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The escalating global demand for plant-based therapeutics, coupled with mounting

environmental concerns surrounding conventional pharmaceutical manufacturing, has
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minimization, energy efficiency, and integrated waste management strategies. It
further evaluates advanced technologies including supercritical fluid extraction,
microwave-assisted extraction, ultrasound-assisted extraction, and enzymatic
bioprocessing through the dual lenses of scientific efficacy and environmental
sustainability. Process optimization strategies relevant to industrial scale-up are
assessed, alongside the roles of regulatory frameworks and ethical sourcing in
legitimizing green pharmaceutical practices. Current technological and economic
barriers to widespread adoption are critically appraised, and future trajectories in
sustainable phytopharmaceutical innovation are proposed. It is concluded that green
chemistry not only reduces the ecological footprint of herbal drug manufacture but
also enhances product quality, bioactive compound integrity, and long-term
commercial viability, thereby positioning sustainability as both a scientific and
strategic imperative in modern natural product drug development.
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1. Introduction

Nanotechnology is the science of the smallest particles. Nanotechnology is a world in which new products are developed at the
atomic and molecular level. It limits renewable energy sources and provides a realistic and cost-effective means of keeping the
environment clean M. Nanotechnology is a term used to define areas of science and engineering in which phenomena occurring
at nanoscale dimensions are used in the design, characterization, manufacture, and applications of materials, structures, devices,
and systems 2. The nano drugs employed have demonstrated that bioavailability is enhanced, side effects are eliminated, and
therapeutic medicine is absorbed more effectively. Nanoparticles have recently been used on this membrane as a medication
carrier system Bl Particularly, nanoparticles are inhaled and cross brain membranes. The typical and traditional therapies for
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vascular thrombosis often have relatively limited advantages
due to the short plasma half-life, many adverse effects, and
fast drug wash-outs [, Polymeric nanoparticles (NPs) have
attracted considerable interest over recent years due to their
properties resulting from their small size. Advantages of
polymeric NPs as drug carriers include their potential use for
controlled release, the ability to protect drug and other
molecules with biological activity against the environment,
improve their bioavailability and therapeutic index . The
term “nanoparticle” comprises both nanocapsules and
nanospheres, which differ with respect to their morphology.
Nanocapsules are composed of an oily core in which the drug
is usually dissolved, surrounded by a polymeric shell which
controls the release profile of the drug from the core.
Nanospheres are based on a continuous polymeric network in
which the drug can be retained inside or adsorbed onto their
surface.

Green chemistry, formalized through the Twelve Principles
articulated by Anastas and Warner in 1998, provides a
scientifically robust and operationally actionable roadmap for
transforming  pharmaceutical ~ manufacturing  toward
genuinely sustainable practices [ 9. Its application within the
domain of herbal drug development is particularly
compelling, as the field intersects complex biological
matrices, thermolabile bioactive compounds, and the demand
for rigorous quality assurance. Beyond ecological benefits,
green methodologies have been demonstrated to preserve or
enhance the recovery of sensitive phytochemicals such as
polyphenols, terpenoids, and alkaloids that are susceptible to
thermal and oxidative degradation under conventional
processing conditions % 1. The present review aims to
consolidate current evidence regarding the deployment of
green chemistry across the herbal drug development pipeline,
from raw material procurement and extraction through to
formulation and regulatory compliance, and to delineate the
path toward fully sustainable phytopharmaceutical
production.

2. Principles of Green Chemistry and Their Relevance to
Drug Development

The Twelve Principles of Green Chemistry, as enumerated by
Anastas and Warner [ collectively advocate for the
prevention of waste at source, the utilization of atom-efficient
synthetic pathways, the preference for less hazardous
reagents, and the design of safer chemicals with reduced
environmental persistence. In the context of herbal drug
development, several of these principles assume particular
prominence. The principle of waste prevention resonates
directly with the large-scale solvent use inherent to traditional
botanical extraction, where solvent-to-material ratios often
exceed twenty to one by volume 2. Similarly, the principle
of designing for energy efficiency aligns with industry
imperatives to reduce the thermal load of extraction
operations, which constitute a disproportionate share of
manufacturing energy consumption.

Atom economy, a concept central to synthetic chemistry but
equally applicable to extraction science, encourages
maximization of the proportion of starting material
incorporated into the final product. In phytochemical
extraction, this translates to the development of high-
yielding, selective extraction protocols that minimize co-
extraction of inert material and reduce the need for elaborate
downstream purification (3. The preference for renewable
feedstocks further aligns with the natural product sector's
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intrinsic reliance on botanical raw materials, provided that
sourcing is conducted in a manner consistent with
biodiversity conservation and sustainable agricultural
practices [*4l. The principle of real-time analytical monitoring
supports the implementation of process analytical technology
in phytopharmaceutical manufacturing, enabling continuous
quality assurance and minimizing batch failure rates [,
Collectively, these principles constitute a coherent
philosophical and technical framework for reimagining every
stage of herbal drug development.

3. Application of Green Chemistry in Herbal Drug
Development

3.1. Green Extraction Techniques and Solvent Selection
The selection of extraction solvent is among the most
consequential decisions in phytopharmaceutical process
design, directly influencing yield, selectivity, safety profile,
and environmental impact. Conventional solvents including
dichloromethane, chloroform, and petroleum ether, though
efficacious for lipophilic compound extraction, are
associated with ozone depletion, carcinogenicity, and aquatic
toxicity [, Green solvent alternatives encompass ethanol,
water, ethyl acetate, and bio-derived solvents such as ethyl
lactate, d-limonene, and glycerol. These compounds offer
favourable toxicological and environmental profiles,
regulatory acceptability, and in many instances, comparable
or superior extraction selectivity for targeted phytochemical
classes [*7), The CHEM21 solvent selection guide and solvent
sustainability tools developed by pharmaceutical consortia
provide structured decision frameworks for solvent
substitution that balance chemistry performance with
environmental and safety metrics [28],

Water, the quintessential green solvent, merits particular
discussion.  Aqueous extraction systems, including
pressurized hot water extraction (PHWE) and subcritical
water extraction, exploit the dramatically altered
physicochemical properties of water at elevated temperatures
and pressures — reduced surface tension, increased
diffusivity, and modified dielectric constant — to achieve
solubilization of a broad spectrum of bioactive compounds
without organic solvent use [° 20, These approaches have
demonstrated particular efficacy for polyphenol extraction
from plant matrices and represent a compelling convergence
of green chemistry principles with practical pharmaceutical
application.

3.2. Energy Efficiency and Waste Reduction

Energy consumption in pharmaceutical manufacturing is
both a cost centre and an environmental liability.
Conventional Soxhlet extraction, while exhaustive in analyte
recovery, requires continuous heating for durations of six to
forty-eight hours, conferring substantial thermal energy costs
and risk of thermolabile compound degradation 2. By
contrast, advanced extraction technologies such as
microwave-assisted extraction and ultrasound-assisted
extraction achieve comparable or superior yields within
dramatically compressed timeframes — typically two to
thirty minutes — thereby reducing energy inputs by up to
ninety percent in documented comparative studies 2% 23,
Waste minimization strategies include solvent recycling
through distillation loops integrated into closed-loop
extraction systems, valorization of extraction residues as
agricultural amendments or secondary biorefinery
feedstocks, and the adoption of continuous flow extraction
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platforms that reduce total solvent inventory requirements
4 Life cycle assessment tools provide a standardized
methodology for quantifying the cumulative environmental
impact of these interventions across the full manufacturing
value chain 23],

4. Advanced Green Technologies in Phytopharmaceutical
Production

4.1. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE), most commonly
employing carbon dioxide as the extraction medium,
represents a landmark advance in sustainable phytochemical
isolation. Supercritical CO2 (critical temperature 31.1°C,
critical pressure 73.8 bar) offers a non-toxic, non-flammable,
and readily recoverable medium with tunable solvating
power modulated through pressure and temperature
adjustment 281, SFE delivers extracts of exceptional purity,
minimal solvent residue, and preserved thermolabile
bioactivity, attributes that are particularly advantageous for
volatile terpenoid and lipophilic cannabinoid extraction.
Industrial SFE installations are commercially established in
the nutraceutical and flavour industries, confirming scale-up
feasibility, though capital equipment costs remain a
significant barrier to entry for smaller phytopharmaceutical
manufacturers 271,

4.2.  Microwave-Assisted and Ultrasound-Assisted
Extraction

Microwave-assisted extraction (MAE) utilises dielectric
heating to rapidly elevate the temperature of polar solvents
and plant cell moisture, causing cell disruption and
accelerated analyte release into the extraction medium.
Comparative studies have demonstrated MAE to achieve
extraction yields equivalent to conventional Soxhlet
methodology for flavonoids, saponins, and alkaloids at
fifteen to thirty minute extraction durations, compared with
six to twenty-four hours for reflux-based approaches 2% 281,
Ultrasound-assisted extraction (UAE) operates via acoustic
cavitation, whereby the growth and violent collapse of
microbubbles generated by high-frequency ultrasound
creates intense local microjets that disrupt cell wall
architecture, enhance mass transfer, and increase solvent
penetration into the plant matrix 231, Both technologies are
compatible with aqueous and mixed agueous-organic solvent
systems, support reduced solvent volumes, and operate at
ambient or mildly elevated temperatures conducive to
bioactive compound preservation. Their suitability for scale-
up in pharmaceutical manufacturing contexts has been
established through pilot-scale and industrial validation
studies 2,

4.3. Biotechnological Approaches

Enzyme-assisted extraction (EAE) represents an elegant
biotechnological application of green chemistry principles,
employing carbohydrases, proteases, and cell-wall-degrading
enzymes to facilitate analyte release under mild aqueous
conditions in the absence of organic solvents %, Cellulases,
pectinases, and hemicellulases act synergistically to degrade
the polysaccharide architecture of plant cell walls, rendering
intracellular metabolites accessible to aqueous extraction
media. EAE has been documented to significantly enhance
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the recovery of polyphenols and essential oil components
from diverse botanical substrates while conferring
improvements in extract clarity and downstream filterability
B Microbial ~fermentation-based  biotransformation
represents an additional avenue through which the structural
diversity and bioactivity of phytochemical extracts may be
modulated, enabling the generation of novel pharmacophores
from renewable natural substrates with minimal chemical
reagent input 4],

5. Process Optimization and Industrial Scale-Up

The translation of green extraction methodologies from
laboratory discovery to commercial-scale
phytopharmaceutical manufacture constitutes a central
challenge in the field. Process optimization tools including
response surface methodology (RSM) and Design of
Experiments (DoE) frameworks enable systematic
exploration of the multidimensional parameter spaces
governing extraction yield, selectivity, and energy
consumption, thereby identifying operating conditions that
simultaneously maximize product quality and minimize
resource inputs 2, These chemometric approaches have
been extensively validated for MAE, UAE, and SFE
processes applied to phytochemical systems, generating
predictive models that support rational scale-up from bench
to pilot to industrial scale.

Industrial adoption of green extraction technologies requires
careful techno-economic analysis to quantify the return on
investment associated with capital equipment replacement
and operational re-engineering. Continuous flow extraction
systems integrated with in-line membrane filtration and
solvent recovery loops offer compelling economic and
environmental advantages for large-scale production,
reducing solvent inventory, labour input, and batch cycle
times [ The implementation of Process Analytical
Technology (PAT) tools, including near-infrared
spectroscopy, Raman spectroscopy, and ultraviolet-visible
inline monitoring, enables real-time quality verification and
adaptive process control, supporting both green chemistry
objectives and pharmacopoeial compliance requirements [2°],
6. Green and Bioactive
Preservation

The quality, safety, and therapeutic efficacy of herbal drug
formulations are fundamentally dependent upon the chemical
integrity of bioactive constituents through the entire
manufacturing process. Conventional extraction
methodologies expose thermolabile compounds — including
phenolic glycosides, essential oil monoterpenes, and
anthocyanins — to prolonged thermal stress that promotes
oxidative degradation, epimerization, and hydrolysis [0,
Green extraction approaches operating at reduced
temperatures and durations measurably attenuate these
degradation pathways. Supercritical CO2 extraction and
UAE in particular have been documented to yield extracts
with superior antioxidant activity, higher total polyphenol
content, and greater microbiological cleanliness relative to
conventional ethanol reflux procedures 26 29,

From a formulation perspective, the reduced solvent residue
profiles of green extracts confer direct safety and quality

Chemistry Compound

53|Page


http://www.pharmainsightjournal.com/

International Journal of Pharma Insight Studies

benefits, facilitating compliance with International Council
for Harmonisation (ICH) Q3C residual solvent guidelines
without the need for extensive post-extraction solvent
removal operations 4. Furthermore, the consistency and
reproducibility of green extraction processes, supported by
PAT integration and mathematical process models, yield
standardized extracts of defined biomarker content, a
prerequisite for the clinical translation of herbal medicines
and their regulatory acceptance as pharmaceutical-grade
products 15 3],

7. Regulatory, Environmental, and Ethical
Considerations

The regulatory landscape governing herbal drug development
is evolving in parallel with growing awareness of
environmental sustainability imperatives. The European
Medicines Agency (EMA), the United States Food and Drug
Administration (FDA), and the World Health Organization
(WHO) have progressively incorporated sustainability
criteria into guidance frameworks for herbal medicinal
product manufacturing . EMA guidance on herbal
medicinal products explicitly addresses solvent selection and
residue limits, while WHO guidelines on good agricultural
and collection practices (GACP) encompass ethical sourcing,
biodiversity conservation, and ecologically sustainable
harvesting regimes — all directly resonant with green
chemistry objectives 71,

Environmental impact assessment through life cycle analysis
(LCA) is increasingly mandated or recommended for
pharmaceutical manufacturing processes as part of corporate
sustainability reporting obligations under frameworks
including the Global Reporting Initiative (GRI) and the UN
Sustainable Development Goals (SDGs) 1. Ethical
considerations surrounding equitable benefit-sharing with
plant-source communities under the Nagoya Protocol,
intellectual property protections for indigenous botanical
knowledge, and the prevention of biopiracy constitute
important non-technical dimensions of sustainable herbal
drug development that the green chemistry framework does
not fully address but that responsible pharmaceutical actors
must integrate into their operational philosophy 8],

8. Challenges and Barriers to Adoption

Despite compelling scientific evidence supporting the
efficacy and sustainability of green chemistry approaches in
phytopharmaceutical production, significant barriers to
widespread industrial adoption persist. Capital expenditure
associated with SFE and industrial MAE or UAE installations
represents a primary deterrent, particularly for small and
medium-sized manufacturers operating in price-sensitive
generic herbal medicine markets 7. The technical
complexity of operating and maintaining supercritical fluid
systems, and the requirement for specialized engineering
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expertise, further constrains accessibility. Regulatory
validation of novel extraction processes within existing
quality-by-design (QbD) frameworks demands substantial
analytical resource investment and may extend product
development timelines, creating disincentives for innovation
adoption [,

The complexity and variability of botanical raw material
composition, driven by genotypic diversity, geographic
origin, seasonal variation, and post-harvest handling
differences, presents persistent challenges for the
development of robust, standardized green extraction
processes 9. The absence of universally adopted green
metrics for phytopharmaceutical manufacturing —
analogous to the E-factor and atom economy measures
employed in synthetic chemistry — impedes objective
benchmarking of process sustainability improvements and
complicates regulatory submissions. Addressing these
challenges will necessitate coordinated investment in
technology infrastructure, harmonized regulatory science,
industry-academic collaboration, and the development of
standardized reporting frameworks for pharmaceutical green
chemistry metrics 140,

9. Conclusion and Future Directions

Green chemistry has emerged as a scientifically mature,
industrially feasible, and environmentally imperative
paradigm for herbal drug development. The progressive
substitution of hazardous solvents with bio-derived or water-
based alternatives, the deployment of energy-efficient
extraction technologies, the integration of real-time process
monitoring, and the adoption of waste valorization strategies
collectively demonstrate that sustainable
phytopharmaceutical production is not merely aspirational
but operationally achievable at commercial scale. The
documented benefits extend beyond environmental metrics to
encompass measurable improvements in bioactive compound
quality, extract standardization, and regulatory compliance.

Future research priorities in this domain include the
development of integrated bio-refinery platforms that
simultaneously optimize primary phytochemical extraction
and valorize co-extraction residues as value-added co-
products, the application of artificial intelligence and
machine learning for predictive process optimization in
complex botanical systems, and the advancement of solvent-
free extraction modalities including mechanochemical and
cold plasma technologies. The full realization of green
chemistry's potential in herbal drug development will require
sustained commitment from manufacturers, regulators,
funding bodies, and academic researchers to build the
interdisciplinary knowledge base and policy environment
necessary for transformative, sector-wide sustainability
transition.
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Fig 1: Schematic representation of the integration of the Twelve Principles of Green Chemistry into the herbal drug development process
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Tables
Table 1: Comparison of Conventional and Green Chemistry-Based Approaches in Herbal Drug Development
Parameter Conventional Approach Green Chemistry Approach Key Improvement
. Ethanol, water, bio-derived solvents S
Solvent use Chlorinated solvent§ (DCM, CHCI3), (ethyl lactate, d-limonene) in reduced Reducgd toxicity, |mpr9ved regulatory
hexane, methanol in large volumes volumes compliance, lower environmental load
Energy High; Soxhlet 6-48 h continuous | Low; MAE 2-30 min; UAE 10-60 min; | Up to 90% energy reduction; decreased

consumption

heating; maceration 24-72 h

SFE 30-90 min

GHG emissions

Extraction time

Hours to days

Minutes to hours

Enhanced throughput; reduced thermal
degradation risk

Waste generation

High solvent effluent; residue landfill

disposal

Closed-loop solvent recovery; residue
valorization as biomass

Significant reduction in hazardous waste
streams

Bioactive yield &
quality

Variable; thermolabile compound

degradation common

Higher or equivalent yield; preservation
of thermolabile constituents

Improved extract standardization and
clinical translatability

Worker safety

Significant occupational exposure to

volatile organic compounds

Reduced or eliminated VOC exposure;
lower carcinogenic risk

Enhanced occupational health outcomes

Regulatory status

ICH Class 2/Class 1 solvents often

employed

ICH Class 3 solvents or solvent-free;
improved compliance pathway

Simplified residual solvent validation

Scalability

Well-established; low capital
equipment cost

Established for MAE/UAE; SFE requires
higher capital investment

Emerging industrial-scale installations
reduce cost barriers

DCM = dichloromethane; MAE = microwave-assisted extraction; UAE = ultrasound-assisted extraction; SFE = supercritical fluid extraction; GHG =
greenhouse gas; ICH = International Council for Harmonisation; VOC = volatile organic compound.

Table 2: Advantages, Limitations, and Sustainability Aspects of Green Technologies in Phytopharmaceutical Production

Technology

Key Advantages

Principal Limitations

Sustainability Benefits Maturity Level

Supercritical Fluid
Extraction (SFE)

Solvent-free; high purity;
tunable selectivity;
thermolabile compound
preservation

High capital cost; limited
polarity range without
modifiers; complex equipment

No organic solvent residue;
CO2 recycled; low
environmental impact

Commercially established

Unsuitable for non-polar

equipment

Microwave- Rapid (2-30 min); high yield; . - 90% energy reduction vs. - . .
Assisted Extraction| reduced solvent volume; solvent_s, potentlal hotspc_)t Soxhlet; significantly Pilot and 'r!d“St”a' scale
- degradation; moderate capital validated
(MAE) automated systems available cost reduced solvent use
Ultrasound- o Qggﬁhzéﬁngﬁg&ﬁnh Probe erosion in industrial scale;| Lower temperature reduces
Assisted Extraction| 2P ' P o parameter standardization  |degradation; energy-efficient| Established to pilot scale
diverse solvents; simple
(UAE) challenges at laboratory scale

Enzyme-Assisted
Extraction (EAE)

Aqueous medium; mild
conditions; improved yield of
glycosylated compounds

Enzyme cost; substrate
specificity constraints; longer
processing time

No organic solvent;
biodegradable reagents;
minimal waste

Laboratory to pilot scale

Pressurized Hot
Water Extraction
(PHWE)

Water as sole solvent; high
extraction efficiency; no
solvent residues

High-pressure equipment
required; selectivity limited to
polar compounds

Complete solvent
elimination; lower carbon
footprint

Pilot scale; limited
commercial adoption

High-Pressure
Processing (HPP)

Non-thermal; preserves
bioactivity; simultaneous
extraction and sterilization

Batch process limitations; high
capital cost; low industrial
throughput

Commercial food sector;
pharmaceutical adoption
emerging

Low energy relative to
thermal sterilization; no
chemical additives

Maturity levels: ‘Commercially established' denotes full industrial implementation; ‘pilot and industrial scale validated' denotes demonstrated feasibility at
manufacturing scale; 'established to pilot scale' denotes proven feasibility with continued scale-up required.
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