
Chapter 13
Detection of Biosignatures Using Raman
Spectroscopy

Frédéric Foucher

Abstract Raman spectroscopy is particularly suited for the study of biosignatures:
it is able to detect both organic and mineral phases, is very sensitive to carbonaceous
matter and biogenic pigments, and can be used in the field and for space exploration.
Thus, in a few decades it has become a key method in (micro-)palaeontology,
geomicrobiology and astrobiology. In this chapter, we present an overview of the
different types of biosignatures that can be detected and/or characterized using
Raman spectroscopy: organic molecules, microfossils, biominerals or even living
cells. A particular focus is made on the role of the excitation laser wavelength on the
type of biosignatures that can be studied.

13.1 Introduction

The term biosignature refers to any direct or indirect evidence of active or past life. It
includes living organisms and their fossils, as well as organic compounds of biolog-
ical origin, biominerals and biogases produced by metabolic activity, or physical
structures created by living organisms, such as shells or stromatolites. The detection
of biosignatures is of primary importance for micropalaeontology to demonstrate the
biogenicity of a fossilized structure and for astrobiology, where the objective is the
search for past or present extraterrestrial life. Detection of biosignatures involves
the use of a large range of techniques and instruments to make observations, deter-
mine elementary and molecular composition, date the structures, and characterise the
geochemical environment.

Raman spectroscopy is a versatile technique that uses a laser to detect and identify
molecules and crystals. In the laboratory, the instrument can be equipped with a
scanning device permitting it to display composition over a selected area of analysis.
Raman instruments generally use optical microscope objectives and are confocal in
order to carry out compositional mapping in 2D and 3D, from the centimetre to
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sub-micrometre scale (Deing et al. 2010; Foucher et al. 2017). Miniaturized, it can be
used for field investigation and planetary exploration (Culka et al. 2011, 2012;
Edwards et al. 2013). It will be a key instrument during the future missions to
Mars ExoMars 2020 (ESA-Roscosmos), with the Raman Laser Spectrometer, RLS,
(Rull-Pérez and Martinez-Frias 2006; Lopez-Reyes et al. 2013), and Mars 2020
(NASA), with SHERLOC (for Scanning Habitable Environments with Raman &
Luminescence for Organics & Chemicals) and SuperCam (Beegle et al. 2014).

Raman spectroscopy is well suited for studying biosignatures but, depending on
the system used (field or laboratory instrument) and on the excitation laser wave-
length, the types of biosignatures that can be detected may vary. In particular,
luminescence of the sample may mask the Raman signal, the laser may heat and
alter the sample, or the embedding phase (e.g. the mineral matrix) may be opaque at
certain wavelengths.

In this chapter, the Raman effect is explained first. In particular, the focus is
placed on the advantages and disadvantages of the different laser wavelengths from
deep ultra violet (UV) to infrared (IR) on instrumentation and biosignature detection.
The different types of biosignatures that can be detected using Raman spectroscopy
are then described, from biominerals to living organisms.

13.2 Raman Effect and Instrumentation

The Raman effect was described for the first time by Chandrasekhara Venkata
Rāman in 1928. It corresponds to the inelastic scattering of photons leading to
atomic bond vibrations. This phenomenon requires advanced physics to be fully
described, thus, this chapter will only briefly explain the effect. However, full
descriptions can be found in several books such as Poilblanc and Crasnier (2006),
Deing et al. (2010) or Dubessy et al. (2012).

Photons in the UV to IR range of the electromagnetic spectrum may transfer
energy to molecules or crystals as vibrations or as electronic transitions, depending
on their energy (see Fig. 13.1).

The vibrational energy transitions involved in the Raman effect are in the order of
magnitude of a few tenths of eV, while the energy between the excited electronic states
and the ground electronic state is generally of about ~2 eV. According to the Planck-
Einstein equation,1 it is easy to convert wavelength into energy. Thus, IR electromag-
netic radiation extending from 700 nm to 1 mm corresponds to photon energies ranging
from 1.77 to 0.001 eV, respectively (i.e. from 10 to 15,000 cm–1). Photons in the range
0.06–0.5 eV (i.e. 2.5–20 μm or 500–4000 cm–1) may then be absorbed by inducing
ground electronic vibrational state transitions. This phenomenon is used for IR spec-
troscopy. In the visible range, from 400 to 700 nm (1.77–3.10 eV respectively), a

1The Planck-Einstein equation is given by E ¼ h.c/λ with E the energy, h the Plank constant, c the
speed of light in vacuum, and λ the wavelength.
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photon could either be elastically scattered (Rayleigh effect), i.e. scattered with no loss
of energy, or inelastically scattered (Raman effect), i.e. scattered with change of energy.
If the photon loses energy, it undergoes Stokes Raman scattering and, on the contrary, if
the photon gains energy (which is less probable), it undergoes Anti-Stokes Raman
scattering. With decreasing wavelength, from about 200 to 550 nm (6.2–2.25 eV
respectively), the energies of the photons are in the order of magnitude of those of
excited electronic states. This may then lead to luminescence (fluorescence and phos-
phorescence) and resonance Raman (RR) scattering.

Fluorescence occurs when molecules reach an excited electronic state by absorb-
ing the incident photons, de-exciting progressively by non-radiative transitions, and
finally returning to the electronic ground state by emitting photons of lower energy
(i.e. higher wavelength). The phosphorescent effect is similar but slower due to
intersystem crossing. Finally, RR scattering occurs when the energy of the incident
photons is close to an electronic transition of particular atomic bonds leading then to
a resonant effect (i.e. an increase in probability of occurrence of Raman scattering).
RR is characterized by strong enhancement of the intensity of certain bands of the
Raman signal (by several orders of magnitude). Raman scattering is very short (~ns)
in comparison with fluorescence (~μs to ms) and phosphorescence (~s to min) where
the photons are absorbed and re-emitted. Raman intensity is also very weak com-
pared to luminescence but the RR signal can be of the same order of magnitude or
even higher.

The Raman effect is sensitive to atomic bonds. It permits the discrimination of
polymorphic minerals, i.e. minerals having similar compositions but different crys-
talline structures. For example, anatase, rutile and brookite have different Raman
signals despite their identical elemental composition (TiO2).

Modern Raman spectroscopy is performed using a monochromatic light source
(laser) to induce the effect. The scattered signal is diffracted using various gratings
and collected using a CCD camera interfaced with the spectrometer. The collected
signal consists of a spectrum displaying the number of scattered photons versus their
wavenumber, i.e. the shift in cm–1 with respect to the incident beam, the excitation
laser wavelength corresponding to 0 cm–1. Identification of minerals or organic
compounds is made by comparison with reference spectra found in the literature
or in databases.

Raman spectra extend from 0 to 4000 cm–1 irrespective of laser wavelength.
However, their range in wavelength increases with increasing excitation laser wave-
length, as shown in Fig. 13.2a. The choice of laser is crucial depending on the target.
For instance, organic molecules are known to be particularly fluorescent. A deep UV
laser at 250 nm appears therefore to be a good solution, the Raman spectra being
collected before the beginning of luminescence (Fig. 13.2a). Moreover, a short
wavelength will favour the RR effect. However, in addition to being expensive and
difficult to implement, UV Raman spectroscopy is limited by the depth of penetration
of UV which is generally very small in solids (only a few nm), and by the possibility
of burning the sample. On the other hand, the IR laser permits collection of the signal
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after the fluorescence range (Fig. 13.2a) with less risk of burning the sample.
However, CCD detectors are less sensitive in the IR range and therefore the Raman
signal is less intense, particularly after 900 nm (the use of 1064 nm IR excitation laser
requires the use of FT-Raman systems). In order to compensate for this low signal
gain it may sometimes be necessary to use high laser power, thus, increasing the risk
of burning the sample. Moreover, following the Airy disk principle,2 the laser spot
diameter increases with the wavelength (Fig. 13.2b).

Finally, the depths of field and of penetration are also increased in such a way that
the analysed volume may then be relatively large (several μm3) thus requiring a
larger amount of material in order to be detected.3

Fig. 13.2 (a) General luminescence envelope and Raman spectrum ranges (corresponding to
0–4000 cm–1) for different excitation laser wavelengths (adapted from Beegle et al. 2014). (b)
Laser spot size through an objective of numerical aperture 0.9. (c) Suitability of the different laser
wavelengths to be used to study biosignatures. Source: Adapted from Beegle et al. (2014)

2The Airy disk corresponds to the best focused spot of light through an optical system. Its diameter
is given by D ¼ 1,22.λ/NA, with NA the numerical aperture of the objective.
3The depth of field of an objective is given by Δz ¼ n.λ/(2.NA2), with n the refractive index of the
material.
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To summarise, a UV laser is well suited for the detection of organic molecules
adsorbed on the surface and to carry out high-resolution surface analyses. An IR
laser allows performing Raman at depth with less risk of burning; it is thus well
suited for living tissues, for instance. In between, the available lasers are good
compromises and are particularly suitable for studies of carbonaceous microfossils
in a mineral matrix. The ExoMars 2020 RLS and the Mars 2020 SuperCam Raman
systems will thus be equipped with a green laser (wavelength of 532 nm).
Figure 13.2c shows the suitability of the different laser wavelengths for studying
biosignatures.

Portable instruments for field investigations generally use optical fibres or mac-
roscopic lenses. Their spatial resolution is, consequently, most of the time relatively
low with a spot size of several tens of micrometres to millimetres (Mosier-Boss and
Putnam 2013). The miniaturization of the systems also leads to a decrease in spectral
resolution (several cm–1) (Culka et al. 2011, 2012; Vitek et al. 2012). For practical
reasons they generally use high laser wavelength, from 532 to 1064 nm (Vitek et al.
2012). By contrast, most laboratory systems are based on an optical microscope
architecture, which allows significant increase in the resolution of analyses and,
when interfaced with a scanning system, to carry out mapping. A Raman map is
made by scanning an area of interest with the laser while accumulating spectra. By
attributing a colour scale to the Raman signal intensity of a given compound, it is
then possible to display its concentration through the chosen area. It is also possible
to attribute a different colour to each compound in order to obtain a compositional
map. More information on mapping technique can be found in Deing et al. (2010) or
Foucher et al. (2017). Finally, instruments for space exploration can be seen as
intermediate systems in terms of spatial and spectral resolution and in terms of
capacities (quite good resolution but no mapping, for instance).

13.3 Biosignatures Raman Detection

13.3.1 Organic Molecules

Astrobiology mainly focusses the search for life on auto-replicating systems capable
of Darwinian evolution and based on organic chemistry in liquid water (Lazcano
2011; Ruiz-Mirazo and Moreno 2011). All known living systems on Earth are
indeed more than 95% based on the elements C, H, N, O, P and S, and this chemistry
appears to be the only way to form enough various and complex molecules to enable
life to appear and evolve (Brack 2001).

Organic molecules can be identified by Raman spectroscopy and various spectral
databases are available. Examples of typical spectra of organic molecules are
displayed in Fig. 13.3 (De Gelder et al. 2007).

A large variety of organic molecules have been found in the interstellar medium
(Dickens et al. 2001), icy dust particles (Danger et al. 2013; de Marcellus et al. 2015;
Meinert et al. 2016), comets (Altwegg et al. 2016) and meteorites (Schmitt-Kopplin
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Fig. 13.3 Raman spectra of some biological molecules acquired on pure compounds using a
785 nm excitation laser wavelength. Source: Adapted De Gelder et al. (2007)
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et al. 2010) demonstrating that they can be abiotically synthesised. Life uses a more
restricted range of organic molecules, some of which are considered as
uncontroversial evidence of life, such as DNA, RNA, and proteins. NASA thus
took up the challenge to send a Raman system dedicated to the search for organics
on Mars during the Mars2020 mission: the SHERLOC instrument. The system will
use a deep UV laser permitting it to obtain (resonant) Raman spectra below the
fluorescence wavelength range (see Sect. 13.2), as well as make luminescence
analysis in the visible wavelength range (Beegle et al. 2014).

13.3.2 Pigments

A particular focus will be made here on pigments. Pigments are molecules that
contain at least one chromophore in their structure, i.e. a chain of alternative single
and double carbon bonds. By selecting the excitation laser wavelength in order to
excite the π-π* electronic transition energy range in conjugated chromophores, such
as those of β-carotene, or the charge transfer transition energy in metal complex
chromophores, such as in chlorophyll, it is possible to strongly enhance the Raman
signal by the resonance effect (RR) of the stretching modes of the π-bonds, or of the
stretching modes of the metal-ligand respectively (Merlin 1985). Among these
molecules, carotenoids are those associated with the strongest RR effect when a
green excitation laser is employed. The signal is still strong enough to be detected
out of resonance using a 785 nm excitation laser wavelength (Merlin 1985; Jehlička
et al. 2009; Vitek et al. 2009).

The RR spectrum of β-carotene is displayed in Fig. 13.4. Carotenoids are relatively
common biological pigments. They act as DNA-repair agents in radiation-damaged
cells, protect against UV radiation and absorb light energy used for photosynthesis
(Patel et al. 2004). They are found in many organisms, such as plants, algae, bacteria
and archaea. The signal of carotenoids is thus commonly observed in the field using
portable instrumentation. This explains why Raman studies focussed on the detection
of these molecules onMars are numerous (e.g., Edwards et al. 2013; Baqué et al. 2016;
Jehlička et al. 2016). In particular, it has been shown that β-carotene can be detected in
low concentrations when mixed within a mineral matrix (Vandenabeele et al. 2012).
These molecules are, thus, very interesting targets for astrobiology.

13.3.3 Carbonaceous Matter and Microfossils

Carbonaceous matter as graphite or disordered sp2 carbon is of particular interest for
Raman spectroscopy since it is always resonant, whatever the excitation laser wave-
length (Ferrari 2007). The technique is thus particularly suited for the study of
kerogens, i.e. insoluble organic matter of biotic origin. The typical Raman spectrum
of kerogen exhibits two main bands generally labelled D, for disordered, and G, for
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graphite, located respectively around ~1350 cm–1 and ~1600 cm–1 (Beyssac et al.
2002, 2003; Ferrari 2007; Foucher et al. 2015; Jehlička and Bény 1999; Jehlička et al.
2003; Lahfid et al. 2010; Quirico et al. 2009; Sforna et al. 2014). The shape of the
spectrum changes with increasing metamorphism (mainly temperature) first by
carbonization, then by graphitization as displayed in Fig. 13.5 (Deldicque et al.
2016; Foucher et al. 2015; Rouzaud and Oberlin 1989; Schopf et al. 2005).

Carbonization refers to the conversion of organic molecules into kerogen and is
characterized by the formation of pure polyaromatic carbons forming small coherent
domains. During graphitization, these coherent domains increase until, in the case of
high-grade metamorphism, they form pure graphite (amphibolite facies and higher)
(Bustin et al. 1995).

The Raman spectrum of kerogen was first proposed by Pflug and Jaeschke-Boyer
(1979) as a tool for proving the biogenicity of carbonaceous matter in ancient
sediments and then by Schopf et al. (2002a). However, spectral shapes similar to
those described in these studies were observed in carbonaceous matter of abiotic
origin (in meteorites, for example), thus leading to a strong debate about the origin of
carbonaceous structures observed in ancient rocks (Brasier et al. 2002; Marshall et al.
2011, 2012; Marshall and Marshall 2013; Pasteris and Wopenka 2002, 2003; Schopf
et al. 2002a, b). Finally, it is now acknowledged that, although the high sensitivity of
Raman spectroscopy to carbonaceous matter makes it the best technique for detecting
kerogens in geological samples, the shape of the Raman spectrum alone cannot be
used as a proof of biogenicity.

Fig. 13.4 Unprocessed Raman spectrum of pure β-carotene powder (C40H56) obtained with a
532 nm excitation laser wavelength. The RR signal is so strong that the filtered Rayleigh peak is
very small in comparison and that the luminescence background is not a problem for peak detection.
The chromophore is the red section in the inset molecule of β-carotene. Source: F Foucher
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On the other hand, the Raman mapping technique was recently used to demon-
strate that, due to the variation of the molecular composition over a cell, and thus of
the precursor of the carbonaceous matter, the spatial distribution of the changes in
the D/G band intensity ratio follows the shape of the biotic structures (Foucher et al.
2015; Qu et al. 2015). By contrast, they are randomly distributed for abiotic
structures, as shown in Fig. 13.6. These changes can be explained by the survival
of particular functional groups in the kerogen associated with different parts of the
fossil (Qu et al. 2015; Alleon et al. 2016).

Fig. 13.5 Raman spectrum of kerogen with increasing metamorphism (temperature) obtained
using a 532 nm excitation laser wavelength. Source: Adapted from Foucher et al. (2015)
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13.3.4 Minerals and Microfossils

Although life is based on organic chemistry, it may also produce mineral compounds
(biominerals, see Chap. 6). Large organisms biomediate the production of mineral
components, such as bones, teeth or shells.

Microorganisms also produce minerals, either directly as a part of themselves,
such as the frustules of diatoms, or indirectly as a result of their metabolic activities
(precipitation of carbonates in the phototrophic layers forming stromatolites, for
example). Contrary to organicmatter that is rapidly recycled and reprocessed, mineral
phases are less degraded with time making these types of biosignatures more suscep-
tible to preservation on geological time scales and final detection in ancient sedi-
ments. On the other hand, most biominerals are known to be metastable, i.e. with
metamorphism they tend to recrystallize into a more stable crystalline form. The same
minerals can also form abiotically. Mineral structures must thus be placed in their
mineralogical and environmental context to be considered as relevant biosignatures.
Their shape (e.g. as a shell or stromatolite) and/or their association with carbonaceous
matter are also very important (Rividi et al. 2010; Campbell et al. 2015).

Raman spectroscopy is particularly suited to study fossilized microorganisms
since it is able to detect both carbonaceous matter and minerals at a (sub-)micrometre
scale. Raman mapping is very powerful in its ability to display the relationships of
mineral distributions in sediments with structures of biological origin. For instance,
it has been shown that silicified carbonaceous microfossils in chert can be associated

Fig. 13.6 Raman mapping of carbonaceous structures of (a-i, -ii, -iii) biotic and (b-i, -ii, -iii) abiotic
origin. For each: (i) optical image, (ii) Raman map of carbonaceous matter and (iii) Raman map of
the D/G peak intensity ratio obtained using a 532 nm excitation laser wavelength. Source: Adapted
from Foucher et al. (2015)
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with amorphous silica despite the recrystallization of the silica matrix into quartz
(Moreau and Sharp 2004) and this can be evidenced by Raman mapping, as shown in
Fig. 13.7 (Foucher and Westall 2013). This interesting discovery is, however,
limited to rocks of low grade metamorphism and requires the use of high resolution
mapping techniques that are presently incompatible with space exploration.

13.3.5 Living Organisms

The holy grail of astrobiology remains the discovery of living extraterrestrial organ-
isms and Raman spectroscopy could be particularly pertinent for this purpose.
Among the techniques compatible with space exploration, it is one of the few capable
of detecting living microorganisms at the surface of an extraterrestrial body without
any sample preparation. The Raman spectrum of biological material consists of a
superimposition of spectra of organic molecules, such as those described above in
“organic molecules”. Since biological materials are generally fluorescent, it is better

Fig. 13.7 Microfossils from the 800 Ma old Draken Formation (Svalbard) seen by optical
microscopy in transmitted light, and associated Raman maps of carbonaceous matter and opaline
silica obtained using a 532 nm excitation laser wavelength. Source: Adapted from Foucher and
Westall (2013)
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to use an IR excitation laser to detect living organisms, in particular in their natural
environment as shown by Edwards (2004) (Fig. 13.8).

Observation of the Raman bands of organics in the range 400–1600 cm–1, is
generally difficult using a visible excitation laser, as displayed in Fig. 13.3. However,
it is possible to detect the strong signal of CH and OH bands, in the 2800–3300 cm–1

and 3100–3650 cm–1 spectral regions, respectively, as well as the RR signal of
pigments described above in “Pigments” (Edwards et al. 2013; Baqué et al. 2016;
Jehlička et al. 2016).

13.4 Summary

Raman spectroscopy is particularly well-suited to the study of biosignatures, span-
ning a range from degraded biomolecules to living organisms. However, use of an
inappropriate excitation laser wavelength may hamper the analyses. Most laboratory
systems are equipped with several lasers, but this is not the case for the miniaturised
system used for space exploration. In this case, the excitation wavelength must be
chosen carefully in accordance with the aims of the analyses carried out and the
corresponding targets (minerals, organics. . .). In any case, the high sensitivity of
Raman spectrometers to carbonaceous matter will make it a key instrument for the
detection of potential microfossils during the next in situ missions to Mars. In

Fig. 13.8 Raman spectra of an Antarctic epilithic lichen, Caloplaca saxicola, from Beacon
Sandstone, Mars Oasis, Antarctica, obtained using different laser wavelengths: 514.5, 633 and
785, and 1064 nm using FT Raman. Source: Adapted from Edwards (2004)
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addition, with its capacity to identify minerals and to detect pigments, we can count
on this technique to make important discoveries in astrobiology and planetology in
the coming decades.
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