
A

M
d
t
s
o
s
t
i
o
r
i
©

K

1

1
s

t
t
c
p
t
b

d

1
d

International Journal of Mass Spectrometry 259 (2007) 8–15

Development of capabilities for imaging mass spectrometry under
ambient conditions with desorption electrospray ionization (DESI)

Demian R. Ifa, Justin M. Wiseman, Qingyu Song, R. Graham Cooks ∗
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

Received 6 July 2006; received in revised form 10 August 2006; accepted 11 August 2006
Available online 18 September 2006

Dedicated to Don Hunt, in admiration and with affection.

bstract

Aspects of the development of mass spectrometry over the past three decades are briefly reviewed and growth points in the subject are identified.
olecular imaging by mass spectrometry is one such growth area. The development of a capability for 2D chemical imaging of surfaces is

escribed, based on the combination of a desorption electrospray ionization (DESI) ion source with an automated surface stage capable of x, y
ranslational motion. The lateral resolution of this new system is found to be less than 200 microns, using a test ink pattern. Chemical imaging of
urfaces is demonstrated using model examples of organic and biological systems: (i) imaging of a 2D pattern written in different colored inks
n photographic paper and (ii) imaging of thin coronal sections of rat brain tissue fixed onto a glass microscope slide. In both cases, full mass
pectra are recorded as a function of x,y-position on the surface. In the chemical imaging example, the distributions of the two different inks on
he paper surface were mapped by tracking the abundance of the intact organic cation which characterizes each particular ink dye. In the tissue
maging example, distributions of specific lipids in coronal sections of rat brain tissue were followed from the abundance distributions in 2D space

f the deprotonated lipid molecules recorded in the negative ion mass spectra. These latter distributions reveal distinct anatomical features of the
at brain. The results of these studies demonstrate the feasibility of performing surface imaging studies using DESI and show that at this stage of
ts development it has a lateral spatial resolution of a few hundred microns.

2006 Elsevier B.V. All rights reserved.
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. Introduction

.1. Donald F. Hunt and the development of mass
pectrometry

An Honor Issue of a journal provides a special opportunity
o examine the subject of the honoree and, by looking back in
ime, to seek a clearer understanding of the factors that have
ontributed to its present state. Simultaneously, the occasion
rovides the more risky opportunity to look ahead and attempt
o identify embryonic features of the current science which may

ecome prominent. This paper seizes both these opportunities.

One of us (RGC) has known Don Hunt for more than three
ecades. Acting as consultants to Finnigan Corporation, we met

∗ Corresponding author. Tel.: +1 765 494 5263; fax: +1 765 494 9421.
E-mail address: cooks@purdue.edu (R.G. Cooks).
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nnually with company scientists at the close of the annual
SMS Conference during the 1980’s to review the state of
ass spectrometry. Inevitably this fiscally meritorious but vex-

ng schedule put us into an introspective mood and for a number
f years running we discussed at length our very different plans
or our careers. Don had a clear plan for his future scientific jour-
ey, mapped out in terms of the decades to come. He was leaving
he environmental/small molecule decade and about to enter the
rotein era, to be followed by the immunochemistry epoch and
hen, finally, the brain chemistry/consciousness decade. He has
argely stuck to this remarkably ambitious plan (many of the top-
cs he intended to study where not subjects then considered even
emotely within the scope of mass spectrometry). My original
riticism – that it can hardly be interesting if you can predict it –

as withered away in the light of his spectacular achievements
n all but the last of these areas.

The start of Don Hunt’s independent career (1968) coincided
ith the rise of physical organic and mechanistic mass spectrom-

mailto:cooks@purdue.edu
dx.doi.org/10.1016/j.ijms.2006.08.003
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try. The established practitioners of mass spectrometry, many
ngaged in thermochemical and energetic measurements on ele-
ents or small inorganic compounds, were suddenly joined by a

arge group of newcomers, trained in organic chemistry, who set
ew directions for the subject. It was a time not unlike the present
ith the entry of biologists into mass spectrometry and the trans-

ormation being made by proteomics. The pioneer organic mass
pectroscopists had innumerable fascinating chemical systems
o study and it took some years before intellectual rigor was re-
mposed and the early naiveté of these mechanistic chemists gave
ay to more rigorous ion structure and mechanistic approaches.
o his credit, Don Hunt was one of the more restrained members
f the fraternity in this era when the science of mass spectrom-
try, mirrored the peccadilloes of the larger society.

The next new wave of activity to reach mass spectrometry was
he analysis of complex environmental samples and the deter-

ination of their constituents. This endeavor was launched by
ew capabilities in instrumentation, particularly those associated
ith combinations of gas chromatography and mass spectrome-

ry. With his training in organic chemistry, Hunt was able to make
mportant contributions to this area rapidly. He recognized the
nvironmental importance of molecules that form negative ions,
nd used the relatively new method of electron capture to effi-
iently and selectively generate ions from these compounds. He
lso developed a method of simultaneously analyzing and detect-
ng positively- and negatively-charged ions using a quadrupole

ass filter.
A combination of concepts (soft ionization and then prod-

ct ion spectra for direct complex mixture analysis [1] and
nstrumental developments (e.g., reverse sector MIKES instru-

ents [2],) prepared the ground for the next development in
rganic mass spectrometry, the rise of tandem mass spectrom-
try. Working fast, Hunt was able to build a prototype of the
rst commercial triple quadrupole [3] within months of learn-

ng of the Enke/Yost experiments [4]. Subsequently, he and
eff Shabanowitz exhibited equal deftness in regard to injection
f high mass ions into ion cyclotron resonance spectrometers
5,6] and in developing separation methods with the speed, res-
lution and performance needed to allow proteolytic peptide
ixtures to be characterized and their protein precursors to be

dentified [7].
It is worth noting, especially for those who come to the work

f Donald Hunt from the biological sciences, just how large a
ontribution he and his students have made to the instrumenta-
ion of mass spectrometry. Both top-down and bottom-up protein
equencing methods owe much to his work. He also contributed
ignificantly to the ion trap revolution and his student George
tafford made the key invention – mass selective ion ejection
8] – in this area.

.2. Current growth points in mass spectrometry

Any list of entries covering the sub-title topic is necessar-

ly subjective. What cannot be in question is the fact that mass
pectrometry has for many years been developing vigorously.
n part, this is the result of its uniquely wide reach: implic-
tly, mass spectrometry is the science of ions (formerly, gas-
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hase ions but, increasingly, ions in air and even in solution).
sing a very broad definition, atoms and molecules fall into two

lasses, charged and non-charged, giving mass spectrometry one
f the two major classes of material! In this view, the subject
mbraces the fundamentals, practice and applications of a very
road swath of science and technology indeed. Such a defini-
ion, which will not please all, has the advantage of signposting
ew opportunities for the rapid growth of mass spectrometry
nd comes with the promise of continued re-invention of the
ubject.

We see three important growth points in mass spectrome-
ry and have directed most of the efforts of our lab towards
hem. They are (i) ambient mass spectrometry, the attempt to

ove many of the essential steps in mass spectrometry out of
he vacuum and into the ambient environment. These include
onization [9], in which samples are ionized in the ordinary
nvironment (hence very rapidly), as well as ion activation and
on/molecule reactions [10]. (ii) Preparative mass spectrome-
ry, the experiment in which ions are collected, stored and the
esulting material used for subsequent experiments [11–13].
lthough a difficult experiment, preparative mass spectrome-

ry holds promise for separation of proteins and their collection
n their biologically active forms, as well as applications in
atalysis preparation and materials science nanofabrication [14].
iii) Imaging mass spectrometry, the third growth area, has a
ong history in elemental imaging but molecular and especially
iomolecular imaging is a newer and extremely exciting sub-
ect. It is worth noting that the subject of this paper combines
wo of these three growth nodes. . .imaging mass spectrometry
nd ambient ionization. . .to arrive at a new method of imaging
rdinary materials in their native forms.

.3. Imaging by mass spectrometry

Mass spectrometry of surfaces, essentially the interrogation
f the spatial distributions of chemical constituents of a material
r sample, has become an important technique in materials sci-
nce and is an emerging area in the biological sciences. The des-
rption/ionization (DI) of atoms/molecules from surfaces under
igh vacuum utilizing laser pulses [15–17], fast atom bombard-
ent [18], and high energy atomic or molecular ion beam impact

ncluding molecular clusters of keV translational energy [19] has
een the subject of intense research and development over the
ast half century. Technological and phenomenological advances
n DI techniques, such as the development of matrix-assisted
aser desorption/ionization (MALDI) [20] and secondary ion
ass spectrometry (SIMS) [19,21] has allowed the interroga-

ion, including the imaging, of complex samples (e.g., intact bio-
ogical tissue) after their introduction into the vacuum system.

More recent advances in mass spectrometry have moved
ome of the steps taken in the analysis of samples to outside
f the vacuum environment; in these experiments the sample is
onized under ambient conditions [9]. Desorption electrospray

onization (DESI) [9,12] is the principal method in this new
amily of ionization methods and, in this work, methodology is
nvestigated that allows chemical imaging of surfaces, including
iological tissues.
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DESI belongs simultaneously to two families of ionization
ethods, the spray methods which include electrospray ioniza-

ion (ESI) [22,23], and the desorption ionization (DI) methods
20,21,24,25]. DESI uses an electrosprayed solvent to examine
ondensed phase samples at atmospheric pressure. It therefore
llows direct and rapid analysis of surfaces with limited or
o sample preparation while lifting the requirement that the
ample be introduced into a vacuum system [12]. Ionization of
olecules present on the sample surface occurs upon impact

f the ESI-originated, charged droplets with the surface. The
ethodology has been applied to the analysis of trace levels

f many classes of compounds including peptides, proteins,
ucleotides [26], endogenous and drug metabolites [27,28] and
itro-aromatic compounds [29]. Semi-quantitative results have
een obtained from profiling (linear imaging) of plant tissue,
n situ, for alkaloid content [30] while a computer-controlled

oving stage has been used for direct analysis of dyes and other
ompounds on chromatography plates [31]. In another example,
ESI was combined with an ion mobility time-of-flight mass

pectrometer to probe the conformations of proteins desorbed
rom an insulating surface [32]. The analysis of drug formu-
ations has been demonstrated using DESI mass spectrometry
oth in tandem with ion mobility spectrometry [33] and
lone [34].

Imaging mass spectrometry based on MALDI and SIMS is
ecoming a powerful technique for analyzing histological sec-
ions of biological tissues [35,36], in spite of the fact that to
ate these techniques have required that the sample be con-
ned to the high vacuum region of the instrument, severely

imiting any further chemical or physical manipulation of the
ample. MALDI imaging, as developed principally by Caprioli
t al. [35], yields rich information on the spatial distributions of
roteins and peptides from intact biological tissue after matrix
eposition. Although the method has primarily been applied
o proteins, MALDI has seen some use in the investigation of
istributions of lipids [37] and drug molecules [38] from tis-
ue surfaces. SIMS imaging of biological materials, principally
eveloped by Winograd and by Todd, yields chemical informa-
ion on lower molecular weight species but at very much higher
patial resolution (<1 �m) [36,39–42].

The first MS imaging experiments on the spatial distribu-
ion of components in tissue samples under ambient conditions,
eported in 2004 [12], used DESI to profile plant tissue for alka-
oid distributions using a line scan. These experiments were
ollowed by line profiles of thin sections of liver tissue [43].
n these latter and far more important studies, the distributions
f several phospholipids were profiled in metastatic human liver
denocarcinoma tissues when 20 consecutive spots on the tissues
ere analyzed as the sample was moved in 1 mm increments.
he important conclusion from this study was that the inten-
ity distributions of particular sphingomyelin species could be
sed to distinguish the non-tumor and the tumor regions of the
issue.
In this previous work, a manual surface stage was used to
ap the distributions of molecules on the surface using DESI,

lthough in this work, linear surveys rather than 2D maps were
roduced. In the present study we employ an automated DESI
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latform to record 2D MS images under ambient conditions at
tmospheric pressure. We demonstrate this capability with two
xamples: first, by imaging the m-star (m*) symbol written on
hotographic paper using two different inks, rhodamine 6G and
asic Blue 7; and second, by imaging thin, coronal sections of rat
rain tissue. Selected ion images of the surfaces are created and
how the distinctive distributions of the dyes in the inks on the
urface, in the former case, and of lipids in the latter. In addition,
e investigated the lateral spatial resolution by scanning the

urface position.

. Experimental

.1. Materials and sample preparation

The m-star symbol (m*), our laboratory logo, was drawn
n glossy photographic paper (Inkjetphoto, International Paper,
tamford, CT) using blue and red permanent markers (ExtraFine
harpie, Sanford Corporation, Oak Brook, IL). The principal
yes in the inks, rhodamine 6G, and Basic Blue 7, were readily
ecognized by the cations observed at m/z 443.5 and m/z 478.4,
espectively. To measure the linear resolution of the experiment,
arallel lines were drawn on the same paper using an ink-jet
rinter. The ink cartridge was doped with crystal violet (intact
ation, m/z 372.3) and four lines of 0.1, 0.2, 0.5, and 0.8 mm
n width were printed onto glossy photographic paper separated
n each case by distances of 1.0 mm (center-to-center). Posi-
ive ion detection was used for the all the ink experiments and

ethanol was used as the spray solvent at a volumetric flow rate
f 1.5 �L/min. The nebulizing gas pressure was 100 psi.

For brain tissue imaging experiments, frozen rat brain from
male Sprague–Dalley rat (Harlan Industries, IN) was cut

nto 4 �m sections using a Shandon Cryostat (Thermo Elec-
ron, San Jose, CA) at −19 ◦C. Serial sections were made
nd directly thaw mounted onto a general microscope glass
lide (Erie Scientific, Portsmouth, NH). After sectioning, the
ections were stored at −80 ◦C and dried in a vacuum dessi-
ator for up to 2 h prior to analysis. For brain tissue imag-
ng, the negative ion mode was used and methanol:water
1:1 v/v) was employed as the spray solvent at a volumet-
ic flow rate of 1.25 �L/min. The nebulizing gas pressure
as 100 psi.

.2. Desorption electrospray ionization

The DESI ion source utilized in these studies was based on
n early prototype design [26] from Prosolia Inc., (Indianapolis,
N). The DESI ion source consists of an inner capillary (fused
ilica, 50 �m i.d., 150 �m o.d.) (Polymicro Technologies, AZ),
or delivering the spray solvent, and an annular outer capillary
250 �m i.d., 350 �m o.d.), for delivering the nebulizing gas. The
urface moving stage includes two motorized slides (Princeton
esearch Instruments Inc., Princeton, NJ) capable of 3 in. × 2
n. travel, in x and y, respectively with a 3 in. × 3 in. polycar-
onate block to which can be secured a 3 in. × 1 in. microscope
lass slide. The DESI ion source is mounted onto an x, y, z
anual translational moving stage coupled with a 360 degree
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otational stage in order to adjust the incident impact angle. A
.5 mm i.d. stainless steel capillary was utilized for ion collec-
ion and transport into the mass spectrometer. The stainless steel
apillary extended 3 in. from the mass spectrometer, allowing
he surface stage to be moved in two-dimensions under the ion
ource.

.3. Mass spectrometry and image acquisition

All DESI-MS spectra were acquired using a Thermo Finni-
an LTQ (San Jose, CA) linear ion trap mass spectrometer
quipped with the custom-built, automated DESI ion source
escribed above. The mass spectra were acquired in profile
ode and AGC (automatic gain control) was turned on for

he ink experiments and off for the tissue experiments. For the
m*” experiment, the MS injection time was set at 500 ms and
microscans were summed for each pixel in the image. Imag-

ng experiments were performed by continuously scanning the
urface (area 9 mm × 6 mm) in the x-direction (see Fig. 1 for
rientation) at a surface velocity of 133 �m/s while acquiring
ass spectra every 1.07s in full scan mode over the range m/z

50–500. Each step in the y-direction was 330 �m. As a result,
n array of 70 × 18 points (1260 mass spectra) was collected.
he parallel lines were rastered at different velocities 50, 100
nd 200 �m/s using tip sizes of either 10 or 50 �m. For the lateral
esolution determination using crystal violet, the single ion mon-
toring (SIM) mode of the ion at m/z 372.3 ± 0.7 was employed.
he MS injection time was set at 250 ms and 2 microscans were
ummed.

For the tissue imaging studies, the MS injection time was
et at 250 ms and two consecutive scans were summed for each
ixel in the image. Imaging experiments were performed by
ontinuously scanning the surface (area 13.2 mm × 10.2 mm)

t a surface velocity of 200 �m/s while acquiring mass spectra
very 0.67 s. Each step in the y-direction was 300 �m resulting
n the collection of 3366 mass spectra from an array of 99 × 34
oints.

m
f
t
M

Fig. 1. Schematic illustration showing the aut
ass Spectrometry 259 (2007) 8–15 11

.4. Software

BioMap (freeware, www.msi.maldi.org) was used to process
he mass spectral data to generate two-dimensional coordinates
f the surface versus intensity. BioMap is an image analysis
oftware platform that can be used with a variety of imaging
ools. An import filter for data conversion of XcaliburTM raw data
les acquired on the Thermo Finnigan LTQ into ANALYZETM

ormat was written in-house.

. Results

.1. Desorption electrospray ionization

In DESI, multiply-charged primary droplets impact the sur-
ace and are scattered as secondary droplets that carry the analyte
nd a fraction of the charge and mass of the primary droplet. Sub-
equently, ion formation from the scattered secondary droplets
roceeds either by ion emission (ion evaporation model) or
y evaporation of neutral solvent molecules (charged residue
odel) to produce gaseous ions, just as happens also in elec-

rospray ionization. [44] Because of this similarity, the spectral
haracteristics (i.e., formation of multiply charged molecular
ons of the form [M + nH]n+ or [M − nH]n−) are very similar to
hose of ESI even though the sample is in a different physical
tate (condensed phase vs. solution phase).

A DESI ion source with an automated surface stage is shown
chematically in Fig. 1. In this configuration, charged droplets
enerated in the ion source are delivered to a surface that has
een automated to provide two-dimensional translation under
he spray tip. A custom-built stainless steel capillary inlet to
he mass spectrometer is utilized to enable the surface to move
nderneath the inlet in the course of a surface imaging experi-

ent. The ion transfer tube is heated to aid evaporation of solvent

rom the secondary droplets emitted from the surface. The posi-
ion of the DESI source relative to the surface and inlet of the

S is adjustable allowing fine tuning of the signal intensity.

omated surface stage DESI ion source.

http://www.msi.maldi.org/
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.2. Analysis of ink patterns to test spatial resolution

The analytical spot size of DESI depends on the capillary
ize and the volumetric flow rate of the spray solvent, among

number of other parameters [26]. The spray emanating
rom the capillary tip is conical and the spray pattern of the
roplets impacting the surface has an ellipsoidal shape. As
uch, the spot width in the x-direction (see Fig. 1 for definitions
f coordinates) is expected to be smaller than that in the y-
irection.

In order to test the spatial resolution of the DESI ion source
mployed for these studies patterns of black ink containing crys-
al violet were printed onto glossy photographic paper (Fig. 2A).
ach lane in Fig. 2A represents a particular set of consecutive

ines of varying width (i.e., lane 1 = 100 �m; lane 2 = 200 �m;
ane 3 = 500 �m; lane 4 = 800 �m). In these experiments, the
urface was scanned over one set of lines (one lane) at a time
t a rate of 50 �m/s in the direction indicated by the arrows
n Fig. 2A. The tandem mass spectrum of the peak at m/z
72.3 detected from the black ink is shown in Fig. 2B. Each

ane (1–4) was analyzed in the single ion monitoring mode
SIM m/z 372.3 ± 0.7) and the ion current was recorded as a
unction of time (or position, since the scan was linear with
ime).

ig. 2. (A) Ink pattern generated on glossy photographic paper to test lateral spa-
ial resolution. Each lane (1–4) represents the line scan trajectory while operating
n the single ion monitoring mode at m/z 372.3 ± 0.7 for crystal violet (B) prod-
ct ion MS/MS spectrum of the peak m/z 372.3 (intact cation of the dye, Crystal
iolet) on paper.
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Fig. 3 shows the results of scanning the pattern in the x-
irection, as indicated by the arrows shown in Fig. 2A. In lane 1,
here the line spacing is 1 mm (with 900 �m dead space between

ines), the results show baseline separation and no “carry-over”
etween lines. Lanes 2–4 also show baseline separation of the
ignals and no carry-over, but the peaks change from a roughly
aussian to a plateau shape. The plateau is observed when the
ine is wide enough such that the whole spot can fall onto it.
he width of the ion beam corresponds to that line width where

he signal just begins to plateau. This occurs between 100 and
00 micron width, indicating the ion beam has a diameter of
pproximately 200 microns in the x-direction, and this is also
he resolution in this direction. This result is consistent with the
emonstrated ability (lane 4) to resolve features on a surface that
re separated by 200 �m. Note that the serrated tops of the peaks
re ascribed to electronic and ion statistical noise. Note too, that
hen the scan speed across the surface is decreased there is an

ncrease in the ion current (assuming no depletion in sample,
hich is supported by the fact that rescanning gives a similar

pectrum) and this gives better signal to noise and an increase in
ffective resolution. Finally, it should be noted that scanning in
he y-direction gives a resolution which is, within the error of this
ough measurement, indistinguishable to that in the x-direction.

It was suggested earlier that reducing the capillary inner
iameter would produce smaller spot sizes and so improve
he spatial resolution [26]. Therefore, we constructed a DESI
ource using 10 �m inner diameter (i.d.) fused silica capillary
nd tested the lateral spatial resolution using the same pattern
s in the previous experiments. Overall, there was no significant
mprovement in the lateral spatial resolution due to reducing the
apillary i.d., although the expected reduction in signal intensity
as noted. It is likely that the size of the outer capillary carrying

he nebulizing gas has an important effect on spot size and hence
esolution.

.3. DESI imaging

For 2D DESI imaging, the sample is either placed onto a tar-
et (e.g., microscope glass slide) or is analyzed in situ and is
oved under the fixed spray nozzle to expose an area of inter-

st. Ion images of the sampled area showing the spatial (2D)
istributions of the intensity of a selected ion (or set of ions) can
e created from the data.

In order to test the feasibility of performing molecular imag-
ng studies using DESI, the m* symbol was written onto photo-
raphic paper using two different inks, Basic Blue 7 (the letter
) and rhodamine 6G (the symbol *), as described in section 2.1.
ig. 4A shows a photograph of the m* symbol (9 mm × 6 mm)
ith arrows indicating the direction of each consecutive scan
hich subsequently allowed for reconstruction of the ion image.
ig. 4B and C show DESI mass spectra recorded from the sur-
ace of the photographic paper at the m and * positions, showing
he intact cations of Basic Blue 7 at m/z 478.4 and rhodamine

G at m/z 443.5, respectively. The corresponding ink structures
re shown in the insets. The area analyzed was approximately
.4 × 107 �m2; it was scanned in both the x and y directions to
roduce an array of 70 × 18 (1260 pixels). The resulting spatial



D.R. Ifa et al. / International Journal of Mass Spectrometry 259 (2007) 8–15 13

or the

d
v
o
i
m
t
i
c

t
c
s
s
s
m
l
u
B

i
[
n
c
t
i
i
i
s
c
t
m
t
l

Fig. 3. Total ion current recorded in single ion monitoring mode f

istributions of the two inks on the surface plotted in x and y
ersus intensity are shown in Fig. 4D. The molecular ion image
f the m* symbol distinctly reveals the features of the original
mage as shown in Fig. 4A. The curvatures in the lines of the

and * are resolved to the extent that they can be correlated
o positions on the original image. There are no contributions
n the mass spectra due to cross-contamination of the dyes or to
arry-over effects.

The ability to record spatial and molecular information simul-
aneously on surfaces is a particularly powerful approach, espe-
ially when limited preparation of the surface is required and the
ample is under ambient conditions. Previous work has demon-
trated that rich chemical information can be obtained from line
cans across intact biological tissues after cryosectioning and

ounting onto a glass slide [43]. More recently, 2D molecu-

ar ion images of particular lipids in rat brain were recorded
sing an automated DESI ion source [45]. In parallel work, Van
erkel and Kertesz reported on the use of an automated DESI

s
o
s
s

peak at m/z 372.3 for each successive lane (1–4) shown in Fig. 2.

on source for the imaging of analytes separated on TLC plates
46]. In Fig. 5 the spatial distributions of two lipids in a coro-
al section of rat brain are shown. Chemical assignments were
onfirmed by MS/MS and by comparison to ESI mass spec-
ra of authentic samples [47–49]. Fig. 5A shows the selected
on image of the peak at m/z 810, which corresponds primar-
ly to the deprotonated form of phosphatidyl serine (38:4) It
s found that the signal is most intense in the region corre-
ponding to the white matter in the brain, specifically the corpus
allosum. In addition, other structural features are evident in
he ion image e.g., the lateral ventricles and the anterior com-

issure. The ventricles in the rat brain are clearly resolved in
he corresponding ion images, indicating that a spatial reso-
ution of better than 400 �m is achieved. Fig. 5B shows the

patial distribution of the peak at m/z 225, the deprotonated form
f myristoleic acid (14:1). The spatial distribution of this ion
hows that myristoleic acid is uniformly distributed in the tissue
ection.
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Fig. 4. (A) Digitally scanned optical image of the m* symbol written on glossy photographic paper. Arrows indicate the direction of each scan. (B) Positive ion DESI
mass spectrum of Basic Blue 7 on the paper using 100% methanol as the spray solvent. (C) Positive ion DESI mass spectrum of rhodamine 6G on the paper using
100% methanol as the spray solvent. (D) Molecular ion image of the m* symbol recorded by DESI.
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on image of the peak at m/z 225 recorded in full scan, negative ion mode from

. Conclusions

The application of DESI-MS to automated surface imag-

ng is demonstrated, first from an ordinary surface (i.e., ink on
aper) and second from histological sections of rat brain tissue.
he present design allows an achievable lateral resolution of
etter than 400 �m in the rat brain tissue and considerably bet-
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on mode from a 4 �m coronal section of rat brain tissue. (B) Selected molecular
me tissue section.

er than this in the ink experiments (ca. 200 �m) using 50 �m
pray tips. The samples are held in the ambient environment and
an be manipulated or processed by other means too—before,

fter or during the image acquisition. The differences in reso-
ution observed between the biological and non-biological sam-
les are likely to be due to secondary effects associated with
eaker ion signals and higher scan rates in the tissue sample
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ather than more fundamental effects but this remains to be
emonstrated.

The DESI imaging experiment is complementary to MALDI
maging in a number of important ways, including the fact that

ALDI is most readily applied to proteins and peptides while
ESI works most readily for lipids. In addition, MALDI gives a
igher resolution but requires more exacting sample preparation.
ore experiments are necessary to increase the resolution of
ESI, especially if sub-cellular resolution is intended. (There

re many problems where this is not needed, as illustrated by
he example discussed above.) One approach, for instance, can
e the use of nano-sprays to produce spots of 50 �m or less in
ize, however the correlation between the area sampled and the
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rom 50 to 10 �m resulted in reduction in signal intensity without
ncreasing the resolution. Other experiments can be performed to
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rifice of entrance to the mass spectrometry or an atmospheric
ressure ion-funnel to concentrate the reflected droplets/ions.
lso, in the future, we expect to see more attention given to

he use of chemically selected reagents which are added to the
pray solution in order to selectively or more efficiently ionize
articular classes of compounds by DESI. We also expect further
mprovements in data processing and in the use of MS/MS scans,
igh resolution and supplementary ion mobility measurements
o improve the quality of the information obtained.
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