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Abstract

In this study, the effects of physical parameters (30-270 MPa of pressure, 3-57 min of time, and 1-49oC of temperature)
on pork quality were investigated. Response surface methodology was used in order to monitor and model the changes in
pork quality under varied pressure conditions. As quality characteristics, shear force, water holding capacity (WHC) and the
CIE color of pork were measured, and optimum pressure conditions were evaluated by statistical modeling. Pressure
improved the WHC of pork at relatively low temperature (<25oC); however, the opposite occurred with increasing temper-
ature. Although pressure and temperature affected the tenderness of the meat, interaction effects among variations were not
observed. At pressure levels higher than 200 MPa, the color of pork differed markedly from that of the untreated controls.
In particular, differential scanning calorimetry (DSC) revealed marked evidence of myosin denaturation. The present study
demonstrates that pork quality varies depending on pressure conditions.
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Introduction

Of all the attributes of meat quality, tenderness is rated

by consumers as the most important. Meat can be physi-

cally or chemically tenderized by one of several artificial

means. High hydrostatic pressurization is a newly devel-

oped technique for tenderizing meat (Suzuki et al., 1993).

The variation in meat tenderness depends mainly on the

post-mortem timing of high-pressure application. Macfar-

lane (1973) first proposed the use of high-pressure treat-

ment to tenderize pre-rigor meat. The effects of pressuri-

zation on post-rigor muscle tenderness may vary depend-

ing on treatment conditions, particularly pressurization

temperatures (subzero, refrigerated, and high).

Meat color is an important indicator of freshness and

wholesomeness (Mancini and Hunt, 2005); however, high-

pressure treatment has been shown to trigger meat discol-

oration. On the other hand, Cheah and Ledward (1997)

demonstrated that meat blooms more readily and retains

its red color longer after pressurization. Jung et al. (2003)

proposed that the increased redness of pressurized meat

may be due to activation of the enzymatic system that is

implicated in metmyoglobin reduction, thus resulting in a

decrease in metmyoglobin content. In our previous study,

we discovered that pressure-assisted frozen meat exhib-

ited less redness with increasing pressure levels, whereas

increasing pressure on refrigerated (4oC) meat resulted in

more redness.

By investigating the physico-chemical properties of

pressurized meat, we found that the results lacked consis-

tency mainly because different operational conditions were

applied for several parameters, including pressure, tem-

perature, and holding time. The overall physical quality

of meat can be evaluated by its tenderness, water-holding

capacity (WHC), and color. In this study, we explored the

effects of varied pressurization conditions on meat qual-

ity, and we optimized pressure conditions to minimize the

quality drawback caused by pressurization.

Materials and Methods

Materials

Porcine longissimus dorsi muscles (pH 5.4-5.6) were

selected randomly from 6 carcasses from a local abattoir

24 h post-mortem. All visible fat and connective tissue
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was trimmed, and the meat was cut into a rectangular

shape (2×4×10 cm). All samples were obtained from the

center of the muscle with its axis parallel to the fiber

direction; the obtained samples were then vacuum-sealed

in a poly-nylon pouch. All samples were stored in a

refrigerator (4oC) prior to pressurization, which took

place within 24 h. All chemicals used in this study were

of analytical grade.

High-pressure treatment

High-pressure treatments were performed in a lab-scale

high pressure unit as detailed in our previous study (Hong

et al., 2005). Briefly, the device consisted of 6 pressure

vessels with a working volume of 300 mL, an air com-

pressor (S-40; Seowon Compressor Co.,  Korea), a pres-

sure intensifier (K2; Haskel International Inc., USA), a

temperature controller (FP80; Julabo Labortechinik GmbH,

Germany), and a data logger (MV104; Yokogawa Co.,

Japan). Ethanol was used as the compression fluid. The

compression and depression rates were 2.4 and 23 MPa/s,

respectively. To model the changes in quality, meat was

pressurized at varying pressure levels (30-270 MPa),

holding times (3-57 min), and initial temperatures (1-

49oC) as shown in Table 1. Holding time was calculated

from the point at which the targeted pressure level was

reached. After pressurization was completed, samples

were stored at 4oC until analysis.

To optimize the processing conditions, we superim-

posed all quality contour maps and estimated the best

pressurization conditions by examining the regions in

which the pork quality demonstrated minimum difference

from the quality of the untreated controls. To estimate the

relationship between regression models and the actual

quality scores, we pressurized the pork samples at the

estimated optimized conditions using the same equipment

described above and compared the quality characteristics

with the scores obtained from the regression models.

Assessment of water-holding capacity (WHC)

WHC was determined by a centrifugal method. Ap-

proximately 1 g of meat was weighed and added to a

centrifuge tube with gauze (an absorbent). The samples

were centrifuged for 10 min at 1,000 g by using an auto-

matic refrigerated centrifuge (RC-3; Sorvall Co., USA)

at 4oC. After centrifugation, the meat was removed from

the tube and weighed before and after drying. WHC

measurements were expressed as the percentage of

moisture remaining in the meat and were conducted in

triplicate.

Determination of shear force

After receiving thermal treatment for 30 min at 75oC,

each sample was cooled under cold running water for 5

min, tempered at ambient for 1 h, and then cut into strips

1 cm in diameter, 4 cm in length, and parallel to the lon-

gitudinal orientation of the muscle fibers. Each strip was

sheared using a digital gauge (DPS-20; IMADA Co.,

Japan) with the head speed maintained at 60 mm/min.

The shear force was measured at least 24 times.

Instrumental color measurement

Color was measured with a color reader (CR-10; Kon-

ica Minolta Sensing, Inc., Japan) that had been calibrated

with a white standard plate (L* = 97.83, a* = -0.43, b* =

+1.98). The CIE L*, a*, and b* values served as indicators

of lightness, redness, and yellowness, respectively. The

sample was oxygenated for 10 min after pressure treat-

ment, and 6 measurements were obtained from each sur-

face of the sample. The total color difference (∆E) was

calculated numerically by comparing the color of the

treated samples and untreated controls by using the fol-

lowing equation.

E∆ L
*2

∆ a
*2

∆ b
*2

∆+ +=

Table 1. Experimental design for modeling the characteris-

tics of pork quality following various high-pressure

treatments

Treatments

Coded unit Uncoded value

X1 X2 X3

Pressure

(MPa)

Time

(min)

Temperature

(oC)

1 -1.5 0 0 30 30 25

2 -1 -1 -1 70 12 9

3 -1 -1 1 70 12 41

4 -1 1 -1 70 48 9

5 -1 1 1 70 48 41

6 0 -1.5 0 150 3 25

7 0 0 -1.5 150 30 1

8 0 0 0 150 30 25

9 0 0 0 150 30 25

10 0 0 0 150 30 25

11 0 0 0 150 30 25

12 0 0 0 150 30 25

13 0 0 0 150 30 25

14 0 1.5 0 150 57 25

15 0 0 1.5 150 30 49

16 1 -1 -1 230 12 9

17 1 -1 1 230 12 41

18 1 1 1 230 48 41

19 1 1 -1 230 48 9

20 1.5 0 0 270 30 25
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Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed

on a differential scanning calorimeter (DSC200F3; Netzsch-

Geraetebau GmbH, Germany). Indium was used to cali-

brate the instrument. Approximately 20 mg of sample,

pressurized at optimized conditions, was weighed, placed

in an aluminum pan, and heated from 20oC to 100oC at a

rate of 5oC/min. An empty pan was used as reference, and

an additional scan from 20oC to 100oC was conducted

with all samples.

Statistical analysis

Response surface methodology (RSM) was adopted for

designing the mathematical model using SAS 9.1 (SAS

Institute Inc., Cary, NC, USA). We adopted the central

composite design to study the combined effect of 3 inde-

pendent variables, i.e., pressure, holding time, and tem-

perature (coded as X
1
, X

2
, and X

3
, respectively). The

complete design consisted of 20 groups. To estimate pure

error, we performed 6 replications of the center point for

each group (Table 1). Each parameter was represented by

a second-order polynomial expression as shown below.

Y represents the response that was estimated from the

replicate measurements. β
0
, β i, β ii, and β ij represent con-

stant, linear, quadratic, and interaction coefficients, re-

spectively. Xi and Xj represent independent variable lev-

els, and k represents the number of independent variables.

The data obtained from the optimization experiments

were analyzed by one-way analysis of variance (ANOVA)

using the SAS statistical program 9.1. The means were

compared using Duncan’s Multiple Range tests (p<0.05).

Results and Discussion

Statistical analysis

To model pork quality under high-pressure treatment,

response surface methodology was employed to deter-

mine WHC, shear force, and CIE color characteristics.

Table 2 displays the response from each treatment. The

regression coefficients of response from dependent vari-

ables are provided in Table 3. The results show that the

generated regression models both effectively explained

the data variation and indicated signification correlation

between the independent variables and responses. All

models demonstrated statistical significance at the 0.001

level without lack-of-fit and R-square values above 0.7,

with the exception of shear force (R2 = 0.50). The low R-

square value of shear force may be attributable to the

poor effects on meat tenderization that resulted from the

combination of pressure and temperature settings used in

this study (Hong et al., 2005; Macfarlane et al., 1981).

Water-holding capacity

Fig. 1 shows the contour maps for the WHC of pork meat.

The combined use of relatively low temperature (~12.5oC)

and elongated holding time effectively decreased the

WHC of the pork sample. In these conditions, alternately,

the WHC of pork increased with increasing pressure lev-

els (>200 MPa). In contrast, higher temperatures decreased

WHC even when a short holding time was applied, and

the decrease in WHC was proportional to pressure level.

The optimal temperature tended to decrease with increas-

ing pressure. The regression model demonstrated that

pressure and temperature imparted significant linear (p<

0.05) and quadratic (p<0.001) effects, respectively, on

WHC. However, all independent variables exhibited sig-

nificant interaction terms (p<0.05). Wada and Ogawa

(1996) reported that the WHC of sardines was 37.1% in

the original non-treated sample, but decreased to 33.5%

Y βo βiXi
i

k

∑ βiiXi
2

i

k

∑ βijXiXj
i j<

k

∑+ + +=

Table 2. Experimental pork-quality response to various high-

pressure treatments

Treat.
WHC

(%)1)
Shear

force (N)

CIE color

L* a* b* ∆E2)

C3) 86.70 9.48 54.95 7.92 9.38 1.80

1 94.33 8.65 50.97 11.30 7.50 6.00

2 92.64 10.06 52.22 6.80  9.22 2.80

3 86.95 8.43 56.98  9.85  9.22 2.83

4 85.64 10.05 52.12  9.68  8.90 3.37

5 92.97 8.11 59.53  7.95 11.14  4.50

6 86.55 8.55 55.52  7.88 10.50  1.49

7 90.27 10.03 62.06 7.88 12.44 7.76

8 89.30 9.49 58.26 12.02  9.80  5.46

9 90.53 9.55 60.82 10.52 11.23 6.75

10 90.19 9.70 58.88 10.55 10.38  5.06

11 88.28 9.03 60.52 11.50 11.15 7.22

12 89.65 9.68 59.33  9.92 10.60 5.14

13 90.19 9.34 59.78 10.67 10.68 5.85

14 87.69 9.65 59.84 13.22 10.12  7.62

15 77.45  7.68 66.68 10.70 12.80 12.57

16 87.18 9.63 67.32 10.48 13.44 13.30

17 79.54 8.22 68.02 9.25 13.12 13.56

18 88.33 8.07 68.85 12.18 11.82 14.81

19 88.79  9.84 70.68 10.48 13.45 16.46

20 86.43 9.25 71.52 14.78 11.42 18.14

1)WHC, water-holding capacity
2)
∆E, total color difference

3)C, Fresh control
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in the pressure-treated sample (200 MPa at room temper-

ature), presumably due to protein denaturation. Jimenez-

Colménero et al. (1997) also concluded that pressure

greater than 200 MPa (6-8oC for 20 min) negatively

affects the water-binding properties in fresh meat. How-

ever, Hong et al. (2005) reported an increase in WHC of

pork loin with increasing pressure (200 MPa at room

temperature) and holding time (1 h). The improvement in

WHC following pressure treatment is associated with

conformational changes in protein structure, which Chef-

Table 3. Regression coefficients for 6 dependent variables of pressurized pork

Term1) WHC Shear force L* a* b* ∆E

Intercept β0 98.08 9.12 44.94 4.51 6.06 1.78 

Linear

β1 -0.07* 0.01 0.07*** -0.02 0.06*** -0.04***

β2 -0.19 0.03 0.17*** 0.14** 0.04 0.26***

β3 0.20 -0.01 -0.15*** 0.28*** -0.13*** -0.17*

Quadratic

β11 0.12×10-3 -0.25×10-4* 0.13×10-3*** 0.10×10-3** -0.63×10-4 0.36×10-3***

β22 -2.13×10-3 -0.33×10-3 -2.31×10-3*** -1.37×10-3* -0.15×10-3 -3.26×10-3***

β33 -1.01×10-3*** -0.72×10-3* 8.69×10-3*** 4.11×10-3*** 3.85×10-3*** 5.48×10-3***

Interaction

β12 1.01×10-3* 0.36×10-4 0.14×10-3 0.10×10-3 -0.25×10-3*** 0.12×10-3

β13 -9.13×10-3* 0.18×10-4 -1.29×10-3*** -0.10×10-3 -0.42×10-3*** -0.39×10-3

β23 8.66×10-3*** -0.36×10-3 0.24×10-4 -0.69×10-3 0.31×10-3 -0.14×10-3

R2 0.76 0.50 0.96 0.72 0.86 0.88

1)Subscript numbers 1, 2, and 3 represent pressure, time, and temperature, respectively.

*Significant at 0.05 level

**Significant at 0.01 level

***Significant at 0.001 level

Fig. 1. Contour plots for the water-holding capacity (%) of pork as a function of time and temperature at (A) 50, (B) 100, (C)

200, and (D) 300 MPa.
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tel (1992) claims can be caused by pressurization, and

these changes affect protein hydration. The conforma-

tional changes that occur under high pressure are analo-

gous to those that occur under high temperature, although

some differences in protein structure have been observed.

As reviewed by Knorr et al. (2006), proteins exposed to

high pressure take on a reversible molten globule state,

whereas heat triggers the protein to unfold irreversibly

due to the breaking of covalent bonds or molecular aggre-

gation. These findings indicate that heat and pressure

induce substantially different denaturation mechanisms.

In aqueous solutions, pressure treatment results in protein

conformational changes at the tertiary and quaternary lev-

els. However, pressure imparted no effects on covalent

bonding. The secondary structure also appeared incom-

pressible since α-helix and β-sheet structures rarely are

affected (Balny and Masson, 1993; Heremans and Smeller,

1998; Knorr et al., 2006). The conformational changes in

protein structure are due to different types of unfolding

and interaction. At high temperatures, protein molecules

are destabilized by the transfer of non-polar hydrocarbons

from the hydrophobic core to the outer portion of the pro-

tein molecule. However, pressure-induced denaturation

results from hydration (in contrast to temperature). The

pressure acts as a driving force that pushes water into the

interior regions of the protein matrix. Therefore, the mol-

ecule unfolds as a result of contact loss between the non-

polar domain groups (Boonyaratanakornkit et al., 2002;

Knorr et al., 2006; Priev et al., 1996; Smeller, 2002).

Thus, pressure-induced conformational transition is due

to water penetration into the protein interior (Knorr et al.,

2006; Saad-Nehme et al., 2001). These conformational

changes in meat protein may lead to improved WHC.

According to Macfarlane (1985), pressure manifests an

electrostriction effect to disrupt divalent cation-protein

bonds. After the pressure is released, the protein’s salt

bridges would be less likely to reform because of the

pressure-induced protein conformational changes. As a

result, increases in WHC and protein solubility could per-

sist after the pressure was released, in agreement with the

results of this study.

Shear force measurements

Contour plots in Fig. 2 display the shear force of pork

meat as a function of time and temperature at each of the

designated pressure levels. Increases in temperature resulted

in decreased shear force, whereas increases in holding

time tended to increase shear force values if low temper-

atures (< 20oC) were used. Pressure levels as high as 200

MPa did not affect shear values; however, pressure levels

of 300 MPa resulted in shear reduction. In the regression

model, the shear force of pork was affected significantly

by the combined quadratic negative effect of pressure and

temperature (p<0.001). The linear terms and interactions

between independent variables resulted in no significant

effects on shear force. In the current study, however, the

degree by which the shear force increased with increasing

pressure level was within 1 N unit. These results indicate

that shear force is not affected by either pressure or hold-

ing time. According to Suzuki et al. (1996), post-mortem

meat tenderizes because of the muscle changes that occur

during aging, i.e., weakened actin-myosin interactions,

fragmentation of myofibrils into short segments due to Z-

line disintegration, degradation of the elastic connectin

filaments, and weakening of connective tissue. However,

the effects of pressure on post-mortem muscle and meat

tenderization were not clear. In general, pressure levels

measuring up to 300 MPa yielded no effects on the con-

nective tissue. Pressure-induced meat tenderization may

be solely due to the improved actomyosin toughness,

which is attributed to the myofibrillar protein (Suzuki et

al. 1993). Macfarlane et al. (1981) examined the shear

values of post-rigor bovine muscle pressurized at 150

MPa for 3 h in 0oC and reported that pressure treatment

did not change shear values nor increase them when the

muscle was in the stretched or contracted state, respec-

tively. They also observed extensive changes, particularly

in the I-band and M-line regions, and concluded that

increased toughness was caused by an increased inci-

dence of sarcomeres, in which thick filaments had been

compressed onto the Z-line, thus removing the I-band as

a zone of weakness. In the current study, temperature

imparted greater effects on shear value than pressure.

This result also was confirmed by our preliminary study

(Hong et al., 2005), which showed that pressure up to 200

MPa yielded no effects on the shear force of post-rigor

pork muscle even if the holding time was increased to 1 h

at 4oC. Bouton et al. (1977) reported that the application

of pressure on the order of 100 MPa for 2.5 min or longer

on post-rigor muscle heated to 40-60oC improved the ten-

derness of subsequently cooked meat. The results indicate

that pressure-induced tenderization of post-rigor meat

requires a subsequent heat treatment. Locker and Wild

(1984) also reported that pressure combined with heat

treatment tenderizes post-rigor muscle only after a con-

siderable period of time at an elevated temperature. Mac-

farlane (1985) summarized the mechanism that underlies

meat tenderization by combined pressure and heat treat-
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ment. Associated native myofibril proteins dissociate

under high pressure. The release of pressure causes pro-

teins to associate, and thus, the pressure has no effect on

meat tenderness. When heat treatment is applied subse-

quently, however, proteins unfold into a dissociated state.

After depression and cooling, the denatured proteins are

unable to associate, and therefore, meat could be tender-

ized. On the other hand, protein associates and denatures

if heat treatment alone is applied (Macfarlane, 1985).

This resulting protein state, however, cannot dissociate

under high pressure, and no tenderization occurs. Conse-

quently, the use of pressure combined with heat became

an effective method to tenderize post-rigor muscle, whereas,

meat with cooked-like discoloration had limited potential

to be sold as fresh meat.

Color

Fig. 3 displays a contour map for the L*-value of pork.

An increased holding time at a low temperature (<25oC)

increased the L*-value when relatively low pressure was

applied (< 100 MPa); however, the effect was not signifi-

cant at high temperatures. Pressure levels up to 100 MPa

showed no effect on the L*-value; however, a marked

increase in the L*-value was observed for pressures

above 200 MPa under relatively high temperature condi-

tion (>25oC). All independent variables showed signifi-

cant linear and quadratic effects on the L*-value of pork

(p<0.001). Significant cross-product term also was observed

between pressure and temperature (p<0.001). In the cur-

rent study, the model for the L*-value showed the highest

R-square value (R2 = 0.96), which clearly indicated the

effects independent variables had on the lightness of pork

color. On the other hand, the a*-value showed the lowest

R-square value (R2 = 0.72) because of high variation.

Maximum redness was observed at approximately 30oC

for 40 min in all pressure ranges (Fig. 4). In addition,

increasing pressure caused an increase in the a*-value.

Temperature imparted significant linear and quadratic

effects on the a*-value of pork (p<0.001), whereas qua-

dratic effects alone were imparted by pressure (p<0.01).

Holding time influenced both the linear (p<0.01) and

quadratic (p<0.05) terms as well. Contour plots for the b*-

value of pork are shown in Fig. 5. An increased tempera-

ture resulted in an increased b*-value of pork, whereas the

Fig. 2. Contour plots for shear force (N) of pork as a function of time and temperature at (A) 50, (B) 100, (C) 200, and (D) 300

MPa.
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Fig. 3. Contour plots for L*-value of pork as a function of time and temperature at (A) 50, (B) 100, (C) 200, and (D) 300 MPa.

Fig. 4. Contour plots for a*-value of pork as a function of time and temperature at (A) 50, (B) 100, (C) 200, and (D) 300 MPa.
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holding time effects on the b*-value were not marked

compared with temperature. An increased level of pres-

sure increased the b*-value of pork. In the regression model,

pressure demonstrated significant linear and interaction

effects on the b*-value with other parameters (p<0.001).

Temperature demonstrated significant linear and quadratic

effects (p<0.001) on the yellowness of pork. Pressure-

induced discoloration was observed in other studies. Car-

lez et al. (1995), who investigated the color changes in

minced beef due to high-pressure processing, reported

that the L*-values increased significantly in the 200-350

MPa pressure range and the meat became pink, whereas

the a*-values decreased at 400-500 MPa and the meat

became grey-brown. They concluded that the pressure-

induced meat discoloration had resulted from a whitening

effect in the range of 200-350 MPa, which was due to

globin denaturation and/or heme displacement or release,

and oxidation of ferrous myoglobin to ferric metmyoglo-

bin at or above 400 MPa. We also observed increasing

L*-values under high-pressure treatment in our previous

study (Hong et al. 2005) at levels below 200 MPa. How-

ever, heme displacement occurred above 500 MPa (Car-

lez et al. 1995), and thus, the increased lightness in the

current study was possibly due to denaturation of either

myofibrillar protein or myoglobin (Chapleau et al. 2003).

However, changes in the a*-value of meat were somewhat

contradictory depending on the applied pressure condi-

tions. Hong et al. (2005) reported increased redness of

pork loin after pressurization at or below 200 MPa for 1

h. Jung et al. (2003) observed that increases in pressure

led to increases in a*-values until a pressure of about 350

MPa was reached, and then the a*-values decreased. They

concluded that the changes in the a*-value were related to

metmyoglobin content, i.e., at moderate pressure, the

enzymatic system implicated in the reduction of metmyo-

globin could be activated, which would lead to reductions

in metmyoglobin levels. At higher pressures, the enzy-

matic system and the reactions involved in the formation

of metmyoglobin could be disturbed by changes in the

enzymatic system itself or the enzyme’s environment (Jung

et al., 2003). In general, meat color and color stability

were related by 2 factors. A catalytic mechanism may relate

to the oxygen-utilizing enzymes in meat by depleting the

oxygen concentration at or near the surface, encouraging

metmyoglobin formation, and activating an enzymatic

reduction system that is capable of converting metmyo-

Fig. 5. Contour plots for b*-value of pork as a function of time and temperature at (A) 50, (B) 100, (C) 200, and (D) 300 MPa.



282 Korean J. Food Sci. Ani. Resour., Vol. 32, No. 3 (2012)

globin back to the reduced form (Ledward, 1992). Pres-

sure-sensitive catalytic systems were disrupted under

high pressure, but the metmyoglobin-reducing system

remained active after the high-pressure treatment, and

controlled color stability after pressurization (Cheah and

Ledward, 1997). Consequently, these results may increase

the a*-value of meat after pressurization. However, care

must be taken to consider meat color after pressurization,

that is, pressure below 300 MPa increases redness and

also increases lightness considerably. Therefore, total color

difference was adopted to optimize meat color under high

pressure (Fig. 6). The tendencies were similar to those of

the L*-value. In the regression model, all parameters

demonstrated significant linear and quadratic effects on

total color difference (p<0.05). Only regions low in inde-

pendent variables showed no discoloration. Pressure-

induced discoloration might be an unavoidable phenome-

non.

Optimization

To optimize meat quality under high pressure, we esti-

mated 3 factors − high WHC (>86%), low shear force

(<9.5 N), and low ∆E (<5 units) − based on the quality

scores from untreated control (Table 2). At given pressure

levels, central points of superimposed ranges were selected

as optimum conditions. Because the minimum ∆E values

at 200 and 300 MPa conditions were already too high, 10

and 20 units of ∆E were selected as the basis for optimi-

zation. Table 4 presents the adopted optimized treatment

conditions and the comparison between predicted response

and observed results. The values of the optimized param-

eters, i.e., holding time and temperature, decreased with

increasing pressure levels, showing that pressure was the

most important factor affecting meat quality relative to

time and temperature. Generally, the R2 values between

the predicted responses and observed values were similar

to those of models. For WHC and shear value, the pres-

sure treatments exhibited no significant differences in con-

trol, although significantly low shear values were obtained

at 50 MPa (p<0.05). However, significant increases in the

L*-value occurred with increasing pressure levels (p<0.05).

The results supported the conclusion that the discolora-

tion of high-pressure-processed meat is influenced mainly

by pressure, and not by the holding time or temperature.

Fig. 6. Contour plots for total difference in pork color as a function of time and temperature at (A) 50, (B) 100, (C) 200, and (D)

300 MPa.
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If a 10-unit rise in total color difference is considered a

significant modification to the appearance of meat color

(Jung et al., 2003), pressure levels above 200 MPa may

deteriorate meat’s appearance. However, processed meat,

in which color is not an important quality, can gain other

advantages by high-pressure treatment, such as better tex-

ture and WHC, even if 300 MPa of pressure with higher

temperature and holding time is used. Although the

changes in pressurized meat color were evidenced mainly

by changes in the redox state and the unfolding of myo-

globin (Carlez et al., 1995), the lightness of pork after

pressurization was also affected by the denaturation of

myofibrillar proteins (Hector et al., 1992). Eventually, the

protein stability of pork under selected optimum pressure

conditions was estimated by DSC (Fig. 7). Control pork

muscle samples showed 3 main endothermic peaks at

55.2oC, 64.3oC, and 78.3oC that corresponded to myosin,

collagen, and actin, respectively. These peak temperatures

did not shift with applied pressure conditions; however,

the myosin peak disappeared after pressurization at 300

MPa, which indicated myosin denaturation. In relative

enthalpy, pressurization up to 200 MPa showed only

slight changes within 0.1 J/g, while a 300-MPa treatment

reduced enthalpy by more than half of the control for col-

lagen and actin peaks. The results indicate that of the 3

independent parameters, pressure, time, and temperature,

applied to the optimization procedure, pressure level is

the most significant contributor to the thermostability of

meat protein. In the current study, a 300-MPa treatment

was held under pressure for 2 min and compared to 25

min at 200 MPa; severe denaturation was observed in

myosin and actin. However, the collagen peak apparently

is unaffected by pressure, in agreement with the results

obtained by Ma and Ledward (2004) and Suzuki et al.

(1993).
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Table 4. Optimized treatment parameters and a comparison between the predicted response and the observed result at various

pressure levels

Control
Pressure (MPa)

R2

50 100 200 300

Optimized

Parameters

Time (min) 60 29 25 2

Temperature (oC) 38 31 26 14

Water holding

capacity (%)

YP
1) 86.70 91.00 90.13 87.60 85.60

0.72
Yo

2) 87.26ab 89.17a 89.10a 85.83b 87.88a

Shear force

(N)

YP 9.48 7.99 9.00 9.28 8.67
0.50

Yo 9.27a 8.16b 9.20a 9.36a 8.85a

CIE L*
YP 54.95 55.93 56.85 63.81 73.44

0.80
Yo 55.20e 59.42d 63.12c 66.17b 70.42a

CIE a*
YP 7.92 10.48 10.59 11.53 11.28

0.67
Yo 8.55c 9.92b 10.13b 12.25a 11.83a

CIE b*
YP 9.38 9.96 9.78 11.50 14.31

0.85
Yo 9.02d 8.58d 9.92c 12.43b 14.42a

Total color

difference

YP 1.80 4.88 4.88 10.12 19.73
0.86

Yo 1.13e 4.52d 8.17c 12.15b 16.49a

1)YP, calculated from the regression models
2)Yo, experimental scores
a-eMeans with different superscript within same row are significantly different (p<0.05).

Fig. 7. Thermograms of pork treated with different pressures

and then heated at a rate of 5oC/min.
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