


Diversification and sustainability of biomanufacturing and supply chain efficiency for economic development in Africa: barriers and opportunities


Abstract
While the continent has high potential due to its large and youthful population, manufacturing remains underdeveloped, with only 2% of global manufactured goods originating from Africa.Inadequate and unreliable infrastructure is one of the most critical barriers to manufacturing growth and implementation. Little is documented biomanufacturing readiness and supply chain performance and robustness  that are essential to safe and efficacious vaccines, and  medicine and other sector products. This paper highlights biomanufacturing regulatory ecosystem and  implementation capacity strategies in enhancing  sustainable production and supply chain  management efficiency and access and uptake effectiveness for economic growth and well-being, while addressing  barriers and knowledge gaps. Findings revealed that key barriers and challenges including shortage of skilled labor, complex and inconsistent  regulatory environments, inadequate and unreliable infrastructure like power increasing increasing operational costs and limits production, fragmented markets, transportation inefficient roads and ports, drives up freight costs and causes significant supply chain bottlenecks,and a lack of access to finance. Key strategies in national and regional diversification of manufacturing are highlighted to significantly impacts economic growth by fostering innovation, creating jobs, and enabling sustainable production of various goods. Advancing biomanufacturing basic research to industrial-scale production, are crucial for a thriving bioeconomy, which offers immense opportunities.  This calls for the urgent need to integration and sustainability drivers and evidence-based biomanufacturing policies and regulations policies,  productivity and  economic development strategies. Fostering public-private biomanufacturing partnership and collaboration investment actions; Boosting integrative vaccines biomanufacturing regulatory engagement, licensure pathways and reliance approaches through advancing data sharing and standard practice for programmatic vaccine biomanufacturing decision-making and informed safe and trusted products development and uptake. Building biomanufacturing skilled workforce development and business biomanufacturing risk mitigation and supply chain capabilities for social impact, while addressing  manufacturing  challenges and gaps is core  across Africa
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Introduction
Manufacturing has traditionally played a key role in the economic growth of developing countries,though challenged with a a perfect storm dwindling finances, and  economic volatility and geopolitical shocks alongside growing climate change inequities [1,2]. Biomanufacturing utilizes biological systems to produce materials, fuels, and medicines, has the potential to drive significant economic growth by creating new industries and markets innovations and economic growth[2] . 
Investing in sustainable  biomanufacturing production offers a pathway to sustainable production of goods, reducing reliance on fossil fuels and minimizing environmental impact. Biomanufacturing supply chain solutions are evolving with the industry's maturity, focusing on enhanced visibility, risk mitigation, and sustainable practices. Key strategies include leveraging technology for real-time tracking, implementing robust business continuity plans, and building strong, diversified supplier relationships [2].
Navigating this storm demands clear, science-based evidence to help policy-makers make smart, localized decisions that make the most of increasingly limited resources[3]. The massive shortfalls in vaccine COVID-19 production, supply chain, and inequitable distribution across the world, the level of government intervention that has been necessary to accelerate vaccine production and distribution, both manufacturing value-added and  employment has been caused primarily by failures of manufacturing development changes and weak exploitation of  manufacturing sector’s potential  and productivity [4].
Continuous deployment of emerging AI and other technologies advancements in biomanufacturing processes, such as continuous biomanufacturing, can further enhance productivity and reduce costs[1]. Biomanufacturers are focused on enhancing the digital maturity of their processes and facilities by adopting advanced automation, data analytics, knowledge management, and modeling tools, as outlined in the BioPhorum Digital Plant Maturity Model [1,4].While engineering science suppliers have been creating new software, automation technologies, sensors, and analytical tools, the consumables used in these processes are still largely analog [5].
Little is documented biomanufacturing and supply chain performance and robustness inadequacies and gaps  that are not just limited to vaccines, medicine, diagnostics and other sector products [2,4,5]. Biomanufacturing issues and problems are systemic, plaguing all emerging biologics-based therapies from cell and gene therapies (CGTs), engineered tissues and organoids (ETOs), to next-generation vaccines. Similar to the COVID-19 vaccines, thousands of patients are waiting for cell therapies and transplants to treat their cancer[3,6]. With the rapid growth, necessitating robust and adaptable biomanufacturing supply chains. Most industry's increasing complexity and the need for high-quality, consistent products demand sophisticated solutions to manage the flow of materials, information, and processes. The growing number of countries  in biomanufacturing's maturity level  will significantly impacts vaccine and medical products scale production and production and consequential economic growth. Moreover, fostering innovation, creating jobs, and enabling sustainable production and supply chain improvements of various health goods. Advancing biomanufacturing basic research to industrial-scale production, is crucial for a thriving bioeconomy, which offers an alternative to traditional, often unsustainable, industrial practices. The lack of appropriate advanced biomanufacturing and supply-chain infrastructure and high qualified workforce is a key barrier for widespread and equitable access of these emerging therapies and requires a fundamental change in national and global science policy across Africa[6,7].
This  relies on robust and resilient supply chains to ensure timely and efficient production of biological products,and strategies include diversifying supply chains, adopting advanced manufacturing technologies, and fostering collaboration between stakeholders. Advanced biomanufacturing and supply chain solutions involve using biological systems like cells and enzymes to create products, offering sustainable and efficient alternatives for various industries.Most patients are waiting for gene therapies to address their inherited disease and lifestyle illnesses in global south, only a privileged few can access these therapies in the global north[6]. 
Key strategies include integrating circular economy principles, leveraging technologies like synthetic biology, and optimizing logistics for efficient distribution of bio-based products, with embedded digital connected features designed to enhance biomanufacturing regulation and practice process efficiency and effectiveness. By addressing these key barriers and implementing strategic initiatives, the biomanufacturing sector can build more resilient and efficient supply chains by fostering innovation and ensuring the availability of critical biological product. While addressing regulatory,  procurement and supply chain vulnerabilities, material shortages, and ensuring the availability of skilled personnel. 
This paper highlights biomanufacturing regulatory ecosystem and  implementation capacity strategies in enhancing  sustainable production and supply chain  management efficiency and access and uptake effectiveness for economic growth and well-being, while addressing  barriers and knowledge gaps.

Key findings and discussions
1. Integration and sustainability drivers and evidence-based biomanufacturing policies and regulations policies,  productivity and  economic development
It is well reported of manufacturing growth and its GDP growth in any nation. the manufacturing sector performances, adequate level of manpower development and economic growth  engine in developped countries. Manufacturing plays as a growth driver in industrialized and emerging economies as manufacturing was an engine of economic development in most developing countriesincluding Africa. In addition, effective investment and stimulus research and development policies in the technology and innovation sector will help African countries to enhance the rate of self- medicine and vaccine production and economic growth. Of late, an emphasis has been placed on the role of a robust pharmaceutical and biomanufacturing industries infrastructure and capabilities to boost in real economy as a drive for employment and economic development[7,8]. Evidence-based biomanufacturing policies and regulations  should now focus reliance modalities by which industrialization takes place and, in particular, on the integration and sustainability drivers[9]. It is recommended that policy makers  should invest in those policies that can enhance the growth sector by increases of manufacturing  productivity and increases in the manufacturing employment share to create new job opportunities in this sector in order to have sustainable, healthy and competitive economic development in future larger markets seem to attract capital of all types of sectors with more effective resource allocation to  investment in large markets as well [9].
Fostering greater accountability and more efficient resource use in customizable and modular platforms now provide unprecedented flexibility to develop new vaccines for evolving viruses and tailored therapeutics to treat disparate disease targets across diverse populations. For example, BioNTech initially targeted cancer with its technology platform and was able to pivot to COVID-19 vaccines in 2020[10]. For example, the rapid development and emergency use authorizations in 2020 in the U.S. of vaccines from Moderna and Pfizer-BioNTech (and perhaps Novavax later in 2021)]10], as well as the role that government policies have played in ramping up vaccine production, purchase, distribution, and administration, illustrate this technology’s promise and capabilities. Strengthing robust and resilient research and innovation collaboration and partnership of scientific, technological, clinical, infrastructure, and policy fields would increase resiliency and preparedness to meet the increasing demand for vaccine and medical products including diagnostic kits. While also empowering citizen, while also understanding the trade-offs, costs and benefits of each option in their specific context and evidence-based solutions to build a safer and prosperous future for all.
Yet, few biopharmaceutical firms currently can be customized to treat hundreds of rare diseases and cancers[2,11]. However, despite multibillion- markets with recent double-digit annual growth for both vaccines biomanufacturing efforts remain siloed and fragmented amongst private sector.  
2. Fostering public-private biomanufacturing partnership and collaboration investment actions
Collaboration between government, industry, and academic institutions is vital for sharing knowledge, coordinating efforts, and driving innovation in biomanufacturing. Strengthening bio-supplier relationships and reliance consolidation within  can be beneficial, provided that fair and equitable relationships are established. Encouraging open and effective biopharmaceutical communication, sharing best practices, and integrating business processes like fostering procurement, engineering, and regulatory and standards harmonization and reliance partnerships.
Biomanufactured products can be quintessential public goods (e.g., vaccines) or the ultimate bespoke therapy tailored patient. Incentivation that enable flexibility and interconnection to easily navigate these markets and business models would lead to a public-private infrastructure that responds rapidly to variable demands for both types of products.  They have all gained significant momentum. These efforts could take further advantage of a sharing and collaborative spirit shown in the scientific community in 2020, as demonstrated in the surge in the circulation of preprints and sequences .
Galvanizing new public-private partnerships are also needed to keep the global community prepared and stocked, especially to develop the next generation of data-driven biomanufacturing infrastructure that combines fundamental research,data science, supply chain optimization, and feedback-driven biomanufacturing with technology advancement and flexibility. The Strategic National Stockpile of therapeutics [11,12] in the event of a nuclear or chemical attack is an example of partnering across this public-private divide. Similar preparedness and urgency could address less punctuated but nonetheless urgent vaccines or medical products demands. Preordering products and stockpiling is part of a broader strategy to provide increased access to capital, knowledge, and intellectual property locally and regionally. These actions are all necessary, and given sufficient political will, they could have further energy if organized under a large effort like the Manhattan Project or moonshot solution for biomanufacturing in the Cancer Moonshot Initiative is an antecedent of future accelerated efforts [13].

3. Boosting integrative vaccines biomanufacturing regulatory engagement, licensure pathways and reliance approaches 
Biomanufacturing has revolutionized drug production, enabling the creation of novel medicines like RNA vaccines and cell-based therapies, with the potential to treat and cure diseases. It can enhance production yields, improve healthcare delivery quality and outcome, and reducing reliance on fossil fuels and minimizing environmental pollution, and contribute to the production ofr renewable energy sources in supporting a more sustainable green energy and circular economic system. Increasing biomanufacturing innovations into commercial applications investment in research and developmentg leadership and commitment of government and stakeholders to support the enabling policy and regulatory environment. Government policies and regulations play a crucial role in fostering a supportive environment for biomanufacturing growth. Based on results and positive role of biomanufacturing technology in  development and economic growth, AU pharmaceutical and biotechnologies infrastructures and facilities policies  open the doors for inventors and entrepreneurs by legislating incentive laws for registering new ideas, localize the inventions, monitoring the innovation policies and legislating new policies
Promoting innovation, and ensuring responsible development.in addition to traditional capital investment, the biomanufacturing field needs investment in human capital. Besides keeping up with the latest biology and engineering, the technicians and leadership in biomanufacturing need to understand and use new advances in automation and data science [12].
Hence, National Strategy for Advanced Manufacturing Readiness Levels (BRLs) focuses on strengthening domestic manufacturing capabilities, including biomanufacturing products clinicial trails and licensure pathways  and addressing supply chain vulnerabilities[13].  
Recognizing maturity framework and harmonized reliance of biomanufacturing technologies and processes is essential in guiding medical productts and targeted vaccines development and deployment. Scaling up and modernization of vaccine manufacturing will have spillover effects, while much-needed future innovations and investments in CGT and ETO manufacturing will provide surge and advanced manufacturing capacity for vaccines. BioMRLs framework (Biomanufacturing Readiness Levels) provides a shared language for assessing the maturity of technologies and facilitating their transition from research to commercial scale. This framework helps organizations prioritize R&D efforts, mitigate risks, and collaborate effectively in bringing promising technologies to market[14]. 
While vaccines are in development for infectious diseases like COVID-19, the primary targets cancer, blood disorders, liver diseases, and numerous rare disorders [5]. Regulatory agencies also recommend extended monitoring of vaccinated individuals over months to years. With an integrated data infrastructure across biomanufacturing and clinical outcomes, data science and AI concepts could provide new insights into how to improve processes, as formulation differences and dosing could be correlated to patient outcomes in electronic health records and long-term follow-up studies. be controlled and monitored during manufacturing to yield consistent, high-quality products.Compared to communicable diseases, the conditions addressed by CGT are less cyclical or episodic, resulting in a more linear, plateauing, and predictable demand for CGT[13,14]. As the need for worldwide, immediate supply of a particular vaccine wanes, a common, integrated manufacturing infrastructure and framework could be used for both advanced therapies and emerging vaccines control and characterization of the manufacturing process and integration smart downstream consumable with the digital architecture of the facility.

4. Advancing data-driven diversification and programmatic biomanufacturing medical products development and use
Developing  and implementation of advanced data exchange standards, including AI-assisted mapping tools and distributed learning architectures, facilitates seamless data exchange and collaboration among supply chain partners. This promotes faster, cheaper, and higher-quality data transfer, enabling more efficient operations and faster product development.Data Integration and Analytics: Utilizing data analytics to track inventory, predict demand, and optimize logistics can improve supply chain visibility and decision-making. 
 	Diversification and resilience is important and crucial by reducing reliance   on single and external sources for critical materials and components. This involves identifying alternative suppliers, local and regional outsourcing and establishing redundancy in the vaccine and drugs expedients procurement and supply chain.
Leveraging locally data-driven biomanufacturing technology and automation is necessary in advancing manufacturing technologies including software developers to create tools for computer-aided biology, bioprocess design, and consistent data analysis. Automation in research services, such as automated laboratory operations, streamlines workflows and facilitates high-throughput screening[15]
 Adopting data sharing across sectors for  continuous manufacturing, digital twins, and automation can improve efficiency, reduce costs, and enhance supply chain responsiveness. Real-time visibility and tracking dashboard integrated Manufacturing systems with firm resource planning systems provides biomanufacturers with enhanced visibility into material availability, supplier performance, and production processes. This enables proactive management of inventory, identification of potential bottlenecks, and data-driven decisions for sourcing and procurement[15,16]. 
Increasing the use of digital application methods and platforms is associated with higher effective coverage, the study found that only 20% of respondent household in the general population are utilizing these tools. Uptake could be increased by improving digital literacy, especially in the case of the older population, and streamlining ease of use.

5. Building biomanufacturing skilled workforce development and capacity building
Investing in training programs and educational initiatives is essential to ensure a sufficient supply of qualified personnel to operate and manage advanced biomanufacturing facilities.  Skilled workforce for  biotechnology, pharmaceuticals, and agriculture research, development, and production can boost job creation in various sector and ensure sufficient capacity and capabilities. Promoting domestic investment in strategic logstics and supply chain capabilities, including domestic and international partnerships and alliances manufacturing capacity through co-participation and inclusiveness. Thus, bolstering the number of qualified personnel and aligning policies and regulations to support the growth of the biomanufacturing sector, potential of digital tools to enhance coverage of social protection programmes. Improving awareness and educational outreach programs of patients/end-users and most vulnerable populations is critical in building public  confidence and trust of medical products safety, efficacy and quality[16].  We reported  a lack of information about the existence of biomanufacturing programmes and accebility  to yield the most tangible decisions by decisions makers and implementers, and making more use of culturally-targeted communication strategies either telephone lines, mobile text messages, social media platforms, or community boards. 
Biomanufacturing workforce has now been pressure tested, as they have kept operations up and running despite lockdowns and social distancing requirements during the COVID-19 pandemic. For example, many biomanufacturing organizations established routines and protocols to keep biomanufacturing facilities operating in the event of another pandemic-related lockdown. The professional development  should be nurtured and preserved within the workforce[17]. In addition to a national stockpile of biomanufactured vaccines or therapeutics, a “national guard” for biomanufacturing could be just as important to increase our preparedness. Such a workforce needs to come not just from four-year colleges and universities and post-graduate trainees.  Importantly, from the nation’s two-year technical and community  which are the primary supplier of manufacturing technicians across all industries.

6. Fostering business biomanufacturing risk mitigation for social impact
Establishing a robust supply risk management program is crucial for identifying and mitigating potential disruptions. This includes diversifying the supplier base, establishing safety stock, and forming long-term agreements with contract manufacturers. Furthermore, business biopharmaceutical continuity management plans, including multi-site manufacturing, help minimize downtime and ensure a reliable supply of products. strategically invest for greater preparedness. As the demand for vaccines and therapeutics increases, a concomitant strengthening of biomanufacturing infrastructure requires new cross-cutting integration across the vaccines and CGT fields to meet today’s needs, and in due course, the post-pandemic world.Address logistical challenges and simplify application procedures. While these barriers were less frequently reported when compared to lack of information, they are likely to become more prominent as awareness increases. Investing in vaccination risk mitigation and supply chain for social impact programmes with higher effective coverage, such as disability support, are already demonstrating the prevalence of these.
Adopting circular  and sustainable supply chain based economy impact such as recycling, reuse, and resource efficiency, is becoming increasingly important[4,17]. Reducing waste, utilizing renewable energy, and investing in sustainable packaging are key aspects of building a more environmentally friendly biomanufacturing supply chain.Implementing sustainable practices throughout the biomanufacturing supply chain, from sourcing raw materials to waste management, is increasingly important[18]. Implementing these strategies, biomanufacturers can build resilient, efficient, and sustainable supply chains that support the continued growth and innovation of the industry.

7. Addressing  barriers and challenges in manufacturing implementation  across Africa
While the continent has high potential due to its large and youthful population, manufacturing remains underdeveloped, with only 2% of global manufactured goods originating from Africa.Inadequate and unreliable infrastructure is one of the most critical barriers to manufacturing growth and implementation. Documented key challenges including shortage of skilled labor, complex and inconsistent  regulatory environments, inadequate and unreliable infrastructure like power increasing increasing operational costs and limits production/in addition, fragmented markets, transportation inefficient roads and ports, drives up freight costs and causes significant supply chain bottlenecks,and a lack of access to finance and  funding gaps to secure the financing needed for modernization and expansion, disruptions in supply chains, and stiff competition from imports and counterfeit goods. Corruption, policy uncertainty, and political instability deter long-term investment in the sector, with fragile banking sectors and risk-averse lending practices restrict access to affordable financing for expansion and equipment upgrades..  despite abundant natural resources, a significant portion of raw materials are exported with little value-addition occurring locally. 
Deficiencies in research and development funding and encouragement from governments hinder innovation and the creation of new products.  as the rollout of the AfCFTA has been slow due to complex negotiations and weak implementation due to lack of capacity among public officials to effectively implement industrial policies, strategies, and trade regulations is a persistent problem, slow submission of tariff schedules, and non-tariff barriers like customs delays and inconsistent regulations. Regional biomanufacturing value chains remain underdeveloped, which prevents manufacturers from scaling and diversifying their products. As a result, Africa still trades more with the rest of the world than it does internally. African firms often struggle to absorb, adapt, and improve imported technologies due to a weak base of technological and managerial capabilities as the The slow adoption of automation, smart manufacturing, and other industry 4.0 technologies limits productivity and reduces the competitiveness of African manufacturers[17].
We reported that local manufacturers face intense competition from cheaper imports, which can reduce market share and profitability and in most African countries the prevalence of counterfeit products threatens the reputation and viability of legitimate African-made goods as African Continental Free Trade Area (AfCFTA), regional integration and trade barriers remain a significant challenge[18,19].   Also There is a need to increase the adoption of modern technology and Industry 4.0 solutions to boost efficiency and competitiveness. Addressing  existing public vaccines and vaccination stigma, fear and countermeasures social medial disinformation and misinformation  concerns by scaling up public awareness, educational outreach programs in promoting understanding of biomanufacturing technologies is crucial for building trust and acceptance from lab-scale experiments to large-scale industrial production remains a significant challenge, requiring investment in infrastructure and process optimization. 
Ensuring that biomanufactured products are cost-competitive is crucial to build a more resilient and competitive manufacturing sector, with traditional products is essential for widespread adoption of clear and supportive regulatory frameworks are needed to facilitate the development and commercialization of biomanufactured products [20,21]. 

Conclusion and recommendations
Investing in promoting understanding of biomanufacturing technologies is crucial  from lab-scale experiments to large-scale industrial production to human clinical trail building public trust and acceptance. Moreoevr,ensure widespread adoption of clear and supportive regulatory frameworks are needed to facilitate the development and commercialization of biomanufactured products through strategic partnership and mutual collaboration.
Stability and growth of the manufacturing sector requires urgently sustained investment in infrastructure, policy harmonization, and skills development to capitalize on Africa's immense potential for structural transformation and fostering AfCFTA's framework, once fully realized, is expected to enhance trade efficiency and facilitate industrial cooperation, specific investments to address infrastructure and market gaps, such as Nigeria's focus on power sector privatization and Ethiopia's development of industrial parks. adoption and implementation of Agenda 2063 prioritizes industrialization as a key driver of long-term development initiatives are emerging to leverage digital technologies for industrial competitiveness, particularly re-enforcing African Union members countries. There is also a renewed push for tailored industrial policies that leverage Africa's unique resources capitalizing on biomanufacturing opportunities can play a vital role in driving sustainable economic growth and creating a more resilient and prosperous future.
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