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Single-use plastics (SUPs) are synonymous with the biopharmaceuticals sector, facilitating economies of scale, process efficiency, flexibility and sterility assurance, all with a seemingly negligible environmental footprint. Yet, in ever-tightening regulation, mandated by the Sustainable Development Goals (SDGs) and by concern for large-scale industrial impacts, the sustainability of SUP consumption is increasingly being questioned. Whilst the sector contributes to human welfare, its transition risk is unlikely to remain immune to societal pressure for more sustainable production. This article aims to present a scoping review of the apparent contradiction between sectoral SUP adoption and the increasing importance of circularity. The approach to the review relies on three interwoven strands of evidence: [i] the intersectionality of sustainability policy and regulation with biopharmaceuticals, [ii] single-use technology in biopharmaceuticals and its impacts, and [iii] applications of circular economy principles to single-use technology. It is argued that, whilst life-cycle analysis (LCA) of SUPs in biopharmaceuticals articulates an environmental benefit vis-à-vis conventional technology, high energy intensity and embodied carbon in stainless steel renders the comparison redundant. Moreover, there is a dearth of evidence on circularity, post-use, and on end-of-life considerations. Likewise, there appears to be little sector-wide appetite for the adoption of embryonic solutions for enhancing circularity, such as biodegradables, carbon offsets, reusability, waste-to-energy, and ocean cleanup. Urgent mission-driven research is required on LCA, circular business model feasibility, materials innovation, regulatory frameworks, and sectoral-wide impact. A design-driven inquisition of their interactions, based on industrial symbiosis, could inform potential adoption pathways.

Keywords
biopharmaceuticals, circularity, life-cycle analysis, single-use plastics, regulation, Sustainable Development Goals, symbiosis


1 Introduction

Sustainability has become a megatrend, influencing government policy, corporate strategy, consumer decision-making, education and lifestyle choice (Castellet-Viciano et al., 2022). Brundtland's (1987, p. 2) definition of sustainability as “development that meets the needs of the present without compromising the ability of future generations to meet their own needs” enshrines a consciousness of human existence based on equality within planetary boundaries. In particular, SDG 12 advocates for responsible production and consumption, in which waste is eliminated through reduction, recycling and reuse. The biopharmaceuticals sector has increasingly adopted single-use systems in manufacturing, raising concerns about plastic waste streams. A recent Deloitte study, for instance, found that the sector generates an estimated 300 million tons of plastic waste annually (White, 2024). Despite evidence that SUT reduces water and energy requirements, concerns over the amount of plastic waste persist (Sinclair et al., 2024). A key implication is that post-handling of industrial materials matters, particularly in the biopharmaceuticals sector. To evaluate the growing impact of plastic waste generated by the sector, as it pivots to SUT, the magnitude of the biopharmaceuticals plastic waste streams must be determined or at least approximated, benchmarking it where possible to other sectors. The ideals of the circular economy reflect material flows that do not create waste, so that nature is regenerated. The notion of circularity, i.e., the extent to which circular economy ideals are implemented, is changing how material lifecycles are managed (MacArthur et al., 2016). Indeed, plastic waste has become a global concern. Due to their desirable properties and low costs, plastics have become pervasive, with circa. 20bn tons of waste generated annually (OECD, 2022), spurring multiple jurisdictions to mitigate their environmental and health risks through policy and regulation.

The biopharmaceuticals sector is not immune to the sustainability megatrend, with efforts focused on improving process efficiency (Whitford et al., 2019). It must balance health benefits (SDG 3) with negative socio-economic (e.g., SDG 1,2, 6, 8 and 12) and environmental impacts (e.g., SDGs 13, 14, and 15). Technological shifts from stainless steel to single-use equipment are emblematic of the challenge. Stakeholder concern is growing about the environmental burden of SUP (Barbaroux et al., 2020). Paradoxically, as the sector matures, trends toward flexibility and faster time-to-market are driving replacement of stainless-steel technology (SST) with single-use technology (SUT) (MacDonald, 2019). SUT improves process efficiency by reducing capital costs, improving flexibility, cutting start-up times, and eliminating non-value-added processes. In addition, it reduces liquid waste, labor costs and validation efforts. However, the negative impacts of SUT have become more evident since the rise in healthcare SUP consumption during the COVID-19 pandemic (Choudhury et al., 2022). Indeed, it is the growth of the biopharmaceuticals sector, estimated at 12.5% CAGR, coupled with its pivot toward SUT that brings urgency to enhancing sectoral SUP circularity. The latest SUT biopharmaceuticals plant manufactures products from a 60,000-liter scale compared with a smaller 6,000-liter scale when Lim et al. (2008) first explored the environmental impacts of SUPs. The sector continues to prioritize disposal to landfill and incineration (Whitford et al., 2021).

Notwithstanding, there is evidence of some sectoral actors adopting more responsible practices. For example, some component manufacturers are reducing packaging by combining multiple single-use bags in a single form. Biodegradable materials are also being explored as alternatives. Their compliance with registration, evaluation, authorization, and restriction of chemicals (REACH) regulation will likely limit their application to peripheral components. Progress in adopting circular initiatives appears slow (Royte, 2019). The sector makes overtones that it wants to lead by example, despite generating only 0.01% of all SUP waste (Barbaroux et al., 2020). The evidence for environmental impacts of SUT from life-cycle analysis (LCA) is clear, in that it has significantly lower impacts than traditional SST (Flanagan et al., 2014; Al-Jarshawi et al., 2022). However, Ottinger et al. (2022) captures the inherent paradox between SUT adoption and biopharmaceuticals sectoral sustainability, articulating ways in which both can be enhanced (Thiounn and Smith, 2020). Moreover, emerging commitments to a circular economy for plastics pose new opportunities (Barbaroux et al., 2022). The challenge lies in developing solutions that are consistent with circular principles for materials selection, component design, process optimisation, packaging, shipping, and post-use handling (Whitford et al., 2022).

This review examines SUT environmental and socio-economic impacts and their solutions, with trade-offs generated in ever-tightening sustainability policy objectives. It explores requisite business models, sustainability regulation and emergent technologies. Duly acknowledging the infancy of a circular economy for plastics, it reviews three interwoven strands of evidence to critically evaluate state-of-the-art thinking on the topic. First, sustainability policy and regulation intersectionality with the biopharmaceuticals sector is analyzed. Synergies and tensions across the SDGs and emerging priorities are identified, as the sector aligns with the socio-ecological imperatives of an increasingly influential sustainability policy agenda. Second, it examines the literature on SUT, addressing its impacts and practical solutions. Third, it explores the application of circular economy concepts (e.g., Simon, 2019) to SUPs. Finally, a synthesis of the literature in respect of how biopharmaceutical manufacturers can re-engineer their business models for SUP circularity is presented. A future mission-driven research agenda, focused on policy formulation, industry regulation and collaborative innovation across the value chain is outlined based on industrial symbiosis, whereby companies could exchange materials, energy or knowledge.



2 Approach to the review

In seeking to resolve the dichotomy between the societal trend away from disposable products and processes and the sectoral pivot toward SUT, the primary aim of this review is to explore the implications of SUPs used in biopharmaceuticals from a sustainability perspective. We evaluate this sector's sustainability progress and challenges with respect to the SUT pivot, using the SDG framework as a guide, underpinned by the following research question.

RQ1: How best can the biopharmaceuticals sector optimize the sustainability return from single-use plastics?

Given the exploratory nature of the research, the evidence chosen spans the previous 20 years (circa. 2003–2023), focusing on three broad strands, encompassing scholarly articles, industry reports and research papers, with a focus on widely cited, seminal works. Searches in academic databases, such as Elsevier, JSTOR, ProQuest, Web of Science, PubMed, ScienceDirect, Scopus and Academic Search Complete were supplemented by verification on Google Scholar. Given the evolving nature of sustainability knowledge and sectoral responses, we undertook regular searches for new evidence to challenge and critique industry-insider perspectives. Table 1 summarizes selected search terms used as the essence of the inclusion criteria. Although the searches were neither linear nor systematic, they encompassed a range of sources, with abstracts or summaries checked for relevance. As insights were gleaned, a pearl-growing approach (Papaioannou et al., 2010) was applied to further searches for sub-topics, keeping in mind the advantages, impacts, and drawbacks of, and potential alternatives to SUPs. This type of approach is iterative and typically involves first identifying an authoritative article that meets the inclusion criteria, then builds on the information provided by identifying subsequent articles cited by the article. Once identified, articles were evaluated for relevance, quality, and reliability. Evidence was cataloged by creating a table, comprising: title; key authors; purpose; proposition/hypothesis (if relevant); research approach; findings. This led to the identification of 223 articles, categorized under one of the three broad strands. To prioritize currency and scholarly research, articles published prior to 2003 were excluded, as were those published in popular periodicals. A synthesis of the articles was undertaken in a recursive process by critically analyzing, comparing and contrasting their key features, such as purpose, research questions (or hypotheses), method, underlying assumptions, units of analysis, impact, strengths and limitations, enabling common themes and conflicting evidence to be elicited (Mateos and Solé, 2009).


TABLE 1 Indicative keywords used to search for relevant strands of evidence.
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First, sustainability policy and regulation and their intersectionality with the biopharmaceuticals sector are analyzed. In exploring this strand, the literature found is qualitative in orientation, setting a rhetorical tone for sustainability priorities. This strand of evidence serves as context setting for the remainder of this article. Given the primary author of this article is a professional from the biopharmaceuticals sector, there is an inherent emic leaning, in the second strand of literature, which carries its own biases. A thoughtful group of professionals promote best practices within the sector, documenting their implementation of SUT through the Bio-Process Systems Alliance (BPSA). They have published their work in BioProcess International, articulating three thematic complexities under [i] economic and environmental implications, [ii] life-cycle analysis, [iii] societal dimensions and stakeholder engagement. Other industry professionals offer insights, too, many of which share SUT practices from their organizations. In the third strand, we explore circular solutions that would enable the sector to enhance sustainability of SUPs. Some of the literature is, once again, emic in nature, as sectoral professionals proactively work to address SUP waste. Notwithstanding, literature external to the biopharmaceuticals sector also provides insight. Notably, at a theoretical and policy level, there is an accumulation of literature, post MacArthur et al.'s (2016) blueprint for a circular economy for plastics, outlining how their design and use must change to solve the plastic pollution crisis. Yet, there is little evidence of using this knowledge in professional practice, which provides a basis for the concluding section of this article. It summarizes key findings, including advantages and drawbacks of SUPs, their impacts, and potential alternatives. In this section, the findings are synthesized to provide a holistic perspective. The apparent paradoxical nature of plastics, as being economically beneficial and environmentally detrimental, is addressed, as an example of the type of system thinking challenges inherent in the pursuit of the UN Sustainable Development Goals (SDGs). More specifically, we propose a conceptual framework, based on industrial symbiosis, for how the biopharmaceuticals can pursue SUP circularity.



3 Sustainability intersectionality with the biopharmaceuticals sector

Sustainability has become a disruptive force in many industrial sectors. The biopharmaceuticals sector plays a role in global health, providing therapeutics and vaccines for diseases. To address corporate concern for ecological protection, prudent natural resource consumption and social responsibility, sustainability has become a priority for biopharmaceutical manufacturers, with many disclosing their environmental, social and governance (ESG) performance (e.g., Novartis, 2022), upon which investment is increasingly contingent (Bhattacharya and Bhattacharya, 2023). We begin with the sector's developmental milestones and future trajectory. We then identify how sustainability has become a strategic priority. The implications of the SDGs are highlighted, and key performance indicators of sustainability progress are discussed. Moreover, in line with SDG 12, the emerging circularity imperative for sector is highlighted.


3.1 A brief history and future of the biopharmaceuticals sector

Since regulatory approval for recombinant human insulin, biopharmaceuticals have grown into a global industrial sector, with a forecasted valuation of $800 bn by 2030 (BioSpace, 2022). Biopharmaceutical science has propelled healthcare advancements, and biomanufacturing has become integral to modern health, with treatments relying on increasingly complex biomolecules for debilitating disorders, such as cancers and infectious diseases. Table 2 lists the key types of biopharmaceutical products, which are commonly referred to as biologics.


TABLE 2 Categories of biologics.
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The development of insulin ushered in an era of therapeutic agents derived from living organisms. Szkodny and Lee (2022) highlight how recombinant DNA revolutionized the sector in the 1970′s. In 2014, biologics reached double-digit approval rates. Since then, almost 100 biologics have been approved by the US Food and Drug Administration (FDA) (Jacquemart et al., 2016). Biologics now account for circa. 25% of all drugs approved by the FDA. Figure 1 provides a timeline for sectoral evolution, based on major milestones.
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FIGURE 1
 Major innovation milestones in the biopharmaceuticals sector.


In the 1980s, biotechnology companies sought approval for innovative products, such as recombinant human growth hormone. Monoclonal antibodies (mAbs) emerged as a transformative class of biologics in subsequent decades, as an immunotherapy for life-threatening disease, such as cancer. The adaptation of Chinese hamster ovary (CHO) cells, as a host for biological growth, enabled large-scale production. Pioneering work in mammalian cell culture processes guided the design of early bioreactors (Arathoon and Birch, 1986). Design methods included roller bottles and micro-carrier cultures, and suspension cell cultures. Advancements in formulations, such as serum-free media (Murakami, 1989), enabled high-density suspension cell cultures and greater productivity in producing recombinant proteins. Parallel to scientific advances, engineering innovations contributed to the sector. Single-use manufacturing began in the 1980s when plastic filter capsules replaced stainless-filter housings. Disposable bags were deployed, with advancements leading to larger-scale processing. From the 1990s, manufacturers began integrating tubing and filters into SUT, and by the 2000s, these had evolved to gamma-irradiated options. Innovations include disposable rocking-bag bioreactors, tank-liner bioreactors, and disposable sensors. More recent developments include sterile disconnectors and single-use filtration systems. Today, SUT encompasses an array of highly enabling disposable technologies, reducing production costs and investment requirements, and supporting wider access to treatment. Lower environmental impacts of SUT over SST are reported across the materials lifecycle (Pietrzykowski et al., 2013). Future developments will likely prioritize flexibility, speed, and personalized treatments as manufacturers shift to modular plants. Focus on novel therapeutic modalities, such as BioSpecifics, antibody-drug conjugates and viral vectors for cell and gene therapies (C, and GTs) is increasing. Nascent technologies, such as continuous manufacturing, offer agile solutions. Such trends are connected to sectoral assimilation of SUT, estimated to be worth $9 bn, the very antithesis to society pivoting from disposable products (Hederman, 2022). Given enormous growth of SUT in the sector, waste issues generated by SUPs vis-à-vis the transformative force of sustainability can no longer be ignored.



3.2 Sustainability as a megatrend

Megatrends, as transformative forces, reshape societies. With a focus on social responsibility, economic stability and environmental stewardship, sustainability has emerged as a compelling megatrend (Lubin and Esty, 2010). This is reflected in the SDGs, the current blueprint for sustainability. Interconnections between SDGs highlight the need for systems thinking (Pham-Truffert et al., 2020). Such decisions are driving pursuit of greener manufacturing (McDonagh et al., 2012). The biopharmaceuticals sector is expected to deliver greater access to health services and reduce negative environmental and socio-economic impacts. Sachs et al. (2019) identify two transformations, among others, [1] health and wellbeing and [2] industry, for SDG achievement. In industry, corporates and investors are increasingly required to comply with sustainable finance regulation. Sustainability reporting standards once fragmented, are consolidating into integrated frameworks (Stolowy and Paugam, 2023) as ESG becomes mainstream. Once voluntary, disclosure is becoming mandatory (de Gioia-Carabellese and Macrì, 2023). Taxonomies for sustainable investments require investors to be transparent about their sustainability intentions (Kirby et al., 2021, 2024). In response, sectoral collaborations, such as the Biopharma Sustainability Roundtable, identify financially material ESG topics, including pricing; risk management, ethics, human capital, supply chains; antimicrobial resistance; governance; product quality and patient safety. Moreover, ESG ratings agencies offer critiques of corporate sustainability performances (Paolone et al., 2022). To respond in kind to sustainability challenges associated with drug manufacturing, the biopharmaceuticals sector has formulated, and is pursuing bold strategies, covering responsible water consumption, carbon emissions reduction, sustainable supply chains, adoption of green chemistry principles, design for circularity, and appropriate waste management (Forrest, 2023). These strategies call for collaboration across the value chain along with continuous innovation to create processes that gain the trust of patients, the healthcare community and society.



3.3 Implications of the SDGs for the biopharmaceuticals sector

Healing both people and planet brings SUT into the biopharmaceuticals sector's sustainability calculus. It is undergoing transformation under the influence of the SDGs, with SUT as one of its key sustainability value propositions (Whitford et al., 2019). Despite the resilience of global biologics, the sector is struggling to adapt to SDG challenges, such as climate change, poverty, and biodiversity. Table 3 outlines the most relevant SDGs to the biopharmaceuticals sector, as well as their financial and impact materiality. Responsible for more GHG emissions than the automotive sector, there is little research on decarbonising biomanufacturing (Belkhir and Elmeligi, 2019). Furthermore, the sector has manifested some high-profile negative environmental impacts (Patel et al., 2019), bringing it into disrepute. Whilst SUT contributes to the achievement of SDGs 6 and 13, it is accompanied by burdens of solid waste, which impact negatively on SDG 12. Hence, there is a growing sectoral imperative to pursue circular solutions, posing decision-making trade-offs. Although companies are working collaboratively to contribute to the SDGs, regulation is evolving rapidly, and they are struggling to keep pace. For example, the European Chemical Agency has proposed limiting polyfluoroalkyl (PFAS), which could result in banning 10,000+ substances by 2027. The transition risk is enormous, posing a threat to biologics manufacturing in Europe (Spyrakis and Dragani, 2023).


TABLE 3 Key SDGs related to the biopharmaceuticals sector.
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3.4 Characterizing sustainability in the biopharmaceuticals sector

Scientific measures of sustainability offer ways to drive improvements. The application of LCA, based on ISO14040, to evaluate the environmental impacts of drug production is well established (Ottinger et al., 2022). Generally, LCA applies systems thinking concepts in evaluating data for sustainability decisions on processes, products, services, technologies, and policies. It is used to assess impacts from raw materials to end-of-life, including climate, ozone, ecotoxicity, water, land degradation, fossil fuels depletion, land changes, particulate matter formation and photochemical oxidants (Pietrzykowski et al., 2013). Whilst LCA is effective in calculating impacts, it is limited in its ability to highlight opportunities for circularity. Alternatives measures also exist. Budzinski et al.'s (2019) efforts to calculate the process mass index (PMI) of mAb production demonstrated that circa. 770 kg of input (90% water) is required to produce 1 kg of mAb. Likewise, the concept of circularity for plastics (Blank et al., 2020) offers a way for manufacturers to examine impacts of materials, component design, manufacturing, packaging, logistics and post-use (Barbaroux et al., 2021). Brändström and Saidani (2022) suggest that circularity metrics can align with LCA, and Samani (2023) demonstrates that LCA can serve as a proxy indicator of circularity. However, a myopic focus on circularity can yield unintended consequences if environmental impacts result outside of the materials domain. Hence, Barbaroux et al. (2022) elaborate on Valencia's (2017) more holistic measure, combining LCA, circularity and PMI, in a return on sustainability investment (ROSI) and advocating for sectoral collaboration on developing a sustainability index.

Biopharmaceuticals are integral to modern medicine, offering breakthrough treatments based on complex molecules. The sectoral trend is toward continuous processes for manufacturing complex therapies in lightweight facilities. A spotlight on sustainability has brought the sector under scrutiny. Multiple measurement techniques, such as LCA, circularity and PMI, each with idiosyncrasies, mitigate against pursuit of sector-wide sustainability enhancements. Societal dimensions must also be considered, in particular consumer activism and regulatory evolution. The societal shift from SUPs problematises the sector's pivot to SUT, particularly with respect to transition risk. Ottinger et al. (2022) cite legislative actions, bans, levies, and recycling mandates to curb SUP proliferation. However, Ottinger's paradox is not the sole sustainability challenge. The systematic nature of the SDGs requires new problem-solving competencies. Similar issues arise, for example, with respect to the emergence of green chemistry (Barbaroux et al., 2020). The literature suggests that sectoral-wide responses to SUT circularity, and other sustainability challenges, require collaboration across the value-chain. More engaged research on enhancing SUT sustainability in the biopharmaceuticals sector could facilitate orderly transition.




4 SUT in the biopharmaceuticals sector

Samaras et al. (2022) illustrate how SUT benefits for manufacturers outweigh the associated waste issues that they then have to manage, thereby supporting its adoption, particularly in downstream processes for custom therapies. Given that the biopharmaceuticals sector is water and energy intensive, SUT adoption is predicated on reductions in their consumption, by eliminating cleaning and sterilization, yielding faster setup and changeover times (Morrow and Langer, 2020). Over two decades, single-use bioreactor capacity has grown from 1% to 13% volumetrically and the proportion of single-use bioreactors has risen from 30% to 46% of installed capacity (Oosterhuis and Junne, 2016). This section chronicles SUT adoption, its impacts, regulatory risk, and current thinking on its sustainability.


4.1 The adoption of SUT in the biopharmaceuticals sector

From its inception, the economic case for SUT adoption has been compelling. As the sector pivots to modular manufacturing, high value biologics and custom therapies, SUT's plug and play nature is congruent with innovating new medical treatments, such as gene therapy and vaccines. Whilst single-use components, such as tubing, have long been used, SUT gained momentum after the WAVE bioreactor's release in 1996 (Singh, 1999). In more recent years, the COVID-19 pandemic has accelerated the demand for SUT in small-scale and mid-scale biomanufacturing of new vaccines and monoclonal antibody therapies (Langer, 2022). SUT spans multiple bioprocess equipment, including reactors, fermenters, perfusion systems and centrifuge systems and is transforming how bioprocesses are designed and operated. Moreover, it has become inherent to the agility and flexibility of continuous biomanufacturing processes, at a lower cost than alternative options (Jacquemart et al., 2016).



4.2 The advantages of SUT

SUT addresses safety and cross-contamination concerns, allowing facilities to be controlled-not-classified environments. This simplifies facility design and offers flexibility for multiproduct manufacturing (Smith et al., 2018). Facility investment and process validation lead-time are much less, restricting SST facilities to high-volume manufacturing, and saving up 75% and 25% of CAPEX and OPEX respectively (Ravisé et al., 2010). This makes SUT popular with contract manufacturers (Roizman and Langer, 2019). In developing economies, the rapid ramp-up in vaccine production, in response to COVID-19, led to a surge in SUT demand (van Riel and de Wit, 2020), as they sought affordable localized solutions. The requirement to produce multiple different products in various quantities and at a faster rate is driving the demand for SUT. Facilities can eliminate process steps and, thus, increase rates at which drugs are manufactured. In the future, biologics manufacturers will rely on the flexibility that SUT affords in response to market trends at different scales, through the provision of hybrid facilities. In summary, SUT manufacturing is likely to be smaller and more modular, faster, and more flexible, greener, and safer, yielding better economic outcomes (Pollard and Pralong, 2018).



4.3 The disadvantages of SUT

Notwithstanding, the limitations of SUP have hindered its adoption. These include risk of contamination due to materials compabability, with adverse impacts on patient safety and product quality, supply chain volatility, risk of product loss from connector leakage or bag rupture, and lack of equipment standardization (Samaras et al., 2022). The use of SUT reduces some of the risks that would otherwise come with required cleaning processes, such as cleaning residues and cross-contamination. A key concern is the possibility of unwarranted migration of contaminants from plastic (Kunert and Reinhart, 2016). The limited mechanical strength and stiffness of the plastics can result in poor scalability. Bylander et al. (2023) summarizes the challenges with SUT bioreactors, which are limited in volumetric capacity, oxygen supply, and adequate stirring. Finally, SUT requires a steady supply of disposable components, which brings storage facilities, logistics, supply chains and consumables costs into consideration (Frank, 2018). These disadvantages can be partially mitigated through risk management. For example, Takao et al. (2023) demonstrate the use of failure mode effect analysis in a case-study on reducing product loss.



4.4 The current status of SUT in the biopharmaceuticals sector

Over 60% of bioreactors now deploy SUT. The number of mAbs production facilities applying SUT and their scale and volumes continue to rise. In 2000, SUT was primarily used for lab-based research. It was only in 2005 that the first 2000-liter bioreactors were deployed, operating two or three units in series. The newest facilities are adopting 10 units of 6,000-liters (for mammalian) and 1,000-liters (for microbial). In parallel, process intensification and improved product titers have reduced reliance on large process volumes. Table 4 summarizes common biopharmaceuticals SUT manufacturing processes.


TABLE 4 The current integration of SUT in biomanufacturing.
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Contrary to initial expectations that SUT might render SST facilities obsolete, evidence indicates that these facilities continue to be operational, incorporating bioreactors with capacities exceeding 10,000 liters. Despite this, the domain of single-use systems has gradually expanded in commercial scale manufacturing. In 2023, an inflection was reached with the establishment of single-use mAb facilities, such as a 6 × 4,000-liter facility, followed by a larger 10 × 6,000-liter facility (Nissinoff, 2023). Although most high-volume commercial biopharmaceutical production continues to rely on SST, single-use facilities are increasingly gaining precedence, not only in terms of sheer numbers but also in diversity of process lines and product range. This trend is progressively permeating mainstream manufacturing, as SUT facilities offer expedited pathways to market, aligning with increasing demand for speed in product development (Rader and Langer, 2019).



4.5 Measures of impact in the biopharmaceuticals sector

Several sectoral efforts have applied green chemistry principles to small-molecule drugs and biologics manufacturing (e.g., Anastas, 2003). There are tremendous advantages to applying green chemistry principles in the biopharmaceutical industry including but are not limited to environmental impact, meeting regulatory requirements, creating a positive public perception and corporate social responsibility, extracting cost savings and economic benefits, and pursuit of process efficiency. Table 5 lists a range of current common metrics used to guide process efficiency enhancements. PMI has become the main metric for efficiency improvements. Madabhushi et al. (2018) demonstrated its application to mAb production, aligning it with sustainability concepts by focusing on resource efficiency, thus establishing correlation with upstream life-cycle impacts. The WARIEN metric (Cataldo et al., 2020), extends PMI by linking energy and water consumption. Yet, Whitford et al. (2019) point to limitations in measuring impacts using single metrics, which fail to capture system interdependencies. Hence, the need, they argue, for an approach, such as LCA, which involves analyzing material and energy flows across life-cycle stages using multiple metrics for aggregate environmental impacts and trade-offs (Sevigné-Itoiz et al., 2021). Yet, LCA has challenges related to modeling complexity, boundary setting, time horizons, and scalability. These are very important in biopharmaceuticals, which rely on complex processes over geographically dispersed sites and globalized supply-chains (Sonnemann and Alvarado, 2018).


TABLE 5 Commonly used green metrics.
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4.6 The environmental impacts of SUT

Lim et al.'s (2008) attempted assessment of impacts revealed SUT benefits in terms of material footprint. Likewise, Pora and Rawlings (2009) demonstrated that SUT could achieve lower energy impacts. Since then, circa. a dozen studies have been undertaken (Figure 2). Mauter (2009) compared SUT and SST bioreactors for mAb production. Results indicate that LCA can be useful in highlighting trade-offs in processes. Moreover, Mauter showed how operations are more impactful than waste streams. Pietrzykowski et al. (2013) documented the first cradle-to-grave LCA study (at GE Healthcare) of SUT v SST for mAb production at various volumetric scales. Their findings revealed that, whilst end-of-life impacts are marginally higher for SUT, overall impacts are lower across 18 environmental categories. A second GE study across multiple production facilities, geographical locations, product combinations and end-of-life treatments revealed lower impacts for SUT on climate, energy, water, health, and natural resource impacts (GE Healthcare, 2017). End-of-life impacts were found to be negligible relative to production impacts. From these studies, generalizations can be inferred. First, counterintuitively, SUT yields lower overall impacts than SST. Second, whilst SUT results in marginally higher end-of-life impacts, these account for only a small proportion of overall impacts. Third, water and energy demands are lower for SUT, due to elimination of clean-in-place (CIP) and steam-in-place (SIP) processes. Fourth, geography plays a role, due to logistics coordination and cleanliness of energy grids. Key limitations to the studies point to latent opportunities for enhancement. Given trends toward more modular manufacturing of personalized medicines, there is a dearth of evidence for their environmental impacts (Al-Jarshawi et al., 2022). Furthermore, there is limited assessment of energy impacts associated with facilities. There is notable diversity in the studies in terms of which impacts were evaluated, which metrics were used, and which life-cycle stage assessment was undertaken. All studies were restricted to single processes, or companies, with no scaled-up industry-level study yet undertaken. A significant limitation has been a failure to address SUP circularity. Moreover, the studies have been criticized for not sufficiently considering impacts at end-of-life (Herberz et al., 2020). Although measures of circularity are still in their infancy, the historical progression in the narrative of the studies (highlighted in Figure 2) is from one that initially highlights lower impacts of SUT to one that gradually recognizes a need to address circularity, particularly at end-of-life.
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FIGURE 2
 Environmental impact studies of SUT focused biologics manufacturing.




4.7 The socio-economic impacts of SUPs

There is a growing body of evidence documenting the social and human health effects of litter and debris caused by mismanaged plastic waste leaking into the environment (Iñiguez et al., 2016). The accumulation of SUPs in marine environments and its health implications for circa. 40 million people who rely on maritime based income, such as income from fishing, marine tourism, aquaculture, and shipping, is well-documented (Aretoulaki et al., 2021). In particular, income for fishing and aquaculture is directly affected by marine plastic litter through the cost of maintenance of fishing fleets and facilities and loss of income due to impacts on fish stocks and to potential erosion in confidence in seafood quality from the presence of micro plastics. Collectively, the reduction in marine ecosystem service provision carries significant implications for human health, food production, recreation and heritage, particularly in coastal communities (Naeem et al., 2016). Notwithstanding, the socio-economic impacts of plastic through pollution are yet to be fully evaluated on a global scale (Paul et al., 2023). Given the relatively low cost of plastics, the socio-economic effects of marine plastic pollution appears to be more impactful in developing economies (e.g., Danquah et al., 2019; Nøklebye et al., 2023).



4.8 Regulatory considerations

Regulation of SUT in biomanufacturing has historically focused on product quality and patient safety (Eibl and Eibl, 2019). Lopes (2015) explored the overlapping concerns of the Food and Drug Administration (FDA) and the European Medicines Agency (EMA), including process validation, supply-chain security, contamination, risk management and documentation. Since the arrival of the SDGs, the FDA and EMA have become more sensitive to environmental concerns. Yet, regulatory challenges are more likely to come from outside the sector than from within. The world produces 300 m+ tons of plastics annually, two-thirds of which are short-lived consumables (Jambeck et al., 2015). With production set to triple by 2060, circularity considerations are more urgent. The ISPE (2023) sectoral survey found that 46% of leaders (n=18) in the biopharmaceuticals sector have initiatives focused on reducing SUP waste and 52% (n = 22) have initiatives on better end-of-life management. Sectoral responses advocate for improvements (Biophorum, 2023) with Barbaroux et al. (2022), in particular, stressing the imperative to foster circularity. Regulatory initiatives are still in their infancy. The FDA, for example, began approving mechanically recycled plastics for food-packaging applications almost two decades ago (Karmaus et al., 2018). Such materials are still unavailable with the quality required for biologics due to unacceptably high risk of contamination from leachables and extractables. Indeed, recycling has to contend with potential contamination across all stages of plastic product life cycles. Potentially harmful substances, such as additives, may not be fully filtered in the recycling process, posing a risk to human health. For example, brominated flame retardants, commonly used in polystyrene, were regulated out of food packaging given their association with cancer, endocrine disruption and reproductive toxicity (Shaw et al., 2014).



4.9 The pursuit of SUP circularity

Given the criticality of medical access, environmental issues tend to be lower in priority within the sector. Nissinoff (2023) reported that, in 2013, 70% of sector professionals surveyed expressed a need for recycling, but with a mere 35% recycling rate. When surveyed again in 2020, the respective figures had changed to 89% and 25%. Alarmingly, 76% continued to rely on incineration or landfill disposal. In acknowledging the LCA advantage that SUT holds over SST, Whitford et al. (2021) underscore the urgency to address end-of-life considerations. Whilst some SUP suppliers have explored recycling, multilayered plastics components, such as bioreactors, inhibit opportunities. Barbaroux et al. (2021) advocate for pursuit of innovations to enhance circularity in line with MacArthur's (2013) “new plastics economy” principles. Whilst conceptually plausible, these proposed innovations do not offer real-world, case-study exemplars.

There is extensive case study evidence in the literature for the impact of SUPs (e.g., Diggle and Walker, 2022). Villarrubia-Gómez et al. (2024) suggests that plastics pollution exacerbates all planetary boundaries and, hence, requires international governance, due to their uncontrolled release to the environment and a failure to control chemicals added to them. As a novel entity comprising synthetic monomers and chemicals, their complex reality suggests that, once touted as being inert and safe, they pose threats, which are unpredictable and, therefore, necessitate a precautionary approach. Moreover, a myopic focus on pollution as merely a waste management issue may tilt companies, researchers and policymakers toward a narrow focus on end-of-life. In summary, this section highlights the overriding advantage that SUT carries over SST in terms of environmental impacts. However, there are significant, yet unquantified, impacts associated with SUPs, thereby providing a rationale for the pursuit of SUP circularity.




5 Addressing plastic waste as a global sustainability challenge

This section explores circularity exemplars, primarily from the plastics economy, in the context of how the biopharmaceuticals sector could develop industry-level solutions. It begins with an exploration of the plastic waste challenge and the new plastics economy. It then explores the theoretical concepts of the circular economy and how they apply to plastics. Finally, it examines the application of these concepts to biopharmaceuticals SUPs, providing empirical exemplars of reduce, re-engineer, reuse, recycle and energy recovery that could transform the sector. Since the production of Bakelite in 1907, plastics have emerged as materials of choice for many applications. Global production has increased exponentially, standing at circa. 390 million tons (MT) p.a. (Plastics Europe, 2022). Yet, despite their societal benefits, plastics pose environmental and health challenges, discussed below, as evidenced by waste quantities accumulating in marine environments and the leaching of additives with endocrine disrupting properties into the food chain (Freeland et al., 2022). The societal dilemma is aptly framed by MacArthur (2013), who poses the question: will society pursue a discontinuation of plastics, forging its benefits, or will it create a future for plastics based on circular economy principles?


5.1 The problem with plastics

Leakage to the environment due to improper waste disposal creates serious health implications (Bharti, 2024). Plastics are crucial to advancements in healthcare (Klemeš et al., 2021). Yet, they face a crisis of legitimacy due to overproduction and poor recyclability. Plastics can persist in natural environments for thousands of years (Andrady, 2015), degrading into micro plastics, small enough to be ingested by wildlife (Kannan and Vimalkumar, 2021). Whilst chemically inert, contrary to early beliefs that they would harmlessly pass through biological systems, their absorption, leading to health issues such as endocrine disruption, carcinogenic impacts, liver damage (Lehel and Murphy, 2021), reproductive issues and respiratory diseases (Çitar Daziroglu and Bilici, 2024), is largely unquantified. Various chemical additives can migrate and lead to human exposure (Hahladakis et al., 2018). Since the 1990s, plastic waste has more than tripled. Whilst a circular economy for plastics is emerging, it is not yet significant (Figure 3). Circa. 36% of all plastics materials are used for packaging, 85% of which ends up in landfill. GHG emissions associated with conventional plastics are estimated at 3.3% of annual global emissions (Ritchie, 2023). SUPs are particularly problematic as, by definition, there is little circularity built into their supply chains. With an estimated 75-199 MT of plastic in our oceans (McGlade et al., 2021), unless we change how we dispose of plastic, the amount of waste entering aquatic ecosystems could rise to a projected 23-37 MT p.a. by 2040. Van Sebille et al. (2015) estimates there are up to 51 trillion pieces of microplastic in the oceans, weighing 93 - 236 MT. Meijer et al. (2021) suggest that circa. only 1,000 rivers account for 80% of annual riverine plastic deposits into the oceans. Yet, plastic recycling rates are low compared to rates for other materials. Confronting this challenge requires efforts to reduce plastic production, improve waste management, and to innovate and alternative materials (Watkins et al., 2020).
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FIGURE 3
 Historical plastic production since 1950. Source of Data: Hannah et al. (2023).




5.2 The circular economy

The CE stands for a change in thinking in resource usage. Whilst definitions vary (e.g., Murray et al., 2017; Sauvé et al., 2016,), unlike a linear economy (Figure 4A), which material follows a 'take-make-dispose' pattern, there is a self-replenishing pattern in which materials “loop”, minimizing waste, and new material (Figure 4B).
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FIGURE 4
 (A) Linear economy. (B) Circular economy.


Bandh et al. (2024) emphasize three core principles: [1] designing out waste, [2] keeping products and materials in use, and [3] regenerating natural systems. These principles have been driven by policymakers (MacArthur et al., 2016), businesses (Brennan et al., 2015) and regulators (European Commission, 2015). Multiple studies have explored strategies for CE implementation (e.g., Kalmykova et al., 2018). Some critics point to a need to operationalise CE principles, (e.g., Pauliuk, 2018), to enhance coordinated action (e.g., Domenech and Bahn-Walkowiak, 2019), to improve regulation, and to establish a stronger relationship between CE and sustainable development (Kirchherr et al., 2018). Notwithstanding, SDG 12, in particular, provides legitimacy to these principles in addressing the plastics problem (Mrowiec, 2018; Schroeder et al., 2019). Researchers, policymakers, and businesses are beginning to collaborate on addressing the operationalization challenge by adopting a life-cycle approach. Policymakers, in particular, are addressing the challenge through green procurement (e.g., Singh et al., 2024), re-use and repair (e.g., European Commission, 2024), and, in the case of plastics, banning some SUP products (e.g., European Commission, 2019). Reinventing manufacturing processes and materials innovation present notable opportunities for businesses to implement CE principles. Business innovation, in this context, could mean the development of more efficient manufacturing techniques, discovering cost-effective materials, or the development of environmentally friendly processes. Nevertheless, plastic waste generation has not yet slowed, and waste management strategies, along with other actions across the value chain, must be improved (Gonçalves et al., 2024).



5.3 Integrating circular principles into the circular economy

Figure 5 depicts the lifecycle of plastics. Circa. 90% of plastics are petroleum-based (Zhao et al., 2020). Despite technological advancements, most are either incinerated or landfilled, with recycling rates at 14–18% (OECD, 2018). MacArthur et al. (2016) estimates post-use externalities associated with plastics at $40 billion p.a., demonstrating potential for a new plastics economy, with the primary aim of transforming how plastics are produced and consumed. Inter alia, objectives include waste reduction (Ten Brink et al., 2018), resource optimisation (Azapagic, 1999), economic resilience (Giannetti et al., 2023), behavioral change (Erickson et al., 2021), policy enhancement (De Kock et al., 2020) and impact reduction (Schwarz et al., 2021). Tracking material flows is challenging given that many products comprise multiple plastics, each with their own properties, or have plastics embedded in complex assemblies (Hahladakis et al., 2018). The European Commission (2015) dedicated strategy for plastics sets ambitious targets, including 10 MT of recycled plastics in new products by 2030.
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FIGURE 5
 The lifecycle of plastics materials.


Several voluntary initiatives have emerged, including: the UK Plastics Pact, and a UN commitment to forge a global plastics treaty (Bundela and Pandey, 2022). Yet, a better understanding of material loops is required to support policy formulation. Several material flow analyses (e.g., Hsu et al., 2021; Luan et al., 2021) have sought to address the data gap, affirming that most plastic waste still arrives at open dumps, landfills, or incinerators. There is also a dearth of evidence on environmental impact, with few studies on leakage (Alencar et al., 2022). Therefore, whilst LCA studies may be useful, there is uncertainty about the impacts on marine and terrestrial ecosystems, which will only emerge in time. Caution is called for in rushing to replace plastic with other materials given challenges in accounting for their impacts (Klemeš et al., 2021). Greater emphasis on recycling to displace virgin plastics seems like an obvious solution. Bernardo et al.'s (2016) meta-analyses of LCA studies of plastics conclude that recycling has a smaller carbon footprint than landfill or incineration. Mechanical recycling involves collecting, sorting, shredding, and cleaning waste plastic before pelletizing it back into a raw material. It is sensitive to contaminants, such as additives and food, so can be sub-divided into primary (closed-loop) recycling, which substitutes virgin materials in the same application, and secondary (open-loop) recycling, where used plastics, whose mechanical properties are degraded by the recycling process, are repurposed into less demanding applications. Material variability and post-use contamination hinders recycling. Whilst bioplastics offer possibilities for circularity through valorisation protocols (Ranjbari et al., 2021), sorting instructions for waste management of bioplastics are needed (Prieto, 2016). Payne et al. (2019) highlight the potential for chemical recycling, which involves converting polymers back to monomers through pyrolysis. New biological recycling technologies, in which genetically modified enzymes are used to breakdown common plastics (e.g., Yoshida et al., 2016), are also emerging. In Europe, energy recovery surpassed landfill as the primary mode of waste treatment in 2021, with recycled plastics accounting for 10% of production and bioplastics a further 2% (Plastics Europe, 2022). The challenge with energy recovery is that it relies on advanced air pollution control technologies to prevent of emissions of harmful materials, such as persistent organic pollutants and greenhouse gases (Van Caneghem et al., 2019).

In biopharmaceuticals contexts, post-use management of SUPs is receiving increased attention, with trade-offs between environmental sustainability, product recovery, bioprocess performance and patient safety being particularly acute. Despite arguments that the sector produces only a small fraction of global plastic waste (e.g., Pietrzykowski et al., 2013), that various LCA's studies demonstrate that SUT is less impactful than SST (e.g., Barbaroux et al., 2020), and that the societal benefits of its SUPs outweigh the environmental risks (e.g., Jacquemart et al., 2016), this article contends that the sector must urgently pursue greater circularity of its SUPs, given the uncertainty of their impacts vis-à-vis multiple planetary boundaries, and given the sector's continued growth and pivot to SUT. The next section discusses our findings and conjectures potential sectoral initiatives in pursuit of circularity, as a synthesis of state-of-the-art thinking.




6 Discussion

An underlying motivation for this review is to unravel the dichotomy between the societal shift from disposable products and the biopharmaceutical sector's adoption of SUT. Using the SDGs as a guide, the underlying research objective is focused on optimizing sectoral sustainability returns from its SUPs. The review explores three strands of evidence: sustainability policy and regulation, SUT in biopharmaceuticals, and circular economy principles. In the first strand, we outlined the evolution of biopharmaceuticals, which has seen transformative developments with complex biomolecules playing an increasing role. SUT adoption has contributed to its expansion. We then explored the materiality of specific SDGs to biopharmaceuticals (Table 3), highlighting sectoral challenges in adapting to sustainability objectives, particularly regarding SUP waste. We delved into the complexities in measuring sustainability in biopharmaceuticals, discussing LCA studies and circularity concepts. The literature provides evidence of how the sector's pivot toward SUT, despite its reliance on plastic, offers environmental benefits, yet necessitates collaborative efforts and new problem-solving capabilities. In the second strand, a sectoral perspective on SUT adoption was provided. The economic case for its adoption is compelling in the transition to modular manufacturing of custom therapies. SUT offers advantages, such as addressing safety, embedding flexibility, and reducing validation lead-time. The literature reveals increasing integration of SUT in the sector. Despite initial expectations of rendering SST facilities obsolete, evidence suggests that both coexist with SUT being chosen for smaller and more flexible facilities. We also explored metrics for environmental sustainability. Whilst studies, based on LCA, demonstrate that SUT yields lower overall impacts than SST, there are limitations in measuring circularity and addressing end-of-life. Sectoral regulation has focused on product quality and patient safety, but recent initiatives indicate a growing sensitivity to environmental concerns. In the third strand, the evolution and challenges of plastics were discussed. Although plastics have become pervasive and essential for healthcare, their improper disposal poses, as of yet, unquantified environmental and health risks, as evidenced by accumulation of plastic waste in marine environments. The Circular Economy was introduced as a paradigm shift that promotes waste reduction, reuse of materials, and regenerating natural systems. The integration of circular principles into the plastics economy was explored, emphasizing transformative approaches to production, consumption, and post-use management. Some of the core themes emanating from the literature are discussed below. The three strands are inherently interrelated. The integration of policy frameworks, the adoption of SUT, and the application of circular economy principles are interconnected components that collectively drive sustainability within the biopharmaceuticals sector. Together, these strands can form the basis a cohesive strategy to reduce environmental impact whilst maintaining industry innovation and efficiency.


6.1 An emerging imperative to pursue SUP sustainability in biopharmaceuticals

The biopharmaceuticals sector is increasingly focused on sustainability enhancements, particularly in the context of single-use plastics (SUPs), which are extensively used in biomanufacturing to yield lower energy usage, to reduce purified water usage and to greatly reduce risk of water contamination (Whitford et al., 2021). However, whilst the environmental impact of SUP waste is of growing concern, the state-of-the-art strategies and innovations for post-use SUP circularity are slow to develop. Latent opportunities exist through materials innovation, LCA, stakeholder collaboration, and regulation. Future research must understand stakeholder perspectives and how differing goals may aid or hinder sustainable practices. By assessing stakeholders' influence and identifying barriers to engagement, targeted actions and policies can be developed to address plastic waste in biopharmaceuticals. Addressing the need for sustainable single-use plastics (SUPs) through material innovations is key to reducing plastic pollution whilst maintaining efficiency in biopharmaceutical manufacturing processes.



6.2 Materials innovation

Alternative materials with lower environmental impact, such as, bio-based polymers and biodegradable plastics show promise (Narancic et al., 2020). Materials such as Polylactic Acid (PLA) derived from sugarcane are being explored (Freeland et al., 2022). Research has been undertaken, analyzing the impact of bio-based materials to reduce energy consumption and GHG emissions (Weiss et al., 2012). Similar research on the use of bio-PET highlights issues with land-use competing with food production and water use for irrigation (Chen et al., 2016). Alternative sources, such as microalgae and yeast strains have also been investigated (Lu et al., 2012). Whilst this stream of materials research is promising, given compatibility with in vivo conditions, a lack of understanding of the causal factors influencing polymeric degradation, to date, held them back as viable alternatives in biologics manufacturing. Materials innovation can enhance lifecycle analysis work to reduce the environmental impact of SUPs in biopharmaceuticals.



6.3 Lifecycle analysis

LCA has been used to understand SUP impacts vis-à-vis SST (Budzinski et al., 2022; Flanagan et al., 2014; Gehring and Meyer, 2022; Pietrzykowski et al., 2013). LCA's comprehensive approach helps manufacturers make informed decisions about material selection, design, and end-of-life management. Although LCA studies have shown SUP disposal to have a negligible overall environmental impact, industry insiders consider it an area of growing concern, owing to the increasing amounts of waste being generated (Barbaroux et al., 2020; Erickson et al., 2021). By enhancing lifecycle analysis with stakeholder collaboration, the biopharmaceuticals sector can develop more sustainable solutions, which consider both environmental impacts and the needs of all involved.



6.4 Stakeholder collaboration

There have been repeated calls and initiatives for sector-wide collaboration on sustainability (e.g., Budzinski et al., 2016; Gehring and Meyer, 2022). Stakeholders across supply-chains, including equipment and materials suppliers, customers, and regulatory bodies, are crucial for driving sustainability. Initiatives, such as shared responsibility models and industry-wide standards for sustainable plastics use are emerging but require further research. The literature points to only a few concerned groups, such as the Bioprocess Systems Alliance (BPSA), the American Chemical Society Green Chemistry Institute Pharmaceutical Roundtable (ACS GCIPR), and the Geselshaft für Chemishe Technik und Biotechnologie (DECHEMA). Stakeholder collaboration can help to ensure that sustainability efforts in the biopharmaceuticals sector meet regulatory requirements.



6.5 Regulation

Regulatory frameworks are evolving to enhance the sustainability of plastics. Governments worldwide are implementing various policy and regulatory measures, ranging from outright bans on single-use plastics (SUPs) to detailed waste management regulations that focus on post-use plastic management. In the European Union, the Single-Use Plastics Directive (2019) aims to reduce plastic consumption by banning certain SUPs and mandating that by 2030, at least 30% of plastic bottles produced in the EU contain recycled content (Kumar et al., 2024). The EU's ban on single-use consumables is indicative of policy intended to address global plastic pollution. To manage SUP waste globally, international agreements are needed alongside regional and national legislation. Biopharmaceutical manufacturers are proactively aligning with similar regulations by adopting sustainable practices in advance of legal mandates. Meeting sustainability standards is becoming a competitive advantage. However, the proposed ban on PFAS use and the response of the biopharmaceuticals sector exposes just how far it remains removed from evolving societal expectations (Biophorum, 2023). A strong regulatory framework is crucial for improving plastic sustainability and post-use management of SUPs in the biopharmaceuticals sector.



6.6 Post-use management of SUPs

Pursuit of SUP circularity in the biopharmaceuticals sector is a multifaceted endeavor involving innovation in materials, process optimisation, LCA, collaboration, regulatory alignment, and education. Some manufacturers are making efforts to advance these endeavors, recognizing their role in reducing SUP impacts, whilst maintaining product quality and safety. The sector is gradually turning its attention to the post-use management of SUPs and their ultimate destinations. Crippa et al. (2019), MacDonald (2019), Pora and Rawlings (2009), and Whitford et al. (2021) offer various solutions for SUP post-use management, synopsised in Table 6. Their feasibility in respect of SUP consumption is contingent on several factors, such as type of plastic, component separation requirements, waste volumes, transport and logistics, and regulatory conditions. Notwithstanding a comprehensive study is required to evaluate the impacts of current post-use methods within the sector based on the factors of those outlined above.


TABLE 6 Technological solutions for post-use management of SUPs.
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6.7 Unresolved issues and future research opportunities

The literature points to several unresolved issues with respect to SUP post-use management in the biopharmaceuticals sector. First, current LCA sectoral studies are localized to individual processes, manufacturing sites or companies. Whilst context matters, it would be important for the biopharmaceuticals sector to understand how SUP impacts manifest at scale. Second, there appears to be little reconciliation between existing industry insider LCA studies and the impacts of plastic leakage to environment, echoed in the concerns of circular plastics economy literature. We may only know the true scale of plastics leakage in the fullness of time. In the interim, research is required to reconcile current LCA methods with circularity principles to develop a better understanding plastic materials footprint. Some research has been done in this respect (e.g., Joachimiak-Lechman et al., 2020; Venkatachalam et al., 2022). However, it needs to be contextualized to the SUPs consumed in the sector. Third, whilst the vast-majority of sectoral SUPs is still incinerated or landfilled, 30,000 tons according to Ottinger et al. (2022), there is no industry-wide data on the end-of-life destinations of biopharmaceuticals SUPs. Whilst the sector makes overtones about improving SUP circularity, there is a gap between rhetoric and reality. A benchmarking study is required to understand the status quo in this respect. Fourth, Ottinger et al. (2022) points out that enhancing SUP sustainability extends beyond technological and material-related issues. Regulation has a role to play. Yet, as has been seen with the proposed PFAS ban, regulating in the dark in pursuit of noble sustainability policy objectives without the supporting empirical evidence can be destabilizing. In fact, businesses may not choose to change, unless they are coerced to do so. A precautionary approach to regulation and understanding possible regulatory futures is, therefore, advisable. Fifth and, finally, in recognizing that pursuit of sustainable SUP post-use solutions requires establishing new business models, value chains, regulation and technological developments, sector actors need to collaborate on the most plausible adoption pathways to shift its strategic position in response to the SUP sustainability challenge. Hence, we propose a design-driven approach to addressing these unresolved issues (You et al., 2023). This approach would be based on industrial symbiosis (Castellet-Viciano et al., 2022), whereby sector actors would exchange materials, energy, or knowledge in a form of industrial metabolism (Lowe and Evans, 1995).



6.8 Advancements in industrial symbiosis

Theory and methodologies in industrial symbioses have been advancing for two decades, characterizing the exchange of materials and energy to enhance economic and ecological performance (Zhang et al., 2015). Among the most high-profile exemplars of an industrial symbiosis is manifested at Kalundborg eco-industrial park, Denmark, which has inspired several studies (e.g., Ehrenfeld and Chertow, 2002; Engberg, 1992). These studies are based on systematic methods derived from analyses of complex ecological or biological systems. The primary condition for industrial symbiosis is collaboration among companies (Chertow, 2000) to form a network for taking advantage of synergies between them to enhance their economic sustainability and environmental performance (Harper and Graedel, 2004) through the exchange of materials, energy waste and knowledge (Mirata and Emtairah, 2005). Analysis of enabling mechanisms for industrial symbioses tends to focus on three factors, namely: [1] economic driving forces, [2] regulation, [3] and technological innovations. Two methods of analysis are commonly used. First, industrial metabolism is used to analyse stocks and flows of energy and materials within an entire industrial process (e.g., Chen et al., 2010). By analyzing exchanges of materials and energy, resources identified as not being fully recycled can guide suggestions for sustainable development. Second, as the flows among companies form a network, the network analysis methods can provide useful insights (e.g., Fath and Patten, 1998). There is precedence for using industrial symbiosis methods in pursuit of plastics circularity (e.g., Maranesi and De Giovanni, 2020). So, theoretical travel to SUPs in the biopharmaceuticals sector is a plausible proposition.

The proposed approach would leverage a recalibrated LCA, developing a comprehensive impact assessment model, advocating for standardized and cross-regional actions, and employing a fitting research framework enriched with diverse theoretical insights. It has the potential to make a contribution to sustainable biologics manufacturing. It would not only address the pressing issue of SUP waste but also provide a pathway for the biopharmaceuticals sector to adopt more sustainable practices in alignment with global environmental goals, enshrined in the SDGs.




7 Conclusion

This review of the biopharmaceutical sector's use of single-use plastics (SUPs) reveals significant insights into the intersection of technological innovation, sustainability, and regulatory pressures. It sheds lights on several significant findings.

• Operational benefits: SUPs offer notable advantages in terms of economies of scale, process efficiencies, manufacturing flexibility, scalability, agility, and sterility assurance. These advantages are driving enormous growth in SUT adoption, enabling higher productivity, more streamlined and customized therapies.

• Environmental impact: Life-cycle analysis (LCA) of SUPs suggests a lower environmental footprint compared to traditional stainless-steel systems, primarily due to the high energy intensity and embodied carbon of the latter. There are notable reductions in in-process energy and water requirements associated with SUT.

• Waste management challenges: Despite the environmental benefits during use, the disposal of approximately 30,000 tons of SUPs annually through landfilling or incineration presents largely unquantified environmental and health challenges.

• Regulatory and societal pressure: Increasing regulatory demands aligned with the SDGs and societal pressure for sustainability are pushing the sector toward more sustainable practices. The proposed ban on PFAS, for example, could have an enormously disruptive impact on the biopharmaceuticals sector.

• Circular economy principles: Whilst the application of circular economy principles to SUPs is promising, the sector shows limited appetite for circularization due to conservatism and perceived risks. The current posturing within the sector has focused largely on seeking derogations from any circularity requirements.

Collectively, these findings advance our understanding of the dualistic nature of SUPs in the biopharmaceuticals sector. The studies reviewed show a clear operational advantage of SUPs but also highlight significant environmental and waste management issues. The literature reveals a gap in fully integrated lifecycle assessments that consider end-of-life stages, indicating a need for more comprehensive impact assessment models. Viewed from a life-cycle standpoint, plastics pollution is a complex “global, relational, integrated and intersectoral issue (Fuller et al., 2022, p. 536). The interplay between regulatory frameworks, societal expectations, and technological innovation underscores the complexity of transitioning toward sustainable practices. The implications of these findings are significant for both theory, practice and policy formulation. From a theoretical perspective, the review highlights the need for more nuanced lifecycle analyses that include end-of-life considerations. It also underscores the importance of integrating circular economy principles into biopharmaceuticals manufacturing. From a practical perspective, the insights emphasize the urgency of adopting more sustainable waste management practices and exploring alternative materials and technologies. Specific challenges that regulatory bodies face in the sector include: the balancing of sustainability objectives with safety considerations; the lack of standardized sustainability guidelines on SUPs; the lack of enforcement of end-of-life management practices; and pushback from biomanufacturers based on economic clout and the criticality of their medicinal products. By addressing these challenges, regulators can better support sustainability in the sector whilst maintaining safety and process efficiency. Suggestions for evolving regulations include the creation of clear waste protocols, mandating lifecycle analysis for all materials, the consolidation and harmonization of global regulations, the extension of producer responsibility, and phasing-in more stringent sustainability targets. We argue that regulatory bodies must use these suggestions to advance sectoral sustainability standards. Likewise, from a policy perspective, policymakers must leverage these insights to craft regulations, which promote sustainability without compromising the sector.

Whilst this review provides valuable insights, it also has limitations. The review is limited to existing literature and may not capture the latest technological advancements or emerging regulatory trends. The studies reviewed vary in their methodologies and contexts, which may affect the findings' generalisability. The focus has primarily been on developed regions, potentially overlooking challenges and opportunities in emerging markets. Urgent research is required to address unresolved questions and to explore new avenues, as summarized in Table 7. Addressing the sustainability challenges of SUPs in the biopharmaceuticals sector requires a meta solution, i.e., a multifaceted approach that synthesizes proven solutions, encompassing technological innovation, regulatory alignment, and the adoption of circular economy principles. Choudhury et al. (2024) offer a possible way forward, based on this approach, for biomedical waste. Industrial symbiosis would appear to offer an appropriate framework in which to scaffold solution design. Notwithstanding, we believe that this scoping review provides a foundation for future studies aimed at promoting more sustainable biomanufacturing practices in alignment with the UN SDGs. We call on researchers, biomanufacturers and policymakers to pursue urgent and responsible action, based on industrial symbiosis, to address the circularity of SUPs in the biopharmaceuticals sector and their impacts on the Earth system.


TABLE 7 Technological solutions for post-use management of SUPs.
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A research avenue would be to pursue recalibrated
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The feasibility of circular business models through
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Closed Loop NA Plastic waste products re-used for the original purpose Not likely to be applicable to SUPs in the
for which they were intended (Uckert et al., 2023) biopharmaceuticals sector.
Open Loop NA Plastic waste reused in less stringent applications (Shen No known applications in the
etal, 2010) biopharmaceuticals sector.
Recycle Mechanical Cast material Plastic waste converted into downcycled, new Spent plastic autoclaved, pulped, and reshaped
Recovery composite product into new cast products.
Polymer Plastic pieces melted back into resin (Schyns and Mechanical recycling of common packaging
Recycling Shaver, 2021). plastics.
Chemical Polymer Plastic waste is dissolved, purified, and precipitated Precipitated Plastic Resin (Refactoring) -
Recycling back into plastic resin (e.g., Sherwood, 2020). Packaging
Monomer Plastic is depolymerised into monomers and Thermoplastics such as polyamides, can be
Recycling repolymerised to a resin (e.g, Coates and Getzler, 2020) | recycled by depolymerisation.
Gasification Plastic is heated in an oxygen starved environment, The production of syngas for conversion into
decomposing it into simple molecules, mainly CO and petrochemical products
H,. (e.g. Lopez etal, 2018).
Pyrolysis Plastic heated up to 900°C, with a lack of oxygen, Pyrolysis is commonly used to recycle waste
causing it to transform to oil or gas (as a fuel) or to tires.
create second-life products (e.g., Han et al,, 2023)
Organic Elemental Biodegradable plastics broken down by In the US, the Biodegradable Products Institute
recycling microorganisms into H,O, CO,, and mineral salts over is seeking to have biodegradable food
time by bio digestion or composting (Briassoulis et al., packaging as a feedstock for organic compost
2021)
Enzymatical Enzymatical— Plastic waste is depolymerised to monomers through French firm, Carbios, aims to open a
monomer enzymes-driven catalysis to make new raw materials bio-recycling plant in in 2025, to recycle 50,000
recycling (Yoshida et al,, 2016). tons of PET waste p.a.
Energy Incineration Direct Plastic waste is directly converted to heat, which is then In Singapore, plastic is incinerated to generate
Recovery incineration used to generate electricity (Cudjoc and Wang, 2022). heat and electricity. Leftover ash is used in
construction.
Chemical Pyrolysis Plastic waste is pyrolysed to syngas and then processed | UK recycling company, Plastics Energy, is
to produce useful outputs, such as hydrogen, electricity, | buildinga pyrolysis plant to recycle about
and heat (Tan et al., 2024) 66,000 tons of plastic waste p.a. in South Korea.
Waste Landfill Municipal solid Untreated plastic waste is buried underground, often Given potential for environmental leakage, it is
‘waste with other waste (Wojnowska-Baryla et al., 2022) among the less desirable solutions (Mondal
etal, 2023).
Incineration Nonfunctional Burning of plastic waste to reduce its volume—no Nonfunctional incineration is giving way to

incineration

energy recovered (Whitford etal., 2021)

alternative waste-to-energy options.
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Metric Working definition Calculation References

Atom economy (AE) Atomic percent of reactants incorporated into product. AE = i Dicks et al,, 2015
Environmental (E-factor) Mass of waste per unit mass of product produce. E Factor = %ﬁ: Sheldon, 2017

Energy intensity (EI) Total energy required per unit mass of product produced | EI = %;% Jiménez-Gonzlez et al., 2011
Effective mass yield (EMY) Mass proportion of product to non-benign inputs EMY = MM:‘_W'_W Frey etal., 1999

Process mass intensity (PMI) Total mass of inputs per unit mass of product PMI = %ﬂ% Budzinski et al., 2019
Reaction mass efficiency (RME) Mass proportion of product to mass of reactants product. RME = 2—2% Andraos, 2005

WArEN Water related impact of energy. NA Cataldo et al., 2020

m, mass, mw, molecular weight, E, Energy.
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Process Description
Upstream R&D Cylindrical and cubic design
SUT with multiple methods of
agitation.
Bioreactors Cylindrical and cubic design 50-6,000
with multiple agitation
methods.
Fermenters Cylindrical and cubic design 50-1,000
with multiple methods of
agitation.
Automated Cylindrical and cubic with 0.01-0.24
screens pitched blade turbine
agitation
Perfusion Cylindrical vessels with 0.1-5,000
(filtration) external filter and rocker bag
Perfusion Cylindrical vessel over a bed 0.4-40
(fixed beds) of 2.4 —60 m?
Downstream | Centrifugal Conical or tubular chamber 2,000-6,000
SUT processes used for harvesting and
separation
Buffer hold Conical
Continuous Perfusion bioreactor systems 50-1,000
processing featuring either mag drive or
bioreactors elephant ear agitation
Fill and finish Bulk drug substance buffer NA
processes containers, mixers, filters,
and filling needles.
Ancillary Ancillaries, such as pumps Assortment
components and sensors.
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Gene therapies

Descriptiol

Techniques that replace a
disease-causing gene with a
healthy copy of the gene or
by inactivating a
disease-causing gene.

Examples

Modified bone marrow
exposed to a virus or
another type of vector that
contains the desired genetic
material.

Transplant
tissue, cells,
and limbs

Surgical procedure in which
organ tissue or a group of
cells are removed from one
person and surgically
transplanted into another
person or moved from one
site to another site in the

Tissue—cornea, bone,
tendon, skin, pancreas islets,
heart valves, nerves, veins.
Cells—bone marrow and
stem cells.

Limbs—hands, arms, and
feet.

same person.
Recombinant Proteins encoded by Recombinant hormones,
proteins recombinant DNA cloned interferons, interleukins,
in an expression vector that | growth factors, blood
supports expression of the clotting factors,
gene and translation of thrombolytic drugs, and
messenger RNA. enzymes.
Stem cell A form of regenerative Stem cells can replace cells
therapies medicine designed to repair damaged by chemotherapy
damaged cells within the or disease, enabling the
body by reducing immune system to fight
inflammation and some cancers and
modulating the immune blood-related diseases, such
system. as leukemia.
Monoclonal Laboratory made proteins, Rituximab (Mabthera) is a
antibodies which act like antibodies. treatment for Hodgkin
(mAbs) Antibodies are parts of the lymphoma. Cetuximab

immune system and seek
out antigens (foreign
materials) to destroy them.

(Erbitux) is a treatment for
advanced bowel cancer.
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SDG 3 (Good healthand | The primary mission of biopharmaceuticals is to

wellbeing) promote health. However, there is an unquantified
issue with the negative impacts of plastic waste on
health.

SDG 6 (Clean water and ‘Water-intensive processes in biopharmaceutical

sanitation) manufacturing necessitate sustainable water
management practices and prudent water
consumption.

SDG 9 (Industry, The emphasis on resilient infrastructure and

innovation, and innovation promotes the adoption of advanced

infrastructure) technologies, including SUT.

SDG 12 (Responsible
consumption and
| production)

SDG 13 (Climate action)

This goal urges industries to adopt sustainable
practices in production and reduce waste, further
underscoring the issue of SUP waste in the sector.

Biomanufacturing’s GHG emissions are under
scrutiny, pushing the sector to greener
alternatives. SUT has a much lower carbon
footprint than SST.

SDG 14 (Life below
water)

‘Whilst the contribution of the biopharmaceuticals
sector to SUP waste is small, there are impacts of
SUP waste on marine life and human health.
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