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Many countries face the problem of agroindustrial waste elimination, which 
is linked to environmental damage caused by improper waste management. 
These wastes contain bioactive compounds often discarded due to a lack of 
knowledge. The objective of this study was to analyze five types of agroindustrial 
waste from Peru, including avocado (Persea americana) seeds, lucuma (Pouteria 
lucuma) seeds, grape (Vitis vinifera) pomace, mango (Mangifera indica) peel, 
and cocoa (Theobroma cacao) pods. This study includes proximal analysis, 
determination of total phenolic compound content, analysis of phenolic 
compounds by UHPLC– Q/Orbitrap/ESIMS/MS (Ultrahigh-performance liquid 
chromatography-electrospray ionization Q-Orbitrap mass spectrometry), and 
the evaluation of antioxidant, antimicrobial, and antifungal activities of different 
samples. The results showed that lucuma seeds had the highest protein content 
of 6.59  g/100  g DW. Mango peels showed the highest fat content of 4.89  g/100  g 
DW, cocoa pods had the highest crude fiber content of 26.91  g/100  g DW, and 
cocoa pods exhibited the highest ash content of 7.14  g/100  g DW. The highest 
carbohydrate content was found in avocado seeds at 85.85  g/100  g DW. Mango 
peels (56.66  mg GAE/g DW), avocado seeds (56.35  mg GAE/g DW), and cocoa 
pods (51.52  mg GAE/g DW) extracts showed the highest phenolic compound 
contents. Mango peel extract exhibited the highest antioxidant activities 
evaluated by the ABTS (995.01  μmol TEAC/g DW), DPPH (953.54  μmol TEAC/g 
DW), and FRAP (1661.13  μmol TEAC/g DW) assays. Extracts from cocoa pods, 
grape pomace, and lucuma seeds showed inhibitory activity on the growth of 
Staphylococcus aureus and Escherichia coli. In contrast, the extract of lucuma 
seeds was the only one that showed antifungal activity over Penicillium digitatum. 
As a result, several phenolic compounds were detected in each, indicating their 
potential use in developing functional foods and food preservation, among 
other applications.
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1 Introduction

The lack of knowledge on the potential of agroindustrial waste as 
a source of compounds with antioxidant, antifungal, and antimicrobial 
activities resulted in their disposal without subsequent reutilization. 
It is estimated that the fruit industry processes approximately 
882 million tons annually, and this tends to increase due to awareness 
about the benefits for the good health of the consumption of this type 
of food, so its demand will increase both in fresh as prosecuted 
(Shahbandeh, 2022). At a global level, the commercialization of fruits 
generates a large amount of waste throughout the production chain, 
during harvest, transportation, storage, processing, marketing, and 
consumption, which could be used as raw material for other products 
and thus respond to responsible consumption and production, one of 
the 17 sustainable development goals (SDGs) to transform the world 
(Saval, 2012). Sosa-Martínez et al. (2023) highlighted that the increase 
in environmental pollution stems from industrialization and 
inadequate waste management, varying according to the region and 
its economy. Furthermore, population growth entails a greater 
demand for food and, consequently, a larger generation of agro-
industrial and food processing waste. In the absence of precise 
measurements for food waste, it is estimated that nearly 30% of all 
food produced globally is wasted (FAO, 2018). One of the greenhouse 
gases, CO2-equivalent, generated 1.6 billion tons in 2016, with an 
anticipated increase to 2.6 billion by 2050 (Kaza et al., 2018). Castro-
Muñoz et  al. (2021) emphasize that most waste originates from 
transforming raw materials such as fruits, vegetables, tubers, and 
cereals into processed products, including preserved fruits, vegetables, 
and beverages. Agro-industrial waste can adversely affect aquatic life, 
soil quality, surface, groundwater contamination, and phytotoxicity, 
and lead to colored and odorous waters (Nayak and Bhushan, 2019; 
Castro-Muñoz et al., 2021).

The waste generated by agribusiness has a varied composition rich 
in nutrients, including biopolymers (polysaccharides, fibers) and 
bioactive compounds (Santos et al., 2021; Kee et al., 2022). These 
wastes can be  used in various sectors, including biomaterials, 
biopolymers, bioenergy, pharmaceutical, biofertilizer, and biopesticide 
sectors (Vaz Júnior, 2020; Leong and Chang, 2022). Wastes with high 
carbon, macro, and micronutrient content are especially useful in 
generating energy and producing biofertilizers, biogas, and biofuels 
(Yaashikaa et  al., 2022). Furthermore, bioactive compounds have 
potential applications in the nutraceutical, cosmetic, and food 
industries (Fernández-Ochoa et  al., 2021). These wastes can also 
produce ethanol, essential oils, and enzymes through various 
technologies (Shirahigue and Ceccato-Antonini, 2020). In this 
context, it could be indicated that there is a wide variety of applications 
for reusing this waste.

In recent years, Peru has become one of the countries where 
agroindustrial has grown steadily, so much so that it ranks ninth in 
2021 as a supplier of fruits to the world (Staff, 2022); being the fruits 
of avocado (Persea americana), mango (Mangifera indica), grape (Vitis 
vinifera), cocoa (Theobroma cacao), and lucuma (Pouteria lucuma), 
those of greatest commercial importance.

The Peruvian agroindustry produces a large amount of waste, 
among which the seeds, peel, and pomace stand out from the fruits. 
The cocoa pod is the main by-product of the cocoa industry and 
constitutes between 67 and 76% of the weight of the fruit. This waste 
represents an important and challenging environmental and 

economic opportunity since 10 tons of wet pods are generated for 
every ton of dry cocoa bean (Campos-Vega et al., 2018). According 
to the statistical reports of Ministerio de Agricultura y Riego del 
Perú (MINAGRI, 2023), during the year 2022 the agricultural 
production of avocado (Persea americana) was 862,505 tons, with 
279,855 tons destined for the domestic market, generating 
approximately 67,000 tons of seed; of mango (Mangifera indica) was 
494,277 tons, with 239,106 tons destined for the domestic market, 
generating as waste an approximate of 83,000 tons of seed and 
156,106 tons of peel; of cocoa (Theobroma cacao) was 170,300 tons, 
which is processed to market to the domestic and foreign markets, 
where cocoa pods are the majority waste, generating approximately 
130,000 tons; of lucuma (Pouteria lucuma) was 12,933 tons, of which 
1,682 tons of seed were generated as waste; and the production of 
grapes (Vitis vinifera) was 919,200, with a supply in the domestic 
market of 525,411, producing approximately 150,000 tons of grape 
pomace as waste. Waste negatively affects the environment due to its 
high concentration of organic matter and its inadequate 
final disposal.

Currently, agroindustrial waste is a topic of great interest, not only 
to mitigate environmental impacts but also to give them added value 
and improve the economy. Agroindustrial waste contains bioactive 
compounds that possess antioxidant and antimicrobial properties, 
including phenolic compounds found in the fruit’s edible portion and 
its residue (Shahidi and Ambigaipalan, 2015; Albuquerque et  al., 
2019). It is essential to understand the properties of waste produced 
from diverse agroindustrial procedures in order to effectively 
determine its application, such as energy production, pharmaceuticals, 
food, or agriculture (Cabrera Rodríguez et al., 2016).Thus, mango 
peels are a rich source of polyphenols, anthocyanins, and carotenoids 
that exhibit antioxidant activity (Ajila et al., 2007; Masibo and He, 
2009), also of vitamins, enzymes, and dietary fiber, which can 
be beneficial for human health (Berardini et al., 2005; Ajila et al., 
2007). Mangiferin stands out as a xanthone with various biological 
activities, all attributed mainly to its antioxidant capacity 
(Muruganandan et al., 2005; Barreto et al., 2008; Noratto et al., 2010). 
Cocoa pods are the main by-product of the cocoa industry (up to 
76%) and are a source of dietary fiber, pectin, antioxidant compounds, 
minerals, and theobromine (Campos-Vega et  al., 2018). The 
industrialization of grapes has grape pomace as a by-product, 
composed of seeds, peel, and stems, which is rich in different phenolic 
compounds (such as flavonoids, anthocyanins, and proanthocyanins) 
and dietary fiber components, which could have benefits for the health 
of people, such as antioxidant, anti-inflammatory and hypoglycemic 
activity, among others (Caponio et al., 2022). Of the total phenolic 
compounds in the fresh fruit, the grape seed provides 60 to 70%, the 
peel 28 to 35%, and the pulp 10% (Shi et al., 2003). Lucuma is a fruit 
processed before being consumed in ice cream, juices, and 
confectionery products and marketed as pulp and flour. Pouteria 
lucuma seeds exhibit antioxidant and antiulcer activity (Guerrero-
Castillo et  al., 2019). Rojo et  al. (2010) reported that the main 
components of lucuma oil are: linoleic acid (38.9%), oleic acid (27.9%), 
palmitic acid (18.6%), stearic acid (8.9%), and γ-linolenic acid (2.9%); 
Compounds have skin regenerative properties and promote wound 
healing. It has also been reported to contain phytosterols (stigmasterol 
and β-sitosterol) that have properties to reduce low-density lipoprotein 
cholesterol (Racette et  al., 2015), amyrin with possible anti-
inflammatory properties (Melo et  al., 2011), betulin that reduces 
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atherosclerotic plaques (Tang et al., 2011) and tocopherols that exhibit 
antioxidant properties (Guerrero-Castillo et al., 2021). Avocado is 
consumed worldwide; its most important residue is the seed, which 
constitutes 13 to 18% of the weight of the whole fruit. The seed is an 
important source of phytochemicals that include flavonoids, tannins, 
saponins, phenols, phytates, and alkaloids, among others (Wang et al., 
2010; Bahru et  al., 2019). It has been reported that avocado seed 
extracts have bioactive properties such as antihyperglycemic, 
anticancer, antihypercholesterolemic, antioxidant, anti-inflammatory, 
and anti-neurogenerative effects (Bangar et al., 2022). Anaka et al. 
(2009) reported that aqueous extracts of avocado seeds had a lowering 
effect on blood pressure and heart rate. It has also been found that the 
seeds have insecticidal, fungicidal, and antimicrobial activities 
(Cid-Pérez et al., 2021).

In this context, using phytochemical compounds with bioactive 
properties in food and pharmacological products can help prevent 
their oxidation or deterioration and improve nutritional and health 
benefits. The circular economy model emphasizes looking at 
agroindustrial waste as an important source of functional compounds.

In Latin America and the Caribbean, agricultural production 
significantly contributes to the economy, generating a substantial 
amount of agro-industrial waste that poses a notable environmental 
challenge (CEPAL-FAO, 2017). Sosa-Martínez et  al. (2023) have 
recently highlighted the emerging exploration of productive 
applications for these agroindustrial and food processing wastes. 
Ferreira et al. (2023) propose that the effective reuse of this waste 
could mitigate its environmental impact. This research emphasizes the 
relevance of characterizing the waste’s composition because it can vary 
considerably depending on the region of origin. This study analyzes 
the chemical composition and phenolic content of waste materials 
(mango peels, grape pomace, cocoa pods, avocado seeds, and lucuma 
seeds) and reports their antioxidant, antimicrobial, and antifungal 
activities. Additionally, the phenolic compound profiles of these five 
agri-food wastes were examined, aiming to identify other 
functionalities of these byproducts that are significant to the 
Peruvian economy.

2 Materials and methods

2.1 Raw material

Avocado (Persea americana) seeds Hass variety was obtained from 
the Don Carlos Farm in the Quilmaná district, the province of Cañete, 
Lima, Peru. Fermented grape pomace (Vitis vinifera) Quebranta variety 
was provided by a company dedicated to producing Pisco (alcoholic 
beverage), located in the province of Cañete, Lima, Peru. Lucuma seeds 
(Pouteria lucuma) seda variety was obtained from the Topara farm in 
Chincha, Ica, Peru. The cocoa pod (Theobroma cacao) of the CCN51 
variety was provided from a company dedicated to the production of 
chocolate located in the province of Tocache, San Martín, Peru. The 
Kent variety mango peel (Mangifera indica) was obtained from the 
Tungasuca – Cieneguillo farm, Sullana province, Piura, Peru.

Avocado seeds (AS), grape pomace (GP), lucuma seeds (LS), 
cocoa pod (CP), and mango peels (MP) by-products were immediately 
collected after their production, then transported to the laboratory 
and stored frozen. Subsequently, all samples were lyophilized and 
stored at −20°C until analysis.

2.2 Reagents

Acetonitrile (HPLC-MS grade), formic acid (HPLC-MS grade), 
Folin–Ciocalteu 2 N reagent, gallic acid, 2,2′-azinobis-3-ethyl 
benzothiazoline-6-sulphonic acid (ABTS), 2,2- diphenyl-1-
picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), 2,4,6-tri(2-pyridyl)-S-triazine (TPTZ), 
Macozeb were purchased to Sigma Chemicals Co. (St. Louis, MO, 
USA), Muller-Hinton agar (HiMedia, India), Sabouraud dextrose was 
purchased to Merck Chemicals Co (Germany). All other chemicals 
used were analytical grade.

2.3 Proximate analysis

The methods of the Association of Official Analytical Chemists 
(2005) were used to determine the moisture content (method 984.25), 
ash (method 940.26), crude protein (method 920.152), crude fiber 
(method 920.169), and crude fat (method 963.15). Carbohydrate 
content was determined by the difference.

2.4 Preparation of phenolic-rich extracts

The extracts to determine total phenolic content (TPC), 
hydrophilic (H-AC), and lipophilic antioxidant capacities (L-AC) 
were obtained as follows:

Avocado seeds: The extracts were obtained using the methodology 
proposed by Gómez et al. (2014) with slight modifications. 250 mg of 
sample was mixed with 10 mL of hexane under stirring for 30 min at 
room temperature. The mixture was centrifuged at 2700 g for 10 min 
at 4°C. The supernatant (lipophilic extract) was recovered and stored 
at −20°C until use. The residual cake was used to obtain the 
hydrophilic extract, and 10 mL of 50% (v/v) ethanol was added. The 
extraction was carried out with stirring for 30 min at room 
temperature, then centrifuged at 2700 g for 15 min. The supernatant 
was recovered and stored at −20°C until use.

Grape pomace: The extracts were obtained using the 
methodology proposed by Garcia et  al. (2010) with slight 
modifications. One gram of sample was subjected to extraction 
with 5 mL of hexane, under stirring for 7 h at room temperature. It 
was centrifuged at 2700 g for 10 min at 4°C to recover the 
supernatant (lipophilic extract) and stored at −20°C until analysis. 
The residual cake was mixed with 5 mL of methanol under stirring 
for 7 h at room temperature, then centrifuged at 2700 g for 15 min. 
The supernatant (hydrophilic extract) was recovered and stored at 
−20°C until use.

Lucuma seeds: The extracts were obtained using the methodology 
proposed by Guerrero-Castillo et al. (2019) with slight modifications. 
One gram of sample was mixed with 5 mL of hexane under stirring for 
3 h at room temperature. Then, it was centrifuged at 2700 g for 10 min 
at 4°C, and the supernatant (lipophilic extract) was recovered. The 
residual cake was mixed with 5 mL of methanol under stirring for 3 h. 
It was then centrifuged at 2700 g for 15 min. The supernatant 
(hydrophilic extract) was recovered, and both extracts were stored at 
−20°C until use.

Cocoa pods: The extracts were obtained using the 
methodology proposed by Sotelo et  al. (2015) with slight 
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modifications. One gram of sample was subjected to extraction 
with 10 mL of hexane, under stirring for 6 h at room temperature. 
Then, it was centrifuged at 2700 g for 10 min at 4°C, and the 
supernatant (lipophilic extract) was recovered. The residual cake 
was used to obtain the hydrophilic extract, and 15 mL of 50% (v/v) 
ethanol acidified with 1% (v/v) HCl was added. The extraction 
was carried out with stirring for 6 h at room temperature. It was 
then centrifuged at 2700 g for 15 min. The supernatant was 
recovered and stored at −20°C until use.

Mango peels: The extracts were obtained using the methodology 
proposed by Lizárraga-Velázquez et  al. (2018) with slight 
modifications. 0.5 g of sample was mixed with 5 mL of hexane under 
stirring for 7 h at room temperature. Then, it was centrifuged at 2700 g 
for 10 min at 4°C, and the supernatant (lipophilic extract) was 
recovered. The residual cake was mixed with 5 mL of 70% (v/v) 
ethanol under stirring for 3 h, and then was centrifuged at 2700 g for 
15 min. The supernatant (hydrophilic extract) was recovered, and both 
extracts were stored at −20°C until analysis.

2.5 Determination of total phenolic 
content and antioxidant capacity

The Folin–Ciocalteu method described by Singleton and Rossi 
(1965) was used for total phenolic content, with gallic acid as the 
standard. The extracts were mixed with diluted Folin–Ciocalteu 
reagent and 7.5% sodium carbonate. The absorbance was measured at 
755 nm in a spectrophotometer (Genesys 20, Thermo Scientific, 
United  States) after incubation for 30 min at room temperature. 
Results were expressed as mg gallic acid equivalents (GAE) per g of 
dry weight (DW).

The ABTS assay was performed according to Re et al. (1999) 
with slight modifications. Hydrophilic or lipophilic extracts (150 μL) 
were mixed with 2,850 μL of ABTS solution. The mixture was 
incubated for 1 h in the dark. Methanol or dichloromethane was 
used as a control. The absorbance of the mixture was measured at 
734 nm. Antioxidant capacity was calculated as Trolox Equivalent 
Antioxidant Capacity (TEAC), μmol Trolox per g of DW. A standard 
curve of Trolox was used (0.05–1 mM). The IC50 of the antioxidant 
capacity was determined using the ABTS method as described by 
Velderrain-Rodríguez et  al. (2021); the results were expressed 
in mg/ml.

The DPPH assay was determined according to Brand-Williams 
et  al. (1995), with slight modifications. Hydrophilic or lipophilic 
extracts (150 μL) were mixed with 2,850 μL of DPPH solution. The 
mixture was incubated in the dark for 30 min. Methanol or 
dichloromethane was used as a control. The absorbance of the mixture 
was measured at 515 nm. Antioxidant capacity was calculated as 
Trolox Equivalent Antioxidant Capacity (TEAC), μmol Trolox per g 
of DW. A standard curve of Trolox was used (0.05–1 mM).

The FRAP test was performed according to Benzie and Strain 
(1996) with slight modifications. The hydrophilic extracts (150 μL) 
were mixed with 2,850 μL of FRAP solution. The mixture was 
incubated for 2.5 h in the dark. Methanol was used as a control. The 
absorbance of the mixture was measured at 593 nm. The antioxidant 
capacity was calculated as Trolox Equivalent Antioxidant Capacity 
(TEAC), μmol Trolox per g of DW. A standard curve of Trolox was 
used (0.05–1 mM).

2.6 Determination of antimicrobial and 
antifungal activities

For these tests, bacterial strains of Staphylococcus aureus (ATCC 
25923) and Escherichia coli (ATCC 25922) from the Departamento de 
Bacteriología de la Universidad Peruana Cayetano Heredia (Lima, 
Peru) and fungal strains Aspergillus niger (061471010) and Penicillium 
digitatum (SSFC 36296) of the Departamento de Micología del 
Instituto Nacional de Salud (Lima, Peru) and the Department of 
Microbiology and Phytopathology of the Smart & Sustainable Food 
(SSF) Research Center of the company Bio Natural Solutions LTD 
(Lima, Peru), were used, respectively.

The antimicrobial and antifungal activities of the hydrophilic 
extracts were determined using the disk diffusion method, following 
the methodology described by Santos and De Aquino Santana (2019) 
with some modifications. Before evaluating the antimicrobial and 
antifungal activities, the organic solvents were removed from 
hydrophilic extracts under vacuum. The conditions for evaporation 
varied depending on the extraction solvent: for methanol, the process 
was conducted at a pressure of 337 mbar and temperature of 40°C, and 
for ethanol, at 175 mbar and 40°C. Before the antimicrobial 
assessment, the residues were dissolved in water at 20 mg/mL.

Microorganisms were collected using a swab and then plated on 
Muller-Hinton agar plates. After that, sterile filter paper disks of 6 mm 
diameter were taken and 20 μL of each of the extracts was added to the 
filter paper disks using sterile tweezers. The disks were placed on the 
agar surface and incubated at 35°C for 24 h. Water was used as a 
negative control, and Mancozeb as a positive control. In the case of 
fungi, they were sown on Sabouraud dextrose agar; previously, a well 
was made with a Pasteur pipette to place 80 μL of each extract. They 
were incubated at 26°C for 7 days. After incubation, the diameter 
(mm) of the inhibition zone (IZ), including the diameter of the disk, 
was measured with a caliper. All experiments were performed in 
triplicate. The results are expressed as the average diameter in 
mm ± standard deviation.

2.7 Analysis of phenolic compounds by 
UHPLC – Q/Orbitrap/ESIMS/MS

The composition of phenolic compounds of the residues 
mentioned in section 2.1 was analyzed by UHPLC – Q/Orbitrap/
ESIMS/MS. The assay was performed according to Cabanillas et al. 
(2021) with slight modifications. For this purpose, the extracts were 
prepared as follows: 30 mg of each perfectly homogenized residue 
were weighed in a clean, dry vial. 5 mL of a MeOH-H2O mixture (8:2) 
was added to each vial, and the mixture was shaken in ultrasound 
equipment (150 W, 0.7 A) for 20 min. The resulting solutions were 
filtered using a hydrophilic PVDF filter (0.22 μm x 25 mm, Millipore 
brand, United States) into an UHPLC vial and then stored at −20°C 
until analysis by UHPLC – Q/Orbitrap/ESIMS/MS.

A non-targeted analysis of phenolic compounds was done by 
using a Thermo Scientific Dionex Ultimate 3,000 UHPLC system 
(Thermo Fisher Scientific, San Jose, CA, United States) equipped with 
a quaternary Series RS pump and a Thermo Scientific Dionex Ultimate 
3,000 Series TCC-3000RS column compartments with a Thermo 
Fisher Scientific Ultimate 3,000 SeriesWPS-3000RS autosampler 
(Thermo Fisher Scientific) and a rapid separations PDA detector 
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controlled by Chromeleon 7.2 Software (Thermo Fisher Scientific, 
Waltham, MA, United States, and Dionex SoftronGmbH division of 
Thermo Fisher Scientific) hyphenated with a Thermo high-resolution 
Q Exactivefocus mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA, United States).

Mass spectra were acquired using electrospray ionization (ESI) in 
negative (−2.5 Kv) and positive (+3.2 Kv) modes, source temperature 
300°C (positive mode) and 250°C (negative mode), the temperature 
of desolvation gas was 400°C in both modes, sheath gas pressure (35 
arbitrary units) and auxiliary gas (10 arbitrary units). MS spectra were 
acquired over a mass range of m/z 130–1,500. Protonated [M + H]+ 
molecules were fragmented in a high-energy collisional dissociation 
(HCD) cell with different voltages maintained at 35 o 45 V; Nitrogen 
(N2) was used as collision gas.

Liquid chromatography was performed using a Luna© Omega 
C18 column (1.6 μm, 150 × 2.1 mm, Phenomenex, United States) 
operated at 40°C. The detection wavelengths were λ 254, 280, 320, 
and 440 nm, and PDA was recorded from λ 200 to 800 nm for peak 
characterization. Mobile phases were 1% formic acid aqueous 
solution (A) and acetonitrile with 1% formic acid aqueous solution 
(B). The gradient program was: 10% B for 1 min, 10–100% B for 
18 min, 100-10%B in 2 min, and 10%B for 5 min. The flow rate was 
0.25 mL/min, and the injection volume was 10 μL. Q Exactive 2.0 
SP  2, XCalibur 4.3, and Trace Finder software (Thermo Fisher 
Scientific and Dionex Softron GmbH Part of Thermo Fisher 
Scientific) were used for UHPLC-mass spectrometer control and data 
processing, respectively. Base peak (BPI) chromatograms were 
extracted at both low and high energy, allowing the identification of 
compounds. For the low-energy spectra, the mass of pseudomolecular 
ions [M-H]− was calculated from the elemental composition (mass 
error < 5 ppm). Fragmentation patterns were obtained and analyzed 
for the high-energy spectra, and the libraries of NIST (National 
Institute of Standards and Technology), GNPS (The Global Natural 
Product Social Molecular Networking), and PubChem were 
consulted to identify the compounds.

2.8 Statistical analysis

The results were expressed as the mean ± standard deviation (SD) 
of three repetitions. Analysis of variance (ANOVA) was used to 
compare means, followed by the Tukey test to evaluate differences 
between groups (p < 0.05). Data were analyzed using Statgraphics 
Centurion XV (Stat Point Technologies, Inc., Warrenton, VA, 
United States).

2.9 Multivariate analysis

The Hierarchical Clustering on Principal Components (HCPC) 
method was used to generate hierarchical groupings, using the 
Euclidean distance and Ward’s method, in the principal components 
(PCA) obtained from the analysis of a data matrix that consisted of 6 
variables and 5 agroindustrial waste (6 × 5). The data were 
automatically scaled as a form of pre-processing and were displayed 
in 3 dimensions through the dendrogram in the first two dimensions 
of the PCA. Additionally, the heat map of the Pearson correlations of 
the variables under study was constructed. The multivariate analysis 

was carried out with the free software R using the FactoMineR 
package (Lê et al., 2008).

3 Results and discussion

3.1 Proximate analysis

The results of the proximal analysis of the five residues expressed 
in percentage (dry weight) are presented in Table 1. The moisture, 
protein, and carbohydrate contents of the five samples presented 
significant differences (p < 0.05). In contrast, crude fat content, on 
avocado seed, grape pomace, and lucuma seed did not present 
significant differences (p > 0.05). Regarding crude fiber content, 
lucuma seeds and mango peels did not present significant differences 
(p > 0.05), but there were significant differences (p < 0.05) between the 
other samples. Likewise, the ash content in avocado seeds and grape 
pomace were statistically similar (p > 0.05), while lucuma seed, mango 
peel, and cocoa pods presented significant differences (p < 0.05). 
Additionally, the humidity of the waste ranged between 47.04% 
(lucuma seeds) and 80.94% (cocoa pods); protein between 2.73 g/100 g 
DW (mango peels) and 6.59 g/100 g DW (lucuma seeds); fat between 
1.10 g/100 g DW (cocoa pods) and 4.89 g/100 g DW (mango peels); 
crude fiber between 2.87 g/100 g DW (avocado seeds) and 26.91 g/100 g 
DW (cocoa pods); ash between 1.59 g/100 g DW (lucuma seeds) and 
7.14 g/100 g DW (cocoa pods) and, finally, carbohydrates between 
59.79 g/100 g DW (cocoa pods) and 85.85 g/100 g DW (avocado 
seeds). The high moisture content of the cocoa pod is close to that 
reported by Campos-Vega et al. (2018) at 80.2% and by Antwi et al. 
(2019) at 79.70%. The protein content, crude fiber, and crude fat were 
similar to those reported by Campos-Vega et al. (2018), with values of 
5.9, 22.6, and 1.2%, respectively. The ash content, however, was within 
the range of 6.99–7.40% reported by other authors (Chan and Choo, 
2013; Nazir et al., 2016; Antwi et al., 2019), but it was lower than the 
16.70% reported by Kilama et  al. (2019). These variations can 
be  attributed to several factors, including the specific treatment 
processes used on the cocoa pods (Campos-Vega et al., 2018), as well 
as differing pedo-climatic conditions and cultivation practices in 
various regions (Adjin-Tetteh et al., 2018).

The mango peel reported a higher crude fat and ash content 
compared to that reported by Marcillo-Parra et al. (2021) of 1.48 and 
2.82%, while the protein content was less than 4.04% (Marcillo-Parra 
et al., 2021) for the Kent variety; In comparison to other varieties, the 
protein content is in the range reported by Serna and Torres-León 
(2015) in the Keiit (1.66%) and Tommy Atkins (3.88%) varieties, the 
moisture content is similar to that reported in the sugar variety of 
74.65% (Sánchez-Camargo et al., 2019).

The moisture content of the avocado seed (Table 1) is within that 
reported by King-Loeza et al. (2023), with values from 60.83 to 70.54% 
for different qualities of Hass avocado; other authors reported lower 
values from 49.81% (Amado et al., 2019) to 52.68. Regarding protein 
content, they were higher than that indicated by Saavedra et al. (2017) 
at 2.51%, Amado et al. (2019) at 2.84% and Siol and Sadowska (2023) 
at 3.4%, the crude fat content was close to that reported by Siol and 
Sadowska (2023) at 3.2%, but lower than that reported by Saavedra 
et  al. (2017) at 1.11% and Amado et  al. (2019) at 2.26%; The ash 
content was higher than that reported by Saavedra et al. (2017) at 
1.15%, Amado et al. (2019) at 0.89. Concurring to Siol and Sadowska 
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(2023) and Cid-Pérez et al. (2021), the nutritional composition of 
avocado seeds varies depending on various factors such as the origin, 
crop variety, state of maturity, season, postharvest, environmental, and 
growth conditions. In this particular case, the difference in the 
nutritional composition of the residues can be attributed to the origin 
of the Hass variety.

Grape pomace has a high carbohydrate content (Table  1) at 
80.29 g/100 g DW, which would have fructose (0.9 to 6.1 g/100 g) and 
glucose (0.7 to 5.1 g/100 g) as its main constituents (Abouelenein et al., 
2023). The protein content of grape pomace was lower than that 
reported by Kohajdová et al. (2018) and Abouelenein et al. (2023), 
being 8 and 10.72%, respectively. The crude fat content at 3.67 g/100 g 
DW could present a fatty acid profile rich in polyunsaturated/
monounsaturated fatty acids and poor in saturated fatty acids (Bordiga 
et al., 2019; Kim et al., 2020); it presents a mineral content appreciable 
and would be  composed mainly of calcium, magnesium and 
potassium (Abouelenein et al., 2023), the chemical composition of 
grape pomace varies depending on various factors such as the cultivar., 
climatic and agronomic conditions, and the winemaking technology 
adopted (Kohajdová et al., 2018). In this sense, grape seed turns out to 
be  an interesting by-product to be  used in diets that contain 
ingredients rich in energy and proteins (Khiaosa-ard et al., 2015), 
improving the nutritional quality and functional properties of the 
final product.

Lucuma seed has considerable and significant values of crude fiber 
and protein. However, there are few studies on this agroindustrial 
waste (Pouteria lucuma). In this sense, when comparing with other 
varieties of Pouteria, it is observed that the protein content was higher 
than that reported by Do et al. (2023) (1.12 g/100 g DW). The fat 
content was similar to that reported by Da Costa et al. (2010) and Do 
et  al. (2023), being 4.62 and 6.27 g /100 g DW, respectively, who 
worked with the Pouteria variety campechiana. The ash content would 
be  composed of potassium, manganese, and iron, as indicated by 
Aguiar et al. (2019) in Pouteria elegans. The fatty acid content would 
be composed of linoleic acid, oleic acid, and palmitic acid (Rojo et al., 
2010) and tocopherols, cyclic and non-cyclic triterpenoids (Guerrero-
Castillo et al., 2021).

The results indicate a predominance of carbohydrates, whose 
specific composition, inferred from previous research, suggests a 
significant presence of starches and pectins. For example, previous 
studies on Pouteria lucuma, Pouteria campechiana, and avocado seeds 
report high starch contents, reaching up to 91.2% of total 
carbohydrates (Cari, 2018; Tesfaye et al., 2018; Álvarez-Yanamango 
et al., 2020; Li et al., 2021). Regarding pectin, studies on mango peels, 
cocoa pods, and grape pomace highlight its abundance and usefulness 
in food and pharmaceutical applications (Rodríguez, 1995; Ajila and 
Rao, 2013; Lu et al., 2018; Freitas et al., 2020; Delgado-Ospina et al., 

2021; Spinei and Oroian, 2023). In addition, it contributes to a greater 
understanding of the potential of agroindustrial waste, not only as a 
source of carbohydrates but also in terms of its protein, crude fiber, 
crude fat, and ash content. This comprehensive approach facilitates 
exploring varied applications, ranging from food to bioplastics and 
pharmaceutical manufacturing. Recovering agro-industrial waste 
contributes to environmental and economic sustainability, reducing 
the need for new raw materials and opening new markets for the agri-
food industry. This approach supports the circular economy and 
innovation, optimizing waste management and generating economic 
benefits. In this context, this study lays the foundation for future 
research on more efficient extraction methods and the comprehensive 
use of this waste, emphasizing transforming what was previously 
considered waste into valuable resources.

3.2 Total phenolic content and antioxidant 
capacity

The total phenolic content (TPC) in Table  2 is significantly 
different across the by-products (p < 0.05). There was no significant 
difference in TPC between grape pomace and lucuma seeds (p > 0.05), 
nor between mango peel, cocoa pod, and avocado seed (p > 0.05); 
however, significant differences (p < 0.05) were observed between 
these two groups. The TPC values ranged from 4.39 ± 0.05 mg GAE/g 
DW in lucuma seeds to 56.66 ± 5.77 mg GAE/g DW in mango peels. 
The by-products with the highest TPC were mango peels, avocado 
seeds, and cocoa pods.

The value found of phenolic compounds in mango peel 
(56.66 ± 5.77 mg GAE/g DW) was higher than that reported by Serna 
and Torres-León (2015) when they evaluated mango peel of the 
Tommy variety (35.88 mg GAE/g DW) and Keitt (46.71 mg GAE/g 
DW), but similar to the values reported by Marcillo-Parra et al. (2021) 
at 51.49 mg GAE/g DW in Kent variety. Regarding avocado seeds, the 
content of phenolic compounds (56.35 ± 0.34 mg GAE/g DW) was 
higher than that reported by Cid-Pérez et al. (2021) in avocado seeds 
of the Criolla variety (30.25 mg GAE/g DW), and the Nariño variety 
(18.2 GAE/g dry seed) (Rosero et al., 2019). The value of phenolic 
compounds found in cocoa pods (51.52 ± 4.03 mg GAE/g DW) was 
similar to that reported by Abdul Karim et al. (2014) from 45.60–56. 
50 mg GAE/g DW, and higher than that reported by Sotelo et  al. 
(2015) (16.40–23.01 mg GAE/g DW).

The TPC of grape pomace (12.86 mg GAE/g DW) was higher than 
that reported by Alvarez-Yanamango et al. (2019) (11.45 GAE/g DW) 
and De la Cruz-Azabache et al. (2023) (1.58 mg GAE/g DW) after the 
fermentation process to obtain pisco from the Quebranta variety. 
However, it was lower than that reported by Cisneros-Yupanqui et al. 

TABLE 1 Proximate analysis (g/100  g DW) of some Peruvian crops agrifood by-products.

By-product Moisture Crude protein Crude fat Crude fiber Ash Carbohydrates

Avocado seeds 64.38 ± 0.01b 4.89 ± 0.00c 3.77 ± 0.03b 2.87 ± 0.14a 2.73 ± 0.03b 85.85 ± 0.11e

Grape pomace 72.73 ± 0.08c 4.37 ± 0.00b 3.67 ± 0.04b 9.34 ± 0.17b 2.42 ± 0.04b 80.29 ± 0.04d

Lucuma seeds 47.04 ± 0.08a 6.59 ± 0.00e 3.79 ± 0.04b 11.04 ± 0.21c 1.59 ± 0.04a 77.07 ± 0.09b

Mango peels 76.90 ± 0.01d 2.73 ± 0.00a 4.89 ± 0.13c 11.03 ± 0.03c 3.58 ± 0.03c 77.81 ± 0.04c

Cocoa pods 80.94 ± 0.00e 5.12 ± 0.03d 1.10 ± 0.11a 26.91 ± 0.13d 7.14 ± 0.26d 59.79 ± 0.00a

Values are means ± standard deviations (n = 3). Values in the same column sharing the same letters are not significantly different according to Tukey’s test (p < 0.05).
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(2020) (38.86 mg GAE/g DW) and Abouelenein et al. (2023) in red 
grape pomace (41.23–48.3 mg GAE/g DW) and white grape (44.7 mg 
GAE/g DW). It has been reported that the TPC (total phenolic 
content) values in wine by-products can be  influenced by various 
factors such as the region where the grapes are produced, the 
fermentation techniques used, the climate, the genotype of the grapes 
(Di Stefano et al., 2022), the drying process carried out on the grape 
pomace (Solari-Godiño et al., 2017), and the distillation technology 
used (Cisneros-Yupanqui et  al., 2022), since generally a batch 
distillation requires a longer exposure time to high temperatures than 
the continuous system (Bordiga et al., 2019), generating a significant 
loss of TPC that could be  related to some degradation or 
polymerization reactions (Spigno et al., 2007). The differences found 
in the literature can also be  attributed mainly to the presence of 
anthocyanins, flavonols, hydroxycinnamic acid derivatives from the 
peels, and resveratrol, flavan-3-ols, and proanthocyanidins from the 
seeds (Rebello et al., 2013). About lucuma seed, the value of phenolic 
compounds found (4.39 ± 0.05 mg GAE/g DW) was lower than that 
reported by Guerrero-Castillo et al. (2019) (8.99 mg GAE/g DW), who 
did the extraction for 9 days, unlike the present study (3 h). On the 
other hand, Kong et al. (2013) carried out the extraction of bioactive 
compounds from the seed of the Pouteria variety campechiana with 
three different solvents (water, 70% ethanol, 70% methanol), finding 

TPC values that varied from 2.5 to 23.04 mg GAE/g DW, which would 
indicate that the extraction technique affects the final TPC content, 
and the optimization of bioactive compound extraction processes 
is necessary.

The results of the hydrophilic antioxidant capacity using the 
ABTS, DPPH, and FRAP methods and lipophilic by the ABTS and 
DPPH methods are shown in Table 2. The ABTS-H assay revealed 
significant variations (p < 0.05) across all by-products. In contrast, the 
DPPH-H assay showed no significant difference (p > 0.05) between 
avocado seed and cocoa pod, while significant differences were 
observed among the remaining by-products. Furthermore, the FRAP 
assay demonstrated significant variations (p < 0.05) in all the evaluated 
by-products.

The range of hydrophilic antioxidant capacity by the ABTS 
method varies from 84.68 ± 0.08 to 995.01 ± 17.19 01 μmol TEAC/g 
DW in lucuma seeds and mango peels, respectively. Similar behavior 
was recorded in the DPPH (25.39 ± 0.41–953.54 ± 22.75 μmol TEAC/g 
DW) and FRAP (35.25 ± 0.49–1661.13 ± 18.03 μmol TEAC/g DW) 
methods. The antioxidant capacity of mango peels (995.01 μmol /g 
DW) by the ABTS method was higher than that reported by Marcillo-
Parra et al. (2021) at 499 μmol TEAC /g DW in mango variety Kent. 
The value of the antioxidant capacity of avocado seeds found in this 
study was lower than that reported by Saavedra et al. (2017) applying 

TABLE 2 Total phenolic content, hydrophilic (H-AC), lipophilic antioxidant capacities (L-AC), antimicrobial and antifungal activities of some Peruvian 
crops agrifood by-products.

Parameter By-product

Avocado seeds Grape pomace Lucuma seeds Mango peels Cocoa pods

TPC

(mg GAE/g DW)
56.35 ± 0.34b 12.86 ± 1.35a 4.39 ± 0.05a 56.66 ± 5.77b 51.52 ± 4.03b

Antioxidant capacities

ABTS-H

(μmol TEAC/g DW)
382.32 ± 0.23d 120.12 ± 3.08b 84.68 ± 0.08a 995.01 ± 17.19e 300.08 ± 20.05c

ABTS-L

(μmol TEAC/g DW)
30.14 ± 0.59d 5.67 ± 0.13b 5.80 ± 0.09b 12.14 ± 0.18c 4.49 ± 0.37a

DPPH-H

(μmol TEAC/g DW)
273.55 ± 0.89c 89.56 ± 2.59b 25.39 ± 0.41a 953.54 ± 22.75d 303.96 ± 11.05c

DPPH-L

(μmol TEAC/g DW)
17.62 ± 0.20c ND ND 5.77 ± 0.24b 1.88 ± 0.09a

FRAP

(μmol TEAC/g DW)
226.48 ± 2.52c 88.41 ± 1.24b 35.25 ± 0.49a 1661.13 ± 18.03e 528.49 ± 23.69d

IC50 (mg/mL) ABTS 0.74 ± 0.01b 2.92 ± 0.03d 4.27 ± 0.02e 0.38 ± 0.02a 2.19 ± 0.02c

Antimicrobial activities (zone of inhibition, mm)

Staphylococcus aureus – 7.95 ± 0.15ab 7.80 ± 0.00a – 8.05 ± 0.05b

Positive control 26.7 ± 0.00

Escherichia coli – 7.90 ± 0.10b 7.05 ± 0.05a – 11.10 ± 0.10c

Positive control 14.5 ± 0.00

Antifungal activities (zone of inhibition, mm)

Aspergillus niger – – – – –

Positive control 18.2 ± 0.00

Penicillium digitatum – – 11.10 ± 0.14 – –

Positive control 23.8 ± 0.00

Values are means ± standard deviations (n = 3). Values in the same row with different letters are significantly different according to Tukey’s test (p < 0.05). ND = non-detected. - = no inhibition.
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the DPPH method (1,135 μmol TEAC/g DW). In cocoa pods, the 
antioxidant capacity value found in this study was higher than that 
reported by Sotelo et  al. (2015) applying the ABTS method 
(229.61 μmol TEAC/g DW) and FRAP (169.4 μmol TEAC/g DW). The 
research findings on grape pomace indicate that the antioxidant 
capacity of ABTS (120.12 ± 3.08 μmol TEAC/g DW), DPPH 
(89.56 ± 2.59 μmol TEAC/g DW), and FRAP (88.41 ± 1.24 μmol 
TEAC/g DW) was lower than the levels reported by Barriga-Sánchez 
et al. (2022) for Black Burgundy grape pomace obtained from Chincha 
and Ica cities of Peru, of ABTS (425.67–448.84 μmol TEAC/g DW) 
and DPPH (266.35–269.12 μmol TEAC/g DW). Finally, the value of 
the antioxidant capacity of lucuma seed found in this study was lower 
than that reported by Guerrero-Castillo et al. (2019) applying the 
FRAP method (272.50 μmol TEAC/g DW).

No significant differences were observed between grape pomace 
and lucuma seeds (p > 0.05) during the measurement of the lipophilic 
antioxidant capacity (Table 2) in the ABTS-L assay. As for the DPPH-L 
method, significant differences (p < 0.05) were noted among avocado 
seeds, mango peels, and cocoa pods. The ABTS method varied from 
4.49 ± 0.37 to 30.14 ± 0.59 TEAC/g DW in cocoa pods and avocado 
seeds, respectively. The DPPH method had similar behavior, varying 
from 1.88 ± 0.09 to 17.62 ± 0.20 TEAC/g DW; with this last method, 
grape pomace, and lucuma seed did not report lipophilic antioxidant 
capacity. Avocado seeds showed the highest values in lipophilic 
antioxidant capacity by both ABTS and DPPH methods.

The different values of antioxidant capacity obtained by the ABTS, 
DPPH, and FRAP methods of the five residues studied can 
be attributed to the chemical structure of the radical molecules, their 
mechanism of action, and the type of phenolic compound present in 
each residue (Ferreira-Santos et al., 2024), as well as varieties, stages 
of maturity and extraction methods (Chen et al., 2011).

Using the ABTS method, the IC50 values exhibited significant 
differences (p < 0.05) among all agrifood by-products (Table 2). The 
lowest IC50 values were in the extracts of mango peels 
(0.38 ± 0.02 mg/mL) and avocado seeds (0.74 ± 0.01 mg/mL). These 
results indicate that mango seeds and avocado seeds extracts have 
greater antioxidant capacity. Kuganesan et  al. (2017) and 
Velderrain-Rodríguez et al. (2021) reported lower IC50 values in 
extracts of mango peels (0.19 mg/mL) and avocado seeds (0.32 mg/
mL) by the ABTS method, respectively. Umamahesh et al. (2016) 
determined IC50 using the ABTS method in aqueous extracts of 
mango peels of five varieties from India, with values between 28.29 
and 84.88 μg/mL, highlighting the Sindhura variety for showing 
better antioxidant capacity and higher content of phenolic 
compounds (87.38 ± 0.43 mg GAE/g). For their part, Guerrero-
Castillo et al. (2019) determined IC50 using the ABTS method in 
methanolic extracts of lucuma seed (66.97 μg/mL), a value lower 
than that reported in the present investigation. Regarding grape 
pomace, Veskoukis et al. (2012) reported IC50 values of 5.5 mg/mL, 
higher than what was found in this study, which would indicate a 
lower antioxidant capacity concerning the residue studied.

3.3 Multivariate analysis

Mango peels, avocado seeds, and cocoa pods exhibited the highest 
values of antioxidant capacity by the three methods, ABTS, DPPH, 
and FRAP, showing a good correlation with the order of TPC results. 

By applying Pearson correlation coefficient, high positive correlations 
were found between the hydrophilic antioxidant capacity and the 
content of phenolic compounds by the ABTS (r = 0.71), DPPH 
(r = 0.70), and FRAP (r = 0.62) method. This fact suggests that the 
antioxidant capacity mainly depends on the phenolic content in these 
by-products. In order to identify similarities among the various agro-
industrial wastes used in the study, a multivariate analysis was carried 
out that includes hierarchical grouping (Ward’s method and Euclidean 
distance) in the first two principal components of the PCA (Figure 1A) 
and the PCA biplot (Figure  1B). Pearson correlation coefficient 
analysis was performed to elucidate the correlation between the total 
polyphenol content and the bioactivities data sets of agro-industrial 
waste extracts (Figure 1C). As a result of the multivariate analysis, the 
first two principal components describe 95.2% of the total variance of 
the data (Dim 1 = 74.1% and Dim 2 = 21.1%). Hierarchical clustering 
evaluates data according to its homogeneity and heterogeneity, 
grouping them according to the degree of similarity (Ferreira 
et al., 2019).

The trends of the correlations observed through PCA were 
confirmed from the projection of the dendrogram created with the 
application of HCPC using Ward’s method to obtain the minimum 
variance between the vectors that make up each group, in addition to 
the Euclidean distances, to verify similarities between samples 
(Fernandes Serra Moura et al., 2021).

Ward’s hierarchical clustering algorithm indicates the formation 
of three groups. The essence of this algorithm lies in minimizing the 
increase in inertia when two samples are combined. This iterative 
process continues until the increase in inertia is as minimal as possible 
(Kassambara, 2017). The clustering quality was assessed using the 
silhouette coefficient, which ranges from −1 to 1. A positive value 
indicates good clustering quality, while a negative value suggests a 
sample might be incorrectly grouped (Gilbert et al., 2020). For all 
cases, values greater than zero were obtained, confirming the 
appropriateness of the group formations. The formation of three 
groups of agroindustrial waste is distinguished. Group 1 comprises 
lucuma seed, grape pomace, and cocoa pods; Group  2 is for the 
avocado seed, and Group  3 is for the mango peel. This variation 
demonstrated that agroindustrial waste has intrinsic chemical 
characteristics, presenting variations in concentrations compared to 
other species due to climatic factors, growing conditions, and harvest 
time (Fernandes Serra Moura et al., 2021). Mango peel (Figure 1B) 
obtained the highest values of antioxidant capacity measured by 
FRAP, DPPH-H, and ABTS-H and the lowest IC50 value (opposite 
position in the PCA biplot); these results indicate a beneficial negative 
correlation: higher phenolic content corresponds to lower IC50 values, 
signifying enhanced antioxidant capacity (Figure  1C). Phenolic 
compounds have received significant interest in recent years. 
Consuming vegetables with a high concentration of these bioactive 
compounds can reduce the risk of developing various diseases due to 
their antioxidant activity (Fernandes Serra Moura et  al., 2021). 
Figure  1C shows the correlation analysis between TPC-vs-IC50 
(r = −0.91, value of p <0.05), ABTS-H vs. FRAP (r = 0.97, value of 
p <0.01), ABTS-H vs. DPPH-H (r = 0.99, value of p < 0.05) and FRAP 
vs. DPPH-H (r = 0.99, value of p <0.001). Furthermore, the content of 
total polyphenols and the antioxidant activities measured by the 
ABTS-H, ABTS-L, FRAP, and DPPH-H methods are negatively 
correlated with the IC50 value (r = −0.91, −0.82, −0.64, −0.69 and 
− 0.79, respectively), evidencing the inverse relationship.
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These results are comparable with those reported by Khiya 
et al. (2021) and Li et al. (2009), who studied the correlation of 
various response variables, including DPPH, ABTS, reducing 
power, with the content of total polyphenols, including ferulic 
acid and caffeic acid, finding r values between 0.659 and 0.911. 
They also found that the IC50 value decreases when the polyphenol 
content increases. This could be because the results show that a 
higher content of total polyphenols had a higher antioxidant 
capacity, so a lower content of the extract will be  required to 
achieve an inhibitory effect of 50% (IC50). This same reason 
explains the negative correlation between DPPH, ABTS, and 
FRAP with IC50.

3.4 Antimicrobial and antifungal activities

The results of the antimicrobial and antifungal activities of the 
extracts of phenolic compounds, in general, showed significant 
differences (p < 0.05). A significant difference (p < 0.05) is observed in the 
inhibition zone of Staphylococcus aureus between the cocoa pod 
(8.05 ± 0.05 mm) and the lucuma seed (7.80 ± 0.00 mm). However, each 
did not present a significant difference with grape pomace (7.95 ± 0.15). 
In the case of Escherichia coli, there was no zone of inhibition for avocado 
seed or mango peel. But there was a significant difference between the 
other agroindustrial waste (p < 0.05), varying between 7.05 ± 0.05 mm 
(lucuma seed) and 11.10 ± 0.10 mm (cocoa pod). Furthermore, none of 
the residues presented potential antifungal activity against Aspergillus 
niger, and only the lucuma seed caused inhibition against Penicillium 
digitatum (11.10 ± 0.14). The negative controls, in all the extracts, did not 
generate a halo of inhibition, and in the case of the positive controls, the 
average per microorganism is shown (Table 2).

The extracts obtained from cocoa pods, grape pomace, and 
lucuma seeds have been found to possess antimicrobial properties 
against colonies of Staphylococcus aureus and Escherichia coli.

The cocoa pod extract can inhibit the growth of Staphylococcus 
aureus and Escherichia coli at concentrations of 6.25 mg/mL (Sotelo 
and Alvis, 2018) and from 5 mg/mL to 50 mg/mL (Sotelo and Alvis, 
2018; Diniardi et  al., 2020), respectively, when a concentration of 
20 mg/mL was used of extracts obtained.

The antimicrobial activity of grape pomace on S. aureus and E. coli 
colonies was similar to previous studies (Mendivil, 2015; Kuganesan 
et  al., 2017). This activity is related to the presence of phenolic 
compounds (Nitta et  al., 2002) and their content of flavonoids 
(flavanols and flavonols) and non-flavonoid compounds (phenolic 
acids and stilbenes) (Friedman, 2014). The antimicrobial activity of 
flavanols may be related to the ability to bind to the peptidoglycan 
membrane of bacteria, altering its functionality (Yoda et al., 2004). 
Katalinić et  al. (2010) reported that the peel of 14 grape varieties 
showed antimicrobial activity against Gram positive (Staphylococcus 
aureus and Bacillus cereus) and Gram negative bacteria (Escherichia 
coli O157:H7, Salmonella infantis, and Campylobacter coli). Besides, 
Oliveira et  al. (2013) obtained a grape pomace extract using 
supercritical fluids. They found better antimicrobial properties against 
Gram positive (S. aureus and B. cereus) than Gram negative (E. coli 
and P. aeruginosa). Furthermore, Gaafar et al. (2019) demonstrated 
the antimicrobial effect of aqueous extracts of 2 varieties of grape 
pomace (red and white) against B. subtilis, E. coli, P. aeruginosa, 
S. aureus, A. niger, A. flavus, S. cerevisiae, and C. albicans. While it is 
true that the exact mechanism of antimicrobial activity is not known, 
Hassan et al. (2019) suggest that in the case of Gram positive bacteria, 
the compounds present in the extract, such as phenolic acids, 
stilbenes, flavonols, anthocyanins, and flavanols, can generate the 
inactivation of bacterial exoenzymes, chelation of essential metals 
such as iron or deprivation of nutrients such as tannins, or the 
permeabilization, rupture and disintegration of external membranes, 
and the reduction of pH and inhibition of proton exchangers. It is 
known that the main compounds responsible for antimicrobial 
activity are flavonoids, mainly due to the presence of gallic acid and 
vanillic acid (Silva et al., 2018). However, curiously, in our study, these 
compounds were not identified, so there is possibly a synergistic effect 
between the different phenolic compounds identified, such as 
Isorhamnetin-3-O-glucoside or kaempferol and its derived 

FIGURE 1

Multivariate analysis of the data sets of agroindustrial waste extracts: 
lucuma seeds (LS), cocoa pods (CP), grape pomace (GP), mango 
peels (MP), and avocado seeds (AS). (A) Hierarchical clustering in the 
first two principal components of the PCA (HCPC). (B) biplot of the 
first two principal components of the PCA. (C) correlation between 
the content of total polyphenols, antioxidant activity (ABTS-H, 
ABTS-L, FRAP, and DPPH-H) and the IC50.
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compounds that could be responsible for the antimicrobial activity 
and antifungal (Rashed et al., 2014; Periferakis et al., 2022). Likewise, 
Taguri et al. (2004) mention that the degree of polymerization and the 
number of hydroxyl groups could directly affect the antimicrobial 
activity of each phenolic compound.

The lucuma seed extract exhibited antimicrobial activity against 
S. aureus and E. coli and antifungal activity against Penicillium 
digitatum, as well as the essential oil of P. campechiana seeds, which 
had potent antimicrobial activity against both Gram positive and 
Gram negative bacteria (Ma et al., 2019; Do et al., 2023). According to 
Maria et al. (2012), the catechins present in the lucuma seed (Table 2), 
such as gallocatechin (epimerized form), tend to have a more 
significant antagonistic effect against S. aureus and E. coli, followed by 
epigallocatechin, which inhibits growth and causes the death of 
S. aureus (Kitichalermkiat et  al., 2020), caused by the union of 
hydrogen bonds with the membrane proteins of S. aureus (Zhao et al., 
2001; Madhan et  al., 2007), which affects its functions, such as 
decreasing glucose uptake or its protection against external stress 
(Kitichalermkiat et al., 2019). Likewise, Jeon et al. (2014) mentioned 
that epicatechin-3-gallate present in lucuma seed has antimicrobial 
activity against E. coli, and naringenin has a greater inhibition effect 
for S. aureus than for E. coli (Duda-Madej et al., 2022).

The extracts of avocado seeds and mango peel did not present 
antimicrobial and antifungal activity. Other researchers point out that 
Hass avocado seed extract (Romaní et  al., 2017), avocado seed 
(Kupnik et al., 2023), and mango peel (Lozoya-Castillo et al., 2018) 
inhibit the microbial growth of S. aureus and E. coli. This difference 
can be attributed to the extraction conditions. In the case of avocado 
seed, Romaní et al. (2017) used a 96% ethanolic macerate of avocado 
seed powder followed by fractionation with ethyl acetate, finding a 
minimum inhibitory concentration of 10 mg/mL. Sotelo and Alvis 
(2018) reported a minimum inhibition concentration of 50 mg/mL for 
E. coli O157:H7 and 6.25 mg/mL for S. aureus ATCC 29213, showing 
that the type of extraction solvent and its concentration influence the 
antimicrobial capacity. For Sunder et al. (2011), the best solvent for 
the extraction of antibacterial compounds is methanol. Ilozue et al. 
(2014) point out that a greater antimicrobial capacity is obtained with 
methanolic extracts and a lower capacity with petroleum ether, mainly 
affected by the solubility of the polyphenolic compounds. However, 
other factors, such as physiological variations, environmental 
conditions, geographical variation, genetic factors, and extraction 
conditions, must be considered (Pérez et al., 2015).

Aspergillus niger colonies showed resistance to the five extracts 
used in this research. Scroccarello et al. (2021) point out that the 
A. niger strain can survive in extreme conditions and develop 
resistance against antifungal agents. A. niger can degrade polyphenolic 
compounds to obtain a potent bioactive molecule such as ellagic acid 
(Sepúlveda et al., 2016), evidencing its resistance. About the results 
obtained, possibly A. niger, being a resistant strain, followed the 
metabolic route that uses polyphenolic compounds to produce 
hexahydroxydiphenic acid, which is considered an intermediate 
molecule in the release of ellagic acid, which has important and 
desirable properties beneficial to health.

The interest in replacing synthetic antimicrobials and antifungals 
has led to the search for compounds of plant origin that can inhibit 
foodborne pathogens, prolong their shelf life, and reduce economic 
losses (Singh et al., 2018). Antimicrobial and antifungal activity is 
assigned to phytochemical compounds such as polyphenols. The 

mechanism of action is due to the change in the function of cell 
membranes and the consequent slowing of growth and inhibition of 
microorganisms’ reproduction (Singh et al., 2018; Kupnik et al., 2023). 
Moreover, seeds and agribusiness waste extracts also have many 
health-related bioactive properties, such as antihyperglycemic, 
anticancer, antihypercholesterolemic, antioxidant, anti-inflammatory, 
and antineurogenerative effects, which can be used to formulate or 
fortify foods (Kupnik et al., 2023; Sławińska and Olas, 2023; Sorrenti 
et al., 2023). For further details on the microbiological results, please 
refer to the Supplementary material.

3.5 Phenolic compound analysis

Figure 2 shows the total ion chromatogram (TIC) resulting from 
UHPLC– Q/Orbitrap/ESIMS/MS analysis in the negative mode of 
phenolic-rich extracts from the five agrifood by-products. The 
qualitative and quantitative profile is very different among them. 
Table 3 summarizes the identification of phenolic compounds based 
on their MS and MS/MS spectra, considering the fragmentation 
patterns of mass spectra recorded in the NIST (National Institute of 
Standards and Technology), GNPS (The Global Natural Product 
Social Molecular Networking), and PubChem comparing with 
information previously reported in the literature.

One of the phenolic compounds identified in mango peels is 
mangiferin (Peak 18), with similar findings in Spanish varieties such 
as Keiit, Sensación, and Gomera (Dorta et  al., 2014), which was 
quantified in significant quantities in mango peel of the Tommy 
Atkins variety, compared to the Haden varieties (Berardini et al., 2005; 
Marcillo-Parra et al., 2021). This compound, identified as a xanthone, 
presents various biological activities, such as antiviral, anticancer, 
antidiabetic, immunomodulatory, hepatoprotective, and analgesic, all 
attributed mainly to its antioxidant capacity (Muruganandan et al., 
2005; Barreto et  al., 2008; Noratto et  al., 2010). Furthermore, the 
mangiferin content in mango peel can vary from 1 to 4 times more 
than the content in the pulp (Berardini et al., 2005; Ajila et al., 2007).

The cocoa pods compounds identified as theobromine (Peak 4) 
and epicatechin (Peak 16) are similar to what was reported by Valadez-
Carmona et  al. (2017), those identified in cocoa pods catechin, 
quercetin, (−)- epicatechin, gallic, coumaric, and protocatechuic 
acids, among others. The antioxidant capacity is superior to other 
cocoa by-products, such as the bean shell and mucilage. Likewise, 
clovamine (Peak 25) was identified as a possible bioactive compound 
with anti-inflammatory activity in human cells (Zeng et al., 2011).

Among the compounds identified in grape pomace are malvidin 
3-glucoside (Peak 17), quercetin-3-O-glucoronide (Peak 30), 
kaempferol-3-O-glucuronide (Peak 38), like what was reported in 
grape pomace from five varieties of grapes from Turkey, where the 
content of phenolic compounds differs according to the variety, 
highlighting that red grapes have a higher content of phenolic 
compounds compared to white grapes (Sagdic et al., 2011). Likewise, 
Cui et al. (2023) identified 19 compounds in the free extracts of grape 
pomace, which dominated the gallic and syringic acids, followed by 
catechin, 3,4-dihydrobenzoic acid, vanillic acid, and epicatechin. It 
has been reported that grape seed procyanidins have beneficial health 
properties such as antidiabetic, anti-obesity, antimicrobial, 
cardioprotective, anti-neurodegenerative, anti-osteoarthritis, 
anticancer, and cardio and eye-protective properties (Unusan, 2020).
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Among the phenolic compounds identified in lucuma seeds 
include gallocatechin (Peak 5), epicatechin (Peak 16), and catechin 
(Peak 10). For their part, Guerrero-Castillo et al. (2019) identified 
gallocatechin, catechin, epicatechin, taxifolin, myricetin, quercetin, 
eriodictyol chalcone, apigenin, and naringenin.

Among the compounds identified in avocado seed, there is 
catechin (Peak 10), epicatechin (Peak 16), quercetin 3-O-hexoside 
(Peak 32), procyanidin type A trimer (isomers 1 and 2) (Peak 26), 
results similar to those reported by Kosińska et al. (2012) and Rosero 
et al. (2019). The antioxidant activity of phenolic compounds shows 
their potential to slow aging processes, reduce oxidative stress, and 
protect against diseases, among others. Findings show that catechins 
and epicatechins contribute 38% of all antioxidant activity of all fresh 
fruit (Wang et al., 2010). The presence of caffeic acid in avocado seed 
extracts prevents disorders of the cells of the nervous system by 
inhibiting the action of enzymes that participate in disorders of nerve 
cells, preventing antidegenerative diseases such as Alzheimer’s (Oboh 
et al., 2016).

The diversity of phenolic compounds in extracts from mango peel, 
cocoa pod, grape pomace, lucuma seed, and avocado seed is associated 
with the antioxidant, antimicrobial, and antifungal capacities reported 
in this study. This finding opens new research opportunities within a 
circular economy context, focusing on using eco-friendly and efficient 
methods that minimize environmental impacts. Specifically, 
Mir-Cerdà et al. (2023) indicated that the applications of these extracts 

while those with lower purity have potential in the cosmetics industry 
and in packaging manufacturing. Review the Supplementary material 
for more details on the phenolic compounds’ results.

4 Conclusion

According to the results of this study, lucuma seeds were 
notable for their protein content, cocoa pods for crude fiber and 
mineral contents, mango peels for their crude fat, and avocado 
seeds for their carbohydrate content. Mango peel, cocoa pods, and 
avocado seed extracts exhibited the highest phenolic compound 
contents, which showed a strong and positive correlation with their 
antioxidant capacity and an inverse correlation with the IC50 values, 
with mango peel extract exhibiting a high antioxidant capacity. 
Lucuma seeds exhibited bactericidal and antifungal effects against 
Staphylococcus aureus, Escherichia coli, and Penicillium digitatum, 
while cocoa pod and grape pomace extracts were effective against 
Staphylococcus aureus and Escherichia coli. Furthermore, in this 
study, the main phenolic compounds, which could be responsible 
for their bioactive properties, were identified in each by-product. 
The results obtained from the agro-industrial wastes studied here 
provide valuable information on the composition and functional 
properties, sparking interest in future research exploring their reuse 
and food applications.

FIGURE 2

Total ion chromatogram obtained by UHPLC– Q/Orbitrap/ESIMS/MS (negative mode) of (A) Cocoa pods, (B) Lucuma seeds, (C) Avocado seeds, 
(D) Mango peels, and (E) Grape pomace. Numbers corresponding with those of Table 3.
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TABLE 3 Phenolic compounds identified in the extracts of Agrifood by-products by UHPLC– Q/Orbitrap/ESIMS/MS analysis.

Peak 
No°

Rt 
(min)

Tentative 
Identification

MW 
(m/z)

Error 
(ppm)

Formula
[M-H]−

Fragments ions (m/z) MP GP CP LS AS

1 2.15 Gallic acid hexoside 331.0673 3.98 C13H16O10

271.0460, 211.0244, 169.0136, 

151.0029, 125.0235, 89.0234, 

59.0128

x

2 2.90 Gallic acid 169.0137 3.55 C7H6O5 125.0235, 97.0284, 69.0335 x

3 3.50 1-O-vanilloyl-hexoside 329.0878 3.41 C14H18O9

167.0342, 152.0106, 123.0442, 

108.0206
x

4 3.66 Theobromine 181.0720 −0.01 C7H8N4O2

163.0612, 138.0662, 137.0821, 

122.0587, 110.0715, 108.0560, 

96.0561

x

5 3.85 Gallocatechin 305.0674 3.81 C15H14O7

261.0772, 219.0661, 179.0346, 

167.0345, 137.0238, 125.0237
x

6 4.05
Syringic acid hexosyl 

ester
359.0985 3.11 C15H20O10

197.0450, 182.0214, 166.9978, 

153.0549, 138.0313, 123.0078
x

7 4.53 Caffeoyl quinic acid 353.0881 3.31 C16H18O9

191.0557, 179.0345, 161.0238, 

135.0444, 85.0285
x

8 5.85 Epigallocatechin 305.0674 4.00 C15H14O7

261.0770, 219.0662, 179.0346, 

167.0345, 137.0237, 125.0237
x

9 6.89 Coumaroyl quinic acid 337.0932 - C16H18O8

191.0557, 173.0451, 163.0394, 

119.0000
x

10 7.46 Catechin 289.0724 6.01 C15H14O6

245.0820, 203.0713, 179.0343, 

151.0393, 125.0237,109.0287, 

97.0287

x x

11 7.86
Coumaric acid 4-O-

hexoside
325.0934 4.88 C15H18O8 163.0394, 145.0288, 117.0337 x

12 8.13 3-O-Feruloylquinic acid 367.1039 4.14 C17H20O9

193.0502, 173.0452, 149.0604, 

134.0365
x

13 8.14 Digallic acid 321.0259 5.52 C14H10O9 169.0137, 125.0236, 68.1365 x

14 8.16 Procyanidin B2 577.1350 1.66 C30H26O12

425.0876, 407.0768, 289.0715, 

245.0818, 203.0706, 161.0235, 

125.0234

x

15 8.59 Procyanidin B1 577.1358 3.25 C30H26O12

425.0898, 407.0774, 289.0718, 

245.0816, 203.0710, 161.0237, 

125.0236

x

16 8.66 Epicatechin 289.0715 2.89 C15H14O6

245.0815, 203.0706, 179.0342, 

151.0391, 137.0234, 125.0234, 

109.0284

x x x

17 9.00 Malvidin 3-glucoside 493.1342 0.22 C23H24O12

331.0812, 315.0497, 287.0550, 

270.0521
x

18 9.07 Mangiferin 421.0786 4.85 C19H18O11

403.0674, 331.0464, 301.0357, 

271.0250, 259.0250
x

19 9.08 Procyanidin C1 865.1981 0.79 C45H38O18

695.1442, 577.1335, 543.0919, 

451.1035, 425.0876, 407.0768, 

289.0714, 243.0294, 161.0235, 

125.0234

x

20 9.23
6-C-pentosyl-8-C-

hexosylapigenin
563.1408 2.16 C26H28O14

545.1320, 503.1174, 473.1089, 

443.0979, 383.0771, 353.0664, 

325.0711, 297.0761

x

21 9.23
6,8-Di-C-

hexosylapigenin
593.1533

3.33 C27H30O15 503.1228, 473.1094, 383.0783, 

353.0670, 325.0719, 297.0774

x

(Continued)
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TABLE 3 (Continued)

Peak 
No°

Rt 
(min)

Tentative 
Identification

MW 
(m/z)

Error 
(ppm)

Formula
[M-H]−

Fragments ions (m/z) MP GP CP LS AS

22 9.28 Procyanidin type A 

trimer (isomer 1)

863.1838 2.37 C45H36O18 711.1370, 693.1234, 574.1057, 

559.0876, 451.1065, 411.0723, 

289.0717, 245.0815, 161.0237, 

137.0236, 125.0235

x

23 9.39 1,3,6-tri-O-galloylglucose 635.0905 4.03 C27H24O18 483.0781, 465.0669, 331.0674, 

313.0574, 271.0461, 241.0352, 

211.0249, 169.0137, 125.0234

x

24 9.42 Epigallocatechin gallate 457.0791 3.67 C22H18O11 305.0671, 193.0142, 169.0139, 

161.0241, 125.0238

x

25 9.49 Clovamide 358.0930 2.32 C18H17NO7 314.1029, 222.0403, 196.0607, 

178.0502, 161.0235, 135.0442

x

26 9.52 Procyanidin type A 

trimer (isomer 2)

863.1838 2.37 C45H36O18 711.1356, 693.1254, 573.1026, 

559.0880, 451.1060, 411.0722, 

289.0717, 245.0820, 161.0237, 

137.0236, 125.0235

x

27 9.97 Myricetin-3-O-hexoside 479.0833 2.57 C21H20O13 316.0223, 287.0201, 71.0246, 

178.9978, 151.0028

x

28 10.20 6-C-hexosylapigenin 431.0982 2.24 C21H20O10 413.0873, 341.0664, 323.0558, 

311.0559, 295.0610, 283.0609, 

269.0452

x

29 10.26 1,2,3,6-tetragalloylglucose 787.1022 4.22 C34H28O22 635.0896, 617.0790, 573.0900, 

465.0678, 447.0569, 313.0569, 

295.0461, 211.0247, 169.0138

x

30 10.61 Quercetin-3-O-

glucoronide

477.0677 2.90 C21H18O13 301.0353, 255.0297, 178.9979, 

151.0028

x

31 10.66 Myricetin 3-O-

deoxyhexoside

463.0895 3.20 C21H20O12 316.0229, 287.0203, 271.0251, 

178.9982, 151.0028

x

32 10.71 Quercetin 3-O-hexoside 463.0892 3.41 C21H20O12 300.0279, 271.0250, 255.0302, 

178.9981, 151.0031

x x x

33 10.73 Epicatechin-3-O-gallate 441.0839 4.21 C22H18O10 289.0722, 271.0620, 245.0827, 

193.0136, 169.0138, 151.0396, 

137.0241, 125.0237

x

34 10.74 Quercetin-3-O-pentoside 433.0776 2.48 C20H18O11 300.0273, 271.0245, 255.0293, 

178.9976, 151.0027

x

35 10.84 Taxifolin 3-O-

deoxyhexoside

449.1093 3.21 C21H22O11 285.0405, 178.9980, 151.0029, 

125.0236, 107.0129, 65.0022

x

36 11.09 Apigenin-7-glucoronide 445.0775 2.27 C21H18O11 269.0453, 113.0233, 85.0283, 

71.0127

x

37 11.14 Taxifolin 303.0518 3.01 C15H12O7 285.0409, 259.0609, 217.0511, 

177.0188, 151.0395, 125.0237

x

38 11.19 Kaempferol 3-O-

glucuronide

461.0729 3.23 C21H18O12 285.0403, 229.0497, 113.0235, 

85.0285

x x

39 11.19 Kaempferol-3-O-

hexoside

447.0936 3.10 C21H20O11 284.0326, 255.0297, 227.0345, 

151.0033

x

40 11.30 Syringetin-3-O-hexoside 507.1146 2.45 C23H24O13 344.0537, 329.0304, 316.0588, 

301.0354, 287.0560, 273.0404, 

258.0173, 242.0218

x

41 11.30 Isorhamnetin-3-O-

glucoside

447.1040 2.62 C22H22O12 314.0432, 299.0196, 285.0402, 

271.0247, 257.0454, 243.0296

x

(Continued)
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