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Abstract

Ondrejovič M., Kraic F., Benkovičová H., Šilhár S. (2012): Optimisation of antioxidant extraction 
from lemon balm (Melissa officinalis). Czech J. Food Sci., 30: 385–393.

The effects of the propan-2-ol proportion in the extraction solvent (PPES), solid to liquid ratio (SLR), and extraction 
temperature on the extraction yield of antioxidants measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-
scavenging activity and β-carotene-linoleic acid bleaching inhibition activity (BCLM) were evaluated. Secondly, total 
polyphenol and flavonoid contents were determined to find possible relations of these parameters with antioxidant 
activity. The optimal conditions for the extraction were determined using response surface methodology (RSM). The 
optimal conditions for the extraction of antioxidants measured by radical scavening activity (DPPH) were PPES 50.2% 
(v/v), 33.8°C, and SLR 1:147 (w/v). The optimal conditions for the extraction of antioxidants measured by BCLM were 
PPES 1.15% (v/v), 61.8°C, and SLR 1:153 (w/v). The optimal conditions for the extraction of total polyphenols and total 
flavonoids were 23.3% (v/v) (PPES), 67.5°C, 1:148 (w/v) (SLR); 1.15% (v/v) (PPES), 80°C, 1:179 (w/v) (SLR); respectively. 
The experimental values agreed with the predicted ones within a 95% confidence interval. 
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Lemon balm (Melissa officinalis L.), also known 
as common balm or sweet balm, is a perennial lem-
on-scented herb in the mint family native to the 
Mediterranean and to Southern Europe (Small 
2006). M. officinalis is an aromatic (lemony) per-
ennial herb, up to about 1 m high, growing in the 
Mediterranean region, western Asia, southwestern 
Siberia, and nothern Africa. The parts mostly used 
are dried leaves often with flowering tops (Leung 
& Foster 2003).

M. officinalis has been used in traditional medi-
cine dating back as far as ancient Greek and Roman 
times for treating disorders of the nervous system 
and melancholy (Grieve 1998). Today, this plant 
is very useful for treating nervous agitation and 
for promoting sleep, and it ameliorates functional 

gastrointestinal complaints (Kümel et al. 1991). It 
is recommended in the form of plant juice, cream, 
or tea infusion for nervous complaints, lower ab-
dominal disorders, gastric complaints, hysteria and 
melancholia, chronic bronchial catarrh, migraine, 
nervous debility, toothache, earache, headache, 
and high blood pressure and, externally, for rheu-
matism, nerve pains, and stiff necks (compress) 
(Cohen et al. 1964). Recently, M. officinalis has also 
shown anxiolytic, mood, and memory-enhancing 
effects (Ballard et al. 2002; Kennedy et al. 2002, 
2003, 2004, 2006; Akhondzadeh et al. 2003) as 
well as sedative (Soulimani et al. 1991), antimi-
crobial, and antitumor actions (Dragland et al. 
2003; Mimica-Dukic et al. 2004; de Sousa et 
al. 2004). The important biological activity is its 
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remarkable strong antioxidant activity (Hirasa 
& Takemasa 1998) due to which this plant has 
more from the described curative effects. 

Crude extracts of these plants rich in phenolics 
are increasingly of interest in the food industry 
because they retard oxidative degradation of lipids 
and thereby improve the quality and nutritional 
value of food (Javanmardi et al. 2003). In ad-
dition, the potential of the antioxidant constitu-
ents of the plant materials for the maintenance 
of health and protection against coronary heart 
disease and cancer is also raising interest among 
scientists and food manufacturers as consumers 
move toward functional foods with specific health 
effects (Löliger 1991; Fialová et al. 2008; La-
hucky et al. 2010). 

Recently, there has been a growing interest in the 
search for natural antioxidants for three principal 
reasons: (i) numerous clinical and epidemiological 
studies have demonstrated that the consumption 
of fruits and vegetables is associated with reduced 
risks of developing chronic diseases such as cancer, 
cardiovascular disorders, and diabetes, (ii) safety 
consideration regarding the potential harmful 
effects of the chronic consumption of synthetic 
antioxidants in foods and beverages, and (iii) the 
public’s perception that natural and dietary an-
tioxidant are safer than synthetic analogues. The 
result has been an increased interest in spices 
and aromatic and medicinal plants as sources of 
natural antioxidants (Dastmalchi et al. 2008).

M. officinalis contains volatile oil (e.g. eugenol 
glucoside) (Sarer & Kokdil 1991), glycosides of 
alcoholic triterpene acids (e.g. ursolic and oleanolic 
acid), and phenolic compounds such as phenolic 
acids (e.g. carnosic acid, rosmarinic acid), and 
flavonoids (e.g. cynaroside, cosmosin, rhamno- 
citrin, isoquercitrin). The last two compound 
groups are well known antioxidants (Shahidi et 
al. 1992; Pietta 2003). 

The aim of this study was to evaluate the ef-
fects of the solvent composition, solid to liquid 
ratio, and extraction temperature on the extraction 
yield of antioxidants. Antioxidant activity can be 
explained as the potential of various compounds 
for: (i) preventing radical formation by preventing 
lipid peroxidation (BCLM method), (ii) scavenging 
the formed radicals (DPPH method) and (iii) the 
regeneration of oxidised compounds by reducing 
power. For these purposes, different antioxidants 
can be used. In the presented work, we studied 
only the radical scavenging and preventing of lipid 

peroxidation by antioxidants from lemon balm 
(Melissa officinalis). Secondary, total polyphenol 
and flavonoid contents were determined to find 
possible relations between these parameters and 
antioxidant activity.

Material and methods

Chemicals. Propan-2-ol, methanol, trichloracetic 
acid (TCA), ethanol, chloroform (all Mikrochem, 
Pezinok, Slovak Republic), Folin-Ciocalteu rea-
gent (Merck, Darmstadt, Germany), gallic acid 
quercetin,  2,2-diphenyl-1-picrylhydrazyl (DPPH), 
rutin, β-carotene, linolenic acid, Tween 20 (all 
Sigma-Aldrich, Steinheim, Germany), aluminum 
chloride, disodium hydrogen phosphate, potas-
sium dihydrogen phosphate (all Lachema, Brno, 
Czech republic).

Plant material. Adult leaves of M. officinalis 
(Slovak University of Agriculture in Nitra, IVVP, 
Kolíňany, Slovakia) were harvested with the twigs 
and dried at 40°C. Thereafter, the leaves were 
separated from the twigs and cut in small squares 
< 0.5 mm. This extraction material was stored in a 
dark powder flask at laboratory temperature and 
in normal atmosphere for up to 3 weeks. 

Experimental design for the response surface 
methodology (RSM). The RSM used a three-factor 
and central composite design in three blocks 
consisting of 17 experimental runs with three 
replications at the centre point. In all experiments, 
the extraction was done in experimental micro-
tubes and terminated by a rapid decantation of 
the extracts. The design variables were the solvent 
composition – the propan-2-ol proportion in the 
extraction solvent (PPES) (propan-2-ol: water, 
1–95% (v/v); X1), the temperature (20–80°C; X2), 
and the solid-liquid ratio (SLR) (16–184 g of ml 
of the extraction solvent to 1 g of dry extrac-
tion material; X3) (Table 1). The experimental 
design of the described independent variables 
in their original and coded forms is shown in 
Table 2. The variables particle size (< 0.5 mm) 
and extraction time (2 h) were kept at constant 
values. The dependent variables were polyphenol 
and flavonoid contents and antioxidant activity 
determined as DPPH radical-scavenging activity 
and β-carotene-linoleic acid bleaching inhibition.

The experimental data were fitted to the follow-
ing second-order polynomial model (Eq. (1)) and 
regression coefficients were obtained.
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	 (1)

where:
X1, X2, ..., Xk	– independent variables affecting the  

response Y
b0, bi (i = 1, 2, …, k), bii (i = 1, 2, …, k), bij (i = 1, 2, … k – 1; j = 2, 3, …, k)  

–  regression coefficients for intercept,  
     linear, quadratic, and interaction terms

k	 –   number of variables

The optimum conditions of antioxidant extrac-
tion were looked for using Statgraphic, 5.1 (Stat-
PointTechnologies, Inc., Warrenton, USA). The 
verification of the validity and adequacy of the 
predictive extraction model was carried out in 
these optimum conditions of solid-liquid ratio, 
solvent composition, and extraction temperature. 
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Three experimental replicates were performed 
under optimised conditions and the experimental 
and predicted values were compared.

Analyses of the response variables

Determination of total polyphenols. The total 
polyphenols content was determined by the Folin-
Ciocalteu method (Singleton & Rossi 1965). 
0.5 ml of diluted sample was mixed with 0.5 ml 
of Folin-Ciocalteu reagent and 5 ml of 20% (w/v) 
water solution of Na2CO3. After 30 min of incu-
bation at laboratory temperature in the dark, the 
absorbance of the reaction mixture was measured 
at 700 nm using the spectrophotometer (Genesys 
10 UV; Thermo Fisher Scientific, Waltham, USA). 

Table 1. Independent variables and their coded and actual values used for optimisation

Independent variable
Coded levels

–1.682 –1 0 1 1.682 step mean

Solvent composition [% (v/v)] 1.2 20 48 76 94.9 28 48

Temperature (°C) 19.9 32 50 68 80.1 18 50

Solid to liquid ratio (ml/g) 16.3 50 100 150 183.7 50 100

Table 2. Central composite design setting in the original and coded (numbers in round brackets) form of the inde-
pendent variables (X1, X2 and X3)

Standard 
order

Factor 1 (X1) 
solvent composition [% (v/v)]

Factor 2 (X2) 
temperature (°C)

Factor 3 (X3) 
solid to liquid ratio (ml/g)

1 20.0 (–1) 32.0 (–1) 50.0 (–1)
2 76.0 (1) 68.0 (1) 50.0 (–1)

3 76.0 (1) 32.0 (–1) 150.0 (1)

4 20.0 (–1) 68.0 (1) 150.0 (1)

5 48.0 (0) 50.0 (0) 100.0 (0)

6 20.0 (–1) 68.0 (1) 50.0 (–1)

7 48.0 (0) 50.0 (0) 100.0 (0)

8 20.0 (–1) 32.0 (–1) 150.0 (1)

9 76.0 (1) 32.0 (–1) 50.0 (–1)

10 76.0 (1) 68.0 (1) 150.0 (1)

11 48.0 (0) 80.1 (1.682) 100.0 (0)

12 1.2 (–1.682) 50.0 (0) 100.0 (0)

13 48.0 (0) 19,9 (–1.682) 100.0 (0)

14 48.0 (0) 50.0 (0) 100.0 (0)

15 48.0 (0) 50.0 (0) 16.3 (–1.682)

16 48.0 (0) 50.0 (0) 183.7 (1.682)
17 94.9 (1.682) 50.0 (0) 100.0 (0)
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The polyphenol content was expressed as mg of 
gallic acid equivalents per 1 g of the dry extrac-
tion material.

Determination of total flavonoids. The total 
flavonoids content was determined by the colori-
metric method according to Quettier-Deleu et 
al. (2000). 0.1 ml of diluted sample was mixed with 
0.02 ml of 5% (w/v) aluminium chloride methanolic 
solution. After 30 min of incubation at labora-
tory temperature, the absorbance of the reaction 
mixture was measured at 405 nm using the spec-
trophotometer (Genesys 10 UV; Thermo Fisher 
Scientific, Waltham, USA). The flavonoid content 
was expressed as mg of quercetin equivalents per 
1 g of dry extraction material. 

Determination of antioxidant activity. In the 
literature, the radical scavenging activity and lipid 
peroxidation prevention are often described as In-
hibition Capacity (IC) which is only the percentage 
portion of the absorbance of the reaction solution 
(DPPH/β-carotene) with and without antioxidant 
incubated during the given time (Eqs 3 and 6). 
But by using these equations, the sample dilu-
tion cannot be implemented into the calculation. 
Therefore, for the calculation of antioxidant activi-
ties by these methods, we used equations based 
on measuring the mass of the inhibited DPPH or 
protected β-carotene (Eqs 2 and 5). These equa-
tions allow evaluating the influence of the sample 
dilution and extraction yield of antioxidants from 
the extraction material by the Dilution Factor (DF) 
(Eqs 4 and 7).

DPPH radical-scavenging activity. The free 
radical scavenging activity (antioxidant capacity) 
of the plant extractives on the stable radical DPPH 
was estimated by the method according to Yen 
and Chen (1995). 100 μl of the diluted sample 
was mixed with 4 ml of DPPH methanol solution 
(0.25 g/l). After 10 min of reaction at room tem-
perature in the dark, the absorbance was measured 
at 515 nm using the spectrophotometer (Genesys 
10 UV; Thermo Fisher Scientific, Waltham, USA). 
The antioxidant content was expressed as mg of 
inhibited DPPH per 1 g of dry extraction material. 
The scavenging activity was calculated using the 
equations (Eqs 2–4):

m (DPPH) = m (DPPH)start × IC × DF	 (2)

IC = [(Abscontrol – Abssample)/Abscontrol]	 (3)

DF = 10 × D × Vextract/mext. mat.	 (4)

where:
m (DPPH)start	–	 mass of DPPH in initial DPPH reagent
IC	 –	 coefficient of inhibition capacity of 

sample
DF	 – 	dilution factor
Abssample	 –	 absorbance of reaction mixture with 

sample
Abscontrol	 –	 absorbance of reaction mixture with 

methanol instead of sample
D	 –	 rate of sample dilution
Vextract	 –	 volume of crude extract
mext.mat.	 –	 mass of extraction material in crude 

extraction

β-carotene-linoleic acid bleaching inhibition 
(BCLM). The β-carotene-linoleic acid bleaching 
inhibition was estimated by the method according 
Wanasundara et al. (1994). 2 mg of β-carotene 
were dissolved in 20 ml of chloroform. 4 ml of 
this solution was pipetted into a round-bottom 
flask. After the removal of chloroform using a 
rotary evaporator, 40 mg of linoleic acid, 400 mg 
of Tween 20, and 100 ml of distilled water were 
added. Aliquots (1.15 ml) of the prepared emul-
sion were transferred into tubes with 0.1 ml of 
the diluted sample. The absorbance of the re-
action mixture was measured at 470 nm using 
the spectrophotometer (Genesys 10 UV, Thermo 
Fisher Scientific, Waltham, USA) at the start of 
the reaction and after incubation at 50°C for 90 
minutes. The antioxidant content was expressed 
as mg of protected β-carotene from the oxidation 
product of unsaturated fatty acid peroxidation per 
g of extraction plant material. The β-carotene-
linoleic acid bleaching inhibition was calculated 
using the equations (Eq. 5–7):

m(β-carotene) = m(β-carotene)start × IC × DF	 (5)

IC = 
([ln(a/b)/90]control – [ln(a/b)/90]sample)  

	               [ln(a/b)/90]control	 (6)
DF = 10 × D × Vextract/mext. mat.	 (7)

where:
m(β-carotene)start	 – mass of β-carotene in initial β-ca- 

rotene-linoleic acid reagent
IC	 – coefficient of inhibition capacity of sample
DF	 – dilution factor
a	 – absorbance of reaction mixture with sample or control 

(with methanol instead of sample) at the start of reaction
b	 – absorbance of reaction mixture with sample or con-

trol (with methanol instead of sample) after 90 min
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D	 – rate of sample dilution
Vextract	 – volume of crude extract
mext.mat. – mass of extraction material in crude extraction

Results and discussion

Selection of experimental ranges 

The extraction efficiency of natural compounds 
from the plant material is affected by multiple 
parameters such as temperature, time, solid to 
liquid ratio, solvent polarity and others, whose 
effects may be either independent or interactive. 
The influence of the described parameters on the 
extraction yield of antioxidants from M. officinalis 
was partly reported in the literature in some ar-
ticles, but optimal conditions for the extraction 
of these compounds have not yet been reported.

As stated in the literature, the antioxidative ef-
fects of lemon balm preparations are mainly due to 
certain compounds, such as flavonoids, phenolic 
acids, and terpenes (carnosic acid, ursolic acid, 
oleanolic acid). They have various physical-chemi-
cal properties and therefore optimal parameters of 
their extraction from plant material are different. 
The crude extraction of these compounds was 
realised by extraction solvents such as methanol, 
ethanol, acetone, propanol, and their water solu-
tions (Herodež et al. 2003; Javanmardi et al. 
2003; Dastmalchi et al. 2008; Pereira et al. 
2009). The selection of optimal extraction solvent 
was made from the range of water solutions of 
propan-2-ol because water solutions of this organic 
solvent can simulate the polarity of all extraction 
solvents described. Moreover, propan-2-ol is en-
vironmental friendly, cheap and with a potential 
using by another purification steps. 

The extraction temperature was varied from 20°C 
to the boiling point of the extraction solvents used 

and the extraction time was in the range from 1 h 
to 7 days. The extraction time is dependent on 
the extraction temperature due to their effects on 
the diffusion of compounds from the extraction 
material. Therefore, the kinetics of antioxidant 
extraction was performed for the determination 
of the extraction time as a fixed parameter in 
the optimisation. In the kinetic experiments, the 
plant material was extracted with 50% (v/v) water 
solution of propan-2-ol at 50°C and solid-liquid 
ratio 1:50 (w/v) during 200 minutes. According to 
Figure 1, a rather asymptotic region was reached 
after 90 min of extraction for the two methods of 
antioxidants determination. Nonlinear regression 
was applied to the data using the exponential model 
of the first order. The coefficients of determination 
R2 and determined models are given in Table 3. 

Table 3. Exponential models for the kinetics of extraction of antioxidants from Melissa officinalis measured by two 
methods (BCLM – β-carotene-linoleic acid bleaching inhibition and DPPH radical-scavenging activity) 

Antioxidant method y
y = a + b × exp(–x/c)

a b c R2

DPPH 1.198 ± 0.022 –1.163 ± 0.054 24.348 ± 2.541 0.9898

BCLM 0.161 ± 0.010 –0.141 ± 0.014 36.025 ± 10.243 0.9335

x – extraction time from kinetics of extraction of antioxidants; y – response of extracted antioxidants; a, b, c – coefficients 
of exponential models for the extraction kinetics

0             50           100          150          200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.00

0.04

0.08

0.12

0.16

0.20

0.24

A
nt

io
xi

da
nt

 a
ct

iv
ity

 (D
PP

H
)

Extraction time (min)

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 (B
C

LM
)

 
Figure 1. Kinetics of antioxidant extraction from M. of-
ficinalis with 50% (v/v) water solution of propan-2-ol 
at 50°C during 200 min by solid-liquid ratio 1:50 (w/v)

■ – β-carotene-linoleic acid bleaching inhibition in mg of 
protected β-carotene from the oxidation product of unsatu-
rated fatty acid peroxidation per g of dry extraction material; 
▼ – DPPH radical-scavenging activity in mg of inhibited 
DPPH per 1 g of dry extraction material
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Optimisation of extraction by RSM

The antioxidant extraction from M. officinalis 
was optimised through the RSM approach. In 
RSM, natural variables are transformed into coded 
variables that have been defined as dimensionless 
with a mean zero and the same spread or standard 
deviation (Myers & Montgomery 2009). This 
method was used in many studies focused upon 
the optimisation of natural compounds extraction 
(Liyana-Pathirana & Shahidi 2005; Mikula-
jová et al. 2007; Silva et al. 2007). 

In our study, the independent variables were the 
solvent composition, solid to liquid ratio, tempera-
ture and a fixed extraction time (2 h) and a fixed 
particle size (< 0.5 mm) were chosen. The resulting 
extraction yields of antioxidants (BCLM, DPPH) 
and total flavonoids (TFL) and polyphenols (TP) 
contents as dependent variables for all runs are 
reported in Table 4. 

They were first submitted to simple linear re-
gression, which gave coefficients of determination 

(R2) for the linear relations of dependent variables 
(Table 5). This means that the extraction using 
the selected conditions could be selective for all 
dependent variables tested with regard to TFL 
and TP. 

Multiple linear regression using the second-order 
polynomial model (Eq. 1) was performed with the 
results given Table 4. The response variability was 
explained by the model, the coefficient of multiple 
determination (R2) being 0.85, 0.91, 0.96, and 0.99 
for DPPH, BCLM, TP, and TFL, respectively. 

Analyses of the regression coefficients and the 
response surface. The regression coefficients of 
the model for antioxidant isolation obtained by the 
multiple linear regression are reported in Table 3. 
The variables in their coded forms (Table 2) per-
mitted direct interpretability of the effects (linear, 
quadratic and interaction) of the independent vari-
ables, and the surface plot (Figure 2) facilitated the 
visualisation of the statistically significant factors 
(market by bold letters in Table 6) derived from 
the statistical analysis.

Determination and experimental validation 
of the optimal conditions

In order to verify the predictive capacity of the 
model, optimal conditions were determined using 
the simplex method and the maximum desirability 
for all dependent variables, and were used for an 
extraction test (Table 7). The measured values 
lay within a 95% mean confidence interval of 
the predicted values of the dependent variables. 
These results confirm the predictability of the 
model for the extraction of antioxidants from 
M. officinalis leaves in the experimental condi-
tions used. This model of antioxidant extraction 
can be used for the development of industrial 
extraction processes for the production of natu-
ral preparation with a high antioxidant activity 

Table 4. Experimental data for the response antioxidants 
(DPPH, BCLM), total flavonoids (TFL) and total polyphe-
nols (TP) in extracts prepared by extraction conditions 
shown in Table 2

Standard 
order

Dependent variables

DPPH  
(g/g)

BCLM TP TFL

(mg/g)

1 4.551 0.504 50.89 6.43

2 3.803 0.331 47.89 7.44

3 6.311 0.427 37.06 1.37

4 5.837 0.695 79.86 14.43

5 5.989 0.576 69.79 8.32

6 4.235 0.537 70.9 13.6

7 6.012 0.581 70.23 8.41

8 6.259 0.655 58.81 6.47

9 4.516 0.305 29.55 1.62

10 5.487 0.461 56.42 7.98

11 4.744 0.533 68.77 14.72

12 5.572 0.686 67.49 10.32

13 5.739 0.474 35.39 2.85

14 5.813 0.543 65.82 8.12

15 1.423 0.187 43.25 6.91

16 6.622 0.628 72.73 8.42

17 5.281 0.311 29.84 0.76

Table 5. The coefficients of determination (R2) for linear 
relations of dependent variables (BCLM, DPPH, TFL 
and TP)

  DPPH BCLM TP TFL

DPPH 1 0.50 0.10 0.02

BCLM 0.50 1 0.63 0.32

TP 0.10 0.63 1 0.77

TFL 0.02 0.32 0.77 1
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Figure 2. Response surface and contour plots for the effects of solvent composition and temperature at a constant 
optimal value of solid to liquid ratio for each dependent variable

Table 6. Regression coefficients of second-order model for dependent variables (DPPH, BCLM, TP, TFL)

Model parameters
Coefficients

DPPH BCLM TP TFL

Constant –0.117768 0.110206 –27.224 0.29027

Linear
X1: solvent composition 0.0190646  –0.0010098  0.46162 0.05312
X2: temperature 0.0519929 0.0059999  2.23416 0.13774
X3: solid to liquid ratio  0.0727902  0.0061169  0.375 0.01178

Quadratic
X1X1 –0.0001453 –2.34E-05 –0.0085 –0.0012
X2X2 –0.0005556 –5.11E-05 –0.0167 0.00066
X3X3  –0.0002462 –2.033E-05 –0.0013 –7E-05

Interaction
X1X2 –0.0001982 –3.22E-06 –0.0008 –0.0007
X1X3 1.509E-05 –5.09E-06 –8E-05 –5E-05
X2X3 –3.014E-05     2.083E-06 0.00029 0.00022

Regression coefficients with a statistically significant at P < 0.05 are printed in bold

from M. officinalis which can be useful as a food 
additive or supplement. 

Conclusions

The response surface methodology was success-
fully employed to optimise the antioxidant extrac-
tion from M. officinalis leaves. The second-order 

polynomial model gave a satisfactory description 
of the experimental data. The optimised conditions 
for maximum extraction of antioxidant compounds 
measured by various methods differed. The opti-
mal conditions for the extraction of antioxidants 
measured by radical scavening activity (DPPH) were 
PPES 50.2% (v/v), 33.8°C and SLR 1:147 (w/v). The 
optimal conditions for the extraction of antioxi-
dants measured by BCLM were PPES 1.15% (v/v), 
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61.8°C and SLR 1:153 (w/v). The optimal conditions 
for the extraction of total polyphenols and total 
flavonoids were 23.3% (v/v) (PPES), 67.5°C, 1:148 
(w/v) (SLR); 1.15% (v/v) (PPES), 80°C, 1:179 (w/v) 
(SLR); respectively. The experimental values agreed 
with the predicted ones within a 95% confidence 
interval. This study can be useful for the develop-
ment of industrial extraction processes, including 
further studies concerning the optimal number 
of sequential steps to enhance the efficiency of 
a large-scale extraction system.
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