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Abstract Mass spectrometry imaging (MSI) allows for the
direct and simultaneous analysis of the spatial distribution of
molecular species from sample surfaces such as tissue sections.
One of the goals of MSI is monitoring the distribution of
compounds at the cellular resolution in order to gain insights
about the biology that occurs at this spatial level. Infrared matrix-
assisted laser desorption electrospray ionization (IR-MALDESI)
imaging of cervical tissue sections was performed using a spot-
to-spot distance of 10 μm by utilizing the method of
oversampling, where the target plate is moved by a distance that
is less than the desorption radius of the laser. In addition to high
spatial resolution, high mass accuracy (±1 ppm) and high mass
resolving power (140,000 at m/z=200) were achieved by cou-
pling the IR-MALDESI imaging source to a hybrid quadrupole
Orbitrap mass spectrometer. Ion maps of cholesterol in tissues
were generated from voxels containing <1 cell, on average.
Additionally, the challenges of imaging at the cellular level in
terms of loss of sensitivity and longer analysis time are discussed.
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Introduction

Mass spectrometry (MS) has developed into a vital analytical
tool due to its sensitivity, molecular specificity, and versatility

in a wide range of applications. The introduction of “soft”
ionization techniques such as matrix-assisted laser desorption/
ionization (MALDI) [1, 2] and electrospray ionization (ESI)
[3] allowed for analysis of large biomolecules, which signif-
icantly advanced the utility of MS in biological and
bioanalytical applications [4]. One of the rapidly evolving
fields in mass spectrometry is mass spectrometry imaging
(MSI). In this technique, materials are desorbed from the
sample surface, ionized, and sampled using a mass spectrom-
eter while the spatial location of each ion is accurately record-
ed. Using this spatial information, a heat map of the abun-
dance and distribution of various compounds of interest can
be generated.

Secondary ion mass spectrometry (SIMS) and MALDI
were among the first ionization techniques used for MSI [5,
6]. Since a focused ion beam is used in SIMS, submicron
spatial resolutions can be achieved with no sample prepara-
tion; however, this technique has not been used extensively
for MSI of biological samples due to its destructive and mass-
range-limited nature. Recent improvements to this technique
have been geared toward circumventing these issues [7, 8].
MALDI is the most common ionization method used for MSI
and can achieve spatial resolutions, often defined as the laser
spot size, in the range of 50–200 μm [9]. Vast improvements
have been made to lasers, data acquisition methods, data/
image processing algorithms, and sample preparation proto-
cols since the advent of MALDI MSI. However, the demand-
ing vacuum requirements and relatively extensive sample
preparation steps place restrictions on the type of samples that
can be analyzed using MALDI MSI [10, 11].

In order to overcome the limitations mentioned above,
much effort has been put toward developing ambient ioniza-
tion techniques over the past decade. The introduction of
desorption electrospray ionization (DESI) [12] sparked a
new trend toward native sample analysis. Since then, many
new ambient ionization methods including atmospheric
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pressure MALDI (AP-MALDI) [10], direct analysis in real
time (DART) [13], atmospheric pressure solids analysis probe
(ASAP) [14], matrix-assisted laser desorption electrospray
ionization (MALDESI) [15], and liquid extraction surface
analysis (LESA) [16] have been introduced.

MALDESI is an ambient ionization method that com-
bines features of MALDI and ESI. An infrared (IR) or
ultraviolet (UV) laser can be utilized in MALDESI
experiments in order to resonantly excite an endogenous
or exogenous matrix. The term “matrix” refers to any
molecule that is present in large excess and absorbs the
energy of the laser and leads to the desorption of
neutral analyte molecules. In IR-MALDESI imaging
experiments, a thin layer of ice is frozen over the top
of the tissue as the energy-absorbing matrix. A mid-IR
laser pulse is then absorbed by the ice matrix and
facilitates the desorption of neutral material from the
surface by exciting the O–H stretching mode of water.
The plume of desorbed material partitions into the
charged droplets of electrospray, and ions are generated
by an ESI-like process that are sampled by a mass
spectrometer [17, 18]. Using ice as the energy-
absorbing matrix has been reported previously in IR-
MALDI experiments; however, the ion yields for these
experiments are low [19, 20]. Post-ionization of neutral
molecules desorbed from tissue using ESI results in a
significant increase in sensitivity [21].

One of the goals of the MSI experiments, indepen-
dent of methods used, is to achieve cellular (5–20 μm)
spatial resolution. Achieving such spatial resolutions is
restricted either by the mass range, in the case of SIMS,
or by the laser spot size, in the case of laser-based
methods such as MALDI. The most obvious and direct
method for achieving cellular resolutions in laser-based
methods is employing a laser with a small beam diam-
eter. Several strategies have been reported for decreasing
the laser beam diameter, including placing a pinhole
aperture in front of the existing focusing optics [22],
using multiple lenses between the laser and the source
[23], attenuating the laser beam to desorb/ionize mole-
cules from a smaller area [24], and using microscope
and microprobe mode mass spectrometry imaging [25,
26]. However, the current limitations in laser focusing
and optics make these approaches difficult.

Another method for achieving smaller desorption
areas is using the oversampling method [27]. In this
method, the sample is completely ablated at each posi-
tion; the sample target is then moved by a distance that
is smaller than the diameter of the laser beam. The
consecutive ablated area is thus considerably smaller
since it only contains the overlap of the laser beam size
and the non-ablated sample. Using this method, the
resolution is not limited by the diameter of the laser

beam. When employing the oversampling method, it is
important to ensure the amount of material desorbed at
each step stays constant. Therefore, the oversampling
method is likely to yield more valid results with the
IR lasers method than UV lasers, since IR lasers tend to
remove more material than UV lasers [28].

Herein, we present an application of the oversampling
method to map the spatial distribution of cholesterol in
human cervical tissues via IR-MALDESI and using spot-
to-spot distances of 100, 30, and 10 μm. When using
10-μm-thick tissue sections and a 10-μm spot-to-spot
distance, a voxel of 2.0×103 μm3 is sampled at each
acquisition event. The term voxel is used because the z
dimension (tissue thickness) is on the order of the area
ablated in the xy plane. The ion maps obtained using a
10-μm spot-to-spot distance represent the content of a
voxel containing <1 cell.

Experimental

Materials

HPLC-grade methanol and water were purchased from
Burdick & Jackson (Muskegon, MI, USA). Formic acid was
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Nitrogen gas (99.98 % purity) used for purging the IR-
MALDESI imaging enclosure was obtained from MWSC
High Purity Gases (Raleigh, NC, USA).

Samples

Cervical tissues were obtained from surgical waste via
the University of North Carolina Tissue Procurement
Facility through UNC IRB # 09-0921. Written informed
consent was obtained from all patients. The tissues were
sectioned into 10-μm-thick sections at −20 °C using a
Leica CM1950 cryostat (Buffalo Grove, IL, USA). The
tissue sections were then thaw-mounted onto glass mi-
croscope slides and stored at −80 °C until the time of
the experiment.

IR-MALDESI imaging source and the Q Exactive

The details of the IR-MALDESI imaging source have previ-
ously been described in great detail [17]. In summary, the
tissue section is placed on a water-cooled Peltier plate that is
cooled to −10 °C while under nitrogen purge. The sample on
the cooled plate is exposed to ambient conditions in order to
condense water directly on the tissue and form a thin layer of
ice on the surface. Once the ice layer has been formed, the
enclosure around the source is closed and purged with nitro-
gen in order to maintain ∼10% humidity in order to preserve a
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consistent ice matrix layer throughout the experiment [18]. A
mid-IR laser (IR Opolette 2371; OPOTEK, Carlsbad, CA,
USA) with a wavelength of 2940 nm is used to resonantly
excite the O–H stretching mode of water molecules in the ice
matrix layer and facilitate the desorption of neutral molecules
from the tissue. The neutral molecules are post-ionized by
partitioning into the electrospray plume where ions are formed
in an ESI-like process [15]. In this experiment, a 50/50 (v/v)
solution of methanol/water with 0.2 % formic acid was used
as the electrospray solvent.

The IR-MALDESI imaging source was fully synchro-
nized with a Q Exactive (Thermo Fisher Scientific,
Bremen, Germany) mass spectrometer such that the
laser ablation event and ion acquisition are coordinated
at each pixel. The automatic gain control (AGC) was
turned off for imaging experiments. AGC uses a pre-
scan to calculate the rate of ion accumulation followed
by filling of the C-trap to ensure that a constant number
of ions are injected into the Orbitrap. AGC is a very
effective approach to achieve high mass measurement
accuracy for continuous ionization sources; however,
since IR-MALDESI is a pulsed experiment, AGC must
be turned off. When AGC is off, the ions are accumu-
lated for a set period of time set by the maximum
injection time (IT). Mass accuracy of ±1 ppm was
achieved by using two peaks of an ambient ion,
diisooctyl phthalate, at 391.2843 [M+H+]+ and 413.266
[M+Na+]+ as lock masses in the control software [29].

For each acquisition event, two laser pulses (20 Hz repeti-
tion rate) were generated with a 150-ms injection time to
accumulate ions from both laser pulses in the C-trap followed
by a single Orbitrap acquisition. The mass range of 150–600
m/z was measured with the resolving power of 140,000
(FWHM, m/z=200). The focal diameter of the IR laser was
measured to be ∼300 μm on burn paper; however, the desorp-
tion diameter (spot size) of the laser on tissue samples was
measured at 150 μm [18]. The oversampling method with
spot-to-spot distances of 100, 30, and 10 μm was used to
acquire ion maps of cholesterol (m/z 369.3516, [M−H2O+
H+]+). The ion maps at 100, 30, and 10 μm spot-to-spot
distance translate to 225, 2400, and 22,200 pixels, respective-
ly, for the same area of the region of interest (ROI).

Data analysis

The .RAW files obtained from the Q Exactive instrument were
converted into mzXML files using MSConvert software from
ProteoWizard [30] and subsequently analyzed using the freely
available stand-alone version of MSiReader [31]. In order to
demonstrate the quality of the raw data, the images shown
have not been normalized or interpolated. Since it has been
shown that the widely used “rainbow” color scale leads to
misleading distinctions between intensity values [32–34], a

“hot” color scale was used for all images in order to better
demonstrate the changes in intensity in each pixel.

Results and discussions

Optimization of parameters for cellular imaging

The parameters for IR-MALDESI imaging of tissue sections
using 100-μm spot-to-spot distance were optimized in a pre-
vious study [18]. However, using these previously optimized
parameters with a 30-μm spot-to-spot distance resulted in the
deposition of a thick layer of ice on the surface of the tissue, on
top of the already deposited ice matrix. It is presumed that the
additional ice was the result of freezing the water present in
the electrospray (ES) solvent after evaporation of methanol.
The deposition of the thick layer of ice over the selected ROI
resulted in a significant loss of ion abundance since the mid-IR
laser could not penetrate the tissue through the additional
layers of ice. In order to circumvent this issue, the ES solvent
flow rate was reduced to 0.5 μL min−1. Subsequently, the
spray voltage was reduced from 4 to 3.6 kV in order to
maintain a stable total ion current (TIC) throughout the exper-
iment. Optimization of the ESI solvent flow rate and the spray
voltage prevented the accumulation of ice during the experi-
ment and resulted in a vast improvement of the ion maps
obtained (Fig. 1). The same conditions were tested for imag-
ing at 10-μm spot-to-spot distance, and the results were sim-
ilar to that of 30 μm.

Imaging at cellular resolution

In an earlier work, the focal diameter of the IR laser used in
MALDESI experiments wasmeasured to be ∼300μmon burn
paper [17]; however, considering a Gaussian laser beam dis-
tribution, the desorption focus diameter can be significantly
smaller on tissue [24, 27]. Indeed, the desorption diameter
(spot size) for tissue samples was measured at 150 μm
(Fig. 2a) [18]. By employing the oversampling method, the

Fig. 1 Ion maps of cholesterol ([M−H2O+H
+]+) before and after the

optimization of the electrospray flow rate and spray voltage. Flow rate
and spray voltage were decreased in order to improve signal abundance.
The tissue boundary is illustrated using the dotted line
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step size is smaller than the desorption diameter such that only
material from a fraction of the irradiated area is desorbed
(Fig. 2b–d). Using a step size of 10 μm results in desorption
of the sample from an area that is ∼1 % of the irradiated
surface. Since the mid-IR laser ablates all the way through
the tissue section and the ice matrix, it ensures that the amount
of materials ablated at each voxel remains constant throughout
the experiment.

It is worth noting that high spatial resolution is not
the only requirement for imaging at cellular levels.
Because imaging involves direct analysis of analytes
from surfaces, chromatographic separations to reduce
spectra complexity and ion suppression are not avail-
able. Therefore, high mass resolving power instruments
are critical for the analysis of biological samples due to
their complexity. Imaging using an instrument with low
mass accuracy and low mass resolving power can result
in neighboring peaks overlapping with the peaks of the
analyte of interest and lead to losing the spatial infor-
mation about the analyte. This is especially important
when using ambient ionization techniques, such as IR-
MALDESI, since many ambient ions can also interfere
with the peaks of the analyte of interest. Therefore,
generating accurate and detailed images at cellular res-
olutions requires coupling of high spatial resolution with
high mass accuracy and mass resolution instrumentation.
The Q Exactive mass spectrometer used in IR-
MALDESI experiments is an example of high mass

accuracy instrumentation used in a variety of MS appli-
cations, as we recently demonstrated in the MS and
MS/MS MSI of antiretroviral drugs in cervical tissues
[35].

Images of human cervical tissue sections were obtained
using the reoptimized parameters for step sizes of 100, 30, and
10 μm. All ion maps presented have been generated with an
m/z tolerance of ±5 ppm. These images are presented with no
background subtraction and have not been normalized or
interpolated (Fig. 3). In each case, a 1.5 mm×1.5 mm ROI
was chosen on the edge of the tissue in order to resolve the
boundaries of the tissue. It can be seen that in all three images,
the boundaries of the tissue are clearly distinguishable.

Epithelial cells are one of the fourmajor types of cells in the
human body. They line the major cavities of the body and can
be found in many organs such as lungs, kidneys, skin, repro-
ductive organs, and eyes. Depending on their function and
location, these epithelial cells have different structures and
sizes. The average diameter of squamous epithelial cells in the
cervix is 20μm [36]. Therefore, each voxel analyzed at a spot-
to-spot distance of 10 μm represents a volume of <1 cell, on
average.

Challenges of imaging at cellular level

Higher spatial resolution imaging entails many limitations,
such as decrease in sensitivity and longer analysis times
(Fig. 3). Imaging at cellular resolutions results in a significant

Fig. 2 The optical focus diameter
(300 μm) and the desorption
diameter (150 μm) on tissue
illustrates the semi-Gaussian
distribution of the laser beam (a).
Areas ablated with spot-to-spot
distances of 100 μm (b), 30 μm
(c), and 10 μm (d) are depicted.
The volume of each voxel was
calculated considering a 10-μm-
thick tissue section
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loss of sensitivity since a much smaller area is sampled and
less material is available for ionization. This loss in sensitivity
limits the molecular complexity that can be distinguished
since only the most abundant species are observed at these
spatial resolutions. The average ion abundance of cholesterol
(m/z 369.3516, [M−H2O+H

+]+) when using a 100-μm spot-
to-spot distance was 1.12×105. This value decreased to 2.23×
104 and 1.12×103 when using 30- and 10-μm spot-to-spot
distances, respectively. The sensitivity correlates directly to
the area sampled, which in turn is related to the square of the
sampled spot radius. Even though when using the
oversampling method the ablated area is not a complete circle,
this assumption still holds true since the average signal abun-
dance decreases by a factor of 100 when the spot-to-spot
distance is reduced from 100 to 10 μm (Fig. 3). This shows
that the ionization efficiency remains the same for the tissue-
related material at high spatial resolution, and the loss in
sensitivity is the direct result of a smaller amount of materials
being ablated.

When smaller sample volumes are ablated and the signal
abundance is decreased, the amount of analyte sampled
reaches or falls below the limit of detection (LOD) of the
instrument. In this example, decreasing the step size from

100 to 10 μm resulted in a decrease of signal abundance by
two orders of magnitude. At cellular resolutions, the most
abundant species, such as lipids, can be distinguished easily.
However, less abundant metabolites or dosed drugs are much
more difficult to analyze since their signal abundance will be
very low and the signal-to-noise ratio (S/N) for these analytes
will be considerably lower. Figure 4 shows the mass spectra
obtained with no oversampling and oversampling using 100,
30, and 10 μm step-to-step distances, along with the S/N and
MMA of cholesterol. A twofold decrease in S/Nwas observed
when comparing images obtained using no oversampling and
oversampling using 100-μm step sizes. Also, the S/N was
decreased by a factor of ∼6 when the step size is reduced from
100 to 10 μm. Therefore, the LOD of the instruments need to
be improved by orders of magnitude in order to obtain cellular
images of less abundant species.

Another limitation of imaging at high spatial resolutions is
the longer analysis times accompanied by sampling smaller
areas. An ion map of cholesterol was obtained in 0.03 h using
a spot-to-spot distance of 100 μm over an area of 2.25 mm2.
Acquiring ion maps over the same ROI took 0.34 and 3.4 h
using spot-to-spot distances of 30 and 10 μm, respectively.
Improving the spatial resolution by a factor of N requires N2

data points, thus increasing the analysis time by a factor ofN2.
Reducing the spot-to-spot distance from 100 to 10 μm result-
ed in an increase in analysis time by a factor of ∼100 for the
same area. Due to the time constraints, often, imaging at high
spatial resolution reduces the possibility of observing changes
at cellular or subcellular levels over a large area.

Conclusions

We demonstrate coupling of high spatial resolution and high
mass accuracy mass spectrometry imaging of tissue sections
with the IR-MALDESI imaging source. The ion maps of
cholesterol in cervical tissues were generated using 100-,
30-, and 10-μm spot-to-spot distances. Using the
oversampling method, spatial resolution equivalent to

Fig. 3 The optical image of the
tissue section and the areas
analyzed is demonstrated in (a).
Ion maps of cholesterol (m/z
369.3516±5 ppm, [M−H2O+
H+]+) at spot-to-spot distances of
100 μm (b), 30 μm (c), and
10 μm (d) are also presented. The
number of pixels, number of cells
in a voxel, average signal
abundance, and analysis time are
compared for each experiment

Fig. 4 The spectra of cholesterol obtained using no oversampling
compared with oversampling using 100-, 30-, and 10-μm step-to-step
distances. The mass measurement accuracy (MMA) and signal-to-noise
ratio (S/N) for each peak are also reported
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assaying the content of <1 cell was achieved. Additionally, the
tradeoffs between sensitivity, analysis time, and spatial reso-
lution were investigated. Current experiments are focused on
redesigning the geometry of the laser in order to optically
decrease the laser focus diameter. This will result in the
decrease of the desorption focus diameter. Combined with
oversampling, as described in here, this will ultimately enable
us to obtain ion images of smaller cells and subcellular
features.
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