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Cell culture is a cornerstone of in vitro biological research. Whilst glassware was once commonplace in tissue culture facilities, in recent decades laboratories have moved towards a heavy reliance on single use plastics for routine procedures. Single use plastics allow for accessible, sterile, and often affordable equipment that comes at a high environmental cost. We developed a glassware preparation and cleaning process that allowed the comparison of “traditional” plastic-heavy, and adapted “sustainable,” cell culture practices, to empirically compare the sterility, viability, and proliferative capacity of cells cultured with differing techniques, by observing IL-6 production, morphology, and proliferation rate of cultured human pulmonary fibroblast cells. During which, we calculated the carbon footprint of traditional versus sustainable methods. We additionally endeavored to provide a realistic overview of the steps required to transition to more sustainable cell culture practices and make suggestions to ease the cost, labor, and time required to uptake similar practices in other laboratories. Cells cultured using reusable glassware did not show signs of contamination or stress compared to cells grown solely with plasticware, and glassware baked at 180°C for 120 min was sufficiently decontaminated and depyrogenated for culturing these cells. An individual researcher adopting the same methodology could reduce their carbon footprint by 105.92 kg of Carbon dioxide equivalent (CO2e) whilst also saving money (£408.78) over a 10-year period. We predict that these benefits would be greater if more researchers were to uptake these adapted practices. We intend for this paper to reassure researchers that viable, sterile, and sustainable routine cell culture can be achieved with little upfront cost to the researcher, with the prospective benefit of greatly reducing the cost to the environment. We additionally hope that increased uptake, and thus demand of more sustainable practices, encourages suppliers, policy makers, and funding bodies to make sustainable practices more accessible to individual researchers and institutions worldwide.
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Introduction

Laboratories rely heavily on single use plastic. In 2015, researchers at the University of Exeter estimated that worldwide, the life sciences industries were projected to produce around 5.5 million tons of plastic waste annually; this corresponds to approximately 1.5% of the current total annual estimate (400.3 million tons) of global plastic waste, despite (in 2018) researchers only accounting for 0.15% of the world population (Featured news – Exeter scientists call for reduction in plastic lab waste – University of Exeter, 2015; Plastic waste worldwide – statistics & facts|Statista, 2024; Urbina et al., 2015; UNESCO Institute for Statistics, 2023). Currently, only ~15% of global plastic produced each year is collected for recycling; of which, just over half is successfully recycled, meaning ~6%, 24 million tons, is still disposed of (Plastic waste worldwide – statistics & facts|Statista, 2024; OECD, 2023). Plastic disposal methods vary depending on location, however the OEDC reported that in 2019 of worldwide plastic waste 22% was mismanaged or uncollected litter, 49% landfilled, 19% was incinerated, and only 9% successfully recycled (OECD, 2022). Further to the long-lasting environmental consequences of single use plastic, production and disposal contribute to CO2 emissions. Production accounts the largest proportion of the CO2 footprint of plastic products but the overall CO2 footprint is also influenced by disposal.

Although recycling some plastics can reduce their associated CO2 emissions, it is not an option for laboratory plastics. Common waste streams do not yet incorporate safe handling methods to allow the recycling of plastics that have been in contact with biological and chemical agents, meaning that plastic labware is often incinerated which further contributes to CO2 emissions (Ragazzi et al., 2023). Single use culture flasks, plates and serological pipettes are often made from polystyrene, which is less recyclable and generates more emissions (33%) than polypropylene – the material for conical centrifuge tubes (Ragazzi et al., 2023). Increased recycling and reuse of general laboratory plasticware have been shown to successfully reduce laboratory plastic waste and contribute to financial savings (Alves et al., 2021; Clancy et al., 2023), despite this, the infrastructure required to enable widescale implementation of recycling schemes is often inaccessible at first instance, minimizing the uptake.

Reducing CO2 emissions has been the focus of national and international climate goals and is an important factor of achieving climate neutrality by 2050 (2050 long-term strategy - European Commission, 2020). With laboratories accounting for a disproportionate amount of CO2 emissions, many scientists are taking action to reduce the environmental footprint research practices, demonstrating support and driving initiatives for sustainable, efficient laboratory environments (Durgan et al., 2023). Resources are available to support researchers in selecting sustainable practices. Whilst researchers are driving these grassroots changes, considering that most of these initiatives are voluntary, they add strain to already-high academic workloads, and are difficult to sustain through short-term contracts and high staff turnover. It therefore requires institutions to support these changes at a wider level, financially supporting such long-term initiatives and encouraging permanent staff into sustainability roles (Dobbelaere et al., 2022). Many universities have pledged to reduce their environmental impact across many areas, including reducing their CO2 emissions and phasing out single use plastic (LEAF-A New Approach to Achieving Laboratory Sustainability|Sustainability Exchange, 2024). A number of research institutions have joined accreditation schemes such as the Laboratory Efficiency Assessment Framework (LEAF), pioneered by sustainable UCL, which aim to reduce research related environmental impact by reducing plastic, water, energy, and general resource use (LEAF-A New Approach to Achieving Laboratory Sustainability|Sustainability Exchange, 2024; Net Zero Coalition|United Nations, 2024). Additional sustainability schemes include Green Impact, founded by students organizing for sustainability UK (SOS UK), and the non-profit organization My Green Lab. Helpful suggestions made by Alves et al. (2021) are applicable to wider practices, including chemical decontamination using Distel, rinsing, autoclaving, and re-capping of plastic tubes for reuse, saving on costs and incineration-emissions (Alves et al., 2021).

Some plasticware cannot safely be reused due to the risk of microbial contamination in tissue culture laboratories. The nutrients required to support eukaryotic cells also provide a favorable environment for a variety of bacteria and yeast which will thrive in a cell culture flask if given the opportunity, and single-use plastics come sealed, boasting a manufactures guarantee of sterility. Plastic serological pipettes are rendered non-sterile after a single use due to the need for the now-exposed external surfaces to be introduced to the internal, sterile, culture flask or reagent bottle, meaning that as soon as they are set down, they pose contamination risk. Their material, small aperture and filter also renders them unsuitable for sterilization and re-use.

Tissue culture plasticware is certified by the manufacturer to have low levels of endotoxins. Endotoxins consist of the heat-stable lipopolysaccharide (LPS) component, derived from bacterial cell walls. These are the most frequently encountered pyrogens in both the laboratory and in pharmaceutical manufacturing. Whilst autoclaving will destroy the bacteria themselves, endotoxins will remain. This can be problematic for cell culture facilities, as pyrogens may induce an inflammatory response in cells in culture, leading to oxidative stress, changes in proliferation, and changes in baseline cytokine production (Ryan, 2020; Nomura et al., 2017; Che et al., 2019). To reuse glassware for tissue culture, it must be sterilized, and endotoxins should be destroyed, termed depyrogenation. Dry heat sterilizes glassware and is more effective in destroying endotoxins than moist heat (Rashed et al., 2020). Recommended temperatures for dry heat sterilization and depyrogenation vary between 160°C and 250°C, with longer times needed at lower temperatures (Sandle, 2011).

Before plastic consumables became ubiquitous in tissue culture, glassware was routinely sterilized and reused, reintroducing these practices holds the potential to reduce plastic waste (Kilcoyne et al., 2022). In addition to landfill burden, CO2e outputs of material production, disposal, and reuse, as well as purchasing costs should be considered when deriving an alternative practice. The overall benefit of reducing single use plastic must be compared to the energy and resources required to reuse materials. Although the initial financial costs and CO2e footprint of glassware is typically higher than plasticware, additional ongoing costs and emissions are associated with its production and use (Farley and Nicolet, 2023).

To perform the comparison between traditional and sustainable cell culture practices in this study, we used Human primary pulmonary fibroblast (HPF) cells. HPFs can be used for a variety of applications such as the study of pulmonary toxicology, drug screening, and fibrosis (Phogat et al., 2023; Marwick et al., 2021). Recently, human primary cells cultured using phenotypically relevant culture systems have been increasingly recognized as advantageous. Exchanging fetal bovine serum (FBS) with human serum (HS) with the addition of cell-specific growth factors, can enhance the relevance of primary cell culture models, we therefore adopted a human-relevant methodology as derived by Bramwell et al. (2024).

Exchanging disposable plasticware for reusable glassware in cell culture is estimated to reduce CO2e footprints and single-use plastic disposal. However, if this argument alone were enough to encourage researchers to adapt their methods, single-use plastic would not remain commonplace. Lacking hands-on evidence of the successful re-introduction of glassware into routine cell-culture practices may be prevent the uptake of more sustainable cell culture practices. Additionally, concerns regarding cell viability, contamination of cultures, and changes in labor may deter users from implementing a change in tissue culture practices. We therefore set out to provide a candid and detailed account of the impact of implementing more sustainable culture practices for a tissue-culture user. We aimed to calculate the estimated CO2e footprint generated through obtaining and cleaning glassware compared with plasticware, compare the financial cost to the researcher, and evaluate any impact a change in practice caused on the proliferation rate, viability, and pro-inflammatory cytokine production of cells in culture.



Materials and equipment


Definitions

At the time of commencing this project, the comprehensive equipment required to depyrogenate glassware and utilize glass pipette tips were not yet available within our laboratory. We secured departmental funding to acquire this additional core equipment to perform this sustainable comparison. As the core equipment and subsequent start-up costs will vary from laboratory to laboratory, from this point we consider core equipment costs (oven and pipettes) separately from the replacement ‘consumables’ costs (glass bottles, lids, pipette tips, and cannisters).

During this study we consider:


‘traditional’, to refer to single-use plastic heavy cell culture methodology.

‘sustainable’, to refer to the exchange of glass bottles for 50 mL conical centrifuge tubes for aliquoting, the exchange of plastic 1 mL single-use plastic pipette tips for 1 mL glass pipette tips, and the exchange of 10 mL plastic serological pipettes for 10 mL glass pipette tips.

‘sustainable+’, to refer to the same exchanges made within the sustainable definition, with the additional re-use of plastic cell culture flasks three times.
 



Pipettes and pipette tips

For the purposes of comparison, a 10 mL Nichipet pipette (Nichiryo, Merck Life Sciences, Darmstadt, Germany) and 10 mL glass tips (1000–10,000 μL, Nichiryo, Merck Life Sciences, Darmstadt, Germany) were employed in parallel with a Pipetboy acu 2 (Integra, Fisher Scientific, Leicestershire, UK) and single-use plastic serological pipettes (10 mL, Sarstedt, Sarstedt Ltd., Leicester, UK). A 1 mL Nichipet pipette (Nicheryo, Merck Life Sciences, Darmstadt, Germany) and 1 mL glass tips (100–1,000 μL, Nichiryo, Merck Life Sciences, Darmstadt, Germany) were used alongside a 1 mL Pipet-Lite LTS pipette (Rainin, Mettler Toledo, Leicester, UK) and plastic pipette tips (1,000 μL, Rainin, Mettler Toledo, Leicester, UK).



Tubes and bottles

One hundred milliliter laboratory bottles (VWR, VWR, Leicestershire, UK) with heat resistant caps (Duran, VWR, Leicestershire, UK), or plastic 50 mL tubes (Sarstedt, Sarstedt Ltd., Leicester, UK), were used for the purposes of aliquoting reagents.



Oven and cannisters

Lidded stainless-steel beakers (Nickel Electro, Fisher Scientific, Leicestershire, UK) were used to store pipette tips. A dry heat oven, Sci Quip Oven-80HT (Sciquip, Sciquip Ltd., Shropshire, UK), was used for glassware sterilization and depyrogenation.



Startup costs

The total startup cost for core equipment and glass replacements for consumables was £2544.15. This includes the oven, pipettes, pipette tips, bottles, bottle lids, and cannisters. The breakdown for these was as follows: Sci Quip Oven-80HT £1,239, 100–1,000 mL pipette £409.78, 1,000–10000-ml pipette £450.54, 5 × 100 mL bottles £23.10, 5 × bottle lids £78,10 × 100–1,000 μL glass pipette tips £85.64, 10 × 100–1,000 μL glass pipette tips £101.44, 2000 mL cannister £83.69 and 1,000 mL cannister £72.96.




Methods


Definitions

As a reference point for both CO2e and financial calculations, we considered an individual researcher’s usage to be the number of iterations of passaging and subsequent requirement for glassware cleaning using the equipment obtained specifically for this project. This equates to an average of six consecutive passages, with ~6 interim media changes performed for one cell type in a month period.



Equipment cleaning sterilization and depyrogenation procedure

Glass pipette tips were submerged in 1% Virkon for 20 min then rinsed by submersion in distilled water to remove residue and collected in stainless steel cannisters. Glass bottles and lids were disinfected with Virkon, washed in a glasswasher (Miele P5883), and dried in a drying oven (SLS SLS5026). Once dry, the oven was used to heat all glassware at 180°C for 120 min to sterilize the glassware and with the view to destroy any remaining endotoxins. As seen in Figure 1.

[image: Figure 1]

FIGURE 1
 An overview of glassware cleaning, sterilization and depyrogenation process. Panels (A–G) demonstrate the steps taken to decontaminate (A), remove residue (B), clean (C), dry (D), prepare (E), depyrogenate (F), and store (G), glassware for reuse in cell culture practices. Created with BioRender.com. * Optional (glass pipettes were easier to hand wash).




Use of glass pipettes

Sterilized, closed cannisters containing glass pipette tips were only opened under sterile conditions. Tips were twisted onto the pipette by hand prior to use, ensuring that only the upper section of the bulb was handled. Users wore gloves, which were sprayed with 70% ethanol (EtOH) prior to any handling. After use, the pipette tip was removed via twisting, and cleaned. An overview of this process can be seen in Figure 2.

[image: Figure 2]

FIGURE 2
 An overview of glass-pipette handling for sustainable cell culture. (A) Storage cannister containing pipette tips. (B) An open storage cannister revealing pre-prepared pipette tips (only to be opened under sterile conditions). (C) Applying the glass pipette tip to the pipette by twisting the opening of the tip over the silicone O-ring on the pipette (handling of the bulb may be required using gloved hands cleaned with 70% EtOH). (D) use of the pipette. (E) Removal of glass pipette tip by manual twisting and placement into Virkon. (F) Rinsing tips with water after decontamination. Created with BioRender.com.




Re-use of flasks

Sarstedt, Nümbrecht, Germany, 83.3911 were re-used for three consecutive passages. After cellular detachment, cells were removed and flasks were washed twice using 7 mL of dPBS, prior to re-seeding the passaged cells.



Cell type and culture conditions

HPFs were kindly provided by SENISCA which commercially sourced these cells from PromoCell, Heidelburg, Germany with ethical approval granted at source (catalogue number C-12360, lot number 433Z024). Cells were cultured in DMEM, 10% human serum (HS, H3667, Sigma Aldrich, Gillingham, UK), and 1 ng /ml of basic fibroblastic growth factor (bFGF), (HZ-1285, Proteintech, Manchester, UK). Cells were seeded at a density of 5.25 × 105 cells in a T75 flask.



Passaging procedure

Cells were washed in dPBS (Gibco, Fisher Scientific, Leicestershire, UK), and detached using 3 mL TrypLE (10,718,463, Gibco). Once detached, this was neutralized using 3 mL 10% human serum (HS, H3667, Sigma Aldrich) in dPBS, and the suspension was centrifuged at 500 × g for 3 min. Supernatant was discarded into Virkon, and cells were re-suspended in 1 mL of media prior to counting using a Denovix CellDrop™ and Acridine Orange - Propidium Iodide (AO/PI) viability stain (BT40039 and BT40017, Cambridge Bioscience), cells were split 1 in 3, 1/3 of the total cell were frozen down into two cryovials, in Cryo-SFM (C-29912, Promocell), and the remaining 1/3 were counted and subsequently 5.25 × 105 cells were re-seeded in a T75 flask.

The handling and equipment required to culture cells using traditional versus sustainable culture methods varied slightly. The steps taken for the preparation and cleaning of the equipment, as well as the amount of equipment required per passage according to the above passaging procedure is indicated in Table 1.



TABLE 1 A tabulated comparison of single and reusable equipment preparation, use, cleaning, and disposal, between the traditional and sustainable cell culture practices used in this paper.
[image: Table1]



Monitoring of cellular characteristics

Cells were routinely observed and imaged using a light microscope to check for visual signs of contamination or stress. We calculated population doubling time, average cell diameter, and viability at each passage from individual datapoints collected from seven consecutive passages to compare cells grown in traditional and sustainable culture conditions.



Cell viability

The percentage of viable cells was measured at passaging with a Denovix CellDrop™ and Acridine Orange - Propidium Iodide (AO/PI) viability stain (BT40039 and BT40017, Cambridge Bioscience).



Population doubling time

The number of viable cells per ml was measured at passaging with a Denovix CellDrop™ and Acridine Orange - Propidium Iodide (AO/PI) viability stain (BT40039 and BT40017, Cambridge Bioscience).

[image: image]

PDT = Population doubling time.

h = Hours between passages.

[image: image]= Current cell count.

[image: image]= Cell seeding density.



Cell size and morphology

Cells were imaged using a light microscope (Zeiss AxioCam ERC55 PrimoVert) to visually compare the morphology of cells cultured using glassware to cells cultured without using glassware. Cell diameter was measured with a Denovix CellDrop™



Contamination

Cultures were monitored closely for signs of contamination, including clouding of the media, paying close attention to the phenol red indicator, and microscopic evaluation at each media change and passage.



Inflammatory cytokine production

HPF cells cultured using traditional (single-use plastic heavy), sustainable (using glass pipettes instead of plastic serological pipettes, and Duran bottles instead of 50 mL conical centrifuge tubes), and sustainable+ (as with sustainable, with the additional re-use of plastic culture flasks) conditions. Media samples were taken upon changing media or passaging, every 3–5 days.

Production of IL-6 by HPF cultured using traditional and sustainable practices were quantified by sandwich ELISA, using commercially available Human IL-6 DuoSet ELISA, (R&D Systems, Abingdon, UK). Protocols were followed according to manufacturer’s instructions and compared to standard curves of recombinant human cytokines between the range of 9.38 and 600 pg./mL. Colorimetric development was determined spectrophotometrically by a PHERAstar microplate reader at 450 nm.



Reporting and statistics

A HPF culture was consecutively passaged using traditional, sustainable, or sustainable+ conditions and readouts were performed for seven consecutive passages. Datapoints were collected at each passage and considered as one biological replicate (n = 1). Cell PD time, viability, and size were calculated from one technical replicate, taken as a singular reading taken on the Denovix Cell drop, and IL-6 expression was calculated from 3 technical rep = licates from ELISA readouts.

Due to the small number of datapoints, non-parametric testing was performed on all occasions. A Mann–Whitney U test was conducted to compare traditional and sustainable culture for cell population doubling time, viability and size. Independent Mann–Whitney U tests were performed to firstly compare IL-6 production between traditional and sustainable methods to explore the impact of glassware on the cellular inflammatory response, and secondly to compare sustainable methods with sustainable+ methods, to explore the impact of single-use flasks with re-using a plastic culture flask up to three times. A p-value lower than 0.05 was considered to be statistically significant. Statistical tests and graphs were completed using Graphpad Prism version 10.0.3 for Windows (GraphPad Software, San Diego, California USA1).



CO2e footprint estimates

CO2e, or carbon dioxide equivalent, accounts for total greenhouse gases emitted, expressed in terms of the equivalent measurement of carbon dioxide. The estimated CO2 and cost saving scenarios presented in this paper were based on the usage, cleaning system, and equipment in place during this project. The number of glass and plastic consumables used were recorded over the 31-day duration of this study. These records were used to estimate the CO2e footprint of plastic consumables and glassware used during the study and to estimate differences in CO2e if glassware use continued and expanded to more researchers. The CO2e footprint of glass and plasticware production, as well as glassware reuse, was estimated using the UK government 2022 conversion factors (Department for Energy Security and Net Zero and Department for Business, Energy and Industrial Strategy, 2022). Electricity and water consumption values were based on figures provided in manufacturer equipment manuals and the consumption was scaled to the proportion of the load taken up by the equipment designated to this study.

To further compare the CO2e footprint of traditional culture to sustainable culture methods, the estimated CO2e emissions of a month of study conditions were extrapolated to a longer time scale. The CO2e footprint of sustainable culture was estimated at different points in time by adding the emissions from glassware production to total emissions from reuse, and plasticware production and incineration for the number of months. The estimated CO2e footprint of reuse includes water and electricity usage from pipette rinsing, dishwasher runs, and oven use The footprint of traditional culture was estimated as the emissions of plasticware production and incineration by month.



Financial costs

The research costs, at the level of the individual researcher were calculated to include the direct cost of equipment including plastic consumables and glass alternatives. These were compared using the 2023 list prices of the materials purchased for this study. Due to the small proportion equipment used within this trial when compared to the vast number of researchers utilizing the same laboratory facilities, and the inherent variability of facilities and estates costs depending on the energy efficiency of equipment, laboratory, institution, and region, the utilities costs were not included within our calculations. Core equipment startup costs were considered separately to replacement “consumables” costs as detailed in the materials and equipment definitions section. Subsequently, replacement glass pipette tips, cannisters, bottles, bottle lids, and supporting plasticware were included in the costs calculation.




Results


Cellular characteristics

Human pulmonary fibroblasts (HPFs) were serially passaged for seven passages under two different conditions. Firstly, cells were cultured using traditional, single-use plastic-heavy methods. Secondly, cells were cultured using sustainable methods using re-usable glassware in exchange for plastic pipette tips and Duran bottles in exchange for 50 mL conical centrifuge tubes. Finally, cells were cultured using re-usable glassware and re-using the same plastic culture flask for multiple passages for comparison with traditional single-use culture for three consecutive passages. At each passage cell counts, cell viability, and cell size was recorded for traditional and sustainable culture methods. In addition, supernatant was collected, and images were taken for morphological comparison between cells cultured for only one passage per single-use flask and cells cultured for a second and third passage in a singular culture flask.

‘Traditionally’ and ‘sustainably’ cultured cells exhibited no differences in proliferation, size, or viability across the three passages. There was no significant difference in cell population doubling (PD) time between cells cultured with glassware compared with plasticware (p = 0.4848) as indicated in Figure 3A. Population doubling time for HPFs cultured with glass was 47.83 h (SEM 2.39) and 52.15 h (SEM 4.04) for HPFs cultured with plastic. There was also no significant difference in cell size, Figure 3B (p > 0.9999) or viability, Figure 3C (p = 0.5962). Additionally, the re-use of culture flasks up to three times led to no observable differences in cellular morphology when compared to single use, as seen in Figure 4.

[image: Figure 3]

FIGURE 3
 Key characteristics of Human Pulmonary Fibroblast (HPF) culture do not vary between cells cultured with plastic or reused glassware. (A) HPF population doubling (PD) time, (B) HPF mean cell diameter at passaging and (C) percentage of viable cells at passaging, were compared across seven consecutive passages, from p12 – p18. Each datapoint presented was calculated from a singular readout taken using a DeNovix CellDrop at each passage (n = 7). Statistical significance between cells cultured with plasticware and glassware was calculated using a Mann–Whitney U test, p-values <0.05 were considered to be statistically significant. Error bars denote the mean +/− standard error of the mean (SEM).


[image: Figure 4]

FIGURE 4
 Human Pulmonary Fibroblasts (HPFs) are morphologically analogous when cultured in a new flask (A,B) or a reused flask (C,D) for at least three consecutive passages. Images were taken 2 days post-passaging (A,C, p15), (B,D, p16) at 100 × magnification. Contrast and colour balance was edited post-acquisition for presentation purposes.


Conditioned media collected from reused flasks was screened for IL-6 expression by ELISA. The mean concentration of IL-6 secretion did not vary significantly between HPFs cultured traditionally without glassware, nor sustainably with glassware (p = 0.9682), Figure 5. Additionally, IL-6 expression did not significantly differ between sustainable culture, and sustainable+ culture, which additionally included the reusing of a culture flask across three consecutive passages (p = 0.5135).

[image: Figure 5]

FIGURE 5
 No significant difference in interleukin 6 secretion (IL-6) (used as a proxy for endotoxin exposure) was observed between human pulmonary fibroblasts (HPF) cultured using plasticware or glassware, nor between single-use flasks and re-used flasks. IL-6 concentration (pg/ml) was measured by sandwich ELISA, from conditioned media samples collected at, and once between, each passage, from cells cultured sustainably- using glassware (n = 7), traditionally- without glassware (n = 7), and sustainable+- with glassware and reused flasks (n = 5). Statistical significance was calculated between traditional and sustainable culture, and sustainable and sustainable+ culture using a Mann–Whitney U test. p-values <0.05 were considered as statistically significant. Error bars denote the mean +/− standard error of the mean (SEM).


Collectively, these data indicate that cellular phenotype and culture sterility are not compromised by the introduction of reusable culture ware.



CO2e footprints and projections

The CO2e footprints of culture conditions over this were estimated, considering the production of consumables, glassware reuse, and plastic incineration. These estimates were then used to compare the potential CO2e footprint overtime if culturing in the same conditions continued. During this study, glass pipettes were reused 5 times and glass bottles were reused 2 times, and culture flasks were reused three times.

The initial CO2e footprint for the production of the glassware used in sustainable culture was 8.63 kg, including the metal cannisters for pipette tips. The reuse of glassware and the production of accompanying single-use plastics were estimated to have a CO2e footprint of 3.16 kg per month. The production and incineration of plastic consumables required for traditional culture had a CO2e value of 4.11 kg per month.

If plastic pipettes were exchanged for glass pipettes but plastic tube use continued, the footprint of cell culture including glassware would become equal to cell culture with only single use plastic after 8 months, Figure 6A. If 50 mL plastic tubes were exchanged for glass bottles, it would take 42 months until the use of glassware led to a reduction in CO2e footprint, Figure 6B. The total CO2e footprint of traditional culture would surpass the CO2e footprint of the sustainable culture conditions after 10 months of culture, or 4 months if flasks were reused in addition to using glassware, Figure 6C. The CO2footprint of sustainable culture after 5 years is 21.79% lower than culturing with plastic for 5 years. This equates to 48.48 kg CO2e reduction for a single user.

[image: Figure 6]

FIGURE 6
 Over time, re-usable culture ware is more cost-effective and energy efficient than single use plasticware. Based on extrapolated usage from 1 month of human pulmonary fibroblast (HPF) culture, consisting of 6 passages and interim media changes, the CO2e and financial cost and of tissue culture plastic consumables and corresponding replacement glassware is displayed for 60 months and 180 months, respectively. This is broken down into the CO2e (A) and cost (B) of plastic pipette tips compared to the cost of 1,000 μL and 10,000 μL glass- and supporting 20 μL plastic- pipette tips, the CO2e (B) and cost (E) of 50 mL plastic conical centrifuge tubes compared with glass 100 mL bottles and heat-proof lids. Total costs are displayed in panels C and F, which demonstrate the total CO2e (C) and cost (F) of consumables used in traditional tissue culture compared with the glassware and consumables used in the sustainable culture conditions as per the methodology and equipment used within this study.




Financial costs

The cost of replacement “consumables” used in this project was £444.83 including ten 1,000 μL glass pipette tips, ten 10,000 μL glass pipette tips, cannisters, five 100 mL glass bottles and five heat resistant lids. The cost of plasticware used in sustainable culture over a month was £6.09 while the monthly cost of plasticware used in traditional culture was £13.21. Whilst the initial cost of glassware is higher than plasticware, the ongoing cost of plasticware is greater and costs equalise around the 5-year mark, making glassware cheaper beyond this point. If plastic disposable serological pipettes and 1 mL pipette tips were replaced with glass alternatives, the cost of glassware would be lower than if only plastic had been used after 60 months, Figure 6D. If plastic 50 mL tubes were exchanged for glass 100 mL bottles, it would take 162 months, Figure 6E. Substituting glassware for both tubes and pipettes would mean that the cost of only using plasticware would exceed the cost of glassware after 63 months, Figure 6F. Overall, if an individual used the same culture method with reusable glassware instead of culturing only with plasticware, £408.78 or 29.6% less would have been spent on consumables after 10 years.



Practical perspectives

Important findings from this study also included the experience, views, and narratives of the current and prospective users of the sustainable methodologies explored within this paper. Below we detail some of the concerns, challenges and successes experienced when implementing this adapted practice.

Implementing a new practice

• One concern amongst colleagues was whether changing to glassware would be time consuming and labour intensive. Whilst there is no disputing that single use plastic does require less preparation and prior planning, the hands-on time required to prepare glassware as a part of routine practice was unexpectedly minimal and the methodology used in this study required ~1 h of preparation time per week.

• Considerations made prior to incorporating any new equipment into a lab included:

The lead time on equipment.


The local infrastructure including gaining relevant approvals including PAT testing and ensuring appropriate space for the incorporation of the oven.



Ensuring appropriate storage for glassware and facilities for the cleaning of equipment.


• Additional forward planning to ensure that sterile glassware is prepared in advance. It may take practice to develop an appropriate schedule to optimize turn-over.

• Finally, the use of glass pipettes required additional care and practice. These changes remain consistent with the dexterity and attention to detail already prevalent in cell culture practice, but as with any initial training, users may wish to first practice handling ahead of time, not during critical experimentation.

Costs and resourcing

• Suitable glassware suppliers were lacking. Even previously attainable basics, such as serological pipettes were unavailable which proved time consuming when trying to source appropriate alternatives to plastics.

• Whilst glass Duran bottles are inherently heat-resistant, the availability of heat-proof lids were scarce amongst suppliers and unexpectedly costly.

• We were initially surprised to discover that glass pipettes do not come with their own heat-proof storage boxes. Sourcing cannisters that would fit the dimensions of the glass pipette tips was challenging, but possible. Depending on purchasing requirements, inexpensive cookware may offer a suitable alternative.

• We hope that more suppliers will respond to increased demand resulting from sustainability initiatives by providing a wider variety of products with more competitive prices.

Sterility

• Contamination concerns are prevalent within the research community, and subsequently antibiotics are commonplace within routine cell culture. Adapting practice may be deemed to risk compromising aseptic technique.

• All handling practice, cleaning, preparation and experimentation was performed under antibiotic-free conditions by a tissue culture novice.

• No contaminations were identified during this study. We hope this reassures researchers that adopting these more sustainable practices will not pose any significant additional risk to the sterility of cultures.




Discussion


Summary

Here, we present a successful and more sustainable alternative method to traditional cell culture. By culturing human primary fibroblast cells (HPFs) in parallel, we demonstrate that sustainable culture has no negative impact on cell morphology, viability, or population doubling times, reassuring researchers of continuity of cell culture expansion and downstream experimental outcomes when including sustainable practices. We also indicate that dry-heat sterilization of glassware for 2 h at 180°C suitably sterilized and depyrogenated glassware for the culture of HPF cells, as indicated by the lack of contamination or IL-6 production by cells cultured using sustainable glassware. We estimate that it is possible to save 105.92 kg CO2 emissions and £408.78 over a 10-year period if just one researcher, culturing one cell type, were to alter their practices to these more sustainable methodologies, not to mention the reduced landfill burden, depending on laboratory waste streams.

With the UK’s goal to reduce its carbon emissions by 45% by 2030, and reach ‘Net Zero’ by 2050, there is an increased onus on the sustainability of corporations as well as the individual (GOV.UK, 2024). Considering that the life sciences industry contributes so substantially to global CO2 emissions, universities and healthcare settings have a responsibility to evaluate how to best implement practices that reduce this negative environmental impact. Small changes in routine practice, such as the re-introduction of reusable glassware into day-to-day use, hold the potential for a widescale reduction in landfill burden from waste generated in laboratory settings.



Environmental impact

The cost and energy saving potential, due to replacing single-use plastic with reusable glassware, is dependent on the energy rating and optimal loading of individual ovens and glass washers. Maximizing the efficiency of equipment cleaning and re-use is necessary to increase environmental benefits. In this scenario, the single user, and modest glassware in use was suboptimal and equated to approximately one full load. When considering the need for timely turn-over, partial (~½) loads were often run. The estimated CO2 emissions resulting from oven use were calculated proportionally, by considering the volume of the oven occupied for the glassware used for this project, and assuming the remainder of the oven was filled with additional equipment. Partial loading of the oven would inflate CO2 emissions (5.5 kg) when compared to full oven-loads (estimated 2.25 kg). Obtaining more equipment, increasing oven users, and careful planning of equipment use maximizes the use of the oven capacity. Capacity, therefore, can reduce the monthly CO2 emissions to less than that of single use plastic (4.1 kg), when compared with incomplete loads.

Water usage also contributes to emissions, as well as affecting existing supplies of clean water. Considerations must also be given to laboratory wastewater from sustainable practice cleaning routines, which if not correctly handled may also present an additional risk to the environment when considering varying local wastewater management (Choudri et al., 2020). The quantity of water needed to reuse glassware depends on the efficiency of laboratory dishwashers, as well as other equipment or processes for rinsing glassware. Disinfectants and cleaning detergents can also have a negative environmental impact through their production and disposal, particularly if used improperly. Bulk processing of glassware and selection of reagents based on environmental and health safety, as well as effectiveness, would minimize their contribution to the environmental impact of glassware reuse.



Financial impact

The cost of sustainable equipment, including pipettes, glass bottles, and bottle lids were higher than that of the plastic consumables needed for typical culture for 1 month. However, the total cost of typical culture over time would eventually exceed the cost of the reusable stand-ins for plastic consumables. If experimental load increased for sustainable culture, within reason, glassware could be turned over for reuse more frequently, minimizing the need for additional purchases, unlike in the case of single-use plastics.

The more users in each laboratory, the more rapidly start-up costs are covered by the savings made from reducing single-use plastic purchases. We envisage that increased uptake of such sustainable culture methods could pave the way for reduced initial costs to the research group by increasing institution acquisition of dry heat ovens. We also hope that increasing customer demand drives more suppliers to re-stock glass pipettes, which may enhance competitor demand for reusable laboratory glassware. Not accounted for in this study, is the additional cost of technician time that would likely be required for the efficient wide scale rule out of re-usable glassware laboratory wide. In this study, the cleaning and sterilization of glassware added approximately 1 h of work a week to the researcher. A bulk washing system support by a technician would help to ease time burden on researchers, particularly in the case of wider scale implementation. In addition to the cost of expanding technical support, the use of water, electricity, and disinfectant needed for glassware reuse would increase core facility costs. However, once the original materials are obtained, time savings will be made due to the reduced need for stock-takes, regular ordering. Additionally, in-house glassware will reduce the risk of supply issues and lengthy lead times, reducing overall experimental timeframes.



Research impact

The scope of exchanging plastics for glass within the laboratory will vary depending on application, such as cell culture, molecular investigation and proteins to ensure adequate data measurements (Goebel-Stengel et al., 2011). In this case, we could not source glass flasks for culturing cells and opted to trial reusing plastic flasks instead, experiencing success with reusing flasks at least three times for culturing HPFs. Plastic adherent cell culture flasks come pre-treated by the manufacture to reduce the natural hydrophobicity of polystyrene and promote cellular attachment (Polystyrene (PS) Labware-UK, 2024). If researchers were to trial glass flasks, coatings such as Poly-L-Lysine or collagen may be required to promote the attachment of adherent cells, the adequate removal of these coatings may prove challenging when washing glassware for reuse (Cultureware: From Glass to Plastic-Eppendorf Australia, 2019). One clear benefit of using reusable glassware compared within reusing polystyrene or polypropylene culture-ware is the potential to autoclave and bake glassware due to its resistance to higher temperatures. Polystyrene begins to deform at ~100°C, polypropylene at ~160°C (when commercial grade and not fully isotactic) and glass at >800°C (Rieger, 1996; Polypropylene, 2024; Boyi, 2024). Additionally, glassware is more physiochemically inert and therefore resistant to degradation. Impactful research, such as with the plasticiser Bisphenol A which mimics human oestrogen, has demonstrated the endocrine disruptive capacity of plasticisers, which cannot be mediated by everyday practice (Galloway et al., 2018). Furthermore, glass is more conductive relative to plastic. This can lead to more variation in temperature at the surface level of a culture vessel, however, glass implements are typically thicker which lead to similarities in general thermal conductivity. Development focus on coatings and methods for cell culture surface suitability would be beneficial to optimize culture options using glass surfaces (La Merrill et al., 2020; Yang et al., 2011; McManus and Sharifi, 2020).



Tissue culture impact

Despite antibiotic free culture conditions within this study, no contaminations were observed, demonstrating sterility of practice in a more sustainable context. Many laboratories unnecessarily use antibiotics and antimycotics for the routine culture of human cell lines. Fear of contamination and therefore perceived time and cost savings as a result are often drivers for this (Why Use Antibiotics in Cell Culture?, 2024). However, providing proper aseptic technique is used, contamination of antibiotic-free cell culture is unlikely, and routine freezing of cell stocks provide a less environmentally hazardous failsafe than consistent antibiotic use (Hanna et al., 2023). Antibiotics have been demonstrated to interfere with cellular biological processes and their misuse is frequently reported to drive antibiotic resistance; despite this knowledge their prophylactic use in cell culture is still frequent (Mancuso et al., 2021; Hassan and Ahmad, 2020).

To reduce variability in cell culture and produce relevant and reliable results it is important to ensure that cells are not exposed to stimulatory levels of endotoxins. Endotoxin contamination can significantly impact immune cell activity and may also impact mRNA and protein expression of other cell types that respond to pathogens. IL-6 is a multifunctional cytokine and endogenous pyrogen that plays a role in generating an immune response to endotoxins (Yap et al., 2022; Tanaka et al., 2014). Fibroblasts are capable of IL-6 production in response to LPS (Che et al., 2019). When considering glassware exposed to microbes, immune cells or precious stocks of alternate cell types, future users may wish to perform a confirmatory depyrogenation testing. If using a cytokine proxy (as with IL-6), users should consider the most appropriate reporter for their cell-type (Sandle, 2011; Chaiwut and Kasinrerk, 2022; Zhang et al., 2015). Multiple commercially available tests are available which can range from the deliberate introduction and subsequent confirmation of endotoxin destruction after employing the chosen depyrogenation method. In this case, monocytes as reporter cells and to produce IL-6 in the presence of endotoxin, this is then detected by ELISA and is known as the monocyte activation test (MAT) (Solati et al., 2022). To reduce variability in cell culture and produce relevant and reliable results it is important to ensure that cells are not exposed to stimulatory levels of endotoxins. Endotoxin contamination can significantly impact immune cell activity and may also impact mRNA and protein expression of other cell types that respond to pathogens. Limulus Amoebocyte Lysate (LaL) assay is a further, more direct method, whereby Limulus lysate will coagulate in the presence of LPS (Limulus Lysate Test - an overview|ScienceDirect Topics, 2005). Endotoxin challenge vials are also a useful tool and are introduced to the oven alongside glassware, a < three-log reduction in endotoxin units is considered as suitable depyrogenation (U.S. Department of Health and Human Services, 2004). If the current parameters are deemed insufficient, depyrogenation temperature and time could be increased, or additional methods including caustic rinsing may be used (Sandle, 2013).

In our study, HPF cells cultured using glassware did not significantly increase IL-6 production when compared to their guaranteed endotoxin-free plastic counterparts. We consider this to be a good initial indication that baking the glassware for 2 h at 180°C is sufficient to degrade endotoxins. We avoided higher temperatures which may damage bottle lids and minimized baking time to 2 h to reduce environmental impact.



Wider implementation of sustainable laboratory practices

When repurposing these methods, it is important for researchers to carefully consider individual requirements for each assay type. For example, when storing reagents intended for use with RNA and DNA, which is sensitive to degradation by environmental enzymes, researchers may wish to explore further preparation of glassware such as with commercially available decontaminants such as RNAse-Zap and DNAse-Zap. At present, directly exchanging single use plastic pipette tips and 1.5 mL tubes for glassware may be inappropriate in the case of sample handling, due to an increased risk cross-contamination. Thorough, carefully validated decontamination protocols would need to be derived and applied to guarantee no cross-contamination in the case of patient samples. Additionally, depending on what is being stored within a vessel, specific decontamination and cleaning protocols may be required to safely and appropriately clean glassware that has previously contained hazardous reagents. Alternatively, some glassware may become reserved for the storage of a specific chemical to prevent the need for frequent cleaning.

Additional, more broadly applicable steps can be easily implemented to promote more sustainable practices. These could include adding additional waste streams to separate out recyclables that have not been in contact with hazardous samples or reagents, using refillable tip boxes and appropriately sized reagent vessels, minimizing the usage of gloves, and signing up to a glove recycling scheme. In addition to this, shopping wisely, by only ordering what you need; rather than bulk buying for discounts, keeping an inventory of consumables already on site, ordering equipment and reagents with a lower carbon footprint, i.e., from more local suppliers, and from companies that are mindful of their packaging and shipping practices, can have a substantial impact on CO2e emissions. Research Laboratories also require 3–10 times more energy per m2 than academic spaces, which can be reduced directly by increasing the temperature of ULT freezers from-80°C to-70°C for energy savings of ~28%, transferring DNA samples to-200C freezers with no risk of denaturing and ensuring that samples and reagents are stored only as long as necessary (U.S. EPA and U.S. Department of Energy Office of Federal Energy Management Programs, 2008; Farley et al., 2015; Wu et al., 2009). Further suggestions to improve laboratory sustainability are available in the publications by Durgan et al. (2023), Dobbelaere et al. (2022), and Greever et al. (2020).



A note to policy makers and suppliers

With wider uptake, it is small changes like those presented in this paper that may significantly reduce both CO2 emissions and the landfill burden generated by research laboratories worldwide. It should be noted that mobilizing funds for sustainable start-up equipment may be additionally difficult for those on short-term research contracts, as often with early career researchers. The upfront financial costs and concerns regarding increased time expenditure may still act as barriers for widescale uptake.

To overcome this, institutions could ensure that the basic infrastructure and core equipment is made is available to support researchers to make this sustainable transition. Included within this, we recommend that institutions consider the dedication of technician time to support glassware cleaning and equipment maintenance, enabling such practices to become routine. Additionally, small grants to obtain reusable equipment would make these practices more accessible on a wider laboratory scale.

In fast paced environments, it is important that researchers are aware of the negative impact of the single use culture and aware of suitable alternative practices that: (a) are little extra time burden (b) have no long-term additional financial cost and (c) do not compromise sterility of practice. Incentivizing the uptake of sustainable initiatives as well as reporting individual and laboratory-wide statistics on CO2e and landfill burden may further help to persuade researchers to adapt their practices. The ‘concordat for the environmental sustainability of research and innovation practice’ demonstrates the shared ambition its signatories at UK research institutions to ensure the future design and practice of UK research and innovation is environmentally sustainable (Concordat for the Environmental Sustainability of Research and Innovation Practice, 2023).

Making sustainability a stipulation for access to grants from certain funding bodies may further encourage the transition to sustainable culture practices. An example of this is Cancer research UK, who have implemented the requirement for Lead and Joint Lead applicants research groups to hold ‘LEAF’ or ‘My Green Lab’ certifications at the silver level or an equivalent scheme at the time of grant submission from January 2026 (Cancer Research UK, 2024). Accountability, Consistency and Transparency (ACT), environmental impact labelling, endorsed by ‘My Green Lab’, is a helpful way for researchers to identify the sustainability of laboratory products (ACT Home, 2024).

It would be additionally helpful if suppliers could promote and provide a broader repertoire of reusable equipment at more competitive prices to improve the accessibility of sustainable labware.




Conclusion

To challenge the use of unsustainable plasticware as default and to encourage researchers to practice more sustainable alternatives, we have empirically demonstrated the suitability and sterility of re-introducing glassware into routine cell culture. Additionally, we discuss the current challenges including sourcing equipment, upfront cost, and adapting laboratory protocols, and make recommendations to researchers, suppliers, and policy makers to ease the transition back to more sustainable practices.

In a side-by-side comparison, we observed no change in cell proliferation, viability, pro-inflammatory cytokine production, or contamination in HPFs cultured with dry heat sterilized glassware compared to cells cultured with typical single use plasticware. Incorporating glassware into an established method required little increased hands-on time, providing prior planning was used, moreover, it is calculated to result in a long-term reduction in both spending and emissions. Increased uptake of sustainable practices would improve efficiency by maximizing use of open space and optimizing turnover, as well as hopefully improving the commercial availability of glassware once more, due to increased demand.

The practices outlined in this paper are just one way in which laboratories can begin to reduce the environmental impact of their activities without having to compromise sterility or experimental reproducibility.
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Preparation

Order reagents and culture equipment regularly. Order reagents regularly and culture equipment infrequently.
Unpack pre-sterilised equipment. Prepare glassware by placing in lidded cannisters and heating to 180°C for 120 min, Figure 1.
Prepare reagent Aliquots in 50mL. conical centrifuge tubes. Prepare reagent Aliquots in 100mL glass Duran bottles.
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Cleaning/disposal

Single use Reusable

Place serological pipettes and used conical centrifuge tubes into clinical waste bins ~ Aspirate Virkon with glass pipette tip then remove tip and leave in Virkon for at least

which will later undergo incineration or be sent to landfill 20min. Rinse with water, allow to dry, and add to metal cannister for dry heat
sterilisation. Swill glass bottles with Virkon where required and rinse after <20min.

Dispose of packaging via domestic waste streams. ‘Wash 100mL glass bottles in the laboratory glasswasher, allow to dry, and re-cap loosely
for dry-heat sterilisation.

PP, polypropylene. Consumables or glass-equivalent use is indicated for one passage.
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