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P ABSTRACT: Plant-based bioactive compounds occupy an important position between

natural-resource science and modern biopharmaceutical development, yet commercial
translation remains constrained by raw-material vatiability, inconsistent standardisation,
limited bioavailability, uneven clinical evidence, regulatory heterogeneity, manufacturing
constraints and uncertain market positioning. This review systematically and critically
examines these barriers, evaluates market opportunities, and identifies strategic pathways
for biopharma firms. A PRISMA 2020-guided review framework was applied across
multidisciplinary literature covering plant-derived bioactives, therapeutic development,
formulation, regulation, scale-up, and commercial translation. Forty studies were retained
for qualitative synthesis after screening. The findings show that commercialization
depends on coordinated performance across scientific validity, technological
reproducibility, clinical credibility, regulatory fit, manufacturing scalability, supply security,
intellectual-property strategy, and market attractiveness. The evidence also identifies
differentiated opportunities across phytopharmaceuticals, botanical drugs, nutraceuticals,
advanced delivery systems, and sustainability-linked value chains. An evidence-to-market
commercialization-readiness framework is proposed to support staged biopharma
decision-making, with emphasis on product definition, early standardisation, formulation,
evidence alignment, cross-sector partnerships and scalable manufacturing. Overall, plant-
based bioactives are most commercially credible when scientific promise is converted into
standardized, clinically anchored and economically scalable product propositions. The
review emphasizes that market attractiveness should be assessed with evidence maturity,

regulatory feasibility, supply resilience, and the cost of reducing development uncertainty

1. INTRODUCTION

Plant-based bioactive compounds are a highly diversified source of molecules and complex preparations, which still play a role
in current research on human health. Polyphenols, flavonoids, alkaloids, terpenoids, carotenoids, peptides and related
metabolites have been reported to have antioxidant, anti-inflammatory, antimicrobial, cardiometabolic, neuroprotective and
anticancer properties, and the inherent diversity of their structure offers potential for their direct therapeutic use and for novel
pharmacophores (Popovic and Rijkers, 2026; Thyagarajan et al., 2026; Talib et al., 2024; Barakat et al., 2025). Recent advances
in the natural-product arena also demonstrate that natural products will continue to be important from the drug discovery
perspective as they occupy biologically productive chemical space and have the potential to interact with multiple targets or
pathways (Wang et al., 2024; Xie et al., 2025; Sawarkar et al., 2025).

The business value, however, is not the same as the biological potential. A compound can have good activity in the cell model
but not systemic exposure, good reproducibility, acceptable toxicology, robust clinical benefit, and a viable manufacturing

process. Poor bioavailability, structural instability, uncertainty about mechanisms, and limitations in preclinical models are
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recurring problems that have been highlighted in recent studies of phytochemicals that ate in the process of moving from the
bench to the clinic (Kim et al.,, 2025). The same is true for plant-derived natural products since their preparation can be
complicated and difficult; they are rate in plants, identification can be problematic, and authentication and obtaining
reproducible material can be challenging (Ahmad et al., 2025; Nasim et al., 2022; Sohail et al., 2025).

When a bioactive is taken from its experimental status to being considered as a commercial product, a second challenge arises.
Commercial development involves teproducible input matetials, controlled extraction/isolation, analytical specifications,
validated assays, appropriate formulation, scalable manufacture, regulatory classification, evidence appropriate to the claimed
uses, secure supply, and a position in the market that would be able to withstand competition from synthetic drugs, established
botanicals, and other health technologies. In contrast to a chemically defined drug, complex botanical products are regulated
differently since the biological components and constituents that are responsible for the activity might be found in several patts.
To ensure therapeutic consistency, the United States Food and Drug Administration thus places great emphasis on botanical
raw-material controls, chemical and manufacturing quality controls, biological assays, and clinical data as a 'totality of the
evidence' approach (Wu et al., 2020; Marouani et al., 2025). Similarly, Jadhav et al. (2025) point out the quality needs and legal
differences between herbal medicines and phytopharmaceuticals.

There are a great number of books, but few of them are comprehensive. These reviews include different aspects of
phytochemistry and mechanisms, extraction and delivery, clinical evidence, regulation, artificial intelligence, systems biology, or
advanced manufacturing. This disintegration also mirrors the NRFHH publications from 2026, where each research area of
phytochemical research and sustainable utilization, computational medicinal-plant discovery, bioactive peptides and
polyphenols, network pharmacology, green nanotechnology, and therapeutic translation are discussed separately but related to
each other (Christy et al., 2026; Benaziza et al., 2025; Shete et al., 2026; Suryavanshi et al., 2026; Wani et al., 2026; Raju et al,,
2025). Although these contributions help build the scientific evidence base, they are not enough to answer the biopharma
decision question, which is "When is a bioactive produced from a plant sufficiently advanced to go to commercialization, and

what is the best development path to follow given the available evidence?"

The question of market growth is increasingly relevant, as scientific or regulatory uncertainty is not eliminated with market
growth. When products ate marketed prematurely before their standardization and/ot clinical claims ate sufficiently backed up,
it can result in a market of insufficiently validated products. On the other hand, being too conservative in development can
result in technically viable plant-derived products not becoming available to the market because the mechanism of action,
formulation, process engineering, partnerships, and sequential evidence generation are undervalued. This is reflected in
phytopharmaceutical research: there can be a great potential for therapeutic benefit, but quality definition, analytical

reproducibility, alignhment with pharmacopoeia, and clinically credible evidence are still key to success.

In this current review, however, commercialization is not viewed as the end step in the post-discovery process, but rather a
systems issue. It covers literature throughout the whole process of identification of plant resources, chemical characterisation,
standardisation, formulation, safe use, clinical translation, regulatory, manufacturing, security of supply, and market positioning.
The review is specifically focused on identifying the most persistent challenges that are curtailing commercialization
opportunities, potential opportunity spaces based on the available evidence, and the pathway for commercialization decision-
making that aligns with the investment, partnership, and market entry strategy of the biopharma company. The difference lies
in the science-to-commercialization logic, which is integrated into the scientific part of the study, taking science into the

commercialization decision gates (as opposed to the market potential as a separate business discussion).

This review makes the point that there is no correlation between commercialisation readiness and scientific novelty or between
market size and readiness. Instead, readiness is a condition that combines an evidence-generating system, a controllable product,
and a viable business pathway in such a way that they are in harmony with the next development step. The approach to the

review and the analysis of evidence in the evidence set are based on this premise.

Not being equal, the maturity of the global phytopharmaceutical ecosystem is also motivating the review. Other areas have a
long history of traditional medical utilization and have abundant biological resources, but lack manufacturing or clinical-
development abilities. Still others possess an established regulatory and pharmaceutical system, but are hampered by a lack of
reproducible natural materials. So, scientific capability depends upon raw-material availability, which in turn depends on
regulatory experience, which depends on the market needs. Standardization and regulatory capacities are still not evenly

Natural Resources for Human Health (NRFHH) 1107

https://nrfhh.com



Natural Resources for
Human Health 9

elSSN: 2583-1194

distributed, with Kaundal and Kumar (2025) and Indrayanto (2024) showing some examples; Ahmad et al. (2025) properly state

the sustainable management of resources for future discovery and development.

The idea of market opportunity should thus be considered as a dynamic dialogue between need, differentiation, and evidence.
If thete is a strong value proposition that can easily be substituted, it's not a good product opportunity even if there is a large
consumer trend or disease burden. Differentiation for plant-based bioactives can be based on a new molecular structure, a
standardized botanical fraction, improved bioavailability, a proprietary delivery system, a biomarker-based indication,
sustainable sourcing, as well as a comprehensive evidence package. Recent NRFHH research on precision phytomedicine,
computational discovery, and advanced delivery systems (Gharal et al., 2026; Saxena et al., 2026; Suryavanshi et al., 2026; Galal
et al., 2024) exemplifies these technological capabilities that augment these options.

One of the other important distinctions is the biological activity and clinical actionability. Pathway modulation and
antioxidant/growth inhibiting effects, which can sometimes be very strong with natural products, may be extensive, but they
can differ in nature, size, and impact as a function of the conditions applied in the experiment. In oncology, there are many
different mechanistic claims that can be advanced with compounds from plants, as Esmeeta et al. (2022) show, while the clinical
interpretation can become more complicated if the formulation or dose differs or the quality of the clinical trials varies, as
Khosravi and Seifert (2024) report. This void is a motivator for a commercialization-oriented review with the need to establish
a hierarchy of the evidence to distinguish between biological signal and repeatable therapeutic value for commercial investors

and developers.

Another difference between purified molecules and multi-component botanicals is their impact on the commercial
environment. While complex botanicals need to focus more on composition, manufacturing consistency, and biological
comparability, the use of medicinal-chemistry principles can help guide the development of purified plant-derived molecules.
In the case of regulating botanicals, then, regulatory experience is about managing complexity, not removing it—for example,
as noted by Wu et al. (2020). Complexity is a good thing for biopharma companies if it helps to have a more reproducible
therapeutic profile, but once it can't be characterized and reproduced properly, it becomes a bad thing. The complexity, degree
of standardisation and the chemical or technological limitations of the product commercial candidate the product is going to

be should therefore be explicitly taken into consideration during the product development decision.
2. REVIEW METHODOLOGY
2.1 Review Design and Reporting Framework

This study adhered to the PRISMA 2020 reporting guideline for systematic reviews and employed a systematic and
multidisciplinary literature search and qualitative synthesis. The reporting system provided for identification, screening,
eligibility assessment, and inclusion. The research question involves a multidisciplinary design due to the multiple aspects of the
research question, including phytochemistry, pharmacology, drug delivery, clinical translation, regulatory science,
manufacturing, and commercialization. The aim was not to calculate a treatment effect, but to combine evidence from a variety
of sources, to discover common factors in commercialization, and to understand them within the context of commercialization
readiness. The synthesis therefore used a structured approach to selecting studies and a qualitative approach to thematically

analyzing studies.
2.2 Information Sources and Search Strategy

The plant-based bioactive compounds, the human-health or biopharmaceutical applications, commercialization and market
translation, and enabling dimensions (such as standardisation, bioavailability, formulation, regulation, manufacturing, scale-up,
supply, and intellectual property) were the four concept blocks used to frame searches. Scopus, Web of Science,
PubMed/MEDLINE, and ScienceDirect were searched on 8 September 2026. Scopus: TITLE-ABS-KEY/(("plant-based
bioactive*" OR phytochemical* OR "plant-derived natural product*" OR phytopharmaceutical* OR "bioactive peptide*")
AND ("human health" OR therapeutic* OR pharmaceutical* OR biopharmaceutical*) AND (commerciali* OR transl* OR
develop* OR formulation OR bioavailability OR standardi* OR regulation OR manufactur* OR "scale-up" OR sustainability
OR supply OR "intellectual property™)); Web of Science: TS=(("plant-based bioactive*" OR phytochemical* OR "plant-derived
natural product*" OR phytopharmaceutical* OR "bioactive peptide*") AND ("human health" OR therapeutic* OR
pharmaceutical* OR biopharmaceutical*) AND (commerciali* OR transI* OR develop* OR formulation OR bioavailability
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OR standardi* OR regulation OR manufactur®* OR "scale-up" OR sustainability OR supply OR "intellectual property™));
PubMed: (("plant-based bioactive compounds"[Title/ Abstract] OR phytochemicals[Title/ Abstract] OR "plant-derived natural
products"[Title/ Abstract] OR phytopharmaceuticals|[Title/ Abstract] OR "bioactive peptides"[Title/ Abstract]) AND ("human
health"[Title/ Abstract] OR therapeutic*[Title/ Abstract] OR pharmaceutical*[Title/ Abstract] OR
biophatmaceutical*|Title/ Abstract]) AND A commetcialization database (ScienceDirect) was searched for compounds using
the search terms plant-based bioactive, phytochemical, plant-derived natural product, phytopharmaceutical, human health,
therapeutic, pharmaceutical, biopharmaceutical, and a supplementary research information source, Google Scholar, was used
to complete the search for and track references. Search logic was modified to match the syntax of the database, while
maintaining the same idea of intersection of bioactives (plant) and commercial translation. This multi-database approach is
similar to what has been observed in recent NRFHH reviews, where a large number of biomedical and multidisciplinary
databases were employed for posing more general natural-product questions (Wani et al., 2026).

2.3 Eligibility and Study Selection

Eligible sources discussed food-derived bioactives or natural products related to human health and involved at least one
dimension of development (extraction and charactetization, and/or formulation and delivery, including bioavailability; safety
or pharmacology; clinical translation; regulation or quality control; manufacturing, scale-up or sustainable supply;
commercialization and strategic development). Reviews were included when they provided analytical synthesis that directly
addressed the research question, and primary studies were included when they provided evidence of translational performance,
formulation, clinical use, or product development. Meaningful involvement in the development of plant-bioactive substances

for human health was considered essential to include sources in the study.
2.4 PRISMA Flow and Final Evidence Set

There were five stages in the selection process. The records were searched in the databases and then consolidated. Second,
before screening, other well-defined reasons for exclusion involved the duplication of records and records that were removed
for other reasons. Thirdly, the titles and abstracts were screened for relevance to the review question. Fourth, the potentially
eligible FT's wete screened for the inclusion/exclusion ctiteria. Fifth, a qualitative synthesis of studies was conducted that met
the above criteria. A total of 853 records were retrieved using the PRISMA flow; 173 were duplicates and put aside 20 records
wete put aside for other reasons, resulting in 660 tecords for screening. Of these, 540 were excluded at title/abstract scteening,
120 reports were sought for retrieval, 5 of these were not retrieved, and 115 full texts were assessed, and 40 studies were

included. The last flow and full-text exclusion categories are shown in Figure 1.
2.5 Data Extraction, Quality Appraisal and Evidence Synthesis

The data that were extracted include study year, source (plant, chemical, food), plant-bioactive domain, human-health
application, scientific evidence stage, standardisation issues, formulation or bioavailability considerations, safety or clinical
evidence, regulatory data, manufacturing considerations, supply-chain considerations, market opportunity and strategic
implication. The structured evidence matrix was used to compare these areas. The methodological quality and relevance were
assessed using design-appropriate appraisal criteria: AMSTAR 2 for systematic reviews, | BI critical appraisal criteria for narrative
reviews and eligible primary studies, and a predefined transparency-and-relevance checklist for regulatory or market-oriented
sources. Systematic and clinical evidence was interpreted as evidence with greater evidential weight to draw conclusions for
translation to the human context, whereas regulatory documents and market-oriented evidence were contextual evidence to

inform development needs, but not clinical efficacy evidence.
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PRISMA 2020 study selection

Identification

Records identified from:
Databases (n = 853)
Registers (n = 0)

Records removed before screening:
Duplicates (n = 173)
Other reasons (n = 20)
Automation tools (n = 0)

Screening

Records screened
(n = 660)

y

Records excluded
(n = 540)

Reports sought for retrieval
(n=120)

Reports not retrieved
(n=5)

Y

Eligibility

Reports assessed for eligibility
(n=115)

z

Reports excluded:
No plant relevance (n = 28)
No human-health relevance (n = 18)
No translational relevance (n = 14)
No regulatory/commercial relevance (n = 8)
Other eligibility criteria (n = 7)

Included

Studies included in review
(n=40)
Reports of included studies
(n = 40)

The recency was also taken into account as an important aspect of selection for the review. The major evidence base was
restricted to publications of the past five years (2021-2020) to align the synthesis to innovations in discovery using Al, delivery
technologies, and regulation and commercial translation of phytopharmaceuticals. More basic sources had their retention limited
to when they offered unique evidence of regulatory and/or conceptual development which was not covered by more recent
publications. This approach includes the most up-to-date evidence while also providing needed content without resorting to

Figure 1: PRISMA study selection

unnecessary and outmoded assumptions about natural product development.

The evidence matrix cross-referenced each of the studies included to pertinent stages of the product development process.
Bioactive class and evidence stage coding were captured by scientific coding, and exposure and delivery constraints were

captured by formulation coding; quality requirements, product classification, and jurisdictional implications by regulatory
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coding; and manufacturing, supply, market, and strategic considerations by commercialization-oriented coding. This framework
enabled a convergence of heterogeneous studies to be found, but this did not necessarily imply that all the evidence types have
the same causal weight. It is a qualitative synthesis, however, of recurrent determinants and not a statistical score against

incompatible study designs.

The identification pool was not the same as the resulting evidence bank, because the database search was applied, and it was
found that the resulting identification pool for the search was different. These records beyond initial screening were further
screened for content relevance to the review question, methodological transparency, and the potential to add to a decision to
commercialize. The number of citations and prestige of the journal were not the main criteria for weighting. This was required
because the quality of regulatory guidance, formulation reviews, and clinical evidence and mechanistic studies cannot be

measured with a single metric.

The selection criteria were developed to ensure that evidence with a strong translational relevance was kept. If a plant compound
was reported to have a biological effect, but the report didn't contain the word "report," it was not included. To be entered in
the final synthesis, the source must have provided input for at least one decision downstream from its use, such as defining the
product, source control, source extraction, chemical characterisation, source standardisation, formulation, exposure, safety,
clinical translation, regulatory positioning, manufacturing, sustainability or market strategy. This criterion imposed on the review
prevented the review from being a catalogue of the pharmacological effects, and kept the review focused around product
development.

The sources were evaluated for their relevance to the subject matter and were only English-language scholarly and regulatory
sources. Search terms were created to reflect both science related to natural products and product development. The core
concepts included were plant-based bioactive compounds, phytochemicals, plant-derived natural products,
phytopharmaceuticals, bioactive peptides, sustainability, market strategy, and biopharmaceutical development, along with
commercialization, development, translation to humans, formulation, bioavailability, standardization, regulation,
manufacturing, and scale-up. To find highly relevant records indexed under alternative terms, which were found to be
conceptually relevant in recent reviews of the literature that also incorporate manual screening to complement database

searching due to the conceptually dispersed literature (Kim et al., 2025), citation chaining was performed.
3. RESULTS

A total of 40 studies were included in the final evidence set, most of which were published between 2021 and 2026, and some
of the eatlier foundational, but relevant, studies wete retained because of their distinctive regulatory and/or development
evidence. As much as possible, the evidence base was diversified and comprised NRFHH reviews that were closely related to
journal scope, multidisciplinary NRFHH teviews, delivery/formulation reviews, clinical and translational reviews, regulatory
and standardization reviews, as well as recent perspectives on commercialization and development. Table 1 provides a summary

of the evidence base.

Table 1 shows that thete are five broad themes within the literature that are interrelated, such as scientific discovery/therapeutic
evidence, standardisation and quality, formulation and bioavailability, clinical and regulatory translation, and commercialisation,
manufacturing and strategic development. NRFHH papers have had a huge impact on the scientific and translational
communities. NRFHH's wide scope of connecting natural resources and human-health evidence is reflected in recent NRFHH
reviews, such as bioactive peptides and polyphenols, medicinal-plant research, systems biology, and phytochemical integration
and sustainable utilization (Christy et al., 2026; Saxena et al., 2026; Thyagarajan et al., 2026; Wani et al., 2026).

In the literature provided, an array of human health applications of plant bioactives was found. The literature reviewed included
polyphenols, flavonoids, alkaloids, terpenoids, and metabolites of these various families, which have been reported for their
antioxidant, anti-inflammatory, antimicrobial, cardiometabolic, anticancer, and neuroprotective properties (El-Saadony et al,,
2025; Esmeeta et al., 2022; Popovic and Rijkers, 2026). In addition to the wide range of phytochemicals being identified,
reviewed, and prioritized, several computational approaches are being used to identify, prioritise, and characterise candidate
molecules, as highlighted by NRFHH reviews. The evidence thus suggests a significant opportunity landscape; however, not
every compound class is development-ready.
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Table 1: Characteristics of included studies

Evidence domain Studies Main emphasis Development relevance
Scientific  di 7 d Phytochemist:
cientific  discovery and |, ytochemistry, Candidate selection
therapy mechanisms, targets
Authenticati Iytical
Standardisation and quality | 6 uthentication,  analytea Reproducible material
control
F lati d
bi(j)r;;lzbz?ty i Delivery, stability, exposure | Product performance
Clinical d lat
mca. an reguiatory 6 Safety, trials, regulation Evidence readiness
translation
Commercialisation and Manufacturing, market, .
5 Investment readiness
scale-up strategy
Strategic  and - cnabling |, AL partnerships, platf Capability devel ¢
artnerships, platforms apability developmen
technologies P PSP pabiiy P

The most compelling scientific evidence is the growing consideration of therapeutic activity using multi-target and systems
approaches (Rasheed et al., 2026). The network pharmacology and systems biology reviews by NRFHH discuss the mechanisms
involving multiple targets at a molecular network level, multi-omics, docking and associated approaches, and how these can
explain complex mechanisms that are hard to understand in the context of a single-target paradigm (Saxena et al., 2026; Shete
et al., 2026). More general natural product reviews also list computational chemistry, high-throughput screening, and target-
based approaches as methods to enhance lead prioritisation and alleviate the early burden in discovery (Saldivar-Gonzalez et
al,, 2021; Wang et al., 2024). These advances are of commercial interest as quicker prioritisation can lead to less waste in the
expetimental setup; however, this does not provide proof of clinical and/or manufacturing feasibility. Evidence on extraction
and characterization indicates that early development decisions are often process decisions. Natural products may occur at low
concentrations, within complex chemical matrices, and vary across species, locations, cultivation conditions, and hatrvest stages.
Ahmad et al. (2025) point to low availability and challenging isolation, and El-Saadony et al. (2025) postulate the trade-offs
between yield, solvent utilization, degradation, and sustainability. Nasim et al. (2022) also highlight the need for the development
of authentication and fingerprinting. These factors affect the choice of source and result in a commercial as well as scientific
choice of source. Standardization was thus continually found as a requirement, with Kaundal and Kumar (2025) and Indrayanto
(2024) highlighting the requirement of validated pharmacognostic, analytical, and pharmacopoeial approaches, and the recent
NRFHH reviews also endorsing the need for standardization for safe and evidence-based phytopharmaceutical development
(Thyagarajan et al., 2026; Wani et al., 2026). The main obstacles that have been revealed throughout the evidence are presented
in Table 2. Small molecule phytochemicals were especially prevalent in their limitations in bioavailability. Poor absorption,
instability, and pharmacokinetic uncertainty are highlighted as translation barriers by Kim et al. (2025), and formulation
strategies to overcome various challenges such as low solubility, fast metabolism, and inadequate exposure are described by
Hegde et al. (2023). Khosravi and Seifert (2024) review the abundant interest in curcumin critically and its potential clinical
benefits and demonstrate that, despite the interest, the clinical evidence to date is not persuasive, due to a lack of appropriate

clinical endpoints, formulation, and pharmacokinetics.

Table 2: Commercialization barriers across development

Barrier Evidence signal Commercial effect Priority response
Raw-material variability High Batch inconsistency Authenticated sourcing
Extraction and yield High Cost and reproducibility Process optimisation
Standardisation Very high Weak specifications Validated methods
Bioavailability Very high Low exposure Formulation strategy
Safety evidence Moderate-high Development uncertainty Product-specific testing
Clinical evidence High Weak claims Defined endpoints
Regulatory heterogeneity High Market delay Early classification
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Scale-up/ GMP High Manufacturing risk Pilot-to-GMP planning
Supply security Moderate-high Continuity risk Traceable cultivation
IP/appropriability Moderate Differentiation risk Process/formulation IP

The use of delivery technologies is an important opportunity, as they can change the pharmacokinetics of compounds with
poor intrinsic pharmacokinetics and can make compounds more commercially viable. Kothapalli and Vasanthan (2024)
summarize the lipid-detived nanocarriers for plant-derived molecules, Zhang et al. (2024a) summarize the hyaluronic acid
delivery systems designed to enhance stability, targeting, and therapeutic efficacy, and McClements (2022) describes plant-
derived proteins, polysaccharides, and lipids as components of colloidal delivery systems. Together, these studies imply that it
is the combination of the commercial product and the bioactive, and not the unformulated bioactive, that is more competitive
in terms of formulation, reproducibility, and control. Another important gate that was identified as critical was safety and clinical
validation. Even the well-studied phytochemical withaferin A also has a lack of pharmacokinetic and toxicity data, as shown by
Devabattula et al. (2024). Similarly, Shoaib et al. (2023) differentiate between extensive mechanistic and preclinical evidence and
the more limited evidence needed for definitive clinical translation. Some of the challenges identified by Liu et al (2022) include
poor yield, unknown absorption, bioavailability, and lack of in vivo evidence of plant-derived bioactive peptides. These results
have shown that commercial strategy should be based on product-specific, dose-specific, and clinically interpretable evidence
and not only on mechanistic plausibility. Product definition is a critical development issue mentioned in the product literature.
The U.S. botanical-drug framework is based on a totality-of-the-evidence approach as outlined by Wu et al. (2020), which
involves the use of botanical raw matetials, chemistty and manufacturing controls, and biological/clinical evidence. There are
significant disparities between jurisdictions, as highlighted by Indrayanto (2024), and regulatory and quality requirements for
various products of phytopharmaceuticals, as described by Jadhav et al. (2025). Aware et al. (2022) and Nasim et al. (2022) also
highlight the differences among crude herbal products, standardized herbal fractions, and more defined phytopharmaceutical
products. Therefore, regulatory classification should be considered as a first step and not as a last step in the administration.
From natural-product drug development examples, supply and process strategy is a critical aspect of commercial viability. The
authors of Butler et al. (2020) illustrate the ongoing impact of natural products on current drug pipelines by mapping natural
products-derived drugs and clinical candidates over the last ten years (2014-2024). Additionally, industrial practice reveals that
scaling discovery workflow into development involves process development as well as a continuous supply of compounds.
Industrial experience also indicates that process development, as well as a continuous flow of compounds, is necessary to scale
discovery workflows into development (Helf et al., 2024; Singh et al., 2025). The challenge is, therefore, to turn part industrial
synthesis of a molecule of pharmaceutical interest into a reproducible, scalable product.

Market evidence suggests that there are multiple opportunity spaces instead of one market. Indrayanto (2024) explains the
existence of a huge expanding global market for herbal drugs, and El-Saadony et al. (2025) elucidate applications ranging from
food and functional health to pharmaceutical products. Wani et al (2026) and Thyagarajan et al (2026) state that there are other
related opportunities such as bioactive peptides, polyphenols, phytochemicals, functional foods, and nutraceuticals. It helps to
build a "product portfolio" where a single scientific platform can provide a variety of products with varying clinical, regulatory,

and commercial needs.

Evidence-to-market translation pathway

Soyrge & Extraction & Standardization & Safety &
authentication characterization quality Clinical evedence

Farrmulation & Regulatory Marsfacturing, supply
bloavailability readiness & market readiness

post-markek evidence

Market entry & ‘

Figure 2: Plant bioactive commercialization pathway
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One of the most obvious opportunity areas that can be leveraged through technology is in delivery and formulation systems.
Examples of formulation and delivery strategies suitable for plants are provided by Hegde et al. (2023), McClements (2022),
and Kothapalli and Vasanthan (2024), and some of these are aimed at increasing the clinical viability of pootly bioavailable
compounds. Further, green nanotechnology is emerging and connecting the performance of the delivery with applications in
the field of food and health, with a focus on sustainability (Suryavanshi et al., 2026). Technologies that are a validated

formulation or delivery platform, and not a commodity extract, can form a more robust commercial position for a firm.

Commercial variables were sustainability and supply security, rather than just environmental variables. Ahmad et al. (2025) talk
about plant and marine natural products and sustainable extraction and discovery, while Thyagarajan et al. (2026) emphasise
protection of biodiversity, sustainable utilization and quality assurance. The sourcing can have an impact on sourcing reliability,
sourcing continuity, brand legitimacy, regulatory confidence, cultivation strategy, and geographic diversification. The
incorporation of sustainability should, therefore, be considered as part of the overall enterprise plan for commercialization as

part of the long-term product reproducibility and supply resiliency.

The last output domain was related to strategic pathways of companies. There is no commercialisation model identified in the
literature that is applicable to all the candidates. The most likely explanation for an internal build strategy is if the candidate has
a good support package and the firm has the formulation, manufacture, and regulatory expertise to develop the candidate.
Partnership is more suitable between companies that have market or manufacturing strengths but fail to have botanical
authentication, phytochemical analytics, ot eatly discovery. When the extraction processes, delivery systems, biomarkers, and/or
candidate assets are managed by academic or biotechnology partners, licensing or co-development is more relevant. Multiple
technologies and disciplines are suggested as a viable solution to tackle natural-product complexity (Wang et al., 2024; Basnet
et al,, 2025). The pathways are summarised in Table 4.

Table 3: Market opportunities and risks

Opportunity Commercial rationale Evidence burden Main risk
Phytopharmaceuticals Therapeutic differentiation High Clinical/regulatory
Botanical drugs Defined therapeutic claims Very high Quality consistency
Nutraceuticals Faster product access Moderate Claim substantiation
Advanced delivery Bioavailability advantage High Scale-up/safety
Functional health Broad consumer demand Moderate Market competition
Sustainable value chains Supply and brand resilience | Moderate Feedstock continuity

Table 3 brings together these opportunity spaces, development requirements, and the key risks. High-value therapeutic
differentiation can be achieved on pharmaceutical and phytopharmaceutical pathways, yet it is the most evidence- and
regulatory-intensive. Nutraceutical and functional-health pathways can provide for rapid market access, but can be limited by
claim substantiation and the variability of products. The emergence of advanced delivery systems results in technological
differences and adds scale-up and safety issues. Value chains for sustainable and circular products provide supply and brand
opportunities and require a certain level of feedstock security and proper value chain benefits. The evidence thus lends support
to a strategy for oppottunity selection that takes into account the interaction of readiness and tisk/market position and not the

perceived popularity of a compound.

Across the 40 included studies, commercialization readiness emerged as multidimensional. Strong performance in one domain
cannot compensate for a critical weakness in another: scientific evidence requires reproducible material; reproducible material
must be supported by adequate formulation and pharmacokinetics; clinical credibility must align with a scalable process and
regulatory pathway. Figure 2 presents this evidence-to-market pathway as interconnected development gates rather than a

simple linear sequence.

The cross-study comparison led to the development of the proposed commercialization-readiness framework shown in Figure
3. The framework recognises the interdependent aspects of scientific, technological, clinical, regulatory, manufacturing, supply-
chain, IP, and market readiness dimensions. The results show that in attaining the goal of advancing candidates based on a
strong performance on one dimension, companies should not rely on that dimension alone. Rather, the minimum of the critical

readiness dimensions could be the limiting factor for investment. This is particularly relevant with regard to plant-based
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products because variability can have an impact on analytical specifications and clinical reproducibility and regulatory

acceptability.
Table 4: Strategic pathways for biopharma

Pathway When suitable Core capability Key risk
Build Strong internal capability R&D and GMP Capital intensity
Partner Capability gaps Collaboration network Coordination
License Validated external asset IP evaluation Dependence
Co-develop Shared development risk Complementary expertise Governance

P £ lati
Platform Reusable technology base rocess/formulation Portfolio complexity

platform

Computational tools were also identified as enabling technologies. Patil et al. (2026) and Saldivar-Gonzalez et al. (2021) discuss
the application of Al, machine learning, and cheminformatics in the areas of metabolite identification, dereplication, target
prediction, metabolite discovery, and lead optimization. Gupta et al. (2026) provide an illustration of the prioritization of
natural-product leads using docking, supervised learning, and ADMET prediction. However, these methods may help to
streamline commercial operations by minimizing the amount of low-value experimentation in the eatly stage of development,
but the fact that a chemical can be predicted on a computer does not prove that it will be useful in medicine. However, data
quality, interpretability, standardization, and experimental validation are still significant constraints (Christy et al., 2026; Saxena
et al.,, 2026).

The results show, in general, that commercialization is a coordinated process with regard to the generation of evidence and risk
reduction. The most viable candidates are the ones for which the product can be defined and reproduced, clinically relevant
exposure can be shown, there is sufficient regulatory documentation, the manufacturing can be scaled up, supply can be
controlled, and the market proposition is defensible. The synthesis is the basis for the interpretation developed in the

Discussion.

Commercialization readiness framework

Scientific Technological Clinical Regulatory
readiness readiness readinenss readliness
Manufacturing Supply-chain [P & partnership
readiness readiness reacliness
Market
e ndun 5

Figure 3: Commercialization readiness framework

The synthesis shows that there are overlapping barriers to commercialization and they build on each other. There is a risk of
variability of the plant source, which may compromise the ability to ensure standardisation; insufficient standardisation can
result in variation of the clinical material, which can decrease regulatory confidence and market entry. Similar dependency chains
apply to bioavailability, formulation, manufacturing, and supply. Table 2 therefore presents barriers in terms of their

downstream commercial consequences rather than as isolated scientific problems.
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There were fewer formal elements of IP evidence than there were of scientific and regulatory evidence, though it was still of
great strategic importance. Natural products may offer a lower level of compositional exclusivity in open applications but may
offer defensible positions based on standardized preparations, extraction processes, formulation, delivery technology,
manufacturing control, analytical methods, and defined therapeutic applications. However, in a commercial program, IP must
be considered in conjunction with scientific differentiation and not once technical development is finished.

Sustainability was not a single isolated endpoint but a cross-cutting readiness dimension. Stability of access to plant material can
influence manufacturing continuity, cost forecasting, quality assurance, and regulatory confidence. Ahmad et al. (2025) and
Thyagarajan et al. (2026) link sustainable sourcing to the long-term viability of natural-product discovery, while Suryavanshi et
al. (2026) show how green technologies can connect resource efficiency with delivery innovation (Maind et al.,, 2025).
Sustainability indicators can therefore be incorporated into business readiness rather than treated solely as external reporting

metrics.

Market evidence indicated that market paths need to be split by use and evidence. For high-value therapeutic products, the level
of clinical and regulatory support is the highest; for nutraceutical and functional-health products, there may be several avenues
of access, but they still have a need for quality control and credible claims. Wani et al. (2026) warn against taking a step from
general biological statements to specific product statements lacking clinical support, and Indrayanto (2024) demonstrates that
regulation and quality assurance continue to be key to the credibility of herbal products. This market map, which reveals a set
of differentiated product propositions, rather than an undifferentiated natural products market, is likely to lead to a market map
that benefits these product propositions.

It is helpful to consider plants as sources for biologics and as a production platform. While the small molecule phytochemicals
vary, the same factors — cost, scalability, product quality, regulatory compliance, and investment sustainability — are all key in
commercializing plant expression systems. Washida et al. (2025) discuss the requirements for the commercialization of
recombinant pharmaceuticals in plants, both from an economic and technical point of view. This evidence extends the
commercialization approach, considering plants as a platform for the production of complex health products besides the

bioactive molecules they provide.

When technology is used for a well-defined development constraint, it can be used to enhance translation. Prioritizing
candidates can be quicker with Al assistance; network pharmacology can be used to generate a multi-target hypothesis, and
delivery systems can be optimized for better exposure. They are still dependent on validation and integration, however. Machine
learning and computational screening have potential for prioritization (Gupta et al., 2026; Patil et al., 2026), and Al-driven
natural-product discovery is covered by Basnet et al. (2025). It is therefore advisable to regard technology as a facilitator of

readiness, not as evidence, and to use it in this way.

There was a wealth of mechanistic and translational information in the evidence base, with a comparatively low number of
product-specific, well-controlled clinical data. Sahoo et al. (2026), Devabattula et al. (2024), and Shoaib et al. (2023) all cite
challenges with solid clinical evidence in various therapeutic domains. That is, the volume of evidence should not be
synonymous with the level of evidence maturity because there may be considerable uncertainty about dose, exposure,

formulation, patient selection, and clinically meaningful outcomes for a compound, even when there is evidence in the literature.

Scientific evidence was more robust for the recurrent classes of phytochemicals (polyphenols, flavonoids, alkaloids, and
terpenoids), and activity profiles were different, depending on compound, preparation, disease model, and exposure. Popovic
and Rijkers (2026) highlight the wide physiological and therapeutic significance of phytochemicals, and Madan et al. (2026)
demonstrate the ongoing pharmaceutical significance of classes of phytochemicals with anticancer properties. The evidence
does suggest, though, that the commercial unit is not a "bioactive compound", but may be a putified molecule, a standardized

fraction, a complex botanical product, or a formulated delivery system.

40 studies were included in the evidence base, and there was significant overlap between the themes represented, some of which
were stronger than others. Most papers were of a discovery type with general information about chemical diversity and
technological developments, while papers related to commercialization included more standardisation, product definition, scale-
up and/or regulatory readiness. The evidence map reveals a wealth of evidence in the field, but few integrated studies of a
particular candidate over the development pathway. This discovery indicates a need for an approach that transcends from one

domain to another rather than one based on one domain only.
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The proposed framework also links the publication-oriented research with the product-oriented development. Mechanistic
insight, novelty, and volume of published work can be good indicators of academic progress, whereas reproducibility, evidence
quality, time, costs, regulatory acceptability, and market adoption can be useful indicators of commercial progress. In order to
create translationally mature plant-bioactive ecosystems, it is necessary to intentionally establish interfaces between these
ecosystems, such as shared standards, data structures, partnership models and development milestones. The framework aims
to be a tool to explicitly make these interfaces visible to biopharma decision makers.

The other intetface is evidence communication. Commetcial stakeholders need value propositions and scientific/regulatory
stakeholders need statements of evidence. Therefore, there should be consistency between marketing statements, investment
statements, and evidence. It's important to maintain mechanistic plausibility, preclinical efficacy, exposure, and clinical benefit
that are distinct. The trend of broad health-promoting claims to chemically standardized preparations and mechanisms of the
product has also been seen in recent NRFHH literature (Wani et al., 2020).

The market findings also indicate that biopharma companies can add more value to their options with investments in reusable
platforms. Several bioactives can be supported by a validated extraction process, an analytical fingerprinting method,
formulation technology, or a clinical biomarker. This can spread out the risk of development and minimize reliance on an asset
that is risky. An important aspect of using platform logic is that it shouldn't weaken the product-specific evidence for each
product in the pipeline, however. A reusable capability brings strategic value only if each product in the pipeline maintains its

own quality, safety, and efficacy requirements.

A "staged decision vocabulary" of action options (go, refine, partnet, license, defer or stop) is supported due to the cross-study
comparison. These options are suitable if the critical readiness domains are good, the critical bottleneck is identified and does
not need to be solved, an external capability is needed, or a technology or asset can shorten the development time or lower the
risk. This approach does not make an assumption that one number threshold will apply to all plant-based candidates.

The evidence also backs up the concept of "concurrent planning” of sustainability and commercial strategy. Source risk can be
mitigated by long-term sourcing contracts, environmental and social safeguards, geographic diversification, and traceability.
When traditional knowledge (TK) or genetic resources (GR) are used for development, there may be a connection between
benefit-sharing and the legitimacy of the partnership as well as the intellectual-property strategy. Even with a solid scientific

underpinning, the failure to consider these dimensions can be a reputational, legal, and supply continuity risk.

It is helpful to make a parallel with production platforms based on plants. While plant expression systems are not synonymous
with phytochemical products, they share many of the same essential components of technical productivity and stable product
quality, cost control, regulatory acceptance, and a sustainable business case associated with the commercialization of
pharmaceutical products. Plant expression systems and phytochemical products are not the same, but many of the same key
principles of technical productivity and stable product quality, cost control, regulatory acceptance, and a sustainable business
case exist when commercializing a pharmaceutical product. Similatly, this principle can be utilized in the design of extraction

platforms, biosynthetic pathways, delivery technologies, and analytical workflows for small-molecule plant bioactives.

The scale-up of manufacturing to commercial scale increases the challenge of development. Laboratory extraction can be more
tolerant of low levels, process parameters that depend on the operator, and a small window of feedstocks, while commercial
production must be validated, supply continuous, process capable, impurity controlled, stable, and change managed. The
standardisation literature reflects that these controls are not only operational standards but actually an extension of the product
definition of the scientific product (Indrayanto, 2024; Kaundal and Kumar, 2025). Eatly recognition of manufacturability,
therefore, can help to avoid late-stage discovery that a laboratory process cannot be successfully scaled up to commercial

production.

These can be complemented by development with the support of Al Artificial Intelligence, Network Pharmacology, Molecular
Docking, and Multi-omics have been demonstrated to speed up the discovery, selection of targets, and candidate prioritization
through recent computational reviews by NRFHHs (Patil et al., 2026; Saxena et al., 2026; Shete et al., 2026). The commercial
application should, however, ensure there is a clear relationship between the prediction, experimental validation, and product
decision. This minimises the threat of the evidence being lagged behind the increasing complexity of computation in the
decision-making process for the regulatory body or the patient.
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The results ate congruent with the idea of an "evidence minimum package". A candidate has reached a commercial decision
gate; before that can happen, the sponsor must be able to answer 5 questions: What is the product? Is it possible to be made
regularly? Are the intended levels of exposure achieved with the intended formulation? Do the target population(s) benefit from
the claimed benefit? Are there scalable solutions for providing and managing the product? If one or more of these questions is
not answered, risk might be dominated in the downstream direction. Thus, a minimum evidence package is more useful for
making decisions than just several publications.

The results of the market research also question the notion that all plant-based products can be developed on a pharmaceutical
route. Some products could be used in a therapeutic program with a strong evidence burden, and others might be more
appropriate for nutraceutical, functional-health or enabling-technology programs. This will vary based on the evidence base,
claim, risk profile, manufacturing burden, regulatory category, and the market need. These dimensions bring in commercial

value without trying to fit all bioactives into the traditional pharmaceutical model.

The same goes for the selection of the partners. Partnerships are best suited to an atea of capability that is a constraint for
development, not just for making it more visible. The universities can offer the mechanistic know-how; biotechnology
companies can offer extraction, fermentation, delivery, and screening platforms, or GMP manufacturing or clinical execution
services can be provided by contract organizations. Wang et al. (2024) exemplify the multidisciplinary integration advocated,

which is around natural product development.

The goal of investment for biopharma companies should be to eliminate uncertainties that will affect the efforts, not to run a
wide range of low-priority experiments. If the variability of the sources is the predominant risk, the emphasis needs to be on
authentication, cultivation, and analytical control. If a risk of exposure is the main risk, then formulation and pharmacokinetic
studies should be given priority. If there is still no clinical evidence, then, instead of further mechanistic screening, a well-
designed trial should be done. This resource allocation based on the values of the portfolio can increase the efficiency of the
porttfolio.

The readiness framework should not be applied in a blanket manner and should not be used as a single, numerical score since
the score should vary for each product class. Conventional chemical characterization might be adequate for a purified small
molecule, but more extensive fingerprint, process controls, and an overall "totality-of-the-evidence" rationale may be needed
for a multi-component botanical. Adopting a context-specific quality approach, as shown by Wu et al. (2020) and Jadhav et al.
(2025), is crucial. The framework, therefore, is more useful as a tool to help make decisions on the intended product, the
evidence needed for that product, the weakest critical domain, and the intervention most likely to improve the weakest domain

efficiently.

These results also extend the definition of 'novelty' in the context of commercialization of natural products. Novelty can either
lie within the molecule itself, but can also come from the controlled product architecture or from a controlled formulation of
an existing bioactive molecule into the precisely formulated therapeutic product. For instance, a compound that has an
established indication, a well-established biomarker, clinically relevant exposure, and a known scalable source might find itself
to be more commercially viable than a novel compound that has no scalable source, no biomarker, and a less well-established
indication. The curcumin literature is a good example of ways in which formulation and clinical-study design can have a
significant impact on the interpretation of a well-known compound (Hegde et al., 2023; Khosravi and Seifert, 2024).

4. DISCUSSION

Integration between specialist areas is also needed for effective commercialization. Ethnobotanists can identify resources,
chemists can characterize molecules, pharmacologists can study mechanisms, formulation scientists can work on ways to
increase the exposure to the molecule, clinicians can test how effective the molecule is, quality scientists can help set
specifications, and regulatory scientists can help develop pathways for approval. These activities can frequently be isolated. The
reviewed evidence indicates that integration should be initiated at an earlier stage in clinical development (before the late stage)
in order to have measurements used later in the process as critical quality attributes, biomarkers, or regulatory evidence.

Based on this review, it is fair to say that a lack of scientific ability is a single cause for commercialization failure. Instead, more
frequently it is the misalignment of domains of development that creates risk. Biologically active compounds can be
commercially underdeveloped due to source variability that risks preventing standardisation (Indrayanto, 2024; Kim et al., 2025);
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limited exposure trials that compromise the clinical interpretability limits; uncertainty over mechanism of action that can make
it hard to position for regulation; and inability to reproduce the material used for research during manufacturing (Indrayanto,
2024; Kim et al., 2025). A systems petspective thus changes the management question from "Does the compound work?" to
"Is the desited product well controlled, well documented, and able to be scaled up to a new investment gater"

This systems interpretation builds upon and expands upon recent NRFHH reviews. Wani et al. (2026) review the production,
mechanism, pharmacokinetics, formulation, clinical applications, safety, and regulatory aspects of bioactive peptides and
polyphenols. The authors of Thyagarajan et al. (2026) correlate phytochemical discovery with quality assurance, extraction,
characterization, pharmaceutical and nutraceutical uses, regulation, and sustainability. Christy et al. (2026), Saxena et al. (2020),
and Patil et al. (2026) highlight the importance of computational speedup and innovation in the field. In the present review,
these scientific and translational capabilities are brought together in a commercialization decision system for biopharma
companies, taking one step further down the stream. It's the decision-focused integration, and not the identification of any new

element, that makes its contribution.

The first strategic implication is to be sure of the desired product at an early stage. The extract of a plant is not a standardized
botanical fraction, purified active molecule, combination product, nutraceutical ingredient, or a botanical drug. There is unique
evidence, quality systems, regulatory pathways, and market claims for each product class. The importance of regulatory
consistency and quality with product type and evidence has been illustrated in Wu et al. (2020) and Jadhav et al. (2025), and the
recognition of phytopharmaceutical pathways from conventional herbal products in Nasim et al. (2022) has been outlined. The
analytical, clinical, and manufacturing evidence needs are dependent on this product class definition and should be planned for

significant investment downstream, as appropriate to the product class, to be made before the product class is defined.

The second is that standardization can add value; it can offer more than just compliance. The evidence reviewed indicates that
biological variability is more manageable for industrial development through the process of standardization. The validated
quality parameters and pharmacopoeial standards are highlighted by Kaundal and Kumar (2025) and by Indrayanto (2024), who
points to the requirement of product-specific validated methods in case of complex mixtures. The firm that proves itself to be
able to obtain raw material authenticated with certainty, reproducible chemical fingerprints, reference markers, validated
analytical methods, and process controls can benefit in clinical reproducibility, regulatory assurance, transfer of contract

manufacturing, and/or process-related intellectual propetty.

The third implication is in terms of formulation. Low bioavailability is not only an inconvenience in the formulation of a
compound, but can affect the commercial model of the compound. Although good preclinical data indicate that a conventional
extract or tablet may have some promise, the dose and exposure may not be adequate. Other formulations may be necessary if
the active is not very soluble or is very metabolized. Examples of how delivery technologies can enhance the stability, solubility,
targeting and/or exposute of a product ate provided by Hegde et al. (2023), Kothapalli and Vasanthan (2024), McClements
(2022), and Zhang et al. (2024a). But there are other risks with formulation innovation, such as excipients, process
reproducibility, scale-up, stability, and safety. The strategic goal is not to adopt nanotechnology per se, but rather to choose an
appropriate method for delivering the technology that addresses a specific translational need and is commercially viable.

The fourth implication is product-specific clinical development. As is the case in many instances, positive preclinical evidence
(Haif et al., 2024) may coexist with conflicting and/or limited clinical evidence. As illustrated by Devabattula et al. (2024), this
disconnection can be seen with withaferin A, and Khosravi and Seifert (2024) outline similar situations with curcumin, where
there is a host of studies, but few consistent treatments for any given indication. Wani et al. (2026) also highlight that there is
only biological plausibility, not necessarily human benefit. Because of this, commercial programs ought to specify exactly what
formulation, dosage, biomarker of exposure, target population, and clinically relevant endpoint they are looking to apply to
their intended product, and not assume that all previously published data on a molecule or plant are relevant to that product.

Regulatory approach should be integrated from the start of the product development process as well. The formulation and
evidence package can be accepted in one market but not in another, because of the presence of some jurisdictional differences
(Indrayanto, 2024). U.S. FDA botanical guidance focuses on a totality-of-the-evidence approach, which consists of raw-material
controls, chemistry and manufacturing controls, and biological or clinical data (Wu et al., 2020). The authors of the Jadhav et
al. (2025) paper also demonstrate that dedicated quality and regulatory approaches are needed for each product type of herbal
and phytopharmaceutical products. Companies focused on the design of analytical methods, clinical packages, and
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manufacturing controls, considering the classifications of the target markets, can minimise later redesign in development, which

can be costly.

Based on market analysis, the commercialisation is most likely to be achieved if scientific differentiation is coupled with market
differentiation. Generally, commodities are less protected and compete on a cost basis, in terms of brand or distribution. A
standardized product with a standardized biomarker, bioavailability, process, and a defensible clinical position, in contrast, will
help to differentiate better. Natural product-derived products are moving further along in the process of clinical development
and drug approval (Butler et al., 2026), and plant knowledge is also being translated into products that are based on evidence
(Aware et al., 2022; Nasim et al., 2022). The competition should, therefore, be based on a differentiated product proposition,

and not on the general natural product competition.

When plant material is utilized as an industrial input, then sustainability is also strategic. The authors of the papers by Ahmad
et al. (2025) and Thyagarajan et al. (2026) demonstrate that sustainable harvesting, conserving biodiversity, and resource
management are fundamental to the development of products in the long term. A change in variability, depletion, or disruption
of a source can be a regulatory, quality, and cost risk. These measures can help enhance supply continuity through controlled
cultivation, geographic diversification, traceability, and alternative production platforms. Eventually, it would be possible to
synthesize and/or engineer some rare metabolites without harvesting the natural soutces, which are vulnerable. (Ahmad et al.,
2025; Basnet et al., 2025).

The same holds for developing an IP strategy. Discovery may be based on TK and GR, but commercial protection is unlikely
to rely solely on the knowledge of traditional use of these plants. Rather, firms could be required to secure standardized
compositions, extraction processes, formulations, delivery systems, analytical methods and/ot specific therapeutic applications,
as well as ensure provenance and benefit-sharing obligations. Therefore, a candidate's legal, access, and partnership status should

not only be considered at the time of imminent market entry but early on as well.

The strategic pathways identified in the review could be viewed as a portfolio of capabilities, rather than a specific set of choices.
An internal 'build’ strategy works when a company has the analytical, formulation and clinical development expertise to bring
the product to market and the company believes that it has a sufficiently differentiated asset which is designed to support a
differentiated market. Where these important capabilities are spread over academia, botanical suppliers, developers of
biotechnology, and clinical organisations, a partnership strategy is more appropriate than a stand-alone approach. Licensing
may be used to speed up access to proven technologies or potential assets, while co-development can provide a way to share
clinical development and manufacturing risk. Wang et al. (2024) make a clear statement of the importance of integrating multiple
technologies and multiple disciplines, especially for natural product complexity, and that this integration should be provided

for in partnership models, which are based on complementary expertise.

Al and computational tools can play a role in this partnership and logic of capabilities. Saldivar-Gonzalez et al. (2021), Basnet
et al. (2025), and Patil et al. (2026) demonstrate the capability of computational systems to speed up the prioritization of
candidates, the prediction of their structure, the dereplication, and the assessment of their biological activity. They are of
commercial value depending on whether they help with downstream decision-making. Inaccurate models can be resource-
consuming, not resource-saving. Therefore, the capability of Al should be measured in terms of the quality of the decisions,
how fast this can be achieved, how experiments can be prioritized, evidence traceability and validation, rather than just novelty
of the algorithm (Christy et al., 2026; Saxena et al., 2020).

Commetcialization readiness is thus best considered a "gate system. A scientific rationale that the evidence is credible and that
the material is controllable, formulation addresses the relevant exposure problem, safety and clinical evidence supports the
intended claim, the regulatory pathway is sufficiently clear, and manufacturing and supply risks are manageable. If one domain
is weak, the best course of action might be to improve the product, join forces to acquire the missing capability, license the
technology, or not make any further progress. The dimensions of readiness shown in Figure 3 are not merely a checklist, but
rather are intertwined aspects of a business choice.

It also provides a clear guideline to the opportunity offered by the market from the inception of development. The type of
dosage form, type of evidence, regulatory classification, batch size, packaging, and claims allowed may be influenced by intended
positioning. The evidence packages and partnership models to be shared may therefore be different for a therapeutic botanical
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versus a functional-health product that is derived from the same botanical. The design of a product, evidence planning, and
regulatory design contribute to market opportunity as well, not just at the end of the technical development.

Another contribution is the Identification of binding constraints. Typical reviews include multiple barriers, but they are not
explicitly prioritized. According to the present synthesis, the following steps for the firms to take should be: Identifying the
least-ready critical dimension that could stop the firms on the intended business path. Even if a candidate possesses good
clinical data, it may not be sufficient because of scale-up and/or sustainable supply concerns; and even if a widely used bioactive
has robust clinical evidence, it may be hampered mainly by the lack of good clinical evidence. By making the binding constraint
a ptiority, the batrier list becomes a prioritized staged decision/funding tool.

The strength of the claim must also be balanced with the strength of the evidence to be commercially successful. The broad
antioxidant or health claims may be of interest to the market, but they don't necessarily result in a clinically differentiated
product. Wani et al. (2026) and Kaundal and Kumar (2025) argue that there is a trend towards moving towards chemically
defined preparations and evidence-backed claims. The most compelling matket propositions are a combination of formulation,
validated specification/bio-markers, clinically relevant endpoints, and a value statement. This minimises the likelihood of an

over-ambitious marketing objective that is not supported by scientific and/or regulatory evidence.

Opverall, the findings helped to broaden the focus from a compound-centric to product-system perspective. The commercial
unit is not just the molecule they're also the authenticated source and process, the formulation and composition, the clinical
evidence, the regulatory pathway, the manufacturing system, the supply network, and the IP position and market claim. Existing
NRFHH reviews provide scientific support for many of these components, while the present review organizes them through a
business-oriented readiness logic. This structure can be used to compare opportunities, identify missing evidence, and decide
whether to build, partner, license, co-develop, defer, or stop without assuming that every plant-based bioactive should become

a conventional pharmaceutical.

Overall, plant-based bioactive commercialization requires scientific depth, product engineering, and strategic coordination.
Commercial potential is most likely to be realized when the intended pathway is considered from the beginning of development.
Commercialization should therefore be treated as an ongoing process of reducing uncertainty while preserving the distinctive

value of natural-resource-based products.

Commercialization readiness should also be reassessed dynamically. Readiness is not a single evaluation performed at the end
of preclinical development. New evidence may reveal that a previously low-risk domain has become the dominant constraint,
for example after a formulation change, loss of a source region, or failure to meet a clinical endpoint. The framework can
therefore be used as an ongoing portfolio-review tool in which the sponsor updates the evidence profile at each development

gate, identifies the current binding constraint, and adjusts strategy accordingly.

The review is also supportive of co-design of regulatory and market strategy. Unlike a nutraceutical, a prescription botanical
drug will need to have an evidence pathway that meets the requirements of therapeutic claims, as well as a quality regime.
Indrayanto (2024) and Jadhav et al. (2025) illustrate how the lack of distinction between product classes and jurisdictions can
have development implications for practice. Discussions with regulators in the early stages can thus minimize the investment

in an inappropriate product architecture for the targeted market (Tanveer et al., 2025).

Local manufacturing and supply might be especially significant in emerging markets. Traditional knowledge and raw materials
can be found in certain areas of the world that are rich in medicinal plants, but may not have advanced analytics, clinical
development, and manufacturing infrastructure for GMP. Partnerships may bring together local sourcing and knowledge and
special quality, formulation, clinical and/or regulatory expettise. The arrangements should be based on clear agreements for the

sharing of benefits and intellectual property, particularly if the selection of candidates is based on TK.

Product complexity is also a factor in the commercial pathway. It is more challenging to integrate a multi-component extract
into existing CMC and analytical workflows than a highly purified compound, but complex botanicals can have reproducible
combinations that are responsible for clinically-relevant activity. Both Aware et al. (2022) and Nasim et al. (2022) discuss the
importance of deliberately selecting one of these concepts of development over the other, as often as not, purification is not
better development. Complexity should be kept to the extent that it adds to the value proposition that can be repeated in
therapy, and stripped away when it adds mostly to the extraneous variability of the process (Singla et al., 2025).
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The review also suggests that Evidence Infrastructure can be a competitive advantage. Research efficiency and regulatory
communication can be enhanced by well-structured metadata, curated clinical data, well-structured fingerprints, and quality
phytochemical databases and reference materials. Data quality and standardization are cited as key factors restricting the
applicability of Al for discovery (Patil et al., 2026; Saxena et al., 2026; Rehman et al., 2025). Investment in evidence infrastructure
can then help mitigate any duplications and speed up learning on several candidates' portfolios.

Plant-derived products compete not only with other natural (pharmaceutical, biologic, and conventional dietary supplement)
products, but also with medical foods, procedural health interventions, digital health interventions, and other plant-based
products. They rely on the differentiation that they provide in terms of efficacy, safety, tolerability, convenience, cost, and
sustainability. The literature on approved natural-product-derived drugs indicates that there is no single formula for success and

that viable products may occupy clinically meaningful niche matkets (Butler et al., 2026; Madan et al., 2026; Aoudia et al., 2025).

There is also clinical evidence that there is a need to differentiate proof of concept from product validation. A positive clinical
signal in a small exploratory study alone is not sufficient to create a commercially defensible indication if the formulation, dose,
patient population, and/or endpoint is not reproducible. Khosravi and Seifert (2024) demonstrate the need to consider the
design and formulation of trials and the exposure when interpreting clinical claims related to curcumin. The same challenges
exist in the field of phytochemistry, and large amounts of preclinical data and information can be accompanied by few, if any,
large-scale clinical trials (Kim et al., 2025; Shoaib et al., 2023). In addition, a related systematic review of the bioactives from
plants in central nervous system disorders also argues for indication-specific translational evidence (Zhang et al., 2024b). Firms

should, therefore, develop programs for predetermined evidence levels, not around the number of publications.

Formulation strategy should also be aligned with the intended route of administration and therapeutic goal. Improved solubility
creates value only when it produces a meaningful improvement in exposure or clinical performance. Uptake enhancers or
advanced delivery systems, on the other hand, can cause manufacturing, toxicology, or regulatory challenges that do not justify
their use in specific applications. Specific formulation limitations can be overcome using plant-compatible delivery systems
(Kothapalli and Vasanthan, 2024; McClements, 2022; Zhang et al., 2024a), but these need to be considered in combination with
the other aspects of formulation, such as stability, manufacturability, safety, and evidence of translatability. Therefore, the overall

benefit-risk profile, and not physicochemical improvement, should be considered in commercial decisions.

Another discovery is with regard to the timing of the standardization. Additional quality attributes should be specified prior to
the generation of pivotal efficacy claims, to ensure that the clinical or commercial product is similar to the product which yielded
the original signal. There are several factors that can influence the active fraction in complex botanical products, including
hatrvest time, source geography, plant species, and processing. This will help to use an analytical method, process parameter,
and biological assay in a "quality by design" relationship from the beginning. Conservation of standards literature and NRFHH
reviews also suggest that quality assurance should not be performed only after therapeutic changes. Similarly, the standardisation
literature and NRFHH reviews say that it should be integrated into the extraction and characterisation process and not only

after therapeutic changes (Kaundal and Kumar, 2025; Thyagarajan et al., 2026).
5. CONCLUSION

The phytopharmaceutical, botanical-drug, nutraceutical, and advanced-delivery products are hugely promising for using
bioactive compounds from plants as therapeutic agents, but to take advantage of this potential, scientific and technological
readiness, clinical validation, regulatory approval, and industrialization of the compounds are needed. The variability of raw
materials, bioavailability, evidence quality, standardization, scale-up, supply, and market positioning are not independent issues,
but are all interconnected. A commercialization-readiness approach can then help drive staged decision gates, capability building
focused on the product, and evidence generation. Depending on the binding constraint, biopharma companies could need to
develop in-house, partner, license, or leverage platform technologies. Standardization, clinical support, manufacturability,
defensible value proposition, sustainability, and commercial success are most likely if plant-derived products meet these

requirements.
6. STRENGTHS AND LIMITATIONS

In this review, the evidence from both a scientific and a commercial and regulatory point of view is combined, and a selection
process was conducted through a transparent PRISMA process, which included 40 studies. It is a multidisciplinary approach
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that allows for comparison of various fields such as phytochemistry, formulation, clinical translation, regulatory, manufacturing,
and strategy. Key caveats include that the evidence included is of variable study design, outcomes for commercialization are
not routinely reported, the regulatory context varies by jurisdiction, and evidence from the market is not directly comparable
across product classes. Therefore, the review is not able to estimate pooled effects, and thresholds of universal
commercialization are not defined. The proposed framework should be viewed as a model for decision support purposes that
needs to be validated in the future with the help of case studies of firms, longitudinal development data, costs and time,

regulatory milestones, and commercialization outcomes.
7. FUTURE RESEARCH AND RECOMMENDATIONS

The proposed commercialization-readiness framework should be evaluated in prospective plant-bioactive development
programs, and the different dimensions of readiness should be correlated with subsequent development success. Key focus
areas are validated standardization techniques, meaningful biomarkers, product comparability, scaled-up formulation, regulatory
harmonization, sustainable feedstock systems, and post-market evidence. Time to market and development cost must also be
considered in future biopharma research with regard to partnerships, licensing, prioritization to be supported by Al and
platform manufacturing. Comparative case studies may show the strongest predictor of success in therapeutic versus
nutraceutical pathways, and interventions that most effectively minimize commercial risk, regarding the dimensions of

readiness.
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