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INTRODUCTION

The biological research fi eld was reformed with the inven-
tion of Matrix assisted laser desorption ionization (MALDI) 
and electrospray ionization (ESI) mass spectrometry (MS) in 
1980. This technique has since become a powerful tool for 
the analysis of large molecules such as proteins or peptides 
from tissue or cell lines (Caprioli et al., 1997; Chaurand, et 
al., 1999). However MALDI imaging (IMS), which was devel-
oped a decade later, has opened a new way of understand-
ing. Previously, less focus was given to small metabolites 
such as exogenous drugs or endogenous metabolites such 
as lipids or amino acids due to the complex nature of these 
molecules and lack of tools for their analysis. However, since 
the invention of IMS, it has become possible to identify small 
metabolites directly from tissue sections, as well as to identify 
their spatial localization on tissues (Sugiura and Setou, 2010; 
Shanta et al., 2011).

Two main experimental protocols are used in the analysis 
of molecules directly from tissues by MALDI, profi ling and im-
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Abstract

aging (Fig. 1). For MALDI an acidic aromatic matrix is applied 
to the surface of the target samples. The matrix is dissolved in 
organic solvent and 0.5-1 μl matrix solution is dropped on the 
tissue section for profi ling. MALDI profi ling facilitates compari-
son of the distribution of target molecules between diseased 
and normal or control and treated cells over a short time. In 
MALDI-IMS experiments, the entire tissue is sprayed with ma-
trix solution, dried and the resulting co-crystals of the matrix 
and analytes are then focused by short laser pulses, usually 
using an UV laser, which causes desorption and ionization of 
the analytes. The mass-to-charge ratio (m/z) is then measured 
using a time-of-fl ight mass analyzer (Chaurand et al., 2005; 
Walch et al., 2008; Schwamborn and Caprioli, 2010).

Although several methods have been developed to stain 
diseased tissue to distinguish normal and diseased regions, 
most of these require chemical or mass tagging for identifi ca-
tion of specifi c molecules (Lee et al., 2009). The major advan-
tages of MALDI-IMS over conventional imaging techniques 
are as follows: 1) MALDI-IMS does not require prior extraction 
of samples from the tissue; therefore, the localization informa-
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tion of the molecules on the tissue is preserved; 2) No tag-
ging steps are required for structural information regarding the 
target molecules; 3) It is possible to have immediate images 
of the target molecules on drugs and their metabolites from 
single tissue experiments, as well as to acquire the structural 
information of unknown metabolites by tandem mass spec-
trometry (ms/ms) directly from the tissue section. 

Even though MALDI-IMS has several advantages over oth-
er techniques, still few technical and experimental develop-
ments are required. In case of analyzing samples by MALDI-
MS, some parameters are needed to consider, for example 
the selection of appropriate matrix, the solvent composition 
and the method of matrix application and deposition. These 
are very important factors because it can effect on data accu-
racy and reproducibility. The second reason is the separation 
of isobaric peak, which have the same m/z value with different 
structure. However, with the application of previous separa-
tion techniques like HPLC or TLC and with the development 
of higher resolution MALDI-MS, it is possible to overcome this 
problem easily. Another most important technical problem 
arises with MALDI-IMS experiment is the imaging resolution. 
Currently 50 μm resolution is widely used for tissue sample 
analysis which can be improved up to 1-5 μm for sub cellular 
analysis. 

In this review we focus on the recent development of imag-
ing of small molecules and their metabolites, especially lipids, 
on tissue sections, by the use of MALDI-IMS. 

DIFFERENCE BETWEEN MALDI-IMS AND ESI MASS 
SPECTROMETRY

Mass spectrometry is currently being revolutionized to 
analyze complex biological samples. The major difference 
between ESI and MALDI mass spectrometry is the sample 
ionization process. 

In ESI mass spectrometry, biological molecules of interest 
are extracted from cells or tissues in organic solvent that is 
evaporated under a high electric fi eld to facilitate ionization 
of the samples. In the case of tissue analysis due to this ex-
traction process, location information regarding the identifi ed 
components is lost. Conversely, in MALDI mass spectrome-
try, biological tissue samples can be analyzed either directly 
from tissue or after extraction of biomolecules of interest. To 
analyze any diseased or normal tissue samples directly with-
out extraction, the specimens are sectioned and coated with 
matrix, after which they are subjected to the MALDI MS for 
analysis. As with MALDI mass spectrometry, it is possible 
to conduct profi ling of biomolecules and whole tissue imag-
ing, which provides information regarding the localization of 
specifi c molecules within the tissue section as well as their 
identifi cation. At the same time, it is also possible to compare 
changes in the composition of any interested biomolecules 
due to the diseased condition on the tissue. 

IDENTIFICATION OF DRUGS ON TISSUES BY MALDI-
IMS

IMS of pharmaceutical compounds provides defi nitive an-
swers regarding the localization of candidate drugs on a par-
ticular organ. Although traditional imaging techniques such 
as magnetic resonance imaging, autoradiography or fl uores-
cence microscopy are widely used, these techniques have 
some limitations such as the need for the use of radioisotopic 
tags for identifi cation of drugs and the relatively low resolu-
tion. Compare to traditional methods for example whole body 
autoradiography (WBA) technique, IMS gives similar drug dis-
tribution image without using radiolabeled compounds. At the 
same time, IMS can show the distribution of intact drug and 
their metabolites whereas WBA can’t distinguished them. Ad-
ditionally, IMS can picture drug distribution on tissue with much 
lower cost and with shortest time than using radiolabel isotope 
(Sugiura and Setou, 2010). Another widely used pharmaceuti-
cal method, PET, requires derivitization of drug compounds to 
incorporate radioisotope molecules for detection (Wiseman et 
al., 2008). In comparison, development of mass spectrometry 
provides us with a more convenient, accurate technique for 
detection and imaging of drugs and their metabolites. When 
different types of mass spectrometry such as GC-MS or LC-
MS techniques are used, drugs are analyzed by homogenizing 
the treated tissues followed by derivitization and extraction. 
These processes are laborious, time consuming and can infl u-
ence the sample analysis. However, with MALDI IMS of tissue 
sections, no prior sample extraction or modifi cation steps are 
needed; therefore, there are less analytical complications. In 
addition, MALDI IMS concurrently enables the exact location 
of the treated drug and their metabolites to be obtained. 

Patients with mood disorder are generally treated with the 
prescription drug, olazapine (OLZ). Conventional methods 
have revealed that olazapine and its metabolites are distrib-

Fig. 1. General workfl ow with MALDI mass spectrometry. Frozen 
brain tissue is sectioned at a thickness of 12 μm and mounted on 
an ITO slide. For imaging, the matrix solution is sprayed over the 
tissue section and in cases of profi ling, matrix solution is dropped 
on the region of interest. After drying, when the matrix co-crystal-
ized with analytes, a laser is focused on the crystal, which helps 
in desorption and ionization of analytes. After IMS experiments, 
whole tissue images for any analytes can be displayed.
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uted on different organs such as the brain, kidney, liver and 
spleen (Aravagiri et al., 1999). In a study conducted by Cor-
nett et al., 344 ten week-old male Fischer rats were treated 

with olazapine, sacrifi ced after 2 h of drug treatment and IMS 
experiments were then conducted on kidney tissues. Intact 
OLZ was found along the outer cortex; however, their metabo-
lites were found to be abundant on the outer medulla (Fig. 2). 
This type of specifi c molecular location information cannot be 
obtained by any traditional methods (Cornett et al., 2008).  

Khatib-shahidi et al. (2006) examined the molecular dis-
tribution of the same OLZ drug and their metabolites in the 
whole rat sagittal section in a time dependent manner by 
MALDI IMS. Using IMS experiments, the author demonstrated 
that the intact OLZ successfully reached the targeted organ 
(brain), although their metabolites were distributed all over the 
body as shown in Fig. 3. With whole body autoradiography, it 
is not possible to show this type of molecular specifi c localiza-
tion of candidate drugs and their metabolites. Due to identify 
fragmentation pattern of OLZ and its metabolites from collision 
induced dissociation (CID) of parent molecules, on tissue drug 

Fig. 4. MS/MS spectra of OLZ and its metabolites on tissue. (A) 
Olanzapine m/z 313 → 256, (B) N-Desmethyl metabolite m/z 299 
→ 256 and (C) 2-Hydroxymethyl metabolite m/z 329 → 272 (Khat-
ib-Shahidi et al., 2006). (Reprinted with permission from Analytical 
Chemistry, 2006, 78, 6448, the American Chemical Society).

Fig. 2. Distribution of the drug olazapine and its metabolites on rat 
kidneys by MALDI-IMS (Cornett et al., 2008). (A) Total MS spectra 
from whole kidney tissue sections. The asterisks represent the pro-
tonated molecule of olanzapine and its ion distribution on the outer 
cortex region (B), ion distribution of the metabolite of olanzapine (C) 
and hydroxymethyl metabolites of olanzapine on the outer medull 
(D). (Reprinted with permission from Analytical Chemistry, 2008, 
80, 5648, the American Chemical Society).

A

C

B

D

Fig. 3. Whole rat sagittal section imaging by MALDI mass spec-
trometry in a time dependent manner to show the candidate drug 
and its metabolite’s targeted localization by Khatib- shahidi et al., 
2006. (A) Optical image of 2 h drug treated sagittal whole body 
section. (B) Organ outlined and ms/ms ion image of olanzapine 
at m/z 256. (C) ms/ms ion image of n-desmethyl metabolite at m/
z 256. (D) ms/ms ion image of 2-hydroxymethylmetabolite at m/z 
272 (Khatib-Shahidi et al., 2006). (Reprinted with permission from 
Analytical Chemistry, 2006, 78, 6448, the American Chemical Soci-
ety).
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spot was analyzed and the obtained spectra were shown in 
Fig. 4 (Khatib-Shahidi et al., 2006). 

Wang et al. (2005) also showed the identifi cation of small 
drug molecules by MALDI mass spectrometry. To establish 
MALDI as an effective technique compared to traditional 
techniques, they treated rat with intracranial chlorisondamine 
which is a nicotinic antagonist that causes neuronal and gan-
glionic blockage and intraperitoneal cocaine which is an alka-
loid that stimulates the central nervous system injections. After 
treatment, the rat was sacrifi ced and rat brain was analyzed by 
MALDI-MS to identify cocaine and chlorisondamine on brain 
tissue. For identifi cation of these drugs, the CHCA matrix was 
used for chlorisondamine and the DHB matrix was used for 
cocaine, respectively. The results suggested that the optimal 
matrix application improved the accuracy of drug identifi cation 
on tissue. Initially, they used 1 nmol/μl chlorisondamine with 
CHCA matrix and found peaks at m/z 356.2, 358.2, 360.2 and 
362.2 due to the four chlorine atoms present in chlorisonda-
mine. Using an IMS experiment on brain tissue, they success-
fully identifi ed all peaks except for one on the ventral tegmen-
tal area. In addition, they detected cocaine at m/z 304.4 and 
to confi rm their structure by performing ms/ms analysis of m/z 
304.4 on tissue and found identical fragments at m/z 105.4, 
124.2, 166.1 and 182.1 (Wang et al., 2005).

METABOLOMICS AND ITS PERSPECTIVES: LIPIDS

The growing fi eld known as metabolomics defi nes and de-
tects small molecules known as metabolites that are produced 
by living cells under different physiological conditions of their 
life cycle. The term metabolomics has only existed for less 
than a decade, but has recently been the focus of a great deal 
of attention. The most effective and well known fi eld is lipido-
mics, in which research is currently being conducted to detect 
and quantify the lipid composition of cells under various physi-
ological conditions. Recently, the development of protocols 
based on mass spectrometry has provided an essential tool 
for lipid analysis. However, mass spectrometric methodolo-
gies for endogenous metabolites such as lipid identifi cation 
are still undergoing development. 

Lipids, especially phospholipids, are important constitu-
ents of cellular membrane. Among them, diacylglycerol and 
phosphotidylinosiols work as a secondary messengers in cell 
signaling processes (Kim et al., 2010), and lysophosphoti-
dylcholines have been recognized as disease biomarkers for 
atherosclerosis and rheumatoid arthritis. In addition, because 
they play a major role as building block molecules in cells, their 
composition changes due to physiological disorders or major 
diseases such as cardiovascular disease, obesity, Alzheimer’s 
disease or various types of cancer (van Meer, 2005).

Colon cancer tissue was analyzed by MALDI mass spec-
trometry to interpret abnormal distribution of phospholipids 
in cancerous regions (Shimma et al., 2007). The HE stained 
section of colon cancer tissue clearly showed localization of 
normal, stroma and cancer cells on the tissue sections. When 
these sections were matrix coated and analyzed by MALDI 
mass spectrometry, the profi le data revealed altered phospho-
lipids distribution between the three aforementioned regions 
and that one important sphingomyelin (16:0) Na was highly 
expressed only in cancerous regions.

A number of studies have been conducted to reveal the cel-

lular lipid composition of normal and diseased tissue. In a re-
cent paper published by Murphy et al.(2009), the phospholipid 
compositions of brain and kidney tissues were analyzed by 
MALDI mass spectrometry. They found that the total ion mass 
spectra from brain tissue sections differed from the total mass 
spectra of kidney tissue. In addition, they demonstrated layer 
specifi c phospholipid distributions on kidney tissues, with PC 
34:2 K at m/z 796.6 being more highly expressed in the cortex 
and pelvic region of mouse kidneys than the medulla. Con-
versely, PC 40:6 at m/z 862.6 was distributed throughout the 
region of the medulla and cortex, but was not present in the 
pelvic region (Murphy et al., 2009). 

Related work was conducted by Hayasaka et al. (2008) in 
which the layer distribution of phospholipids and their contribu-
tion to phototransduction were demonstrated in mouse retina 
by MALDI-QIT-TOF imaging mass spectrometry (Hayasaka, 
et al., 2008). On frozen retina tissue sections, they found four 
different PCs with different ion forms and their images dem-
onstrated that PC 34:1 was distributed in the inner nuclear 
layer and outer plexiform layer, PC 32:0 was present in the 
outer nuclear layer and inner segment and both PC 38:6 and 
40:6 were distributed in the outer segment and pigment epi-
thelium. To confi rm their structural information, ms/ms analy-
sis was conducted on a tissue section. They compared their 
MALDI data images with the optical image of the retina section 
to confi rm the layer distribution of phospholipids. Moreover, to 
overcome the contamination of isotopic peaks of other phos-
pholipids and biomolecules with their lipid of interest, they 
confi rmed each PC image individually and merged images on 
retina tissue sections.

Similarly, the IMS of phospholipids for different neurologi-
cal diseases are now receiving increased attention. Approxi-
mately 60% of the dry weight of brain tissue consists of lipids. 
Any neurological disorder may lead to changes in lipid compo-
sition and concentration as they provide stability, fl uidity and 
permeability to the neuronal membrane and are also required 
for proper function of integral membrane proteins, receptors 
and ion-channels (Farooqui and Horrocks, 1985; Farooqui et 
al., 2000; Adibhatla et al., 2006). Research is currently being 
conducted to identify these changes for the development of 
precise biomarkers for specifi c neurological diseases.

Gangliosides are glycerolipids that contain sialic acids and 
play a major role in neuronal functions. Evidence has shown 
that gangliosides are directly related to several neurological 
disorders. For example, GM1 helps in amyloid plaque forma-
tion in the brain, which is a major factor of Alzheimer’s dis-
ease (Ariga et al., 2008). In addition, over expression of GM3 
was found to induce neuronal cell death in the immortalized 
mouse hippocampal cell line HT22 (Sohn et al., 2006), and 
gangliosides are closely related to neuronal plasticity during 
neurodevelopment and aging (Mutoh et al., 2006). Chan et 
al. investigated images of gangliosides in mouse brain tissue 
sections by MALDI mass spectrometry. They introduced a 
new ionic liquid matrix that was capable of identifying ganglio-
sides from mouse brain tissue sections without dissociation 
of sialic acid during the ionization process. Using IMS experi-
ments, they successfully showed the distribution of GM1 at 
m/z 1546 and m/z 1574 on the pyramidal neuronal cell layer 
and the dentate gyrus region, respectively (Chan et al., 2009). 
These regions play an important role in learning and memory 
formation (Shors et al., 2001) and are affected during neuro-
degenerative diseases such as Alzheimer’s disease (Jeyaku-
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mar et al., 2005).
Cerebral ischemia is a neuronal disease caused by obstruc-

tion of blood fl ow and reduced oxygen that leads to reduced 
glucose supply to brain cells, resulting in injury and apoptosis. 
An overview of ischemic cell death is presented in Fig. 5. For 
better understanding of ischemic injury, mouse models were 
built and analyzed. Recently, Koizumi et al. (2010) revealed 
one specifi c lysophosphatidylcholine (LPC) that was produced 
due to the activation of PLA2 after ischemic injury. After HE 
staining of a focal ischemic injured rat brain tissue section, 
they compared the phospholipids distribution between in-
jured and normal brain regions by MALDI mass spectrometry. 
Based on statistical analysis and the images, they showed 
that LPC (16:0) at m/z 496.3 was induced after ischemic in-
jury, whereas PC (34:1) and PC (34:1) K were reduced after 
injury. These fi ndings may be explained by the Ca+ dependent 
activation of PLA2 via NMDA receptor stimulation (Lee et al., 
2000). It is well known that LPC plays an important role in 
infl ammation due to its promotion of the cytokine effect (Muru-
gesan et al., 2003),induction of apoptosis (Takahashi et al., 
2002), reduction of nitric oxide (Deckert et al., 1998) and in-
duction of PLA2 activity, as LPC was found to be accumulated 
in intra and extra cellular spaces during ischemia (Watanabe 
and Okada, 2003). The fi ndings of Koizumi et al.(2001), which 
support those of previous studies, revealed a novel method of 
biomarker discovery by MALDI IMS.            

SUMMARY

Imaging of drugs and its metabolites have opened a new 
method of understanding candidate drug specifi city and their 
pharmacodynamics. Using IMS as an analyzing tool has 
made it more convenient to show the localization and distribu-
tion of any targeted drugs and their metabolites. Moreover, 
MALDI-IMS helps us expose the analysis of small endoge-
nous biomolecules such as lipids directly from tissue sections. 
This technique not only helps in biological studies by enabling 
analysis of different disease states, but also assists us in de-
termining the activity of specifi c drug applications on animals 
under specifi c physiological conditions.  

Here, we focused on the application of MALDI mass spec-

trometry, specifi cally MALDI IMS, as a powerful tool for under-
standing drug pharmacology and developing new biomarkers 
for diagnosis. To enable a better understanding, we presented 
several recent studies; however, there are still many oppor-
tunities to obtain information. We hope this review will help 
researchers appreciate MALDI IMS and facilitate its use in 
biological and pharmaceutical studies.
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