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ARTICLE INFO ABSTRACT

Keywords: Although the best-known use of the different species of earthworm is the production of organic
Earthworm fertilizer, they can also be considered a rich source of biologically and pharmacologically-active
Protein . compounds, for use in the treatment of various diseases. In recent decades, with the development
Z};Siz;liydsalit of biochemical technologies, research on the pharmaceutical effects of compounds extracted from
Scale-up different species of earthworms has begun. Enzymatic hydrolysis is the most common and widely

used technique for producing bioactive hydrolysates, because it uses moderate operating condi-
tions, with a certain specificity for the substrate. In the present study, the objective was to
optimize and scale up the enzymatic hydrolysis of Eisenia foetida protein to obtain peptides with
biological activity. The substrate characterization was carried out according to AOAC, a response
surface design was performed for the optimization of the enzymatic hydrolysis and then the
scaling was performed by means of dimensional analysis. The results show that the major
component of the paste is protein, 65% of which is albumin, and the absence of pathogenic
microorganisms was also found. Regarding optimization, it was found that the optimal hydrolysis
conditions are achieved with pH = 8.5; temperature = 45 °C; amount of substrate = 125 g and
volume of enzyme = 1245pL. For the scaling, 4 dimensionless pi-numbers were calculated which
describe the process with no statistically significant differences between the model and the
prototype; it can be concluded that the enzymatic hydrolysate of Eisenia foetida presents high
values of antioxidant activity evaluated by different methodologies.

1. Introduction

On the one hand, agro-industrial development represents the increase in food availability and improvement in the quality of life of
the population. However, on the other hand, it entails the production of a high volume of waste, which can have a significant envi-
ronmental impact [1]. The use of this waste represents a challenge, since it is not only about mitigating the environmental impact
generated by its dumping, but also about revaluing it under conditions that have real possibilities of reaching the productive sector. In
this sense, vermiculture emerges as a viable alternative, since it is a biological process that converts plant residues into agricultural
inputs of interest, as is the case of humus, both solid and liquid [2]. Thanks to an ability to process agroindustrial waste and obtain
nutrient-rich materials, this activity has shown considerable growth in recent years, mainly because worms are easy to care for,
prolific, and have accelerated growth [3]. In addition, they are a source of high-quality protein, which can be used in both human and
animal feed [4].
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Although the best known use of the different species of earthworm is the production of organic fertilizer [5], they can also be
considered a rich source of biologically and pharmacologically-active compounds, for use in the treatment of various diseases [6]. They
have been used for therapeutic purposes since ancient times, especially by the Chinese and Hindu cultures [7]. The use of different
varieties of earthworm have long been documented, and about five hundred years ago, Shizhen Li compiled the famous book
“Compendium of Material”, in which the earthworm was recorded as a prescription drug for antipyretic and diuretic purposes in dry
powder form, which continues to be implemented today [8]. In recent decades, with the development of biochemical technologies,
research on the pharmaceutical effects of compounds extracted from different species of earthworms [9] has begun. These have been
shown to be nutritionally dense and have antipyretic, antispasmodic, detoxifying, diuretic, antihypertensive, antiallergic, anti-
asthmatic, antioxidant, antimicrobial, anticancer, anti-inflammatory, and anti-ulcer properties [7].

Protein hydrolysis involves the breaking of a peptide bond by the action of water and enzymatic or chemical catalysis [10]. Due to
the hydrolysis process, the molecular properties of proteins change, producing fragments of lower molecular weight, increased charge
and the release of hydrophobic groups, among others [11]. These changes lead to improving the nutritional value and functional
properties of proteins (texture or flavor), either by reducing allergenic compounds or by obtaining bioactive peptides. Enzymatic
hydrolysis is the most common and widely used technique for producing bioactive hydrolysates [12], because it uses moderate
operating conditions, with a certain specificity for the substrate [13]. One of the most widely used enzymes is Alcalase®, which has
multiple advantages for obtaining antioxidant and antihypertensive peptides with metal chelating properties, mainly because it is an
endo-protease [14]. In previous works, different enzymes have been evaluated on the Californian red worm, reporting that under the
conditions of these works, Alcalase 2.4 L® was found to be the enzyme with the highest catalytic efficiency for the hydrolysis of
Californian red worm proteins, reaching a degree of hydrolysis of 13%, two and four times higher than that achieved with Flavourzyme
and Neutrasa, respectively [15].

Moreover, the enzymatic hydrolysis of different species of earthworm such as Eisenia Andrei [16], Lumbricus rubellus [17] and
Eudrilus eugeniae [12] has been investigated to obtain peptides with biological properties, such as antioxidant capacity and antimi-
crobial activity, among others [6,18]. However, there are few reports in the literature on the enzymatic hydrolysates of Californian red
worm (Eisenia foetida) and their possible biological properties [19]. Therefore, the purpose of this study was the optimization and scale
up of the enzymatic hydrolysis of Californian red worm protein (Eisenia foetida), to obtain peptides with biological activity.

2. Material and methods
2.1. Chemical and reagents

The reagents 2,2'-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), 6-hydroxy-2,5,7,8-tetramethylchromo-2-carboxylic
acid (Trolox), 3-(2-pyridyl), 2, 2'-Azobis (2-methylpropionamidine) dihydrochloride (AAPH) and Fluorescein-12-UTP were ob-
tained from Sigma-Aldrich (Oakville, Ontario, Canada) and 2,4,6-Tri-2-pyridyl-s-triazine (TPTZ) was supplied by Merck (Darmstadt,
Germany). Alcalase® 2.4 L (commercial protease obtained from fermentation of Bacillus licheniformis, non-specific serine endo-
peptidase) was supplied by Novozymes (Bagsvard, Denmark). All reagents implemented in this study were analytical grade.

2.2. Obtaining worm paste

Initially, the worms are manually separated from the substrate on which they feed, they are washed with drinking water to remove
substrate residues, they are purged for 4 h with a 4% sodium bicarbonate solution by immersion in a plastic container, then a washing
with drinking water is performed to remove bicarbonate residue the residues from the purge of the red California earthworm. Af-
terwards, they are sacrificed by immersing them in a 7% saline solution for a period of 30 min in a plastic container. Finally, the paste is
washed with potable water and frozen at —20 °C for hydrolysis processes.

2.3. Bromatological and microbiological characterization

The proximal characterization of the worm paste was carried out in accordance with the provisions of the Association of Official
Analytical Chemists (AOAC) [20]. Moisture content was determined according to standard 930.15, drying the sample at 105 °C for 8 h;
the protein according to the Kjeldahl method, 954.010; total ash content according to standard 942.05. Furthermore, the content of
ethereal extract (lipid contents) was carried out according to standard 920.39 following the soxhlet methodology. The quantification of
protein types (albumins, globulins, glutelins and prolamins) was performed using the method of Osborne (1907) [21].

The microbiological characterization was carried out with the parameters established by the Colombian Technical Standard NTC
3688, which describes the analysis of aerobic mesophiles, total and fecal coliforms, Salmonella Spp., and molds and yeasts for these
types of products.

2.4. Engymatic hydrolysis

The enzymatic hydrolysis process is carried out in a 0.5 L glass reactor which is fully loaded with the working solution. For pH and
temperature control, a combined glass electrode was implemented, connected to a TitroLine 6000 automatic titrator (SI Analytics
GmbH, Germany). The reaction was monitored over time for 4000 s by means of the degree of hydrolysis (GH), which is defined as the
ratio between the number of peptide bonds hydrolyzed at a given time (h) and the number of total peptide bonds in the reaction. Native
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protein per unit weight (ht: 8.1 mequiv/g) which is calculated by adding the total moles of amino acids contained in substrate [22].
The method used for the determination of GH was the proton titration or pH-static method. This is based on the fact that as hydrolysis
progresses in an alkaline medium, the terminal carboxyl group dissociates completely and the released protons are distributed ac-
cording to the protonation balance of the released a-amino groups, with which a decrease in pH can occur [23]. The number of moles of
base needed to keep it constant is equivalent to the moles of broken peptide bonds. In this case, a basic solution (1 N NaOH) was added.
To calculate the GH, equation 1was implemented [22].
B x Np
GH (%) =3~ * 100 €})
B corresponds to the volume of sodium hydroxide consumed in L; Mp is the mass of protein loaded in the reactor in kg; Np the
normality of sodium hydroxide, and o the degree of dissociation of the amino groups released in the hydrolysis. The value of a is
calculated as a function of the temperature and the pK of the reaction, according to equations (2) and (3), respectively.

H—Pk
e T @
(1 + 100H-7%)
B (298 —T)
PK =78+ 50— % 2400 3)

2.5. Optimization of enzymatic hydrolysis

For the optimization of the enzymatic hydrolysis, an experimental central composite design of response surface was used, with five
points at the center. Four factors were considered, pH (7-9), temperature (40-60 °C), earthworm paste mass (100-200 g) and alcalase
enzyme (500-1500 pL) corresponding to 1.5-4.5 UA-U of enzyme activity, taking as response variables, GH, and TEAC and FRAP
antioxidant activity. The stirring speed was kept constant in all experiments at a value of 240 rpm. The design delivered 21 randomized
experimental runs, as shown in Table 1. The effects of the factors and the value of the coefficients estimated in the model were
determined from the Analysis of Variance (ANOVA), for which the P-value was considered, with a confidence level of 95%. Based on
the ANOVA, the mathematical models that describe the responses based on the factors were obtained. These models were subjected to
an optimization process to maximize the response values. The Design-Expert® 8.0.5 software (Stat-Ease, USA) was used for the
generation, optimization, and analysis of the design data.

2.6. Antioxidant activity of the hydrolysate

2.6.1. TEAC (trolox equivalent antioxidant capacity) measurement

This was performed following the method described by Re et al. (1999), in which 20 L of the sample or Trolox standard are mixed
with 180 pL of the ABTS* solution and incubated at 30 °C for 30 min. After this, the absorbance measurements are taken at 730 nm, in a
Varioskam Lux multiplier reader equipment (Thermo Fisher Scientific, USA). As standard for the calibration curve, trolox was used in
concentrations between 0 and 500 pM. Results are expressed as micromoles of Trolox equivalents per gram of hydrolyzed protein
(pmolET/g).

Table 1
Experimental design of enzymatic hydrolysis.

Run A: pH B: Temperature C: Substrate D: Enzyme GH % FRAP (u eqmol trolox/g) TEAC (u eqmol trolox/g)
1 8.5 55 125 750 13.09 68.04 1210.34
2 8 50 100 1000 8.54 75.2979 1235.98
3 8 50 150 1000 9.93 65.2541 1075.04
4 8 50 150 500 9.13 66.7932 1054.54
5 8.5 55 175 750 11.33 80.2514 1028.92
6 8 50 150 1500 9.24 63.2855 1075.21
7 8.5 45 175 1250 19.52 63.423 1128.61
8 8 50 150 1000 9.69 64.0075 1105.99
9 8 50 150 1000 9 61.0337 1033.45
10 7 50 150 1000 5.88 67.0889 821.11
11 8 50 200 1000 8.95 51.3473 823.666
12 7.5 55 125 1250 6.92 68.115 1027.46
13 7.5 45 175 750 8.5 55.2378 829.591
14 8 60 150 1000 6.59 64.2792 842.231
15 8.5 45 125 1250 14.76 81.5723 1479.96
16 8 50 150 1000 9.46 62.5723 1040.05
17 9 50 150 1000 19.58 75.9116 1367.97
18 8 50 150 1000 9.22 62.8308 1007.68
19 7.5 55 175 1250 6.58 55.6187 685.087
20 7.5 45 125 750 9.37 72.9962 1106.63
21 8 40 150 1000 11.39 65.1236 1104.99
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2.6.2. FRAP (ferric ion Reducing Antioxidant Power) measurement

This was carried out with the methodology described by Benzie & Straint, (1996), where 175 pL of the FRAP reagent (with TPTZ,
FeCl and sodium acetate buffer) are mixed with 25 pL of the sample or Trolox standard and incubated at 37 °C for 30 min. After this
time, the absorbance at 595 nm is read in a Varioskam Lux multiplier reader equipment (Thermo Fisher Scientific, USA). Trolox was
used as a standard for the calibration curve in concentrations between 0 and 500 pM. Results are expressed as micromoles of Trolox
equivalents per gram of hydrolyzed protein (pmolET/g).

2.6.3. ORAC (oxygen radical absorbance capacity) measurement

The ORAC assay was performed according to the method of Ou et al. (2001). All working solutions of AAPH (2,2'-Azobis-(2-
amidinopropane), 2HCI, 2,2'-Azobis-(2-methylpropionamidine)), fluorescein, and worm hydrolyzate were diluted in 75 mM phos-
phate buffer (pH 7.4) and the final reaction mixture was 200 mL. Hydrolyzate (50 pL) and fluorescein (50 pL; 78 nmol/L final con-
centration) solutions were placed in the 96-well black microplate. The mixture was pre-incubated for 15 min at 37 °C before adding
AAPH (25 pL; 40 mmol/L final concentration). Fluorescence was recorded every minute for 120 min. Fluorescence measurements were
performed at 37 °C. Excitation and emission filters were at 485 and 520 nm, respectively using a Varioskam Lux multiplier reader
(Thermo Fisher Scientific, USA).

2.7. Engymatic hydrolysis scale-up

Normally, the scale-up process is based on the so-called “chemical, biological and geometric similarity principle”, in which the
differences in properties between the two systems maintain a constant ratio, and the reaction is carried out under the same conditions
[24]. In some cases, only dynamic similarity is used, but in others it is necessary to use dimensional analysis [25,26]. The theory on
which this model is based states that “two processes can be considered completely similar if they have spatial geometrical similarity
and if each of the dimensionless numbers required to describe them have the same numerical value (n_i = idem)." This is because the Pi
space is invariant and independent of the scale on which one is working. “Each of the points determined by a Pi relation will correspond
to an infinite number of possible ways of being realized".

The scale-up process was carried out going from a 0.5 L reactor (laboratory model) to a 7.5 L reactor (bench scale prototype),
presenting a scale-up ratio of 1:15, as shown in Fig. 1 [27]. Enzymatic hydrolysis in the scale up was performed for both scales under
the optimal conditions defined in the experimental design. It starts from a small-scale geometric model with some characteristics
similar to the prototype and from the understanding of the physical properties of the fluid and the system, as well as the dimensions of
the work systems [28]. The dimensional analysis establishes that a physical phenomenon can be formulated in a dimensionally ho-
mogeneous way following the subsequent three steps.

1. Make a list of the most important variables, including the physical variables of influence on the model system, which must be
independent of each other and which must be considered account with respect to the quantity to be produced.

2. Verify the dimensional homogeneity of the physical content converting it to a dimensionless structure.

3. Calculate a set of dimensionless Pi numbers, using a transformation matrix, being this known as "Pi’s theorem”, which indicates that
to adequately describe a technological system at least 2 dimensionless numbers are required [25].

24 cm

J

-

16cm

< k> lsem
= -
7.5¢cm

24 cm

Fig. 1. Dimensions of model reactor (left) and prototype reactor (right).
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3. Results and discussion
3.1. Physicochemical and microbiological characterization

Table 2 shows the proximal composition of the Californian red worm paste. The paste has a high protein content compared to its
other macro components, this being mainly albumins, globulins and glutelins with 65.25%, 20.12% and 11.87%, respectively. This
protein value is within the normal range, according to what is reported in the literature, where it is mentioned that the earthworm has
protein values higher than 60% [16,29,30]. Additionally, the high content of minerals present is highlighted in the worm paste, with
5.82% in the nutritional composition.

On the other hand, Table 3 shows the microbiological characterization of the Californian red worm paste obtained for this study,
which highlights the absence of pathogenic microorganisms such as fecal coliforms, Salmonella Spp. and Clostridium sulfite reducing
spore, as well as the low concentration of aerobic mesophilic batteries, molds and yeasts and total coliforms, which are within the
parameters established by current regulations. This indicates that the worm paste has the appropriate characteristics to be imple-
mented in processes aimed at human consumption.

3.2. Effect of factors on the enzymatic hydrolysis of Californian red worm (Eisenia foetida) proteins

Table 1 shows the results of each of the response variables for each of the experimental runs defined in the experimental design.
Likewise, Table 4 presents the results of the analysis of variance of the experimental design for each of the response variables. For the
three response variables, the high values of the coefficient of determination (R?) indicate that the adjusted model assertively predicts
the result for the degree of hydrolysis and the antioxidant activities TEAC and FRAP. Similarly, for the three response variables, there is
no lack of fit, which means that the relationship between the experimental factors and the response variables was adequately described
[16,31].

Table 1 shows that GH varied between 5.88 and 19.58%, depending on the conditions implemented. The factors that presented
statistically significant effects (P < 0.05) on GH are pH and temperature. Equation (4) presents the mathematical model that describes
this effect of these two variables on GH. It shows that, as the pH increases and the temperature decreases in the working range, there is
an increase in the degree of hydrolysis of the Californian red worm protein.

The degree of hydrolysis is significantly affected by temperature and pH, as these modify the spatial structure of the enzyme,
generating a change in the exposure of its active sites, which leads to the breaking of the peptide bonds of the native protein [32]. The
increase in temperature increases the kinetic energy of the molecules, generating a greater probability of the enzyme-substrate union.
However, due to the protein nature, the enzymes are mainly affected in their tertiary structure at certain temperatures, producing a
denaturation, and decreasing the probability of protein binding and peptide production [33]. This produces a loss of catalytic capacity
when the process is carried out above said temperature [34,35]. Concerning the pH, it modifies the distribution of charges and the
conformation of proteins, generating an effect on the substrate but also on the enzyme [36]. The pH can additionally modify the
dissociation of the active enzymatic sites, which changes the dynamics of association and generation of the enzyme-substrate complex
[37,38].

Similar trends were reported by Rodrigues et al. en 2017, in the optimization of the enzymatic hydrolysis conditions of earthworm
(Eiseina andrei), indicating that the increase in pH, the agitation speed and the enzyme/substrate ratio and the decrease in temperature
and of the hydrolysis time provides the most favorable conditions for the enzymatic hydrolysis of the earthworm (Eiseina andrei) [16].

1

CH- 0.42 — 0.06 * A 4+ 0.003 « B ()]

Despite the importance of GH, given its relationship with the progress of the reaction, the most relevant response variables in this
case are those that define the biological activity of the hydrolysates. Since all the work is oriented to find the process conditions that
allow obtaining the highest production of compounds with antioxidant activity. The trolox equivalent antioxidant capacity (TEAC) is
influenced in a statistically significant way by the amount of substrate, as well as temperature and pH. According to equation (5), the
increase in pH, the reduction in temperature and substrate concentration, have a positive effect on antioxidant activity. This effect is

Table 2
Bromatological composition of red Californian earthworm
paste.
Component Californian red worm
Moisture (%) 84.87 + 0.06
Protein (%)" 67.06 + 0.08
Lipids (%) 1.42 +0.38
Ask (%) 5.82 +£0.39
Albumins (%) 65.25 + 0.28
Globulins (%) 20.12 £ 0.12
Prolamins (%) 2.85 + 0.07
Glutelin (%) 11.87 + 0.09
? Dry base.
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Table 3

Microbiological analysis of Californian red earthworm slurry.
Analysis Value Requirements”
Aerobic mesophiles (ufc/ml) 5 x 10% 10 x 10°
Total coliforms (ufc/ml) 3.5 x 10 10 x 10*
Fecal coliforms Absence Absence
Salmonella spp Absence Absence
Clostridium sulfite spore Absence 20 x 10!
Molds and yeasts (ufc/ml) 8.2 x 10! 10 x 10*

@ Directiva técnica DIP 30- 100 — 001; Instituto Colombiano de Agricultura (ICA).

Table 4

analysis of variance (ANOVA).
Source p-value

GH (%) TEAC (¢ eqmol trolox/g) FRAP (p egmol trolox/g)

Model <0.0001 <0.0001 <0.0001
A-pH <0.0001 <0.0001 0.0172
B-Temperature <0.0001 <0.0001 0.7513
C-Substrate - <0.0001 <0.0001
D-Enzyme - - 0.1244
AC - - 0.0026
BC - - 0.0001
BD - - 0.0222
CD - - 0.0021
A? - - 0.0004
Lack of Fit 0.0641 0.2683 0.1946
R? 0.9333 0.9544 0.9371

directly related to the mechanisms of hydrolysis. Differences have been observed in peptide release kinetics when the initial amount of
protein in the reaction medium is modified, generating a change in the selectivity of the enzyme [39]. According to this, if the affinity
of the enzyme for the native protein is changed by the change in the substrate concentration [40], the degree of hydrolysis, the size and
the final composition of the peptides of the generated hydrolysates will change [39], which leads to obtaining peptides with variable
antioxidant activities. In this sense, the transfer of electrons for the inhibition of free radicals is more active when there are peptides
and molecules of lower molecular weight, allowing them to act as electron donors [41]. These factors were reported by Suarez et al.,
2021 as the main variables with effects on the optimization of enzymatic hydrolysis of cassava leaf with antioxidant activity, using
similar ranges of pH and temperature. Finally, the Ferric ion Reducing Antioxidant Power (FRAP) is the response variable that presents
the greatest number of factors and interactions that have a statistically significant influence, as seen in equation (6). The independent
factors, amount of substrate and pH of hydrolysis, are the variables that present the predominant effects for the FRAP antioxidant
capacity, while the temperature and amount of enzyme factors do not present significant effects. However, these cannot be eliminated
from the mathematical model, and their interactions do have effects.

ABTS =199.23 4+ 286.59 * A — 13.98 * B — 4.94 x C 5)

FRAP =966.94 — 165.88 % A —3.01 % B—3.43 % C+0.18 + D+0.24 % (A % C) +3.56E — 02 * (B  C) — 2.37E — 03 % (B % D) — 0.0005
% (C % D) + 8.36 % A2
(6)

Fig. 2 (A-C) presents the response surface graphs for the degree of hydrolysis and the antioxidant activities TEAC and FRAP with
respect to the factors that have the greatest influence for each of the response variables.

3.3. Optimization of the hydrolysis conditions to maximize the activities of the hydrolysates

Equations (4)-(6) were subjected to a multi-objective optimization process that provided the values of pH, temperature, substrate
and enzyme concentration, which maximized the values of GH, ABTS and FRAP. Taking the desirability as a parameter as well, for
which it was obtained that, with its maximum value of 98%, it is reached with a pH = 8.5; temperature = 45 °C; amount of substrate =
125 g and volume of enzyme = 1245 pL, maintaining constant stirring at 240 rpm for the established period of 4000 s in the 0.5 L
reactor. Table 5 shows the verification of the predicted values by means of the experimentally optimized model, where the excellent
correlation between the predicted values and those measured experimentally is highlighted.

This validates the model for the response variables and confirms the existence of an optimal condition in the enzymatic hydrolysis
of Californian red worm protein. The trolox equivalent antioxidant activity (TEAC) presents a higher value compared to studies re-
ported by Sierra-Lopera & Zapata-Montoya, 2021 y Suarez et al., 2021 in the optimization of enzymatic hydrolysis of red tilapia scales
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Fig. 2. Response surface experimental design A. Degree of hydrolysis. B. TEAC. C. FRAP.
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Table 5
Experimental verification of optimum conditions.
Sample GH Protein TEAC FRAP
% % 1 egmol trolox/g prot u egmol trolox/g prot
Predicted 16.53 3.38 1929.40 80.73
Experimental 16.55 3.27 2088.82 183.12

(Oreochromis sp.) and cassava leaf (Manihot esculenta Crantz) presenting values of 1362.9 and 209.8 pmol trolox/g protein, respec-
tively, indicating that the Californian red worm hydrolysate is an excellent source of peptides with antioxidant activity through the
donation of cations [42,43].

3.4. Scale up of the enzymatic hydrolysis process of Californian red worm proteins (Eisenia foetida)

Assuming the dynamic similarity as a scale-up criterion, a dimensional analysis was applied, in which the diameter of the reactor
(Dr) and the diameter of the stirrer (Ds) were taken as influential variables in the process, from the geometric point of view. Density (p),
kinematic viscosity (v), concentration of the substrate (So) was taken as physical properties of the fluid and the speed of the stirrer (Ni)
and the reaction time (t), as dynamic parameters. In this sense, the relevance list was established as: So, Ds, Dr, p, j1, Ni and t. Moreover,
the dimensions involved in the influence variables are M, L and t which are shown in equation (7), allow to calculate the range of the
dimensional matrix.

Matrix range = Parameters — dimensions =7 —3 =4 @)

Based on the previous result, the need for a total of four (4) dimensionless Pi numbers is defined. From the transformation of the
relevance list into a dimensional matrix with the physical quantities, the matrix solution led to a reduced matrix (Fig. 3), which
resulted in the four dimensionless Pi numbers (equations (8)-(11)). These numbers, properly combined, result in the Pi number
observed in equation (12), where it is identified that the dimensionless number that governs the enzymatic hydrolysis scale-up process
is the Reynolds number [44,45].

So t Dag Dr p p Ni

M 1 0 0 0 1 1 0

L 0 0 1 1 -3 -1 0

t 0 1 0 0 0o -1 -1

D,
= Df ; 8
* D, 3

ﬂzzps%; ©)
w3 =N, * t; (10)
AR *S’ s an

The Reynolds number (Re) is related to the dynamic conditions of the reaction vessel. Therefore, the dimensioning was carried out
maintaining its dynamic similarity, thus keeping the Re number constant between the laboratory system and the prototype. As
established by the dimensional analysis procedure in the scale-up process, the parametric relationships of six dimensions were taken
into account [26,27].

Dag Dr p K
0o 0 1 1
1 1 -3 -1
o 0 0 -1-1

Ni |
0
0

_O O

Fig. 3. Matrix of reduced dimensions.
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3
Nix t P *Dgg” 2
T *s, P N %Dy
Dyx t *p % Dag

So D,

= Reynolds (12)

Consequently, the relationship shown by Pi number will be valid for the two study systems, with an increase in scale at the so-called
operating point. This procedure was used since the prototype system was known. Of course, the concept of similarity does not
guarantee that a process will be the same in the model and in the scale version in all aspects, since this method only reproduces the
same process in the conditions analyzed, and those that were described by a certain Pi relationship. Both reaction systems were ho-
mogeneous and maintained a dynamic similarity, which is a requirement for scaling up any bioprocess (Fig. 1). The scale up based on
the dynamic similarity of the system using the Reynolds number assumes that the inertial forces with respect to the viscous stresses
remain constant in both scales. In this study, the constant Reynolds number criterion has been used, which, due to its theoretical and
empirical nature, determines a similarity in the hydrodynamic flow pattern. This implies that the process must maintain the same
degree of homogeneity in both systems [27,46]. With the increase of the scale, the stirring speed required to maintain the Reynolds
constant decreases significantly, with the aim of achieving similar hydrodynamic behavior in both processes [24]. The condition to
achieve hydrodynamic similarity is established in equation (13), where “m” corresponds to the model and “p” corresponds to the
prototype; Ni is the stirring speed (rpm), and Ds is the diameter of the stirrer (m). In this case, the density and viscosity of the medium
are constant in both systems and the only variation is in the diameter of the stirrers. In this sense, the speed of the (Ni)p prototype
stirrer varies as a function of the size of the reaction system, as shown in equation (13).

: 2 (N 2 : _(N,»*D,,gz)m
(N, * Dyq ) m= (N, * Dy )p - (N,)Pfi(Dagz)p

The stirrer diameter of the 7.5 L reactor was 0.075 m and the respective diameter of the stirring bar in the 0.5 L reaction system was
0.05 m, presenting a scale-up relationship similar to those reported in the literature for protein hydrolysis processes [47]. The con-
ditions established for enzymatic hydrolysis in the 7.5 L reactor are shown in Table 6, keeping the temperature and pH factors constant
and adjusting the concentration of substrate and enzyme according to the total volume of reactor. The speed of the stirrer in the
prototype was calculated with equation (13), presenting a reduction compared to the model of approximately 50%. Fig. 4 shows the
kinetic behavior of the enzymatic hydrolysis under the optimal conditions of the experimental design, both in the 0.5 L and in the 7.5 L
reactor. It was found that there were no statistically significant differences between the properties of the hydrolysates at the final stage
of the process (4000 s) (Table 7).

This validates and confirms that the scale-up process of the enzymatic hydrolysis of Californian red worm protein was carried out
properly, and that the dimensionless Pi numbers found, and the constant Reynolds number is a valid criterion for the scale up of this
type of process. Which is relevant, considering geometric differences between model and protype, since the model uses a magnetic
stirring bar in a reactor without baffles, while prototype use a reactor with two baffles and two Rushton turbines. Similar results were
reported by Gomez Grimaldos & Zapata, in 2021, in the increase of the enzymatic hydrolysis of bovine plasma protein to produce an
antioxidant from a biological source, scaling from a 1 L to a 5 L reactor. Additionally, Pozdnyakov et al. in 2022, reported that there
were no statistically significant differences in the results obtained in the kinetics of enzymatic hydrolysis of soy protein isolate between
the laboratory scale and a semi-industrial scale.
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4. Conclusions

The current study demonstrated the optimization of enzymatic hydrolysis of Californian redworm pasta proteins by implementing
an endo-protease enzyme. The enzymatic hydrolysis of Californian red worm protein is significantly affected by the temperature and
pH of the reaction medium, the optimal conditions being 45 °C and 8.5, respectively, achieving degrees of hydrolysis of 16%. On the
other hand, the biological activities are additionally affected by the amount of substrate loaded in the reactor, reaching optimal values
of 2088.82 and 183.12 p eqmol trolox/g protein for TEAC and FRAP, respectively. The scale up of the reaction system from a 0.5 L
reactor to a 7.5 L reactor using the dynamic similarity criterion based on the Reynolds number, allows to reproduce the optimal
conditions obtained in the model system, which is essential to achieve its validation at pilot or industrial level. The Californian red
worm enzymatic hydrolysate presents high values of antioxidant activity evaluated by different methodologies in comparison with
protein hydrolysates from other animal sources, which is an important value for its implementation in functional foods or
nutraceuticals.

Table 6

Factors dimensioned for 7.5 L reactor.
Factor Units Value
pH 8.50
Temperature °C 45
substrate g 1501.05
Enzyme mL 14.93
Agitation RPM 122.45




Y.S. Gaviria G and J.E. Zapata M Heliyon 9 (2023) e16165

2
S12
pt
o
810
=1
2
2 8
E
5 6
——GHO,5L GH7,5L

4

2

0

0 500 1000 1500 2500 3000 3500 4000

2000
Time (s)

Fig. 4. Degree of hydrolysis in the model and the prototype.

Table 7
Verification of enzymatic hydrolysis scale-up.
SAMPLE GH Protein TEAC FRAP ORAC
% % p eqmol trolox/g prot 1 eqmol trolox/g prot p eqmol trolox/g prot
Reactor 0,5 L 16.552 3.27¢ 2088.82" 183.12% 858.72°
Reactor 7,5 L 16.202 3.15% 2055.08" 170.09" 823.79°

@ Different letters indicate statistically significant differences using the t-student test.
b Different letters indicate statistically significant differences using the t-student test.
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