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Abstract

Herbal plants comprise potent bioactives, and they have a potential for the development of functional foods. Ultrasonica-
tion technology can be used to enhance the efficiency and quality of these bioactivities. The present review discussed the
ultrasound-assisted novel extraction technologies (supercritical carbon dioxide (CO,) and high pressurized liquid), including
mechanistic understanding, influencing factors, extract process efficiency, and the recovery of bioactives with an industrial
perspective. The strong observations of this study are the novel ultrasound-induced extraction process variables, such as
ultrasound amplitude, sonication time, temperature, solid-solvent ratio, and pressure, are significantly influenced and must
be optimized for maximum recovery of bioactives. The novel green technologies (ultrasound and assisted) could remarkably
improve the extraction efficiency and enhance the quality of green extract. This review will support technological under-
standing about the impact on process parameters for the extraction of bioactives for the development of functional foods

and nutraceuticals.
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Introduction

Herbal plants always played an important role in the main-
tenance of health, well-being, and everyday life of a popu-
lation worldwide. Throughout the centuries, herbal plant
leaves, stems, flowers, seeds, berries, and roots were used
for healing and maintenance of different compulsive condi-
tions, as well as in the pharmacological preparation of vari-
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herbal plants and their value-added products are in huge
demand. The value was estimated to be 60 billion (USD) in
2010; however, it is predicted to attain 5 trillion (USD) by
2050 (Zahra et al., 2020). Moreover, 80% of the global popu-
lation quest for herbal drugs to treat their primary health
disorders as per the WHO (World Health Organization). The
presence of bioactives, which have potential biological ben-
efits are phytochemicals (i.e., polyphenol, flavonoids, alka-
loids, polysaccharides, carotenoids, azadirachtin content,
aloin, ginsenosides) and has a significant positive impact
on human health, such as, antimicrobial, antioxidant, anti-
inflammatory, anti-allergenic, antithrombotic, neuroprotec-
tive, and vasodilatory characteristics (Santos et al., 2021).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-023-01346-6&domain=pdf
http://orcid.org/0000-0003-0818-6834

1764

M. Islam et al.

Moreover, most of the underdeveloped nations were greatly
relying on traditional plant-based therapies because the
pharmaceutical-based drugs are expensive (Chatterjee and
Ghosh., 2020). However, an incredible number of medici-
nally active herbal plants are notably higher in bioactives,
which will have a synergistic effect on the human body to
deliver unique medicinal properties with limited adverse
side effects. The common herbal plants containing bioac-
tives are: tulsi, neem (Bhuyan, 2019), ashwagandha (Tsaltaki
et al., 2019), rosemary (Munekata et al., 2020), thymus fon-
tanesii (Nabet et al., 2019), eucalyptus (Palma et al., 2021),
turmeric root (Raheem et al., 2023); coriander (Senrayan &
Venkatachalam, 2019), etc.

As these plants are abundantly available and inexpen-
sive, the extraction and value addition of the bioactives from
herbal plants is one of the primary investigative areas for
the nutraceutical, pharmaceutical, and cosmetics industries
in modern times. However, many bioactive chemicals that
may be utilized to produce functional or value-added food
products are lost due to the lack of effective extraction tech-
niques. Conventional extraction methods including infu-
sion, reflux, maceration, percolation, and soxhlet extraction
typically require a large amount of organic solvent and are
associated with low extraction yield and prolonged extrac-
tion time (Zhang et al., 2018). Whereas non-conventional
extraction methods involve ultrasound-assisted extraction
(UAE), supercritical-fluid extraction (SFE), accelerated
solvent extraction (ASE), and microwave-assisted extrac-
tion (MAE), have been well recognized as environmentally
friendly and efficient methods for the extraction of natural
bioactives (Zhang et al., 2018). It has been observed that
novel-extraction methods have some drawbacks, which
include large capital investment in supercritical fluid extrac-
tion, requirement of high temperature in accelerated solvent
extraction, and poor extraction efficiency for microwave-
assisted extraction when the solvent and target compound
are non-polar (Kunene and Mahlambi., 2023; Yusoff et al.,
2022). However, UAE offers benefits such as lower extrac-
tion time temperature, energy consumption, and preservation
of extract quality.

To the best of our knowledge, there are some good
reviews regarding the UAE of bioactive compounds form
spices (Rao et al., 2021a, 2021b), and food and natural prod-
ucts (Chemat et al., 2017a, 2017b). Additionally, Yusoff
et al., (2022) reviewed the UAE technology for extraction
of bioactives from the plants and mainly focused on the UAE
alone with optimization of extraction condition. However,
the present review focusing on ultrasound assisted novel
technologies (i.e., supercritical fluid extraction and pressur-
ized liquid extraction) based extraction of bioactives from
commonly available herbal plants which is not been previ-
ously explored. In this regard, the current review intends
to discuss the comprehensive and up-to-date overview on
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the various technological aspects of UAE with mechanis-
tic understanding, critical factors affecting, and various
bioactives.

Mechanistic understanding of ultrasonication
technology

UAE technology has been acclaimed as a green and inno-
vative technique as it enables the scope of utilizing green
solvents by replacing traditionally used organic solvents.
The physical and biochemical impacts of UAE are aligned
according to its frequency range, for example, physical
effects could dominate at lower frequencies (20-100 kHz),
while the chemical effects at 200 to 500 kHz; however, the
acoustic streaming impacts were found at higher frequencies
(> 1 MHz) as reported by Rao et al., (2021a, 2021b). The
ultrasonic equipment was designed based on the piezoelec-
tric transducer to treat solid materials in liquid media, such
as ultrasound-based probe sonicator (direct application) and
ultrasonic bath (indirect applications) as shown in Fig. 1(A)
(Kumar et al., 2022). Ultrasonic water baths or cleaners have
been used extensively for cleaning, sanitation, and extraction
purposes in pharmaceutical, cosmeceutical and ornamental
industries. It consists of a transducer, a tank, a heater, and a
time and temperature probe as shown in Fig. 1(B). Indirect
sonication is most effective for a small amount of sample
because foaming and losses of bioactives are eliminated,
and the sonication bath has the advantage of non-invasive
exposure to keep the sample intact and to ensure a more
uniform distribution of US intensity in the sample liquid
(Wu, 2019). On other hand, the ultrasonic probe is the most
frequently used direct sonication method where an ultrasonic
probe tip is directly transferred US intensity to the test sam-
ple (Mikheev et al., 2021). It shows higher efficiency and
significantly reduces the extraction time as compared to an
ultrasonic bath as in a probe system, ultrasonic energy is
intensified in a particular zone creating a higher cavitation
effect (Low et al., 2022).

Ultrasound waves are made up of a series of compres-
sion and rarefaction cycles (high and low-pressure regions),
which can propagate through a solid, liquid, or gaseous
medium, causing the molecules to be dislodged and dis-
placed from their starting positions leading to the generation
of immense energy (Pandiselvam et al., 2022). Moreover,
the rarefaction cycle overcomes the attraction forces of the
liquid molecules when negative pressure is applied at a high
intensity, and the cavitation bubbles emerges (Dash et al.,
2021; Rao et al., 2021a, 2021b). Many compression and rar-
efaction cycles of sonication generate stable cavities, which
are long-lasting gas bubbles, while ephemeral cavitation or
inertial cavitation bubbles exist for a very short time, often
lower than a single cycle, and then disintegrate violently
(Dong et al., 2020). On a microscopic scale, thousands of
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bubbles will form in a liquid; some are relatively stable,
while others develop to an unsustainable level and increase
temperatures and pressures over 5000 K and 1000 atm
respectively (Pandiselvam et al., 2022; Rao et al., 2021a,
2021b). Acoustic cavitation can result in various phenom-
ena of modifications in the cellular matrix of plants, such
as cellular tissue fragmentation, shear force, cell erosion,
enhanced absorption, formation of pores, and slightly dimin-
ishes in the swelling index (Vernes et al., 2019). Moreover,
cavitation also generates microjets, shock waves, and tur-
bulence which in turn induce the changes in the plant tis-
sues and accelerates the extraction yield (Rao et al., 2021a,
2021b; Pandiselvam et al., 2022). Also, ultrasound induces
alterations in temperature and pressure through implosions,
resulting in shear disruption, thinning of cell membranes,
and subsequent cell destruction, leading to an increase of
solvent infiltrate within the cells matrices (Malakar et al.,
2023).

Generally, three types of effects are commonly observed
in cavitation phenomena such as thermal, chemical, and
mechanical. In the last century, the chemical effects of
ultrasound were extensively studied due to their significant
impact on extraction phenomena. The degradation of target
compounds occurs mainly due to the chemical effect of the
cavitation process which might be due to the production of
free radicals at a higher frequency (Gavahian et al., 2022).
Mechanical effects are responsible for the extraction of
bioactive compounds from vegetal tissue, following into a
two-stage phenomenon. Correspondingly, mechanical effects
help to penetrate the solvent into the matrix through the cell
wall so that it shows disruption of the acellular matrix and
reduction in particle size (Deng et al., 2022). Therefore,
the solution diffuses quickly from the plant tissues to the
solvent with an increased mass transfer across the plant
membranes, and this action continues till the equilibrium
attains (Rao et al., 2021a, 2021b). UAE associated with the
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suitable solvents applied to the target bioactives is a compli-
cated process involving mass transfer and chemical reactions
that influence the yield and biological activities. The mass
transfer phenomenon happens because of sonication which
is directly linked with the ultrasound energy and frequency
(Tamidi et al., 2021). In direct ultrasonication systems, the
ultrasound probe comes into direct contact with the sam-
ple. To prevent further damage to the vessel’s wall and to
reduce the deprivation of ultrasonic intensity, it should have
a minimal gap between the vessel and the probe (Yusoff
et al., 2022; Rao et al., 2021a, 2021b). The system consists
of three components: the transducer, the amplifier, and the
probe. For the extraction of bioctives from natural products,
the piezoelectric transducer is the most commonly utilized.
Because of its corrosion resistance and ability to withstand
greater temperatures, titanium is the most utilized mate-
rial in US probes (Chemat et al., 2017a, 2017b; Rao et al.,
2021a, 2021b).

The most difficult aspect of any ultrasound-assisted sys-
tem is the design of the extraction cell, which results in a
deprivation of ultrasonic power. In case of a bath type soni-
cation, the thick walls of the extraction cell must bear the
pressure, which attenuates the ultrasonic waves from the
transducers, limiting the impact that reaches the extraction
medium efficiently (Taha et al., 2022). Furthermore, the
vibrations in ultrasonic bath must pass through the thick
walls of the pressured vessel. The ultrasonic probe, on the
other hand, can be placed in the pressurized vessel and come
into direct contact with the sample (Yusoff et al., 2022).
Furthermore, other factors affecting ultrasonic efficiency
include pressure, temperature, sample size, transducer
form, generator capacity, and the type of material (Singla
and Sit, 2021). The ultrasonic amplitude also has an indi-
vidual impact on almost all responses such as TPC, TFC,
naringin content during extortion of bioactive compounds
from grapefruit peels (Islam et. al., 2023b). However, the
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sonication time had only a significant effect on the TPC and
the antioxidant activity performed by the FRAP assay. In
many circumstances, the only information offered about the
ultrasound equipment's operation is the amount of electrical
energy supplied. The characterization of acoustic fields is
a complex process due to the increased surface area of the
sonicator, design of the reactor, and the uniformity of the
acoustic field. (Yusoff et al., 2022; Rao et al., 2021a, 2021Db).

Ultrasound-assisted novel technologies

Green and environment-friendly techniques, which can
improve extraction yields, and lowers energy usage and
solvent with faster heat and mass transfer, have become
increasingly popular in recent decades (Rao et al., 2021a,
2021b). To achieve a better balance among the production
costs, product quality, and solvent usage, UAE-assisted
novel (microwave, pulsed electric field, pressurized liquid,
and supercritical fluid)/Novel assisted UAE technologies
would be a reasonable approach. Among these, UAE has
been broadly utilized to enhance high-pressure extraction
procedures, but on a much lesser scale due to practical con-
siderations. The acronym UAE-assisted high-pressure tech-
nologies (i.e., pressurized and supercritical fluid extraction)
is cited in this article to refer to high-pressure techniques
intensified with ultrasonication approaches. The use of UAE
with high-pressure technologies (supercritical and pressur-
ized liquid extraction) is new, but it has shown significant
potential in improving natural product extraction, with appli-
cations in a variety of fields (Zabot et al., 2021). The systems
consist similar to those used in UAE with supercritical fluids
extraction in concept, using probes and baths to propagate
ultrasound waves in the extraction solvent medium is high-
lighting among the various configurations used, as shown in

Fig.2 Schematic diagram
of ultrasound-assisted super-
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Fig. 2. The most frequently used ultrasound type equipment
for UASEF is water bath (US bath) or ultrasonic transducer
coupled with probe (US probe). A stainless-steel extractor
cell where the US probe was in direct contact with the sam-
ple. A glass wool layer and a filter in extremities to avoid
blocking the extraction line, and two layers of glass beads to
complete the volume of the cell. A CO, cylinder from where
the CO, is emitted and mixed with the solvent, finally its
mixture is entered in the stain-less extraction chamber. The
output solvent and solute were separated through a sepa-
ration chamber and CO, is again recirculated for the next
extraction cycle (Koubaa et al., 2018).

Ultrasound-assisted supercritical carbon dioxide
(CO,) based extraction technology

The ultrasound-assisted supercritical carbon dioxide
(CO,) technology is a potent role in the enhancement
of the extraction process that ensured effective and safe
extraction assists in the substitution of versatile solvents
and provides lower energy consumption (Koubaa et al.,
2018). In this context, SFE combined with UAE (UASFE)
is a unique and environmentally friendly technology that
has gotten a lot of attention. The goal of utilizing UAE is
to soften and break down seed walls to allow supercriti-
cal fluids to penetrate the seed matrix more easily, lead-
ing to faster dissolution and oil extraction (Yang et al.,
2020). UAE causes cell content leaking by disrupting the
cell walls of plant seeds with repeated ultrasonic waves.
In an aqueous solution, such waves form bubbles, and
the breaking of these bubbles produces energy powerful
enough to damage the seed cellular wall tissues (Senrayan
& Venkatachalam, 2020). In actuality, the UAE principle
is based on acoustic cavitation, which causes the pressure
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and temperature in the extraction vessel to rise as a result
of the generated bubbles. When these bubbles burst, they
cause a “shock wave” that causes the cell walls to disinte-
grate. UAE also improves solvent diffusion into plant cells
and oil mass transfer across the cellular tissues. Further-
more, in solution and organic liquids, free radicals such
as superoxide anions and hydroxyl radicals (OH™) can be
formed. The use of UAE in conjunction with SFE, or seed
particle pre-treatment, improves extraction yield while
cutting down on time. As a result, the SFE-CO, extraction
and ultrasound assisted approaches are the best-suitable
for thermolabile materials (éiimek et al., 2021).

The UAE alone, on the other hand, is not selective in
extracting specified compounds, and the extract also leaves a
significant quantity of residues (Kate et al., 2018). Recently,
few demonstrations of integrated UAE-assisted SFE-CO,
extraction have been reported. An illustrative investigation
is exhibited by Liu et al., (2020b) in case of oil extraction
from Iberis amara seed and resulted in UAE-assisted assisted
SFE-CO, (i.e., ultrasonic energy mass of 1.25 W/mL and
10 min) enhanced the oil yield by 28% as compared with
UAE treated seeds oils. Furthermore, the integrated impacts
of temperature and pressure on the UAE-assisted SFE-CO,
extraction of natural matter dominates the understanding of
the behaviour of the mass transfer phenomena included in
the operation. These factors are also needed to forecast the
impact of vapour pressure and CO, density on the target
compounds. The search for the best temperature and pres-
sure conditions is critical for maximizing extraction yields
while lowering operational expenses and extraction duration
(Koubaa et al., 2018).

Higher pressure application from supercritical and pres-
surized liquid extraction and ultrasound power can decline
the void percentage and distance between molecules, which
limits the ultrasound's convective effects. Furthermore, when
using ultrasound, the system's internal temperature may rise.
Internal temperature impacts may affect CO, density and its
density at higher temperatures and lower pressures. In gen-
eral, UASFE trials outperform SFE procedures in terms of
recovering the desired chemicals. Temperature and pressure
impact the mass transfer between the fluid and the sample
matrix, determining fluid density and consequently target
compound solubility (Dassoff et al., 2019). As a result of
the simultaneous impacts of temperature and pressure on the
fluid's characteristics, bubble dynamics, ultrasonic propaga-
tion, and the reported extraction yields are obtained.

However, the information from the experiments cited
above suggests that higher ultrasonic powers are better
suited to lower pressures since the internal temperature can
be precisely controlled. At later stages of the extraction,
higher pressures are encouraged, especially when diffusional
mechanisms are more prevalent. Yang et al., (2019) discov-
ered a similar pattern when they looked at the flavonoids

extracted from Scutellaria barbata D. Don. The flavonoid
content was raised by 19% when ultrasound was combined
with temperature (up to 52 °C) and higher pressure (up to
28 MPa). Cucurbitacin oil was extracted from Iberis amara
seeds by Liu et al., (2020a), who found that at 50 °C and
25 MPa, the total yield for UASFE increased by 26.1 percent
compared to SFE.

Another important parameter to investigate in UASFE
experiments is the CO, flow rate interval, which might have a
direct impact on extraction performance and cost. Lower CO,
flow rates may result in longer residence durations inside the
extraction vessel, allowing SC-CO, to infiltrate into the vegeta-
ble matrix and so improve extraction yield. When the CO, flow
rate is increased, the intermolecular contact between the solute
and the solvent is increased, allowing the analytes to dissolve
in the solvent (Dias et al., 2021). Furthermore, increasing the
flow rate of CO, may diminish the molecules' external mass
transfer barrier (Yang et al., 2019). However, increasing the
flow rate of CO, will cause the solvent to flow around the
channels at high speeds rather than diffusing through the veg-
etable matrix. Because the solute—solvent interaction occurs in
a shorter contact period, the extraction yield may be reduced.
Extraction of bioactive ingredient increase by 24% in yield
for the UAE with single bond CO, extraction technique at a
frequency of 37 kHz, optimal pressure of 180 bar, and tem-
perature of 65 °C, in comparison to the super critical single
bond CO, technique (Vaeli et al., 2021).

Ultrasound-assisted pressurized liquid-based
extraction technology (UAPLE)

The use of sonication in pressure liquid extraction meth-
ods has gotten a lot of attention recently. Although there
are some obvious similarities between pressurized liquid
and supercritical fluid extraction, many issues about the
influence of process factors (i.e., ultrasound power and
frequency, pressure, solvent type, experimental apparatus,
temperature, particle size, etc.,). However, from a phenom-
enological perceptive, the extraction process with pressured
liquids assisted by ultrasound is complex, as diverse mecha-
nisms of energy and mass co-occur and interact with one
another. Furthermore, the ultrasonic application impacts the
sample matrix through a variety of mechanisms, including
sonoporation, erosion, capillary effect, fragmentation, shear
forces, and detexturation, sometimes in a sequential manner,
further complicating the extraction process. As a result, sci-
entists and engineers face a significant barrier in understand-
ing the individual and cumulative effects of process factors.

In the UAPLE procedures, the system pressure has a
direct impact on the phenomenon of cavitation. Greater
acoustic pressure will be needed to generate cavitation
as the external pressure rises (Albero et al., 2019). How-
ever, if the threshold limits of cavitation are reached under
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external pressure, the collapsing intensity of the cavita-
tion bubbles is greater than when the cavitation threshold
is reached without pressure. There will be an increase in
sonochemical effects as a result (Rao et al., 2021a, b).
According to Martinez et al., (2020) in the manosonica-
tion process, enhancing the medium’s hydrostatic pressure
results in higher extraction yields, which is attributed to
the effect of static pressure on the dynamics of bubble col-
lapsing and their formations. Moreover, the temperature
has also a notable impact on the solvent properties during
UAPLE processes. For example, increased temperature
causes an improvement in vapour pressure as well as a
drop in the solvent’s viscosity and surface tension directly
impacting the extraction process' effectiveness (Sun et al.,
2019). Martinez et al., (2020) studied the impact of tem-
perature on manosication and found that temperature was
the critical factor in carotenoid extraction yield. The influ-
ence of temperature on extraction yield was found to be
typical of solid-liquid extraction methods of intracellular
chemicals from plant matrix, according to the findings.
When ultrasonic is applied at ambient pressure, it is known
that increasing the temperature declines the intensity of
cavitation by increasing the vapour pressure within the
bubble (Jiang et al., 2018).

Moreover, the quantity of energy that enters the extrac-
tion medium has a direct impact on the cavitation occur-
rence in the UAPLE. In addition to the collapse pressure of
bubbles, it is connected to the number of bubbles and their
longevity (Rao et al., 2021a, 2021b). Because the amount
of energy is proportional to ultrasonic power, it is critical
to assess the impact of this variable on the extraction pro-
cess. The actual applied acoustic power in the extraction
process with pressured liquid assisted by ultrasound was
evaluated by certain authors (Santos et al., 2019; Sumere
et al., 2018; Vigano et al., 2020). Because it reflects the
amount of energy that effectively penetrates the liquid, the
actual applied acoustic power is an important measure to
assess the effects of power on the extraction process. The
most common physical methods involved sound pressure
measurement with optical microscopes or hydrophones,
the calorimetric approach, and the aluminium foil method.
Indirect measurements of OH- radicals generated by chem-
ical dosimeters, or sonoluminescence can be employed
for chemical procedures (Chemat et al., 2017a, 2017b).
The majority of the investigations found that a higher
ultrasonic power causes significant changes in the matrix
by causing increased shear forces at constant pressure
(Tamidi et al., 2021, Bernaidi et al., 2021). A common
strategy is to investigate the effect of power on the target
compound’s extraction yield to achieve the best results
with the least amount of energy. However, ultrasound can
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cause free radicals to form when water molecules dissoci-
ate, especially in aqueous solutions. These free radicals
can cause compounds to oxidize and bonds to break,
resulting in changes to macromolecular structures and a
drop in molecular weight (Rahman et al 2020).

Factors governing the effectiveness
of ultrasound-assisted extraction (UAE)

Ultrasonic amplitude or power

The ultrasonic amplitude is directly proportional to the ultra-
sonic power and the intensity. High amplitude may not inher-
ently increase the effectiveness and cavitation of systems. The
cavitation impact depends on the US systems amplitude, but
greater amplitude may not necessarily improve the extraction
performance and cavitation because UAE mainly depends on
the other operating conditions such as target compounds and
type of medicinal or herbal plants (Rao et al., 2021a, 2021b).
High amplitude may cause probe erosion and decreases the
formation of cavitation, which in turn can lead to decreased
cavitation effectiveness (Kumar et al., 2023). This can be
proven by the fact that the destruction of the cavity bubble
becomes more aggressive with an improvement in amplitude
or power because the volume of the bubble is proportional to
the ultrasonic wave amplitude (Tao et al., 2022). Although the
extraction yields of the bioactive compounds increase with
the amplitude or power density of UAE up to a certain time, it
decreases over time (Liao et al., 2021). High amplitude could
be chosen based on the physicochemical nature of a sample
for optimization the amplitude or power for highly viscous
solvents to achieve optimal agitation and cavitation improved
extraction efficiencies. (Wen et al., 2018).

The larger amplitude of ultrasonic waves produced by a
higher power passing through a solvent contributes to the
forming of more amount of cavitation bubbles and created
collapse. The created shock wave induces cellular uptake into
cells, which increases the mass transfer coefficient and the
extraction rate Islam et al., 2023a; Senrayan, & Venkatacha-
lam, 2020). The yield and other phenolic compounds extrac-
tion from Nepeta (Nepeta binaludensis Jamzad) increased
with the increase of ultrasonic amplitude during ultrasonic
extraction techniques Azimi Mahalleh et al., 2020). The opti-
mum condition found at 60% amplitude with response of
10.93%, 402.63 mg GA/kg, 0.33 mg/mL and 2838.34 umol
Fe, +/kg, of yield, TPC, ICs, and FRAP respectively. How-
ever, a medium ultrasonic amplitude (40%) shows highest of
yield of TPC, TFC and volatile compounds from tea (Bakht
et al., 2019). Some extraction factors, like temperature, time,
and pH of the extraction fluid, often depend on the influence
of power on the yield (Nishad et al., 2019).
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Ultrasonic temperature

A wide range of research has been published on the impact
of ultrasonic temperature on the extraction yield of bioac-
tive compounds from different medicinal and herbal plants.
Khemakhem et al., (2018) studied the effect of different
extraction temperatures (10-70°C) on total phenolic con-
tent (TPC), and oleuropein content of olive leaf extracts
using the UAE process and observed that increase in the
temperature, the extraction of total phenolic and oleuropein
content increased significantly. As the temperature increased
from 10 to 70 °C, the kinematic of TPC showed a significant
increment and the TPC value at 70 °C was almost 2.5 times
more than the TPC value at 10 °C. This may be because high
temperatures seem to have stimulated the mechanisms of
permeation and solubilization to flush away the intracellular
ingredients from the matrix.

Jiskani et al., (2021) exhibited that at high temperature
shows highest extraction yield (11.58%) and maximum TPC
(total phenolic content), TFC (total flavonoids content) and
metal chelating capacity, as high temperatures increased the
number of cavitation nuclei accountable for cell disruption,
which amplified the mass transfer and then the accessibility
of solvent to cellular constituents. According to Dzah et al.,
(2020), if the sonication variables have reached their optimal
values, further changes in the process variables have been
observed to be insignificant and, in some situations, may be
negative in terms of output, so that oleuropein content did
not show any significant effect when the extraction tempera-
ture reached up to 70 °C. Almusallam et al., (2021) found
that extraction using sonication at 40.8 °C had a maximum
yield of TPC from date palm spikelets. Numerous experi-
ments conducted in the UAE have shown that oil extraction
is most successful at temperatures between 15 and 60 °C,
despite the lower yield that results from extended heating
(Thilakarathna et al., 2023). Ultrasound-assisted oil extrac-
tion from Moringa peregrina seeds was studied (Moham-
madpou et al., 2019). The yield of Moringa peregrina oil
in the UAE was revealed to decline as the temperature
increased. At 30 °C, the yield of oil was about 35%, and
at 60 °C, it was about 32%. Similarly, Mahua oil recovery
reached its peak at 35 °C using UAE, and further decreased
(Thilakarathna et al., 2023). This may be explained by the
fact that as the vapour pressure of solvent increases with an
increase in temperature more cavitation bubbles were cre-
ated, but they collapsed with less intensity due to a lower
pressure difference between the inside and outside of bub-
bles. Moreover, at lower temperatures, few cavitation bub-
bles were created even with the high acoustic cavitation due
to the low vapour pressure of the solvent. However, ultra-
sonic time and temperature are insignificant on the alli-
cin content of the garlic slices drying in an infrared drying

system due to the rapture the cell’s structure incurred by
ultrasound treatment (Malakar et al., 2022).

Sonication frequency

The frequency with the range of 18 to 100 kHz has been
used for the extraction of bioactives from herbal plants and
other plant-based materials. In the UAE method, low-fre-
quency high-intensity ultrasound induces heavy shear and
mechanical energy, while high-frequency low-power density
creates a significant number of reactive radicals. Most of
the researchers have used constant frequency for the extrac-
tion of bioactive compounds from plant-based materials. A
particular frequency range of 18 to 20 kHz has been applied
for the extraction of different bioactive compounds. A fre-
quency range of 20 to 40 kHz was applied for the extraction
of Neem oil (40 kHz) (Bhuyan, 2019) and 35 kHz frequency
was applied for the extraction of total phenolic contents from
Ashwagandha roots (Dhanani et al., 2017). The ultrasonic
frequency is inversely proportional to the rarefaction cycle,
as at the higher frequency the cavitation bubbles will not get
changes for aquatic cavitation due to get a very short time.
As more cavitation bubbles formed due to high frequency
create more resistance to mass transfer (Kumar et al., 2021).
So, low frequency in the range of 18 to 80 kHz has been
used for the extraction of bioactive compounds from differ-
ent herbal plants. However, the lower frequency at 26 kHz
shows more efficient and thermodynamically more accept-
able as compared to the ultrasonic bath at 40 kHz (Bakht
et al., 2019).

Selection of extracting solvent

The choice of suitable solvents for the ultrasonic extrac-
tion of bioactive compounds depends upon their physical
properties such as surface tension, viscosity, and vapour
pressure as these physical properties affect the cavitation
energy in an aqueous solution (Thilakarathna et al., 2023;
Kumar et al., 2021). Cavities have been seen for the sol-
vents with high vapor pressure, low viscosity, and low sur-
face tension but on the other hand, high cavitation intensity
has been observed for the solvent with low vapor pressure,
high viscosity, and high surface tension (Rao et al., 2021a,
2021b). Different types of organic solvents such as ethanol,
methanol, acetone, hexane, ethyl acetate, water, etc. have
been used for the extraction of different bioactives using
UAE. The most used solvents for the extraction of total
phenolic compounds, total flavonoid content, carotenoids,
and other bioactive compounds from different herbal plants
are ethanol, and methanol diluted with water at different
ratios because alcohol-based natural deep eutectic solvents
exhibited relatively higher extraction efficiencies Different
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level of ethanol and methanol mixture with water has been
used for the extraction of bioactive compounds from plant
material like Rosemary leaves (Jin et al., 2019), neem fruits
(Bhuyan, 2019), Ashwagandha roots (Dhanani et al., 2017),
Olive kernel (Chanioti & Tzia, 2018), etc. Ethanol has been
found to have the highest affinity for phenolics, making it a
preferred solvent for extracting phenolic compounds from
various herbal plants.

Similarly, Dhanani et al., (2017) have seen that ashwa-
gandha root extract prepared with ethanol had the highest
TPC followed by ethanol-water, and water. The recovery
of TPC and DPPH radical scavenging behaviour from date
plum spikelets were influenced by ethanol concentration and
maximum TPC and DPPH have been shown at 50% ethanol
concentration (Almusallam et al., 2021). The ethanol con-
tent exceeds its maximum limit, it has been shown to have a
detrimental influence on extraction yield. Acetone, hexane,
and ethyl acetate have been used as a solvent for the extrac-
tion of oil from different types of plants such as neem fruits
(Bhuyan, 2019) and olive kernels (Chanioti & Tzia, 2018).

Moreover, the green deep eutectic solvents (DES) can
also be used as a sustainable option to hazardous organic
solvents because of their non-toxicity and biocompatibility.
Jamshaid et al., (2022) explored that UAE with a combina-
tion of green DES (glycerol-ammonium acetate) resulted
the yields of 17.11 mg gallic acid equivalent (GAE)/g of
dry weight DW) (TPC), 11.33 mg rennet/g of DW (TFC),
52.66% (iron chelating activity-ICA), and 72.84% (DPPH
activity) for Melia azedarach fruit under the optimized
conditions of temperature-50 °C, DES concentration-50%,
and amplitude-100%. Similiarly, tul Kubra et al., (2023)
also reported that using the glycerine based deep eutectic
solvents (glycerol-ammonium acetate and glycerol-choline
chloride) resulted the greater extraction yield from Glycyr-
rhizin from licorice (Glycyrrhiza glabra) than the conven-
tional organic solvents (methanol). Jamshaid and Ahmed
(2022) also reported that ultrasound with the combination
of low-cost glycerol-choline chloride resulted the 9.154 mg
of GAE/g DW, TFC 21.880 mg rennet/g DW, and 33.254%
of ICA from the Melia azedarach fruit under the conditions
of 46.4 °C temperature, 100% of US amplitude and 50% of
DES concentration.

UAE of bioactive compounds from various herbal plant
sources

The herbal bioactives such as polyphenols (phenolic com-
pounds, flavonoids), volatile oils, alkaloids, and other bio-
actives such as anthraquinone glycoside, azadirachtin, gin-
senosides, curcuminoids, rhizomes, lutein and p-Carotene
carotenoids, total chlorophyll have been extracted through
ultrasound-assisted extraction technology and their optimum
conditions are discussed below.

@ Springer

Polyphenolic compounds

The UAE technology is recognized as one of the highly effi-
cient and emerging extraction technologies for the extrac-
tion of polyphenols from plant matrixes. The TPC, TFC,
and the antioxidant activity compounds have been extracted
from Rosemary leaves (Munekata et al., 2020;), Ashwagan-
dha roots (Tsaltaki et al., 2019), Olive pomace (Susy et al.,
2019), Lemon-scented tea tree leaves (Saifullah et al., 2020),
Eucalyptus robusta leaves (Bhuyan et al., 2017), Rumex
hastatus (Jiskani et al., 2021), Date palm leaves (Almusal-
lam et al., 2021).

The different UAE variables and their optimized ultra-
sonication parameters for extraction of polyphenols for the
herbal plants were summarised in Table 1. Among all the
UAE parameters, solvent to solid ratio, temperature, time,
and power were the most effective variables for accomplish-
ing maximum recovery of TPC, TFC, and antioxidant activ-
ity from the plant materials. For example, Bhuyan et al.,
(2017) demonstrated that time, temperature, power, and sol-
vent to solid ratio significantly influenced the total phenol
extraction from Eucalyptus leaves (Eucalyptus robusta), but
among these, the temperature has a more significant impact
on the total yield of TPC as compared to ultrasound power
and time. Similarly, Saifullah et al., (2020) also reported that
ultrasound-treated Lemon scented tea tree (Leptospermum
petersonii) leaves resulted in a greater TPC value (15.27%)
than compared the shaking water bath extraction method.
The higher extraction of TPC and TFC from rosemary and
thyme leaves has observed in conventional extraction (CE)
than UAE (Munekata et al., 2020). The finding might be the
degradation or modification of the bioactive compounds due
to the high energy input and temperature generated during
the extraction process. This can lead to a decrease in the
concentration of TPC and TFC in the extract. Additionally,
Kumar et al., (2023) utilized UAE for the extract recovery
from giloy stem powder and observed that the maximum
phenolic content yield was obtained at low to moderate
power amplitude and high extraction time.

Additionally, Dhanani et al., (2017) have observed that
water as an extracting solvent showed more antioxidant
activity but on the other hand, ethanol shows more TPC
and total withanolides contents from ashwagandha (Witha-
nia somnifera) roots. Almusallam et al., (2021) studied the
different levels of ultrasonic process variables (temperature,
time, and ethanol concentration) to obtain the maximum
recovery of TPC and antioxidant activity from data palm
spikelets. The results revealed that ultrasonic temperature
and ethanol concentration are the two most important factors
affecting TPC yield and antioxidant activity from date palm
spikelets. Interestingly, Amin et al., (2022) reported that
ethanol with the combination of DES (glycerol-ammonium
acetate) as extraction solvent resulted the better TPC, TFC,
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ICA, and anti-radical activity than the alone DES and etha-
nol based bioactives extract from bottle gourd (Lagenaria
siceraria) fruit.

Recovery of oil

Recovery and yield of the oils can be improved by using
UAE and ultrasound-assisted supercritical fluid extrac-
tion with varying the, temperature, extraction time, parti-
cle size, pressure, CO, flow rate, and solid-solvent ratio.
The use of supercritical fluids (G CO,) as solvents is an
intriguing option for acquiring high-quality natural prod-
ucts without leaving harmful residues. The optimized
ultrasonic process parameters and oil extraction yield
from different herbal and medicinal plants are described
in Table 2. Moreover, Chanioti & Tzia, (2018) extracted
olive oil from olive pomace and found that the optimal
ultrasonic-assisted extraction (UAE) conditions resulted in
an oil yield of 88.93% exhibited superior quality compared
to the solvent extraction (SE) technique. It has been seen
that the optimized UAE method significantly reduces the
time (1 h), temperature (60 °C), and solid to solvent ratio
(1:12 g/mL) compared to SE obtained time 8 h, 76 °C, and
solid to solvent ratio 1:8 g/mL.

Moreover, Senrayan & Venkatachalam, (2019) used
UAE for the extraction of coriander seeds oil and optimize
the extraction process parameter, including sample solvent
ratio, amplitude level, temperature and time, and at opti-
mized conditions oil yield and antioxidant activity 30.74%
and 71.05% respectively. Dias et al., (2019) have sonicate the
umbu seeds powder after the SFE treatment and found a high
yield capacity compared to the SEF and ultrasound extrac-
tion alone. It might be due the fact that non-polar materials
like rasins and waxes modification will enhance the extrac-
tion yields.

(Jovanovic et al., 2017)

Reference

SLR:1:30 show the maximum recovery of TPC

o S: ethanol: water (50%); T:25, t: 15, p:0.3,
and TFC

e The significant level of different extrac-
tion methods in the following order:

UAE > HAE > maceration

Ultrasonic device Optimum operating conditions/results

Ultrasonic probe

Alkaloids

Plant alkaloids are secondary metabolites and often include
nitrogen in a ring and it consists of 20% of plant species.
Alkaloids possess significant therapeutic value, with their
traditional and contemporary applications ranging from 25
to 75% in medicines (Zahra et al., 2020). The optimum con-
ditions for the extraction of alkaloids from different herbal
plants have been summarized in Table 3. They are abundant
in several medicinal and herbal plants, and UAE has discov-

S: ethanol: water (30-70% v/v); t: 5-30; p:0.3—
1.5; SLR:1:10-1:30, F:20, P:600,

Extraction variables and solvent
T temperature (°C), ¢ sonication time (min), P power (W), F frequency (kHz), SLR solid liquid ratio (g/mL), EC ethanol concentration (%), A amplitude (%), UED ultrasonic energy density, (w/

cm3), S solvent, TPC total phenolic content, UAE ultrasonic assisted extraction, CE conventional extraction, TFC total flavonoid content, p partical size (mm)

2 ; ered how to extract them more efficiently from plant matri-
g 2| § ces. In comparison to traditional solvent extraction, UAE of
§ % g § alkaloids from Pocoa pod huslf (Theobroma cacao) (Nguyen
: § % 2 et al., 2022) and Soursop fruit (Annona muricata L.) pulp,
2 E § é peel, seed, and columella (Aguilar-Hernandez et al., 2020)
clzIER yielded more within less time and at a lower temperature.
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On the other hand, Wang et al., (2018) have optimized the
process variables of the ultrasound-assisted enzymatic
hydrolysis extraction method (UAEH) for the extraction of
Quinolizidine alkaloids from Sophora alopecuroides L seeds
and elaborated that UAEH has shown significantly higher
extraction yield within a short period as compared to the
UAE and enzymatic extraction (EE). Moreover, Aguilar-
Hernéandez et al., (2020) have used ethanol as an extracting
solvent for extraction of total alkaloid content (TAC), from
Soursop fruit pulp, peel, seed, and columella.

Polysaccharides

Polysaccharides are high-molecular-weight (carbohydrate)
macromolecules found in different plant tissues that have
been identified with various bioactivity including anti-
oxidation, immunomodulation, anti-tumour, anti-cancer,
and hypoglycaemic action. Due to its large bioactivity, the
popularity of polysaccharides has been increasing for the
development of functional foods and medicinal products.
The remarkable extraction efficiency of ultrasonic extrac-
tion made it popular for extracting polysaccharides from
various unutilized plant materials. Optimized conditions
for the extraction of polysaccharides from different herbal
or medicinal plants are shown in Table 4.

Other bioactives

Different bioactives including curcuminoids from Curcuma
longa L. root and rhizomes (Raheem et al., 2023), saponins
forms Panax notoginseng (Wang et al., 2020), volatile con-
tents from tea (Bakht et al., 2019), Gingerols from Ginger
(Hsieh et al., 2020) has been extracted by different research-
ers using ultrasound-assisted extraction technology. The
optimized ultrasonic conditions for the different bioactives
are given in Table 5. Aydar et al., (2022) reported that ultra-
sound treatment followed by microwave drying enhanced
the dry matter Inula viscosa (L.) leaves with improved
TPC, TFC, total chlorophylls and antioxidant properties.
Inula viscosa (L.) leaves were treated to 30 min of sonica-
tion, the greatest DPPH and TPC levels were reported. The
improved phenolics attributes to the greater release of bioac-
tive from cell walls caused the US induced cavitation effects
on the cell walls (Pandiselvam et al., 2022). Raheem et al.,
(2023) reported that UAE with combination of isopropyl as
extracting solvent resulted the greater curcumin recovery
than maceration-based extraction. The optimum conditions
of UAE were 50 mL/g solvent-to-solid ratio, 10 min sonica-
tion time, and 40 °C temperature with maximum yield of
0.43-5.59 mg/g as compared to other extraction techniques
i.e., maceration and microwave assisted extraction. On the
other hand, ultrasonic extraction of volatile compounds from

tea exhibits more extraction efficiency compared to the con-
ventional extraction and also found that 26 kHz ultrasonic
probe better extraction techniques compare to the 40 kHz
ultrasonic bath technique. Wang et al., (2020) reported that
vesicle-based UAE was found to be a suitable extraction
method of saponins from Panax notoginseng. Another study
by Hadidi et al., (Hadidi et al., 2020) also found that the
rate contant of ultrsonic extraction of saponis from alfalfa is
two time more than heat-reflux method. UAE of ginderols
from ginger by using alcohol-based deep eutectic solvents
and found that at higher temperature leads to degradation of
phenolic compounds (Hsieh et al., 2020).

Industrial relevance of herbal plant extracts in the food
and pharma sectors

The pharmaceutical and food sectors have rekindled interest
in herbal health care formulations, herbal-based cosmetics,
and herbal nutritional supplements in response to the rising
demand for herbal plant products. The global and national
markets for medicinal and herbal plants have been expand-
ing. India is the second highest exporter of herbal, medicinal
and aromatic plants (MAPs), accounting for 8.75% of the
Asian trade in MAPs (Riaz et al., 2021). Developing nations
like India have tremendous potential for cultivating medici-
nal and herbal plants, however appropriate use of such plants
is still a challenge owing to a lack of adequate innovative
extraction techniques. In the pharmaceutical and food sector,
herbal oils are widely utilized in a variety of applications,
including medicine, sanitary, flavoring, fragrance, preserva-
tives, and food additives (e.g., antioxidant and growth pro-
moter) as alternative medicine. As example of herbal oils
such as Adlay oil can help avoid the loss of white blood cells
during chemical treatment by inhibiting cancer cell growth
with an effectiveness of 87% (He et al., 2020).

Herbal plant extracts are becoming more significant food
additives due to their high content of bioactives such as
polyphenols, flavonoids, and carotenoids, which have anti-
bacterial and antioxidant properties, particularly against
low-density lipoprotein (LDL) and DNA oxidative altera-
tion (Proestos, 2020). This natural extract may be used in
a variety of food matrix, including meat, oils, and salad
dressings. Nieto et al., (2018) have used rosemary extract
as a natural preservative because it delays lipid oxidation,
and microbiological spoilage, and extends the shelf life
of food but their uses have been limited due to negative
organoleptic properties, such as odour and taste. The use
of thyme extract in different meat products such as (minced
beef, minced pork, and chicken sausages) has been proven
to increase their self-life by inhabiting the microbial (E. coli,
lactic acid bacteria, Pseudomonads) growth (Lorenzo et al.,
2019). These medicinal and herbal plants have evolved as
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important components of civilization, and they are now gen-
erally regarded as symbols of the country's rich cultural and
scientific legacy.

Future perspective and conclusion

This review ascertains the potentialities of ultrasound
assisted novel technologies (i.e., supercritical fluid extrac-
tion and pressurized liquid extraction) for the bioactives
extraction from medicinal and herbal plants. In compari-
son to the conventional extraction methods, UAE appeared
to have numerous advantages, including a shorter extrac-
tion time, higher extraction yield, and lower solvent con-
sumption. Moreover, ultrasound assisted with combined
green technologies has more potential for better extrac-
tion approaches i.e., obtaining higher extraction efficiency
of bioactivities from herbal plants without altering their
functional characteristics. The combined application of
ultrasound with novel techniques for the extraction of bio-
actives from herbal plants gives substantial intensification
benefits in terms of time, temperature, and solvent con-
sumption in the extraction procedure.

However, scaling up ultrasonic extraction technology
can be challenging due to certain limitations that affect its
effectiveness. Maintaining consistent and efficient extrac-
tion at larger scales may require significant modifications
to equipment design and processing parameters, optimized
extraction conditions. Even though a wide range of pieces of
evidence and prospective applications have been published
but the majority of the researcher are working on basic ultra-
sonic devices designs, such as ultrasonic probes and ultra-
sonic baths, that might or might not be successful at the
commercial level, so further research is needed to enhance
the method’s industrial usability. Generally small scale ultra-
sonication probe is used for extraction, which can make it
difficult to achieve consistent and efficient extraction across
large volumes of material. This can result in uneven extrac-
tion and lower yields. Therefore, more research might be
employed to design novel reactor based on the utilization
of many transducers. Technological adjustments, such as
the use of UAE based pre-treatment approach and sequen-
tial extraction must be investigated. Ultrasonic operation
energy measurement is presently uncommon, but it will be
required in the future to compare ultrasonic technology to
conventional and non-conventional technology. Combina-
tion/ Hybridization with other novel techniques (i.e., ohmic
assisted extraction, and pulsed electric field) would make a
great balance among the product quality, production costs,
and solvent consumption. However, the process variables of
these combinational technologies have a significant impact
on extraction performance and needs to be carefully opti-
mized. The technological difference in the utilization of

@ Springer

these combined technologies to herbal plants as a coupled/
simultaneous extraction and sequential extraction needs to
be further investigated. Investigations on the stability of
targeted bioactives extracted from herbal plants during the
ultrasound assisted novel technologies /ultrasound assisted
extraction offer a novel strategy for future study.
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