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In biopharmaceutical production involving cells, cell-derived products, or tissues, the cleaning of surfaces that come into direct or indirect contact with the product is currently performed mostly by hand as the initial step in decontamination. This manual approach leads to production inefficiencies, reduced reproducibility of decontamination processes, and product losses. In food production, automated processes are preferred for the decontamination of interior product contact surfaces. This article studies the feasibility of adapting the automated cleaning-in-place concepts used in the food industry to biopharmaceutical production. The focus is on spray cleaning processes and validation by cleaning simulation. An existing automated cell production platform is used as a case study for validation. The results indicate that modifying an existing platform to support cleaning-in-place presents significant challenges. However, the article outlines general design guidelines for developing new biopharmaceutical production platforms that can accommodate automated cleaning.
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Introduction

In the biopharmaceutical and food industries, contamination is one of the highest risk factors for product quality and safety. In food production, (i) physical, (ii) chemical, or (iii) (micro)biological contamination of the product can lead to an unwanted or unacceptable taste or even poison the customer, which can lead to death and high costs for the healthcare systems (1, 2). These contaminants can originate from the food source, such as the raw food or animal, a processing step, or cross-contamination with other products or residues (3). In addition, thorough quality control of the food source and the production process, thorough cleaning of the production site is a major part of food safety and quality assurance.

In biopharmaceutical production, the importance of cleaning is at least as high. The consequences of contamination can be more severe, as these products are often directly injected or implanted into the patient. The risk of contamination lowering the efficacy of the product and injuring or killing the patient is very high (4, 5). Furthermore, in this production field, cross-contamination with cells from another patient is a major risk factor, along with contaminants from the outer environment or production personnel.

While in food production, many decontamination processes are already partly or completely automated (6), decontamination in the biopharmaceutical industry is still mainly performed manually and is therefore highly work-intensive and prone to human error and variation. Automation increases the efficiency, stability, and reproducibility of the process and allows for consistent data documentation, therefore leading to a consistently high product quality and enabling up-scaling of the process yield (7–9). In addition, the automation of decontamination processes reduces or eliminates the need for personnel to enter the production area, which could contaminate the area by distributing loose particles, viable organisms, or residues from a harmful biological product (10). In particular, it makes sense to also automate decontamination at a site that has fully automated production processes, as some of the required infrastructure is already available and it brings the site far closer to complete and fully self-sufficient automation.

The objective of this article was to investigate the feasibility of transferring technological approaches to the automatic decontamination of product-contact surfaces in food production to biopharmaceutical production. First, the regulations, requirements, and implementations in both industries are outlined, followed by the current decontamination technologies and concepts. Hereafter, possible automated decontamination applications in the biopharmaceutical industry are described. Finally, a sample automated cleaning platform for the biopharmaceutical industry is presented and analyzed in a dedicated cleaning simulation software.



Regulatory requirements

To avoid contamination, several standards, guidelines, and regulations exist in both industries. The most important guideline that biopharmaceutical processes in the European Union must follow is good manufacturing practice (GMP). Even though it is only a guideline, most countries refer to it in their laws, making implementing the GMP guidelines mandatory. The GMP guidelines consist of several parts and annexes, of which Annex 1 is the most relevant regarding the production environment and cleaning (10). It describes the design requirements for a hygienic environment for processing, including decontamination and monitoring. Further important sources are two standards: ISO 14644, which also consists of several parts that describe requirements for cleanroom design, monitoring, and usage (11),; and ISO 17141, which contains recommendations for biocontamination control in cleanrooms (12). Both have many parallels with the GMP guideline.

In the food production industry, adherence to regulatory standards such as ISO 22000, GMP, and Hazard Analysis and Critical Control Points (HACCP) is crucial to ensure safety and quality. ISO 22000 is an international standard that specifies the requirements for a food safety management system (13). GMP guidelines are designed to ensure that food products are consistently produced and controlled according to quality standards, minimizing the risks involved in food production that cannot be eliminated by testing the final product (14). HACCP is a preventive approach that identifies potential hazards in production processes that can make food unsafe and designs measures to reduce these risks to a safe level (15). These standards collectively help to safeguard consumer health by ensuring comprehensive safety controls throughout the food supply chain.



Current decontamination processes

Prior to disinfection, a thorough cleaning of the production area must be carried out in both food and biopharmaceutical applications. For a thorough cleaning, all unwanted matter, such as soil, food residues, dirt, grease, or any other objectionable matter, must be removed, as this matter can contaminate the product as well as provide attaching surfaces and protection for viable organisms. This step shall be henceforth referred to as cleaning and is expected to reduce the microorganism load by 99% (16). Second, any viable organisms need to be deactivated through disinfection or sterilization. Disinfection reduces the number of microorganisms on surfaces by 99.999% through the application of chemical agents or physical methods (16, 17). Sterilization is the process of killing or inactivating all microorganisms, including bacteria, viruses, and spores. The latter should be selected for GMP-compliant decontamination in biopharmaceutical production (18–20).


Decontamination in the food industry

In the food industry, the common objective of cleaning procedures is to remove unwanted layers until the visual cleanliness of all surfaces is achieved (6). This includes removing various types of substances, such as carbohydrates, proteins, and fats, which require different cleaning agents and methods. For instance, alkaline cleaners are normally used for organic substances, while acidic cleaners are needed for inorganic substances (21, 22).

Cleaning procedures can comprise both manual cleaning and automatic cleaning-in-place (CIP) processes. The human factor provides flexibility and adaptivity. However, manual cleaning takes longer, the reproducibility of the cleaning results is often lower, and large equipment or tanks are not always accessible. Thus, to mitigate these drawbacks, CIP processes are commonly used.

Sinner's circle is often used to describe the balance between the most important factors that influence the cleaning process: (i) time, (ii) temperature, (iii) mechanical action, and (iv) chemical action. Moreover, the influence of the properties of the surface to be cleaned is considered by the extended Sinner’s circle (23–25).

CIP involves circulating cleaning solutions through pipes, tanks, and other equipment without dismantling them (6, 26–29). Cleaning processes in closed or immersed systems (e.g., pipes, heat exchangers, valves) are characterized by a two-phase system consisting of the surface to be cleaned and the cleaning fluid. Cleaning processes in open or non-immersed systems (e.g., filling machines, washing cabins, and tanks) are characterized by a three-phase system consisting of the surface to be cleaned, the cleaning liquid, and the atmosphere (27, 29–32). In open systems, the cleaning solutions are applied to the surface by means of static spray nozzles or spray balls, rotary spray cleaners, or rotary jet cleaners. The automation of these processes ensures sufficient cleaning and disinfection, reducing downtime and improving efficiency. CIP processes take place in a fixed sequence with defined rinsing, cleaning, and, if necessary, disinfection durations (29, 33). Usually, the cleaning process is time-based, and current control systems are designed to fulfil the functional requirements of cleaning processes with fixed sequences. Through the underlying principles of cleaning validation and verification, commercial cleaning processes have been developed based on worst-case scenarios, resulting in excessive cleaning protocols (27, 34).

Chemical and physical methods are used for the sterilization and disinfection of food contact surfaces, such as packaging materials and machine components. In addition to conventional heat treatments using saturated steam or the application of common disinfectants such as hydrogen peroxide or peracetic acid, alternative decontamination methods, such as cold plasma, pulsed light, and UV-C irradiation, have gained increasing attention due to their effectiveness in decontaminating food contact surfaces at low temperatures and with reduced energy consumption (35, 36).



Decontamination in the biopharmaceutical industry

The GMP guidelines define different sterility grades for biopharmaceutical production depending on the sensitivity of the processes performed in the corresponding area, with grade A the strictest, followed by grades B, C, and D (10). Cleaning methods such as blowing or ultrasound, which only loosen particles but do not remove them, or vacuum cleaning, which removes loose particles but not dirt or fluid sticking to the surface, are unsuitable for cleaning in grade A (37, 38). Therefore, the gold-standard method for manually cleaning environments for biopharmaceutical production is wiping. It requires specially designed sponges and tissues that emit sufficiently small amounts of particles (39). To ensure that all the particles are removed, the wiping pattern should be defined by wiping from top to bottom and in unidirectional tracks that overlap each other (40). This makes wiping very time-consuming and very challenging to automate.

The most established sterilizing method in the biopharmaceutical industry is vaporized hydrogen peroxide (H2O2). This gas is ventilated into the production area and is kept there for between 30 min and up to several hours before being removed (41). Another established sterilization method is heating. It is usually applied using autoclaves that kill contaminants with hot vaporized water (42).

Decontamination in biopharmaceutical production is currently mainly carried out manually. The usual sterilization methods in the biopharmaceutical industry are simple to automate, such as H2O2 vaporization, which only requires a ventilation pump system. Thus, the bottleneck for fully automated decontamination is cleaning, as only wiping and flushing with cleaning fluids are acceptable methods. Automating wiping in a biopharmaceutical production platform requires that a robot move a wiping tissue over every surface to clean. Furthermore, it needs to wipe in an organized pattern, normally from the center to the outside, to ensure that all the particles are removed from the sensitive areas. The robot either needs to be programmed to wipe every surface, which is challenging and prone to errors, or needs automated camera-assisted track planning to find all the surfaces by itself. Even in this scenario, it is difficult for a robot to reach all surfaces in the production area, as some may face away from the robot. A concept of a robotic system that allows for automated cleaning and sterilization by using flexible spray nozzles that apply cleaning and decontamination agents is presented by Haeusner et al. (43).

This article aims to evaluate the transferability of CIP concepts from food production using the example of a biopharmaceutical production platform (AUTOSTEM).




The AUTOSTEM platform

The AUTOSTEM platform, which shall be used to discuss the application of CIP cleaning with spray nozzles in the biopharmaceutical industry, is a platform for automated bioreactor cultivation and the harvest of mesenchymal stromal cells (MSCs). As described in reference (9) and shown in Supplementary Figure 1, the platform consists of two compartments. The right compartment, which contains the bioreactors and freezing supplies and processes all the produced cells in closed systems, such as bioreactors, tubes, and flasks. As the cells have no contact with the air of the production site, this compartment’s cleanroom grade can be as low as EU GMP cleanroom grade D. In the left compartment, however, cells are transferred between flasks with a pipette and therefore are in contact with the air and require the highest cleanroom grade, grade A. To prevent air exchange between the compartments, they are separated by a wall that allows for object transfer through a hatch. Within the cleanroom grade A area, a vertically moving wall can further separate it temporarily to allow the opening of one part of the platform to refill supplies without the risk of contaminating the rest of the area. As the compartment with cleanroom grade A is in a far higher need of thorough cleaning, this part of the AUTOSTEM platform was chosen for the cleaning simulation.



Simulation of spray cleaning in a biopharmaceutical production platform

Simulation is well-suited to designing CIP systems for maximum cleaning efficiency. For immersed components such as pipes and ducts, computational fluid dynamics-based methods (CFD) are especially effective but require expertise and are therefore not widely used despite their potential (44–46). In contrast, ADVISIM3D is a very user-friendly commercial software for predicting cleaning in open systems, such as large vessels (47). It integrates computer-aided design (CAD) data of components or machinery, allowing users to add and place nozzles from a database within a familiar CAD environment. The software enables near real-time simulation of complex spray cleaning systems with multiple, even moving, nozzles and devices. Its simulation approach involves an experimental spray characteristics measurement of spraying devices, such as nozzles and static spray balls, in combination with an accurate projection onto the surfaces. Based on the fluid distribution (48), an integrated prediction model determines the cleaning effectiveness. This allows for virtual testing and optimization of cleaning systems, avoiding lengthy and costly iterative design and optimization experiments.

This method is applied here by simulating the cleaning of the AUTOSTEM cell production platform in ADVISIM3D. Typically, to allow for the CIP cleaning of large vessels, spraying devices are used that distribute cleaning fluid in a 360° arc, while rotating around up to two axes. Static spray balls (immobile metal balls with holes) are robust and reliable and are usually preferred in medical applications. Consequently, they are also used here to assess the challenges of using 360° cleaners in the AUTOSTEM platform. For this feasibility study, a spray shadow analysis was performed assuming a homogeneous fluid distribution over the full spraying angle.

As described above, the examined compartment of the AUTOSTEM can be split by a vertically moving wall that is not flush with the ceiling when retracted. All mobile installations were assumed to be removed for thorough external cleaning. The framework conditions were a goal of 100% coverage by direct jet impact, a minimum number of spraying devices, and the positioning of the devices in the ceiling area so as not to restrict the working area or chamber function, while reducing the likelihood of self-contamination. The results are shown in Supplementary Figure 2, with directly impacted areas in blue, untouched areas in gray, and the cross-sections of the cutting planes in red. The outcome of iterative manual optimization is shown in Supplementary Figure 2A, which shows two installed spray heads per chamber, and four in total.

Choosing suitable spray balls includes a consideration of their working range, i.e., the maximum distance that the spray balls can be from the surface so that it is still sufficiently cleaned by the fluid. A larger working range allows for fewer spraying devices. The illustrations show that the walls and ceilings were easily reached if the spray was unobstructed. Each installation, in general, must be sprayed by at least two, preferably three, opposing spray heads. In the AUTOSTEM platform, opening the connecting gate between the chambers during cleaning was beneficial and allowed the spray heads to reach the other chamber. The movement of the robot during the cleaning ensured complete coverage.

A very significant issue is illustrated in Supplementary Figure 2B, where large spray shadows are shown under the installations due to the spraying devices’ positioning close to the ceiling and the installations’ solid design. A potential solution could include designing permeable installations, making them removable, or using additional, adapted cleaning nozzles locally. Automated cleaning with a plausible number of spray heads was also very challenging when the installations were positioned near walls. This could be solved by positioning these further from walls, making the installations removable, or local clustering and cleaning with an additional spray head or nozzle. A third important issue is the cleaning of the hand glove passages, as shown in Supplementary Figure 2B on the right. While they are needed for manual interaction in the processes, their cleaning is not guaranteed with the given geometry. To promote their cleaning, an angled design, such as a conical shape, is advisable to allow fluid entry and drainage. Finally, there is a need for a drain in the floor plate, which must be at an incline to ensure complete fluid drainage. Recirculating the fluid during cleaning should be considered to increase efficiency.



Conclusion

The intention of this article was to evaluate a concept for the automatic cleaning of an exemplary platform for automated biopharmaceutical production. While automatic solutions for sterilization are already available, cleaning in biopharmaceutical production is currently mainly conducted manually. Of all existing cleaning concepts, only wiping and flushing are appropriate for cleaning in highly sterile environments. While wiping is difficult and requires effort to automate, CIP cleaning by flushing is an already established cleaning method in the food industry. This method allows for thorough removal of particles and sterilization if the corresponding agents are added to the cleaning fluid. Once it is ensured that the spray nozzle installation can clean the required area completely, the method can be fully automated without the need for any human intervention. This reduces the risk of human contamination of the product and reduces the risk for employers coming into contact with potentially dangerous product residues.

The results of the simulation show that a cleaning process with spray nozzles is possible in the AUTOSTEM platform if certain redesigns are made. For instance, installations should be moved further from the walls or be designed to be removable for cleaning. In addition, the hand glove passage should be designed in a conical shape instead of a square shape. In general, to apply this cleaning method in a platform for biopharmaceutical production, the following should be implemented:


	ISpray nozzles should only be mounted on the ceiling of the production area, as nozzles on the walls or on the bottom are difficult to clean or retain cleaning water. However, certain nozzle designs are able to be used on walls and the bottom if certain surfaces cannot be reached otherwise, such as nozzles with holes that allow for liquid to drain even when mounted horizontally or pointed upwards.

	IIAll surfaces must be accessible to the cleaning fluid. This means that hidden or downfacing surfaces must be avoided, and surfaces should not be too close to one another or to the wall.

	IIIThe platform must be compliant with hygienic design criteria to ensure easy cleaning and to prevent the ingress, growth, and accumulation of hazards to product safety (49, 50). Sharp corners ≤90° must be avoided. Corners with angles smaller than 135° should have a minimum radius = 6 mm.

	IVIf possible, stainless steel or polymer materials should be used that are resistant to water and cleaning chemicals. Devices that are not resistant or are difficult to clean should be moved out of the area during cleaning.

	VAll surfaces must be self-drainable and should allow for a controlled flow of the cleaning fluid to an outlet. Since the equipment should be impermeable to microorganisms, the GMP guideline prohibits this outlet from being a drain (10). Therefore, a hatch should be installed that allows the draining of the used cleaning fluid into a sterilizable intermediate area. Once this area is filled completely or the cleaning process is finished, the area should then be sealed from the production area and open onto a drain to remove the fluid. The area should then be sterilized afterward. Alternatively, the fluid could be drained into a sterile disposable container that is replaced once full. Most existing platforms do not fulfill these requirements. Therefore, installing a CIP cleaning system in an existing platform is, in most cases, difficult or impossible, and redesigns would have to be made, as explained above. When designing a new platform with automated CIP cleaning, the described requirements should be considered from the very beginning of the development process. Finally, simulations, as demonstrated in this article, should be performed well before manufacturing and assembly to allow for changes and improvements where necessary.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

FG: Conceptualization, Data curation, Methodology, Writing – original draft, Writing – review & editing. CH: Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. MJ: Investigation, Visualization, Writing – original draft. LH: Project administration, Writing – review & editing. MM: Methodology, Project administration, Supervision, Writing – review & editing. BN: Writing – review & editing, Supervision, Methodology. RS: Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement no 874671. The materials presented and views expressed here are the responsibility of the authors(s) only. The EU Commission takes no responsibility for any use made of the information set out.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmedt.2025.1540779/full#supplementary-material



References


	1. Brooks JD, Flint SH. Biofilms in the food industry: problems and potential solutions. Int J Food Sci Tech. (2008) 43(12):2163–76. doi: 10.1111/j.1365-2621.2008.01839.x


	2. Marriott NG, Schilling MW, Gravani RB. Sanitation and the food industry. In: Marriott NG, Schilling MW, Gravani RB, editors. Food Science Text Series, Principles of Food Sanitation. Cham: Springer International Publishing (2018). p. 1–17.


	3. Marriott NG, Schilling MW, Gravani RB. Food contamination sources. In: Marriott NG, Schilling MW, Gravani RB, editors. Food Science Text Series, Principles of Food Sanitation. Cham: Springer International Publishing (2018). p. 83–91.


	4. Roseti L, Serra M, Grigolo B. Measures to minimize cross-contamination risks in advanced therapy medicinal product manufacturing. ScienceOpen Res. (2014):1–4. doi: 10.14293/S2199-1006.1.SOR-LIFE.AEJRV9.v1


	5. Barone PW, Wiebe ME, Leung JC, Hussein ITM, Keumurian FJ, Bouressa J, et al. Viral contamination in biologic manufacture and implications for emerging therapies. Nat Biotechnol. (2020) 38(5):563–72. doi: 10.1038/s41587-020-0507-2


	6. Mauermann M, Beckmann S, Murcek R, Hanisch T. Minimizing the environmental footprint in food production: a case study on the improvement of an industrial tank cleaning process through adaptive cleaning devices. J Food Process Eng. (2024) 47(3). doi: 10.1111/jfpe.14594


	7. Holland I, Davies JA. Automation in the life science research laboratory. Front Bioeng Biotechnol. (2020) 8:571777. doi: 10.3389/fbioe.2020.571777


	8. Kempner ME, Felder RA. A review of cell culture automation. JALA. (2002) 7(2):56–62. doi: 10.1016/S1535-5535-04-00183-2


	9. Ochs J, Hanga MP, Shaw G, Duffy N, Kulik M, Tissin N, et al. Needle to needle robot-assisted manufacture of cell therapy products. Bioeng Trans Med. (2022) 7(3):e10387. doi: 10.1002/btm2.10387


	10. European Commission. EU Guidelines for Good Manufacturing Practice for Medicinal Products for Human and Veterinary Use—Annex 1: Manufacture of Sterile Medicinal Products. Brussels: European Commission (2022).


	11. DIN Deutsches Institut für Normung e. V. Cleanrooms and Associated Controlled Environments—Part 1: Classification of air Cleanliness by Particle Concentration, DIN EN ISO 14644-1:2015. Berlin: DIN Deutsches Institut für Normung e. V. (2016).


	12. Cleanrooms and associated controlled environments—biocontamination control. German Version EN 17141:2020, DIN EN 17141:2021. Berlin: DIN Deutsches Institut für Normung e. V. (2021).


	13. Food Safety Management Systems—Requirements for any Organization in the Food Chain (ISO 22000:2018); German Version EN ISO 22000:2018, DIN EN ISO 22000:2018-09. Berlin: DIN Deutsches Institut für Normung e. V. (2018).


	14. Commission Regulation (EC) No 2023/2006 of 22 December 2006 on good manufacturing practice for materials and articles intended to come into contact with food. (2006). Available online at: https://eur-lex.europa.eu/legal-content/DE/ALL/?uri=celex:32006R2023 (Accessed September 5, 2024).


	15. Regulation (EC) No 852/2004 of the European Parliament and of the Council of 29 April 2004 on the hygiene of foodstuffs. (2004). Available online at: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:32004R0852 (Accessed September 5, 2024).


	16. FAO and WHO. General Principles of Food Hygiene: Codex Alimentarius Code of Practice, No.CXC 1-1969. Rome: Codex Alimentarius Commission (2023). p. 5. doi: 10.4060/cc6125en


	17. Wallhäsuer KH, Kramer A., Assadian O. Praxis der Sterilisation, Desinfektion, Antiseptik und Konservierung. (2008).


	18. Kappstein I. Nosokomiale Infektionen: Prävention, Labor-Diagnostik, Antimikrobielle Therapie. 3rd ed München, Wien: Zuckschwerdt (2004).


	19. Sandle T. The CDC Handbook—A Guide to Cleaning and Disinfecting Clean Rooms. Claygate: Grosvenor House Publishing (2012).


	20. Moldenhauer J. Disinfection and Decontamination: A Practical Handbook. Milton: Chapman and Hall/CRC (2018).


	21. Lorenzo F, Sanz-Puig M, Bertó R, Orihuel E. Assessment of performance of two rapid methods for on-site control of microbial and biofilm contamination. Appl Sci. (2020) 10(3):744. doi: 10.3390/app10030744


	22. Hagsten C, Altskär A, Gustafsson S, Lorén N, Trägårdh C, Innings F, et al. Structural and compositional changes during UHT fouling removal—Possible mechanisms of the cleaning process. Food Struct. (2019) 21:100118. doi: 10.1016/j.foostr.2019.100118


	23. Calvimontes A, Mauermann M, Bellmann C. Topographical anisotropy and wetting of ground stainless steel surfaces. Materials (Basel). (2012) 5(12):2773–87. doi: 10.3390/ma5122773


	24. Jullien C, Bénézech T, Carpentier B, Lebret V, Faille C. Identification of surface characteristics relevant to the hygienic status of stainless steel for the food industry. J Food Eng. (2003) 56(1):77–87. doi: 10.1016/s0260-8774(02)00150-4


	25. Wildbrett G. Reinigung und Desinfektion in der Lebensmittelindustrie. 2nd ed Hamburg: Behr’s Verlag (2006).


	26. Beckmann S, Fuchs E, Jacob S, Mauermann M. Influence of steam-induced wetting of food- and cosmetic-based contaminants on the efficiency of clean-in-place processes of containers. Food Bioprod Process. (2023) 138:14–22. doi: 10.1016/j.fbp.2022.11.004


	27. Yang J, Bhagat RK, Fernandes RR, Nordkvist M, Gernaey KV, Krühne U, et al. Cleaning of toothpaste from vessel walls by impinging liquid jets and their falling films: quantitative modelling of soaking effects. Chem Eng Sci. (2019) 208:115148. doi: 10.1016/j.ces.2019.08.006


	28. Bhagat RK, Perera AM, Wilson DI. Cleaning vessel walls by moving water jets: simple models and supporting experiments. Food Bioprod Process. (2017) 102:31–54. doi: 10.1016/j.fbp.2016.11.011


	29. Goode KR, Asteriadou K, Robbins PT, Fryer PJ. Fouling and cleaning studies in the food and beverage industry classified by cleaning type. Comp Rev Food Sci Food Safe. (2013) 12(2):121–43. doi: 10.1111/1541-4337.12000


	30. Packman R, Knudsen B, Hansen I. Perspectives in tank cleaning: hygiene requirements, device selection, risk evaluation and management responsibility. In: Tamime AY, editor. Society of Dairy Technology Series, Cleaning-in Place: Dairy, Food and Beverage Operations. Oxford: Blackwell (2008). p. 108–45.


	31. Jensen BBB, Nielsen JB, Falster-Hansen H, Lindholm K. Tank cleaning technology: innovative application to improve clean-in place (CIP). EHEDG Yearbook. (2011) 2012:26–30.


	32. S. H. D.A. Seiberling, appendix B—tank cleaning. In: Ahr H, editor. Rules of Thumb for Chemical Engineers. 5th ed. Oxford, Waltham, MA: Butterworth-Heinemann (2012). p. 429–32. Available online at: https://search.ebscohost.com/login.aspx?direct=true&scope=site&db=nlebk&db=nlabk&AN=464862


	33. Tsai J-H, Huang J-Y, Wilson DI. Life cycle assessment of cleaning-in-place operations in egg yolk powder production. J Cleaner Prod. (2021) 278:123936. doi: 10.1016/j.jclepro.2020.123936


	34. Murcek R, Hölzel J, Köhler H, Boye A, Hesse M, Mauermann M. Development of a quartz crystal sensor system to monitor local soil removal during cleaning in closed food processing lines. Food Bioprod Process. (2021) 127:282–7. doi: 10.1016/j.fbp.2021.03.011


	35. Dhaliwal HK, Sonkar S, V P, Puente L, Roopesh MS. Process technologies for disinfection of food-contact surfaces in the dry food industry. A review. Microorganisms. (2025) 13(3). doi: 10.3390/microorganisms13030648


	36. Sharma S, Jaiswal S, Duffy B, Jaiswal AK. Advances in emerging technologies for the decontamination of the food contact surfaces. Food Res Int. (2022) 151:110865. doi: 10.1016/j.foodres.2021.110865


	37. Moerman F, Mager K. Cleaning and Disinfection in Dry Food Processing Facilities. in Handbook of Hygiene Control in the Food Industry. San Diego, CA: Elsevier (2016). p. 521–54.


	38. Jatzwauk L, Schöne H, Pietsch H. How to improve instrument disinfection by ultrasound. Hospital Infection Society. (2001) 48:80–3. doi: 10.1053/jhin.2001.0968


	39. Sandle T. In situ study of particles generated from the use of pharmaceutical grade cleanroom wipes. Eur J Parenter Pharm Sci. (2013) 18(1):5–11.


	40. Sheth-Shah R, Vernon AJ, Seetharaman S, Neale MH, Daniels JT. Regulatory requirements in the good manufacturing practice production of an epithelial cell graft for ocular surface reconstruction. Regen Med. (2016) 11(3):307–20. doi: 10.2217/rme-2015-0020


	41. Chihara R, Kitajima H, Ogawa Y, Nakamura H, Tsutsui S, Mizutani M, et al. Effects of residual H2O2 on the growth of MSCs after decontamination. Regen Ther. (2018) 9:111–5. doi: 10.1016/j.reth.2018.08.003


	42. Hunter GW. Basics of sterilization methods. In: Kolhe P, Shah M, Rathore N, editors. AAPS Advances in the Pharmaceutical Sciences Series, Sterile Product Development. New York, NY: Springer New York (2013). p. 475–500.


	43. Haeusner S, Herbst L, Bittorf P, Schwarz T, Henze C, Mauermann M, et al. From single batch to mass production-automated platform design concept for a phase II clinical trial tissue engineered cartilage product. Front Med (Lausanne). (2021) 8:712917. doi: 10.3389/fmed.2021.712917


	44. Hanisch T, Joppa M, Eisenrauch V, Jacob S, Mauermann M. Optimizing the macrostructure of 3D-printed pipe surfaces to improve cleanability. Heat Mass Transfer. (2024) 60(5):887–95. doi: 10.1007/s00231-023-03387-3


	45. Joppa M, Hanisch T, Mauermann M. Methodology for the assessment of cleanability and geometry optimization using flow simulation on the example of dimple-structured pipe surfaces. Food Bioprod Process. (2022) 132:141–54. doi: 10.1016/j.fbp.2021.12.004


	46. Köhler H, Liebmann V, Joppa M, Fröhlich J, Majschak J-P, Rüdiger F. On the concept of computational fluid dynamics-based prediction of cleaning for film-like soils. Heat Transfer Eng. (2022) 43(15–16):1406–15. doi: 10.1080/01457632.2021.1974180


	47. ADVITEC Informatik GmbH. ADVISIM3D Spray Cleaning Simulation. Available online at: https://www.advisim3d.de/ (Accessed June 26, 2024).


	48. Köhler H, Stoye H, Weyrauch T, Boye A, Mauermann M, Majschak J-P. Study on the application of cleaning models with high speed water jets to CIP-processes. Teh Vjesn. (2016) 23(2):349–55. doi: 10.17559/TV-20140213152946


	49. Hanisch T, Joppa M, Eisenrauch V, Jacob S, Mauermann M. Simulation-based optimization and experimental analysis of the cleanability of macro-structured, 3D-printed pipe surfaces with protrusions. Food Bioprod Process. (2022) 136:106–22. doi: 10.1016/j.fbp.2022.09.012


	50. European Hygienic Engineering and Design Group. Document No. 8: Hygienic Design Principles. 3rd ed. Amsterdam: European Hygienic Engineering and Design Group (2018).







OPS/images/cover.jpg
& frontiers | Frontiers in Medical Technology

Feasibility analysis of automated cleaning in
biopharmaceutical production using cleaning-
in-place concepts from food production








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Feasibility analysis of automated cleaning in biopharmaceutical production using cleaning-in-place concepts from food production

		Introduction



		Regulatory requirements



		Current decontamination processes



		Decontamination in the food industry



		Decontamination in the biopharmaceutical industry











		The AUTOSTEM platform



		Simulation of spray cleaning in a biopharmaceutical production platform



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References



















OPS/images/logo.jpg
& frontiers | Frontiers in Medical Technology





