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Lipidomics analysis of phospholipid
profiles and oxidative stability in
pan-fried beef patties incorporating
sacha inchi leaf extracts
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High-temperature cooking methods, such as pan-frying, often accelerate lipid oxidation in meat
products, negatively affecting their nutritional quality and safety; thus, natural antioxidants, such

as those found in sacha inchi (Plukenetia volubilis) leaves, could be beneficial in mitigating this issue.
Beef patties were additioned with sacha inchi leaf extracts at concentrations of 0.5%, 1.0%, and 1.5%,
focusing on their antioxidant effects, lipid oxidation, and lipid profiles. The results showed that the
addition of sacha inchi leaf extracts to pan-fried beef patties significantly reduced lipid oxidation.
Higher concentrations of extracts correlated with increased antioxidant activity. Lipid profiling had
distinct differences between samples, with the 1.5% of sacha inchi leaf extracts concentration showing
the most promising results. Specifically, this concentration was characterized by elevated levels of LPC
(Lysophosphatidylcholine)(18:2), LPE(Lysophosphatidylethanolamine)(18:2), and PA (Phosphatidic Acid)
(27:2/8:0). These findings suggest that the sacha inchi leaf extracts not only mitigate lipid oxidation
but also enhance the nutritional value of beef patties by influencing their lipid composition.
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Globally, there is a significant change in consumer consumption patterns, activities, and nutritional status. The
increasing pace of modern life, characterized by high mobility and demanding work schedules, has made people
have less time for eating. Consequently, dietary habits have become more westernized with a lower consumption
of fiber and a higher intake of fats. This has led to an increase in demand for fast food such as meat products,
which are obtained by subjecting raw meat to various processing methods and transforming into consumable
food items or other forms. The processing methods often include heat treatments such as boiling, frying, baking,
steaming, and grilling to extend shelf life and enhance the sensory qualities of products!. Meat and processed
products such as beef patties are widely consumed due to their nutritional content, including essential vitamins,
fatty acids, amino acids, and minerals?®.

Beef patties can be categorized as fast food products made from various animal species such as beef, pork,
and chicken that can be processed with different methods and specific organoleptic characteristics®. These
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products are added with some food ingredients to enhance taste, aroma, color, and appearance*The pan-frying
method of beef patties includes specific temperature conditions that can induce substantial lipid changes due
to oxidation and explored the association between lipid oxidation and cooking temperature in processed meat
products where a directly proportional relationship was found>~”. The high oxidative processes were correlated
with adverse health outcomes such as cardiovascular disease®.

High cooking temperatures is related to lipid oxidation in processed meat products, affecting both sensory
attributes and nutritional content. Macho-Gonzalez et al.” and Wang et al.!” reported that lipid oxidation
increased at elevated temperatures potentially contributing to disease hypertension, obesity, and cancer. It was
also reported that the efficacy of various antioxidants from black, green, and pink pepper!'black rice water
extracts'’and mulberry leaf'® could reduce lipid oxidation in processed meat products. Antioxidants help
preserve the nutritional value and sensory attributes!*preventing degenerative diseases related to free radicals,
such as cardiovascular, stroke, and cancer!®. Although synthetic antioxidants are commonly added to meat, their
use has become less accepted, leading to an increased interest in natural antioxidants from plants, such as leaf.
Among these plants, sacha inchi leaf (Plukenetia volubilis) contains terpenoids, saponins, phenolics, and other
substances with antioxidant properties®.

The lipidomics method can be used to determine the quality of processed meat products by evaluating their
lipid profile. Although the method has been used widely for various application, there is still limited information
on lipidomics profile in meat products'’. Lipidomics analysis can be carried out using specific instrument
capable of identifying metabolites and lipids such as Ultra-High-Performance Liquid Chromatography-High
Resolution Mass Spectrometry (UHPLC-HRMS). The instrument is suitable due to sensitivity in analyzing lipids
and the ability to provide a comprehensive lipid profile, simple sample preparation, and accurate identification'®.

Despite the abundant potential, there is no information on using sacha inchi leaf in meat to improve the
quality of processed products. Therefore, this study aimed to explore the effects of adding sacha inchi leaf
extracts on lipid profile and oxidation in beef patties.

Materials and methods

Beef chucks, starch and dried sacha inchi leaf (Plukenetia volubilis) were obtained from a local market in
Bandung, Indonesia. The other reagents were DPPH (1,1-diphenyl-2-picrylhydrazyl), HCl (Hydrochloric
acid), potassium iodide, acetic acid, ethanol, chloroform, Na,$,0,, methanol, anhydrous sodium sulfate, TBA
(Thiobarbituric Acid), formic acid, and acetonitrile LC-MS grade, which were all Pro Analysis quality chemical
reagents (Merck, Germany).

Methods

Extraction of sacha inchi leaf

Samples of dried sacha inchi leaf were ground into a fine powder before extraction. A maceration method was
applied using a sample-to-ethanol 96% ratio of 1:10 (w/v). The mixture was macerated at room temperature in
the dark for 3 days. Subsequently, the macerate was filtered using Whatman filter paper No. 1'°. The filtrate was
evaporated at 50° C and 80 rpm, while extracts were stored in a chiller at 4-5° C'°.

Beef patties burger preparation

Beef was ground using a meat grinder and divided into four groups, namely control, and sacha inchi extracts
at varying concentrations of 0.5%, 1.0%, and 1.5%. The concentrations of sacha inchi leaf extracts (0.5%, 1.0%,
and 1.5%) were selected based on preliminary sensory evaluation. Higher concentrations (>2.0%) introduced
undesirable sensory attributes, particularly bitterness and herbal aftertaste, affecting consumer acceptability.
Subsequently, beef patties weighing 30.00+0.10 g were formed and cooking was conducted in a non-stick pan
on a stovetop at 180° C for 4 min per side using 30 mL of cooking oil to prevent sticking. The cooked patties were
stored at -18° C until further analysis?’.

Determination of antioxidant activity

According to Gulcin & Alwasel*'a spectrophotometric method, DPPH was used to determine antioxidant
activity. Extraction was carried out by dissolving beef patties sample with 95% ethanol in a ratio of 1:10 (w/v)
and extracting at 60° C in a water bath with continuous shaking at a speed of 170 r/min for 2 h. The obtained
slurry was centrifuged at 10.000 x g for 10 min (Model 3740, Kubota, Osaka, Japan). The supernatant was
used for antioxidant activity analysis and antioxidant activity was evaluated by free radical scavenging activity
(DPPH method) to produce a 0.002% concentration of DPPH. Each test tube was filled with varying quantities
of supernatant and the total volume was increased to 2 mL. After adding 2 mL of DPPH solution to each test
tube, the solutions were left in the dark for half an hour, and every sample was examined three times. A UV-
Visible spectrophotometer (NanoDrop 2000 C spectrophotometer, Thermo Fisher Scientific, USA) was used to
measure optical density at 517 nm, while DPPH and ethanol were combined as control. The method followed
the procedures of Harlina et al.?? with slight modification using the formula

% Inhibition of DPPH activity = A=B 100 (1)

A

where: A =Optical density of control; B=Optical density of sample.

In this formula, A control refers to the absorbance of DPPH solution with ethanol whereas A sample refers
to the absorbance of DPPH solution absorbed in the sample. In this manner, a calculation of the percentage of
DPPH radical scavenging activity for each sample was done along with IC, | (mg/L). The lower the IC,, value of
the samples, the greater the antioxidant activity.
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Peroxide value in beef patties

The test was carried out using the iodometric titration method?. A total of 5 g of sample was weighed and heated
in a 250 mL Erlenmeyer flask with a water bath at 60° C for 3 min for fat melting, followed by stirring for 3 min
with 30 mL of acetic acid: chloroform solution (3:2 v/v) to dissolve the fat. The sample obtained was filtered using
Whatman filter paper under vacuum added with 0.5 mL of saturated potassium iodide solution and shaken for
1 min, followed by 30 mL of distilled water and 0.5 mL of 1% starch indicator. Titration was performed with
0.1 N'Na,S,0, until the initial color of the sample disappeared or turned white. The calculation of peroxide value
is as follows:

mEqO02) S x N
PV ( g ) = x 1000 (2)

Information: S =titration volume (mL); N = normality of Na,S,0,; W =sample weight (g); Peroxide Value (PV):
mEq O,/kg.

TBA analysis on beef patties

The TBA test was carried out using the distillation method?. A total of 10 g of sample was weighed and put into a
sharpened Kjeldahl flask. Next, 50 mL of distilled water was added to the sample, rinse using 47.5 mL of distilled
water, and 2.5 mL of 4 M HCl was added to adjust a pH of 1.5. Distillation was carried out until 50 mL of distillate
was collected in the Erlenmeyer flask. 5 mL of the collected distillate was pipetted into a test tube and 5 mL of
0.02 N TBA was added. Then, the sample was homogenized and heated in a water bath at 90° C for 35 min until
it turned reddish. The absorbance of the sample was read with a spectrophotometer at a wavelength of 528 nm.
The TBA number is calculated using the following formula.

Number TBA =7,8 x A (3)
Information: 7.8 =TBA MDA number/kg sample; A =absorbance. TBA value: mg MDA/kg.

Extraction of lipids from meat

Lipid extraction referred to the method used by Harlina et al.*>where 50 g of material was homogenized in
a mixture of chloroform: methanol: distilled water (120:120:60 v/v/v) at a speed of 11,000 g for 2 min using
a homogenizer. This combination was ultrasonified for 30 min at 20 °C with 80% capacity. A Buchner filter
funnel was used to filter the mixture. In an Erlenmeyer flask, 2 g of anhydrous sodium sulfate was added to the
chloroform phase (bottom layer) to remove water and salt residue. Whatman No. 1 paper was used to decant
and filter lipid components in chloroform. The evaporator was initially washed with nitrogen prior to starting
the rotary. Before analysis, the lipids were kept in vials at -20° C in nitrogen.

Lipidomics analysis

Lipidomics analysis was carried out using UHPLC-HRMS in the Advance Research Laboratory IPB University.
Before injecting the sample into the instrument, 5 mg of the lipid extracts sample was dissolved in 1 ml of
methanol and filtered with a 0.2 um Nylon membrane. UHPLC conditions include C18 Accucore (Thermo
Scientific) 100 x 2.1 mm x 1.5 pm stationary phase. Binary solvent was used as a mobile phase, divided into A
and B. Specifically, phase A was acetonitrile: water (60:40), 10 mol/L ammonium acetate, and phase B comprised
isopropanol: acetonitrile (90:10), 10 mol/L ammonium acetate. A 2 pL of the sample was injected with a flow
rate of 0.2 uL/minute for 35 min, with a column temperature of 30 °C and sample at 10 °C. The data was read at
the mass interval m/z 100-1500 m/z and spectra fragments were obtained at resolutions of 70,000 and 17,500,
voltage 3000 volts, capillary temperature 320 °C, heat temperature 300 °C, additional gas flow 3 Arb, and sheath
gas flow 15 Arb. Spectra data processing was performed directly by matching LipidSeacrh library data. The
detailed parameters of the LC gradient and MS instrument are shown in Supplementary Table S1, as described
by Maritha et al.!® with slight modifications. Lipid identification and analysis were performed using LipidSearch
4.1.16 (Thermo Fisher, CA). The UHPLC-HRMS data obtained were followed by matching using the LipidSearch
database to detect lipid compounds and structures.

Determination texture and color analysis

Texture attributes (hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness, resilience) were
measured using a Texture Analyzer (TA.XT2i, Stable Micro Systems, UK) based on the Texture Profile Analysis
(TPA) method?. Color values (L*, a*, b*) were measured using a colorimeter (CR-400, Konica Minolta, Japan)*.
All measurements were performed in triplicate.

Statistical and chemometric analysis

Data were analyzed using IBM SPSS Statistics 25.0 software. One-way ANOVA was used to determine significant
differences among groups, followed by Duncan’s multiple range tests at a 95% confidence level. Chemometric
analyses, including Principal Component Analysis (PCA) and Partial Least Squares-Discriminant Analysis
(PLS-DA), were performed using MetaboAnalyst 6.0 software (https://www.metaboanalyst.ca/).
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Results and discussion

Effects of different concentrations of Sacha Inchi leaf extracts on lipid oxidation in beef
patties

The study performed evaluation of lipid oxidation by determining both primary and secondary oxidation
products in beef patties. This primary oxidation included peroxides value were evaluated using iodometric
titration and the TBA test for secondary oxidation products®.

The PV results showed significant variation in lipid oxidation according to distinctive quantities of sacha
inchi leaf extracts. It was observed that when the extracts were added, peroxide value of samples significantly
decreased (p <0.05). The control sample showed the highest peroxide value followed by varying concentrations
of 0.5%, 1.0%, and 1.5% extracts with values ranging from 17.92 to 9.37 mEqO,/kg, as presented in Fig. 1.
According to Rahman et al.*the permissible peroxide value for beef and its derivatives is <25 mEqO,/kg. All
samples in this investigation were within the permitted range, with the maximum value of 17.92 mEqO,/kg
identified in the control sample.

The measurement of peroxide value alone is inadequate for a thorough assessment of lipid oxidation, as it
solely quantifies primary oxidation products. Hydroperoxides, the principal oxidation products, could easily
breakdown into secondary compounds. Therefore, secondary oxidation products, including MDA, were
assessed using the thiobarbituric acid (TBA) test. TBA values decreased significantly (p<0.05) with increasing
concentrations of sacha inchi leaf extracts, supporting the peroxide values. The highest TBA value was observed
in the control sample, followed by samples with 0.5%, 1.0%, and 1.5% extracts (0.78-0.15 mg MDA/kg), as
shown in Fig. 1. Zhang et al.** reported that people typically tolerate beef patties with MDA levels ranging from 2
to 3 mg/kg. The European Food Safety Authority Scientific Committee has established a toxicological threshold
of 30 mg MDA per kg of body weight per day®!. MDA, generated in oils and fried foods, can be absorbed through
the digestive system into the bloodstream, presenting possible health hazards®. At higher concentrations, the
observed decrease in lipid oxidation was attributed to antioxidant properties, which contributed hydrogen atoms
to neutralize free radicals, disrupting the lipid oxidation chain reaction'®.

Lipid oxidation is a well-recognized concern in thermally processed meat products due to its negative impact
on quality, nutrition, and health implications. Several studies have highlighted the potential of plant-based
antioxidants to mitigate this oxidative stress. For example, Martini et al.!! demonstrated significant reductions
in lipid oxidation markers when using pepper extracts during meat cooking, emphasizing the effectiveness of
phenolic-rich plant extracts. Likewise, Prommachart et al.!? reported improved oxidative stability and sensory
quality in beef patties treated with black rice extracts, corroborating our findings that natural antioxidants
effectively counteract oxidative processes in meat systems. Furthermore, Xu et al.!* identified mulberry leaf
extracts as effective inhibitors of lipid oxidation and heterocyclic amine formation during pan-frying, reinforcing
the relevance of our findings with sacha inchi leaf extracts, another unconventional plant-derived antioxidant
source.

Effects of different concentrations of Sacha Inchi leaf extracts on antioxidant activity in beef
patties
Beef patties with the sacha inchi leaf extracts were subjected to DPPH assay to evaluate their antioxidant
potential. A color change from purple to yellow or colorless was observed after 30 min incubation in the samples
reacted with DPPH. The results indicated a significant increase (p<0.05) in antioxidant activity of beef patties
following the addition of sacha inchi leaf extracts, as demonstrated by the decrease in IC,, values shown in
Table 1. Lower IC, values indicate stronger antioxidant activity. The highest IC, values were observed in
samples with 0.5% sacha inchi leaf extracts. This was followed by 1.0% and 1.5%, with values ranging from
36494.76 to 16545.37 mg/L. In this study, the IC, value of sacha inchi leaf extracts was 350.73 mg/L. According
to Wattisin et al.*the IC values of sacha inchi leaf extracts determined by the DPPH method ranged from
134.35 to 149.42 mg/L, showing moderate antioxidant activity. The presence of antioxidants in beef patties
could contribute to preventing lipid oxidation. Antioxidants effectively scavenge free radicals formed in food by
donating a hydrogen atom. This process stabilized the free radicals, thereby reducing oxidative damage®*.
Although high-temperature cooking at 180 °C reduces the antioxidant activity due to thermal degradation of
phenolic and flavonoid compounds®*the addition of sacha inchi leaf extracts still provides significant protective
effects against lipid oxidation. Despite partial heat-induced degradation, sufficient bioactive compounds remain
active after cooking, effectively lowering lipid oxidation parameters such as POV and TBA values (as shown in
Fig. 1). Similar observations were also reported by Hihat et al.’*® who noted that bioactive compounds could
partially degrade but still retain antioxidant properties sufficient to inhibit oxidative deterioration during high-
temperature processing.

Correlation among lipid oxidation, antioxidant activity, and quality parameters in beef
patties supplemented with sacha inchi leaf extracts
Pearson correlation analysis on beef patties with varying additions of sacha inchi leaf extracts showed a significant
value of <0.05 for each variable, as presented in Fig. 2. This showed a relationship between the variables in
beef patties containing sacha inchi leaf extracts with a very strong correlation level due to r value>0.80. The
correlation coefficient for peroxide and TBA value showed a very strong positive correlation. This showed a
linear relationship between the variables, where higher formation of peroxide value in beef patties correlated
with greater TBA value. In this study, peroxide value had a positive relationship with TBA because, during lipid
oxidation, unsaturated fats were oxidized to form hydroperoxide compounds which were unstable and easily
decomposed into more complex compounds such as MDA?.

The correlation coefficient of IC,; against TBA and peroxide value showed a very strong level with an r
value>0.80. This indicated a very strong positive correlation, where a higher IC50 value showed an elevated
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Fig. 1. (A) Peroxide value and (B) TBA value in beef patties supplemented with different concentrations of
sacha inchi leaf extracts. Values are presented as means + standard deviations (n=3). Bars and lines marked
by different letters (a, b, ¢, d) indicate significant differences (p <0.05) as determined by one-way ANOVA
followed by Duncan’s multiple range test.
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Samples Concentration (mg/L) | IC,; (mg/L)

Pure Sacha Inchi Extract 950 350,73 +1,210*
Beef Patty +SI 0,5% 95,000 36494,76 + 82,408"
Beef Patty + SI 1,0% 60,000 27648,07 £22,106°
Beef Patty +SI 1,5% 45,000 16545,37 + 67,7924

Table 1. IC,, value of beef patties samples. Values are presented as mean + standard deviation and were
analyzed using one-way ANOVA (p<0.05). Different letters within the same column indicate significant
differences according to Duncan’s multiple range tests at the 95% confidence level. Pure Sacha Inchi Extract
refers to the extract alone, used as a reference to evaluate its inherent antioxidant potency in the DPPH assay.
Lower IC,, values indicate stronger antioxidant activity. SI=Sacha Inchi.
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Fig. 2. Quality control and correlation analysis of the data parameters in beef patty samples. (A) Pearson
correlation analysis between samples. (B) Histogram Plot Analysis between samples. Color intensity indicates
the strength of correlation, with deeper colors reflecting stronger correlations. Correlation coefficients
significant at p <0.05. CgL: Cooking loss; Hd: Hardness; Ah: Adhesiveness; Sg: Springness; Ch: Cohesiveness;
Gm: Gumminess; Cw: Chewiness ; Rs: Resilience ; L, a, b: color data.

TBA and peroxide value. A lower IC, value showed a stronger antioxidant activity, along with the formation of
peroxide and TBA values. The stronger antioxidant activity as well as decrease in lipid oxidation was observed
in beef patties. This was because sacha inchi leaf extracts were mostly composed of phenolic compounds and
flavonoids with strong hydrogen donating activity or high radical scavenging capacity. Antioxidants can prevent
the formation of free radicals and reactive oxygen species®.

Effects of different concentrations of sacha inchi leaf extracts on lipidomic profiles of beef
patties

Generally, lipids play an essential role in human physiology contributing significantly to the sensory attributes
of food including flavor, texture, aroma, and consumer acceptance. Specific lipid molecules namely n-3/6 fatty
acids, triacylglycerols (TAG), phospholipids (PL), and long-chain polyunsaturated fatty acids (LC-PUFA) are
essential for human health, reducing the risk of cardiovascular diseases and inflammatory conditions such
as asthma, and rheumatoid arthritis®®. However, these lipids are susceptible to oxidation, which is influenced
by temperature and heating time, capable of affecting lipid content and chemical composition. Lipidomics, a
comprehensive method using LC-MS, can be applied to assess lipid profiles and their chemical composition’.

Untargeted lipidomics-phospholipid

Lipidomics analysis found 1000 different lipid species in the samples. This was possible because lipidomics
methods were very accurate and selective, able to detect many lipids and sublipids®. After that, the lipids
from all samples were analyzed to find compounds that were statistically significant (p <0.05) and for further
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chemometric analysis. Chemometrics is useful for grouping or classifying data by their characteristics. PCA and
PLS-DA are common methods used to classify samples*!.

Lipidomics results showed that 350 lipids were significantly detected in positive ion mode (ESI+), while only
72 were found in negative ion mode (ESI™), as presented in Table 2. The total ion chromatogram (TIC) from all
samples can be found on Supplementary figure S1-S4. The higher number of lipids detected in ESI* could be
attributed to the polarity of the compounds. Generally, positively charged ions are more polar and amenable to
detection compared to negatively charged ions!'®.

Based on the lipid profiles obtained from both ESI* and ESI™ modes in the samples, the detected lipids were
primarily categorized as glycerophospholipids, as shown in Fig. 3. Lipids can be classified into eight categories
based on their function, chemical properties, and characteristics. These include fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, sterol, prenol, saccharolipids, and polyketides*’. TAG and phospholipids
are the predominant lipids found in meat. According to Maritha et al.'®glycerophospholipids are the most
abundant class in beef and pork due to their important hydrogen bonding for phospholipid membranes. This
high abundance can be attributed to the essential role of phospholipids in contributing to the flavor and texture
of meat products. Furthermore, phospholipids contain polyunsaturated fatty acids, which can more readily
participate in Maillard reactions*2.

Based on Fig. 3A, ESI* analysis of the samples detected lipids belonging to several subclasses. These
included PE (Phosphatidylethanolamine), PC (Phosphatidylcholine), LPC (Lysophosphatidylcholine),
PG (Phosphatidylglycerol), LPE (Lysophosphatidylethanolamine), PI  (Phosphatidylinositol), PS
(Phosphatidylserine), LPG (Lysophosphatidylglycerol), and LPS (Lysophosphatidylserine). The results showed
that PE was the most abundant subclass in ESI*, with 189 lipids detected. ESI™ analysis also detected several
subclasses, namely PA (Phosphatidic Acid), PE, LPE, PS, LPA (Lysophosphatidic acid), LPG, and PI. The most
abundant subclass in ESI™ was PA, with 41 lipids detected. The high abundance of PE in ESI+was due to its
prevalence in glycerophospholipids. The major subclasses of glycerophospholipids included PC, PE, PI, and
PS. Moreover, PC, PE, LPC, and LPE are commonly found in meat*. The high abundance of PA in ESI™ can be
attributed to the fact that this subclass frequently forms [M - H] - anions*%.

Based on lipidomics results, six lipids had the highest compositions in the control beef patties including
PE(10:0p/11:0)+H, PE(12:0p/9:0)+H, PE(4:0/16:1)+H, PE(6:0/14:1)+H, PE(8:0¢/13:1)+H, and
PE(8:0p/13:0)+H in ESI*, and LPE(22:5)-H in ESI". In beef patties with 0.5% sacha inchi leaf extracts,
LPC(18:1)+H was the most abundant lipid in ESI*, while LPE(18:2)-H dominated in ESI~. Beef patties
with 1% extracts had four major lipids in ESI*, namely LPC(18:1)+H, PE(8:0p/13:0) + H, PC(4:0/13:1) + H,
and PC(8:0p/10:0) + H, and LPE(18:2)-H in ESI". Samples with 1.5% extracts had six major lipids in ESI,
including PE(8:0p/13:0) + H, PE(4:0/16:1)+H, PE(10:0p/11:0)+H, PE(12:0p/9:0) + H, PE(6:0/14:1)+H, and
PE(8:0e/13:1) + H, and LPE(18:2)-H in ESI". Additionally, 21 lipids (8 in ESI* and 13 in ESI") were exclusively
detected in beef patties with added sacha inchi extracts, but not in the control. These included PE(15:0/8:0)-H,
LPG(25:1)-H, PE(4:0/13:0)-H, PE(8:0¢/10:0)-H, LPE(22:6)-H, PI(34:0/18:1)-H, PE(8:0¢/15:1)-H, LPG(25:1) + H,
LPC(12:0¢) + H, LPC(14:0e) + H, PC(8:0p/9:0) + CH3COO, PG(11:0/14:1) + H, LPC(17:3) + H, LPC(18:2p) + H,
LPC(20:1) + H, LPC(17:2) + H, LPC(18:2¢) + H, LPC(18:1p) + H, LPE(20:2) + H, and PE(4:0/15:2) + H. The most
abundant lipids in each sample are summarized in the Table 3.

According to Correia et al.**glycerophospholipids play a significant role in human health. Several subclasses
of glycerophospholipids have specific health benefits, such as PE, which is beneficial in hepatic steatosis. PC is
related to human brain function, a reduced risk of type 2 diabetes, and has been implicated in heart, skeletal
muscle, liver health, and metabolism?®. The high abundance of PE and PC in beef patties suggested potential
health benefits due to their unsaturated fatty acid content and potent antioxidant properties. These lipid
compositions contributed to cardiovascular health by enhancing the ability of HDL (High-density Lipoprotein)
to protect vascular cells from damage?’. LPE was reported to show anti-inflammatory and anti-hemostatic
effects, while LPG and LPS were included in immunity and angiogenesis*®.

Chemometric analysis

Chemometric analysis, specifically PCA was used to identify differences in lipid profiles among the samples.
PCA is a tool that can effectively show relationships between objects in a dataset*. The results of PCA for both
ESI* and ESI” modes are presented in Fig. 4, respectively. These figures show the interpretation of lipid profiles
in beef patties with varying concentrations of sacha inchi leaf extracts. The PCA scores plot in Fig. 3 showed that
the lipid profiles of the four samples (control and three treatment groups) in ESI* mode were distinct from each
other. This suggested that the addition of sacha inchi leaf extracts at different concentrations significantly altered

Significant
No | Sample | Lipid total | Lipid in ESI* | Lipid in ESI" | ESI* | ESI”
1 SI0 630 589 41
2 SI1 695 645 50

350 (72
3 SI2 905 810 95
4 SI3 1274 1104 170

Table 2. Significant lipid from lipidomics analysis in beef patties samples. SI0 = Beef Patty + SI 0%; SI1 =Beef
Patty + SI 0,5%; SI2 = Beef Patty + SI 1%; SI3 = Beef Patty + SI 1,5%; SI = Sacha Inchi.
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Fig. 3. Glycerophospholipid subclass composition detected in beef patties with different concentrations

of sacha inchi leaf extracts analyzed by UHPLC-HRMS. Panel (A) presents positive ion mode (ESI+),

and panel (B) negative ion mode (ESI-). Data illustrate the number of lipid species identified within each
subclass: LPC (lysophosphatidylcholine), LPE (lysophosphatidylethanolamine), PC (phosphatidylcholine),
PE (phosphatidylethanolamine), LPG (lysophosphatidylglycerol), LPS (lysophosphatidylserine), PG
(phosphatidylglycerol), PI (phosphatidylinositol), PS (phosphatidylserine), LPA (lysophosphatidic acid), and
PA (phosphatidic acid).
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Sample
Lipid ion | SI0 SI1 SI2 SI3
PE(10:0p/11:0) + H PE(8:0p/13:0) + H
PE(12:0p/9:0) +H PE(4:0/16:1) +H
. P LPC(18:1)+H PE(8:0p/13:0)+H | PE(10:0p/11:0)+H
ESt PE(£0/16:1) +1 LPCAS)+H | b (4:0/13:1) + H PC(8:0p/10:0) + H | PE(12:0p/9:0) + H
PE(6:0/14:1) + H PE(8:0e/13:1) + H AR Op/L0H :0p/9:
PE(8:0p/13:0) + H PE(6:0/14:1) + H
o PE(8:0/13:1)+ H
ESI- LPE(22:5)-H LPE(18:2)-H | LPE(18:2)-H LPE(18:2)-H

Table 3. Major glycerophospholipids composition in beef patties samples. SI0 = Beef Patty + SI 0%; SI1 =Beef
Patty + SI 0,5%; SI2 = Beef Patty + SI 1%; SI3 =Beef Patty + SI 1,5%; SI=Sacha Inchi. LPC (Lyso-Phosphatidyl
Choline); PC (Phospatidyl Choline); PE (Phospatidyl Ethanolamine); LPE (Lyso-Phospatidyl Ethanolamine).

the lipid composition of beef patties. Similarly, the PCA scores plot in ESI™ mode showed distinct clustering of
samples, suggesting that the lipid profiles were influenced by extracts concentration.

PLS-DA was used to further differentiate between sample groups based on their lipid profiles. Compared
to PCA, PLS-DA incorporates class information, allowing for more robust classification between groups.
Consequently, PLS-DA can be used to identify the most influential lipids in distinguishing the samples®. The
variable importance in projection (VIP) scores from the PLS-DA model is also applicable to identify the lipids
that contribute most to the separation between groups. VIP scores greater than 1 show that the corresponding
lipid is a significant contributor to the model. The loading plots, represented by a color scale ranging from red
(high concentration) to blue (low concentration), show the relative contribution of each lipid to the separation
between groups’'.

PLS-DA analysis of the ESI* data showed 15 lipids with VIP scores greater than 1. This indicated that the lipids
were significant in differentiating between beef patties, as shown in Fig. 5. These lipids were PC(4:0/13:1) + H,
PC(8:0p/10:0)+H,  PE(10:0e/13:1)+H, PE(10p:0/13:0)+H, PE(12:0p/11:0)+H,  PE(14:0p/9:0)+H,
LPC(18:1)+H, LPC(18:2)+H, PE(14:0/23:6)+H, PE(19:4/18:2)+H, PC(4:0/10:0)+H, PE(6:0/8:0)+H,
PE(28:6/9:0) + H, P1(6:0/11:0) + H, and PE(12:0/21:3) + H. The control beef patties had the highest concentrations
of three lipids, namely PC(4:0/13:1) + H, PC(8:0p/10:0) + H, and LPC(18:1) + H. The 1.5% sacha inchi extracts
group had the highest concentrations of five lipids, namely LPC(18:2) + H, PE(14:0/23:6) + H, PE(19:4/18:2) + H,
PE(28:6/9:0) + H, and PE(12:0/21:3)+H. The 0.5% extracts group had high concentrations of seven lipids,
including PE(10:0e/13:1)+H, PE(10p:0/13:0)+H, PE(12:0p/11:0)+H, PE(14:0p/9:0)+H, PC(4:0/10:0)+H,
PE(6:0/8:0) + H, and PI(6:0/11:0) + H. However, 1% extracts group did not show any lipids with extremely
high concentrations but had moderate levels of nine lipids, namely PC(4:0/13:1)+H, PC(8:0p/10:0)+H,
PE(10:0e/13:1) + H, PE(10p:0/13:0) + H, PE(12:0p/11:0) + H, PE(14:0p/9:0) + H, LPC(18:2) + H, PE(28:6/9:0) + H,
and P1(6:0/11:0) + H.

PLS-DA analysis of the ESI™ data showed 11 lipids with VIP scores greater than 1. The results suggested
that these lipids were significant in differentiating between beef patties. These lipids were LPE(18:2)-H,
PE(15:0/18:0)-H, LPE(18:0)-H, PE(4:0/13:0)-H, PE(8:0e/10:0)-H, LPE(17:1)-H, PA(17:0/18:2)-H,
PA(18:0e/18:2)-H, PA(27:2/8:0), PA(16:0/19:2)-H, and PA(20:1p/16:0)-H. The 1.5% sacha inchi extracts
group had the highest concentrations of 11 lipids, namely LPE(18:2)-H, PE(15:0/8:0)-H, PA(17:0/18:2)-H,
PA(18:0e/18:2)-H, PA(27:2/8:0), PA(16:0/19:2)-H, PA(20:1p/16:0)-H, PA(20:2/20:4)-H, PA(20:3/20:3)-H,
PA(22:4/18:2)-H, and PA(24:5/16:1)-H. The 0.5% extracts group had high concentrations of four lipids,
namely LPE(18:0)-H, PE(4:0/13:0)-H, PE(8:0e/10:0)-H, and LPE(17:1)-H. The control group indicated low
concentrations of all lipids, while the 1% extracts group showed moderate concentrations of all lipids.

The lipidomics results revealed significant alterations in specific phospholipids following the incorporation
of sacha inchi leaf extracts. Notably, from the PLS-DA results showed that beef patties with the highest
concentration of sacha inchi leaf extracts (1.5%) predominantly contained unsaturated fatty acids. However, as
extract concentration decreased, a higher proportion of saturated fatty acids was observed. This suggested that
the addition of antioxidants from sacha inchi leaf extracts could prevent lipid oxidation. Generally, antioxidants
are known to inhibit or slow down oxidation of unsaturated fatty acids in lipid-rich foods such as meat. According
to Paula et al.*’the incorporation of antioxidants could also contribute to overall health benefits, while Haraf et
al.>® reported that marinating meat with natural antioxidants such as kiwiberry increase the total content of
unsaturated fatty acids. These unsaturated fatty acids are linked to many health benefits, such as lowering the
risk of heart disease, diabetes, rheumatoid arthritis, and cancer. Briggs et al.>* stated that consuming foods high
in unsaturated fatty acids can lower the risk of heart disease and cholesterol compared to diets with a lot of
saturated fats. In this study, beef patties with 1.5% sacha inchi extracts had LPC(18:2), a type of lipid that can
help lower heart disease risk®. Also, the LPE(18:2) might help with insulin sensitivity and reduce the risk of
diabetes and heart disease™.

Lipid profiles in beef patties with added sacha inchi leaf extracts can be visualized using cluster analysis with
a heatmap. This method helps show relationships between variables and is useful for analyzing the differences
and similarities in the lipid profiles of the patties. Figure 6 shows the heatmap clustering of beef patties with
different amounts of sacha inchi leaf extracts. Heatmap in Fig. 6A shows the lipid profile of beef patties with
varying additions of sacha inchi leaf extracts in ESI* mode. Samples with varying additions of sacha inchi leaf
extracts are represented by different colors: light blue (without sacha inchi leaf extracts), pink (0.5% extracts),
dark blue (1% extracts), and green (1.5% extracts). Heatmap results in ESI" mode showed distinct clusters for
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Fig. 4. Principal component analysis (PCA) score plots of lipidomic profiles in beef patties supplemented with
sacha inchi leaf extracts: (A) positive ionization (ESI+) mode, (B) negative ionization (ESI") mode. Sample
groups: Control (D; no extract), SI 0.5% (A; 0.5% extract), SI 1% (C; 1.0% extract), and SI 1.5% (B; 1.5%
extract), SI: Sacha Inchi. Each point represents an independent replicate, demonstrating clear separation based

on extract concentration.
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Fig. 5. VIP scores from Partial Least Squares-Discriminant Analysis (PLS-DA) identifying lipid biomarkers
significantly contributing to differences among beef patties supplemented with varying concentrations of sacha
inchi leaf extracts. Panel (A) shows VIP scores for lipids detected in positive ion mode (ESI+), and panel (B)
negative ion mode (ESI-). Lipids with VIP scores above 1.0 (marked by the red dashed line) were considered
significant discriminants. A: Beef Patty + SI 0.5%; B: Beef Patty + SI 1.5%; C: Beef Patty + SI 1%; D: Control; SI:
Sacha Inchi.
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Fig. 6. Heatmap clustering analysis of significantly altered lipid species in beef patties with different
concentrations of sacha inchi leaf extracts in (A) positive ion (ESI+) and (B) negative ion (ESI-) modes. Color
intensity indicates relative abundance, from blue (low) to red (high). Sample groups: Control (no extract), SI
0.5% (0.5% extract), SI 1% (1% extract), and SI 1.5% (1.5% extract). Data were analyzed using hierarchical
clustering.

each sample where beef patties with 1.5% sacha inchi leaf extracts had higher expression of LPC(36:5) + H and
PE(22:5/17:2) + H lipids.

Figure 6B shows the lipid profile of beef patties with different amounts of sacha inchi leaf extracts in ESI-
mode. The samples have different colors: light blue means no extract, pink is 0.5% extract, dark blue is 1%, and
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green is 1.5%. The heatmap in ESI- mode shows separate clusters for each sample. This shows that beef patties
with different amounts of extract have different lipid profiles. Also, the heatmap shows that patties with 1.5%
extract have more lipids overall compared to the others.

Despite extensive research on plant-derived antioxidants, very limited data are available on lipidomic
responses in meat systems, particularly concerning novel sources like sacha inchileaf extracts. Our study uniquely
integrates advanced lipidomics techniques (UHPLC-HRMS) with traditional lipid oxidation assays (POV, TBA),
providing comprehensive insights into the protective mechanisms at the molecular lipid level. Previous research
primarily focused on general lipid oxidation parameters without detailed lipid subclass profiling®®. Thus, our
findings offer substantial novel insights into specific glycerophospholipid subclasses protected by sacha inchi
leaf extracts, highlighting their potential nutritional and functional benefits in meat products. The identification
of specific lipid biomarkers through chemometric analysis (PLS-DA and PCA) further enhances the novelty and
applicability of our results. Future research might extend these findings by examining long-term stability and
bioavailability of these preserved phospholipids in human dietary interventions.

Limitations and future recommendations

Although our study clearly demonstrated antioxidant activity through the DPPH radical scavenging assay, we
acknowledge that performing additional in vitro assays, such as ABTS, FRAP, or ORAC, would provide a more
comprehensive characterization of antioxidant mechanisms. These assays could help further validate antioxidant
capacity and better explain the protective effects observed against lipid oxidation. Future studies should explore
these additional assays to fully elucidate the antioxidant profiles and bioactive substance contents of sacha inchi
leaf extracts.

Conclusion

In conclusion, the result showed that there was significant inhibition of lipid oxidation when sacha inchi leaf
extracts were added to pan-fried beef patties at higher concentrations. The antioxidant activity was also improved
with significant differences observed in lipid profiles based on varying concentrations. Based on VIP scores from
PLS-DA, 15 compounds in ESI+and 11 in ESI- with VIP scores > 1 were identified as potential lipid biomarkers.
Beef patties with 1.5% sacha inchi leaf extracts showed the most favorable lipid profile, characterized by the
presence of LPC(18:2) + H, PE(14:0/23:6) + H, PE(19:4/18:2) + H, and PE(12:0/21:3) in ESI* and LPE(18:2)-H,
PE(15:0/8:0)-H, PA(17:0/18:2)-H, PA(18:0e/18:2)-H, PA(27:2/8:0), PA(16:0/19:2)-H, PA(20:1p/16:0)-H,
PA(20:2/20:4)-H, PA(20:3/20:3)-H, PA(22:4/18:2)-H, and PA(24:5/16:1)-H in ESI". This study suggested that
the addition of 1.5% sacha inchi leaf extracts to beef patties had the potential to significantly improve health
profiles. Moreover, prospective clinical studies were recommended to confirm the results and evaluate their
impact on human health.

Data availability
Data availability statementThe data presented in this study are available on request from the corresponding
author.
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