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The search for life beyond Earth increasingly relies on biophysical methods capable of detecting
subtle chemical and structural signatures associated with extremophile microorganisms and
prebiotic organic matter. Among these, Raman spectroscopy has emerged as a core analytical
tool due to its non-destructive nature, sensitivity to molecular vibrations, and capacity to identify
both inorganic and organic phases in complex geological matrices. In astrobiology, Raman
techniques enable the detection of extremophile biosignatures—such as pigment molecules,
carotenoids, and cell-wall components—while simultaneously mapping mineralogical contexts
that may preserve or enhance these signatures. A promissing application is the characterization
of carbon phases in meteorites, where Raman spectral parameters provide insight into
graphitization, thermal history, and organic matter contributions. Such measurements have been
performed extensively in laboratory settings and are now incorporated into modern planetary
exploration missions, including rover-based Raman instruments designed to analyze Martian
sediments in situ.

Complementary biophysical methods further enhance the detection and interpretation of potential
extraterrestrial biosignatures. Solid-state and solution NMR spectroscopy allow high-resolution
identification of organic compounds in meteorites, including amino acids, polyaromatic
structures, and other complex carbonaceous materials whose composition and isotopic
characteristics may indicate prebiotic or biogenic origins. X-ray fluorimetry provides elemental
mapping critical for assessing mineral microenvironments that could sustain or preserve life-
related chemistry, while infrared spectroscopy expands molecular detection capabilities by
probing functional groups, hydration states, and mineral-organic interactions relevant to
microbial survival strategies. Together, these approaches create a multidimensional analytical
framework capable of operating both in controlled laboratory environments and aboard space
probes, landers, and rovers.

By integrating Raman spectroscopy with NMR, X-ray—based techniques, IR spectroscopy, and
additional biophysical modalities, contemporary astrobiology is increasingly able to detect,
validate, and contextualize potential biosignatures. This synergistic use of biophysical tools
advances our understanding of extremophile survivability, helps the design of future planetary
space missions, and enhances our ability to recognize potential traces of life in extraterrestrial
materials.
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