Chinese Chemical Letters 34 (2023) 107865

journal homepage: www.elsevier.com/locate/cclet

Chinese Chemical Letters

Contents lists available at ScienceDirect C L D

cliers GRERE

Design and characterizing of robust probes for enhanced mass ®)
spectrometry imaging and spatially resolved metabolomics =

Jianpeng Huang®"!, Shanshan Gao®P!, Kai Wang¢, Jin Zhang®P, Xuechao Pang?2P,

Junwen Shi®*, Jiuming He P

aState Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica, Chinese Academy of Medical Sciences and

Peking Union Medical College, Beijing 100050, China

Y NMPA Key Laboratory of Safety Research and Evaluation of Innovative Drug, Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking

Union Medical College, Beijing 100050, China
¢ Viktor Technology Co., Ltd., Beijing 101100, China

ARTICLE INFO

ABSTRACT

Article history:

Received 29 April 2022

Revised 13 September 2022
Accepted 27 September 2022
Available online 1 October 2022

Keywords:

Air-flow assisted desorption electrospray
ionization

Mass spectrometry imaging

Molecular imaging

Spatially resolved metabolomics

Brain

As for the emerging and cut edge spatially resolved metabolomics, mass spectrometry imaging (MSI) is
a powerful tool that can map thousands of metabolites from bio-tissue sections without chemical labels.
However, the stability, sensitivity and spatial resolution of MSI are always limited by the performance of
its ionization probe. Herein, two types of probes (fine probe (P-100) and large probe (P-200)) were de-
signed and characterized to perform air-flow assisted desorption electrospray ionization (AFA-DESI) MSI
analysis for spatially resolved metabolomics. It was determined that the spray introduced by P-100 was
homogenous and stable under the spray solvent at a flow rate of 5-10 pL/min, while P-200 can endure a
high flow rate of up to 10-30 pL/min. Moreover, the MSI images were acquired by AFA-DESI-MSI with P-
100 from rat brain tissue section and with P-200 from whole-body tissue section of mouse, and these re-
sults presented unambiguous tissue structure with the distribution information of numerous metabolites.
Furthermore, the spatially resolved metabolomic analysis of tumor tissue was successfully realized to
discover the tumor associated biomarkers. As the key parts of AFA-DESI-MSI system, it has been demon-
strated that the designed probs have excellent performance for spatially resolved metabolomics, and it

will further promote its application in life science, and drug research and development.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Spatially resolved metabolomics has received widespread atten-
tion in recent years because of its unique ability to reflect three-
dimensional omics information to understand complex biological
processes [1]. As the dominant technology for spatially resolved
metabolomic analysis, mass spectrometry imaging (MSI) enables
the ability to characterize the spatial distribution of diverse com-
pounds on complex surfaces without tedious sample processing
[2-4]. Various in situ ionization technologies (that is, probes) are
used in MSI to directly scan and ionize biological tissue samples
by position, followed by mass spectrometry analysis. The com-
binatorial information of m/z, intensity, and localization of thou-
sands of metabolites can be acquired simultaneously within a sin-
gle detection. MSI has been widely used in spatial distribution and
relative abundance analysis of multiple endogenous and exoge-
nous molecules in biological tissues, including proteins, metabo-
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lites, lipids and drugs [5-9]. Compared with traditional histological
analysis techniques, such as immunohistochemistry, immunofluo-
rescence, and radioisotope labeling, MSI is not limited to one or
more specific molecular species, and thousands of compounds can
be detected without any chemical modification or labeling be-
fore analysis [10,11]. Therefore, MSI technology-based spatially re-
solved metabolomics has extensive application prospects in clinical
medicine [12,13], life sciences [14-16], new drug research and de-
velopment [17] and botany [18].

Divided by ionization technology, the most frequently used
MSI methods include matrix-assisted laser desorption ionization
(MALDI), secondary ion mass spectrometry (SIMS), and desorption
electrospray ionization (DESI) [19]. SIMS, used in MSI as early as
50 years ago [20], can reach the highest spatial resolution of 50-
100 nm [21], but it is more suitable for elemental analysis due
to its high energy and strong destructive characteristics [22,23].
MALDI-MSI is currently a widely used probe technology in MSI
[24,25] and can achieve the analysis of molecules with a broad
mass range and minimum spatial resolution of 5pm [26,27]. How-
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ever, the presence of a matrix is likely to cause problems such
as spatial displacement of the analyte and interference of endoge-
nous small molecules [28], causing low sensitivity due to the lack
of solvent extraction [29]. Compared with SIMS-MSI and MALDI-
MSI for analysis under vacuum, DESI-MSI is an ambient ionization
imaging technology that has been developed into a relatively fast
and simple technology for direct analysis of complex surfaces with-
out matrix interference and with a spatial resolution of 50-100 pm
[30-32]. Based on DESI-MSI, our group proposed and realized
an air-flow assisted DESI-MSI (AFA-DESI-MSI) technique [5,33,34].
Charged droplets are transported over a long distance through the
transmission tube, where they are further desolvated, enriched,
and ionized under the presence of high-speed air flow and volt-
age. This process can improve detection sensitivity and operational
flexibility, making it suitable for MSI analysis of large-volume sam-
ples. Based on AFA-DESI-MSI analysis, we achieved high-sensitivity,
high-coverage imaging analysis of endogenous metabolites in bi-
ological tissues [35-37] and in situ characterization of drugs and
metabolites in whole-body animals [19]. This technique provides a
novel and intuitive quantitative method for drug research and de-
velopment [38-40], tumor pathological diagnosis [41-43], and tu-
mor metabolism research [44].

Clarifying the high-resolution spatial distribution of functional
molecules is essential for elucidating their biological or pharmaco-
logical effects [10]. However, it is well known that an inverse rela-
tionship exists between sensitivity and spatial resolution. The high
resolution of SIMS and MALDI comes at the expense of sensitivity
due to reduced sample desorption [3]. Therefore, the trade-off be-
tween sensitivity and resolution has always been a problem that
urgently needs to be solved in MSI analysis. Desorption ionization
is the leading process to realize MSI analysis, and the performance
of electrospray ionization probes of ambient MSI has a greater im-
pact on sensitivity, resolution, and imaging quality [45]. We look
forward to improving the sensitivity of MSI from the perspective
of probes and achieving high coverage, high-resolution metabo-
lite imaging for spatially resolved metabolomics, especially low-
content functional metabolites in biological tissues.

In this work, based on the basic principle of AFA-DESI-MSI, new
desorption electrospray probes were designed and characterized
for its mass spectrometry imaging analysis performance, and then
was applied in the spatially resolved metabolomics analysis of rat
brain, tumor tissue and whole-body section. The results show that
a stable and reliable desorption ionization effect can be obtained
by using these probes, and high-sensitivity, reasonable spatial res-
olution and high quality mass spectrometry imaging analysis can
be realized for spatially resolved metabolomics research.

Animals and samples: The animal experiments were approved
by the Animal Care & Welfare Committee (Institute of Materia
Medica, Chinese Academy of Medical Sciences and Peking Union
Medical College). The whole brain of Sprague—Dawley rats was
removed, placed on ice, and then washed with cold saline. The
brains were stored at —80°C and then were cut into 20 um con-
secutive sagittal slices. The slices of brains were used to charac-
terize the performance of the probe. BALB/C mice were inoculated
subcutaneously with A549 lung cancer cell suspension mixed with
Matrigel to establish the ectopic tumor model. After 2 weeks of
inoculation, tumors were collected and intact whole-body were
kept, stored in a refrigerator at —80 °C. The tumor tissue was cut
into sections of 15um with a cryostat microtome for AFA-DESI-
MSI analysis. BALB/c mice carcasses were embedded in a freezing
block with 2.5% (w/v, g/100 mL) aqueous carboxymethyl cellulose.
Twenty-five-micrometer-thick whole-body animal sagittal cryosec-
tions were made using a Leica CM 3600 XP instrument for AFA-
DESI-MSI analysis. Detail of experimental methods was presented
in Supporting information.
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Fig. 1. (A) The structure of the designed desorption electrospray ionization probe.
(1) Adjustable nozzle, (2) subject, (3) O-ring, (4) inner cavity, (5) PEEK connector,
(6) capillary tube, (7) stainless steel union. (B) A photo of the probe assembled on
the imaging platform. (C) Performance characterization of P-100 at flow rates of 0-
20pL/min. Flow rate (uL/min): (C1) 0; (C2) 1; (C3) 3; (C4) 5; (C5) 7; (C6) 10; (C7)
15; (C8) 20. The green dot represents the actual shape and size of the spray points.

Design of desorption electrospray probe: The same basic struc-
ture of fine probe (P-100) and large probe (P-200) were designed
based on the fast-nebulizing gas jet. As shown in Fig. 1A, both
probes were composed of an adjustable nozzle, a subject, an O-
ring, a lumen, a PEEK connector, an inner capillary, and a stainless-
steel union. The subject of the probe was designed with a high-
pressure gas source connector, through which the nebulizing gas
was introduced. One end of the capillary tube was fixed to the
stainless-steel union through a PEEK connector, and the other end
passed through the inner cavity and the subject to the probe noz-
zle. The length of the capillary tube protruding from the nozzle
could be adjusted by rotating the adjusting nut. The picture of
the probe assembled and installed on the AFA-DESI-MSI platform
is shown in Fig. 1B. In order to generated high speed charged
droplet for desorption ionization, the subject and the inner cav-
ity are sealed by an O-ring, and high-pressure gas flows was in-
troduced from the small holes in the inner cavity and along the
coaxial direction of the capillary, and then out of the spray nozzle.
The spray solvent is delivered through the stainless-steel union by
an external microsyringe pump, and then it flows out through the
inner capillary and forms spray under the action of high-pressure
gas flow. The two types of probes differ only in the inner diam-
eter of the capillary tube and the matching nozzle. The 100-type
fine probe uses a 100 um inner diameter capillary and its match-
ing spray nozzle; the 200-type large-size probe uses a 200 pm in-
ner diameter capillary and matching spray nozzle.

Characterizing the performance of the probes by photomicro-
graphs: Fig. 1C shows the spray characteristics of the P-100 probe
at different solvent flow rates. For P-100, the spray point size
of 1pL/min was approximately 100 pm, which increased with a
higher solvent flow rate. The formed spray was stable and uniform
with excellent dispersibility in the flow rate range of 1-10 uL/min.
Conversely, at a higher flow rate of 20uL/min, incomplete nebu-
lization can cause solvent liquid accumulation on the sample sur-
face, which will affect the performance of MSI. P-200 showed dif-
ferent characteristics and adaptability, and the spray stability was
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Fig. 2. AFA-DESI-MSI analytical results of rat brains using the P-100 probe. (A) Typical MS spectra from the rat brain. (B) MS spectra and images of low-abundance ions.
(C) MS spectra and images of closed m/z ions. (D-F) MS images of representative metabolites in the rat brain. CTX, cerebral cortex; CC, corpus callosum; FN, fornix; HP,
hippocampus; PG, pineal gland; HY, hypothalamus; TH, thalamus; MB, middle brain; CM, cerebellar medulla; CBC, cerebellar cortex; PN, pons; MD, medulla.

slightly poor at low flow rates of 1-3pL/min, which was not con-
ducive to fine MSI analysis. However, in the range of a large flow
rate of 10-30 uL/min (Fig. S1 in Supporting information), this probe
showed outstanding stability and droplet dispersion, which was
suitable for rapid scanning and imaging of large samples.

MSI and spatially resolved metabolomics analysis using P-100
probes: In order to investigate the MSI performance of the probes,
the P-100 was applied to conduct AFA-DESI-MSI analysis on the
vertical plane sections of rat brain tissues, and the results are
shown in Fig. 2. As shown in Fig. 2A, it can be observed that
numerous metabolites can be detected in the represented spec-
trum, including amino acids, carnitines, nucleotides, etc., in the
mass range from 100 to 500, also with lipids in the mass range
from 700 to 900 [46]. This means high coverage metabolites map-
ping for MSI can be achieved by this P-100 probe. In addition, the
application of MSI technology based on this probe can also clearly
show the spatial distribution information of some low-abundance
metabolites in the rat brain (Fig. 2B), such as m/z 857.5848 (ion
intensity 3E2), m/z 661.5161 (ion intensity 1E2), and m/z 448.3420
(ion intensity 2E2) with ion intensities more than or equal to three
orders of magnitude (ion intensity, 4E6, Fig. 2A). In Fig. 2C, the
two endogenous metabolite ions at m/z 126.0317 and m/z 126.0221
showed different spatial distributions with a Am/z of only 0.01
Da, of which m/z 126.0317 was evenly distributed in the brain
section and m/z 126.0220 was mainly distributed in the microre-
gions except for the middle brain (MB), thalamus (TH), PN and
MD; The superimposed image of the specific ions at m/z 734.5692,

m/z 746.6060 and m/z 140.0684 characterized by different colors
can clearly and accurately show microregions of brain tissue (Fig.
2D). In Fig. 2E, a spatial resolution with 70pum on the cerebellar
medulla can be observed. Furthermore, as shown in Fig. 2F, a lot
of unique metabolites can be observed with their specific distribu-
tion pattern in the brain section.

As shown in Fig. S2 (Supporting information), the performance
on MSI of a coronal rat brain section further demonstrated that the
P-100 probe can acquire high quality MSI image of m/z 104.0708,
and has advantage than a commercial ESI sprayer. Commercial or
hand-made ESI sprayer was always used as an ionization probe
for DESI-MS/MSI analysis due to its widely usage and accessi-
bility [45]. Herein, these AFA-DESI probes were designed with a
unique long and cylindrical sprayer nozzle (Fig. S2A) but not the
general conical ESI sprayer nozzle. Therefore, they can form more
focused spray plume and smaller diameter action spots on the
sample surface. The above results showed that MSI technology
based on the P-100 probe can efficiently desorb and ionize the en-
dogenous metabolite from tissues section, thereby achieving high-
coverage, high-sensitivity, and reasonable spatial resolution (less
than 100 um).

To verify the application of the probe for spatially resolved
metabolomics, we further used it to analyze tumor tissues. The
results in Fig. 3 showed that AFA-DESI-MSI analysis based on P-
100 can accurately obtain the metabolic profile of cancerous, para-
cancerous, and normal areas. The overlay image of m/z 255.0627
and m/z 267.1564 ions (cancerous area: red, paracancerous area:
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Fig. 3. AFA DESI-MSI and spatially resolved metabolomics analysis results of tumor tissue using the P-100 probe. (A) H&E staining image of tumor tissue. (B) A superimposed
MS image of m/z 255.0627 and m/z 267.1564 ions. (C) The t-SNE spatial segmentation of the tumor microregion based on metabolite profiling. (D) Principal component
analysis (PCA) score plots generated with data from the normal area, paracancerous area, and cancerous area. (E) Pathway analysis of differential metabolites of different
areas in tumor tissue. The bar chart is a combination of enrichment P-values (blue bars) and topological analysis (red bars) of the pathways denoted on the y axis. (F)
Hierarchical clustering and heat map analysis of differential metabolites. (G) MS images of representative metabolites. N, normal area; P, paracancerous area; C, cancerous

darea.

superimposed red and green, and normal area: green) (Fig. 3B)
showed the same pathological characteristics as the H&E staining
(Fig. 3A). Furthermore, the t-SNE method [47] was used to realize
the fine division of tumor tissues based on the overall metabolic
profile, and more subtle differences in the heterogeneous structure
were found (Fig. 3C). We examined the data from the normal area,
paracancerous area, and cancerous area with PCA, which showed
distinct profiles between the different areas with a gradual increas-
ing trend (Fig. 3D). Orthogonal partial least squares-discriminant
analysis (OPLS-DA) with a “cross-comparison scheme” was used to
screen differential metabolites (Fig. S3 in Supporting information),
and 45 differential metabolites (Variable important in projection
VIP > 1, P-value < 0.05) with significant changes in three compar-
ison groups were identified (Table S2 in Supporting information).
Then, pathway analysis (Metaboanalyst 5.0), including functional
enrichment and pathway topological analysis, was used to discover
significantly altered metabolic pathways, such as taurine and hy-

potaurine metabolism, glycerophospholipid metabolism, arginine,
and proline metabolism (Fig. 3E). Altered metabolites were fur-
ther processed for clustering, and the generated heatmap signifi-
cantly revealed the relative abundance in different areas (Fig. 3F).
Most metabolites showed a gradual increasing trend from normal
to adjacent to cancerous areas, such as amino acids and derivatives,
lipids, amines, and nucleosides. A few metabolites, mostly organic
acids and their derivatives, were downregulated. The MSI images of
some differential metabolites are shown in Fig. 3G. Among them,
taurine, hypoxanthine, spermidine, creatine, S-adenosylmethionine,
and phosphatidylcholine (PC 34:2) were upregulated in both the
cancerous area and paracancerous area, while arginine was up-
regulated only in the cancerous area. MG-18:2 was downregu-
lated in the tumor area. The use of P-100 probe can provide
higher sensitivity and high specificity analysis results for spatially
resolved metabolomics research of tumor-like heterogeneous tis-
sues, thereby providing a more accurate molecular basis for tumor
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Fig. 4. The AFA-DESI-MSI analysis results of the whole-body section of mouse using the P-200. (A) The optical image of the whole-body animal sample. (B) Average mass
spectra of whole-body MSI in positive mode; (C) 20-fold magnification at m/z 500-800; (D) 1000-fold magnification at m/z 332 within 1.0 Da width. (E) MS images of

representative metabolites.

metabolism research and molecular pathological diagnosis of can-
cer.

MSI analysis of whole-body tissue section using P-200: The
whole-body sections of mice were analyzed by AFA-DESI-MSI with
the P-200 at 0.5 mm per pixel (Fig. 4A). In positive ion mode,
the highest intensity of endogenous metabolite ion was about
4E6. Some small-molecule metabolite (m/z 100-400), lysophospho-
lipids (m/z 450~600), and phospholipids (m/z 600-900) all showed
higher intensity (Fig. 4B). After magnifying the ordinate of in-
tensity by 20 times (Fig. 4C) and 1000 times (Fig. 4D), the ion
peaks of a variety of low-abundance metabolites still can be ob-
served, indicating that the probe was better for desorption and
ionization of large-sized tissue samples with rough spatial resolu-
tion, and can analyze endogenous metabolites in whole-body an-
imals with high sensitivity. The MSI image of representative en-
dogenous metabolites in Fig. 4E clearly showed the spatial dis-
tribution of each metabolite in the whole-body mouse. Carnitine,
glycerophosphocholine, and methylhistamine have the highest con-
tents in the spleen. Valine, spermine, urobilinogen, and hypoxan-
thine were mainly distributed in the kidney, and the contents of
valine and urobilinogen were higher in the renal medulla, espe-

cially, while hypoxanthine was mainly distributed renal cortex. The
contents of inosine, y-aminobutyric acid (GABA), acetylcholine,
and some phosphatidylcholines (PC 38:6, PC 32:0, PC 34:1, and PC
36:1) were higher in the brain, and inosine and PC 38:6 were also
distributed in the liver and renal cortex, while PC 32:0 was higher
in the lung. In addition, agmatine was mainly found in the stom-
ach; the metabolite ion m/z 321.1125 was distributed in the muscle
outside the organ.

The organ-specific distribution of the above metabolites in-
dicated that the P-200 can achieve high-sensitivity and high-
specificity analysis of endogenous metabolites in whole-body an-
imals. The uniform and specific distribution of the metabolites in
the corresponding organs confirmed the stable spray of the probe
and the excellent reproducibility of desorption and ionization. In
particular, the ability to distinguish tissue micro-regions such as
the renal cortex and renal medulla indicated its higher resolution.
It is expected to provide an intuitive research tool for the pharma-
cological and toxicological evaluation of drugs by using the whole-
body MSI analysis technology based on the large-size probe.

In this study, we achieved two types of DESI probes to im-
prove the performance of ambient MSI for spatially resolved
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metabolomics. The laser photomicrograph experiment demon-
strated the differential adaptability of the two probes with differ-
ent spray flow rates. The AFA-DESI-MSI analysis of biotissue sec-
tions using these probes demonstrated that the sensitivity was
greatly improved to realize desorption and ionization of low-
abundance metabolites and obtained a satisfactory spatial reso-
lution for spatially resolved metabolomics analysis. The imaging
experiments of rat brain tissue sections and whole-body tissue
sections showed that the use of these probes can better charac-
terize the spatial distribution of metabolites, which fully meets
the requirements of high sensitivity and high specificity. The spa-
tially metabolomics studies on tumor tissues have found region-
specific differential metabolites, most of which were upregulated
in the cancerous area, mainly distributed in pathways such as tau-
rine and hypotaurine metabolism, glycerophospholipid metabolism,
arginine, and proline metabolism. As the core procedure of the
AFA-DESI-MSI analysis, desorption ionization with these probes
can achieve multifaceted improvements and further expand its ap-
plication in spatially resolved metabolomics, thereby promoting re-
search on disease diagnosis, biomarker discovery and pathological
mechanisms.
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