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Abstract
An electrospray-assisted laser desorption/ionization source with an infrared OPO laser (IR-ELDI)
was constructed and optimized for peptide and protein mass spectrometry analysis. Similar to
ELDI with an ultraviolet laser, IR-ELDI generates multiply charged molecules for peptides and
proteins measured under ambient sampling conditions. Both samples in the dried state and analyte
solutions can be directly measured by IR-ELDI without the presence of a conventional MALDI
matrix. However, the analysis of sample solutions is shown to greatly enhance the sensitivity of
the mass spectrometry measurement, as a 100-fold sensitivity gain for peptide measurements was
measured. The limit of detection of IR-ELDI was determined to be 250 fmol for bradykinin (1.1
kDa), 100 fmol for ubiquitin (8.6 kDa), and 500 fmol for carbonic anhydrase (29 kDa). IR-ELDI
is amenable for MS and MSn analysis for proteins up to 80 kDa transferrin. IR-ELDI-MS may be
a useful tool for protein sequencing analysis from complex biological matrices, with minimal
sample preparation required.

Introduction
The continuous development of ionization methods for mass spectrometry (MS) has
expanded the applicability of MS to a wider variety of various organic and biological
molecules. Electrospray-assisted laser desorption ionization (ELDI) is a soft ionization
method that has demonstrated utility for both small and large molecular weight biological
molecules.1, 2 ELDI generates multiply charged molecules under ambient sampling
conditions. It combines features of both matrix-assisted laser desorption ionization
(MALDI)3, 4 and electrospray ionization (ESI).5 The ionization process of ELDI consists of
two separated, discrete steps. In the first step, analyte deposited on a target surface is
desorbed by laser irradiation and gaseous analyte particles/ions are generated. In the second
step, the laser desorbed particles are ionized by merging with charged solvent droplet
produced by ESI.2, 6 Using an ultraviolet (UV) laser with either the laser or ESI off, no
ELDI-generated ions are detected,1, 2 which suggests that the atmospheric pressure laser
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desorption ionization (LD)7, 8 or desorption electrospray ionization (DESI)9, 10 mechanisms
are not playing a significant role in the ELDI ionization process.

ELDI operates under ambient conditions for both dry and wet biological samples, and with
or without the need for traditional MALDI matrices.2, 6 Since the initial ELDI report,1
similar methods combining ESI and laser desorption steps for peptide and protein analysis
have been reported. These methods include (1) matrix-assisted laser desorption electrospray
ionization (MALDESI), in which traditional MALDI matrices are mixed with the analytes to
aid the desorption process;11 (2) infrared laser-assisted desorption electrospray ionization
(IR-LADESI), which uses a 2.94-μm infrared laser to desorb analytes from water-containing
samples;12 and (3) laser ablation electrospray ionization (LAESI), which in principle is
similar to IR-LADESI.13 Although these methods are referred to by different names, and
their experimental conditions are somewhat different, in practice they all share a similar
ionization mechanism – laser desorption or ablation of the sample analytes, followed by
subsequent ionization by ESI.

ELDI-MS has been used to analyze a wide range of organic and biological samples with
little-to-no sample preparation. These samples include the organic active ingredients in drug
tablets,14 dye standards, color paintings, different color coatings on compact disks, and even
organic polymers.14 ELDI-MS has been used to directly characterize organic compounds
separated by thin layer chromatography (TLC) using either reversed phase C18 particles or
normal phase silica gel.15

ELDI-MS has been shown to be an effective soft ambient ionization method for large
peptides and proteins, ranging from 1 kDa angiotensin peptides, to 29 kDa bovine carbonic
anhydrase, to 66 kDa bovine serum albumin (BSA).2 The limit of detection of proteins by
ELDI-MS is reported to be 23 ng mm−2 (for carbonic anhydrase).6 ELDI has also been used
to directly analyze proteins from complex biological samples, including blood, serum, tears,
saliva,16 and whole cow milk.14 ELDI-MS analysis of porcine heart tissue and porcine liver
tissue showed hemoglobin α- and β-chains.16 Direct ELDI-MS of bacterial cultures from
Vibrio cholerae, Salmonella, and Streptococcus pyogenes detected abundant 6–12 kDa
proteins.16

The ELDI process generates multiply charged molecules, which is directly amenable for
top-down mass spectrometry and tandem MS (MS/MS) for characterizing protein primary
structure and post-translational modifications.6 Tandem MS with ELDI has been used to
generate sequence-informative product ions for 2.8 kDa melittin, 5.8 kDa insulin, 8.6 kDa
ubiquitin, and carbonic anhydrase (collected up to MS4), using collisionally activated
dissociation (CAD),17 electron capture dissociation (ECD),18 electron transfer dissociation
(ETD),19 infrared multiphoton dissociation (IRMPD),20 and nozzle-skimmer dissociation
(NSD),21 and acquired using quadrupole ion trap, linear ion trap (LTQ), or LTQ-Fourier
transform ion cyclotron resonance (LTQ-FT).22

The analyte for ELDI can be either in the dried or wet state, and with or without the
presence of traditional MALDI matrices. It is still somewhat controversial which
experimental conditions provide the best ELDI-MS sensitivity. Our group and the Shiea
group have found that the presence of a matrix is detrimental when analyzing dried solid
samples;1, 6, 16 ELDI-MS analysis of dried samples without the use of a matrix seems to
provide the best sensitivity.2, 6 On the other hand, carbon powder or traditional MALDI
matrices appear to aid the analysis of samples measured directly from solution with laser
desorption from a UV laser.2, 23 Muddiman’s group, however, reported that matrices are
required for the analysis of dried solid samples using their MALDESI method, with 17 kDa
myoglobin as the largest molecule analyzed by MALDESI to date.24
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Most of the aforementioned ELDI experiments (and similar techniques) utilized a UV
nitrogen laser for analyte desorption. Compared to a UV laser, a mid-infrared laser with
wavelengths ranging from 2.7 to 4.0 μm provides potential advantages in the ELDI
experiment. No externally added matrix should be needed to aid the laser desorption from
sample solutions, as water itself should serve as an effective laser desorption matrix. The O–
H stretching mode of water is resonant with the 3 μm output from an mid-infrared laser.25–
28 Without the requirement for a formal matrix, the sample preparation step is greatly
simplified. ELDI shows potential for tissue imaging, as large biomolecules can be desorbed
and ionized intact directly from tissue samples, and laser focusing should in principle
provide high spatial resolution;29 the potential spatial displacement of proteins and other
biomolecules due to matrix addition during a tissue imaging scanning experiment could be
avoided for IR-ELDI. Moreover, radiation from an IR laser may generate a larger amount of
neutral analyte particles, which may help to increase the overall sensitivity of ELDI-MS.

Mid-infrared radiation has been tested in LAESI,13, 30 LADESI,12 and MALDESI
experiments.31 LAESI was reported to analyze a variety of analytes without sample
preparation or pretreatment, including metabolites, lipids, and proteins.13 Although its
reported sensitivity for large proteins was not high,13 LAESI has been used to analyze
metabolites from fresh tissue.30 IR-LADESI was shown to be effective for the analysis of
pharmaceutical products and biological fluids such as blood and urine.12 Carbohydrates,
lipids, and proteins up to 17 kDa equine myoglobin were measured using IR-MALDESI.31

Previous work in our laboratory utilized a UV laser to effect the laser desorption step of the
ELDI process.2, 6 In the present report, we describe our efforts to incorporate a tunable mid-
IR (2700–3100 nm) optical parametric oscillator (OPO) for the laser desorption step (Figure
1; see Experimental). We show that IR-ELDI is amenable to proteins up to 80 kDa
transferrin, and allows tandem MS analysis for proteins up to 29 kDa carbonic anhydrase.
More importantly, the combination of IR desorption followed by ESI has significantly
enhanced ELDI-MS sensitivity for large peptide and protein analysis, and traditionally
employed matrices for UV-MALDI are not required for IR-ELDI.

Results and discussion
Optimization of the IR-ELDI experimental conditions

ELDI-MS with a UV laser has demonstrated capabilities for analyzing analytes both from
solution (with traditional UV-MALDI matricies) and as dried samples. Our IR-ELDI setup
was also tested for this capability. Figure 2 shows the IR-ELDI mass spectra of the peptide
bradykinin (MW 1060; 2 μL of 50 μM concentration) acquired under wet (with water as the
matrix) and dried conditions. Both mass spectra were acquired by accumulating signal over
a 30-sec time period (600 laser shots). Signal levels were fairly constant over the data
acquisition period (see Supplemental Figure 1). IR-ELDI-MS analysis of bradykinin from
solution showed singly, doubly, and triply charged peptide ions (Figure 2A). For dried
sample analysis, bradykinin sample was uniformly dried to a spot area of 13 mm2. Although
the target was constantly moved to avoid the depletion of the sample, only a very small
amount of sample was consumed during the 30-sec period. Doubly charged and a small
amount of singly charged ions were detected from the same amount of dried bradykinin
(without MALDI matrix; Figure 2B), as multiply charged protein ions are commonly
detected with IR-MALDI.26 Based on the absolute intensity of the 2+-charged peptide ions
(m/z 531), the presence of the water molecules with the analyte on the target provided a 100-
fold sensitivity gain. This suggests that analyte in the solution phase may be preferable for
IR-ELDI-MS analysis.
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For IR-ELDI, light is absorbed through states associated with O-H stretching vibrations, for
example, in water. The absorption of the energy at a given fluence will cause a plume of
material to rapidly expand outwardly from the sample surface. Whether or not this plume is
formed by stress or by thermal forces (phase explosions, etc.) is debatable. However, due to
the much lower absorption coefficient of mid-IR absorbing material compared to UV, more
laser energy is used and therefore a greater amount of material is ejected.27, 32 Because
ELDI “samples” the analyte material into the electrospray for subsequent ionization, larger
ablation plumes are preferred and this should result in increased signal intensity.

In our previous work with UV-ELDI-MS, we were able to measure a mass spectrum with a
signal-to-noise(S/N) of 3 for carbonic anhydrase from 10 pmol dried to a spot area of 13
mm2.6 For our system with the IR-OPO laser, ELDI sensitivity for peptides and proteins is
shown to surpass those reported in the earlier ELDI publications, and in other reports of
ELDI-similar laser-based atmospheric pressure MS system from other labs. Our best
sensitivity achieved with IR-ELDI-MS to date is approximately 250 fmol (0.5 μL of 0.5 μM
concentration) of peptide bradykinin (Figure 3A), 500 fmol (0.5 μL of 1 μM concentration)
of middle-sized protein carbonic anhydrase (Figure 3B; measured molecular mass of 29,010
± 2), and 100 fmol (1 μL of 0.1 μM concentration) of ubiquitin (Figure 3C) applied on-
target, yielding mass spectra with reasonable S/N. The sensitivity of our IR-ELDI setup is
also shown to surpass that of AP-IR-MALDI using water as a matrix, which was reported to
analyze 10 pmol of peptide with MW < 2 kDa.33 Thus, from our preliminary experiments,
ELDI with an IR laser has improved peptide and protein sensitivity by greater than an order
of magnitude.

IR-ELDI versus atmospheric pressure infrared laser desorption ionization (IR-LDI)
Atmospheric pressure MALDI (AP-MALDI) using a UV laser has been reported with
commercially available mass spectrometers, such as ion trap instruments.34 However, AP-
MALDI appears to be limited to peptide analysis because the detection of singly charged
protein ions requires a high mass-to-charge ratio (m/z) range mass spectrometer.34, 35 AP-
MALDI was also shown to have a lower ionization efficiency compared to vacuum-MALDI.
35 With the addition of ESI post-ionization of the laser-desorbed neutral molecules to
generate multiply charged ions,36 we believe that IR-ELDI is superior to AP-MALDI or IR-
LDI for peptide and protein analysis.

To determine the advantage of the ESI post-ionization step, bradykinin aqueous solutions
were analyzed using our ambient ELDI platform, with and without the operation of the ESI
sprayer. Figure 4 shows the IR-LDI (i.e., ESI is off) and IR-ELDI mass spectra from 50
pmol of bradykinin collected under similar conditions. Previous studies have shown that IR-
MALDI has a lower sensitivity compared to UV-MALDI, as using an IR laser yields a lower
ionization efficiency (and IR-MALDI generates many more neutral particles).37 In our
experiments, IR-LDI-MS showed both singly- and doubly-charged bradykinin ions (Figure
4A), as IR-MALDI tends to generate more multiply charged ions than does UV-MALDI.38

(It should also be noted that the sample stage in commercial AP-MALDI sources is faced
directly in front of the MS inlet only a few millimeters away, i.e., our IR-LDI experiment
may not be optimal for best sensitivity.) Besides the 1+ and 2+ bradykinin ions, up to 3
sodium ion adducts to the bradykinin molecules were also detected. (Sodium ions may have
originated from contaminants on the stainless steel sample surface and/or other surfaces that
the analyte had come into contact, e.g., pipette tips, sample tubes, etc.) In the IR-ELDI
experiment, in which the ESI source is operating to post-ionize the neutral bradykinin
molecules desorbed by the IR laser, the 2+-charged ion becomes the more abundant species
in the mass spectrum, and the intensity of the 2+-charged peak at m/z 531 is 20 times the
intensity observed in the IR-LDI mass spectrum (Figure 4B). These data suggest that with
the higher IR ablation power for sample desorption, IR-LDI can generate multiply charged
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ions directly even without the assistance of electrospray. However, in the IR-ELDI
experiment, the major component of the signal results from laser desorption of neutral
components, followed byelectrospray post-ionization.

Top-down IR-ELDI-MSn of proteins
The new IR-ELDI-MS platform has shown to be amenable to a range of standard peptides
and proteins, including 1 kDa bradykinin, 5.8 kDa human insulin, 8.6 kDa bovine ubiquitin,
12 kDa equine heart cytochrome c, 17 kDa equine heart myoglobin, 29 kDa bovine carbonic
anhydrase, 66 kDa bovine serum albumin (BSA), and up to 80 kDa transferrin (see
Supplementary Figure 2 for additional IR-ELDI mass spectra). Figure 5 shows the IR-ELDI
mass spectra for carbonic anhydrase, BSA, and transferrin. The mass spectra were acquired
directly from protein aqueous solutions, and without the presence of a conventional MALDI
matrix. The charge state distribution for each protein is very similar to that observed in a
conventional ESI mass spectrum (Figure 5 inset). No fragments from the proteins were
detected, consistent for a soft ionization method. The 80 kDa transferrin protein represents
the largest protein desorbed/analyzed intact by any laser-based atmospheric pressure MS
system.

Tandem MS top-down experiments have been shown to be compatible with IR-ELDI for
medium-sized proteins, such as ubiquitin (Figure 6) and carbonic anhydrase (Figure 7).
Figure 6A shows the IR-ELDI mass spectrum of a mixture of ubiquitin and insulin. CAD
tandem MS analysis of 12+-charged ubiquitin showed mostly multiply charged y- and b-
product ions from the protein. Among the most abundant product ions are y58, which results
from the cleavage of the amide bond N-terminal to Pro-19 (Figure 6B). Further dissociation
of the product ions in MS3 and MS4 experiments showed more detailed sequence
information for the protein (Figures 6C and 6D).

For 29 kDa carbonic anhydrase, the IR-ELDI-MS spectrum shows a multiple charge
distribution similar to that measured by UV-ELDI-MS (Figure 7A).6 Tandem mass spectra
of carbonic anhydrase were collected up to MS5. MS2 of the 29+-charged intact protein
showed mostly multiply charged y-product ions, with y67 and y61 from the cleavage of the
N-terminal amide bonds to Pro-193 and Pro-199, respectively, as the most abundant product
ions (Figure 7B), consistent with the previously reported ESI-MSn data for carbonic
anhydrase.39 MS3 of the 7598 Da y67

7+ ion shows y-products not observed from CAD of the
intact protein, in addition to an abundant y61

6+ ion (Figure 7C). Fragmenting the 7042 Da
y61

6+ ion showed again mainly y-ions, including an abundant y47
4+ from cleavage of the

Glu-212/Pro-213 amide bond (Figure 7D). Further dissociation of the y47
4+ ion produced

doubly charged y25 to y30 ions (Figure 7E). The higher sensitivity afforded by IR laser
desorption allowed more stages of MS/MS to MS5 to be collected for protein sequencing
experiments.

These MSn data demonstrate that IR-ELDI generates multiply charged molecules that can be
effectively dissociated for top-down proteomic studies. Sequence-informative product ions
for protein identification can be generated from large multiply charged protein molecules by
the traditionally-employed CAD technique, and potentially by new dissociation methods,
such as ECD and ETD, that are also useful for characterizing post-translational
modifications.
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Experimental
Sample preparation for IR-ELDI-MS

All peptides and proteins, and formic acid (FA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). HPLC-grade acetonitrile (ACN) was from EMD Chemicals (Gibbstown,
NJ, USA). All materials were used as received without further purification.

For the ELDI-MS experiments, the ESI solvent was prepared by mixing 1:1 v/v of ACN/
deionized (DI) water with 0.2% formic acid, and electrospraying at a flow rate of 1 μL
min−1. Peptide and protein samples were prepared by dissolving in DI water, and deposited
on the target as a liquid drop (0.5–2 μL). No UV MALDI matrix was added for the IR-ELDI
experiments. Most IR-ELDI mass spectra were acquired immediately after analyte solutions
were deposited on the sample stage before the sample was dried.

IR-ELDI source and mass spectrometer
The ELDI platform, similar to that previously reported,2, 6 includes a laser to desorb
molecules from the samples deposited on a stainless steel target mounted to an x-y-z
translational stage, and an ESI source to generate charged solvent droplets (Figure 1). A
high voltage supply is used to apply 2–5 kV to the ESI tip to generate a stable electrospray
for positive ion mass spectra.

Compared to our UV-ELDI platform, the most significant change is the IR-laser. A tunable
OPO laser (Opotek Inc., Carlsbad, CA, USA) was used to generate infrared irradiation. The
OPO laser is pumped by a 1064 nm Nd:YAG laser. The tuning range of the laser is 2700–
3100 nm, and the peak pulse energy is 2.5 mJ operating at 20 Hz. The laser and the optics
were mounted on a 2-ft × 2-ft breadboard supported on a movable cart. Metal coated mirrors
and a 40 mm CaF2 focusing lens were used to direct the IR light to the target. A 650 nm
diode laser was aligned co-linear to the mid-IR laser output for laser alignment and
visualization. The sample stage and the electrospray source were mounted on x-y-z stages as
well as the focusing lens for complete control. The IR laser beam was focused to a spot size
of 0.4 mm and attenuated to 0.15 mJ per laser pulse, resulting in a laser fluence of 0.12 J
cm−2. Most of the mass spectra were acquired using either 2740 nm (strong water vapor
absorption line) or 2940 nm (max absorption for bulk liquid water) IR-irradiation. The
incident angle of the laser was fixed at 90° to the sample target (Figure 1B).

IR-ELDI mass spectra were acquired using a Thermo LTQ-ETD linear ion trap mass
spectrometer or a Thermo LTQ-OrbiTrap XL couple with ETD mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA). Tandem MS spectra were acquired by fragmenting
the isolated precursor ions by CAD using helium as the collision gas.

Conclusions
Our preliminary data demonstrate that IR-ELDI, similar to UV-ELDI, is a soft ionization
method for MS measurements of peptides and proteins under ambient sampling conditions,
and generates multiply charged molecules. The limit of detection of IR-ELDI-MS is
approximately 100 fmol for small polypeptides; this detection limit is currently superior to
that demonstrated by similar methods. IR-ELDI-MS is amenable to analytes in either the
dried or wet forms, without the addition of a conventional MALDI matrix. However,
analytes in solution show a 100-fold enhancement in sensitivity because of water’s strong
absorption in the mid-infrared region. Other experimental factors, such as the incident angle
of the laser, intensity of the laser, wavelength, and ESI flow rate may also effect the
measurement and will be investigated in future experiments. Compared to UV-ELDI, IR-
ELDI has better sensitivity for larger proteins. The generation of multiply charged proteins
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not only extends the mass range of the MS measurement, but also allows ready access to the
advantages of tandem mass spectrometry for producing sequence-informative product ions
for both bottom-up and top-down mass spectrometry protein identification strategies.40

Further improvement in sensitivity is required before IR-ELDI can be applied for routine
MS and MS/MS measurements. However, the technique, as well as related methods, may
already contribute to numerous potential applications. In the IR-ELDI process, proteins are
desorbed and ionized under ambient conditions, which avoids many inconvenient limitations
related to the vacuum sampling required for traditional MALDI, and allows vacuum-
sensitive samples, such as tissues or gels (i.e., from 1D-and 2D-gel electrophoresis
experiments41), to be examined without adverse effects. Sample preparation by application
of a solution containing a MALDI matrix, which may result in the re-distribution of the
analytes in the tissue, should not be necessary for IR-ELDI-MS. Interfacing with other
sampling devices, such as those offered from microfluidic-based separation methods,42, 43

should be easily addressed by ELDI-MS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the IR-ELDI source. (A) Top view. (B) Front view.
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Figure 2.
IR-ELDI-MS analysis of bradykinin from “wet” (A) and dried (B) sample on-target. (A)
From a solution of bradykinin (2 μL of 50 μM), the intensity of the 2+ ion (m/z 531) is 4.9 ×
104, while (B) the same amount of dried peptide sample yielded a signal intensity of 4.8 ×
102.
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Figure 3.
IR-ELDI-MS limit of detection for peptides and proteins. ELDI mass spectra from (A) 0.5
μL of 0.5 μM (250 fmol) of bradykinin with S/N 20, (B) 0.5 μL of 1 μM (500 fmol) of
carbonic anhydrase with S/N 3, and (C) 1 μL of 0.1 μM (100 fmol) of ubiquitin. (A) and (B)
were acquired using an LTQ linear ion trap, while (C) was acquired using anLTQ-OrbiTrap.
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Figure 4.
IR-LDI and IR-ELDI mass spectra from 1 μL of 50 μM bradykinin. (A) IR-LDI mass
spectrum yields a signal intensity of 1.4 × 102 for the 1+ ion (m/z 1060), and 8.0 × 101 for
the 2+ ion (m/z 531). (B) The IR-ELDI spectrum shows asignal intensity of 5.3 × 102 for the
1+ ion, and 1.5 × 103 for the 2+ ion.
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Figure 5.
IR-ELDI mass spectra from (A) 1 μL of 200 μM bovine carbonic anhydrase, (B) 1 μL of
500 μM bovine serum albumin, and (C) 1 μL of 500 μM transferrin applied on-target. The
inset shows an ESI mass spectrum for a solution of 10 μM bovine carbonic anhydrase in
50% acetonitrile and 0.1% formic acid (v/v).
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Figure 6.
IR-ELDI-MS and MSn of bovine ubiquitin. (A) IR-ELDI-MS of a mixture of 2 μL ubiquitin
(peaks labeled with ●) and insulin (peaks labeled with △), 100 μM and 300 μM,
respectively. (B) MS2 analysis of the 12+ ubiquitin ion (m/z 714). (C) MS3 of y58

8 ion (m/z
817). (D) MS4 analysis of y40

6 ion (m/z 761).
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Figure 7.
IR-ELDI-MS and MSn of bovine carbonic anhydrase. (A) IR-ELDI-MS from 2 μL of 500
μM carbonic anhydrase solution. (B) MS2 analysis of the 29+ carbonic anhydrase ion (m/z
1001). (C) MS3 analysis of y67

7 ion (m/z 1086). (D) MS4 of y61
6 ion (m/z 1175). (E) MS5 of

y47
4 ion (m/z 1360).
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