
the corresponding peaks account for significantly more of the
variance between the edge and midvein spectra.
To further explore the ion intensity differences between the

DT vs m/z plots of the leaf edge and midvein regions, the
HDMS Compare software (version 1.0, Waters, Milford, MA)
was utilized. This software uses the iterative Markov chain
Monte Carlo technique to achieve simultaneous peak alignment

in the DT vs m/z plots and to identify the statistically
significant differences between the data sets.56 Figure 5 shows
the m/z vs DT fusion heat plots highlighting the differences
between the edge and midvein data. The red color represents
the areas with higher signal from the edge, whereas the blue
color indicates areas with higher intensity from the midvein.
The inset in the bottom right shows a zoomed portion of the
heat plot focusing on the m/z 315−415 range, where the
potassiated sucrose is found to be more prevalent in the
midvein. The top right inset shows the corresponding mass
spectra, where the average ion intensity for sucrose is indeed 2
times higher at the midvein than at the edge. The heat plot can
be used to find numerous other differences in the DT vs m/z
plots that can be further explored by OPLS-DA or other
multivariate statistical methods.

■ CONCLUSIONS
The results presented here show the first combination of a
LAESI direct ionization source with on the fly separation based
on IMS followed by MS. We have demonstrated the
applicability of LAESI-IMS-MS to untreated biological samples,
e.g., MEG-01 cell pellets, mouse brain sections, and A. thaliana
leaf segments, where ions are first separated based on their
collision cross section then further analyzed based on their
mass-to-charge ratios. These examples indicate that by
employing the IMS separation step, we have improved the
molecular coverage for complex samples, increased the S/N
ratio for ions with chemical interferences, enhanced sensitivity,
and extended selectivity for isobaric species. We have shown
that in comparative analysis, DT can be used to improve
multivariate statistical analysis in the search for potential
biomarkers.
A significant limitation in comparative LAESI-IMS-MS

studies was the excessive effort needed to identify the
differences in the generated large data sets. We have shown
that employing multivariate statistical analysis (e.g., OPLS-DA)
and binary comparison tools (HDMS Compare) can streamline

Figure 4. DT vs m/z plots from edge (top) and midvein (bottom) of
A. thaliana leaves represent extensive data sets with hundreds of peaks
each. Their direct manual comparison is impractical.

Figure 5. DT vs m/z heat plot shows the differences between the plots from the edge and midvein in Figure 4. The inset in the bottom right of the
panel shows the area zoomed to the vicinity of potassiated sucrose ions. Corresponding mass spectra in the top right of the panel show higher
intensity for these ions in the midvein spectrum.
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the data analysis and help to suggest potential biomarkers.
Additional tools are needed to efficiently extract information
from the large data sets produced by LAESI-IMS-MS
experiments.
We have also shown that LAESI-IMS-MS can be utilized to

determine the collision cross sections of the detected ions and
therefore facilitate their identification. In future studies, further
optimization of the IMS parameters, such as the use of different
drift gases, is needed to yield better separation by increasing the
DT/ΔDT resolving power. In summary, LAESI-IMS-MS has
shown promise for the direct analysis of complex biological
samples in their native state with potential for wide-ranging
biomedical utility.
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S-2 

Figure S1a. Both DT vs. m/z plot and a mass spectrum of aqueous lyophilized lysozyme 
from chicken egg white show ions from 6+ to 11+ charge states. In the inset of DT vs. m/z 
plot, the unresolved dual peak shows intensity of [M+7H]7+ ions across the entire drift 
time, which suggests presence of at least two structural conformers for that particular 
charge state.   An example of resolved isotopic distribution of ions is presented by zooming 
in lowest abundance [M+6H]6+ ion at m/z 2385. 



S-3 

Figure S1b. DT vs. m/z plot of a protein mixture consisting myoglobin, ubiquitin, and lysozyme 
with encircled areas indicating peaks belonging to individual proteins. Drift time distribution is 
presented on the left. LAESI-IMS-MS spectrum integrated over the selected region for 
myoglobin ions is on top with the deconvoluted spectrum shown in the inset. The background 
ions are predominantly from impurities in lysozyme and myoglobin. 



S-4 

Figure S1c. Collision cross-sections for multiply protonated myoglobin species as a function of 
transformed corrected drift times, ݐ஽" , follow a linear relationship.  



S-5 

Figure S2. Mass spectrum corresponding to the protein region in the DT vs m/z plot show two 
series of multiply charged protein ions marked by * and γ. Deconvoluted spectrum in the inset of 
Figure 4b indicates the presence of two proteins with molecular masses of 14.9 kDa (*) and 15.6 
(γ) kDa. 
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Table S1. Measured collision cross-sections of lysozyme and ubiquitin ions based on the 
calibration curve of myoglobin. 

Protein m/z Charge state (z) Collision cross sections (Å2) 
reference* measured 

Lysozyme 

2043 7 1364 1384
1674 1723

1788 8 1781 1743
2203 2249

1590 9 1899 1827
2384 2375

1431 10 1961 1929
2390 2323

Ubiquitin 

1713 5 1137 1135
1428 6 1525 1553
1224 7 1580 1549
1072 8 1622 1610

*Clemmer Group Cross Section Database: http://www.indiana.edu/~clemmer


