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ABSTRACT: A pulsed (10 Hz) infrared (IR) (1064 nm) laser is focused on a
sample surface by means of a microlensed fiber. Analytes desorbed from the fiber
surface are captured by charged microdroplets before entering a mass
spectrometer. By translating the sample surface, a chemical map is generated
with a resolution of 5 ym, defined as the change from 20 to 80% of the analyte
signal intensity. As a demonstration of the power of this new imaging technique,
analytes from a parsnip root section are imaged and compared with that obtained
from conventional laser ablation electrospray ionization mass spectrometry. The

improvement in spatial resolution is about a factor of 20.

ass spectrometry imaging (MSI) allows visualizing the

distribution of different chemicals in a variety of
samples, especially biological tissues.' * Unlike conventional
optical imaging techniques, MSI does not require tissue
staining or labeling of target molecules.”~” Instead, desorption
and ionization of molecules from a sample surface are key
steps. Electrospray ionization (ESI) is an efficient soft
ionization approach for detecting multiple molecules.*’
Desorption electrospray ionization (DESI) developed from
ESI is also a commonly used MSI technique, in which the
surface being analyzed is impacted by char§ed droplets of
solvent generated from an electrospray.'’™'* However, the
spatial resolution remains a challenge for DESI because of the
large sampling spot size by electrospray.’”” The spatial
resolution in DESI-MSI is typically about 150 ym. To tackle
this spatial limitation, the Akos Vertes group has introduced
another ambient electrospray-based MSI technique, called laser
ablation electrospray ionization mass spectrometry (LA-ESI-
MS)."*™"" In this process, analytes on the sample surface are
first desorbed mostly in the neutral form by a focused laser
beam (usually mid-infrared (mid-IR)). After colliding with
charged droplets from the electrospray source, analytes will be
ionized and transmitted into the heated inlet of a mass
spectrometer and the resulting ions are sorted by their mass-to-
charge ratios. The typical spatial resolution of LA-ESI-MSI is
about 100 pm. It might be imagined that the resolution might
be as small as the diffraction limit of the laser spot, but lens
aberration and the long working distance of the experimental
setup make this less possible. While the spatial resolution can
be increased by employing near-field optical techniques,"® or
using a vacuum ultraviolet (VUV)™ or extreme ultraviolet
(EUV)® laser and transmission geometry optical sys-
tems,”*"** the complexity of these approaches makes it
difficult to combine ESI with these laser-sampling methods to
achieve high-spatial-resolution MSI under ambient conditions.
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In the following, we describe an improved high-spatial-
resolution LA-ESI-MSI technique using a microlensed fiber,
which has been developed previously.””** The distance
between the fiber microlens and the sample surface was able to
be reduced to only several microns. In this way, sampling
craters near the optical diffraction limit were able to be
achieved. It is worth mentioning that the Akos Vertes group
has already introduced the use of optical fiber in LA-ESI-MS.*
A chemically etched fiber (450 ym core diameter) was used to
transfer the laser onto the sample surface. Using this method,
an ~30 pm ablation spot can be obtained on onion epidermal
cells.”® In this study, the microlensed fiber (16 um core
diameter) was fabricated by mechanical polishing and could
achieve a more accurate laser focusing effect. To obtain the
highest signal intensity, the X-distance (from sampling spot to
electrospray emitter in the horizontal direction) and Z-distance
(from the sample surface to mass spectrometer inlet in the
vertical direction) were accurately optimized. With the mass
spectra intensity line scan of a standard grid sample, the spatial
resolution was calculated to be ~5 pm, which seems to be the
highest level among the reported LA-ESI-MSI methods. We
performed both traditional LA-ESI-MSI and microlensed fiber
desorption ESI-MSI on the same parsnip root tissue slice to
demonstrate the imaging improvement with this high-
resolution technique.
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B EXPERIMENTAL SECTION

Microlensed Fiber Desorption ESI-MSI Platform.
Compared with traditional LA-ESI-MS, we replaced the laser
focusing device with a microlensed fiber, which was used to
transmit and precisely focus the pulsed laser output onto the
sample surface. Figure 1 presents a schematic diagram of the
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Figure 1. Schematic diagram of the LA-ESI-MSI platform with a
microlensed fiber.

microlensed fiber desorption ESI-MSI platform. The sample
was fixed on a two-dimensional micropositioner (Micro-Stage
systems, Mad City Labs, Inc., Madison, WI). An ion transfer
tube with a 50 mm extension is mounted on the mass
spectrometer (Orbitrap Elite Velos Pro, Thermo Fisher) as the
MS inlet. To ensure high ion transfer efficiency, a cylinder-
shaped ceramic heater (Xinxinshiji, Inc., Beijing, China) with a
2 mm inner diameter and a 40 mm length was placed on the
periphery of the ion transfer tube and the temperature was set
as 250 °C. A self-assembled nanoESI emitter (MicroTee Peek
360 pm, IDEX Health & Science, LLC, WA) that has a fused
quartz capillary tip (ID. 7S gm and O.D. 375 pm, Polymicro)
with an aperture diameter of ~1 um was used to generate the
charged droplets. The flow rate of the solvent (methanol and
water, v/v = 1:1) and ESI voltage were set to 100 nL/min and
1.6 kV, respectively, to ensure steady and continuous
electrospray generation. The pure silica fiber with a mode
field diameter of 16 ym (FM SI-2-ULL, Yangtze Optical Fiber
Company, Wuhan, China) was ground to produce a microlens
with a 10 pm radius of curvature. A linear micropositioner
(Micro-Stage systems, Mad City Labs, Inc., Madison, WI) was
used to control the distance between the sample surface and
the microlensed fiber to obtain the best focusing condition.
The angle between the microlensed fiber and the sample
surface is 45°. A nanosecond neodymium-doped yttrium
aluminum garnet (Nd-YAG) laser (wavelength 1064 nm,
DCR-11, Spectra-Physics) was coupled into the fiber with a
lens (f = 20 mm) and focused on the sample surface for
analyte desorption. A charge-coupled device (CCD) camera
was used for the real-time observation of the imaging area. The
photograph of the ion source is shown in Figure S1, and the
exact drawing of the ion source is shown in Figure S2.

B RESULTS AND DISCUSSION

Optimization of lon Source Parameters. Because high-
spatial-resolution imaging requires a high MS detection
sensitivity, it is desirable that as many ions as possible will

be produced through the sampling process. Therefore, two
important parameters, the X-distance (from sampling spot to
electrospray emitter in the horizontal direction) and Z-distance
(from the sample surface to mass spectrometer inlet in the
vertical direction), were accurately optimized. Figure 2a shows
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Figure 2. Optimization of ion source parameters. (a) Schematic
diagram showing the X and Z distances. (b) Signal intensity of
rhodamine B at different X and Z distances.

the schematic diagram of optimization, which used rhodamine
B as the sample analyte. The distance between mass
spectrometry inlet and nanoESI emitter was set as 8 mm.
The single pulse energy of the laser and the distance between
microlensed fiber and sample surface were set as 1.5 uJ and 8
pum, respectively. As shown in Figure 2b, the signal intensity of
rhodamine B of a single laser pulse shows large differences with
different X and Z distances. In this technique, the desorption
and ionization processes of the sample are separated by laser
and electrospray. To obtain the highest signal intensity, we
desire to obtain the largest collision cross section of laser
ablation plume and electrospray plume. Through the signal
intensity evolution, the best conditions for X and Z distances
were 0.5 and 2.0 mm, which was used in the following MSI
experiments.

In a typical microlensed fiber desorption electrospray
ionization process, the laser was considered as the sample
desorption source rather than the ionization source. That is, we
used a laser with low pulse energy to make sure that the laser
only desorbs the molecules from the solid sample surface to
the gas phase. Then, the neutral molecules are efficiently
ionized by the collision with charged droplets produced by the
nanoESI emitter. In this way, the signal interference caused by
the laser desorption ionization (LDI) process can be greatly
avoided. Also, the lower laser energy density guaranteed a
smaller sampling spot. We placed on a glass slide a 5 L drop
of rhodamine B and of reserpine, each at a concentration of 1
mM in methanol. After the solvent evaporated, the glass slide
was mounted on the two-dimensional micropositioner. As
shown in Figure 3, when there was only the laser or ESI
applied, the ion signal of the analyte cannot be detected
(orange and green lines in the mass spectra). When both laser
and ESI were turned on, the ion signal of rhodamine B at m/z
= 443.2334 and reserpine at m/z = 609.2819 can be observed.
This study demonstrated that ions were generated by laser
ablation combined with electrospray capture.

A previous study has indicated that an adjustable sampling
area is able to be achieved by changing the laser energy and the
distance between the microlensed fiber and sample surface.”
In this process, the distance between the fiber and sample
surface is able to be clearly observed by the CCD camera
(Figure S2). We prepared a thodamine B cladding sample on a
glass slide by vacuum sublimation. By adjusting the laser
desorption conditions, we studied the intensity and stability of
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Figure 3. Mass spectra of (a) rhodamine B and (b) reserpine under
different ion source configurations. The orange line shows the spectra
with only the laser on. The green line shows the spectra with only the
ESI on. The blue line shows the spectra of a combination of laser and
ESI both on.

the rhodamine B signal with different sampling crater sizes. As
shown in Figure 4a, sampling craters of different sizes can be
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Figure 4. (a) Sampling craters of different sizes on a rhodamine B film
on a silica substrate. (b) Rhodamine B mass spectrum signal intensity
for different sizes of sampling craters obtained with a single laser
pulse. Each error bar represents one standard deviation (n = 4).

obtained by changing the laser pulse energy and the distance
between fiber and sample surface. The single pulse energies
required to get the ablated craters from left to right are about
200, 340, 550, and 780 nJ, and 1 and 1.5 uJ, while the required
distances between the fiber tip and the sample surface are
about 15, 13, 13, 10, 10, and 8 pm. The size of the sampling
crater is the most intuitive representation of the spatial
resolution of the MSI Smaller sampling craters allow for a
more precise laser scan and a higher resolution. However, due
to the ionization efficiency and ion loss during the transfer
process, the reduced signal intensity limits the spatial
resolution. Figure 4b shows the mass spectra signal intensity
of rhodamine B at m/z = 443.2334 of a single laser pulse with
different sampling sizes. When the crater diameter is about 10
pum, a strong signal can be obtained. As the crater diameter and
sampling amount decrease, the signal intensity also becomes
lower. Sampling craters with a diameter of S ym are considered
to be the limiting resolution based on spatial resolution and
signal intensity.

Evaluation of the Spatial Resolution. Generally, the
spatial resolution of MSI is considered to be the distance
between 20 and 80% amplitude change of the line-scan profile
on a sharp edge.”” We made a shape-standard grid sample by

sublimating rhodamine B on a gold transmission electron
microscopy (TEM) grid (01824G, 300 mesh, Ted Pella, Inc,
Redding, CA). Figure Sa shows the sample preparation
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Figure S. Evaluation of spatial resolution of microlensed fiber LA-ESI-
MSL (a) Schematic diagram of rhodamine B grid sample preparation.
(b) Optical image of the imaging area on the rhodamine B grid
sample. (c) MS image of rhodamine B [C,H; N,05]" at m/z =
443.2334 of the area in (b). (d) Signal intensity scan of the black line
in (c).

process. In a 100 ym X 200 um area (Figure Sb), we
performed the high-resolution MSI. The sample moving step
size was set as S pm, and each pixel represents the rhodamine
B signal at m/z = 443.2334 obtained with a single laser pulse.
Figure Sc shows the imaging result consistent with the optical
image. By choosing a sharp edge in the outlined part in Figure
Sc, the imaging resolution is revealed to be approximately S
pum (Figure 5d). Additionally, we used a marker pen to draw a
pattern on a glass slide and perform LA-ESI-MSI within an
area of 240 pym X 210 um. The results showed that the main
ingredient of the marker pen is also rhodamine B. After laser
scanning, the sampling craters could be clearly observed on the
surface (Figure S3).

High-Resolution Plant Root Imaging. Over the past
decade, MSI has been adopted for the investigation of plant
biology, including mechanisms of plant responses to stresses
both abiotic and biotic, plant defense mechanisms, beneficial
symbiotic relationships, and fundamental eco-physiologically
important processes including nitrogen fixation and nutrient
cycling.”” For example, researchers have proved that LA-ESI-
MS is able to detect chemical distributions in plant tissues,
such as leaves and roots.'”**73° However, because of the
limitation of spatial resolution, traditional LA-ESI-MSI can
only visualize metabolites of plants on a macroscopic scale. We
use microlensed fiber LA-ESI-MSI to explore the location of
multiple metabolites in a parsnip root. To demonstrate the
advantage of high-resolution imaging, we recorded MSI images
with different spatial resolutions and compared them, side by
side, with the traditional approach. The high-resolution
imaging makes little damage to the sample, so it does not
affect the low-resolution imaging experiment in the same area,
which is taken again. The parsnip root was cut into 100 pm-
thick slices by a freezing microtome (HMS25 NX, Thermo
Scientific, Waltham, MA) without any treatment (Figure 6a).
To minimize signal interference, cryo-gel embedding medium
was only used for fixing a plant sample from its bottom and did
not contact its top part to be sliced.

Figure 6b—f displays low-resolution MS images of five
metabolites (m/z = 228.1813, m/z = 337.1691, m/z =
365.1024, m/z = 404.1733 and m/z = 480.2012), which
were obtained by traditional LA-ESI-MSI. Each pixel
represents the MS signal of a single laser ablation. The
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Figure 6. MSI of a parsnip root tissue slice. (a) Optical image of the tissue slice. (b—f) Low-resolution MSI images of selected peaks at m/z =
228.1813, m/z = 337.1691, m/z = 365.1024, m/z = 404.1733, and m/z = 480.2012. (g) Zoom-in optical image of the outlined region in (a). (h—1)
Comparison LA-ESI-MSI results for low resolution (left) and high resolution (right). In each color bar shown, the values on the left refer to low

resolution and on the right to high resolution.

distribution and relative concentration of each metabolite can
be clearly distinguished. The scanned area was 14 mm X 12
mm, and the sample moving step size was set as 100 ym, that
is, there are 140 X 120 pixels in each MS image. According to
the optical image, the cross section of the parsnip can be
divided into four parts from inside to outside, xylem, cambium,
phloem, and cortex.>' 73 Although the distribution of different
metabolites can be identified, the low-resolution images are
generally blurry. Figure 6g shows the magnified image of the
region outlined in Figure 6a. We performed the high-resolution
MSI with the microlensed fiber in the area inside the dotted
line (2 mm X 2 mm) and compared the results of different
spatial resolutions. Each pixel represents the MS signal of a
microlensed fiber sampling crater with a diameter of ~5 ym.
From the high-resolution MS image, the precise location of
different molecules can be obtained. For example, the
metabolite with m/z = 228.1813 was mainly distributed in
the cambium and some traces were also found in the cortex
(Figure 6b,h); the ion selected with m/z = 337.1691 was only
found in the xylem (Figure 6¢,i). Due to the fuzzy boundary, it
is difficult to recognize whether the metabolite with m/z =
365.1024 is distributed only in the phloem or both phloem and
cortex according to the low-resolution MS image. By
comparing the high-resolution MS image with the optical
image, we can clearly see that it is only distributed in the
phloem (Figure 6j). The ion selected with m/z = 404.1733 is
distributed mainly in the cortex but penetrates slightly into the
inner phloem (Figure 6k). The metabolite with m/z =
480.2012 is only located in the cortex, which has a thickness
of about 150 um (Figure 6l). Due to the effect of sampling
amount, the signal intensity of the high-resolution image is

nearly 2 orders of magnitude lower than that of the low-
resolution image.

B CONCLUSIONS

In mass spectrometric imaging (MSI), high spatial resolution is
a long-sought goal. The technique of microlensed fiber LA-
ESI-MSI that we have developed in this research is like a
chemical microscope, which can illuminate diversities and
precise details on the surface of a sample and provide an
opportunity for microzone analysis. Our experiment has
demonstrated that the spatial resolution of traditional LA-
ESI-MSI can be improved by a factor of 20 using the
microlensed fiber. Due to the universality, low cost, and
operability, it is easy for this technique to be employed for
imaging in multiple applications, such as those that occur in
clinical medicine and plant biology. It has the potential to
reveal specific molecules and metabolites at subcellular
resolution. It is worth mentioning that, 5 ym spatial resolution
is not the limiting level. The resolution can be further
improved if the transport and ionization efficiency of ions can
be improved.
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