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We report the implementation of an infrared laser onto our previously reported matrix-
assisted laser desorption electrospray ionization (MALDESI) source with ESI post-ionization
yielding multiply charged peptides and proteins. Infrared (IR)-MALDESI is demonstrated for
atmospheric pressure desorption and ionization of biological molecules ranging in molecular
weight from 1.2 to 17 kDa. High resolving power, high mass accuracy single-acquisition
Fourier transform ion cyclotron resonance (FT-ICR) mass spectra were generated from liquid-
and solid-state peptide and protein samples by desorption with an infrared laser (2.94 um)
followed by ESI post-ionization. Intact and top-down analysis of equine myoglobin (17 kDa)
desorbed from the solid state with ESI post-ionization demonstrates the sequencing capabil-
ities using IR-MALDESI coupled to FT-ICR mass spectrometry. Carbohydrates and lipids were
detected through direct analysis of milk and egg yolk using both UV- and IR-MALDESI with
minimal sample preparation. Three of the four classes of biological macromolecules (proteins,
carbohydrates, and lipids) have been ionized and detected using MALDESI with minimal
sample preparation. Sequencing of O-linked glycans, cleaved from mucin using reductive
B-elimination chemistry, is also demonstrated. (] Am Soc Mass Spectrom 2009, 20, 667—-673)
© 2009 Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry

ambient direct analysis techniques such as laser

desorption atmospheric pressure chemical ion-
ization (LD-APCI) [1], direct analysis in real time
(DART) [2], desorption electrospray ionization (DESI)
[3], atmospheric-pressure solids analysis probe (ASAP)
[4], electrospray-assisted laser desorption ionization
(ELDI) [5, 6], matrix-assisted laser desorption electros-
pray ionization (MALDESI) [7, 8], laser ablation electro-
spray ionization (LAESI) [9], and infrared laser-assisted
desorption electrospray ionization (IR-LADESI) [10]
have rapidly expanded the analytical space accessible
using mass spectrometry. LAESI and IR-LADESI were
introduced around the same time and are in principle
the same ionization method that may be better de-
scribed as IR-MALDESI, whereas endogenous water or
sacrificial analyte serves as the matrix for infrared
matrix-assisted laser desorption followed by ESI post-
ionization. All of these techniques achieve ionization at
atmospheric pressure with minimal sample prepara-

The recent growth in the development of hybrid
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tion, reducing sample handling and preparation times.
Earlier work has reported the ionization of biomol-
ecules from liquids held in vacuo using IR radiation
[11-13]. MALDESI and other similar laser desorption
with ESI post-ionization techniques generate multiply
charged ions and have the added advantage of in-
creased top-down fragmentation efficiency, thereby en-
hancing sequencing capabilities that are invaluable for
the identification and characterization of biological mol-
ecules using a variety of fragmentation methodologies
including collision-induced dissociation (CID), electron
transfer dissociation (ETD), electron capture dissocia-
tion (ECD), sustained off-resonance irradiation (SORI),
and infrared multiphoton dissociation (IRMPD) [14-
18]. The detection of multiply charged ions in Fourier
transform ion cyclotron resonance (FT-ICR) and Orbi-
trap (LTQ-Orbi) yields increased resolving power and
increased mass accuracy (<3 parts per million [ppm])
[19, 20], attributed to the inverse relationship between
the frequency and m/z and \/(m/z), respectively [21].
Poor shot-to-shot reproducibility has been an issue
with UV matrix-assisted laser desorption techniques as
a result of the inherent inhomogeneity of analyte/
matrix co-crystallization [22]. This inhomogeneity has
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been addressed by using a liquid sample, often mixed
with glycerol for vacuum compatibility, thereby elimi-
nating the co-crystallization step in sample preparation
[23, 24]. In building upon this idea to improve shot-to-
shot reproducibility, liquid sample droplets have been
used for atmospheric pressure analysis using liquid
matrix-assisted laser desorption electrospray ionizat-
ion (lig-MALDESI), resulting in increased shot-to-shot
reproducibility [25].

IR-MALDI has demonstrated desorption and ioniza-
tion of large biomolecules using both solid and liquid
matrices [26]. It is well established that infrared laser
desorption generates many more neutral molecules
than ions, thereby reducing mass spectrometric detec-
tion sensitivity. Although IR-MALDI has demonstrated
practical utility for analysis of complex samples, the
desorption and ionization mechanisms are not well
understood. It has been proposed that water molecules
of hydration associated with the analyte (i.e., proteins)
as well as the analyte itself absorb infrared laser irradi-
ation, resulting in O—H, C—H, and N—H bond stretch-
ing, leading to the desorption of analyte and serving as a
possible source of protons for ionization [27-29]. The
surrounding solvent may also act to isolate the analyte,
reducing cluster formation and collisionally cool the de-
sorbed molecules, thereby reducing fragmentation.

The advantages of IR laser desorption stem from the
capability of desorption and ionization directly from
samples without the need for adding exogenous matrix
[27, 28, 30]. This combined with the deep penetration of
infrared laser ablation results in ablation of large
amounts of material, the majority of which are neutral
molecules, making infrared an ideal wavelength range
for laser desorption using the MALDESI platform.

Demonstrated herein we have integrated an IR laser
(2.94 um) into the existing versatile MALDESI ioniza-
tion source [31]. IR laser desorption from liquid- and
solid-state samples followed with ESI post-ionization at
atmospheric pressure generates multiply charged pep-
tide and protein ions. High mass accuracy for intact and
top-down characterization of biomolecules (i.e., myo-
globin, 17 kDa) is demonstrated. Direct analyses of
commercially produced milk without sample prepara-
tion and farm-raised eggs are demonstrated using both
UV (349 nm) and IR (2.94 um) laser desorption. O-
linked glycans cleaved from mucin [32-34] were se-
quenced from liquid-state samples using IR-MALDESI.
Importantly, proteins, carbohydrates, and lipids were
detected with minimal sample preparation using IR-
MALDESI coupled to FT-ICR mass spectrometry.

Experimental
Materials

Substance P, somatostatin, laminin, human angiotensin
I, honey bee melittin, porcine glucagon, bovine ubig-
uitin, bovine cytochrome ¢, equine myoglobin, succinic
acid, and glycerol were purchased from Sigma-Aldrich
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(St. Louis, MO, USA) and used as received. Bovine milk
(2%) was purchased from a local grocery store and used
without further preparation. Farm-raised chicken eggs
were prepared as indicated. Porcine mucin was pur-
chased from Sigma-Aldrich, from which O-linked gly-
cans were cleaved from proteins using reductive
B-elimination and purification as previously reported
[32-34]. The specifics for the method used are detailed
in several recent publications by our group [32, 34, 35].
O-linked glycan samples were from solid-phase extrac-
tion elution 1 (10% acetonitrile) and used without
further preparation. HPLC-grade acetonitrile, metha-
nol, and high-purity water were purchased from Bur-
dick and Jackson (Muskegon, MI, USA).

IR- and UV-MALDESI Mass Spectrometry

An erbium-doped yttrium aluminum garnet (ER-YAG)
infrared laser (IR) (Bioptic Lasersysteme, Berlin, Ger-
many) was mounted to the main working platform of
the previously described MALDESI source [31]. The IR
laser generated 2.8 m] pulse energy (measured at the
laser) at 10-Hz repetition rate with a pulse width of 100
ns and emission wavelength of 2.94 um. The laser-beam
path was directed by two broadband gold-coated Pyrex
mirrors (Part #10D20ER.4; Newport Corporation, Ir-
vine, CA, USA) and focused to a spot size of 200 pm
using a calcium fluoride plano convex lens (Part #47174;
Edmund Optics, Barrington, NJ, USA) onto the stainless
steel sample target (Part #4333375; Applied Biosystems,
Foster City, CA, USA). The laser fluence was calculated
at22J/cm?

The ultraviolet (UV) laser (Explorer; Newport Corpo-
ration, Irvine, CA, USA) with an emission wavelength of
349 nm, computer-controlled pulse energy (0-120 uJ) and
repetition rate (0-5000 Hz) was used with the same
experimental setup as previously described [31]. Briefly,
two UV-enhanced aluminum mirrors (Part #10D20AL.2;
Newport Corporation, Irvine, CA, USA) direct the laser
beam, which is focused to a spot size of 60 um by a fused
silica lens (Part #SPX017 + AR.10, Newport Corporation,
Irvine, CA, USA) onto the sample target; the laser power
was set to 50 uJ, measured internally. The laser fluence
was calculated at 0.4 J/cm?.

The sample target was positioned in front of and
below the extended ion transfer capillary of a hybrid
LTQ-FT-ICR mass spectrometer. The LTQ-FT-ICR was
equipped with a 7 Tesla actively shielded supercon-
ducting magnet; the maximum ionization time was set
to 1 s and resolving power set to 100,000 at 400 m/z.
Electrospray ionization was generated by infusing the
ESI solution (50% acetonitrile in water) through a
75-um i.d. fused silica capillary (Polymicro Technolo-
gies, Phoenix, AZ, USA) connected with a stainless steel
union (Part #ZU1XC; VICI, Houston, TX, USA) to a
30-um fused silica tapered Picotip (New Objective Inc.,
Woburn, MA, USA) at a flow rate of 400—800 nL/min
using a syringe pump (Harvard Apparatus, Holliston,
MA, USA). The stainless steel union connecting the trans-
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fer capillary to the ESI emitter tip was biased at 3 kV. All
experiments were performed at ambient temperature and
pressure. Top-down data analysis was processed manu-
ally by obtaining precursor m/z values from the tandem
mass spectrometry (MS/MS) header and importing the
MS/MS values into ProSightPC (Thermo Electron, Wal-
tham, MA, USA) using a THRASH [36] algorithm to
determine the monoisotopic peak of the analyte signal, as
detailed in a recent publication by our group [37].

Results and Discussion
Solid-State IR-MALDESI-FT-ICR

An aqueous solution of bovine cytochrome ¢ was mixed
1:1 (v:v) with succinic acid (47 mg/mL) in 50% aceto-
nitrile, to give a final concentration of 200 uM. The
sample solution was deposited (0.8 uL) onto a stainless
steel sample target and actively dried under a cool
stream of air [38]. The sample target was installed onto
the MALDESI platform equipped with an infrared laser
for IR-MALDESI analysis. The IR laser was manually
actuated while 50% acetonitrile in water was electros-
prayed at 3 kV and a flow rate of 800 nL/min; the
sample target was biased at 500 V. A schematic of
solid-state IR-MALDESI and representative mass spec-
trum of cytochrome c are shown in Figure 1. Each single
acquisition mass spectrum demonstrated high resolv-
ing power multiply charged ions of cytochrome c for
accurate mass determination and protein identification.
The average charge state (ACS) for cytochrome c was
calculated using the following equation: ACS =
[X (charge state of each peak X abundance of each
peak)]/(total abundance of peaks) and found to be
ACS = 9.41. Similar high resolving power multiply
charged mass spectra were obtained from aqueous
solutions of angiotensin I, somatostatin, laminin, melit-
tin, glucagon, ubiquitin, and myoglobin, each mixed
with succinic acid and actively dried before analysis
(data not shown), demonstrating desorption and ion-
ization over a broad peptide and protein molecular
weight range (1.2-17 kDa), similar to data previously
demonstrated by UV-MALDESL

Control experiments were performed by laser de-
sorption of the same solid samples with the ESI emitter
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removed to determine whether ionization occurs via
atmospheric-pressure IR-MALDI. All control experi-
ments resulted in no measurable analyte signal without
ESI post-ionization.

In a separate experiment, the ESI emitter was re-
moved and the recently introduced remote analyte
sampling, transport, and ionization relay (RASTIR) was
installed [39]. The RASTIR device serves to transport
the neutral laser desorption products by induced vac-
uum to the ionization region positioned directly in front
of the mass spectrometer inlet capillary. This device
separates in space the complex electrical fields of the
sample target and the ESI emitter, enabling indepen-
dent optimization of each component. The electrospray
emitter of the RASTIR device was biased at 3 kV,
whereas the RASTIR body and the sample target were
allowed to float (not biased or grounded). Cytochrome
¢ and myoglobin, each mixed with succinic acid and
actively dried, were subjected to IR laser desorption in
close proximity to the collection tube of the RASTIR
device. The laser desorption products were transported
into the ionization region of the RASTIR device and
subsequently ionized; multiply charged ions of cyto-
chrome ¢ and myoglobin, similar to those obtained
without the RASTIR device were detected (data not
shown).

The ionization mechanism we propose is similar to
that proposed for solid-state UV-MALDESI [7]; laser
desorbed neutral molecules or particles are absorbed
into the electrospray-charged solvent droplets, which
then undergo an ESI-like desorption and ionization
process, generating multiply charged ions. We base our
hypothesis on the similarity of the observed charge
states to those obtained by ESI and the absence of ion
signal with the ESI emitter removed, eliminating an
AP-MALDI mechanism. The RASTIR-IR-MALDESI
experiments demonstrate remote electrospray post-
ionization of laser desorption products and can there-
fore rule out a DESI-like mechanism ascribed to sepa-
ration of the desorption event from the ionization event
in both time and space as well as eliminating the
possibility of laser desorption from a charged liquid
droplet from the surface (the sample target is not biased
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Schematic of solid-state IR-MALDESI with ESI post-ionization and representative mass

spectrum of bovine cytochrome ¢ mixed with succinic acid.
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and the ESI emitter is located remote from the laser
desorption region).

This initial work is the first demonstration of RASTIR
combined with IR-MALDESI for the sole purpose of
separating the desorption and ionization regions of
MALDESI and may be invaluable in the characteriza-
tion of the ionization mechanism. The complex electric
fields of the desorption and ionization regions arising
from the ESI emitter and sample target voltages in
MALDESI can be avoided by implementing the RASTIR
device, thereby allowing independent control of the ESI
and sample target voltages for optimal desorption and
ionization.

Liquid-State IR-MALDESI-FT-ICR

Aqueous samples of cytochrome c containing 10% glyc-
erol were deposited (1.5 uL) and analyzed without
drying by IR-MALDESI with ESI post-ionization. A
schematic of liquid-state IR-MALDESI and representa-
tive mass spectrum of cytochrome c¢ are shown in
Figure 2. The sample target voltage (500 V), ESI voltage
(3 kV), and ESI flow rate (800 nL/min) were the same as
those used in solid-state analysis. The liquid sample
drop yielded signal only while the sample remained
liquid on the surface (~1 min); no signal was obtained
after the droplet dried on the surface. Similar high ion
abundances were observed, indicating the versatility of
desorption and ionization from both solid-state and
liquid-state samples using this technique. The ACS of
cytochrome ¢ desorbed from the liquid state was calcu-
lated using the same equation as for solid-state cyto-
chrome c (see earlier text) and found to be ACS = 10.43.
The average charge state for liquid-state IR-MALDESI
(10.4) was found to be one whole charge higher than the
average charge state for solid-state IR-MALDESI (9.4).
One possible explanation for the increase in average
charge state with liquid-state desorption is the absence
of charge-sequestering matrix molecules that are de-
sorbed from the solid-state sample with every laser
shot. Another explanation is that in the liquid state
analyte may be more efficiently desorbed (less energy is
required to liberate the analyte from solution than from
a solid lattice).

MS Inlet Capillary Mid-IR laser

ESI Emitter
+3000 V

10 % glycerol
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The potential for minimal sample preparation (i.e.,
no additional matrix) was explored by preparing ana-
lyte solutions, without the addition of the matrix glyc-
erol. IR-MALDESI analysis of substance P, somatosta-
tin, laminin, angiotensin I, melittin, glucagon, ubiquitin,
cytochrome ¢, and myoglobin demonstrated desorption
and ionization via IR-MALDESI without addition of ma-
trix, generating multiply charged ions (data not shown).

Control experiments were performed using new
droplets of the same analyte solutions (no matrix) with
the ESI emitter removed and high potential (0-5000 V)
applied directly to the sample target. Only the liquid-
state IR-MALDESI mass spectrum of angiotensin I re-
vealed analyte signal, yielding only the singly charged
species; the doubly charged ion was not observed. The
singly charged ion indicates an atmospheric-pressure
MALDI ionization process from the liquid droplet.
None of the other peptides or proteins used in these
control experiments demonstrated measurable analyte
signal without ESI post-ionization.

Intact and Top-Down Analysis Using
IR-MALDESI-FT-ICR

Equine myoglobin mixed with succinic acid was
deposited onto the sample target and dried with a cool
stream of air. The sample was desorbed and ionized by
IR-MALDESI and sampled by the mass spectrometer.
The most abundant charge state, [M + 15H*]">*, was
isolated for CID; the precursor and fragment ions were
detected in the ICR cell. The expanded region of the
precursor is shown in the lower left of Figure 3, with the
MS/MS spectrum with the precursor and fragment ions
shown in the lower right of Figure 3. The amino acid
sequence with the identified tandem MS fragments indi-
cated is shown in the top of Figure 3. The mass measure-
ment accuracy for the precursor (MMA = 1.98 ppm) and
fragment ions (MMA = 0.95-5.63 ppm) were calculated
manually.

Direct Analysis Using UV- and IR-MALDESI

Direct analysis via UV and IR laser desorption with ESI
post-ionization is demonstrated for bovine milk and
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Figure 2. Schematic of liquid-state IR-MALDESI with ESI post-ionization and representative mass
spectrum of bovine cytochrome ¢ mixed with 10% glycerol.
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Figure 3. Top-down sequencing of equine myoglobin using solid-state IR-MALDESI with ESI

post-ionization.

chicken egg yolk as shown in Figure 4. The milk was
used without preparation and analyzed in the liquid
state. The UV- and IR-MALDESI mass spectra of bovine
milk are shown in Figure 4a and b, respectively, both
with ESI post-ionization. The main peaks observed in
the mass spectra were identified as the sodium and
potassium adducts of lactose as well as the sodium
and potassium adducted dimers of lactose. The IR-
MALDESI mass spectrum has several other unidenti-
fied peaks, indicating desorption and ionization of

other components of the milk sample not observed in
the UV-MALDESI mass spectrum. The absolute abun-
dance was substantially higher when using the IR laser
compared with UV laser desorption. The increased
abundance may be attributed to the increased number
of neutral molecules desorbed by IR laser ablation
available for ESI post-ionization.

The UV- and IR-MALDESI mass spectra of chicken
egg yolk (mixed with 2,5-dihydroxybenzoic acid [DHB]
for UV laser desorption) are shown in Figure 4c and d,
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Figure 4. Liquid-state MALDESI mass spectrum of bovine milk with no sample preparation using:
(a) UV laser desorption, (b) IR laser desorption with ESI post-ionization and egg yolk using (c¢) UV
laser desorption with DHB and (d) IR laser desorption with no sample preparation with ESI
post-ionization.
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respectively. The larger ion abundance observed for
UV-MALDESI is likely attributable to incorporation of
the UV absorbing matrix (DHB), which was required to
obtain appreciable signal. The unidentified main peaks
of the resulting mass spectra were determined to be
lipids, based on their mass excesses. The mass excess
(defined by IUPAC) is calculated by the difference
between the nominal mass and the exact mass; the mass
excess was determined for each of the main peaks in the
UV- and IR-MALDESI mass spectra of egg yolk. The
mass excesses were plotted onto a heat map of the mass
excess of tryptic peptides versus the monoisotopic
mass, which demonstrates the forbidden zones for
tryptic peptides [40]. The mass excess of the peaks fell
outside the range normally occupied by tryptic pep-
tides, indicating that the observed ions are probably not
peptides nor proteins. The mass excesses of several
common lipids were plotted onto the same heat map,
which fell into the same range, indicating that these are
likely lipids. A small group of higher mass peaks were
observed in the IR-MALDESI mass spectra of egg yolk
(Figure 4d) that were not observed in the UV-MALDESI
mass spectra of egg yolk (Figure 4c). These higher mass
ions may indicate more efficient desorption of higher
mass molecules from complex samples using IR-
MALDESI compared with UV-MALDESI.

Carbohydrate Analysis Using IR-MALDESI

Liquid-state samples (0.8 uL) of elution 1 from the
B-elimination/solid-phase extraction process were de-
posited onto the sample target for direct IR-MALDESI
analysis with ESI post-ionization. The IR-MALDESI
mass spectrum is shown in Figure 5. The circles denote
identified sodium adducted O-linked glycans. The
diamonds denote identified protonated O-linked gly-

- HexNAc
[4HexNAc:2Hex + Na*]™*

- HexNAc:Hex

i E—

- 2HexNAc:Hex |
— 1

@ Sodium adducted
(> Protonated

400 600 800 1000 1200 1400
m/z

Figure 5. Liquid-state IR-MALDESI of O-linked glycans cleaved
from mucin using reductive B-elimination chemistry. Circles de-
note sodium adducted glycans; diamonds denote protonated
glycans. Inset shows MS/MS sequencing of glycan with m/z =
1179.4386.
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cans. The identification of the glycans was verified by
exact mass and tandem MS. A representative glycan
([4HexNAc:2Hex+Na+]!, m/z = 1179.4386) was iso-
lated and subsequently fragmented with CID and is
shown in the inset of Figure 5. The fragment ions
correspond to losses of HexNAc, HexNAc:Hex, and
2HexNac:Hex; the mass measurement accuracy associ-
ated with this precursor peak was —0.34 ppm. The
IR-MALDESI mass spectrum was compared with
MALDI-FT-ICR and DESI-FT-ICR mass spectra of the
same elution, as previously reported [35]. The IR-
MALDESI mass spectra yielded many of the same
peaks identified using MALDI and DESI. MALDESI
avoids fragmentation commonly encountered when us-
ing MALDI and, when coupled with a hybrid mass
analyzer, provides top-down sequence information and
high mass accuracy. MALDESI is also much more
sensitive, requiring approximately one fourth the
amount of material required for DESI, as demonstrated
in our laboratory [35] for the analysis of carbohydrates.

Conclusions

IR-MALDESI is an atmospheric-pressure ionization
source for analysis of biomolecules with minimal sam-
ple preparation requiring no pretreatment necessary for
vacuum-sensitive samples (i.e., tissues). The liquid- or
solid-state sample remains accessible during analysis,
allowing flexibility in sample preparation (i.e., solid or
liquid) as well as with or without added matrix and the
type of matrix used, demonstrating the inherent flexi-
bility and versatility for biomolecular analysis. IR-
MALDESI intact and top-down proteomic strategies
have been used for identification and characterization
of biological molecules, including proteins and glycans,
which are invaluable for analysis of complex samples
(e.g., tissues, biofluids). IR-MALDESI direct analysis
without addition of an exogenous matrix has the unique
potential for direct analysis, without sample prepara-
tion, for generation of multiply charged ions from
biological samples by using the endogenous matrix
(solvent or sacrificial analyte). Furthermore, the inher-
ent versatility of the MALDESI ionization source is
demonstrated to include both UV and IR laser desorp-
tion with ESI post-ionization for the generation of
multiply charged ions and the potential application for
other desorption and ionization techniques. Future
studies include using the RASTIR device to gain a clear
understanding of the IR-MALDESI ionization mecha-
nism that will not only enhance the capabilities of this
technique but also potentially elucidate other laser
desorption/ionization mechanisms (i.e., MALDI).
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