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ABSTRACT: High-throughput (HTP) mass spectrometry (MS) is a rapidly growing field, with many techniques evolving to
accommodate ever increasing sample analysis rates. Many of these techniques, such as AEMS and IR-MALDESI MS, require
volumes of at least 20−50 μL for analysis. Here, liquid atmospheric pressure-matrix-assisted laser desorption/ionization (LAP-
MALDI) MS is presented as an alternative for ultra-high-throughput analysis of proteins requiring only femtomole quantities of
protein in 0.5 μL droplets. By moving a 384-well microtiter sample plate with a high-speed XY-stage actuator, sample acquisition
rates of up to 10 samples per second have been achieved at a data acquisition rate of 200 spectra per scan. It is shown that protein
mixture solutions with concentrations of ≤2 μM can be analyzed at this speed, while individual protein solutions can be analyzed at
concentrations of ≤0.2 μM. Thus, LAP-MALDI MS provides a promising platform for multiplexed HTP protein analysis.

■ INTRODUCTION
The growing field of protein therapeutics has caused a rising
demand in high-throughput (HTP) analysis techniques to
identify post-translational modifications and protein/small
molecule interactions.1,2 While top-down3 and bottom-up4

MS provide high specificity5 toward locating these interactions,
observing changes to intact proteins from large libraries by
high-throughput screening (HTS) could greatly speed up the
identification of potential therapeutic proteins.

HTP mass spectrometry (MS) techniques for the analysis of
small and 'mid'-sized molecules (e.g., peptides, pharmaceut-
icals) have reached extreme speeds in recent years, with up to
60 samples/second being demonstrated using liquid atmos-
pheric pressure matrix-assisted desorption/ionization (LAP-
MALDI) MS.6 Although previously shown to be capable of
efficient native protein analysis,7 LAP-MALDI MS has yet to
be applied in HTP analysis of intact proteins. While
conventional solid UV-MALDI MS on axial TOF instrumen-
tation is a more commonly used technique for HTP protein

analysis,8 the ESI-like multiply charged protein ion species
produced by LAP-MALDI MS offer a distinct advantage in
terms of mass resolution when using high-performing, hybrid
mass spectrometers such as Q-TOF and Orbitrap instrumen-
tation.

Techniques such as acoustic ejection MS (AEMS) and
infrared matrix-assisted laser desorption/electrospray ioniza-
tion (IR-MALDESI) have found recent success in their
applications toward the HTP analysis of intact proteins, with
sample acquisition rates of 19 and 1.5−22 Hz,10,11 respectively.
While impressive, both techniques require for the analysis
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relatively large sample volumes of 20−50 μL. Furthermore,
analysis at 22 Hz with IR-MALDESI produced coefficient of
variation (CV) values of up to 42%.

With LAP-MALDI MS, extremely low volumes of <1 μL can
be analyzed. Sample consumption is also negligible, with
previous studies estimating the analyte consumption per laser
shot at <30 amol.12 Earlier liquid MALDI MS studies
demonstrated the use of nL droplets for successful peptide
analysis at the femtomole level with a conservative estimate of
<1 pL sample consumption per laser shot.13 Here, we present
LAP-MALDI MS as a platform for HTP intact protein analysis,
aiming to push the boundaries of sample acquisition rates
while minimizing sample volumes and analyte quantities.

■ EXPERIMENTAL SECTION
Materials. Myoglobin from equine heart, cytochrome C

from bovine heart, ubiquitin from bovine erythrocytes,
glycerol, acetonitrile (ACN), water, and α-cyano-4-hydrox-
ycinnamic acid (CHCA) were all purchased from Sigma-
Aldrich (Gillingham, UK).
Matrix, Analyte, and Sample Preparation. For the

liquid support matrix (LSM), a 5 mg/mL solution of CHCA
was prepared in 1 volume of H2O/ACN (3:7), to which 0.6
volumes of glycerol were added. Myoglobin, cytochrome C,
and ubiquitin were dissolved in water to stock concentrations
of 100 μM. For the preparation of the mixed protein solution,
the three proteins were mixed in a 1:1:1 ratio. All protein
solutions were then diluted to a range of 0.33−33 μM and
mixed 1:1 with the LSM for a final concentration range of
0.17−17 μM. When spotting the combined matrix/analyte
solutions onto the sample plates, volumes of 2 μL were used
for the 96-well quarter-size microtiter plate format, and
volumes of 0.5 μL were used for the 384-well full-size
microtiter plate format.
LAP-MALDI MS Setup and Analysis. All experiments

utilized a Synapt G2-Si (Waters, Wilmslow, UK) fitted with a
custom LAP-MALDI ion source, described in detail else-
where.14 Briefly, a steel LAP-MALDI sample plate (either 96-
or 384-well) was positioned orthogonally at a 3 mm distance to
a heated inlet ion transfer tube with a nitrogen counter-gas
flow of 220 L/h. The beam of a 2 kHz pulsed 343 nm diode-
pumped solid-state laser (FlareNX 343−0.2−2; Coherent,
Santa Clara, USA) was aligned at a 60° angle to the sample
plate, providing a laser energy of approximately 10 μJ/pulse on
the sample droplets. A high-speed XY-stage was used to move
the target plate, controlled via a Python script. The instrument
acquisition mode was set to SONAR,15 with the quadrupole
set to RF-only mode and with disabled scanning to minimize
the interscan-delay time. The ion mobility gases were also
disabled.

All samples were analyzed by rastering the stage in a
serpentine motion at speeds of 2.5−25 mm/s. All mass spectra
were processed within MassLynx (Waters), and all deconvo-
lutions were performed with UniDec.16

■ RESULTS AND DISCUSSION
Initially, 2-μL droplets of a mixed protein solution were
spotted on a 96-well sample plate and run without using
SONAR at an analysis speed of 2 samples/s. Although already
rapid, any greater analysis speed (by increasing the transla-
tional speed of the XY-stage) caused undersampling with only
three or less data points per sample. The instrument’s data

acquisition scan rate is limited to 10 Hz and results in reduced
ion signal detection at high scan rates due to the lack of ion
signal recording during the interscan-delay time, which
becomes relatively large compared to the time of ion signal
detection at higher scan rates.

To overcome this limitation, the SONAR acquisition mode
was used. In brief, SONAR allows for each TOF scan to bin
200 spectra, greatly increasing the temporal resolution of the
data acquisition as demonstrated in Figure 1a,b. Figure 1a

shows the scan-based total ion chromatogram (TIC) for a
single 24-well row of a 384-well microtiter plate at a speed of
10 samples/s. As can be seen, the temporal resolution using
the accumulated scan data is not high enough to distinguish
each individual sample.

By using SONAR, however, the data of each scan can be
recorded within 200 individually binned spectra per scan,
allowing for lower scan rates but overall higher data acquisition
rates, thus avoiding undersampling. The loss of ion signal due
to the interscan-delay times is also substantially reduced, as
these only occur after each scan, i.e., after 200 spectra. In
Figure 1b, the TIC scan data from Figure 1a are shown by
depicting the total ion current per individual spectrum,
revealing the greatly increased temporal resolution gained by
acquiring the data in SONAR mode. Each resolved peak has
sufficient data points and provides sufficient ion signal intensity
to observe the expected profiles of multiply charged proteins

Figure 1. HTP LAP-MALDI MS analysis of a protein mixture using
SONAR data acquisition. A 24-well analysis of a 17 μM mixture of
proteins using a sample volume of 0.5 μL produces the TIC in (a).
Depicting the total ion current per individual spectrum for the 200
binned spectra/scan results in well-resolved peaks for each sample as
seen in (b). Panel (c) shows the combined ion signal of all mass
spectra from a single peak in (b) with an inlaid zoomed-in section for
m/z 850−1100, where U, C, and M represent ubiquitin, cytochrome
C and myoglobin, respectively. Panel (d) shows the result of the
deconvolution of the mass spectrum in (c).
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(Figure 1c), resulting in high-quality deconvoluted LAP-
MALDI protein mass spectra (Figure 1d). At all acquisition
speeds (2−10 samples/second), a mass spectral resolution of
8000−10 000 is easily achievable for all proteins.

While high analysis speeds are desirable, if the droplet-to-
droplet ion signal stability is poor, the data are generally
rendered meaningless. The CV for each row of samples was
therefore calculated by normalizing the deconvoluted protein
peak area to the total ion current of each sample. As seen in
Figure 2, the CV for each deconvoluted protein peak area was

<15%. The CV would likely be improved with liquid handling
robots, as the precision (and accuracy) of the dispensed
volumes are often much better than those obtained by manual
sample spotting. Spotting volume consistency is vital as the
volume greatly affects the shape of the droplet. As the distance
of the heated capillary to the sample affects signal intensity,17 it
can be expected that even small variations in droplet size will
consequently affect the signal intensity.

An additional benefit of LAP-MALDI is the low sample
volume required�just ≤0.5 μL is needed per sample droplet.
Figure 3a,b displays the deconvoluted mass spectra from a
single 0.5 μL droplet of the protein mixture (analyzed at 10
samples/s and 10 scans/s) at concentrations of 17 and 1.7 μM
per protein, respectively. While 1.7 μM is a comparable
concentration to limits reached by other HTP protein MS
analysis approaches,8,9 the absolute amount of protein used per
sample droplet is around 40 times smaller than shown by other
techniques, with only 850 fmol of protein needed.

At concentrations of 0.17 μM per protein and below, ion
suppression effects in the protein mixture samples possibly
increased to the point where the suppressed proteins were
unable to be detected. When analyzing samples with a single
protein analyte, it is still possible to detect the individual
protein and to deconvolute the obtained protein mass
spectrum when only 85 fmol of protein is present in the
sample droplet (Figure 3c).

■ CONCLUSIONS

In this work, the use of LAP-MALDI MS in HTP analysis of
proteins and protein mixtures has been demonstrated. Speeds
of up to 10 samples per second have been easily achieved, with
the potential for higher speeds. This level of sample analysis
speed and throughput exceeds current HTP methods for intact
protein analysis by 10-fold while reducing absolute sample
amounts 40-fold. Even without using SONAR, LAP-MALDI
MS can still be used to analyze intact proteins at a rate of 2
samples/s, showing that LAP-MALDI MS is a powerful
technique for improving sample throughput employing current
instrumentation.

■ ASSOCIATED CONTENT

Data Availability Statement
Data supporting the results reported in this paper are openly
available from the University of Reading Research Data
Archive at 10.17864/1947.000456.

Figure 2. Total ion current-normalized LAP-MALDI MS peak areas
for a 17 μM protein mixture of ubiquitin, cytochrome C, and
myoglobin. The inset table shows the calculated CVs for each protein
across the whole data set.

Figure 3. Deconvoluted LAP-MALDI mass spectra for (a) a 17 μM
protein mixture, (b) a 1.7 μM protein mixture, and (c) a 0.17 μM
ubiquitin-only sample. All spectra are the results of combining the
data from one sample droplet (approximately 140 spectra/sample
droplet) at a sample analysis speed of 10 samples/s using a data
acquisition speed of 10 scans/s.
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