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Abstract: The aromatic herb lemon myrtle is a good source of polyphenols, with high antioxidant and
antimicrobial capacity. In this study, the green extraction technique microwave-assisted extraction
(MAE) was applied and the extraction parameters were optimized using response surface method-
ology (RSM) to maximize the extraction yield of phenolic compound and antioxidant properties.
Then, it was compared with other popular novel and conventional extraction techniques including
ultrasound-assisted extraction (UAE) and shaking water bath (SWB) to identify the most effective
technique for extraction of phenolic compounds from lemon myrtle. The results showed that the
MAE parameters including radiation time, power, and sample to solvent ratio had a significant
influence on the extraction yield of phenolic compounds and antioxidant capacity. The optimal MAE
conditions were radiation time of 6 min, microwave power of 630 W, and sample to solvent ratio of
6 g/100 mL. Under optimal conditions, MAE dry extract had similar levels of total phenolic com-
pounds (406.67 ± 8.57 mg GAE/g DW), flavonoids (384.57 ± 2.74 mg CE/g DW), proanthocyanidins
(336.54 ± 7.09 mg CE/g DW), antioxidant properties, and antibacterial properties against (Staphy-
lococcus lugdunensis and Bacillus cereus) with the other two methods. However, MAE is eight-times
quicker and requires six-times less solvent volume as compared to UAE and SWB. Therefore, MAE is
recommended for the extraction of polyphenols from lemon myrtle leaf.

Keywords: lemon myrtle; MAE; optimization; antibacterial; method comparison; antioxidant;
polyphenols

1. Introduction

Phenolic compounds are non-nutritive phytochemical groups synthesized in the plant
as secondary metabolites. Despite the lack of nutritional attributes, they have been widely
used as natural antioxidants and antimicrobial agents in foods [1,2]. In addition, they have
been used as supplements or therapeutic agents for prevention and/or delay several health
complications such as cancer, diabetes, neurodegeneration, early aging, inflammation,
hypertension, allergies, arthritis, and cardiovascular diseases [3–5]. Lemon myrtle leaves
are rich in polyphenols with strong antioxidant properties [6,7]. Polyphenols derived
from lemon myrtle leaves also have various bioactivities such as anti-inflammation [8,9],
antimicrobial [10,11], cytoprotective, and pro-apoptotic properties [12].

Lemon myrtle leaves have been used as traditional medicine and in cuisine for cen-
turies [13]. The leaves also contain a refreshing sweet lemon-flavored essential oil, which
also has numerous applications in various sectors. More applications of lemon myrtle
are being explored through the advancement of research [13] and its demand is rising
with time. To meet the demand it has been growing commercially in different parts of
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the world, though it is native to the Australian coastal rainforest of Queensland and New
South Wales [14,15]. Initially, it was identified as an aromatic plant and a potential source
of essential oil, and it is still, mainly produced for essential oil. Despite numerous benefits
of lemon myrtle polyphenols, research on extraction and isolation of polyphenols from
lemon myrtle leaves, effects of various extraction methods and conditions on extraction
yield and their properties are very limited up to date.

Extraction is the first crucial step to isolate the polyphenols from plant material for
chromatographic identification and quantification or further applications [16]. Neverthe-
less, the development of an optimal extraction procedure (i.e., suitable method and ex-
traction conditions) for polyphenols from biological material is complicated because of
the structural diversity, and stability of the phenolic compounds under various extrac-
tion conditions [17]. The selection of inappropriate extraction methods/conditions may
lessen the extraction yield of phenolics and their bioactivity [18]. The selection of extraction
method and/or conditions depends on several factors including cost and time effectiveness,
the final use of the extract, and most importantly the extraction yield of phytochemicals
and retention of their biological activities. Conventionally, the phenolic compounds are
extracted under stirring conditions for long hours, requiring a large volume of solvent
under vigorous agitation and/or high temperature [19]. Extraction in high temperatures
and/or long extraction time may lead to damage of expected phenolic compounds and/or
release of toxic substances from the plant material [20,21].

Modern extraction techniques such as microwave-assisted extraction and ultra-sound-
assisted extraction might overcome the drawbacks of conventional extraction techniques [22,23].
These modern techniques can extract the target compounds with higher yields while using less
solvent and time as compared to conventional techniques [24]. Ultrasound creates cavitation
and mechanical mixing effects, which helps the disruption of plant cells and penetration of
solvent into the plant cells [19]. On the other hand, micro-waves interact with a polar solvent
(asymmetric electron cloud), which generates heat in the extraction solvent by dipole rotation.
This heat creates internal pressure in the plant sample cells, eventually, it disrupts and its
internal phytochemicals are released [25]. Sample to solvent ratio, radiation time and applied
power level (microwave/ultrasound), sample particle size, solvent concentration, and pH
are the main factors, which influence the extraction yield of phenolic compounds [18].
However, investigation and optimization of their effects using single-factor analysis are
laborious, time-consuming, and unable to determine the interaction effects of various
parameters on the extraction yields [26]. Response surface methodology (RSM) is known
as an effective technique to identify the interaction effects and optimize the processing
parameters on extraction yields of the target compounds [27].

In previous studies, we investigated the impact of extraction solvents and optimized
UAE conditions for polyphenols from lemon myrtle and found that extraction solvents
significantly affect the extraction yield of phenolic compounds and antioxidant properties
of lemon myrtle, and 50% acetone in water is the most effective solvent [28]. However,
chlorophyll content, antibacterial properties, and extraction methods comparison were
not considered in that study. Therefore, this study investigate the impact of major MAE
factors including radiation time, radiation power, and sample to solvent ratio using 50%
aqueous acetone as extraction solvent, and optimize the MAE conditions for polyphenols
and antioxidant capacity using RSM. In addition, this study comprehensively compared
the effectiveness of the MAE technique with UAE and a conventional extraction technique
shaking water bath (SWB). The total polyphenols, antioxidants properties, chlorophyll
content, and antibacterial properties of the extracts were compared in order to identify
the most effective extraction technique for the recovery of polyphenol from lemon myrtle
leaves for future applications.
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2. Materials and Methods
2.1. Plant Materials

Lemon myrtle leaves were authenticated through the herbarium at the University of
Newcastle, Australia with voucher number 10638. The leaves were collected randomly
from Ourimbah, Central coast region, NSW, Australia. After collecting, the leaves were
immediately transferred to the lab and dipped into liquid nitrogen then dried using a
freeze dryer (SP Scientific, Bench Top Pro BTP-3ESE0X, Warminster, Philadelphia, PA, USA)
for 24 h. Then the dried leaves were ground using a commercial blender (John Morris
Scientific, Chastwood, NSW, Australia) and manually sieved through a standard 1.4-mm
mesh sieve (EFL 2000; Endecotts Ltd., London, UK) respectively, and finally kept in an
airtight container for extraction and analysis.

2.2. Chemical and Reagents

All the solvents, chemicals, and reagents used in this study were analytical grade.
The organic solvents acetone (99%), ethanol (>99%), and methanol (>99%) were purchased
from Merck (Darmstadt, Germany). For different phenolic compounds and antioxidant ca-
pacity assays. Folin–Ciocalteu’s reagent and other chemicals anhydrous sodium carbonate
(Na2CO3) (99.95%), sodium nitrite (NaNO2) (99%), hydrochloric acid (HCl) (36%), potas-
sium persulfate (K2S2O8) (≥99%), copper (II) chloride (CuCl2) (97%), ferric chloride (FeCl3)
(97%), aluminum chloride six hydrate (AlCl3•6H2O) (99%), ammonium acetate (≥99%), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,2-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) (≥98%), (±)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox) (97%), 2, 4, 6-tripyridyl-s-triazine (TPTZ), neocuproine (≥98%), gallic acid,
and catechin were purchased from Sigma-Aldrich Pty Ltd. (Castle Hill, Sydney, Australia).
Vanillin (99%) and sodium hydroxide (NaOH) were obtained from Merck (Darmstadt,
Germany). For antibacterial analysis nutrient agar, nutrient broth, and Mueller Hinton
agar were purchased from Thermo Fisher Scientific Australia Pty Ltd. (Victoria, Australia).

2.3. Experimental Design

In this study, three extraction techniques were applied including MAE, UAE, and SWB.
A 50% aqueous acetone was applied as the extraction solvent as it is the most effective
solvent for the extraction from lemon myrtle leaves [28]. Optimal MAE conditions including
radiation time, radiation power, and sample to solvent ratio were established as described
in Section 2.3.1. Optimal conditions for the UAE extraction technique were applied as
described in our previous study [28] and SWB extraction was performed as mentions in
the following section. After lemon myrtle leaves were extracted under optimal MAE, UAE,
and SWB, the extracts were concentrated to around 30% of initial volume using a rotary
evaporator (Buchi Rotavapor R-114, Buchi Australia, Noble Park, VIC, Australia) set at
40 ◦C and pressure of 150 mbar, which was gradually decreased to 50 mbar and further
freeze dried to obtain powdered extracts. Finally, the powdered extract (500 µg) from each
extraction technique was diluted in 50% aqueous acetone (1 mL) for further analysis.

2.3.1. Optimization of MAE Conditions Using Response Surface Methodology (RSM)

MAE was performed using a partially modified domestic microwave oven (Pana-sonic
NN-7855, Japan) as described previously [29]. The sample and solvent were put into the
oven in a round bottom flask then it was connected to a condenser through a glass tube
(Figure 1). The MAE extraction parameter’s values were selected according to RSM design
(Table 1). After extraction, the extract was cooled down to room temperature in an ice bath
followed by filtering through a 0.45 µm cellulose syringe filter (Phenomenex Australia Pty.
Ltd., Lane Cove, NSW, Australia). The filtrate was stored at −18 ◦C for further analysis
and also for freeze drying to obtain powdered extract for comparison.
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Table 1. Box–Behnken experimental design and observed responses.

Run

Experimental Conditions (Independent Variables) Observed Responses (Dependent Variables) (n = 3)

Pattern X1 X2 X3

Phytochemicals Antioxidant Capacity

TPC TFC Pro. A FRAP CUPRAC DPPH ABTS

1 +−0 6 10 5 93.67247 88.02825 104.0927 683.4416 5827.626 985.7716 1371.562
2 −0+ 2 55 8 89.31072 85.19821 92.55855 737.6218 5723.661 991.6801 1296.063
3 000 4 55 5 94.77291 86.74644 99.4709 695.8874 5338.929 997.0779 1322.186
4 0++ 4 100 8 96.58725 91.91176 103.6901 793.6621 6163.616 1007.508 1407.265
5 −+0 2 100 5 85.43417 77.76763 87.44164 621.3235 5105.042 839.3812 1221.161
6 −−0 2 10 5 69.86795 62.6842 74.89885 484.4347 4070.798 718.2009 990.0688
7 ++0 6 100 5 105.8023 95.40555 111.5702 811.5801 6260.000 1155.195 1549.675
8 0−+ 4 10 8 71.02841 70.43143 87.62903 599.0081 4384.782 777.6093 1087.066
9 000 4 55 5 95.1325 92.49178 103.0034 730.4654 5451.429 951.2987 1561.580
10 0−− 4 10 2 67.76044 71.67215 91.63295 436.1154 3884.874 703.0176 1239.114
11 0+− 4 100 2 82.07033 91.03641 107.7913 493.9362 4659.139 789.9637 1520.961
12 −0− 2 55 2 62.37495 68.82536 92.46291 370.5118 3378.939 471.9729 1216.816
13 +0− 6 55 2 86.92227 94.55304 115.2998 561.0199 4783.613 796.4094 1609.769
14 000 4 55 5 92.35194 89.33138 102.3861 772.8705 5309.874 927.3300 1505.634
15 +0+ 6 55 8 100.2345 97.62057 103.7533 854.7754 5900.446 945.2110 1548.363

X1 (radiation time/time, min), X2 (% microwave power level/power, W), and X3 (sample to solvent ratio/ratio g/100 mL), TPC (mg GAE/g DW), TFC (mg CE/g DW), Proanthocyanidins (Pro. A) (mg CE/g
DW), FRAP (mM TE/g DW), ABTS (mM TE/g DW), DPPH (mM TE/g DW), CUPRAC (mM TE/g DW).
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Figure 1. Microwave-assisted extraction system for lemon myrtle leaves.Figure 1. Microwave-assisted extraction system for lemon myrtle leaves.

A three-level three-factor Box–Behnken design was used to observe the individual,
interaction, and quadratic effect of extraction parameters on the extraction yield of phenolic
compounds and antioxidant capacities and to find out the optimal extraction conditions
for the maximum yield of phenolic compounds and antioxidant properties. The extraction
parameters were radiation time (X1): 2–6 min, microwave power level (X2): 10% (90 W)–
100% (900 W), sample to solvent ratio X3: 2–8 g/100 mL. The parameters range was
selected based on initial experiments (data not presented in this manuscript). A second-
order polynomial equation represents a functional relationship between the predicted yield
of phenolic or antioxidant properties and extraction parameters, which was as follows:

Y = β0 + ∑n
i=1 βiXi + ∑n−1

i = j
i < j

∑n
j=2 βijXiXj + ∑n

i=1 βiiX2
i (1)

2.3.2. Ultrasound-Assisted Extraction (UAE)

UAE was performed under optimal conditions as previously described [28] using
an ultrasonic bath (Soniclean, 220 V, 50 Hz, and 250 W, Soniclean Pty LTD, Dudley Park,
SA, Australia). A preheated (at 60 ◦C) volume of 25 mL of 50% acetone in water was
added with 0.25 g of dried ground lemon myrtle leaves in a 50-mL centrifuge tube with a
screw cap. The sonication bath was preheated at 60 ◦C and the UAE conditions were time
(50 min), temperature (60 ◦C), and sonication power (250 W). During extraction, the tubes
were vortexed for 2–3 s every 5 min. After finishing extraction the tubes were cooled down
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to room temperature in an ice bath followed by filtering using a 0.45-µm cellulose syringe
filter (Phenomenex Australia Pty. Ltd., NSW, Australia) and stored at −18 ◦C for further
freeze drying to obtain powdered extract for comparison.

2.3.3. Conventional Extraction Using Shaking Water Bath Extraction (SWB)

The conventional extraction was performed by following Saifullah, et al. [30] with
modifications. Shaking water bath extraction was performed in a pre-heated shaking water
bath at 60 ◦C and under the extraction conditions of time 50 min, temperature 60 ◦C, and
sample to a solvent ratio 1 g/100 mL. Then, 0.25 g of freeze-dried ground lemon myrtle
leaves and 25 mL of solvent (50% aqueous acetone) were put into a 50-mL centrifuge tube.
Then the tube was closed with a lid before being put into the shaking water bath. During
extraction, the samples were agitated at a constant speed. At the end of extraction, the
tubes were immediately cooled to room temperature in an ice bath and then the extract was
filtered using a 0.45-µm cellulose syringe filter (Phenomenex Australia Pty. Ltd., Australia)
and stored at −18 ◦C for further freeze drying to obtain powdered extract for comparison.

2.4. UV Spectrophotometric Measurement of Total Phenolics (TPC), Flavonoids (TFC), and
Proanthocyanidins (Pro. A)

TPC, TFC, and Pro. A were measured according to the method described by Škerget
et al. [31], Zhishen, Mengcheng, and Jianming [32], and Li et al. [33] respectively. A
UV spectrophotometr (Cary 60 Bio, UV-Vis, Penang, Malaysia) was used to measure
the absorbance of light (wavelength 765, 510, and 500 nm for TPC, TFC, and Pro. A,
respectively). TPC results were expressed as milligrams of gallic acid equivalent per gram
dry weight of the sample. TFC and Pro. A results were stated as milligrams of catechin
equivalent per gram dry weight of the sample.

2.5. Measurement of Antioxidant Properties

Antioxidant properties of the extracts were measured using four antioxidant assays,
including FRAP, ABTS, and DPPH assays Thaipong et al. [34], and CUPRAC assay Apak
et al. [35]. The absorbance was taken at 593, 450, 734, and 515 nm for FRAP, CUPRAC,
ABTS, and DPPH, respectively. Trolox was used to prepare the standard curves and the
results were expressed as mM Trolox equivalent per gram dry weight of the sample.

2.6. Total Chlorophyll Content

Total chlorophyll content in leaf extract powder was measured according to a method
reported by Sudhakar et al. [36] with some modifications. Then, 0.1 g of leaf extract was
dissolved in 10 mL of 80% acetone in water followed by vortex to mix well. Then the
optical density of the leaf extract solution was measured using a UV spectrophotometer
(Cary 60 Bio, UV-Vis, Malaysia) at 663 and 645 nm. Finally, the amount of chlorophyll
present in the dry extract was calculated using following equations:

mg chlorophyll/g dry extract = 20.2A645 + 8.02A663 ×
V

1000 × W
(2)

Here, A = absorbance at specific wavelengths, V = final volume of chlorophyll extract,
and W = weight of dry powder

2.7. Antimicrobial Activity Assay
2.7.1. Bacterial Culture and Preparation of Inoculum

The antimicrobial activity of the extracts was investigated using agar disc diffusion
technique. Two gram-positive and two gram-negative bacteria were used in this study.
The bacterial cultures Escherichia coli (ATCC 10536), Enterobacter aerogenes (ATCC 13048),
and Staphylococcus lugdunensis (ATCC 700328) were obtained from Thermo Scientific™
Oxoid™, Melbourne, Australia) in the form of Culti-Loops®. Bacillus cereus derived from
(ATCC 11778™) KWIK-STIK was purchased from Cell Biosciences Pty Ltd., Melbourne,
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Australia). The bacterial inoculums were prepared according to a method described by
Bhuyan et al. [37]. The bacterial cultures were prepared by growing the selected bacteria in
nutrient broth at 37 ◦C for 24 h. Then sterile physiological saline was used to dilute the
nutrient broth containing bacterial culture to adjust its turbidity to MacFarland turbidity
standard of 0.5 (Oxoid™) (106 colony forming units per mL).

2.7.2. Disc Diffusion Bioassay

This assay was performed according to a method described by Chandrasekaran and
Venkatesalu [38] and Bhuyan et al. [37]. In brief, the freeze dried extracts were dissolved in
5% dimethylsulfoxide (DMSO) to prepare concentrations of 15 and 20 mg/mL. A volume
of 0.1 mL of bacterial inoculum was spread uniformly on Mueller Hinton agar (MHA) and
allowed to dry for 5 min at room temperature. Antimicrobial susceptibility disks (6 mm)
Thermo Scientific™ Oxoid™ were impregnated with 20 µL of extracts (concentration of
15 or 20 mg/mL) and left them drying at room temperature. A blank disc soaked with
5% DMSO commercial discs (Thermo Scientific™ Oxoid™) with ciprofloxacin (5 µg) was
set as positive and negative control reference, respectively. The discs impregnated with
extracts, positive and negative reference were placed on bacterial inoculated MHA plates
using sterile forceps. The plates were incubated at 37 ◦C temperature for 24 h followed by
the bacterial growth inhibition zone were measured.

2.8. Statistical Analysis

The RSM design was performed using a statistical software JMP (version 14), which
was applied to predict the impact and optimize the extraction parameters for MAE. JMP
was also applied to formulate an estimation model equation, create 2D counterplots, and 3D
surface profiles. To compare the predicted values with experimental results paired sample
t-test was performed using SPSS (IBM, Version 27). Different extraction methods were
compared using all pairs Tukey–Kramer HSD. The difference between the mean values is
considered statistically significant at p < 0.05. The experimental run and data accusation
was performed at least three times (n = 3). For antimicrobial studies, experimental run
performed at least three times and data accusation was performed at least nine times. The
data are represented as mean ± standard deviation.

3. Result and Discussion
3.1. Investigation of MAE Influencing Factors and Optimisation of MAE Conditions
3.1.1. Accuracy of the Polynomial Prediction Models

The RSM develops polynomial model equations, which predict the value of the
dependent variable in the response of independent variables [39]. In this study, the models
predict the extraction yield value of phenolics and antioxidant levels in the lemon myrtle
extract in response to the MAE parameters. Table 2 represents the analysis of variance
(ANOVA) results, which shows how well the prediction models are fit to predict the
extraction yield of phenolics and antioxidant capacity values in response to different
extraction parameters.



Processes 2021, 9, 2212 8 of 19

Table 2. Regression coefficients of the polynomial model and analysis of variance for the determination of model fit.

Model Parameters
Phytochemicals Antioxidant Capacity Measures

TPC TFC Pro. A FRAP CUPRAC DPPH ABTS

Intercept β0 94.08 *** 89.52 *** 101.62 *** 733.07 *** 5366.74 *** 958.67 *** 1463.13 ***

Linear term

β1 9.96 *** 10.14 ** 10.92 *** 87.12 ** 561.66 ** 107.67 * 169.41 **
β2 8.45 ** 7.91 ** 6.53 ** 64.68 ** 502.46 * 75.93 * 126.41 *
β3 7.25 ** 2.38 −2.44 140.44 *** 683.24 ** 120.08 ** −30.99

Interactions

β12 −0.86 −1.93 −1.27 −2.19 −150.47 12.06 −13.24
β13 −3.41 −3.33 −2.91 −18.34 −306.97 −92.73 −35.16
β23 2.81 0.53 −0.02 34.21 251.14 35.74 9.59

Quadratic

β11 −0.02 −1.63 −1.89 −16.29 61.34 −26.07 −37.93
β22 −5.37 −6.9190 * −5.23 * −66.59 * −112.22 −7.86 −142.08
β33 −9.35 ** −1.34 1.29 −85.81 * −481.42 * −131.1815 * −7.45

Model fitting indicators

R2 0.96 0.94 0.95 0.97 0.94 0.92 0.91
Adjusted R2 0.89 0.82 0.87 0.92 0.83 0.77 0.74
RMSE 4.337 4.7065 3.8377 41.805 359.27 79.956 96.53
Lack of fit 0.0709 0.2157 0.1415 0.4642 0.0259 0.116 0.8132
F ratio of model 13.2033 8.0893 11.34 18.99 8.53 6.24 5.34
P of model > F 0.006 0.017 0.0078 0.0024 0.0147 0.0289 0.0397

Significantly different at * p< 0.05, ** p < 0.01, and *** p < 0.001; β0: intercept; β1, β2, and β3: linear regression coefficients for time, power,
and ratio; β12, β13, and β23: regression coefficients for interaction between time × power, time × ratio, power× ratio; β11, β22, and β33:
quadratic regression coefficients for time × time, power × power, and ratio × ratio.

A high coefficient of determination R2 value, significant p-value, insignificant (p > 0.5)
lack of fit, and low root mean square error are commonly used as indicators to determine
the suitability of the prediction models [30,40,41]. The R2 value is an index of the goodness
of fit of the predicting models [42]. The ANOVA results show that the R2 values for
phenolics and antioxidant capacities range from 0.91–0.97, which represents that above
91% of the experimental data can be explained by the predicting models. The adjusted
R2 values ranged from 0.74–0.92, which also shows reliability of the models; as the R2

value above 0.70 represents a strong relationship. The significant p-values of the model
and insignificant lack of fit values (at p < 0.05) for the phenolic compounds and antioxidant
capacities further confirm the accuracy of the models. Low RMSE values further support
the model fitting. The fitted polynomial model equation for polyphenols (TPC, TFC, and
Pro. A), and antioxidants capacity (FRAP, CUPRAC, DPPH, and ABTS) are represented in
Equations (3)–(9) as follows:

YTPC = 9.95 + 8.37X1 + 0.41X2 + 13.93X3 − 0.0095X1X2 − 0.57X1X3 + 0.02X2X3 − 0.0053X1
2 − 0.0026X2

2 − 1.04X3
2 (3)

YTFC = 20.28 + 12.28X1 + 0.61X2 + 4.28X3 − 0.021X1X2 − 0.55X1X3 + 0.004X2X3 − 0.43X1
2 − 0.003X2

2 − 0.15X3
2 (4)

YPro. A = 48.39 + 12.58X1 + 0.3X2 + 0.41X3 − 0.01X1X2 − 0.48X1X3 − 0.0001X2X3 − 0.46X1
2 − 0.001X2

2 + 0.15X3
2 (5)

YFRAP = −163.04 + 92.75X1 + 3.88X2 + 140.43X3 − 0.024X1X2 − 3.05X1X3 + 0.25X2X3 − 4.07X1
2 − 0.03X2

2 − 9.53X3
2 (6)

YCUPRAC = 351.55 + 505.91X1 + 14.65X2 + 864.91X3 − 1.69X1X2 − 51.16X2X3 + 1.84X2X3 + 15.34X1
2 − 0.06X2

2 − 51.50X3
2 (7)

YDPPH = −236.93 + 175.87X1 + 0.25X2 + 233.04X3 + 0.13X1X2 − 15.45X1X3 + 0.26X2X3 − 6.51X1
2 + 0.003X2

2 − 14.58X3
2 (8)

YABTS = 506.75 + 197.95X1 + 10.76X2 + 17.48X3 − 0.14X1X2 − 5.86X1X3 + 0.07X2X3 − 9.48X1
2 − 0.7X2

2 − 0.83X3
2 (9)
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3.1.2. Influence of MAE Parameters on Polyphenols and Antioxidant Properties Yield
The regression analysis results in Table 2 show the individual, interaction, and quadratic effects

of MAE parameters on the extraction yield of polyphenols (TPC, TFC, and Pro. A) and antioxidant
capacity (measured by FRAP, CUPRAC, DPPH, and ABTS). Figure 2 also depicts the linear effects of
extraction parameters on the extraction yields. The extraction parameters linearly, positively, and
significantly (p < 0.05) affected the extraction yield of TPC. Conversely, the quadratic effects of all
three parameters on TPC yield were negative, but only the sample to solvent ratio’s influence was
significant (p < 0.05). The interaction effects of the extraction parameters were insignificant and
negative for TPC, however, the effect of the interaction of power × ratio was positive. Figure 3a–c
depicts the 3D surface profiles for interaction and quadratic effects of extraction parameters on
phenolics. For TFC and Pro. A, the radiation time and power positively and significantly influenced
the extraction yield. However, the influence of sample to solvent ratio was insignificant for both TFC
and Pro. A. There were also no significant interaction effects between MAE tested parameters on
both TFC and Pro. A yield. The quadratic effect of power was not only significantly but negatively
influential to the TFC and Pro. A content in the extract.
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g/100 mL) on TPC (mg GAE/g DW). (b) A 3D surface profile of interaction and quadratic effects of extraction parameters
(time: min; power: W; ratio: g/100 mL) on TFC (mg CE/g DW). (c) A 3D surface profile of interaction and quadratic effects
of extraction parameters (time: min; power: W; ratio: g/100 mL) on Pro. A (mg CE/g DW). (d) A 3D surface profile of
interaction and quadratic effects of extraction parameters (time: min; power: W; ratio: g/100 mL) on FRAP (mM TE/g DW).
(e) A 3D surface profile of interaction and quadratic effects of extraction parameters (time: min; power: W; ratio: g/100 mL)
on CUPRAC (mM TE/g DW). (f) A 3D surface profile of interaction and quadratic effects of extraction parameters (time:
min; power: W; ratio: g/100 mL) on DPPH (mM TE/g DW). (g) A 3D surface profile of interaction and quadratic effects of
extraction parameters (time: min; power: W; ratio: g/100 mL) on ABTS (mM TE/g DW).

The positive linear effect and negative quadratic term indicate that by increasing extraction
parameters values, higher extraction yield of phenolics will result to a certain level, then the extraction
yield will decrease when the MAE conditions exceed the optimal points.

The higher yield can be explained by the increasing solubility of polyphenols at higher tem-
peratures and increased microwave power and/or extraction time/microwave irradiation time [43].
High temperature can soften the plant tissue and increase penetration of solvent into the sample,
increasing mass transfer rate [44], it can also break down chemical bonds or reduce intermolecular
interaction that increases the solubility of certain compounds [45,46], resulting in higher extractable
compounds in the solution.

In addition, microwaves can create a pressure gradient between the inside and outside of the
plant tissues or cells and thus rupture the sample tissue and cell wall, consequently releasing more
phenolic compounds [47]. However, high temperatures can lead to the degradation of phenolic
compounds, especially heat-sensitive compounds. Therefore, exceeding optimal conditions, a lower
level of phenolic compounds was observed [48,49].

Our results reveal that higher sample to solvent ratios have lower extraction yields of phenolic
compounds. This could be explained by the saturation of phenolics in the solvent. The higher
quantity of sample requires more solvent to be immersed, thus reduces the contact between the
sample and solvent [50]. Our findings also show that the linear effect of radiation time, microwave
power, and sample to solvent ratio is positive; however, the quadratic action of the same parameters
is negative. The outcomes of this study are in agreement with previous studies on MAE of phenolics
from eggplant peel and algae reported by Doulabi et al. [47] and Dang et al. [51] respectively; who
found that the extraction yields of various phenolic groups and their antioxidant properties increase
with increasing MAE parameters (radiation time, microwave power, and sample to solvent ratio),
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then gradually declines when these parameters exceeded the optimal levels. Belwal et al. [26] also
reported similar findings of a significant positive linear effect of microwave power level and sample
to solvent ratio on the extraction yield of total phenolics and antioxidant capacities in MAE derived
extract from Berberis asiatica leaves. Their study showed that in quadratic terms, sample to solvent
ratio influences ABTS and FRAP significantly and negatively. Various effects on antioxidant capacity
and the patterns of effects can also be seen in Table 2. A 2D counter plot (Figure 2) and 3D surface
plot (Figure 3d–g) for antioxidant capacity further depicts the effects of the extraction parameter on
antioxidant capacity of the extract. In this study, the antioxidant capacity of the extract was measured
using two reducing capacity (FRAP and CUPRAC) assays and two free radical scavenging capacity
(DPPH and ABTS) assays.

Similar to phenolic compounds, the antioxidant capacities are also influenced by individual
parameters. It is likely because there is a strong correlation between phenolic compounds and
antioxidant capacities in lemon myrtle extract [6]. A positive, linear, and significant effect of all
extraction parameters on antioxidant capacity were observed; except the ratio had a negative and not
significant effect on ABTS. All the interaction effects of the extraction parameters for FRAP, CUPRAC,
ABTS, and DPPH were insignificant. The extraction parameters adversely affected the antioxidant
capacities of the extract in quadratic terms. Except for ABTS, all of the antioxidant property measures
were significantly (p < 0.05) influenced by the quadratic action of sample to solvent ratio. Quadratic
(microwave power × microwave power) also showed significant influence on FRAP and ABTS values
of the extract.

3.1.3. Optimization and Validation
Based on the RSM analysis, the predicted optimal conditions for the maximum yield of polyphe-

nols and antioxidant capacities are radiation time of 6 min, power of 70% (630 W), and sample to
solvent ratio 6 g/100 mL. Under these predicted optimal conditions, the extraction yields of TPC,
TFC, Pro. A, FRAP, CUPRAC, DPPH, and ABTS was 106.51 ± 7.32 mg GAE/g DW, 98.85 ± 7.88 mg
CE/g DW, 110.18 ± 6.43 mg CE/g DW, 852.30 ± 70.03 mM TE/g DW, 6194.44 ± 601.82 mM TE/g
DW, 1067.14 ± 133.93 mM TE/g DW, and 1594.73 ± 161.7 mM TE/g DW respectively. The predicted
optimal yields of total phenolic compounds and antioxidants were compared with the experimental
yield to validate the predicted optimal MAE conditions and justify the accuracy of the predicted
models. An insignificant difference between predicted and experimental values indicates the accuracy
of the model and validity of the optimal conditions [48,52]. Table 3 presents the outcomes of paired
sample comparison between the predicted and experimental values. The results show that there
was no significant difference between the predicted and experimental values at a significant level of
p < 0.05; which confirms the predicted optimal extraction conditions were validated successfully and
it can be applied for further extraction of phenolic compounds and antioxidant-enriched extract from
lemon myrtle leaves. The optimal yield of phenolic and antioxidant from MAE was comparable with
the extraction yields from lemon myrtle leaves using UAE reported by Saifullah et al. [6]. The TPC
and TFC yield using optimal MAE conditions was considerably high compared to the reported UAE
method; however, the Pro. A yield and antioxidant capacity values were close for both methods. The
extraction yield of phenolic compounds and antioxidants can vary according to extraction conditions
and methods.

Table 3. Validation of the predicted value for phytochemical content and antioxidant capacity.

Values (n = 3)

Predicted Experimental

TPC (mg GAE/g DW) 106.51 ± 7.32 a 108.06 ± 3.73 a

TFC (mg CE/g DW) 98.85 ± 7.88 a 101.41 ± 3.82 a

Proanthocyanidins (mg CE/g DW) 110.18 ± 6.43 a 114.23 ± 2.39 a

FRAP (mM TE/g DW) 852.30 ± 70.03 a 947.15 ± 36.37 a

CUPRAC (mMTE/g DW) 6194.44 ± 601.82 a 6395.53 ± 157.82 a

DPPH (mMTE/g DW) 1067.14 ± 133.93 a 1188.311 ± 39.17 a

ABTS (mMTE/g DW) 1594.73 ± 161.7 a 1797.17 ± 91.20 a

All the values are means ± standard deviations and the values in the same row with the same superscript letter
are not significantly (p > 0.05) different from each other.
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3.2. Comparison of the Effects of Conventional and Novel Extraction Techniques on Phenolics,
Chlorophyll, Antioxidants, and Antimicrobial Properties

The cost-effective extraction of the maximum possible concentration of compounds with the
highest bioactivity is important for natural product development industries [53]. The extraction
yield and efficiency can vary depending on the extraction methods [54]. The yield of phenolics and
their various properties (i.e., antioxidant, antimicrobial, and anti-inflammatory) are important factors
for the selection of the extraction method. In this study, we compared the extraction efficiency of
two novel and common extraction techniques, including MAE, UAE with a common conventional
extraction technique shaking SWB under their optimal conditions on the extraction efficiency of TPC,
TFC, and Pro. A, antioxidant capacity, and total chlorophyll content (TCC) (Table 4). The results show
that there was no significant difference among the three tested methods on the extraction efficiency
of TPC, TFC, and Pro. A. However, MAE has approximately 11% and 14% less extraction efficiency
for chlorophyll in comparison with UAE and SWB respectively. The difference in chlorophyll can be
explained by the influence of heat on chlorophyll [55]. In terms of antioxidant capacity, there was no
significant impact on FRAP, but SWB yields better CUPRAC, ABTS, and DPPH than MAE and UAE.

Table 4. Phytochemical and antioxidant content in the dried extract from three different extraction
methods.

MAE UAE SWB

Phenolic compounds

TPC (mg GAE/g DW) 406.67 ± 8.57 a 399.03 ± 7.65 a 398.10 ± 2.76 a

TFC (mg CE/g DW) 384.57 ± 2.74 a 381.57 ± 5.29 a 379.13 ± 7.77 a

Pro. A (mg CE/g DW) 336.54 ± 7.09 a 347.58 ± 6.85 a 347.39 ± 5.76 a

Antioxidant capacities

FRAP (mM TE/g DW) 3175.56 ± 79.39 a 3221.73 ± 158.54 a 3272.45 ± 101.46 a

CUPRAC (mM TE/g DW) 22,479.77 ± 87.89 c 23,270.17 ± 146.33 b 24,520.28 ± 154.34 a

ABTS (mM TE/g DW) 7023.99 ± 83.49 b 7040.03 ± 103.22 b 7241.42 ± 38.75 a

DPPH (mM TE/g DW) 4531.04 ± 33.02 ab 4404.50 ± 53.14 b 4645.36 ± 72.92 a

Total chlorophyll content mg/g dry
extract 1.14 ± 0.49 b 1.29 ± 0.09 a 1.33 ± 0.05 a

The values in the same row with the same superscript letter indicate no significant difference among the values at
the level p < 0.05.

We further compared the effectiveness of the extracts prepared from MAE, UAE, and SWB
techniques on the selected bacteria (Table 5). The extracts do not possess inhibitory actions against
tested gram-negative bacteria Escherichia coli and Enterobacter aerogenes. All the extracts at the
concentrations of 15 and 20 mg/mL show antibacterial activities against Staphylococcus lugdunensis
and Bacillus cereus. The bacterial growth inhibition zone size was increased with increasing extract
concentration for both bacteria. The inhibition zone for both concentrations was significantly lower
compared to the control ciprofloxacin (5 µg/disc). A similar finding was reported by Pham, et al. [56],
where they found with increasing the applied phenolic extract concentration the growth inhibition
zone also increased and the growth inhibition zone for Ciprofloxacin (5 µg/disc) was significantly
bigger than that of the extract.

The S. lugdunensis growth inhibition zone ranged from 8.83 ± 0.81–9.42 ± 0.49 mm and
10.17 ± 0.26–10.58 ± 0.38 mm for the sample concentrations of 15 and 20 mg/mL respectively. On
the other hand, B. cereus growth inhibition zone ranged from 8.75 ± 0.61–8.58 ± 0.38 mm and
9.83 ± 0.26–9.33 ± 0.26 mm for the sample concentrations of 15 and 20 mg/mL respectively. The
bacterial growth inhibition activities of phenolic compounds are influenced by the molecular struc-
ture of the polyphenol, the position of the active group, and the tested dose of the compound [57].
Polyphenols prevent bacterial growth by disrupting the function and structural integrity of mem-
branes, denaturing proteins, and altering the intercellular pH of bacteria [58,59]. Our findings are
in agreement with a previous study reported by Cock [60], who found antibacterial activities of
methanol extract of lemon myrtle against B. cereus (7.6 ± 0.3 mm) upon applying a concentration of
extract of 15 mg/mL. He also noticed 6.0 ± 0 mm growth inhibition zone for E. coli at the same extract
concentration. Alderees et al. [61] applied lemon myrtle extracts obtained using various solvents and
they found that only hexane-derived extract exhibits antimicrobial activities against E. coli. Mehmood
and Murtaza [62] reported for the same bacterial strain the growth inhibition capacity of an extract
varies with extraction solvent. The total phytochemical yield, its composition, and properties vary
with extraction solvent and conditions [28,63,64]. The antibacterial properties of the extracts prepared
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from MAE, UAE, and SWB are not significantly different. This could be due to the similarity of
phenolics and antioxidant properties in the extracts obtained from these extraction techniques.

Table 5. Antimicrobial properties of extract comparison of different extraction methods.

Bacteria

Inhibition Zone (mm) (n = 9)

MAE UAE SWB Ciprofloxacin
(5 µg/disc)

15 mg/mL 20 mg/mL 15 mg/mL 20 mg/mL 15 mg/mL 20 mg/mL

E. coli ND ND ND ND ND ND
E. aerogenes ND ND ND ND ND ND

S. lugdunensis 9.42 ± 0.49 b 10.42 ± 0.38 b 9.25 ± 0.61 b 10.58 ± 0.38 b 8.83 ± 0.81 b 10.17 ± 0.26 b 34.92 ± 0.20 a

B. cereus 8.58 ± 0.38 b 9.33 ± 0.26 b 8.75 ± 0.61 b 9.33 ± 0.26 b 8.67 ± 0.26 b 9.83 ± 0.26 b 26.08 ± 0.66 a

For individual bacterium and a specific sample concentration carrying the same superscript does not indicate a significant difference
p > 0.05. ND = not detected.

In general, the two novel extraction techniques UAE and MAE do not have significantly higher
extraction efficiency for phenolics, and chlorophyll as compared to the conventional technique using
the SWB. Their antioxidant capacity and antibacterial properties are also not significantly different. It
should be noted that MAE can be conducted with a much shorter time (6 min) than UAE and SWB
(both with 50 min). Especially, the volume of solvent for MAE is six-times less (6:100 g/mL) than
that of UAE and SWB (ratio 1:100 (g/mL). This is the advantage of MAE; however, the cost of set up
remains a major challenge for this technique.

4. Conclusions
The optimization tool RSM was applied to maximize the extraction yield of phenolics and

antioxidant properties from lemon myrtle leaves. The optimal MAE conditions generated by RSM
models were validated by the actual experiment and are: radiation time of 6 min, power of 70%
(630 W), and sample to solvent ratio 6 g/100 mL. In comparison with UAE and SWB, MAE extract
has a similar content of phenolics, antioxidant properties, and antibacterial activities. However, the
extraction time of MAE is eight-times less and the volume of the solvent used is six-times less than
those of UAE and SWB. Therefore, MAE has the economic advantage of short extraction time with
less solvent as compared to UAE and SWB. However, the cost of setting up a microwave extraction
system could be an issue on an industrial scale. Future studies are recommended to further study
the impact of MAE on extractions of major individual compounds from lemon myrtle leaves, and
compare the extraction yield with other eco-friendly novel extraction methods such as supercritical
fluid extraction and enzyme-assisted extraction.
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