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 Fish oil consumption has increased 
significantly due to its high nutrient content of 
omega-3 (ω-3) fatty acids, such as eicosapentaenoic 
acid (EPA, C20H30O2) and docosahexaenoic acid 
(DHA, C22H32O2), which are found in fish and
seafood products and are widely used as functional 

 

foods, supplements, and medicines.  This trend has 
arisen from the growing public awareness of the 
benefits of a healthy lifestyle.  As a result, the 
global fish oil trading market was valued at USD 
12.3 billion in 2022 and is expected to increase at 
a compound annual growth rate (CAGR) of 6.8% 
from 2022 to 2032, reaching USD 23.8 billion 
(FMI, 2023). 
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ABSTRACT

 Encapsulation is one of the techniques to preserve fish oil compounds from deterioration 
and degeneration caused by oxidation.  In the encapsulation process, the matrix wall protects fish oil 
substances, particularly when using the spray-drying method.  This mechanism can induce changes in 
metabolite profiles while maintaining the quality of fish oil.  In this study, metabolite changes were 
analyzed using high-performance liquid chromatography coupled with high-resolution mass spectrometry 
(HPLC-HRMS), alongside measurements of free fatty acids, acid values, and scanning electron microscope 
(SEM).  The results showed distinct clusters between encapsulated and raw fish oil, with 75 metabolites 
identified, of which 35 were considered variables important in projection (VIP) metabolites.  Statistical 
analysis revealed significant changes in 63 metabolites.  Principal component analysis (PCA) clearly 
distinguished raw from encapsulated fish oil across a broad range, while the heatmap showed that most 
metabolites significantly differed among the treatment groups.  PLS-DA identified 35 VIP metabolites, 
of which (1S,4S)-4-hydroxy-3-oxocyclohexanecarboxylic acid showed the highest VIP score.  The VIP 
metabolites included 15 types of lipid derivatives, two amino acid derivatives, two carboxylic acid 
derivatives, two carbohydrate derivatives, two phenolic compounds, two aromatic compounds, and 
several minor substances.  Additional findings showed a significant (p<0.05) decline in both free fatty 
acid and acid value levels for encapsulated fish oil, along with the formation of spherical encapsulated 
powder particles.  The combination of HPLC-HRMS-based metabolomics with encapsulation analysis 
remains underexplored, and this study provides valuable insights into the encapsulation process for 
fish oil products.         
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 Fish oil is a derivative product of marine 
resources, extracted from fish processing waste and 
by-products ( Zhang et al., 2021; Lee et al., 2022; 
Aitta et al., 2023).  It is rich in polyunsaturated 
fatty acids (PUFAs), particularly omega-3 (ω-3) 
fatty acids such as EPA (C20H30O2) and DHA 
(C22H32O2), lipids soluble vitamins, lipophilic 
bioactives, and other bioactive compounds (Bakry 
et al., 2015; Ramos et al., 2021; Lee et al., 2022; 
Sultana et al., 2023).  Several health benefits 
associated with the consumption of this functional 
lipid compound, including reducing the risk of 
cancer, cardioprotective effects, strengthening the 
immune system, lowering cholesterol, protection 
against free radicals, improved brain function, 
anti-aging effects, and potential treatment for 
various diseases.  Previous studies have reported 
benefits conditions such as hypertension, obesity, 
inflammation, diabetes, autoimmune diseases, 
neurological disorder, and mental illnesses 
(Fernández-Cuesta et al., 2013; Kumar et al., 2017; 
Ramos et al., 2021).  However, despite these 
beneficial properties, the high degree of unsaturated 
in PUFAs makes them highly susceptible to 
oxidative degradation, which can negatively affect 
the quality of fish oil.  The quality of fish oil 
deteriorated due to oxidative degradation of PUFA 
compounds, which are prone to radical scavenging. 
This leads to the formation of volatile compounds 
and the development of a rancid odor (Bakry et al., 
2015; Venugopalan et al., 2021).  Encapsulation is 
an effective strategy to overcome this issue.  The 
encapsulation mechanism involves surrounding 
the active substance with a secondary material that 
acts as an against environmental factors such as 
light and oxygen.  This protective barrier prevents 
chemical or physical reactions with the environment 
that could destabilize the compound (Bakry et al., 
2015; Kumar et al., 2021).

 One common encapsulation technique 
is spray drying, which rapidly convert liquid 
dispersion into dry particles at high temperatures. 
Maltodextrin (MD) is often used as the wall 
material in this process (Díaz-Montes, 2023), 
while Tween serves as a surfactant to stabilize the 
liquid dispersion.   

 Although it has been widely stated that 
encapsulation enhances the stability of fish oil 
(Bakry et al., 2015; Kumar et al., 2017; Ayuni et al., 
2021; Ramos et al., 2021; Venugopalan et al., 
2021; Rahmani-Manglano et al., 2022; Sultana et al., 
2023), there is a need to assess the metabolite 
changes in encapsulated fish oil compared to its 
raw form.  Most previous studies have focused 
only on the chemical and physical characteristics 
of encapsulated fish oil (Kumar et al., 2017; Ayuni 
et al., 2021; Ramos et al., 2021; Rahmani-Manglano 
et al., 2022; Sultana et al., 2023), while compound-
level changes between raw and encapsulated products 
have rarely been reported.

 These compound changes due to the 
encapsulation process can be more precisely 
described through metabolomic analysis using 
High-Performance Liquid Chromatography coupled 
with high-resolution mass spectrometry (HPLC-
HRMS).  Today, the metabolomic approach become 
increasingly popular in food research as it enables 
both qualitative and quantitative assessment of 
metabolites  (Emwas et al., 2021).  It is an effective 
technique for detecting chemical changes in 
metabolites influenced by external factors such as 
season, maturity, or physical/chemical/bioprocess 
treatments (Yang et al., 2020).

 In this study, HPLC-HRMS was used to 
identify metabolite variability in fish oil matrices.  
This method enables the detection of numerous 
molecules in complex matrices  and supports 
interpretation through statistical tools such as 
principal component analysis (PLS-DA) dendrograms, 
and heatmaps (Utpott et al., 2022).  The comprehensive 
identification of fish oil compounds using HPLC-
HRMS further supports the originality of this study in 
exploring the effects of encapsulation, a combination 
not widely investigated.

 This study aimed to evaluate the impact 
of spray drying encapsulation on the metabolite 
profile using HPLC-HRMS-based metabolomics, 
in combination with quality parameter analyses 
(free fatty acid and acid value) and scanning 
electron microscopy (SEM), to provide new insights 
into the compound differences between raw and 
encapsulated fish oil products.  
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 The fish oil used in this study was purchased 
from a commercial online marketplace and labelled 
as 100% pure fish oil rich in squalene (manufacturer 
information not provided by the seller; country of 
origin: Indonesia).  The product was stored at 4 °C in 
a dark bottle until further use to minimize oxidation. 
Maltodextrin [MD, dextrose equivalent (DE) 10–
12] was also purchased from a commercial online 
marketplace and labelled as food grade (manufacturer 
information not provided by the seller).  Other 
materials included Tween 80 (Merck), distilled 
water (OneMed, Indonesia), methanol (MS grade, 
Fisher Scientific Korea Ltd), sodium hydroxide 
(NaOH, Emsure, Germany), and Ethanol (95%, 
Emsure, Germany).

Production of encapsulated fish oil powder

 Encapsulation was prepared by combining 
the active compound (fish oil) with a secondary 
material/encapsulating agent (MD) to form a 
homogenous solution.  The mass ratio of raw fish 
oil (2%, 4%, and 6%)) to MD was 1:4, based on 
modifications of Bakry et al. (2016) and El-Messery 
et al. (2020).  The MD solution was prepared by 
dissolving MD in distilled water using a magnetic 
stirrer (Heidolph, Germany) at 600 revolutions per 
minute (rpm) at room temperature for 10 min.  Fish 
oil was then dispersed into the MD solution and 
homogenized using a high-speed homogenizer 
(T25 Digital Ultra-Turrax, Germany) at 10,000 rpm 
for 10 min.  Tween 80 (2%, as a surfactant) was 
added to the mixture of fish oil and MD solution, 
and the emulsion was further homogenized at 
10,000 rpm for 20 min using the same homogenizer. 
The resulting emulsion was stored at 4 °C until 
further analyses.

 Encapsulated fish oil powder was produced 
by drying the emulsion using a spray dryer (B-290 
Buchi Mini Spray Dryer, Switzerland) equipped 
with a standard 0.7 mm nozzle.  The emulsion was 
fed into the spray nozzle through an automated 
pump system.  The spray drying parameters were 
as follows: air inlet temperature of 130 °C, air 
outlet temperature of 65–70 °C , pump rate of 24%, 
aspirator rate of 9%, and chamber pressure of 60
mbar.  The inlet temperature was selected based on 

El-Messery et al. (2020), with slight modifications. 
The resulting encapsulated fish oil powder was 
collected from the cyclone chamber and sample 
vessel, then  stored at 4 °C with a 1 g silica gel pad 
in Ziplock plastic packaging for further analyses.

Metabolite extraction for HPLC-HRMS analyses

 Samples preparation followed a modified 
method from Windarsih et al. (2022).  A 100 mg 
portion of each sample (raw and encapsulated fish 
oil powder) was extracted with 4 mL of MS-grade 
methanol in a microcentrifuge tube.  The mixture 
was homogenized using a sonicator (Elmasonic, 
Ɛlma S100H, Germany, 37 kHz) for 30 min.  The 
supernatant was collected using a syringe and 
filtered through a 0.22-µm nylon filter membrane 
into a clean microcentrifuge tube.  One mL of 
the filtered supernatant was transferred into an 
HPLC vial for HPLC-HRMS analysis to evaluate 
metabolite profiles.  A blank sample containing 
only MS-grade methanol was used as a control. 
All samples were prepared in triplicate.

HPLC-HRMS analyses 

 The HPLC-HRMS parameters were adapted 
from Windarsih et al. (2022).  Metabolites from 
the extracted samples were characterized and 
analyzed using a HPLC-HRMS.  Chromatographic 
separation was performed using a Thermo Scientific™ 
Vanquish™ UHPLC Binary Pump and a Thermo 
Scientific™ Accucore™ Phenyl-Hexyl analytical 
column (100 mm × 2.1 mm ID × 2.6 µm particle 
size).  Mass spectrometric detection was carried out 
using a Thermo Scientific™ Q Exactive™ Hybrid 
Quadrupole-Orbitrap™ High-Resolution Mass 
Spectrometer.

 The mobile phase consisted of: mobile 
phase A: MS-grade water containing 0.1% formic 
acid and 50 mM ammonium format; mobile phase 
B: MS-grade methanol containing 0.1% formic acid 
and 50 mM ammonium format.  A gradient elution 
was employed at a flow rate of 300 µL∙min-1.  The 
initial condition was 95% A, gradually reduced to 
10% over 16 min, held at 10% for 4 min, and then 
returned to 95%.  A until the 25-min mark.  The 
column temperature was maintained at 40 °C, and 
the injection volume was 7 µL.
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 Untargeted screening was conducted 
in both positive and negative ionization modes 
using full MS/dd-MS2 acquisition.  Nitrogen was 
employed as the sheath, auxiliary, and sweep gases 
at 32, 8, and 4 arbitrary units (AU), respectively. 
The spray voltage was set at 3.30 kV, with a capillary 
temperature of 320 °C and an auxiliary gas heater 
temperature of 30 °C.  The scan range was set from 
66.7–1,000 m∙z-1, with a resolutions of 70,000 for 
full MS and 17,500 for dd-MS2.

Chemometrics analysis 

 In this metabolomics study, samples were 
differentiated and classified using principal component 
analysis (PCA) and partial least squares discriminant 
analysis (PLS-DA) to distinguish between raw and 
encapsulated fish oil.  The chemometric study was 
conducted using the free software MetabAnalyst 
6.0.  The chemical and metabolite regions derived 
from the untargeted study were incorporated 
as variables in the PCA and PLS-DA analyses.  
The chemometric analysis included four sample 
groups: raw fish oil (without encapsulation) and 
encapsulated fish oil at concentrations of 2%, 4%, 
and 6%.  A total of 75 compounds were selected 
for analysis based on metabolomics assessment.  
Compound filtering was performed using the 
Thermo Scientific’s Compound Discoverer software 
to reduce variable numbers while maintaining data 
diversity.  Compounds were selected based on 
available names, DDA segments for specific ions, 
and best-match results using mzCloud database.

 Prior to chemometrics analysis, data were 
normalized by sum, log-transformed (base 10), 
and standardized using relative standard deviation 
(RSD = SD/mean) and auto-scaling technique. 
PLS-DA interpretation involved a PLS-DA score 
plot, loading score, and variable importance in 
projection (VIP) value.  PCA interpretation was 
based on the PCA score plot.  Sample clustering 
was illustrated using dendrogram and heatmap 
techniques. Statistical analysis was performed using 
analysis of variance (ANOVA), and significant

differences among clusters were assessed using 
Tukey’s HSD post hoc test, with p<0.05 considered 
statistically significant. 

Total free fatty acids and acid value analysis

 Total free fatty acids (FFA) were determined 
using the procedure outlined in AOAC 969.33. 
(AOAC, 2005).  A 14 g sample of either raw or 
encapsulated fish oil powder was mixed with 25% 
ethanol (95%).  Phenolphthalein was used as an 
indicator.  The mixture was titrated with 0.05 N of 
NaOH under vigorous shaking until a persistence 
pink color appeared and lasted for at least 30 s. 
The percentage of FFA was calculated using the 
following formula (Latip et al., 2014; Ayeloja 
et al., 2024a) :

     % FFA = (V×N×28.2) / W,

V  = volume of 0.05 N NaOH (mL)
N  = Normality of NaOH (N)
W = weight sample (g)

     Acid value = % FFA×1.99

Results were expressed as means and standard 
deviations.  Data were collected in triplicate. 
Statistical significance was determined using 
analysis of variance (ANOVA), and LSD tests were 
performed using CoSTAT statistical software.

Scanning electron microscopy (SEM) 

 The morphology of the encapsulated fish 
oil powder was observed using scanning electron 
microscopy (SEM, Hitachi SU3500, Japan). 
Approximately 0.5 g of the powder sample was 
mounted onto a specimen stub and placed in the 
specimen holder.  Observation was conducted 
at 3,000× magnification (acceleration voltage: 
3 kV; vacuum: 6 Pa) using an Ion Sputter Coater 
(Hitachi MC1000) with 100% gold coating.  Image 
measurements were analyzed using the SEM 
SU3500 software package.
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Metabolite analysis 

 Differential metabolites identified in raw 
 and encapsulated fish oil 

 HPLC-HRMS detected a total of 75 
metabolites from the extracted samples in both 
positive and negative ion modes.  Among these 
63 metabolites showed statistically significant 
differences (Supplementary Table 1).  These 
metabolites showed clear distinctions between 
raw and encapsulated fish oil.  Further interpretation 
of these metabolite profiles was performed using 
principal component analysis (PCA), a dendrogram, 
heatmaps, and partial least squares discriminant 
analysis (PLS-DA).

 Principal component analysis (PCA) and 
 clustering of metabolites

 Metabolite clustering is shown in Figure 1a. 
The samples were clearly separated into distinct 
clusters, indicating that each formulation possesses 
unique characteristics contributing to its specific 
location in the principal component space.  The total 
variance explained by PC1 and PC2 was 78.2%.

 As shown in Figure 1a, the 4% and 6% of 
encapsulated fish oil samples were located on the 
positive side of PC2, while the 2% encapsulated 
fish oil were positioned on the negative side of 
PC1.  In contrast, the raw fish oil group was located 
closer to the center, exhibiting a more homogenous 
profile.  The PCA score plot showed statistically 
significant (p<0.001), indicating high variability 
among groups.  Further evaluation of similar and 
differential clustering relationships is shown in 
Figure 1b.  The dendrogram illustrated four distinct 
groups: 2% encapsulated fish oil, 4% encapsulated 
fish oil, 6% encapsulated fish oil, and raw fish oil. 
While the encapsulated groups shared some 
clustering patterns, each showed varying levels

of internal variance.  In contrast, the raw fish oil 
group formed a separate and distinct cluster from 
the encapsulated group.

 Heatmap diagram of fish oil (raw and 
 encapsulated) metabolites

 The heatmap provided a hierarchical 
clustering visualization of the metabolite profiles 
detected in the samples (raw and encapsulated 
fish oil in different concentrations).  Samples 
were grouped based on similarities in metabolite 
abundance, with the intensity of each metabolite 
represented by a color gradient from blue (low 
abundance) to red (high abundance).  Figure 2 
displayed the 63 significantly different metabolites, 
visualized and clustered accordingly.  Each cluster 
revealed similar metabolite compositions but 
differed in abundance intensity.  While the 
encapsulated groups showed comparable variance 
patterns among themselves, they were clearly 
distinct from the raw fish oil cluster.

 Partial least squares discriminant analysis 
 (PLS-DA) of fish oil metabolites

 PLS-DA confirmed the presence of 
differential metabolites within each cluster, with 
a high variable importance in projection (VIP) 
score range (Song et al., 2022).  A total of 35 
metabolites were identified as VIP metabolites 
(Supplementary Table 2), representing 15 types 
of lipids and their derivatives, two types of amino 
acid derivatives, two types of carboxylic acid 
derivatives, two types of carbohydrates and their 
derivatives, two types of phenolic compounds, 
two types of aromatic compounds, and other 
small molecule categories.  As shown in Figure 3, 
clear separation among clusters was observed.  
Metabolites extracted from encapsulated fish oil 
showed a greater variety in intensity compared to 
those from raw fish oil, indicating changes in 
metabolite profiles induced by the encapsulation 
process.
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Figure 1. (a) Principal Component Analysis (PCA) score plot showing the clustering of raw and encapsulated fish 
 oil samples based on metabolite profiles; (b) Hierarchical clustering dendrogram showing the similarity 
 among raw fish oil (Raw FO) and encapsulated fish oil at 2% (EncapFO 2%), 4% (EncapFO 4%), and 
 6% (EncapFO 6%) concentrations.
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Total free fatty acids (FFA) and acid value (AV) 
analyses of fish oil 

 The FFA and AV values of raw and 
encapsulated fish oil are shown in Figure 4.  The 
FFA and AV of the samples showed statistically 
significant differences among treatments (p<0.05), 
as indicated by different superscript letters.  Raw 

FO exhibited the highest FFA (1.71%) and AV 
(3.40 mg KOH∙g-1), significantly higher than 
all encapsulated fish oil samples.  Among the 
encapsulated samples, F06 had the lowest FFA 
(1.21%) and AV (2.40 mg KOH∙g-1), both significantly 
different from F02 and F04.  The Different among 
treatments, confirming that each treatment had a 
distinct impact.

Figure 2. Heatmap showing the relative abundance of 63 metabolites in raw and encapsulated fish oil samples. 
 Groups include raw fish oil (Raw FO), and encapsulated fish oil at 2% (EncapFO 2%), 4% (EncapFO 4%), 
 and 6% (EncapFO 6%) concentrations. The color gradient represents metabolite abundance, with red 
 indicating higher and blue indicating lower levels. Hierarchical clustering was applied to both samples 
 and metabolites to visualize patterns of variation among treatments.
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Figure 3. PLS-DA of the top 35 metabolites with the highest Variable Importance in Projection (VIP) scores, 
 showing variance among raw and encapsulated fish oil samples. Groups include raw fish oil (Raw FO), 
 and encapsulated fish oil at 2% (EncapFO 2%), 4% (EncapFO 4%), and 6 % (EncapFO 6%) levels. The 
 heatmap indicates relative metabolite abundance, with red representing high and blue representing low 
 concentrations.

Figure 4. Percentage of total free fatty acid (FFA) and acid value (AV) of raw and encapsulated fish oil. Raw FO = 
 raw fish oil; F02 = 2% encapsulated fish oil; F04 = 4% encapsulated fish oil; F06 = 6% encapsulated 
 fish oil. Bars represent mean values (n = 3), and error bars represent ±SD. Different lowercase letters 
 above bars for the same trait denote significant differences (p<0.05).
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Scanning electron microscopy (SEM) of encapsulated 
fish oil powder
 
 The surface morphology of control and 
encapsulated fish oil powder particles is presented 
in Figure 5.  The control samples (Figure 5a)

 In this study, when the emulsion of fish 
oil encapsulation goes through the feed at a high 
temperature during the spray dryer, it helps 
evaporate the water from the emulsion and turn it 
into powder (Sultana et al., 2023).  This mechanism 
probably made metabolite changes in the fish oil 
compounds.  Thermal processing could lead to an 
effect observed in the compositional and changing 
nutrients in the food matrix (Utpott et al., 2022). 
This study allowed metabolomics analysis to 
differentiate the metabolite changes between raw 
fish oil and encapsulated fish oil using a spray 
dryer to evaluate the quality of fish oil products.

showed irregular, agglomerated, crushed, and 
wrinkled particles.  In contrast, the encapsulated 
samples (Figure 5b, 5c, 5d) demonstrated that as the 
amount of fish oil increased in the formula, more 
spherical-shaped particles were formed through the 
spray drying process.

The significant metabolites were expressed in 
Supplementary Table 1.  The differences in the 
variance of peak intensity range between metabolites 
among the clustering groups stimulate this significance.

 The analysis of metabolite changes 
was interpreted using chemometrics analysis to 
differentiate the clustering.  PCA is a multivariate 
statistical analysis method that often summarizes 
large-scale data into grouping descriptions (Isha 
et al., 2020; Utpott et al., 2022).  The PCA was 
conducted to examine the metabolite profile, as 
illustrated in Figure 1a and 1b.  PC1 and PC2 explain 
78.2% of the total variability in the data.  This 
indicates that the total differences among samples

Figure 5. Morphology of encapsulated fish oil: (a) control/no fish oil loaded; (b) 2% of encapsulated fish oil powder; 
 (c) 4% of encapsulated fish oil powder; (d) 6% of encapsulated fish oil powder.
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can be effectively summarized and visualized in 
a two-dimensional plot.  This cumulative variance 
suggests that PC1 and PC2 are sufficient to distinguish 
the major patterns and groupings in the data (as the 
separation between raw and encapsulated fish oil 
in different encapsulation concentrations).  The 
encapsulated groups for 4% and 6% of encapsulated 
fish oil are in the exact location (the positive side 
of PC2), and encapsulated groups for 2% is on the 
negative side of PC1 (nearly to the positive side 
of PC2).  This was likely because these groups had 
more common metabolite profiles than the raw FO 
group.

 As shown in Figure 2, the variance intensity 
of seventy metabolites was illustrated in each cluster 
group from -2 (lowest) to 2 (highest) intensity range. 
Most of the metabolites in the encapsulated group 
showed a color of intensity similar to that of the raw 
fish oil group.  The primary metabolite in Figure 2 
is shown in Figure 3, with each metabolite more 
clearly appearing, showing the different color 
intensity in each cluster.  The highest score detected 
by the VIP (Supplementary Table 2) was reached by 
(1S,4S)-4-Hydroxy-3-oxocyclohexanecarboxylic. 
Statistics showed that (1S,4S)-4-Hydroxy-3-oxocy
clohexanecarboxylic was significantly different 
in each cluster (Supplementary Table 1), and this 
metabolite belonged to the carboxylic acid group. 
Ricinoleic Acid, a fatty acid group, was the second 
highest and was significantly different in each 
cluster.  Ricinoleic acid is an unsaturated omega-9 
fatty acid and a hydroxy acid commonly found 
in various foods and in vegetable and seed oils 
(Nisbett et al., 2024).  It constitutes approximately 
90% of the fatty acid content in castor oil, where 
it exists primarily as triglyceride.  The process of 
ricinoleate formation involves channelling the 
substrate through the hydroxyl rebound pathway 
(Buist, 2010).

 Additionally, ricinoleic acid has been shown 
to reduce anxiety-like behaviour in male mice, 
demonstrating effects like those of antidepressants 
(Nisbett et al., 2024).  The lowest intensity 
described in the diglyceride metabolite, DG-(18:1
(11Z)/18:1(9Z)/0:0), was also significantly different 
in each cluster (Supplementary Table 1).  Overall, the 
VIP metabolites of encapsulated fish oil have high
intensity compared to raw fish oil (Supplementary 

Table 2).  Most of them were lipids and their 
derivative compounds, which belong to fatty 
acids, such as ricinoleic acid, docosadienoate 
(PUFA derivied), palmitin, glycerols, myristoyl, 
heptadecanoate, and octadecadienoate.

 The high intensity of metabolites in 
encapsulated fish oil groups indicates that the 
encapsulation process by spray dryer could maintain 
the consistency of the fish oil substances.  Figure 3 
shows that 2% of encapsulated fish oil has more 
metabolites in the high-intensity range.  The 
metabolites were discovered in this study, also found 
in other fish product studies, such as L-α-PALMITIN 
(syn. 1-Monopalmitoylglycerol), 4-Phenylbutyric 
acid (phenylbutyric acid), 1-Stearoylglycerol (-Stearoyl-
glycero) were found in Li et al. (2021),  Acetophenone 
(ketone group), 4'-Hydroxy-3'-prenylacetophenone 
(ketone group), D-(-)-Erythrose (aldehyde group) 
were found in Song et al. (2017), L-alpha-Glyceryl
phosphorylcholine (syn. Cholineglycerophosphate) 
was found in Wen et al. (2019), 1-myristoyl-2-
oleoyl-sn-glycerol (Myristoleicacid) was found in 
Kuvendziev et al. (2018), D.G.- (18:1(11Z)/18:1
(9Z)/0:0) (DG-derived) was found in Cao et al. 
(2022), (2S)-2,3-Dihydroxypropyl (13Z,16Z)-13,
16-docosadienoate (Docosanoate derived), (14R,20S)
-17,20,21-Trihydroxy-2-methyl-17-oxido-11-oxo
-12,16,18-trioxa-17lambda~5~-phosphahenicosan
-14-yl, 16-methylheptadecanoate (Heptadecanoate 
derived) and Ethyl (2E,4E,6E,8E,10E,12E,14Z,16E)-2,
6,11,15-tetramethyl-17-(2,6,6-trimethyl-1-cyclohexen-
1-yl)-2,4,6,8,10,12,14,16-heptadecaoctaenoate 
(Heptadecanoate derived) were found in Irnawati 
et al. (2024).  In addition to illustrating the various 
ranges between raw and encapsulated fish oil using 
Heatmap and PLS-DA, nutrition quality from FFA 
and AV was assessed to estimate the difference.

 PUFA compounds in oil products could 
linked with radical scavenging and easily to 
hydrolysis or oxidative, which leads to the 
degradation of product quality.  Degradation in oil 
products produced FFA which was presented because 
of the decomposition reaction of triglycerides (Tsado 
et al., 2018; Hidayah et al., 2022; Djamaludin 
et al., 2023; Ayeloja et al., 2024a) (Figure 4).  If 
FFA is a product of hydrolysis reaction, then AV
is a secondary product of the oxidative response 
which indicates rancidity (Özyurt et al., 2013; 
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encapsulated fish oil than the raw fish oil sample. 
The encapsulation process involves enclosing 
fish oil compounds within a protective matrix 
(maltodextrin), using the spray drying method. 
This matrix acts as a physical barrier, shielding 
the compounds from environmental factors that 
contribute to oxidative degradation.  Encapsulation 
is particularly important for fish oil, which is rich 
in PUFAs that are highly susceptible to oxidation 
when exposed to oxygen, heat, light, and moisture. 
Oxidation leads to the formation of undesirable 
compounds such as FFAs, peroxides, and aldehydes, 
which result in rancidity, off-flavors, and a 
substantial loss of nutritional value.  Therefore, 
encapsulation provides an effective means of 
enhancing the stability and shelf life of fish oil by 
minimizing oxidative damage.  By protecting the 
oil from environmental factors, encapsulation not 
only preserves the quality of fish oil but also ensures 
that its beneficial properties, such as omega-3 fatty 
acids, remain intact until consumption. This method 
ultimately supports the delivery of health benefits 
associated with fish oil while maintaining its sensory 
attributes.

 This study showed that the encapsulation 
process using a spray dryer has stimulated fish oil 
metabolite changes.  The result showed a distinguish 
cluster between encapsulated and raw fish oil.  35 
VIP metabolites were discovered, which represented 
15 types of lipids and their derivatives, two types 
of amino acids derivatives, two types of carboxylic 
acid derivatives, two types of carbohydrates and 
derived, two types of phenolic compounds, two 
types of aromatic compounds, and other small 
substances (formamides, iridoid, organic compound, 
sesquiterpenoids, sulfonic acid, glycogen, tetrose 
saccharide, hydroxy benzylidene, sterols, methyl 
ketone).  According to Heatmap and PLS-DA 
visualized, most metabolites (VIP compounds) have 
a high range intensity in the encapsulated fish oil 
compared to raw fish oil.  This study also showed 
a decline in FFA and AV levels for encapsulated
fish oil and a Spherical-shaped particle formed by 
the spray dryer.  The highest level of FFA and AV 
will lead to deterioration in the quality of fish oil. 
This indicated that encapsulation by spray drying 
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Latip et al., 2014; Hidayah et al., 2022; Lee 
et al., 2022; Ayeloja et al., 2024b).  Both become 
indicators of fish oil quality.  This result has not 
reached the IFOS (International Fish Oil Standard) 
standard for FFA requirements (<1.13) (Djamaludin 
et al., 2023), but has reached requirements from 
other literature which stated that the acceptable 
limit for FFA value is about<8 (Ayeloja et al., 
2024b) and for the AV has reached the requirements 
standard for fish oil from FAO (≤3 mg KOH∙g-1) 
(FAO, 2017), both for the encapsulated oil samples. 
The result (Figure 4) showed a decline in FFA and 
AV from raw into encapsulated fish oil products. 
Statistical showed a significant effect (p<0.05) on 
the FFA and AV value between raw and encapsulated 
products.  It showed that the encapsulation process 
could decline the FFA and AV number levels, 
showing that protecting fish oil's active substances 
from external factors could stimulate the degradation 
process.

 Furthermore, SEM in Figure 5 described 
the morphology of encapsulated fish oil in more 
detail.  The encapsulation of fish oil starts with 
the emulsion stages, which combine oil-active 
compounds with the second material wall through 
a series of homogenizations until the oil-active 
compounds are present within the second material 
wall (Sultana et al., 2023).  This study found that 
fish oil encapsulation particles (Figure 5b, 5c, 
and 5d) appeared more spherical than the control 
(Figure 5a.) but had similar morphology particles 
(around 10 µm) among all fish oil concentration 
treatments.  This finding is similar to the study of 
Rehman et al. (2021), and Rahmani-Manglano 
et al., 2022 showed a spherical particle formed 
while fatty acid was loaded in the encapsulation 
formulas.  We predicted that the active compounds 
in fish oil had been entrapped within the second 
material wall.

 This study found that the encapsulation 
mechanism was effective in protecting various 
metabolites detected during the analysis, including 
several PUFA-derived compounds.  Chemometric 
showed that encapsulated fish oil exhibited higher 
metabolite intensity compared to raw fish oil
(without encapsulation treatment).  This protective 
effect was also reflected in lower levels of 
degradation indicators (FFA and AV value) on 
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could protect the substance active of fish oil from 
quality degradation.  SEM figure also showed an 
entrapping active compound in fish oil within the 
second matrix wall.  This study result gave new 
insight into the positive side of the impact of the 
fish oil encapsulation process by spray drying 
method, which could protect the substance of fish 
oil compounds.
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