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Avocado by-products present a waste issue for cold-pressed avocado oil

processors in New Zealand. The avocado seed contains many extractable

compounds that are beneficial to health. This work aims to evaluate the

effects of roasting fermented avocado seed to produce a food ingredient

with beneficial antioxidant and anticancer properties. Avocado seeds were

subjected to natural fermentation and inoculated fermentation with either

Lactobacillus plantarum or kefir. The fermented samples were evaluated in

terms of total plate count values of lactic acid bacteria acetic acid bacteria and

yeasts. The number of microorganisms increased significantly (p < 0.001) over

the 7 days of fermentation for all samples. Fermentation with L. plantarum

resulted in significantly (p < 0.05) higher total phenolic content (TPC) and

antioxidant activities compared to kefir and naturally fermented samples. The

fermented avocado seeds were further subjected to roasting to yield a shelf-

stable dried powder. Roasted samples fermented by L. plantarum had

significantly (p < 0.001) higher total polyphenolic content and antioxidant

capacity (CUPRAC and Ferric Reducing Antioxidant Power assays) compared

to kefir and naturally fermented samples. The avocado seed powder showed

the best inhibition effect on Hep G2 followed by the MDA-MB-231 and MCF-7

cancer cell lines. The roasting conditions for optimal antioxidant and anticancer

activities were determined to be at 127°C for 24.7 min. This study demonstrated

that fermentation of avocado seeds in combination with roasting yielded a

powder with good antioxidant and anticancer activities, which can potentially

be incorporated into food for added health benefits.
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1 Highlights

• Fermentation with Lactobacillus plantarum resulted in

high total phenolic content (TPC) and antioxidant

activities.

• Roasted and fermented avocado seed powder exhibited

anticancer effects on Hep G2 MDA-MB-231 and MCF-7

cell lines.

• An increase in roasting time increased the antioxidant

activity of fermented avocado seed.

• Increased roasting temperature and time-reduced

anticancer activities.

2 Introduction

Avocado is a highly nutritious fruit with beneficial health

effects. In New Zealand, the production of cold-pressed avocado

oil yields 78 kg of oil, 448 kg of wastewater, 274 kg of skin and

seeds, 150 kg of pomace, and 50 kg residual water for every

1000 kg of avocado fruit processed (Permal, Leong Chang

et al., 2020). The avocado seed makes up between 13 and 18%

of the whole fruit weight (Padilla-Camberos et al., 2013; Ejiofor

et al., 2018; O’Brien 2018). Zhang (2017) reported that

New Zealand ‘Hass’ avocado seeds comprised 49.09%

moisture, 2.42% fat, 3.47% protein and 45.02% carbohydrate.

The seeds were also reported to have high antioxidant activities

(Rodríguez-Carpena et al., 2011; Permal, Leong Chang et al.,

2020). This demonstrated the potential of using avocado seed as a

food ingredient with a natural source of antioxidants.

Fermentation with microorganisms like lactic acid bacteria

(LAB), acetic acid bacteria, and fungi can produce bioactive

compounds in foods (Kachouri et al., 2015; Palani et al.,

2016). Lactic acid fermentation has been widely used in food

processing to improve the shelf life, bioactivity, and functional

properties of food. Fermentation of seeds can modify phenolic

compounds that can further enhance bioactivity in seeds due to

the liberation of enzymes during cell wall break down that

subsequently release bound phenolic compounds (Wang et al.,

2019). Kuligowski, Pawłowska et al. (2017) reported the highest

concentration of polyphenols in soybean fermented for 4 days

using the Rhizopus oligosporus strain.Đorđević, Šiler-Marinković

et al. (2010) found that fermentation of buckwheat, wheat germ,

barley, and rye with Lactobacillus rhamnosus resulted in higher

antioxidant activities than samples fermented with

Saccharomyces cerevisiae. The higher antioxidant activity of

LAB-fermented samples than natural- and yeast-fermented

samples was attributed to the release of bound antioxidants

due to plant cell wall breakdown (Gan et al., 2017). In

addition, plant-based LAB are reported to have antioxidant

activities. Hubert, Berger et al. (2008) found that soy germ

extracts fermented by LAB exhibited a higher inhibition effect

against the superoxide anion radical, and lesser but significant

ferric-reducing and DPPH radical scavenging effects compared

with raw soy germ. Fernandez-Orozco, Frias et al. (2007)

demonstrated that soybean fermentation by Lactobacillus

plantarum resulted in higher antioxidant capacity than natural

fermentation. Similarly, Torino, Limón et al. (2013) showed that

the liquid state fermentation of lentils using L. plantarum

resulted in higher antioxidant activity than natural

fermentation. The metabolism of phenolic compounds during

plant fermentation has a physiological significance for LAB, and

their metabolic end-products may benefit human health

(Filannino et al., 2018).

Roasting can influence the physicochemical properties of

seeds and beans. Spada, Zerbeto et al. (2017) reported that

roasting time and temperature were important factors that

influenced the total phenolic content (TPC) and antioxidant

activities of jackfruit seeds. Açar, Gökmen et al. (2009) found that

the antioxidant activities of hazelnut, peanut and sunflower seeds

decreased when roasting time was less than 30 min, and

significantly increased thereafter reaching a maximum value at

60 min. The initial decrease was attributed to the reduction of

antioxidant compounds, while the increase with longer roasting

time was due to the generation of antioxidant products during

the Maillard reaction, especially in starch-rich materials. Roasted

fermented coffee beans contained significantly higher levels of

chlorogenic acid and total acids after fermentation (Bressani

et al., 2018). Jan, Ahmad et al. (2019) further stated that the TPC

and reducing power of kalonji seeds significantly improved with

pan and microwave roasting. Similarly, the TPC and antioxidant

activities of almond seeds significantly increased after roasting

(Lin et al., 2016). Interestingly, Zieliński, et al. (2019) further

showed that roasting significantly increased the antioxidant

capacity of buckwheat fermented with L. plantarum W42

using the FRAP assay.

The avocado seed is a valuable source of potentially health-

promoting bioactive compounds that possess anticancer

activities. Lee et al. (2008) reported treatment of MDA-MB-

231 human breast cancer cells with a methanolic extract of

avocado seed led to the induction of apoptosis. Lara-Marquez,

Baez-Magana et al. (2020) further found that the lipid extract

from Mexican avocado seed was cytotoxic towards Caco-2 cells.

The extract had an IC50 of 28 µg/ml and induced apoptosis

through the activation of caspases 8 and 9. In another study,

a chloroform extract of dried avocado seed powder demonstrated

strong cytotoxic activity against the MCF-7 cell line, with an IC50

value of 94.87 (Widiyastuti et al., 2018). Kristanty, Suriawati et al.

(2014) further found that the aqueous and ethanolic extract of

avocado seeds inhibited the T47D breast cancer cell line with IC50

values of 560.2 μg/ml and 107.2 μg/ml, respectively. Further

partitioning of the chloroform extract with methanol yielded

soluble and non-soluble methanol fractions that further

increased cytotoxic activity against MCF-7 cell lines, with IC50

values of 34.52 and 66.03 μg/ml, respectively. The compounds

that contributed to anticancer activities of avocado seeds are
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somewhat limited. Triterpenoids of avocado seed inhibited cell

proliferation of MCF-7 and HepG2 cell lines, with IC50 values of

62 μg/ml and 12 μg/ml respectively but were safe to normal cells

(Abubakar et al., 2017). Lee A. V et al. (2015) identified avocatin

B, a mixture of avocadene and avocadyne from avocado pulps

and seeds that showed cytotoxic activity in acute myeloid

leukaemia (AML). At concentrations as high as 20 μmol/L,

avocatin B reduced the viability of primary AML patient cells

with an EC50 of 3.9 ± 2.5 μmol/L, and did not affect the viability

of normal Peripheral blood stem cells (PBSCs). In addition,

avocatin B (3 μmol/L) when added into the culture medium

reduced the clonogenic growth of AML patient cells and did not

affect normal cells.

Antioxidant activities of plant by-products have gained more

attention since they benefit human health and can potentially be

converted to health-promoting food ingredients. Avocado seeds

contain bioactive compounds that possess anticancer activities.

Studies have shown that fermentation and roasting can increase

the antioxidant activities of seeds and nuts. However, the

combined effects of fermentation and roasting on the

physicochemical properties and bioactivities of avocado seeds

are currently not well defined. Hence this study aimed to

determine how roasting of avocado seeds fermented using

Lactobacillus plantarum influenced antioxidant and anticancer

activities.

3 Materials and methods

3.1 Sample treatments

3.1.1 Fermentation and microbial analysis
Avocado (Persea americana, Hass variety) seeds were

sourced from Olivado Ltd. in Kerikeri, New Zealand. Prior to

fermentation, the ground avocado seed particles were divided

into three batches for natural fermentation and fermentation

with either L. plantarum or kefir. Each fermentation batch

contained approximately 900g of the ground samples. Three

batches of ground avocado seed particles were subjected to

fermentation in triplicates by i) 1% L. plantarum ii) 1% kefir

and iii) natural fermentation. The avocado seeds were fermented

by L. plantarum under anaerobic conditions at 37°C for 5 days.

1ml stock culture of L. plantarum (Fonterra Research Center,

Palmerston North, New Zealand), with an approximate bacterial

suspension of 9.0x108 cfu/ml (3.0 McFarland standard) was

stored in 20% glycerol at −80°C. Kefir (1g) was obtained from

Body Ecology TM (CA, United States). It was inoculated into

100 ml De Man, Rogosa and Sharpe (MRS) broth (Fort Richard

company, New Zealand), and incubated at 37°C for 24 h. The

inoculated broths were placed into BD BBL™ GasPak™
anaerobic jars, containing BD GasPak™ EZ Anaerobe

Container System Sachets (Thermo Fisher, New Zealand), and

incubated under anaerobic conditions at 35°C for 24 h. For L.

plantarum, the purity of the stock culture was checked by the

gram staining method. Then 100 ml MRS broth was inoculated

with 1 ml of the pure stock culture and incubated under

anaerobic conditions at 35°C for 24 h. After incubation, 1% of

this broth was used to inoculate the avocado seeds particles. After

inoculation, the fermented samples were incubated in a carbon

dioxide incubator (Thermo Fisher Scientific, United States) (37 ±

2°C) for fermentation over 7 days. This created a relatively

anaerobic condition for the growth of L. plantarum. kefir and

naturally fermented samples.

In terms of microbial analysis, the fermented ground avocado

seed particles were collected at 37°C on 0, 2, 5 and 7 days of

fermentation with L. plantarum and kefir, as well as natural

fermentation. The number of microflorae on the culture medium

was evaluated by plate counting. Briefly, the fermented ground

avocado seed particles (1g) were diluted aseptically with 9 ml of

peptone water to prepare a series of seven dilutions (10–1, 10–2,

10–3, 10–4, 10–5, 10–6, and 10–7). After that, the diluted samples

(0.1 ml) were spread on specific growth media, and plate counts

were determined daily over 7 days of fermentation. In total,

triplicate experiments were carried out for the three

fermentation conditions. For each treatment carried out,

duplicate determinations of plate counts were carried out.

For L. plantarum fermented samples, the Lactobacillus MRS

agar (Fort Richard company, New Zealand) was used to

determine microbiological growth. With the kefir and

naturally fermented samples, Lactobacillus MRS agar,

Acetobacter agar, and Malt Extract agar (Fort Richard

Laboratories, New Zealand) were employed to determine

microbiological growth. The microflora on Lactobacillus MRS

agar was enumerated after anaerobic incubation under CO2 at

37°C for 7 days. The microflora on Acetobacter agar and Malt

Exact agar were enumerated after aerobic incubation at 37°C for

7 days. The results of plate counts were expressed as log cfu/g.

3.1.2 Roasting using a central composite design
Fermented avocado seed particles were dried in a desiccator

(Harvest Maid Deluxe FD1000) without cover at 60°C for 48 h to

remove the moisture before roasting until they reached a

consistent weight. After the drying process in the desiccator,

the moisture content was 47.5 ± 0.4%. Drying was carried out to

reduce microbial deterioration of samples before roasting.

Drying prior to roasting has been carried out on benniseed

(Yusuf et al., 2008), jackfruit seed (Spada et al., 2017), and

rambutan seed (Chai et al., 2018). Dried avocado seed

samples were kept in a desiccator until the roasting process

began. The dried avocado samples were wrapped in aluminium

foil and subjected to roasting using a conventional oven

(Magellano Digital, PIRON, Italy) with different roasting

times and temperatures. After roasting, the total moisture

content was found to be 57.7 ± 0.3%.

A central composite design (CCD) was used to investigate the

effects of roasting fermented seed particles using a two-factor
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five-point pattern (Spada et al., 2017). The two factors, roasting

time (15–45 min) and roasting temperature (110–160°C), were

tested at five points with four repetitions at the central point

giving a total of 12 treatments (Supplementary Table S1). Each

treatment was carried out in triplicates. Response surface

methodology (RSM) was used to evaluate the effect of

roasting conditions on fermented avocado seed particles, in

terms of TPC, antioxidant and anticancer activities.

A RSM equation Y = f (X1, X2) for each variable, in terms of

two independent factors X1 (roasting temperature) and X2

(roasting time), was assumed. The quadratic function was

used to approximate the function, f:

Y = f (X1, X2) = B0 + B1X1 + B2X2 + B11 X12 + B22 X22 + B12X1 X2

where B0, B1, B2, B11, B22, and B12 are the corresponding

regression coefficients and X1 and X2 are the two coded

factors for roasting time (min) and temperature (°C),

respectively.

After roasting, the avocado seed particles were cooled to 25°C

and further ground into powder using a pestle and mortar. The

powder was stored in food-grade plastic bags in a freezer (−17°C)

until further chemical analysis.

3.1.3 Cell lines
All cell lines used in this study were purchased from the

American Type Culture Collection (ATCC, United States). MCF-

7, an acronym for Michigan Cancer Foundation-7, was a breast

cancer cell line isolated in 1970 from a 69-year-old Caucasian

woman (Lee E. A. et al., 2015). MDA-MB-231 was a human

breast cancer cell line obtained from a pleural effusion of a 51-

year-old Caucasian female with metastatic mammary

adenocarcinoma (Relda et al., 1978). Hep G2 was a human

liver cancer cell line derived from a liver hepatocellular

carcinoma of a 15-year-old Caucasian male (Aden et al., 1979).

3.2 Antioxidant and anticancer analysis

3.2.1 Sample extraction
Firstly, 0.1 g of either the fermented or roasted ground

avocado seed was weighed in a centrifuge tube and extracted

with 4 ml of 50% methanol (Sigma-Aldrich, New Zealand).

The sample was homogenized using a disperser (IKA, T

25 digital ULTRA-TURRAX®) at 12,000 rpm for 90s and

left for 1 h. Then, the sample was centrifuged (Eppendorf,

Centrifuge 5810R, South Pacific) at 1,500 rpm for 15 min at

4°C. Supernatant liquid from the top was transferred into a

10 ml volumetric flask. Secondly, the remaining residue was

re-extracted using 4 ml of 70% acetone (Sigma-Aldrich,

New Zealand) for 1 h, followed by centrifugation. The

supernatant from the two separate methanol and acetone

extractions was pooled and made up to a total volume of

10 ml using deionised distilled water. The mixture (1 ml) was

then added to a 10 ml volumetric flask and diluted to the 10 ml

mark using deionised water. The extract was then stored

at −20°C until further analysis.

3.2.2 Determination of total phenolic content
The determination of TPC of fermented avocado seed or

roasted fermented avocado seed powder was determined by the

Folin-Ciocalteu assay (Romero-Cortes et al., 2013). A 1000 mg/L

stock solution of gallic acid (Sigma-Aldrich, New Zealand) was

prepared by dissolving gallic acid (0.1g) in deionised water and

made up to volume in a 100 ml volumetric flask. Different

concentrations of standard solutions were prepared by

diluting the stock solution with deionised water (2.5, 5, 10, 20,

40, and 80 mg/L).

The standard solution or extract (1 ml) obtained in Section

3.2.1 was mixed with 0.5 ml Folin-Ciocalteu reagent (Sigma-

Aldrich, New Zealand) in a glass vial and kept for 5 min at room

temperature. Then 1.5 ml of 20% of Na2CO3 (Sigma-Aldrich,

New Zealand) was added and the solution was incubated for 2 h

in the dark. Absorbance was measured at 765 nm using an

Ultrospec 2100 Pro spectrophotometer (Amersham Pharmacia

Biotech, United Kingdom). The TPC of avocado seed extracts

was expressed as mg gallic acid equivalents (GAE)/g of sample

extract weight. All the determinations were performed in

triplicates.

3.2.3 Cupric reducing antioxidant capacity assay
The CUPRAC assay was employed to determine the

antioxidant activity of sample extracts as described by

Ioannou et al. (2015). In this assay, 0.1 g ascorbic acid

(Sigma-Aldrich, New Zealand) was dissolved in deionised

water and diluted in a 100 ml volumetric flask to make a

1000 mg/L stock solution. All the different concentrations of

standard solutions were prepared by diluting this stock solution

with deionised water to obtain concentrations of 2.5, 5, 10, 20, 40,

and 80 mg/L. The sample extract (1 ml) obtained in Section 3.2.1

or distilled water (for blanks) was mixed with 1 ml CuCl2
(0.01M) (Sigma-Aldrich, New Zealand), 1 ml NH4AC (1 M,

pH7) (Sigma-Aldrich, New Zealand), 1 ml Neocuproine

(0.075 M) (Sigma-Aldrich, New Zealand), and 0.1 ml

deionised water to yield a total volume of 4.1 ml. The extracts

were incubated for 5 min at room temperature, and the

absorbance was measured at 450 nm using a Ultrospec

2100 Pro (Amersham Pharmacia Biotech, United Kingdom)

spectrophotometer. The CUPRAC values of the avocado seed

extracts were expressed as mg ascorbic acid equivalent/g of

sample. All the determinations were performed in triplicates.

3.2.4 Ferric reducing antioxidant power assay
The FRAP assay used to determine the antioxidant capacity

of sample extracts was carried out as described by Ioannou,

Chaaban et al. (2015). Ascorbic acid standard solutions for the

standard curve were prepared using the same method described
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for the CUPRAC assay. The FRAP reagent was prepared by

mixing 10 ml 300 mM acetate buffer (Sigma-Aldrich,

New Zealand), 1 ml 10 mM 2,4,6-Tris (2-pyridyl)-s-triazine

(TPTZ) (Sigma-Aldrich, New Zealand), and 1 ml 20 mM

FeCl3 (Sigma-Aldrich, New Zealand), and the mixture was

heated in a 36°C water bath. The colour of this reagent should

be orange-yellow in colour. After that, 2 ml of FRAP reagent,

0.1 ml of sample extract, and 0.9 ml deionised water were mixed

in a cuvette (Interlab, New Zealand) and left for 4 min to react.

Absorbance value of the solution wasmeasured at 593 nm using a

Ultrospec 2100 Pro (Amersham Pharmacia Biotech,

United Kingdom) spectrophotometer. The FRAP value of

avocado seed extracts was expressed as mg ascorbic acid

equivalent/g of sample. All the determinations were performed

in triplicates.

3.2.5 Cell viability and MTT assay
For this assay, the [3-(4,5-dimethylthiazol-2-yl) -2,5-

diphenyltetrazolium bromide] MTT reagent (Sigma-Aldrich,

New Zealand) was prepared before the experiment by

dissolving the dye in phosphate-buffered saline (Sigma-

Aldrich, New Zealand) at a concentration of 5 mg/ml. Cells

were grown in a 96-well plate containing a growth medium

that was made up of 90% Roswell ParkMemorial Institute (RPMI

1640, no glutamine) media with 10% (v/v) FBS, 1.1% (v/v)

penicillin-streptomycin and 1.1% L-glutamine mixed solution

(Life Technologies, New Zealand). Each well contained 5 × 103

cells that were allowed to attach to the well for 18 h before

treatment. Upon attachment, cells were treated with varying

concentrations of avocado seed extract. The sample prepared

in Section 3.2.1 and RPMI 1640 medium were used for serial

double dilution to yield concentrations of 6.24, 3.12, 1.56, 0.78,

0.39, 0.195, 0.0975, 0.04875 and 0.024375 mg/ml, and further

incubated at 37°C for 72 h. Cell viability following this treatment

was measured using the MTT assay. Before adding the MTT

solution, all the old medium containing the seed extracts was

removed completely as the avocado seed extracts were coloured

and will influence the plate readings. Then, 100 μl of a new

complete medium was added to each well of the plate. The MTT

reagent (10 μl) was added to each well, and the plate was

incubated for 4 h at 37°C. Then 75 μl of growth media was

subsequently removed and replaced with 100 μl of dimethyl

sulfoxide (DMSO). The sample absorbance was measured at

540 nm using a microplate reader (Tecan Infinite M1000 Pro).

Cell viability was calculated based on the following formula:

Percentage of inhibition (%) = [1-(Atc–Ab)/(Ac-Ab)] × 100%

Where Ac is the absorbance of the control, Ab is the

absorbance with blank (no cells) and Atc is the absorbance of

treated cells.

A plot of cell viability (%) versus concentration was

constructed and the concentration of the seed extract that

reduced cell viability by 50% (IC50) was determined.

Preliminary analyses of cell viability were performed on all

cells using a high concentration (μg/ml) of the seed extracts to

screen them for antiproliferative activities.

3.3 Statistical analysis

For microbial analysis, the mean value of the total plate

counts of LAB, yeast and AAB under the different fermentation

treatments (L. plantarum, kefir and natural fermentation) over

7 days was determined. Two-way ANOVA was carried out using

Minitab v. 17 Statistical Software (Minitab Inc., Coventry,

United Kingdom). The two variables were fermentation days

(0, 2, 5, and 7 days) and culture (L. plantarum, kefir and natural

fermentation).

In terms of chemical analysis, two-way ANOVA was carried

out on the TPC, CUPRAC and FRAP results of both

unfermented (day 0) and fermented ground avocado seed

samples using the Minitab v. 18 Statistical Software (Minitab

Inc., Coventry, United Kingdom). The two independent variables

examined were fermentation (with or without fermentation) and

culture (L. plantarum, kefir and natural fermentation). Post-hoc

comparisons were performed using the Tukey’s HSD test to

evaluate whether the differences between means were significant

(p < 0.05).

All analytical determinations of roasted avocado seed

powders were carried out in triplicates. Response surface

methodology (RSM) analysis was carried out on results for

TPC, CUPRAC and FRAP results using the Minitab v.

18 Statistical Software (Minitab Inc., Coventry,

United Kingdom). The generated two-way ANOVA table

included regression coefficients of all linear, quadratic, and

interaction terms for two variables (temperature and time) and

one covariate (culture). The significance (p < 0.05) of all

parameters (temperature, time, and culture) were

determined. The main effect and interactions of two

variables (temperature and time), and one covariate

(culture) were examined. Main effect plots, interaction plots

and contour plots were then generated. The response surface

plots were also generated and these plots displayed the effects

of roasted avocado seed powders on TPC, antioxidant and

anticancer activities.

For cancer cytotoxicity results, the GraphPad Prism 8

(GraphPad Software, San Diego, United States) software was

used to run non-linear regressions to transform the sample

concentration into log10 dose. Then, the IC50 values were

calculated.

3.3.1 Optimisation of roasting conditions
The optimisation of roasting conditions of fermented

avocado seeds was carried out based on antioxidant and

anticancer results obtained using the “Response Optimizer”

function for response surface model analysis. The response

optimizer function was used to identify the combination of
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roasting conditions that optimized the antioxidants and

anticancer responses.

4 Results and discussion

4.1 Microbial analysis

Fermentation of avocado seed particles was carried out by

either natural fermentation (without inoculation) or by

inoculation with either L. plantarum or kefir. The fermented

samples were evaluated in terms of visual plate count values of

lactic acid bacteria (LAB), acetic acid bacteria (AAB), and yeasts.

The number of LAB, AAB, and yeasts in avocado seeds

significantly (p < 0.05) increased over 7 days of fermentation

under all three fermentation conditions (L. plantarum, kefir and

natural fermentation) in comparison to unfermented seed (day

0) samples (Table 1). Fleet and Zhao (2018) also reported that the

numbers of LAB, AAB, and yeasts in spontaneously and

inoculated fermented cocoa beans significantly increased after

fermentation for 5 days compared to the unfermented (day 0)

sample.

The plate counts of LAB, AAB, and yeasts (Table 1)

significantly (p < 0.001) increased in the first 5 days compared

to the control. The differences were no more than 1 log cfu

between the days 5 and 7 counts of LAB and yeasts, indicating

that the growth had reached its stationary phase. Naturally

fermented avocado seeds had significantly higher LAB, AAB

and yeasts counts (Table 1) after 5 days of fermentation

compared to inoculated fermentation with kefir and L.

plantarum samples. This indicated that some microorganisms

were naturally present in the avocado seeds and that the

fermentation conditions supported their growth. Some mutual

interactions occurring between these microorganisms may also

account for their favourable growth (Papalexandratou et al.,

2013).

4.2 Phenolic content and antioxidant
capacity of fermented avocado seeds

Table 2 illustrated the changes in TPC and antioxidant

capacities of fermented avocado seeds inoculated with L.

plantarum and kefir, as well as samples that were naturally

fermented. Results indicated that the TPC and antioxidant

capacities of both inoculated (L. plantarum and kefir) and

naturally fermented avocado seeds significantly (p < 0.001)

decreased compared to the unfermented day 0 samples. Similarly,

Gan et al. (2017) reported the reduction of TPC in some naturally

fermented and LAB-fermented beans, compared to unfermented

samples. This suggested that the metabolism of polyphenols

occurred both in spontaneous and inoculated fermentations.

Othman, Roblain et al. (2009) also found that spontaneously and

inoculated fermented Chétoui olives resulted in a 32–58% reduction

in TPC and a 50–72% reduction in antioxidant activity, compared to

the unfermented sample. After fermentation, hydroxytyrosol and

caffeic acid concentrations increased, while protocatechuic acid,

ferulic acid and oleuropein concentrations decreased. After

spontaneous and controlled fermentation, the hydroxytyrosol

concentration in black olives increased from 165 mg/100 g dry

weight to 312 and 380 mg/100 g dry weight, respectively. On the

other hand, the oleuropein concentration in green olives decreased

after spontaneous and controlled fermentation from 266 mg/100 g

dry weight to 30.7 and 16.1 mg/100 g dry weight, respectively.

During olive fermentation, the phenolic loss was attributed to the

diffusion of these compounds into the brine. The main phenolic

compound identified and quantified in the different brines was

hydroxytyrosol.

TABLE 1 The number of lactic acid bacteria cells in fermented avocado seeds over 7 days of fermentation.

Lactic acid bacteria Fermentation time (Day) (FT) (Log cfu/g) F-value

Culture 0 2 5 7 Culture FT Culture*FT

L. plantarum (MRS) 7.24 ± 0.24Ad 7.66 ± 0.08Ac 8.63 ± 0.26Aa 8.46 ± 0.33Ab 491.21*** 1199.04*** 335.22***

Kefir (MRS) 5.56 ± 0.5Bd 7.64 ± 0.09Bc 8.83 ± 0.04Ba 8.15 ± 0.04Bb

Natural fermentation (MRS) <2Cd 5.35 ± 0.07Cc 9.23 ± 0.11Ca 8.65 ± 0.05Cb

Acetic acid bacteria

Kefir (AA) <2Bc 6.51 ± 0.36Bb 7.51 ± 0.10Ba 7.59 ± 0.14Ba 110.69*** 5604.49 *** 176.54***

Natural fermentation (AA) <2Ac 5.35 ± 0.10Ab 9.39 ± 0.09Aa 9.11 ± 0.05Aa

Yeast

Kefir (ME) 5.44 ± 0.42Ad 7.13 ± 0.07Ac 8.85 ± 0.05Aa 7.84 ± 0.32Ab 396.86*** 1739.03*** 473.56***

Natural fermentation (ME) <2Bd 5.31 ± 0.04Bc 9.35 ± 0.11Ba 9.10 ± 0.04Bb

The colony forming units (cfu) values are represented as means ± standard deviations. Values with a different letter are significantly different (p < 0.05) according to Tukey’s HSD (Honestly

Significant Difference) test. Different uppercase superscripts (A, B, C) represent a statistically significant effect within the column and lowercase superscripts (a, b, c) indicate significant

differences across each row. * symbol represents p-value (p*** <0.001; p** <0.01; 0.01<=p* < 0.05; p>=0.10).
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4.2.1 Total phenolic content
Only the significant main factors and interactions are further

discussed using the main effect and interaction plots based on the

two-way ANOVA model that was used in this study

(Supplementary Table S2). In terms of TPC, the linear models

for roasting time and culture parameters were significant (p <
0.05). The main effect plots of TPC are shown in Supplementary

Figure S1. TPC of roasted fermented avocado seeds increased

with increasing roasting time (Supplementary Figure S1A). This

was following results reported by the study of Lin et al. (2016)

who reported that the TPC of almond kernels increased

significantly with increasing roasting time from 5 to 20 min at

150°C, 180°C, and 200°C. The increase in TPC in roasted seeds

may be due to thermal processing that can enhance the release of

bound polyphenols into free forms that can lead to formation of

higher antioxidant activity products (Lin et al., 2016; Jan et al.,

2019). Similarly, TPC increased with increasing roasting

temperature and time for roasted kalonji seeds (Jan et al.,

2019). In this study, roasted avocado samples inoculated with

L. plantarum had the highest TPC (Supplementary Figure S1B)

compared to kefir and naturally fermented samples. This high

TPC may be related to LAB-induced liberation of bound

polyphenols by enzymes (e.g. tannase, glucosidase) or

hydrolysis (Hur et al., 2014), which can increase TPC.

4.2.2 Antioxidant analysis
The linear culture and temperature–time interaction models

were significant (p < 0.05) in the CUPRAC assay results (Table 3).

In addition, the linear models for roasting temperature, roasting

time, and culture, as well as the quadratic roasting temperature

model were significant (p < 0.05) for the FRAP assay results.

Supplementary Figures S2 and S3 showed the main effect plots for

culture effects on CUPRAC and FRAP antioxidant activities

respectively of roasted fermented avocado seeds. The

antioxidant capacity of roasted avocado seeds fermented by L.

plantarumwas significantly the highest in comparison to kefir and

naturally fermented samples. This may be due to the liberation of

bound polyphenols into free radicals by enzymatic hydrolysis

during fermentation, as well as the antioxidant potential of L.

plantarum itself, which has antioxidative activity against

superoxide dismutase (Kullisaar et al., 2002).

Differences existed in the results obtained for CUPRAC and

FRAP assays of roasted fermented avocado seeds. This may be

due to the different sensitivities of the assays for specific

TABLE 2 Phenolic content and antioxidant capacity of fermented avocado seeds.

Phenolic content (mg GAE/g) CUPRAC (mg ascorbic acid
equivalent/g)

FRAP (mg ascorbic acid
equivalent/g)

p-value

Bacteria
Species (BS)

Without
fermentation

Fermentation for
5 days

Without
fermentation

Fermentation for
5 days

Without
fermentation

Fermentation for
5 days

Fermentation

L. plantarum 20.56 ± 5.28Aa 16.92 ± 3.65Bab 61.69 ± 12.98Aa 50.01 ± 13.46Bab 15.40 ± 4.66Aa 10.43 ± 2.63Bab ***

Kefir 22.46 ± 1.50Aa 11.99 ± 1.91Bbc 64.35 ± 5.71Aa 31.61 ± 4.11Bbc 16.14 ± 0.79Aa 6.73 ± 0.96Bbc ***

Natural
fermentation

22.25 ± 0.84Aa 4.37 ± 0.64Bc 64.09 ± 2.52Aa 15.39 ± 1.99Bc 16.02 ± 1.33Aa 3.56 ± 0.26Bc ***

The values were represented as mean ± standard deviation. Values with a different letter are significantly different (p < 0.05) according to Tukey’s HSD (Honestly Significant Difference)

test. Different lowercase superscripts (a, b) indicate significant differences within the row in each chemical assay. Different uppercase superscripts (A, B) indicate significant differences

within the column in each chemical assay. * symbol represents p-value (p*** <0.001; p** <0.01; 0.01<=p* < 0.05; p>=0.10).

TABLE 3 The analysis of variance results of the response surface regression models in the roasting of avocado seeds fermented by Lactobacillus
plantarum.

Response TPC (mg/L) CUPRAC (mg/L) FRAP (mg/L) IC50 of
MDA-MB-231

IC50 of
MCF-7

IC50 of
Hep G2

Linear

A (roasting temperature) 0.12 0.06 20.08*** 63.17*** 58.01*** 38.77***

B (roasting time) 0.27 0.02 4.19 28.24*** 30.07*** 14.04**

Square

A2 21.07*** 32.41*** 25.56*** 11.06** 9.23** 3.81

B2 8.63** 9.4** 16.07** 8.42** 4.00 2.99

2-way interaction

A*B 0.40 5.69* 0.00 23.76*** 22.84*** 22.23***

A, roasting temperature; B, roasting time; * symbol represents p-value (p*** <0.001; 0.001 ≤ p** <0.01; 0.01 ≤ p* < 0.05; p ≥ 0.10).
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antioxidants (Bean et al., 2009). It was reported that the FRAP

assay had higher sensitivity to ascorbic acid in rabbit tissues than

the CUPRAC assay (Bean et al., 2009). Çelik et al. (2010) also

found that the Trolox equivalent antioxidant capacity (TEAC) of

different antioxidant compounds (quercetin, ferulic acid, and

catechin) in green tea were significantly different using the

CUPRAC assay, in comparison to the FRAP assay. The

authors further explained that this may be due to the redox

reaction that occurred at different pH values as the CUPRAC,

FRAP and Folin-Ciocalteu assays were carried out at pH 7,

pH 3.6, and pH 10 respectively. Bean, Radu et al.

(2009) reported that a pH value less than 7 would contribute

to the inhibition of reducing capacity. Furthermore,

lipophilic antioxidants that are not detected in the FRAP

assay can be detected by the CUPRAC assay, which can also

account for the differences between these two assays (Çelik et al.,

2010).

4.2.2.1 CUPRAC

The response surface contour plot for CUPRAC results is

shown in Figure 1A. The highest CUPRAC assay values were

obtained when fermented avocado seeds were roasted between

117 and 153°C for 17–43 min. This increase may be associated

with the release of bound antioxidant components or the

formation of higher antioxidant activity compounds (Lin

et al., 2016). The increase in antioxidant capacity with longer

roasting time was likely related to the formation of antioxidant

Maillard reaction products, especially in starch-rich materials

(Açar et al., 2009). Santos et al. (2016) reported that avocado

seeds are rich in starch (42.2%).

4.2.2.2 FRAP

In Supplementary Figure S3A, FRAP assay results decreased

with increasing roasting temperature up to 120°C and then

increased with increasing roasting temperature, reaching a

maximum at 170°C. Moreover, with increased roasting time,

the FRAP assay values increased as well as seen in Supplementary

Figure S3B. As shown in the response surface plots in Figure 1B,

the highest FRAP assay values were obtained when roasting from

130 to 157°C for between 23 and 43 min approximately.

Similarly, FRAP assay values decreased and then increased

during the roasting of fermented cocoa beans (Ioannone et al.,

FIGURE 1
Response surface plots showing how roasting of fermented avocado seeds at varying time and temperature influenced antioxidant activities.
Surface plots depict antioxidant activities determined using (A) Cupric-reducing antioxidant capacity (CUPRAC); and (B) Ferric-reducing antioxidant
power (FRAP) assays.
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2015). The initial decrease may be due to the reduction of

antioxidant polyphenols, and the later increase may be related

to the liberation of bound antioxidant polyphenols with higher

roasting temperatures. Açar, Gökmen et al. (2009) further

demonstrated that increased roasting time at 150°C increased

total antioxidant capacity (TEAC) values significantly for most

pulses (borlotti bean, black bean, giant lentils, chickpea, yellow

soybean), cashew nut and pine nut that reached a maximum level

at the end of 60 min of roasting. The authors suggested that the

increase in TEAC with longer roasting time was likely due to the

release of bound antioxidant components and generation of new

antioxidants through Maillard reactions, especially in the starch-

rich materials.

4.3 Anticancer properties

The effects of roasting time and temperature on IC50 values

of three different cancer cell lines were determined. For the

MDA-MB-231 cell line IC50 values, the linear effects of

FIGURE 2
Response surface plots showing how roasting of fermented avocado seeds at varying time and temperature influenced the IC50 values of three
different cancer cell lines. Surface plots depict (A) IC50 value of breast cancer cell line, MCF-7; (B) IC50 value of breast cancer cell line, MDA-MB-231;
and (C) IC50 value of liver cancer cell line, Hep G2.
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roasting temperature and time (Figure 2B), quadratic effects

of roasting temperature and time, and the roasting

temperature and time interaction were significant (p <
0.05) as seen in Table 3. In addition, for the IC50 values

of the MCF-7 cell line, the linear effects of roasting

temperature and time (Figure 2A), quadratic effects of

roasting temperature, and the roasting temperature and

time interaction were significant (p < 0.05) (Table 3).

Meanwhile, for the IC50 value for the Hep G2 cell line,

the effects of linear roasting temperature and

time (Figure 2C), and the roasting

temperature and time interaction were significant (p <
0.05) (Table 3).

Figure 2 shows the response surface plots of IC50 values for

the three cancer cell lines (MDA-MB-231, MCF-7 and Hep

G2). With increasing roasting temperature and roasting time,

the IC50 values of all three cell lines increased, indicating a

decrease in anticancer activity. For surface plots of IC50 of

MCF-7, the lowest IC50 values (highest anticancer activities)

were obtained when roasting from 99 to 125°C for between

9 and 23 min. For MDA-MB-231, the lowest IC50 values were

obtained when roasting from 99 to 124°C for between 9 and

26 min.

For Hep G2, the lowest IC50 values were obtained when

roasting the fermented seeds from 99 to 122°C for between

9 and 26 min. This increase in anticancer activity may be

attributed to the Maillard reaction. Yamabe, Kim et al. (2013)

reported that Ginsenoside Re, one of the major triol-type

ginsenosides of Panax ginseng was transformed into less-

polar ginsenosides by antioxidant Maillard reaction

products. The generation of less-polar ginsenosides

increased the anticancer effect of the ginsenoside Re–lysine

mixture upon heat processing.

4.4 Response optimisation

The optimisation of roasting time and temperature was

based on maximising antioxidant activities and anticancer

activities (by minimising IC50 values) as shown in Figure 3.

Using the response optimizer function in Minitab, the IC50

values of MCF-7, MDA-MB-231 and Hep G2 were minimised

because the lower IC50 value corresponded to higher

anticancer activity. Results indicated that roasting of L.

plantarum fermented avocado seed at 127°C for 24.7 min

resulted in a powder with high anticancer and antioxidant

activities. The corresponding predicted values of IC50 on

MDA-MB-231, MCF-7 and Hep G2 of avocado seeds

powder under the optimised roasting conditions were

851.60, 925.63 and 680.70 μg/ml respectively. Among the

three cancer cell lines, the lowest IC50 value was for Hep

G2, which is a liver cancer cell. The corresponding predicted

values for CUPRAC and FRAP antioxidant activities were

41.29 and 7.76 mg ascorbic acid equivalent/g respectively

under the optimum conditions.

5 Conclusion

This study set out to determine how the fermentation of

avocado seeds in combination with roasting influenced

antioxidant and anticancer activities, as well as TPC. The

results showed that avocado seeds fermented with L.

plantarum yielded the highest antioxidant activities

compared to naturally and kefir fermented samples. The

roasting of fermented avocado seeds further increased

antioxidant activities. However, increasing roasting

temperature and time reduced anticancer activities. Roasting

FIGURE 3
Response optimizer plot to determine the optimum roasting
temperature and time conditions based on IC50 values and
antioxidant activities. d value is the composite desirability and y
value is the predicted response.
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of fermented avocado seeds showed the best inhibition effect on

the Hep G2 cancer cell line. Optimisation of roasting conditions

of fermented avocado seeds for maximum antioxidant and

anticancer activities was found to be at 127°C and 25 min.

Processing of avocado seeds with fermentation and roasting

successfully produced a powder with improved bioactivities

that can potentially be used as a functional food ingredient.

Future research should focus on further chemical

characterisation of the avocado seed powder in terms of

bioactive components and investigate its use as a food

ingredient or natural antioxidant.
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