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Cross-sections of Myristica malabarica (Lam) seed and mouse brain tissue were imprinted on such
ordinary surfaces as printer paper and TLC plates, and successfully imaged by desorption electrospray
ionization mass spectrometry (DESI-MS) at 250 mm resolution. Chemical images representing the
distribution of the alkaloid malabaricone C in the seed substructures and individual lipids in the
substructures of the brain were obtained. Practical implications include analysis of irregular or soft
materials, easy recording, transportation and storage of the latent image, and posterior analysis of the
samples by different techniques without the requirement of addition of matrices or use of specific types
of surfaces.

1 Introduction
Imaging mass spectrometry (MS) is a surface analysis technique
based on desorption and ionization of analytes followed by mass
analysis of the resulting gas phase ions. Information on the
relative intensities of the ions and their spatial distributions on
the surface allows the creation of detailed 2D images specific to
particular chemicals. Several MS techniques have been described
for imaging of a wide range of materials.1,2 Among these techniques, secondary-ion mass spectrometry (SIMS),3 matrixassisted laser-desorption ionization (MALDI),4 and desorption
electrospray ionization (DESI)5 are most commonly used. In
DESI, a spray of charged droplets is directed at the sample
creating a thin film of solvent on the surface. Further spray
droplets collide with the film splashing secondary droplets containing dissolved analytes into the air from which they are sucked
into the mass spectrometer.6 DESI is a member of the ambient
ionization techniques family in which desorption and ionization
occur in the native environment with minimal or no sample
preparation.7,8
One important parameter in DESI imaging is the geometry of
the system. It is well known that changes in the angles and the
distances between the sprayer and the sample or the MS inlet and
the sample during data acquisition result in changes of the signal
intensity.9 The geometry of the system prevents direct imaging of

a
Department of Chemistry, Indian Institute of Technology Madras,
Chennai, 600036, India. E-mail: pradeep@iitm.ac.in; Fax: +91 44 22570545; Tel: +91 44 2257 4208
b
Department of Chemistry, Purdue University, 560 Oval Drive, West
Lafayette, IN, 47907, USA; Fax: +1 765 494-9421; Tel: +1 765 494-5263
† Present address: Department of Chemistry, York University, 4700
Keele Street, Toronto, ON M3J 1P3, Canada. Fax: +1 416 736-5936;
Tel. +1 416 736-5246.

1910 | Anal. Methods, 2011, 3, 1910–1912

soft or irregular surfaces such as whole animal and vegetable
tissue. Analysis of the spatial distribution of compounds in
tissues by imaging MS is commonly performed using thin tissue
sections obtained by cryosectioning bulk tissue in a cryostat. The
sections are then thaw mounted onto glass slides for analysis.10
The use of blotting or imprint techniques where the chemicals
are initially transferred to flat hard surfaces is an alternative
approach which has been successfully applied in imaging MS by
MALDI,11–16 SIMS,17 nano-assisted laser desorption-ionization
(NALDI)18 and DESI.19–21
Here we present examples of imaging of two biological tissue
types represented by cross-sections of seeds of Myristica malabarica (Lam) and mouse brain tissue, both blotted onto such
ordinary surfaces as printer paper and TLC plates, followed by
successful DESI analysis. Since DESI does not require the
addition of matrices or the use of specific types of surfaces, blots
and imprints can be made on ordinary surfaces making the
analysis more practical.

2

Experimental

Fruits of Myristica malabarica were collected from a farm
located in the Uttar Kannada district of Karnataka state, India.
After removal of the rind and aril, the fresh seed collected was
cross-sectioned and manually blotted on ordinary printer paper
by applying mild pressure for approximately 5 seconds. The
imprints (Fig. 1B) were then allowed to dry at room temperature.
An area of 2.5  2.5 cm was mapped with a spatial resolution
(pixel size) of 250  250 mm in a lab-built 2D moving stage DESI
source as described elsewhere.22 A mixture of methanol and
water (9 : 1 v/v) was used as spray solvent and delivered at the
flow rate of 1.5 mL min 1. Mass spectra were acquired in full scan,
negative ion mode, over the mass range from m/z 150 to 1000
This journal is ª The Royal Society of Chemistry 2011

slightly pressing the tissue, which had previously been cut in
a lateral section, against the surface of the TLC plate and let
stand for 5 seconds. Very mild pressure was applied during this
process. The imprints (Fig. 2B) were then allowed to dry at room
temperature and an area of 1.2  0.9 cm containing the blot was
mapped with the same pixel size and solvent flow rate as
mentioned above. The solvent used in this experiment was
a mixture of methanol : water (1 : 1 v/v) and mass spectra were
acquired in full scan, negative ion mode over the mass range from
m/z 700 to 1000. The AGC was turned off and the scan time was
1.08 seconds. The difference in the proportions of methanol in
the mixtures is related to the solubility of the analytes rather than
the specific surface employed.

3

Fig. 1 (A) Cross-sectional view of a Myristica malabarica seed. (B) Blot
onto printer paper. (C) Chemical image showing the distribution of m/z
357 species, deprotonated malabaricone C. (D) Average mass spectrum in
negative ion mode of one line scan across the surface. (E) Tandem mass
spectrum of m/z 357, deprotonated malabaricone C. (F) Structure of
malabaricone C. Scale bar (10 mm) applies to all figures.

using a Thermo LTQ mass spectrometer (San Jose, CA). Autogain control (AGC) was off and each mass spectrum collected
during 0.67 seconds (scan time). For more details on DESI
imaging see ref. 7 and 23.
Frozen coronary section of a mouse brain (Rockland Immunochemicals, Gilbertsville, PA) (Fig. 2A) was blotted and imaged
on TLC plates (Silica gel HL, 250 mm from Analtech, Newark,
DE) after partial thawing. The brain was manually blotted by

Cross-sections of a fresh M. malabarica seed revealed yellow
veins in its interior (Fig. 1A). DESI analysis of the blotted
material (Fig. 1B) showed intense peaks at m/z 357, m/z 393 and
m/z 715 (Fig. 1D) at the positions of yellow veins. The peaks were
identified as deprotonated malabaricone C (structure in Fig. 1F),
its chloride adduct and the deprotonated dimer, respectively,
based on the fragments found by tandem mass spectrometry. The
main fragment ions arising from m/z 357 are m/z 247, due to the
loss of neutral dihydroxybenzene, and at m/z 109 which is
the deprotonated dihydroxybenzene (Fig. 1E). The DESI-MS
and DESI-MS/MS data are consistent with previous reports in
the literature of malabaricones in Myristica crassa observed by
extraction of the plant material followed by chromatography and
then ESI-MS/MS.24 Imaging analysis by DESI-MS has the
advantage of adding the information on the distribution of the
compounds in the seed substructures, as seen in Fig. 1C, for m/z
357, malabaricone C. This ion is illustrated because it is the most
abundant peak in the mass spectrum. The spatial distribution of
other ions such as the deprotonated dimer and the chloride
adduct was found to be the same as observed for malabaricone
C. The ion at m/z 215 was found in areas complementary to the
yellow veins but not on the unblotted paper (data not shown).
However its ion intensity was too low to allow identification.
Phospholipids normally detected by direct DESI analysis of
mouse brain were also detected after blotting. Two phospholipids, sulfatide (24 : 1) at m/z 889 (shown in red) and phosphatidylserine (40 : 6) at m/z 834 (shown in green) were mapped
representing the white and grey matter regions of the brain,
respectively (Fig. 2C). Note that isomers are not explicitly
distinguished in these experiments unless their MS/MS spectra
are different. The species found after blotting and their relative
intensities were similar to those observed by direct DESI analysis.25 The DESI lipid distributions were very similar to those
observed in the corresponding MALDI data.26

4
Fig. 2 (A) Cross-sectional view of a mouse brain bulk section. (B) Blot
onto TLC plate. (C) Overlay of chemical images showing the distribution
of the ions at m/z 889 (sulfatide (24 : 1) in red) and m/z 834 (phosphatidylserine (40 : 6) in green) present in white and gray mater, respectively.
Overlapped areas are represented in yellow. (D) Average mass spectrum
of one line scan across the surface in negative ion mode. Scale bar (5 mm)
applies to all (A–C).

This journal is ª The Royal Society of Chemistry 2011

Results and discussion

Conclusions

The examples of imprinting shown here demonstrate the applicability of blotting techniques for both plant and animal tissue
analysis by DESI-MS imaging. There are many advantages of
imprinting samples prior to MS analysis. In terms of experimental workflow, many samples that cannot be directly accommodated in front of the MS due to its irregular/soft surface or
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large size can be easily imprinted on an absorbent surface (such
as paper or a TLC plate) and then imaged. Sample transportation and storage are also facilitated when using chemical
imprints. For example, the need for transporting animal tissue
samples in dry ice is non-existent by using chemical imprints. In
terms of sample preparation, the use of chemical imprints makes
the use of cryosectioning dispensable when that equipment is not
available. Furthermore, posterior analysis of the blotted material
can be done after imaging MS by different techniques. If paper is
used as the imprint surface, a recently introduced technique,
paper spray ionization,27 could be used for further analysis of the
remaining material on the paper without need of further sample
preparation. Tissue imprinted into TLC plates could be
sequentially separated after DESI-MS imaging, and imaged
again with the goal of obtaining more extensive chemical information.28,29 The resolution (pixel size) used in our experiments
was 250  250 mm and it is comparable to the resolution used in
the most DESI imaging applications found in the literature.
Some resolution is lost by blotting but this is offset by the gains in
the convenience of performing experiments.

Acknowledgements
This work was supported by Department of Science and Technology (DST), Government of India and United States National
Science Foundation (NSF). We thank Mr Venkatraman Puttappa Bhat and Mr Ravi V. Bhat for M. malabarica fruits. A. S.
acknowledges Council of Scientific and Industrial Research
(CSIR), Govt. of India for research fellowship.

References
1 L. A. McDonnell and R. M. A. Heeren, Mass Spectrom. Rev., 2007,
26, 606–643.
2 M. L. Pacholski and N. Winograd, Chem. Rev., 1999, 99, 2977.
3 A. M. Belu, D. J. Graham and D. G. Castner, Biomaterials, 2003, 24,
3635–3653.
4 D. S. Cornett, M. L. Reyzer, P. Chaurand and R. M. Caprioli, Nat.
Methods, 2007, 4, 828–833.
5 A. L. Dill, L. S. Eberlin, D. R. Ifa and R. G. Cooks, Chem. Commun.,
2011, 47, 2741–2746.

1912 | Anal. Methods, 2011, 3, 1910–1912

6 A. B. Costa and R. G. Cooks, Chem. Commun., 2007, 3915–3917.
7 D. R. Ifa, C. P. Wu, Z. Ouyang and R. G. Cooks, Analyst, 2010, 135,
669–681.
8 D. J. Weston, Analyst, 2010, 135, 661–668.
9 V. Kertesz and G. J. van Berkel, Anal. Chem., 2008, 80, 1027–1032.
10 C. P. Wu, D. R. Ifa, N. E. Manicke and R. G. Cooks, Analyst, 2010,
135, 28–32.
11 T. Valdes-Gonzalez, N. Goto-Inoue, W. Hirano, H. Ishiyama,
T. Hayasaka, M. Setou and T. Taki, J. Neurochem., 2011, 116, 678–
683.
12 N. Zaima, N. Goto-Inoue, K. Adachi and M. Setou, J. Oleo Sci.,
2011, 60, 93–98.
13 A. K. Mullen, M. R. Clench, S. Crosland and K. R. Sharples, Rapid
Commun. Mass Spectrom., 2005, 19, 2507–2516.
14 J. Bunch, M. R. Clench and D. S. Richards, Rapid Commun. Mass
Spectrom., 2004, 18, 3051–3060.
15 R. M. Caprioli, T. B. Farmer and J. Gile, Anal. Chem., 1997, 69,
4751–4760.
16 K. R. Tucker, L. A. Serebryannyy, T. A. Zimmerman, S. S. Rubakhin
and J. V. Sweedler, Chem. Sci., 2011, 2, 785–795.
17 P. Sjovall, J. Lausmaa, H. Nygren, L. Carlsson and P. Malmberg,
Anal. Chem., 2003, 75, 3429–3434.
18 V. Vidova, P. Novak, M. Strohalm, J. Pol, V. Havlicek and M. Volny,
Anal. Chem., 2010, 82, 4994–4997.
19 J. Watrous, N. Hendricks, M. Meehan and P. C. Dorrestein, Anal.
Chem., 2010, 82, 1598–1600.
20 J. Thunig, S. H. Hansen and C. Janfelt, Anal. Chem., 2011, 83, 3256–
3259.
21 T. M€
uller, S. Oradu, D. R. Ifa, R. G. Cooks and B. Krauetler, Anal.
Chem., 2011, DOI: 10.1021/ac201123t.
22 N. E. Manicke, T. Kistler, D. R. Ifa, R. G. Cooks and Z. Ouyang, J.
Am. Soc. Mass Spectrom., 2009, 20, 321–325.
23 L. S. Eberlin, C. R. Ferreira, A. L. Dill, D. R. Ifa and R. G. Cooks,
Biochim. Biophys. Acta, Mol. Cell Biol. Lipids, 2011, DOI: 10.1016/j.
bbalip.
24 I. Schrnitz-Afonsio, V. Guerineau, A. Maia-Grondard, K. Awang,
M. Litaudon, F. Gueritte and O. Laprevote, Eur. J. Mass
Spectrom., 2009, 15, 221–230.
25 L. S. Eberlin, D. R. Ifa, C. Wu and R. G. Cooks, Agnew. Chem., 2010,
49, 873–876.
26 S. N. Jackson, H. Y. J. Wang and A. S. Woods, Anal. Chem., 2005, 77,
4523–4527.
27 R. G. Cooks, N. E. Manicke, A. L. Dill, D. R. Ifa, L. S. Eberlin,
A. B. Costa, H. Wang, G. M. Huang and O. Y. Zheng, Faraday
Discuss., 2011, 149, 247–267.
28 G. Paglia, D. R. Ifa, C. P. Wu, G. Corso and R. G. Cooks, Anal.
Chem., 2010, 82, 1744–1750.
29 J. M. Wiseman and J. B. Li, Anal. Chem., 2010, 82, 8866–
8874.

This journal is ª The Royal Society of Chemistry 2011

