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1.  Purpose 

The Backward Planetary Protection Study Team (“the Study Team”), assembled by the Office of the Chief Scientist (OCS) at the request of the Office of Planetary Protection (OPP), has conducted numerous detailed discussions on the potential use of an active ultraviolet (UV) approach for minimizing or eliminating biological contamination of the exterior of the planned Orbiting Sample container (OS) of the Mars Sample Return (MSR) mission. This review of the backward planetary protection (BPP) considerations for the MSR mission focused on two key parameters that are opportunities for further process development to support implementation of planetary protection practices in meeting mission requirements. These parameters include: 

1) Sub-cellular biological assumptions – should Mars missions consider self-replicating organisms only or do they need to consider non-self-replicating entities without a cellular organization such as viruses, prions, etc. and macromolecules capable of genetic information transfer, as well?
2) UV biocidal impact – what is the UV fluence in the Mars atmosphere and its associated potential biocidal credit?

The assembled subject matter experts (SMEs) in the Study Team are listed in Appendix A, with a brief description of each member’s relevant expertise.

2. Author Disclosure

The Study Team is independent of NASA’s Science Mission Directorate and their Mars Sample Return mission planetary protection engineering team. The Study Team members, from within and outside of NASA, have no conflicts of interest.

3. Disclaimer

This report is provided by the Study Team as a SME assessment of UV sterilization as a viable alternative approach. The recommendations are not an endorsement by any of the organizations in which the SMEs are employed, are not part of the PD/NSC-25 process, and do not provide approval of specific MSR hardware design configurations.



4.  Introduction

Mars is a target of exceptional value in space science and human exploration of the solar system. One of the most important questions in the study of the red planet is whether it harbors or once harbored life (1).  

NASA’s Perseverance rover landed on Mars on February 18, 2021 in Jezero Crater, a site interpreted to have once been filled with a lake and flowing rivers 3.5 billion years ago (2).  Perseverance is the first leg of an international, multi-mission effort to collect martian samples and return them to Earth for study in terrestrial laboratories (3).  

The Outer Space Treaty of 1967 requires signatories, including the United States and therefore NASA, to prevent contamination of other solar system bodies (termed “forward” planetary protection) and to protect Earth from any returned samples (“backward” planetary protection) (4). This concept of planetary protection is guided by the Committee on Space Research (COSPAR) through their Panel on Planetary Protection (5). Thus, NASA has planetary protection policies and technical standards informed by these international norms and guidelines, including that missions to destinations such as Mars are subject to Presidential Directive/National Security Council-25 (PD/NSC-25) (6, 7). PD/NSC-25 requires a review from the White House Office of Science and Technology Policy and, in cases where potential adverse effects are deemed particularly serious or protracted, authorization by the Executive Office of the President (8). Samples from Mars are a Category V restricted return, which means that the mission design must “break the chain of contact” between Mars and Earth through sterilization and/or containment (9). 

In the MSR mission, martian rock and regolith samples are collected via drilling to a depth of ~7 cm and sealed in tubes. Follow-on missions would return these samples to Earth as early as 2031.  A set of scientifically selected drill core samples has already been collected and cached on the surface of Mars by the Perseverance rover (10, 11). The drill depths are consistent with results from Earth, where biosignatures of ancient microbial life have been found in igneous crustal rocks broadly similar to their martian counterparts, as well as in other areas of the sub-surface (12–16).  These collected samples will be retrieved by the Mars Sample Retrieval Lander (SRL). The sample tubes will be placed in the OS container which will then be positioned in the Capture, Containment, and Return System (CCRS) in the nose of the Mars Ascent Vehicle (MAV) during loading and launch. The MAV will launch the OS into Mars orbit to be captured and returned to Earth.

In complying with planetary protection requirements for restricted Earth-return missions, samples and hardware exposed to the martian environment must be treated with the highest biosafety levels (7). The MSR team has developed a responsive implementation plan to address biosafety concerns for backward planetary protection to include isolation, containment, and sterilization upon Earth entry. The Mars Sample Receiving Facility will perform safety assessments and scientific evaluation of the samples prior to any reduction in biosafety level and distribution of samples outside of containment facilities. 

The MSR backward planetary protection design incorporates both engineering and UV components to mitigate potential biohazards in the martian material. There are three main components in the design: the OS as the primary container, the sterilization process of the OS using UV in the CCRS, and then placement of the OS in the Secondary Containment Vessel (SCV). The intent of this strategy is to achieve redundant containment, even if one of the three elements fails. The specific design segment that this Study Team was asked to address is for the use of UV to decontaminate potential biohazards from martian surface dust adhered to the surface of the OS. The UV sterilization process is managed into three main program tracks: 1) UV transmissibility through relevant materials, 2) solar UV sterilization, and 3) active UV sterilization. The MSR design is based upon data from past Mars missions, and the MSR team has used mathematical models to predict how much martian dust might adhere to the OS and thus need to be treated with UV. The predicted amount of dust sticking to the OS accounts for any adhesion forces from electrostatic charge. In addition, the mission design assumes landing and surface operations during a low dust season on Mars. 

Knowledge gained and lessons learned from this study will feed into considerations for future crewed missions to Mars. Therefore, this study may inform not only the near-term MSR mission but also potential sample receiving and collection processes, human missions to Mars, and the planetary protection discipline as a whole.

5.  Scientific Considerations

During this independent scientific assessment, the Study Team’s discussions led to a set of questions to which the Study Team needed answers to formulate conclusions and recommendations. This set of questions is listed in Appendix B and was provided to the MSR team in advance of each discussion.

The MSR team then presented to the Study Team about their planned active UV design for an in-flight system, followed by additional detailed discussion and a follow up presentation to address more questions. The Study Team has concluded that their concerns were adequately addressed with five provisos and associated recommendations. 

The Study Team made these key assumptions before formulating recommendations:

Assumption: The predicted dust model calculations performed by the MSR team are accurate with up to 36 mg of wind-deposited Mars particles on exposed surfaces of the OS. 
Assumption: Cleanliness of the OS surface and its initial starting quality will be sufficiently high, and density of potential contamination sufficiently low (computed as 2 particles/cm2), for effective UV penetration. 
· Two papers are referenced (17, 18) relating to this assumption. The first is from the Mars OS Tiger Team, which published recommendations for appropriate cleanliness level options for the interior of the OS. The second is from a technology workshop focused on metagenomics and other advanced molecular techniques to supplement current planetary protection standard assays used on NASA missions. The Study Team assumes the appropriate implementation of the outcomes from these reports.
Assumption:  Any UV LED system will be adequately tested and the fluence understood as per the NASA engineering process. The Study Team accepts that the reported amount of active UV can be delivered to the OS surface. 	
Assumption: Any extant or extinct life on Mars encountered by MSR is similar to Earth “life as we know it”. However, we must recognize that any potential life on other worlds may not share the same cellular organization, information flow, metabolism, or evolutionary path as life on Earth and thus may not be inactivated by UV.

The Study Team makes five main recommendations for the MSR team to consider:

Recommendation: We recommend that the MSR team planetary protection design include decontamination of both self-replicating organisms and entities without a cellular organization (e.g., viruses, prions), as well as macromolecules capable of genetic information transfer. It is possible for any genetic information transferring element to find a host, and therefore, the MSR team should plan for the potential, regardless of how improbable it is.     

Recommendation: We recommend that the design include feedback that confirms during flight operations that the active UV system is operating as expected, such as a UV detector or telemetry showing power draw. These data would give NASA confidence that the OS has been decontaminated before entering Earth’s biosphere.

Recommendation: We recommend that there is a contingency plan if the active, in-flight UV system does not operate as intended (e.g. a backup UV decontamination system, containment capture of the OS prior to entering Earth’s biosphere, or other). For the contingency threshold, the MSR team should specify a minimum level of UV that must be detected by the in-flight system. This minimum amount of UV needed to decontaminate and/or sterilize the OS may be derived from the testing performed such as the UV dose response and time course studies using one or more highly UV-resistant microorganisms or their spores, following proper protocols (19). This would prevent unsterilized spacecraft surfaces with martian dust from entering Earth’s biosphere. 

Recommendation: We recommend that the MSR team consider an independent review of the modeling to date on how much dust may adhere to the surface of the OS. Such an approach should include a detailed test program to validate the model using the approximate sizes of martian dust particles and the numbers of particles on the outside of the OS, and thus how many microorganisms and of what size might be shielded from UV by a dust particle. In this way, the team may be able to calculate how much shielding/shadowing might occur from UV treatment and therefore how many microbes might not be thoroughly inactivated by UV.  Doing so may enable the team to constrain the number of particles that might receive only a sublethal UV dose.  Furthering this modeling to include shadow predictions will help quantify risk acceptance to using UV.

Recommendation: We recommend that the MSR team explore currently available imaging techniques, and if feasible, integrate a suitable option into their in-flight UV design and establish an operations plan to capture images of the OS before containment.  In particular, the MSR team may explore options that assess opacity and reflectivity/absorption in UV irradiation of the surface. This capability could alleviate any shadowing/shielding concerns for UV throughput, whether the opacity is biological or sedimentological in nature. 

6. Discussion

The key driver for backward planetary protection activities for MSR is the potential for bioactive macromolecules in the form of microorganisms, prions, sub-cellular genetic transfer elements, or of unknown nature present in material brought back from Mars causing adverse changes to the Earth’s biosphere (20). The MSR design uses a “break the chain of contact” between hardware that has contacted Mars and hardware being returned to Earth as a sterilization operation. The MSR design also relies solely on Mars and spacecraft-generated UV in contrast to the more widely used high heat pyrolysis temperatures to conduct sterilization operations. This approach is a major change to past recommendations and international standards in planetary protection for the return of materials from Mars (20–23). 

Thus, NASA’s Office of Planetary Protection commissioned an independent review led by OCS.  OCS assembled a team of experts in biocontainment, microbiology, use of UV to sterilize, cellular and molecular biology of Earth life, and more. The Study Team began by assessing whether planetary missions needed to account for entities without a cellular organization such as viruses, prions, and other macromolecules capable of genetic information transfer. The team traversed a thoughtful debate of whether life that potentially evolved on Mars would share the same structure and properties as life as we know it on Earth (24–26). Ultimately, the Study Team assessed that the MSR team could focus on sterilization that targets Earth life while recognizing that any life encountered on Mars may not share the same cellular organization, information flow, metabolism, or evolutionary path as life on Earth and thus may not be inactivated by UV. This assessment is also in line with other working group reviews of the mission (22). The Study Team acknowledged that the probability is low that any Mars-originating macromolecule with sufficient complexity to evolve would find compatible hosts on Earth. However, because it is theoretically possible for a genetic transfer element like a virus to find a host and replicate, the potential consequences cannot be ignored. In other words, the Study Team recommended that the mission account for these types of macromolecules in their backward planetary protection design regardless of how improbable it is. This recommendation is in line with existing standards in planetary protection (7).

The Study Team also evaluated whether an active, in-flight UV sterilization design could provide adequate decontamination during the Earth-return cruise. One of the primary concerns was that a sufficiently thick layer of material on the OS surface might provide shading to microorganisms. underneath, such that UV would not be able to penetrate to provide planned sterilization (27).  The modeling predictions show up to 36 mg of wind-deposited Mars particles on exposed surfaces that require sterilization before leaving Mars orbit. Assuming both molecules and dust particles have some uniform distribution across the surfaces, the likelihood of distribution overlap, and thus shading, is reduced.

Based on the above modeling information, the Study Team further recommended that an independent lab confirm the MSR math models and predictions and expand them to predict how much shading may occur due to dust accumulation on the OS surface (28). The team also discussed UV-resistant microorganisms and reviewed several papers where some of these molecules had survived extended periods of time exposed to the elements of space or simulated Mars conditions (29–35). To address this aspect, the Study Team supported the use of testing to construct dose- and time-dependent calibration curves to identify a nominal amount of UV exposure to attain at least a 6-log-unit reduction for decontamination. It is critical that the MSR team follow proper protocols to prepare, test, and analyze UV-resistant microbial cells and their spores in simulated spacecraft materials (19). Last, there must be a way to measure how much active UV is applied in space during sterilization. These data would give NASA confidence that the OS will have been decontaminated before entering Earth’s biosphere. The Study Team also recommended that the mission team put in a contingency plan if the data show that there was not adequate active, in-flight sterilization.  

7. Conclusion

After this independent review of the backward planetary protection design for the MSR mission and with the provisos described above in Section 3: Scientific Considerations, the Study Team commends the MSR team on a thoughtful and well-described decontamination plan. The MSR team addressed the scientific parameters that would build confidence in an effective UV system (e.g., surface finish/roughness, flux/wattage, bioindicator test plan, etc). Given the detailed considerations and parameters necessary to inactivate biological particles using UV, the MSR team presented a scientifically sound path forward. 
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Appendix A

Independent Scientific Review Team

This team is independent of NASA’s Science Mission Directorate and their Mars Sample Return mission planetary protection engineering team.  These Study Team members, from within and outside of NASA, have no conflicts of interest.

· Federal Consensus Team
· Dr. Shawn Domagal-Goldman, NASA Goddard Space Flight Center: an astrobiologist who runs Goddard’s Planetary Environments lab with much experience in sample & mission work related to astrobiology
· Dr. David Draper, NASA Headquarters: deputy chief scientist at NASA; experience in experimental simulations of processes occurring within planetary interiors, including on the Moon and Mars; former leader of NASA’s astromaterials office
· Dr. Sam Edwin, Centers for Disease Control and Prevention (CDC): the Director of the CDC Division of Select Agents and Toxins; was involved in the National Strategy for Planetary Protection, and expert in biosafety in high and maximum containment laboratories.  
· Dr. Benjamin Hasselbring, Centers for Disease Control and Prevention (CDC): a microbiologist and bacteriologist specializing in human and animal pathogens.  Extensive experience in biosafety, biosecurity, and information security for high containment laboratories.
· Mr. Thomas Larason, National Institute of Standards and Technology (NIST): an electronics engineer with experience focused on ultraviolet, visible, and near infrared light sources and sensors; collaborated on UV light inactivation of pathogens for drinking water and air
· Dr. Anne Lopez-Oña, Centers for Disease Control and Prevention (CDC): a microbiologist and virologist; research experience using risk group 4 agents in maximum containment (BSL-4) laboratories
· Dr. Mamta Patel Nagaraja, NASA Headquarters: Study Team Chair, a space biologist with expertise in cellular and molecular biology, including laboratory expertise in nucleic acids and proteins
· Dr. Darrel Styles, US Department of Agriculture (USDA): a virologist who handles cattle and cattle commodity risk assessment of foreign products entering the US market such as prion and viral assessments 
· Dr. Tamas Torok, Ecology Department, Department of Energy (DOE), Lawrence Berkeley National Laboratory: a microbiologist with expertise in microbial diversity in extreme environments, including fungal organisms; experience in UV use to control microbial growth, including extensive work with bacteria and fungi either to kill them or to investigate their UV tolerance
· Invited Experts 
· Dr. Christopher Herd, University of Alberta (Canada): professor and expert in meteoritics and planetary sciences, especially meteorites from Mars; a world leader in advanced curation techniques, especially cold curation, and an expert in the terrestrial sources of organic contamination of meteorites; and Returned Sample Science participating scientist in the Mars 2020 Perseverance rover mission
· Dr. Alexandre Rosado, KAUST, King Abdullah University of Science and Technology (Saudi Arabia): an extreme microbiologist/microbiome expert working in a variety of environments from hot springs, volcanoes, desert soils, to mangroves
· Dr. Peter Setlow, University of Connecticut Health Center: a bacteriologist with expertise in the extraordinary resistance of spores to heat and oxidizing agents
· Executive Secretaries 
· Mr. Preston Cupp, NASA Marshall Space Flight Center: early career at MSFC working as a planetary protection and safety assurance engineer
· Ms. Alia Wofford, NASA Goddard Space Flight Center and George Mason University: doctoral candidate in astrobiology at George Mason University  
· Ex Officio Participants
· Dr. Nick Benardini, NASA Planetary Protection Officer
· Dr. Elaine Seasly, NASA Deputy Planetary Protection Officer

Disclaimer: This report is provided by the Study Team as a subject matter expert (SME) assessment of UV sterilization as a viable alternative approach. The recommendations are not an endorsement by any of the organizations in which the SMEs are employed, are not part of the PD/NSC-25 process, and do not provide approval of specific MSR hardware design configurations.


Appendix B

Advance Questions to MSR from OCS Panel - First Discussion with MSR
1. On the OS design, are there niches or nooks or joints where sub-micron-sized aggregates can hide or is it smooth all the way around? 
The MSR team showed an image of the planned design of the OS. It was mostly smooth with some connection points to other parts of the system.  
· The fourth recommendation regarding modeling of shadowing/shielding addresses the remaining concern from this question.

2. Where on the spacecraft is the UV to be applied?
The MSR team showed that UV would be applied to the dust on the outside of the OS.

3. Is the UV generated using LEDs?
The MSR team shared that LED rings or lasers were being considered for the UV design.

4. At which point in the mission will the UV be applied?
The MSR team walked through the series of steps when the first and second sterilization energies were applied before Earth entry.  

5. How will the team measure the UV irradiance on the spacecraft?
This information was not presented.  
· The second and third recommendations address this question.

6. What is the wavelength of UV to be used? Are multiple wavelengths considered for application? If so, which ones?
The MSR team shared the UV wavelength planned implementation is LED or laser UV with a peak wavelength of 250-280 nm (likely 266-275 nm).

7. What are the environmental conditions (i.e., temperature, pressure, etc.), where the spacecraft will be disinfected?
The MSR team presented that the solar UV would occur during Mars orbit is an environment of vacuum with temps in the range of -55 deg C to -10 deg C.  They also noted that this range may change slightly with design changes of the OS, but we can expect the environment to be very cold space vacuum. For the active UV, which is the main focus of this study, it is also a vacuum environment but the team is still modeling the OS surface temperatures.  They intend to look at kill rate across the temperature range.  

a. Is disinfection on Mars? In-flight? In a pressurized area? 
The MSR team walked through the series of steps when the first and second sterilization energies were applied before Earth entry.  

8. How did the team decide upon the use of UV for sterilization?
a. What other methods were considered?
b. Is UV the only barrier to block biological contamination?
The MSR team plans to use both physical and UV components to contain Martian material.  These components are the primary container, the sterilization process, and the secondary container. Their design states that the entire active in-flight UV system would be robust to any undetected failure of any one of these components. 

9. Does your laboratory test plan include:
a. a dose- and time-dependency study to determine the best UV dosage(s) without creating new byproducts?
b. shelf-life of the UV source used?
The MSR team answered during discussion that their plans were to include these parameters during testing. 

10. What's the maximum layered thickness of dust that may form on the sample container? 
The MSR team presented models which show that there may be up to 3600 cells in 36 milligrams of wind-deposited Mars particles on exposed surfaces. 
· The third recommendation covers the concern that remains which is shielding.

11. Is there any possibility of electrostatic charge in the tubes or on the OS where the martian dust gets charged?
The MSR team presented their dust modeling that shows how electrostatic charges can be accounted for. The predicted amount of dust sticking to the OS accounts for any adhesion forces from electrostatic charge. Moreover, they explained that the surface operations will be performed during a low dust season on Mars. The modeling is based on actual data from Perseverance and other past Mars missions, rather than simulations on Earth.  

12. When is the design finalized? (6 months, 1 year, 5 years from now?)
The MSR team answered during discussion that the Preliminary Design Review is coming up later this year (2023) and the Critical Design Review is planned for next year (2024). They shared an intention to make necessary changes in between.

13. Does UV behave in spaceflight as we understand it? MSR may want to verify with a quantum mechanics expert, if you have not already thought of this.
This is a note to the MSR team only. We presume that light behaves the same in space, on Earth, and on Mars. But since we are not experts, we wanted to point this out just in case.  

Advance Questions to MSR from OCS Panel - Second Discussion with MSR

1. Is there any electrostatic charge that could cause sticking of dust to the OS?
The MSR team presented a thorough explanation of the two main types of electrostatic charge and how their analysis accounted for any resulting adhesion forces. They provided detailed slides on the math for our reference as well.

2. Did the team’s mathematical models account for dust storms and if so, how?
Yes, the team’s models did account for dust and was based on Lagrangian math. The mission design also was specifically chosen to land during the low dust season on Mars for surface operations. They also took a conservative approach when using how much time the OS would be exposed to the Martian air (i.e. expected 30 hours to load sample so model uses 60 hours and the OS would only be exposed for a small percent of that time).  

3. What are the environmental conditions (i.e., temperature, pressure, etc.), where the spacecraft will be disinfected?
The MSR team presented that the solar UV would be in Mars orbit so space vacuum with temps between ~55 deg C and -10 deg C. They also noted thermo-models will be revised based on any OS design changes.  The active UV in the CCRS will also be open to space vacuum and the team is still in the process of modeling expected temperature. The team plans to investigate kill rate of organisms across a range of temperatures.

4. Will there be a camera onboard that has the capability to take pictures of the OS before it is assembled into the CCRS?  Relatedly, if yes, will the ops team be able to take such pictures?
The MSR team presented that there will be cameras as required by the mission. Namely, there is one on the sample transfer arm and in the CCRS to look at the OS orientation. More cameras may be added as well. They also noted that the goal isn’t to use cameras to make decisions but rather to design a robust system to prevent unwanted issues that would affect planetary protection.  
· The fifth recommendation addresses this point.

5. Additional question coming out of discussion: How do we know if the models are accurate?
The MSR team clarified that their models are based on real Mars mission data from Perseverance and other previous Mars missions, like for dust predictions. 
 
Advance Questions to MSR from OCS Panel - Third (and Final) Discussion with MSR

1. Can you give us more details on the MSR UV test plan?
The MSR team presented the plan which was organized into three parts and provided detailed slides on the plan. In summary, they showed that the active lab work was underway for the first two tasks and the team was working to develop vendors for task 3.  The team also noted that they will have a goal of a 6 log knockdown (or better) of contaminants based on literature for standard sanitation.  The three test tasks are summarized as 1) transmissibility through relevant materials, 2) solar UV and 3) active UV.

2. Relatedly, can you confirm the UV wavelengths to be used? The slides from the first discussion stated “Planned implementation is LED or laser UV with a peak wavelength of 250-280 nm (likely 266-275)”. 
The MSR team presented that for the Solar UV sterilization process development, they are using a Xe arc lamp as in Fig 3 of Schuerger et al., 2003.  They expect to start testing in a chamber in the imminent future.  

For active UV, the MSR team is utilizing literature results and hardware testing to guide wavelength selection, and then will use one specific type of illumination centered on a specific wavelength. The CCRS team has been working to source LEDs within the specified range and confirm manufacturer specifications. There’s good evidence of efficacy across the range selected in the literature but there are tradeoffs (e.g. light vs. heat output) that the team is assessing.  Ultimately, the sterilization process development work will utilize the same wavelength and lamp type(s) selected by CCRS. The two main wavelengths in consideration are 254nm and 266nm.  The panel and the MSR team discussed advantages and disadvantages, including availability in the market, optimizing for targeting proteins and nucleic acids, and more. These wavelengths come from literature (36).

3. Can you describe what radiation shielding is included in the spacecraft design, specifically for the returning samples?

The MSR team shared that there is no expectation among the design team that deep space radiation like galactic cosmic rays (GCRs) will provide sterilization in the time frame of the mission. Second, there has been no determination on how much the material around the samples will shield from deep space radiation but the MSR team plans to look into this information and provide to the Study Team.


