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Abstract
Raman spectroscopy can provide highly specific chemical fingerprints of inorganic and 
organic materials, and is therefore expected to play a significant role in interplanetary 
missions, especially for the search for life elsewhere in our Solar System. A major 
challenge will be the unambiguous detection of low levels of biomarkers on a mineral 
background. In addition, these biomarkers may not be present at the surface but 
rather inside or underneath minerals. Strong scattering may prevent focusing deeper 
into the sample. In this paper, we report the detection of carotenoid-containing 
microorganisms behind mineral layers using time-resolved Raman spectroscopy (TRRS). 
Two extremophiles, the bacterium Deinococcus radiodurans and the cyanobacterium 
Chroococcidiopsis were detected through translucent and transparent minerals using 
440-nm excitation under resonance conditions to selectively enhance the detection of 
carotenoids. Using 3-picosecond (ps) laser pulses and a 250-ps gated intensified CCD 
camera provided depth selectivity for the subsurface microorganisms over the mineral 
surface layer, and in addition lowered the contribution of the fluorescent background. 
Raman spectra of both organisms could be detected through 5 mm of translucent 
calcite or 20 mm of transparent halite. Multi-layered mineral samples were used to 
further test the applied method. A separate tuneable laser setup for resonance Raman 
and a commercial confocal Raman microscope, both with continuous (non-gated) 
detection, were used for comparison. This study demonstrates the capabilities of TRRS 
for the depth-selective analysis through scattering samples, which could be used in 
future planetary exploration to detect microorganisms or biomarkers within or behind 
minerals.
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6.1 Introduction
Raman spectroscopy (RS) for future application in planetary sciences has been the 
subject of a large number of exploratory studies. RS is a non-destructive technique for 
the identification of organic and inorganic compounds based on molecular vibrations 
and can be used for detection of life in planetary exploration[15]. Both the European 
Space Agency (ESA) and the National Aeronautics and Space Administration (NASA) 
have assigned a Raman instrument to one of their scheduled Mars missions, ExoMars 
in 2018 with 532-nm excitation[20] and Mars 2020[21], respectively. NASA will equip 
their rover with two Raman instruments: one for the SHERLOC system with 248.6-nm 
excitation and one for the SuperCam system with 532-nm excitation and gated 
detection that can be used for stand-off measurements[22]. Since the first proposal 
to equip a planetary rover with a Raman instrument[31], various Raman spectroscopic 
techniques like remote RS[16], resonance Raman spectroscopy (RRS)[27] and time-
resolved Raman spectroscopy (TRRS)[85,141] have been applied to optimize detection of 
both minerals and organic compounds.

Ongoing research of life in extreme terrestrial environments is of great help for 
the development of analytical techniques for the detection of life signatures in 
planetary exploration. Examples of extreme environmental parameters are regions 
with extreme temperatures: deserts[69] and arctic regions[75], extreme pH levels 
that typify acidic[77] or alkaline rivers and lakes, extremely dry environments[74], and 
brine lakes. The extremophiles in these environments are (micro)organisms that can 
survive and in some cases only live in (a combination of ) the previously mentioned 
extreme environmental conditions[153]. These environments are good analogues 
for environmental conditions on other bodies in our Solar System. Mars, Enceladus, 
Europa, and Titan are potential candidates for viable environmental conditions[33]. On 
Earth, various strategies have evolved over time to allow for survival under extreme 
conditions, for instance, physical protection via mobilisation or transformation of 
minerals[75,169] or hiding in and on different minerals (epiliths), inside porous rocks 
(endoliths), or inside cracked rocks (chasmoliths)[56]. Chemical protection against 
ultraviolet radiation is offered by compounds such as scytonemin or carotenoids[20]. 
To prevent desiccation, organisms may have high concentrations of organic osmotic 
solutes like glycerol, simple sugars, amino acids in their cytoplasm or use extracellular 
oxalate precipitates[59]. The search for life focuses on so-called biomarkers. Biomarkers 
are molecules that are unambiguously produced by living organisms and cannot 
be synthesized via an abiotic route[170]. The potential and limitations of Raman 
spectroscopy for carotenoid biomarker detection were discussed by Jehlička et al. 
(2014)[67], and competing processes like photodegradation and self-absorption during 
RRS of carotenoids were described by Hooijschuur et al. (2015)[136]. The ideal method 
for the detection of biomarkers would be one that is sensitive, highly specific, non-
invasive, and capable of detecting molecules hidden inside (non-transparent) minerals.



Fluid inclusions are microscopic bubbles that are trapped within minerals and consist of 
fluids or gasses. These inclusions may contain microorganisms that have been trapped 
for hundreds of millions of years[70]. Raman analysis of microorganisms in halite[171], 
gypsum[172], and ancient extremely acidic lake evaporates[173] have been reported, all 
involving 0.5-2 mm thick sections. Fluorescence and photodegradation processes 
were observed in many cases. These processes are believed to have compromised 
the analytical data, resulting in poorer detection limits. Laboratory-grown gypsum 
crystals containing fluid inclusions with biomarkers, for example, β-carotene for 
Raman microscopic analysis, were synthesised in 3.3, 5.2, and 8.5 mm thick pieces[174]. 
Field samples and laboratory samples of the previously mentioned research consisted 
of transparent crystals that were measured with microscope objectives with a long 
working distance. In this study, we show that clear, transparent samples are not 
a prerequisite for Raman detection of microorganisms in and behind minerals. In 
addition, we show that the sample thickness can be larger than the focal distance of a 
microscope objective.

RS is based on the inelastic scattering of photons from a molecule. Energy from the 
photon is transferred to the molecule in roughly 1 out of every 107-108 incident photons 
as a result of its inherently low Raman cross section. The amount of transferred energy 
corresponds with one of its molecular vibrations. The combination of molecular 
vibrations as shown in a Raman spectrum is characteristic for each compound 
(molecular fingerprint), for organic as well as inorganic materials. RS is a non-destructive 
and non-invasive technique that usually needs no sample preparation. Raman can also 
be used for detection of microorganisms since water is not a source of interference.

Detecting and identifying biomarkers (if present) on or below a planetary surface will 
be a tremendous challenge. Raman spectra of samples that consist of microorganisms 
inside minerals will be heavily dominated by the Raman signal of the surrounding 
matrix (the mineral) and show only little signal from the organism itself. Techniques 
like RRS can be used to selectively enhance the Raman signals of compounds with 
chromophoric groups. Sensitivity can be enhanced by a few orders of magnitude if 
the excitation wavelength of the laser overlaps with an electronic transition of the 
molecule[25,26]. Other advanced analytical techniques have been developed to obtain 
depth information of multi-layered samples up to a few centimetres thick. Spatially 
offset Raman spectroscopy (SORS) can provide depth information based on changing 
peak ratios when applying a lateral offset between the excitation and collection 
point[175]. Alternatively, TRRS utilizes fast gated detection modes like Kerr-gating[82] or 
fast intensified charge-coupled device (ICCD) detectors[93] to obtain depth information 
of layered samples and decrease the fluorescent background. Both effects are based on 
temporal differences between two signals: in a back-scattering geometry the surface 
layer Raman signals arrive earlier at the detector than subsurface Raman signals, and 
Raman is a fast process compared to fluorescence. TRRS has been successfully used in a 
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variety of research areas like biomedical[96] and forensic applications[94]. Gated detection 
for planetary sciences can be used for different reasons, for example, fluorescence 
suppression[89], day-time measurements[105], and stand-off measurements[106,119]. The 
latter approach will also be used with the NASA SuperCam system, which is designed 
to yield a 100-ns time resolution[22]. Gaft and Nagli (2009) described the necessity 
of using gated detection in fundamental and applied mineralogy for suppressing 
the luminescence and fluorescence contribution to a Raman spectrum[90]. The 
luminescence lifetimes of minerals can be in the order of 10-3-10-6 s for minerals, and 
fluorescence lifetimes can be as short as 10-9 s for organic compounds.

This study utilizes an ICCD detector with a fast, 250 picosecond (ps) gate in combination 
with 3-ps pulses from a frequency doubled Ti:sapphire laser (λ = 440 nm) at a repetition 
rate of 76 MHz. The ICCD detector is activated after a specific delay following the arrival 
of a trigger pulse as shown in pink in the schematic overview of events during a TRRS 
measurement in figure 6.1a. Although the CCD detector is activated during the entire 
exposure time, the signals are only collected during the times that the intensifier is 
on (grey). Amplification of the signal is achieved by an image intensifier consisting 
of a photocathode to convert incident photons from the sample to electrons, a 
microchannel plate (MCP) to multiply these electrons, followed by a phosphorescent 
screen to convert the electrons back to photons. These amplified photons are detected 
by a cooled CCD chip. The trigger pulse (after a defined delay) starts the build-up of 
potential over the image intensifier, switching it on. At relatively short delays, only 
photons from the 1st layer are detected. Raman photons from deeper layers (yellow) 
are detected at relatively longer delays.

Fluorescence (green) often competes with Raman scattering. This fluorescence 
can originate from the analyte itself or from compounds in the surrounding matrix. 
A temporal distinction can be made between fluorescence and Raman, since the 
fluorescence process is orders of magnitude slower than Raman. The detector opens 
and closes before the majority of the fluorescence photons arrive. This makes TRRS an 
appropriate technique for reducing the fluorescent background in Raman spectra, as 
demonstrated in figure 6.1b.

This research elaborates on our previous work on depth analysis of multi-layered 
mineral samples utilizing TRRS[141] and detection of carotenoids and microorganisms in 
mineral matrices with RRS[136]. Here, we demonstrate for the first time how two species 
of microorganisms Deinococcus radiodurans (D. radiodurans) and the cyanobacterium 
Chroococcidiopsis can be detected through different layers of translucent and 
transparent minerals using RRS and TRRS. For comparison, Raman spectra were also 
recorded by using a continuous wave (CW) Raman setup with resonance excitation 
and a confocal Raman microscope, both with continuous (non-gated) detection.



Figure 6.1: (a) Schematic representation of the time events in time-resolved Raman 
spectroscopy of a two-layered sample in backscattering geometry. After the 
3-ps laser pulse (blue) both Raman (red for the first layer and yellow for the 
second layer) and fluorescence (green) signals are produced. The 250-ps gate 
is synchronised to the laser pulse, initiated by the trigger (pink) and opens 
after an adjustable delay. This prevents a large contribution of fluorescence 
signals to the Raman spectrum and provides depth information about multi-
layered samples. Relative intensities and lifetimes of the different processes 
may vary (up to orders of magnitude) for different samples. (b) Illustration 
of fluorescence suppression of the cyanobacterium D.  radiodurans using 
TRRS with a 250-ps detector gate. With continuous detection (top spectrum) 
an additional high fluorescent background is observed. For the TRRS 
measurement (lower spectrum) the 250-ps gate reduces the additional 
fluorescent signal and shows a 4.5 times improvement of the signal-to-
baseline ratio for the C=C stretch vibration at 1513 cm-1. Note that the 
intensity scale of the two detectors cannot be directly compared. Both 
spectra were recorded using the same instrument, at a 440 nm excitation 
wavelength with 3 accumulations of 20 s.

6.2 Materials and Methods
6.2.1 First layers (minerals)
Calcite and gypsum slices of precise thicknesses were obtained from our own mineral 
collection at the VU University Amsterdam. Halite was obtained from the Wereldwinkel, 
Amsterdam. The calcite slice was 2.50 mm thick, the gypsum slices 5.0 and 6.0 mm 
thick, and the halite 20.0 mm thick. Two gypsum slices could be combined to make 
an 11 mm thick layer. The calcite was used as a proxy for translucent (i.e., highly 
scattering) minerals, the gypsum and halite as proxies for transparent minerals. The 
centrosymmetric halite crystal did not show any Raman or fluorescence signals. The 
mineral slices were not sanded or polished. Labradorite (Ca,Na)(Al,Si)4O8 and spectrolite 
(Ca,Na)(Al,Si)4O8, both of which are plagioclase group minerals from Madagascar, 
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along with spessartine Mn3Al2(SiO4)3, a garnet mineral from China, were acquired 
at Het Kwartskristal, Gouda, The Netherlands, and were sawn into plates of varying 
thicknesses. Labradorite was used as a proxy for transparent minerals, spessartine as 
a proxy for scattering minerals, and spectrolite as a proxy for almost opaque minerals. 

6.2.2 Second layers (microorganisms) 
A wild strain of D. radiodurans was provided by Wilfred Röling, VU University 
Amsterdam. Bacteria were grown on a microbiologically tested nutrient agar plate for 
three days in a dark environment at 30 °C. One isolated colony was transferred from 
the plate to 1.50 l of aseptic 13 g·l-1 Nutrient Broth #3 (Sigma-Aldrich, St. Louis, USA) 
solution and was set to proliferate in a dark environment for 4 days at 30 °C. After the 
proliferation phase, the suspension was centrifuged (3,500 × g for 3 minutes), washed 
with normal saline, and centrifuged again (3,500 × g for 3 minutes). Wet bacterial 
paste was put in a cuvette with 1.20 mm thick glass walls (OS 0,501, Hellma Analytics, 
Müllheim, Germany).

A wild Chroococcidiopsis strain from the Culture Collection Yerseke was provided by 
Gerard Muyzer, University of Amsterdam. The culture was proliferated in self-made 
liquid BG-11 medium, under constant aeration and in luminescent light. Harvesting 
and storage were performed as for D. radiodurans. 

For resonance Raman measurements, a deposit of D. radiodurans was prepared on a 
glass microscope slide. Concentrated D. radiodurans paste (0.30 g) was suspended in 
1.50 ml of normal saline and diluted to 0.10 g·ml-1. A total of 50 μl of this dilution was 
pipetted onto a defined 12.7 x 12.7 mm area on a glass microscope slide. The deposit 
was dried in ambient air and covered with a second glass plate. To quantify the density 
of the bacterial layer, a surface area of 254 x 187 μm was automatically mapped using 
the confocal Raman microscope with the 532-nm laser, and the number of bacteria 
was manually counted, yielding a total of ~9.5·107 bacteria per cm2. Raman mapping 
was necessary since the optical view did not yield sufficient contrast between bacteria 
and background. Preparation of a similar Chroococcidiopsis sample plate with a specific 
density of bacteria was not possible since this bacterium did not form a smooth, 
homogeneous dry deposit.

Reference spectra for the minerals and bacteria are shown in figure 6.2. The carotenoid 
Raman peaks at 1151 and 1513 cm-1 for D. radiodurans and at 1151 and 1523 cm-1 for 
Chroococcidiopsis are characteristic for these bacteria. The appearance of both peaks 
and their relative intensities can serve as proof of detection when combined with 
minerals in test samples. A third carotenoid peak that is often observed near 1007 cm-1 
is weaker and easily obscured by significantly stronger Raman bands from calcite and 
gypsum.



Figure 6.2: Raman reference spectra of D. radiodurans (black); Chroococcidiopsis 
(green); gypsum (blue) and calcite (red). Major Raman peaks are labelled. All 
spectra were recorded in TRRS mode at a 440 nm excitation wavelength and 
70 mW laser power with 3 accumulations of 20 s each at a relative time delay 
of 150 picoseconds. Upper two spectra have been multiplied by 3 and all 
spectra are shown with a y-axis offset for legibility. As expected, no Raman 
signals were obtained for halite.

6.2.3 Instrumentation
Resonance Raman measurements with continuous detection were made with a 
532-nm, frequency doubled Nd:YVO4 laser (Coherent Paladin Advanced 532-20000, 
Santa Clara, CA, USA)  operated at 20 W and pumping an OPO laser (APE Levante 
Emerald, Angewandte Physik & Elektronik GmbH, Berlin, Germany) with a tuneable 
wavelength range for the Signal from 690-990 nm and an Idler range from 1150-2300 
nm. Both Signal and Idler can be frequency doubled/tripled (APE HarmoniXX). For the 
RRS measurements of this work, the OPO signal was tuned to 880 nm and frequency 
doubled to 440 nm. The signal was collected in backscatter mode through a 20×, 
0.65NA microscope objective (Partec GmbH, Münster, Germany) and a dielectric stack 
long-pass filter, Semrock 450 AELP (Semrock Inc., Lake Forest, IL, USA), focused at a 
spectrograph (Andor Shamrock, SR-303i-A, Belfast, UK) and detected with an Andor 
Newton 920 CCD detector (Andor DU920P-BR-DD) cooled to 213 K.

Raman microscope spectra were recorded using a Renishaw InVia Reflex confocal 
Raman microscope (Wotton-under-Edge, UK) with a Peltier-cooled CCD detector 
(203 K). The maximum output power of the 532-nm laser is 80 mW; the powers actually 
applied at the sample are given in the figure captions. The instrument included a Leica 
light microscope with 5×, 20×, and 50× air objectives.
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The TRRS measurements were conducted with a 532 nm, frequency-doubled Nd:YVO4 
laser (Coherent Verdi-V18, Santa Clara, CA, USA) operated at 10 W, which pumps a 
tuneable Ti-sapphire laser that produces 3-ps pulses at a repetition rate of 76 MHz  
(Coherent Mira 900P). The laser was tuned to 880 nm and frequency doubled to 
440 nm (TP-2000B, U-Oplaz). The first lens (diameter 25.4 mm and ƒ= 50 mm) collects 
the backscattered light and sends a parallel bundle through the dielectric stack long-
pass filter, Semrock 450 AELP (Semrock Inc., Lake Forest, IL, USA), used to block the 
reflected laser line and Rayleigh scattering. A second lens focuses the backscattered 
Raman emission onto the 70-µm entrance slit of a 50-cm single-stage spectrograph 
(SpectraPro, Acton, MA, USA).

Time-gated detection of the Raman spectra was performed using an ICCD camera 
(LaVision Picostar HR, Göttingen, Germany) with a MCP operated at a potential 
difference of 900 V and a CCD chip cooled to 262 K. The ICCD is triggered by a 
photodiode that receives a fraction of the laser output via a glass plate. The applied 
potential over the photocathode, MCP, and phosphorescent screen of the intensifier 
in combination with other settings determine the gate width of the detector, that is, 
the time window in which the ICCD opens and closes during a single collection event 
(figure 6.1), apart from the delay relative to the laser pulse. Theoretically, the imaginary 
shape of the gate would be a block pulse, that is, with instantaneous opening and 
closing of the detector response. However, since the build-up and decay of the 
potential take significant time on a picosecond time scale, the time gate will have a 
bell-shaped profile. The hardware parameters were optimized to achieve maximum 
signal collection in the shortest possible time window. This reduces the convolution of 
signals from varying locations in the sample, thereby increasing the depth resolution 
of the Raman signals. This optimization was performed by measuring a delay series of 
a 1.0 mm cuvette with cyclohexane (Acros Organics, Fisher Scientific, Geel, Belgium) 
and iteration of the parameters, resulting in a gate width of 250 ps full width at half 
maximum. For comparative measurements, continuous wave detection (but with 
the same pulsed laser system for excitation) was carried out by a non-gated CCD 
camera (model DV420-OE, Andor Technology, Belfast, UK) side-mounted to the same 
spectrograph and operated at a temperature of 223 K. The intensity units of the gated 
and non-gated detectors are not directly comparable.

6.2.4 Measurements
The tuneable Ti-sapphire laser was set to an output wavelength of 880 nm. This 
wavelength was frequency doubled to 440 nm, matching the absorption maximum 
of the carotenoids in both D. radiodurans[167] and Chroococcidiopsis[176]. The laser 
power was ~70 mW at the sample. The spectral readout was manually calibrated in 
wavenumbers by using acetaminophen (98%, Sigma-Aldrich, Saint Louis, MO, USA). 
In our TRRS measurements, the first Raman signals would appear at a delay time of 
2650 ps after the trigger pulse, originating from photons scattered directly from the 



mineral surface. This delay time will be used as t0, and throughout this paper the delays 
will be expressed relative to that point. All TRRS measurements were performed in 
backscatter mode, using 25-ps delay steps with 3 acquisitions of 20 s per step. Time-
gated measurements were performed at increasing delays between -150 and 750 ps, 
incremented in 25-ps steps unless indicated otherwise. For some experiments, a spatial 
offset between the excitation point and the collection point was created in order to 
have less contribution from signals of the first layer[175]. To this end, the small prism that 
steers the excitation beam was moved a few mm parallel to the sample surface. For 
more details and a sketch of the setup see the work of Hooijschuur et al. (2013)[141]. The 
reference spectra of figure 6.2 from both bacterial pastes and minerals were recorded 
at 150 ps delay for identification purposes.

6.3 Results 
For RRS measurements with continuous detection, the glass plate with dried 
D.  radiodurans or Chroococcidiopsis deposits was placed behind mineral plates of 
varying thicknesses and excited at 440 nm with the CW Raman setup. The minerals 
used in this subseries of experiments were spectrolite, labradorite, and spessartine. 
Ten accumulations of 15 s each were recorded in non-gated mode, with the focus of 
the backscatter collection lens set to the bacterial layer. The resulting RRS spectra are 
shown in figure 6.3 for both microorganisms. Maximum thicknesses of the mineral 
layers allowing the bacterial layers to be detected were determined as 0.5 mm for 
spectrolite (i), 4 mm for labradorite (ii), and 1 mm for the spessartine (iii).

Figure 6.3: Resonance Raman spectra of (a) D. radiodurans and (b) Chroococcidiopsis 
behind different mineral layers. The microorganisms could be detected 
through 0.5 mm spectrolite (i), 4 mm labradorite (ii), or 1 mm spessartine 
(iii). All spectra were recorded at a 440 nm excitation wavelength and 21 mW 
laser power with 10 accumulations of 15 s (non-gated detection).

Using a confocal Raman microscope with continuous detection, we recorded spectra 
of a cuvette containing a wet paste of D. radiodurans or Chroococcidiopsis placed 
under 2.50 mm of translucent calcite, using the 532 nm laser operating at 31 mW 
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in combination with the 5x air objective (figure 6.4). A wet, non-quantified bacterial 
sample was chosen because Raman signals of the dry bacterial samples were below 
the detection limit. Spectra were recorded both focused on the upper mineral 
surface and focused 14 mm into the sample. Only in the latter case did we detect the 
carotenoid signals from both bacteria; when focusing at the surface, the spectra were 
overwhelmed by the 50-fold enhanced calcite signal of the first layer. Defocusing the 
objective in order to improve detection through scattering layers was shown earlier 
by Eliasson et al. (2007)[116]. With this approach, we could observe bacteria through 
2.5 mm of translucent calcite, 20 mm of transparent halite (results not shown), or 
11 mm of transparent gypsum (results not shown). Figure 6.4 also shows the strong 
fluorescence background in both spectra, as commonly observed in conventional CW 
Raman measurements.

Figure 6.4: Out-of-focus confocal Raman microscope spectra of D. radiodurans (i) and 
Chroococcidiopsis (ii) behind 2.5 mm of translucent calcite. Raman peaks 
could not be detected from either microorganism while focusing at the 
surface of the calcite layer, but could be observed when the objective was 
positioned close to the calcite surface. In addition, the Raman signals of the 
calcite layer decreased almost 50-fold during defocusing. Both spectra were 
recorded at an excitation wavelength of 532 nm with 31 mW laser power at 
the sample, 1.0 s exposure time and 60 accumulations. 

For the TRRS measurements, first a 20.0 mm thick block of halite was used as a model for 
transparent minerals. Since the centrosymmetric NaCl crystal itself does not produce 
any Raman signals, all three major Raman signals of D. radiodurans at 1007, 1151, and 
1513 cm-1 are clearly detectable through the mineral layer (figure 6.5a). The first Raman 
signals of D. radiodurans appear at a delay of 2900 ps, corresponding to a relative delay 
of 250 ps. Taking into account the refractive index of halite (n=1.5443), non-scattered 
photons will take 103 ps to travel through 20 mm of perfectly transparent halite. With 
the discrete 25-ps interval steps of the used delay times, the fact that photons will have 
to cross the mineral layer back and forth, and the presence of inevitable imperfections 
in the mineral lattice, a measured relative delay of 250 ps can be expected with this 



sample composition. Measurements of Chroococcidiopsis behind 20.0 mm of halite 
yielded similar results; the specific Raman bands from the carotenoids at 1151 and 
1523 cm-1 are clearly visible in the spectrum (figure 6.5b). Also these signals first 
appear at 250 ps relative delay, matching those of the Raman signals of D. radiodurans 
carotenoids. Background fluorescence resulting from the bacteria is also clearly visible 
in both spectra, starting at the same delay times but stretching over a longer time 
scale.

Figure 6.5: Time-resolved Raman spectroscopy depth profile measurements of samples 
with transparent 20 mm halite as first layer and (a) D. radiodurans or (b) 
Chroococcidiopsis as second layer. As expected no Raman spectrum of halite 
was observed, and the carotenoid-peaks of the D. radiodurans (1513 cm-1) 
and Chroococcidiopsis (1523 cm-1) appeared after a relative delay of 250 ps 
in both cases. All spectra were recorded at a 440 nm excitation wavelength 
and 70 mW laser power with 3 accumulations of 20 s. Reference spectra of 
D. radiodurans (bottom left) and Chroococcidiopsis (bottom right) are also 
shown.

Time-resolved Raman spectra of both bacterial samples were also recorded behind 
11  mm of transparent gypsum (data not shown). The gypsum signals at 1008 and 
1141 cm-1 completely overwhelmed the carotenoid signals of both bacteria at the same 
wavenumber range. However, the carotenoid signals at 1513 cm-1 (D. radiodurans) and 
1523 cm-1 (Chroococcidiopsis) were clearly visible.

Calcite was used as a proxy for scattering minerals. The maximum thickness through 
which it was possible to detect the carotenoid Raman signals from both bacterial 
species was determined to be 5.0 mm. This mineral shows a strong Raman signal at 
1086 cm-1, potentially overlapping with the carotenoid Raman bands at 1151  cm-1. 
This indeed happened in both combinations with D. radiodurans (figure 6.6a) and 
Chroococcidiopsis (figure 6.6b). However, the bands at 1513 and 1523 cm-1 respectively 
do not overlap with the calcite band at 1433 cm-1, and these were positively identified 
as carotenoid signals. 
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Figure 6.6: Time-resolved Raman spectroscopy depth profile measurements of samples 
with 5 mm translucent calcite as first layer and (a) D. radiodurans or 
(b) Chroococcidiopsis as second layer. The Raman spectrum of calcite 
(1086  cm-1) was observed starting at t0, and the carotenoid-peaks of the 
D.  radiodurans (1513 cm-1) and Chroococcidiopsis (1523 cm-1) both 
appeared after a relative delay of 150 picoseconds (indicated with a dotted 
ellipse). All spectra were recorded at a 440 nm excitation wavelength and 
70 mW laser power with 3 accumulations of 20 s. Reference spectra of 
D. radiodurans (in black), Chroococcidiopsis (in green) and calcite (in red) 
are also shown.

When two different mineral layers are stacked, the laser light has to span four material 
interfaces with different refractive indices and different scattering properties, resulting 
in a larger laser spot size and a decrease in collected signal. To simulate this, we placed 
the bacterial samples behind a slice of 5 mm transparent gypsum that was in its turn 
placed behind a slice of 2.5 mm translucent calcite. Since the sample included calcite, 
the carotenoid signal at 1151 cm-1 could not be identified because of overlap with 
the calcite band. However, the D. radiodurans carotenoid signal at 1513 cm-1 was still 
detectable (figure 6.7a). When Chroococcidiopsis was placed behind the two mineral 
layers, the weaker RRS signal from that bacterium (see also figure 6.2) could not be 
detected (figure 6.7b). This is due to the lower signal-to-baseline ratio of the carotenoid 
peaks for this bacterium, as is also shown in the reference spectra (see figure 6.2).



Figure 6.7: Time-resolved Raman spectroscopy depth profile measurements of 
samples with 2.5 mm translucent calcite as first layer, 5 mm gypsum as 
second layer and (a) D. radiodurans or (b) Chroococcidiopsis as third 
layer. The Raman spectrum of calcite (1086 cm-1) started at t0, the Raman 
spectrum of gypsum (1008 cm-1) after 75 picoseconds, and the carotenoid 
peaks of D.  radiodurans (1513 cm-1) appeared after a relative delay of 
175 picoseconds. Chroococcidiopsis (carotenoid Raman peak expected at 
1523 cm-1) was not detected behind these mineral layers. All spectra were 
recorded at a 440 nm excitation wavelength at 70 mW laser power with 
3 accumulations of 20 s. Reference spectra of D. radiodurans (black in 6.7a), 
Chroococcidiopsis (green in 6.7b), calcite (red), and gypsum (blue) are also 
shown.

6.4 Discussion
This research showed that detection of microorganisms through transparent and, more 
important, translucent minerals is possible. We showed that microorganisms could be 
detected through mineral layers thicker than the focal distance of a confocal Raman 
microscope. Detecting microorganisms through minerals inherently means that these 
microorganisms could also be detected when they are trapped within that mineral.

RRS measurements with the CW Raman setup at an excitation wavelength of 440 nm 
showed that detection of microorganisms through minerals is possible but no 
information about the sample distribution could be obtained from this setup. Due 
to instrumental configurations, no discrimination could be obtained from the Raman 
spectra whether the microorganisms were located at the surface or within the sample. 
Depth discrimination could be made with focusing and defocusing of a confocal 
Raman microscope. Changing Raman peak ratios upon changing the focus indicates 
a heterogeneous sample, whereas no change indicates homogeneity. In the case of 
a multi-layered sample, larger changes in Raman peak intensity upon (de)focusing 
indicate Raman signals originating from surface material; smaller changes  upon 
(de)focusing indicate subsurface signals. Both the CW Raman setup and the Raman 
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microscope use continuous detection. Therefore, a fluorescent background could 
interfere with detection of low amounts of microorganisms. TRRS provides better 
depth discrimination than the (de)focusing of the microscope and, in addition, rejects 
the majority of the fluorescent contribution when using a 250-ps gated detector. 
Changing the focus of the RRS setup did not yield any improvement in depth 
discrimination of the sample.
   
From the contour plots shown in figures 6.5-6.7, additional information can be obtained 
from the various cross sections. Horizontal cross sections show the TRRS spectra at a 
specific delay, which corresponds to a specific depth in the sample. This is illustrated 
in figure 6.8a for the measurement of D. radiodurans behind 5 mm calcite (cross 
sections through figure 6.6a). At a delay of 150 ps, a Raman spectrum is observed that 
predominantly reflects the chemical composition of the first layer (calcite). At 500 ps, 
the Raman spectrum still contains calcite bands, but the relative contribution of the 
carotenoid signals from the subsurface is larger. Vertical cross sections (see figure 6.8b) 
show the temporal response for the TRRS signals at 1433 cm-1 (calcite) and at 1513 cm-1 
(carotenoid). The rising flank and position of the maximum of the carotenoid signal 
relative to that of the calcite signal illustrates that depth selectivity can be obtained 
with TRRS. 

Figure 6.8: (a) Horizontal, spectral profiles; and (b) vertical, temporal profiles of time-
resolved Raman spectroscopy measurements of D. radiodurans behind a 
layer of 5 mm translucent calcite, derived from the contour plot shown in 
figure 6.6a. The spectrum observed at 150 picoseconds is more selective for 
the calcite layer (1086 cm-1 and 1433 cm-1), whereas the spectrum recorded at 
500 picoseconds is more selective for D. radiodurans (1513 cm-1). Frame (b) 
shows the temporal profiles of the calcite (triangles) and carotenoid (circles) 
peaks, measured at 1433 cm-1 and 1513 cm-1, respectively. All spectra were 
recorded at a 440 nm excitation wavelength and 70 mW laser power with 
3 accumulations of 20 s. A y-offset is applied in (a) for legibility.



The TRRS contour plots show a slight increase in delay times for peaks at either side 
of each Raman spectrum (i.e., at high and low wavenumbers) compared to Raman 
peaks in the middle of the spectrum. In principle, signals from a specific layer should 
have comparable delay times. This difference is visible in, for example, figure 6.6a as 
a slope of the background in the vertical (time delay) direction.  Measurements of a 
1-mm cyclohexane sample with different spectrograph positions confirmed that 
signals at both edges of the spectral window appeared some tens of picoseconds later 
than Raman bands that were more in the middle of the spectrum (data not shown). A 
similar iris effect had also been observed for the ICCD without a spectrograph (factory 
test sheet); the edges respond about 40 ps faster than the main area, which is why the 
arrival of the Raman photons at the sides of the spectral observation range appears 
delayed. This means that the observed differences in delay times at the sides of the 
spectrum are not due to the sample itself but are an artefact of the intensifier.

In this work, the Raman signals from Chroococcidiopsis were generally lower than those 
of D. radiodurans, although the bacterium density and the resonance enhancement 
efficiencies at 440 nm were roughly identical. Possible explanations for this disparity are 
differences in chemical environment and carotenoid content. Whereas the carotenoids 
of D. radiodurans are located in the cell membrane to prevent photodegradation, the 
carotenoids in the phototrophic Chroococcidiopsis are also embedded in the thylakoid 
membranes and play a role in chlorophyll quenching[177]. In addition, the difference 
in Raman signal intensities between the two bacteria might be due to different 
carotenoid content.

Sample heterogeneity can be a limiting factor in Raman measurements through 
minerals: minerals naturally have inclusions, impurities, crystallographic defects, 
and fractures that influence the optical path of the light. We have observed large 
differences between spectra of the same sample, depending on the position of the 
mineral relative to the laser beam. Shifting the mineral layer one mm sideways can 
result in total loss of the second layer signals and the appearance of peaks from minor 
surface impurities (results not shown). TRRS helps to determine whether signals arise 
from superficial layers and hence might be due to fouling of the mineral.

Since minerals often show optical anisotropy, detection results may also depend on the 
orientation of the crystal lattice relative to the laser beam. For example, each optical 
axis of gypsum has its own refractive index. This effect cancels out when measured 
through a mixture of randomly orientated grains. In addition, morphology also plays 
a role; the gypsum used in these experiments shows the typical fishbone structure. 
When measuring between the ridges, the laser beam is not refracted. When measuring 
through the ridges, the laser beam becomes increasingly deformed, resulting in a 
larger cross section of the beam and hence a lower laser power incident at deeper 
layers. Furthermore, different lattice directions can show different Raman signals or a 
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change in relative Raman intensities. Since this research has an exploratory character, 
the influence of the crystal lattice orientation was not studied in detail.

Real-life situations may differ strongly from the laboratory conditions as applied in 
this study. Natural rocks are usually covered by dust or soil; are infinitely thick from a 
spectroscopic point of view; are often composed of more than one specific mineral 
that, on average, will not have a preferred crystallographic orientation; can have 
a rough surface; and are exposed to ambient light. In addition, minerals occur in a 
granular, sand-like size, further decreasing the overall transparency of the rock. All 
these factors have a negative influence on the possibilities of successfully recording 
a Raman spectrum from superficial or deeper layers. We have shown that TRRS has 
a significant value in discriminating between distinctive mineral layers and is able to 
detect important carotenoid biomarkers with high sensitivity. The possibilities of TRRS 
mainly seem to depend on the absolute transparency of the mineral, that is, the total 
thickness, scattering, and absorption properties of the sample.

Future technological developments are expected to yield compact Raman 
spectrometers with a wide range of available laser wavelengths, which enables 
selective resonance enhancement of any Raman-active analyte on planetary missions. 
In addition, high-powered lasers can clean dust or soil from rock surfaces by using laser 
ablation, eventually making the instrument also suitable for Laser-Induced Breakdown 
Spectroscopy (LIBS)[22,103]. This might expand the possibilities of a planetary rover on 
one hand, while reducing the size, mass, and power consumption on the other. To 
prevent photodegradation due to the use of high laser powers, the irradiation spot 
size can be enlarged. This will also increase the sampling speed.

6.5 Conclusions
By using RRS with continuous detection, it is possible to detect the carotenoid signals 
from D. radiodurans and Chroococcidiopsis through minerals. However, 4 mm of 
transparent mineral was the maximum thickness of the first layer in our set-up. This 
maximum thickness is reduced to 0.5 mm in the case of a highly scattering mineral 
like spectrolite. The signal-to-baseline of Chroococcidiopsis is generally weaker due to 
fluorescence background. Detection of this cyanobacterium required slightly thinner 
first layers.

Confocal Raman microscopy proved to be a tool for selective depth detection. Focusing 
deeper into the sample yielded an improved signal-to-noise ratio for the subsurface 
Raman signals from the carotenoids in the bacterial layers due to a much smaller 
contribution of the Raman signals of the surface layer material. However, the use of 
defocusing for depth discrimination was limited by the thicknesses of the samples due 
to the short focal length of the microscope objective and the small lens diameter of 
the objective. A long-distance objective could help in the case of highly transparent 



samples, but would be of limited use in the case of strong scattering. Additionally, the 
available 532 nm laser excitation wavelength in the Raman microscope set-up shows 
less resonance enhancement for both bacteria compared to the 440 nm excitation 
used in the other set-ups.

TRRS with 250-ps gated detection provided improved discrimination between 
two or even three different layers of minerals and bacteria compared to both RS 
techniques with continuous detection. Raman signals from both D. radiodurans and 
Chroococcidiopsis are clearly detectable through 20 mm transparent halite or 5 mm 
translucent calcite. Additionally, D. radiodurans was detected through a sample that 
consisted of 2.5 mm translucent calcite and 5 mm gypsum. The Raman signal from 
each of the three different layers arriving at a different relative delay time showed 
depth resolution at the millimetre scale. In addition, TRRS reduces the fluorescent 
background that originates from the sample.  

From an astrobiological perspective, TRRS shows great potential for the detection of 
microorganisms. The physical size and power consumption of the described system 
is currently too large for installation on a planetary rover. Further technological 
developments, however, are expected to overcome those problems, and a time-gated 
Raman spectrometer (albeit with poorer time resolution) is already scheduled to be 
launched in 2020. NASA’s SuperCam system can be gated at 100 ns time scales[22]. 
This system will be helpful to distinguish Raman signals from long-lived mineral 
luminescence and ambient light but would probably be too slow for depth resolution. 
TRRS at ps time scales offers the possibility for non-invasive detection of microorganisms 
through or inside minerals with mm-resolution and could be combined with other 
spectroscopic techniques, like LIBS. In addition, it offers the possibility to reduce the 
fluorescence contribution to Raman spectra.
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