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Abstract 

Five different commercial proteases (Alcalase 2.4L, Flavourzyme 1000L, Neutrase, Protamex, 

and PTN) were evaluated for the simultaneous recovery of protein and lipids through 

hydrolysis. The hydrolysis reaction was monitored using the pH-stat procedure, in which 

samples were collected after 240 min of hydrolysis using each enzyme. The samples were 

analyzed for the degree of hydrolysis, protein hydrolysate, collagen, lipids, and fatty acids. A 

clear relationship was observed between the degree of hydrolysis and the amounts of 

recovered products. Serine endopeptidases from the microbial source (Alcalase) resulted in 

the maximum degree of hydrolysis (27.5%), lipid recovery (82.6%), and protein hydrolysates 

quality (average molecular weight of the hydrolysates = 472 Dalton), followed by formulations 

of serine protease and metalloprotease from the microbial source (Protamex). 

Metalloproteases from the microbial source (Neutrase) resulted in maximum collagen 

recovery (87.1%). Serine endopeptidases from the animal source (PTN) and 

endo/exopeptidases from the fungal source (Flavourzyme) exhibited an intermediate efficacy 

between Alcalase and Neutrase. In the case of all proteases, the product fatty acid profile 
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matched well with that of the meat waste, which suggests that no chemical changes occurred 

in the lipids after the hydrolysis with the evaluated proteases. These results suggest that 

hydrolysis using proteases could serve as an ecofriendly and viable alternative for obtaining 

additional value from meat waste. 

Keywords  

Protein hydrolysis; food industry; proteases; high-added value products; hydrolysates; 

collagen; lipids; fatty acids; meat waste 

 

1. Introduction 

According to the Food and Agricultural Organization (FAO), food losses are associated with the 

reduction in the edible food mass along a certain part of the supply chain that delivers edible food 

for human consumption [1]. Food losses occur during the production, post-harvest, and processing 

phases in the food supply chain [2]. The food losses occurring at the final stage of the food supply 

chain (retail and final consumption) are specifically termed “food waste” [2]. 

Among all food items, meat has the highest wastage rates during the retail period, accounting 

for approximately 70% of the retail waste produced each day [3]. This is a huge amount of waste 

and warrants reuse for both economic and ecological reasons.  

Meat waste recovery is performed using various methods to prevent wasting the by-products 

that can be obtained from them. The methods currently in use include composting food waste for 

use as fertilizer [4] and production of meals for animals [5]. However, meat waste contains several 

essential nutrients such as proteins and lipids [3, 5], which would add value to these waste products 

if innovative food and non-food products (cosmetics, biofuels, pharmaceutical products, 

surfactants…) are developed. In this context, it would be interesting to study these products to 

obtain additional value from the meat processing chain.  

However, waste processing should be based on methodologies that do not alter the quality and 

properties of the waste materials. This could be achieved through enzymatic hydrolysis, which is a 

rapid and softer alternative to chemical or mechanical treatments. Enzymes are capable of 

hydrolyzing proteins, thereby allowing the production of free amino acids, short peptides, and fatty 

acids. 

Protein hydrolysates mainly comprise di-and tri-peptides and are, therefore, superior to whole 

proteins and free amino acids for application in several fields, such as biotechnology [6], nutrition 

[7, 8], and cosmetics industry [9].  

Collagen is an insoluble fibrous protein that is the major constituent of the bones present in retail 

meat waste. Hydrolysis of collagen is rather difficult compared to the hydrolysis of globular proteins 

present in meat waste. However, the poor hydrolysis of collagen allows the opportunity for the 

recovery of this collagen for commercial applications, including cosmetics manufacturing, 

biomedical uses, etc. [10–12]. 

Fatty acids are long-chain hydrocarbons containing a carboxyl group at the terminal end. Fatty 

acids have a wide range of applications in the energy domain, such as flow improvers for crude oils 
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[13] and biofuels [14], and also in the high-end industrial applications, such as food supplements 

[15], cosmetics [16], pharmaceutical applications [17], and surfactants [18]. 

Despite the increasing demand for protein hydrolysates, collagen, and fatty acids, no studies 

have been conducted so far producing these using meat waste. In this context, the production of 

protein hydrolysates, collagen, and fatty acids through hydrolysis using proteases is a suitable 

approach to generate higher income from the meat waste generated from the retail stores. 

Therefore, in the present work, proteolytic enzymes were evaluated for the feasibility of their 

application in the recovery of high-quality protein hydrolysates, collagen, and fatty acids from retail 

meat waste. There are different criteria based on which the most suitable enzyme for protein 

hydrolysis could be selected, such as equal protease activity [19] or equal mass to substrate ratio 

[20]. However, since the second criterion results in different final degree of hydrolysis and protein 

recovery levels of the hydrolysates, the first criterion was adopted in the present work. The 

comparison of the protease products based on equal hydrolytic activity would provide greater 

insight into their actual efficiency in a particular hydrolytic process. 

2. Materials and Methods 

2.1 Materials 

Meat waste was collected from a local retail meat store and the residue predominantly contained 

flesh, bones, fat, brain, heart, kidney, liver, lungs, and tongue. The meat waste was ground and 

homogenized to a size of less than 1 mm and then freeze-stored in small portions at 20 °C. When 

using portions of the frozen meat waste, the portions were thawed overnight in a refrigerator at 

4 °C prior to use.  

Five food-grade enzymes (proteases) were employed for the hydrolysis in the present study, 

namely, Alcalase 2.4 L, Flavourzyme 1000 L, Neutrase 0.8 L, Protamex, and PTN 3.0 S. These enzymes 

were kindly donated by Novozymes A/S (Bagsvaerd, Denmark). Table 1 includes information 

regarding the characteristics of these proteases. 

Table 1 Characteristics of the evaluated proteases. 

ENZYME SOURCE 
CATALYTIC 

ACTION 
CATALYTIC SIDE 

Optimum 

pH 

Optimum 

T (°C) 

Activity 

(AU/g) 

Alcalase Bacillus sp. Endopeptidase Serine protease 7.0 – 9.0 40–70 2.4 

Neutrase Bacillus sp. Endopeptidase Metalloprotease 7.0 – 9.0 20–60 6.0 

Protamex Bacillus sp. Endopeptidase 
Metalloprotease 

+ Serine protease 
5.0–7.0 50 0.8 

Flavouryme 
Aspergillus 

sp. 

Endo + 

exopeptidase 
Amino peptidase 5.0–7.5 40–50 0.8 

PTN Animal Endopeptidase Serine protease 6.0–8.0 50–65 1.5 

All chemicals were of analytical grade. 
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2.2 Analytical Methods 

Meat waste and the hydrolyzed samples were analyzed for protein, collagen, lipids, and fatty 

acids. Total N content was determined using the Kjeldahl method according to the AOAC method 

981.10 [21]. The protein content was subsequently calculated from the Kjeldahl N using a factor of 

6.25 [22]. Collagen was quantified through hydroxyproline determination (AOAC method 990.26) 

[21]. The lipid content was determined using petroleum ether extraction (AOAC method 960.39) 

[21]. The fatty acid composition of the isolated lipids was determined using the AOAC standard 

method 996.06 [23], the procedure of which involved hydrolytic extraction, methylation, and 

capillary GC-FID analysis of the resulting fatty acid methyl esters (FAMEs). 

All measurements were performed in triplicate and the results were averaged. The final results 

were expressed as mean ±standard deviation. 

2.3 Protein Hydrolysis 

The hydrolysis reaction was conducted in a well-stirred batch reactor with a capacity of 0.5 L and 

controlled magnetic stirring, temperature, and pH. An amount of 50 g of meat waste was added to 

the reaction vessels containing distilled water to prepare a substrate concentration of 17.5 g/L of 

protein. The suspension was adjusted to the appropriate temperature (50 °C) and pH (8.0) prior to 

adding the proteases; the temperature and pH were selected according to the optimal values for 

most of the evaluated enzymes (refer to Table 1). Once the proteases were added to the reaction 

vessels (protease concentration in the reactor = 2.81 UA/L), the pH of the reaction was constantly 

monitored and adjusted to the desired value by adding 2 N NaOH every time the pH decreased 0.1 

units from the desired value. The volume of NaOH consumed was used for calculating the degree of 

hydrolysis (DH) using the following formula [22]:  

𝐷𝐻 (%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑏𝑜𝑛𝑑𝑠 𝑐𝑙𝑒𝑎𝑣𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑏𝑜𝑛𝑑𝑠
 ×  100 =  

𝐵 · 𝑁𝑏

𝑀𝑝 · 𝛼 · ℎ𝑡𝑜𝑡
 ×  100 (1) 

where B denotes the volume of NaOH consumed (mL or L), Nb denotes the normality of NaOH, Mp 

denotes the initial mass of protein in the reactor (g or kg), α is the average degree of dissociation of 

the α-NH2 groups released during the hydrolysis (1/α = 1.1 at pH 8.0 and 50 °C), and htot represents 

the total number of peptide bonds in the protein substrate (7.6 meqv/g or eqv/kg for meat protein) 

[22]. 

The resulting sample was boiled at 95–97 °C for 20 min to deactivate the protease and pasteurize 

the mixture, followed by centrifugation at 9000 rpm for 15 min to separate the three phases – the 

lower phase (unsolubilized waste) containing the collagen, the intermediate phase (supernatant) 

containing the protein hydrolysate, and the upper phase containing the separated lipids. 

All tests were performed in duplicate, and the significant differences (p < 0.05) were determined 

using Student's t-test. 

The recovery of the products was calculated as the percentage of the total content in fresh meat 

waste using the following equations: 

𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  [
𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑤𝑎𝑠𝑡𝑒 (𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑔)
]  ×  100 (2) 
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𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  [
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑔)
] × 100 (3) 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  [
𝐿𝑖𝑝𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑝𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑡𝑖𝑜𝑛 (𝑔)

 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑖𝑝𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑔)
] ×  100 (4) 

The average peptide chain length of the hydrolysate (PCL) was calculated from the DH value as 

follows [19]: 

𝑃𝐶𝐿 =  
100

𝐷𝐻
(5) 

The average molecular weight of the peptides present in the hydrolysate (MW) was calculated 

from PCL as follows [22]: 

𝑀𝑊 =  130 · 𝐿𝐶𝑃 (6) 

3. Results and Discussion 

3.1 Characteristics of the Meat Waste 

Meat waste used in the present study had a moisture content of 45.04 ±1.21%. The protein 

content in the meat waste was 19.03 ±0.42%, and the lipid content was 68.91 ±1.14% (both on a 

dry weight basis). This was consistent with the findings of García et al. [3], who conducted a study 

on the characterization of the meat waste generated in 208 butchers and reported protein and lipid 

contents of 24.6 ±10.3% and 69.9 ±13.7%, respectively. 

Among the proteins, collagen content was evaluated in the meat waste in the present study and 

was determined to be 67.91 ±0.14 mg/g. This amount accounted for 35.68% of the total protein 

content in the waste, which is consistent with the fact that collagen is the most abundant protein in 

mammals, constituting 25% of the total body protein, 95% of the fibrous elements of the connective 

tissue [24], and 90% of the bones [25]. Considering that there is a higher proportion of connective 

tissues and bones in meat waste compared to that in the live animal bodies, it is not surprising that 

the collagen content obtained in the present study slightly exceeded the usual 25% level in the body. 

The fatty acid composition of the meat waste (Table 2) revealed the dominance of unsaturated 

fatty acids (53.36 ±0.33) over saturated fatty acids (46.64 ±0.19). Since the existing literature 

provides no data on the fatty acid content in butcher waste, a bibliographic review of the studies 

reporting the fatty acid content in different animal meats and fats was conducted [26–41]. The 

review revealed that the fatty acid content varies greatly depending on whether the sample is flesh 

or lard and also on the origin of the sample (beef, lamb, rabbit, chicken, etc.). All obtained data were 

combined, and a range of values was determined; the results are listed in Table 2. It was observed 

that the percentages of fatty acids obtained in the present study were specifically within the range 

determined based on the bibliographic values. 
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Table 2 Fatty acid profile of the lipids recovered from the hydrolysis of meat waste using 

different types of proteases. 

Fatty acid 
Meat waste 

Mean±SD 

Bibliographic values 

Minimum-Maximum 

C14:0 4.25 ±0.09 1.70–32.9 

C14:1 0.00 ±0.00 0.00–2.38 

C15:0 0.27 ±0.03 0.00–0.60 

C15:1 0.00 ±0.00 0.00–1.70 

C16:0 25.45 ±0.26 2.28–36.89 

C16:1 0.30 ±0.01 0.00–37.9 

C17:0 3.48 ±0.10 0.00–3.90 

C17:1 0.32 ±0.02 0.00–0.90 

C18:0 12.85 ±0.24 0.40–33.80 

C18:1n9c+t 24.64 ±0.34 0.84–46.29 

C18:2n6c+t 10.50 ±0.27 0.49–38.28 

C18:3 3.31 ±0.06 0.25–4.71 

C20:0 0.34 ±0.02 0.06–4.69 

C20:1 0.00 ±0.00 0.00–2.78 

C20:2 1.76 ±0.05 0.00–2.57 

C20:3n3 4.86 ±0.05 0.07–4.82 

C20:3n6+c21:0 3.88 ±0.08 0.07–4.82 

C20:4n6 3.78 ±0.07 0.03–3.83 

3.2 Protein Hydrolysates 

Figure 1 depicts the curves with a high initial reaction rate when there were several peptide 

bonds to be broken [22]. After three hours of the hydrolysis reaction, the reaction rate remained 

practically constant as the bonds available for hydrolysis had decreased drastically by this time. 

Therefore, a maximum hydrolysis reaction time of four hours was selected for subsequent analyses. 

 

Figure 1 Effect of the type of protease on the degree of hydrolysis (DH). 
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Figure 1 also revealed that DH varied between 7% and 28%, with Alcalase enzyme achieving the 

highest DH value, followed by Protamex, while Neutrase exhibited the least efficiency. 

The difference in the behavior of different proteases could be attributed to their characteristics 

that are listed in Table 1. So far, to the best of our knowledge, no studies have been conducted to 

compare the efficiency of different proteases in hydrolyzing meat waste. Therefore, the results 

obtained in the present study were compared to those of the studies conducted with fish waste 

with characteristics similar to those of the meat residues.  

Among the three endopeptidases of bacterial origin that were evaluated in the present study 

(Alcalase, Neutrase, and Protamex), Neutrase was the least effective. This difference could be 

attributed to the critical role of serine proteases versus metalloproteases in the hydrolysis of meat 

waste, which is demonstrated in Figure 1, where Protamex (a preparation of serine protease and 

metalloprotease) exhibits an efficiency inferior to that of Alcalase while superior to that of Neutrase 

when aiming for a high DH.  

Among the endopeptidases of the bacterial origin, alkaline proteases (Alcalase) appear to be 

more suitable for the hydrolysis of meat residues compared to neutral proteases (Protamex and 

Neutrase). 

Other authors have also reported similar results. Safari and Motamedzadegan [42] verified how, 

in the hydrolysis of fish waste, the DH achieved with Protamex was lower (19%) compared to that 

achieved with Alcalase (34%). Kristinsson and Rasco [19] reported that Alcalase exhibited a higher 

efficacy compared to Neutrase, which confirms our finding of lower efficacy of metalloproteases 

compared to serine proteases. Baez et al. [43] conducted a study on the hydrolysis of tilapia viscera 

using three different proteases (Alcalase 2.4 L, Neutrase 1.5 MG, and Flavourzyme 500 MG) and 

reported obtaining the highest DH of 31% with Alcalase, thereby confirming that alkaline proteases 

such as Alcalase exhibit higher activities compared to neutral proteases such as Flavourzyme or 

Neutrase. 

The degrees of hydrolysis obtained in the present study also demonstrated the effect of the 

enzyme source on the hydrolysis reaction, according to which the serine endopeptidases from the 

animal source (PTN) appeared to be less suitable for the hydrolysis of butcher ś waste compared to 

serine endopeptidases from the bacterial source (Alcalase). This was consistent with the findings of 

Fallah et al. [44], who conducted a study on the hydrolysis of silver carp waste and reported that 

Alcalase exhibits a higher DH compared to trypsin, thereby confirming the greater efficacy of 

bacterial proteases compared to those of animal origin. 

The peptidase Flavourzyme, which is different from the other proteases evaluated in the present 

study in terms of its source (fungal source), catalytic activity (endo+exopeptidase), catalytic point 

(aminopeptidase), and neutral character, exhibited an intermediate efficacy that was similar to the 

efficacy of PTN. This suggested that the behavior of Flavourzyme was comparable to that of the 

alkaline serine proteases from animal sources and the endopeptidase activity. Kristinsson and Rasco 

[19] also noted the excellent potential of Flavourzyme in hydrolyzing fish proteins. 

The above-stated results indicated that serine endopeptidases from bacterial sources allow 

achieving a higher DH under the previously defined operating conditions and are, therefore, most 

suited for the hydrolysis of protein from meat waste. Indeed, numerous studies have confirmed the 

efficacy of Alcalase in hydrolyzing fish waste [42, 45, 46]. 
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Table 3 lists the average peptide chain lengths (PCL) and average molecular weights (MW) of the 

peptides of the hydrolysates obtained using different proteases. The values were calculated based 

on the DH. 

Table 3 Average peptide chain length (PCL) and molecular weight (MW) of the 

hydrolysates obtained using different proteases. 

Protease 
DH 

(%) 
PCL 

MW 

(Dalton) 

Alcalase 27.55 ±0.56 3.63 ±0.07 471.87 ±9.57 

Protamex 24.68 ±0.29 4.05 ±0.05 526.74 ±6.19 

Flavouryme 17.49 ±0.66 5.72 ±0.22 743.28 ±28.27 

PTN 17.15 ±0.30 5.83 ±0.23 758.02 ±33.16 

Neutrase 7.50 ±0.47 13.33 ±0.85 1733.33 ±109.86 

In order to be suitable for application in the food industry, the protein hydrolysates must have 

easy digestibility and a pleasant taste, which is achieved only when the molecular weight of the 

peptides composing the hydrolysates is within the range of 200–1000 Dalton). While the peptides 

with a higher molecular weight (>6000 Dalton) cause allergies, those with molecular weight ranging 

between 1000 to 6000 Dalton are not suitable because of their bitter taste. Free amino acids 

(molecular weight < 200 Dalton) are not suitable as they are hyperosmotic and cause diarrhea [47]. 

Therefore, to avoid the issues of bitterness, hyperosmoticity, and allergenicity, the molecular weight 

distribution range of the hydrolysates should be as narrow as possible, with a high content of di-and 

tri-peptides and an average molecular weight of the order of 500 Dalton [48].  

Therefore, the best hydrolysates would be those obtained from Alcalase and Protamex as their 

average molecular weight is close to 500 Dalton.  

As described below, the study of the recovery of products with a higher added value from the 

meat waste using different proteases revealed that the degree of hydrolysis achieved was a 

determining parameter irrespective of the protease used. 

3.3 Hydrolyzed Protein Recovery 

As visible in Figure 2, the percentage of the unsolubilized waste remaining after the completion 

of the hydrolysis process depends on the degree of hydrolysis as there is an inverse relationship 

between these two variables. 
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Figure 2 Effect of the degree of hydrolysis (DH) achieved using different proteases on 

the percentage of the unsolubilized waste remaining after hydrolysis. 

This behavior is understood when the percentage of solubilized protein is considered. Unlike the 

percentage of unsolubilized waste, the percentage of solubilized protein exhibited an evident 

increase with the degree of hydrolysis (Figure 3).  

 

Figure 3 Effect of the degree of hydrolysis (DH) achieved using different proteases on 

the percentage of solubilized protein. 

Native fibrous proteins are less water-soluble compared to globular proteins. Moreover, not all 

globular proteins are water-soluble. Among globular proteins, only albumins are naturally soluble 

in water. The solubility of prolamins is achievable using ethanolic solutions, that of globulins is 

achieved using diluted salt solutions, and that of glutelins is achieved using diluted acid or alkaline 

solutions [49]. In denatured proteins, peptide bonds are exposed and available for cleavage by 

proteases. However, native protein molecules present in solution are in a dynamic equilibrium with 

several distorted forms, a few of which are considerably different from the native form and, 

therefore, could be considered denatured and accessible to enzymatic attack. 

The breaking of one or more bonds destabilizes the molecule, causing an irreversible unfolding 

of the protein, which exposes more peptide bonds and extensively degrades the polypeptide chains 

into intermediate peptides according to the kinetics characteristics of the enzyme-substrate system, 

thereby increasing the solubility of the molecule [50]. 
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The degree of hydrolysis is indicative of the number of cleaved peptide bonds within a protein 

hydrolysate [51]. Therefore, the higher the DH value, the greater is the number of bonds that have 

been cleaved, the greater is the amount of solubilized protein, and the lower is the amount of 

unsolubilized waste, which justifies the results obtained in the present study. 

Among the different proteases evaluated, Alcalase presented the highest DH value. This 

suggested that serine-type endopeptidases from bacterial sources are the proteases that allow 

reaching the higher solubilization of meat waste under the assessed operating conditions and are, 

therefore, more suited for hydrolyzing meat waste protein to obtain a higher amount of hydrolyzed 

protein. 

3.4 Collagen Recovery 

As in the previous case, the amount of collagen recovered strongly depends on the degree of 

hydrolysis achieved. As depicted in Figure 4, the percentage of collagen that remained unhydrolyzed 

in the unsolubilized waste is inversely proportional to DH. 

 

Figure 4 Effect of the degree of hydrolysis (DH) achieved using different proteases on 

the percentage of unhydrolyzed collagen. 

Collagen is a fibrous protein, and its behavior during its hydrolysis is different from that exhibited 

by globular proteins. While globular proteins are hydrolyzed relatively easily due to their 

characteristics, native collagen exhibits less solubility and greater difficulty in hydrolyzing, causing 

its degree of hydrolysis to be different from that of the other proteins present in meat waste [52]. 

The fact that collagen is more difficult to hydrolyze implies that even though a part of it is 

hydrolyzed, another part remains unhydrolyzed in the solid phase and could be recovered for 

industrial applications. Figure 4 illustrates how the percentage of hydrolyzed collagen 

corresponding to a low DH is extremely small, implying that it had practically remained 

unhydrolyzed. The reverse was observed with a higher degree of hydrolysis, at which the amount 

of hydrolyzed collagen increased and the percentage of the total collagen that remained 

unhydrolyzed decreased. 

As stated earlier, due to the lack of reports on meat waste hydrolysis in the literature, the findings 

of the present study had to be compared to the results of the studies conducted using waste with 

characteristics similar to those of meat waste. 
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The difficulty encountered in hydrolyzing collagen has been confirmed by other authors who 

reported that extremely high amounts of proteases and prolonged periods of hydrolysis were 

required to hydrolyze collagen [53, 54]. Studies conducted with fish skins using Alcalase have 

reported recovered collagen yields similar to those obtained in the present work [55]. 

Therefore, greater recovery yields of collagen would imply a lower degree of hydrolysis, which 

would be favored by metalloendopeptidase such as Neutrase that are derived from bacterial 

sources. 

3.5 Recovery of Lipids and Fatty Acids 

Figure 5 illustrates the trend of recovered lipid percentages upon hydrolysis using different types 

of proteases. The relationship between the degree of hydrolysis and the amount of recovered lipids 

was verified.  

 

Figure 5 Effect of the degree of hydrolysis (DH) achieved using different proteases on 

the percentage of recovered lipid. 

According to these results, Alcalase and Protamex emerge as most suited for the recovery of 

lipids from meat waste. This is consistent with the report by Batista et al. [56], who conducted a 

study on fish waste hydrolysis with characteristics similar to meat waste and observed a greater 

release of lipids when using Alcalase compared to when using Neutrase. 

Chemically, it is the cleavage of peptide bonds by proteases that produces the release of the 

lipids in the meat waste. Therefore, the greater the peptide bond cleavage, the higher is the DH, 

and the greater is the amount of lipids released. The relationship between DH and lipid recovery is 

asymptotic, tending to 100% recovery of lipids. Meng et al. [57] reported similar results when they 

evaluated five commercial proteases (Flavourzyme 1000 L, Neutrase 1.5 MG, Protamex, Alcalase 2.4 

L, and Thermolysin) for extracting oil from rapeseed; Alcalase was reported to be the best enzyme 

for generating the highest free oil yield. 

After lipid recovery, the profile of the fatty acids in the recovered lipids was analyzed (Table 4).  

It was observed that regardless of the type of protease used, there were no significant changes 

in the fatty acid composition of the meat waste. 

Therefore, it was inferred that hydrolysis using proteases is an effective means to recover lipids 

without affecting their quality. 
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Unfortunately, there are no bibliographic references that could be stated here to support these 

results as no researchers have so far analyzed the effect of different types of proteases on the 

recovery of fatty acids present in meat waste. However, a comparison with the studies conducted 

on fish waste with characteristics similar to those of meat waste confirmed that hydrolysis with 

proteases does not alter the fatty acid profile of the recovered lipids [58].  

Table 4 Fatty acid profile of the lipids recovered from hydrolysis using different types of 

proteases (expressed as the percentage of total fatty acid). 

Fatty acid Alcalase Neutrase Flavourzyme Protamex PTN 

C14:0 4.23 ±0.04 4.14 ±0.06 4.31 ±0.10 4.37 ±0.11 4.25 ±0.10 

C14:1 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 

C15:0 0.22 ±0.00 0.38 ±0.01 0.39 ±0.01 0.26 ±0.04 0.30 ±0.01 

C15:1 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 

C16:0 25.36 ±0.28 25.93 ±0.24 25.38 ±0.52 25.13 ±0.48 25.24 ±0.18 

C16:1 0.20 ±0.01 0.35 ±0.01 0.28 ±0.01 0.58 ±0.03 0.19 ±0.01 

C17:0 3.57 ±0.04 3.80 ±0.08 3.41 ±0.04 3.82 ±0.10 3.46 ±0.08 

C17:1 0.33 ±0.01 0.38 ±0.03 0.49 ±0.02 0.51 ±0.01 0.29 ±0.03 

C18:0 12.98 ±0.17 13.05 ±0.27 12.48 ±0.31 12.36 ±0.28 12.84 ±0.37 

C18:1n9c+t 24.55 ±0.24 24.20 ±0.27 24.72 ±0.61 24.38 ±0.78 24.95 ±0.24 

C18:2n6c+t 10.63 ±0.21 10.67 ±0.27 10.83 ±0.25 10.71 ±0.21 10.77 ±0.33 

C18:3 3.30 ±0.07 3.26 ±0.01 3.12 ±0.06 3.68 ±0.06 3.46 ±0.06 

C20:0 0.34 ±0.01 0.42 ±0.01 0.51 ±0.01 0.43 ±0.01 0.38 ±0.03 

C20:1 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 

C20:2 1.81 ±0.06 1.92 ±0.04 1.98 ±0.04 1.91 ±0.04 2.04 ±0.06 

C20:3n3 4.83 ±0.11 4.47 ±0.06 4.83 ±0.17 4.51 ±0.10 4.86 ±0.08 

C20:3n6+c21:0 3.89 ±0.08 3.12 ±0.14 3.56 ±0.06 3.51 ±0.06 3.18 ±0.04 

C20:4n6 3.76 ±0.08 3.91 ±0.11 3.53 ±0.07 3.84 ±0.08 3.79 ±0.10 

SFA 46.70 ±0.47 47.72 ±0.65 46.48 ±0.25 46.37 ±0.61 46.47 ±0.49 

UFA 53.30 ±0.74 52.28 ±0.62 53.52 ±0.37 53.63 ±0.99 53.53 ±0.49 

SFA: Saturated fatty acids. 

UFA: Unsaturated fatty acids. 

4. Conclusions 

The present work confirmed that enzymatic hydrolysis could serve as an effective and 

economical approach to produce protein hydrolysates, collagen, and lipids from meat waste, 

thereby allowing to obtain additional value from the meat processing chain.  
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The results of the present study revealed that it is possible to alter the degree of hydrolysis, and 

consequently the obtained products, by selecting the enzyme for catalyzing the hydrolysis reaction. 

Serine-type endopeptidases from bacterial sources (such as Alcalase or Protamex) emerged as the 

most suited ones for producing high-quality protein hydrolysates. The recovery of collagen was 

favored by the metalloendopeptidases such as Neutrase that are derived from bacterial sources. A 

greater release of lipids could be achieved using Alcalase compared to when using Neutrase. 

Moreover, the fatty acid profile of the meat waste remained unaffected by the type of protease 

used for hydrolysis, suggesting that hydrolysis using proteases is an effective means of recovering 

lipids without affecting their quality. 
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