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Matrix assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) is a powerful tool for the sensitive and
multiplexed analysis of molecules in a tissue sample. This
technique provides the localization and abundances of a mole-
cule in situ, making it an attractive molecular histology tool in
medical, pharmaceutical, and biological research.* Despite its
many advantages, some practical problems exist in the direct
analysis of some low-molecular-weight (LMW) compounds
because of matrix-related ion interferences in the low-mass
region of MALDI-MS spectra which interfere with the selec-
tivity of the assay.>*

LMW quaternary-ammonium compounds (QACs) include
neurine, choline, phosphocholine, as well as a few other
molecules. These compounds are essential biomolecules
involved in energy production, lipid metabolism, and neuro-
transmission.** Evaluation of the distributions of these
compounds in a tissue is of biological significance. Due to their
low molecular weights, however, the direct detection of some of
these QACs by MALDI-MS is often hampered by interferences
from numerous matrix-related signals. Furthermore, the
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and interference-free mass region, the distributions of neurine, choline, and phosphocholine in rat brain
were visualized by MALDI imaging with high selectivity and good sensitivity.

successful determination by MALDI-MS of the spatial distribu-
tions of the QAC compounds in a tissue sample is often inac-
curate because the observed ion signals of these compounds
can partially result from in-source fragmentation of, for
example, phospholipids. Therefore, selective MALDI-MSI of
such LMW QACs is challenging. In recent years, on-tissue
chemical derivatization has emerged as an effective technique
to enhance the in situ detection and imaging performance of
some low-abundance or hard-to-ionize endogenous compounds
by MALDI-MS.”*° On-tissue chemical derivatization, however, is
not applicable to most LMW QACs because these compounds
do not have the functional groups in their molecular structures
that are required for chemical derivatization. Therefore, new
methods are needed for the molecular imaging of these
compounds by MALDI-MS. To ameliorate this situation, we
have developed a new approach to enhance the selectivity of
MALDI-MSI for in situ imaging of the three LMW QACs using
on-tissue inclusion of the analytes within a supermolecule, i.e.,
cucurbit[7]uril (CB[7]), to form non-covalent complexes (Fig. 1).

Cucurbit[n]urils (CB[n]) consist of n glycouril units that are
bound in a ring-like arrangement via methylene bridges, and
which can form stable non-covalent host-guest complexes with
cations with high binding constants."* As a soft ionization
technique, MALDI has been shown to ionize non-covalent
complexes under mild laser energy conditions, without
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Fig.1 The formation of CB[n]-QACs host—guest complexes.
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dissociation during desorption or ionization.”** CB[6] and CB
[7] have been used as mass-shifting reagents to analyze poly-
amines (e.g., spermidine, and spermine) in plant tissues by
forming the non-covalent CB[n]-analyte complexes.'®'® By
shifting the detected or expected ion signal of an analyte to
a higher mass region, the interference signals originating from
common MALDI matrices and other coexisting LMW
compounds in a sample can be greatly reduced or eliminated,
thus increasing the selectivity of the assay. In addition, non-
covalent interactions between CB[n] and the LMW analytes
often need no activation energy for the formation of the
complex." In other words, the formation of non-covalent bonds
is relatively easy and rapid. Because of these features, we
examined the use of CB[n] as host molecules for the on-tissue
formation of non-covalent supramolecular complexes with
LMW QACs, for MALDI-MSI.

CB[n] supermolecules that are composed of n = 5, 6, 7, 8, or
10 repeating units of glycouril are commercially available. Due
to the extremely small cavity size, CB[5] is only suitable for the
encapsulation of gases, forming portal complexes with alkali,
alkaline earth, and ammonium cations."* At the other extreme,
due to their large portal size and large cavity volume, CB[8] and
CB[10] can interact with two identical or two different small
molecules to form 1:2 or 1:1:1 complexes. This feature
would increase the complexity of MALDI MS spectra and would
make interpreting these spectra more difficult. In contrast, CB
[6] and CB[7] have moderate cavity sizes, with cavity volumes of
164 A and 279 A, respectively,* and thus may have the potential
for use in the MALDI-MSI of LMW QACs. CB[6], however, is
essentially insoluble in either water or organic solvents, and
performed poorly in our preliminary experiments. CB[7], on the
other hand, possesses modest solubility in water (~30 mM),"*
and has been shown to be compatible with commonly used
organic solvents such as methanol and acetonitrile,””** which
would be important for MALDI matrix-deposition procedures
using wet-chemistry techniques such as spray coating. There-
fore, CB[7] was chosen for the MALDI-MSI presented in this
study. To evaluate the proposed strategy for the indirect analysis
of LMW QACs, 3 compounds (neurine, choline, and phos-
phocholine) were tested by MALDI-MS, with or without CB[7] as
the non-covalent complex-forming supermolecule. For the
inclusion of CB[7], dried-droplet spotting was used by, in turn,
depositing 0.5 pL of a solution of one of the 3 QACs (50 uM each
in 50% MeOH), 0.5 uL of a CB[7] solution (4 mM in 50% MeOH),
and 0.5 pL of an a-cyano-4-hydroxycinnamic acid (CHCA) (7 mg
mL™" in 50% MeOH) MALDI matrix solution on a polished
stainless-steel plate. For the CB[7]-free procedure, no CB[7] was
deposited. When CB[7] was included, all 3 QACs displayed
unique signals corresponding to positive ions of the formed CB
[7]-QAC complex, without sodiated or potassiated adduct ions
or fragment ions of the complexes being observed (Fig. S1A-CT).
In Fig. S1D to F,{ these 3 compounds were also able to be
detected by direct MALDI-MS without the CB[7] inclusion, but
the mass spectrum acquired from the spotted choline sample
(Fig. S1Et) showed a weak ion signal corresponding to the m/z of
neurine when the power of the laser impacting the sample for
desorption/ionization was =21 uJ (25% of the full power),
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indicating in-source fragmentation of choline. Similarly, in the
mass spectrum of phosphocholine, two ion signals corre-
sponding to neurine and choline, respectively, were observed in
direct MALDI-MS of phosphocholine when the same level of
laser power was applied. The comparison of the MALDI-MS
spectra of these 3 compounds, with and without the CB[7]
inclusion, showed the high selectivity of the CB[7]-assisted
strategy for the indirect MALDI-MSI of these QACs.

The selectivity of the CB[7]-assisted MALDI detection of the
LMW QACs was further evaluated by comparing the interfer-
ence background signals obtained by direct and indirect anal-
ysis of a mixture of the 3 QACs. Fig. 2 shows a comparison of the
MALDI mass spectra of the matrix CHCA, 3 QACs, CB[7], and the
3 QACs-CB[7] complexes, respectively, acquired in the reflec-
tron mode of MALDI-TOF operations. In Fig. 2A, a signal at m/z
86.0928, which may be derived from the fragmentation of
CHCA, was observed, which interferes with neurine detection.
In Fig. 2B, although signals for neurine, choline, and phos-
phocholine were observed, severe interferences from the matrix
and other background ions were also seen in the lower mass
region (ie., below m/z 400), and phosphocholine was only
weakly detected, compared with the signals for neurine and
choline, demonstrating the inadequate selectivity of direct
MALDI-MS for detection of these LMW compounds using the
conventional CHCA organic matrix. In Fig. 2C, signals from the
CB[7]-related ions ([CB[7] + H]', [CB[7] + Na]', and [CB[7] + K]")
can clearly be seen in the mass region from m/z 1160 to m/z 1210
- ie., in the higher-mass clean-background region of the
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Fig.2 MALDI mass spectra of (A) CHCA; (B) mixture of the three QAC
standards; (C) CBI7]; and (D) on-target spotting of CB[7] and the three
QAC standards. The inset in A shows a zoom-in of the low mass region
of the spectrum. 50 pmol of each QAC and 2 nmol of CBI[7] was
spotted on the target MALDI plate spot (CB[7] : QACs molar ratio as
40:1). CHCA (7 mg mL™! in 50% MeOH) was used as the MALDI
matrix.
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spectrum (Fig. 2C). For the sample deposited with a mixture of
the 3 QACs, CB[7], and CHCA, MALDI signals corresponding to
the ions of CB[7]-neurine, CB[7]-choline and CB[7]-phos-
phocholine were observed as ion clusters around m/z 1148,
1266, and 1346, respectively (see the measured and calculated
m/z values in Table S1} for details), without matrix-related
interferences (Fig. 2D). This experiment demonstrated the
high selectivity of the CB[7]-assisted MALDI-MS method for the
detection of these 3 LMW QACs.

The analytical sensitivity of the proposed CB[7]-assisted
approach was evaluated by performing on-target CB[7] inclu-
sion on serially diluted standard solutions containing the ana-
lytes. As a result, the limits of detection (LOD), defined as the
lowest amounts of the analytes which produced MALDI signals
of the CB[7]-QAC complexes with a signal-to-noise ratio of =3,
were determined to be 0.2, 0.2, and 2 pmol for neurine, choline,
and phosphocholine, respectively, indicating acceptable sensi-
tivities for the on-spot detection using the proposed method. As
a comparison, the LODs of neurine, choline, and phos-
phocholine by MALDI-MS without CB[7] assisting were deter-
mined to be 0.1, 0.3, and 2 pmol, respectively. The MALDI-MS
analysis of QACs with and without CB[7] assistance showed
similar sensitivities of detection in terms of LODs.

To demonstrate the capability of the proposed strategy for
relative quantitation of the QACs by MALDI-MS as well as for the
subsequent sensitivity study, 1 uL of standard solutions of the 3
QACs with varying concentrations were spotted on the MALDI
target, followed by deposition of 1 pL of 2 mM of CB[7] solution
and 2 pL of the same CHCA matrix solution using the dried-
droplet approach. A comparison study without the addition of
CB[7] was also performed. MALDI-MS spectra of CB[7]-QAC
complexes were acquired under a set of optimized instrument
operating conditions and compared, as shown in Fig. 3. The
observed signal intensities of the individual QACs or CB[7]-QAC
complexes showed linear responses as a function of the
concentrations of the applied standard solutions, with correla-
tion coefficients (R*) being equal to or greater than 0.977 over
a concentration range of 5 pmol to 100 pmol, for each of the 3
compounds (Fig. S21). The slopes of the calibration curves with
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Fig. 3 MS Spectra of CB[7]-QACs (neurine, choline and phos-
phocholine) complexes obtained with (A) 100 pmol (B) 50 pmol (C) 10
pmoland (D) 5 pmol of analyte each. 2 nmol of CB[7] and 2 pL of CHCA
(7 mg mL™t in 50% MeOH) were spotted on the target MALDI-plate
spot.
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or without CB[7] were similar, which further showed that the CB
[7]-assisted approach increased the selectivity of detection of
the 3 LMW QACs while maintaining the sensitivity.

Next, the performance of this method for on-tissue detection
of LMW QACs was evaluated using 14 pm-thick rat brain tissue
sections as representative tissue samples. Two rat brain tissue
sections were deposited with the matrix of CHCA (14 mg mL ™"
in 50% MeOH), with and without inclusion of CB[7] (2 mM in
50% MeOH) prior to the addition of the matrix coating, using
a Bruker Daltonics ImagePrep sprayer. When no pre-coating of
CB[7] on the tissue section was used, only very few weak signals
were detected in the mass region of m/z 1220-1400 (Fig. 4A). In
the upper part of Fig. 4B, signals corresponding to the formed
complexes of CB[7]-neurine, CB[7]-choline, and CB[7]
phosphocholine can be clearly detected with the signal-to-
noise ratios of =300 for the 3 endogenous QACs. These
results indicated that the CB[7]-assisted approach delivered
signals free from interferences and gave accurate results,
demonstrating the high selectivity of the proposed strategy for
on-tissue detection of these three compounds.

To optimize the procedure for the MALDI imaging of these
compounds in rat brain, the effects of the amount of CB[7]
deposited and the percentage of organic solvent (MeOH) in the
CB[7] solutions on the MALDI signal intensities were investi-
gated. The amounts of deposited CB[7] on the tissue were
controlled by varying the number of the CB[7] spray cycles.
Sufficient CB[7] benefited the formation of CB[7]-QACs.
However, excessive amounts of CB[7] induced suppression of
the observed ion signals of the CB[7]-QACs. The most intense
signals were observed with the application of 15-19 spray cycles
of the supermolecule solution at a concentration of 2 mM CB[7]
(Fig. S3At). The use of 25% and 50% methanol in both CB[7]
solutions resulted in about 30% higher signal intensities than
with 75% methanol in the aqueous solutions (Fig. S3Bf).
However, the lower percentages of methanol in the solutions
induced delocalization of the analytes on the tissue sections.
Therefore, 75% aqueous methanol was chosen as the solvent for
both the CB[7] solution and the matrix solution, and 15 cycles of
spray were used for all the subsequent imaging experiments in
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Fig. 4 Average mass spectra obtained by conducting on-tissue
inclusion. (A) A rat brain tissue section (14 um) coated with CB[7] and
CHCA, (B) rat brain section coated with CHCA only.
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order to avoid possible delocalization during the CB[7] inclu-
sion and CHCA coating steps.

To simplify the procedure for tissue imaging, we explored
the feasibility of performing the on-tissue CB[7] inclusion and
the matrix coating in a single step, and compared the single-
step procedure with the two-step procedure. In the two-step
procedure, the CB[7] solution (2 mM in 75% MeOH) and the
CHCA solution (14 mg mL™" in 75% MeOH) were coated, in
turn, with 15 spray cycles for each round of the coating. For the
single-step operation, a mixed solution of 2 mM of CB[7] and
14 mg mL~ ! of CHCA in 75% MeOH was sprayed onto the tissue
sections with 15 spray cycles. The mass spectra obtained using
the two different deposition procedures are shown in Fig. S4,T
and both showed similar mass spectral quality for the detection
of the 3 QACs, without any apparent differences in the observed
signal intensities. Thus, the single-step procedure was utilized
to simplify the experiment.

Under the optimized on-tissue inclusion conditions, the
MALDI-MSI of neurine, choline, and phosphocholine in rat
brain tissue was performed to characterize the localization and
distribution patterns of the three QACs (neurine, choline, and
phosphocholine) on transversely sliced tissue sections of a rat
brain with a laser irradiation diameter of 200 pm. As shown in
Fig. 5, the 3 QACs showed slightly different distributions in the
different anatomical regions of the rat brain. Neurine and
phosphocholine showed similar distribution patterns to each
other, and both of these compounds were detected with higher
abundances in the regions of cortex and thalamus, while
choline showed the reverse distribution pattern. These obser-
vations were consistent with the observations in an earlier
ammonium sulfate-assisted MALDI-MSI study.® It should be
noted that the current study could be defined as a feasibility
study for the proposed CB[7]-assisted strategy. Better imaging
results are expected to be obtained by using the CB[7]-assisted
strategy on newer-generation instruments (including both
matrix coating devices and MALDI-MS instruments).

For the MALDI-MSI of LMW QACs, the use of ammonium
sulfate-assisted MALDI-MSI (i.e., spraying ammonium sulfate
together with matrix onto the tissue sections), as reported by
Mitsutoshi, et al., improved the detection performance and the
distributions of 5 hydrophilic QACs (carnitine, acetylcarnitine,
glycerophosphocholine, choline, and phosphocholine) were
visualized in rat brain tissues.’ There are also some reports on
multiplexed and chemical derivatization-free MALDI-MS
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Fig. 5 MALDI-MS ion images of three QACs obtained by using the CB
[7]-assisted approach on a rat brain tissue section and the corre-
sponding H & E staining.
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imaging of endogenous compounds, including a few QACs in
tissue."?® Compared to these earlier studies on the MALDI-MSI
of LMW QACs, a significant advantage of our proposed strategy
is its high selectivity, resulting from shifting the LMW-QACs to
an interference-free higher mass region, with no interferences
derived from in-source fragmentation. To our knowledge, neu-
rine has not been previously imaged in tissue specimens by
MALDI-MS. In this work, neurine in rat brain was able to be
successfully imaged, as a result of the formation of a non-
covalent complex with CB[7] which improved its MALDI-MS
detection.

Conclusions

In summary, a new method for MALDI-MSI of 3 LMW QACs in
rat brain with high selectivity and good sensitivity has been
proposed by shifting of the mass of the ion signals for these
compounds to an interference-free higher mass region. By
doing this, the signals of CB[7]-QAC complexes were not
affected by the interfering signals derived from the MALDI
matrix or the co-existing LMW compounds in the tissue. This
new strategy is expected to be useful in investigations of the
spatial and temporal concentration changes of these QACs in
biological tissues under different disease and physiological
conditions.
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