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KEY WORDS Abstract  Accurate localization of central nervous system (CNS) drug distribution in the brain is quite
challenging to matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI),
owing to the ionization competition/suppression of highly abundant endogenous biomolecules and MAL-
DI matrix. Herein, we developed a highly efficient sample preparation technique, laser-assisted chemical
transfer (LACT), to enhance the detection sensitivity of CNS drugs in brain tissues. A focused diode laser
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imaging; source transilluminated the tissue slide coated with a-cyano-4-hydroxycinnamic acid, an optimal matrix
Drug distribution; to highly absorb the laser radiation at 405 nm, and a very thin-layer chemical film mainly containing drug
Brain penetration molecule was transferred to the acceptor glass slide. Subsequently, MALDI MSI was performed on the

chemical film without additional sample treatment. One major advantage of LACT is to minimize ioni-
zation competition/suppression from the tissue itself by removing abundant endogenous lipid and protein
components. The superior performance of LACT led to the successful visualization of regional distribu-
tion patterns of 16 CNS drugs in the mouse brain. Furthermore, the dynamic spatial changes of risperi-
done and its metabolite were visualized over a 24-h period. Also, the brain-to-plasma (B/P) ratio could be
obtained according to MALDI MSI results, providing an alternative means to assess brain penetration in
drug discovery.
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1. Introduction

The total cost of drug development has more than doubled in the
past decade with a high failure rate’. Particularly, brain drug
development has proven to be very difficult, for example, the
failure rate of Alzheimer’s disease (AD) drug development was
near 99.6%, which may hit investor confidence in innovation”. For
central nervous system (CNS) drug discovery, one of the funda-
mental principles is to cross the blood—brain barrier (BBB) and
distribute at the target-site at sufficient concentration to execute its
pharmacological effect®. Several approaches have been developed
for mapping brain regional distribution of small molecule drugs
and assessing their brain penetration in CNS drug discovery”.
However, accurately mapping the spatial distribution of a drug or
drug candidate in the brain is not always easy, maybe even worse
for micro or trace amounts of drug metabolites. Liquid/gas chro-
matography—mass spectrometry (LC/GC—MS) and ligand binding
assay (e.g., ELISA) are often used for quantitative analysis of
target molecules in the biological sample’, whereas the tissue
homogenization is required resulting in the loss of spatial reso-
Iution. Whole-body autoradiography (WBA), positron emission
tomography (PET), and fluorescence imaging offer the ability to
visualize the tissue-specific distribution of drugs®™’. However,
these molecular imaging techniques rely on radiolabeled tracer or
report probe, which is unable to distinguish parent drug from its
metabolites because only the labeled compounds can be detected’.
Furthermore, the risk of label loss may occur in the metabolic
process. Therefore, continuous development of imaging methods
for precisely visualizing the distribution of small molecule drugs
and their metabolites in brain tissues is critical to the research and
development of CNS drugs, and non-CNS therapies, where brain
penetration can cause unexpected CNS-mediated side effects”.

Mass spectrometry imaging (MSI) appears to be a promising
label-free imaging technique for interrogating the spatiotemporal
distribution of endogenous compounds in various samples®’. The
most frequently used MSI modality is matrix-assisted laser
desorption/ionization (MALDI), which has been employed to map
the tissue-specific distribution of small metabolites, lipids, pep-
tides, and proteins'®~'%. Currently, one of the most attractive ap-
plications of MALDI MSI is the visualization of tissue distribution
of drug or drug candidates and their potential metabolites,
providing essential spatial information for optimizing drug ADME
properties'*. However, unlike LC/GC—MS, the traditional sample
purification, concentration, and chromatographic separation are
not available for MSI, in situ detection of small molecule drugs in
tissue is greatly limited by ionization competition/suppression of
highly abundant endogenous biomolecules and MALDI matrix'.
Furthermore, the amount of drug in a laser spot (~100 pum) on a
12 pm thick tissue is significantly low (~1 pe/spot)°. If the drug
delivery were limited by BBB or nonspecifically and specifically
bound with protein/lipid in tissue, the situation would be worse.
This may be that the spatial distribution information of drug
metabolite is often missed in the MSI of the parent drug.

To overcome these limitations, various strategies have been
proposed for MALDI MSI of drugs to improve detection sensi-
tivity and specificity. Discovery of novel organic matrices with
high desorption/ionization (DI) of the analyte, synthesis of diverse
nanomaterials, and nanostructured surfaces with low background
noise and high DI efficiency have been intensively employed'®'”.
Another option to minimize salts- and lipids-induced ion sup-
pression is tissue pretreatment with a pH-controlled buffer solu-
tion or solid hydrogel prior to MALDI MSI'® *°. On-tissue

derivatization via the introduction of the ionized group on target
drug is also utilized to improve detection sensitivity in MALDI
MSI?!?2, Although several MALDI MSI methods are successfully
developed based on the physicochemical properties of individual
drugs, the lack of universality largely hindered their broad
application to the pharmaceutical industry.

It is well-known that the detection sensitivity of drug mole-
cules could greatly increase by extracting them from complex
samples to remove the ion suppression from endogenous com-
ponents. However, the in situ extraction method for MALDI MSI
is rarely reported and quite challenging. To achieve this goal, the
laser-assisted chemical transfer (LACT) technique was introduced
to extract the drug molecule in situ from the tissue without the
damage of its spatial distribution. A rationally selected MALDI
matrix able to absorb the laser radiation at operational wavelength
was applied as the intermediate layer to drive in situ extraction
and chemical transfer of the target drug molecules from tissue.
LACT is a chemical transfer of exogenous components, enabling
universal enhancement of MALDI detection sensitivity and visu-
alization of the spatial distribution of CNS drug and its metabolite
in brain tissue.

2. Results and discussion

The prototype LACT was designed inspired by laser-assisted
transfer technique”, such as infrared laser ablation sample
transfer method>* and laser-capture microdissection technology™.
However, they are tissue transfer methods, an indiscriminate
transfer, which cannot on-tissue separate target drug molecules
from endogenous components. As shown in Fig. 1A and
Supporting Information Fig. S1, LACT employs a focused laser to
illuminate the matrix-coated tissue placed on a donor slide in a
transmission mode, and a thin film was transferred to another
clean acceptor slide. The transfer is forced by strongly localized
heat during laser illumination, resulting in a small volume of
materials to be ablated from tissue and deposited onto the acceptor
slide. LACT relies on the efficient absorption of laser energy in the
tissue to obtain the optimal pattern and chemical transfer.
Therefore, it is crucial to utilize a compound able to absorb laser
radiation at an operational wavelength to assist chemical transfer,
not tissue transfer. Ideally, if a MALDI matrix served both
absorbing compounds for LACT and matrix for subsequent
MALDI MSI, it could simplify the whole experiment and avoid
introducing the new chemicals. Moreover, in LACT, an electric
field-assisted sprayer was assembled and used to homogenously
deposit matrix solution. As proved in our previous work,
compared with the conventional gas spray coating method, a
micro-extraction could be induced by the electric field to facilitate
the analyte moving from the tissue to the matrix layer’®>’. A
desirable matrix should have a low ablation threshold and high
absorption coefficient, which can effectively avoid excessive
thermal effects and phase changes on tissue”®. Therefore, the
mouse after dosing of venlafaxine was sacrificed and the brain
section was sprayed with five often used matrices including
DHAP, THAP, DAN, DHB, and CHCA to screen the suitable
matrix for LACT. A diode laser source operated at the wavelength
of 405 nm was assembled on the LACT device. The solid-state
absorption spectra of five candidate matrices were acquired in
the range of 350—600 nm. Among them, CHCA exhibits the
highest absorption at 405 nm (Fig. 1B). As expected, the lowest
energy threshold for chemical transfer was 4 mW when CHCA
was applied (Fig. 1C). Although tissue sections coated with the
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Working principle of LACT and optimization of absorbing matrix compound for LACT and MALDI MSI. (A) Workflow for matrix

deposition, laser illumination (405 nm), and chemical transfer. (B) Solid-state UV absorption spectra of different MALDI matrices coated on brain
tissues. (C) The influence of transfer threshold energy on the signal intensities of venlafaxine. The transfer threshold energy was defined as the
minimum real-time power of the laser (mW) necessary to achieve chemical transfer. Error bars indicate the standard deviations of 100 mass
spectra acquired from ion images. (D) Comparison of MALDI MSI results of venlafaxine measured in dosed mouse brain before and after LACT

treatment using different matrices. DHAP, 2,6-dihydroxyacetophenone;

THAP, 2.4,6-trihydroxy-acetophenone; DAN, 1,5-diaminonapthalene;

DHB, 2,5-dihydroxybenzoic acid; CHCA, a-cyano-4-hydroxycinnamic acid.

other four matrices could be transferred using a 405 nm laser
(Fig. 1D), the venlafaxine could be detected with the highest
sensitivity by using CHCA-LACT (Fig. 1C and D). Herein, the
optimal matching between CHCA and 405 nm laser resulted in the
requirement of minimum transfer energy and greatly minimized
the risk of laser-induced thermal damage. In addition, the signal
intensity of venlafaxine is inversely proportional to the thickness
of the transferred film (Supporting Information Fig. S2). The
thinnest film (~1 pm) could be achieved using 4 mW laser ra-
diation with the highest signal intensity of venlafaxine (Fig. S2A).
Increasing laser radiation above 16 mW, the signal intensity of
venlafaxine largely decreases, and the spatial distribution pattern
is hardly resolved. Additionally, to remove doubt regarding the
analyte delocalization possibly caused by LACT, mouse brain
dosed with a fluorescent dye was firstly imaged with fluorescence
microscopy, and LACT treatment was subsequently performed for
MALDI MSI at 200 pm raster step size to visualize the spatial
distribution of fluorescein (m/z 333.11). As shown in Supporting
Information Fig. S3A, the spatial distribution pattern of fluores-
cent dye obtained by using two techniques was consistent with
each other, indicating that no significant compound delocalization
occurred during the LACT process. Subsequently, the raster step
size of 50 um was applied to evaluate the possible compound
delocalization. The fine distribution pattern of fluorescein was
resolved, which was in a blood vessel with a diameter of ~50 pum,
consistent with the fluorescence image (Fig. S3A). Furthermore,
brain tissues from animals dosed with imipramine were subjected
to LACT for MALDI MSI of its distribution in the cerebellum
(Fig. S3B). Compared to the H&E-stained image, the ion image of
imipramine acquired at 50 pm step size by MALDI MSI could

resolve the stripe interval between cerebellar folium (~ 100 pm)
and the morphology of the granular layer and white matter.
Additionally, a comparison of ion images of selected lipids ob-
tained at 200 pum step size was performed on brain tissues treated
with and without LACT, respectively. As shown in Fig. S3C,
similar spatial distribution patterns of two selected lipids were
obtained. Therefore, LACT could well preserve the spatial dis-
tribution of compound and could not cause the significant delo-
calization of the analytes. It can reflect the intrinsic and real
distribution of molecules in tissue.

To further explore the underlying reason for the enhancement
of the signal intensity of the drug by using CHCA-LACT, the
potential discrimination effect in tissue transfer was investigated.
LC-MS/MS analysis was performed on untreated and LACT
treated tissue sections of the venlafaxine-dosed mouse brain,
respectively, showing that approximately 21% of venlafaxine was
extracted from the tissue and transferred to chemical film
(Supporting Information Fig. S4). Moreover, the amounts of total
lipids and proteins in the chemical film were determined by using
sulfo-phospho-vanillin (SPV) and bicinchoninic acid (BCA) as-
says, respectively. As shown in Supporting Information Figs. S5
and S6, significant decreases in total lipids (64%, P < 0.001)
and total proteins (97%, P < 0.001) were observed after LACT
treatment. Several studies have proved that lipids and proteins
could cause severe ion suppression of small molecules™*’.
Therefore, LACT could achieve an in sifu extraction and strips out
matrix-analyte cocrystals from the tissue to separate endogenous
and exogenous components. The enhancement of detection
sensitivity provided by LACT was mainly attributed to the puri-
fication of the matrix-tissue layer by discarding the tissue proteins
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and lipids. Consequently, ionization competition and suppression
from the tissue itself was greatly minimized, which was beneficial
for the detection of exogenous compounds.

Moreover, the mixture solution of CNS drug and CHCA was
homogenously spray-coated on the bare ITO slide and brain tissue
to evaluate tissue extinction coefficient (TEC), which is used to
account for ion suppression effects that occurred in MALDI
MSI'*. TEC is calculated by comparing the mean signal intensity
of a standard obtained from the tissue and bare ITO slide. The
strong signal intensity of venlafaxine was obtained from bare ITO
slide and chemical film, however, the venlafaxine signal was
markedly suppressed by untreated brain tissue (Fig. 2A). Similar
results were observed for other 15 test CNS drugs (Supporting
Information Fig. S7). As shown in Fig. 2B, the average TEC
value for untreated tissues of 16 CNS drugs was 0.045, similar to
previous reports'**'. However, the average TEC value for
chemical films of 16 CNS drugs was 0.76, having a ~17-fold
increase. TEC results suggested that the ion suppression is
mainly derived from the tissue itself, and CHCA-LACT can
provide a universal enhancement effect for selected CNS drugs.

Finally, the performance of the CHCA-LACT was evaluated
for its sensitivity and linearity. As shown in Fig. 2C and
Supporting Information Fig. S8, >1300-fold decrease in the limit
of detection (LOD) of 16 CNS drugs was observed in the chemical
films as compared to the untreated tissue. Therefore, the CHCA-
LACT technique can significantly improve the MALDI MS
detection sensitivity of various CNS drugs due to the global
minimization of ionization competition/suppression effect from
abundant components in tissue. To evaluate the linearity of the
method, serial dilutions of venlafaxine and lamotrigine were
manually spotted on the cortex of the blank brain tissue section,
respectively, and LACT was subsequently performed. The cali-
bration curve was generated for venlafaxine and lamotrigine by
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plotting average signal intensities of mass spectra in a defined
region of interest (ROI) as a function of the concentration of
standards spotted on the brain tissue section (Supporting
Information Fig. S9). The MALDI MSI results exhibited ideal
linearity (R = 0.9953 for venlafaxine and R = 0.9925 for
lamotrigine) within the 100-fold concentration range.

The utility of CHCA-LACT was comprehensively demon-
strated by MALDI MSI of 16 CNS drugs (including 6 antipsy-
chotic drugs, 2 anesthetic drugs, 3 antidepressant drugs, 1
antiepileptic drug, 3 anti-Alzheimer drugs, and 1 antihyperten-
sive drug) in brain tissues from mice receiving a single dose.
Meanwhile, a comparison of CHCA-LACT with the other three
methods (MALDI with CHCA, MALDI with DHB, and blank
control) was performed to show the advantage of CHCA-LACT
in the high detection sensitivity (Fig. 3). The blank tissue treated
by CHCA-LACT was used to eliminate false positive. In situ
tandem MS/MS was performed on dosed tissues treated by
CHCA-LACT to validate the identity of the drug (Supporting
Information Fig. S10 and Table S2). Undoubtedly, most CNS
drugs were not detectable by conventional CHCA and DHB
matrices, and no interference peak was observed in blank tissue.
However, with the aid of CHCA-LACT, the brain regional dis-
tributions of 16 CNS drugs were successfully revealed in the
horizontal sections of the mouse brains after i.p. dosing, showing
the similarity and difference in spatial distribution. Relatively
high levels of drugs were detected in the cerebral cortex followed
by the hippocampus, thalamus, and striatum, generally in
agreement with previous studies’”>?. Distinct distribution pat-
terns were visualized for specific drugs. For example, quite low
levels of venlafaxine, fluoxetine, and lamotrigine were observed
in the cerebellum as compared with the cortex and the rest of the
brain regions, which were confirmed by previous HPLC and
autoradiographic methods®> > These results indicate that the
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Figure 2  Evaluation of tissue extinction coefficient (TEC) and limit of detection (LOD) of CHCA-LACT technique. (A) Ion images and
representative MALDI mass spectra of venlafaxine acquired from bare ITO glass slide, untreated tissue, and chemical film. (B) Histogram of
calculated TEC values for each CNS drug in untreated and CHCA-LACT treated brain tissue sections. (C) Representative MALDI mass spectra of
venlafaxine at LOD level and LODs of 16 CNS drugs obtained from untreated and CHCA-LACT treated tissue sections.
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Figure 3  Comparison of the performance of three MALDI MSI methods from left to right for each CNS drug, including MALDI with CHCA-

LACT (whole horizontal section), MALDI with CHCA (vertical stripe), and MALDI with DHB (vertical stripe). The blank tissue treated by
CHCA-LACT was used as negative control (vertical stripe). Representative mass spectra corresponding to each imaging experiment were shown
from top to bottom: MALDI with CHCA-LACT, MALDI with CHCA, MALDI with DHB, and blank control. The value of the color scale bar
represents the absolute intensity divided by 10. Ctx, cerebral cortex; Str, striatum; Th, thalamus; Hip, hippocampus; Cb, cerebellum.

CHCA-LACT technique provides a universal enhancement of
signal intensities of CNS drugs enable to achieve the accurate
tissue-specific distributions of drugs in brain tissue. It is a very
useful alternative means when the traditional MALDI MSI does
not work.

The superior performance of CHCA-LACT was further
demonstrated by interrogation of spatiotemporal changes of anti-
psychotic drug risperidone (RISP) and its metabolite in 24 h after
single dosing. RISP and its one major pharmacologically active
metabolite 9-hydroxy-risperidone (9-OH RISP) were readily
detected by using MALDI MS with CHCA-LACT, and their
spatiotemporal changes were unraveled for the first time (Fig. 4).
After i.p. administration, the drug rapidly penetrated through the
BBB into the brain, reaching maximum concentration (7,.) in
~ 15 min, and it was mainly observed in the frontal cortex, stria-
tum, and hippocampus regions colocalized with the 5-HT and
dopamine receptors™. Subsequently, tissue concentration and dis-
tribution of RISP rapidly declined by 0.5 h from peak concentra-
tion, and a small amount of parent drug was only observed in the
lateral ventricles after 2 h (Fig. 4A). However, 9-OH RISP reached
Tmax in 1 h and was spatially confined in the lateral ventricles as
shown in Fig. 4B. As expected, the BBB permeability of hydrox-
ylated metabolite is lower than its parent drug. Repeatability
measurements of spatiotemporal changes of RISP and 9-OH RISP
in dosed mice were conducted with three biological and technical
replicates (Supporting Information Fig. S11). We further validated
these results by using LC-MS/MS analysis on punched tissue

homogenate (Fig. 4C and D). MALDI MS and LC-MS/MS results
showed a good agreement with each other in terms of brain regional
concentration—time profiles and signal intensity distributions
(Fig. 4D and Supporting Information Fig. S12). This experiment
illustrates that MALDI MSI with CHCA-LACT provides a
powerful means to accurately address the problem of tissue distri-
bution of the drug and its metabolites. Spatiotemporal information
obtained here can improve our understanding of pharmacokinetics
(PK), pharmacodynamics (PD), and potential transient toxicities of
RISP and its metabolite in the brain.

The extended application was finally explored by assessment
of drug brain penetration to illustrate the versatility of CHCA-
LACT. Brain-to-plasma (B/P) ratio, vital data for successful CNS
drug development, was applied to evaluate the extent of brain
uptake of 10 known CNS drugs. Taking clozapine and tacrine for
example, the ion signal of plasma heme B (m/z 616.2) was utilized
to segregate ion images of drugs into the brain parenchyma region
and blood vessel individually (Supporting Information Figs. S13A
and B). The B/P ratio was directly calculated by comparing
average MS signal intensities of drugs in the brain parenchyma
region to that of brain blood vessels (Fig. S13C). To validate our
results, a correlation of the B/P ratio determined by MALDI MSI
with CHCA-LACT and parallel artificial membrane permeability
assay (PAMPA)-BBB data from literature was performed
(Fig. S13D)*"*. As shown in Fig. S13E, the B/P ratio obtained by
MALDI MSI correlated strongly with PAMPA-BBB data, with a
correlation coefficient of R = 0.8917 and P = 0.0005 for 10 CNS
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Visualization of spatiotemporal changes of risperidone (RISP) and its metabolite 9-hydroxy-risperidone (9-OH RISP) in brain tissues

after i.p. administration using MALDI MSI with CHCA-LACT. (A) Ion images of RISP and 9-OH RISP were acquired at different time points.
(B) Chemical structures of RISP and 9-OH RISP, and optical image of the horizontal section of the mouse brain. (C) Comparison of relative
intensities of RISP and 9-OH RISP at different brain regions determined by LC-MS/MS and MALDI MSI with CHCA-LACT, respectively. (D)
Comparison of relative intensities of RISP and 9-OH RISP in the lateral ventricles at different time points determined by LC-MS/MS and MALDI
MSI with CHCA-LACT, respectively. The results were expressed as the mean + SD from three animals.

drugs, demonstrating that MALDI MSI with CHCA-LACT could
be an attractive tool for assessing brain penetration of potential
CNS drug candidate.

3. Conclusions

Our work provides an efficient sample preparation technique to
overcome the limitations of the current MALDI MSI. The results
proved that CHCA-LACT is a powerful and universally applicable
technique, which enables unraveling the spatiotemporal distribu-
tion of drugs and their metabolite in brain tissue, as well as
assessing drug penetration in the brain.
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