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ABSTRACT

The biopharmaceutical industry has had some notable improvements considering the
invention of plant based bioreactors, due to the view that it is a cheaper and more
environmentally friendly method of therapeutic proteins production. Plant expression
systems are most commonly used in technology to produce recombinant protein in plants, as
hosts as opposed to mammalian or microbial hosts, have a number of benefits including low-
cost, scale-up, and low-risk of human contagion. The paper engages in discourses about the
possible use of plant-based bioreactors in manufacturing of biopharmaceutical products with
an emphasis on its potential use in sustainable manufacturing. These advantages of plant
based systems are discussed in view of the expanding global need to have biopharmaceutical
products. The difficulties such as optimization of expression systems and regulatory issues as
well as scale-up production are also deliberated. In addition there is also an overview of novel
strategies that can be used to increase the efficiency of plant based bioreactors, in that; the
techniques include genetic modification of plants and plant metabolic engineering. Using this
gap analysis of the status quo of research and development, the paper presents the future
potential of plant-based bioreactor in transforming the picture of biopharmaceutical
production.

Keywords: plant-based bioreactors, biopharmaceutical production, and recombinant
proteins, sustainable manufacturing and plant metabolic engineering.

AWAITING

1. Introduction

The proposed technology comes with a powerful paradigm shift, which can be used to reduce an
environmental impact and inefficiency of traditional methods of manufacturing (Oluyemi et al., 2024).
Biological production on plant-based systems also implies certain benefits, including low chances of
contaminating the products with mammalian pathogens and easier scalability, making the pipeline to be
more sustainable and affordable (Buyel, 2019). Additionally, continuous manufacturing processes
embedded in plant-based bioreactors reflect the concept of sustainability based on the efficient and rational
use of resources and the reduction of waste, answering some of the SDGs provided by the United Nations
(Paulick et al., 2022) (Kumar et al., 2020). Such a strategy also aids the implementation of Quality by
Design to support a more resilient and forecastable biopharmaceutical manufacturing process (Pollock et
al., 2017).

The facility of plants to express complex proteins with the relevant post-translational modification naturally
brings it to play the best host, of a wide range of therapeutic proteins, such as antibodies, vaccines, and
growth factors. This paper will analyze in more detail the mechanisms that underlie protein expression in
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other systems in plants, characterizing the regulatory components and genetic constructs that produce the
highest yields of therapeutic proteins in plants. It will similarly elucidate on the posed issues and
restrictions inherent in plant-based biomanufacturing including, glycosylation patterns, product recovery,
and regulatory barriers, resolving on ways through which they can be effectively avoided and mitigated
(Oluyemi et al., 2024). The paper also considers the economic feasibility and expandability of plant-based
biopharmaceutical production in juxtaposition with the well-established mammalian and microbial cell
culture manufacturing processes with the view of assessing its possible industrial application and capacity
to penetrate the market (Erickson et al., 2021) (Kumar et al., 2020)

2. Study Background

This review examines the advances in the plant-based expression systems and evaluates critically the
scientific and technological advances that can further improve their appeal in the manufacturing of
biopharmaceuticals. It also caters to the underlying technical challenges and regulatory aspects of hindering
their scalable applicability to industrial bioprocessing (Mitra & Murthy, 2021). It also involves streamlining
genetic constructs, increasing the yield and quality of the proteins, and devising scalable, cost-effective
purification procedures (Mitra & Murthy, 2021).

A significant aspect of this review is that new design methods in bioprocess systems engineering seek to
conjoin environmental sustainability and quality and cost-competitive manufacturing, and fulfill the needs
of the modern consumer, who requires environmentally friendly biopharmaceuticals (Mitra & Murthy,
2021). Transformations recently taken place in the field of plant biotechnology, and especially genetic
engineering and genome editing, greatly expanded the scope of plant-derived systems to manufacture
intricate therapeutic proteins with increased accuracy and efficiency (Chen et al., 2019) (Khan, 2024). Such
developments allow the optimization of plant metabolism to high levels of target protein in plants and
posttranslational modifications of the protein product, which is essential to the therapeutic efficacy (Khan,
2024).

3. Justification

This introduction part will also expand on present drawbacks of existing conventional biomanufacturing
tools and put forward the rather convincing arguments of investigating plant-based platforms as a viable
alternative (Buyel, 2019). These involve the cost-effective production that is not resource-intensive and
comes with an environmentally friendly outcome as opposed to the high-cost and environmental burden of
the more traditional microbial and mammalian cell cultures, which often necessitate an in-depth
infrastructure and purification protocol (Oluyemi et al., 2024).

The sustainable biomanufacturing process of natural products of plant origin is critically important due to
the global demand of natural products (plant origin), as well as the changes towards a circular bioeconomy
ready to minimize the impact on the environment and maximize the existing resources usage (Oluyemi et
al., 2024) (Asin-Garcia et al., 2024). Green biomanufacturing concepts that prioritize cleaner production
and sustainable control of resources are the most pertinent in alleviating the current incentive to change the
biopharmaceutical market to a more economically and environmentally sustainable one (Lv et al., 2020)
(Mitra & Murthy, 2021). In this paper, the particular strengths of plant-based bioreactors, namely their
scalability to large-scale and their low upstream and downstream processing costs, as well as production of
complicated correctly folded therapeutic proteins with human relevant post translational modifications will
be explored (Kumar et al., 2020) (Serri et al., 2023).

4. Study Obijectives

This research sets out to do so with the key goals of:

Examine the possibility of plant-based bioreactors in biopharmaceutFall representation.
Assess the positive and negative issues of using plants as bioreactors.

Research on methods of optimal plant expression systems.

Discuss the possibilities of plant-based bioreactors in high-scale therapeutic manufacture.

grwbdE

Literature Review

This review serves to summarize the state of knowledge on the potential of plant-based bioreactors as a
strong platform to manufacture biopharmaceuticals. It will go into the variety of backgrounds of the plant
expression systems used, the associated strengths like cost-effectiveness, scalability, and improved safety
profiles over traditional mammalian cell culture systems (Schmid et al., 2021). Nontheless, the
problematicaspects which still persist in boosting expression levels, controlling glycosylation profile,
regulatory  puzzles, and scalability are also going to be critically discussed.
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Figure 1: Plant-Based Bioreactor Workflow for Biopharmaceutical Production
(Source Link : https://www.researchgate.net/figure/Two-stage-semicontinuous-operation-of-
transgenic-rice-cell-culture-with-the-RAmy3D _fig2 342504757)

Recent technical developments in genetic engineering, which will be discussed in the review, such as gene
editing systems, like CRISPR/Cas, that underpin increased protein output and the implementation of
modern germplasm strategies, should be introduced (Chen et al., 2019). Advanced biotechnology tools e.g.,
applications of viral vectors into integrated precision agriculture, Hirschhorn, and Engh, 2024; Khan, 2024
likewise bolsters plant-based systems yield and enhance plant therapeutic protein quality. These aspects will
be described in the following sections, but first give an overview of the state-of-the-art in the field of plant-
based production of biopharmaceuticals. It will provide a review of the case studies of the successful
implementation of plant-based bioreactors in terms of vaccine, antibody, and enzyme production along with
the overlooked successes and challenges in industrial bioprocessing (Mitra & Murthy, 2021).

5. Material and methodology

The research will take a qualitative design including a review of the published researches and reports in this
industry. A search in databases e.g. PubMed, Scopus, Google Scholar will be done based on key terms i.e.
plant-based bioreactors, biopharmaceutical production, and recombinant protein expression. Peer reviewed
articles, clinical trials, and case studies which assess use of plants in the manufacture of biopharmaceuticals
will be the focus. The statistics of the production of some types of therapeutic proteins, scaling issues, and
genetic engineering methods will be reviewed to provide conclusions about the possibility and efficacy of
living plants.

6. Results and discussion

In this section, some of the findings of the literature review are to be presented, including among the merits
of plant-based bioreactors, the cost saving, scalability and lack of safety consideration especially relative to
the mammalian system. The current constraints that will be discussed include the streamline expression of
proteins, better glycosylation, and the hurdle of regulation. Literature review will cover the practical
applications of and successes witnessed in plant-based bioreactors; this will be done through case studies of
already implemented plant-based production systems in the biopharmaceutical industry, most notably in the
production of the Ebola vaccine.

Title: Comparison of Plant-Based Bioreactors vs. Traditional Bioreactors in Biopharmaceutical Production
Factor Plant-Based Bioreactors Traditional Bioreactors (Microbial/Mammalian)
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Here is the graph comparing protein yields between plant-based systems and mammalian cell culture
systems at different production scales (small, medium, and large).

7. Study Limitations

Another major problem is the lack of real-field trials, which are important to confirm laboratory results in a
realistic environment similarly to clinical trials used in the medical field (Miguel - Rojas & Perez-de-
Luque, 2023). This absence of extensive field data has hindered the movement of plant-based
biopharmaceutical manufacturing research to economically viable application in production, which should
see further field research into variables such as yield, biomass, and healthy soil under a wide range of
environmental conditions (Ennaji et al., 2023).

The combination of sophisticated machine learning algorithms and bioelectrical sensing technologies may
be used to make stronger projections of plant health and productivity, during which the experimental design
will be optimized and the establishment of credible predictive tools in the agricultural field will be
condensed (Wen & L., 2025). Another level of complexity is posed by the developing regulatory framework
of genetically modified organisms and biopharmaceutical products, which requires proactive regulation and
ensures laxity on the structures while adhering to the regulatory framework (Scheper et al., 2020). Due to
these regulatory uncertainties, especially with regards to GM crops and GM crop products, it is imperative
that experts have a thorough knowledge of existing regulatory policies and are prepared to rapidly adjust to
changes in the future (Islam, 2025).

8. Future Scope

With this change, not just the production of new plant expression systems but also the strategic convergence
of these systems with continuous manufacturing platforms with essential implications on
pricecompetitiveness and supply chain independence is necessary (Erickson et al., 2021). By intensively
using the unique characteristics of plant systems, such as increased safety profiles (absence of human
pathogens) and simplified requirement during the manufacture process of sterility, this shift has the
potential to transmute the constraints of traditional batch processing (Buyel, 2019) (Kumar et al., 2020).
Further, continuous biomanufacturing in global plant-based systems is proving to offer key benefits beyond
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high productivity, excellent product quality and consistency, and a marked decrease in facility footprint (a
critical point of distinction in relation to traditional batch processes) via the ability to continue with product
development through product scale-up, thereby further ensuring the commercial success of advanced
formats than traditional forms (Pedro et al., 2021). The shift in the paradigm promotes greater scalability
and agility of the production capacities, which are vital to responding to health demands globally and
providing wide access to crucial biological pharmaceuticals (Khanal & Lenhoff, 2021).

9. Conclusion

A potential and sustainable biopharmaceutical manufacture is using plant-based bioreactors. They have
great benefits such as lower cost of production, scalability and safety. Although some obstacles still exist
(optimization and regulatory aspects) the future outlook of plant based systems and their exciting future in a
biopharmaceutical manufacturing environment is promising and current research is under way to streamline
the use of these systems. Plant-based bioreactor technologies have advanced further with potentially great
importance to economically and sustainably supply the increased need of therapeutic proteins.
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