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Introduction
The global demand for food is projected to rise significantly as the world population is expected to reach 9 billion by 2050 Malaysia relies heavily on food imports to meet growing demand for staples like meat, rice, vegetables, meat and milk. Meat is one of the most important foods and nutrients. The demand for food increases throughout the year and exceeds the food supply. Livestock farming is estimated to require 40% of arable land, 14.5% greenhouse gas emissions, 36% and 29% of crop calories generated, and agricultural freshwater use, respectively (Ismail et al., 2020). The average world citizen needs to eat 75% less red meat for livestock farming to become significantly more sustainable (Henchion et al., 2017). To ensure that the world's population can continue to enjoy a nutritious diet, the global food system and eating habits must change.
Relying on traditional, animal -based production is a highly inefficient way to meet this increased demand. Therefore, plant -based meat is a product that can provide a significant supply of animal protein that can help enhance the global food supply. Plant -based meat is known for its edible and nutritious meat. According to Fehér et al. (2020), the main advantages of plant -based meat, are higher protein content and lower risk factors for a variety of chronic diseases. It is not only good for health but also solves a sustainable ecological solution. In addition, increased consumer concern about environmental sustainability, animal welfare, and health impacts of high meat consumption are important factors influencing the increasing demand for plant -based meat. This plant -based meat has the potential to be marketed in the future, particularly in the halal product industry, promoting more environmentally sustainable and healthier diets for consumers. Halal food products can potentially increase food security through plant -based meat while utilizing natural resources efficiently, enhancing food quality, and contributing to sustainable development goals, including good health and well -being (Mustafa et al., 2025).  
However, the quality attributes of plant-based meat in terms of texture and taste to mimic halal processed meat are a major challenge. Appearance, quality, nutritional value, and sensory properties are the first parameters to consider before developing any food product (Pointke et al., 2022). Therefore, the new product's acceptance is based on its physical, chemical, or flavour properties that need to be similar or comparable to the commercial meat patty. Hence, creating plant -based meat that closely mimics the tastes and texture of highly processed meat products while also being reasonably priced represents a feasible strategy for increasing the use of meat alternatives. Therefore, this study aims to evaluate the potential of mushroom-based meat analogues as sustainable halal food alternatives by comparing the physicochemical properties of mushroom-based patties with commercial meat patties, assessing their microbiological safety in accordance with established food safety standards, evaluating sensory acceptance and identifying key attributes influencing consumer perception, and discussing the relevance of mushroom-based meat analogues in supporting halal food sustainability and market expansion.

Material and Methods  
Material
All commercial meat and plant-based raw materials used in this study were purchased from Aeon Jusco, Skudai, Johor Bahru, Malaysia. The plant-based ingredients included wheat flour, shiitake mushrooms, soybeans, black beans, cooked quinoa, rolled oats, and cornmeal flour. Fresh vegetables such as carrots, bell peppers, onions, and garlic were also obtained from the same supermarket. In addition, all flavoring agents including savory yeast extract, paprika, crushed black pepper, chili powder, cumin powder, dried thyme, dried parsley, dried rosemary, sugar, salt, tomato puree, herbs, and cooking oil were likewise sourced from Aeon Jusco, Skudai, Johor Bahru, Malaysia.

Formulation of mushroom-based meat
The mushroom-based patties were formulated using the plant-based ingredients described in Section 2.1. The preparation process involved drying, blending, and mixing steps as detailed below. The plant-based ingredients included wheat flour, shiitake mushrooms, soybeans, black beans, cooked quinoa, rolled oats, and cornmeal flour. Fresh vegetables such as carrots, bell peppers, onions, and garlic were also sourced from the same location. Flavoring agents consisted of savory yeast extract, paprika, crushed black pepper, chili powder, cumin powder, dried thyme, dried parsley, dried rosemary, sugar, salt, tomato puree, herbs, and a small amount of oil as a binder. Shiitake mushrooms were carefully inspected, washed, and air-dried at 80 °C for 20 minutes. Vegetables were peeled, washed, and either grated or sliced accordingly. The flavoring agents and vegetables were blended using an electric blender (Panasonic MX-SM1031, Panasonic Corp., Malaysia) until smooth. The resulting blend was mixed with dry ingredients and kneaded until a homogenous mixture was achieved. The final mixtures were molded into uniform patties (diameter: 90 mm; thickness: 15 mm) using a plastic Petri dish. Each patty was then individually vacuum-sealed at 20 mm Hg using a DZ-260T vacuum packaging machine (Xuzhong Machinery, China) and stored at −22 °C for no longer than four days prior to cooking and subsequent analysis. The plant-based meat patties were prepared by mixing all individual flour and plant-based ingredients according to the proportions shown in Table 1.
Sample Preparation of mushroom-based meat 
Sample preparation followed the formulation described in Section 2.2, with standardized processing conditions applied to ensure consistency across samples. Shiitake mushrooms were carefully inspected for rot, insects, and any blemishes. After weighing and washing, they were dried in an air dryer at 80 °C for 20 minutes. Carrots were peeled, washed, and grated, while bell peppers were also washed and grated. Garlic and onion were peeled and sliced. Flavoring ingredients including salt, tomato puree, crushed black pepper, chili powder, cumin powder, dried thyme, dried parsley, and dried rosemary were added to a food processor along with a small amount of oil to serve as a binder. These ingredients were blended until smooth. In a separate bowl, dry ingredients such as cornmeal flour, cooked quinoa, and rolled oats were weighed and combined. The blended mixture was then added to this bowl, and the combined ingredients were kneaded until thoroughly mixed. 

Proximate Analysis
Proximate analysis was conducted to determine the carbohydrate, protein, fat, moisture, and ash content following the official protocol of the Association of Official Analytical Chemists (AOAC, 2016). Carbohydrate content was calculated by difference, while protein content was determined using the Kjeldahl method in accordance with AOAC guidelines. For additional protein quantification, the Bradford method was employed, in which Bradford reagent was added to the samples and gently agitated using an orbital shaker before measurement with a spectrophotometer at an absorbance of 595 nm (Bradford, 1976). Fat content was analyzed using the Soxhlet extraction method, whereas ash and moisture contents were determined by drying and incineration of samples according to the AOAC protocol.
Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)
The Total Phenolic Content (TPC) and Total Flavonoid Content (TFC) of plant-based patties were determined using the Folin–Ciocalteu method and aluminum chloride colorimetric method, respectively (Singleton et al., 1999; Zhishen, Mengcheng, & Jianming, 1999). For TPC, samples were extracted with 80% methanol and reacted with Folin–Ciocalteu reagent. After incubation, absorbance was measured at 765 nm using a spectrophotometer, and results were expressed as micrograms of gallic acid equivalent per milligram of sample (μg GAE/mg). For TFC, the extracts were mixed with aluminum chloride, and absorbance was measured at 510 nm. Results were expressed as micrograms of rutin equivalent per gram of sample (μg RE/g). All analyses were conducted in triplicate, and results were reported as mean ± standard deviation.

Microbiological Analysis
Microbiological quality of patties was assessed according to standard methods described by the International Organization for Standardization (ISO, 2013) and the U.S. Food and Drug Administration Bacteriological Analytical Manual (FDA, 2017). Total viable aerobic count was determined using plate count agar and expressed as colony-forming units per gram (CFU/g). Enumeration of Staphylococcus aureus was carried out using Baird–Parker agar following ISO guidelines. All samples were analyzed in triplicate, and results were expressed as mean ± standard deviation.

Sensory Evaluation
Sensory evaluation was conducted with 35 untrained panelists to assess the overall acceptability of patties. The test followed the 9-point hedonic scale method, where 1 indicated “dislike extremely” and 9 indicated “like extremely” (Peryam & Pilgrim, 1957). Each participant evaluated appearance, color, texture, flavor, juiciness, and overall acceptability under controlled laboratory conditions. Samples were served in randomized order, coded with three-digit numbers to minimize bias. Between samples, panelists rinsed their mouths with water to avoid cross-taste effects. Ethical approval and informed consent were obtained prior to the study, following standard sensory evaluation practices (Stone, Bleibaum, & Thomas, 2020).

Statistical analysis  
Data were analyzed using SPSS v26 (IBM Corp.). ANOVA and Tukey's HSD test were applied. Significance was set at p < 0.05 . All the data were expressed as mean ± standard error of the mean (SEM). All the experiments were performed in triplicates for two independent experiments.  

Results and Discussion
Proximate Analysis
The proximate analysis of mushroom-based patties revealed a moisture content of 63.96%, which was higher than that typically reported for conventional meat patties. The elevated moisture level is associated with the intrinsic water-holding capacity of mushrooms, primarily due to their porous structure and high polysaccharide content (Manzi et al., 2001). This characteristic contributes to juiciness and palatability, although excessive moisture may also affect texture and cooking yield (Baryłko-Pikielna & Kostyra, 2007).
In terms of macronutrients, the mushroom-based patties exhibited relatively moderate levels of protein and fat compared to values reported for meat patties. Although mushrooms are not inherently high in protein, they provide essential amino acids and are often regarded as a functional ingredient capable of enhancing the nutritional quality of plant-based meat analogues (Valverde et al., 2015). The comparatively lower fat content in mushroom patties suggests potential health benefits, particularly for consumers seeking reduced-calorie and cholesterol-free alternatives.
The ash content indicated a notable mineral contribution, consistent with previous findings that edible mushrooms are rich in potassium, phosphorus, and magnesium (Atila et al., 2021). Additionally, the presence of dietary fiber from mushrooms, absent in conventional meat, further enhances their functional value by contributing to improved digestion and satiety (Feeney et al., 2014). Overall, the proximate composition highlights the potential of mushroom-based patties as a sustainable and nutritionally advantageous halal food alternative. Their lower fat and moderate protein content may appeal to health-conscious consumers, while their high moisture and mineral contributions add functional benefits. Nonetheless, further formulation optimization may be required to enhance protein density and improve sensory attributes, particularly texture and juiciness, to match consumer expectations of conventional meat products. Table 2 presents the proximate composition of the mushroom-based patties.
The proximate analysis highlighted the nutritional diversity between mushroom-based and commercial meat patties. The mushroom patty exhibited the highest moisture content (63.96%), which contributed to its softer texture. In contrast, commercial patties demonstrated slightly higher juiciness due to their moderate moisture and higher fat retention, a characteristic consistent with previous findings that lipid content enhances flavor and mouthfeel in meat products (Yusuf et al., 2019; Johnson & Wilson, 2020).
The commercial patties recorded the highest protein content (13.46%) and fat content (23.69%), resulting in greater caloric density (284.42 kcal). By contrast, the mushroom patties contained lower levels of protein and fat, yielding a lower caloric value (144.62 kcal), which aligns with research indicating their suitability for reduced-calorie diets (Chen & Park, 2021). The fiber content of mushroom patties was comparatively higher than that of commercial patties (4.85%), reflecting the typical nutritional composition of plant-based ingredients (Kaur & Gupta, 2021). These results emphasize the nutritional uniqueness of mushroom patties, particularly their high moisture and fiber content combined with lower energy density. While commercial patties are nutrient-dense and energy-rich, mushroom patties offer a healthier alternative for consumers seeking lower-calorie and high-fiber dietary options (Lee et al., 2020).

Total Phenolic Content and Total Flavonoid Content
The evaluation of total phenolic content (TPC) and total flavonoid content (TFC) is essential in determining the antioxidant capacity and functional quality of food products. Phenolic compounds and flavonoids, which are abundant in edible mushrooms, are well-documented for their antioxidant, anti-inflammatory, and antimicrobial properties (Rathore et al., 2022). These bioactive compounds contribute to the mitigation of oxidative stress, which is associated with the development of chronic diseases, including cardiovascular disorders, diabetes, and cancer (Singh et al., 2021).
In the present study, mushroom-based patties exhibited the highest levels of phenolic and flavonoid compounds among the tested samples, with TPC measured at 16.966 ± 1.480 μg GAE/mg and TFC at 6.903 ± 0.536 μg RE/g. These values indicate that mushrooms provide a substantial contribution to the antioxidant potential of plant-based meat alternatives. The high phenolic content can be attributed to the presence of bioactive metabolites such as phenolic acids, flavonoids, and ergothioneine, which are naturally present in mushrooms (Heleno et al., 2015).
The strong antioxidant properties of mushroom-based patties highlight their potential as functional halal food products, offering not only nutritional benefits but also protective effects against oxidative stress-related disorders. Table 3 presents the measured values of TPC and TFC in mushroom-based patties.
The mushroom-based patty exhibited significantly higher TPC (16.966 ± 1.480 μg GAE/mg) and TFC (8.505 ± 0.060 μg RE/g) compared to the commercial meat patty (8.997 ± 0.099 μg GAE/mg and 0.700 ± 0.009 μg RE/g, respectively). The elevated values in mushroom patties can be attributed to the natural abundance of phenolic acids, flavonoids, and other bioactive metabolites present in mushrooms (Rathore et al., 2022). These compounds are recognized for their antioxidant, anti-inflammatory, and antimicrobial properties, contributing to the reduction of oxidative stress and the prevention of chronic diseases (Singh et al., 2021; He et al., 2020).
The markedly lower TPC and TFC values observed in the commercial meat patty are consistent with previous reports showing that animal-based products generally contain fewer phenolic compounds compared to plant-derived foods (Gómez et al., 2020). Moreover, thermal processing during meat patty preparation can further degrade these sensitive compounds, reducing their antioxidant potential (Kumar et al., 2021).
Overall, the findings suggest that mushroom-based patties represent a richer source of dietary antioxidants than conventional meat products. Their higher phenolic and flavonoid content underscores their potential as functional foods, supporting the inclusion of mushroom-based products in plant-based diets aimed at improving antioxidant intake and promoting health benefits.

Microbiological Analysis
Microbiological analysis was performed to evaluate the safety and hygienic quality of the patties by determining the total viable aerobic count and the presence of pathogenic bacteria, including Staphylococcus aureus and Salmonella spp. (ISO, 2013; FDA, 2017). Ensuring low microbial load is critical for food safety and shelf-life stability, particularly for ready-to-eat products such as patties. Table 4 demostrated microbiological analysis results of plant -based and commercial meat patties, including total viable aerobic count, presence of Staphylococcus aureus , and Salmonella spp . 
According to Table 4, all samples exhibited total viable counts below 10⁴ CFU/g, and neither Salmonella spp. nor Staphylococcus aureus was detected, confirming their microbiological safety. The analysis of plant-based and commercial meat patties showed variation in total viable aerobic counts, with the highest level observed in the commercial meat patty (2.7 × 10⁴ CFU/g). These results indicate that microbial presence was relatively higher in animal-derived patties, which is consistent with previous studies reporting that meat products typically harbor higher bacterial loads due to their nutrient-rich composition and susceptibility to contamination during processing (Smith et al., 2021).
Furthermore, S. aureus was not detected in any of the tested samples, with levels reported as <10 CFU/g. The absence of S. aureus suggests proper hygienic practices during production, as poor handling is a major factor contributing to contamination (Schirone et al., 2019). Similarly, no Salmonella spp. was detected, demonstrating compliance with food safety standards and confirming that plant-based patties represent a microbiologically safe alternative to meat-based products (He et al., 2020). These findings support the growing body of evidence highlighting plant-based alternatives as safe and sustainable food options. Future studies should investigate the long-term microbial stability of these products under varying storage conditions (Schmidt et al., 2019).
	This study has several limitations. Shelf-life stability under extended storage conditions was not evaluated and warrants further investigation to assess microbial and physicochemical changes over time. Additionally, sensory evaluation was conducted using a limited group of untrained panelists, and consumer preferences may vary across demographic and cultural contexts. Future studies should incorporate larger, more diverse consumer panels and explore formulation enhancements to improve texture and juiciness.

Sensory evaluation
The sensory data were analyzed using SPSS to determine the mean values and standard deviations for each formulation. Figure 1 illustrates the sensory profile using a spider web plot, which highlights the similarities and differences in sensory perception between the mushroom-based formulations and the commercial meat patty. 
As illustrated in Figure 1, mushroom-based patties exhibited superior performance in moisture, phenolic and flavonoid content, and microbiological safety, while commercial meat patties scored higher in protein, fat, and sensory acceptability. These findings suggest that mushroom-based patties offer a safe, antioxidant-rich, and lower-calorie alternative to conventional meat, though improvements in juiciness and overall acceptability are needed to enhance consumer appeal. The radar chart highlights the complementary strengths of both products and underscores the potential of mushroom-based patties as a sustainable and functional halal food option. The following presents the results of the sensory evaluation analysis performed using SPSS. Table 5 shows the mean value.
The sensory attributes assessed included color, aroma, juiciness, texture, flavor, and overall acceptability. Commercial meat patties consistently received higher scores across these attributes, reflecting their enhanced sensory characteristics due to the addition of flavoring agents and ingredients formulated to mimic and amplify the sensory appeal of traditional meat products, thereby contributing to strong consumer acceptance (Hoek et al., 2011).
The mushroom-based patty achieved moderate scores, with mean values of 6.49 for appearance, 6.63 for color, 6.29 for aroma, 5.86 for juiciness, 5.57 for texture, 5.14 for flavor, and 5.80 for overall acceptability. In contrast, the commercial meat patty (Formulation D) scored higher across all attributes, particularly in flavor (8.00) and overall acceptability (8.11).
The lower scores for mushroom patties in color may be attributed to their natural brown tones, which do not align with consumer expectations of the red hue typically associated with meat (Elzerman et al., 2011). Similarly, the reduced aroma and juiciness scores highlight challenges often faced by plant-based analogues, which tend to be drier and less aromatic compared to conventional meat products (Mancini & Hunt, 2005). Nevertheless, the mushroom-based patty showed potential in flavor development, supported by mushrooms’ natural umami profile, which enhances depth of taste and contributes positively to sensory perception (Zhang et al., 2019).
The lower juiciness and texture scores observed for the mushroom-based patties may be attributed to formulation-related factors such as limited fat content, insufficient binding interactions, and moisture migration during cooking. Although mushrooms exhibit high intrinsic moisture, the absence of lipid-based fat mimetics and strong hydrocolloid binders may have reduced water retention during thermal processing, resulting in a drier mouthfeel. Similar challenges have been reported in plant-based meat analogues where inadequate protein–polysaccharide networks compromise structural integrity and juiciness (Kyriakopoulou et al., 2019).
Overall, while plant-based patties remain less favored than conventional meat in terms of aroma and juiciness, the results suggest that mushroom-based formulations offer promising potential, especially if improvements in moisture retention and flavor optimization can be achieved. This aligns with recent studies indicating that targeted formulation strategies could enhance consumer acceptance of plant-based meat analogues (Kyriakopoulou et al., 2019). 
From a halal perspective, mushroom-based patties offer intrinsic advantages as they eliminate concerns related to slaughtering methods, cross-contamination, and doubtful ingredients. Plant-based formulations align with halal principles of halalan tayyiban by promoting food safety, environmental stewardship, and ethical consumption. Furthermore, mushroom-based meat analogues support the expansion of the halal food market by catering to Muslim consumers seeking sustainable, health-conscious, and ethically produced alternatives, thereby contributing to broader halal sustainability and food security goals.
The findings indicate that, this study demonstrated that mushroom-based patties possess distinctive nutritional, functional, and sensory characteristics that support their potential as sustainable halal food alternatives. Proximate analysis revealed that mushroom patties contained higher moisture, but lower protein and fat compared to conventional meat patties, contributing to a lower caloric density and positioning them as suitable for reduced-calorie diets. Moreover, the mushroom patties exhibited significantly higher total phenolic and flavonoid contents, indicating superior antioxidant potential and underscoring their role as functional foods with potential health benefits. Microbiological analysis confirmed their safety, with total viable counts well within acceptable limits and no detection of Salmonella spp. or Staphylococcus aureus. Sensory evaluation showed that mushroom patties scored moderately in attributes such as flavor and appearance, largely due to the natural umami compounds inherent in mushrooms, though they were rated lower in juiciness and overall acceptability compared to meat patties. These findings highlight the importance of further formulation improvements, particularly in enhancing texture and juiciness, to increase consumer acceptance.
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