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Mid-infrared laser ablation of water-rich targets at the maximum of the 2.94 pm absorption band

is a two-step process initiated by phase explosion followed by recoil pressure induced material
ejection. Particulates and/or droplets ejected by this high temperature high pressure process can
be ionized for mass spectrometry by charged droplets from an electrospray. In order to gauge
the internal energy introduced in this laser ablation electrospray ionization (LAESI®) process,
we apply the survival yield method and compare the results with electrospray ionization (ESI)
and matrix-assisted laser desorption ionization (MALDI). The results indicate that LAESI yields
ions with internal energies indistinguishable from those produced by ESI. This finding is
consistent with the recoil pressure induced ejection of low micrometre droplets that does not

significantly change the internal energy of solute molecules.

1. Introduction

Laser ablation (LA) at atmospheric pressure has gained
considerable interest in biological investigations that span from
basic research, material processing to medical intervention.! In the
biophysical and bioanalytical sciences, controlled LA has found a
successful application through laser capture microdissection that
can selectively transfer minute amounts of biomaterials to short
distances with a lateral resolution down to the subcellular level >
As most biological specimens contain an appreciable amount
of water, special attention has been focused on mid-infrared
(mid-IR) ablation at the strong 2.94 um absorption band of
water that opens a way to manipulate and probe samples in
the ambient environment. This absorption band is associated
with the OH vibrations and is known to exhibit a nonlinearity
at elevated energy densities.’

The ions, neutrals and particulates generated in atmospheric
pressure laser desorption and ablation experiments are often
utilized in ambient mass spectrometry* (MS) techniques. Among
these rapidly evolving techniques, ultraviolet (UV) electrospray-
assisted laser desorption ionization (ELDI),” atmospheric
pressure matrix-assisted laser desorption ionization (MALDI)®®
and more recently laser ablation electrospray ionization
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(LAESI®) and its conceptual analogues, IR laser-assisted
desorption electrospray ionization'® and IR matrix-assisted
laser desorption electrospray ionization,'' have demonstrated
direct ion production from biological targets. LAESI MS has
proven particularly attractive for these samples because it
relies on their native water as the energy coupling medium
to perform mid-IR ablation. In addition, light penetration
depth is typically higher in the mid-IR than in the UV region
of the spectrum that in turn results in the ejection of more
material. Applications range from lateral and three-dimensional
chemical imaging of tissues'>!* to the direct analysis of single
cells.'*'® Understanding these LA-based techniques, however,
is dependent on exploring the fundamental processes in mid-IR
LA of water-containing targets.

Mid-IR ablation of water-rich targets exhibits a complex
spatiotemporal evolution that is fundamentally different in
vacuum and at atmospheric pressure. In vacuum, expansion of
the evaporation plume proceeds indefinitely, whereas atmospheric
pressure conditions result in a finite stopping distance for the
plume'” and leads to two partially overlapping phases. Fast
imaging experiments'® and computational simulations'®?
indicate that atmospheric pressure ablation, using laser pulses
of nanosecond duration and 2.94 pm wavelength, is initiated
by rapid surface evaporation and phase explosion. As local
temperatures in the sample reach 0.8 to 0.9 times the critical
temperature (647 K in water), i.e., 518 K to 582 K, within the
first ~ 1 ps after irradiation,° these processes generate a dense
plume consisting of a mixture of vapour and microscopic
droplets that drives a shock-wave front at its interface with
the ambient air (see Fig. 1(b) in ref. 18). A very small fraction
of this plume consists of ions (the ion yield is below 107%),
some of which can be directly detected.?! Owing to the pressure
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of the surrounding air, plume expansion is slowed down, and it
comes to a halt at ~2 mm above the sample surface.?!
Calculations suggest that as the plume collapses back onto the
target, a fluence-dependent pressure of 500 to 900 MPa builds up
within the surface layer that ultimately relaxes through the
ejection of nanometre- to micrometre-sized particles. Particulates
or droplets of the expelled material are only slowed by the drag
force in the air, and thus projected up to 30 mm above the
surface.'®?"?? These theoretical and experimental studies also
find that at atmospheric pressure molecules and ions do not
travel to beyond 2-4 mm at even in the presence of electric fields.
Based on this scenario it is unclear how much internal energy is
deposited into the solutes in the droplets ejected from the sample.

In LAESI, the neutral projectiles generated in the second
phase of the ablation are captured by the charged droplets of the
electrospray and converted into gas-phase ions. Comparison of
the corresponding mass spectra indicates that electrospray
ionization (ESI) and LAESI yield ions with similar chemical
composition and charge state, albeit with potential differences in
ion yields.” This serves as partial evidence that, at least, the final
steps of ion generation in LAESI are dictated by processes
prevailing in ESI. Although vacuum-based mid-IR ablation has
been long demonstrated to preserve macromolecular integrity in
frozen samples®>* and ESI is widely known to result in low
energy deposition into the generated ions,”>® high temperature
and pressure conditions during atmospheric-pressure ablation
may increase the internal energy of the solute molecules and
cause their fragmentation. For example, lipid species have been
reported to undergo dehydration in mid-IR ablation.?” To what
extent the high temperature and pressure conditions affect
energy deposition into solutes during the ambient ablation
process is unknown.

In this work, we gauged the internal energies of LAESI-
generated ions using the survival yield method?*** for aqueous
solutions and tissue samples and compared them to ions produced
by ESI. The study involved a series of benzyl-substituted
benzylpyridinium ions with a single decomposition channel
and, therefore, provided a simplified method to correlate the
amount of internal energy change with the degree of molecular
fragmentation.”>>° Our experiments were extended to bio-
molecules such as small peptides and vitamins. The obtained
internal energies of ions produced by LAESI enabled comparisons
with other ionization techniques, including MALDI > laser-
induced silicon microcolumn arrays (LISMA),*® nanowires®” and
nanopost arrays (NAPA)® in vacuum, as well as ESI, paper
spray,” desorption electrospray ionization (DESI),*’ and direct
analysis in real time (DART)*' at atmospheric pressure.

2. Experimental methods
ESI source

Solutions of benzylpyridinium salts were prepared at 100 nM
concentration with 50% methanol containing 0.1% acetic
acid, and were supplied through a tapered tip metal emitter
(100 pm ID, New Objective, Woburn, MA) at 300 nL min '
flow rate using a low-noise syringe pump (Physio 22, Harvard
Apparatus, Holliston, MA). The emitter was positioned
10 mm from the sampling cone of the mass spectrometer,

and stable 3000 V generated by a high-voltage power supply
(PS350, Stanford Research Systems, Inc., Sunnyvale, CA) was
directly applied to it to achieve electrostatic spraying. The
spray current was continuously monitored on the sampling
cone of the mass spectrometer to indicate the absence of
corona discharge. The average DC component of the current
measured 22 nA.

LAESI source

The LAESI source was similar to what had been reported
elsewhere’ and featured the same electrospray source as the
one used in the ESI experiments described above. Briefly, a
Nd:YAG laser-driven optical parametric oscillator (OPO)
(Vibrant IR, Opotek Inc., Carlsbad, CA) provided laser
pulses of 2.94 pm wavelength and 2.0 £ 0.2 mJ energy at
repetition rates up to 10 Hz. This mid-IR beam was steered by
gold mirrors and focused by a plano-convex ZnSe lens
(Infrared Optical Products, Farmingdale, NY) on the sample
surface 12 mm below the electrospray axis. At ~15 J cm™>
fluence, typical ablation craters in Japanese Spindle
(Euonymus japonicus) leaves were circular and measured
~ 130 um in diameter (see Fig. 1).

Solutions of the thermometer ions were deposited on glass
microscope slides or air-dried onto the E. japonicus leaves at
~100 pg cm~? density, and were immediately analysed.
Importantly, in all LAESI experiments, alternative ion
generation via atmospheric-pressure MALDI, ELDI, DESI,
or direct ESI of particulate matter deposited on the electrospray
emitter was carefully excluded.

When needed, sample cooling was achieved by a Peltier
cooling stage operating at temperatures between 0 °C and —5 °C.
This unit was based on a ceramic thermoelectric module
(Ferrotec Corp., Bedford, NH) coupled to a metal heat sink
(Aavid Thermalloy, Concord, NH) using heat sink compound
(GC Electronics, Rockford, IL) and glue (Henkel Loctite,
Cleveland, OH), as well as two DC fans (Comair Rotron
Co., San Diego, CA) to facilitate heat removal.

Fig. 1 Optical microscope image of the laser—target interaction area
on an E. japonicus leaf used for internal energy measurements indicates
a 130 um diameter ablation spot after exposure to multiple mid-IR
laser pulses of ~15 J cm™> fluence.
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LAESI and ESI mass spectrometry

The produced charged droplets and ions were directly transferred
through the atmospheric-pressure interface of a time-of-flight
(TOF) mass spectrometer (AccuTOF JMST100LC, JEOL Ltd.,
Peabody, MA) and mass-analysed. Importantly, this instrument
did not incorporate a collision-gas cell, so it allowed for direct ion
transfer to the analyser without significantly affecting the internal
energy of the ions.*>* The sampling cone of the mass spectro-
meter was maintained at 80 °C. All experimental variables
were kept constant in the LAESI and ESI experiments to allow
for direct comparison of the measured internal energies of the
thermometer ions.

The influence of laser ablation rate and sample temperature
on internal energy deposition was studied using a quadrupole
TOF (Q-TOF) tandem mass spectrometer (Q-TOF Premier;
Waters Co., Milford, MA). This instrument was also equipped
with an atmospheric-pressure interface allowing the rapid
sampling of LAESI- and ESI-generated charged species.
For this system, a Nd:YAG laser-driven OPO (Opolette 100,
Opotek, Carlsbad, CA) produced light pulses of 2.94 um
wavelength at repetition rates of 10 Hz, 20 Hz, and 50 Hz.
The cone voltage of this mass spectrometer was set to 8 V,
while the collision energy was kept at 4 eV, necessary to ensure
ion transfer through the collision cell to the detector with
minimal collisional activation. In all MS experiments, data
were collected for 2 min at a spectral acquisition rate of 1 Hz.
Sample concentrations and the ion source settings were
optimized to obtain ion signal intensity values between 5 x 10*
and 5 x 10> counts per second, which ensured a linear detector
response.

MALDI mass spectrometry

MALDI studies were performed using a curved-field reflectron
TOF mass spectrometer (Axima CFR, Shimadzu-Kratos,
Manchester, UK) equipped with a nitrogen laser that emitted
pulses at 337 nm wavelength and 4 ns pulse length (FWHM).
The generated ions were analysed after delayed ion extraction,
and mass spectra were averaged for 100 laser shots at a laser
intensity of 85 arbitrary units.

Chemicals and plant tissues

Benzyl-substituted benzylpyridinium salts, 4-nitro- (4NO,),
4-methyl- (4M), 4-chloro- (4Cl), 4-fluoro- (4F), 4-methoxy-
(4MO), 3-methoxy- (3MO), 3-methyl- (3M) and 2-methyl- (2M),
were custom synthesized by Celestial Specialty Chemicals
(Nepean, Ontario, Canada). All other chemicals were purchased
at gradient grade (solvents), reagent grade or higher (solutes)
from Sigma-Aldrich Co. (St. Louis, MO) and were used
without further purification. All samples in the ablation
experiments were dissolved in the solvent and also used for
the electrospray studies. For LAESI, peptide and vitamin B,
solutions were prepared at 1 uM and 800 pM concentration,
respectively. In the ESI experiments, these compounds were
electrosprayed at 100 nM and 80 uM concentrations, respectively.
In the MALDI experiments, 800 uM vitamin B, solution was
mixed with 13 mM 2,5-dihydroxybenzoic acid (DHB) solution
in equal volumes and was air-dried on stainless steel substrates
at room temperature.

Fresh E. japonicus leaves were obtained from Washington,
DC, between December 2010 and January 2011, and were
directly used in the experiments.

Hazards

General safety protocols were followed when handling flammable
solvents and corrosive acid solutions. Protective laser safety
goggles were worn at all times during the mid-IR LA experiments.
High voltage connections were inspected for proper insulation,
and exposed metal surfaces were grounded.

3. Results and discussion

Previous studies have established that the ion source and ion
transfer conditions in mass spectrometers can alter the internal
energy content of ions to varying degrees. For example, supersonic
expansion results in analyte cooling as ions pass through the
sampling cone in the first stage of a mass spectrometer.** In
contrast, a gain of internal energy can be associated with
acceleration (e.g., by ion lenses) if the mean free path is shorter
than the dimensions of these components. The propensity of
ionized molecules to undergo fragmentation is further affected
by the presence, type, and pressure of a collision gas, the
temperature of incorporated components,”®*>*® as well as the
spraying mode of the electrospray source.** For this reason,
the mass spectrometer interface parameters were optimized
and kept constant throughout the experiments.

Ion internal energies in LAESI of solutions

The ion transfer conditions of the mass spectrometers were
characterized following the survival yield method.?**° Solutions
of five thermometer ion salts (see Table S1, ESIY) were electro-
sprayed at increasing sampling cone-to-skimmer potentials, and
the generated ions were mass-analysed. Ions with internal
energies below the critical energy were detected as intact ions,
whereas those with internal energies above the critical energy
underwent unimolecular dissociation, resulting in the presence
of both molecular and fragment ions with measurable ion signal
intensities, IM and IF, respectively. The extent of molecular
fragmentation was quantified by the survival yield, SY, that was
defined as SY = IM/(IM + IF) in accordance with the survival
yield method.

Sigmoidal survival yield curves were measured for eight
different thermometer ions as a function of their critical
energies for five potential differences between the sampling
and skimmer cones (the results are available in Fig. Sla, ESIY).
Increasing potential differences shifted the internal energy
distributions to higher means with increasing distribution widths
(see Fig. Slb, ESIt), in agreement with earlier findings.?>>!
Potential differences of 50 and 60 V were selected for the
comparison of ESI and LAESI because these values ensured a
linear response between solute concentrations and ion signal
intensities, relatively mild ion transfer conditions within the
mass spectrometer, as well as acceptable nonlinear regression
performance (regression coefficients >0.9). As shown in
Fig. 2(a), between 40 V and 60 V the survival yield data
exhibited a relatively uniform distribution between the limiting
0 and 1 values corresponding to no and complete fragmentation,
respectively. These measurements were repeated for the ESI ion
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Internal energy deposition in mid-IR LAESI. (a) Survival yield experiments revealed optimal ion transfer conditions between 40 and 60 V

sampling cone potentials, allowing the (b) deduction of the internal energy distribution, P(E). At 50 V potential, ions generated in LAESI (axes and
curve are in grey) and ESI (dotted grey curve) had similar internal energy distributions, both in shape and mean values. Nonlinear regression
results are summarized in Table S2 (ESIY). Error bars are within symbols. These uncorrected internal energy values do not reflect the ‘kinetic shift’

but indicate relative changes.

source by spraying solutions of the thermometer ions. The
acquired data revealed very similar results (data not shown) to
LAESI and indicated that the overall energy deposition by
LAESI resembled that of ESI. The compositional similarity
of LAESI- and ESI-produced ions’ further suggested that ion
generation from charged droplets seeded with thermometer
ions in LAESI occurred via processes similar to ESI.

The ion internal energy distributions were determined on
the basis of the obtained survival yield data. As shown in
Fig. 2(b) for LAESI, the measured survival yields, at, e.g.,
50 V cone voltage, rose with increasing critical energies®®
following the sigmoidal curve. Nonlinear regression was carried
out using a Boltzmann function to represent the sigmoidal
curve that resulted in an excellent fit with a correlation
coefficient, r > 0.998. The first derivative of this curve, also
shown in Fig. 2(b), provided the ion internal energy distribution,
P(E). For comparison the P(E) for ESI determined under
identical conditions is also plotted in this figure. Noticeably,
ions produced by LAESI and ESI exhibited very similar
internal energy distributions. At a sampling cone potential
of 50 V, the calculated averages of the distributions, (E), were
2.09 eV for ESI and 2.08 eV for LAESI (see Fig. 2(b)) with
Gaussian widths of 0.52 and 0.49 eV, respectively.

Here, it is important to note that our measurements and
calculations did not correct for the kinetic shift of the mass
spectrometers, so the obtained energies were not absolute
measures of the internal energy. For a given instrument and
ion, however, the results could be used to directly compare the
energy deposition processes between LAESI and ESI. Indeed,
the ions produced from neutral particulates, ejected to distances
over 10 mm, by LAESI were found to exhibit internal energies
that were indistinguishable from the ones directly generated
by ESI.

These results also provided mechanistic insight into the origin
of LAESI-generated ions. The observed similarity in (E)
between LAESI and ESI suggested that the detected ions did
not gain appreciable internal energy in the ablation process. This
outcome, however, does not rule out that the chemical species

and particulates or droplets produced in the first phase (~ 1 ps)
of the ablation exhibit higher internal energies due to the high
temperature and pressure conditions during that period. Indeed,
molecular decomposition had been observed to a limited extent
in atmospheric pressure IR-MALDI experiments that collected
ions closer to the surface (~2 mm) produced directly by the
ablation.”!*>? Those ions, however, are not detectable in LAESI
experiments carried out at 12 mm from the surface (see Fig. 2(a)
in ref. 21).

Our findings are consistent with a mechanism based on
capturing the neutral projectiles, produced in the second phase
of the ablation by recoil pressure induced ejection, by highly
charged electrospray droplets. In order to assess the feasibility
of this mechanism, let us estimate the stopping distance of the
ejected droplets. Perpendicular to the ablated surface, the
equation of motion for a droplet of initial velocity, vy, of
radius R and mass m decelerated by only the drag force, F(v),
assuming it follows Stokes law, F(v) = —cv, is:

m c

x(z)f?vo[l—exp<—at>} (1)
where for a sphere ¢ = 6muRand g = 1.8 x 10 kgm's7'is
the dynamic viscosity of air at 25 °C. For water ablation by a
Q-switched laser at 5.4 J cm ™2 the initial velocity of the ejected
droplets was found to be vy = 150 m s~'.!® The Reynolds
number for a 2R = 10 pm diameter droplet departing at
that velocity in ambient air of density p; = 1.2 kg m~ is
Re = 2Rp,ivo/u ~ 95, which is sufficiently low, so Stokes law
can be used. Substituting the mass of spherical droplets and
the expression for ¢ into eqn (1) and taking its limit for very
long times, the stopping distance of these droplets is

xstop([ - OO) = 2pR2V0/9ﬂ (2)

where p is the density of the liquid, i.e., p = 997 kg m~ for
dilute aqueous solutions. For 10 pm diameter water droplets
departing at 150 m s~!, the stopping distance comes to
~45 mm. Considering the approximations we took in this
estimate, the value is consistent with our finding that the
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LAESI signal can be detected by moving the spray axis as far
as 30 mm from the ablation spot.?! Indeed, we can use our
results to obtain a crude estimate of the size of the ejected
droplets that contribute most to the LAESI signal. Inserting
Xstop — 12 mm into eqn (2) for the stopping distance, the
distance where we have recorded the maximum LAESI signal
in the present experiments yields 2R = (9,uxsmp/(2pv0))1/2 ~ 5um
for the effective diameter of the sample droplets. These droplets
are sufficiently small to interact with the electrospray droplets
that are known to have a diameter between 5 um and 10 pm
for similar spraying conditions.*’

Our findings on energy deposition in LAESI can be compared
to other atmospheric-pressure ionization techniques. For example,
ESI, DESI, and sonic spray ionization (SSI) sources gave
similar internal energy distributions with averages in the 1.7
to 1.9 eV range in ion trap systems,** and were slightly lower in
paper spray®® than in parallel ESI experiments. For solutions
prepared with 50% methanol, Venturi-assisted array of micro-
machined ultrasonic electrosprays gave similar results to ESI,
whereas significantly lower (E) was obtained when thermometer
ions were analysed from water only.” Noticeably higher (E)
values were obtained under DART conditions with the average
values 25 to 40% higher than the reference ESI case.*!

These ion sources work with diverse sample types. Likewise,
mid-IR ablation is oftentimes performed on targets that range
from solutions to biological samples in LAESI experiments.
It is therefore necessary to explore whether variations in the
nature of the sample may manifest in changes in the extent of
internal energy deposition into LAESI-generated ions.

Internal energy deposition in mid-IR ablation of tissues

Fast imaging experiments of mid-IR ablation revealed that
variations in the physicochemical properties of samples translate
into changes in the ablation mechanism. For example, secondary
material ejection is not found for tissues with sufficiently high
tensile strength.'® Beyond differences in the physical properties,
these structured samples may exhibit boundary conditions that
can significantly differ from those of solutions. For example,

single cell ablation studies have recently revealed that cell walls
in plant tissue confine the ablation process and delay the
ejection of the cytosol.'> Cell rupture was observed only after
the second or third laser pulse, when the intracellular pressure
exceeded the tensile strength of the cell wall. This process was
different from the unobstructed ablation of solution samples.
Furthermore, unlike in solution samples, the water content in
tissues can vary significantly, an effect that modulates the
energy coupling mechanism in mid-IR laser ablation. Whether
these differences in sample properties alter the internal energy
deposited into the molecular components of the ablation
plume is unclear.

To address this question, ion internal energies were determined
in LAESI experiments on tissues. Eight benzyl-substituted
benzylpyridinium salts were air-dried onto the upper surface
of E. japonicus leaves at ~100 pg cm™2 density and were
directly ablated under experimental conditions that were
similar to those discussed above. The obtained P(E) curves,
presented in Fig. 3(a) together with direct ESI results, showed
strong similarity between the internal energy distributions.
At 60 V sampling cone potential, both the LAESI and ESI
internal energy distributions exhibited a mean of (E) = 2.10eV
with similar widths.

The effects of the laser pulse repetition rate as well as the
sample temperature were also investigated. The eight benzyl-
substituted benzylpyridinium salts were individually deposited
on leaf tissues and analyzed at 10 Hz, 20 Hz and 50 Hz
repetition rates at ambient temperature. To explore the effect
of target temperature, the experiment was repeated between
0 and —4 °C using 10 Hz repetition rate. Based on the measured
survival yields, P(E) distributions were obtained (see Fig. 3(b)
and data from separate experiments in Table S2, ESIf).
Changes in the repetition rate or cooling did not have detectable
effects on the average internal energy, (E) = 1.51 eV. The
widths of the distributions slightly decreased at increased
repetition rates (see data in Table S2, ESIt). Thus, thermal
activation of the sample was probably not a major factor in
LAESI ionization.
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Internal energy and fragmentation of biomolecules

The LAESI and ESI experiments were extended to larger
molecules known to fragment in laser desorption ionization
experiments. Unlike the thermometer ions, these molecules
have multiple fragmentation channels and may require proton
transfer for ionization. The samples included four peptides
(des-tyrosine-leucine enkephalin, angiotensin II, bradykinin
and substance P) as well as vitamin By,. In general, solutions
of the peptides yielded singly, doubly, and triply charged
protonated molecules without fragmentation. Comparisons
of the representative mass spectra are shown in Fig. S2 (ESI{).
Relative ion intensities in the acquired mass spectra demonstrated
similarity between LAESI and ESI. The most significant
difference was found for the intensity of the triply charged
substance P molecule that showed significantly higher abundance
in the LAESI experiment. Shifts in charge state distributions are
known to occur in ESI based on, e.g., differences in spraying
modes. No indications of differences in ion internal energies were
detected between LAESI and ESI of peptides.

Ion generation involving mid-IR ablation in LAESI was
compared with UV laser desorption ionization under MALDI
conditions. Vitamin B, was reported to exhibit fragmentation
pathways that were sensitive to the nature of the matrix and the
laser fluence,’* >’ and was therefore a useful reference system.
Mass spectra acquired for solution samples in LAESI and ESI
experiments, as well as for dried samples by UV-MALDI using
DHB as a matrix are compared in Fig. 4. No fragmentation was
observed in the LAESI and the ESI experiments. This indicated
that the particulates ejected during the second phase of the
mid-IR laser ablation contained intact vitamin B;, molecules.
Both the LAESI and the ESI spectra exhibited predominantly
doubly charged molecules. In contrast, the UV-MALDI spectra,
acquired in vacuum, included several fragments, such as the ions
m/z 1329.6 and m/z 972.2 that, on the basis of literature data,
were assigned to [M—CN + H]" and [M—CN-base—sugar—PO4] ",
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Fig. 4 Mass spectra of vitamin B, produced by LAESI, ESI and
UV-MALDI ionization. No fragmentation was observed in LAESI
and ESI that produced singly (m/z 1356.4) and predominantly doubly
charged molecular ions (m/z 678.2). In contrast, MALDI conditions
gave rise to two major fragments (see labelled ions), indicating that
UV excitation increased the internal energy of vitamin Bj,.

respectively.’*>® The presence of these fragments, however,
can be attributed to direct light absorption by the vitamin B,
molecules at the laser wavelength, as the molar extinction
coefficient of vitamin B, at the 361 nm absorption peak is
27500 M~" em™"® that decays to still significant 8371 M~ cm™!
at the 337 nm wavelength of the nitrogen laser.”® Thus, these
results alone do not demonstrate that compared to LAESI
higher internal energies are produced in UV-MALDI desorption
ionization. It is interesting to note that fluence-dependent
fragmentation has been reported in UV-MALDI>**® laser
desorption ionization (LDI),®' LISMA,*® as well as NAPA
ionization experiments.*® Typical fluences in LAESI range has
been between 0.1 to 4 J cm ™2, thus the ~ 15 J cm ™~ fluence used
in these studies indicates that fragmentation is absent even at
elevated fluences.

4. Conclusions

Despite the high temperature and pressure conditions associated
with the sudden energy deposition and phase explosion present
in mid-IR laser ablation of water-containing samples, solute
molecules ejected in droplets or particulates were found to
experience no appreciable gain in internal energy. Our survival
yield experiments revealed that, compared to direct ESI, the
recoil pressure induced material ejection in LAESI did not
appreciably alter the internal energies of thermometer ions,
peptides and vitamin Bj,. Sample phase (frozen vs. liquid),
temperature and the repetition rate of the irradiation did not
influence the internal energy distributions.

These fundamental findings have important implications
for mid-IR laser ablation based sampling and analysis. As
fragmentation of the solutes seems to be practically absent in
LAESI experiments, the mass spectra reflect the molecular
composition of the condensed phase samples. Even when LAESI
is used for the direct sampling of very complex biological tissues
and single cells, one can expect the absence of degradation during
ablation. This, however, does not mean that the various chemical
components are all represented in the spectra with equal
propensity. Ion suppression effects due to competition for
the available charges can still result in certain components
being absent or underrepresented in the mass spectra.

In light of our findings, additional questions emerge. As all
of our experiments are based on resonant coupling of the laser
pulse energy into the target, it is unclear if ablation off of the
resonance would yield similar results. For example, off resonance
ablation can be efficiently performed by using ultrafast lasers
with pulses in the femtosecond range®” or by tuning the laser
wavelength to wavelengths where linear absorption is negligible.
Additional questions arise when the mean free path in the
experiment becomes comparable to the dimensions of the
ablation. This can be bought about by reducing the laser spot
size (nanoscale ablation®?) or by slightly reducing the pressure of
the environment. As the shock wave dynamics dramatically
changes under these conditions, the ejection of particulates and
perhaps the internal energy of the produced ions are also
expected to be affected. A deeper understanding of the mid-IR
laser ablation mechanism of water-rich samples can propel the
development of analytical and sample modification techniques of
biological systems in their native or native-like environments.
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Initially, the ion transfer region of the mass spectrometer was characterized in survival yield
(SY) experiments. The collected SY data were plotted as a function of the critical bond energies
(see Table S1) to produce the sigmoidal curves in Figure Sla and to determine the internal
energy distributions, P(E), of the generated ions (see Figure Slb). Increasing potential
differences between the sampling and skimmer cones of the TOF instrument lead to decreasing
the SY values, i.e., to shifting of the sigmoidal curves to higher critical energies (see Figure S1a).
The calculated P(E) reveals that higher sampling cone potentials increased the average internal
energies of the thermometer ions for both ESI and LAESI conditions (see Figure 1b). The means
and the widths of the computed distributions, tabulated in Table S2, confirmed that LAESI and
ESI generated ions with similar internal energies.
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Figure S1. a) Sigmoidal SY curves for LAESI and b) internal energy distributions for ESI
(dotted curves) and LAESI (solid curves) at different cone voltages. The extent of internal
energy deposition by LAESI was indistinguishable from ESI, revealing a similarity in energy
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deposition in ion generation. Fitting parameters are summarized in Table S2. Error bars are

within symbols.

lon generation was also evaluated for large biomolecules with multiple potential
fragmentation channels. Figure S2 shows the mass spectra obtained for the peptides substance P
and angiotensin Il. Both LAESI and ESI generated singly, doubly, and triply charged ions. No
fragmentation was detected with either method. lons in the low m/z region (m/z < 300) in Figures

S2a and S2d correspond to the background from the electrospray solvent.
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Figure S2. Comparison of peptide mass spectra in LAESI and ESI experiments. Both a) LAESI
and b) ESI of substance P yielded singly (m/z 1347.7), doubly (m/z 674.4), and triply (m/z 449.9)
charged species. Similarly, c) LAESI and d) ESI of angiotensin 1l solutions gave singly (m/z
1031.5), doubly (m/z 516.3), and triply charged (m/z 344.5) ions. No significant fragmentation

was observed with either ionization method.
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Table S1. Benzyl-substituted benzylpyridinium ions and their critical bond energies, Ep,
calculated using AM1 in References ™ 2.

Substituent of  Abbreviation E,(eV) m/iz(MY) m/z (F)

thermometer ion

4-nitro- 4NO, 2.35 215.1 136.0
3-methoxy- 3MO 1.95 200.1 121.1
4-chloro- 4Cl 1.90 204.1 125.0
3-methyl- 3M 1.90 184.1 105.1
4-fluoro- 4F 1.87 188.1 109.1
2-methyl- 2M 1.80 184.1 105.1
4-methyl- 4M 1.77 184.1 105.1
4-methoxy- 4MO 151 200.1 121.1

Table S2. Nonlinear regression results on measured survival yield data and calculated internal

energy distribution parameters.

Sampling Laser Regression coefficient Mean and (width) of
cone Sample  Tample L for sigmoidal fit Gaussian (eV)
Instrument S e °C) repetition
P W) P rate (Hz) ESI LAESI ESI LAESI
20 solution 25 10 0.997 0.999 1.40 (0.28) 1.38 (0.37)
30 solution 25 10 0.997 0.999  1.51(0.35) 1.49 (0.40)
TOE MS 40 solution 25 10 0.997 0.998 1.68(0.42) 1.69 (0.41)
50 solution 25 10 0.983 0.997 1.85(0.52) 1.87 (0.46)
60 solution 25 10 0.998 0.999 2.09 (0.52) 2.08 (0.49)
60 tissue 25 10 0.944 0.953  1.94(0.64) 1.98 (0.65)
8 tissue 0 10 - 0.994 - 1.53 (0.61)
8 tissue 25 10 - 0.998 - 1.51(0.41)
Q-TOF MS 8 tissue 25 20 - 0.998 - 1.51 (0.40)
8 tissue 25 50 - 0.996 - 1.51(0.42)
8 solution 25 10 0.99129 - 1.57 (0.64) -

*The sampling cone potential measures the sampling cone potential against the skimmer cone in
the TOF MS instrument, whereas it denotes the potential applied against earth ground in the Q-

TOF MS system.
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