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Abstract--Throughout the globe, plant-derived drugs have been (and continue to be) a longstanding pillar of therapeutic
medicine, finding themselves to be an integral part in drug research in primary health care. The lack of standardisation and
uniformity, as well as safety and batch-to-batch variability (causing the issue of consistent reproducibility at a large scale)
in the production of phytopharmaceuticals are crucial issues that require to be addressed to increase the adoption of herbal
medicines in the modern world (Naik et al., 2023). To maintain uniformity and safety, regulatory aspects (such as
toxicological concerns, interaction issues and storage issues) also need to be addressed. One means of doing this is by a
constant and rigorous monitoring of adverse reactions caused by newly formulated herbal pharmaceuticals (Naik et al.,
2023). Traditional plant-derived medicines in India have been found to hold a substantial number of bioactive compounds.
Despite this, their acceptance into the global market remains low due to issues such as batch-to-batch variability and little
regulatory compliance (as aforementioned). Hence, a standardised approach to align traditional herbal knowledge with
modern day extraction, purification and formulation science aligned with a chemical engineered blueprint must be brought
about to reduce the issue of scalability and reproducibility in multiple environments, complying with a regulated framework
to develop phytopharmaceuticals. Connecting ethnomedicinal research to industrial pharmaceutical manufacturing is a
barrier that remains to be overcome; to do so, embedding QbD, PAT and eco-friendly green engineering principals into the
development of these drugs. A qualitative research methodology was used, putting together a systematic review of peer-
reviewed literature from Scopus, PubMed, and IEEE Xplore with qualitative multiple case study analysis of Indian
phytopharmaceutical manufacturers. Cross-case synthesis was used to identify convergent patterns in extraction efficiency,
formulation stability, process control, and environmental performance. The resulting findings showcased that eco-
friendly/green engineering technology such as supercritical fluid extraction and hybrid membrane purification in order to
extract bioactive significantly improved purity and increased yield. An incorporation of formulation strategies from the
field of material sciences have also been found to improve the solubility and stability of herbal pharmaceuticals,
nanoencapsulation and engineered excipient systems being the prime examples. Implementing a framework that puts
forward the regulatory readiness by changing the safety and quality control aspects of development from post-production
testing to testing necessary material during the in-process stage is imperative.

Keywords--Phytopharmaceuticals, Quality-by-design framework; Process intensification; Purification formulation
extraction techniques, drug standardization, Indian traditional herbs.

L Introduction
A. Traditional Indian Herbs and Phytopharmaceuticals:

Traditional medicine is an often-overlooked pathway to prevent and manage several lifestyle disorders and chronic
diseases, ordinarily aimed to address the medicinal requirements of the aging population. With the rise of both
communicable and non-communicable diseases, partnered with the shortage of benefits acquired from consuming
conventional chemical drugs, exists a drive for more economically feasible healthcare services (Mathé & Khan, 2024).
Several countries have come to this realization, thus expanding the coverage of traditional medicine to common healthcare.
Commonly, TM systems have been the forefront of Asian healthcare, with countries such as India (with AYUSH), Sri
Lanka, Korea (Koryo), and Traditional Arabic and Islamic Medicine being notable mentions. The effectiveness of TM has
influenced governments worldwide to further standardise and increase the reach of it, attempting to integrate TM with a
scientific backing (Ansari, S. 2020b). Medicinal and Aromatic Plants (MAPs), show considerable potential in the field of
healthcare, often appearing in several cultures. The evident split between traditional and modern healthcare arises from the
commercialization and urbanisation of modern pharmaceuticals, thus the loss of the indispensable cultural knowledge that
deals with traditional medicine arises (Mathé & Khan, 2024). The equilibration of traditional and modern pharmaceuticals,
with one and another being integrated, would prove to be not only economically feasible towards customers, but serve to
protect the rich cultural heritage behind traditional healthcare.
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Ancient cultures, such as the Egyptians, Chinese, Indians, and Greeks, have diarized herb-based healthcare for centuries,
highlighting the protracted existence of herbal medicine. This is seen in texts such as Ebers Papyrus and Yellow Emperor’s
Inner Canon, amongst others (Ansari et al., 2024). Medicinal herbs in TMs are a significant part of the process behind
bringing alternatives to modern medication. Natural biologically active compounds found to treat sicknesses, sourced from
manuscripts that are centuries old, can still be used today. This further reaffirms the claim that TMs have a place in the
modern medicinal world, considering its enormous potential to explore new methods of treatment (Farid, 2025b). With the
surge in rediscovery of TMs, the subsequent integration of it in contemporary medicine will ultimately lead to the discussion
of what traditional medicinal knowledge truly comprises of. The dichotomy of traditional to modern medicinal ideologies
plays the role of protecting the rich cultural history that the source of TMs is derived from. Empowering the indigenous
population and giving them access to hold authority over their expertise in the field of TMs serves as a leeway to ensure
commercialisation of their knowledge is consented to (“Quality Assurance of Ethno-Herbals: Cultivating Confidence in
Alternative Medicine", 2025). Documentation of traditional knowledge, via intellectual property laws, prevents the misuse
of knowledge cultivated through centuries, making sure the source of information is never lost. Having information encased
and protected by intellectual property laws adds a sense of credibility to the source as it requires sifting through the fact or
fiction of traditional healthcare methods (“Quality Assurance of Ethno-Herbals: Cultivating Confidence in Alternative
Medicine,” 2025).
The rift between modern medicine and TMs originate from the credibility that TMs have not yet achieved. The gap between
the way traditional knowledge in medicine is applied to its fundamental concepts is what decays its credibility. Thus,
translational studies are the stepping stones to filling the rift. Translational research attempts to turn research to reality, with
2 key stages. One of which is converting traditional knowledge to clinical research, the second of which is the application
and integration of this newly converted knowledge (Maheshwari et al., 2025). Ayurveda, in specific, was created as a
translational model in and of itself; with ‘Tattva’ being the postulates that explain ‘Sastra’, the abstract ideal of a certain
type of behaviour, that form the bases of ‘Vyavahara’, the effective application in one's life. As far as translational models
go, ayurveda is about as close as it gets to connecting practicality to scholastic knowledge in the field of medicine
(Maheshwari et al., 2025). With regards to connecting TMs and modern medicine, translational research serves as the basis
to create and produce an array of natural therapeutic alternatives to current pharmaceuticals, however, to traverse this path
requires expertise in the field, considering the complexity of drug development). The use of new technology in bringing
TMs to the modern world can greatly boost its development. Methods such as flash chromatography and integration of
omics (using genomics, transcriptomics, proteomics, metabolomics/metabonomics, automation, and several other
computational techniques to further study drug design, computerised) are transforming its evolution (Maheshwari et al.,
2025). With development as rapid as this, the reach that TMs will be given for the up-and-coming generation will prove to
be significant.

B. The Need for Scientific Validation and Standardization

Despite the effectiveness of TMs being proven time and time again, the lack of formal documentation creates the grounds
for the effectiveness of TMs to be greatly overlooked as an alternative that is on par with modern medicine. However, the
new global resurgence of TMs has sprung the need to formalise and validate ancient healing methods, mandating it
(Krishnaswamy, 2024). This means that the standardisation of TMs is on the rise, wherein an evidence-based approach for
ancient medicine is adopted. This is an urgent necessity, seeing as TMs used rough ratios and lacked the precision and edge
that proper scientific research can provide to a field with such scope. The safety and efficacy of phytopharmaceuticals can
hence greatly be improved (Krishnaswamy, 2024). TMs showcase generations worth of records with regards to their
application, ayurveda and Chinese medicines being the most prominent examples. Herbs such as Astragalus Membranaceus
and Panax Ginseng served as indicators of one’s Qi (one’s energy of sorts) and was an integral step in the process of aiding
(Lu et al., 2024). This archetype, among others, demonstrates a clear grasp of medicinal plants, and it is most likely why
areas of the world with a deep-rooted history in TMs (notably the Asian continent) house a thriving traditional health
ecosystem. Developing TMs will continue to grow a range of ailments and cures in the world of modern health care, with
the proper backing as aforementioned. It has been proven that TMs and traditional remedies have had a consistent and
positive correlation to the treatment of cardiovascular diseases, neurological conditions, and digestive disorders, putting
forth the claim that their role in modern health care as an alternative is an absolute necessity, expanding healthcare services
(Lu et al., 2024). Although the use of TMs and their effectiveness is seen by the experience per user, it only serves as a
blueprint for its effectiveness and lacks a pronounced scientific background, with minimal research to support it. A scientific
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and systematic assessment of TMs thus becomes vital, it eliminates treatments that are seen as inefficient and provides a
more stable, foundational and foolproof base for the modernisation of TMs (Lu et al., 2024). Another aspect of modernising
TMs is the global acceptance factor; a steady flow of TMs to mainstream healthcare would lead to the expansion and
integration of TMs in western countries, breaking the stigma against using them (Lu et al., 2024). TMs could most definitely
thus revolutionize the modern healthcare world, as long as they are brought forth with an evidence-based treatment method.

B. Emphasizing issues such as variability in bioactive components, lack of standardization, and regulatory
requirements for efficacy and safety

Although, this is easier said than done. The complications that arise from efficacy and safety testing for TMs are numerous,
in specific, the world of dietary supplements (Dwyer, 2022). A bioactive safety assessment is a complex process due to
efficacy being more so subjective than objective. An efficacy assessment is most often built on the quality and quantity of
a TM, over its efficiency in disease curing. Moreover, the differences between regulatory bodies and their standards for
what classifies a remedy to be efficient varies and is a broad spectrum of what is acceptable and what isn’t. Hence for
bioactive in traditional pharmacology to play a vital role in the modern era, translational research (as aforementioned) is a
quintessential process in bringing TMs to the limelight, harmonizing with global standards of an acceptable drug (Dwyer,
2022). Integration of TMs begins with the concept of combination drugs. A sect of medication that can be classified as the
bridging of TMs to modern healthcare, a filled gap of receiving the best of both worlds (Gupta et al., 2024). Combination
drugs show remarkable potential, with a combination of TMs, devices, and biological elements, their ability to offer greater
therapeutic benefits compared to single-entity medical solutions like individual medicines or biologics is unique to this sect
(Gupta et al., 2024).

Converting Traditional i
my

Figure 1: Steps used to convert traditional medicines into modern medicines

Figure 1 explains the steps and processes behind converting traditional medicines into a credible form of modern medicine
and the steps taken to create evidence-based pharmaceuticals. However, this can impose a complex situation to regulate
combination drugs. Due to the diversity in composition of combination products, a straightforward judgment relating
efficacy to a newly found drug may be difficult to make. The world of regulation is predominantly governed by the likes
of the FDA (US Food and Drug Administration), a body that requires ample evidence to appropriate a regulatory route.
This makes the method of collaboration between different regulatory bodies imperative (Gupta et al., 2024b). The Centre
for Drug Evaluation and Research, as well as the Centre for Devices and Radiological Health are notable mentions with
regards to well-rounded steps in the regulatory process, attributed to their multifarious characteristics, requiring several
criteria to be met (Gupta et al., 2024b). This undoubtedly necessitates rigorous safety assessments, high levels of precision
in identification of risks and adversities becomes the standard to which regulations are held by; proper evaluation thus
serves as the only method to provide a robust foundation to the concept of combination healthcare (Gupta et al., 2024b).
Hence to evaluate the efficacy of combination drugs, proper (pre)clinical trials and post market surveillance serve as
standard protocol, especially after release, when the next phase of development begins (Gupta et al., 2024b). When done
right, this multifaceted approach to ailments can and will be propelled by the factor of being a safe medical alternative in
global health care. An example of this is Black Seed. Nigella Sativa L, or blackseed, is known for its formidable healing
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properties in the food as well as the pharmaceutical industry (Almoselhy & Usmani, 2024). Its newly found incorporation
in mainstream medicine due to rigorous quality control and safety assurance emphasises the essentiality in standardisation
practices and following relevant protocol. With black seed as an example (Almoselhy & Usmani, 2024). The challenges in
bringing this traditional remedy to the mainstream pharmacopeia is highlighted boldly, with the challenges in
commercialisation and bridging gaps in research being the focal points of the difficulties faced by researchers (Almoselhy
& Usmani, 2024).

D. Chemical Engineering’s Integral Role:

Chemical engineering principles are transforming the scalable extraction, separation, and purification of phytochemicals,
driven by sustainability imperatives and the need for efficient production of plant-derived medicines. The shift caused by
these sustainability imperatives has led to revolutionizing chemical and industrial separation, namely by the extraction and
purification of phytochemicals from plant sources (Mondal et al., 2025). Green solvents are a key principle of extraction
techniques due to their ability to reduce the large environmental footprint posed by the chemical industrial separations.
This makes the extractions of said phytochemicals to be more sustainable, driving the factor of environmental
consciousness and sustainability further (Mondal et al., 2025). Membrane separation technology is a pillar in the
purification process, with energy efficient solutions to separate the necessary phytochemicals from complex mixtures,
offering high levels of purity scalable (Verma et al., 2021c¢). In addition to this, leveraging nanotechnology as a tool in
separation sciences provides advanced solutions through which precision in selectivity and resource efficiency during
separation can greatly be improved, all whilst reducing the environmental impact (Mondal et al., 2025). Reactive distillation
and membrane reactors in the process of purification is also another method to enhance efficiency in the large-scale process
of drug development and serves as a technique to maximize resource utilization (Verma et al, 202lc).
Process intensification is a concept that incentivises a cost-effective yield that is both sustainable and scalable in chemical
processes, with high energy efficiency and purity being the defining pillars (Kopac, 2021).

Bridging TMs 1 Define Quality Target |———
& Modern Pharmaceuticals

Identify Critical
Altributes

|
| Quality by Design " @ —————] Modern universally
(QbD) ‘ | accepted drug

Design & Optimize
Process

Risk Assessment &
Control

Traditional Medicine | @

In-Process Analysis

Modern universally

PAT: Process c s Monitoring smm—|

= Analytical Technology

Data-Driven Decisions

Figure 2: Bridging TMs & Modern Pharmaceuticals

Figure 2 demonstrates 2 methods by which drug quality can be enhanced, more specifically, traditional drugs being
enhanced to form universally accepted modern drugs. Process intensification includes quality improvement frameworks
(QbD is one such example), done to enhance drug product quality wherein a combination of material attributes and process
controls are monitored during the intermediate phase to assure a higher level of product quality (Kim et al., 2021b).
Similarly, Process Analytical Technology (PAT) was a concept introduced to facilitate this constant monitoring, a
connecting piece to the quality improvement framework, emphasizing the point to monitor the intermediates over the end
products to improve sustainability and reduce wastage as well as provide continuous manufacturing improvements (Kim
et al., 2021b). PAT has and will continue to provide a vital role in drug development and manufacturing due to its efficient
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and precise monitoring, thus stabilising it as a fundamental tool in contemporary medicine and ultimately, the role of the
connecting link between TMs and modern pharmaceuticals (Kim et al., 2021b).

E. Technological Advances Enabling Modern Phytopharmaceuticals:

The ailment of diseases circulates around pharmacologically active compounds, wherein spatial temporal control over
biomolecule delivery is an imperative within a drug’s pharmacokinetic profile. Identifying formulations for vaccines has
been proven to be a low output and time-consuming process, however the addition of nanoparticles and the help of modern
technology will shorten this lengthy procedure (Siddique, 2024). Rapid formulations can thus be made, and with TMs, the
development and enhancement of traditional medicine will be as quick as it can be. Enhanced targeting and release kinetics
systems provide the framework to shape future pathways in the field (Siddique, 2024).

Analytical and Characterisation Methods in Extraction of Phytopharmaceuticals

PHYTOCHEMICALS
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Figure 3: Analytical and characterization methods in extractions of phytopharmaceuticals

Figure 3 discusses the tools and methods by which compounds within phytochemicals can be identified with high precision.
Methods such as High-Performance Liquid Chromatography (HPLC) is a method of analytical chemistry that serves its
course with great precision and high efficiency. Its broad range for practical research applications, especially in the field of
pharmaceuticals and biomedical research, shows its potential in analytical sciences and can prove to be a very effective
tool to extract phytopharmaceuticals. For millennia, the role of nature in drug discovery has been pivotal; traditional
remedies relying solely on it and chemical diversification only being possible to nature. However, despite their many
upsides, the exploration of phytopharmaceuticals in the drug industry has been minimal, due to the significant hurdles that
are faced (Chaachouay & Zidane, 2024). Identification and execution of large-scale bioactivities from nature, although
time consuming, serves many practicalities. The route of the future will thus be one to make multifaceted, nationwide
connections between modern and TMs, to amalgamate the therapeutic use of plant derived natural products worldwide
(Chaachouay & Zidane, 2024).

This study aims to develop an integrated chemical engineering framework for the systematic extraction, purification, and
formulation of phytopharmaceuticals derived from traditional Indian herbs. The primary objective is to establish
standardized, eco-efficient, and scalable processes that enhance yield, purity, and stability of bioactive compounds while
preserving therapeutic efficacy. Specifically, the research seeks to optimize upstream and downstream processing
parameters, employ advanced separation technologies for complex plant matrices, and engineer formulation strategies that
improve compound stability and bioavailability. The overarching goal is to bridge traditional knowledge systems and
modern phytopharmaceutical engineering principles to enable reproducible, regulatory-compliant, and industrially viable
herbal drug formulations.

The remainder of this paper is organized as follows. Section 2 reviews the relevant literature on [topic]. Section 3 describes
the research methodology, including the [approach/model/data collection]. Section 4 presents the results and analysis of
the data. Section 5 discusses the findings in the context of [your field or prior studies]. Finally, Section 6 concludes the
study with implications, limitations, and suggestions for future research.
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I11. Literature Review:
A. Drug Extraction from Traditional Indian Herbs

The ethnomedicinal (Abat et al., 2017) values of plants form the basis of the herbal drug industry. India, whose traditional
systems of medicines (Siddha and Ayurveda) has been known to have developed herbal medicines with negligible side
effects to most users. For example, Abutilon indicum, Hibiscus sabdariffa, Sida acuta and Sida rhombifolia are commonly
used plants in Indian herbal medicines, specifically in the ailment of common colds, stomach and liver disorders,
inflammations, etc. (Abat et al., 2017) Traditional medicines that seem to have a history of serving their intended purpose
with little to no side effects must be supported and further researched to bring them into the limelight. In fact, the World
Health Organization has also given the benefits of these natural drugs much needed recognition (Abat et al., 2017).
Ethnomedicinal uses when backed up using a scientific understanding is vital in ensuring that their use is made safe.

B. Conventional vs. Modern Extraction Techniques

Herbal pharmacopeia links TM knowledge with modern drug discovery and it emphasises the potential for further
developing therapeutics from more natural sources. Implementing rigorous standardization for quality control measures is
imperative as it not only ensures the consistency but also the safety behind using herbal products (Farid, 2025). It is
foundational to making the extraction and purification process reliable. To do this, the opportunities pertaining to enhancing
the efficacy, safety and bioavailability of phytopharmaceutical formulations must be leveraged. This is where the use of
tools such as nanotechnology amongst other recent scientific advancements come into play (Farid, 2025). Harnessing this
potential moreover requires multidisciplinary research specifically into fields such as formulation science and it makes
further pharmacokinetic (Moini et al., 2023) and pharmacodynamic (Farid, 2025) studies vital during developing stages.
Natural products, namely plant based medicinal compounds constitute approximately 30% of new chemical entities, as
well as half of the top-selling drugs (Verma et al., 2021). This is due to both their effectiveness and their broad-spectrum
activity. Recently, modern production has shifted the focus to metabolic engineering as a means to overcome the constraint
of a limited and small natural yield. Metabolic engineering aims to develop the plant cell and tissue systems to controlled
production platforms (Verma et al.,, 2021). This requires bioreactor-upscaling, bringing to light significant chemical
engineering challenges, mostly in relation to production kinetics (managing liquid medium rheology, gaseous exchange,
and navigating tissue damage from mechanical stirring during this process) (Verma et al., 2021).
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Figure 4: Conventional vs modern extraction of bioactive
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Figure 4 showcases the difference between conventional and modern extraction techniques of bioactive summarising
their benefits, methods, advantages and drawbacks.

C. Advances in Extraction Technology Design and Scale-Up

Emerging eco-efficient extraction mechanisms in modern technology is essential for developing modern
phytopharmaceuticals from their natural sources as it addresses the growing environmental and regulatory pressures facing
this industry. These mechanisms are rooted in chemical engineering, with several approaches being essential to the
development of these green pharmaceuticals including solvent-free extractions (Karthikeyan & Priyadharshini, 2025)
(example supercritical fluid extraction) and using alternative green solvents amongst other things. Making use of these
techniques is a means to improve the efficiency, scalability and create a feasible yet sustainable approach to drug
preparation (Karthikeyan & Priyadharshini, 2025).

D. Analytical and Characterization Methods in Extraction

Withanolide is a steroidal molecule whose use has been restricted by quality control issues despite its widespread usage
across India, derived from a traditional Indian herb. The method to transition compounds like these into modern
phytopharmaceuticals is using advanced analytical techniques, ones that are currently being found for the identification
and isolation of withanolides in herbal extracts (Gopalaiah & Jayaseelan, 2024). These diverse molecules require to be
evaluated to provide the necessary data for their purification and formulation strategies, this is where hyphenated analytical
methods offer a reliable approach to the characterization and proteome evaluation (Gopalaiah & Jayaseelan, 2024) of these
molecules.

E. Purification Techniques for Herbal Extracts

Anti-inflammatory, neuroprotective, and anticancer effects caused by bioactive molecules in the pharmaceutical sector
cements the significance they carry in this industry. However, numerous traditional methods to produce these bioactive are
on the decline due to their lower yield production, as well as the quick product degradation and high toxicity byproducts
(Shakoor et al., 2022). Hence, meeting the growing industrial demand requires new, inventive engineering strategies. A few
of the latest techniques focus on improving the extraction, stability, quality and purification of these bioactive molecules
all whilst reducing preparation time (Shakoor et al., 2022).

F. Traditional Purification Methods

Liquid-liquid extraction technology has become a necessity to recover target components in mixtures, via the distribution
of solutes between 2 immiscible liquid phases. Most strategies on paper allow easy representation of these systems and aid
in modelling key aspects such as flowsheet design and phase equilibria (Iloeje, 2020). A broad understanding of these
theoretical principles is necessary to implement extraction and purification techniques in further development of these
modern phytopharmaceuticals (Iloeje, 2020).

G. Modern Purification Approaches

Hybrid membrane processes from the 1990s integrate multi-stage pressure driven techniques with systems such as
membrane distillation and electrodialysis. This enhances product quality and energy efficiency, making these systems
critical for advanced separation in biotechnology and chemical production (Charcosset, 2016). It addresses the challenges
that are put forth by multicomponent products in raw herbal extracts, known to be a complex process. The potential of
these processes is cemented further by their several industrial applications in fields such as membrane extraction and the
making of pharmaceutical preparations (Charcosset, 2016).

H. Process Engineering Challenges and Innovations

Green chemistry principles in industrial processes are a concept that is both relevant and imperative to develop sustainable
chemical engineering methodologies in the process of drug extraction and purification (Kaur et al., 2025). It primarily
focuses on reducing the environmental impact that industries create by minimizing the number of hazardous substances
used during manufacturing. Moreover, a range of strategic opportunities exist to advance sustainable chemical engineering,
such as artificial intelligence tools and bioengineering (Kaur et al., 2025).
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L. Characterization and Quality Control Post-Purification

The increase in the use of herbal medicines throughout the globe (especially more complex ones that seem to have unknown
active principles) bring forth difficulties with regards to the safety and quality due to their lack of appropriate regulatory
control. Stringent quality control is thus required, starting from identification of raw materials, collection and storage
(Patnala & Kanfer, 2021). Ultimately, the aim is for the standards of production to adhere to Good Manufacturing Practice,
to produce high-quality products to overcome the current high variability in the content and potency between batches from
unregulated manufacturing units (Patnala & Kanfer, 2021).

Herbal Medicines &
Quality Control (CAMs)

Green Chemistry &
Scalable Industrial Manufacturing

« Reduce hazardous substances * Complementary & Alternative Medicine

« Scalable, sustainable solutions Shared Goals & Challenges « Quality, Safety, Efficacy Issues

« Life Cycle Assessment (LCA), « Quality Assurance & Standardization « Complex & Variable Plant Constituents

Cot MGt A  Validated, Reproducible Piocesses « Species ID, Proper Collection, GMP

= By Partnersiaps vt + Regulatory Frameworks for Safety « Validated Extraction Techniques

+ Al, Bioengineering, Energy Storage « Sustainable Sourcing & Processing
« Advanced Analytical Technologies
« Scalable, Industry-Adoptable Solutions

Figure 5: Venn diagram of green chemistry principles, herbal medicine & quality control and their shared goals.

Figure 5 showcases the relationship between green chemistry based scalable industrial manufacturing and herbal medicines’
quality control. Its purpose is to highlight how both fields, despite varying applications, converge on shared priorities such
as standardisation, sustainability, efficacy assessments, and safety.

J. Formulation Strategies for Phytopharmaceuticals

The process of optimizing oral bioavailability to ensure upcoming therapeutic agents receive the necessary systemic
exposure, permeability and susceptibility to first-pass metabolism (assessed computationally and in vitro (Aungst, 2016))
is one that is essential. Aligning itself closely with chemical engineering challenges, successful drug evaluations heavily
depend on the correct selection of the dosing vehicle as well as the bioavailability-enabling formulations (especially for
low water solubility compounds). Hence, strategic formulation is an important step in drug development. It enables the
improvements necessary to control and overcome recognized physicochemical barriers.

K. Formulation Types and Delivery Systems

Recent advancements in novel drug delivery systems (NDDS) for plant actives have employed formulations like polymeric
nanoparticles, phytosomes and nanoemulsions (Jadhav et al., 2025). These advancements offer significant advantages in
extractions over their more conventional counterparts. The reason being that these techniques detail preparation methods
(such as high-performance liquid chromatography (Jadhav et al., 2025), adjective ingredients and resulting applications.
Their results showed improved tissue distribution, sustained delivery and moreover, protection from both physical and
chemical degradation, essential features in drug development.

L. Role of Excipients and Stabilizers

One of the major components of formulation studies is the proper selection of pharmaceutical excipients. They influence
parameters like disintegration, dissolution and shelf life of the final dosage form (Darji et al., 2017) by a large
margin. Formulating purified phytopharmaceuticals requires reviewing available information on the physical and chemical
instabilities of the excipients and their incompatibilities (Darji et al., 2017) with the active pharmaceutical ingredient they
are formulated with. This is where chemical engineering introduces its approach, understanding the impact of these drug
and excipient interactions (Darji et al., 2017) is what is necessary for optimising the drug formulation process.

M. Chemical Engineering Approaches in Formulation Design

With regards to natural bioactive compounds, some such as phenolic compounds undergo chemical degradation whilst
offering significant antimicrobial and antioxidant properties (Kandasamy & Naveen, 2022b). Thus utilising these properties
requires enhancing the stability of functional ingredients. Encapsulation techniques thus play an imperative role in the
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process of effective formulation; they combine both the high-temperature spray-drying process with low-temperature
freeze-drying (Kandasamy & Naveen, 2022b). This is what allows it to achieve product stability, by monitoring process
parameters such as temperature, feed rate and pressure.

N. Evaluation and Quality Assurance of Phytopharmaceutical Formulations

Thermal solubility is both a difficult and imperative parameter in characterising pharmaceutical compounds (Veseli et al.,
2019). It is quintessential in evaluating the potential of phytopharmaceuticals making it a key in the formulation, extraction
and purification of drugs, especially when the drug availability may be in low quantities. Shake-flask (Veseli et al., 2019)
method is one where thermodynamic data is collected albeit a time-consuming process with a variety of advantages and
disadvantages. However, the shake flask technique does have various (more convenient) approaches to speed up the
determination of biopharmaceutically (Veseli et al., 2019) relevant drug solubility along with its characteristics to aid in
method selection.

Table I. Extensive Literature Review Table for Drug Extraction and Purification

Sr | Key Findings Research Gap Drug Extraction /| Limitations
No Processing
Methodology

1 Traditional herbal | Lack of standardized | Decoction, infusion, | Batch variability,
preparations  extract | protocols. maceration. low stability.
broad phytochemicals
effectively.

2 Modern solvent | Limited comparative | Soxhlet, solvent | Solvent toxicity,
extraction improves | data with traditional | extraction, LLE. residue issues.
selectivity. methods.

3 | Process intensification | Underexplored PI | Microwave, High cost, scale-
boosts efficiency. integration in herbal | ultrasound,  ohmic | up limits.

industry. extraction.

4 | Supercritical CO: | Need  plant-specific | Supercritical CO: | High cost,
extraction  increases | parameter data. with co-solvents. operator skill.
purity.

5 Chemical engineering | Few mechanistic | Mass-transfer Complex
improves control of | models. modeling, CFD. matrices, missing
mass transfer. parameters.

6 | Purification enhances | Limited  integration | Chromatography, Costly, risk of
quality and safety. with extraction. membranes, loss of actives.

crystallization.

7 | Formulation Limited Nanoemulsions, Stability and
engineering  enables | stability/bioavailability | liposomes, scalability issues.
phytopharmaceutical | data. nanoparticles.
dosage forms.

8 | Regulatory Gap between | Standardization, Lack of
frameworks  define | traditional knowledge | analytical assays. harmonized
modern and regulatory guidelines.
phytopharmaceuticals. | standards.
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Research Questions:

1. How can a standardized and quality-assured chemical engineering framework improve reproducibility and regulatory
compliance in phytopharmaceutical formulation derived from traditional Indian herbs to reduce batch to batch variability?

2. What green and scalable extraction and purification technologies can maximize yield, purity, and stability of bioactive
compounds while minimizing environmental impact?

3. In what ways can cross-disciplinary integration of material science and formulation technology enhance solubility,
bioavailability, and long-term stability of phytopharmaceutical products?

Research Hypotheses:

H1: Implementing standardized quality-control protocols in phytopharmaceutical production significantly improves
product reproducibility, safety, and regulatory acceptance.

H2: Adopting green and chemically engineered extraction techniques increases the yield and purity of bioactive compounds
compared to conventional solvent extraction methods.

H3: Incorporating material-science-driven formulation strategies enhances the solubility, bioavailability, and
physicochemical stability of phytopharmaceuticals relative to traditional formulation

I11. Research Methodology

A mixed-method design will be employed, combining systematic review, case study analysis. Data sources will include
Scopus, PubMed, and IEEE Xplore to synthesize evidence on reproducibility, yield optimization, and regulatory
compliance frameworks, a multiple case study approach will be integrated, focusing on selected Indian
phytopharmaceutical manufacturers and research labs implementing green extraction and advanced formulation
techniques. A qualitative analysis framework using cross-case synthesis will interpret patterns of innovation, scalability,
and quality control performance. This triangulated approach ensures methodological rigor, holistic understanding, and
actionable insights for standardizing phytopharmaceutical processes in alignment with chemical engineering principles.
This study integrates a qualitative case study method in order to link traditional herbal knowledge to modern chemical
engineering and formulation science. It aims to do so by recognising the fact that herbal medicine is known to be a long-
standing therapeutic source (especially by the likes of ethnomedicinal practitioners and indigenous healthcare systems),
whilst applying key formulation optimisation concepts such as QbD, process intensification and an eco-friendly production
framework (Krishnaswamy, 2024b). This objective then provides an approach for phytopharmaceuticals to be standardized
by aligning them with regulatory definitions such as bioactive isolation, process validation and efficacy assessment
(Krishnaswamy, 2024b). By shifting the light to critical process parameters, green extraction technologies and complex
formulation strategies (including nanoencapsulation), fields that require to be critically addressed such as reproducibility,
meeting regulatory compliances and bioavailability are focused on. Up and comping patterns such as herbal holography
and quantum driven modeling move the research to the cross-section that correlates traditional knowledge, computational
innovation and industrial-scale process engineering (S et al., 2025). This later allows for advancements of effective and
safe phytopharmaceuticals to be developed as a credible and standardised source of medicine across the planet.

RQ1: How can a standardized and quality-assured chemical engineering framework improve reproducibility and
regulatory compliance in phytopharmaceutical formulation derived from traditional Indian herbs to reduce batch
to batch variability?

"Bridging Tradition and Technology: Standardized Chemical Engineering Framework for Indian
Phytopharmaceuticals

This case study showcases how the efficiency in creating phytopharmaceuticals can be improved via tactics such as quality
by design. One such optimization technique found in QbD is the Box-Behnken approach, combined with the determination
of critical process parameters aid in the process of creating a design space. Critical process parameters like solvent ratio,
mixing conditions, pressure and temperature are identified and managed during the extraction and purification process of
herbal plants, this ensures both a consistent yield and consistent quality of the resulting extracted bioactive compounds.
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Standardization as a Knowledge Transfer Mechanism

Standardization allows for the manufacturing of herbal drugs to be reproduced in several environments from a small,
research scale, to an industrial scale. Moreover, standardization minimises batch-to-batch variability (especially in herbal
drug manufacturing) caused by common naturally occurring variations in plant sources; This is done so by establishing
transparent and clear-cut boundaries for the process parameters, raw material selection and in-process controls (Lorenz et
al., 2017b). One such exhibit of this is a case study that utilised a WMR index, effectively evaluating the mixing efficiency
in ethanol precipitation with a known concentrate. The study’s findings detailed how a clear and defined metric can
optimize reproducibility and process control in herbal drug manufacturing in multiple environments (Lorenz et al., 2017b).

Reducing Batch-to-Batch Variability

Inconsistencies exist when manufacturing herbal drugs primarily due to the natural variability of concentrations of
bioactives in raw plant materials. Hence, to reduce this inconsistency on a larger scale, a chemical engineering framework
must be brought about that attempts to integrate rigorous monitoring and risk assessment. In addition, recording and having
multivariate data analysis would reduce overall variability as real-time monitoring results in consistent feedback; thus, any
inconsistencies can be easily and promptly detected and fixed. This is primarily necessary in the extraction and purification
steps, and it results in product quality being uniform with little to no variations.

Regulatory Compliance and Continuous Improvement

With QbD and process validation being the building blocks of a high-quality herbal pharmaceutical, integrating quality
assurance with every step in the manufacturing process is imperative. Meeting harsh and often stringent regulatory
requirements emphasized by regulatory bodies such as the FDA leads to lighter approval processes when the final product
is released (Gong, 2023). Moreover, regulatory compliance leads to a stream of continuous improvement wherein a
consistent review of process performance is done, resulting in an ever improving and reliable product (Gong, 2023).

RQ 2 : What green and scalable extraction and purification technologies can maximize yield, purity, and stability
of bioactive compounds while minimizing environmental impact?

Case study: Ashwagandha phytopharmaceutical via PHWE-SFE-adsorption train

This case study focuses on a Withania somnifera based phytopharmaceutical, with withanolide A, withaferin A, and total
withanolides defined as critical quality attributes. Research on sustainable herbal processing shows that replacing batch
organic-solvent extraction with continuous pressurised hot-water extraction and energy recovery can significantly improve
efficiency, reducing costs by 75-80% and global warming potential by about fourfold while increasing yield. Based on
these benchmarks, a scalable and environmentally sustainable process flowsheet is proposed.

Preprocessing and Conditioning

o Fresh or lightly dried roots are reduced to an intermediate particle size range (usually lesser than 1mm), to optimize mass
transfer while keeping adequate downstream filtration. This sizing strategy is informed by response surface—based
optimization approaches usually applied in the development of eco-friendly and sustainable extraction methods.

o A short, low-temperature pretreatment step, like enzyme-assisted processing or mild ultrasound in water, is applied to
partially disrupt plant cell walls. This improves mass transfer during the main extraction stage and allows more of the
target compounds to be released. Moreover, avoiding high temperatures that could cause degradation.

1. Primary extraction: PHWE / PLE module

¢ A continuous packed-bed pressurised hot-water extraction unit operates at moderate temperatures (approximately 80—
120 °C) and pressures (10-20 bar), using water as the only solvent. The operating conditions are adjusted to efficiently
extract polar and moderately non-polar withanolides but while limiting thermal degradation.

e Inline process analytical tools, such as UV-Vis or mid-infrared spectroscopy, with periodic at-line liquid
chromatography, are made to track extract composition in real time. This enables control of temperature and flow rate to
maintain a consistent extraction performance. It follows established PAT-based approaches in green botanical processing.
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o Heat recovery strategies, like feed—effluent heat exchange and multi-effect heating, are integrated to lower overall energy
demand. Energy integration like this significantly reduces energy use per unit of extract and supports the reported multi-
fold reduction in environmental impact compared with conventional batch solvent extraction.

2. Secondary enrichment: SFE—CO: polishing

o The extract found from pressurised hot-water extraction is first concentrated using membrane filtration and mild
evaporation, then further purified using supercritical carbon dioxide. This step is carried out at high pressure
(approximately 250-350 bar) and moderate temperature (40—-60 °C), with a trace amount of ethanol added to improve
selectivity for withanolides.

¢ Process modelling and digital twin tools are applied to predict extraction behaviour and guide scale-up from laboratory
to industrial volumes. This reduces the reliance on trial-and-error experimentation and helps prevent excessive processing
that could disrupt phytochemical activity.

o Carbon dioxide is continuously recovered and reused through condensation and recompression; ethanol is reclaimed by
distillation. In duo, these measures substantially reduce solvent consumption compared with conventional hydroalcoholic
extraction methods.

3. Selective capture: adsorption inspired by SPME/FPSE

e Instead of using conventional chromatographic columns that need large solvent volumes, the semi-purified extract is
passed through specially designed polymeric or functionalized silica adsorbents. These materials are engineered to
selectively bind withanolides, translating the selectivity principles of solid phase microextraction (SPME) to a preparative
scale.

o Adsorption performance is characterized by using parameters such as binding capacity, breakthrough behaviour, and
elution profiles, modelled in a way like sorption isotherms used in analytical development. This enables the design of
seemingly continuous or simulated moving-bed systems that operate efficiently with minimal solvent use.

e Desorption is carried out using generally recognized as safe (GRAS) solvents, such as optimized water—ethanol mixtures,
which are subsequently recycled. This approach substantially reduces solvent consumption and contributes to reported
reductions in cost of goods when sorption-based enrichment replaces conventional chromatography.

4. Formulation and bioactivity safeguarding

o Gentle drying techniques, such as vacuum belt drying or lyophilization, are used instead of high-temperature tray drying
to protect thermolabile withanolides. These methods help preserve antioxidant properties and in vitro bioactivity.

e The last formulation into solid oral dosage forms follows green manufacturing principles, including solvent-free
granulation where feasible and the use of bio-based excipients. Process analytical tools are applied to ensure the
withanolide profile remains within a defined design space, consistent with green pharmaceutical development guidelines.
Yield enhancement across the development process is achieved through improved mass transfer using PHWE and
ultrasound-assisted steps, the use of sequential extraction stages (PHWE followed by SFE), and targeted selective
adsorption. Increase in purity and energy efficiency result from solvent recycling, heat integration, and replacing energy-
intensive chromatographic operations with lower-energy sorption processes. Preservation of bioactivity is ensured by
operating at lower temperatures, minimizing residence times through intensified extraction modes, and avoiding harsh
organic solvents that can degrade or chemically alter sensitive phytochemicals.

5. Quantitative performance and green metrics

Studies on greener extraction methods for botanical and pharmaceutical products increasingly focus on how efficiently
resources are used and how much environmental impact is generated. Measures such as solvent use, energy consumption,
carbon footprint, and production cost are evaluated alongside product quality indicators that matter for
phytopharmaceuticals, including marker compound levels, impurity profiles, and biological activity.
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* Yield and purity:

Modern extraction methods like pressurised hot water and supercritical CO2 can match or outperform traditional techniques
such as Soxhlet extraction and maceration, while completing the process in a fraction of the time. When properly optimized,
they also extract target compounds more selectively, reducing unwanted co-extractives.

* Process integration:

Combining primary extraction with downstream enrichment steps, such as adsorption or supercritical fluid polishing,
allows most of the active compounds to be recovered, often above 90%. This reduces the need for solvent-heavy
chromatographic purification, making the process simpler and more sustainable.

» Energy and solvent efficiency:

Replacing batch extraction with continuous, water-based processes and recovering heat within the system can dramatically
lower energy use, costs, and carbon emissions. Similarly, green techniques like microwave-, ultrasound-, and supercritical
fluid—assisted extraction consistently achieve comparable results using far less solvent and processing time.

* Bioactivity retention:

Water- and COz-based methods operate under gentler conditions, avoiding excessive heat and oxygen exposure. This helps
protect sensitive plant compounds from degradation, preserving their biological activity in the final product.

RQ 3: In what ways can cross-disciplinary integration of material science and formulation technology enhance
solubility, bioavailability, and long-term stability of phytopharmaceutical products?

Case study: Curcuma longa and Withania somniferanano formulation platform

This case study is centred around a technical approach, demonstrating how nanoencapsulation plus excipient engineering
can produce stable oral phytopharmaceuticals with high bioavailability. The goal forward is taking dual herb platform
curcuminoids from turmeric (BCS Illike, extremely low solubility and extensive metabolism) and withanolides from
ashwagandha (poor solubility and stability) and attempting to create a sustainable, low wastage method to create stable oral
phytopharmaceuticals.

1. Problem definition and physicochemical profiling (case-study framing)
o  Curcuminoids (curcumin):

Curcumin exhibits extremely low aqueous solubility; the results are dissolution limited oral absorption. It is chemically
unstable under physiological pH conditions and shows poor intestinal permeability. (Bhalani et al., 2022) Extensive first-
pass metabolism further reduces systemic exposure, severely limiting its oral bioavailability even though it has strong
pharmacological potential.

o Withanolides:

Withanolides are lipophilic compounds with poor water solubility and low dissolution in gastrointestinal fluids. They are
prone to hydrolytic and oxidative degradation; this affects their stability and absorption. (Bhalani et al., 2022) These
characteristics lead to low and variable oral bioavailability, giving rise to challenges for effective formulation of
phytopharmaceuticals and drug development.

2. Formulation strategy selection (case-study framing)
o  Curcuminoids (curcumin):

A lipid-based nano emulsion or self-nanoemulsifying drug delivery system (SNEDDS) incorporated with an organogel oil
phase is selected to address the solubility and stability limitations of curcuminoids. Surfactants are cautiously screened,
with tween type surfactants being picked to ensure efficient formation of self-emulsification and nanoscale droplets.
(Bhalani et al., 2022) These types of systems have been shown to enhance the oral bioavailability by significant amounts
compared with unformulated curcumin by, done by improving dissolution and lymphatic uptake.
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o  Withanolides:

For withanolides, solid lipid nanoparticles (SLNs) or nanostructured lipid carriers (NLCs) combined with phospholipid
complexation are used to improve solubility and stability. Inserting the actives within a solid lipid matrix protects them
from degradation whilst enabling controlled release. Phospholipid complexation further enhances membrane affinity, this
then results in improved intestinal absorption and bioavailability of withanolide rich formulations in drugs (Bhalani et al.,
2022).

3. Excipient engineering and microenvironment design (case-study framing)
e Curcuminoids (curcumin):

Cyclodextrins like hydroxypropyl-B-cyclodextrin or sulfobutylether-B-cyclodextrin are used to pre-complex a portion of
the curcuminoids to enhance their apparent solubility. On gastrointestinal dilution, these complexes create a transient
supersaturated drug pool, while the nanoemulsion sustains drug reservoirs that are dispersed. Cyclodextrin-based systems
are known to improve solubility, chemical stability, and gastrointestinal protection of compounds that are hydrophobic in
nature (Bhalani et al., 2022).

o Withanolides:

Withanolides are formulated as phospholipid complexes (phytosomes) and then incorporated into solid lipid nanoparticles.
This dual ended approach enhances the lipophilicity and membrane permeability through complexation, while nanoscale
lipid encapsulation provides protection from gastrointestinal degradation. This joint strategy results in controlled release
and improved oral absorption of withanolide-rich formulations in drugs (Bhalani et al., 2022).

4. Process and dosage form engineering (case-study framing)
e Nanoformulation processing:

High-pressure homogenization and ultrasonication are used to achieve uniform nanoscale dispersions with low variability.
Hot melt/solvent evaporation techniques are used for lipid-based systems containing herbal extracts. These processes are
usually used for poorly soluble synthetic drugs, and are optimized to accommodate the complexity of phytochemical
matrices. These adaptations allow for reproducible particle size reduction and the efficient encapsulation of curcuminoids
and withanolides (Bhalani et al., 2022).

o Solid dosage form development:

Spray drying/lyophilization is used to convert liquid nano formulations into solid intermediates that are then used for
capsule or tablet filling. Polymeric stabilizers are added to prevent particle grouping during drying and storage. Then, on
rehydration, these systems retain dispersibility and nanometric size, resulting in consistent oral delivery (Bhalani et al.,
2022).

5. Performance: stability and bioavailability endpoints

e While in vitro, the apparent solubility and dissolution rates of nano encapsulated curcumin and withanolides greatly
increased, moreover the stability had improved and degradation reduced in comparison to crude extracts, when passed
through simulated gastric and intestinal media (Bhalani et al., 2022). This study is consistent with reports on poorly soluble
BCS class II compounds, where nano formulated curcumin demonstrates several fold increases in Cmax and AUC because
of improved dissolution, solubilization, and absorption. In a similar way, bioavailability enhancements are anticipated for
withanolides in SLN—phytosome systems, where improved stability and permeability are predicted to result in higher
systemic exposure (Bhalani et al., 2022).

This case study argues that modern formulation science systematically overcomes the BCS II/IV-like limitations of
phytoconstituents using tools conceptually identical to those applied to synthetic NCEs, but with additional attention to
multicomponent extract behaviour and herbal matrix effects. The solubility—bioavailability—permeability relationships
quoted section (BCS classes II and IV, dissolution control, GI permeability, efflux, first pass metabolism) correspond
directly to the mechanisms by which nanoencapsulation and excipient engineering improve phytopharmaceutical
performance. By increasing the dissolution rate and maintaining supersaturation, nano emulsions, nanosuspensions, and
CD complexes directly address dissolution limited absorption in the GI tract. By altering the microenvironment at the
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absorption site (interfacial composition, local pH, mucus interaction) and promoting mixed micelle formation, these
systems enhance permeation and can partially bypass efflux and first pass loss. By embedding phytoconstituents in
protective matrices (lipid, polymer, CD), they improve chemical and physical stability during processing, storage, and
transit through the GI tract, preserving bioactive structure and thus pharmacodynamics.

Policy Framework: Standardized regulatory framework knowledge that corroborates scientific knowledge and ancient
wisdom from traditional medicinal knowledge will increase the global acceptance of phytopharmaceutical products as a
viable alternative medicine.

IV. Results and Discussion

This research investigates the implementation of chemical engineering technology in bringing traditional herbs into
standardised phytopharmaceuticals. Advanced methods that serve as a means for efficient isolation and development of
phytoconstituents can be utilised and rigorous quality checks can be implemented in order to establish standardised
pharmacokinetic (Byers & Sarver, 2009) profiles. Modern technology is imperative to advance the drug discovery process.
Moreover, utilising such technology allows for a better grasp of toxicity, modes of action and the identification of new
therapeutic uses for preexisting formulations. Overall, this approach brings traditional herbs to be a credible source of
medicine through utilizing advanced extraction and purification techniques. One pathway to discover new drugs is by
reverse pharmacology (Subhaswaraj & Siddhardha, 2022), where new formulations and discoveries are formed based on
traditional information and documented clinical experiences. Considering that drugs resulting from reverse pharmacology
are tried and true, their effectiveness is the method by which they are validated. Reverse pharmacology thus sustains itself
as one of the safer ways to discover leads for new medicine. Bringing forth this evidence-backed framework rooted in
chemical engineering results in a strategic alternative in healthcare, herbal medicine. Moreover, by integrating advanced
isolation, purification and analytical technologies, the process of standardising phytoconstituents from traditional leads
evolves (Sen & Chakraborty, 2016). Quality checks and ensuring that these phytopharmaceuticals meet globally accepted
standards can be established by utilising modern methods, creating pharmacokinetic and toxicity profiles for various
bioactive; this in turn advances the process of drug discovery and increases the reproducibility and scalability of herbal
bioactive. Overall, this process of validation converts conventional traditional medicines into an affordable alternative
therapeutic (Sen & Chakraborty, 2016). “The book examines the methodologies, cultural significance, and regulatory
frameworks required for the quality assurance and scientific validation of traditional ethno-herbal remedies. It emphasises
the need for rigorous standardisation and documentation to bridge the gap between ancient healing systems and modern
healthcare requirements”
Over just the variability in the amount of bioactive in plant sources alone, the absence of clearly defined critical process
parameters is a major contributor to the variability in phytopharmaceutical quality. Case study analysis communicates that
a means of reducing such variability comes from the integration of quality-by-design technology partnered with process
analytical technology. As aforementioned, eco-friendly green extraction methods showcase increased yield-to-energy ratios
along with a lessened environmental impact (hence the term “green extraction’) in contrast to traditional solvent extraction.
Both solubility and shelf life of drugs play a significant role in their usability and convenience; polymeric encapsulation
and solid dispersion systems among other key material science principles enhance these features, allowing sensitive
phytoconstituents more stability.
This study uniquely proposes a standardized chemical engineering framework that implements the varied stages of
phytopharmaceutical development, encapsulating these stages under a single quality-driven architecture. This contrasts
with most prior research that revolves solely around the individual perspectives of extraction, purification or formulation
as opposed to a unified framework.
From an angle focusing on policies, this proposed framework puts forth a means to modernise traditional
phytopharmaceuticals with necessary scientific backing. This is achieved by implementing rigorous quality control driven
by data, stable and continuous processing and modern advanced formulation technology. Such a framework could assist in
the creation of globally acceptable standards, lessen regulatory ambiguity and push forth the idea of phytopharmaceuticals
as a credible source of medicine.
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Figure 6: Traditional herbal knowledge converted to a sustainable pharmaceutical product

Figure 6 shows the transformation from traditional herbal knowledge to a sustainable pharmaceutical and the steps
undergone by traditional herbal knowledge to do SO.
The study is limited by its qualitative case study design and reliance on derived data for some industrial practices.
Quantitative techno-economic modelling and large-scale pilot validation were beyond the current scope but are necessary
to fully assess industrial feasibility across diverse herbal matrices.
Upcoming and future research should prioritise development of a globally accepted regulatory bar that specifically
implements chemical engineering based QbD and PAT frameworks for herbal medicines. There is significant room for
accelerating continuous hybrid extraction systems, incorporating supercritical fluids with membrane and adsorption
technologies to improve scalability, reproducibility and efficacy. Furthermore, computational modelling can be harnessed
to forecast phytopharmaceutical behaviour and degradation kinetics. Moreover, implementing nanotechnology and material
science principles will allow for next-gen delivery systems with tuneable release profiles and increased stability. Cross-
disciplinary partnership between chemical engineers, regulators, pharmacologists and policymakers in the long run will be
imperative to position herbal pharmaceuticals acceptable worldwide as sustainable therapeutic alternatives.

V. Conclusion & Future Scope

This study shows that the transformation of traditional Indian herbal medicines to globally acceptable
phytopharmaceuticals is at its roots, a chemical engineering challenge over a lack of herbal therapeutics themselves.
Standardised process design, quality control during manufacturing, and green chemistry practices play a pivotal role in
phytopharmaceutical development as a data-driven manufacturing discipline.
The proposed framework is, as aforementioned, rooted in chemical engineering. It accelerates the field by bringing together
eco-extraction technology, modern purification strategies and formulation guided by a quality by design pattern. This
amalgamation thus answers consistent challenges related to batch-to-batch variability, uniformity and regulatory
compliance, bioavailability and reproducibility, challenges that have restricted the acceptance of phytopharmaceuticals
worldwide. Moreover, these findings show that both reproducibility and sustainability are mutually reinforcing outcomes
when process intensification and green designs are applied in harmony.
From a policy perspective, this paper provides a foundational base in modernizing phytopharmaceutical guidelines to
incorporate upcoming technology. This includes continuous processing, nano-enabled formulations and rigorous in-process
monitoring. Utilising data-based frameworks such as this one allows for the advancement of a globally accepted product,
one that improves patient safety and one that provides herbal medicines with the validation they deserve. Concluding, by
bringing together modern chemical engineering principles, traditional medicines can be produced scalable, sustainably, and
in a way that complies with regulatory standards. The framework presented here accelerates scientific rigour, whilst
supporting policy innovation and environmental stewardship. As the demand for natural therapeutics increases, methods
that implement such modern approaches are imperative to transform phytopharmaceuticals into more reliable, scientifically
backed medicines for the upcoming future.

Further research implies that a road towards globally standardized bar must be set to sustain the growth and incorporation
of phytopharmaceuticals in the global market. This serves to reduce the manufacturing variability, improve reproducibility
and sustainability. Moreover, this study provides a path for industries, regulators and policymakers to bring herbal
medicines as a credible medicine in the modern world. As aforementioned, establishing a globally accepted and
standardised protocol for quality control and regulatory framework is imperative. Traditional medicines continue to endure
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the inconsistencies of batch-to-batch variability, due to variability in bioactive content and varying manufacturing practices.
Thus, the need for rigorous standardization and GMP compliance is essential as it guarantees the safety and reproducibility
of these drugs. Significant scope also exists in green, eco-friendly methods of extraction and purification as exemplified
by supercritical-fluid extraction and hybrid membrane systems. Not only do they improve purity but also yield. Lastly, the
essence of a versatile approach to formulation science enhances stability, solubility and the availability of bioactives
extracted from plants. Weaving in fields like nanotechnology and material sciences can further aid in the development of
encapsulation methods, optimised excipient interactions and nanotechnology. Overall, these objectives steer a means to
achieving a more reliable and scientifically grounded development in phytopharmaceuticals.
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