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A B S T R A C T

Laser micro-sampling is a promising tool for ambient pressure chemical imaging of biological material by mass
spectrometry. Conventional approaches use laser energy coupling into the analyzed sample through electronic
(UV) or vibrational (IR) channels. In a recent study [B. Fatou, M. Wisztorski, C. Focsa, M. Salzet, M. Ziskind, I.
Fournier, Sci. Rep. 5:18135, 2015], we have demonstrated efficient micro-sampling of biological material
through a substrate-mediate laser ablation (SMLA) mechanism using non-resonant visible radiation. Taking
advantage of this effect, a large-scale proteomic analysis of micro-sampled tissue sections was performed, de-
monstrating the possible identification of about 400 proteins, including minor species, from an irradiated surface
of 400 μm diameter. Fundamental investigations on biological standards revealed the role of the substrate optical
properties in the ejection process. In the present work, we extend these studies by considering the substrate
thermal properties. A systematic investigation on the sampling efficiency of homogeneous tissue sections placed
on top of various selected substrates was performed. Two ejection mechanisms are clearly evidenced and in-
terpreted in the frame of a simple model based on the substrate properties and the laser beam profile.
Improvement of the ejection yield and spatial resolution is also discussed in this frame, in view of the practical
application of this technique in the field of (bio)chemical mass spectrometry imaging.

1. Introduction

Conventional ambient mass spectrometry imaging (MSI) techniques,
mainly based on the Matrix-Assisted Laser Desorption/Ionization
(MALDI) approach [1], are nowadays widely used in various fields of
-omics research e.g. lipidomics [2], proteomics [3], metabolomics [4]
etc. However, they have certain limitations in the detection and iden-
tification of heavy proteins (> 30 kDa) in biological tissues [5]. Various
proteomic strategies have been developed to overcome this issue. The
most common is the bottom-up strategy which analyzes peptides after
an enzymatic digestion of the proteins. The resulting digested peptides
are easier to be detected and identified because of their lower mass. In a
first approach, the proteins are digested on the tissue and the resulting
peptides directly spatially-analyzed by MSI-MALDI [6,7]. The enzyme
(trypsin in most cases) can be deposited on the whole tissue sections
with a micro-sprayer device or on a localized zone with a micro-spotter
in order to ensure a spatial resolution of ∼100 µm. The recorded mass
spectra are often very complex, with many redundant peptide se-
quences, and only the most abundant proteins are commonly identified.

Another approach is preferred to identify minority proteins in the re-
gions of interest previously identified by MSI-MALDI and is based on
the digestion out of the tissue. The resulting peptides can be separated
by high performance liquid chromatography and identified by tandem
mass spectrometry (shotgun strategy). It allows the identification of at
least 20 times more proteins (compared to conventional MSI-MALDI),
including minor species [8], but it requires an additional ambient
micro-sampling step to be performed before the digestion. Different
techniques are used for this purpose: laser capture microdissection [9],
liquid extraction [10], micro-excision [11,12]. However, the spatial
resolution of these techniques is typically in the mm-range and in-
tensive efforts are currently developed by various research groups
[13–15] to develop a micro-sampling tool with sufficient yield to re-
duce the size of the sampled area.

In [16], we have explored the potential of a laser-based tissue am-
bient micro-sampling technique called Laser Ablation/Droplet Capture
(LADC). LADC is characterized by the collection into solvent droplets of
fragments removed from the tissue section by laser ablation. The ana-
lysis of the ablated materiel can then be achieved using conventional
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MS techniques and/or dedicated proteomics strategy (multi-omic ana-
lysis). Our study has demonstrated that biomolecular analysis of native
samples, without any addition of matrix, is possible using a nanosecond
pulsed laser emitting at λ=532 nm, despite the low optical absorption
coefficient of most biological tissues at this wavelength. This was at-
tributed to an indirect substrate-mediated laser ablation (SMLA) me-
chanism which allows the use of low deposited energy and conse-
quently prevents biomolecules fragmentation. Taking advantage of this
SMLA effect, a large-scale proteomic analysis of micro-sampled 60 µm
thick tissue sections was performed, demonstrating the possible iden-
tification from an irradiated surface of 400 μm diameter of about 400
proteins, among them dozens observed for the first time. Our objective
is now to increase the sensitivity of the technique in order to improve
the spatial resolution up to micrometer scale. This requires: (1) the
characterization of the SMLA mechanism on tissue; (2) the optimization
of the ablation and the capture yields and (3) the automation of the
protocol.

In the present article, we focus on the first step of this program,
thereby continuing the characterization started on different biomole-
cule standards deposited on stainless steel plate or glass slide. Through
the systematic study of a homogenous model tissue (bovine liver) de-
posited on various substrates spanning a wide range of physical para-
meters, further insight on the ejection mechanisms is gathered, this
time with special focus on the thermal properties of the substrate ma-
terials. The most efficient substrates in terms of ablation yield and
spatial resolution are discussed in view of practical application of this
technique in the field of ex-vivo proteomics.

2. Experimental details

Pieces of bovine liver maintained under standard care were used to
generate tissue samples. Optimal cutting temperature (OCT) solution
was used to fix one side of the sample to the cryostat support. Tissue
samples were then stored at −80 °C until required for use. 60 µm thick
frozen bovine liver tissue sections were cut using a cryostat (CM1510S,
Leica Microsystems). The tissue sections were then thaw mounted onto
selected substrates and vacuum-dried during 15min. This operation
decreased the thickness of the tissue to∼ 20 µm. The samples were
mounted on a manually controlled micrometric XYZ translation stage.
In order to better understand the contribution of the mechanical, op-
tical or thermal properties of the substrate in the tissue ablation me-
chanism, we made a selection of various materials (silica glass, glass
coated with 100 nm thick indium tin oxide (ITO), graphite, stainless
steel, aluminum, copper, nickel, gold nanoparticle film), covering a
wide range of physical parameters listed in Table 1: density ρ, thermal
conductivity, specific heat capacity Cp, thermal diffusivity D, re-
flectivity R, melting point TM , absorption coefficient α. Fig. 1 shows a
schematic view of the ambient pressure laser ablation set-up. Briefly, a
frequency-doubled Q-switched Nd:YAG laser (Quantel Brilliant Eazy,
λ=532 nm, pulse widthτp =4ns) beam was focused by a f’=10 cm
lens on the sample surface at normal or 45° incidence. The beam profile

was measured at various distances from the focal plane with a BeamPro
profiler, leading to a beam width (at 1/e2) 2w0 ≅ 60 µm. The laser en-
ergy was tuned between 0.03 and 10mJ/pulse (corresponding to laser
fluence F roughly in the range 1–300 J/cm2) using a manual beam
attenuator and measured with a pyroelectric energy sensor (Thorlabs
PM100D).

Images of the ablated area were acquired with a microscope (Zeiss
Axioskop) equipped with 2.5×/10×/20× objectives and a high-re-
solution digital camera (Zeiss AxioCam). They were recorded in bright-
field mode, transmission in the case of ITO and silica glass slide, re-
flection for others substrates, and exported using AxioVision Release
4.8.2.

3. Results and discussion

We previously demonstrated that the laser ablation at 532 nm of
biological samples deposited on substrate was possible under certain
conditions, despite their low optical absorption coefficient at this wa-
velength [16]. This effect was attributed to the preponderance of an
indirect substrate-mediated laser ablation (SMLA) mechanism, which
contrasts with the conventional direct ablation driven by the absorption
of the laser energy into the sample. This SMLA mechanism was in-
vestigated on different substrates and biomolecule standards (Brady-
kinin peptide, Phosphatidyl Choline lipid and Lysozyme C protein, all in
liquid and dried form). These studies evidenced the role of the optical
properties of the substrates in the micro-sampling of the standards. In
particular, we observed that transparent substrates like silica glass
(α∼ 101 cm−1 @ 532 nm) were incompatible with the SMLA effect.
Moreover, its efficiency increased with their reflectivity, suggesting an
interferential or a multi-photonic effect. SMLA was also successfully
applied to the micro-sampling of tissue sections. However, the me-
chanisms involved in the ablation of complex systems like tissues could
differ from those related to biomolecule standards ejection. For in-
stance, removal of micrometer-scale chunks (embedding the molecules
to be analyzed) is observed for tissue ablation, while in the case of
standard biomolecules one can assume a rather molecular vaporization.
The characterization of the SMLA mechanism on tissue sections is then
requested to better understand its fundamentals and to improve and
extend the potentialities of the related imaging technique.

The role of the substrate optical properties in the tissue ablation
process was first clarified by inserting a 100 µm thick transparent silica
glass slide between the dried bovine liver and a stainless steel plate.
This virtually prevents the thermal contact of the tissue with the
stainless steel plate, while still allowing the latter to be irradiated by the
laser beam. No alteration of the tissue was evidenced up to a few J/cm2

(see Fig. 2a). By contrast, the irradiation of the tissue placed directly
onto the same stainless steel substrate (i.e. without the inserted glass
slide) leads to ablation of material at fluences beyond ∼1–2 J/cm2

(Fig. 2b). This result clearly indicates the need of a contact between the
sample and the stainless steel plate to induce the SMLA process. Since
the laser beam can irradiate the stainless steel through the glass slide,

Table 1
Main physical properties of the investigated substrates.

Density ρ
(kg⋅m−3)

Specific heat capacity Cp

(J⋅kg−1⋅K−1)
Thermal conductivity
(W⋅m−1⋅K−1)

Thermal diffusivity
D (m2⋅s−1)

Reflection R @
532 nm

Melting point
TM (K)

Absorption coefficient α
@532 nm (m−1)

Aluminium 2700 888 237 9.88 10−5 0.80 933 1.47 108

Gold 19,260 129 316 1.27 10−4 0.57 1337 5.27 107

Stainless steel 7850 465 50 1.35 10−5 0.51 1400 6.89 107

Copper 8930 382 399 1.17 10−4 0.47 1358 6.14 107

Nickel 8850 448 91 2.30 10−5 0.42 1728 1.16 108

Titanium 4500 522 22 9.40 10−6 0.43 1941 7.92 107

Graphite 2250 709 142 8.90 10−5 0.21 3925 3.43 107

ITO 7140 353 11 1.75 10−6 0.09 1799 8.03 104

Polysine® Glass 2510 706 1.12 5.04 10−7 0.06 830 1.83 101
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this observation also excludes the optical mechanisms evidenced during
our previous study on biomolecule standards [16].

The observed ejection of thin quasi-transparent biological material
placed on top of highly-absorbing substrates could also be relied to
photomechanical processes. These processes are characterized by the
occurrence of significant stress in the sample volume, eventually
leading to mechanical breakdown and ejection (spallation) [17]. This
mechanism is often associated with the Laser Induced Acoustic Deso-
rption (LIAD) [18,19], which also involves pressure waves, usually in a
back-side irradiation geometry. We have tested the possibility to have
mechanical/acoustic effects in a stress confinement regime by irra-
diating the rear side of a 20 µm thick aluminum foil, often used in LIAD.
For instance, with a similar laser and substrate configuration as ours,
Zimmermann et al. successfully sampled 100 ng of explosives for a laser
irradiance below 450MW/cm2 (corresponding to the ablation threshold
of the aluminum) [18]. By contrast, we did not observe any alteration
of the tissue up to ∼100 GW/cm2 (300 J/cm2, the highest fluence
tested), suggesting the absence of photomechanical mechanism for the
SMLA process.

The role of the substrate thermal properties in the tissue ejection
process was investigated by analyzing the dependence of the ablated
area on the laser fluence. Fig. 3 shows the ablation spots for tissue
placed on various substrates after a single laser shot of 100 J/cm2 with
an angle of incidence θ of 45° (as in our previous experiments [16]).
These pictures allow the identification of two main regions for almost
all tested substrates (excepting graphite and silica glass - see below).
The central elliptical area corresponds to the removal of the tissue to-
gether with the strong alteration (and possible ablation) of the substrate
underneath, while the peripheral area is characterized by the removal
of tissue only, with little or no visible modification of the substrate.

Microscopy images were systematically recorded for different sub-
strates and laser fluences, and the affected areas were measured using
an open source software (ImageJ). For a Gaussian beam profile, the
central zone ablated area A can be fitted (Fig. 4) using the equation

[20]:

⎜ ⎟= ⎛
⎝

⎞
⎠

A πw
θ

F
F2cos( )

ln
TH

2

(1)

where FTH is the ablation threshold fluence and = +w w Dτ2 p0
2 the

radius of the thermally affected area on the laser pulse timescale. For
our experimental conditions (ns pulses, ≲ −D 10 4 m2 s−1), the thermal
diffusion term Dτ2 p is at least four orders of magnitude lower than w0

2.
Consequently, we can assimilatew to w0 and derive FTH from a direct
extrapolation of the A(F) fitting curve (results summarized in Table 2).
Furthermore, direct ablation of substrates (i.e. in absence of tissue) led
to similar ablated areas A (not shown) and thus to the same thresholds
fluences. This demonstrates that the ablation process in the central zone
is driven by the substrate only, i.e. the micro-sampling of the tissue
section in the central zone is induced by the ablation of the underneath
substrate. The 20 µm thick tissue section does not affect the ablation
threshold, which also confirms its quasi-transparency at 532 nm.
Moreover, let us note that the laser ablation threshold fluence at
532 nm found in the literature for stainless steel and copper [21],
aluminum [22], nickel [23] (Table 2) are in perfect agreement with the
experimental values determined here. On the other hand, the direct
laser ablation of the tissue exhibits a threshold fluence (estimated at
∼7.9 J⋅cm−2 from ablation of tissue deposited on silica glass) which is
higher by at least a factor of two compared to the tested substrates FTH

(from ∼0.3 J⋅cm−2 for stainless steel to ∼3.5 J⋅cm−2 for ITO). This
again highlights the role of the substrate in the ejection of the tissue
fragments at fluences below its direct ablation threshold. Note that
these results definitively exclude any spallation process which generally
occurs below the ablation threshold of the substrate [17].

In this context, the 100 nm ITO coated glass is an interesting case.
Despite its apparent transparency, the thin ITO coating significantly
increases the substrate optical absorption coefficient α at 532 nm
(∼101 cm−1 versus ∼10−3 cm−1 for the silica glass). The corre-
sponding FTH is higher than those of metallic substrates, but about 2

Fig. 1. Schematic view of the ambient pressure laser ablation set-up and example of irradiated tissue section.

Fig. 2. Microscope images of laser irradiated tissue sections deposited: (a) on a 100 µm thick glass slide placed on top of a stainless steel plate. (b) directly on the
stainless steel plate. Laser fluence= 5 J/cm2, θ=45°.
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times lower than the tissue direct ablation threshold fluence. Therefore,
ITO allows the ejection of tissue via the SMLA mechanism, by contrast
to uncoated silica glass. However, ITO is not the best substrate to pre-
vent degradation of the molecular information of the tissue (by ex-
tensive analyte fragmentation) since its threshold fluence is still on the
same order of magnitude as for tissue direct ablation. Conversely, the
low FTH of the stainless steel makes it the best (tested) substrate to take
advantage of the SMLA effect in the low-moderate fluence range, thus
limiting the alteration of the tissue biological content during irradia-
tion.

However, the choice of the substrate is not only dictated by its
threshold fluence. Indeed, the metallic substrates present close FTH
values, but the areas B corresponding to the removal of the tissue (i.e.
the central and the peripheral zones evidenced in Fig. 3) are different
from one substrate to another. The evolution with increasing fluence of
the areas B follows a logarithmic law similar to that of the central zone
A (see Fig. 4). The F-axis intercepts of the A(F) and B(F) fitting curves in
Fig. 4 are equal (in the experimental error bars). This again underlines
that the tissue section is ablated via the coupling of the laser pulse
energy into the substrate rather than into the tissue itself. This also
provides the determination of FTH for the substrates whose central areas
are difficult to observe by optical microscopy. For instance, FTH of the
graphite (∼0.9 J/cm2) is again in good agreement with the ablation
threshold found in the literature [24].

One can make the assumption that the vaporization of the tissue
takes place on a timescale similar to the “cooling” time of the substrate
(named here “effective” thermal relaxation duration τT) and therefore
tentatively fit the total removed tissue area (B) by the Eq. (1). By setting
FTH to the values in Table 2, we can now determine the removed tissue
radius wT and finally the thermal relaxation time τT :

= +w w Dτ2T T0
2 (2)

The resulting τT has the same order of magnitude for all substrates,
ranging from ∼10 µs for aluminium and ∼40 µs for stainless steel to
∼80 µs for ITO. By contrast, the thermal diffusivity D of the substrates
spans 3 orders of magnitude. Consequently wT roughly increases with

D (see Fig. 5).
A more accurate description of the tissue removal is given by the

heat diffusion within the substrate after irradiation (and ablation of the
central zone A), which leads to vaporization of the tissue material from
the peripheral region. The heat equation solution for a Gaussian laser
beam is given by [20]:
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where T r tΔ ( , ) is the substrate temperature increase at r distance from
the beam center and at t delay after the irradiation pulse. Fig. 6 shows
the spatial profile of TΔ at t= τp and τT for stainless steel after a laser
pulse of 5 J/cm2, along with a picture of the corresponding ablation
spot. Although Eq. (3) describes the radial and temporal distribution of
the substrate temperature alone, it can also be used to understand the
evolution of the vaporized substrate area. For instance, the boundary
between the central and the surrounding zone at ≈r μ32 m (Fig. 6)
corresponds to the melting temperature of the studied substrate TM
(∼1400 K for stainless steel). The ablation of the substrate and the
ejection of the tissue pieces above the ablated substrate take place in
the central zone A. In the surrounding zone, the temperature decreases
below TM but is still sufficient to induce melting and vaporization of the
tissue without major alteration of the substrate. This mechanism is si-
milar to the laser-induced thermal desorption (LITD) extensively in-
vestigated since the late 80s [25,26] but usually related to the deso-
rption of atomic/molecular monolayers rather than 20 µm thick
samples. Finally, the limits of the ablation spot around ≈r μ55 m (zone
B) could be associated to the boiling temperature of the dried tissue TB,
which is thus found at 450 ± 200 °C. Although the literature does not
provide any information on this temperature, this hypothesis is sup-
ported by a few observations: first, TB is generally returned in this range
of temperature, regardless of the substrate and of the laser fluence. It
should therefore be a characteristic temperature of the tissue, not of the
substrate. Moreover, for a given substrate, we have highlighted that the
ablated area of non-dehydrated tissue is always larger than that of dried
tissue. In this condition, the tissue is mostly composed of water which
reduces the boiling temperature to about 100 °C and allows its vapor-
ization over a greater radius. Finally, according to this mechanism, the
external cooling of the sample will lead to lower substrate/tissue tem-
peratures, thus to slightly lower A and B zones radii. Preliminary ex-
periments performed in our lab confirmed this trend.

In this frame, the SMLA technique leads to the removal of tissue
following two intrinsically linked mechanisms: the ejection of tissue
pieces located above the ablated substrate in the central zone and its
vaporization during the heat diffusion in the substrate and the sample
(LITD) in the periphery. Our previous experiments [16] suggest that the
first (ablation) mechanism is always required to analyze the molecular
content of the tissue, since no signal was detected in the mass spectra at
fluences below the substrate ablation threshold.

According to these mechanisms, several solutions can be considered

Fig. 3. Microscopy images of the ablation spot (θ=45°) of tissue deposited on various substrates: (a) gold, (b) aluminium, (c) stainless steel, (d) copper, (e) nickel, (f)
graphite, (g) ITO and (h) glass slide. The laser fluence was set at 100 J/cm2. Borders of the central area A and removed tissue area B are indicated in Fig. 3c).
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Fig. 4. Evolution with the laser fluence of the areas corresponding to the removal of the tissue and the substrate underneath (A - central area, ) and of the tissue
alone (B - central and peripheral areas, ) for each tested substrate. For graphite, optical microscopy does not allow to distinguish the two zones and the dotted curve
presumes the central area by taking into account the graphite properties. For glass slide, direct tissue ablation area.

Table 2
Ablation threshold fluence FTH deduced from Eq. (1) and comparison with literature values.

FTH (J⋅cm−2) Substrate

Stainless steel Aluminium Copper Nickel Gold ITO Glass

Experimental 0.3 ± 0.1 1.8 ± 0.3 0.9 ± 0.3 0.6 ± 0.2 1.7 ± 0.4 3.5 ± 0.3
Literature 0.3 [21] 1.8 [22] 0.8 [21] 0.6 [23] wide range (0.1–15)
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to reduce or modify the nature of the affected areas, with the goal of
increasing the spatial resolution of a chemical imaging analytical
technique associating laser ablation with, e.g. mass spectrometry [27].
The most straightforward is to decrease the laser fluence or the beam
waist. However, the laser fluence has to be superior to FTH to ensure the

ablation of the substrate and the decrease of the laser beam waist would
drastically reduce the ablation yield and consequently the sensitivity of
the subsequent mass spectrometry analysis. Alternative solutions can be
investigated to overcome these problems. For instance, using ps or fs
laser pulses could limit the thermal processes in the substrate, and ex-
ternally cooling the sample should result in lower vaporization radii. In
addition, the optimal choice of the substrate ensures a better control of
the mechanisms involved in SMLA. For instance, we have tested tita-
nium alloy, characterized by a thermal diffusivity coefficient D of
∼9.10−6 m2⋅s−1 (the lowest coefficient tested here after ITO) and a FTH
≲1 J⋅cm−2 [28]. The image of the tissue removed from this substrate
(Fig. 7) is again in good agreement with the evolution of the substrate
temperature deduced from Eq. (3). It highlights the quasi-absence of
tissue vaporization (“the surrounding zone”). By contrast, the removal
tissue at the same fluence for copper substrate (D∼ 120.10−6 m2⋅s−1)
exhibits a large surrounding zone.

4. Conclusion and outlook

In this work, we have demonstrated that the SMLA effect on bio-
logical tissue is related to the optical and thermal properties of the
substrates. Systematic studies point out the role of the substrate abla-
tion in the ejection of tissue pieces in the center of the irradiated zone
and that of the heat diffusion in the surrounding area. In this context,
the selection of the substrate is crucial for the control of these me-
chanisms. First, its ablation threshold fluence must be low compared to
that of the tissue in order to avoid direct laser ablation of the tissue.
This also allows to irradiate the sample with a sufficiently low fluence
to preserve the biological content of the tissue and to decrease the
ablation spot size. On the other hand, the heat diffusivity of the sub-
strate largely controls the area corresponding to the tissue vaporization.
The simulated space-time evolution of the substrate temperature allows
to account for the experimentally observed tissue removal areas in
function of the laser and substrate parameters.

The next step is to optimize the potentialities of the SMLA effect for
micro-sampling applications (in conjunction with mass spectrometry)
in terms of ablation yield and spatial resolution. At this stage, we need
to fully determine the contribution of the two removal mechanisms
evidenced (ejection of tissue fragments and thermally-induced deso-
rption) in the peak intensities in our mass spectra. The response to this
question will determine the choice of the substrate and of the laser
parameters to promote one or other or both ejection mechanisms, and
finally to find the best compromise between ablation yield and spatial
resolution. This requires new systematic studies involving mass analysis
of the SMLA sampled tissue and also the study of the ablation/deso-
rption plume dynamics: the two mechanisms, very different in terms of
timescale, could be easily distinguished. Preliminary results, obtained

Fig. 5. Evolution with the thermal diffusivity of the area B radius corre-
sponding to the removal of the tissue.

Fig. 6. Spatial distribution of the stainless steel substrate temperature after
normal incidence irradiation with a laser pulse of 5 J/cm2, deduced from Eq. (3)
at two particular delays: pulse duration (τp =4ns) and effective thermal re-
laxation time (τT =40 µs). Inset: microscope image of the ablation spot.

Fig. 7. Microscopy images of the ablation spot for tissue deposited on: (a) titanium alloy; (b) copper. Laser fluence=5 J/cm2, normal incidence.
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by shadowgraphy imaging of the plume, support this assumption. In
addition, they also suggest differences in the angular distributions that
could be used to improve the capture yield. Finally, all these im-
provements could lead to the development of a laser-based atmospheric
pressure mass spectrometer with spatial resolution at the micrometer
level.
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