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			Abstract | An overview of the application of gamma irradiation for pork preservation has not been published in any of the studies. This meta-analysis study aims to elucidate the influence of gamma irradiation on texture properties, lipid and protein peroxidation, microbiological aspects, and sensory characteristics aspects in pork. 52 experiments from 21 studies were compiled into an extensive database. The irradiation dose varied between 0 and 50 kGy during the meta-analysis. A mixed-model technique was applied to perform the meta-data analysis, with the gamma irradiation dose considered as fixed effects and the different research (articles) as random effects. Gamma irradiation reduced hardness, gumminess, and chewiness of pork (p < 0.01). Meanwhile, gamma irradiation increases pH values at 0 and 7 d after storage. Furthermore, redness (a*) value increases with increasing irradiation dose (p < 0.01). As expected, gamma irradiation significantly increased thiobarbituric acid-reactive substances (TBARS) and peroxide-oxygen value (POV) (p < 0.01). Meanwhile, total aerobic bacteria, coliform, and lactic acid bacteria (LAB) decreased after irradiation treatment (p < 0.01). In conclusion, even though it can decontaminate pathogenic microbes, gamma irradiation can affect the texture, change color, increase oxidation parameters, and reduce the sensory parameters of pork products. 
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			INTRODUCTION

			 

			Pork is an essential meat commodity worldwide besides chicken products (Yan et al., 2024). The demand for pork and its production is expected to increase continuously. The protein content of beef, pork, poultry, and sheep is projected to increase by 5.9%, 13.1%, 17.8%, and 15.7%, respectively, by the year 2030 (OECD-FAO, 2021). The increase was primarily a result of rising demand from various Asian nations. Several financially strong Asian countries, including China, Philippines, Thailand, and Vietnam, have noticed a rise in per capita pork consumption. Vietnam is expected to become the top consumer in this category (OECD-FAO, 2018). As the pork trade increases globally, accurate preservation technology is essential to support this growth. Curate preservation technology is essential to support growth as the pork trade increases globally. 

			 

			Within a few decades, pork preservation techniques can be implemented biologically using essential oils (Hao et al., 2023; Liu et al., 2023), edible film/coating (Khruengsai et al., 2024; Sun et al., 2021; Wei et al., 2023) and/or chitosan (Guo et al., 2022; Wan et al., 2024). Meanwhile, physical preservation methods are carried out using Co60 gamma (Ham et al., 2017; Li et al., 2017), electron beam (Chen et al., 2023; Lei et al., 2021; Yim et al., 2019) and x-ray irradiation (Ji et al., 2022; Shin et al., 2014). Irradiation is a feasible and effective non-thermal intervention approach for decontaminating meat products. Utilizing high-energy gamma rays or accelerated electrons to irradiate meat products may improve its shelf-life and prevent the growth of pathogenic microorganisms (Zhang et al., 2020). Irradiation has the potential to accomplish the following: (1) enhance food safety and prevent the risk of foodborne illnesses; (2) extend the shelf life of numerous perishable products; and (3) reduce the probability of postprocessing contamination for untouched, packaged products (Ibrahim, 2013). Gamma and electron beam irradiation are commonly used due to their efficacy and lack of residue.

			 

			A comprehensive review of studies on food irradiation is required to determine the focus of future research on radiation application. Future studies on food irradiation should focus on discovering new technologies and uses, resolving areas of uncertainty and disagreement, and enhancing existing knowledge of the impact of irradiation on food (Indiarto et al., 2023). A meta-analysis study is required to fully investigate the utilization of irradiation in pork products. Various meta-analysis studies on food irradiation have been conducted with regard to various animal products (Dimov and Popova, 2022; Ujilestari et al., 2023; Wahyono et al., 2023; Wahyono et al., 2024a; Wahyono et al., 2024b). A previous study by Wahyono et al. (2024b) reported that irradiation with electron beam increases lipid peroxidation, reduces microbiological parameters, and diminishes overall acceptability. Instead has no effect on the color of the pork products. Meta-analysis studies related to gamma radiation on pork have never been reported. Gamma irradiation for pork products still needs to be studied as an alternative to electron beam. Therefore, this meta-analysis study aims to elucidate the influence of gamma irradiation on texture properties, lipid and protein peroxidation, microbiological aspects, and sensory characteristics aspects in pork.

			 

			MATERIALS AND METHODS

			 

			Ethical Approval

			The present meta-analysis study did not require any ethical clearance. The Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) criteria were strictly adhered to in this research (Page et al., 2021).

			 

			The strategy of literature search

			Raw meta-data were compiled from published studies evaluating the effect of gamma irradiation on texture properties, lipid and protein peroxidation, microbiological aspects, and sensory characteristics aspects in pork. We searched for articles published between 2000 and 2023 in PubMed, Google Scholar, Scopus, and Crossref using the keywords “gamma,” “irradiation,” and “pork.” We checked the reference lists of each article to identify any possibly relevant papers that were not found during the initial search.

			 

			Database compilation

			Articles were selected according to the specified criteria: (1) The investigation was published in peer-reviewed journals; (2) Investigations applied gamma irradiation instead of electron beam or x-ray; (3) The irradiation dosage was identified, and (4) raw meat or its products that were processed were employed as the subject material. Fig. 1 displays information about the studies chosen for this meta-analysis. The comprehensive database included 21 articles that contain 52 experiments (Table 1). The compiled data description is available in the results section.
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			Figure 1: Diagram of article selection using PRISMA protocol (Page et al. 2021)

			 

			The studies investigated in our meta-analysis focused on the impact of gamma irradiation on many aspects of pork meat, including textural characteristics, color, oxidation parameters, microbiological loads, and sensory properties. Studies utilizing electron beam irradiation or x-ray sources, excluding gamma sources, were not included in the study.

			The texture parameters include hardness, springiness, cohesiveness, gumminess, and chewiness. The color parameters studied were lightness (L*), redness (a*), and yellowness (b*). Oxidation parameters consist of thiobarbituric acid-reactive substances (TBARS), peroxide-oxygen value (POV), and total volatile base nitrogen (TVBN). The microbiological loads assessed were total aerobic bacteria, coliform, and lactic acid bacteria. The sensory evaluation 

			Table 1: Studies included in the meta-analysis of the effects of gamma irradiation on the characteristics of pork

			
				
					
					
					
					
					
					
				
				
					
							No.
							Reference
							Meat sample
							Dosage (kGy)
							Additional treatment
							Parameters reported
					

					
							
							1

						
							
							Ham et al. (2017)

						
							
							Cooked pork sausage

						
							
							0; 2.5; 5; 7.5; and 10

						
							
							Cooked

						
							
							pH; Hunter color; texture properties; TBARS

						
					

					
							
							2

						
							
							Li et al. (2017)

						
							
							Fresh pork

						
							
							0; 3; 5; and 7

						
							
							No treatment

						
							
							Hunter color; sensory evaluation; TBARS

						
					

					
							
							3

						
							
							Fadhel et al. (2016)

						
							
							Pork loins

						
							
							0; 1; 1.5; and 3

						
							
							No treatment and marinated

						
							
							Hunter color; TBARS; LAB

						
					

					
							
							4

						
							
							Kim et al. (2014)

						
							
							Ground meat and fat

						
							
							0; and 10

						
							
							No treatment

						
							
							pH; Hunter color; texture properties; sensory evaluation

						
					

					
							
							5

						
							
							Dussault et al. (2012)

						
							
							Pork sausage

						
							
							0; and 1.5

						
							
							Refrigerated; and fermented with 0.5% dextrose

						
							
							pH; and LAB

						
					

					
							
							6

						
							
							Kim et al. (2012)

						
							
							Fermented pork sausage

						
							
							0; 0.5; 1; 2; and 4

						
							
							No treatment

						
							
							pH; Hunter color; TBARS; TVBN; coliform; LAB

						
					

					
							
							7

						
							
							Choi et al. (2011)

						
							
							Pork sausage

						
							
							0; 5; and 10 

						
							
							No treatment; addition of 0.3% onion powder; 0.3% garlic powder; and 0.5% kimchi powder

						
							
							pH; Hunter color; texture properties; sensory evaluation; oxidation parameters

						
					

					
							
							8

						
							
							Cheng et al. (2011)

						
							
							Chilled pork

						
							
							0; 2; 4; 5; 6; 8; and 10

						
							
							No treatment

						
							
							TBARS; POV

						
					

					
							
							9

						
							
							Galán et al. (2011)

						
							
							Pork sausage

						
							
							0; 2; 3; and 4

						
							
							No treatment; addition of 0.6; 1.2; and 2.4 mg folic acid/100 mg sample

						
							
							Hunter color; texture properties; sensory evaluation 

						
					

					
							
							10

						
							
							Kim et al. (2009)

						
							
							Pork patty

						
							
							0; 2; 4; 6; and 8

						
							
							No treatment; addition of fucoidan; and laminarin

						
							
							Hunter color; TBARS; total aerobic bacteria

						
					

					
							
							11

						
							
							Sinanoglou et al. (2009)

						
							
							Fresh pork meat

						
							
							0; 1; 2.5; and 4.7

						
							
							Vacuum packaging

						
							
							Hunter color

						
					

					
							
							12

						
							
							Song et al. (2009)

						
							
							Minced pork

						
							
							0; 5; 10; 15; and 20

						
							
							No treatment

						
							
							Hunter color; texture properties; sensory evaluation; TBARS; total aerobic bacteria

						
					

					
							
							13

						
							
							Oh et al. (2008)

						
							
							Porky jerky

						
							
							0; 3; 5; 7; and 10

						
							
							No treatment

						
							
							Hunter color; sensory evaluation; TBARS

						
					

					
							
							14

						
							
							Kang et al. (2007)

						
							
							Pork patty

						
							
							0; and 3

						
							
							Packaging variation (aerobic and vacuum); and coating variation (no coating, coated with pectin-based materials, and coated with pectin-based material containing 0.5% green tea powder)

						
							
							Sensory evaluation

						
					

					
							
							15

						
							
							Lee et al. (2006)

						
							
							Pork rib steak

						
							
							0; 10; 20; 30; 40; and 50

						
							
							Marinated and precooked

						
							
							TBARS; total aerobic bacteria

						
					

					
							
							16

						
							
							Kanatt et al. (2005)

						
							
							Pork salami

						
							
							0; 1; 2; and 3

						
							
							No treatment

						
							
							Sensory evaluation; TBARS

						
					

					
							
							17

						
							
							Lee et al. (2005)

						
							
							Hamburger steak (chilled pork, pork back fat)

						
							
							0; 5; 10; and 20

						
							
							No treatment; addition of 200 g rosemary; 500 g rosemary; and butylated hydroxyanisole (BHA)

						
							
							Texture properties; TBARS; total aerobic bacteria; coliform

						
					

					
							
							18

						
							
							Davis et al. (2004)

						
							
							Pork loins

						
							
							0; 2.2; and 4.4

						
							
							No treatment or injected with 13% final added weight with a brine composed of 3.04% sodium tripolyphosphate, 2.17% sodium chloride, and 20.8% potassium lactate

						
							
							Hunter color; TBARS

						
					

					
							
							19

						
							
							Ahn et al. (2004)

						
							
							Pork sausage

						
							
							0; and 5

						
							
							Packaging variation (aerobic, vacuum, CO2, N2, or CO2/N2)

						
							
							Hunter color

						
					

					
							
							20

						
							
							Byun et al. (2001)

						
							
							Pork sausage

						
							
							0; 3; and 5

						
							
							Salted and washed

						
							
							Coliform

						
					

					
							
							21

						
							
							Jo et al. (2001)

						
							
							Pork sausage

						
							
							0; 4.5; 10; and 20

						
							
							No treatment; addition of 0.2% chitosan oligomer; and 156 ppm NaNO2

						
							
							pH; Hunter color; sensory evaluation

						
					

				
			

			

			TBARS: thiobarbituric acid reactive substances (mg MDA/kg); TVBN: total volatile base nitrogen (mg N/100 g sample); POV: peroxide value (meq peroxide/kg); LAB: lactic acid bacteria (Log CFU/g).

			 

			criteria comprised color, flavor, tenderness, taste, juiciness, texture, off-odor, and overall acceptance on a scale of 0-10.

			 

			Statistical Analysis

			This meta-analysis applied a mixed model approach (Sauvant et al., 2008; St-Pierre, 2001). The gamma irradiation dose was considered a fixed effect, whereas study differences were treated as random effects. The following mathematical model is:

			[image: 18288.png] 

			 

			The dependent variable is represented by Yijk , overall mean value is represented by μ, the random effect of the ith study is represented by si, considered to have a mean of 0 and variance, following a normal distribution, [image: 18280.png], the fixed effect of the jth τ factor is represented by τj, the random interaction between the ith and jth levels of the τ factor is represented by sτij assumed to a normal distribution[image: 15149.png], the overall value of the fixed effect (Y to X) of the linear regression coefficient is represented by β1,  The overall quadratic regression coefficient value of Y on X (a fixed effect) is represented by β2, Xij and [image: 15141.png]represents the continuous values of the predictor variable in linear and quadratic forms, respectively, the random effect of the study on the regression coefficient of Y to X is represented by bi, assumed to follow a normal distribution with mean 0 and variance[image: 15131.png], and the residual value stemming from unpredictable errors is represented by eijk.

			 

			All statistical analysis were performed using R version 3.6.3 with “nmle” library (Pinheiro et al., 2020). Coefficient of determination (R2), root means square error (RMSE), and p-value were used as model statistics. p < 0.01 and p < 0.05 were used as staitistically significant. Meanwhile, a p-value ranging from 0.05 to 0.10 was considered as a statistically significant tendency.

			 

			RESULTS

			 

			Description about the selected studies

			Descriptions of the articles included in this research are presented in Table 1. There are seven categories of pork products mentioned in 21 papers: pork sausage (8 papers), fresh pork (6 papers), pork patty (2 papers), pork steak (2 papers), chilled pork (1 paper), pork salami (1 paper), and pork jerky (1 paper). Regarding gamma irradiation doses for treatments, only four papers applied dosages over 10 kGy. The treatment consists mainly of graded dosages ranging from 0 to 10 kGy. Supplementary treatment was applied to pork product samples in addition to irradiation. Eight papers lack additional treatment. Additional treatments could include variations in packaging (Ahn et al., 2004; Kang et al., 2007; Sinanoglou et al., 2009), antioxidants (Choi et al., 2011; Galán et al., 2011; Kang et al., 2007; Lee et al., 2005), polymers (Jo et al., 2001), or chemical additives (Davis et al., 2004; H. J. Kim et al., 2009).

			 

			Influence of gamma irradiation on texture properties

			The effect of gamma irradiation on texture properties in pork is presented in Table 2. Present meta-analysis findings reported that gamma irradiation reduced hardness, gumminess, and chewiness of pork (p < 0.01). Meanwhile, springiness was increased after irradiation tereatment (p < 0.05). Gamma irradiation did not affect cohesiveness. Gumminess (kg) = 0.494 + (-0.011X) + 0.001X2; n = 27; p = 0.002; RMSE = 0.012; R2 = 1.

			 

			 

			Table 2: Effect of gamma irradiation on texture properties of pork

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							Parameter
							Unit
							n
							Intercept
							SE Intercept
							Slope
							SE Slope
							p-value
							RMSE
							
							R2

						
					

					
							
							Hardness

						
							
							kg

						
							
							53

						
							
							0.868

						
							
							0.113

						
							
							-0.006

						
							
							0.002

						
							
							0.001

						
							
							0.048

						
							
							0.98

						
					

					
							
							Springiness

						
							
							-

						
							
							27

						
							
							0.988

						
							
							0.033

						
							
							 0.007

						
							
							0.002

						
							
							0.016

						
							
							0.072

						
							
							0.47

						
					

					
							
							Cohesiveness

						
							
							-

						
							
							43

						
							
							0.397

						
							
							0.046

						
							
							-0.001

						
							
							0.001

						
							
							0.101

						
							
							0.021

						
							
							0.98

						
					

					
							
							Gumminess

						
							
							kg

						
							
							27

						
							
							0.494

						
							
							0.283

						
							
							-0.011

						
							
							0.003

						
							
							0.003

						
							
							0.012

						
							
							1.00

						
					

					
							
							Chewiness

						
							
							kg

						
							
							32

						
							
							1.250

						
							
							0.669

						
							
							-0.056

						
							
							0.012

						
							
							0.001

						
							
							0.214

						
							
							0.98

						
					

				
			

			

			SE: standard error; RMSE: root mean square error; R2: The proportion of variance in a dependent variable that an independent variable can explain (bigger is better).

			 

			Table 3: Effect of gamma irradiation on pH and Hunter color of pork

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							Parameter
							Unit
							n
							Intercept
							SE Intercept
							Slope
							SE Slope
							p-value
							RMSE
							
							R2

						
					

					
							
							pH

						
							
							-

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							   0 day

						
							
							 

						
							
							33

						
							
							6.208

						
							
							0.123

						
							
							0.010

						
							
							0.003

						
							
							0.001

						
							
							0.036

						
							
							0.99

						
					

					
							
							   7 days     

						
							
							 

						
							
							12

						
							
							6.354

						
							
							0.062

						
							
							0.018

						
							
							0.007

						
							
							0.044

						
							
							0.029

						
							
							0.92

						
					

					
							
							   14 days  

						
							
							 

						
							
							12

						
							
							6.215

						
							
							0.101

						
							
							0.040

						
							
							0.023

						
							
							0.147

						
							
							0.113

						
							
							0.65

						
					

					
							
							L* (lightness)   -

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							   0 day

						
							
							 

						
							
							96

						
							
							60.712

						
							
							2.621

						
							
							0.068

						
							
							0.035

						
							
							0.058

						
							
							1.230

						
							
							0.99

						
					

					
							
							   7 days     

						
							
							 

						
							
							18

						
							
							53.812

						
							
							1.152

						
							
							0.063

						
							
							0.346

						
							
							0.858

						
							
							2.464

						
							
							0.18

						
					

					
							
							   14 days  

						
							
							 

						
							
							12

						
							
							55.023

						
							
							1.797

						
							
							-0.229

						
							
							0.393

						
							
							0.575

						
							
							2.066

						
							
							0.51

						
					

					
							
							a* (redness)      -

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							   0 day

						
							
							 

						
							
							111

						
							
							6.818

						
							
							0.831

						
							
							0.068

						
							
							0.022

						
							
							0.003

						
							
							0.809

						
							
							0.96

						
					

					
							
							   7 days     

						
							
							 

						
							
							18

						
							
							6.675

						
							
							3.407

						
							
							0.785

						
							
							0.106

						
							
							0.001

						
							
							0.646

						
							
							0.99

						
					

					
							
							   14 days  

						
							
							 

						
							
							12

						
							
							9.229

						
							
							5.270

						
							
							0.733

						
							
							0.095

						
							
							0.001

						
							
							0.465

						
							
							0.99

						
					

					
							
							b* (yellowness) -

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							   0 day

						
							
							 

						
							
							88

						
							
							10.171

						
							
							0.842

						
							
							0.028

						
							
							0.019

						
							
							0.152

						
							
							0.688

						
							
							0.96

						
					

					
							
							   7 days     

						
							
							 

						
							
							10

						
							
							12.260

						
							
							3.481

						
							
							0.226

						
							
							0.104

						
							
							0.073

						
							
							0.547

						
							
							0.99

						
					

				
			

			

			SE: standard error; RMSE: root mean square error; R2: The proportion of variance in a dependent variable that an independent variable can explain (bigger is better).

			 

			Table 4: Effect of gamma irradiation on TBARS, POV and TVBN

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							Parameter
							Unit
							n
							Intercept
							SE Intercept
							Slope
							SE Slope
							p-value
							RMSE
							
							R2

						
					

					
							
							TBARS

						
							
							mg MDA/kg

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							   0 day

						
							
							 

						
							
							91

						
							
							0.774

						
							
							0.200

						
							
							0.043

						
							
							0.009

						
							
							0.001

						
							
							0.265

						
							
							0.920

						
					

					
							
							   7 days     

						
							
							 

						
							
							22

						
							
							1.245

						
							
							0.916

						
							
							0.060

						
							
							0.005

						
							
							0.001

						
							
							0.172

						
							
							0.992

						
					

					
							
							   14 days  

						
							
							 

						
							
							16

						
							
							1.600

						
							
							1.544

						
							
							0.057

						
							
							0.003

						
							
							0.001

						
							
							0.122

						
							
							0.998

						
					

					
							
							POV

						
							
							meq peroxide/kg

						
							
							9

						
							
							2.833

						
							
							1.372

						
							
							0.537

						
							
							0.129

						
							
							0.006

						
							
							1.171

						
							
							0.772

						
					

					
							
							TVBN

						
							
							mg N/100 g sample

						
							
							17

						
							
							6.493

						
							
							3.226

						
							
							-0.003

						
							
							0.028

						
							
							0.910

						
							
							0.562

						
							
							0.989

						
					

				
			

			

			TBARS: thiobarbituric acid reactive substances; TVBN: total volatile base nitrogen; POV: peroxide value; SE: standard error; RMSE: root mean square error; R2: The proportion of variance in a dependent variable that an independent variable can explain (bigger is better).

			 

			Influence of gamma irradiation on pH and Hunter color 

			Gamma irradiation increase pH value of pork at 0 and 7 days after storage (p < 0.05; Table 3). Regarding Hunter color parameters, L* and b* values of pork at 0 and 7 days after storage did not affect by gamma irradiation treatment. Furthermore, a* value increase with increasing irradiation dose (p < 0.01).

			 

			Influence of gamma irradiation on lipid and protein oxidation

			Table 4 shows the effects of gamma irradiation on TBARS, POV and TVBN. Gamma irradiation significantly increased TBARS value of pork at 0, 7, and 14 days of storage (p < 0.01). Furthermore, POV value at 0 days storage also increased after irradiation treatment (p < 0.01). Mean

			Table 5: Effect of gamma irradiation on microbial loads of pork

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							Parameter
							Unit
							n
							Intercept
							SE Intercept
							Slope
							SE Slope
							p-value
							RMSE
							
							R2

						
					

					
							
							Total aerobic bacteria

						
							
							Log CFU/g

						
							
							53

						
							
							1.991

						
							
							0.298

						
							
							-0.093

						
							
							0.022

						
							
							0.001

						
							
							1.609

						
							
							0.000

						
					

					
							
							Coliform

						
							
							Log CFU/g

						
							
							27

						
							
							1.997

						
							
							0.375

						
							
							-0.146

						
							
							0.041

						
							
							0.002

						
							
							1.387

						
							
							0.000

						
					

					
							
							Lactic acid bacteria

						
							
							Log CFU/g

						
							
							17

						
							
							1.866

						
							
							0.812

						
							
							-0.464

						
							
							0.135

						
							
							0.005

						
							
							0.511

						
							
							0.894

						
					

				
			

			

			CFU: Colony Forming Unit’s; SE: standard error; RMSE: root mean square error; R2: The proportion of variance in a dependent variable that an independent variable can explain (bigger is better).

			 

			Table 6: Effect of gamma irradiation on sensory evaluation of pork

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							Parameter
							Unit
							n
							Intercept
							SE Intercept
							Slope
							SE Slope
							p-value
							RMSE
							
							R2

						
					

					
							
							Color

						
							
							-

						
							
							45

						
							
							7.066

						
							
							0.325

						
							
							-0.064

						
							
							0.024

						
							
							0.012

						
							
							0.491

						
							
							0.791

						
					

					
							
							Flavor

						
							
							-

						
							
							44

						
							
							7.172

						
							
							0.267

						
							
							-0.153

						
							
							0.026

						
							
							0.001

						
							
							0.403

						
							
							0.816

						
					

					
							
							Tenderness

						
							
							-

						
							
							11

						
							
							8.179

						
							
							0.100

						
							
							-0.021

						
							
							0.006

						
							
							0.011

						
							
							0.061

						
							
							0.866

						
					

					
							
							Taste

						
							
							-

						
							
							38

						
							
							5.968

						
							
							0.180

						
							
							-0.097

						
							
							0.024

						
							
							0.000

						
							
							0.425

						
							
							0.627

						
					

					
							
							Juiciness

						
							
							-

						
							
							9

						
							
							8.028

						
							
							0.118

						
							
							-0.017

						
							
							0.009

						
							
							0.133

						
							
							0.087

						
							
							0.735

						
					

					
							
							Texture

						
							
							-

						
							
							33

						
							
							7.049

						
							
							0.262

						
							
							-0.290

						
							
							0.081

						
							
							0.002

						
							
							0.378

						
							
							0.740

						
					

					
							
							Off odor

						
							
							-

						
							
							25

						
							
							3.906

						
							
							0.719

						
							
							0.298

						
							
							0.054

						
							
							0.001

						
							
							0.595

						
							
							0.903

						
					

					
							
							Overall acceptance

						
							
							-

						
							
							70

						
							
							7.560

						
							
							0.289

						
							
							-0.203

						
							
							0.036

						
							
							0.001

						
							
							0.464

						
							
							0.842

						
					

				
			

			

			SE: standard error; RMSE: root mean square error; R2: The proportion of variance in a dependent variable that an independent variable can explain (bigger is better).

			 

			while, TVBN value at 0 days storage was not affected by gamma irradiation. TBARS at 0 days (mg Malondialde hyde/kg) = 0.774 + 0.043X + 0.001X2; n = 91; p = 0.001; RMSE = 0.265; R2 = 0.92.

			 

			Influence of gamma irradiation on microbial loads

			The results of meta-analysis study summarized the effects of gamma irradiation on microbial load parameters are presented in Table 5. Total aerobic bacteria, coliform, and LAB decreased after gamma irradiation (p < 0.01). 

			 

			Influence of gamma irradiation on sensory evaluation

			Gamma irradiation treatment resulted in a decrease in texture, flavor, taste, and overall acceptance of pork (p < 0.01; Table 6). Furthermore, color and tenderness also decreased as the gamma irradiation dose increased (p < 0.05). Meanwhile, off-odor parameter was increased after irradiation treatment (p < 0.01). Gamma irradiation did not affect juiciness value.

			 

			DISCUSSIONS

			 

			Influence of gamma irradiation on texture properties

			An essential aspect of eating quality that directly affects consumer preferences is the meat product’s texture profile (Abeyrathne and Nam, 2022). Except for cohesiveness, the profile of hardness, gumminess, chewiness, and springiness is affected by gamma irradiation. Alteration in texture properties is assumed to be related to structural changes in pork protein following treatment. The reduction of hardness in pork meat could be associated to the decreasing collagen content. Following gamma irradiation treatment, there was a significant decrease in the soluble collagen mass fraction (Sant et al., 2022). Myofibrillar protein content in meat decreases as the radiation dose is increased. It changes the secondary structure, which modifies the myofibrillar protein’s functional characteristics (Indiarto et al., 2023). The shrinkage of the myofibrils and consequent constriction of the sarcomeres observed in the meat microstructure may be the reason for the texture changes (Galán et al., 2010). According to Indiarto et al. (2023), irradiation can also denature protein molecules. The gumminess value of the pork will be impacted by this mechanism, which will make it firmer. Ionizing radiations may have an impact on protein denaturation, as may interactions between proteins that have been denatured by various radiation types (Kim et al., 2020). Some crosslinks might develop during the radiation, resulting in the formation of bonds among proteins and free amino acids and the formation of protein-protein complexes that have the potential to significantly alter the structure of meat (Galán et al., 2010). Our meta-analysis showed that irradiation doses of 5.7 and 3.7 kGy could alter the gumminess and texture of pork.

			 

			In addition to its effect on protein linkages, Choi et al. (2011) reported that irradiation influences meat’s moisture content. This mechanism has been suggested to affect the texture of meat because radiation induced the loss of water-holding capacity. According to reports, protein denaturation causes muscle fiber diameter to rise, which reduces meat’s water holding capacity (Huang et al., 2023). After the muscle falls to the crucial limit (about 40% moisture content), gamma irradiation will increase the disappearance of both bound and free water (Zu et al., 2022). Similar results were reported by Choi et al. (2011), Galán et al. (2011) and Lee et al. (2005). The muscle fiber membrane’s structural integrity has been damaged after irradiation, leading to a decrease in the meat’s ability to retain water (Pelicia et al., 2015).

			 

			Influence of gamma irradiation on pH and Hunter color

			The pH value of pork increased significantly following irradiation on day 0 and 7 of storage, but remained unchanged until day 14. It is interesting to note that, in our previous meta-analysis study (Wahyono et al., 2024), the pH value of pork products did not change following electron beam irradiation. The reason for this difference can be attributed to the fact that the gamma irradiation mechanism possesses more capability for penetration compared to the electron beam (Mine & Yekta, 2009). Variations in the ability to penetrate will lead to variations in the physicochemical characteristics of the samples. However, due to its high penetrating capability, gamma ray irradiation may exhibit more efficacy in decreasing bacterial populations when compared to electron beam irradiation (Park et al., 2010). The preservation procedure, which is the main objective of irradiation, works optimally when the pH level is steady. The pH level is a critical factor in regulating the duration for which meat products can be stored without getting spoiled (Wahyono et al., 2024b). It is crucial to note that although irradiation does not directly affect the pH of meat, pH variations remain possible due to several factors like storage conditions, methods of processing, and the type of meat. According to Ham et al. (2017), altering the pH of irradiated pork products has minimal to minor impacts on their quality properties.

			 

			The color of the pork meat is an essential indicator of quality in the market. Ohene-Adjei et al. (2004) reported that oxidation could theoretically result in a mechanism that affects the pigmentation of meat. Initial irradiation generated materials that were darker (L* value decreased), redder (a* value increased), and yellower (b* value decreased). Pork, a conventional type of “red” meat, appears pink to red in its raw form but undergoes a color change to a lighter shade when cooked (Keeton & Dikeman, 2017). Beef has a higher concentration of myoglobin, while poultry has a lower concentration. Lamb and pork contain an intermediate amount of myoglobin (American Meat Science Association, 2023).  According to this information, the impact of gamma irradiation on the color of pork is mostly affected by the redness value parameter (a*). Our meta-analysis study confirms these findings. Meanwhile, there were no significant changes reported in the lightness (L*) and yellowness (b*) values.

			 

			The increase in redness value (a*) is correlated with the increase in pH value as explained previously. The rise in pH value is due to of the oxidation reaction happening to myoglobin following gamma irradiation. The mechanism of myoglobin oxidation may result in the synthesis of metmyoglobin, a substance that has a brown color and is less acidic compared to myoglobin (Faustman et al., 2010; Liu et al., 2021). The myoglobin molecule in meat is naturally sensitive to energy input from irradiation treatment, which can lead to changes in meat color. This can result in the generation of brown, green, and bright red pigments (Zhou et al., 2010). In addition to oxidizing compounds (hydroxyl radicals), aqueous electrons, and hydrogen atoms are produced as well during the radiolytic degradation of water molecules (Brewer, 2004; C. Li et al., 2017). Additionally, Kim et al. (2013) stated that the red color value of meat could be altered by irradiation treatment because of nitrosoheme pigment destruction. Nitrosoheme is responsible for the pink or red color observed in fresh meat. Upon destruction, the meat may exhibit a more brownish or grayish color. However, the impact of irradiation on the redness value also depends on the additional treatment of the meat. Irradiation decreases the redness (a*) value in meat that had been handled with modified atmospheric packing, as shown by Ahn et al. (2004). Additionally, the addition of folic acid has the same effect, as demonstrated by Galan et al. (2011). 

			 

			Influence of gamma irradiation on lipid and protein oxidation

			Color changes associated with the oxidation of myoglobin are also used as an indicator of lipid oxidation. MetMb-H2O2 and ferryl myoglobin have been identified as effective accelerators for lipid oxidation in meat (Faustman et al., 2010). The TBARS assay is a widely used method for measuring lipid oxidation in fish and meat products. Malonaldehyde (MDA) is an aldehyde that develops after unsaturated fatty acids have been broken down (Abeyrathne et al., 2021). Key factors that contribute to the oxidation and rancidity of pork meat and meat-based products are the phospholipids and triglycerides that are found in meat (Abeyrathne & Nam, 2022). The application of irradiation, along with the inclusion of antioxidants, can be utilized in the pork industry to develop a high-quality product that has an extended shelf-life (Ibrahim, 2013). In our meta-analysis, we included studies that combined irradiation treatment with other interventions to minimize oxidation. These interventions included packaging (Kang et al., 2007; Sinanoglou et al., 2009), antioxidants (Choi et al., 2011; Galán et al., 2011; Kang et al., 2007), and chitosan (Jo et al., 2001). However, the TBARS value showed an increase following irradiation, although at lower levels compared to the lack of any additional treatment. This trend was also observed in previous meta-analysis on electron beam treatment (Wahyono et al., 2024b).

			 

			POV, along with TBARS, is a key factor in assessing the presence of lipid peroxidation in pork following gamma irradiation. Irradiation induces the formation of free radicals in water, which generates a chain reaction of free radicals and enhances the process of lipid auto-oxidation in meat (Yan et al., 2024). Increases in POV value may be influenced by the irradiation dose, and the storage conditions following to irradiation (Li et al., 2023). Our meta-analysis discovered that the application of gamma irradiation, beginning at a dosage of 10 kGy, has an immediate effect on elevating the POV value. Similar to our previous findings in electron beam technique (Wahyono et al., 2024b), the trend of POV rises in pork following gamma irradiation is consistent with TBARS value. The POV value of pork is significantly impacted by variations in pH levels and the production of free radicals after gamma irradiation. Catalytic activity (temperature, pH, metal ions, and free radicals) is essential for the highly complicated chemical process of autoxidation, which also includes the self-programming reaction of radicals (Amaral et al., 2018).

			 

			The breakdown of proteins and other nitrogen-containing substances due to spoiling mechanisms leads to the production of organic amines, which are referred to as total volatile basic nitrogen (TVBN) (Bekhit et al., 2021). The metabolic activities of bacteria and other microbes naturally found in meat involve the breakdown of proteins into volatile nitrogen molecules (Hwang et al., 2022). Our meta-analysis study showed that there was no alteration in TVBN levels following irradiation treatment. Gamma irradiation is believed to inhibit the activity of pathogenic bacteria, which in effect inhibits the production of TVBN. As a result, there is no rise in TVBN levels during the gamma irradiation process. Nevertheless, various studies have shown that TVBN levels increased after irradiation treatment (Chen et al., 2023; Kim et al., 2013). The increase of TVBN is impacted not only by microbial activity but also by protein degradation. Many kinds of nitrogen-containing compounds are produced during the degradation of proteins, such as volatile amines and ammonia (Kim et al., 2012).

			 

			Influence of gamma irradiation on microbial loads

			Total aerobic bacteria, coliforms, and lactic acid bacteria were significantly decreased, which is in line with the initial objectives of gamma irradiation. Following gamma irradiation treatment, microbial populations remained undetected in various studies (Kim et al., 2009; Kim et al., 2012; Lee et al., 2006; Song et al., 2009). The current meta-analysis showed that irradiation treatment at doses of 27.39 and 12.97 kGy was associated with an elimination in the total number of aerobic bacteria and coliforms, respectively. Gamma irradiation exhibits bactericidal effects through two different mechanisms such as 1) a direct method, by attacking DNA; or 2) an indirect mechanism, by reacting with water and developing reactive oxygen species (Correa et al., 2019). Regarding mechanism number two, the evidence provided in the present study is a finding of an oxidation reaction, which is shown by the Hunter color redness (a*) parameter and lipid peroxidation. Initial flora, degree of contamination, storage period, and temperature are all factors in the growth of meat decomposition bacteria (Byun et al., 2001). Our meta-analysis study has shown that gamma irradiation is a highly successful method for sterilizing pork from various sources, treatments, and storage conditions. Gram-positive and gram-negative microbial pathogens exhibit various levels of radiosensitivity, although both can be effectively eliminated through irradiation (Wahyono et al., 2024a). Based on its primary purpose of eliminating pathogens, irradiation treatment can be used in combination with different methods such as herbal additives, smoking, marination, and frozen storage (Fadhel et al., 2016; Dimov and Popova, 2022; Kim et al., 2014). 

			 

			The present meta-analysis study shows that gamma irradiation effectively decreases the total levels of coliform in pork products. Similar findings were also found for samples of chicken and ruminant meat (Kanatt et al., 2010; Oliveira et al., 2009; Yim et al., 2023). It is important to note that gamma irradiation also eliminates lactic acid bacteria, which play a role in the marination and preservation of meat.  Therefore, it is essential to employ an appropriate technique to anticipate it. Fadhel et al. (2016) showed that the irradiation technique can be effectively integrated with meat marination. Even though numerous species of lactic acid bacteria are harmful to meat (Brugnini et al., 2021).

			 

			Influence of gamma irradiation on sensory evaluation

			Consumer acceptance of irradiated pork products is ultimately determined by sensory evaluation, which is a crucial concluding parameter. As previously explained, the texture of pork (including its hardness, gumminess, chewiness, and springiness) has been affected by gamma irradiation, consequently, consumers’ collective evaluation scores on texture have been decreased. Theoretically, changes in the texture of pork can be attributed to the following factors: 1) a decrease in the formation of soluble collagen protein and myofibril protein (Galán et al., 2010; Sant et al., 2022); 2) a decrease in the water binding activity (Huang et al., 2023; Pelicia et al., 2015); and 3) an increase in the rate of lipid oxidation (Alahakoon et al., 2015).

			 

			The results of our meta-analysis indicated that gamma irradiation had a negative impact on flavor, taste, and tenderness (p < 0.05). Irradiation of pork lipids and proteins caused oxidation reactions that changed these three sensory parameters. The production of aldehydes, esters, ketones, hydrocarbons, lactones, and furans through lipid oxidation has been identified as a possible cause of rancid flavors (Henry, 2009; Li et al., 2017). Following lipid oxidation, an increase of off-flavors is also accompanied by the formation of an unpleasant odor. Lipid oxidation and oxidative breakdown of proteins (amino acids) caused by irradiation, together with the formation of new volatile compounds resulting from their interactions, are significant factors contributing to the development of off-odors in irradiated materials (Wang et al., 2022). Irradiation produces volatile sulfur molecules that are responsible for the unusual odor of meat (Henry, 2009). The breakdown of nucleotides is also responsible for the changes in taste observed in irradiated meat, a fact that has been confirmed by electronic tongue data (Feng and Ahn, 2021). A rise in off-odor, along with a decrease in taste, texture, and color, will subsequently reduce the overall acceptability parameters. The fact that irradiated meat products produce radiolytic off-flavors and odors is a primary cause of the decline in all sensorial acceptability (Ham et al., 2017).

			 

			CONCLUSION

			 

			Our meta-analysis findings confirm that a decrease in sensory qualities, alteration in redness (a*), and increased oxidation parameters are critical negative effects of gamma radiation on pork. Meanwhile, the main objective of microbiological decontamination has been accomplished. Effective strategies must be established in place to minimize the negative effects of gamma irradiation on consumer perception.
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Abstract | An overview of the application of gamma irradiation for pork preservation has not been published in any of
the studies. This meta-analysis study aims to elucidate the influence of gamma irradiation on texture properties, lipid
and protein peroxidation, microbiological aspects, and sensory characteristics aspects in pork. 52 experiments from 21
studies were compiled into an extensive database. The irradiation dose varied between 0 and 50 kGy during the meta-
analysis. A mixed-model technique was applied to perform the meta-data analysis, with the gamma irradiation dose
considered as fixed effects and the different research (articles) as random effects. Gamma irradiation reduced hardness,
gumminess, and chewiness of pork (p < 0.01). Meanwhile, gamma irradiation increases pH values at 0 and 7 d after
storage. Furthermore, redness (a*) value increases with increasing irradiation dose (p < 0.01). As expected, gamma
irradiation significantly increased thiobarbituric acid-reactive substances (TBARS) and peroxide-oxygen value (POV')
(p < 0.01). Meanwhile, total aerobic bacteria, coliform, and lactic acid bacteria (LAB) decreased after irradiation
treatment (p < 0.01). In conclusion, even though it can decontaminate pathogenic microbes, gamma irradiation can
affect the texture, change color, increase oxidation parameters, and reduce the sensory parameters of pork products.
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INTRODUCTION including China, Philippines, Thailand, and Vietnam, have
noticed a rise in per capita pork consumption. Vietnam
is expected to become the top consumer in this category
(OECD-FAO, 2018). As the pork trade increases global-

ly, accurate preservation technology is essential to support

Pork is an essential meat commodity worldwide besides
chicken products (Yan et al., 2024). The demand for
pork and its production is expected to increase continu-

ously. The protein content of beef, pork, poultry, and sheep
is projected to increase by 5.9%, 13.1%, 17.8%, and 15.7%,
respectively, by the year 2030 (OECD-FAO,2021).The in-
crease was primarily a result of rising demand from various
Asian nations. Several financially strong Asian countries,

this growth. Curate preservation technology is essential to
support growth as the pork trade increases globally.

Within a few decades, pork preservation techniques can be
implemented biologically using essential oils (Hao et al.,
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