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Abstract: In this study, the extraction efficiency of 3-asarone from Malaysian Acorus calamus from
Acoraceae family using conventional solvent extraction and ultrasound-assisted extraction techniques
was compared. The results showed that the ultrasound-assisted extraction technique significantly
improves the extraction yields and process feasibility without changing the structure of the active
compound, i.e., B-asarone. The extraction yield increment was found to be ~2.5-fold and ~1.6-fold
at 1:100 and 1:50 solid-to-solvent ratio, at 30% applied sonication power. The positive impact of
sonication can also be observed for both mechanistic stages of extraction, i.e., the washing and
diffusion stages, due to the favorable physical effect of acoustic cavitations. The observation was
supported by the SEM images of the plant residue. The characterization of the extract was carried
out using HPLC, NMR, UV and IR techniques. In conclusion, ultrasound assistance increases the
extraction efficiency by ~2.5-fold even at only 30% applied ultrasonic power at a 1:100 solid-to-solvent
ratio. The present study also provides an efficient and simple method for accurate direct dosing of
Acorus calamus extracts to an application.
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1. Introduction

Acorus calamus is commonly known as sweet flag, Bacha or Jerangau Putih [1]. Asarone
is a naturally occurring phenylpropanoid usually found in the Acoraceae (Acorus) and
Aristolochiacease (Asarum) plant families [2-7]. All of its variations, the «-, 3- and y-
asarone are commonly used in naturopathy due to their significant medicinal and phar-
macological values [4,5,8,9]. Amongst the proven benefits of asarone is the treatment of
various physiological disorders such as hyperlipidaemia, respiratory, circulation problems,
neurological disorders, epilepsy, Alzheimer’s and ischemia [3,5,10-12]. Asarone is also
known to relieve inflammation and gas or colic, and treatment for diarrhea, ulcers and
intestine-related issues. Moreover, asarone can act as an antidepressant, relaxant or calm
inducer, thus helping with sleeping problems and minor psychological issues. Asarone
provides quick relief due to its ability to cross the blood-brain barrier, thus directly affecting
the body’s central nervous system [13].

However, there are numerous reports on the concerns over the safety of asarone. It
was reported that prolonged exposure to A. calamus could cause toxification and excessive
vomiting [14]. It was also reported that both - and [3- asarone are cytotoxic, genotoxic and
hepatocarcinogenic [12,15,16]. Due to the reported toxicity effects of asarones, the use of
A. calamus in food and flavoring is prohibited by law in certain countries, including the
United States of America [17]. Despite the decision of certain countries to refuse the use of
asarone, there are an increasing number of studies that prove the benefits of the compound
in treating various health issues. Therefore, instead of a complete ban, some countries
introduce regulations that limit the intake of 3-asarone [9,10,18-20]. Hence, it is important
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to have an efficient and reliable method to determine accurately the amount of 3-asarone
in A. calamus to reduce the risk of toxication.

Ultrasound is known to aid the extraction process by increasing extract yield and
improving the experimental feasibility. The phenomenon of microbubble oscillation and
collapse causes the physical effect necessary to aid the extraction process. The oscillation
of the microbubbles may result in macro turbulences that could improve solute in solvent
micro-mixing. The event would also promote materials collision, thus fragmenting and
rupturing the plant material structure. On the other hand, the collapse of the microbubble
results in violent phenomena such as micro-jetting and shockwaves with extreme temper-
ature and pressure released locally. Such occurrences on the plant surface result in the
fragmentation and disruption of the material matrix, detachment and erosion of the sacs
and glands, and sonoporation that could aid the release of its active compounds bound
by the structure. Therefore, there have been many reports on the improved extraction
efficiency by ultrasound aidance. The ultrasound-assisted extraction efficiency is also
known to be affected by many experimental factors, such as material particle size [21,22]
and moisture contents [23,24]; and ultrasound parameters such as frequency, power and
sonication time [25,26].

Several studies on the extraction and quantification of asarone by HPTLC [27,28],
HPLC [29], GCMS [30,31], LC-MS/MS [32-34] and near-infrared reflection (NIR) spec-
troscopy [35] have been reported. In this study, an ultrasound-assisted extraction coupled
with HPLC analysis is developed to provide an efficient and simple method to quantify
[-asarone in the A. calamus. The effects of experimental conditions such as the size of plant
materials, solvent medium, and sonication power were investigated, while the ultrasound
reactor design was kept constant. The extraction efficiency of the ultrasound assisted
method was compared with the conventional solvent extraction method.

2. Materials and Methods
2.1. Plants Materials

In this study, dried rhizomes of Acorus calamus were obtained from Alor Setar,
Kedah, Malaysia. The rhizomes were ground to particles with size ranges from 0.05 to
0.20 cm for extraction.

2.2. Conventional Solvent Extraction of A. calamus

The processes involved during the extraction are depicted in Figure 1. An amount of
0.5 or 1.0 g of ground A. calamus was soaked in a container with 50 mL of ethanol (purity
of > 95% from Kofa Chemicals) for 30 min in a condition of with and without temper-
ature control. This makes the solid-to-solvent ratios to be either at 1:100 or 1:50 (g/mL).
The temperature was maintained using a water bath coupled with a thermoregulator at
40-45 °C. After the extraction, the ethanol extract was filtered through a 0.45 pum nylon
membrane filter (Millipore HNWP04700). The ethanol solvent in the filtrate was then
removed under reduced pressure and the dried crude extract was stored at room tem-
perature. The experiment was performed in triplicates. Isolation and purification were
extensively carried out on the crude extract using column chromatography (CC; 10 g silica
gel 60, 0.040-0.063, Merck, Darmstadt, Germany; chloroform:hexane (1:1), 500 mL) and cen-
trifugal thin layer chromatography (CTLC; Silica gel 60 PF,54 containing gypsum, Merck,
Darmstadt, Germany, 2 mm thick; chloroform:hexane (1:1), 250 mL). Both techniques were
repeated until a single spot in TLC was obtained. The purified (3-asarone was then charac-
terized using NMR, IR and UV-spectroscopy for identification confirmation. The extracted
ground rhizome was air-dried for microscopy analysis. The extraction process was car-
ried out in a fume hood. However, throughout the processes, the strong distinct smell of
[3-asarone can be immediately detected and lingers. Mask and gloves were used during the
whole extraction process to reduce the risk of 3-asarone intoxication.
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Figure 1. The (a) ultrasonic-assisted and (b) conventional solvent extraction processes in obtaining

the pure asarone from A. calamus rhizome.

2.3. Ultrasonic-Assisted Extraction of A. calamus

The ultrasonic-assisted extraction was carried out for similar solvent volume, time,
replication and solid-to-solvent ratio as the conventional solvent extraction method.
The ultrasound unit used was a 20 kHz ultrasonic probe (Qsonica Q500, Qsonica LLC.,
Newton, NJ, USA) with a tip diameter of 1.0 cm. The probe was immersed and main-
tained at 1.0 cm below the solvent surface throughout all experiments. This is shown in
Figure la above. The sonication power was varied at 30, 5, and 70% with power den-
sities of 471.2 Wdm™3, 981 Wdm 3, and 1571.6 Wdm 3, respectively. The subsequent
processes are similar to the conventional method.

2.4. Characterization

The NMR spectra data were obtained from a 400 MHz Bruker AVANCE III spec-
trometer with chemical shifts (8) expressed in ppm and TMS as an internal standard in
CDCl3. The coupling constants (J) are reported in Hz. The UV measurement was carried
out using ethanol solvent with UV-Vis spectrophotometer (Shimadzu, UV-1800, Shimadzu
Corporation, Kyoto, Japan). The IR measurement was carried out on the Perkin-Elmer RX1
FT-IR (Perkin Elmer, Waltham, MA, USA) spectrophotometer using the thin film method
with NaCl cell. HRMS data were obtained from an Agilent 6530 Q-TOF (Agilent Technolo-
gies, Santa Clara, CA, USA) mass-spectrometer coupled with an Agilent 1200 series Rapid
Resolution LC system (Agilent Technologies, Santa Clara, CA, USA). All characterization
was performed with the extracted (3-asarone.

The physical structures of the rhizomes before and after being treated with both
ultrasound-assisted and conventional extraction were observed under a field emission
scanning electron microscope (FESEM, Hitachi SU8220, Hitachi High-Tech Corporation,
Tokyo, Japan). Samples were uncoated and observed under 1 kV.

2.5. HPLC Analysis

The kinetic study of the extraction process was carried out using HPLC to quantify the
amount of 3-asarone from the extracts obtained from Section 2.2, while the calibration curve
was constructed using the purified 3-asarone in the present study. The compound was
dissolved in 1.5 mL of methanol (HPLC grade) and passed through a 0.45 um membrane
filter. HPLC analysis was performed on Agilent’s HPLC system equipped with 1290 Infinity
Binary pump and autosampler injector, Agilent Poroshell 120 C18 column (4.6 x 50 mm,
2.7 um), and PDA detector. Sample volume was 1 uL and eluted using mobile phase of
methanol: MiliQ water (90:10, v/v), delivered at a flow rate of 0.4 mL/min. Detection was
carried out at 260 nm. The analysis was carried out in triplicates. The HPLC spectrum of
[-asarone at 260 nm is shown in Figure 2. A calibration curve of the pure 3-asarone was
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developed with its concentration range of 10-200 pug/mL (Figure S1 of SI). The calibration
curve was used to determine the extract yield (Y;). The Y; data were subsequently used for
kinetic modelling calculation.
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Figure 2. The HPLC spectrum of 3-asarone (1.7 min; >95% purity).

2.6. Kinetic Modeling

The -asarone extraction progress plot was fitted according to the So and MacDon-
ald’s model [36]. The kinetics equation that describes the extraction process is given as
Equation (1).

Ye=cw [l —e wT+ca [l —e 4] (1)

where Y, is the amount of solute extracted at any given time (ug/mL), ¢y is the amount
of solute extracted in the solvent during the washing step, ki, is the rate of extraction
during the washing step (min~1!), cq is the amount of solute extracted in the solvent
during the diffusion step and k4 is the rate of extraction during the diffusion step (min~1).
All experiments were performed in triplicates and the results were expressed as mean
value =+ standard deviation. The statistical analysis of the model was carried out using
JMP 15 and Excel 2016.

3. Results and Discussions
3.1. Characterization of B-Asarone

In this study, the extraction of the volatile $-asarone oil was carried out from
the A. calamus rhizomes using two techniques—the conventional solvent extraction
and ultrasound-assisted extraction techniques (Figure 1a,b). The major component of
the extract and the focus of this study, 3-asarone or 1,2,4-trimethoxy-5-(prop-1-en-1-
yl)benzene is shown below in Figure 3a. The UV spectrum showed three absorption
maxima at 302, 252 and 203 (Figure 3b). The IR spectrum indicated the presence of
methyl group C-H stretch (2936 cm™!), aromatic ring C-C stretch (1608, and 1508 cm 1)
and ether C-O stretch (1203 cm~!) functional groups (Figure 3c). The m/z is found to be
209.0954 [M+H]* (caled. 209.1172) (Figure 3d).

The purified B-asarone was further characterized by 'H and '3C NMR spectra. Both
spectra are shown in Figure 4. The 'H NMR spectrum displayed eight proton signals. Of
the eight proton signals, two signals were observed as a doublet of doublet (dd) at $H
6.46 and 1.82, one signal was observed as multiplet (m) at $H 5.74 and the other five signals
were observed as singlet (s) at H 6.82, 6.51, 3.87, 3.81 and 3.78. The COSY, DEPT, HSQC
and HMBC spectra are provided as Figures S2 to S5 in the SI. The COSY spectrum indicated
the partial structure -CH=CH-CH3, corresponding to C(7)-C(8)-C(9), hence suggesting
the presence of the aliphatic chain substituted at the aromatic rings system. The 13C
NMR spectrum showed the presence of an sp? primary carbon, three sp® methoxy carbon,
four sp? tertiary carbon and four sp? quaternary carbon signals. The carbon signals at
dC 56.12, 56.50 and 56.66 indicated the presence of three methoxy carbon, while the $H
14.70 suggested the presence of an sp? primary carbon. The experimental spectroscopic
data (NMR, UV, IR and MS) of 3-asarone are similar to the values from the literature [7].
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Figure 3. (a) The chemical structure, (b) UV, (c) IR and (d) HRMS spectra of 3-asarone.

The HPLC spectrum of (3-asarone at 260 nm (Figure 2) showed two peaks at 1.7 and
2.1 min. The characterization of purified 3-asarone is crucial as it is used as a reference for
the kinetics study.

3.2. The Kinetics of Ultrasonic-Assisted Extraction of A. calamus

The ultrasound-assisted extraction was carried out to improve the extraction of 3-
asarone from A. calamus. The increasing [3-asarone yield of extraction upon sonication
duration of 30 min for 1:100 and 1:50 solid-to-solvent ratios are shown in Figures 5 and 6,
respectively for sonication power of 30 (A), 50 (x), 70% (0J); and in the absence of sonication,
with the presence of temperature (O) and without (¢). The extract yield was calculated
from the calibration curve of the purified 3-asarone constructed using HPLC technique as
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shown in Figure S1 in SI. The lines in the figures were plotted with the calculated values
modelled according to Equation (1).

(a)

7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20  ppm

(b}
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Figure 4. (a) 'H-NMR (CDCls, 400 MHz) and (b) 13C-NMR (CDCl;, 100 MHz) spectra of asarone.

The extraction progress plots revealed the typical trend of the extraction curve com-
monly observed. The curves are described by the two important mechanistic stages during
extraction—the washing and diffusion mechanism [36]. Washing refers to the initial stage
of extraction where the volatile oil is relatively easier to be washed out and is usually
characterized by the rapid increase in the extraction plot. The high rate of extraction is
due to the location of the active compounds at various sites of the plant matrices. As
the samples are soaked in the medium, the solvent pervades into the plant matrices and
solubilized the easily accessible solutes, washing them out. The affected solutes in this
stage are those located near the surface or originally adsorbed on the surface of the matrices.
Therefore, the more compounds available on the surface, the higher the rate of the washing
mechanism. On the other hand, the solutes located in the interior or enclosed within the
structure of the plant matrices will only be diffused out by the solvent diffusion process.
The diffusion process represents the later stage of the extraction plot where the increment
of extract yield happens at a slower rate, even though the two stages in the mechanism
work in different manners, simultaneously. Thus, the two processes cannot be completely
distinguished in the discussion. However, the domination of one process over the other is
clearly evident in the plots shown in Figures 5 and 6. The rapid increase in yield extract
within ~ the first 10 min of the extraction indicates the dominance of the washing stage
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over the diffusion stage, whilst the slow increment of the extract yield that follows indicates
the dominance of the diffusion stage over the washing stage.

Yield/(ug/g)

0 | LI T T T T T T T T T T
0 10 20 30

Time/min

Figure 5. The extraction progress plot of $-asarone at solid-to-solvent ratio 1:100 with sonication
power of 70 (O0), 50 (x), 30% (A), and in the absence of sonication, with the presence of temperature (O)
and without (0). The lines were plotted with the calculated value according to Equation (1) for
sonication power of 70 (dashed line), 50 (dotted line), 30% (straight line), and in the absence of
sonication with the presence of temperature (dash-dot line) and without (long dashed line).

To kinetically explain the 3-asarone extraction yield during the washing and diffusion
stages, the progress of extraction is fitted to the So and MacDonald’s model as shown in
Equation (1). The washing rate coefficient is kinetically depicted by k,, values, and the
diffusion rate coefficient is depicted by kq values. The extract yield, Y; of the extraction in
the presence and absence of ultrasound aid is also shown in Table 1 below.

Before we delve into the effect of ultrasound assistance, a quick look at the extract yield
in Table 1 showed a higher amount of extract yield at 1:50 as compared to the 1:100 solid-
to-solvent ratio. This indicates that extracting 1.0 g of Acorus calamus in 50 mL of ethanol
is practical even though it was initially doubted during the experiment. This is because it is
known that a larger solid-to-solvent ratio results in a higher concentration gradient, thus
allowing more solvent penetration into the material [37]. Therefore, the lower amount of
ground A. calamus, the higher surface contact between plant material, and hence the greater
the improvement of the extraction yields. The larger amount of 3-asarone extracted at
a higher solid-to-solvent ratio (1:50) proved that having 1.0 g of ground A. calamus in 50 mL
of ethanol is efficient and suitable for further investigation in this study. It is also notable
to mention that -asarone has good solubility in ethanol at 50 mg/mL [38]. A higher
solid-to-solvent ratio effect than 1:50 was not explored in this study:.
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Figure 6. The extraction progress plot of 3-asarone at solid-to-solvent ratio 1:50 with sonication power
of 70 (O0), 50 (x), 30% (A), and with the presence of temperature (O) and without (). The lines were
plotted with the calculated value according to Equation (1) for sonication power of 70 (dashed line),
50 (dotted line), 30% (straight line), and in the absence of sonication with the presence of temperature
(dash-dot line) and without (long dashed line).

Table 1. The extract yield, Y of the extraction in the presence and absence of ultrasound. The values
of cw, kw, cq and ky.

id-to- P Extract Yield
Solid .to Sf)lvent Sonlcactl?)n ow 103 K ca 103 Iy
Ratio (gmL) Power € (%) f Y; (ug/g)

30 5.869 + 0.024 2.860 + 0.128 633 £+ 28 3.071 +0.110 120+ 6
50 5.867 + 0.029 3.222 +0.132 816 £ 36 2.657 +£0.116 142 +£9
1:100 4@ 70 5.532 + 0.029 3.099 + 0.125 852 + 39 2.439 + 0.111 146 + 10
dor 3.948 + 0.015 1.833 £ 0.086 569 + 25 2.179 + 0.073 112+ 6

€0 2.352 + 0.015 2.049 + 0.109 273 + 49 n.a. n.a.
30 5.617 + 0.030 3.176 - 0.128 870 £ 40 2444 +0.114 148 + 10
50 5.511 + 0.033 3.378 + 0.135 1055 + 52 2.120 +£0.122 168 + 14
1:50 b 70 6.089 + 0.031 3.338 + 0.136 813 + 136 2.765 + 0.120 141 +9
dor 5.039 + 0.015 2.182 + 0.111 485 + 21 2.992 + 0.092 100 &5

€0 3.491 £ 0.015 3.245 + 0.207 148 £+ 27 n.a. n.a.

n.a.—Not available; ? 0.5 g of ground A. calamus in 50 mL of ethanol; b10 g of ground A. calamus in 50 mL of
ethanol; ¢ The power percentage from the total power of 500 W ultrasonic unit; ¢ The extraction was carried out in
the absence of ultrasound assistance at 40-45 °C; ¢ The extraction was carried out in the absence of ultrasound
assistance at ambient temperature; f The yield of $-asarone per gram of A. calamus.

That the extract yields (Yt) of the 1:50 conventional experiments are higher than that of
1:100 conventional is due to a larger amount of A. calamus being used in the 1:50 experiment
(1.0 g) than the 1:100 experiment (0.5 g). It is also interesting to note that the kw of both
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heated and non-heated 1:50 and 1:100 experiments are very low, while the ky value for
non-heated conventional extraction was too low for determination. This shows that in
non-heated conventional extraction, the extraction process was in the washing stages
in which -asarone was extracted slowly from the plant surface. As expected, heated
non-conventional extraction increases the extract yields (Yt) when compared to the non-
heated experiments, i.e., ~1.7-fold for 1:100 and ~1.4-fold for 1:50 experiments. However,
caution needs to be exercised for heated conventional extraction as 3-asarone is known to
be volatile.

The extraction yields of (Yt) Increase substantially when sonication power was applied
for all experiments. The largest increase (2.5-fold) was observed in the 30% sonication
power to 1:100 solid-to-solvent ratio experiment. This shows the advantages of applying
sonication in the extraction process.

The results in Table 1 showed a slight increase in extract yield (Y;) (30% and
50% ultrasound power) in the solid-to-solvent ratio 1:100 experiment when compared
to that of the 1:50 experiment, indicating the dominant effect of a higher concentration
gradient due to lower solid-to-solvent ratio [37]. However, at 70% ultrasound power, the
higher solid-to-sample ratio experiment (1:50) gave a higher extraction yield, indicating
the favorable application of ultrasound-assisted extraction in a higher solid-to-solvent
ratio. However, it was observed that the variation in ultrasound power does not exert
much difference on the extraction yield. This observation proves that efficient energy
processing can be achieved even at low sonication power for small-scale extraction of
[-asarone from A. calamus.

Using the kinetic model as represented in Equation (1), we can further analyze the
effect of sonication upon the washing- and diffusion-dominance stages of extraction. It
was interesting to note that for the 1:100 solid-to-solvent ratio, the rate of washing stage
(kw) increment was very dependent on the sonication power used. The increments were
~1.5-fold (852/569 x 1073), ~1.4-fold (816/569 x 10~3) and ~1.1-fold (633/569 x 10~3) for
70%, 50% and 30% ultrasound power applied, respectively. The same trend was observed
for the 1:50 solid-to-solvent ratio condition with increments of ~1.6 (815/485 x 1073,
~2.2 (1055/485 x 1073), and ~1.8 (870/485 x 10~3) for 70, 50 and 30% ultrasound power
applied, respectively. Such observation implies the significant ultrasound influence on the
washing stage during the extraction process. Further discussion on the physical effect of
sonication on the washing mechanistic stage will be presented in the following section.

A similar trend was observed for the rates of diffusion stage (kq). For the 1:100 solid-
to-solvent ratio, the kg were found to increase by ~1.3-fold (146/112 x 10~3), ~1.3-fold
(142/112 x 103) and ~1.1-fold (120/112 x 10~3) for 70, 50 and 30% ultrasound power
applied, respectively. For the 1:50 solid-to-solvent ratio, the kg were found to increase by
~1.4-fold (141/100 x 1073), ~1.7-fold (168/100 x 1073), and ~1.5-fold (148/100 x 10~3)
for 70, 50, and 30% ultrasound power applied, respectively. This could also represent the
ability of ultrasound to positively influence the diffusion process.

3.3. The Physical Effect of Sonication in UAE

The extract of the ultrasound-assisted process was subjected to isolation, purification
and characterization similar to the extract from conventional solvent extraction. The
extraction product including {3-asarone was found to be the same, confirming that the
ultrasound process does not change any of the compound structure. Therefore, it is safe
to deduce the qualitative characteristics of A. calamus extract, including its biochemical
activity is impervious to ultrasound irradiation in this study. The significant efficiency
increase in the extraction is due to the physical effect of sonication.

There have been many reports on the physical effect of ultrasonication during the
extraction process [26,39—-41]. In this study, similar effects were observed from the SEM
images. The dried A. calamus rhizomes (Figure 7a) were ground to uniform sizes as shown
in Figure 7b. The SEM images of the ground samples are shown in Figure 7c,d with their
usual matrix characteristics such as fibers secretion, and oil sacs. The active compounds of
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the plants are available on the surface or exterior of the matrices, as well as enveloped in
the oil sacs.

Ly
- 240003.1.0kV 12.0mm x1"00K'SE(L

Figure 7. The (a) dried and (b) ground A. calamus samples. (c,d) are the plant matrices with visible
structures of fiber and oil glands at 1000x magnification.

During the solvent extraction process, the active compounds available on the plant
matrices are extracted mostly via the washing mechanism, whilst the active compounds in
the oil sacs are extracted by the process of diffusion. This is clearly visible in the SEM images
of the A. calamus residue after solvent extraction, as shown in Figure 8. The secretion or oil
glands are now depleted and flattened. The diffusion process induced by the solvent has
caused the sacs to be emptied. However, the plant structures are still well intact, without
any significant rupture or damage.

2 )-g :
' collapsed oil

Figure 8. The SEM images of the A. calamus residue after the solvent extraction process. Both images
(a) and (b) shows the collapsed oil glands at different magnifications after the active compound is
extracted. Image (a) was taken at 3000 x magnification and image (b) at 1000x magnification.

The SEM images of plant residue upon ultrasound-assisted extraction were also
taken to compare the impact of sonication on the plant structure. By a quick look at the
four images in Figure 9 and comparing them to the images in Figures 7 and 8, it can be
clearly seen that the plant structures are heavily impacted by the process of sonication.
Sonication results in acoustic cavitation, in which the formation and growth was by rectified
diffusion, and the collapse of microbubbles. The process leads to high shear forces in the
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media. The implosion of microbubbles on a plant matrix results in micro jetting which
generates effects such as particle breakdown or formation of pores [39]. Many of the cell
walls are ruptured, therefore also breaking the sacs and cells. The strong agitation from
microbubble oscillation and implosion could result in the fragmentation of the structures
into smaller pieces, thus increasing the surface areas for contact with the solvent, thus
improving the extraction efficiency. The damages of sonofragmentation effect can be seen in
all four pictures; an example is in Figure 9a. Sonofragmentation effect can be seen resulting
from bubble collapse, as well as the collision of the particles during ultrasound-induced
streaming. The surface of the plant matrix had also been eroded by the physical action of
ultrasound, as seen in Figure 9b. The visible impact of erosion is due to the release of solid
structures into the solvent [26]. These are among the physical impacts of sonication that in-
crease the extraction during the washing mechanism by decreasing the diffusion boundary,
thus accelerating mass transfer to the solvent phase [42]. The effect of sonoporation can
also be seen in Figure 9c. The pores formed are due to the microbubble implosion on the
surface of the structure. The pores will increase the membrane permeability, which in turn
discharges the active compounds [43]. The ultrasound-induced maceration is also evident
in Figure 9d. The sacs were seen to be attached at the surface of the rhizome but pushed
deeper into the surrounding structure. The ultrasound-induced maceration is caused when
the microjet generation from microbubble implosion jets directly towards the sacs, thus
pushing the sac deeper, yet, releasing the oil into the surrounding [44].
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Figure 9. The SEM images of the A. calamus residue after the ultrasound-assisted extraction process.
The images are evidence of physical impact from ultrasound due to (a) fragmentation, (b) erosion,
(c) sonoporation and (d) ultrasound-induced maceration.

The assistance of ultrasound also happens at a bigger scale. The oscillation of the
microbubbles results in microstreaming which causes turbulence and disruptions to the
solid samples, thus facilitating the mixing around the solvent, as well as enhancing the
mass transfer [39]. The alternating compression and rarefaction ultrasound waves will
also induce a sponge effect on the system. Apart from that, the implosion of the microbub-
bles will also increase the temperature during extraction. This mimics and improves the
necessary factor as in the conventional solvent extraction.

4. Conclusions

In this study, 3-asarone was successfully extracted from a species of A. calamus found
in the northern part of Malaysia. The extraction was carried out using two techniques—the
conventional solvent and ultrasound-assisted extraction at different solid-to-solvent ratios
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and sonication powers. The extraction yields were quantified using the HPLC technique.
The results allowed detailed quantitative analysis of the naturally occurring (3-asarone,
as well as providing a foundation for the evaluation of the two extraction techniques’
efficiency. It was found that sonication can improve extraction efficiency and processing
feasibility even at low power. The chemical structure of 3-asarone was not affected by the
sonification process, thus preserving the benefits of the compound (3-asarone.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app122111007/s1, Figure S1: Calibration curve of the pure 3-
asarone; Figure S52: COSY Spectrum of (-asarone; Figure S3: DEPT-135 Spectrum of (3-asarone;
Figure S4: HSQC Spectrum of (3-asarone; Figure S5: HMBC Spectrum of 3-asarone.
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