on the meat structure, the con-
centration, and the oxidation state of myoglobin present in 
the muscle (de Huidobro et al., 2005). The decrease in a* 
values is due to an increase in the oxidation of myoglobin 
to metmyoglobin (Faridnia et al., 2016; Khan et al., 2017; 
O'Dowd et al., 2013; Suwandy et al., 2015d). The preser-
vation of redness due to PEF-SV may be due to the lower 
oxygen permeability of the SV packaging and lower level 
of denaturation of myoglobin (Dominguez-Hernandez et al., 
2018; Roldán et al., 2013). C* and h are good indicators of 
metmyoglobin formation and increased brownness in meat 
(Khan et al., 2017; Suwandy et al., 2015d). C* explains the 
colour intensity, and the h value explains the relative posi-
tion of colour between redness and yellowness (Bekhit et al., 
2001). The h value generally increases because of oxida-
tion of myoglobin and oxymyoglobin (Bekhit & Faustman, 
2005), which depends on temperature, oxygen pressure, and 
lipid oxidation (Faustman et al., 2010). There were signifi-
cantly low Δh values after high-intensity PEF than without 
PEF. Thus, lower oxidation permeability of laminate and 
possible lower oxidation and denaturation of myoglobin dur-
ing PEF-SV processing produce pinkish coloured cooked 
meat, as seen by visual inspection.

Optimisation of PEF and SV Processing Parameters

The third-order multiple regression was computed with 
cooking loss (%), TPA parameters (hardness, cohesiveness, 
springiness, gumminess, chewiness, and resilience), hue 
angle after SV (h), change in hue angle after and before SV 
(Δh), change in chroma after and before SV (ΔC*), and sol-
uble collagen (%) as the response variable with SV time (12, 
24, and 36 h), EFS (0–0.85 kV/cm), and SE (0–110.96 kJ/
kg) of PEF pre-treatments as factors. The multiple regression 
analysis is significant (p < 0.05) for all parameters (Table 2). 
The F test for lack of fit was not significant (p ≥ 0.05) for all 
dependent variables, except springiness, which explained 
that the predicted regression model for these variables 
depicted the actual values. The variance inflation factor 
was < 5 after the standardisation of the elements by sub-
tracting the factors’ value from the mean, resulting in no 
multicollinearity among the factors.

There was a significant effect (p < 0.001) of EFS on cook-
ing loss (%). The negative linear coefficient clarified that the 
cooking loss (%) decreased with increasing EFS keeping 
SV time and SE constant. SE had no significant coefficient 
(p value > 0.05). However, there was a significant effect 
(p < 0.001) of SV time on cooking loss (%) (Table 2). The 
positive coefficient for a quadratic term of SV time explains 
the curvature of a plot of cooking loss (%), which undergoes 
the minima at SV time between 19 and 25 h, EFS > 0.7 kV/
cm, and SE > 80 kJ/kg (Fig. 8).

Fig. 4   Texture profile analysis (TPA) parameters of short ribs after 
PEF pre-treatments and sous vide (SV) processing A TPA hardness 
(N), B TPA adhesiveness (Ns), C TPA cohesiveness, D TPA springi-
ness, E TPA gumminess, F TPA chewiness, and G TPA resilience. 
The number of replicates (n) = 48 (16 meat pieces with 3 reading 
each). The mean values are presented as a histogram with standard 
error bars. Different letters above histograms indicate a statistically signifi-
cant (p < 0.05) difference between the treatments

◂
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The EFS had no significant effect on TPA hardness 
(p value > 0.05). However, the linear terms for SV time 
and SE were significant (p < 0.05) (Table 2). The posi-
tive coefficient for quadratic terms of SV time signifi-
cantly (p < 0.001) reached the minima near 20–25 h and 
SE > 90 kJ/kg (Fig. 8). Similarly, the negative linear coef-
ficient for SE stated that increasing the SE with all other 
term constants decreased the hardness. For adhesiveness, 
the linear term of SE and higher-order interaction between 
SV time and SE were significant (p < 0.05) (Table 2). A sur-
face plot showed that the adhesiveness reached the lowest 
value at SV time of 20–25 h and SE > 80 kJ/kg. Thus, SE 
had a significant (p < 0.001) linear coefficient for cohesive-
ness, and the negative coefficient iterated that cohesiveness 
would decrease with increasing SE of PEF pre-treatment 
(Table 2). The linear and quadratic terms for SV time were 
significant (p < 0.05); the negative quadratic term for SV 
time showed that cohesiveness reached maxima at SV time 
20–25 h and SE 20–30 kJ/kg.

For springiness, EFS did not have a significant effect 
(p > 0.05). The linear coefficients for SE were significant 
(p < 0.001); for SE and SV time, the linear coefficients were 
positive (Table 2). However, the significant (p < 0.01) quad-
ratic coefficient for SV time was negative with significant 
higher-order interaction between SV time and EFS of PEF 

pre-treatment. This stated that for low SE, the springiness 
reached maxima around SV time of 20–25 h and 0.25 kV/
cm. In the case of gumminess, the linear term of SV time 
and SE were significant. The quadratic term of SV time and 
SE and higher-order interaction between SV time and EFS 
were substantial (p < 0.05) (Table 2). Higher EFS and SE 
resulted in lower gumminess values. For chewiness, the lin-
ear terms of SE and SV were significant (p < 0.001), and the 
negative coefficient explained that chewiness would decrease 
with an increase in SV time, EFS, and SE. The linear terms 
of SV time and SE were significant (p < 0.001) for resilience. 
The quadratic term of SV time was negative and significant 
(p < 0.05) (Table 2), explaining the curvature and the value 
of resilience, reaching a maximum of around 20–25 h. The 
negative coefficient for SE explained that stability would 
decrease with increased PEF pre-treatments keeping other 
factors constant.

In the case of CIE hue angle (h), only the linear term 
of SV time was negative and significant (p < 0.001), which 
clarified that the hue angle would decrease with an increase 
in SV time (Table 2). For chroma after SV, only the quad-
ratic coefficient for SV time was significant (p < 0.01), which 
explained that C* would decrease with increasing SV time 
until a minimum value was reached and then would increase 
again. For a change in hue angle after and before SV (Δh), 
only the linear term for SV time and SE was significant 
(p < 0.05) (Table 2). The negative linear coefficient for SV 
time suggested that Δh would decrease with increasing SV 
time and SE. For a change in chroma after and before SV 
(ΔC*), the linear term for EFS was significant (p < 0.01) 
(Table 2). For ΔC*, the quadratic term for SE and SV time 
was significant (p < 0.05), and the coefficient was positive, 
but for EFS, the quadratic term is negative, which explained 
the maxima reached at about EFS of 0.7 kV/cm and the 
minima reached at SE of 40 kJ/kg. There were significant 
(p < 0.05) linear terms for SV time and SE of PEF pre-
treatments for soluble collagen (%). The linear coefficients 
were positive, which explained that the soluble collagen (%) 
would increase with an increase in SV time and SE of PEF 
pre-treatment (Table 2).

Fig. 5   Soluble collagen (%) 
after PEF pre-treatments and 
sous vide (SV) processing. The 
number of replicates (n) = 11. 
The mean values are presented 
as a histogram with standard 
error bars. Different letters 
above the histograms indi-
cate a statistically significant 
(p < 0.05) difference between 
the treatments

Fig. 6   Myofibrillar fragmentation index (MFI) after PEF pre-treat-
ments and sous vide (SV) processing. The number of replicates 
(n) = 10. The mean values are presented as a histogram with standard 
error bars. Different letters above the histograms indicate a statisti-
cally significant (p < 0.05) difference between the treatments
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Fig. 7   CIE colour parameters of short ribs after PEF pre-treatments  
and sous vide (SV) processing A change in lightness (ΔL*), B change 
in redness (Δa*), C change in yellowness (Δb*) after and before SV,  
D hue angle (h) after SV, E chroma (C*) after SV, F change in the angle 

(Δh), and G change in chroma (ΔC*) after and before SV. The num-
ber of replicates (n) = 16. The mean values are presented as a histogram 
with standard error bars. Different letters above the histograms indicate  
a statistically significant (p < 0.05) difference between the treatments
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The optimum values obtained by Minitab for the SV time 
at 60 °C, EFS, and SE of PEF were 23.96 h, 0.85 kV/cm, 
and 110.96 kJ/kg, respectively, with composite desirability 
of 0.6387 (Fig. 8). The achievable minimum value of cook-
ing loss (%), TPA hardness, hue angle, C*, Δh, and ΔC* 

was 13.64, 9.43, 51.66, 23.51, 14.20, and 0.41, respectively. 
The predicted range (95% confidence interval) of cook-
ing loss (%), hardness (N), h, C*, Δh, and ΔC* values at 
that optimum condition was in the range of 11.29–16.00, 
8.401–10.46, 57–74–55.59, 9.18–9.23, and − 3.86 to 2.92, 

Fig. 8   Contour plots and surface plots of response variables with pro-
cessing parameters. A Contour plots of cooking loss (%) with specific 
energy (SE) and electric field strength (EFS) as a variable with sous 
vide time held at 19.4554 h; B contour plot of cooking loss (%) with 
SE and SV time as a variable with EFS held at 0.85 kV/cm; C con-

tour plot of cooking loss (%) with SV time and EFS as a variable with 
SE held at 110.96 kJ/kg; D surface plot of cooking loss (%) with SV 
time (h) and SE (9 kJ/kg) as variables with EFS held at 085 kV/cm; E 
contour plot of hardness with SE and SV time as variables; F surface 
plot of TPA hardness with SV time and SE as variables
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respectively. The feasible processing regions of PEF-
SV at 60 °C (Fig. 9) were EFS (0.65–0.85 kV/cm), SE 
(100–110.96 kJ/kg), and SV time (18–29 h). The response 
optimisation of SV time with minimum cooking loss, TPA 
hardness, h, C*, Δh, and ΔC* for SV processing without 
PEF pre-treatment at 60 °C was 36 h. The optimum values 
of the above-mentioned dependent variables (cooking loss, 
TPA hardness, h, C*, Δh, and ΔC*) were 21.07%, 13.65 N, 
50.63, 24.24, 14.02, and 3.27, respectively, with composite 
desirability of 0.493. Thus, PEF pre-treatment before SV 
decreased the optimum SV time approximately 12 h.

A third-order multiple regression model was used to 
optimise the PEF processing parameters and SV time. The 
lack-of-fit for cooking loss (%), TPA parameters, and solu-
ble collagen (%) were not significant, which described that 
model depicted the actual model. There was a significant 
linear and quadratic term of SV time for cooking loss (%). 
TPA hardness had significant quadratic terms of SV time. 
The significant linear terms of SV time for h and Δh were 
determined. Significant quadratic terms of SV time were 
determined for C* and ΔC∗ . In terms of PEF processing 
parameters, significant linear terms of EFS were observed 
for cooking loss (%) and ΔC∗ with a significant interaction 
term between EFS and SE for cooking loss and SV time 
and EFS for ΔC∗ . For TPA hardness and Δh , the significant 
linear term for SE was observed. From the model, the opti-
mum PEF-SV processing conditions were found to be EFS 
of 0.85 kV/cm, SE of 110.96 kJ/kg, and SV time of 23.96 h 
at 60 °C. However, for SV processing without PEF, the opti-
mum cooking time was found to be 36 h. Thus, PEF pre-
treatment decreased the SV time considerably, which will 
provide benefits to the industry with increased productivity 
and reduced cost. Furthermore, the current study also devel-
oped the model for PEF-SV processing, which can be used 
to determine the effect of different PEF-SV processing con-
ditions on the quality parameters of short ribs. Therefore, for 

industrial PEF-SV processing of short ribs to enhance their 
quality, PEF (EFS 0.85 kV/cm, PW 20 µS, PF 50 Hz, and 
SE 110.96 kJ/kg) and SV (60 °C/23.96 h) are recommended.

The study confirmed that PEF treatment enhanced the ten-
derness of beef short ribs without increasing cooking loss and 
affecting colour of beef short ribs. Furthermore, it shortened 
the sous vide cooking time significantly, which can benefit 
meat processing industries economically by valorising low 
value meat cuts, reducing losses, and saving process time and 
energy, which will also contribute to sustainability of meat 
processing industry. However, this research did not carried out 
analysis of processing cost and cost benefit study and recom-
mends these analysis for future studies.

Conclusions

High-intensity (SE, 84–111 kJ/kg) PEF-SV resulted in a 
significantly lower cooking loss (%), TPA hardness (N), 
and significantly higher soluble collagen (%) and MFI in 
short ribs compared to the SV that was only subjected to 
SV. On the other hand, there was no significant difference in 
the change in redness, hue angle, and C* among short ribs 
treated with high intensity or without PEF after SV process-
ing. The optimum PEF-SV processing condition for short 
ribs was found to be EFS (0.85 kV/cm) and SE (110.96 kJ/
kg) for PEF and SV (23.96 h/60 °C) to maximise tender-
ness and minimise cooking loss and detrimental effect on 
colour. However, for SV processing without PEF, the opti-
mum SV time at 60 °C was 36 h. Thus, PEF pre-treatment 
decreased the optimum SV time considerably. So, for indus-
trial application of PEF-SV processing to enhance the qual-
ity of short ribs, the PEF treatments of EFS, 0.85 kV/cm; 
PW, 20 µS; PF, 50 Hz; and SE, 110.96 kJ/kg followed by 
SV temperature–time combination of 60 °C for 23.96 h are 
recommended.

Fig. 9   The overlaid contour plot 
showing the effect of PEF pre-
treatment and sous vide time 
on the 95% confidence interval 
of optimum values of cooking 
loss (%), TPA hardness, change 
in hue angle (Δh), and chroma 
(ΔC*) after and before SV. The 
white area at PEF processing 
parameters of EFS, 80 kV/cm; 
SE, > 100 kJ/kg; and SV time of 
18–30 h is the feasible area of 
sous vide processing
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