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The importance of metabolites and their isomeric structures in biological function and dysfunction is increasingly
recognized. However, achieving quantitative mapping of metabolites within tissue regions, particularly with
isomeric specificity, remains an analytical challenge. This work presents the development of a quantitative
surface sampling capillary electrophoresis method for spatial metabolomics with isomeric resolution. Five
quantitation strategies were evaluated, with the optimal approach identified as sequential injection of metab-
olites directly from tissue alongside standards. This methodology was applied to a rat brain tissue section in a
proof-of-principle study, enabling quantitative spatial analysis of metabolites, neurotransmitters, and isomeric
species. Among the findings, the aromatic amino acids tyrosine, phenylalanine, and tryptophan exhibited the
most dynamic distributions across four brain regions, while leucine and isoleucine demonstrated distinct spatial
profiles, with leucine consistently being the more abundant isomer. This method offers a promising tool for
advancing the understanding of spatially resolved biochemical processes underlying biological function and

dysfunction.

1. Introduction

Spatial metabolomics enables mapping of analytes to specific local-
izations in thin tissue sections, thus providing an additional dimension
to metabolomics performed as bulk analysis of homogenized tissue.
Spatial molecular profiling can be achieved through mass spectrometry
imaging (MSI) where analytes are mapped in pixels over the tissue [1,2].
In MSI, analytes are desorbed/sputtered/extracted directly from discrete
locations over the tissue section for subsequent ionization and mass
spectrometric detection. However, the metabolome of tissue is highly
complex with isomeric and isobaric species, which may require so-
phisticated mass spectrometric methods to resolve [3-8]. Alternatively
to MSI, spatial metabolomics of larger regions on tissue can be per-
formed by physically removing tissue regions for analysis through
dissection, including macrodissection, microdissection, or laser micro-
dissection [9,10]. Following, the dissected tissue is prepared for
following analysis using liquid chromatography (LC), gas chromatog-
raphy (GC), or capillary electrophoresis (CE) coupled to mass spec-
trometry (MS). This approach offers an opportunity to obtain spatial

information of molecules with high structural confidence.

The third alternative for spatial metabolomics is to use techniques
that combine direct surfaces sampling of analytes from the tissue with
separation prior to MS. These techniques are mainly based on desorbing
analytes into a solvent for later analysis with LC-MS or CE-MS [11-16].
In addition to eliminating a laborious sample preparation, which is often
required for dissected tissue, the direct surface sampling techniques
enable in-depth chemical characterization of analytes from distinct
cellular regions in tissue without additional steps. For example, analytes
from a discrete location on mimetic tissue were sampled and analyzed
with LC-MS to successfully separate and detect the isomers leucine and
isoleucine [17]. Separation of isomers is important in metabolomics
since they can have vastly different biological function: for instance,
leucine helps to maintain muscles by stimulating protein production
while isoleucine participates in hemoglobin synthesis [18]. The com-
bination of high structural confidence with spatially resolved informa-
tion thereby offers information on important functions of cellular
regions in biological systems.

In addition to the ability to differentiate and detect isomers and
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isobars, a full interpretation of their biological significance requires
knowledge of their quantity. Quantitation in direct infusion surface
sampling techniques, such as MS], is challenging because of the inher-
ently altered chemical gradients and morphological structures in tissue
that influence metabolite ionization [19,20]. The three main approaches
for quantitation in MSI are: 1) spray an internal standard on top of the
tissue [21], 2) include internal standards (IS) in the solvent for sampling
with liquid extraction [22,23], or 3) make an external calibration curve
using standards spiked in a mimetic tissue model [24]. As in all quan-
titative measures, it is essential to relate the signal of the analyte to a
standard to learn the amount and not solely rely on detected ion in-
tensities [25,26]. Furthermore, for spatial metabolomics techniques,
including MSI, analytes are quantified after they have been desorbed
into the extraction solvent or after they have been ablated from the
surface. Thus, the amount in the tissue remains unknown since the yield
of extraction or ablation from the tissue is not known.

Quantitation of analyte amounts in the tissue has been reported
using the liquid microjunction surface sampling probe (LMJ SSP)
coupled to LC-MS. In one study, the probe was parked at individual spots
to exhaustively sample individual spots on the tissue for subsequent LC-
MS. By doping the sampling solvent with internal standards, quantita-
tion was performed in each spot with using one-point calibration [27].
In another study, the results from LMJ SSP LC-MS were compared with
LC of tissue spots that had been physically punched out from the tissue
section and into a vials for analyte extraction through sonication [14,
28]. Thus, despite that none of these approaches for spatial metab-
olomics actually determine the extraction efficiency, the effect of ana-
lyte extraction from the tissue is taken into account.

We have previously reported surface sampling (SS) CE-MS for
untargeted spatial metabolomics and separation of isomeric metabolites
from tissue locations [13,16]. In SS-CE-MS the material is directly
sampled from the tissue surface and consequently injected into the
separation capillary. Here, we present and evaluate several strategies for
acquiring quantitative data of detected analytes desorbed into the so-
lution directly from tissue. These strategies including external calibra-
tion curves using mimetic tissue and internal standard methods. We
discuss and experimentally evaluate these strategies and apply the
optimal quantitative methodology using sequentially injected internal
standards to profile and quantify endogenous metabolites and isomers
desorbed from four morphological regions of rat brain tissue.

2. Materials and methods
2.1. Biological sample preparation

Rat brain (Rat Sprague Dawley Brain, obtained from Innovative
Research, Novi, USA) was used in three different ways: 1) an extract was
prepared by homogenizing 1.17607 g of tissue in 33.976 mL of methanol
and collecting the supernatant after centrifugation. 2) A mimetic tissue
was prepared, as described elsewhere [24]. Briefly, rat brain was cut,
homogenized into a uniform mass with beads, and the homogenate was
divided into 4 portions. Three portions were spiked with y-aminobutyric
acid-2,2-d2 (GABA-d2) (concentrations in Table S5), mixed, and layered
in a plastic mold. The mimetic tissue was then frozen, cryosectioned, and
thaw mounted on regular glass slides. 3) Rat brain tissue was cryo-
sectioned into 12 pm thick sections and thaw mounted onto regular glass
slides.

2.2. Chemicals

The background electrolyte (BGE) was prepared using HPLC-MS
grade methanol (BDH Chromanorm Solvents), deionized water (18.2
MQ, Milli-Q, Millipore), and formic acid (98-100 %, Merck, Germany).
Standard solutions were prepared from y-aminobutyric acid (GABA),
GABA-2,2-d2, cell free amino acid mixture- 15 N, acetylcholine (N,N,N-
trimethyl-d9) (all from Sigma-Aldrich), and r-carnitine-HCl (methyl-d3)
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(Larodan). Stock solution of GABA-d2 at 105.3 pM was prepared in BGE
(MeOH:H20 50:50, 1 % formic acid). For calibration curves in BGE and
brain extract, 3 standard solutions containing GABA-d2 were prepared
by mixing the GABA-d2 stock solution with BGE or brain extract (con-
centrations in Table S1 and S3, respectively). Solutions of isotopically
labelled standards for one-point calibration were prepared in BGE at the
concentrations 69.1 pM GABA-d2, 23.3 pM carnitine-d3, 11.3 pM
acetylcholine-d9 and '°N labelled amino acid mixture ranging from 5.4
pM (histidine) to 81.7 pM (alanine) (Table S9).

2.3. SS-CE-MS setup

The SS-CE-MS system was set up as previously described [13].
Briefly, a fused silica capillary (50 cm length, 150 pm OD and 50 pm ID,
GENETEK, Sweden) was coupled to ESI-MS using a co-axial sheath flow
liquid interface and positioned at an angle to a stainless steel capillary
(7 cm length, 130 pm OD and 50 pm ID, MS Ekspert, Poland) over the
sample surface. The sample was moved into position using computer
controlled linear XYZ stages (Zaber Technologies Inc, Canada). The
extraction droplet was formed manually by propelling a solvent through
a plastic tube connected to stainless steel union (which holds BGE de-
livery capillary) with a syringe and syringe pump. The size and forma-
tion of the droplet was visually controlled with a digital camera
(Dino-Lite, USA) and was deemed good when the droplet served as a
bridge between the capillaries. Following, the probe was placed on the
targeted region of the sample, which position was monitored vizually
using a digital camera (Dino-Lite, USA), and analytes were electro-
kinetically injected in the CE separation capillary by applying 22 kV
(Spellman SL10, New York, USA) for 15 s. After injection, the capillary
assembly was moved to a vial with BGE and 22 kV was applied for CE
separation prior to MS. For sampling and analysis of standards, 2 pL of
standard solution was placed on a glass slide and electrokinetically
injected into the separation capillary using the same probe and experi-
mental setup as for direct tissue sampling.

2.4. Mass spectrometry and data analysis

A QExactive Orbitrap (ThermoFisher) was operated in full scan
positive mode between 70 and 1000 Da at a resolution of 140 000 (m/
Am at m/z 200) in all experiments. The electropherograms and mass
spectra were analyzed in ThermoFisher Xcalibur QualBrowser and all
peak areas were extracted manually. For extraction of migration times
and intensities, Thermo RAW files were converted to centroid mzXML
files using MSConvertGUI (ProteoWizard) and run through custom
written Matlab scripts with a mass tolerance set to 5 ppm. Peak identi-
fication was performed either by (relative) migration time using stan-
dards or tentatively by accurate mass obtained from databases (HMDB,
Metlin). Two-tailed Student’s t-test was used for comparison of metab-
olite concentrations between brain regions.

3. Results and discussion

Spatial metabolomics using SS-CE-MS generates data of various
metabolites, including isomeric and isobaric species [13,16]. To eval-
uate quantitative approaches with SS-CE-MS, selected isotopically
labelled standards were used both for liquid and solid samples. In a first
experiment, the quantitative response obtained with the SS-CE-MS set
up was evaluated using an external calibration curve from liquid stan-
dard solutions of GABA-d2 and GABA. GABA-d2 was added at varying
concentrations to a constant concentration of 70.1 pM GABA in each
standard solution for the analysis in three technical replicates of each
solution (Fig. S1, Table S1 and S2). The raw data for both GABA and
GABA-d2, shows a relative standard deviation (RSD) of 30-40 % and a
coefficient for determination (R2) value of 0.936 (Table S2, Fig. S1A).
The high variation is often observed in electrokinetic injection without
standard normalization due to injection bias as discussed in the
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literature [29]. The analytes GABA and GABA-d2 have similar migration
and the minimal RSD of <3 % that is achieved when GABA-d2 is
normalized to GABA support that the main variability lay in the elec-
trokinetic injection (Fig. S1B, Table S2). Thus, the SS-CE-MS system
behaves similarly as a regular CE-MS system with electrokinetic injec-
tion and is equally capable of generating a linear external calibration
curve with internal standards for quantitation.

In a second experiment, the chemical complexity was increased by
adding GABA-d2 to a methanolic rat brain extract. To imitate the similar
chemical matrix and environment as in tissue, the brain extract was
diluted until the signal for endogenous GABA was close to the value
obtained using SS-CE-MS for analysis of brain tissue sections [13].
Varying concentrations GABA-d2 were spiked into a constant amount of
brain extract to keep the endogenous GABA (GABA.pq) concentration
constant (Table S3). The increased chemical complexity results in higher
RSD’s (21-107 %) while the RSD of GABA-d2/GABA¢nq remains less
than 3 % over the entire range (Fig. 1A, Table S4). This demonstrates
that the electrokinetic injection is affected by increased chemical
complexity in the solution and the matrix composition, although the
GABA and GABA-d2 are affected to the same extent.

In a third experiment, the analytical complexity was increased by

A) \ v B)
\ \
e-4,
0.25 10
S« ~
52 Iz
<9 | <C
] < |
(&)
0.1
2
10 ' 20 10 ‘ 20
GABA-d2 (uM) GABA-d2 (M)
&
5 [ 45/
Standards © ‘ o |
< [) ‘ )
HV l = i %
2 \ 2
2 2
3 3
E,I 51‘
o 17 9 11
time (min) time (min)
D) 1
1. Native tissue 2.Standards 5 |
o
HV HV l ]
— c |
1
10
time (min)

Fig. 1. Four different strategies for quantification using SS-CE-MS from
chemically complex samples. a) External calibration curve for GABA-d2 spiked
in brain extract; b) external calibration curve for GABA-d2 spiked in mimetic
tissue; ¢) on-line simultaneous injection of GABA-d2 with tissue surface sam-
pling; d) off-line sequential injection of GABA-d2 after tissue surface sampling
and ~1,5 min of BGE. In c) and d) endogenous GABA (m/z 104. 0710) is
depicted in blue and GABA-d2 (m/z 106.0835) in purple. Error bars in a) and b)
correspond to one standard deviation (n = 3). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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sampling from the surface of a mimetic tissue model. Mimetic tissue has
been used for quantification methods in MSI [30] and is generated from
homogenized tissue. The use of mimetic tissue model enables the entire
process of SS-CE-MS analysis, from sampling to detection, to be evalu-
ated since the process includes both desorption of analytes from the
tissue into the micro-droplet and electrokinetic injection of the desorbed
analytes into the capillary [13,16]. The tissue model contained four
layers, where one layer was blank and the other three layers contained
increasing concentrations of GABA-d2 (Table S5). The quantitative
ability of SS-CE-MS from the sample surface was evaluated by sampling
each layer three times using similarly sized droplets of 30-40 nL
(Table S6 and S7, Fig. S2). The results show that the RSD for GABA-d2
and GABA is between 18 and 42 %, which is similar to data acquired
from clean standard solutions and lower than data acquired from solu-
tions with complex samples (Table S6). However, the RSD for the lowest
concentration of GABA-d2 was almost 20 %, which is attributed to the
low signals of GABA-d2 (Fig. 1B-Table S6). Although this shows the
difficulty in using mimetic tissue models, the added complexity of
extraction from the sample surface did not increase the variability.

In a fourth experiment, a regular thin rat brain tissue section was
used for SS-CE-MS. In this approach, GABA-d2 was added into the
extraction solvent, similar to quantitation performed with MSI and
spatial metabolomics [23,27]. Specifically, GABA-d2 was added to the
extraction solvent at a known concentration prior to sampling and was
therefore sampled and analyzed together with the analytes from the
tissue surface (Fig. 1C). Thus, the electropherogram contained both the
endogenous GABA and the GABA-d2 as illustrated by blue and purple
traces, respectively (Fig. 1C). Following, quantitation of GABApg was
achieved using a one-point calibration where the peak area ratio of
GABA¢ g to GABA-d2 was multiplied with the concentration of GABA-d2
(Fig. 1C-Table S8). However, the suitability of this approach was limited
by needing to add GABA-d2 into the extraction solvent. Furthermore,
direct contact of internal standards with the tissue was found to
contaminate the system, which limited the performance of unbiased
independent replicates. Nevertheless, this on-line approach was found to
be much simpler and less time and sample consuming compared to
generating a mimetic tissue model.

In a fifth experiment, GABA-d2 was instead loaded after the extrac-
tion of endogenous analytes with a BGE gap between the injections,
which is referred to as multisegmented electrokinetic injection. We have
previously reported using multisegmented electrokinetic injection for
SS-CE-MS [13], and others have reported robust multisegmented hy-
drodynamic injection of standards in liquid to build external calibration
curves and quantify metabolites in serum [31]. In this workflow, a
regular rat brain tissue was first sampled with SS-CE-MS. Following, the
probe was placed in BGE to create a 1-1.5 min gap, and subsequently a
standard solution containing GABA-d2 was sampled. Once both the
tissue and the standard solution were sampled, the separation occurred
simultaneously with a time gap in the separation capillary (Fig. 1D).
Therefore, GABA¢,q and GABA-d2 were detected in the same electro-
pherogram but at different migration times (Fig. 1D). In this quantitative
approach it is assumed that the conserved experimental setup and short
time between injections minimizes variability compared to completely
different runs [32]. We found that the results of endogenous GABA
quantification were comparable with the on-line sampling approach
(Table S8 and S10). Overall, this off-line sampling approach for quan-
titation was found to be simple, having lower risk of sample contami-
nation and reasonable throughput. Therefore this method was chosen
for further experiments.

The brain is a complex organ where cellular regions have distinct
chemistry and chemical gradients that are essential to sustain life and
function. The chemical distribution over the brain, or other organ, can
be studied with MSI using various quantitative approaches to gain in-
sights into the role of chemistry in function or dysfunction [33,34]. To
investigate the applicability of the fifth approach for quantitative (Q)
SS-CE-MS, four larger morphological regions, specifically cortex,
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hippocampus, hypothalamus, and thalamus, of a regular brain tissue
section were targeted for three samplings per region using 19 metabolite
standards (Fig. 2, Table S9). The results show an overall similar con-
centration ranges of the individual metabolites in the four different
brain regions (Fig. 2, Table S10 and S11). However, the method
demonstrated quite high variation as determined by RSD (Table S11).
This is attributed both to technical limitations during injection and to
biological variations since the sampled regions sometimes were far
apart, suggesting that different morphological regions were sampled
(Fig. S4). The difference between regions becomes increasingly clear
since the analytes vary independently between the sampled spots.

The obtained results revealed conserved ratios between important
amino acids (Fig. S5), which is in agreement with the previous reports:
quantitative studies of blood and cerebrospinal fluid (CSF) has indicated
the significance of conserved relative amounts of alanine:lysine (3:1)
and alanine:phenylalanine + tyrosine (4:1) in healthy systems [35].
Furthermore, our results show that the concentration of selected neu-
rotransmitters are similar in all four brain areas but differ largely be-
tween the neurotransmitters (Fig. 2, Table S10 and S11). Specifically,
acetylcholine was detected at minute amounts compared to GABA,
glutamine, and glutamate (Fig. 2 and S6). It is well known that cellular
homeostasis of glutamate is crucial and that the glutamate-glutamine
cycle is one process for glutamate recycling through neurons and as-
trocytes [36]. Interestingly, the relative detected concentrations of
glutamate:glutamine ratio show significant differences in the four re-
gions, with the highest ratio being in the hippocampus and the lowest in
the hypothalamus, indicating the role of glutamine in glutamate recy-
cling varies in brain regions (Fig. S7). This suggests the applicability of
Q-SS-CE-MS for studying cellular important processes in intact tissue.

Cortex
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Although most metabolites did not show statistically significant al-
terations across the brain regions in this proof-of-principle experiment,
there are some exceptions. The most dynamic distributions were found
in the aromatic amino acids tyrosine, phenylalanine, and tryptophan
(Fig. 2 and S8, Table S10 and S11). Phenylalanine and tryptophan are
essential amino acids that are actively transported over the blood brain
barrier and serve as precursors for tyrosine and hydroxytryptophan,
respectively, which in turn are precursors for dopamine and serotonin
[37]. Despite tyrosine having the overall highest concentration, these
three aromatic amino acids show similar concentration profiles in the
regions with the highest abundances in the thalamus, which is in
accordance with past research of the localization of tyrosine hydroxy-
lase, tyrosine, and dopamine (Fig. 2 and S8) [38-40]. Overall,
Q-SS-CE-MS can provide detailed information on the distribution of
metabolites in cellular regions that is essential for further chemical
mapping and understanding of brain function.

In addition to spatial mapping of metabolites, the step of separation
with CE prior to MS enables differentiation and identification of isomers
and isobars [13,16,28]. This includes the multiple species detected in
the mass channels of alanine (m/z 90.0547), valine (m/z 118.0876),
leucine (m/z 132.1011), and histidine (m/z 156.0758) (Fig. 3A). For
example, three ions with different migration times are detected in the
alanine mass channel, where the major peak correspond to alanine ac-
cording to standard migration time. Additionally, the mass channel of
leucine also includes isoleucine as confirmed by standards. Although
base-line separation of leucine and isoleucine in CE is usually accom-
plished using a chiral modifier, such as p-cyclodextrin, their difference
in electrophoretic mobility enables partial separation even with bare
fused silica [41]. By Q-SS-CE-MS, we confirm that leucine is the most
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abundant isomers in all four brain regions. Furthermore, we find that the
concentrations of the two isomers vary independently of each other with
leucine being most abundant in the thalamus and isoleucine in the hy-
pothalamus (Fig. 3B). Both leucine and isoleucine are essential amino
acids that need to be absorbed from diet and passed through the
blood-brain barrier [42]. In addition to protein synthesis, both isomers
are believed to be important in signaling, although the role of isoleucine
is less known than that of leucine, which includes activation of the
mTOR signaling pathway [18]. Similarly, Q-SS-CE-MS enables spatial
mapping of the isomer pair valine and betaine (m/z 118.0876) in all four
brain regions. It is essential to characterize their spatial localization
independently since their biological functions are diverse. While valine
is a branched chain amino acid, similar to leucine and isoleucine,
betaine is believed to serve as a neuroprotectant for neurodegenerative
diseases [43]. Out of the two isomers, we find that valine is more
abundant and that their profiles are similar in the four brain regions
(Fig. 3C). With the assistance of Q-SS-CE-MS, we foresee designing
experiments to map the importance of these isomers in biological
function and processes.

4. Conclusions

In the present work, we described and evaluated approaches for

quantification of metabolites in tissue using SS-CE-MS. We found that
external calibration in BGE, brain extract, and mimetic tissue resulted in
linear calibration curves, suggesting the applicability for quantitation
with SS-CE-MS, but were more laborious than using one-point calibra-
tion. For one-point calibration strategies, we found that spiking a
labelled internal standard into the extraction solvent contributed to
contamination and that an off-line sequential injection of analyte fol-
lowed by standard was the optimal solution. In addition to minimizing
the analysis time by migrating both the analytes and the standards in the
same run, the off-line sequential sampling approach does not require the
purchase of labelled standards. The approach also showed validity when
applied to sampling three individual locations in four morphological
regions of rat brain, enabling us to report quantitative spatial metab-
olomics with isomeric specificity. Despite the biologically relevant re-
sults, it should be noted that the technique requires further refinement to
reduce variability and improve precision. For example, the sampling
area size can be decreased to account for the region heterogeneity and
hydrodynamic injection can be investigated for reduced variability.
Overall, we anticipate that this non-targeted approach for quantitative
spatial metabolomics will be of great value in future studies deducing
the chemical complexity connected to biological function.
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