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Abstract

The extraction of bioactive compounds from plant-derived materials constitutes a
foundational step in phytopharmaceutical development, directly influencing product
yield, purity, and therapeutic efficacy. Conventional extraction techniques, including
maceration, percolation, and Soxhlet extraction, although widely employed, are
associated with significant limitations such as excessive solvent consumption,
prolonged processing times, thermal degradation of labile constituents, and poor
selectivity. These shortcomings have driven substantial research interest in advanced
and green extraction technologies that offer superior performance across critical
parameters. This review examines recent advancements in extraction methodologies
for phytopharmaceuticals, with particular focus on supercritical fluid extraction,
microwave-assisted extraction, ultrasound-assisted extraction, pressurized liquid
extraction, and enzyme-assisted extraction. The principles, advantages, and limitations
of each technique are discussed in the context of extraction efficiency, selectivity,
environmental sustainability, and industrial scalability. Additionally, optimization
strategies encompassing process parameter control, solvent selection, and analytical
integration are evaluated. The review further addresses the regulatory and safety
dimensions of modern extraction processes and explores translational challenges in
scaling these technologies for commercial phytopharmaceutical manufacturing.
Evidence from recent literature demonstrates that advanced extraction methods
consistently outperform conventional approaches in yield, compound preservation,
and environmental profile, positioning them as critical enablers of next-generation
phytopharmaceutical products. Future perspectives highlight the convergence of green
chemistry principles with digital process monitoring as a pathway to fully sustainable
and efficient extraction platforms.
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Drug development

1. Introduction

Medicinal plants have served as the basis for human therapeutics throughout recorded history, and plant-derived compounds
continue to constitute a substantial proportion of approved pharmaceutical agents worldwide & 2. The global
phytopharmaceutical market has expanded considerably in recent decades, driven by growing consumer interest in natural
therapies, advances in analytical chemistry, and the identification of novel bioactive scaffolds from botanical sources (1. Central
to the development of any phytopharmaceutical product is the extraction process, which determines the qualitative and
quantitative profile of bioactive constituents isolated from plant matrices. An inadequate extraction methodology may result in
incomplete recovery of target compounds, co-extraction of undesirable impurities, or irreversible degradation of thermolabile or

oxidation-sensitive molecules [l

The pharmaceutical value of plant-derived extracts is contingent upon the chemical integrity and concentration of their
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constituent bioactive compounds, including polyphenols,
alkaloids, terpenoids, flavonoids, and glycosides [ €. These
molecules exhibit a broad spectrum of pharmacological
activities and serve as lead structures in drug discovery
programmes. However, the chemical diversity and structural
complexity of plant matrices present significant challenges to
efficient and selective extraction [), Matrix heterogeneity,
variable compound polarity, and the presence of interfering
macromolecules such as proteins, polysaccharides, and
waxes complicate the isolation process and demand carefully
optimised methodological approaches I,

Conventional extraction methods, while accessible and well-
characterised, are increasingly recognised as inadequate for
high-efficiency,  sustainability-oriented  pharmaceutical
manufacturing *1. Their reliance on large volumes of organic
solvents generates substantial waste streams, imposes
environmental burden, and introduces regulatory compliance
challenges under evolving pharmaceutical manufacturing
guidelines 91, Furthermore, extended processing times and
elevated temperatures characteristic of several traditional
methods are incompatible with the preservation of sensitive
bioactive molecules [, The consequent impetus for
methodological innovation has catalysed the development
and refinement of a suite of advanced extraction technologies
that collectively offer improved yield, selectivity, speed, and
environmental performance 2,

This review critically examines the evolution of extraction
techniques for phytopharmaceuticals, evaluating
conventional approaches against modern alternatives with
respect to efficiency, bioactive compound preservation,
scalability, and regulatory compliance. The article aims to
provide a rigorous analytical synthesis of current knowledge
to guide researchers and industrial practitioners engaged in
phytopharmaceutical development and manufacturing.

2. Conventional Extraction Methods

Maceration represents among the simplest and most
historically entrenched extraction techniques, involving
prolonged contact between comminuted plant material and a
solvent at ambient or moderately elevated temperature [*31,
The process relies principally on diffusion-driven mass
transfer of soluble constituents from the plant matrix into the
solvent phase. While maceration requires minimal equipment
investment and is operationally straightforward, it is
characterised by inherently low extraction efficiency
attributable to the slow equilibration of solute concentrations
across the plant cell membrane 4. The extended contact
times required, typically ranging from twenty-four to
seventy-two hours, not only reduce throughput but also
increase the risk of microbial contamination in aqueous or
hydroalcoholic systems.

Percolation improves upon maceration by ensuring
continuous contact between fresh solvent and plant material
through a continuous downward flow regime [°. The
perpetual replenishment of depleted solvent maintains a
favourable concentration gradient, thereby enhancing
extraction completeness relative to static maceration.
However, percolation remains relatively time-consuming and
is limited in selectivity, recovering both target and non-target
constituents with comparable efficiency. The technique is
sensitive to particle size distribution and packing density,
which, if poorly controlled, can produce channelling effects
that reduce extraction uniformity 161,
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Soxhlet extraction, developed in the nineteenth century,
employs a cyclical solvent evaporation and condensation
mechanism to maintain continuous contact between fresh
solvent and the solid plant matrix contained within a porous
thimble [7. The method achieves comparatively high
extraction efficiency and has been widely adopted as a
reference standard in analytical and preparative applications.
Nevertheless, the technique presents notable limitations that
compromise its suitability for phytopharmaceutical
manufacturing at scale. The prolonged exposure of plant
material to elevated solvent temperatures during reflux cycles
predisposes thermolabile compounds, including certain
phenolic acids, glycosides, and volatile constituents, to
thermal degradation 18, Additionally, the large volumes of
organic solvent required generate substantial waste and
impose significant environmental and occupational safety
considerations. The inherent batch-mode operation of the
Soxhlet apparatus constrains throughput and impedes
integration into continuous manufacturing workflows 14,

In aggregate, the limitations of conventional extraction
methods — including high solvent consumption, long
processing times, poor selectivity, and susceptibility to
compound degradation — underscore the necessity for
transition toward more advanced extraction technologies
capable of meeting contemporary pharmaceutical
manufacturing standards 2],

3. Advanced Extraction Techniques

3.1. Supercritical Fluid Extraction

Supercritical ~ fluid extraction exploits the unique
physicochemical properties of substances at conditions above
their critical temperature and pressure, where they exhibit
liquid-like density combined with gas-like diffusivity and
viscosity 4. Carbon dioxide is the most widely employed
supercritical fluid in pharmaceutical applications, owing to
its mild critical parameters (critical temperature of 31.1°C,
critical pressure of 73.8 bar), chemical inertness, non-
flammability, and low toxicity 2. The tuneable solvating
power of supercritical carbon dioxide, modulated through
adjustments to temperature and pressure, confers exceptional
selectivity for target compound classes. The addition of polar
co-solvents such as ethanol further broadens the extractable
polarity range, enabling recovery of a wider spectrum of
bioactive constituents 231,

Supercritical fluid extraction offers several distinct
advantages for phytopharmaceutical applications. The mild
operating temperatures minimise thermal degradation of
sensitive bioactives, and the rapid depressurisation-driven
phase separation eliminates the need for post-extraction
solvent removal steps, thereby reducing both processing time
and residual solvent concerns 4, The technique has been
successfully applied to the extraction of essential oils,
carotenoids, tocopherols, and lipophilic terpenoids from a
variety of botanical matrices. Principal limitations include the
high capital and operational cost of supercritical fluid
extraction equipment, the complexity of system operation
and maintenance, and reduced performance with highly polar
analytes in the absence of appropriate co-solvents 2%,

3.2. Microwave-Assisted Extraction

Microwave-assisted extraction harnesses the dielectric
heating properties of polar solvents and moisture-containing
plant matrices to achieve rapid, uniform thermal energy
transfer within the extraction system [8, Microwave
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irradiation induces dipolar rotation and ionic conduction,
generating localised thermal effects that disrupt plant cell
walls and accelerate solute diffusion into the surrounding
solvent. The technique substantially reduces extraction times
compared with conventional methods, with most procedures
completed within minutes rather than hours 7. Solvent
consumption is correspondingly reduced, contributing to an
improved environmental profile relative to Soxhlet and
maceration techniques.

Microwave-assisted extraction has demonstrated efficacy in
recovering phenolic compounds, flavonoids, antioxidants,
and essential oils from a diverse range of botanical substrates
281 The method is adaptable to both focused and multimode
microwave configurations, with focused systems offering
superior temperature and power control for analytical-scale
applications. Limitations of microwave-assisted extraction
include the risk of thermal degradation of heat-sensitive
analytes, restricted applicability to non-polar solvents with
low microwave absorptivity, and technical challenges
associated with moisture-free matrix extraction 21,

3.3. Ultrasound-Assisted Extraction

Ultrasound-assisted extraction employs acoustic cavitation to
enhance mass transfer between plant matrix and solvent (%,
The collapse of cavitation bubbles generated by high-
frequency ultrasonic irradiation produces localised microjets
and shock waves of considerable energy, resulting in
disruption of plant cell walls, enhanced solute diffusion, and
increased contact area between solvent and plant material.
The technique operates at ambient or mildly elevated
temperatures, making it particularly advantageous for the
extraction of thermolabile bioactive compounds, including
certain polyphenols and glucosinolates B4,
Ultrasound-assisted extraction is operationally
straightforward, amenable to a wide range of solvents, and
compatible with both batch and continuous processing
configurations. Published evidence consistently
demonstrates significantly improved extraction yields and
reduced processing times relative to maceration and
percolation under comparable conditions (2. Scale-up of
ultrasound-assisted extraction at the industrial level presents
engineering challenges related to uniform energy
distribution, transducer degradation over time, and power
efficiency, representing the primary barriers to widespread
commercial adoption B3I,

3.4. Pressurised Liquid Extraction

Pressurised liquid extraction, also referred to as accelerated
solvent extraction, operates at elevated temperatures and
pressures that maintain solvents in the liquid phase beyond
their atmospheric boiling points 4. The elevated temperature
conditions enhance both solubility of target analytes and
diffusion coefficients, while increased pressure suppresses
solvent evaporation and allows penetration into the plant
matrix under conditions of enhanced solvating power. The
technique is characterised by rapid extraction cycles, high
reproducibility, and compatibility with automated sample
processing workflows.

Pressurised liquid extraction is particularly well-suited to
analytical and quality control applications in pharmaceutical
settings, offering extraction times of fifteen to forty-five
minutes with minimal solvent consumption relative to
Soxhlet methods %1, The technique exhibits broad
applicability across compound classes of varying polarity,
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and its automated nature reduces inter-operator variability.
The primary limitations are the high capital cost of
commercial instrumentation and the technical demands of
pressure system management 31,

3.5. Enzyme-Assisted Extraction

Enzyme-assisted extraction employs hydrolytic enzymes,
including cellulases, hemicellulases, pectinases, and
proteases, to degrade structural components of the plant cell
wall, thereby facilitating the release of intracellular bioactive
compounds into the extraction medium B71. The technique
exploits the highly specific catalytic activity of enzymes to
disrupt cell wall polysaccharide networks under mild aqueous
conditions, obviating the requirement for organic solvents
and high-energy processing. This renders enzyme-assisted
extraction particularly compatible with green chemistry
principles and sustainable manufacturing frameworks (381,
Enzyme-assisted extraction has demonstrated favourable
performance in the recovery of polyphenols, essential oils,
and polysaccharides from a variety of plant sources. The high
specificity of enzymatic hydrolysis can contribute to
enhanced selectivity, reducing the co-extraction of undesired
matrix components %1, Operational limitations include the
susceptibility of enzyme activity to pH and temperature
fluctuations, the cost of commercial enzyme preparations,
and the extended processing times associated with some
enzymatic hydrolysis protocols. The technique remains at an
early stage of industrial implementation but shows
considerable promise as a component of integrated green
extraction platforms (9,

4. Optimisation Strategies and Analytical Integration
The performance of any extraction technique is
fundamentally governed by a set of interrelated process
parameters that must be systematically optimised to achieve
maximum efficiency and selectivity Y. For solvent-based
methods, solvent polarity, pH, and concentration exert
primary influence on the solubility and partitioning of target
analytes. Temperature and contact time modulate diffusion
kinetics and compound stability, necessitating careful
calibration to balance extraction completeness against the
risk of degradation 2. Particle size of the plant matrix is a
further critical variable, as fine grinding increases surface
area and facilitates solute diffusion, though excessive
reduction may cause filtration difficulties or promote
extraction of undesirable macromolecular components.
Response surface methodology and design of experiments
approaches have been widely employed to optimise
multivariate extraction parameters simultaneously, offering
efficiency advantages over traditional one-factor-at-a-time
approaches 3. Central composite designs, Box-Behnken
designs, and Doehlert matrices have all been applied
successfully to the optimisation of supercritical fluid,
microwave-assisted, and ultrasound-assisted extraction
conditions, yielding mathematical models that predict
optimal parameter combinations with high reliability.

The integration of extraction processes with downstream
analytical techniques represents a further dimension of
optimisation that has gained considerable traction in
pharmaceutical research and quality control settings 4. On-
line coupling of supercritical fluid extraction with
supercritical fluid chromatography or high-performance
liguid chromatography eliminates intermediate sample
handling steps, reduces analyte loss, and enables rapid
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profiling of complex botanical extracts. Similarly,
hyphenation of pressurised liquid extraction with mass
spectrometry  facilitates ~ comprehensive  metabolite
characterisation and supports both identity confirmation and
quantitative analysis within streamlined workflows 11,

5. Preservation of Bioactive Compounds and Extract
Quality

The maintenance of chemical integrity and biological activity
of extracted compounds throughout the isolation process is a
paramount  consideration in phytopharmaceutical
development 6. Many pharmacologically relevant plant
constituents, including flavonoids, anthocyanins, terpene
lactones, and certain alkaloids, are susceptible to oxidative,
hydrolytic, or thermal degradation under the processing
conditions encountered in conventional extraction methods.
The adoption of advanced extraction techniques that operate
under milder conditions, with reduced solvent exposure and
abbreviated processing times, directly addresses this
challenge.

Antioxidant supplementation of extraction solvents, nitrogen
purging to minimise dissolved oxygen, and refrigerated post-
extraction handling collectively contribute to the stabilisation
of labile bioactives during processing */1. In the context of
supercritical fluid extraction, the inherent oxygen exclusion
afforded by the carbon dioxide extraction medium provides
an additional protective mechanism against oxidative
degradation.  Ultrasound-assisted  extraction at low
temperatures has been shown to preserve the phenolic
composition and radical scavenging activity of botanical
extracts to a significantly greater degree than Soxhlet
extraction, as documented in comparative studies on berry,
citrus, and medicinal herb substrates ¢,

The quality and reproducibility of phytopharmaceutical
extracts are further dependent upon the standardisation of raw
material quality, including species authentication, geographic
provenance, harvest timing, and post-harvest processing
conditions 1. Chemometric analysis of extract fingerprints
obtained by high-performance liquid chromatography with
diode array or mass spectrometric detection facilitates batch-
to-batch quality assurance and supports the identification of
marker compounds for standardisation purposes. The
integration of advanced extraction with rigorous analytical
characterisation thus constitutes a prerequisite for the
consistent manufacture of high-quality phytopharmaceutical
products 50,

6. Industrial Applications and Translational Aspects

The translation of advanced extraction technologies from
laboratory to industrial scale presents multifaceted
engineering, regulatory, and economic challenges that must
be systematically addressed to realise their commercial
potential Y. Scale-up of supercritical fluid extraction
requires substantial investment in high-pressure vessel
infrastructure, ancillary equipment, and safety systems, with
capital expenditure representing the primary barrier to
adoption for small and medium-sized enterprises in the
phytopharmaceutical sector. In contrast, the scale-up of
ultrasound-assisted and microwave-assisted extraction is
technically more tractable, with commercial systems of pilot
and industrial scale already available and deployed in
cosmetic, food, and nutraceutical manufacturing contexts 52,
The nutraceutical and cosmeceutical industries have led the
industrial adoption of advanced extraction technologies,
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leveraging their advantages in yield, compound quality, and
environmental performance to differentiate product
offerings. Supercritical carbon dioxide extraction has
achieved commercial maturity in the production of
standardised phytochemical concentrates, including lycopene
from tomato, astaxanthin from microalgae, and ginkgolide-
enriched extracts from Ginkgo biloba 53, The pharmaceutical
industry, while more conservative in adopting novel
manufacturing  technologies owing to  regulatory
requirements and process validation obligations, is
increasingly recognising the quality and efficiency
advantages of advanced extraction methods.

Continuous  manufacturing  paradigms,  which  are
progressively displacing batch production in pharmaceutical
manufacturing, offer natural compatibility with several
advanced extraction modalities, particularly pressurised
liquid extraction and flow-through supercritical fluid
extraction configurations B4, The integration of extraction
into end-to-end continuous manufacturing platforms,
encompassing upstream  cultivation or procurement,
extraction, purification, formulation, and quality testing,
represents a strategic objective for next-generation
phytopharmaceutical manufacturing. Process analytical
technology tools, including near-infrared spectroscopy,
Raman  spectroscopy, and inline chromatographic
monitoring, are being deployed to enable real-time process
control and quality assurance throughout integrated
continuous extraction systems 31,

7. Regulatory, Safety, and Sustainability Considerations
The regulatory framework governing phytopharmaceutical
extraction processes reflects the dual character of these
products at the interface of natural product chemistry and
pharmaceutical manufacturing 1. Regulatory authorities
including the European Medicines Agency, the United States
Food and Drug Administration, and the World Health
Organization have issued guidelines addressing the quality,
safety, and manufacturing standards applicable to herbal
medicines and botanical drug products. These guidelines
mandate the characterisation and control of extraction
solvents as critical process materials, the validation of
extraction methods with respect to efficiency and
reproducibility, and the establishment of specification limits
for residual solvents in final products in accordance with
International Council for Harmonisation guidelines 7],

The green extraction concept, articulated through Chemat
and colleagues' foundational principles, provides a
philosophical and operational framework for the design of
sustainable phytopharmaceutical extraction processes that
minimise energy consumption, solvent use, waste generation,
and environmental impact 81, The twelve principles of green
chemistry, adapted to extraction science, advocate for the use
of renewable and non-toxic solvents, energy-efficient
processing technologies, waste prevention, and integration of
extraction with renewable energy sources. The adoption of
these principles not only advances environmental
sustainability but also confers regulatory compliance
advantages in jurisdictions where solvent residue limits and
waste disposal obligations impose operational constraints.
Safety considerations specific to advanced extraction
technologies include the management of high-pressure
systems in supercritical fluid extraction, the electromagnetic
radiation exposure associated with microwave-assisted
extraction, and the acoustic energy hazards intrinsic to
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ultrasound-assisted extraction %,  Comprehensive risk
assessment, engineering controls, and personnel training are
essential components of safe advanced extraction operations.
The use of generally recognised as safe solvents, including
water, ethanol, and carbon dioxide, in advanced green
extraction methods also reduces occupational chemical
exposure risks relative to conventional methods employing
chlorinated solvents, hexane, or other volatile organic
compounds [,

8. Future Directions and Conclusions

The continued advancement of extraction technologies for
phytopharmaceuticals is anticipated to proceed along several
convergent trajectories that collectively address the twin
imperatives of efficiency and sustainability. The integration
of machine learning and artificial intelligence with extraction
process design and optimisation offers transformative
potential, enabling the rapid identification of optimal
parameter combinations for novel botanical matrices without
the extensive empirical experimentation currently required
(1, Digital twin modelling of extraction processes, informed
by real-time sensor data, promises to reduce scale-up
uncertainty and facilitate regulatory approval of innovative
extraction configurations 621,

Emerging techniques including pulsed electric field
extraction, subcritical water extraction, and high hydrostatic
pressure extraction are attracting growing research attention
as complementary or alternative modalities to established
advanced methods [©3. Pulsed electric field extraction
exploits electroporation of plant cell membranes to enhance
intracellular solute release under non-thermal conditions,
offering particular promise for the recovery of heat-sensitive
bioactives. Subcritical water extraction employs pressurised
hot water as a tunable, environmentally benign solvent that
exhibits polarity characteristics intermediate between

Figures
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ambient liquid water and steam, enabling selective extraction
of target compound classes across a range of temperatures 641,
The convergence of advanced extraction technologies with
synthetic biology, metabolic engineering, and in vitro plant
cell culture production systems represents a longer-term
perspective with profound implications for
phytopharmaceutical supply chain security and batch
consistency [, Engineered biosynthetic pathways in
microbial or plant cell culture hosts, combined with
optimised extraction methodologies tailored to defined
production matrices, may ultimately supplant field-grown
botanical material as the preferred substrate for
phytopharmaceutical ingredient manufacturing (61,

In conclusion, this review has documented substantial and
continuing progress in extraction technologies for
phytopharmaceuticals, characterised by the displacement of
energy- and solvent-intensive conventional methods by
advanced techniques that offer superior efficiency,
selectivity, bioactive compound preservation, and
environmental performance. Supercritical fluid extraction,
microwave-assisted extraction, ultrasound-assisted
extraction, pressurised liquid extraction, and enzyme-assisted
extraction each present distinct performance profiles that
render them suitable for specific compound classes, botanical
matrices, and manufacturing contexts. The optimisation of
these techniques through design of experiments and
integration with advanced analytical platforms further
enhances their applicability and reliability. While industrial
translation remains constrained by capital cost, engineering
complexity, and regulatory requirements, the trajectory of
technological development and the growing imperative for
sustainable pharmaceutical manufacturing strongly support
the continued adoption and refinement of advanced
extraction ~ methodologies  in  phytopharmaceutical
development.
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Fig 1: Comparative process flow diagram illustrating the principal operational differences between conventional extraction techniques
(maceration, percolation, and Soxhlet extraction) and modern advanced extraction methods (supercritical fluid extraction, microwave-
assisted extraction, ultrasound-assisted extraction, pressurised liquid extraction, and enzyme-assisted extraction).

21|Page


http://www.pharmainsightjournal.com/

[ international Journal of Pharma Insight Studies www.PharmalnsightJournal.com

r--_-------l

1
1 —{_
: Fill
CO; Pump :
| Ex
CO, - Ve
Cylinder |

Constant-Temperature W

Fig 2: Schematic representation of the working principles of supercritical fluid extraction and microwave-assisted extraction.

£ M v a -
U (’ Vo) - P OO » Extraction Technique & --=-=====necceeumux ”
e olm A = S : ~—
i
Stage 1 - Stage 3 Stage 4 i
BOTANICAL RAW MATERIAL| | ANALYTICAL i i
PROCUREMNT & 1 ﬁﬂ&mm i
= I [
CONVENTIONAL ADVANCED Chemical Profiling
[ fes Identification METHOD OGIES ) ! Regulstory Compliance
Rockek {e.g. Maceration) J ‘ (e.g. SFE, MAE, UAE, } eSS SMS) (2.9 USP. PhEw)
4 n PLE, EAE) |- A -
Q) P I I =
§ i =3 O — = | i
T T CRITICAL CRITICAL | i L=l
Cultivation/Harvesting Control| IS DECISION Ll ag —
g DE}?O?)?” NODE o | Reproducibility
T Screl | st
Il —t— ——— (InVitro Assays) |
‘ ADVANCED | ADVANCED & lgas
ww&wwm {2.0. SFE. MAE, UAE) (BAE, PLE, EAE) = < — o v
y | _»‘ = e || -
fso @0 -
£ [l \ I | O | =
8 ) - f ‘

& Optimisation Influence

)\é-_/ Central i
Efficient & Rewodudble Workflows
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Tables
Table 1: Comparative Analysis of Conventional and Advanced Extraction Techniques
Parameter Maceration Soxhlet Percolation SFE MAE UAE PLE EAE
. . Low— Moderate— . . Moderate— . Moderate—
Extraction Efficiency Moderate High Moderate High High High High High
Time Required | 24-72 hours | 4-48hours | 1-8hours | O°2 |0.4-05hours| 0.5-Lhour | 22 | 2-6hours
hours hours
. . . Moderate—
Solvent Consumption High High High Low (CO:)|Low—Moderate]Low—Moderate| Low Moderate
Tempgfat_ure Low High Moderate |Adjustable| Moderate |Low—Moderate] High Low
Sensitivity
Selectivity Low Low Moderate High MOHd?grﬁte_ Moderate High High
Scalability Easy Moderate Moderate Difficult Moderate Moderate Difficult Moderate
Environmental Impact High High High Low |Low—ModeratelLow—Moderate] Low Low
Equipment Cost Low Low Low Very High| Moderate Moderate High Moderate
Bioactive Preservation| Moderate Low Moderate High MOHdﬁ;ﬁtef High High High
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Table 2: Summary of Advantages, Limitations, and Industrial Applicability of Extraction Techniques

Technique

Key Advantages

Major Limitations

Industrial Applicability

Maceration

Simple, low-cost, no
specialized equipment

Long duration, high solvent use,
low selectivity

Widely used; suitable for heat-
labile compounds at small scale

Soxhlet Extraction

Exhaustive extraction; well-
established

Thermal degradation risk; high
solvent use; time-consuming

Moderate; used as analytical
reference method

Percolation

Continuous fresh solvent
contact; moderate speed

Moderate solvent use; limited
control over contact time

Common in herbal preparation;
scalable at moderate cost

Supercritical Fluid
Extraction (SFE)

High selectivity; low residual
solvent; tunable parameters

Very high capital cost; complex
operation; poor for polar analytes

Pharmaceutical and nutraceutical
industries; coffee decaffeination

Microwave-Assisted
Extraction (MAE)

Rapid; reduced solvent use;
uniform heating

Limited to microwave-absorbing
matrices; thermal degradation risk

Moderate; cosmetics, food, and
pharmaceutical sectors

Ultrasound-Assisted
Extraction (UAE)

Mild conditions; cell
disruption; enhanced diffusion

Scale-up challenges; transducer
fouling; energy cost

Moderate; particularly suitable for
heat-sensitive bioactives

Pressurized Liquid
Extraction (PLE)

Fast; automated; reduced
solvent; high reproducibility

High equipment cost; pressure
management complexity

Pharmaceutical QC and
nutraceutical processing

Enzyme-Assisted
Extraction (EAE)

High specificity; aqueous
solvent; mild conditions

Enzyme cost; pH and temperature
sensitivity; long processing

Emerging; suitable for
polysaccharides and phenolics

References

1.

10.

11.

Newman DJ, Cragg GM. Natural products as sources of
new drugs over the nearly four decades from 01/1981 to
09/2019. J Nat Prod. 2020;83(3):770-803.

Atanasov AG, Waltenberger B, Pferschy-Wenzig EM,
Linder T, Wawrosch C, Uhrin P, et al. Discovery and
resupply of pharmacologically active plant-derived
natural products: a review. Biotechnol Adv.
2015;33(8):1582-614.

Grand View Research. Phytopharmaceuticals market
size, share and trends analysis report by application, by
region, and segment forecasts, 2022-2030. San
Francisco: Grand View Research; 2022.

Azmir J, Zaidul IS, Rahman MM, Sharif KM, Mohamed
A, SahenaF, et al. Techniques for extraction of bioactive
compounds from plant materials: a review. J Food Eng.
2013;117(4):426-36.

Cragg GM, Newman DJ. Natural products: a continuing
source of novel drug leads. Biochim Biophys Acta.
2013;1830(6):3670-95.

Pan SY, Zhou SF, Gao SH, Yu ZL, Zhang SF, Tang MK,
et al. New perspectives on how to discover drugs from
herbal medicines: CAM’s outstanding contribution to
modern therapeutics. Evid Based Complement Alternat
Med. 2013;2013:627375.

Handa SS, Khanuja SPS, Longo G, Rakesh DD.
Extraction technologies for medicinal and aromatic
plants. Trieste: International Centre for Science and High
Technology; 2008.

Mukherjee PK. Quality control of herbal drugs: an
approach to evaluation of botanicals. 2nd ed. New Delhi:
Business Horizons; 2007.

Chemat F, Rombaut N, Sicaire AG, Meullemiestre A,
Fabiano-Tixier AS, Abert-Vian M. Ultrasound assisted
extraction of food and natural products. Mechanisms,
techniques, combinations, protocols and applications. A
review. Ultrason Sonochem. 2017;34:540-60.

European Medicines Agency. Guideline on the use of
herbal medicinal products in clinical studies. London:
EMA; 2012.

Huie CW. A review of modern sample-preparation
techniques for the extraction and analysis of medicinal
plants. Anal Bioanal Chem. 2002;373(1-2):23-30.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Chemat F, Vian MA, Cravotto G. Green extraction of
natural products: concept and principles. Int J Mol Sci.
2012;13(7):8615-27.

Tiwari BK. Ultrasound: a clean, green extraction
technology. Trends Analyt Chem. 2015;71:100-9.
Zhang QW, Lin LG, Ye WC. Techniques for extraction
and isolation of natural products: a comprehensive
review. Chin Med. 2018;13:20.

Kaufmann B, Christen P. Recent extraction techniques
for natural products: microwave-assisted extraction and
pressurised solvent extraction. Phytochem Anal.
2002;13(2):105-13.

Dhanani T, Shah S, Gajbhiye NA, Kumar S. Effect of
extraction methods on yield, phytochemical constituents
and antioxidant activity of Withania somnifera. Arab J
Chem. 2017;10(Suppl 1):51193-9.

Lugue de Castro MD, Priego-Capote F. Soxhlet
extraction: past and present panacea. J Chromatogr A.
2010;1217(16):2383-9.

Reverchon E, De Marco I. Supercritical fluid extraction
and fractionation of natural matter. J Supercrit Fluids.
2006;38(2):146-66.

Herrero M, Cifuentes A, Ibanez E. Sub- and supercritical
fluid extraction of functional ingredients from different
natural sources: plants, food-by-products, algae and
microalgae. Food Chem. 2006;98(1):136-48.

Li Y, Fabiano-Tixier AS, Vian MA, Chemat F. Solvent-
free microwave extraction of bioactive compounds
provides a tool for green analytical chemistry. Trends
Analyt Chem. 2013;47:1-11.

Brunner G. Supercritical fluids: technology and
application to food processing. J Food Eng. 2005;67(1—
2):21-33.

Herrero M, Martin-Alvarez PJ, Senorans FJ, Cifuentes
A, Ibanez E. Optimisation of accelerated solvent
extraction of antioxidants from Spirulina platensis
microalga. Food Chem. 2005;93(3):417-23.
Pourmortazavi SM, Hajimirsadeghi SS. Supercritical
fluid extraction in plant essential and volatile oil
analysis. J Chromatogr A. 2007;1163(1-2):2-24.
Temelli F. Perspectives on the use of supercritical
particle formation technologies for food ingredients. J
Supercrit Fluids. 2009;47(3):583-90.

23|Page


http://www.pharmainsightjournal.com/

International Journal of Pharma Insight Studies

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Uquiche E, Jerez M, Ortiz J. Effect of pretreatment with
microwaves on mechanical extraction yield and quality
of vegetable oil from Chilean hazelnuts. Innov Food Sci
Emerg Technol. 2008;9(4):495-500.

Mandal V, Mohan Y, Hemalatha S. Microwave assisted
extraction: an innovative and promising extraction tool
for medicinal plant research. Pharmacogn Rev.
2007;1(1):7-18.

Hemwimon S, Pavasant P, Shotipruk A. Microwave-
assisted extraction of antioxidative anthraquinones from
roots of Morinda citrifolia. Sep Purif Technol.
2007;54(1):44-50.

Wang L, Weller CL. Recent advances in extraction of
nutraceuticals from plants. Trends Food Sci Technol.
2006;17(6):300-12.

Veggi PC, Martinez J, Meireles MA. Fundamentals of
microwave extraction. In: Chemat F, Cravotto G, editors.
Microwave-assisted extraction for bioactive compounds:
theory and practice. New York: Springer; 2013. p. 15—
52.

Mason TJ, Lorimer JP. Applied sonochemistry: the uses
of power ultrasound in chemistry and processing.
Weinheim: Wiley-VCH; 2002.

Cravotto G, Boffa L, Mantegna S, Perego P, Avogadro
M, Cintas P. Improved extraction of vegetable oils under
high-intensity ultrasound and/or microwaves. Ultrason
Sonochem. 2008;15(5):898-902.

Chemat S, Aissa A, Humaer A, Hamidi N, Tomao V,
Chemat F. New procedure towards a selective and fast
extraction of a phytoconstituent as a model of sonication.
Ultrason Sonochem. 2014;21(1):24-30.

Esclapez MD, Garcia-Perez JV, Mulet A, Carcel JA.
Ultrasound-assisted extraction of natural products. Food
Eng Rev. 2011;3(2):108-20.

Richter BE, Jones BA, Ezzell JL, Porter NL. Accelerated
solvent extraction: a technique for sample preparation.
Anal Chem. 1996;68(6):1033-9.

Carabias-Martinez R, Rodriguez-Gonzalo E, Revilla-
Ruiz P, Hernandez-Mendez J. Pressurized liquid
extraction in the analysis of food and biological samples.
J Chromatogr A. 2005;1089(1-2):1-17.

Herrero M, Cifuentes A, Ibanez E. Sub- and supercritical
fluid extraction of functional ingredients from different
natural sources. Food Chem. 2006;98(1):136-48.

Puri M, Sharma D, Barrow CJ. Enzyme-assisted
extraction of bioactives from plants. Trends Biotechnol.
2012;30(1):37-44.

Sowbhagya HB, Chitra VN. Enzyme-assisted extraction
of flavorings and colorants from plant materials. Crit
Rev Food Sci Nutr. 2010;50(2):146-61.

Barzana E, Rubio D, Santamaria RI, Garcia-Correa O,
Garcia F, Ridaura Sanz VE, et al. Enzyme-mediated
solvent extraction of carotenoids from marigold flower
(Tagetes  erecta). J  Agric Food  Chem.
2002;50(16):4491-6.

Chemat F, Abert Vian M, Fabiano-Tixier AS, Strube J,
Uhlenbrock L, Gunjevic V, et al. Green extraction of
natural products: origins, current status, and future
challenges. TrAC Trends Anal Chem. 2019;118:248-63.
Singh J, Kaur L, editors. Advances in potato chemistry
and technology. Amsterdam: Academic Press; 2009.
Liyana-Pathirana C, Shahidi F. Optimization of
extraction of phenolic compounds from wheat using

43.

44,

45.

www.PharmalnsightJournal.com

response  surface Food Chem.
2005;93(1):47-56.

Xu Y, Pan S. Effects of various factors of ultrasonic
treatment on the extraction yield of all-trans-lycopene
from red grapefruit (Citrus paradisi Macf.). Ultrason
Sonochem. 2013;20(4):1026-32.

Ibanez E, Herrero M, Mendiola JA, Castro-Puyana M.
Extraction and characterization of bioactive compounds
with health benefits from marine resources: macro and
micro algae, cyanobacteria, and invertebrates. In: Hayes
M, editor. Marine bioactive compounds. New York:
Springer; 2012. p. 55-98.

Verpoorte R, Choi YH, Kim HK. NMR-based
metabolomics at work in phytochemistry. Phytochem
Rev. 2007;6(1):3-14.

methodology.

24|Page


http://www.pharmainsightjournal.com/

