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1 Introduction
Bioactive peptides resulting from the enzymatic hydrolysis of 

proteins are of scientific interest due to their biological potential in 
human health and use in the food industry (Villamil et al., 2017). 
Hydrolysates from fish proteins are a viable resource in nutritional 
and pharmaceutical applications because they have amino acids 
available for different physiological functions (Benhabiles et al., 
2012; Rosa Zavareze et al., 2014). Fish protein hydrolysates are 
a source of bioactive compounds and have shown antioxidant 
activity (Bougatef et al., 2010, 2016; Jang et al., 2016; Je et al., 
2015), antihypertensive activity (Aissaoui et al., 2017; Borges-
Contreras et al., 2019; Korczek et al., 2018), and antiproliferative 
activity (Alemán et al., 2011; Gómez et al., 2019; Hsu et al., 2011). 
The enzymatic hydrolysis of fish proteins has also shown relevance 
in the food industry because it promotes functional properties 
such as emulsifying capacity, solubility, water and oil holding 
capacity, and foaming capacity compared to non-hydrolyzed 
protein (Alahmad et al., 2022; Vásquez et al., 2022).

Heat treatments are widely used in the food industry 
to remove moisture and eliminate microbial load. However, 
subjecting food to high temperatures can modify the structure 
of proteins and peptides, can generate denaturation, and also 
the loss of biological properties (Rivero-Pino, 2023). On the 
other hand, the pH has a strong influence on the stability of the 

hydrolysates, since it has an effect on the interactions between 
the amino acids of the peptides, which could lead to the loss of 
structure and biological properties (Félix-Medina et al., 2022).

The drying of the hydrolysates is necessary to simplify their 
storage and preserve their biological activity and functional 
properties over time. Furthermore, the drying process decreases 
the water activity of food, reducing the risk of microbiological 
and enzymatic reactions (Kurozawa et al., 2009). Spray-drying is 
widely used in the pharmaceutical and food industry due to its 
low cost, speed, and versatility in obtaining specific characteristics 
in the final product (Ingvarsson et al., 2011).

Despite the enormous advantages of using spray-drying, this 
process can promote the instability of the chemical structures and 
can damage the bioactive compounds due to thermal destruction and 
shear stresses (Sarabandi et al., 2020). Some temperature-induced 
effects in spray-drying are changes around the protein-protein 
hydrophobic interactions, electrostatic interactions, hydrogen 
bonds, and disulfide-sulfhydryl interactions (Chen et al., 2012).

Several works have focused on studying the effect of drying 
conditions on the particle properties of the hydrolysates (Abdul-
Hamid et al., 2002; Favaro-Trindade et al., 2010; Hassan et al., 
2019; Rodríguez-Díaz et al., 2014). However, those studies focused 
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on the effect of drying conditions on the antioxidant activity 
of hydrolysates are limited. This work aimed to investigate the 
effects of temperature and pH on the stability of the antioxidant 
activity of wet tilapia hydrolysate in addition to the effect of the 
drying conditions on moisture, drying ratio, productivity, drying 
rate, and the antioxidant activity of tilapia protein hydrolysate.

2 Materials and methods
2.1 The production of fish hydrolysate

Protein hydrolysate was obtained from tilapia (Oreochromis 
spp.) viscera following the procedure described previously 
(Sepúlveda & Zapata, 2020). The hydrolysis was carried out in 
a Bioflo 310® reactor (New Brunswick Scientific Co., Inc. USA) 
at 10 g of protein per liter using Alcalase® 2.4 L (Novozymes, 
Denmark) with an enzyme/substrate (E/S) ratio of 10% (w/w). 
The pH was maintained at 10 using the pH-stat technique. 
The hydrolysate had a notorious number of peptides, around 
336 Da, with 48% of hydrophobic amino acids and a high quantity 
of glutamic, aspartic acid, and glycine (Sepúlveda et al., 2021).

2.2 Antioxidant activity

The free radical scavenging activity of hydrolysate against the 
ABTS radical and the ability of hydrolysate to reduce ferric iron 
(Fe3+) present in a complex with 2,4,6-tri (2-pyridyl)-s-triazine 
(TPTZ) up to the ferrous form (Fe2+) were used to determine 
the antioxidant activity of hydrolysates, which were dissolved 
in distilled water. ABTS and ferric reducing/antioxidant power 
(FRAP) methods were carried out following a protocol described 
previously (Sepúlveda & Zapata, 2020). The determination was 
made in triplicate, and the results were calculated by extrapolation 
in a calibration curve with Trolox as standard. The values obtained 
were expressed as equivalent micromoles of Trolox per gram of 
protein (μmol TE/g). All samples were analyzed in triplicate.

2.3 Effect of pH and temperature on the antioxidant activity 
of the wet hydrolysate

After hydrolysis the pH of the tilapia hydrolysate was adjusted 
to 4, 7, and 10 using NaOH or HCl 1 M. The samples were heated 

for 1 hour, and since there were no changes, they were finally 
left for 9 hours at 23, 85, 100, and 115 °C using a digital dry bath 
(Labnet International, Inc., New Jersey, USA). Three vials of each 
sample were extracted to determine the free radical scavenging 
activity of hydrolysate against the ABTS radical.

2.4 Experimental design and optimization of spray-drying 
process of tilapia hydrolysate

To evaluate the effect of the drying conditions of the 
hydrolysate a central composite design (CCD), face-centered 
with 5 center points and 13 runs, was conducted. The factors 
were inlet temperature (T) and feed flow (FF). The aqueous 
hydrolysate was adjusted to pH 7 and was spray-dried using a 
SD-06 Spray Dryer (LabPlant®, North Yorkshire, UK). Hydrolysate 
solution was sent into the dryer by a peristaltic volumetric pump 
at a feed flow rate, according to the experimental design (FF). 
The pressure nozzle with an internal diameter of 0.5 mm was 
used to spray the hydrolysates into the chamber in co-current 
flow with a compressed air flow rate of 30 m3/h. The inlet air 
temperature was according to the experimental design (T).

The studied responses were moisture, drying ratio, productivity, 
drying rate, and the antioxidant activity of spray-dried hydrolysate. 
The moisture of hydrolysate was determined by thermogravimetric 
analysis using a moisture analyzer (Ohaus, New Jersey, USA). 
Drying ratio, productivity, and drying rate were determined to 
study the drying performance of tilapia hydrolysate according 
to Cai & Corke (2000) using the Equations 1-3:

( ) ( )0    1  /   1fDrying ratio M M= + + 	 (1)

Where M0 is the feed moisture, and Mf is the powder moisture

( ) /     /  Productivity g h Feed flow rate Drying ratio= 	 (2)

( )  /      –  Drying rate g h Feed flow rate Productivity= 	 (3)

Table 1 shows the experimental runs randomized. The experiments 
were designed and analyzed using Design-Expert® software (Stat-
Ease, Inc., Minneapolis, USA). The developed models from CCD 
and the statistical significance of the regression coefficients were 

Table 1. Effect of inlet temperature (T) and feed flow (FF) on moisture, drying ratio, productivity, drying rate, and the antioxidant activity of 
spray-dried hydrolysate.

Run T (°C) FF (mL/h) Moisture (%) Drying ratio Productivity (g/h) Drying rate (g/h) ABTS (μmol TE/g) FRAP (μmol TE/g)
1 200 339.5 5.4 8.63 41.1 313.9 553.1 125.8
2 165 485.0 9.0 11.5 31.0 324.1 522.0 85.8
3 200 630.5 7.3 15.3 23.2 331.9 629.7 134.7
4 165 485.0 8.1 8.7 58.1 449.2 534.0 90.9
5 165 339.5 7.6 9.8 51.7 455.6 505.0 82.9
6 130 485.0 10.2 9.8 51.7 455.6 533.5 88.4
7 165 485.0 8.8 10.0 50.9 456.4 520.1 88.4
8 200 485.0 7.3 10.8 46.8 460.5 573.0 127.5
9 130 339.5 10.4 10.8 46.8 460.5 537.8 87.8

10 130 630.5 10.5 11.8 43.1 464.2 545.1 88.4
11 165 630.5 9.8 8.5 77.4 582.0 526.0 90.0
12 165 485.0 8.1 9.1 72.8 586.7 528.5 85.9
13 165 485.0 9.0 11.9 55.6 603.9 541.7 85.0

Note: Temperature (T), feed flow (FF).
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tested using the analysis of variance (ANOVA). The models were 
optimized to determine the levels of the factors that provide the 
maximum value for drying ratio, productivity, drying rate, and 
antioxidant activity, and the minimum value for the moisture. 
The powder was collected at the bottom of the dryer’s cyclone 
and stored in closed plastic bottles inside a silica desiccator prior 
to further analysis. Before spray drying, a sample of the liquid 
hydrolysate was taken separately and frozen at —20 °C overnight 
and then was freeze-dried at —51 °C at pressure 0.1 mBar for 
48 h. The freeze-dried hydrolysate (FDH) was used to compare 
it with the hydrolysate dried by spray at the optimal conditions 
(SDH) in terms of moistures and antioxidant activity.

2.5 Morphological analysis by scanning electron microscopy

The morphology of the hydrolysate dried at the optimal 
conditions was examined using a scanning electron microscope 
(JEOL, JSM 6490 LV, Tokyo, Japan) at an accelerating voltage 
of 5 kV. The powder was attached to a double-sided graphite 
adhesive tape and coated with gold under vacuum using a coat 
sputter (Denton Vacuum, Desk IV, New Jersey, USA).

2.6 Statistical analysis

The method Fisher’s minimum significant difference (LSD) was 
used to discriminate between the means (Statgraphics® Centurion 
XVI, Statgraphics Technologies Inc., USA). The statistically 
significant difference was established at p < 0.05.

3 Results and discussion
3.1 Effect of pH and temperature on the antioxidant activity 
of the liquid hydrolysate

The stability of the antioxidant activity of the hydrolysate 
concerning pH and temperature measured every 1 h for 9 h 
remained unchanged over time (data not shown). Figure 1 shows 
no statistical differences in the ABTS between 23 and 85 °C at the 
same pH. The samples at pH 4 and 7 did not show differences 
between subjecting the hydrolysate to 100 or 115 °C. The samples 
at pH 10 had the lowest antioxidant activity compared to the other 

pHs, and there were no differences between subjecting the samples 
to 23, 85, and 100 °C. However, at 115 °C there was a significantly 
increased activity. It suggests that increasing the temperature 
up to 115 °C, can significantly increase the antioxidant activity 
of the hydrolysate. It could be due to the presence of products 
from the Maillard reaction, which is characterized by the reaction 
between side chains of amino acids and the carbonyl group of 
reducing sugars promoted by high temperatures. This reaction 
produces compounds with high antioxidant activity which is 
positively related to the development of a brown color (Djouab & 
Aïder, 2019; Morales & Jiménez-Pérez, 2001). Similarly, Rivero-
Pino et al. (2020) obtained higher 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH) radical scavenging activity in a hydrolysate of sardine 
hydrolysates when the temperature was increased from 90 to 
110 °C, and they attribute the rise in activity to the increase in 
Maillard compounds. On the other hand, Tang & Zhuang (2015) 
found a strong thermal stability in a peptide (Leu-Pro-Leu) since 
the radical scavenging remains after 5 h at 100 °C.

The low antioxidant activity at alkaline pH may be related to 
the racemization of proteins, the formation of  L and D isomers 
with different structural stability, and also antioxidant activity 
(Zhang et al., 2016). Zhu et al. (2014) found that the antioxidant 
activity determined by the DPPH of a peptide extracted from 
Jinhua ham remained 90% at pH 3 (at neutral pH, it showed 
its highest activity); but the pH above 9 showed a significant 
decrease in activity. The authors explain that, in addition to 
racemization, pH promotes deamination reactions that produce 
structural and conformational changes that affects the biological 
activity of the peptide.

3.2 Experimental design and optimization of spray-drying 
process of tilapia hydrolysate

The central composite design was applied to study the 
effect of the inlet air temperature (T) and the feed flow (FF) 
on the moisture, drying ratio, productivity, drying rate, and 
antioxidant activity of tilapia hydrolysate in the spray-drying 
process. The ANOVA (Table  2) indicated that the inlet air 
temperature and the feed flow (FF) have a statistically significant 
effect on all responses studied. The two independent variables 
were significant in their linear term for all response variables. 
The interaction between the factors only had a significant effect 
on the antioxidant activity determined by ABTS. A significant 
quadratic effect of temperature (p < 0.05) is observed for the 
antioxidant activity measured by the two methods. The quadratic 
term indicates the existence of extreme points in the range of 
levels studied. The R-squares values and the lack of fit p-values 
indicate that the models adequately explain the experimental data. 
Figure 2 represents the change of response surfaces for moisture, 
drying ratio, productivity drying rate, and antioxidant activity 
with varying inlet air temperature and feed flow rate. At higher 
FF and lower temperatures, the final moisture of hydrolysate 
increases (Figure  2a). As might be expected, a higher inlet 
temperature promotes a higher temperature gradient between 
the drops and the air, which implies a higher heat transfer, and 
this effect is more visible at low FF. These results can be explained 
considering that high FF causes a less efficient heat transfer 

Figure 1. The effect of pH (4, 7, and 10) and temperature (23, 85, 
100, and 115 °C) on the antioxidant activity of the tilapia hydrolysate. 
Different letters (a, b, c) indicate significant differences (p < 0.05) among 
the same pH. Different letters (A, B) indicate significant differences 
among the same temperature.
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between droplets and the drying air, reducing the evaporation 
rate and, therefore, higher moisture.

When the concentration of the solids of the dry material 
increases with respect to the solids fed, the drying ratio is high. 
The drying ratio was higher at low FF and high temperature 
which may increase the mass transfer rate during spray-drying 
(Figure  2b). The results suggest that the higher the inlet 
temperature, the higher the moisture reduction, and the above 
behavior is stronger when the hydrolysate feed is slow.

Productivity is a critical parameter in drying because it relates 
to the cost of the process (Chong et al., 2014). Figure 2c shows 
that increasing FF at low temperatures significantly raised powder 
productivity, reducing production cost. However, considering that 
these conditions give rise to a hydrolysate with higher moisture, 
productivity is affected in the long term by the loss of stability 
of the powder. Chong et al. (2014) found that a low drying ratio 
caused higher productivity at higher FF in the spray-drying of 

Amaranthus gangeticus extract. According to Figure 2d, the drying 
rate was higher by increasing FF in all temperatures studied because 
this variable is strongly influenced by the rate of drying of fed 
hydrolysate though it is not affected by the final moisture content 
of the powder. As a conclusion of Figure 2a-d, a high FF improves 
the speed and productivity of the process; and combined with a high 
inlet temperature, the moisture of the final product is decreased 
making the process more efficient. Similarly, Ozdikicierler et al. 
(2014) found that decreasing the FF decreases productivity and 
drying rate, but increases the drying ratio, making it possible to 
obtain an extract of Gypsophila in powder with low moisture.

The response surface of the antioxidant activity determined by 
ABTS (Figure 2e) shows a curvature in the temperature given by the 
significance of this variable squared. The maximum activity in the 
range of the evaluated conditions is reached in the maximum levels 
of temperature and FF. These results agree with those found in the 
study of the stability of the antioxidant activity of the hydrolysate 

Table 2. Analysis of variance (ANOVA) of the p -values for the moisture, drying ratio, productivity, drying rate, and antioxidant activity.

Source Moisture (%) Drying ratio Productivity (g/h) Drying rate (g/h) ABTS (μmol TE/g) FRAP (μmol TE/g)
Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0003 < 0.0001

T < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0009 < 0.0001
FF 0.0093 0.0090 < 0.0001 < 0.0001 0.0050 0.0176

T.FF - - - - 0.0145 -
T2 - - - - 0.0004 < 0.0001

Lack of fit 0.3927 0.2191 0.4972 0.4972 0.2340 0.5896
R-squared 0.89 0.89 0.97 0.99 0.91 0.99

Figure 2. Response surface for moisture (a), drying ratio (b), productivity (c), drying rate (d), ABTS method (e), and FRAP method (f).
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previously shown. Considering the high presence of amino acids in the 
hydrolysate (Sepúlveda et al., 2021) and the drying temperature, the 
Maillard reaction could explain the increased activity during thermal 
processing which takes place between reducing the sugars and the 
available amino acids producing peptide degradation, peptide cross-
linking, polymerization, and amino acid loss (Hwang et al., 2011).

According to the results found in anchovy protein hydrolysate 
after the Maillard reaction, the consumed and generated components 
indicated that molecular rearrangements and the production of 
new smaller molecules occurred simultaneously, propitiating an 
increase in the bioactivity of the hydrolysate (Zhao et al., 2018). In a 
study carried out in a peptide fraction of peanut hydrolysate, it was 
found that the smaller peptides (1–3 kDa) had a higher increase 
in antioxidant activity during Maillard reaction (Su et al., 2011; 
Zhao et al., 2018). According to the above, it is important to mention 
that the hydrolysate used in this study has a significant amount of 
low molecular weight peptides (<1 kDa) (Sepúlveda et al., 2021).

The antioxidant activity determined by FRAP (Figure 2f) 
showed a quadratic behavior in the temperature variable. The effects 
of a higher concentration of hydrolysate at a high temperature are 
reflected in higher antioxidant activity. The results suggest that 
peptides capable of reducing Fe3+ are stable at high temperatures.

In this study, the antioxidant activity of the hydrolysate by 
ABTS and FRAP increased as the inlet air temperature raised. 
It could be explained considering the formation of cross-linked 
amino acids side chains, the breaking and/or recombination of 
intramolecular disulfide bridges, the reaction between amino 
acids to promote the formation of iso-peptide, and Maillard 
reactions during heat treatment. All these possible reactions can 
change the structure of proteins and peptides and, as a result, an 
increasing or decreasing activity (Kurozawa et al., 2011; Rodríguez-
Díaz et al., 2014). For example, it is well known that the Maillard 
reaction products have a high antioxidant capacity and this could 
be adding to the activity of the hydrolysate; furthermore, this 
reaction is used to improve the technological functionalities 
such as thermostability in proteins (Nooshkam et al., 2020).

The enzymatic hydrolysate was spray-dried at the optimal inlet 
air temperature (200 °C) and the optimal feed flow (630.5 mL/h) 

according to the response surface methodology. Table 3 shows the 
theoretical values of spray-dried hydrolysate (SDH) calculated by 
the software compared with the values of freeze-dried hydrolysate 
(FDH). Bearing in mind that drying conditions can alter the 
characteristics of protein hydrolysates (Liu et al., 2022), the results 
show there are no statistically significant differences between the 
moisture of SDH and FDH. The antioxidant activity by the ABTS 
method was higher in SHD than in FDH, and the antioxidant 
activity by the FRAP method had no difference between the two 
samples. In a study that evaluated the effects of freeze-drying and 
spray-drying on Perinereis aibuhitensis hydrolysates, they found 
that the spray-dried hydrolysate got more species of free amino acid 
and volatile organic compounds, and better antioxidant activities 
compared to the freeze-dried hydrolysate (Liu et al., 2022).

Although the predicted values were not as close to the 
experimental values, the experimental showed relatively high 
values compared to most of the experimental runs. Additionally, 
the proximity of the predicted and experimental values is 
consistent with the r squares of the resulting models.

3.3 Scanning electron microscopy (SEM)

The morphological analysis of the spray-dried hydrolysate 
shows non-spherical particles contrary to what would be expected 
in spray-dried products. The Figure 3 shows liquid bridges between 
particles that may be due to the hygroscopicity. During protein 
hydrolysis, the release of hydrophobic and hygroscopic amino 
acid residues occurs, which confers this characteristic to the 
hydrolysate (Ma et al., 2014). Furthermore, tilapia hydrolysate 

Figure 3. SEM micrographs of spray-dried tilapia hydrolysate (SDH) obtained at an inlet air temperature of 200 °C and feed flow of 630.5 mL/h.

Table 3. Optimal predicted values and experimental validation for the central 
composite design (CCD) and comparison with a freeze-dried hydrolysate.

Variable Predicted value Experimental SDH FDH
Moisture (%) 7.4 8.8 ± 1.8a 11.5 ± 1.0a

ABTS (μmol TE/g) 620.1 580.6 ± 10.3a 535.9 ± 8.7b

FRAP (μmol TE/g) 132.1 120.1 ± 7.6a 114.8 ± 8.3a

Results are presented as the mean of triplicate ± standard deviation. Mean values within 
a row followed by different letters mean significant differences (p < 0.05). Note: Freeze-
dried hydrolysate (FDH) has been included in this table for comparison purposes only. 
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contains low molecular weight peptides (around 336 Da) which 
could explain also a high hygroscopicity (Kurozawa  et  al., 
2011) which is one of the most common problems in protein 
hydrolysates (Sarabandi et al., 2020). Similar microphotographs 
were obtained in the study of a pure Mussel protein hydrolysate 
after spray-drying, however, when the hydrolysate was dried 
using a carrier agent, spherical-shaped particles with a smooth 
surface were observed (Silva et al., 2012).

Irregular concavities or pores on the surface of the samples are 
associated with the fast evaporation of water during the spray-drying 
process, which leads to the formation of smooth surface particles 
(Sarabandi et al., 2020). The spray-drying process is made up of two 
stages. In the first one, the solvent evaporation shrinks the drop, and 
the increase of the solute concentration generates a crystallization 
in the surface. In the second stage, the internal steam flow restricted 
by the shell formed promotes the formation of bubbles within the 
particle, which are responsible for the formation of hollow structures 
(Rodríguez-Díaz et al., 2014). According to Chuaychan et al. (2017), 
a high inlet air temperature causes a harder shell of the particles. 
It prevents deflation, while at a low temperature, the shell remains 
moist, and the particle deflates as its temperature decreases.

4 Conclusions
According to the results, an acidic or neutral pH adequately 

preserves the antioxidant activity; however, an alkaline pH 
significantly reduces the antioxidant activity of the hydrolysate. 
In the spray-drying process, both inlet air temperature and feed 
flow had statistically significant effects on moisture, drying ratio, 
productivity, drying rate, and antioxidant activity. Optimization 
of the drying process indicated that higher temperatures decrease 
moisture and increase the drying rate and antioxidant activity 
of the hydrolysate. Optimum conditions allowed the obtention 
of hydrolysate with higher characteristics than a freeze-dried 
hydrolysate. Hence, it can be concluded that it is possible to 
obtain a spray-dried tilapia hydrolysate with low moisture, high 
productivity, and high antioxidant activity. However, future studies 
focused on determining the mechanism by which antioxidant 
activity increases with increasing temperature and on validating 
the presence of Maillard reaction compounds are necessary. 
Likewise, the study of carrier agents that reduce hygroscopicity 
and therefore increase the stability of the hydrolysate.
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