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Abstract: Thraustochytrids biomass, rich in docosahexaenoic acid (DHA), could be a sustainable
ingredient for the aquafeed industry. However, its production cost renders it less competitive
than fishmeal and fish oil from wild-caught fish. This study proposes optimizing the hydrolysis
conditions of thraustochytrid biomass to generate an ingredient with improved properties thanks to
the production of peptides with different biological activities. The improved nutritional value of the
biomass could justify its use to decrease the amount of wild-caught fish in aquafeed, which would
enhance the sustainability of fish aquaculture. First, two commercial proteases, Papain and Alcalase
2.4L, were compared for their capacity to hydrolyze the biomass. The best degree of hydrolysis
(19 ± 1%) was obtained with Alcalase 2.4L, which was then used for the optimization of the pH,
enzyme concentration and reaction time using response surface methodology. The results showed
that the highest concentration of peptides and DHA in the aqueous phase was obtained with a pH,
enzyme concentration and reaction time of 7.5, 2.7% and 205 min, respectively. If thraustochytrid
hydrolysates prove to improve fish fitness, this mild and free-solvent process protocol could be used
to produce a sustainable ingredient for aquafeed.

Keywords: thraustochytrids; peptides; enzymatic hydrolysis; DHA; Alcalase

1. Introduction

n−3 long-chain polyunsaturated fatty acids (n−3 LC PUFAs) such as docosahex-
aenoic acid (C22:6n−3, DHA) are an important component of aquafeed formulations for
aquaculture due to the important role they play in the regulation and protection of the
cardiovascular and nervous systems in humans [1], the final consumers of fish. To date,
the main sources of DHA for the aquafeed industry have come from wild pelagic fish re-
sources [2]. However, the production of aquaculture is expected to double by 2050, having
a negative impact on wild fish stocks [2]. Therefore, new sustainable alternatives to these
limited resources are needed to cope with the growing demand from the aquafeed industry.

Thraustochytrids are heterotrophic protists present in marine food webs [3] which have
received considerable attention for their capacity to produce DHA [4,5]. These oleaginous
microorganisms are one of the potential alternatives to fish oil. However, one of the main
obstacles to the use of thraustochytrid biomass in animal nutrition is its production cost,
which is primarily attributed to the cost of the substrate used for cultivation [6]. To make the
production of this biomass more profitable, several strategies are presented in the literature,
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including the use of low-cost substrates such as industrial by-products [7]. Another strategy
is to increase the nutritional quality of the biomass. While the processes used for this may
make the biomass more expensive than fishmeal or fish oil, the improved nutritional
quality will justify its use in aquaculture and decrease the amount of wild-caught fish in
aquafeed, making the aquaculture industry more sustainable. In this study, we explored
the valorization of the protein fraction of thraustochytrids, which is rarely exploited in
scientific studies or industrial processes.

The nutritional value of thraustochytrid proteins could be increased through enzymatic
hydrolysis, a mild and solvent-free process. In this process, proteolytic enzymes bind to
proteins and break the peptide bonds, resulting in the formation of peptides of different
sizes. Protein hydrolysates have already been proven to improve the fishmeal of sea bass
(Dicentrarchus labrax) larvae, allowing for better growth rates and survival and reducing
malformations [8,9]. Moreover, enzymatic hydrolysis ameliorated the digestibility of
Nannochloropsis oceanica in the diets of sea bass juveniles [10]. This process may not only
improve the digestibility of the biomass but may also result in the production of bioactive
peptides. These short amino acid (AA) chains, usually composed of 2–20 AAs (or in the
range of 200 to 2000 Daltons), can have different nutritional (and health) benefits, including
anti-thrombotic, mineral binding, antioxidant, antihypertensive, anti-microbial, anti-cancer
and/or immuno-modulatory properties, among others [11–13].

Although enzymatic hydrolysis is a complex bioprocess, by selecting the best hydrol-
ysis conditions and the degree of hydrolysis (DH), it is possible to control the molecular
weight of the produced peptides and thus design the properties of the final product [14,15].
Controlling the DH is important, as it determines the extent to which the native protein is
broken down into peptides. If the DH is too low, the quantity of the desired peptides will
be low. However, a too high DH or a complete hydrolysis of the biomass can lead to the
destruction of the peptides and their activity, as well as a production of free AAs, which
are absorbed more slowly than peptides [16]. Thus, the process may become inefficient or
economically irrelevant.

Several factors can affect the DH, such as the type of protease, enzyme-to-substrate
ratio (E/S), pH, temperature, time of reaction, agitation or the presence of endogenous
enzymes [17]. The choice of the protease is one of the key steps in the proteolysis process.
Some studies have already practiced enzymatic hydrolysis on thraustochytrid biomass,
and many of them have used Alcalase [18,19]. This protease is a serine endopeptidase
produced by the fermentation of a selected strain of Bacillus licheniformis, and it has been
widely used for the production of bioactive peptides from different substrates [17]. It has
a broad working pH and temperature range; however, it has an optimal activity at a pH
between 7 and 9 and at a temperature between 30 and 65 ◦C. Other studies also used
Papain, a cysteine endopeptidase derived from papaya (Carica papaya). This enzyme has
been extensively used for the production of antioxidant peptides from different substrates,
such as fish residues or microalgae [20,21]. Compared to Alcalase, Papain has a lower
optimum pH but a similar temperature range.

The objective of this study was to optimize the enzymatic hydrolysis conditions of
thraustochytrid biomass in order to obtain a hydrolysate with a high content of peptides
between 200 and 2000 Da and DHA in the same aqueous phase (AP) and a DH between
10% and 20%.

2. Materials and Methods
2.1. Chemicals

The chemicals and reagents used in this study were of analytical grade. Potassium
phosphate monobasic, potassium phosphate dibasic, (±)-6-Hydroxy-2,5,7,8-tetramethylchr-
omane-2-carboxylic acid (Trolox), fluorescein sodium salt, 2,2′-azobis 2-amidinopropane
dihydrochloride (AAPH) and acetonitrile were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Trifluoroacetic acid was purchased from Fischer Scientific (Waltham, MA, USA).
For SEC-HPLC analysis, ten molecular standards were used for the column calibration
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(Sigma-Aldrich, St. Louis, MO, USA): Glycine (75 Da; G7126), L-threonine (119 Da; T8625),
L-asparagine (132 Da; A0884), Leupeptin (463 Da; L9783), Substance P F1–7 (900 Da; S6272),
Luteinizing Hormone-Releasing Hormone (LH-RH) (1182 Da; L7134), Substance P acetate
(1347 Da; S6883), Neurotensin (1672 Da; N6383), Insulin (3495 Da; I6383) and Cytochrome
C (12,327 Da; C2037).

2.2. Biological Material

The substrate used in this study was the commercial thraustochytrid biomass sold
under the name of DHA Gold by the company DSM (Heerlen, the Netherlands). DHA
Gold is the dried biomass of the whole cells of Schyzochytrium sp. (ATCC PTA 9695)
used in animal nutrition products and complemented with natural antioxidants (lecithin,
rosemary extract, mono- and diglycerides and citric acid). This biomass containing a
high DHA percentage can be easily purchased in large quantities and stored at 4 ◦C
until use. The protocol performed with this biomass could be easily applied to any other
thraustochytrid biomass.

2.3. Comparison of the Effect of Two Proteases for the Digestion of Thraustochytrid Biomass

Two commercial enzymes, Papain and Alcalase 2.4L, were first compared for their
capacity to hydrolyze the thraustochytrid biomass. As mentioned in the introduction, these
two enzymes have been used for thraustochytrid biomass hydrolysis, but it is not clear
which one is the best for peptide production. The DH (measured using the pH-Stat method)
and the molecular weight of the peptides released with both proteases and the control
condition (SEC-HPLC) were compared in order to decide which enzyme would be used
for hydrolysis optimization. Papain (EC 3.4.22.2, Sigma-Aldrich, St. Louis, MO, USA)
has optimal activity at 65 ◦C and in a pH range of 6–7. The batch used had a proteolytic
activity of 17.7 U · mg−1 and a concentration of 19.9 mg · mL−1. Alcalase 2.4L (EC 3.4.21.62,
Sigma-Aldrich, St. Louis, MO, USA) has an optimal pH and temperature of 7–9 and
30–65 ◦C, respectively, and a density of 1.25 g · mL−1, and its declared proteolytic activity
is 2.4 U · g−1.

For these experiments, the working pH was set at 6.8. This pH condition is not in
the optimal pH range for Alcalase 2.4L; however, since the thraustochytrid biomass used
in this study has a pH of 4, this allowed us to compare Alcalase 2.4L acidic hydrolysis
with that of Papain (which has a more acidic optimal pH range than Alcalase 2.4L). The
enzymes were used at a concentration of 0.8 U · L−1. All the experiments were performed
in a 500 mL double-walled glass reactor (Pyrex) with a biomass concentration of 100 g · L−1

in distilled water. The temperature was set at 50 ◦C, and the biomass was stirred with a
3-bladed propeller (Janke & Kunkel, IKA-Labortechnik, Staufen im Breisgau, Germany).
The hydrolysis was conducted for 2 h. Control conditions without enzymes was performed
with the same hydrolysis conditions. The experiments were conducted in triplicate for
each protease tested and the control conditions. At the end of the hydrolysis, the enzymes
were inactivated in a water bath at 80 ◦C for 20 min. The hydrolysate was cooled to room
temperature and freeze-dried for 96 h (freeze-drier Christ Alpha 1–4 LD plus, Bioblock
Scientific, Illkirch, France) before storage at −20 ◦C until further analysis.

2.4. Optimization of Enzymatic Hydrolysis Conditions of Thraustochytrid Biomass by RSM

Based on the comparison of the two enzymes, the study was pursued using Alcalase
2.4L. Hydrolysis were conducted in a 500 mL double-walled reactor with a biomass con-
centration of 100 g · L−1 in distilled water at 50 ◦C and terminated through the inactivation
of the enzyme, as described above (80 ◦C, 20 min). The different experimental conditions
were analyzed using RSM and CCD. This type of design comprises a two-level factorial
design with central points that are repeated three times to improve the predictive capability
of the model. Axial points were added to the experimental design to permit the estimation
of the curvature of the response surface. The factors evaluated to optimize the hydrolysis
were E/S (from 0.6% to 3%), where the substrate is the content of protein in the biomass,
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the pH of the reaction (between 7 and 8) and the reaction time (60 min to 180 min). The
ranges proposed for each variable were determined based on preliminary experiments. A
plan of 17 experiments was designed (Table 1), and the results were analyzed in order to
optimize 3 criteria. The first one was to maximize the peptide area (mAU · min) in the
range of 2000–200 Da in the AP. This variable will be referred to as PEP concentration. In
this study, it was assumed that the peptide area measured in mAU · min is an indicator
of peptide concentration, and therefore a higher area means a higher concentration. This
concept is valid in the case of injection at the same volume (which is the case in this study).
The second criterion was to maximize the DHA percentage in the total lipids of the AP
(TL-DHA) with the objective of obtaining a product rich in both bioactive peptides and
DHA, giving an added value to the hydrolysate. Finally, the third criterion was to obtain
a DH (pH-Stat) between 10% and 20%. These values were chosen based on preliminary
tests, which showed that these DH values allowed an optimal production of peptides at
the desired molecular weight range without creating too many free AAs.

Table 1. Experimental matrix of thraustochytrid biomass hydrolysis by Alcalase 2.4L with real and
centered reduced values.

Experiment

pH Time (min) E/S (%)

Real
Value

Centered
Reduced
Values

Real
Value

Centered
Reduced
Values

Real
Value

Centered
Reduced
Values

1 7.0 −1 60 −1 0.6 −1
2 7.5 0 120 0 0.1 −1.68
3 7.0 −1 60 −1 3.0 1
4 7.5 0 205 1.68 1.8 0
5 7.5 0 120 0 3.5 1.68
6 7.0 −1 180 1 3.0 1
7 7.5 0 35 −1.68 1.8 0
8 8.0 1 180 1 0.6 −1
9 8.0 1 180 1 3.0 1

10 7.0 −1 180 1 0.6 −1
11 7.5 0 120 0 1.8 0
12 7.5 0 120 0 1.8 0
13 6.8 −1.68 120 0 1.8 0
14 7.5 0 120 0 1.8 0
15 8.2 1.68 120 0 1.8 0
16 8.0 1 60 −1 0.6 −1
17 8.0 1 60 −1 3.0 1

The Statgraphics software (Statgraphics 18, FRANCESTAT, Neuilly-sur-Seine, France)
was used to create the CCD and determine the optimum conditions to maximize the
response variables. The ANOVA test, the F test and the determination coefficient R2 were
used to analyze the adequacy of the model and the statistical significance. For each criterion,
the model proposes a second-order polynomial equation to calculate the predicted values
considering the quadratic effects of each factor, the interactions between different factors
and the linear relationships between them.

2.5. Model Validation

The model was validated by performing hydrolysis with a combination of factors that
were convenient in view of industrial, economic and sustainability criteria. The hydrolysis
for validation was conducted in triplicate, and the observed values were compared to the
values predicted by the model equations. A control without enzymes was also performed
in triplicate. After enzyme inactivation, as described above, the biomass was separated in
aliquots to analyze the different components of the hydrolysate. One aliquot was freeze-
dried without any other manipulation (whole hydrolysate, WH). A second aliquot was
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centrifugated at 15,000× g during 30 min (Centrifuge 5810R, Eppendorf, Germany) to
obtain a sample composed of the AP and an emulsion (AP + E), a sample composed of
the AP alone and a sample of the non-hydrolyzed biomass (bottom phase, BP). Finally, a
sample of the AP was centrifuged at 10,000× g for 30 min using an 10,000 NMWL Amicon
Centrifugal Filter Unit (Merck KGaA, Darmstadt, Germany) to discard molecules larger
than 10 kDa (AP 10 kDa).

2.6. Monitoring of Enzymatic Hydrolysis with the pH-Stat Method

The DH was determined using the pH-Stat method. The DH is measured by the
sodium hydroxide titration of the amino groups liberated during hydrolysis in an alkaline
medium and calculated according to Equation (1) [22]:

DH(%) =
B × Nb

α× Mp × htot
× 100 (1)

where B is the volume of the titrant (mL), Nb its normality (meq · mL−1), α is the mean
degree of dissociation of α-amino groups (Table 2), Mp is the protein mass (g) and htot is
the number of peptide bonds per gram of proteins. The value for htot (6.41) was calculated
from the characterization of the total AA profile. The pH of the hydrolysis was maintained
with NaOH 0.5 N using a high-end potentiometric titrator (902 Titrando, Metrohm Ltd.,
Herisau, Switzerland).

Table 2. α values for each pH condition.

pH α

6.5 0.20
6.8 0.33
7 0.44

7.5 0.72
8 0.89

8.2 0.93

2.7. Size Exclusion HPLC (SEC-HPLC)

Freeze-dried samples were diluted at 10% (W/W) in MilliQ Water, agitated for 15 min
at 100 rpm and centrifuged at 10,000× g for 30 min using an 10,000 NMWL Amicon
centrifugal filter unit (Merck KGaA, Darmstadt, Germany) to discard molecules larger than
10 kDa (AP 10 kDa). The molecular weight profile of the samples was then analyzed by
SEC-HPLC using a Superdex 30 Increase 10/300 GL column with a fractionation range
from 100 to 7000 Da (10 × 300–310 nm, Cytiva, Marlborough, MA, USA). A UHPLC Dionex
Ultimate 3000 Series system (Thermo Fisher Scientific, MA, USA) equipped with a photo-
diode array detector (DAD-3000, Thermo Fisher Scientific, MA, USA) was used. The mobile
phase was composed of water with 0.1% trifluoroacetic acid and 30% acetonitrile, the flow
rate was set at 0.5 mL · min−1 and the absorbance was measured at 214 nm. For this
analysis, 50 µL of the samples was injected, and the elution time was 60 min. After each
analysis, the data were processed using Chromeleon 0.7 software (Thermo Fisher Scientific,
MA, USA).

2.8. Biochemical Analysis of the Biomass

Analyses of AAs and proteins were performed by a subcontractor (Upscience, Saint-
Nolff, France).

2.9. Lipid Extraction and Fatty Acid (FA) Analysis

Lipids were extracted from the freeze-dried biomass (20 mg for the biomass before
hydrolysis and the WH and 50 mg for the AP of the hydrolyzed thraustochytrid biomass)
as described in [23], using chloroform instead of dichloromethane. After gravimetric
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determination of the total lipids, the neutral and polar lipids were separated from the total
lipid extract (TL) by solid-phase extraction as described in [24] with slight modifications.
Briefly, 0.25 µL of TL was evaporated to dryness under nitrogen, recovered with 3 washes
of 0.5 mL of CHCl3:MeOH (98:2 v/v; final volume 1.5 mL) and spotted at the top of a silica
gel column. The neutral lipid fraction was eluted with 10 mL of CHCl3:MeOH (98:2, v/v)
and the polar fraction with 20 mL of MeOH. After the addition of an internal standard (23:0,
in free FA form), both lipid fractions were dried in an EZ-2 evaporator (Genevac, Ipswich,
UK) and hydrolyzed in 1 mL of KOH-MeOH (0.5 M) for 30 min at 80 ◦C. The samples
were then transesterified with 1.6 mL of MeOH:H2SO4 (3.4%; v/v) for 10 min at 100 ◦C. The
FA methyl ester (FAME) were recovered in hexane and analyzed by gas chromatography
coupled to a flame ionization detector (GC-FID; Varian CP8400 gas chromatograph, Agilent,
CA, USA). FAME were identified by comparing their retention time to those of external
commercial standard mixtures (S37 FAME Mix, PUFA No.1, and PUFA No.3, Supelco, PA,
USA) using the software Galaxie 1.9.3.2 (Agilent). FAME peak area was converted into µg
of FA based on the peak area of the internal standard C23:0, and the FAs contents were
expressed in mg · 100 g−1 DW and as a percentage (%) of total FAs.

2.10. Determination of Antioxidant Activity

The AP + E, BP and AP 10 kDa fractions of the hydrolysate and the control with-
out enzymes in validation conditions were tested for their antioxidant activity using the
oxygen absorbance capacity (ORAC) assay. This method is based on the oxidation of a
fluorescent probe, fluorescein, through the addition of a free radical generator (2,2′-azobis
2-amidinopropane dihydrochloride, AAPH) that quenches the fluorescein over time. The
antioxidant molecules present in the sample block the generation of free radicals until the
antioxidant activity of the sample is depleted. Briefly, 25 µL of the sample and 150 µL of
fluorescein (4 · 10−9 M) diluted in phosphate buffer (75 mM, pH 7.4) were placed in the well
of a plate (black 96-well plates—FLUOTRAC 200; Greiner Bio-One, Kremsmünster, Austria).
The plates were incubated at 37 ◦C for 10 min. After 10 min of incubation, the oxidation of
the fluorescein was initiated through the addition of 25 µL of 153 mM AAPH diluted in
phosphate buffer (pH 7.4). The fluorescence decay was monitored every minute for 150 min
using a fluorescence plate reader (Infinite M Plex, TECAN, Männedorf, Switzerland) at
excitation and emission wavelengths set at 485 nm and 520 nm, respectively. The plate
was automatically shaken for 10 s before each reading. Each extract was tested in triplicate.
Trolox, a water-soluble vitamin E analog, diluted in phosphate buffer, was used to establish
a calibration curve with 6 concentrations (200, 100, 50, 25, 12.5, 6.25 µM). The area under
the curve (AUC) was calculated for each sample by integrating the relative fluorescence
curve. The net AUC of the sample was calculated by subtracting the AUC of the blank. The
regression equation between the net AUC and Trolox concentration was determined. The
results are expressed as Trolox equivalents (µmol TE · g−1 of sample).

3. Results and Discussion
3.1. Biochemical Characterization of Thraustochytrid Biomass

The biomass used in this study contained a high fat content (42.2 g · 100 g−1) and
a low protein content (12 g · 100 g−1). The major FAs were the saturated FA 16:0 (25.6%
of total FAs) and the PUFAs 22:6n−3 (DHA, 42% of total FAs) and 22:5n−6 (17% of total
FAs) (Table 3). The main AAs were glutamic acid (19.2% of total AAs) and aspartic acid
(11.2% of total AAs), followed by arginine (7.6% of total AAs) and leucine (8.3% of total
AAs) (Table 3). The composition of the biomass used in this study coincided with the
data reported in other studies using Schizochytrium spp. [25–28], which indicates that the
protocol developed in this study could be easily adapted to other thraustochytrid biomass.
However, the protein content of the biomass was low compared to that of other species
of microalgae such as Chlorella spp. (up to 58% protein/DW) and Scenedesmus spp. (up to
56% protein/DW) [29]. The low protein content in thraustochytrid biomass will result in a
concomitant low concentration of peptides. To overcome this limitation, the protein can be
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separated from the rest of the biomass in order to only hydrolyze that fraction [18]. This
approach would result in a higher concentration of peptides, leading to increased biological
activity due to such fraction. However, this method needs an additional extraction step,
increasing the overall cost of the process. In this study, we opted to hydrolyze the whole
biomass without pre-treatment in order to obtain a product rich in PUFAs and peptides at
the same time with potential enhanced bioactivity.

Table 3. Total amino acid (AA) and fatty acid (FA) profiles of thraustochytrid biomass.

AA Total AAs % FAs Total FAs %

Mean ± S.D Mean ± S.D

aspartic acid 11.2 ± 0.92 C14:0 7.3 ± 0.6
threonine 4.9 ± 0.41 C15:0 0.3 ± 0.5

serine 5.1 ± 0.41 C16:0 25.6 ± 2.0
glutamic acid 19.2 ± 1.54 C17:0 0.1 ± 0.5

proline 4.1 ± 0.31 C18:0 0.6 ± 0.5
glycine 5.4 ± 0.41 C16:1 0.3 ± 0.5
alanine 7.0 ± 0.51 C18:1 0.9 ± 0.5
cysteine 1.6 ± 0.31 C18:2n−6 0.4 ± 0.5
valine 5.4 ± 0.41 C18:3n−6 0.2 ± 0.5

methionine 2.5 ± 0.31 C18:4n−3 0.3 ± 0.5
isoleucine 4.3 ± 0.31 C20:3n−6 0.4 ± 0.5

leucine 8.3 ± 0.61 C20:4n−3 0.8 ± 0.5
tyrosine 3.4 ± 0.31 C20:4n−6 0.4 ± 0.5

phenylalanine 4.4 ± 0.31 C20:5n−3 1.1 ± 0.5
histidine 1.8 ± 0.31 C22:5n−3 0.3 ± 0.5

lysine 4.3 ± 0.31 C22:5n−6 16.6 ± 1.3
arginine 7.6 ± 0.61 C22:6n−3 41.9 ± 3.4

Total (g · 100 g−1) 9.76 Total (g · 100 g−1) 37.3

3.2. Comparison of the Effect of Alcalase 2.4L and Papain for the Digestion of
Thraustochytrid Biomass

Several commercial enzymes are now available and can be used to break down the pro-
teins of thraustochytrids. In this study, we decided to use Alcalase 2.4L, which has already
been proven to be efficient in producing bioactive peptides from various substrates [17],
and Papain, which is an enzyme that can work at a more acidic pH than Alcalase 2.4L and
is therefore closer to the natural pH of the thraustochytrid biomass.

To determine the efficiency of the enzymes, the DH and peptide molecular weight of
the hydrolysate produced were evaluated. With an enzyme concentration of 0.8 U · L−1, a
pH of 6.8 and 2 h of reaction time, a DH of 19 ± 1% was obtained with Alcalase 2.4L, while
with Papain, the biomass was almost not hydrolyzed (DH 0.2 ± 1%). This was confirmed
by the SEC-HPLC results. Figure 1 shows the chromatographic profiles of the Alcalase
2.4L and Papain hydrolysates and the control. No increase in peptide concentration was
observed with the addition of Papain, as its chromatogram profile is identical to that of
the control without enzymes. There is evidence that Papain can successfully extract the oil
from Schizochytrium spp. lipid droplets after cell disintegration by ultrasound [30] and that
it can also hydrolyze Aurantiochytrium limacinum protein residue after oil extraction [18].
However, it seems that without pre-treatment of the biomass, this enzyme does not work
as well as Alcalase 2.4L. Although Alcalase 2.4L is an enzyme whose optimum is in the
pH range of 7 to 8, this study demonstrates that even at a low pH, this enzyme is more
efficient than other enzymes whose pH optimum is more acidic. However, even if the DH
obtained with Alcalase 2.4L is within the values targeted by this study, it is important to
optimize the hydrolysis conditions in order to maximize the results with a minimal enzyme
concentration (3% of the protein content in this experiment) due to economic (since this is
the most expensive factor in this kind of process) and sustainability issues.
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Figure 1. SEC-HPLC chromatogram of thraustochytrid hydrolysate with Alcalase 2.4L (orange
dashed line), Papain (blue dot-dashed line) and the control without enzyme (green solid line). 50 µL
of sample (10 kDa fraction of the hydrolysate) were injected.

3.3. Optimization of the Hydrolysis Conditions with Alcalase 2.4L Using Response
Surface Methodology

The optimization of (A) pH, (B) reaction time and (C) E/S for the enzymatic hy-
drolysis using Alcalase 2.4L was performed using a CCD. The PEP and TL-DHA con-
centrations in the AP, and the DH were the three criteria chosen to evaluate the optimal
hydrolysis conditions.

The analysis of the variance of the model was carried out with the centered reduced
values of the variables (Table 4) to obtain a better assessment of the model’s significance.
The p-value of the three factors studied was significant (p-value < 0.01), indicating that
the models had high significance levels. Moreover, the adjusted R-squared (R2) indicates
that the model explains 93.6% of the variability in the DH and 98.7% of the variability in
PEP concentration, meaning that the model has a good capacity to predict the response for
new observations when changing these factors. The adjusted R-squared of the TL-DHA
concentration was lower (77.1%), meaning that the model has a lower predictive power
for this response. This is because the concentration of TL-DHA in the AP did not vary
substantially with the different hydrolysis conditions and was around 11 ± 2% considering
all the experiments performed.

Table 4. Analysis of variance of the central composite design to optimize the degree of hydroly-
sis (DH), the peptide (PEP) concentration and the total lipid DHA (TL-DHA) of thraustochytrid
hydrolysate.

Factor F-Ratio p-Value R2 Adjusted R2

DH 27.0 0.0001 97.2 93.6
PEP 135.6 <0.0001 99.4 98.7

TL-DHA 7.0 0.0089 90.0 77.1

To obtain a DH between 10 and 20% and to maximize PEP and TL-DHA concentrations
in the AP, the factors were optimized, taking into account their real values. Moreover, some
of the terms that did not have a significant effect on the response were removed from the
equation to simplify the model without affecting its accuracy or predictive power. The
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analysis of variance of the terms that were used to predict the response of DH, PEP and
DHA is shown in Table S1. Pareto charts (Figure 2) show factors with the highest effect
on each response and whether their effect is positive or negative. E/S (Enzyme) is the
term that has the strongest positive effect on the three responses. However, the quadratic
term Enzyme × Enzyme has a significant negative effect on the DH and PEP concentration,
meaning that this factor has a maximum value at which the DH and PEP concentration start
to decrease. The time of reaction (Time) also has a significant positive effect for the three
responses, while pH has a significant positive effect only for PEP concentration, and it is the
term with the weakest effect on the response. Finally, the interaction term pH × Enzyme
has a significant negative effect on the TL-DHA concentration; this indicates that when the
pH is increased, the E/S should be decreased (and the other way around) to maximize the
TL-DHA concentration in the AP.
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Figure 2. Pareto charts showing the effect of the different factors (enzyme-to-substrate ratio (Enzyme),
time and pH of hydrolysis) and the interactions and quadratic effects on (a) degree of hydrolysis (DH),
(b) peptide (PEP) concentration and (c) total lipid DHA (TL-DHA) of thraustochytrid hydrolysate.
The vertical-dashed lines represent the significance level (p = 0.05). The green bars show a positive
effect, while the red bars show a negative effect.

The response surfaces (Figure 3) show that increasing the hydrolysis time leads to
an increase in the response; however, it should be noted that the maximum hydrolysis
time evaluated in this study was 205 min and is not possible to conclude that longer
hydrolysis would be advantageous. Longer reaction times could lead to an excessively
high DH, causing the enzymes to begin attacking the peptides formed and increasing the
concentration of free AAs in the AP. Given that free AAs have a lower nutritional quality, it
is necessary to find a balance between producing as many peptides of the desired size as
possible while limiting the increase in the free AA concentration [16,31]. Regarding E/S, the
optimal value is approximately 3%. Increasing E/S beyond this value when the hydrolysis
time is at its maximum and the pH is 7.5 can negatively impact the PEP concentration
and the DH. Furthermore, the pH also has a positive effect on the PEP concentration;



Sustainability 2024, 16, 6052 10 of 17

however, its effect is quadratic, and values higher than 8.0 may lead to a decrease in the
PEP concentration. This can be explained by the fact that changes in pH can alter the charge
distribution and conformation of the substrate and the enzymes used, resulting in different
interactions between the two [22].
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Figure 3. Estimated response surface contours showing the effect of the interaction between two
independent variables (enzyme-to-substrate (E/S) ratio and hydrolysis reaction time) on the degree
of hydrolysis (DH), peptide (PEP) concentration and total lipid DHA (TL-DHA) of thraustochytrid
hydrolysate when the third variable is kept at the intermediate level. In this case, the pH was kept
at 7.5.

As shown in Table 5, the optimal time of reaction and E/S conditions are similar for
the three responses. However, the pH values are slightly different due to the quadratic
effect on the PEP concentration. Since multi-response optimization is not possible with this
type of design, several aspects had to be taken into consideration to choose the conditions
for model validation.

The optimum TL-DHA concentration is obtained with a neutral-acid pH, while a more
basic pH is needed to optimize the DH. It was decided to continue the validation of the
model using a pH of 7.5 since this diminution of the reaction pH will only decrease the
PEP concentration by 1.5% (11,573 mAU · min), but less NaOH would be added during
the reaction, which is preferable for industrial transposition (scale-up). Regarding E/S,
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the optimal value for model validation was set at 2.7%. Although the model suggests a
higher E/S to increase the DH and TL-DHA concentration, the enzyme quadratic effect
may negatively affect the PEP concentration. Finally, the time was set at 205 min, which is
the value proposed for the optimization of the three responses.

Table 5. Calculated values of pH, time of hydrolysis and enzyme-to-substrate ratio (Enzyme) to
optimize the degree of hydrolysis (DH), the peptide (PEP) concentration and the total lipid DHA
(TL-DHA) of thraustochytrid hydrolysate and the equations used to predict the responses with the
response surface methodology.

pH Time (min) E/S (%) Optimum Value Equation

DH 8.2 204.8 3.1 16% DH = −11.8 + 1.2 × pH + 0.02 × Time + 8.5 × Enzyme −
1.4 × Enzyme2

PEP 8.0 204.8 2.7 11,749 mAU · min PEP = −41,657.4 + 11,704.8 × pH + 7.5 × Time + 3766.1 ×
Enzyme − 732.3 × pH2 − 695.4 × Enzyme2

TL-DHA 6.8 204.8 3.5 15% TL-DHA = −0.1 + 0.03 × pH − 0.0001 × Time + 0.09 ×
Enzyme − 0.01 × pH × Enzyme + 0.000001 × Time2

3.4. Validation of the Model for the Prediction of DH, PEP Concentration and TL-DHA of
Thraustochytrid Hydrolysate

The validation was performed using a pH of 7.5, a reaction time of 205 min and
an E/S of 2.7%. With these conditions, the predicted values were 15.3% for the DH,
11,573 mAU · min for the PEP concentration and 14.1% for the TL-DHA concentration
in the AP. The chromatogram obtained using SEC-HPLC (Figure 4) reveals a significant
production of peptides due to the addition of Alcalase 2.4L. The analysis of the area of
each peptide fraction (Table 6) demonstrated a significant increase in the molecular weight
fractions between 2000 and 200 Da in the Alcalase 2.4L-treated samples, which is the
fraction that was targeted for maximization in the RSM.
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Table 6. Area (mAU · min) and variation (%) of peptide fractions of thraustochytrid hydrolysate
produced using a pH of 7.5, a reaction time of 205 min and an E/S of 2.7% with Alcalase 2.4L and the
control without enzyme.

Molecular Weight
(Da)

No Enzyme
(mAU · min)

Alcalase 2.4L
(mAU · min)

Increase/Decrease
(Expressed as %)

9000–6000 16.3 10.2 −38%
6000–3000 244.8 462.4 89%
3000–2000 372.8 875.0 135%
2000–1500 360.2 970.9 170%
1500–1000 626.2 1591.9 154%
1000–500 1998.5 4151.8 108%
500–200 2459.2 4513.8 84%
200–100 802.4 1274.3 59%

<100 264.6 448.1 69%

Within this range, the 2000–1500 Da fraction displayed the highest percentage variation
(170% increase), followed by the 1500–1000 Da (154% increase) and 1000–500 Da (108%
increase) fractions. Moreover, the 9000–6000 Da fraction shows a reduction of 38%, which
provides evidence that larger molecules were effectively digested by Alcalase 2.4L, leading
to the generation of smaller and potentially bioactive compounds within the desired
molecular weight range.

With the validation conditions, the observed PEP concentration was 11,228 mAU · min.
Although the observed value is 3% lower than the predicted value, the validation experi-
ment confirmed the performance of the model for PEP concentration prediction. Moreover,
a TL-DHA concentration of 23 ± 1% was obtained, which is higher than the predicted
value (+8%), indicating that we managed to optimize the TL-DHA concentration in the AP.
Finally, a DH of 18.3 ± 0.25% was obtained. This value was also higher than the predicted
value (+3%) but in the range of what we were expecting.

3.5. Lipid Composition of the Hydrolysate

The commercial value of thraustochytrid biomass lies in its lipid content and composi-
tion. Those parameters were studied in depth for the hydrolyzed biomass to see whether
the process could have a negative impact on its PUFA content and profile. In the WH,
the lipid content was conserved after hydrolysis (40.0 ± 2.4% of DW), and the FA profile
was not affected by the hydrolysis conditions used as compared with the biomass before
hydrolysis (Table 3). The major FAs were DHA and 16:0, and their contents were not
modified by hydrolysis (Figure 5). In the AP, the total lipid content was 14 ± 0.3% of DW.

The AP was enriched in polar lipids (44 ± 5% of total lipids; 6.2 g · 100 g−1 DW),
while the WH contained only 6 ± 0.3% of these lipids as polar lipids (2.4 g · 100 g−1 DW).
Moreover, from the 22.7 ± 0.8% TL-DHA found in the AP, 9 ± 3.6% of the DHA was in the
form of polar lipids. In Schizochytrium spp., the main polar lipids are the phospholipids
(PLs) phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol [32–35].
Even if lipids are generally hydrophobic molecules, PLs have a polar head that renders
them amphiphilic, making them soluble in an aqueous medium. A study with sardine
viscera showed that Alcalase or Protamex were better at extracting PLs compared to
other enzymes, such as Flavourzyme. In the same study, 74% of the PLs were found in
the AP of the hydrolysate, while the oily fraction and sludge contained less than 20%
each [36]. These results are interesting since there is evidence that PL ingestion is more
efficient in the protection of brain activity than the ingestion of triglycerides [37]. Several
studies have also demonstrated that marine fish and larvae assimilate PLs better than
triglycerides [38–41]. A study by Cahu et al. (2003) [38] examined the impact of diets with
different PL concentrations and PL/neutral lipid (NL) values on the development of sea
bass larvae. The results indicated that larvae fed diets with higher levels of PLs and higher
PL/NL values showed better growth rates and survival rates and less malformations
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than those fed diets with lower levels of PLs and lower PL/NL values. These beneficial
effects of PLs are partly associated with better transport of FAs to the rest of the organs
by lipoproteins, which are vesicles formed by PLs. These results indicate that the AP of
the hydrolyzed thraustochytrid biomass could be an ingredient of great interest for the
aquafeed industry due to its high content of DHA in the form of PLs (DHA-PLs) and its
high PL/NL value. This enrichment in DHA-PLs was not an objective at the time the
experiment was designed, so it is possible that the extraction yield could be improved by
modifying the unitary operations of the process.
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3.6. Determination of Antioxidant Activity with ORAC Assay

Antioxidant activity has already been demonstrated for thraustochytrid biomass
and has been attributed to its high content of unsaturated FAs, tocopherols, phenolic
compounds, flavonoids, carotenoids and sterols [42–45]. In addition, some studies have
demonstrated the production of antioxidant peptides by enzymatic hydrolysis of thraus-
tochytrid biomass [18,46]. Incorporated into fish feed, these antioxidant peptides could
promote the antioxidant defense system of fish and improve their survival, resulting in a
reduction in or the elimination of synthetic antioxidants in fishmeal [47,48].

In this study, the in vitro antioxidant activity was determined on the hydrolysate
fractions AP + E, BP and AP 10 kDa produced under the model validation conditions. The
AP + E fraction contains all the hydrolyzed soluble molecules and lipids extracted from
the biomass. The BP fraction contains the non-hydrolyzed proteins and other insoluble
molecules, and the AP 10 kDa fraction only contains dissolved molecules smaller than
10 kDa, including peptides produced through hydrolysis. The WH and the AP 10 kDa
fraction produced without enzymes (AP 10 kDa—no enzymes) were also analyzed. All
the fractions analyzed had high antioxidant activity and presented no significant differ-
ences (Figure 6), meaning that the peptides produced through hydrolysis do not bring
additional antioxidant activity or are not concentrated enough to reveal their antioxidant
effect. Moreover, it must be noted that the biomass used in this study contains added
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natural antioxidants, so they might also contribute to the total antioxidant capacity of
the biomass. However, for all the fractions, the activity was measured for the fraction
containing molecules smaller than 10 kDa. It is possible that with further fractionation (for
example, of the 2000–200 Da fraction), the antioxidant activity of the produced peptides
would be more evident. Moreover, in this study, the antioxidant activity was determined
using the ORAC method since it is the most widely used method in the food industry.
However, this method only measures peroxyl radicals, so it is important to study the
activity of other potential antioxidant compounds that could be found in thraustochytrid
hydrolysates by means of other methods (DPPH and hydroxyl radical scavenging ability,
ABTS assay, FRAP assay, etc.). Finally, it is interesting to note that hydrolysis does not
seem to destroy the molecules with antioxidant activity already present in thraustochytrid
commercial biomass.
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The values of the aqueous phase filtered at 10 kDa of the control are also represented (AP 10 kDa—no
enzymes). Mean ± S.D.

4. Conclusions

This study demonstrated that Alcalase 2.4L was more efficient than Papain for the
hydrolysis of thraustochytrid commercial biomass, even at a low pH. A CCD was performed
to optimize the pH, the E/S and the time of reaction of the hydrolysis using Alcalase 2.4L.
The validation of the model was performed using a pH of 7.5, a reaction time of 205 min
and an E/S of 2.7%. With these conditions, the PEP concentration and the TL-DHA content
in the AP were maximized (11,228 mAU · min and 23%, respectively), and a DH of 18%
was obtained. These results confirmed the predictive capacity of the CCD model.

The hydrolysis conditions proposed in this study did not affect the FA profile or the
lipid content of the biomass and promoted an enrichment of the AP with PLs. Because
of its high content of peptides and promising DHA-PL content, the AP produced from
thraustochytrid biomass could be a sustainable ingredient in the aquafeed industry. A
tendency to increase the antioxidant activity was observed for the hydrolysis carried
out with Alcalase 2.4L, but more conclusive results could be obtained by analyzing the
antioxidant activity with other methods and with better fractionation (by molecular weight)
of the newly produced peptides. Moreover, this hydrolysate could have more interesting
nutritional properties than non-hydrolyzed biomass.

In conclusion, if the hydrolysate produced in this study could provide an advantage
for fish fitness when incorporated into aquafeed and help to reduce the amount of fishmeal
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and fish oil used, then the treated biomass could be sold at a higher price to obtain better
profitability and sustainability of aquafeed. In that case, this study offers a protocol that
could be easily adapted to most thraustochytrid biomass.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/su16146052/s1. Table S1: Analysis of variance for the factors affecting
the degree of hydrolysis (DH), peptide (PEP) concentration and total lipid DHA (TL-DHA) of
thraustochytrid hydrolysate.
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