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Moringa oleifera leaves are an important source of dietary phytochemicals, such as flavonoids with high antioxidant
activity (AOA). These components are however influenced by the post-harvest treatments applied as well as the
processing conditions. Hence, it is crucial to determine the most appropriate post-harvest treatment that preserves
or enhances AOA. To this effect the influence of steam blanching, fermentation / oxidation, oven drying and
roasting of fresh Moringa leaves on their AOA was investigated. Processing conditions of time and temperature for
each treatment were optimised using response surface methodology. The effect of the different treatments at
optimal conditions on phenolic profile and AOA were compared. Roasting achieved the most significant (p < 0.05)
improvement in phenolics (43%) and AOA (22-31%), which was accompanied by the formation of 2 new
compounds, quercetin-3-O-acetylglucoside and Quercetine-3-O-rhamnoside. Steam blanching had the most
deleterious effect on phenolics (—31%) and AOA. Post-harvest treatments qualitatively and quantitatively affect
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Introduction

Moringa oleifera is a drought resistant and fast growing
tree, present in most tropical and sub-tropical countries.
Moringa leaves have been used for centuries for nutri-
tional and medicinal purposes, due to their high content
of essential disease-preventing nutrients such as vita-
mins, minerals, protein and antioxidants. The leaves can
be eaten fresh, cooked, or stored as dried powder (Gopa-
lakrishnan et al. 2016).

Moringa oleifera leaves are an important source of
dietary phytochemicals endowed with high antioxidant
activity (Agamou et al. 2015; Nobossé et al. 2018). Previ-
ous work (Nobossé et al. 2018) revealed 45-day-old
leaves as having the best antioxidant activity. However,
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several studies have indicated that post-harvest treat-
ments such as drying (Moyo et al. 2017; Nobossé et al.
2017; Potisate et al. 2014), roasting (Parwani et al. 2016),
steam blanching (Nobossé et al. 2017) and water blanch-
ing (Moyo et al. 2017; Potisate et al. 2014) affect antioxi-
dant activity of M. oleifera leaves. Other treatments such
as fermentation/oxidation (Kim et al. 2011; Ng et al
2021; Samanta et al. 2013) and cooking (Miglio et al.
2008; Moyo et al. 2017) have equally been shown to
affect antioxidant activity of tea and leafy vegetables re-
spectively. These findings suggest the need for the deter-
mination of the most appropriate post-harvest treatment
for the preservation or enhancement of AOA in M. olei-
fera leaves.

Steam blanching and cooking results in matrix soften-
ing that could improve extractability of antioxidant com-
ponents from plant materials (Feumba Dibanda et al
2020; Palermo et al, 2013; Wang et al. 2021). On the
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other hand, enzymatic oxidation of native plant polyphe-
nols and their possible reorganization into condensed
derivatives, can either enhance, preserve or decrease
antioxidant activity depending on their nature (Heong
et al. 2011; Kim et al. 2011; Kongpichitchoke et al
2016). Likewise, roasting operation has been reported to
be accompanied by non-enzymatic browning reactions
resulting in the formation of Maillard reaction products
(Zhang et al. 2016) as well as the polymerization of na-
tive polyphenols leading to the formation of higher mo-
lecular weight polyphenolic derivatives (Juaniz et al.
2016). In addition to their effect on phenolic content,
post-harvest treatments could affect the phenolic profile
in vegetables (Al-Juhaimi et al. 2018). It is however im-
portant to note that the influence of processing method
depends on processing conditions. Therefore, to select
the appropriate post-harvest treatments for Moringa
oleifera leaves, it is necessary to first of all determine the
optimal processing conditions for each treatment. For
this purpose, response surface methodology (RSM) was
used to explain the effect of independent variables, alone
or in combination, on AOA in Moringa oleifera leaves.

RSM consists of a group of mathematical and statis-
tical techniques containing a statistical experimental de-
sign often used to define the relationship between the
response and the independent variables. In addition to
analyzing the effects of the independent variables, this
experimental methodology also generates a mathemat-
ical model that can be used for optimization (Bas & Boy-
act 2007). Hence, the present study used the Doehlert
experimental design in RSM to optimise experimental
conditions (time and temperature) of steam blanching,
fermentation/oxidation, drying and roasting for max-
imum AOA in Moringa oleifera leaves; and to further
compare the effect of different post-harvest treatments
at optimal conditions on AOA, phenolic content and
profile in Moringa oleifera leaves. The ultimate goal here
was to select the most appropriate post-harvest treat-
ment, with its optimal conditions for which antioxidant
activity of Moringa oleifera leaves is improved or
preserved.

Material and methods

Plant material

Fresh Moringa oleifera leaves, 45+5days old, were
harvested from our experimental garden in Ngaoun-
dere, Adamawa Region, Cameroon and immediately
transported to the Food Biophysics, Biochemistry and
Nutrition laboratory of the National School of Agro-
Industrial Sciences (ENSAI) of the University of
Ngaoundere. The leaves were sorted to remove extra-
neous material, washed with clean free flowing tap
water and drained.
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Optimization of post-harvest treatment of fresh Moringa
oleifera leaves

Response surface methodology (RSM), defined earlier,
was used to obtain optimal conditions of post-harvest
treatments (drying, steam blanching, fermentation/oxi-
dation and roasting) that maximize AOA of fresh Mor-
inga leaves. The experimental design consisted of two
factors namely, temperature (X;, °C) and time (X, min).
The lower, middle and upper levels of factors considered
for optimization in coded and uncoded (actual) values
are shown in Table 1. The response variables for
optimization were AOA using the DPPH radical scaven-
ging activity and total antioxidant capacity (TAC) by the
phosphomolybdenum assay. The experimental domain
was selected based on preliminary experiments. A two-
factor Doehlert experimental design (Table 2) consisting
of nine experimental runs including two replicates at the
center point was used for every post-harvest treatment.
The experimental runs were performed in a totally ran-
dom order to minimize effects of non controlled factors
and triplicate experiments were carried out at all design
points.

Steam blanching of Moringa leaves

Fresh Moringa leaves were steamed at 80-100°C for 5
to 15min (Tables 1 and 2) in a domestic steam cooker
(SEB, France). The steamed leaves were allowed to cool
at 25 °C and then finely ground in a ceramic mortar into
a smooth paste prior to extraction.

Fermentation/oxidation of Moringa leaves

Fresh Moringa leaves were slightly crushed to bring en-
zymes in contact with substrate to accelerate oxidation
of polyphenols. This process was used to simulate what
happens during the production of black tea (Ng et al.
2021). The crushed leaves were placed in an incubator
(Memmert GmbH, Germany) at the indicated
temperature and time derived from the Doehlert experi-
mental matrix (Tables 1 and 2). The oxidised/fermented
leaves were finely ground in a ceramic mortar into a
smooth paste prior to extraction.

Drying of Moringa leaves

Fresh M. oleifera leaves were spread in a thin layer on
aluminium trays and dried in a moisture analyzer
(DENVER 1IR-35 Infrared Moisture Analyzer) at 40—
70°C for 180 to 210 min (Tables 1 and 2). The dried
leaves were ground using a blender (Moulinex Model
LM242027) and sieved through a 500 pm sieve to obtain
the Moringa dried leaf powder.

Roasting of Moringa leaves
Moringa leaves were spread on stainless steel trays (1 g/
20 cm?) in a torrefier (BCM TORRE PICENARDI (CR)
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Table 1 Experimental domain and independent variables for

optimization

Factors (Symbol, Lower Middle Upper

Units) level level level
Drying Temperature (X;, 40 55 70

°Q)

Time (X5, min) 180 195 210
Roasting Temperature (X;, 140 160 180

°Q)

Time (X5, min) 5 15 25
Steam blanching  Temperature (X;, 80 90 100

°Q)

Time (X5, min) 5 10 15
Fermentation/ Temperature (X4, 25 35 45
Oxidation °C)

Time (X5, min) 15 525 90

Italy, Model Panacea 2430) and roasted at 140-180°C
for 5 to 25 min (Tables 1 and 2). The roasted leaves were
ground using a blender (Moulinex Model LM242027)
and sieved using a 500 um sieve to obtain the roasted
leaf powder. The paste and powder samples were stored
at — 20 °C prior to analysis.

Comparison of post-harvest treatments

In order to identify the most appropriate post harvest
treatment that best improves AOA for Moringa leaves,
fresh samples were compared with samples treated under
defined optimal processing conditions of blanching, fer-
mentation/oxidation, drying and roasting. The treated
samples were analyzed for polyphenolic content, phenolic
profile and AOA using the DPPH, ABTS, TAC, Ferric Re-
ducing Antioxidant Power (FRAP) assays.

Modelling

Data obtained in the experimental design were fitted to
a full second-order polynomial model (Eq. 1) and the co-
efficients of the model equation determined.
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Y =bg + b11X1? + bpnXo? + biXi Xo + bi Xy
+ by Xy (1)

Where Y is the dependent variable; by, by, by, by, bio
and b,, are regression coefficients; and X;, X, are inde-
pendent variables.

The prediction model is useful for estimating re-
sponses at different levels of independent variables
within the range of variables from which the model
equation was generated.

Validation and verification of the generated models

The validity of the models was checked using statistical
tools such as lack-of-fit, coefficient of determination
(R?), absolute average deviation (AAD) and bias (Bg) and
accuracy (Ag factors. AAD is given by Eq. 2 while A
and By are respectively given by Eqgs. 3 and 4. Further-
more, the practical verification of the models was done
by comparing experimental and predicted values at a se-
lected point in the optimal area.

The suitability of the quadratic models for prediction
was estimated through the verification experiments per-
formed in the optimal area obtained for every post-
harvest treatment. Subsequently, the experimental and
predicted values of the response were compared to esti-
mate the levels of suitability of models.

B p» (| Yi, exp-Yi, cal |
G o

Yi,cal

By = 10521 (%) )

Af = IOiZf:ll log(%)\

Where Yi,exp. and Yi,cal are the experimental and cal-

culated responses, respectively, and p is the number of
the experimental run.

Table 2 Doehlert design showing experimental runs for every post-harvest treatment

Drying Roasting Steam blanching Fermentation/Oxidation
Runs Temperature Time Temperature Time Temperature Time Temperature Time
1 55 195 160 15 90 10 35 525
2 55 195 160 15 90 10 35 525
3 55 195 160 15 90 10 35 525
4 70 195 180 15 100 10 35 90
5 40 195 140 15 80 10 35 15
6 63 210 170 25 95 15 45 7125
7 63 180 170 5 95 5 25 71.25
8 48 180 150 5 85 5 25 3375
9 48 210 150 25 85 15 45 3375

Temperature (°C), Time (minutes)
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Optimization procedure

The multiple response optimization allows a comprom-
ise where all response variables are simultaneously opti-
mal within the studied range of independent variables.
Hence, after generating and validating the prediction
polynomial models linking the responses to the inde-
pendent variables studied, the optimization procedure
was performed to obtain the optimal levels of factors re-
quired to have maximum AOA. For this purpose, the fit-
ted polynomial models were expressed as three-
dimensional contour plots in order to visualize the rela-
tionship between the response variables and the levels of
every independent variable and to deduce the optimum
conditions. The multiple response optimization proced-
ure was performed by manually superimposing the con-
tour plots from every response variable into a single
graph and the area where both response variables were
simultaneously optimal was selected as optimum area
and hatched.

Experimental procedure

Extraction

The processed (steam blanched, fermented/oxidised,
dried and roasted) ground samples from the different ex-
perimental runs were macerated in 95% ethanol (1/40,
m/v) in a conical flask. The flask was sealed with labora-
tory film (parafilm M) and the mixture was mechanically
stirred for 2h at 25 +2°C using a magnetic stirrer (60
Hz) and centrifuged at 2300 g for 30 min at 4 °C (Anke,
DL6000 B, Japan). The supernatant was used for deter-
mination of DPPH radical scavenging activity and total
antioxidant activity. From these results, the optimal
time-temperature set of each treatment was determined.

After obtaining the optimal conditions for each treat-
ment, fresh Moringa oleifera leaves were processed in
these optimal conditions, then extracted with ethanol as
above and concentrated in a rotary evaporator at 50 °C.
The concentrated extracts were freeze dried and stored
at 4 °C until analysis.

For each extract, a stock solution of 10 mg/mL was
prepared in ethanol. Several dilutions were further pre-
pared from the stock solution to make working solutions
which were used in antioxidant activity assays. Other as-
says performed were total phenolic and flavonoids
content.

Phytochemical content of Moringa leaves

Total phenolic compounds

Total phenolic compounds (TPC) of the extracts was de-
termined as reported previously (Nobossé et al. 2017)
using the Folin—Ciocalteu’s phenol reagent, with gallic
acid as standard. TPC was expressed as gallic acid equiv-
alents in mg GAE/g of extract.
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Total flavonoids content

Flavonoids were determined according to the method
described by Nobossé et al. (2017). Catechin (0.01%) was
used as standard, and the flavonoid content was
expressed as catechin equivalent (CE) in mg CE/g of
extract.

Antioxidant properties of Moringa leaves

DPPH radical scavenging activity assay

The DPPH scavenging activity was measured according
to the method of Brand-Williams et al. (1995) as de-
scribed by Nobossé et al. (2017). The DPPH scavenging
activity (%) was plotted against extract concentration
and the ICsq value (mg/ml) of each extract calculated.
The calculated ICs, value denotes the concentration of
the sample required to scavenge 50% of free radicals.

ABTS" radical scavenging activity

ABTS" radical scavenging activity was determined fol-
lowing the method of Re et al. 1999, reported by
Nobossé et al. (2018). The ABTS radical scavenging ac-
tivity was calculated as percent inhibition and plotted
against sample concentrations and the ICsq value of each
extract was calculated. Ascorbic acid was used as refer-
ence antioxidant.

Total antioxidant capacity (TAC)

The TAC was evaluated by the phosphomolybdenum
assay of Prieto et al. (1999). This assay is based on the
reduction in Mo (VI) to Mo (V) by the sample analyzed
and the subsequent formation of a green phosphate/Mo
(V) complex at acidic pH. Ascorbic acid was used as
standard. The antioxidant activity was expressed as as-
corbic acid equivalent (g AAE/100g DM) for optimisa-
tion, and for the extract of processed samples at optimal
conditions as mg AAE/g of extract.

Ferric-reducing antioxidant power (FRAP)

The Ferric reducing antioxidant power of M. oleifera leaf
extract was determined by the method using potassium
hexacyanoferrate, as described by Nobossé et al. (2017).
Ascorbic acid was used as a reference.

UPLC-ESI- QTOF-MS of Moringa leaf extracts

The phenolic profile of fresh and processed (dried, steam
blanched, fermented/oxidised and roasted) Moringa olei-
fera leaf extract was determined using ultra-high per-
formance liquid chromatography equipped with a PDA
and coupled with electrospray ionization quadrupole-
time-of-flight mass spectrometry (UHPLC-ESI-qTOEF-
MS, Micromass) from Agilent Technologies. A column
BEH-C18 2.1 x 100 mm, 1.7 um, (Waters, Milford, MA,
USA) was used. The mobile phase employed was made
of solvent A (water-formic acid: 99.9:0.1, v/v) and
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solvent B (acetonitrile-formic acid: 99.9:0.1, v/v), using
the following gradient profile: 5% B at 0 min, 40% B at 8
min, reaching 95% B at 9 min, held constant at 95% B
over 9-10 min and returning to the initial conditions at
10.5 min. The injection volume was 5pL and the flow
rate was 0.25 mL/min. Mass spectrometry data were ac-
quired by electrospray ionization in the positive
ionization mode. The full scan mass covered the range
from m/z 100 to m/z 1200. The ionization parameters
were: capillary voltage 3200V, sample cone voltage of
30V, source temperature of 80°C, desolvation
temperature of 220 °C, cone gas flow of 50 L/h and deso-
lvation gas flow of 400 L/h. High purity nitrogen was
used as desolvation gas, cone - and collision gas (Ncube
et al. 2014).

Statistical analysis

All determinations were carried out in three replicates.
The results were expressed as Mean + SD. The means
were compared using analysis of variance (ANOVA) and
separated using Duncan’s multiple-range tests, and p <
0.05 was regarded as significant. RSM in Stat graphic
(Stat graphic Centurion XV, Virginia, USA), was used to
fit data into second order polynomial models. The vali-
dated second-order polynomial models were used in
Minitab 16 software to generate contour plots necessary
for the determination of optimal area. Principal Compo-
nent Analysis (PCA) was carried out using XL-STAT
Software (XLSTAT 2007, Addinsoft, New York).

Results and discussion

The effects of time and temperature of steam blanching,
roasting, fermentation/ oxidation and drying on antioxi-
dant activity (DPPH scavenging activity and TAC) in
Moringa oleifera leaves were investigated at 5 levels of
temperature and 3 levels of time, for a total of 9 experi-
mental points per treatment. The measured AOA at all
experimental points is given in Table 3.

Modelling and optimization
The experimental data was analyzed and second order
polynomial models were generated to predict the
dependent variables (TAC and DPPH scavenging activ-
ity) from coded levels of the studied factors (temperature
and time) in every post-harvest treatment. These models
are useful in predicting the behavior of each dependent
variable as a function of independent process parameters
considered in the study (Myers & Montgomery 2002).
To verify the adequacy and ensure that the selected
second order polynomial models adequately fit the ob-
tained AOA into the studied range, the models were sta-
tistically tested for every validation parameter, namely
the lack-of-fit, the coefficient of determination (R?), the
absolute average deviation (AAD), the bias (Bf) and
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accuracy (Af) factors. The p value of the lack-of-fit was
significant (p < 0.05) for most models except the TAC of
dried leaf extract, thus demonstrating their adequacy to
predict the dependent variable in the experimental do-
main. The coefficient of determination ranged from 0.77
to 0.99, meaning that 77 to 99% of the total variation
could be explained by the defined models. These accept-
able values of the coefficient of determination suggest an
overall good performance of the models. Likewise, the
AAD ranged between 0.00-0.04, indicating a negligible
deviation between experimental and fitted models, in ac-
cordance with the coefficient of determination. This ob-
servation was supported by the values for accuracy and
bias factors which were all close to 1 as required for ac-
curate models. Hence, it is clear that all tested parame-
ters were close to their reference values. This is an
indication that the fitted models were highly significant
(p<0.05) for all responses. The overall evaluation of
these parameters show that selected polynomial models
are valid and adequately fit TAC and DPPH activity to
temperature and time in the experimental domain con-
sidered for every post-harvest treatment.

Regression coefficients for the intercept, linear, quad-
ratic and interaction terms of the model were analyzed
statistically for variation using ANOVA (Table 4). The
relationship between the process conditions (time and
temperature) in every treatment and antioxidant activity
is depicted in Eqs. 512 and illustrated in Fig. 1. Optimal
conditions which represent the area where both DPPH
scavenging activity and TAC are maximal for each treat-
ment were selected and hatched (Fig. 1).

Modelling and optimizing steam blanching of Moringa
leaves

The variation of TAC and DPPH activity during steam
blanching of Moringa oleifera leaves are given by Egs. 5
and 6 respectively.

TAC (g AAE/100g) = 7.69 + 0.33X; - 0.09X, - 0.27X> - 0.91X; X, - 0.25X2
(5)

DPPH (mg AAE/100g) = 559.2 + 32.2X;
+ 8.2X,-56X;
+4.2X; X, + 16X5 (6)

From regression coefficients associated to independent
parameters in Eqs. 5 and 6, it is apparent that
temperature (X;) had the most significant (p <0.05,
Table 4) and positive linear effect on both DPPH scaven-
ging activity and TAC whereas time (X;) showed the
least influencing and non-significant (p > 0.05, Table 4)
linear effect on both responses. Thus, both the DPPH
scavenging activity and TAC increased with increase in
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Table 3 Antioxidant properties of steam-blanched, fermented/oxidised, dried and roasted Moringa leaf extracts

Steam blanching Fermentation/Oxidation Drying Roasting

Runs TAC DPPH TAC DPPH TAC DPPH TAC DPPH

1 7.58 +£0.59 565+ 13 740 + 034 664 + 7 571 +0.04 644 £ 16 586+ 0.17 710+ 7
2 7.74 £ 0.64 560 + 24 746 £ 0.12 656 + 4 572 £0.02 651+ 6 563 = 0.09 694 + 2
3 7.75 +023 552+ 13 799 +0.14 669 £ 1 563 + 050 656 * 1 598 £0.10 706 £ 1
4 764 £ 0.28 541+ 9 6.72 £ 061 651 + 12 648 £ 0.14 646 + 12 538 £0.17 649 * 1
5 7.19 £ 042 465+ 5 7.84 £ 092 691 +9 7.32 £ 050 593 £5 707 £0.20 731 £3
6 724 + 037 576 £ 10 715+ 035 551 £ 15 653 +£0.12 660 + 4 652+ 026 729 £ 1
7 8.19 £ 0.63 558 £ 2 8.98 £ 0.96 664 + 7 6.19 £ 0.19 638 + 13 644 = 0.15 725 £1
8 6.82 + 039 542 + 16 8.19 £ 0.51 676 + 2 631+ 024 622+ 8 599 + 0.06 730 £5
9 746 + 033 552 + 29 7.16 £ 031 595 £ 11 6.39 £ 001 639+5 692 £ 0.19 735+6

TAC (g AAE/100 g DM); DPPH (mg AAE/100 g DM)

blanching temperature. In addition, TAC was signifi-
cantly influenced by the interaction between blanching
time and temperature whereas DPPH scavenging activity
was significantly (p < 0.05, Table 4) affected by the quad-
ratic effect of temperature.

Irrespective of blanching time, DPPH scavenging activity
increased with temperature up to a maximum at 90-95 °C
and thereafter decreased. On the other hand, TAC in-
creased with increasing temperature and time up to a max-
imum at 90-100 °C for a time lower than 11 min (Fig. 1a).
Significantly higher values of TAC and DPPH scavenging
activity were observed in the temperature range of 90—
100°C and 90-95 °C respectively. Hence, the compromise
that simultaneously involves higher TAC and DPPH scav-
enging activity was obtained when Moringa leaves were
steam blanched at 92-96 °C for 5 to 10 min (Fig. 1a).

Modelling and optimizing fermentation/oxidation of
Moringa leaves

The effect of temperature and time of oxidation on both
TAC and DPPH are represented in Egs. 7 and 8.

TAC (g AAE/100g) = 6.70 - 0.72X; - 0.21X,
+ 0.39X] - 0.40X,X; - 0.29X;

(7)

DPPH (mg AAE/100g) = 663.4 - 56.1X;-23X; - 58.1X? - 18.2X,X; + 7.8X3

(8)

DPPH scavenging activity of fermented/oxidized leaves
was negatively (Egs. 7, 8) and significantly (p <0.05,
Table 4) affected by the linear effects of time and
temperature, whereas TAC was only significantly (p <
0.05, Table 4) affected by the linear effect of
temperature. Temperature had a greater effect on these
variables compared to time. These negative coefficients
indicate that both DPPH and TAC decrease with an in-
crease in fermentation/oxidation time and temperature
as illustrated in Fig. 1b. Maximal values for TAC were
obtained at temperatures lower than 30 °C, whereas for
DPPH scavenging activity maximal values were observed
with Moringa leaves fermented at 25-35 °C for 15 to 35
min (Fig. 1b). Thus, the area represented by temperature
between 25 and 30 °C and oxidation time of 15-35 min
was found to be optimum (Fig. 1b) for TAC and DPPH.

Modelling and optimizing drying of Moringa leaves

To depict the mathematical relationship between the
temperature and the time of drying on both TAC and
DPPH scavenging activity, the experimental data were
fitted into second order polynomial Egs. 9 and 10.

Table 4 ANOVA test (P-value) of time and temperature of steam blanching, fermentation/Oxidation, drying and roasting on AOA in

M. oleifera leaf extracts

Steam blanching Fermentation/Oxidation Drying Roasting

TAC DPPH TAC DPPH TAC DPPH TAC DPPH
X4 0.02% 0.015% 0.04° 0.005% 0.01° 0.02? 0.03% 0.02%
X; 024 018 032 0.03° 0.05° 009° 0.10° 063
X? 0.08° 0.012% 0.26 0.01? 0.00° 0.03% 0.12 0.23
X X5 0.01° 065 034 0.15 0.10° 075 0.13 092
X% 0.09° 0.13 0.37 0.34 0.00° 0.53 0.04* 0.03%

X;. Temperature, X: Time; 2 significant at 95%; Psignificant at 90% confidence level
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Fig. 1 Contour plots of the influence of temperature and time on TAC and DPPH scavenging activity for a Steam Blanched, b Fermented/
Oxidized, ¢ Dried and d Roasted Moringa oleifera leaves. (Total Antioxidant Capacity (broken line); DPPH scavenging activity (solid line))
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TAC (g AAE/100g) = 5.69 - 0.27X; + 0.12X,
+1.21X} + 0.15X: X,

+0.48X3 (9)
DPPH (mg AAE/100g)
= 650.8 + 23.8X; + 11.3X, - 31.4X}
+ 2.6X:X; - 4.3X5 (10)

The regression coefficients associated to the process
parameters showed that both drying temperature and
time had a positive influence on DPPH scavenging ac-
tivity. On the other hand, drying temperature and
duration had respectively an overall negative and
positive effect on TAC; suggesting that drying Mor-
inga leaves at low temperatures for longer duration
could be beneficial in preserving maximum TAC.
DPPH scavenging activity of dried Moringa leaves was
significantly  (p<0.05)  influenced by  drying
temperature, whereas, both linear and quadratic effect
of temperature and time had significant (p <0.05) ef-
fect on TAC (Table 4).

From Fig. 1c we observe that DPPH scavenging activ-
ity of Moringa oleifera leaves increases with increasing
temperature and time of drying, reaching a maximum at
temperature of 58-63 °C and time of 203—-210 min. Con-
cerning TAC, optimal values were obtained in the drying
range of 50—65 °C for 200 min and above. Thus, the op-
timal area for drying Moringa leaves was selected as 58—
63 °C for 203-210 min in consideration of higher DPPH
scavenging activity (Fig. 1c).

Modelling and optimizing roasting of Moringa leaves

The mathematical models showing the relationship
between roasting temperature and time on both TAC
and DPPH scavenging activity are depicted in Eqgs. 11
and 12.

TAC (g AAE/100g) = 5.83 - 0.55X;
+ 0.29X,
+ 0.40X7 - 0.49X; X,
+0.72X3

(11)
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DPPH (mg AAE/100g)
= 703-29X; + 2.7X, - 13X2-1X; X,

+ 40X3 (12)

Both TAC and DPPH scavenging activity were signifi-
cantly (p<0.05) negatively affected by the roasting
temperature, whereas, roasting time had positive but
non-significant (p > 0.05) effect on both responses (Egs.
11 and 12, Table 4). That is, both DPPH scavenging ac-
tivity and TAC of roasted M. oleifera leaves decreased
with an increase in roasting temperature whereas they
increased with roasting time (Fig. 1d). Thus, roasting at
lower temperatures for longer periods is favorable for
antioxidant activity in Moringa leaves. Maximum TAC
and DPPH scavenging activity in roasted Moringa olei-
fera leaves were observed for roasting temperature range
of 140-150 °C and roasting duration of 23-25 min. Con-
sequently, roasting of M. oleifera leaves at 140—150°C
for 23-25min presents a compromise because both
TAC and DPPH scavenging activity are simultaneously
maximum in these conditions (Fig. 1d).

Verification of models in the optimal area

The verification experiments were performed at the pre-
dicted optimum conditions obtained from analysis of
RSM plots. The experimental values were reasonably
close to the predicted values confirming the validity and
suitability of the predicted models for estimating the re-
sponses (Table 5).

Comparative analysis of the impact of post-harvest
treatments on phenolic content, antioxidant activity and
phenolic profile of Moringa oleifera leaves

In order to identify the most appropriate post harvest
treatment for the improvement of AOA in M. oleifera
leaves, fresh leaves were processed under the determined
optimal conditions (Table 5) and their phenolic content,
phenolic profile and AOA determined and compared.

Impact of post-harvest treatments on phenolic content and
antioxidant activity of Moringa oleifera leaves

Total phenolic content in treated Moringa leaf extracts
ranged between 81.7-155.8 mgGAE/g of extract respect-
ively for steam blanched and roasted leaves (Fig. 2).
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These values for TPC are in accordance with that re-
ported for aqueous extracts of dried Moringa leaves 105
mg GAE/g extract (Singh et al. 2009) and fresh Moringa
leaves 120 mg GAE/g extract (Jaiswal et al. 2013). On
the other hand, Verma et al. (2009) obtained high con-
centrations of TPC (250 mg GAE/g extract) in acidified
(1% 6N HCIl) 50% methanolic extract of dried leaves,
while Chumark et al. (2008) reported low total phenolic
content of 20.5mg GAE/g in aqueous extract of fresh
leaves. These results show the variability in TPC with
processing treatment and extraction conditions.

Drying and fermentation/oxidation of fresh Moringa
leaves had no significant (p > 0.05) impact on their total
phenolic content (Fig. 2). Ng et al. (2021) observed that
fermented C. sinensis and Peperomia pellucida herbal
tea samples displayed lowest TPC content compared to
their non-fermented counterparts. Indeed, the behavior
of phenolic compounds during fermentation/oxidation
of plants material is based on different mechanisms.
Firstly, fermentation/oxidation may cause the loss of hy-
droxyl groups in polyphenols and the formation of sec-
ondary aromatic or color compounds (Barek et al. 2015).
On the other hand, fermentation/oxidation induces the
formation of polymeric tannin from phenolic acid
monomer (Moodley et al. 2015) or the formation of fla-
vonoid derivatives from the recombination of heterocyc-
lic aglycone phenolic compounds (Ng & See 2019).

Steam blanching on its part led to a significant reduc-
tion (31%) in total phenolic content of fresh Moringa
leaves. Although blanching food matrix induces partial
inactivation of peroxidases (POX) that could be benefi-
cial for polyphenols preservation, it also causes break-
down of the phenolic ring (Gongalves et al. 2010).
Moreover, blanching may cause heat-induced softening
of food matrix, leading potentially to enhanced solubil-
isation and leaching out of phenolic compounds (Pa-
lermo et al. 2013). Thus, blanching could favour the
leaching of phenolic compounds which in part explains
the observed reduction in TPC of blanched Moringa
leaves. Similarly, Potisate et al. (2014) reported a reduc-
tion in kaempferol and quercetin content following
steam blanching of Moringa leaves. Similar effects have
been reported with other vegetables where steam
blanching caused significant losses in flavonoids,

Table 5 Fitted and experimental responses at selected optimal points

Treatments Selected optimal points TAC (g AAE/100 g DM) DPPH (mg AAE/100 g DM)

T (°C) t (minutes) Fitted Experimental Fitted Experimental
Steam blanching 92 6 7.8 6.6+ 04 5664 567 + 1
Fermentation/Oxidation 30 30 7.0 73 +05 7115 713+2
Drying 60 210 6.4 6.0+ 02 663.1 663 + 2
Roasting 145 25 7.8 7.7 £02 760.9 758 £ 3

T Temperature, t Time
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Fig. 2 Total phenolic content in fresh and processed leaf extracts of Moringa oleifera

phenolic acids, TRAP and FRAP in broccoli (Pellegrini
et al. 2010) and of phenolic compounds in Adansonia
digitata leaves (Irondi et al. 2016) and Amanranthus
species (Amin et al. 2006).

Roasting was the only treatment that significantly (p <
0.05) improved (43%) total phenolic content of M olei-
fera leaves compared to the fresh untreated leaves (Fig.
2). Improvement of phenolic content with roasting could
be ascribed to the inactivation of enzymes such as poly-
phenol oxidases (PPO) and peroxidases (POX) in Mor-
inga leaves. PPO catalyze the transformation of
polyphenols into o-quinones whereas POX catalyze oxi-
dation of polyphenols (Zhang & Shao 2016); which could
lead to their degradation. Roasting may cause total in-
activation of these enzymes and thus prevent enzymatic
degradation of phenolic compounds, thereby preserving
them. Thus, higher phenolic content in roasted leaf ex-
tract could be the result of effective conversion of bound
insoluble phenolic compounds to soluble forms that are
easily extracted (Jeong et al. 2004; Yu et al. 2005) or
thermal destruction of cell walls and sub-cellular com-
partments that favors the release of bound phenolic
compounds (Judniz et al. 2016). In plant materials, a
number of phenolic compounds are linked to various
cell wall components such as carbohydrates and pro-
teins. Their destruction therefore will lead to release of
these compounds. Higher total phenolic content has
previously been reported in roasted Moringa leaves (Par-
wani et al. 2016). In this regard, Parwani et al. (2016) ob-
served that roasting Moringa leaves at 150 °C for 5 min
led to a 14% increase in TPC. These authors suggested
that increase in TPC could be due to the liberation of in-
soluble and bound phenolic compounds from their com-
plexes in the cell wall under thermal conditions.

Figure 3a and b present respectively DPPH and ABTS
scavenging activity of treated Moringa leaf extracts. A
dose-response relationship was found in DPPH and
ABTS radical scavenging activity of all samples regard-
less of the post-harvest treatment applied. Overall, the
roasted leaf extract exhibited a higher radical scavenging
activity (22—-31%) compared to the fresh leaf extract and
the other treatments, indicating that antioxidant activity
in Moringa oleifera leaves is enhanced by the roasting
process. This suggests that roasted Moringa leaves does
not only have higher phenolic content but that they are
endowed with potent AOA as well. Improvement of
AOA with roasting in Moringa leaves has been reported
by Parwani et al. (2016).

The enhancement observed in AOA with roasting
could be ascribed to one or a combination of several fac-
tors such as; the increase in phenolic content observed
in roasted compared to fresh leaf extract, the formation
of Maillard reaction products during the roasting
process and the conversion of parent phenolic com-
pounds into polyphenolic analogues having higher anti-
oxidant activity. In fact, AOA is generally attributed to
phenolic content in Moringa leaves (Nobossé et al,
2017; Rodriguez-Pérez et al. 2015). On the other hand, it
has been demonstrated that heating phenolic com-
pounds, namely glycosides such as rutin, in the presence
of an amino acid like lysine results in the formation of
Maillard reaction products endowed with higher AOA
compared to native glycosides (Zhang et al. 2016). Mor-
inga leaves contain both glycosides and amino acids that
could come in contact upon cell breakdown during the
roasting process. Furthermore, it has been observed that
during roasting, phenolic acids such as caffeic acid are
polymerized into newly formed compounds that exhibit
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Fig. 3 Free radical scavenging activity in fresh and processed leaf extracts of Moringa oleifera. a DPPH scavenging activity; b ABTS

stronger AOA than native polyphenols (Chen et al.
1999).

To gain further insight into the effects of processing
treatments on the radical scavenging activity of Moringa
leaf extracts the 50% inhibition concentration (ICs),
which represents the concentration of extract necessary
to scavenge 50% of DPPH or ABTS" radicals was deter-
mined. The ICs, value is inversely proportional to the
antioxidant activity of extracts. In accordance with the
values of ICs, recorded on Table 6, the radical scaven-
ging activity is most important in roasted leaf extract
followed by fresh leaves, confirming the fact that roast-
ing of fresh Moringa leaves is the post-harvest treatment
that best improves antioxidant potential. Extracts from

oxidized, dried and steam blanched leaves exhibited sig-
nificantly (p <0.05) lower ABTS and DPPH scavenging
activity compared to the fresh leaf extract (Table 6); in-
dicating that these treatments have an overall negative
impact on the radical scavenging activity of M. oleifera
leaves with steam blanching having the most damaging
effect. Reduction of radical scavenging activity may be
due to losses or degradation of certain types of phenolic
compounds or other free radical-scavenger components
during treatment (Amin et al. 2006).

All post-harvest treatments significantly (p < 0.05) and
negatively influenced FRAP (Fig. 4a). Oxidized leaf ex-
tract had the lowest reducing capacity. TAC on its part,
was significantly (p < 0.05) highest in roasted leaf extract
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and lowest in both steam blanched and dried samples
compared to fresh leaf extract (Fig. 4b). Fermentation/
Oxidation caused no significant change (p>0.05) in
TAC of Moringa leaf extract. Previously it was shown
that FRAP and DPPH radical scavenging activity in both
C. sinensis and P. pellucida tea are inversely correlated
to the degree of fermentation/oxidation (Ng et al. 2021).
It has been suggested that degradation of antioxidant
compounds such as ascorbic acid, chlorophyll and sapo-
nins could be responsible for the low antioxidant activ-
ities in fermented/oxidized vegetables (Barek et al.
2015).

Reduction in antioxidant activity with blanching could
be attributed to the losses in phenolic compounds ob-
served during steam-blanching. Important losses in anti-
oxidant activity including DPPH scavenging activity and
FRAP have been reported in Irish York cabbage (Jaiswal
et al. 2012), Amarantus cruentus and Vernonia amygda-
lina (Oboh 2005); as well as TRAP and FRAP in broccoli
(Pellegrini et al. 2010) following hot water blanching.
However, some authors have reported an overall en-
hancement of antioxidant activity after blanching of sev-
eral tropical leafy vegetables including Amaranthus
hybridus, Ipomea batata leaves (Adefegha & Oboh,
2011) and Brassica sp. (Pellegrini et al. 2010). It is worth
noting that in most cases, enhancement of antioxidant
activity was accompanied by a decrease in total phenolic
content (Miglio et al. 2008; Pellegrini et al. 2010) while
in other cases, improvement of TPC was accompanied
by decrease of antioxidant activity (Oboh 2005). These
observations highlight the variation in antioxidant po-
tential of different phenolic compounds as well as the
contribution of compounds other than polyphenols such
as chlorophyll (Nobossé et al. 2018) and carotenoids
(Nobossé et al. 2017) to antioxidant activity in blanched
leaves.

Correlation between post-harvest treatments and
antioxidant potential of Moringa leaf extracts

Principal Component Analysis (PCA) was applied to
evaluate the influence of processing treatments on anti-
oxidant activity and phenolic compounds of Moringa
leaf extracts. Eigen analysis of the principal components
revealed that PC1 was mainly characterized by TAC,
DPPH, and ABTS; PC2 was contributed to by TFC and
FRAP; TAC and TPC contributed to PC3 while TFC
and FRAP were the main contributing factor for PC4.
The first principal component had the highest
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eigenvalue of 4.2 and accounted for 70.7% of the vari-
ability in the data set. The second principal component
had eigenvalue of 1.4 and accounted for 23.3% of the
variance in the data while PC3 and PC4 had eigenvalues
lower than 1 and accounted respectively for 4.6 and
1.2% of the variance. Therefore, both PC1 and PC2 to-
gether accounted for 94.1% of the total variance in the
data set and were considered significant descriptors of
data variance based on their eigenvalues higher than 1.0
according to Kaiser’s rule (Shin et al. 2010).

Figure 5 shows the bi-dimensional representation of
all the antioxidants, phenolic compounds and processing
method of Moringa leaf extracts according to the two
selected Principal Components (PC). Fresh and roasted
leaf extracts which are characterized by higher phenolic
content and antioxidant capacity are represented on the
right side of the graphic. On the left side are the dried,
fermented and blanched Moringa leaf extracts character-
ized by lower phenolic content and antioxidant capacity.
These results show that AOA is directly correlated with
phenolic content and is supported by the significant (p <
0.05) positive correlation observed between phenolic
content and antioxidant capacity measured by DPPH
(r=0.93), ABTS (r=0.76) and TAC (r=0.69).

LC-ESI-MS/QTOF identification of phenolic compounds in
Moringa leaves

Figure 6a-e, presents chromatograms of the phenolic
profiles of fresh and processed leaf extracts. Overall, 19
different peaks could be visible on the chromatograms
out of which 12 were successfully identified, based on
their retention time and molecular mass, and also by
comparing them with standard polyphenols. Both fresh
and roasted leaf extracts each showed a total of 17, but
not similar peaks. Roasting led to the formation of two
new compounds (peaks 11 and 13, both of which were
identified as Quercetin-3-O-acetyl glucoside and
Kaempferol-3-o-acetylglucoside respectively); but also
caused the disappearance of two parent compounds
(peaks 14 corresponding to Quercetin-3-O-rhamnoside
and 16 corresponding to an unidentified compound).
Fermented/oxidized and dried leaves had 12 peaks each,
whereas blanching saw a disappearance of most of the
peaks observed in the fresh leaves with just 9 of them
visible. Compound 14 identified as quercetin-3-O-rham-
noside was present only in fresh extract. Aside from
roasting treatment that led to an increase in the number
of peaks and an increase in the intensity of some, the

Table 6 IC;, values of Moringa oleifera extracts on DPPH and ABTS scavenging activities

Fresh Roasted Dried Fermented/Oxidised Steamed AA
DPPH (ICso, mg / mL) 1.55 1.20 1.84 191 334 0.10
ABTS (ICs, mg / mL) 063) 043 1.24 1.10 1.70 0.05

AA ascorbic acid
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other 3 treatments (drying, fermentation/oxidation,
blanching) engendered reductions in the number and
also the intensity of some of the peaks.

The presence of quercetin-3-O-(acetyl) glucoside had
previously been reported in dried Moringa leaf extract
from various origins (Karthivashan et al. 2013; Nouman
et al. 2016). Some phenolic acids such as caffeic acid,
chlorogenic acid and flavonoids such as quercetin,
kaempferol and apigenin were previously detected in
Moringa leaf extracts (Karthivashan et al. 2013; Makita
et al. 2016; Nouman et al. 2016; Vongsak et al. 2013).
Likewise, the presence of flavonoid glycosides including
isoquercetin, kaempferol-3-O-glucoside, apigenin-8-C-

glucoside, quercetin 3-O-(6'-O-malonyl)-glucoside and
kaempferol 3-O-(6'-O-malonyl)-glucoside has also been
previously reported (Karthivashan et al., 2013; Kashi-
wada et al. 2011; Nouman et al. 2016; Vongsak et al.
2013).

In blanched leaf extract, the chromatogram was char-
acterized by several altered peaks compared to fresh leaf
extract. In addition, most phenolic compounds in the
chromatogram of blanched leaf extract were present in
traces except for compound No 8 (Fig. 6e) characterized
by a retention time of 5.54 min, which appeared as the
major compound and was identified as isoquercetin
based on the m/z value and MS fragments (Table 7).
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The altered peaks in the phenolic profile of blanched leaf
extract present evidence of degradation of phenolic com-
pounds in Moringa leaves during steam blanching, in ac-
cordance with the pattern observed for the phenolic
content and total antioxidant activity where blanched
Moringa leaf extract presented a significantly lower
phenolic content and antioxidant activity compared to
the fresh leaf extract.

The new compounds identified in roasted leaves
(Quercetin-3-O-acetyl glucoside and Quercetine-3-O-
rhamnoside), are flavonoids with proven AOA potential
(Valentovd et al. 2014) and may thus be responsible for
the increased AOA observed in roasted leaf extract.
Major phenolics identified in roasted Moringa leaf ex-
tract were Rutin (45 mg/g), Quercetin (15 mg/g), Iso-
quercertin (10 mg/g) and Caffeic acid (9 mg/g).

Conclusion

Phenolic content, profile and antioxidant activity of Mor-
inga leaves are influenced by the processing treatment ap-
plied to them. The optimal conditions of temperature and
time for the post-harvest processing of Moringa oleifera
leaves are [92-96 °C, 5-10 min.], [25-30°C, 15-35 min.],
[55-65°C, 205-210 min.], [140-150°C, 23-25min.] re-
spectively for steam blanching, oxidation, drying and
roasting. The roasting of Moringa oleifera leaves resulted
in significant increase in total phenolic content and anti-
oxidant activity. The improvement of phytochemical con-
tent in roasted leaves was accompanied by the occurrence
of 2 new compounds, identified as quercetin-3-O-
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Table 7 Tentative identification of main polyphenols in chromatographs of Moringa oleifera fresh and processed Leaf Extract

No RT Mass Diagnostic fragments Peak Fresh Roasted Dried Fermented/ Blanched Identity
(min.) (m/z) fragment Oxidised

1105 248; 325; 381; 448; 523; 723 381 v v v v

2 136 432 162; 180; 230; 253; 268; 270; 308; 414,432 v v v Apigenin glucoside
414, 432; 468
Apigenin (270) + glucosyl (162) =432

3 318 355 163; 209; 227; 355; 379; 425; 726; 163 v v v v v Caffeoylquinic acid
732 (chlorogenic acid)
Caffeoyl(162) + quinic acid(192) = 354

4 378 339 147, 165; 227; 339; 419; 457; 499; 147 v v v v v Coumaroylquinic acid
541; 595; 701
Coumaroyl (147)

5 403 355 147, 163; 177; 209; 341; 355; 369; 163 v v v v v Caffeoylquinic acid
579 (chlorogenic acid)
Caffeoyl(162) + quinic acid(192) = 354

6 432 163; 209; 227; 295; 322; 340; 457; 595 v v v v v
511; 557; 577; 595

7 529 611 147; 163; 180; 303; 435; 449; 453; 303 v v v v Rutin
465; 611
Quercetin (303) + rhamnosyl
(146) = 449

Quercetin(303) + glucosyl(162) = 465
+ rhamnosyl (146) =611

8 556 465 303; 465 303 v v v v v Isoquercetin
Quercetin (303) + glucosyl(162) = 465 (Querctin-3-O-
glucoside)
9 583 551 303; 551; 635 303 v v v v v Quercetin-3-O-
Quercetin = 303 + Malonyl-glucosyl malonyl-glucoside
(248) =551
10 6.02 449 147, 180: 191; 196; 210; 230; 287 v v v v v Kaempferol-3-O-
235; 249; 265; 270; 276; 287; glucoside
449; 551; 637, 679; 875
Kaempferol
(287) + glucosyl(162) =449 + 230 =
679
11 620 507 180; 187; 205; 222; 303; 327; 345; 303 v Quercetin-3-O-acetyl
(roasted) 507; 529 glucoside
Glucosyl(162) + acetyl(42) = 204 (Na salt)

glucosyl (162) + Na (23) =185
glucose (180) + acetyl(42) = 222
quercetin(303) + acetyl(42) = 345
quercetin(303) + Na(23) =326
Quercetin(303) + Glucosyl-acetyl(204)
=507 + Na(23) =530

12 640 535 287; 535 287 v v v v Kaempferol-3-O-
Kaempferol(287); malonyl-glucoside
Malonyl-glucoside = 248
535-287 =248

13 682 491 287;491; 513 287 v Kaempferol-3-O-
Kaempferol(287) + acetylglucoside
Glucosyl-acetyl(204) = 491 543 (Na salt)

14 10.72 593 593 593 v Quercetin-3-O-

rhamnoside

15 635; 778; 1269 635 v v v v

16 v v

17 v v v

18 v

19 v
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acetylglucoside and Quercetine-3-O-rhamnoside. Roast-
ing, thus, appears to be the most appropriate post-harvest
treatment for improvement of antioxidant activity in Mor-
inga oleifera leaves. Steam blanching on the other hand is
deleterious to both phenolic components and antioxidant
activity in Moringa oleifera leaves. On the whole, post-
harvest treatments affect qualitatively and quantitatively
the phytochemical profile of Moringa oleifera leaves.
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