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The object of the study is the production technology of cooked sau-
sage with improved functional properties. The study addressed the
problem of ensuring the required set of functional properties of sau-
sage products, which is associated with the lack of knowledge about the
patterns of influence of the developed hydrolysate from secondary meat
raw materials and the addition of a phytocomponent.

The experimental results showed that the addition of 10% hydrolysate
significantly increased the content of alkali-soluble proteins and amino
nitrogen, indicating improved protein digestibility and bioavailability.
The addition of 3% barberry enhanced antioxidant activity (FRAP meth-
od) and stabilized color parameters (a, b) due to the presence of antho-
cyanins and phenolic compounds. The combined use of hydrolysate and
barberry revealed a compensatory effect: hydrolysate improved digest-
ibility but reduced product hardness, while barberry partially mitigated
this effect by preserving elasticity and textural stability.

A distinctive feature of the study was the application of response
surface methodology and the desirability function, which made it pos-
sible to determine the optimal conditions: 10% hydrolysate and 3% bar-
berry. These levels ensured increased protein and amino nitrogen con-
tent, improved antioxidant activity, stabilized color, and acceptable
textural parameters. The obtained results are explained by the destruc-
tion of collagen bonds during hydrolysis and the antioxidant effect of
barberry polyphenols.

The practical significance of the study lies in the fact that the pro-
posed ingredient combinations can be used not only in the technology
of cooked sausages to enhance nutritional value, color stability, and
shelf life, but also in feed production, where animal protein hydroly-
sates can increase protein digestibility and amino acid bioavailability
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1. Introduction

Processing protein-containing by-products from the meat
industry and searching for natural additives with antioxidant
activity are important tasks in modern food biotechnology.
The relevance of this topic is determined by several factors.

First, the meat industry annually generates significant
volumes of waste (bones, connective tissue, feathers), the
disposal of which poses an environmental challenge. Enzy-
matic hydrolysis of such substrates allows for the production
of valuable protein hydrolysates with high nutritional and
biological value, as well as functional properties. This is
consistent with the principles of a circular economy and sus-
tainable food production.

Second, the growing demand for functional and “clean-la-
bel” products is stimulating the replacement of synthetic
stabilizers with natural components. Barberry (Berberis
vulgaris), rich in polyphenols and anthocyanins, has proven
effective as a natural antioxidant and color stabilizer for meat
products. However, its combined use with animal protein hy-
drolysates in meat systems has been insufficiently studied to
date [1]. From a practical perspective, the inclusion of protein
hydrolysates in meat product formulations improves protein
digestibility and enriches the product with amino acids,
while the addition of barberry increases antioxidant stability
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and extends shelf life. The combined use of these compo-
nents opens up opportunities for creating meat products
with increased nutritional value and improved processing
characteristics [2].

Therefore, research on the combined use of animal pro-
tein hydrolysates (from by-products such as skins and drum-
sticks) and barberry in the formulation of cooked sausages is
relevant.

2. Literature review and problem statement

In [3], it was shown that pre-treatment of chicken meat with
flavorzyme improves antioxidant profiles and the formation of
flavor compounds. However, the authors did not evaluate pro-
tein digestibility parameters (e.g., the content of alkali-soluble
fractions) or conduct tests in model meat products such as sau-
sage, limiting the practical applicability of the results.

In [4], the addition of plant hydrolysates and bromelain
to meat emulsions for dietary products was investigated. The
study confirmed improved texture and reduced loss during
heat treatment, but did not assess oxidative stability during
storage, which is critical for real meat products.

In [5], the potential for using barberry leaves as a source of
antioxidants in meat processing was substantiated. However,




the experiments conducted were in vitro, and the integration
of barberry into real meat systems was not studied. The posi-
tive effect of barberry powder on the shelf life of grain snacks
was also confirmed in [6], due to a reduction in free fatty acid
levels and inhibition of lipid peroxidation. However, the study
did not cover high-protein products, such as cooked sausage,
where the mechanisms of barberry interaction with protein
matrices may differ significantly. In a review of clean-label
strategies, [2] mentioned barberry as a potential substitute
for nitrites and ascorbates. However, the authors emphasized
the lack of systematic testing of barberry in complex meat
matrices, confirming the inadequacy of research in this area.

The study [7] systematized data on berry extracts (in-
cluding barberry) as natural antioxidants for meat products.
However, the emphasis was on plant-based additives, while
the effect of animal protein hydrolysates in combination with
plant-based antioxidants was not considered. Studies devoted
to the use of plant antioxidants confirm their effectiveness
in stabilizing the color and increasing the shelf-life of meat
products [2, 5, 6]. However, most of these studies are limited
to examining specific extracts and do not address the fun-
damental mechanisms of quality deterioration. Therefore,
it is important to consider the broader context of oxidation
processes. As emphasized in [8], lipid peroxidation remains
one of the key causes of declining quality and safety of meat
products. However, approaches based on the use of protein
hydrolysates and plant antioxidants (e.g., barberry) to sup-
press these processes are not considered, which emphasizes
the need for comprehensive research.

The study [9] confirmed the potential of using protein
hydrolysates as sources of bioactive peptides with antioxidant
and antimicrobial properties. Most of the studies reviewed
concerned plant or dairy proteins, while hydrolysates from
animal by-products have been virtually unstudied. Further-
more, their combined use with plant antioxidants in real
meat systems has not been studied. In [10], the authors iso-
lated a Bacillus sp. A5.3 strain with pronounced keratinase
activity, which could serve as a promising source of enzyme
preparations for the hydrolysis of animal proteins. However,
the study focused primarily on the characterization of the
enzyme and its activity, while the practical application of the
resulting hydrolysates in meat systems and their impact on
the functional properties of the products were not considered.

A critical analysis of all the sources cited above reveals
that issues related to the use of animal protein hydrolysates
and their combination with plant antioxidants in meat prod-
ucts remain unresolved. Most studies are devoted either to
studying the characteristics of enzymes and the properties of
hydrolysates in vitro or to assessing the impact of plant anti-
oxidants, such as barberry, on individual product quality in-
dicators. However, studies on the comprehensive assessment
of protein digestibility, antioxidant activity, and organoleptic
stability in model meat systems are virtually nonexistent.

3. The aim and objectives of the study

The aim of the study is to develop optimal combinations
of protein hydrolysates and phytocomponents for the formu-
lation of cooked sausages with desired functional properties.
This will improve the quality of finished meat products and
reduce the time, financial, and raw material resources of
enterprises when developing cooked sausage recipes with
improved functional properties.

To achieve this aim, the following objectives were de-
fined:

- to characterize enzymatic hydrolysates obtained from
meat industry by-products (skins, tendons, horns, bones) in
terms of solubility and biological activity;

- to determine the effect of adding protein hydrolysates
on protein digestibility (the content of alkali-soluble frac-
tions) in cooked sausages;

- to study the effect of adding barberry on the antioxidant
activity and color stability of the product during storage;

- to analyze the combined effect of hydrolysates and
barberry on the nutritional and technological value of
sausages;

- to identify optimal concentrations of hydrolysates and
barberry, ensuring the production of a product with high
nutritional value and functional stability.

4. Materials and methods

4. 1. Object of research

The object of the study is the production technology
of cooked sausages with improved functional properties.
The primary hypothesis is that the addition of protein
hydrolysate increases protein digestibility (based on the
content of alkali-soluble fractions), while the addition of
barberry enhances antioxidant activity and color stabil-
ity. The combined use of these components may have a
synergistic effect and contribute to the production of a
functional meat product with increased nutritional and
technological value.

It was hypothesized that enzymatic hydrolysis of by-prod-
ucts yields water-soluble protein fractions suitable for quan-
titative analysis.

The antioxidant properties of barberry were believed to
contribute to the slowing of lipid oxidation and color stabili-
zation in meat products.

It was assumed that the selected concentrations (10%
hydrolysate, 3% barberry) correspond to technologically ac-
ceptable levels for cooked sausages.

For digestibility analysis, alkali-soluble proteins were
used as an integral indicator of digestibility, without the
use of in vivo methods. The storage performance of sausage
products was assessed under standard laboratory conditions;
not all possible transportation and storage scenarios were
simulated.

Simplified two-factor relationships (temperature X time,
hydrolysate X barberry) were used for mathematical model-
ing of the influence of factors.

4. 2. Experimental methods

4. 2.1. Hydrolysate production

Preparation of raw materials.

Substrates (e.g., fetlocks) were pre-ground into fragments
weighing 50-90 g and 15-25 mm wide. Degreasing was per-
formed using a wet method at a temperature of 65-67°C. The
raw materials were then further ground, which accelerated
the enzymatic breakdown of proteins.

Selection of enzyme preparation.

Two types of enzymes were tested:

- Bacillus sp. A5.3 - with pronounced keratinase activity;

- Bacillus licheniformis T7 (BLT7 enzyme) — with pro-
nounced collagenase activity.

Optimization of enzyme concentration.



Based on literature data and experimental tests, enzyme
preparation concentrations were selected: 1% and 5% solu-
tions. A total of 18 samples were prepared and hydrolyzed
at 40°C for 24 hours, with visual monitoring of protein disso-
lution dynamics every 6 hours.

4. 2. 2. Preparation of experimental samples

Cooked sausages were prepared according to the basic
recipe, varying the levels of hydrolysate (0 and 10%) and
barberry (0 and 3%). A total of four variants were created:
K1 (0% + 0%), K2 (10% + 0%), K3 (0% + 3%), and K4 (10% + 3%).

4.2.3. Determination of amine nitrogen

Amine nitrogen content was determined using the So-
rensen formol titration method. Free amino groups and
peptides of the hydrolysate react with formaldehyde in an
alkaline medium, resulting in the formation of methylene
derivatives. Amino groups release hydrogen ions, which are
titrated with an alkali solution in the presence of phenol-
phthalein.

4. 2. 4. Determination of alkali-soluble proteins

The amount of alkali-soluble protein fractions was
determined using standard titrimetric analysis methods.

Antioxidant activity was determined using the FRAP
(Ferric Reducing Antioxidant Power) method.

4.2.5. Color measurements

Sample color was assessed visually and colorimetri-
cally using the CIE Lab* system. The color of the sausage
samples was determined using a Konica Minolta CR-400
portable colorimeter (Japan). Measurements were made
using the CIE L*a*b* system, where L* characterizes
lightness, a* is the red-green color coordinate, and b*
is the yellow-blue color coordinate. For each sample, at
least three replicate measurements were taken at differ-
ent points on the slice, after which the average value was
calculated.

4. 2. 6. Statistical analysis

Experimental results were analyzed using analysis of
variance (ANOVA) with Pareto diagrams. Response surface
modeling and desirability profiles were performed using Sta-
tistica 12.0 software (TibsCo, USA).

5. Results of determining optimal combinations of
the developed hydrolysate and phytocomponent in a
cooked sausage recipe

5.1. Rationale for the selection of enzymatic hydro-
lysates

Laboratory studies revealed that the enzyme obtained
from the Bacillus licheniformis T7 strain exhibits the highest
efficiency in breaking down collagen-containing substrates
(bones, connective tissue). Its specific activity was 169 U/ml,
and the optimal parameters were within the temperature
range of 30-65°C and pH 6.0-9.0 (Table 1).

The enzyme has a broad spectrum of activity and is a ser-
ine protease capable of breaking down collagen, casein, and
B-keratin. According to the patent, it is active at temperatures
up to 70°C, making it particularly suitable for heat-resistant
processing of bio-raw materials.

Hydrolysis performance was assessed based on the con-
tent of amine nitrogen. The maximum value of 2.10 mg/g
was achieved at a temperature of 40°C and a reaction time
of 3hours. As a result, the optimal hydrolysis parameters
were established: hydrolysis temperature of 40°C, pH of 8.0,
reaction time of 3 hours, and enzyme concentration of 5%
BLT7 enzyme solution.

After enzymatic treatment, the product was heated
to 95 +£2°C to inactivate the enzymes and then spray-dried
(Spray Dryer NSP-1500). The resulting hydrolysate had favor-
able organoleptic properties and a uniform structure suitable for
long-term storage.

Table 1
Comparison of Bacillus sp. A5.3 and Bacillus licheniformis
T7 enzymes
Characteristics Bacillus sp. A5.3 Bacillus licheniformis T7
Main activity Keratinase Collagenase
. o o
Optimum 60°C (ker..), 70°C 40-65°C
temperature (casein)
pH optimum 8.5-10.5 6.0-9.0
Specific activity | 109.3 U/mL (ker.) 169 U/mL (collagenase)
Preferred Hydrolysis of 3-keratin | Hydrolysis of connective
application (feathers) tissue

To quantitatively assess the influence of hydrolysis pa-
rameters on the yield of amine nitrogen, a response surface
model was constructed reflecting the dependence of the con-
centration of amine nitrogen (mg/g) on the temperature and
time of hydrolysis (Fig. 1).

The regression equation shown in Fig. 1 uses the follow-
ing notations: x is the hydrolysis temperature (°C), and y is
the hydrolysis time (h).

Model analysis (R? = 0.91; Adj. R? = 0.83) demonstrates
a high correlation between the variables and the amine
nitrogen yield. The response surface clearly shows that the
maximum amine nitrogen concentration (> 2.2 mg/g) is
achieved in the temperature range of 40-50°C and a hy-
drolysis time of 3-4 hours, which is fully consistent with
experimental data.

These results formed the basis for selecting the fol-
lowing optimal process parameters. A proteolytic enzyme
preparation from Bacillus licheniformis T7 was selected.
A hydrolysis temperature of 40°C was optimal, with a hy-
drolysis duration of 3 hours at a pH of 8.0 and an enzyme
concentration of 5%. The enzyme was inactivated by heat-
ing to 95 + 2°C for 30 minutes, and a spray dryer (Spray
Dryer NSP-1500) was used for drying. Thus, a regime was
established that ensures the production of a stable protein
hydrolysate with high organoleptic and technological
properties, suitable for further use in feed and industrial
applications. The resulting soluble hydrolysate can be used
in both liquid and dry form in the following applications:
feed production (protein enrichment), food industry (func-
tional and dietary products), cosmetics and pharmaceu-
ticals (hydrolyzed collagen, amino acid complexes), and
agriculture (growth biostimulants). Based on the results
in this section, it can be concluded that the developed
technology not only ensures a high degree of protein hy-
drolysis but also produces a product with excellent water
solubility, expanding its potential for application in vari-
ous industries.



3D Surface: Hydrolysis temperature, °C vs. Time, h vs. Amine nitrogen, mg/g
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Fig. 1. Response surface plot of amine nitrogen concentration (mg/g) versus hydrolysis temperature and time

5.2. Effect of hydrolysate on digest-
ibility

To assess the effect of protein hydroly-
sate on protein digestibility, the content of
alkali-soluble fractions in cooked sausage

samples was analyzed. The results are pre-
sented in Table 2.

(1A (hydrolysate, %)(L)

Table 2
Alkali-soluble protein content in cooked

Pareto Chart of Standardized Effects; Variable: Alkali-soluble proteins, %

2 factors, 1 Blocks, 5 Runs; MS Residual=.000405
DV: Alkali-soluble proteins, %

36.1

sausage samples, % (M= SD)
(2)B (barberry, %)(L) -9.20222
Content of alkali-soluble
Sample -
proteins, %

K1 (0% hydrolysate; 15.01 + 0.02

0% barberry) B (barberry, %)(Q) -1.73916
K2 (10% hydrolysate;

0% barberry) 16.02 + 0.07
K3 (0% hydrolysate;

3% barberry) 15.99 + 0.08 05
K4 (10% hydrolysate; Standardized Effect Estimate (Absolute Value)

15.88 £ 0.08
3% barberry)

The Pareto diagram (Fig. 2) shows that
the addition of hydrolysate (factor A) has
the most pronounced positive effect on the content of alka-
li-soluble proteins (+36.1, p < 0.05). Meanwhile, the addition
of barberry (factor B) has a moderate negative effect (-9.22),

likely related to the interaction of phenolic compounds with
protein structures.

Fig. 2. Effect of hydrolysate and barberry on alkali-soluble protein content

(Pareto diagram)

Thus, it was found that the addition of 10% protein
hydrolysate significantly increased the level of alkali-sol-
uble proteins compared to the control samples, indicating

improved digestibility and bioavailability of the protein in
cooked sausage.



5. 3. Effect of barberry on antioxidant activity and
color

The antioxidant activity of cooked sausage samples was
assessed using the FRAP method. The obtained values are
presented in Table 3.

Table 3

Antioxidant activity (FRAP) of cooked sausage samples,
nmol quercetin eq/g (M= SD)

Sample FRAP, nmol quercetin eq/g
K1 (0% hydrolysate; 0% barberry) 28.52 +0.22
K2 (10% hydrolysate; 0% barberry) 41.13 £ 0.41
K3 (0% hydrolysate; 1% barberry) 328.81 + 491

K4 (10% hydrolysate; 3% barberry) 1081.33 + 12.11

As can be seen from Table 3, the highest antioxidant activ-
ity was recorded in samples containing barberry (K3 and K4).

The influence of these factors is confirmed by the results
of the analysis of variance (ANOVA), presented in the Pareto
diagram (Fig. 3). Barberry (factor B) exerted the main posi-
tive effect (+45.1, p < 0.05), while the effect of the hydroly-
sate (factor A) was significantly weaker.

Color characteristics of the samples are presented in Table 4.

The addition of barberry was accompanied by a signifi-
cant increase in a* values (red color intensity), indicating the
stabilizing effect of barberry anthocyanins on product color.

Pareto Chart of Standardized Effects; Variable: antioxidant activity, OAEfrap,

nmol eq. quercetin/g sample
2 factors, 1 Blocks, 5 Runs; MS Residual=299.6928

DV: antioxidant activity, OAEfrap, nmol eq. quercetin/g sample

Thus, barberry at a dosage of 3% significantly increases
antioxidant activity and helps maintain the rich red color of
cooked sausage, confirming its functional role as a natural
antioxidant and color stabilizer.

5. 4. Effect of the combined action of hydrolysate
and barberry on the functional properties of cooked
sausage

The combined addition of protein hydrolysate and barber-
ry affects not only the nutritional value (protein digestibility,
antioxidant activity) but also the technological properties of
cooked sausage. This is shown in Table 5.

Table 5

Textural characteristics of cooked sausage
samples (M = SD)

Sample Hardness, g/mm?| Elasticity, %
K1 (0% hydrolysate; 0% barberry) 3.59 + 0.08 90.03 £ 0.11
K2 (10% hydrolysate; 0% barberry)|  3.93 +0.91 96.43+ 0.06
K3 (0% hydrolysate; 3% barberry) 3.93 £ 0.50 93.66 + 0.16
K4 (10% hydrolysate; 3% barberry)|  2.38 + 0.97 89.16 + 0.78

Analysis showed that adding barberry-free hydroly-
sate (K2) increased elasticity (to 96.43%), but was accom-
panied by an increase in hardness variability, indicating
the formation of a less uniform structure. Adding barberry
without hydrolysate (K3) also increased elas-
ticity (93.66%), while maintaining hardness
at the control level.

In variant K4 (10% hydrolysate + 3% barber-
ry), a sharp decrease in hardness (2.38 g/mm?)

(2)B (barberry, %)(L)

B (barberry, %)(Q) 2.665837

(DA (hydrolysate, %)(L) .3614983

was observed, accompanied by a simultaneous
drop in elasticity (89.16%). This result can be
explained by the fact that the combined action
of the hydrolysate and barberry phenolic com-
pounds leads to the destruction of protein-pro-
tein and protein-phenolic complexes, weaken-
ing the texture matrix.

The presented data correspond to the sta-
tistical process control (SPC) results calculat-
ed in Statistica 12.0 for observations (I-MR
charts):

The mean value (X = 3.4860) with an esti-
mated standard deviation (¢ = 0.4187) charac-
terizes the central tendency and overall disper-

45.1

p=-05

Standardized Effect Estimate (Absolute Value)

Fig. 3. Pareto diagram showing the effect of hydrolysate and barberry on

antioxidant activity (FRAP)

Table 4
Color parameters of cooked sausage (CIE Lab, M=+ SD)*

sion of the parameter under study.

The moving range (MR = 0.4725) with a
standard deviation (¢ = 0.3570) reflects the
differences between successive measurements
and allows for the assessment of short-term
variability.

Thus, X indicators allow one to evaluate the stabil-
ity of the average process level, while MR charts assess

the consistency of variations between successive ob-

. a* (red-green | b* (yellow-blue | Color
Sample L* (lightness) coordinate) | coordinate) |fastness,%| Servations. Taken together, these values confirm that
. th b idered statistically stable and
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X and Moving R Chart; variable: Hardness, g/mm”?2

4742
4323
3.486
2.649
2230
1.8
.
1.0 — ’
0.6
0.473
02 +- i
777777777777777777777 10
0.2
1 2 4 5

Fig. 4. X and Moving R control charts for cooked sausage hardness parameters:
a — X-chart (mean values); b — moving range chart (intersample variability)

X and Moving R Chart; variable: Elasticity, %
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Fig. 5. X and Moving R control charts for elasticity parameters of cooked sausage:
a — X-chart (mean values); b — moving range chart (intersample variability)

As can be seen in Fig. 4, 5, variant K4 (10% hydroly-
sate + 3% barberry) exhibits a combination of effects: the
product becomes less rigid while maintaining high elastici-
ty (up to 96%).

Thus, at maximum barberry addition levels, the elasticity
and stabilization of the protein matrix increases (K4: 10%
hydrolysate and 3% barberry), but excessive weakening of the
structure is also observed, indicating the need to select the
optimal component ratio.

5.5. Rationale for selecting optimal hydrolysate
and barberry concentrations

Response surface modeling (RSM) and generalized de-
sirability analysis were used to select the optimal ratio of

protein hydrolysate to barberry. The hydrolysate (0 and 10%)
and barberry (0 and 3%) levels were considered as factors,
while protein content and antioxidant activity (FRAP), as
well as process parameters (firmness and elasticity), were
used as responses.

Response surface analysis showed that increasing
the hydrolysate content promotes an increase in protein
content (Fig. 6), while barberry has a slight negative ef-
fect. The obtained results are consistent with the model
equation

Protein, % = 16.3 + 0.1162 - x - 0.078 - , )

where x - hydrolysate, y - barberry.



3D Surface: A (hydrolysate, %) vs. B (barberry, %) vs. Protein,%
Protein,% = 16.3+0.1162%x-0.078*y
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Fig. 6. Response surface for protein content depending on factors

The elasticity index (Fig. 7) revealed a positive effect of
hydrolysate (0.6026), but a significant negative effect of bar-
berry (-2.624)

Elasticity, % = 90.03 + 0.6026 - x — 2.624 - y. @)
This indicates that excess barberry reduces the elasticity
of the product.
Based on the analysis results, a response surface was con-
structed for the elasticity of finished products as a function of
the hydrolysate and barberry addition rates (Fig. 7).

For hardness (Fig. 8), hydrolysate has
a slight positive effect, while barberry sig-
nificantly reduces it.

Hardness, g/mm? =
=3.59 + 0.0617 - x — 0.498 - y. ©)
The dependence of product hardness
on the dosage of hydrolysate and barberry
is shown in the response surface (Fig. 8).
The desirability profiles (Fig. 9) showed
that the highest desirability values were
achieved with a combination of 10% hydro-
lysate and 3% barberry. These conditions
ensured: increased protein content (nu-
tritional aspect), high antioxidant activity
and color stability (functional aspect), and
the maintenance of acceptable elasticity
and hardness values (technological aspect).

i > }72 The most informative responses for
- < . . . .
. < 1;‘ optimization were protein content, antiox-

idant activity (FRAP), color stability, and
textural characteristics (firmness and elas-
ticity) (Fig. 9). Analysis of the desirability
profiles showed that hydrolysate makes
the primary contribution to increased pro-
tein and elasticity, while barberry provides increased antiox-
idant activity and color stability. Although barberry slightly
reduces elasticity and firmness, these parameters remain
within acceptable limits. Calculations using the desirability
function showed that the theoretically optimal levels are
approximately 8% hydrolysate and 1.2% barberry. However,
practical experiments confirmed that the higher factor levels
(10% and 3%) provide comparable integral criterion values
and are more convenient for technological application. Thus,
in this study, 10% hydrolysate and 3% barberry were consid-
ered optimal.
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3D Surface: A (hydrolysate, %) vs. B (barberry, %) vs. Elasticity, %
Elasticity, % = 90.03+0.6026*x-2.624*y
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3D Surface: A (hydrolysate, %) vs. B (barberry, %) vs. Hardness, g/mm”2
Hardness, g/mm”2 = 3.59+0.0617%x-0.498*y
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Fig. 8. Response surface for hardness
Profiles for Predicted Values and Desirability
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Fig. 9. Desirability profiles for the “hydrolysate” and “barberry” factors

Thus, the optimal ratio is 10% protein hydrolysate and 3%  value, improved antioxidant stability, and sufficient structur-
barberry, resulting in a product with increased nutritional al strength.



6. Discussion of the effect of the obtained hydrolysate
on the quality of finished products

The increase in amine nitrogen content with increasing
hydrolysis temperature and time (Table 1, Fig. 2) is explained
by the activation of proteolytic processes and the breakdown
of rigid protein structures, including collagen. Similar patterns
were noted in studies [11], which demonstrated that enzymatic
hydrolysis of meat industry by-products promotes the accu-
mulation of easily digestible protein fractions. In contrast to
studies [10], which focused on keratin-containing raw mate-
rials, this study demonstrated that the application of enzymes
to collagen-containing meat industry waste also significantly
increases the bioavailability of nitrogen compounds.

The use of enzymatic technologies is interdisciplinary.
For example, the use of sorghum for non-alcoholic beer wort
was accompanied by significant changes in the carbohydrate
composition under the influence of enzymes [12]. Similarly, in
meat systems, enzymatic hydrolysis contributes to the modifi-
cation of the protein composition and increases its digestibility,
as confirmed by the results (Table 2, Fig. 3). The results (Ta-
ble 2, Fig. 3) showed that the addition of 10% hydrolysate in-
creased the proportion of alkali-soluble proteins by more than
30% compared to the control. This indicates improved protein
digestibility and bioavailability. In contrast to study [4], where
plant hydrolysates reduced digestibility due to anti-nutritional
factors, the animal hydrolysate provides a positive effect due to
the high content of hydroxyproline and other peptides involved
in the formation of stable protein complexes. This result fills
the gap noted by [9], which emphasized the lack of data on the
use of animal hydrolysates in meat systems.

The addition of 3% barberry contributed to an increase
in FRAP and stabilization of color indices (a, b) (Table 3,
Fig. 5). This effect is due to the high content of phenolic
compounds, which can suppress lipid peroxidation. Similar
data were obtained in study [13], where the use of plant
extracts in meat products increased the antioxidant status
and extended shelf life. The results extend these findings,
demonstrating the effectiveness of barberry specifically in
sausage systems. Unlike [6], which examined plant-based
ingredients, this study demonstrates the effectiveness of
animal-based hydrolysates, filling an existing gap. The use
of barberry as a source of bioactive pigments and antioxi-
dants [14, 15] is consistent with data on color stabilization
and increased FRAP. While alternative approaches [16] in-
clude cold plasma and phenolic acids, the proposed solution
is based on a natural combination of animal hydrolysate
and barberry, which provides not only antioxidant protec-
tion but also improved protein digestibility.

Textural testing showed that the addition of hydro-
lysate increased elasticity but decreased firmness (Ta-
ble 5, Fig. 4, 5). Barberry, on the other hand, slightly reduced
both parameters. In variant K4 (10% hydrolysate + 3% bar-
berry), excessive weakening of the structure was noted, in-
dicating partial compensation of the effects, but not synergy.
Similar softening effects at high doses of hydrolysates were
also recorded in studies [17]. In contrast to the study [17],
which was limited to the analysis of plant hydrolysates, the
role of a combination of animal hydrolysate and barberry
phenolic compounds was demonstrated. Data on the increase
in antioxidant activity and color stabilization with the ad-
dition of barberry are consistent with modern reviews [18],
which show that barberry anthocyanins have high biological
activity and are promising for use in food systems.

Construction of response surfaces and desirability pro-
files (Fig.8,9) showed that hydrolysate makes the main
contribution to the increase in protein and amino nitrogen,
while barberry contributes to the antioxidant activity and
color. The theoretical optimum was calculated as ~8% hydro-
lysate and ~1.2% barberry, but practical levels (10% and 3%)
also provided a high value of the integral desirability index.
This confirms that, under real conditions, 10% hydrolysate and
3% barberry are technologically feasible, since they are easily
implemented in industrial practice. The desirability function
method is actively used for multi-criteria optimization in related
areas of food technology. For example, [19] applied it to optimize
the hydrolysis of food waste and the production of a substrate for
bioenergy. However, this approach has hardly been used in meat
technologies to date. The results demonstrate its effectiveness in
selecting the optimal combination of hydrolysate and barber-
ry (10% and 3%), allowing for the first time to justify the use of
the desirability function in meat processing.

These results on optimizing the hydrolysate level in
the cooked sausage recipe are consistent with the findings
of [20], where the addition of protein hydrolysates also
demonstrated an improvement in the functional properties
of the product and substantiated the need to select optimal
production conditions. Unlike their study, which focused
on overall process optimization, this work emphasizes the
combined use of hydrolysate and barberry, expanding our
understanding of possible ways to improve the nutritional
and functional value of meat products.

A limitation of the study is that only two levels of factors
were examined (0 and 10% hydrolysate; 0 and 3% barberry).
Furthermore, digestibility was assessed indirectly (based on the
content of alkali-soluble proteins), without in vivo confirmation.
The lack of sensory evaluation of taste and aroma should also be
considered a drawback. Research prospects include expanding
the range of factors, conducting in vivo digestibility tests, and
studying the effect of a combination of hydrolysate and barberry
on other types of meat products (pates, sausages).

7. Conclusion

1. Hydrolysis of collagen-containing raw materials re-
sulted in a significant increase in amino nitrogen (by 100%
compared to the control). This confirms the effectiveness of
the enzymatic method for producing easily digestible protein
fractions. Unlike existing studies focused on plant-based
sources of hydrolysates, these studies demonstrate that meat
industry by-products can also serve as promising raw materi-
als, filling a gap identified in the literature.

2. Adding 10% hydrolysate to a cooked sausage recipe in-
creased the content of alkali-soluble proteins by more than 30%
compared to the control, indicating improved protein digestibil-
ity. This effect is explained by the breakdown of stable protein
complexes and the formation of highly bioavailable peptides.
Unlike plant-based hydrolysates, which are often accompanied
by anti-nutritional factors, the animal hydrolysate demonstrated
a positive effect, confirming its potential for use in meat systems.

3.The addition of 3% barberry significantly increased
FRAP (by 0.01%) and stabilized color (the “a*” remained
within 12-15 units), indicating high antioxidant activity and
the effectiveness of barberry phenolic compounds in the meat
matrix. Unlike synthetic antioxidants, barberry provides a
“clean-label” solution, increasing color stability and shelf life
without compromising the product’s nutritional value.



4. When hydrolysate (10%) and barberry (3%) were add-
ed together, a compensatory effect was observed: increased
digestibility and antioxidant activity were accompanied by
a decrease in product firmness and elasticity. This indicates
partial compensation of the effects, rather than synergy. Un-
like existing data examining the ingredients separately, this
is the first to demonstrate that their combination requires
optimization to preserve both nutritional value and techno-
logical characteristics.

5. Using the response surface method and the desir-
ability function, the optimal additive concentrations were
determined: 10% hydrolysate and 3% barberry. These levels

ship or otherwise, that could affect the study and its results
presented in this paper.
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