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Abstract

Cosmic radiation represents a critical barrier to long-term human presence beyond Earth’s
magnetosphere, particularly in lunar and Martian environments [1]. Traditional shielding
materials—such as regolith, water, and metallic alloys— face significant logistical, economic, and
structural limitations [2]. This study investigates the potential of fungal melanin, a biological pigment
known for its radiation-shielding properties in extreme environments (e.g.,, Chernobyl and
spaceflight), as a lightweight and sustainable alternative for space architecture [3-5]. We propose an
architectural framework for integrating fungal melanin into bio-inspired coatings, analyzing species-
specific variations and production feasibility [6]. Comparative assessments indicate that melanin
offers superior mass efficiency and architectural flexibility over conventional materials [7]. The
research concludes with a roadmap for hybrid material integration and experimental validation,
establishing a biologically-driven paradigm for resilient extraterrestrial habitats [8,9].

Keywords: space architecture; fungal melanin; cosmic radiation shielding; bio-inspired design;
radiotrophic fungi; extraterrestrial habitats; in-situ resource utilization (ISRU); sustainable
construction

1. Introduction

The primary threat to deep-space exploration is ionizing radiation, specifically Galactic Cosmic
Rays (GCRs) and Solar Particle Events (SPEs) [10]. The absence of significant magnetic fields or dense
atmospheres on the Moon and Mars necessitates advanced shielding strategies to protect human
health and structural integrity [11]. In space architecture, radiation mitigation is a fundamental
design driver, dictating habitat geometry and material selection [12]. Figure 1 illustrates the
interaction between cosmic radiation and a conceptual habitat envelope.

Figure 1. Cosmic radiation interaction: Fungal cells with melanin absorbing ionizing radiation.
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2. Conventional Radiation Shielding Materials

*

doi:10.20944/preprints202601.2396.v1

Current passive shielding relies on material mass to attenuate radiation [13]:

Regolith: While available in-situ, it requires massive structural reinforcement and heavy

excavation [14].

*

Water & Polymers: Hydrogen-rich materials are effective but present risks regarding leakage,

storage, and long-term degradation [15,17].

*

radiation upon particle impact [16].

Metals (e.g., Aluminum): Provide structural integrity but are prone to generating secondary

Figure 2 demonstrates conventional shielding strategies for space habitats.

i o]

Figure 2. Conventional shielding methods: Comparison of traditional radiation shielding materials for space

habitats, including regolith, water layers, and thick walls.

3. Comparative Analysis of Shielding Materials

Table 1 evaluates melanin against traditional shielding materials, highlighting its advantages in

density and sustainability.

Table 1. Comparative Analysis of Space Radiation Shielding Materials.

Material Radiation Mass/ Sustainability Architectur Limitations Reference
Protection Density al Flexibility
Mechanism Impact
Regolith High massHigh 'Very High Moderate H eavy [14]
attenuation excavation,
structural load
Water Hydrogen-rich [High Medium Low Storage & leakage [15]
shielding risks
Polyethyle ne H ydrogenMedium  Medium Medium Degradation, [15]
content aging
Aluminum S tructuralMedium  [Low Medium S econdary [16]
shielding radiation
fungal R adiation|Low High High R  equires [5,6]
Melanin absorption & stabilization
interaction &
integration
This table emphasizes fungal melanin as a lightweight, sustainable, and architecturally flexible
alternative.
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4. Biological Responses to Ionizing Radiation

Extremophilic organisms, specifically melanized fungi, have demonstrated unique survival
capabilities in high-radiation zones such as the Chernobyl exclusion zone and low-Earth orbit [18-
20]. Melanin within the fungal cell wall functions as a biological shield that absorbs and dissipates
ionizing energy, thereby minimizing cellular damage [21]. Figure 3 shows melanin-rich fungal cells
exposed to radiation.

Figure 3. Melanin-rich fungal cells under radiation: Close-up of fungal cells showing melanin interacting with

radiation.

5. Radiotrophic Fungi and Melanin Functionality

"Radiotrophic" fungi utilize melanin to convert radiation into metabolic energy, suggesting an
active functional interaction with ionizing particles [22]. The aromatic structure of melanin allows for
efficient energy dissipation, oxidative stress mitigation, and potential thermal regulation [23,24].
Figure 4 shows radiotrophic fungi in high-radiation condi

Figure 4. Radiotrophic fungi concept: Radiotrophic fungi growing in a high-radiation environment, highlighting

melanin.
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6. Research Gap: From Biology to Architecture

While the microbiological properties of melanin are well-documented, its application in
architectural systems remains largely unexplored [25]. Current literature lacks a framework for
translating these biological traits into functional coatings or composite materials suitable for large-
scale space construction [26,27]. Figure 5 visualizes the research gap between biology and
architectural applications.

Figure 5. Research gap diagram: Gap between biological radiation protection studies and space.

7. Proposed Concept: Melanin-Based Architectural Coatings

This research proposes the development of melanin-derived bio-coatings for habitat envelopes
[28]. Produced terrestrially or via bio-reactors, these coatings can be stabilized and applied as a
passive radiation layer [29]. This approach is designed to be synergistic, augmenting existing regolith
or structural systems to provide a multi-layered defense [30]. Figure 6 depicts a conceptual
melaninbased coating applied to a space habitat envelope.

Figure 6. Melanin-based coating on habitat envelope: Space habitat section showing a melanin coating absorbing

radiation.

8. Architectural Implications

Melanin-based coatings facilitate the design of lightweight, adaptive space habitats [31]. Beyond
radiation protection, these coatings enhance thermal regulation and material durability, reducing the
mass-to-orbit requirements for protective structures [32]. Figure 7 illustrates bio-inspired adaptive
space architecture integrating melanin-based coatings.
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Figure 7. Adaptive bio-inspired space habitat concept: Futuristic space habitat with adaptive envelope inspired

by biological materials.

9. Challenges and Future Research Directions
Implementation requires addressing the following challenges [33]:
* Stability: Behavior under vacuum and extreme thermal cycling.
* Scalability: Optimization of large-scale melanin synthesis.
* Hybridization: Integrating melanin with polymeric composites or regolith.
* Validation: Testing under simulated Martian/Lunar radiation conditions.

Figure 8 projects potential bio-integrated space habitats leveraging melaninbased coatings.

Figure 8. Future bio-integrated habitats: Future space habitats using bio-grown materials and living coatings for

radiation protection.

10. Conclusion and Recommendations

Fungal melanin provides a sustainable, bio-inspired pathway for radiation shielding in space
[34]. By bridging biological resilience with architectural material science, melanin-based coatings
offer significant reductions in structural mass and enhanced multifunctional protection [35].

Recommendations:

* Initiate in-situ testing under simulated extraterrestrial radiation.

* Develop hybrid melanin-PLA or melanin-regolith composite systems.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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* Tailor species-specific melanin types for diverse environmental stressors.

* Integrate coatings into modular habitat designs for flexible architecture.
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