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Matrix-assisted laser desorption/ionization mass spectrometry imag-
ing of tissues via the formation of reproducible matrix crystals by
fluorescence-assisted spraying method : a quantification approach
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TFaculty of Agriculture, Graduate School of Kyushu University, Fukuoka 819-0395, Japan

fResearch and Development Center for Five-Sense Devices, Kyushu University, Fukuoka 819-0395, Japan

ABSTRACT: The application of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) imaging to quantita-
tive analyses is restricted by the variability of MS intensity of the analytes in nonreproducible matrix crystals of tissues. To overcome
this challenge, fluorescence-assisted spraying method was developed for a constant matrix amount employing an MS-detectable
fluorescent reagent, rhodamine 6G (R6G), which was sprayed with the matrix. To form a homogeneous matrix crystal on the tissue
section, a matrix solution, 1,5-diaminonaphthalene (10 mg/mL), containing R6G (40 png/mL) and O-dinitrobenzene (O-DNB, 10
mg/mL) was sprayed until the desired constant fluorescent intensity was achieved. Compared with that obtained via conventional
cycle-number-fixed spraying (relative standard deviation (RSD) = 18.8%), the reproducibility of the relative MS intensity of the
analyte (ferulic acid (FA), RSD = 3.1%) to R6G was significantly improved by the fluorescence-assisted matrix spraying. This result
indicated that R6G could be employed as an index of the matrix amount, as well as a MS normalizing standard. The proposed matrix
spraying successfully quantified nifedipine (0.5-40 pmol/mm? in the positive mode, R* = 0.965) and FA (0.5-75 pmol/mm? in the
negative mode, R? = 0.9972) in the kidney section of a rat. Employing the quantitative MALDI-MS imaging assay, FA, which accu-
mulated in the kidney of the rat after 50 mg/kg was orally administered, was visually determined to be 3.5, 3.0, and 0.2 pmol/g tissue

at 15, 30, and 60 min, respectively.

The elucidation of absorption mechanisms is essential for ver-
ifying the functionalities and nutritional properties of food com-
ponents and drugs. The absorption of food and drug compo-
nents into the blood system, as well as accumulation in the or-
gan, must be considered.' However, analytical methods for
analyzing the microenvironments of organs are still lacking.’
Therefore, it is necessary to establish an assay that can quanti-
tatively and topically visualize the accumulation of absorbed
compounds, including their metabolites, in targeted organs or
tissue regions.

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) imaging has been employed in various fields,
such as food metabolism,** pharmacology,®’ and plant physiol-
ogy,® because it can visualize the distribution and localization
of detectable compounds in organs without employing specific
labels, such as antibodies. However, MALDI-MS imaging ex-
hibits disadvantages regarding the quantification of analytes.
The factors that affect the quantitative performance of MALDI-
MS imaging include matrix-to-analyte ratio,” inhomogeneity of
tissue sections, extraction efficiency of analyte molecules,'” in-
homogenous crystallization of matrix on the tissue section,!!
variation of laser intensity,'? ion suppression,? etc. In particular,
the low reproducibility and inhomogeneity of matrix crystal for-
mation during analytical runs'* are critical issues to be solved
for the improvement of the quantitative capability of MALDI-
MS. Thus, highly reproducible analytical methods, such as lig-
uid chromatography—MS (LC-MS), generally employing an in-
ternal standard (IS) that is detectable to compensate the analyt-
ical variations, are preferred in quantitative analyses."” Put dif-
ferently, MALDI-MS imaging, which exhibits enormous ad-
vantages of simplifying the processing of samples, as well as
maintaining the form of biological tissues,'¢ can be a very es-
sential analytical technique in different scientific fields if the
visualized target samples can be accurately quantified. Since

MALDI-MS imaging requires much less sample preparation
than LC-MS (such as homogenization, extraction, purification,
and column separation), it does not need to compensate the loss
of analytes during the preparation. However, the fluctuation in
the amount of matrix spray,'” " as well as the inhomogeneity
of the matrix crystals on the tissue section, are serious setbacks
to the quantitative ability of MALDI-MS imaging. Thus, the
nondestructive evaluation of the amount of matrix spray, as well
as the regulation of constant matrix spraying before MALDI ir-
radiation, may greatly improve the quantitative ability.

Although quantitative MALDI-MS (QMALDI-MS) assays uti-
lizing robotic matrix spotters®**?! and exhibiting slight fluctua-
tions in the matrix amount have been developed, a serious lim-
itation persists regarding the distance between the spots (>250
pm). This limitation significantly affects the imaging quality or
resolution of MS imaging. Although robotic matrix sprayers
have been also developed to achieve reproducible spraying,”
the homogeneity of matrix crystal, its distribution and amount
on the tissue sections cannot be monitored and controlled. The
inhomogeneity of matrix crystals is a known factor that reduces
the resolution of MALDI-MS imaging.'**2¢

Thus, this study focused on establishing a novel quantification
approach for MALDI-MS imaging by applying MS ionizable
fluorescent compound and crystal-homogenizing substance as
additives to the matrix solution, enabling the nondestructive
monitoring of the matrix amount and enhancing the homogene-
ity of matrix crystal. The fluorescent compound added to matrix
solution could be act as both an index of sprayed matrix amount
to regulate the amount matrix sprayed before MALDI irradia-
tion and a MS normalizing standard to compensate the variabil-
ity of MS intensity of analytes due to the inhomogeneous crys-
tallization and ionization suppression in tissue sections (Figure
1). Ferulic acid (FA), a representative absorbable bioactive food
compound exhibiting anticancer effects,”’ * and nifedipine, an



oral antihypertensive drug that accumulates in organs after oral
administration,’*3? were subjected to this qMALDI-MS imag-
ing technique to validate its quantitative capability by compar-
ing it with the capability of LC-MS.

EXPERIMENTAL SECTION

Materials. a-Cyano-4-hydroxycinnamic acid (CHCA) and ni-
trobenzene were obtained from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Further, 2,5-dihydroxybenzoic acid (DHB),
rhodamine 6G (R6G), 6-carboxyfluorescein, aniline, and quer-
cetin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Additionally, 1,5-diaminonaphthalene (1,5-DAN) and 7-
methoxycoumarin-3-carboxylic acid were purchased from To-
kyo Chemical Industry Co., Ltd. (Tokyo, Japan). O-Dinitroben-
zene (O-DNB) was obtained from Nacalai Tesque Co. (Kyoto,
Japan). Naphthalene was obtained from Kanto Chemical Co.,
Inc. (Tokyo, Japan). Sevoflurane was purchased from Maruishi
Pharmaceutical Co., Ltd. (Osaka, Japan). All the reagents,
which were of analytical grade, were employed without further
purification.

Animal Study and Sample Collection. Eight-week-old male
Sprague—Dawley (SD) rats (268.7 = 3.9 g, SPF/VAF Crj;
Charles River Japan, Kanagawa, Japan) were employed for this
study. The rats were housed under the following controlled con-
ditions: temperature, 21 = 1 °C; humidity, 55 + 5%; and light,
twelve-hour period (from 8:00 am to 8:00 pm). After 16 h of
fasting, the rats were orally administered FA (dose = 50 mg/kg).
Afterward, the rats were sacrificed via exsanguination from the
abdominal aorta under anesthesia employing sevoflurane. Their
kidney samples were collected 0, 15, 30, and 60 min after the
oral administration. The remaining blood in the organs were
washed out via perfusion from the left ventricles of their hearts
employing an ice-cold phosphate-buffered saline (PBS) solu-
tion (pH 7.0, 100 mL) to focus on the tissue-accumulated FA
rather than the blood-accumulated ones. Thereafter, the kidney
was immediately dissected and stored at —80 °C before the anal-
yses. All the animal experiments were performed according to
the Guidelines for Animal Experiments in the Faculty of Agri-
culture in the Graduate Course of Kyushu University and ac-
cording to the Law (No. 105, 1973) and Notification (No. 6,
1980 of the Prime Minister’s Office) of the Japanese Govern-
ment. All the experiments were reviewed and approved by the
Animal Care and Use Committee of Kyushu University (Permit
Number: A20-095).

Measurement of the Fluorescent Intensity. Firstly, 7-meth-
oxycoumarin-3-carboxylic acid, R6G, naphthalene, and 6-car-
boxyfluorescein were dissolved in 70% acetonitrile (ACN).
Each fluorescent reagent (2—200 pmol/spot, 0.01-1 mM) was
spotted onto blank kidney tissues. The fluorescence images of
the spotted reagents were obtained by Fusion SOLO.7S.EDGE
system (Vilber-Lourmat, Marne-la-Vallée, France) comprising
blue (excitation and emission = 480 and 536 nm, respectively),
green (excitation and emission = 530 and 595 nm, respectively),
and red filters (excitation and emission = 640 and 750 nm, re-
spectively). The image capture conditions included a detection
time of 1.8 s. Since MALDI imaging is performed on-tissue, the

average fluorescence intensity calculated from regions on the
tissue sections was used to monitor the sprayed matrix amount.

Preparations of the Tissue Sections for MALDI-MS Imag-
ing. The frozen kidney samples were sliced into 12-um-thick
sections by a CryoStar NX70 (Thermo Scientific, MA, USA) at
—25 °C. The kidney sections were sequentially collected for
qMALDI-MS imaging and LC-MS analysis to compare the
quantitative characteristics of the two techniques. The samples
for gMALDI-MS imaging were thaw-mounted on an indium—
tin oxide (ITO)-coated conductive glass slide (Bruker Daltonics)
and dried in a nitrogen gas flow. An ImagePrep automatic ma-
trix sprayer was employed to spray the matrix solution, a mix-
ture containing 1,5-DAN (10 mg/mL), O-DNB (10 mg/mL),
and R6G (40 pg/mL) in 70% ACN, over the tissue section on
the ITO glass slide under the following spraying conditions:
spray power, 20%; modulation, 20%; spraying time 1.5 s; incu-
bation time, 10 s; drying time, 60 s; and spraying cycles, 20—60.
The average fluorescent intensity of the sprayed R6G (the fluo-
rescent IS) on the tissue sections was measured by the Fusion
SOLO.7S.EDGE system that was equipped with the green filter
at every 1-5 cycles sequentially to regulate further spraying
(until the desired constant fluorescent intensity) to obtain a con-
stant amount of the sprayed matrix between the tissue sections,
as shown in Figure 1. The average fluorescent intensity of the
section was calculated by dividing the fluorescent intensity that
was obtained from the kidney tissue by the number of pixels in
the corresponding area of the section. The optical microscopy
images were captured by an Eclipse Ts2-FL microscope (Nikon
Corporation, Tokyo, Japan) with 40% to 100X resolutions before
and after matrix spraying.
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Figure 1. Scheme of the fluorescence-assisted matrix-spraying
method. The matrix solution containing the fluorescent IS was
homogeneously sprayed onto the sections of the kidney tissues.
The homogeneity of the matrix crystal (1,5-DAN) was signifi-
cantly improved by adding O-DNB. The average fluorescent in-
tensity (/) of the fluorescent IS that was sprayed on the tissue
sections was measured by the Fusion SOLO.7S.EDGE system
(a quick and convenient fluorescent imager) every number of
cycles, either 1 or 5 cycles, up to the desired fluorescent inten-
sity. Following the significant increase in the noise peaks that
accrued from the matrix at Ir, =>50,000, it was further sprayed
until the fluorescent intensity of ~40,000 was obtained.
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Figure 2. Fluorescence-assisted spraying method for forming reproducible matrix crystals via MALDI-MS imaging. (A) Fluorescent
image of R6G obtained by the fluorescent imager employing a green filter (excitation and emission = 530 and 595 nm, respectively),
and its MS spectra obtained via MALDI-MS analysis in the positive and negative detection modes utilizing 1,5-DAN as the matrix
solution. (B) Optical image, fluorescent image, and MS spectra in 40 cycles of cycle-number-fixed spraying and fluorescence-assisted
reproducible matrix spraying until the desired fluorescent intensity of ~40,000. MS spectra of the spotted analyte (FA; 20 pmol/spot,
0.1 mM, shown as dotted circle) were obtained for each spraying method. Additionally, the 1,5-DAN (10 mg/mL) solution containing
R6G (40 pg/mL) and O-DNB (10 mg/mL) as the matrix additives, was sprayed on the blank kidney sections. The relative standard
deviation (RSD) was calculated for the /r;, and relative MS intens. of FA to R6G (IS), as obtained from the ROI of the FA that was
spotted on the tissue section. Sections 1, 2, and 3 exhibiting fluctuated fluorescent intensities via fixed spraying (RSD = 42.3%) were
further sprayed until the desired constant fluorescent intensity to obtain a constant spray amount between the sections (RSD = 3.1%).

qMALDI-MS Imaging. The matrix-sprayed tissue sections
were analyzed by an Autoflex III mass spectrometer that was
equipped with a SmartBeam (Bruker Daltonics) at a spatial res-
olution of 100 um. The tissue sections were subjected to
MALDI-MS imaging in the positive- and negative-ion linear
modes employing the following MS parameters: lon Source 1,
20.00 kV; Ton Source 2, 18.80 kV; lens voltage, 7.50 kV; gain,
12.00; laser frequency, 200 Hz; laser power, 39%; offset, 59%;
range, 20%; laser focus range, 100%; value, 6.0%; and the num-
ber of shots per pixel, 100. The ion image data were recon-
structed for visualization with a mass filter of 0.2 m/z employ-
ing the Bruker FlexImaging software (version 2.1). The

acquired MS spectra were analyzed by the Bruker FlexAnalysis
software (version 3.3) as the sum of all the spectra in the MS-
imaging region. The average intensity was calculated as the sum
of the spectra that were exported from the region of interest
(ROI) divided by the number of pixels in the ROI (100 pix-
els/mm?). Calibration curves were generated by plotting the av-
erage intensity ratio of nifedipine (2—160 pmol/0.2 pL spot) or
FA (2-300 pmol/0.2 pL spot) to R6G, which was calculated
with spectra from 4 mm? of the ROI covering the whole spot
area. The weight of the tissue section (12 um) was 430 pg/sec-
tion, as calculated from the sum of the weights of three sequen-
tial tissue sections. The area of the tissue sections was
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Figure 3. Calibration curves of nifedipine and FA obtained via the qgMALDI-MS imaging using fluorescence-assisted matrix spraying
method in the positive (A) and negative (B) modes, respectively. MS ion images of a series of spotted nifedipine ((M-H,O + H]* =
329.1 m/z, 0.5-40 pmol/mm?) and FA ([M-H] = 193.1 m/z, 0.5-75 pmol/mm?) were obtained on the blank kidney sections via
positive- and negative- qgMALDI-MS imaging. The fluorescent images of the positive and negative MS imaging were inserted to
show the formation of the reproducible matrix crystal. The relative MS intensities of nifedipine and FA to R6G (IS) were obtained
from the sum of the spectra from the ROI (4 mm?) to cover whole spotted analytes on the kidney sections. The results were expressed

as the mean + SD of three independent tissues.

measured based on the number of pixels on the tissue section
(20,411 = 215 pixel/kidney section = 204 + 2 mm*/kidney sec-
tion) by the FlexImaging software, which afforded the density
of kidney tissue as mol/g dry tissue, to calculate the amount of
FA that was accumulated in the kidney tissue. The limits of de-
tection and quantification (LOD and LOQ) were calculated ac-
cording to the equations that were reported by Sammour et al.'®

Quantification of FA Accumulating the Kidney via LC—
MS. The kidney sections of the FA-administered SD rats were
lyophilized and mashed with a BioMasher II (Nippi. Inc., To-
kyo, Japan). The mashed powder of five sequential kidney sec-
tions (~1.5 mg), which was adjacent to that for qgMALDI-MS
imaging, was homogenized with 500 uL of 50% MeOH and 0.1%
formic acid containing 100 pL of 3,4-dimethoxycinnamic acid
(DMCA, 1 pmol/L) as the IS by a Polytron homogenizer
(KINEMATICA AG; Luzern, Switzerland; 20,000 rpm for
30sx3 times at 4°C). The homogenate was subjected to

sonication by a SONIFIRE 250 (Branson Ultrasonics, Emerson
Japan Co., Kanagawa, Japan) at an output control of 3 for
10sx3 times at 4°C. After centrifuging for 15 min at
14,000 xg and 4 °C, the supernatant was ultrafiltered by an
Amicon Ultra 0.5-mL 3K centrifugal filter (Millipore, Car-
rigtwohill, Ireland) for 30 min at 14,000 xg and 4 °C. The ob-
tained filtrate was evaporated, after which the dried filtrate was
dissolved in 100 puL of a 0.1% formic acid solution. An aliquot
(20 pL) of the solution was subsequently subjected to LC—time-
of-flight (TOF)-MS analysis. LC-TOF/MS analysis was per-
formed, as described in our previous study*. LC separation was
performed employing an Agilent 1200 series system (Agilent,
Waldbronn, Germany) on a Cosmosil 5C 18 AR-II column (2.0
mm [.D. x 150 mm; particle size, 5 um; Nacalai Tesque, Kyoto,
Japan) with a linear gradient elution of ACN (0-100% for
>20min) containing 0.1% formic acid at a flow rate of
0.2 mL/min at 40 °C. Electrospray ionization



Table. 1 Method validation parameters for the present qMALDI-MS imaging of ferulic acid and nifedipine

Intra-tissue precision Inter-tissue precision

Mode Analyte ( mth;r[rjlmz) ( mt)clir?\mz) of the intens. ratio, of the intens. ratio,
P P RSD (%) RSD (%)
Positive Nifedipine 0.35 1.07 5.1 6.9
Negative Ferulic acid 0.12 0.36 5.4 25
an=3

(ESI)-TOF/MS analysis was conducted by a microTOF II in-
strument (Bruker Daltonics, Bremen, Germany) in the negative
mode. The ESI-TOF/MS conditions were, as follows: the dry-
ing gas (nitrogen) was employed at a flow rate of 8.0 L/min, a
drying temperature of 200 °C, the nebulizing gas pressure of 1.6
bar, and a capillary voltage of 3800 V, and mass range of 100—
1,000 m/z. All data acquisition and analyses were performed by
the Bruker Data Analysis 3.2 software. An MS calibration so-
lution containing 10 mM sodium formate in 50% ACN was in-
jected at the beginning of each run, and all the spectra were in-
ternally calibrated. To determine the amount of FA, a calibra-
tion curve of FA, which was obtained in the blank kidney tis-
sues under the aforementioned MS conditions, was employed:
y=0.0994x + 7.6448 (R? = 0.9904) [y is the peak intensity ratio
(the observed peak intensity of the analyte to that of IS) and x
is the concentration of FA (6—600 nmol/g dry tissue)].

RESULTS AND DISCUSSION

Constant Matrix Spraying by the MS-Detectable Fluores-
cent IS. The fluctuation of the amount of the matrix spray, as
well as inhomogeneity of the matrix crystals on the tissue sec-
tion, were serious threats to the quantitative ability of MALDI-
MS imaging.'3"'"® Thus, this study examined the applicability of
a fluorescence probe as an IS to compensate for the variation in
the amount of the matrix spray between the measurements or
tissue slices. A FUSION imaging system (a simple fluorescent
imager) was employed in this study to ensure quick and con-
venient fluorescence monitoring. As fluorescent ISs, com-
pounds containing coumarin (Aex/Aem = 355/405 nm), rhodamine
(Aex/Aem = 530/550 nm), naphthalene (Aex/Aem = 290/330 nm),
and fluorescein (Aex/Aem = 490/520 nm) as their fluorophores
were employed for the screening to determine the absolute
quantities of IS on the surfaces of the tissues. R6G was clearly
monitored on the kidney tissues (Figure 2A) via fluorescence
imaging employing a green filter (Aex/Aem =530/595 nm), while
significant background autofluorescence, which hindered the
detections of other fluorescent compounds, such as coumarin,
6-carboxyfluorescein, and naphthalene, by the red (Aex/Aem =
640/750 nm) or blue (Aex/Aem =480/536 nm) filters, from the tis-
sues was observed (Figure S1). Furthermore, R6G was detected
via MALDI-MS in the negative- and positive ion modes em-
ploying 1,5-DAN as the matrix (Figures 2A and S2). Although
R6G is known to be ionized in positive-mode LDI-MS without
matrix and used as a matrix reagent for negative-mode MALDI-
MS,337% its detected intensity without 1,5-DAN matrix was al-
most negligible in the present experimental condition (at 40
pg/mL) when compared to that in MALDI-MS using 1,5-DAN
(19-fold higher intensity, data not shown). Owing to the linear
correlation between the fluorescence and MS intensities of R6G
(R* = 0.9441, Figure S3), these results indicate that the

fluorescent IS of R6G is a novel MS-detectable index for eval-
uating the matrix amount. A homogenous matrix crystal with a
constant spray amount is required to improve the poor repro-
ducibility of MALDI-MS imaging between the measure-
ments.'*** Furthermore, since the homogeneity and crystal fine-
ness of the matrix'#3¢ are also key to improving the spatial
resolution of MALDI-MS imaging,*' some attempts at im-
proving the homogeneity of matrixes via matrix additives have
been reported. For instance, aniline, which forms ionic bonds
with CHCA, produced fine CHCA crystals.* In this study, Fig-
ure S4 shows that nitrobenzene and O-DNB, but not aniline, at
a concentration of 10 mg/mL among tested concentrations (0—
10 mg/mL) in the matrix solution seemed to improve the homo-
geneity of the formed matrix crystal. Moreover, although co-
crystallization of matrix, R6G and analyte was not confirmed,
the addition of O-DNB, not nitrobenzene, clearly improved the
homogeneity and fineness of the crystal formation of sprayed
1,5-DAN matrix (Figure S5) (average crystal diameter of
sprayed droplets, 1,5-DAN only : 72 um, nitrobenzene : 54 pm,
O-DNB : 25 pm). Compounds containing nitro groups could be
crystallized in compact crystal structures and sizes by tight and
strong N—Hs+«O hydrogen bonds regarding the amino group.**
44 Based on these findings, the optimized concentration of O-
DNB (10 mg/mL) in the solution of the 1,5-DAN matrix (10
mg/mL), which exhibited the finest and most homogeneous ma-
trix crystals, was employed for the subsequent experiments.
Figure 2B shows the fluorescence images and intensities of the
sprayed R6G. The average fluorescent intensity was calculated
from on-tissue-regions among whole sprayed regions shown in
Figure S6, since MALDI-MS imaging was performed on tissue.
The fluorescent intensity varied remarkably between the sec-
tions (RSD of I, = 15.3%) even though similar optical images
were obtained via 40 cycles of conventional fixed spraying for
three sections that were sprayed with the 1,5-DAN solution con-
taining R6G. Under varying matrix conditions, the relative MS
intensity of FA to R6G also fluctuated in the negative mode
(RSD = 31.1%). Interestingly, when the fluctuating amounts of
the spray on the kidney sections were regulated until the desired
constant fluorescent intensity (~40,000) was achieved based on
quick fluorescent monitoring every 1-5 spraying cycles, a con-
stant spraying amount (RSD of the /s, = 1.3%) in which the
reproducibility of the relative MS intensity of FA improved sig-
nificantly (RSD = 3.1%), was achieved. The linear increase of
MS intensity of FA by increasing matrix amount (fluorescent
intensity of R6G) in Figure S7 supports the importance of con-
stant matrix spray amount in improving the reproducibility.
Moreover, Figure S8 shows that the formation of a fine crystal
by O-DNB also improved the reproducibility of the relative MS
detection of the analytes in the positive (nifedipine) and nega-
tive (FA) modes (n=5).
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Figure 4. Quantifications of the tissue-accumulated FA in the kidneys of the rats after the administration (50 mg/kg) via LC-MS and
the gMALDI-MS imaging using fluorescence-assisted spraying method. The fluorescence images (A) and corresponding MS images
(B) of ferulic acid ((M—-H] = 193.1 m/z) are shown with the corresponding sum of the MS spectra (C) from the whole MS-imaging-
analyzed tissue regions. The corresponding extracted-ion chromatograms (D) of FA (193.0527 m/z) and 3,4-dimethoxycinnamic acid
(DMCA, 207.0657 m/z), the IS, of the rat kidney tissues were also demonstrated by quantitative LC-MS. The correlation curves (E)
of the tissue-accumulated FA were prepared for this qMALDI-MS imaging technique and the validated LC-MS method, and the
results are expressed as the mean = SD from three independent tissues. N.D. indicates that there was no MS detection.

According to this result, in the present study, R6G could be de-
fined as a spraying internal standard to act as both an index of
the matrix amount and a MS normalizing standard. Thus, the
formation of a fluorescence-assisted reproducible matrix by a
nondestructive monitoring matrix amount before MALDI irra-
diation allowed the reproducible MS detection of the analytes
between the measurements in this study. Moreover, since the
chemical compounds R6G and O-DNB were developed as
spraying internal standard and matrix additive to form fine crys-
tal, respectively, these compounds are applicable not only to
ImagePrep used in this study, but also to other robotic sprayers,
such as TM-sprayer™, which improves reproducibility of
MALDI-MS analysis.

Quantitative MALDI-MS Imaging of the Tissue-Accumu-
lated Analytes. The quantitative capabilities of this MALDI-
MS imaging using fluorescence-assisted matrix spraying were
evaluated in the positive- and negative-ion modes. To validate
the quantitative MALDI-MS imaging of the tissue-accumulated
analytes, absorbable compounds of nifedipine’*>? (a repre-
sentative oral drug) and FA?% (a representative functional
food compound) were analyzed in the positive and negative
modes, respectively. MS imaging in Figure 3 shows a ‘coffee
ring effect’ of the formed crystal of nifedipine, but not FA ow-
ing to its hydrophobic characteristic,* which indicated that the
present spraying method can maintain spatial localization of the
tissue accumulated-analytes. According to these MS imaging, a

linear correlation was observed in the relative MS intensities of
the spotted nifedipine (0.5-40 pmol/mm?, R? = 0.965) and FA
(0.5-75 pmol/mm?, R? = 0.9972) against R6G in the kidney sec-
tions that were subjected to a constant amount of matrix spray
[fluorescent intensity, 43,803 + 1645 (in the positive mode),
37,395 + 3079 (in the negative mode)]. As regards the linear
response of the calibration curves, it has been reported that the
threshold laser fluence in MALDI depends on analyte-to-matrix
molar ratio,*® and above the threshold, MS intensities increase
steeply as a power function of laser fluence.*’ Thus, the optimi-
zation of laser power along with the use of a dilution series of
surrogate internal standard compensating broad changes in an-
alyte-to-matrix molar ratio would be generally important to im-
prove the linearity of calibration curves for qMALDI-MS as-
says. Although a constant laser power was applied without such
a compensating approach, the obtained calibration curves ex-
hibit an excellent linearity in the present qMALDI-MS imaging.
Based on the calibration curves of nifedipine and FA, the LOD,
LOQ, and inter- and intra-tissue precisions were obtained [for
nifedipine: LOD, 0.35 pmol/mm?; LOQ, 1.07 pmol/mm?; and
intra-tissue and inter-tissue RSDs, <5.1% and <6.9% (n = 3).
For FA, LOD and LOQ, 0.12 and 0.36 pmol/mm?, respectively,
and intra- and inter-tissue RSDs, <5.4% and <2.5%, respec-
tively (n = 3) (Table 1)]. Comparing the reproducibility of con-
ventional cycle number-fixed spraying (Table S1), these valida-
tion parameters demonstrated that the proposed fluorescence-
assisted matrix spraying method significantly improved



quantitative capabilities of MALDI-MS imaging. Moreover,
Table S2 showed the poor linearity and reproducibility of the
present data without normalization using MS intensity of R6G,
which clearly demonstrated the significance of this normaliza-
tion to compensate variability due to inhomogenous co-crystal-

lization of matrix, R6G and analytes, and ionization suppression.

Quantification of the Orally Administered Rat-Kidney-Ad-
ministered FA by this MALDI-MS Imaging using Fluores-
cence-Assisted Spraying Method. In this study, FA, which
was accumulated in the organs, including the kidneys of the
rats’’?°, was analyzed to validate the quantitative capability of
the qMALDI-MS assay of this study. After the oral administra-
tion, the time-course accumulation behaviors of kidney-accu-
mulated FA (0—60 min) were observed by conventional quanti-
tative LC—MS analysis (Figures 4 and S9) after its oral admin-
istration (50 mg/kg). The kidney-section-accumulated FA was
also quantified by the qMALDI-MS imaging technique of this
study at a constant matrix amount with the following fluores-
cent intensities: 37,395 £+ 3423 (0 min), 44,815 £ 3423 (15 min),
46,872 £+ 2939 (30 min), 44,016 £ 3225 (60 min), utilizing ad-
jacent sequential sections that were also utilized for the LC-MS
analyses. The amount of accumulated FA, as quantified by this
qMALDI-MS technique, was 1.4-folds higher than that, which
was quantified by LC-MS (slope of the correlation curve =
1.3916, Figure 4). This result agrees with a previously reported
one’ in which the amount of the tissue-accumulated analyte (i.e.
tetrandrine), as quantified by MALDI-MS, was higher than that,
which was quantified via LC-MS. Since both qMALDI-MS
and LC-MS employed the external standardization to quantify
the tissue-accumulated FA, these higher values quantified by
qMALDI-MS assay indicate higher extraction efficiency of tis-
sue-accumulated FA from thin kidney tissue sections (12 pm)
by qMALDI-MS than that via LC-MS. Considering the higher
extraction efficiency obtained from thin tissue sections, the pre-
sent quantitative MALDI-MS imaging might be applicable for
different analytes and organs. Further, an advantage (facile
sample preparation) of MALDI-MS imaging would also in-
crease the extraction efficiency, thus preventing the degradation
and loss of analytes via tedious preparation processes, as ob-
served in LC-MS. Notably, a significant linear correlation was
observed between this qMALDI-MS imaging technique and
LC-MS employing the time-course accumulation of FA in the
kidney tissues of the rats (R%= 0.9906, n = 3, Figure 4). To date,
the quantitative performance of the MALDI-MS imaging tech-
nique by Chumbley et al.® who employed isotope-labeled ISs
and a robotic spotter, is the best (RSD = 11.4%). However, their
micro-spotting method was limited by the spot distance (>250
pum), whereas this qMALDI-MS imaging using fluorescence-
assisted spraying method might be key owing to the application
of matrix spraying, which can achieve high-resolution MS im-
aging (spatial resolution =>10 pum).*>° Moreover, considering
the application of the present chemical improvement in the uni-
formity of matrix amount, and homogeneity of matrix crystals,
quantitative MALDI-MS imaging at micron level resolution
might be achieved using advanced matrix spraying devices.’!>2
Figure S10 shows that this qMALDI-MS imaging could quan-
tify the amount of tissue-accumulated FA and visualize its spe-
cific localization. For example, FA in the pelvis, medulla, and
cortex regions were quantified after 15 min of administration as
18.5, 4.9, and 1.3 umol/g tissue, respectively, assuming that the
density of the whole kidney section was homogeneous. Moreo-
ver, the accumulated amount decreased with time after the

administration. For instance, the pelvis-specific accumulations
of FA were 18.5, 11.5, and 1.5 pmol/g tissue in 15, 30, and 60
min, respectively (Figure S10). These findings demonstrate that
this qMALDI-MS imaging using fluorescence-assisted spray-
ing method can quantify the regional accumulation of analytes.

CONCLUSIONS

A quantitative approach of performing MALDI-MS imaging in

tissue sections via fluorescence-assisted constant matrix spray-
ing was established to enable the quantification of tissue-accu-
mulated analytes, as well as the visualization of their spatial lo-
calization, with a good spatial resolution. Successful quantita-
tive and reproducible capabilities were achieved via the for-
mation of fluorescence-assisted reproducible matrix crystals by
R6G (the IS) in the 1,5-DAN solution containing O-DNB be-
fore MALDI irradiation. This qMALDI-MS imaging approach
could reveal the quantitative distribution of analytes in the mi-
croenvironments of different biological tissues, thereby avail-
ing a valuable analytical tool for evaluating the bioavailabilities
and mechanisms of bioactive compounds in different applica-
tion fields, such as medical, pharmaceutical, and functional
food sciences.
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