
Review

A thorough understanding of absorption, dis-
tribution, metabolism, excretion and toxic-
ity properties of drug candidates is essential 
in drug development and is the core focus of 
drug metabolism and disposition departments. 
Knowledge of tissue distribution is linked to 
many other areas in drug development includ-
ing pharmacology, pharmacokinetics and 
drug–drug interactions [1]. For a drug to have 
the desired pharmacological activity it must be 
highly associated with the intended biological 
target site [2]. Secondary pharmacology and 
toxicity can also result from the unexpected 
association of parent drug or metabolites with 
nontargeted biological receptors, often as the 
result of accumulation and localization in tis-
sues. Furthermore, drugs and metabolites are 
typically not homogeneously distributed in tis-
sues, and plasma concentrations do not neces-
sarily reflect tissue and sub-tissue compartment 
concentrations [3,4]. The benefit of tissue dis-
tribution knowledge has been demonstrated in 
several areas, including oncology drugs where 
the focus is on tumor tissue targets, and anti-
biotics where effective treatment is dependent 
on getting the active drug to the specific site of 
the infection [5,6]. 

For the most part, drug tissue distribution 
studies and the analytical methodologies have 
not changed much over the past 2–3 decades 
despite enormous advances in many analyti-
cal areas. Most of our knowledge of drug tis-
sue distribution is derived from single-dose 
whole-body autoradiography (WBA) studies in 
a rodent species, and in some instances tissue 

homogenate ana lysis in other preclinical spe-
cies [7]. Extrapolation from these experiments is 
required to understand the complexity of drug 
tissue distribution in preclinical species as well 
as in humans.

Tissue imaging of drug distributions based 
on autoradiography or autoradioluminography 
relies on the presence of a radiolabeled com-
pound, typically 14C or 3H, to view drug-related 
material [8]. Because the detection method is 
based on the presence of a radiolabel only, there 
is no structural information associated with this 
technique. The images and quantification are 
strictly due to the presence of the radiolabel 
incorporated in the dosed drug. Thus, images 
broadly reflect the distribution of drug-related 
material while the quantification results are con-
verted to nanogram equivalences of the parent 
molecule. In cases where metabolic biotrans-
formation results in cleavage or ring scission, 
the radiolabel may no longer be associated with 
the pharmacophore portion of the parent drug. 
Discerning the amount of drug-related material 
in a tissue is valuable, but knowing whether the 
drug-related material is predominantly parent 
or consists of a large number of structurally 
diverse metabolites is critical in understand-
ing drug distribution and the implications for 
pharma cology and safety. Despite these limi-
tations, the good specificity for drug-related 
material against the background, sensitivity, 
quantitative nature and large dynamic range 
have made this approach the industry standard 
and accepted by regulatory authorities [9]. For 
most WBA studies supporting a development 
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program, a time profile study design is employed 
in order to follow the distribution and amounts 
of drug-related material as a function of time 
after dosing. This study design provides the 
kinetics associated with life time of drug-related 
material in specific tissues. Typical spatial 
resolution in WBA studies is between 50 and 
100 µm; however, spatial resolution as low as 
10 µm is possible with micro-autoradiography 
studies [10]. Micro-autoradiography studies are 
technically more challenging and not strictly 
quantitative and, therefore, are not routinely 
used in the pharmaceutical industry. 

The other common method for establishing 
drug tissue distribution is through LC–MS 
ana lysis of tissue homogenates. Results from 
this approach are typically reported in nano-
grams of drug or metabolite per gram of tissue. 
The value of determining tissue concentrations 
by LC–MS ana lysis of tissue homogenate has 
been debated for years [2,5]. Interpretation and 
extrapolation of these data can be very tenuous 
because the data provide no distribution infor-
mation within a specific tissue or organ, and in 
essence, treat all tissues as homogeneous com-
ponents, ignoring the distinct compartments 
and functions within tissues and organs. This 
method structurally discriminates between par-
ent and metabolites and is quantitative, pro-
vided appropriate methods are employed.

MALDI imaging MS (IMS) provides the oppor-
tunity to determine discreet tissue localization 
for parent drug as well as metabolites [11–13]. 
Combined with strategies to address quantifica-
tion, this approach can offer significant advan-
tages over autoradiography methods and tissue 
homogenate ana lysis for determining drug and 
metabolite tissue distribution in a preclinical set-
ting. Recent advances in commercially available 
instrumentation ranging from matrix application 
tools, matrix-assisted laser desorption/ionization 
(MALDI) imaging-centric mass spectrometers 
and software are providing a pathway to main-
stream this approach beyond the laboratories 
of the pioneers in this area. This is an emerg-This is an emerg-
ing and rapidly growing field with demonstrated 
impact in areas outside of drug development such 
as proteomics and lipidomics. However, recent 
questions have been raised about the readiness 
of MALDI IMS technology to be broadly used 
in drug research [14]. Specifically, the impact and 
understanding associated with sample prepara-
tion, ion suppression and quantification will be 
critical for mainstream applications in all areas, 
including drug distribution studies. 

Overview of MALDI IMS
MALDI IMS has emerged as a powerful and 
diverse technology for analyzing the spatial dis-
tribution of endogenous and exogenous com-
pounds directly from a tissue section [15–18]. This 
review will focus mainly on the application of 
MALDI IMS for the ana lysis of tissue samples. 
Several recent reviews provide a broad overview 
of other MS imaging methods and applica-
tions [19–25]. These include alternative ionization 
techniques such as secondary ion MS (SIMS), 
desorption electrospray ionization (DESI) and 
hybrid methods such as MALDI electrospray 
ionization (MALDESI).

In short, a typical MALDI IMS experiment 
is conducted by coating a thin tissue section 
mounted onto a target with an appropriate matrix 
solution. This solution serves to extract analytes 
of interest from the underlying tissue and upon 
solvent evaporation the extracted molecules are 
co-crystallized with the matrix. The role of the 
matrix is to absorb the laser energy and facili-
tate desorption/ionization of the analyte mol-
ecules [26]. Mass spectra are then acquired across 
the tissue at defined geometrical coordinates. The 
resulting dataset contains hundreds to thousands 
of individual spectra consisting of all ions detected 
at each location of acquisition. Custom software 
is then used to compile the mass spectra into a 
format where each spectrum represents a discrete 
pixel and the distribution and intensity of any 
of the detected species can be viewed across the 
tissue as an ion density map or image (Figure 1).

In a single MALDI IMS experiment it is 
possible to detect hundreds or even thousands 
of discrete signals across a tissue from a diverse 
set of analytes. These analytes can range from 
endogenous biomolecules (e.g., proteins, pep-
tides and lipids) to exogenous molecules (e.g., 
pharmaceutical compounds). Thus, one of the 
major advantages of using this technique is that 
endogenous biomolecules are also automatically 
detected, providing opportunities to evaluate the 
underlying physiological state of a tissue [27]. 
There are several aspects of imaging MS that 
merit critical evaluation and will be discussed 
in detail, including sample preparation, ion 
s uppression, sensitivity and data ana lysis. 

Sample preparation
As with many analytical methods, a success-
ful outcome is closely aligned with the rigor 
and attention paid to sample preparation steps. 
MALDI IMS sample preparation is unique in 
that most practicing mass spectrometrists are 

Key Terms

Spatial resolution: 
Center-to-center distance 
between adjacent acquisition 
spots (pixels) in an MALDI 
imaging MS experiment (defined 
here as: m/Dm where m = mass 
and Dm = peak width at half 
maximum [50%]). 

MALDI (matrix-assisted 
laser desorption/
ionization): Soft ionization 
technique used in MS that 
enables drugs and biomolecules 
to be detected without 
significant fragmentation.

Imaging MS: Technology used 
to evaluate the label-free 
distribution of endogenous and 
exogenous molecules in a tissue.

Histology: Microscopic 
anatomical evaluation of thin 
tissue sections and a critical 
aspect in interpreting images 
generated by MALDI imaging MS.
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typically not skilled in the art of tissue sec-
tioning with a cryostat. Thus, many spectrome-
trists will require assistance in this process from 
histologists or toxicologists. Typically, fresh-
frozen tissues are sectioned at 10–12 µm. The 
frozen sections are then thaw mounted onto a 
MALDI target prior to desiccation and matrix 
application. 

For whole body IMS experiments, prepara-
tion of tissue sections is different because the 
sample specimen (i.e., rat) is typically embed-
ded in a block of ice or carboxymethylcellulose. 
Thicker sections (20–50 µm) are collected on a 
whole-body cryostat and then mounted onto the 
MALDI target with adhesive tape.

Although fresh-frozen tissues are ideal, the 
ana lysis of formalin-fixed, paraffin-embedded 
tissues using MALDI IMS has been reported 
for proteins and peptides [28,29] and also for 
small molecules [30]. However, due to the lim-
ited number of publications in this area, the 
compatibility and utility of these fixed tissues 

for drug ana lysis with MALDI IMS remains 
unclear. It is likely that the formalin fixation 
process, where a tissue is placed into a forma-
lin solution for several hours, as well as other 
 histology processes such as alcohol dehydration 
and paraffin infiltration, will result in diffusion 
or even extraction of some drug compounds, 
rendering the tissue unusable for drug imag-
ing experiments. In addition, the fixation pro-
cess, which forms methylene bridges between 
the primary amines of lysine on proteins, may 
detrimentally affect the extractability of drug 
compounds. It should be noted that the vast 
archives of formalin-fixed, paraffin-embedded 
tissues available at most pharmaceutical com-
panies could represent an extremely valuable 
source of samples if these technical difficulties 
could be overcome. Embedding media that do 
not interfere with the MALDI process have 
recently been reported and can be useful in 
aiding cryosectioning of certain types of tissue 
samples [31].

Mass spectrum acquired at each position

Matrix-coated
tissue sample

Ion density maps

Low High

Intensity

Laser

Figure 1. MALDI imaging mass spectrometer experimental workflow. The MALDI imaging 
experiment is initiated by mounting a tissue section onto a target, applying a matrix solution and 
rastering a laser across the surface of the tissue. At each discrete location where the laser is fired, a 
mass spectrum is acquired. By plotting the ion intensities as a function of the x and y coordinates on 
the tissue, ion images are generated.
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A matrix solution when applied to the tissue 
section serves to extract analytes of interest from 
the underlying tissue, and upon solvent evapora-
tion the extracted molecules are co-crystallized 

with the matrix to facilitate subsequent MALDI 
MS ana lysis (Figure 2). The selection of the matrix 
solution and method of application is primarily 
driven by empirical results. For small organic 

MS imaging

H&E staining

Tissue sectioning

LC–MS/MS
quantification

Figure 3. Serial sectioning strategy for correlating ion images, histology and LC–MS 
quantification. By taking serial sections from tissue for MALDI imaging, H&E staining and LC–MS 
quantification, correlations between drug distribution, histology and drug quantification will be 
improved. Drug and metabolite concentrations determined from whole organ ana lysis may not be 
representative of sections used for MALDI imaging.  
H&E: Hematoxylin and eosin.

50/50
organic/H2O

Matrix absorbs at wavelength of laser resulting
in desorption/ionization of co-crystallized
analyte molecules+

+
+2,5-dihydroxybenzoic acid

OH

HO

OH

O

UV laser

Analytes co-crystallized with
matrix upon solvent evaporation

Analytes extracted from tissue
into matrix droplet

+
+

Bioanalysis © Future Science Group (2011)

Figure 2. Role of matrix application in MALDI imaging. 
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molecules the most commonly reported matrix 
compounds are 2,5-dihydroxybenzoic acid, 
a-cyano-4-hydroxycinnamic acid and picolinic 
acid. As a starting point, the optimum matrix is 
typically determined by spotting drug standard 
onto the MALDI target and observing which 
matrix provides the maximum S/N. Several other 
factors, including undesired analyte fragmenta-
tion, inhomogeneous crystallization and excessive 
matrix background peaks may also play a role in 
choosing a desirable matrix. In our laboratory, 
2,5-dihydroxybenzoic acid tends to be the matrix 
of choice for the ana lysis of small molecules by 
MALDI IMS. The matrix is usually dissolved 
in an acidified mixture of organic solvent(s) and 
water (i.e., 50/50 methanol/water and 0.1% tri-
fluoroacetic acid). The matrix solution has two 
critical functions: extraction of analytes of inter-
est from the tissue and co-crystallization of the 
analytes with the matrix to facilitate the desorp-
tion and ionization processes. Discussion of the 
fundamentals of the MALDI process is beyond 
the scope of this review, but additional informa-
tion can be found in literature focused on this 
topic [26,32–38].

In theory, the choice of solvent composition 
could be guided by the physicochemical proper-
ties of the analyte or analyte class of interest where 
more polar analytes may prefer higher percentage 
aqueous and nonpolar analytes a higher percent-
age of organic solvent. While this is an important 
consideration, this parameter is complicated by 
several additional factors, including the complex-
ity of the biomolecular interactions in a tissue, 
matrix solubility, and the solvent evaporation/
matrix crystallization process [21]. As a result, 
selection of an optimal solvent composition may 
be determined empirically in many cases. 

The final step of sample preparation is the 
application of the matrix solution to the target-
mounted tissue. A variety of matrix application 
methods have been successfully used, including 
microspotting [39], sublimation [40,41] and spray 
coating [42]. One of the key considerations in 
selecting an application method is the reproduc-
ibility of the matrix application so that a num-
ber of tissues can be analyzed with minimum 
variability from the matrix application. Several 
automated systems have been developed and 
marketed including the HTX Imaging™ sprayer 
(nozzle spraying technology) [101], Bruker Image 
Prep™ (vibrational vaporization) [102], Shimadzu 
CHIP-1000 (inkjet printing technology) [103], 
and Labcyte Portrait® (acoustic droplet technol-
ogy [104]. These systems permit accurate control 

of application variables, such as coating cycles, 
drying times and matrix thickness, and therefore 
will provide increased reproducibility and optimi-
zation relative to manual application. In general, 
imaging from tissues with high analyte concentra-
tions and acquisition at low spatial resolution will 
be less demanding on the optimization of matrix 
so lution selection and application method.

Ion suppression, sensitivity  
& quantification
As is the case for any application of MS, the 
issues of ion suppression, sensitivity and quanti-
fication are important interrelated variables that 
need to be evaluated and addressed. In MALDI 
IMS, reproducibility and consistency in analyte 
extraction and matrix co-crystallization between 
areas of a tissue containing different cell types or 
structural morphologies are of greatest concern. 
Many of the questions surrounding the extent 
of ion suppression in tissue imaging have been 
discussed extensively in the literature [14,43]. 

The effect of ion suppression is observed when 
comparing the signal intensity of a standard spot-
ted directly on the MALDI target versus the sig-
nal from the same amount spotted on the surface 
of a control tissue section [13,14]. Typically, this 
experiment reveals a discrepancy in the observed 
signal for equal amounts of an analyte where 
signal intensities are significantly higher when 
acquired directly from the target. Multiple factors 
are likely to be contributing to the difference in 
observed signal including variation in matrix crys-
tallization, ion suppression from endogenous salts 
and lipids, and molecular interactions between 
the analyte and tissue biomolecules. In an imag-
ing experiment, where interpretation of the ion 
density map for an analyte is based on differences 
in intensity and is therefore fundamentally quan-
titative, it is important to establish that the varia-
tion of signal intensity across the tissue reflects the 
actual concentration and is not governed by the 
effects of ion suppression. 

One strategy to evaluate ion suppression is to 
uniformly coat the surface of a control tissue sec-
tion with a standard and acquire the MALDI 
image [1,44]. Ideally, this experiment would identify 
any regions of a tissue section that may introduce 
significant ion suppression effects on the analyte 
standard by showing deviations from a homog-
enous distribution. However, accurate assessment 
of ion suppression requires careful experimental 
design and it is critical that both the standard and 
the matrix solution are applied homogenously and 
reproducibly across the t issue section. 
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Another way to address the potential impact of 
ion suppression is to use a post-acquisition nor-
malization of spectral intensities. Normalization 
of the data in an IMS experiment is carried out 
by multiplying all spectra by an intensity scaling 
factor. This scaling factor can be determined by 
a number of different methods (i.e., total ion 
current), each having advantages and disadvan-
tages; several recent publications have discussed 
this topic in detail [45–47].

In the context of structurally characteriz-
ing drug metabolites from biological matrices, 
inevitably the issue of quantification will always 
be raised. This is because pharmacology and 
toxicology are driven by knowledge of both the 
inherent reactivity of a molecule and the quan-
tity at the receptor site. One strategy is to use 
quantitative LC–MS data from tissue homog-
enates to try and correlate drug quantities with 
the intensities detected in an ion image [48]. This 
strategy assumes that tissues are homogenous 
and typically utilizes a large piece of tissue that 
may not be representative of the thin section 
used in the imaging experiment. Most tissues 
contain sub-compartments, which may contain 
high concentrations of particular metabolites. 
Consequently, the homogenate results may 
introduce a bias. Alternatively, serial sectioning 
with one section going to quantitative LC–MS 
and the other being used for imaging can reduce 
the likelihood of this bias (Figure 3) [49]. 

IMS studies employing radiolabels can take 
advantage of quantification through auto-
radiography in order to optimize both tissue dis-
tribution and quantification [50]. Alternatively, 
spotting standards on control tissue prior to 
matrix application to generate calibration curves 
has also been used for IMS quantification [1]. 
This methodology mimics the interaction of 
the tissue, analytes and matrix, but may not be 
completely representative of the tissue extraction 
process. These recent literature reports are prom-
ising and effectively show that a reasonable level 
of quantification can be obtained; however, sig-
nificant improvements will be required to reach 
the validation level of a quantitative LC–MS 
assay or autoradiography. The issue of quantifi-
cation in MALDI IMS represents several unique 
challenges and should continue to draw atten-
tion and become more refined as greater insights 
into the MALDI process are gained. 

Evaluating limits of detection in IMS requires 
rethinking the definition of ‘sample’. It is clear 
in tissue homogenate work that homogenization 
and extraction followed by quantitative LC–MS 

ana lysis results in an analyte amount per vol-
ume of extract that can then be converted to a 
tissue concentration in µg per gram of tissue. 
However, in IMS the entire tissue section rep-
resents an array of samples, where the sample is 
defined as the individual area of tissue (pixel) 
where a MALDI mass spectrum is acquired. 
Therefore, it is important to define a limit of 
detection (LOD) in this small volume of tissue 
because pixel intensities below this value will be 
registered as containing no drug (Figure 4). One 
immediate consequence of this is that greater 
sensitivity, LOD, will usually be obtained with 
low spatial resolution (large laser spot or aver-
aged raster area) compared with high spatial 
resolution (small laser spot or averaged raster 
area) because the amount of analyte will be pro-
portionally higher in a larger area. Thus, in most 
cases the tradeoffs between signal intensity and 
spatial resolution must be taken into consider-
ation when planning an experimental strategy. 

Spectral resolution
Structural characterization of metabolites from 
biological matrices using MS is typically car-
ried out by employing a chromatographic sepa-
ration method, such as HPLC or UPLC, prior 
to introducing the sample into the mass spec-
trometer. The chromatographic separation adds 
another dimension of analyte differentiation for 
complex mixtures prior to mass spectrometric 
ana lysis. The development of high-resolution 
mass spectrometers [51–54] and data-mining 
software such as mass-defect filtering [55–57] 
has further facilitated metabolite identifica-
tion in biological matrices. MALDI IMS does 
not have the benefit of the initial chromato-
graphic separation and the burden of resolving 
all components depends on the mass analyzer. 
This is especially challenging in the low mass 
range (<1000 Da) where matrix background 
and high levels of endogenous species can sig-
nificantly interfere with signals for drugs and 
metabolites. Spectrometers with relatively low 
spectral resolution, including quadrupoles [58], 
ion traps [30] and time-of-flight [27] systems can 
be employed in IMS, but these systems, may 
require MS/MS methods to provide enough 
specificity to overcome interference from the 
matrix and endogenous compounds. The ana-
lyte selectivity of MS/MS methods significantly 
narrows the scope of the IMS experiment to a 
single target molecule of interest, and there-
fore excludes additional drug-related material 
or endogenous components from detection. 

Review |  Castellino, Groseclose & Wagner

Bioanalysis (2011) 3(21)2432 future science group



However, it has recently been shown that a con-
tinuous raster imaging mode where multiple 
ion transitions are monitored sequentially can 
significantly enhance the scope of this type of 
imaging experiment [58,59].

High-resolution (HR) mass spectrometers 
such as the Fourier transform ion cyclotron 
resonance (FT–ICR or FT) and Orbitrap have 
the ability to mass spectrally resolve drug and 
metabolites from endogenous compounds with 
the same nominal mass. Consequently, HR-mass 
spectrometer instruments can perform IMS 
experiments in full scan mode allowing the 
simultaneous detection of drug, metabolites 
and potential biomarkers in one imaging experi-
ment [1,60]. However, the acquisition times of 
these instruments are typically much slower than 
lower resolution instrumentation, significantly 
increasing the total time for acquiring an image.

Several examples illustrate the importance 
of high spectral resolution in drug distribution 
studies. Figure 5 shows a region of the average 
spectrum and the corresponding ion images for 
two metabolites from a MALDI IMS experi-
ment conducted on liver tissue from a dog 
dosed with lapatinib. A resolution of  >50 K is 
required to completely resolve these two metab-
olites in a full scan mass spectrum and confi-
dently identify their corresponding tissue dis-
tributions. Another example of the importance 
of mass resolution is captured in Figure 6. Here, 
four singly charged ions that span a range of 
0.25 Da have been mapped as individual com-
ponents and as a composite, simulating what 
the image would look like if the ions were not 

adequately resolved. The ability to resolve drug-
related peaks from background allows one to 
comprehensively evaluate drug tissue distribu-
tions in a single MALDI IMS experiment. It is 
important to note that in some cases (e.g., iso-
baric metabolites), MS/MS will be required to 
confirm a metabolite’s identity. 

As a general strategy, instruments with less 
resolving power and mass accuracy can be 
employed successfully in IMS if there is a single 
molecular species that is being targeted and 
MS/MS spectra can reliably provide sufficient 
resolution from endogenous components. Such 
a strategy might be well suited in a discovery 
setting where the goal is to image the potential 
drug against a biological target. However, when 
the goal is to understand the tissue distribution 
of a drug and its metabolites, instruments with 
high resolution and high mass accuracy can be 
essential for IMS studies. A relatively new type 
of mass spectrometer, which incorporates post-
ionization separation based on ion mobility prior 
to detection has the ability to resolve even iso-
baric molecular components of a tissue in the 
gas phase based on collision cross section and, 
therefore, has great potential for drug imaging 
studies [61–64]. 

Spatial resolution
MALDI imaging generates 2D maps of ana-
lyte intensities across the surface of a tissue. 
The term spatial resolution, or pixel resolution, 
generally refers to the center-to-center distance 
between two adjacent areas of acquisition (pix-
els). In this review we will use the terms spatial 

Whole tissue Imaging MS acquisition at 50 µm
spatial resolution

Tissue sectioned in z-plane

Tissue section
Area: 50 mm2

Volume: 0.6 mm3

20,000 spots/spectra across tissue
Volume of tissue 
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~23,500 µm3Laser fired/mass spectra
acquired at each position

12 µm
thickness
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Figure 4. Limit of detection defined by MALDI pixel size.
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resolution and lateral resolution interchangeably 
to describe the effective laser spot or pixel of the 
tissue image. 

Spatial resolution is one of the most impor-
tant parameters that defines the utility and 
scope of MALDI imaging as applied to tissue 
distribution studies in drug development. In 
commercial instruments, the physical size of 
the laser spot is limited to approximately 10 µm 
with most experiments using a laser spot size 
between 50 and 250 µm. Recently, smaller laser 
spot sizes have been achieved in custom opti-
cal systems used in IMS experiments and reveal 
the potential for further development in the area 
of high-resolution imaging [60,65]. The physical 
limitation on the choice of pixel size in an IMS 
experiment is determined by the laser spot size; 
however, several additional factors, including 
sample preparation, analyte tissue concen tration, 
MALDI ionization efficiency and heterogene-
ity of the tissue, are also i mportant consider-
ations. An oversampling method can be used to 
achieve spatial resolutions higher than the laser 
spot diameter. This is conducted by using a ras-
ter increment that is smaller than the width of 
the laser beam and, therefore, only a fraction of 
the beam is ablating matrix and generating the 
measured analyte signal [66]. 

Average mass spectrum

Area of tissue
Low

High

m/z 746.42 m/z 746.48

0.25 amu

746.30 746.40 746.50 746.60 746.80746.20 746.80

m/z 746.57 m/z 746.61Composite image

1 mm

m/z

Figure 6. Implications of spectral resolution on tissue images. Four endogenous ions (color coded) in the average mass spectrum 
span 0.25 Da. An ion image for each of the four selected ions corresponding to the area shown in the optical image is shown. Each  
ion shows a unique distribution in the ion image. The composite image of all four selected ions demonstrates the result of poor  
spectral resolution.

m = 0.013 amu

473.1175

M2GW006

473.1045

473.000 473.050 473.100 473.150 473.200 m/z

Peak resolution (FWHM) = ~125,000

Figure 5. Two metabolites (GW006 and M2) of lapatinib from dog liver 
resolved by Fourier transform ion cyclotron resonance.
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In practice, achieving higher spatial resolution 
can be technically challenging and time con-
suming. Therefore it is important to consider 
the minimum resolution needed to answer the 
question at hand prior to analyzing a sample. 
Tissue sampling at 100–200 µm provides useful 
images on the order of what would be expected 
from WBA and can provide valuable distribu-
tion surveys of large tissue sections. Sampling 
with larger laser spot sizes has the advantage of 
speed (area sampled/time) and sensitivity (aver-
aging spectra over a larger area). However, in 
some cases where analyte distributions are highly 
localized to specific histological features (e.g., 
liver bile ducts) then higher spatial resolutions 
(<50 µm) may be required.

In some cases the resolution needed to acquire 
meaningful data is dependent on the type of pre-
clinical species used in a study assuming that the 
tissue of interest scales proportionally with the 
size of the animal. For example, brain tissues 
are structurally heterogeneous with numerous 
well-defined anatomical regions of varying size 
and distribution. Depending on the scope of the 
IMS ana lysis, careful consideration should be 
taken in devising a sectioning strategy for brain 
tissue, especially if it is desired to have specific 
regions with a greater exposure in the tissue 
sectioning plane. Figure 7 shows sagittal brain 
sections from a rabbit after repeat dosing of a 
developmental drug analyzed by MALDI IMS 
in our lab [Castellino S, Groseclose MR, Wagner D, 

Unpublished Data]. Data were acquired on a 
Bruker Solarix FT-ICR MS using 25 mg/ml 
DHB, methanol:water:0.5%TFA, and applied 
with a Bruker ImagePrep. The localization of a 
cysteine conjugate metabolite in the white mat-
ter of the brain is clearly visible in Figure 7A & B 
using a spatial resolution of 170 µm. In a pre-
clinical species, such as a mouse, where the size 
of the brain is significantly smaller a spatial 
resolution of 170 µm would not provide the 
same level of detail and may not be sufficient in 
d istinguishing many of the brain substructures.

In tissues such as kidney and liver, higher 
spatial resolution is required if ana lysis of the 
drug distribution into tissue sub-compartments 
is desired. Figure 8 displays the ion image for 
lapatinib and its metabolite M10 in a dog 
liver section at a spatial resolution of 150 µm 
after repeat dosing at 360 mg/kg for 5 days 
[Castellino S, Groseclose MR, Wagner D, Unpublished 

Data]. Lapatinib is highly metabolized by the 
liver and, in addition to parent and M10, ion 
images for 21 metabolites were also generated 
in the liver sections (data not shown). At a spa-
tial resolution of 50 µm, differences between 
the parent and some metabolite distributions 
become prominent (Figure 9B & C). Increasing 
the spatial resolution of the IMS ana lysis to 
50 µm provides a ninefold increase in data 
points and provides a significant enhancement 
in the clarity of the observed ion distributions. 
Increasing the spatial resolution to 35 µm 

Figure 7. Sagittal rabbit brain section showing distribution of cysteine conjugate 
metabolite. (A) Monochromatic ion image showing brain distribution of cysteine conjugate 
metabolite (170 µm spatial resolution). (B) Same ion image shown in rainbow intensity format. 
(C) Hematoxylin and eosin histology slide showing regions of the rabbit brain.
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reveals even further refinement to the point 
where accurate correlation of the ion distribu-
tions with the underlying tissue histology is 
possible. For example, Figure 10 shows a metab-
olite distribution localized predominately in the 
small bile ductules, which are typically between 
50 and 100 µm in diameter. Conducting IMS 
experiments at this level of spatial resolution 
generates discreet metabolite distributions into 
the subcompartments of a liver tissue such as 
the biliary tree, portal and central veins. Tissue 
sections serial to those analyzed by IMS can be 
treated with histology stains such as hematoxy-
lin and eosin to identify various subcompart-
ments and enable correlation between the tissue 

histology and the detected ion distributions. In 
Figure 11, inflammation in the histopathology 
sections are correlated with metabolite M10 
ti ssue distribution. 

In a similar fashion, differentiated subcom-
partment distributions of two drug metabolites 
are shown in the mouse kidney at the 2 h time 
point after 5 day repeat dosing of a develop-
mental drug (Figure 12) [Castellino S, Groseclose 

MR, Wagner D, Unpublished Data]. Note the cor-
relation of metabolite distribution and histol-
ogy of the tissue. In this study, metabolites are 
differentially distributed between the medulla 
and cortex at 2 h after the last dose. Rompp 
et al. recently showed that at 10 µm spatial 

Optical image of
region analyzed

m/z 581.14
Lapatinib

m/z 649.14
M10

Low

A B C High

Figure 9. Optical and ion images of a dog liver section at a spatial resolution of 50 µm. 
(A) Optical image of liver section. (B) Monochromatic ion image of lapatinib, m/z 581.14. (C) 
Monochromatic ion image of metabolite M10, m/z 649.1.

M10 LapatinibLow
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A

B C

Figure 8. Ion image of a dog liver section at a spatial resolution of 150 µm. (A) Optical 
image of liver section showing area of tissue where MALDI image was acquired. 
(B) Monochromatic ion image of metabolite M10, m/z 649.14. (C) Monochromatic ion image of 
lapatinib, m/z 581.14.
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resolution, further differentiation of the kid-
ney morphology can be resolved through IMS 
of endogenous lipids as well as dosed drugs [60]. 

One of the direct consequences of high lateral 
resolution imaging experiments in combination 
with high spectral resolution is the resultant 
large data sets which may require expansive data 
storage options. It is not uncommon to conduct 
an IMS experiment where >10,000 spectra 
are acquired, and when using an FT-ICR MS, 
each of these files can be several megabytes in 
size leading to datasets totaling >50 gigabytes. 
In addition, high performance computers (4; 
8-processors) with enhanced memory read/
write capabilities may be needed to process and 
manipulate these datasets efficiently.

In the practical application of IMS in drug 
development high lateral resolution is not always 
required. Rather, selection of the optimum spa-
tial resolution should be based on tissue type, 
drug and metabolite concentration, MALDI 
ionization efficiency and the level of histology 
correlation necessary to answer key questions. In 
many ways the consideration of spatial resolution 
in IMS is similar to how we use Google Earth® 
(Figure 13). A low spatial resolution image covers 
much more area but with less detail while a zoom 

can provide greater detail but over a smaller area. 
The pragmatic application of IMS in preclinical 
applications will typically involve initial tissue 
section surveys at lower spatial resolution fol-
lowed by higher spatial resolution images over 
selected tissue areas, potentially directed by 
 histology ana lysis.

Conclusion
MALDI imaging is an emerging tool for 
enhancing our understanding of drug and 
metabolite tissue distributions. The ability to 
differentiate parent drug and metabolites in the 
same experiment without the need for labeling 
sets it apart from other methods. The impact 
of MALDI imaging in drug development stems 
from the unique ability of this method to corre-
late chemistry and biology in preclinical mod-
els. It provides the opportunity to carefully 
link tissue histology and drug and metabolite 
ion maps at meaningful levels of spatial reso-
lution. The ability to map pharmacological 
receptors to drug or metabolite distribution is 
transformational in drug development. New 
insights into the mechanisms of pharmacology 
and toxicology will be possible. Furthermore, 
the tissue imaging data will impact associated 

H&E stain
Serial tissue sections

Ion images

Bile ducts Bile ducts

Connective tissue

Portal vein

200 µm

m/z 656.14 - heme (+K)

m/z 597.13 - GSK042

m/z 578.20 - endogenous species

Figure 10. Correlation of histology and ion image in dog liver sections. A small area of the 
histology section is magnified showing details of structural features. A composite ion map (50 µm 
spatial resolution), which corresponds to the same zoomed region, is constructed showing heme 
ions (potassium adduct) in the portal vein, a lapatinib metabolite (GSK042) in the bile ducts, and 
surrounding area from on endogenous species. 
H&E: Hematoxylin and eosin.
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areas of physiologically based pharmacokinetic 
modeling as well as drug–drug interactions and 
transporters.

Future perspective 
The ability of MALDI imaging to provide a 
greater understanding of drug and metabolite 
tissue distribution is very exciting and at the 
heart of the widespread interest in this tech-
nique. Linking biology through histology and 
the intrinsic chemical properties of drugs and 
their metabolites could be translational in drug 
development. However, we must not let the early 
success of IMS in drug tissue distributions stud-
ies obscure the need for greater understanding of 
the science behind MALDI imaging. Collecting 
meaningful data requires careful experimental 
execution and an in-depth knowledge of the pro-
cesses from sample preparation to data ana lysis. 
Over the next 5 years, a greater understanding 
of the MALDI experiment will help guide prac-
titioners in the successful application of IMS to 
tissue distribution studies in drug development. 
In addition, venders and researchers will (con-
tinue to further develop and refine hardware 
and software to make the IMS experiment more 
robust and easier to implement. Researchers will 
also continue to develop and explore compli-
mentary ionization methods that will broaden 

H&E stain
Serial tissue sections
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Inflammation
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Figure 11. Correlation of histology and ion image in dog liver sections. A small area of the 
histology section is magnified showing regions of inflammation. An ion map (50 µm spatial 
resolution), which corresponds to the same zoomed region, shows the localization of lapatinib 
metabolite M10, localized only in the regions associated with the inflammation. 
H&E: Hematoxylin and eosin.
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Figure 12. Differential metabolite distributions in mouse kidney at 2 h. 
(A) Ion images for two mouse kidney metabolites; (top) 150 µm spatial resolution 
(bottom) same section at 50 µm resolution. (B) Hematoxylin and eosin stain of 
serial section. 
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the scope of the IMS experiment. If we do not 
get ahead of ourselves, and continue to explore 
and develop the science associated with imag-
ing MS, in 10 years time this methodology 
could be as commonplace as LC–MS is in drug 
d evelopment today.
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