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When a tissue slice pretreated with gold nanoparticles is irradiated with a focused 532-nm con-
tinuous wave laser, desorption is observed to be uniform and stable, and its shape is sharp and
steep. However, since the desorbed molecules are still electrically neutral particles in atmo-
spheric pressure (AP), additional procedure of ionizing them is necessary for AP mass spectrometry
(AP-MS) analysis. Therefore, the authors have combined an electrospray device with a simple
chamber connected to the airflow-assisted particle transport equipment mounted at the mass spec-
trometer inlet. Subsequent ionization processes using an electrospray device enable the detection of
several types of diacylglycerol molecules above 500 Da, which cannot be detected with the use of
AP plasma jets. The authors also developed a remote AP-MS using a long and flexible sampling
probe and a fiber laser with a slight modification of the proposed AP desorption and ionization
method. Published by the AVS. https://doi.org/10.1116/1.5099563

I. INTRODUCTION

With significant advances in analytical technology, elec-
tronic equipment, and precision machine technology in the
past two decades, vacuum operating technology in many fields
is gradually being replaced with alternative equipment and
technologies that can operate at atmospheric pressure (AP)
conditions.1–3 This trend in equipment development is no
exception in the field of mass spectrometry (MS). In a mass
spectrometer, although the process of classifying and detecting
ions from the specimen is inevitably in a vacuum state, the
various methods of desorbing, sampling, and ionizing of solid
specimens in AP have extensively been studied4–6 and referred
to as AP-MS methods. AP-MS is widely used to analyze
many biological samples, including cells and tissues, because
it has the advantage of analyzing moisture samples.7–10

AP-MS can also simplify the sample pretreatment steps
and is very useful for analyzing biological specimens in
cases that require detailed spatial distributions of molecular
species. AP-MS imaging, which provides both chemical
and spatial information, has been studied with a number of
different AP ionization methods and representative AP-MS
imaging methods, including desorption electro-spray ionization
(DESI),11,12 AP-matrix-assisted laser desorption/ionization,13,14

and laser ablation electro-spray ionization.15,16 Using the AP
nanoparticle- and plasma-assisted laser desorption ionization

method that was recently proposed, we acquired MS images
with a spatial resolution of several micrometers from fresh bio-
specimens.17,18 This method is based on an efficient desorption
process by a focused laser assisted with gold nanoparticles
(AuNPs) and a subsequent ionization step by applying a non-
thermal AP plasma jet. Combining the AP-MS system with
microscopic sample scanning, lipid and metabolite ion images
with a spatial resolution of 2–3 μm were obtained.17,18

The nonthermal AP plasma jet device as a separate ion-
ization source is advantageous in that it is simple in struc-
ture and easy to manufacture. Since the generated AP
plasma jet is only controlled by the flow rate of helium
gas and the applied voltage, reliable and reproducible
analysis can be assured. In addition, the generated AP
plasma jet is in a complete gaseous state and is easily
transported to the MS inlet through airflow-assisted ion
transport equipment. However, the use of AP plasma jets
has been found to cause low signal intensity in the mass
range of ions of m/z > 500 in the positive ion mode for tissue
analysis. Therefore, we considered the use of an electrospray
device for postionization instead of the AP plasma jet device
to improve the analytical sensitivity. To install an electrospray
device into the proposed AP-MS system, we need to redesign
and install the ionization source part and the stage where
specimen desorption/ionization takes place.

In this study, we investigate the electrospray-assisted con-
tinuous wave (CW) laser desorption and ionization method
for micrometer spatial resolution MS imaging. We fabricate
a new AP ionization source that comprises an electrospray
combined with an airflow-assisted particle transport device.

Note: This paper is part of the Conference Collection from the AVS Pacific Rim
Symposium on Surfaces, Coatings and Interfaces (PacSurf 2018) meeting.
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We report that various biomolecular ions in the mass range of
m/z > 500 can be detected by analyzing tissue specimens
using this AP-MS system equipped with the new AP ioniza-
tion source. Based on this electrospray-assisted laser desorp-
tion and ionization method, we also propose a remote AP-MS
method using fiber lasers and flexible tubing and provide pre-
liminary MS data. The ability to transfer molecular particles
from the specimen at relatively high efficiency allows MS
analysis at a remote location (about 1.5 m distant).

II. EXPERIMENT

A. Specimen preparation of mouse hippocampal
tissue slice

Male 7-week-old C57BL/6 mice were purchased from
Koatech (Pyeongtaek, South Korea) and housed in pathogen-
free animal facilities. All experiments were approved and per-
formed in accordance with the guidelines for animal use and
care in the Daegu Gyeongbuk Institute of Science and
Technology (DGIST, South Korea). After sacrificing and brain
extraction, the hippocampus was isolated and transversely

sliced at 200 μm thickness with a tissue chopper (McLlwain
Tissue Chopper, Cavey Laboratory Engineering, UK). The
tissue slices were aerated with oxygenated sucrose artificial
cerebral spinal fluid (sACSF) containing 124mM NaCl,
2.5mM KCl, 24mM NaHCO3, 5mM HEPES, 2mM MgSO4,
2mM CaCl2, 12.5mM D-glucose, and 4mM sucrose bubbled with
95% O2/5% CO2 at 32 °C. After 1 h aeration, the slices were
submerged with a 5ml sACSF solution with citrate-AuNPs
(0.5 nM, 20 nm). Citrate-AuNPs (20 nm, Abs = 1.0 at 520 nm)
were prepared using the method described by Frens (HAuCl4
and trisodium citrate in distilled water).19 After 1.5 h incuba-
tion with the AuNPs, the hippocampal tissue slices were
washed 10 times and placed on O2 plasma-pretreated slides.
Since tissue specimens do not need to be completely dried, the
analysis was started within 15min.

B. AP desorption/ionization source

We used the previously developed AP-MS imaging
system with a change in the AP ionization source.17,18 The
diode-pumped solid-state laser system (MGL-III-532, CNI
Optoelectronics Tech, China) generates CW laser light with

FIG. 1. AP-MS system with a combination of 532-nm CW laser, electrospray source, and airflow-assisted ion-transfer equipment. (a) Schematics of AP desorp-
tion and ionization procedure on analysis stage and particle transport. (b) Picture of analysis stage in the proposed AP-MS system. (c) Design of a customized
chamber for airflow.
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an output power of 300mW at 532 nm. The 532-nm CW
laser beam was introduced into the inverted microscope by a
dichromic beam splitter (NFD01-532-25 × 36, Semrock,
USA) and was focused precisely on the specimen through the
objective lens (Figs. 1 and 2). Because a visible-light laser
was employed as the light source for desorption, this configu-
ration enabled both optical imaging monitoring and laser
desorption in biological samples through the same objective
lens. All the MS images in this study were obtained using a
20× objective lens (NA = 0.45; LUCPlanFLN 20X, Olympus,
Japan) to focus the laser beam.

The electrospray device, a head part of a commercial
DESI source (Prosolia Inc., USA), was mounted at a 30°
incidence angle in the chamber. A direct current voltage of
3.5 kV was applied. Nitrogen gas (HP grade; 99.999%) with
a gas flow rate of 580 sccm was applied for carrier gas, and
the methanol/water solvent (H2O/MeOH 1:1, v/v) with 1%
acetic acid was applied at 10 μl/min into the electrospray to
produce charged droplets.

Figures 1(a) and 1(b) show the configuration of AP desorp-
tion and ionization sources and airflow-assisted particle trans-
port equipment. The dry pump generated airflow inside the
particle transfer tube toward the MS inlet. This equipment,
coupled with the mass spectrometer, successfully transfers
molecular substances to the MS inlet under AP conditions,
where no pressure difference exists. The customized chamber,
as shown in Fig. 1(c), mounted on the MS inlet allowed ioni-
zation of desorbed molecules by the electrospray near the MS
inlet, resulting in a large abundance of ion spectra.

C. Assembled scanning system setup for MS imaging

The AP-MS imaging system employed in this study consists
of a mass spectrometer (Q-Exactive hybrid quadrupole-Orbitrap
mass spectrometer, Thermo Fisher Scientific, USA), a sam-
pling stage, a 532-nm CW laser, an electrospray device, and
airflow-assisted ion transport equipment, as shown in Fig. 2.
In order to optically monitor the biological sample and
decide the analysis region, the stage of an inverted optical
microscope (IX73, Olympus, Japan) was used as a sampling
stage. Figure 2 also describes the assembled scanning
system setup for MS imaging, including experiment timing
sequence of scanning stage, laser exposure, and MS data
acquisition. The motion control program of the sample stage
relayed logic signals to the scanning stage, the mass ana-
lyzer, and the optical shutter for lasers simultaneously, so
that laser desorption scanning was precisely synchronized
with MS data acquisition.

D. Tentative mass assignment

Since the electrospray device was used as a separate ioni-
zation source, the background spectra from the charged drop-
lets should be removed from the entire mass spectra after
achieving the mass spectra from the specimen by this AP-MS
method. We found as many ion peaks as possible that
showed spatial distributions similar to the specimen shape, by
comparing ion images with optical images, and then searched
for biomolecules that might exist in the tissue specimen
using the Human Metabolome Database (www.hmdb.ca/).

FIG. 2. Schematic diagram for the entire AP-MS imaging system setup employed in this study. The AP-MS imaging system consists of a mass spectrometer, a
sampling stage, a 532-nm CW laser, an electrospray device, and airflow-assisted ion transport equipment. The schematics also describe the assembled scanning
system setup for MS imaging, including experiment timing sequence of moving platform, laser trigger, and MS data acquisition.

041001-3 Kim et al.: Atmospheric pressure mass spectrometric imaging of bio-tissue specimen 041001-3

Biointerphases, Vol. 14, No. 4, Jul/Aug 2019

http://www.hmdb.ca/


The assignment of ion peaks was performed by matching
the theoretical mass value of the molecules with the mea-
sured mass value. This ion assignment was double-checked
by a comparison of tandem MS data with the corresponding
standard materials.17,18

III. RESULTS AND DISCUSSION

A. Electrospray-assisted CW laser desorption and
ionization method for AP-MS imaging

We considered the use of an electrospray device for pos-
tionization in this study instead of the previously used non-
thermal AP plasma jet source. A nonthermal AP plasma is a
method of generating charged particles by ionizing biomole-
cules using the ionization energy and excitation energy of
helium species in the plasma medium, whereas electrospray
is a method in which tiny charged solution droplets are
attached to biomolecules to form charged particles.20 Thus,
the ionization process using electrospray is known to be
excellent for the analysis of large biomolecules such as pro-
teins and DNA because the analytes do not collapse or break
during the ionization process.21

To install an electrospray source into the AP-MS system,
we needed to redesign the ionization source part and the
stage where specimen desorption and ionization takes place.
Before applying the new ionization source, we first changed
the location of the ionization source near the sample to the

MS inlet and integrated the ionization source and the gas
flow assisted particle transfer device into one device (Fig. 1).
The lateral resolution of the MS imaging is determined by
the rastering speed of the 2D scanning stage, the interval of
x-axial lines, and the measurement parameters of the mass
analyzer, so that even if the ionization source is changed, the
spatial resolution of MS imaging is not affected. The use of
electrospray ionization sources is expected to increase the
analytic range of biomolecule materials, resulting in an MS
system with improved analytical performance.

B. High spatial resolution AP-MS imaging of
hippocampal tissue slice

Adult mouse (7-week-old, male, C57BL/6) hippocampal
tissue slices were chosen as a bio-specimen for high spatial
resolution MS imaging because of the distinctive structures
and functions related with memories.22,23 We applied the
electrospray-assisted CW-laser-based AP-MS method to
obtain hippocampal tissue imaging with a pixel size of
4.2 × 5.0 μm2 covering an area of 1800 × 1500 μm2 (433 ×
300 pixels). Total acquisition time was around 6 h. Despite
the mass range being set to m/z = 100–1000 for measurements,
strong ion signals were mostly observed under m/z = 650 from
mouse hippocampal tissues. An investigation of the MS
spectra revealed the presence of more than 200 sample-related
ionic species, and some of the detected ions were identified
as metabolites, lipids, and their derivatives. The tentatively

TABLE I. Tentatively assigned molecular ions from mouse hippocampal tissue slice in positive ion mode (number of C atoms: degree of unsaturation).

Compound Measured m/z Theoretical m/z Formula Species Error (ppm)

Amino acid Adenine 136.0617 136.0618 C5H6N5 [M +H]+ 0.73
Dopamine 154.0860 154.0863 C8H12NO2 [M +H]+ 1.95

Phosphocholine 184.0755 184.0733 C5H15NO4P [M]+ −11.95
Sphingolipid Sphingosine 282.2788 282.2791 C18H36NO [M +H−H2O]

+ 1.06
Sphinganine 284.2944 284.2947 C18H38NO [M +H−H2O]

+ 1.06
Ceramide 18:0 548.5394 548.5401 C36H70NO2 [M +H−H2O]

+ 1.28
Sterol lipid Cholesterol 385.3460 385.3464 C27H45O [M−H]+ 1.04

369.3512 369.3516 C27H45 [M +H−H2O]
+ 1.08

Glycerolipid MAG (16:1) 311.2575 311.2581 C19H35O3 [M +H−H2O]
+ 1.93

329.2688 329.2686 C19H37O4 [M +H]+ −0.61
MAG (16:0) 313.2731 313.2737 C19H37O3 [M +H−H2O]

+ 1.92
331.2831 331.2843 C19H39O4 [M +H]+ 3.62

MAG (18:2) 337.2735 337.2737 C21H37O3 [M +H−H2O]
+ 0.59

355.2859 355.2843 C21H39O4 [M +H]+ −4.50
MAG (18:1) 339.2890 339.2894 C21H39O3 [M +H−H2O]

+ 1.18
357.2983 357.2999 C21H41O4 [M +H]+ 4.48

MAG (18:0) 341.3046 341.3050 C21H41O3 [M +H−H2O]
+ 1.17

359.3147 359.3156 C21H43O4 [M +H]+ 2.50

DAG (30:2) 519.4394 519.4408 C33H59O4 [M +H−H2O]
+ −2.70

DAG (30:1) 521.4554 521.4564 C33H61O4 [M +H−H2O]
+ −1.92

DAG (30:0) 523.4712 523.4721 C33H63O4 [M +H−H2O]
+ −1.72

DAG (32:1) 549.4894 549.4877 C35H65O4 [M +H−H2O]
+ 3.09

DAG (32:0) 551.5046 551.5034 C35H67O4 [M +H−H2O]
+ −2.18

DAG (34:3) 575.5029 575.5034 C37H67O4 [M +H−H2O]
+ −0.87

DAG (34:1) 577.5180 577.5190 C37H69O4 [M +H−H2O]
+ 1.73

DAG (34:0) 579.5342 579.5347 C37H71O4 [M +H−H2O]
+ 0.86
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assigned ions are listed in Table I, which shows that
electrospray-based AP-MS can detect bio-substances with
higher molecular weight (m/z > 500), such as several types of
diacylglycerols (DAGs), as compared with the previous
results obtained by the AP plasma ionization.17

By transforming each MS spectra with BioMAP soft-
ware (Novartis Institutes for BioMedical Research, USA),
AP-MS imaging for the mouse hippocampal tissue slices was
obtained, shown in Fig. 3. After MS analysis, the scanned
area showed destruction, indicating that efficient desorption
and ionization processes occurred in this area [Fig. 3(a)].
Twelve MS images with selected ion-species for monoacyl-
glycerols (MAGs) (16:1, 16:0, 18:1, 18:0, 18:2), DAGs
(32:1, 32:0, 34:1, 34:0), adenine, cholesterol, and ceramide
(18:0) are displayed in Figs. 3(b)–3(d). The ion image of
adenine (m/z = 136.062) can be clearly divided into the apical
and basal dendritic areas in CA 1 to CA 3, which were
located on the inside and outside of the soma location,
respectively. The ion images in Figs. 3(b) and 3(c) exhibited
mostly similar spatial distribution with that of our previously
reported ion images based on AP helium plasma ionization

source.17 However, we could detect several additional bio-
molecules with higher molecular weight with the great aid of
electrospray ionization, and we could additionally obtain ion
images of DAG 32:1, DAG 32:0, DAG 34:1, and DAG 34:0
as shown in Fig. 3(d).

Using this proposed AP-MS method, more ion peaks of
biomolecules with higher molecular weights in addition to
DAGs were certainly detected in the mass spectra. However,
they were not suitable for imaging because of their low
abundance. For successful MS images to identify the spatial
distribution of molecules in the hippocampal tissue slice,
an abundance (intensity) of at least 100,000 counts was
required. Analysis of hippocampal tissues of adult mice
revealed that triacylglycerol (54:6) (m/z = 897.393), neutral
glycerols (m/z = 750.513 and 834.536), and GPCho (16:0e/
18:1) (m/z = 768.559) were consistently detected in addition
to the biomolecules of Table I; however, their abundances
were not enough to make chemical mapping images. It is
known that the type of solvent solution of the electrospray
source varies depending on the molecular weight of the
specimen.24,25 In this study, we only used 50% MeOH

FIG. 3. Optical images and MS images of hippocampal tissue slice of an adult mouse. (a) Differential interference contrast images of mouse hippocampal
tissue slice before and after MS analysis. MS images for (b) adenine and MAGs (16:1, 16:0, and 18:2); (c) MAGs (18:1 and 18:0), cholesterol, and ceramide
(18:0); and (d) DAGs (32:1, 32:0, 34:1, and 34:0).
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solvent with 1% acetic acid to detect high molecular weight
substances such as DAGs, but we do not consider this to be

the optimal detection condition and will continue to test and

report MS imaging using various solvent solutions.

C. Remote AP-MS method

For the application of the proposed AP-MS method to a
variety of biomedical research fields, we studied the devel-
opment of a remote AP-MS method by modifying the

FIG. 4. Remote AP-MS system. (a) Photograph of a remote AP-MS system combined with Teflon tubing and fiber laser, and (b) an enlarged photograph of AP
ionization source part. (c) Photograph of specimen analysis (dried caffeine solution and roasted coffee bean) with a remote sampling probe. (d) Schematics of
AP ionization source part and (e) close-up photograph of a remote sampling probe.

FIG. 5. Mass spectra obtained by the Remote AP-MS system in Fig. 4 from standard materials and a roasted coffee bean (positive ion mode). (a) Mass spectra
from standard caffeine and (b) tandem mass spectrometry (MS/MS) of the compound at m/z = 195.088 in standard caffeine. (c) Mass spectra from a roasted
coffee bean and (d) MS/MS of the compound at m/z = 195.088 in the roasted coffee bean.
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microscopy-based AP-MS imaging method. The employed
AP ionization source combined with the electrospray and
airflow-assisted particle transport equipment can be easily
modified to remote AP-MS, as shown in Figs. 4(a) and 4(b).
By using a long and flexible Teflon tube instead of a rigid
metal tube for transporting desorbed particles and by using a
fiber laser as a desorption source, a remote AP-MS method
can be developed with good accessibility of the sample
[Figs. 4(c) and 4(d)]. A remote sampling probe of 1.5 m
length was fabricated by combining a flexible Teflon tube
and optical fiber for sample desorption and transportation
for the remote AP-MS [Figs. 4(c) and 4(e)].

A fiber laser (Ocla808-15W, LVI Technologies Inc., South
Korea) generating a CW beam at 808 nm was connected to a
surgical diode fiber for laser surgery (3-600SFR, Surgical
Fibers LLC, USA). The Teflon tube (2 mm ID, 3 mm OD,
165 cm length) and the surgical diode fiber (600 μm OD,
165 cm length) were bundled at 10-cm intervals with heat-
shrinkable tape to form a long and flexible sampling probe,
as shown in Fig. 4(e). The MS spectra were obtained by ana-
lyzing the dried caffeine standard solution using the proposed
remote sampling probe [Fig. 4(c)], and the caffeine peak
(m/z = 195.088) was identified through tandem MS as shown
in Figs. 5(a) and 5(b). The surface of the roasted coffee bean
was analyzed in the same manner, and a strong ion spectrum
was also detected at m/z = 195.088, and tandem MS was used
to confirm caffeine [Figs. 5(c) and 5(d)]. The exceptional
flexibility and length of the sampling probe are expected to
enable it to reach various areas inside the human body. The
remote sampling probe that was fabricated is very well suited
to analyzing internal ailments of the human body due to its
significant flexibility, small diameter, and 1.5 m length.

IV. CONCLUSION

In this paper, we have studied the AP-MS method, which
combines electrospray ionization and laser desorption sources
to obtain micrometer spatial resolution MS imaging. The elec-
trospray device for the separate ionization source was fabri-
cated as a single device in combination with airflow-assisted
particle transport equipment and mounted on the MS inlet.
When using an electrospray source as a postionization method,
a higher-molecular-weight substance was detected as com-
pared with AP plasma jet, and as a result, four ion images of
DAG could be additionally obtained. We also investigated the
remote AP-MS method with fabrication of a long and flexible
sampling probe by combining a fiber laser and flexible Teflon

tubing. The proposed AP-MS method demonstrated that it can
be applied in various fields of research, from analytical chem-
istry, which examines the structure and components of a sub-
stance, to medical diagnostics that can diagnose the presence
or absence of a disease.
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