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A B S T R A C T

This study aimed to develop bioactive protein hydrolysates from fish and poultry by-products using bromelain, 
an enzyme obtained from pineapple by-products, with potential applications in food and biotechnology. The 
global rise in protein-rich food consumption has led to increased generation of animal by-products from the meat 
and fish industries. These by-products are rich in protein, making them suitable for producing bioactive com
pounds. A multifactorial design was employed to optimize the hydrolysis process, evaluating key parameters 
such as enzyme-to-substrate (E/S) ratio and hydrolysis time. The optimal conditions were identified as 1.3 % (E/ 
S) for 240 min for fish by-products, and 2.0 % (E/S) for 180 min for poultry by-products. These conditions were 
scaled up to produce fish (FH) and poultry (PH) hydrolysates.

The hydrolysates showed high protein content (70.8 ± 0.1 % for FH and 56.3 ± 1.0 % for PH), potent anti
oxidant activity (ORAC: 249.02 ± 4.71 µmol eq. Trolox/g for FH and 144.41 ± 11.62 µmol eq. Trolox/g for PH), 
and notable ACE inhibitory effects (IC₅₀: 693 ± 12 µg protein/mL for FH and 1585 ± 6 µg protein/mL for PH).

Furthermore, hydrolysates promoted probiotic strains’ growth, with 1 % (w/v) FH or PH showing comparable 
performance to conventional culture media in supporting Lactobacillus casei 01 (p > 0.05). These results highlight 
the potential of bromelain-derived hydrolysates as sustainable, cost-effective alternatives to traditional nitrogen 
sources in functional fermented food or microbiological culture media.

This study contributes to value creation from agro-industrial by-products and aligns with global sustainability 
initiatives by promoting circular bioeconomy approaches.

1. Introduction

In recent years, the global consumption of protein-rich foods has 
risen significantly. In consequence, the livestock industry, slaughter
houses and fishing industry generate large amounts of low-value by- 
products daily, posing both economic and environmental challenges. 
Utilizing these by-products in the production chain could significantly 
reduce animal waste. These by-products include animal parts (e.g. 
viscera, bonds) or entire carcasses that are not suitable for direct human 
consumption [1]. For example, fish by-products consist of carcasses, 
heads, viscera, skin, and bones [2], while poultry by-products include 

blood, bones, meat trimmings, skin, adipose matter, feet, cranial com
ponents and visceral organs [3]. Reducing food loss and waste has 
gained significant global attention and plays a key role in the 2030 
Agenda for Sustainable Development. Target 12.3 of the United Nations’ 
Sustainable Development Goals (SDGs) sets an ambitious objective to 
cut global food loss and waste by 50 % by 2030 [4]. Animal by-products 
are typically processed into ingredients for animal nutrition or con
verted into organic fertilizers. However, research has shown that these 
by-products contain significant amounts of proteins, lipids, carbohy
drates, and micronutrients (minerals and vitamins). This makes them a 
promising resource for extracting new compounds and functional 
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ingredients, offering the potential for better utilization of existing pro
tein resources in the diet [5].

The increasing awareness of the significance of high-quality proteins 
in the human diet has sparked scientific interest in discovering eco- 
friendly, sustainable, and health-promoting ingredients. Enzymatic hy
drolysis enables the production of protein hydrolysates with a high de
gree of hydrolysis, leading to increased yield. This process promotes the 
release of smaller peptides, enhancing their biological properties [6]. 
For instance, fish hydrolysates (FHs) and poultry hydrolysates (PHs) 
have revealed antihypertensive activity via angiotensin-I converting 
enzyme (ACE) inhibitory mechanisms as well as antioxidant activity [2,
7,8]. In fact, antioxidant peptides have the potential to mitigate oxida
tive stress in the human body, thereby decreasing the likelihood of 
developing degenerative disorders [9]. Research studies also revealed 
that protein hydrolysates can also stimulate probiotic growth [10]. 
Notably, protein hydrolysates derived from poultry bones and feathers 
by-products have proven to be especially effective in promoting pro
biotic growth [11]. Therefore, protein hydrolysates could serve as 
alternative nitrogen sources in microbiological culture media and also 
act as functional ingredients in the formulation of fermented foods with 
added health benefits.

In this sense, alcalase, pepsin, papain, and trypsin are usually 
employed in the extraction of bioactive peptides from animal protein 
sources [12]. While these enzymes are well-studied and widely applied, 
this study uniquely explores the use of bromelain, a less commonly used 
plant-derived enzyme, for hydrolyzing multiple animal by-products. 
Bromelain may interact with multiple substrates due to its unique 
binding sites, which enable it to catalyze a broad range of proteolytic 
reactions. Specific catalytic residues, including cysteine, histidine, and 
asparagine, are essential for its activity, as they contribute to the en
zyme’s ability to cleave peptide bonds and thereby enhance its proteo
lytic efficiency [13]. Bromelain is commonly used for the enzymatic 
hydrolysis of legume seed extracts [14,15]. Therefore, this work fills a 
gap by evaluating bromelain’s effectiveness not only in peptide gener
ation but also in supporting probiotic growth and functional food ap
plications, aspects less addressed in previous studies.

Bromelain is an enzymatic complex found in plants of the Brome
liaceae family, primarily in Ananas comosus, and is made up of endo
peptidases, carbohydrates and glycoproteins [16]. Although this 
enzymatic complex has been extracted from the whole fruit, which has a 
large environmental and economic impact, it can also be found in 
various parts of pineapple residues, such as stems and peels. Bromelain 
has been investigated for multiple applications in the food industry, 
including meat tenderization, anti-browning activity and in alcoholic 
fermentation processes [17]. Recent investigations have demonstrated 
that bromelain can also be used to hydrolyze animal by-products, such 
as pork liver [1,18] and fish skin [19,20]. However, studies using 
bromelain focus on limited substrates, and there is still scarce infor
mation on the functional application of hydrolysates derived from ani
mal by-products using this enzyme. The current work contributes to 
filling this research void by producing and scaling up bromelain-derived 
hydrolysates from fish and poultry by-products, and evaluating their 
antioxidant and ACE-inhibitory activities, as well as their ability to 
support probiotic growth, demonstrating their dual potential as in
gredients in microbial culture media and functional fermented food 
formulations.

2. Material and methods

2.1. Materials and reagents

2.1.1. Raw materials and enzyme
Fish by-products and poultry by-products were obtained from com

panies specializing in the collection of animal by-products, ETSA group 
(Loures, Portugal) and SAVINOR (Trofa, Portugal), respectively. Fish by- 
products supplied were classified as category 3, i.e., materials 

downgraded from food grade due to low commercial value (e.g., heads 
and fins of some species), breakage of the cold chain, or nearing the end 
of their shelf-life. The poultry by-products included various materials 
such as heads, viscera, blood, trimmings, bones, and skin. By-product 
samples were collected in bulk, homogenized and stored at − 20 ◦C 
until further processing. Bromelain was derived from pineapple by- 
products and provided by AgroGrIN Tech (Porto, Portugal).

2.1.2. Reagents and chemicals
AAPH (Thermo Fisher Scientific, Waltham, MA, USA); ABTS 

(Thermo Fisher Scientific, Waltham, MA, USA); azocasein (Sigma- 
Aldrich, St. Louis, MO, USA); ABz-Gly-Phe(NO2)-Pro (Bachem Feinche
mikalien, Bubendorf, Switzerland); ACE (Sigma Chemical, MO, USA); 
fluorescein (Sigma-Aldrich, St. Louis, MO, USA); Glycerol (Sigma- 
Aldrich, St. Louis, MO, USA); HCl (Sigma-Aldrich, St. Louis, MO, USA); 
HNO3 (VWR Chemicals, Leuven, Belgium); K2O8S2 (Sigma-Aldrich, St. 
Louis, MO, USA); KCl (Sigma-Aldrich, St. Louis, MO, USA); L-leucine 
(Sigma-Aldrich, St. Louis, MO, USA); Man Rogosa Sharpe (MRS) agar 
(VWR Chemicals, Leuven, Belgium); MRS broth (Biokar Diagnostics, 
Allonne, France); NaCl (Sigma-Aldrich, St. Louis, MO, USA); NaH2PO4 
(Sigma-Aldrich, St. Louis, MO, USA); NaOH (Sigma-Aldrich, St. Louis, 
MO, USA); o-Abz-Gly-p-Phe(NO2)-Pro-OH (Bachem, Bubendorf, 
Switzerland); Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 
Waltham, MA, USA); TNBS (Sigma-Aldrich, St. Louis, MO, USA); Tris 
base (Sigma-Aldrich, St. Louis, MO, USA); trichloroacetic acid ((Sigma- 
Aldrich, St. Louis, MO, USA) Trolox (Sigma-Aldrich, St. Louis, MO, 
USA); ZnCl2 (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Analysis of raw materials and enzyme

2.2.1. Composition analysis of fish and poultry by-products
The proximate composition of fish and poultry by-products was 

analyzed according to standard methods established by the Association 
of Official Analytical Chemists [21]. Protein content was determined 
using the Kjeldahl method, applying a nitrogen-to-protein conversion 
factor of 6.25. Moisture was measured by drying the samples at 105 ◦C 
for 24 h, while ash content was quantified by incineration at 550 ◦C for 5 
h.

2.2.2. Enzymatic activity of bromelain
Bromelain enzyme activity was assessed using azocasein as the 

substrate, following the method described by Borges et al. [2]. The assay 
was conducted at pH 7 and 37 ◦C, which correspond to the optimal 
conditions for bromelain activity as specified by AgroGrIN Tech, the 
enzyme supplier. Therefore, the enzyme was combined with 30 mM 
acetate buffer (pH 7) containing 1 % (w/v) azocasein and incubated at 
37 ◦C for 60 min. The reaction was terminated by adding 10 % (w/v) 
trichloroacetic acid, followed by centrifugation at 8000 rpm for 5 min. 
The resulting supernatant was mixed with 1 M NaOH, and absorbance 
was measured at 440 nm. All measurements were performed in tripli
cate, and enzyme activity was reported in units per gram (U/g).

2.3. Fish and poultry by-products hydrolysis

2.3.1. Multifactorial optimization assay
A multifactorial assay was designed, envisaging the optimization of 

the hydrolysis procedure for poultry and fish by-products using 
bromelain (Fig. 1).

The poultry by-products were pre-treated with temperature and 
pressure (121 ◦C, and 15 psi for 15 min) before the hydrolysis process. 
Afterwards, the enzymatic hydrolysis was performed under the condi
tions for optimal bromelain activity [17]. Substrate material (poultry 
and fish by-products) was suspended in 30 mM acetate buffer (pH 7) at a 
ratio substrate to buffer of 1:10 (w/v). The hydrolysis process was 
conducted at 37 ◦C under continuous agitation (150 rpm). The hydro
lysis optimization was conducted envisaging two variable factors, the 
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enzyme percentage, through the ratio enzyme/substrate (%E/S) masses, 
and the time of hydrolysis (Table 1). Considering the differences be
tween fish and poultry proteins, particularly the higher content of 
connective tissue proteins such as collagen and elastin in poultry [22], 
which may hinder enzymatic breakdown, a higher enzyme concentra
tion range was applied for the hydrolysis of poultry by-products. 
Furthermore, several studies have indicated that enzymatic activity is 
most effective during the early stages of the reaction, when the substrate 
is more accessible and enzyme–substrate interactions are more favor
able [2,23]. Therefore, a maximum hydrolysis time of 240 min was 
selected to balance efficiency and feasibility for potential industrial 
applications. At the end of each determined time of hydrolysis, the 
samples were taken to monitor the progress of the enzymatic hydrolysis 
procedure. Then, at the specific sampling points the mixture was heated 
to 100 ◦C for 15 min to terminate the enzymatic activity. After enzyme 
inactivation, the mixtures were centrifuged (5000 rpm for 15 min) and 
the supernatant was collected. Hydrolysates were then stored at − 20 ◦C 
for subsequent analysis. For the hydrolysates analysis, three responses 
were assessed, being those, the soluble protein content following the 
bicinchoninic acid (BCA) method, the degree of hydrolysis following 
trinitro-benzene-sulfonic acid (TNBS) method, and antioxidant activity 
through the 2,2-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) radical scavenging assay. The experimental design consisted of 
20 individual randomized experiments, varying the two factors (%E/S, 
and time of hydrolysis) depicted on Table 1. Afterwards, for comparison 
purposes the three responses were evaluated intending hydrolysis 
optimization. This was achieved by evaluating the responses separately 
and together to reach the optimal conditions of hydrolysis for each 
substrate. Then, using Deringer’s ‘desirability’ function [24], the 

optimized conditions (%(E/S) and time of hydrolysis) were determined 
for the hydrolysis of poultry and fish by-products using bromelain.

2.3.1.1. ◦ of hydrolysis. The TNBS assay for the measurement of DH was 
adapted from Hsu et al. [25] to a 96-well microplate assay. Total free 
amino groups and those in peptide bonds were assessed using acid hy
drolysis at high temperature. For that, 10 mg of sample was hydrolyzed 
with 1 mL of a 6 mol/L HCl solution at 110 ◦C for 20 h. The hydrolysate 
was then neutralized (1 mL of a 6 mol/L NaOH solution). For calibration 
purposes, a 10 mmol/L-leucine stock solution was prepared and diluted 
in the range of 50 to 250 µmol/L. The 96-well microplate was prepared 
in duplicate for each standard/sample solution as follows: 50 µL of 
standard/sample solution, 125 µL of a 75 mmol/L sodium phosphate 
buffer (pH 8.2), and 50 µL of 0.025 % TNBS solution. After incubation of 
the microplate (1 h at 50 ◦C), the absorbance (λ = 340 nm) was 
measured using a Synergy H1 microplate reader (Microplate Reader 
Biotek Synergy H1, Santa Clara, CA, USA) with Gen5 Biotek software 
version 3.04. The DH was calculated through DH (%) = (Lt - L0)/(Lmax - 
L0)*100, where Lt represents the concentration of amino groups released 
at a specific hydrolysis time, L0 corresponds to the concentration of 
amino groups in the initial sample, and Lmax denotes the maximum 
concentration of amino groups in the fish or poultry by-products.

2.3.1.2. Total soluble protein content. The soluble protein content was 
determined through the BCA methodology, using the Pierce BCA Protein 
Assay Kit. The method was performed following the kit guidelines as 
follows: bovine serum albumin (BSA) standards were prepared by 
proper dilution of the kit standard stock solution in the range of 25 to 
2000 µg/mL; working BCA reagent solution was prepared by mixing the 
reagent A with Reagent B in the ratio 50:1, respectively. The 96-well 
microplate was prepared in duplicate for each standard/sample solu
tion as follows: 25 µL of standard/sample solution and 200 µL of BCA 
reagent solution. The microplate was incubated 30 min at 37 ◦C, and 
then, the absorbance (λ = 562 nm) was measured using a Synergy H1 
microplate reader.

2.3.1.3. Antioxidant activity. The antioxidant activity of FH and PH was 
assessed using the ABTS assay, as described by Castro et al. [26]. An 

Fig. 1. Flow diagram of the hydrolysis process of poultry (A) and fish (B) by-products.

Table 1 
Factors evaluated for the optimization of the poultry and fish by-products hy
drolysis process using bromelain, and respective levels assessed. %E/S, ratio 
enzyme substrate in percentage.

Factor Fish by-products Poultry by-products

Low Median High Low Median High

%E/S 0.10 0.80 1.50 0.50 1.25 2.0
Time of hydrolysis (min) 60 150 240 30 135 240
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ABTS+ stock solution was prepared by mixing two aqueous solutions, 7 
mM ABTS and 2.44 mM K2O8S2. This mixture was stirred for 16 h to 
generate the ABTS+ radical cation. The working solution was then ob
tained by diluting the stock solution with water to reach an absorbance 
at 734 nm of 0.70 ± 0.02. In addition, a Trolox standard curve solution 
was prepared in the range of 25–175 µM. For the assay, 20 µL of each 
sample dilution, Trolox standard, or ultrapure water (as control), were 
pipetted into a 96-well microplate in triplicate, followed by the addition 
of 180 µL of ABTS+ solution. After a 6 min incubation at 30 ◦C, absor
bances were measured at 734 nm using a microplate reader. Antioxidant 
activity was expressed in μmol of Trolox equivalent per gram of dry 
weight (µmol eq. Trolox/g).

2.3.2. Laboratory scale-up
After the optimization process, the best hydrolysis conditions were 

chosen based on those that provided a higher degree of hydrolysis to 
proceed to a scale-up of the process for each substrate. The hydrolysis 
conditions were identified as 1.3 % (E/S) for 240 min for fish by- 
products, and 2.0 % (E/S) for 180 min for poultry by-products. The 
supernatants, rich in protein hydrolysates, were freeze-dried (Armfield 
SB4 model, Hampshire, England). The resultant hydrolysates obtained 
from fish and poultry by-products hydrolysis were used for a compre
hensive characterization of their molecular and functional properties.

2.4. Protein hydrolysates characterization

2.4.1. Proximate composition
The proximate composition assessment was carried out following the 

same protocol as described in Section 2.2.1.

2.4.2. Minerals determination

2.4.2.1. Hydrolysates microwave-assisted digestion. Mineral determina
tion was performed following the methodology described by Vieira et al. 
[27] with some modifications. Microwave-assisted digestion was per
formed in dried hydrolysates using a Mars One digestion system (CEM, 
USA) following the specific protocol provided by the manufacturer for 
the digestion of food samples. For that, 0.5 g of the sample was mixed 
with 10 mL of 65 % HNO3 in a Teflon reaction vessel. Then, the vessels 
were kept open for 15 min before sealing to allow the predigestion of the 
hydrolysates. Afterwards, the digestion procedure was carried out with 
the following instructions: ramp time 20 min; hold time 15 min; tem
perature 210 ◦C, and the pressure of 800 psi. The resulting clear solu
tions were transferred to flasks and made up with ultrapure water to a 
final volume of 50 mL. Control digestion was made without samples.

2.4.2.2. Minerals quantifications – inductively coupled plasma - optical 
emission spectrometry. After hydrolysate digestion, minerals quantifica
tion (Na, Mg, K, Ca, Mn, Fe, Cu, P, Se, Cr, Mo, Ni, Co, B, and Al) in 
hydrolysates was carried out by inductively coupled plasma-optical 
emission spectrometry (Opima 7000 DV ICP-OES) following the manu
facturer’s instructions.

2.4.3. Hygroscopicity analysis
Hygroscopicity measurement was performed according to Juarez- 

Enriquez et al. [28]. Approximately 1 g of each sample was condi
tioned in an airtight glass container with a saturated potassium chloride 
solution (86 % relative humidity) at room temperature for one week. 
Weight gain was employed to classify powders according to the hygro
scopicity category defined by Callahan et al. [29].

2.4.4. Molecular weight profile
High-Performance Size Exclusion Chromatography (HPSEC) was 

performed according to the method outlined by Fernandez Cunha et al. 
[30]. An Agilent AdvanceBio SEC column (Agilent Technologies, 

London, UK) with a 2.7 μm particle size, 130 Å pore size, and dimensions 
of 7.8 mm inner diameter × 300 mm length was used. The column was 
eluted under isocratic conditions using a phosphate buffer (0.15 M 
NaH2PO4, pH 7) at a flow rate of 1 mL/min. Samples (10 μL) were 
injected after being filtered through PTFE/L 0.22 μm filters. The analysis 
was carried out on a Waters 2690 system equipped with a photodiode 
array (PDA) detector (190–600 nm), and data were processed using 
Empower 3 software. Molecular weights (MW) of chromatogram peaks 
were determined using a calibration curve with the following protein 
standards: Ovalbumin (44,300 Da); Myoglobin (17,600 Da); Cyto
chrome C (12,327 Da); Aprotinin (6511 Da); Neurotensin (1672 Da); 
Angiotensin-II (1040 Da); Tyr-Phe dipeptide (328.4 Da); and L-trypto
phan (204 Da).

2.5. Bioactivity of protein hydrolysates

Both protein hydrolysates (FH and PH) were characterized regarding 
their bioactivity, specifically antioxidant activity, anti-hypertensive ac
tivity, and their influence on probiotics’ growth, as described below.

2.5.1. Antioxidant activity
The antioxidant activity of FH and PH was assessed using the 

following methods: the ABTS assay and the Oxygen Radical Absorbance 
Capacity (ORAC) assay.

The ABTS assay was performed according to subSection 2.3.1.3.
The ORAC assay was performed according to Dávalos et al. [31]. For 

that, a 75 mM PBS buffer was prepared by dissolving NaH2PO4 in ul
trapure water and adjusting the pH to 7.44, using a monovalent strong 
base. A fluorescein solution was prepared at a concentration of 116.66 
nM. The Trolox standard curve solution was made in the range of 10–80 
µM. Finally, AAPH solution was prepared by dissolving it in PBS (13.018 
mg/mL). Briefly for the assay procedure, 20 μL of sample (each dilu
tion), Trolox, or solvent (PBS buffer) for the blank were pipetted in 
duplicate into each well of a 96-well plate followed by the addition of 
120 μL of fluorescein solution. The reaction mixture was initially incu
bated at 37 ◦C for 10 min, followed by the addition of 60 μL of AAPH 
solution. Subsequently, the mixture was incubated for an additional 140 
min at 37 ◦C, during which fluorescence was measured every minute 
using a microplate reader. Final ORAC-FL values were expressed as µmol 
eq. Trolox/g.

2.5.2. Anti-hypertensive activity
The inhibitory effect on ACE activity was assessed following the 

method described by Borges et al. [2]. The substrate used was o-Abz-
Gly-p-Phe(NO2)-Pro-OH, and the reaction was carried out in the pres
ence of ACE. Firstly, ACE (EC 3.4.15.1, 5.1 U/mg) was diluted in 5 mL of 
a 50 % glycerol and ultra-pure water solution and subsequently diluted 
1:24 in 150 mM Tris buffer (pH 8.3) containing 1 µM ZnCl2 (final con
centration of 42 mU/mL). Then, 40 µL of either ultrapure water or ACE 
working solution was adjusted to 80 µL by adding ultrapure water to the 
blank, control, or samples. The reaction was initiated by adding 160 µL 
of substrate solution (0.45 mM ABz-Gly-Phe(NO2)-Pro) in 150 mM Tris 
buffer (pH 8.3) with 1.125 M NaCl. The reaction mixture was incubated 
at 37 ◦C, and fluorescence was measured during 30 min using a 
multi-detection microplate reader, with excitation and emission wave
lengths of 350 nm and 420 nm, respectively. Non-linear fitting of the 
data was used to calculate the IC50 (the protein concentration required 
to inhibit 50 % of ACE activity). Each sample’s ACE inhibitory activity 
was analyzed in duplicate.

2.6. Probiotic growth kinetics

The probiotic strains used in this study were Lactobacillus casei 01 
(Chr. Hansen, Hørsholm, Denmark) and Lacticaseibacillus rhamnosus LGG 
ATCC 53,103 (ATCC, Manassas, USA). The bacteria were grown on MRS 
agar plates at 37 ◦C, for 48 h. Then, the probiotics were transferred to 
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MRS broth and incubated at 37 ◦C for 24 h. For the growth curves, 
commercial MRS and MRS without protein were used as positive and 
negative control, respectively. To substitute the traditional protein 
content (i.e., 2.5 % (w/v) of peptone and yeast extract) in MRS broth, 
0.5, 1 and 2.5 % (w/v) of the hydrolysates were used. Briefly, 180 μL of 
media and 20 μL of the inoculum were pipetted into each well of a 96- 
well plate, with each condition tested in triplicate. The microplate was 
incubated at 37 ◦C in a microplate reader and the OD600 was measured 
every hour for 24 h. The preferred nitrogen source for each species 
tested was determined using the maximum specific growth rate (μmax). 
The maximum specific growth rate, μmax, was established by analyzing 
the slope of the exponential growth phase (μmax = Δln (OD600)/Δt, 
where t is time and expressed as h− 1) [32].

2.7. Statistical analysis

Statistical analysis was conducted using IBM® SPSS® Statistics 26. 
Data normality was assessed with the Shapiro–Wilk test. To evaluate 
differences among more than two groups, a one-way ANOVA was 
applied for normally distributed data with LSD post hoc test, or the 
Kruskal–Wallis test was used for non-normal distributions. For com
parisons between two groups, the Student’s t-test was utilized for normal 
distributions, and the Mann–Whitney test was employed for non-normal 
distributions. A significance level of 0.05 was set for all statistical tests.

3. Results and discussion

3.1. Analysis of raw materials and enzyme

The compositional analysis of fish and poultry by-products is crucial 
for the hydrolysis process as it provides essential information about the 
raw materials, such as protein content. This data is vital for optimizing 
bromelain-catalyzed enzymatic hydrolysis, ensuring process efficiency. 
Table 2 presents the proximate composition of fish and poultry by- 
products, with protein levels of 13.8 g and 16.7 g per 100 g, respec
tively. Similar findings have been reported in previous studies for fish 
[2,33] and chicken [34] by-products. This high protein content high
lights the potential of these by-products as sources of protein hydroly
sates and bioactive peptides. Various factors could significantly 
influence the composition of fish and poultry by-products, such as un
digested feed in their gastrointestinal tracts, the proportions of different 
parts (such as heads, viscera, blood, trimmings, bones), and species 
variations [35].

The enzymatic activity of bromelain extracted from pineapple was 
1003 ± 5 U/g, as determined using azocasein as a substrate. This result 
indicates a high proteolytic capacity, consistent with previous studies 
reporting bromelain activities in a similar range. For example, brome
lain powders produced from pineapple peels and cores have shown 
enzymatic activities of 1179 and 694 gelatin digesting units (GDU)/g, 
respectively [36]. The hydrolysates produced through 
bromelain-mediated proteolysis have potential applications in the food 
industry as functional and bioactive ingredients, such as flavor en
hancers, antioxidant and anti-hypertensive agents, as well as compo
nents in the formulation of culture media for microbial fermentation. 
The high enzymatic activity obtained in this study supports the suit
ability of this bromelain extract for such applications, particularly 
within sustainable approaches aimed at valorizing food processing 
by-products.

3.2. Optimization assay

The enzymatic hydrolysis of poultry and fish by-products using 
bromelain was evaluated through the Deringer’s ‘desirability’ function 
(Fig. 2). The experiment analyzed the antioxidant activity (ABTS), sol
uble protein content (BCA), and free amino groups (TNBS) within the 
system provided insights into the effects of varying experimental factors 
such as the E/S ratio and reaction time.

Regarding fish by-product hydrolysis (Fig. 2A), the model revealed 
that the optimal conditions to maximize antioxidant activity and protein 
content were an E/S % of 1.2 and a time of 240 min with the adjusted r2 

of 93.6 % and 80.6 %, respectively. Regarding the degree of hydrolysis, a 
similar response was observed at an E/S % of 1.5 and a time of 240 min 
(r2 = 93.0 %). Overall, the experiments demonstrated that the E/S ratio 
and reaction time significantly influenced all three responses. The 
comprehensive analysis, across all three responses, provided maximal 
predicted values achieved with an E/S % of 1.3 % and reaction time of 
240 min, maximizing antioxidant activity, protein content and degree of 
hydrolysis with maximum predicted values of 1068 µmol eq. Trolox/L, 
4452 µg/mL, and 18.7 % for the mentioned responses, respectively. 
Regarding the hydrolysis of poultry by-products (Fig. 2B), for antioxi
dant activity and protein content, the model showed a similar response 
with maximal predicted values achieved with an E/S of 2.0 % and a 
reaction time of 240 min. With these conditions, the predicted values for 
antioxidant activity, total soluble protein and free amino groups were 
1217 µmol eq. Trolox/L, 4053 µg/mL, and 18,729 µmol/L, respectively. 
However, the free amino groups quantification showed, with significant 
improvement, maximum predicted values with an E/S ratio of 2 % and a 
hydrolysis time of 180 min (r2 = 47.8 %). The optimal conditions were 
set based on the free amino groups analysis with maximum predicted 
value, for this response, of 19,533 µmol/L.

Previous studies have demonstrated the effectiveness of bromelain in 
the hydrolysis of animal by-products, leading to the production of pro
tein hydrolysates with improved solubility, digestibility, and bioactivity 
[37–39]. Nevertheless, data regarding fish and poultry by-products hy
drolysis remain scarce. Therefore, these findings demonstrate that 
bromelain is a promising tool in the bioconversion of fish and poultry 
processing residues into functional protein hydrolysates. These hydro
lysates can be further exploited as functional ingredients in food and 
pharmaceutical applications or as nitrogen sources in microbial culture 
media.

3.2.1. Scale-up
Considering the optimized conditions of hydrolysis stated in sub

Section 3.2, a validation of the conditions was performed for both sub
strates. Hydrolysis of poultry by-products was performed using a %E/S 
of 2 % and a time of hydrolysis of 2 h. Regarding the fish by-products, 
the hydrolysis was performed using a %E/S of 1.3 % and a time of hy
drolysis of 4 h. The supernatant obtained in the hydrolysis process was 
evaluated in terms of the soluble protein content, the degree of hydro
lysis, and antioxidant activity. The lyophilized hydrolysates that resul
ted from these processes were used for a comprehensive characterization 
of their molecular and functional properties.

3.3. Characterization of the poultry and fish by-products hydrolysates

3.3.1. Proximate composition and mineral content
The proximate composition of the scale-up produced dried hydro

lysates, produced under optimal conditions for both by-products hy
drolysis, was evaluated in terms of protein, moisture, and ash content, as 
summarized in Table 3. Regarding the protein content, the fish hydro
lysate (FH) exhibited a significantly higher content (70.8 ± 0.1 %) when 
compared to the poultry hydrolysate (PH), which is 56.3 ± 1.0 %. The 
higher protein content observed in FH compared to the PH can be 
attributed to differences in protein solubility and enzymatic efficiency 
rather than the absolute protein content of the raw materials. Although 

Table 2 
Proximate composition of fish and poultry by-products.

Fish by-products Poultry by-products

Protein (%) 13.8 ± 0.7 16.7 ± 0.7
Ash (%) 4.1 ± 0.9 5.5 ± 0.6
Moisture (%) 64.5 ± 1.7 66.6 ± 0.1
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poultry generally has a higher overall protein content than fish, the 
solubility of these proteins during hydrolysis plays a crucial role in the 
final hydrolysate composition. Fish proteins, such as myofibrillar and 
sarcoplasmic proteins, are generally more soluble and susceptible to 
enzymatic hydrolysis due to their lower collagen content and less 
complex structural organization [40]. In contrast, poultry contains a 
higher proportion of connective tissue proteins like collagen and elastin, 
which are less soluble and consequently, more resistant to enzymatic 
breakdown [22,41]. This structural difference means that even if poultry 
has a higher initial protein content, a lower percentage may be effi
ciently hydrolyzed and solubilized into the hydrolysate. Additionally, 
the efficiency of enzymatic hydrolysis can vary depending on the spec
ificity of the enzyme used. Bromelain is a cysteine protease that targets 
the peptide bond inside the protein molecule where they have a cysteine 
amino acid [15]. So, bromelain may be more effective in breaking down 
fish proteins due to their composition and structure, leading to a greater 
yield of soluble peptides in FH. Furthermore, FH presents high protein 
content, which aligns with reported values for fish protein hydrolysates 
produced with different enzymes, which typically range from 70.4 % to 
88.7 % [42,43]. On the other hand, the protein content of PH was lower 
compared to other hydrolysates derived from poultry raw materials. For 

instance, Lindberg et al. [44] produced protein hydrolysates using 
alcalase and reported varying protein concentrations depending on the 
initial raw material, 88 % for turkey by-product and mechanically 
deboned turkey by-product, 85 % for chicken carcass and 84 % for 
mechanically deboned chicken by-product.

Both hydrolysates presented a similar moisture content, although PH 
presented a slightly higher content in ashes when compared with FH, 
which reflects the higher concentration of minerals in PH by-products, 
which completely solubilized in the hydrolysate. The variations in 
protein and ashes could influence the functional properties and potential 
applications of these hydrolysates in food or feed formulations.

The mineral contents were assessed and are illustrated in Table 3. 
The hydrolysates obtained from the scale-up processes exhibited distinct 
mineral compositions, with significant differences observed between 
them (p < 0.05). In both hydrolysates, the predominant minerals were 
potassium, sodium and phosphorus. When comparing both hydroly
sates, FH demonstrated higher levels of magnesium, copper, and sele
nium than PH. Additionally, it should be highlighted that only FH 
contains calcium in its composition. This is likely due to the composition 
of the by-products used to produce the hydrolysate, for instance, the use 
of fish bones, scales, or other calcium-rich components in FH production 
increases the calcium content of the hydrolysate [45]. These minerals 
were also detected in tuna protein hydrolysate prepared from both dark 
and white meat using papain, showing low levels of potassium 
(26.89–31.92 mg/100 g) and sodium (27.04–35.21 mg/100 g), and high 
levels of phosphorus (1483–1657 mg/100 g) and calcium 
(593.84–626.34 mg/100 g) [46]. Protein hydrolysates of sardine waste 
also showed the presence of free essential nutrients (N, P, and K) as well 
as other micronutrients and oligo-elements as Ca, Mg, Cu, Zn, and Fe 
[47]. The presence of selenium and other trace minerals aligns with the 
nutritional value often reported for fish-derived products [45].

Mineral composition analyses in hydrolysates derived from poultry 
by-products remain limited in the current literature. Nevertheless, 
turkey meat hydrolysate demonstrated key minerals, including phos
phorus (137.0 mg/100 g), calcium (10.3 mg/g), and iron (0.43 mg/g) 
[48].

Fig. 2. Derringer’s function for the optimization of the hydrolysis of fish (A) and poultry (B) by-products using bromelain. Predicted response surface using two 
factors %E/S (for fish by-products were 0.10, 0.80, and 1.50 %; for poultry by-products were 0.50, 1.25, and 2.00 %) and time of hydrolysis (for fish by-products were 
60, 150, 240 min; for poultry by-products were 30, 135, and 240 min), with the evaluation of three responses (antioxidant activity, soluble protein content (BCA) and 
degree of hydrolysis (DH – TNBS)).

Table 3 
Proximate composition and mineral content (mean ± SD) of FH and PH.

FH PH

Protein (g/100 g hydrolysate) 70.8 ± 0.1 56.3 ± 1.0
Moisture (g/100 g hydrolysate) 11.5 ± 0.3a 11.6 ± 0.5a

Ashes (g/100 g hydrolysate) 14.2 ± 0.2 17.0 ± 0.5
K (mg/100 g hydrolysate) 4116 ± 566 5079 ± 268
Na (mg/100 g hydrolysate) 1052 ± 11 1191 ± 78
P (mg/100 g hydrolysate) 570 ± 8 516 ± 22
Ca (mg/100 g hydrolysate) 109 ± 6 –
Mg (mg/100 g hydrolysate) 98.6 ± 0.8 47.2 ± 2.4
Cu (mg/100 g hydrolysate) 0.337 ± 0.043 0.120 ± 0.002
Se (mg/100 g hydrolysate) 0.193 ± 0.063 0.113 ± 0.002

a Same lowercase letters represent no significant difference (p > 0.05).
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3.3.2. Hygroscopicity analysis
The hygroscopicity values and their classification for both scale-up 

produced hydrolysates are summarized in Table 4. The FH exhibited a 
hygroscopicity of 1.5 %, classifying it as slightly hygroscopic. On the 
other hand, the PH showed a significantly higher hygroscopicity (p <
0.05) with the value of 3.1 %, thereby classified as moderately hygro
scopic. In fact, it has been reported that the presence of larger peptides 
can reduce the hygroscopicity of a hydrolysate [49], which is in accor
dance with the molecular weight results discussed in Section 3.3.3. 
Peptides with lower MW possess a higher specific surface area and a 
greater proportion of polar groups. The presence of –OH and –NH₃ at 
both ends of the molecule increases the number of water-binding sites 
[50]. Similarly, the presence of substantial amounts of water-soluble 
ions, such as Na⁺ and K⁺, implicates a hygroscopic nature [51].

3.3.3. Molecular weight profile
The fish and poultry by-products hydrolyzed with bromelain in the 

scale-up process were analyzed for their molecular size profiles (Fig. 3). 
FH and PH contained peptides smaller than 10 kDa. However, FH also 
included small amounts of peptides with MW above 10 and 50 kDa, 
indicating variation in peptide size between samples. This difference 
may stem from bromelain’s specificity as a cysteine protease, which 
targets glycyl, alanyl, and leucyl peptide bonds [15], potentially influ
encing the molecular size and bioactivity of the resulting hydrolysates. 
Low MW peptides are more biostable and can permeate the intestinal 
membrane more effectively compared to high MW peptides, facilitating 
cellular absorption and systemic distribution. This increased bioavail
ability enhances their potential for biological activities, including anti
oxidant and antihypertensive activity effects [2,52]. Consequently, low 
MW peptides are frequently linked with heightened bioactivity due to 
their efficient interactions with cellular and molecular targets [53].

3.4. Bioactivity of protein hydrolysates

3.4.1. Antioxidant activity
The antioxidant activity of the scale-up produced hydrolysates was 

evaluated using the ABTS and ORAC assays, and the results are pre
sented in Table 5. For both methods, FH presented significantly higher 
antioxidant activity (p < 0.05). The obtained values were 47.28 and 
249.02 µmol eq. Trolox/g for ABTS and ORAC, respectively, whereas for 
PH, the obtained values were 21.76 and 144.41 µmol eq. Trolox/g, 
respectively.

The MW of the peptides may affect their pathways to target sites, 
which can potentially enhance antioxidant activity within the body 
[52]. Peptides with low MW, especially those with proline at terminal 
residues or those rich in proline, have demonstrated antioxidant prop
erties and evident resistance to breakdown by intestinal enzymes during 
transepithelial transport [54]. As previously observed, FH and PH con
tained a high proportion of peptides with MW below 10 kDa, which 
contributes to the antioxidant potential. According to Korczek et al. [55], 
fish by-product hydrolysates can have high antioxidant activity, and 
they are ideal ingredients for functional diets due to their ease of 
isolation and widespread availability.

The antioxidant activity is not only attributable to peptide size, but it 
is also recognized that the influence of amino acid composition and 
sequence. As demonstrated in the literature, the type, position, and 
characteristics of specific amino acid residues, such as hydrophobicity, 

aromaticity, and the presence of functional groups like sulfhydryl or 
hydroxyl, can significantly affect radical scavenging capacity and metal 
ion chelation. For instance, residues such as Trp, Tyr, His, and Cys have 
been repeatedly associated with enhanced antioxidant effects [56]. 
Moreover, specific peptide sequences have been identified with strong 
antioxidant potential, including Asp-Cys-Gly-Tyr and 
Asn-Tyr-Asp-Glu-Tyr from tilapia protein hydrolysates [57], and 
Tyr-Phe-Tyr-Pro-Glu-Leu (YFYPEL) and Glu-Leu (EL) from other 
food-derived peptides [58]. These sequences often feature a combina
tion of hydrophobic and aromatic residues, which contribute to electron 
or proton donation, radical stabilization, and improved solubility in 
lipid environments, factors that enhance their antioxidant efficacy. 
Therefore, understanding peptide sequence characteristics is crucial to 
fully elucidate structure-activity relationships in antioxidant peptides.

These hydrolysates from fish and poultry by-products are considered 
safer to employ in the food industry to prevent lipid oxidation, unlike 
synthetic antioxidants that can pose risks [59]. Moreover, dietary anti
oxidants from natural sources may play a valuable role in enhancing 
human health by boosting the body’s antioxidant defenses. This is sig
nificant, as oxidative stress caused by reactive oxygen species (ROS) and 
free radicals has been closely associated with chronic diseases, including 
cancer, coronary heart disease, and Alzheimer’s disease [60].

3.4.2. Anti-hypertensive activity
The anti-hypertensive activity of scale-up produced hydrolysates was 

evaluated using the in vitro method that measures the ACE inhibitory 
effect. The FH showed better ACE inhibitory activity (IC50 of 1739 µg 
hydrolysate/mL corresponding to 693 µg protein/mL) than PH (IC50 of 
2772 µg hydrolysate/mL corresponding to 1585 of µg protein/mL). 
These findings align with previous research on hydrolysates produced 
using bromelain. Blue shark skin collagen hydrolysates and protein 
fractions from trevally (Pseudocaranx sp.) demonstrated IC50 values 
ranging from 1073 to 3340 μg protein/mL [19]. Chicken hydrolysates 
have also shown ACE inhibitory effects with IC50 values of 313 µg pro
tein/mL [61].

Reports indicated that ACE inhibitory activity that low MW peptides 
(<1 kDa) has generally been associated with stronger antihypertensive 
potential [62]. However, variations in bioactivity between similarly 
sized peptides suggest that specific residues and their arrangement play 

Table 4 
Hygroscopicity values (mean ± SD) and hygroscopicity category for both 
hydrolysates.

Hydrolysate Hygroscopicity ( %) Classification

FH 1.5 ± 0.1a Slightly hygroscopic
PH 3.1 ± 0.1b Moderately hygroscopic

a,bDifferent lowercase letters represent significant difference (p < 0.05).

Fig. 3. Molecular weight distribution of FH and PH.

Table 5 
Antioxidant activity values (mean ± SD) determined by the ABTS and ORAC 
assays for both hydrolysates.

Hydrolysate ABTS (µmol eq. Trolox/g) ORAC (µmol eq. Trolox/g)

FH 47.28 ± 5.12a 249.02 ± 4.71c

PH 21.76 ± 1.05b 144.41 ± 11.62d

a,b,c,dDifferent lowercase letters represent significant difference (p < 0.05).
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a critical role in activity. For instance, peptides such as 
Gly-Glu-Pro-Asp-Ala [63] and Val-Glu-Leu-Tyr-Pro [64], identified from 
fish protein hydrolysates, exhibit potent ACE inhibitory properties 
despite differences in chain length. The presence of hydrophobic, aro
matic, or positively charged residues at the C- or N-terminal ends has 
been particularly associated with enhanced binding affinity to the ACE 
active site [62]. These findings highlight the complexity of 
structure-activity relationships in bioactive peptides and suggest that 
further studies are needed to deepen the understanding of the mecha
nisms underlying their biological functions.

Hypertension can lead to a variety of health problems, such as heart 
and kidney disease, arteriosclerosis, and stroke. Among the most 
extensively researched treatments for hypertension are anti- 
hypertensive peptides, also known as ACE inhibitors, which are 
derived from protein hydrolysates. ACE plays a key role in blood pres
sure regulation by converting angiotensin I to angiotensin II, a process 
that increases blood pressure. Bioactive peptides, especially those with 
low MW, have been shown to inhibit ACE, effectively reducing blood 
pressure and helping to prevent hypertension [52].

3.4.3. Probiotic growth kinetics
The growth of L. casei 01 and L. rhamnosus LGG with the studied 

hydrolysates produced at scale-up is shown in Figs. 4 and 5. For FH 
(Fig. 4A and 4B), it is evident that for L. casei 01, a concentration of 1 % 
(w/v) hydrolysate is enough to effectively replace the standard protein 
level of 2.5 % (w/v) peptone and yeast extract (p > 0.05), providing a 
viable alternative with a lower hydrolysate amount. Regarding 
L. rhamnosus LGG (Figs. 4C and 4D), FH supports the growth of this lactic 
acid bacterium, as evidenced by the growth curves (Fig. 4C). However, 
FH at 2.5 % (w/v) was insufficient to fully replace the standard protein 
amount without affecting probiotic growth, leading to a reduction in 
µmax values (p < 0.05) (Fig. 4D). Vázquez et al. [65] also found that the 
growth with alternative media supplemented with fish protein 

hydrolysate was similar to or higher than the observed in commercial 
MRS. Concerning PH (Fig. 5A and 5B) and L. casei 01, 1 % (w/v) hy
drolysate proved to be enough to successfully replace the usual amount 
of protein, with similar growth curves and no significant differences 
between µmax values (p > 0.05). Lastly (Fig. 5C and 5D), for L. rhamnosus 
LGG, a higher protein concentration would be necessary to maintain 
optimal probiotic growth. Furthermore, hydrolysate concentrations of 
2.5 and 1 % (w/v) produced similar µmax values (p > 0.05). However, at 
0.5 % (w/v), PH compromised L. rhamnosus LGG growth, decreasing 
both final OD600 and µmax values (p < 0.05). Similar findings have been 
observed with poultry protein hydrolysates, indicating that they are a 
useful alternative to expensive supplements for Lactobacillus growth [11,
66]. It is important to note that in all cases, at least one of the tested 
hydrolysate concentrations allowed the probiotic strains to grow 
significantly better (µmax) when compared to MRS medium lacking 
protein.

These results demonstrated the feasibility of using bromelain- 
generated protein hydrolysates from fish and poultry by-products to 
support the growth of probiotic strains, underscoring their potential as 
sustainable and cost-effective alternatives to conventional nitrogen 
sources. Both FH and PH proved effective in replacing standard com
ponents in culture media, making them promising candidates for use in 
microbiological applications and in the development of functional fer
mented foods.

4. Conclusions and future perspectives

The efficient utilization of animal by-products through enzymatic 
hydrolysis presents a promising avenue to address economic and envi
ronmental challenges posed by industrial waste. By transforming low- 
value by-products into high-value protein hydrolysates with bioactive 
properties, this strategy aligns with global efforts to reduce food loss and 
waste, as emphasized in the United Nations’ Sustainable Development 

Fig. 4. (A,C) Growth analysis in FH of L. casei 01 and L. rhamnosus LGG during 24 h, respectively. (B,D) Maximum specific growth rates of L. casei 01 and 
L. rhamnosus LGG, respectively, in FH. a,b,c,d,e Different lowercase letters represent significant difference (p < 0.05).
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Goals. In this study, factorial designs were utilized to identify the 
optimal combination of experimental factors for producing the most 
efficient hydrolysate from fish and poultry by-products. The application 
of bromelain demonstrated significant potential in hydrolyzing fish and 
poultry by-products, yielding biopeptides with antioxidant, antihyper
tensive, and probiotic-promoting activities. It is worth mentioning that 
the ability of the obtained hydrolysates to support the growth of pro
biotic strains underscores their potential application as alternative ni
trogen sources in microbiological culture media, offering also an option 
for fermentation-based processes. These results support the research 
objective of developing functional and sustainable protein ingredients 
from underutilized animal by-products. Thus, bromelain demonstrated 
high efficiency in producing bioactive hydrolysates, showcasing its 
innovative potential for converting animal by-products into valuable 
ingredients. However, it should be noted that intrinsic batch-to-batch 
variability in the biochemical composition of animal by-products may 
affect the reproducibility of hydrolysis outcomes. This variability rep
resents a relevant consideration for industrial applications.

Additionally, although the study demonstrated significant bio
activities, future research should focus on the identification and char
acterization of amino acid profiling and specific peptide sequences to 
clarify the structure-function relationships and further validate the 
functional potential of the hydrolysates. Applications of these hydroly
sates in functional food formulations, including fermented products, 
should also be explored to assess their performance in real matrices.

This innovative method not only enhances the sustainability of 
protein production but also supports the development of eco-friendly 
and health-promoting ingredients, paving the way for a more sustain
able and nutritious food system.
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