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Abstract
Pork represents a major fraction of the meat consumed worldwide but only 30% of the blood generated in slaughterhouses is 
re-used as raw material for food and feed. Innovative technologies and efficient processing strategies capable of generating 
added-value products from it are now attracting attention. In this study, the hydrolysis of porcine coagulated blood using 
sub-critical solvent extraction was investigated. Biomass was hydrolyzed using different temperatures (120–210 °C), applying 
only water (sub-critical water; SCW) or water with a low concentration of alkali (0.1 mol L−1 NaOH) and different reaction 
times (30–90 min). Resultant hydrolysates were analyzed for crude and soluble protein, peptide profile, and bioactivity by 
combining protein quantification, antioxidant activity, and fast protein liquid chromatography measurements. Results showed 
that increasing temperature increases the degree of hydrolysis and that the addition of NaOH enhances the solubilization of 
peptides with high molecular weights. Also, hydrolysates showed interesting antioxidant activity, being 60 min the time of 
reaction with best antioxidant activity. Nevertheless, using only water (SCW) as solvent, without chemical additives, allows 
the delivering of interesting protein-based bioactive fractions. Sub-critical solvent treatment of porcine blood resulted in 
added-value fractions with potential bioactivities through a simple and environmentally friendly process.
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Introduction

Porcine blood (PB) is a by-product from the meat industry 
produced in large volumes. In fact, blood represents up to 4% 
of the animal weight and for each slaughtered animal around 
3 L of blood is produced. Pork represents a major fraction 
of the meat consumed worldwide but only 30% of the blood 
generated in slaughterhouses is re-used as raw material for 
food, feed, and emulsifiers, being the most of it discarded, 
representing a high cost and environmental impact (Álvarez 

et al., 2013; Bah et al., 2013, 2016; Lee & Song, 2009; 
Sorapukdee & Narunatsopanon, 2017; Wei & Chiang, 2009). 
It is expected that meat consumption will double by 2050, 
and consequently, the current large volumes of blood being 
produced in slaughterhouses will also increase. Pork is one 
of most consumed meat worldwide; thus, PB can become 
one of the most problematic by-products of the meat indus-
try (Henchion et al., 2017). Besides the high environmental 
impact of meat products, the predictable nutrient shortage 
(including protein) reinforces the idea that the rational use 
of meat protein is strictly necessary (Mottet et al., 2017;  
Zampiga et al., 2021). Therefore, reducing animal-based pro-
tein wastes to a minimum value (preferably zero), allowing its 
integral use, is crucial to increase sustainability and decrease 
the pressure on these protein sources. Innovative technolo-
gies and efficient processing strategies capable of generating 
added-value products from these important protein sources 
are now attracting attention.

Blood is mostly composed of moisture (75–82%) and pro-
teins (17–18%), being hemoglobin the main representative 
one (~ 70%). Besides its nutritional value, it is considered 
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a non-allergenic protein source (when compared with veg-
etable sources such as soy), rich in important micronutri-
ents such as iron (Álvarez et al., 2013; Bah et al., 2013; 
Sorapukdee & Narunatsopanon, 2017). The use of blood and 
its derivatives have been extensively explored for food appli-
cations to take advantage of these properties. Blood deriva-
tives, such as hemoglobin, globin, plasma, transglutaminase, 
fibrinogen, and thrombin, have been studied for iron fortifi-
cation, as fat and egg white replacers and as protease inhibi-
tors, when incorporated in several food products (Bah et al., 
2013). Also, food products, such as blood sausages, black 
puddings, and blood tofu, make use of whole animal blood 
and are used as protein sources in some societies (Bah et al., 
2013). Moreover, plasma proteins are currently used in food 
industry as emulsifiers (Bah et al., 2013).

Considering that proteins are one of the main constituents 
of the blood, the possibility to recover the protein contained 
in slaughterhouse blood that used to be discarded and to use 
it on a large scale has been gaining some attention not only 
to avoid the loss of possible valued material that could add 
economic value to meat industry, but also to reduce the pol-
lutant power of its disposal (Bah et al., 2013; Hyun & Shin, 
1998; Wei & Chiang, 2009) and manage protein shortage 
expected in the near future.

Hydrolysis has been used as a sustainable method for pro-
tein recovery, resulting in the production of bioactive protein 
hydrolysates (Hai, 2020; Hou et al., 2017). Protein hydro-
lysates have been used for nutritional applications for over 
50 years, in particular to supply the needs of individuals with 
problems in protein digestion or allergenicity. However, over 
the recent years, several new applications for the use of these 
protein fractions have emerged, extending its use to the food, 
health, and cosmetics industry due to their functional and 
bioactive properties (e.g., antimicrobial, anti-inflammatory, 
antioxidant, and antihypertensive). This makes them more 
attractive for the development of innovative human and ani-
mal foodstuffs (Álvarez et al., 2013; Jin et al., 2020). The 
production of protein hydrolysates can be done using dif-
ferent approaches, namely enzymes, microorganisms, or 
chemicals (acids or alkalis) (Hai, 2020; Hou et al., 2017). 
Chemical hydrolysis is a process easy to control and cheap, 
but the extreme alkali or acidic conditions could result in the 
total destruction of certain amino acids (Hou et al., 2017). 
Despite enzymatic hydrolysis is gaining industrial interest, 
as an efficient and sustainable method, it can be an expensive 
method (da Silva, 2018; Gagaoua, 2018).

Currently, new eco-friendly methodologies aiming at 
protein recovery from food industry by-products have been 
exploited, namely sub-critical solvent extraction (SSE) or 
sub-critical water hydrolysis (SWH), if the solvent used is 
water. This method uses water in sub-critical state (tempera-
tures between 100 and 374 °C and pressures between 0.10 
and 22 MPa) to maintain water in the liquid state during 

the whole process (King, 2000; Marcet et al., 2016). When 
water is in the sub-critical state (SCW), it acquires unique 
properties: (i) the dielectric constant decreases, which ena-
bles its use as solvent in the recovery of more hydrophobic 
matters, and (ii) the water ionic product increases, increasing 
the amount of OH− and H+ ions available and consequently 
its potential to act as an acid- or base-like catalyst in the 
hydrolysis of different types of matrixes (Álvarez et al., 
2012; Tavakoli & Yoshida, 2006). When SWH or SSE is 
applied under appropriate combination of temperature, pres-
sure, and reaction time, proteins can be hydrolyzed into pep-
tides and amino acids (Marcet et al., 2016).

SWH has been applied to hydrolyze and extract several 
compounds from plants, algae, and animal by-products,  
being proteins one of the most studied biomolecules  
(Álvarez-Viñas et al., 2021; Marcet et al., 2016). The use 
of SWH to recover peptides and amino acids from different 
protein-enriched wastes is reported in the literature. In fact, 
studies with wastes from animal source, like fish entrails, 
scallop and abalone viscera, blood hemoglobin, hog hair, 
poultry wastes, sericin, and fibroin have shown that protein-
rich wastes or by-products from these sources can be reval-
orized by SWH (Álvarez et al., 2012; Álvarez-Viñas et al., 
2021; Esteban et al., 2010; Kang et al., 2001; Lamoolphak 
et al., 2008; Tavakoli & Yoshida, 2006; Zheng et al., 2019; 
Zhu et al., 2010).

Most of the published work on porcine blood has been 
concentrated in exploiting its purified derivatives, namely, 
hemoglobin (Álvarez et al., 2012, 2013, 2016; Li et al., 2022) 
and plasma (Samsalee & Sothornvit, 2020; Wei & Chiang, 
2009). In fact, purified porcine hemoglobin, extracted from 
blood by-products, was previously hydrolyzed to produce 
peptides with functional and antioxidant properties, by alka-
line hydrolysis (Álvarez et al., 2013; Li et al., 2022) and by 
SWH under a nitrogen stream (Álvarez et al., 2012) or SWH 
coupled with oxygen injection (Álvarez et al., 2016). Also, 
porcine plasma proteins were exploited to produce bioactive 
peptides by enzymatic hydrolysis (Wei & Chiang, 2009) or to 
produce films for packaging (Samsalee & Sothornvit, 2020). 
However, the studies that explore the use of whole porcine 
blood (as it is produced in slaughterhouses) to extract protein 
and produce bioactive protein hydrolysates, are all focused on 
using enzymatic hydrolysis and, in some cases, also peptide 
fractionation (Araújo-Rodrigues et al., 2022; Verma et al., 
2019), which can be expensive to apply at an industrial scale.

SWH has been proven to be an inexpensive, scalable, 
environmentally friendly, and effective technology to extract 
protein from several matrixes and to produce functional and 
bioactive protein hydrolysates (Álvarez-Viñas et al., 2021; 
Marcet et al., 2016; P. Zheng et al., 2019). Although it has 
been applied in the hydrolysis of purified hemoglobin (with 
a purifying step using osmotic shock followed by chloro-
form extraction), there are no studies of its usage for the 
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valorization of whole porcine blood. So, the main objec-
tive of this study was to assess the feasibility of using SSE 
to extract and hydrolyze proteins from porcine coagulated 
blood by-products generated by the meat industry, targeting 
food and feed applications. The whole blood was used as it 
is collected and treated commonly in the slaughterhouses, 
without any extraction, purification, and lyophilization steps 
prior to the hydrolysis to isolate specific proteins. Specific 
aims included evaluating the effect of processing parameters 
such as temperature, time, and solvent (water or water with 
0.1 mol L−1 alkali) on biomass solubilization, protein con-
tent/solubilization, proteins/peptides profile and bioactive 
potential, and tuning the hydrolysis step to allow using only 
water (without alkali) as solvent.

Material and Methods

Reagents

Bradford dye reagent was purchased from Alfa Aesar (USA). 
Sodium hydroxide (NaOH); bovine serum albumin (BSA); 
2,2-diphenyl-1-picrylhydrazyL (DPPH); and 2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were sup-
plied by Sigma-Aldrich (USA). All other chemicals were 
analytical grade.

Materials: Blood Sampling

Porcine coagulated blood (PCB) was supplied by the 
licensed slaughterhouse Central Carnes – Matadouro Cen-
tral Entre Douro e Minho, S.A (Vila Nova de Famalicão, 
Portugal; Veterinary Control Number D36). Blood collection 
followed the animal by-products regulation of the European 
Parliament (EC No 1069/2009) for category 3 (European 
Parliament and Council, 2009) as previously described by 
Araújo-Rodrigues et al. (2022). Blood samples were divided 
into aliquots of 200 g and frozen at − 20 °C until use.

Dry Weight of PCB

The determination of the dry weight of PCB was made using 
the standard gravimetric AOAC Method 950.46. (2005), by 
weighing samples in a precision analytical balance before 
and after drying at 105 °C for 16 h in an oven (Thermo 
Electron Corporation, USA). The assay was performed in 
triplicate using 1 g of CB for each replica. Dry weight (%) 
was calculated using the equation:

where D corresponds to the weight of the dry biomass and cru-
cible; C corresponds to the weight of the crucible alone; and 
W corresponds to the weight of the wet biomass and crucible.

(1)% DW = ((D − C)∕(W − C)) × 100

Preparation of Protein Hydrolysates by Sub‑Critical 
Solvent Extraction (SSE)

Hydrolysis experiments were performed in a pressurized 
reactor with temperature control (Parr 4523 Fixed Head 
Bench Reactor equipped with Parr 4848 reactor control-
ler, Parr, USA). Each run was conducted using PCB at 50 g 
dry weight L−1, considering a volume of 0.4 L and a stirring 
rate of 160 rpm. The solvents used were distilled water and 
NaOH at 0.1 mol L−1. After the hydrolysis, the hydrolysates 
were collected from the vessel, filtered, and pH was meas-
ured. A small sample of each hydrolysate was collected 
for dry weight determination. The remaining amount was 
neutralized (pH = 7.00 ± 0.02). A small sample was kept 
at − 20 °C for Bradford and antioxidant assays. The remain-
ing liquid was dried at 50 °C in glass recipients using an 
oven (Termaks, Norway), for further analyses.

Firstly, assays were performed in order to evaluate the 
effect of temperature and solvent on biomass solubiliza-
tion yield and protein content. So, different temperatures 
(120 °C, 150 °C, 180 °C, and 210 °C) were tested using 
both SCW and NaOH at 0.1 mol L−1 as solvents, during 
60 min. The second phase of the study was focused on the 
reaction time effect and used only SCW as solvent at 150 °C, 
180 °C, and 210 °C. Reaction times tested were 30 min, 
60 min, and 90 min. Pressure in the different treatments was 
slightly higher than the saturation water vapor pressure for 
each operational temperature (i.e., 150 °C: 6 bar; 180 °C: 
8 bar; 210 °C: 20 bar).

Biomass Solubilization Yields

Biomass solubilization yields, expressed as the percentage 
of PCB solubilization, were determined gravimetrically 
using the following formula:

where B is the total mass (g; dry weight) of PCB used for 
hydrolysis and IF is the mass (g; dry weight) of the insoluble 
fraction collected from the reactor vessel after hydrolysis.

Protein Content

The protein content on hydrolysates was analyzed by the 
Bradford assay (Bradford, 1976; Kruger, 2009), using BSA 
as a standard in concentrations ranging from 0 to 1.2 mg/mL 
(R2 = 0.985). Briefly, the reaction occurred by mixing 20 μL 
of each hydrolysate with 180 μL of Bradford Dye Reagent in 
a 96 well plate. Absorbance of each sample was measured 
at 595 nm against a control treated as above but using 20 μL 
of distilled water. The results obtained were converted into 
protein (g) per g of hydrolysate (gprotein g−1 hydrolysate).

(2)PCB solubilization(%) = ((B − IF)∕B) × 100
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Crude protein content in the dried hydrolysates and CB 
was also measured by the Kjeldahl method. Briefly, 0.5 g 
of each sample was added to a digestion flask along with 
10 mL of sulfuric acid 96–98% and selenium tablets. Diges-
tion was performed using the meat AOAC program from the 
Digestor™ auto 2508 (Foss Analytic) and the distillation and 
titration were conducted by an automatic Kjeltec™ 8400 
(Foss Analytic) unit. The measured nitrogen content (%) was 
converted into protein content (%) using a conversion factor 
of 6.25, value generally used in literature for meat products 
and petfood (AOAC Method 981.10, 2005; Mæhre et al., 
2018). Protein content was then expressed as protein (g) per 
g of hydrolysate (gprotein g−1 hydrolysate).

Determination of Molecular Weight (MW) 
of Proteins and Peptides Hydrolysates

Proteins and peptides’ profiles were assessed by gel filtra-
tion chromatography, using a fast protein liquid chroma-
tography (FPLC) AKTA Pure 25 system as described by 
Voss et al. (2019) with few modifications. Two gel filtration 
columns were used namely, Superdex 200 increase10/300 
GL and Superdex peptide 10/300 GL (GE Healthcare Life 
Sciences, Freiburg, Germany) and the flow rate applied was 
0.5 mL min−1. The mobile phase used was 0.025 M phos-
phate buffer (pH 7) with 0.15 M sodium chloride (NaCl) 
and 0.2 g L−1 of sodium azide (NaN3). The absorbance 
was monitored at 280 nm. Standard proteins with a known 
molecular weight (MW) were used to establish an MW curve 
and determine the MW of proteins and peptides namely, 
thyroglobulin (669 kDa), aldolase (158 kDa), conalbumin 
(75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), 
ribonuclease A (13.7 kDa), and an antihypertensive peptide 
(1.2 kDa). UNICORN 7.0 software was used to analyze the 
profile of blood hydrolysates.

Antioxidant Activity of the Hydrolysates

The antioxidant activity of the hydrolysates was evaluated 
by two different methods namely, DPPH and ABTS assays.

DPPH

The antioxidant activity of the hydrolysates was assessed 
according to the DPPH method, as described by Teixeira-
Guedes et al. (2019), with slight modifications. Hydrolysates 
were diluted with distilled water to a final concentration of 
5 g dry weight L−1. Briefly, 20 μL of hydrolysates was mixed 
with 180 μL of DPPH (0.3 mM in methanol). Reactions 
occurred in 96-well plates and the absorbance at 515 nm 

was measured at times 0 min and 60 min. Blanks used 20 
μL of hydrolysates and 180 μL of methanol. Control used 20 
μL of methanol and 180 μL of DPPH. Antioxidant activity 
of hydrolysates was determined according to the following 
formula:

where Ac is the absorbance of control at t = 0 min and Ah 
is the absorbance of hydrolysates at 60 min – absorbance of 
corresponding blanks at 60 min.

ABTS

The antioxidant activity of the hydrolysates was also eval-
uated according to the ABTS method, as described by 
Domínguez-Perles et al. (2014) and Teixeira-Guedes et al. 
(2019), with some modifications. Hydrolysates used to be 
assayed were diluted with distilled water to a final concentra-
tion of 5 g dry weight L−1. Briefly, the ABTS radical solution 
was prepared by mixing 5 mL of 7 mol L−1 ABTS solution 
with 88 μL of 148 mol L−1 potassium persulfate solution. 
Reaction mixture was allowed to react for 12–16 h at room 
temperature and protected from light. ABTS working solu-
tion was prepared by diluting ABTS radical solution with dis-
tilled water in a proportion of 1:40 (ABTS: distilled water). 
The ABTS working solution was allowed to stabilize for 1 h 
and absorbance at 734 nm was measured (DO = 0.7 ± 0.2).

Antioxidant activity was accessed by mixing 20 μL 
of hydrolysates with 180 μL of ABTS working solution. 
Reactions occurred in 96-well plates and the absorbance at 
734 nm was measured at times 0 min and 30 min. Blanks 
used 20 μL of hydrolysates and 180 μL of distilled water. 
Control used 20 μL of distilled water and 180 μL of ABTS 
working solution. The antioxidant activity of hydrolysates 
was determined as follows:

where Ac is the absorbance of the control at t = 0 min and 
Ah is the absorbance of hydrolysates at 30 min – absorbance 
of corresponding blanks at 30 min.

Statistical Analysis

The statistical analysis was performed using GraphPad 
Prism software considering two-way ANOVA followed by 
Turkey’s multiple comparison test. The effect of tempera-
ture and solvent, for the first set of experiments, and time 
and temperature, for the second set of experiments, were the 
parameters analyzed.

(3)% DPPH inhibition = ((Ac − Ah)∕Ac) × 100

(4)% ABTS Inhibition = ((Ac − Ah)∕Ac) × 100
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Results and Discussion

Effects of Processing Parameters on PCB 
Solubilization

Solvent and Temperature Effect

The protein from PCB is mainly denatured and insoluble in 
water. Solubilization may be achieved by partial hydroly-
sis using different mechanisms, including temperature, 
chemicals, and/or enzymes (Álvarez et al., 2013; Araújo- 
Rodrigues et al., 2022; Jin et al., 2020). Therefore, PCB 
solubilization may be used as an indicator of protein hydrol-
ysis, due to the breaking down of the protein-enriched bio-
mass. The PCB solubilization was studied using 0.1 mol L−1 
NaOH and dH2O at different temperatures (i.e., 120, 150, 
180, and 210 °C) and the results are presented in Fig. 1. For 
a reaction time of 60 min, it was observed that, when using 
0.1 mol L−1 NaOH as solvent, there were no significant 
differences (p > 0.05) between temperature and percentage 
of solubilization, being the solubilization almost complete 
(i.e., higher than 99%). On the other hand, when using dH2O 
as a solvent, there was a notable increase in PCB solubiliza-
tion when the temperature increased (p < 0.0001), being the 
minimum (i.e., 15.9 ± 0.1%) and the maximum value (i.e., 
85.8 ± 0.5%) obtained for 120 and 210 °C, respectively. This 
is in accordance with the principle of the SSE process, in 
which higher temperatures and pressures could accelerate 
the extraction kinetics and increase the extraction efficiency 
(Bogialli et al., 2007; del Río et al., 2020; Zielinski et al., 
2021). When comparing the different solvents (Fig. 1), 
NaOH significantly increased PCB solubilization in all 
tested temperatures (120 to 180 °C: p < 0.0001; 210 °C: 
p = 0.0009). It is known that the presence of alkali solvents 
increases the protein extraction yields by breaking down 
the protein-enriched biomass and making the protein more 

soluble (Deleu et al., 2019), so the results are in accordance 
to what was expected.

Reaction Time and Temperature Effect

Having in mind the development of greener technologies, 
and giving the fact that interesting biomass solubilization 
yields were obtained at 60 min when using water (SCW) 
as solvent, the effect of different temperatures (120 °C was 
excluded due to the very low solubilization yield) combined 
with different reaction times (i.e., 30, 60, and 90 min) on 
PCB solubilization was investigated in order to possibly 
eliminate the burden of using NaOH on treatment. Gener-
ally, the parameter time seemed to not affect the solubili-
zation yields in all temperatures tested, except at 150 °C, 
where 90 min increased significantly (p < 0.05) the solubili-
zation yield in comparison with a reaction of 30 min (Fig. 2).

Fig. 1   Biomass solubilization 
yields (% PCB solubilization) 
obtained with SSE/SWH at 
different temperatures. Different 
letters mean significantly dif-
ferent (p < 0.05). Small letters 
analyzed the effect of tem-
perature within the same solvent 
(i.e., same solvent in different 
temperatures). Capital letters 
analyzed the effect of solvent 
in the same temperatures (i.e., 
same temperature with different 
solvents)

Fig. 2   Biomass solubilization yields (% PCB solubilization) obtained 
with SCW as solvent during different SWH times. Different letters 
mean significantly different (p < 0.05). Small letters analyzed the time 
effect at the same temperatures (i.e., same temperature in different 
times). Capital letters analyzed the temperature effect with the same 
reaction times (i.e., same reaction time with different temperatures)
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These results suggested that parameter time only impact 
the PCB solubilization for lower temperatures (i.e., 150 °C 
or less). Thus, and besides the low solubilization observed 
for lower temperatures, when combining the solvent water 
(SCW) with higher temperatures and longer reaction times 
(e.g., 210 °C and 90 min), high percentage of PCB solubili-
zation (~ 89%) can be achieved, and thus, it can be consid-
ered an alternative to alkaline hydrolysis. For all reaction 
times tested, results indicated that increasing the temperature 
increases the PCB solubilization (p < 0.05). So, optimiz-
ing reaction temperature and time seemed to be extremely 
important not only to obtain the desired biomass solubiliza-
tion and therefore protein content, but also to minimize the 
solvent use and the possible energy costs related with high 
temperatures and long reaction times in the process.

Protein Content

Porcine blood usually contains 170 to 180 g kg−1 of proteins 
(Wei & Chiang, 2009), having the sample used for this work 
920 g kg−1 (dry basis) of crude protein. In order to evaluate 
the effect of processing parameters (temperature, reaction 
time, and solvent) on the protein extraction from PCB, the 
protein contents in the hydrolysates were evaluated in both 
liquid (Bradford) and dried (Kjeldahl) samples.

Solvent and Temperature Effect

Regarding the use of SCW or 0.1 mol L−1 NaOH as sol-
vents at different temperatures, it can be seen that the protein 
concentration determined by Kjeldahl in the hydrolysates 
slightly decreased (p < 0.05) with the addition of 0.1 mol 
L−1 NaOH (Fig. 3A), except for the hydrolysates obtained at 
180 °C, probably indicating that other compounds are being 
co-solubilized. However, this decrease is only significant at 
150 °C when using the Bradford method (Fig. 3B). Together, 
these results reflected an interesting behavior of SCW as 
solvent for protein solubilization and hydrolysis. It seemed 
that, despite the biomass solubilization being significantly 
(p < 0.05) different between solvents, as previously showed 
in Fig. 1, SCW seems to be slightly more selective for pro-
tein and the resulting liquid fraction has more than 90% of 
protein, resulting in protein isolates that can be highly valued 
(Fig. 3A), without the burden associated with chemicals, 
especially for higher temperatures (180 to 210 °C), where 
the solubilization yields with SWC are already interesting.

Regarding the temperature effect in hydrolysates obtained 
using SCW as solvent, temperature seemed to not affect the 
crude protein content on hydrolysates obtained (p > 0.05; 
Fig. 3A). However, this behavior was not seen in Bradford 
(Fig. 3B). This must be ascribed to a higher degree of hydrol-
ysis (DH), because the Kjeldahl method measures the total 
nitrogen content of the samples, including amino acids or 
small peptides, while the Bradford method only detects pep-
tides and protein with molecular weight (MW) higher than 
3000 Da (Compton & Jones, 1985; Kruger, 2009; Sedmakand 
& Grossberg, 1977). So, this decrease in protein detected by 
Bradford can be a qualitative indicator of the degree of protein 
hydrolysis, which is expected to increase with increasing tem-
perature, associated with the generation of free amino acids 
(AA) or low molecular weight peptides (MW < 3000 Da), 
which are not detected and quantified by the method. So, 
these results together with increasing PCB solubilization as 
temperature increases (Fig. 1) allowed to indirectly infer that 
the degree of hydrolysis (DH) significantly increased with 
temperature in the SCW system.

In the SSE system using NaOH 0.1 M as solvent, NaOH 
addition seemed to have a negative impact only at higher 
temperatures (i.e., 210 °C) (Fig. 3A). The decrease in that 
condition may be related with the destruction of some 
amino acids (AA) when exposed to high temperatures 
and alkalinity for a long experiment time (Friedman et al., 
1984). Previous works support this hypothesis. Espinoza 
and Morawicki (2012) evaluated the effect of several alkali 
additives, including NaOH, on the SWH of whey protein 
and reported that for high temperatures and long reaction 
times (more than 20 min) the positive effect of the addi-
tives in AA yields diminished. Rogalinski et al. (2005) also 
observed that additive carbon dioxide influence decreases 
with increasing temperature when monitoring AA yield 
from SWH of bovine serum albumin.

Together, these results suggested that at 180 °C there are 
no differences in protein content of hydrolysates obtained 
with SCW and NaOH, both in Kjeldahl and Bradford meth-
ods (Fig. 3), while SCW yields start to be interesting (above 
75%), corroborating that the use of SCW for protein extrac-
tion and hydrolysis may be a feasible technique, and an 
alternative to alkali hydrolysis, especially when consider-
ing higher temperatures (i.e., 210 °C), where yields in SCW 
are around 90%, and in which the NaOH addition decreased 
the crude protein content of hydrolysates, possibly due to 
destruction of certain AA.

Time and Temperature Effect

Regarding the use of SCW as solvent at different times of 
SWH treatment, it can be seen that the protein concentra-
tion in hydrolysates determined by Kjeldahl did not differ 
from each other in all conditions tested, and was always 

Fig. 3   Protein content in hydrolysates obtained by SSE/SWH dur-
ing 60  min. Crude protein content determined by Kjeldahl (A) and 
soluble protein determined by Bradford (B). Different letters mean 
significantly different (p < 0.05). Small letters analyzed effect of tem-
perature within the same solvent (i.e., same solvent in different tem-
peratures). Capital letters analyzed the effect of solvent at the same 
temperatures (i.e., same temperature with different solvents)
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above 90%, resulting in a protein extract highly concen-
trated (Fig. 4A). Regarding soluble protein determined by 
the Bradford method it is possible to see that protein con-
tent tends to decrease with the increase of temperature and 
time (p < 0.05) (Fig. 4B), suggesting higher DH. However, 
differences between times at the same temperature are less 
sharp and not always significant, being the hydrolysis more 
susceptible to temperature than to the time of reaction. For 
higher temperatures (i.e., 210 °C), it seemed that reaction 
time did not affect the protein content determined by Brad-
ford, which could mean that at 210 °C most of the protein in 
hydrolysates was already hydrolyzed to peptides with MW 
lower than 3000 Da or free AA and for higher temperatures 
DH from the first time tested. In fact, in literature, several 
reports using SWH showed that higher temperatures and 
longer reaction times can lead to higher DH, when extract-
ing and hydrolyzing both proteins and sugars (Espinoza & 
Morawicki, 2012; Hwang et al., 2015; Moreschi et al., 2004; 
Sereewatthanawut et al., 2008; Zhu et al., 2008).

Combining the results from Kjeldahl with the ones from 
Bradford (Fig. 4A and B), it can be possible to indirectly 
corroborate that the decrease in the protein detected by 
Bradford is associated with higher DH.

Peptide Profiles

To compare the protein and peptide profiles as well as their 
MW distribution in the different conditions tested, FPLC 
was used. The protein and peptide chromatograms of solu-
bilized hydrolysates suggested that hydrolysates obtained 
using SCW as solvent possessed very similar profiles among 
the different treatment temperatures, differing only in the 
concentration according to hydrolysis time. The presence 
of NaOH (0.1 mol L−1) changed significantly the peptide 
profile of the hydrolysates in all tested temperatures. Beyond 
the MW peaks typically found in hydrolysates using only 
SCW, the chromatograms of NaOH hydrolysates also pre-
sented peaks corresponding to the solubilization of high 
MW peptides/proteins. This fact probably reflects the sig-
nificantly higher protein solubilization yields (Fig. 1). Fur-
thermore, all peaks were more intense in the presence of 
NaOH, corroborating better solubilization yields compared 
with SCW (Fig. 1).

In hydrolysates obtained using SCW as sol-
vent, most of peptides generated and solubilized 

possessed MW < 13,700  Da. However, and despite the 
prevalence of proteins and peptides in a similar MW range 
(MW < 13,700 Da), chromatograms of hydrolysates obtained 
using NaOH, also showed intense peaks corresponding to 
peptides with higher MW, as follows: 36,609 Da at 210 °C 
(Fig. 5C); 43,550 Da at 180° C (Fig. 5B), and 35,754 Da 
at 150 °C (Fig. 5A). Increasing temperature resulted in an 
improvement of lower MW peptide concentration—i.e., 
from 10 to 15 mAU at 150 °C to 20–25 mAU at 180 and 
210 °C, corroborating higher DH. The patterns obtained 
also corroborated the protein quantification results described 
above and are in agreement with literature, in which enzy-
matic hydrolysis of blood followed by membrane fractiona-
tion resulted in hydrolysates mainly composed by peptides 
with MW < 13,700 Da (Araújo-Rodrigues et al., 2022).

Peptide chromatograms allowed to conclude that (i) 
increasing temperature and time of reaction leads to an 
increase of the DH (visible by the presence high concen-
trated peaks corresponding to low MW peptides), which was 
expected and in agreement with previous studies (Ahmed 
& Chun, 2018; Espinoza & Morawicki, 2012; Mekonnen 
et al., 2015), and (ii) the presence of NaOH in the reac-
tion is important to solubilize higher amounts of protein 
(eventually higher MW proteins with poor solubility), lead-
ing to the presence of higher MW proteins and peptides 
(MW > 13,700 Da) in hydrolysates.

Antioxidant Activity (DPPH and ABTS Assays)

Proteins and peptides are reported as excellent antioxidant 
agents. However, different mechanisms of action to exert 
antioxidant activity are possible and it is advisable to com-
bine different quantification methodologies to assess antioxi-
dant activity of different ingredients. One of the mechanisms 
of such antioxidant properties is their ability for scavenging 
free radicals (Elias et al., 2008). Based on that, this study 
evaluated the antioxidant properties of produced hydro-
lysates through ABTS and DPPH methods. Hydrolysates 
used for antioxidant screening were diluted with dH2O in 
order to stay at a concentration of 5 g dry weight L−1.

Solvent and Temperature Effect

Results showed that all hydrolysates produced through 
either with SCW or with NaOH exhibited interesting anti-
oxidant activities determined by the ABTS method, with 
percentages of ABTS inhibition ranging from 50 to 70% for 
a hydrolysate’s concentration of 5 g dry weight L−1 (Fig. 6). 
When considering SCW as solvent and a time of reaction of 
60 min (Fig. 6), results showed that raising temperature both 
from 120 to 150 °C and from 180 to 210 °C, significantly 
(p < 0.05) increased the antioxidant activity of hydrolysates. 
However, though the general trend is the same, differences 

Fig. 4   Protein content in hydrolysates obtained by SWH at differ-
ent times of reaction. Crude protein content determined by Kjeldahl 
(A) and soluble protein determined by Bradford (B). Different letters 
mean significantly different (p < 0.05). Small letters analyzed time 
effect within the same temperature (i.e., same temperature with dif-
ferent reaction times). Capital letters analyzed the temperature effect 
within the same reaction time (i.e., same reaction time with different 
temperatures)
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Fig. 5   Peptide profiles of hydro-
lysates obtained at A 150 °C; B 
180 °C; and C 210 °C
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were not significant between the hydrolysates obtained at 
150 °C and 180 °C.

When using 0.1 mol L−1 NaOH as solvent, hydrolysates 
obtained at different temperatures did not differ in their 
activity, except for the ones obtained at 120 °C that sig-
nificantly (p < 0.05) displayed lower activity (Fig. 6). This 
probably means that the peptides responsible for this anti-
oxidant activity are already at their maximum concentra-
tion at temperatures of 150 °C, and further increases do not 
lead to further improvements. When comparing the different 
solvents, it was observed that hydrolysates obtained using 
0.1 mol L−1 NaOH displayed better antioxidant activities 
(p < 0.05) than the ones obtained using only SCW, for all 
temperatures tested (Fig. 6). These results may be justified 
by the higher solubilization yields resulting in hydrolysates 
with higher protein concentration and, thus, higher peptides’ 
concentration (Fig. 1). Antioxidant activity in protein-based 
systems is usually related with the presence of bioactive 
peptides. The presence of NaOH increased the amount 

of peptides available, possibly also by generating higher 
amounts of bioactive peptides by hydrolytic reactions, thus 
leading to higher antioxidant activities. Furthermore, this is 
also consistent with the fact that hydrolysates obtained with 
only SCW as solvent at higher temperatures (i.e., 210 °C) 
are almost comparable (only 13% less) with those obtained 
when a small amount of NaOH was used.

DPPH was also tested but the antioxidant activity of 
hydrolysates was very low, ranging from 15 to 30% of 
DPPH reduction (Fig. 7). Previous report of Zheng et al. 
(2015) showed that DPPH has low reactivity towards pep-
tides and it is very susceptible to interference, including pH, 
which could justify these results. In fact, according to the 
mentioned report, DPPH is not an appropriate method for 
screening antioxidant peptides because it only displayed 
reactivity towards Cys or Cys-dipeptides. Other peptides 
such as Tyr/Trp containing dipeptides with high reactivity 
towards ABTS•+ and peroxyl radicals are inert to the DPPH. 
However, blood hydrolysates produced through enzymatic 

Fig. 6   Antioxidant activity of 
hydrolysates at 5 g dry weight 
L−1 by ABTS inhibition assay. 
Different letters mean signifi-
cantly different (p < 0.05). Small 
letters analyzed effect of tem-
perature within the same solvent 
(i.e., same solvent at different 
temperatures). Capital letters 
analyzed the effect of solvent 
in the same temperatures (i.e., 
same temperature with different 
solvents)

Fig. 7   Antioxidant activity of 
hydrolysates at 5 g dry weight 
L−1 by DPPH inhibition assay. 
Different letters mean signifi-
cantly different (p < 0.05). Small 
letters analyzed the effect of 
temperature within the same 
solvent (i.e., same solvent at 
different temperatures). Capital 
letters analyzed the effect of sol-
vent in the same temperatures 
(i.e., same temperature with 
different solvents)
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hydrolysis (Wei & Chiang, 2009) displayed DPPH inhibition 
activities ranging from 12 to 65% of inhibition, depending 
on enzymes combination, supporting the ranges obtained in 
the present study. Moreover, Verma et al. (2019) evaluated 
the antioxidant activity of blood hydrolysates produced by 
enzymatic hydrolysis and, for the same conditions of hydrol-
ysis, ABTS antiradicalar activity was higher than DPPH, 
being the range of DPPH inhibition between 20 and 55% 
against 40 to 82% of ABTS inhibition, supporting the results 
presented here and the differences seen in both assays.

Time and Temperature Effect

Regarding the time effect, using SCW as solvent, the hydro-
lysates were tested at 5 g dry weight L−1 by the ABTS assay. 
The results showed that 60 min of reaction resulted in high-
est antioxidant activities (p < 0.05) for all temperatures 
tested (Fig. 8). With these results, it was possible to con-
clude that antioxidant activity is not exclusively related with 
the DH, which increased with the time of reaction, leading 
to the formation of lower MW peptides. Higher times or 
temperatures may lead to different peptides and their cor-
responding concentrations (either by further hydrolyzing 
strong antioxidant peptides into peptides or AA with no or 
lower antioxidant activity; or by liberating more stronger 
antioxidant peptides). Previous studies already suggested 
that the antioxidant activity of bioactive peptides is more 
correlated with their AA sequence rather than DH (Ahmed 
& Chun, 2018; Chi et al., 2015). In fact, peptides with basic 
and/or hydrophobic AA residues are thought to have stronger 
antioxidant activities (Rajapakse et al., 2005; Saito et al., 
2003; Verma et al., 2019).

Conclusions

This study showed that sub-critical solvent extraction (SSE/
SWH) is an efficient process for protein extraction and 
hydrolysis from blood by-products, leading to a food or feed 
grade ingredient with high protein content. Though the pro-
cess was already effective when using diluted alkali, SWH 
showed to be equally effective, thus removing the need for 
an extra chemical. Temperature and time of SSE/SWH reac-
tion showed to influence DH and bioactivity of hydrolysates.

The hydrolysates produced demonstrated antioxidant 
activity, through scavenging of reactive oxygen species and 
this activity was probably related with production of bioac-
tive peptides with MW up to 13,700 Da. It is known that 
reactive oxygen species are key factors for the development 
of several diseases, so these antioxidant properties can be 
appreciated for functional feed or food development, and 
also for bio-preservatives production by enhancing the stor-
age stability of perishable foods.

Although the first steps towards new functional food 
development were made, more studies should be carried 
out in order to consider these hydrolysates for functional 
food development. Moreover, the selection of optimal con-
ditions should take into account not only the bioactivity, 
protein content, and peptide profiles, but also the energy 
consumption of the process, as a way to make the technology 
as “green” and feasible as possible. Furthermore, all the pro-
cessing (including the collection of the by-products) has to 
be made under food-grade conditions. Overall, in the tested 
experimental domain, the hydrolysis with water at 180 °C 
for 60 min showed to be a good compromise between a good 
antioxidant activity of the hydrolysates, interesting protein 
solubilization yields, energy consumption, and reduced or 
no chemicals use.

The results of this study show a possible path for the 
revalorization of porcine coagulated blood (PCB) with 
potential application in food, feed and aquaculture, add-
ing economic value to a by-product from the meat industry 
(while also reducing the environmental burden of its dis-
cards), thus contributing to circular economy and zero waste.
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